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haematopoietic transplants, the recent application of these MSC therapies to treating
emerging and severe coronavirus disease 2019 (COVID-19) infections, and, given
that skeletal stem cell ageing is one proposed driver for haematopoietic ageing, the
potential contributions of these stem cells to haematopoiesis in healthy bone marrow
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compromised bone marrow haematopoietic niches and restoring haematopoiesis.
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The concept of specialised haematopoietic ~marrow microenvironmental niches, were once
microenvironmental niches originated, and was viewed as generating all blood and immune
developed, from a number of seminal studies''® cells required throughout mammalian adult life.
prior to and during the 1970s. These led to Further studies have replaced this concept with
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or confirmed the existence of haematopoietic

inductive  microenvironments,'” 2 where

distinct stromal microenvironments induce
the differentiation of specific haematopoietic
cell subsets. They led to the proposal that
haematopoietic cells (HSCs) also
reside and are maintained in specific HSC

microenvironmental niches, where their fate

stem
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one of a layered haematopoietic system, which
develops in successive waves during ontogeny,
with haematopoietic progenitor cells emerging
first in the yolk sac before definitive HSCs
emerge in the embryo proper.”* '* Some, but
not all, of the progeny of these haematopoietic
precursors are now known to persist into
and throughout adult life as self-renewing
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cells."*'® By tracing and analysing these multiple waves of
haematopoiesis during mammalian ontogeny, it is now evident
that specific haematopoietic cell subsets develop over time at
distinct anatomical sites in specialised microenvironments
in order to meet the organism’s temporal needs. Growing
evidence supports the existence of at least three sequential,
but overlapping, waves of haematopoiesis during mammalian
embryonic development, with haematopoietic precursors
from the second and third waves of embryonic haematopoiesis
colonising the foetal liver, a major haematopoietic organ in
foetal life, before HSCs migrate to the foetal bone marrow
where they establish their main place of residence in post-natal
life.'+2¢

The vascular system is integral to haematopoietic stem and
progenitor cell (HSPC) generation during embryonic development
and plays pivotal roles in adult haematopoiesis.!®!® 242
In adult mammalian bone marrow, mesenchymal stromal cells
(MSCs), which include C-X-C motif chemokine ligand 12
(CXCL12)-abundant reticular (CAR; LEPR*) cells and
osteoblasts, are reported to constitute, though not exclusively,
major components of HSPC niches.”' Despite this,
considerable confusion and controversy has surrounded efforts
to accurately define this heterogeneous group of cells and to
identify the stem cells from which they originate. Here, the
focus will be to first examine the evidence for the appearance
of different HSPC subsets during embryonic, foetal and post-
natal life. This will be followed by a review of evidence for the
existence of distinct microenvironmental niches for diverse
subsets of HSPCs in adult bone marrow in both mouse and
man, the role played by MSCs in these niches in relation to
HSPC fate decisions under homeostatic conditions and the
degeneration of these niches during ageing. A vast amount
of experience has been gained from the development of MSC
therapies to treat a variety of clinical disorders ranging from
bone and joint to immune related diseases. As an exemplar,
knowledge gained and lessons learned from the therapeutic
use of MSCs in treating graft versus host disease (GvHD), an
immunomodulatory therapy that has benefits in the allogeneic
haematopoietic transplantation arena but with its success
being reliant in part on high quality, well characterised
and robust MSC formulations, will be critically discussed.
Given the experience gained with this and similar MSC
immunosuppressive therapies, the recent adaptation of such
MSC therapies to treat patients with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection will also be
briefly reviewed. Such MSC therapies have been particularly
aimed at combating, during the current coronavirus disease
2019 (COVID-19) pandemic, the SARS-CoV-2 initiated
cytokine storm, a hyperinflammatory immune response
resulting in significant patient morbidity and mortality and
leading to significant tissue and organ damage (pneumonia,
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acute respiratory distress syndrome and multi-organ failure).
Finally, it is estimated that, globally, one in six adults will be 60
years of age or older by 2030. This ageing process is reported
to be accompanied by a decline in HSC and mesenchymal or
skeletal stem cell regenerative capacities, due to intrinsic and
extrinsic controls, and is associated with low grade, chronic
inflammation in the bone and bone marrow ecosystems. Thus,
this review concludes with a discussion of the convergence
of this knowledge and the prospects to prevent or ameliorate
haematological decline during ageing by rejuvenating the
haematopoietic niche. For this review, electronic searches of
the Medline database for literature describing haematopoietic
microenvironmental niches from January 1, 1940 to December
31, 2021 were performed using the following conditions: i)
haematopoietic microenvironmental niches (MeSH Terms)
and/or animal models (MeSH Terms), and/or MSCs (MeSH
Terms), and/or ageing (MeSH Terms); ii) HSC (MeSH Terms)
and/or ontogeny (MeSH Terms); and iii) skeletal stem cells
(MeSH Terms) or haematopoietic ontogeny (MeSH Terms)
or haematopoietic rejuvenation (MeSH Terms) or MSC
and GvHD (MeSH Terms) or MSC and COVID-19 (MeSH
Terms). The results were further screened on the Medline
database, and by title and abstract to include humans, mice and
non-human primates only and for their particular relevance to
this review.

Changing Haematopoietic Microenvironments
during Development

Given the limited availability of human embryonic and fetal
tissues, knowledge of human haematopoiesis has relied, not
exclusively but principally, on experiments using murine
and in vitro pluripotent stem cell models.'* ** Although
extensive studies in mice provide invaluable insights, they
do not always faithfully recapitulate human haematopoietic
ontogeny.'** Nevertheless, these studies will be discussed and
related to the current understanding of human haematopoietic
microenvironmental niches. A diagrammatic illustration of
the changing locations of murine haematopoiesis is provided
in Figure 1A, with examples of the cellular types that comprise
the HSC niche in the AGM region and the foetal liver shown
in Figure 1B and C respectively.

In mice, it is accepted that haematopoiesis begins in the yolk
sac and, in this developing environment, it is thought that this
occursin two successive waves.!4 23263234 The first wave, termed
primitive haematopoiesis, emerges at around embryonic day
(E) 7, and sees the generation of nucleated erythroid cells, and,
to a lesser extent megakaryocytes and macrophages (including
microglia in the brain). This is closely followed by a second
wave of yolk sac haematopoiesis commencing at E8-8.5 and
termed pro-definitive (or transient definitive) haematopoiesis.
This is characterised by the generation of erythro-myeloid
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progenitors (EMPs), derived from haemogenic endothelium
(HE) of the early vascular plexus of the yolk sac via the process
of endothelial-to-haematopoietic transition (EHT).> 3* The
yolk sac-derived EMPs seed the foetal liver between E9.5-
10.5, and give rise, as a minimum, to enucleated erythroid
cells, macrophages (including tissue resident macrophages in
multiple organs), megakaryocytes, mast cells and granulocytes,
and potentially certain innate lymphoid cells.' 2?7341 The
third wave of haematopoiesis is reported to generate multi-
potent progenitors (MPPs), lymphoid restricted progenitors
and lympho-myeloid progenitors lacking long term in vivo
repopulating ability in mice.* These appear to originate from
distinctive HE principally in the developing the ventral wall
(and to a lesser extent from the dorsal endothelia) of the dorsal
aorta in the aorta-gonad-mesonephros (AGM) region by the
process of EHT. 4242635 34 41 Tmmature or pro-HSCs then
emerge by a similar process (Figure 1B), but from an HE subset
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into long term repopulating HSCs at approximately E11.5."44
In mice, secondary sites of de novo HSC formation from HE
have been reported to follow those produced in the AGM,
and these sites include the vitelline and umbilical arteries, the
placenta and the embryonic head.*

The murine foetal liver then becomes the major site for
differentiation of HE-derived haematopoietic progenitors
and for the maturation/expansion of definitive pre-HSC
and HSC, before HSCs colonise the foetal spleen and foetal
bone marrow.* Interestingly, Yvergnogeau and colleagues®
have also recently identified HE in murine foetal/young
adult bone marrow as a site for de novo MPP3 and to a lesser
extent HSC generation. After approximately 3-4 weeks of
post-natal life, the foetal characteristics (e.g., metabolic state,
cell cycle behaviour, self-renewal potential, lineage output,
repopulation kinetics) of HSCs have switched to an adult bone

that is distinct from those generating MPPs, before maturing marrow phenotype.*> * Recent single cell-RNA sequencing

Figure 1. Haematopoietic ontogeny in murine models. (A) The three distinct waves of haematopoiesis that occur in the
developing murine embryo. The first primitive wave sees the emergence of haematopoietic cells (nucleated erythroid
cells, macrophages and megakaryocytes) at E7 (7 days post-conception) from the blood islands of the yolk sac. The
second pro-definitive wave arises from haemogenic endothelium of the vascular plexus of the yolk sac by the process
of endothelial-haematopoietic transition (EHT) commencing at E8-8.5 and generates erythro-myeloid progenitors and
certain innate immune cells. The para-aortic splanchnopleura (P-Sp) and the aorta-gonad-mesonephros (AGM) region
of the embryo proper become the first and principal site of immature hematopoietic stem cell (or pro-haematopoietic
stem cell (HSC)) production between E9.5-10.5. These pro-HSCs migrate (between E10.5-11) to the foetal liver, where
they mature, proliferate, self-renew and/or differentiate into lymphoid and myeloid cells. The foetal liver then becomes
the major haematopoietic organ until E15.5. Foetal liver HSCs migrate to the foetal bone marrow, which becomes the
main residence of HSCs in adulthood. (B) A schematic cross-section of the murine embryonic AGM region with pro-
HSCs emerging from the ventral floor of the dorsal aorta from haemogenic endothelia by the process of EHT. Here
components of the HSC niche include endothelia, mesenchymal stromal cells, macrophages, and sympathetic nerve
components. (C) A diagrammatic representation of cells present in the murine foetal liver microenvironment at E14.5
and where HSCs expand, self-renew and differentiate. These include endothelial cells of the portal and sinusoidal vessels,
perivascular stromal cells, hepatic stellate cells, hepatocytes and hepatoblasts that produce cytokines, macrophages,
proliferating HSCs and various haematopoietic progenitors, both myeloid and lymphoid as well as erythroid cells.
Created with BioRender.com.
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(sc-RNAseq), assay for transposase-accessible chromatin
with high-throughput sequencing (ATACseq) and chromatin
immunoprecipitation sequencing (ChIPseq) analyses support
the view that this transition of HSCs from foetal-to-adult states
occurs gradually, rather than abruptly.”” It is widely accepted
that distinct subsets of yolk sac-derived haematopoietic cells
can persist in certain adult tissues, alone or together with their
HSC-derived counterparts.? 2 3% 36,39 40,48

Based on these experimental murine models, it is presumed
that human haematopoiesis in the yolk sac also occurs in
two successive waves.'* 1622231 The first wave of primitive
haematopoiesis commences in the secondary extra-embryonic
yolk sac, the formation of which is unique to primates? at
around Carnegie stage (CS) 7-8 of embryonic development
(16-18.5 days post-conception (dpc)).!* ¢ The haematopoietic
precursors are surrounded by and closely associated with yolk
sac endothelial cells, known as blood islands."” * Evidence
for a distinct second wave of pro-definitive haematopoiesis
in the human yolk sac is limited, but is presumed to occur
at CS13-15 (~27-35 dpc)'* ' and to be characterised by
the generation of EMP and certain lymphoid progenitors
derived from yolk sac HE via the process of EHT.**! Some
of the multipotent progenitors generated demonstrate short
term haematopoietic reconstituting ability following in vivo
transplantation into murine models.!**® The third wave of,
or definitive, haematopoiesis sees the formation of human
haematopoietic progenitor cells and immature HSCs, arising
from HE in the AGM region by EHT, principally from the
ventral wall of the dorsal aorta of the human embryo proper
between CS13-17 (27-42 dpc).!# 1¢18 5254 The emergence of
the foetal liver rudiment at early CS10 (21 dpc) provides the
next important human haematopoietic microenvironmental
niche.'"* !¢ This is thought to be seeded first by yolk sac-derived
primitive nucleated erythroid cells and CD45" macrophages
(~late CS10, 22 dpc), then, from CS13 (27-29 dpc), by yolk
sac CD34*CD45" cells reminiscent of murine EMPs,>-*” and
finally by definitive AGM-derived immature HSCs between
CS13 and CS17 (27-42 dpc), thus becoming the major human
foetal haematopoietic organ from 6 to 7 weeks of gestation
until the mid-second trimester.**** As yolk sac haematopoiesis
begins to decline and shortly after bone formation commences
at CS23 (56 dpc), human foetal liver HSCs seed into and
colonise human foetal bone cavities, which become the
dominant site of haematopoiesis after 20 post-conceptional
weeks.!* % 5 \Whether HSCs are also generated de novo by
HE in human foetal/young adult bone marrow has not been
reported. Recent molecular interrogation (including the use
of sc-RNAseq, sc-ATACseq) of human foetal liver, and foetal,
paediatric, and adult bone marrow HSPC subsets at single
cell resolution, however, has extended our understanding
of the developmental changes that occur in the human
HSPC compartment over this time.'"” *% These studies
demonstrate high levels of transcriptional heterogeneity in
progenitor subsets, and confirm a shift from mainly erythroid-
megakaryocyte lineages in the early first trimester foetal liver
to lympho-myeloid lineages as haematopoiesis shifts from the
foetal liver to the foetal bone marrow in the second trimester.
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PreProB- and ProB-progenitors are found in first trimester
foetal liver, before B lymphoid cells expand in the foetal bone
marrow, with PreProB-progenitors essentially being absent
from adult bone marrow.®’ Human HSCs, like their murine
counterparts, demonstrate a progression from an actively
cycling state in the foetal liver to a progressively quiescent
state in foetal and then post-natal bone marrow,” ® a change
associated with increased inflammatory signalling.®*

Bone Marrow as a Specialised Niche for Adult
Haematopoiesis

In adult life under normal physiological conditions, human
haematopoiesis is orchestrated principally in the bone marrow,
where it has become the dogma that HSCs interact with
specific micro-environmental niches, which support their
survival and quiescence, or promote their ability to self-renew
or differentiate into multiple or lineage-biased haematopoietic
lineages.% ¢’ Yet, estimates for total numbers of cells in this
HSC pool in normal adult human bone marrow vary widely,
ranging from 384 ‘active’ HSCs to hundreds of thousands of
HSCs.%7! Despite this, it has been generally accepted that,
during unperturbed haematopoiesis, the most ‘primitive’ adult
bone marrow HSCs are maintained in a quiescent state, where
they may remain for extended periods, while maintaining the
highest regenerative potential.’”>’®> More ‘mature’ HSCs are
considered quiescent over shorter times before moving to an
active state where they are primed to enter the cell cycle for
self-renewal and/or to differentiate into multipotent or more
committed lineage biased progenitors that primarily drive the
production of more mature haematopoietic cells throughout
adultlife.”’”* Although HSCsarerare, the phenotypically defined
HSC pool is molecularly and functionally heterogeneous, and
methodologically challenging to study. This diversity has
hindered studies on the intrinsic and extrinsic regulation of
both human and murine haematopoiesis.”” > Nevertheless,
over time, increasingly sophisticated technological advances
have seen a significant evolution of HSC differentiation
models.”*7

In the original classical haematopoietic lineage hierarchical
model, HSCs with the highest long term haematopoietic
reconstituting and self-renewal abilities are positioned at the
apex of astructured hierarchy of multipotential and increasingly
lineage restricted progenitors. These multi-potent and long
term repopulating HSCs are upstream from HSCs or MPPs
that have shorter term haematopoietic repopulating abilities,
and that branch into more restricted erythro-myeloid and
lymphoid progenitors, eventually giving rise to mature blood
and immune cells.®® The incorporation of more sophisticated
single cell selection or identification strategies, and single
cell genomics and other multi-omics approaches, with or
without functional analyses, barcoding, mutational analyses
and mathematical/computational modelling under steady state
and perturbed conditions has led to a number of iterations of
the hierarchical lineage tree model for both murine and human
haematopoiesis. As an example, one recent study emphasises
the heterogeneity of the originally described murine ‘HSC
pool’, in which at least six MPP subsets lie downstream of a
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CD34" multipotent HSC subset with the highest self-renewal
potential.”*”” Although differentiation trajectories from HSCsto
these MPPs are still under investigation, they appear to include
an HSC-like subset with more restricted in vivo haematopoietic
reconstitution potential (MMP6), a metabolically active HSC-
like subset (MMP1), a subset designed for both transient
emergency myelopoiesis and long term stable lymphoid
reconstitution potential (MPP5), myeloid biased subsets
(MMP2 and MMP3), and lymphoid primed subsets capable of
being reprogrammed towards the myeloid lineage (MPP4).”7
These and other studies suggest that the lineage tree is more
fluid, more complex and more heterogeneous than predicted
earlier, being more consistent with the continuum model, in
which functionally mature haematopoietic cells constantly
differentiate from a continuum of low-primed HSPCs with
distinct and flexible transcriptional programs that can rapidly
be modified to respond to haematological needs, and thus may
not exist strictly as a stepwise hierarchy.® This is reminiscent
of lineage promiscuity concepts of gene expression in normal
bipotent or multipotent progenitors.” Additionally, the
exact progenitor cells that generate functionally mature
haematopoietic cells under homeostatic conditions in adult
bone marrow are still debated, with support for the premise that
mature haematopoietic cells primarily originate from MPPs,
or that HSCs make consistent and significant contributions to
generating mature haematopoietic cells.”” %% This complexity
is further enhanced by reports as defined in a recent review
that cells judged to be in specific HSPC subsets may follow
different pathways of differentiation before generating end
cells of the same lineage.”>*

HSCs are mobile within their specific niches, with this motility
being enhanced as they proliferate or differentiate.® With
some putative HSC niches in bone marrow being unoccupied
during steady state haematopoiesis, it remains possible that
these become accessible for those HSCs in an altered state
of activity or for their progeny. Indeed, haematopoietic
niches complementary to and spatially distinct from HSC
niches in adult bone marrow have been reported to regulate
the proliferation, differentiation, and migration of the HSC
progeny, so that haematopoietic cells can be replenished in
the peripheral blood and relevant tissues throughout adult
life. This extraordinary regenerative capacity is exemplified
in healthy adult human bone marrow by the production of
between 1 x 10" to 1 x 10'? haematopoietic cells per day.%

Structure and Architecture of the Adult Bone
Marrow and its Vasculature

Adult bone marrow

Under normal homeostatic conditions, adult murine bone
marrow haematopoiesis involves all bones, whereas adult
human bone marrow haematopoiesis occurs principally in the
axial skeleton, which includes the vertebrae, ribs, sternum,
cranium, and ilium, and to a lesser extent in the proximal areas
of the long bones.”” ¥ Most research on adult bone marrow
haematopoietic niches, however, has been conducted in, and
influenced by, studies performed on long bones (femurs,
tibiae), and on flat bones (calvaria and occasionally the
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sternum) of mice. Given this reliance on murine studies, the
architecture of the adult bone marrow haematopoietic niche in
the mouse, especially in the long bones, will be briefly described
and related to information available on the adult human bone
marrow niche.

The long bones of adult mice comprise a central shaft, the
diaphysis, linked to the metaphyses and epiphyses at each
end of the bone (Figure 2A).5%* The diaphysis is primarily
composed of cortical or compact bone, which separates the
outer highly vascularised periosteum from the inner medullary
cavity containing bone marrow. The epiphyses, metaphyses
and the rim of the diaphysis in the long bones, and the flat bones
(e.g., sternum and ilium) contain an anastomosing network of
bony trabeculae, which extends inwards from the cortical bone
(Figure 2A). Spaces between the trabeculae are filled with
haematopoietic (red) bone marrow. Cortical and trabecular
bone surfaces adjacent to bone marrow, the endosteum, are
lined with osteoblasts and/or osteoclasts (Figure 2B).* # In
the adult mouse, but not the adult human, the epiphysis and
metaphysis remain separated by the growth plate that forms
in the foetal bone marrow.*” In human long bones from early
post-natal life, there is a gradual and progressive conversion of
the haematopoietic (red) bone marrow to fatty (yellow) bone
marrow possessing little haematopoietic activity, a process that
occurs much later in murine long bones.*’

The adult bone and bone marrow vasculature

The vascular system is pivotal to the regulation of adult
haematopoiesis and integral to HSC niches. Detailed
descriptions of the vasculature in murine long bones can
be found in recent reviews.®®* Although as many as 16
nutrient arteries have been reported,’” historically most
studies concentrate on several arteries that enter the long
bones. These include the principal nutrient artery, which was
reported to supply blood to a significant portion (two-thirds)
of the diaphyseal cortical bone and the medulla and to enter the
murine long bones through the cortical bone via the nutrient
canal or principal foramen near the mid diaphysis.®*** This
gives rise to smaller arteries and then arterioles that move from
a central marrow position and radiate towards the endosteum,
following the long axis of the bone. Near the endosteal
and trabecular bone in the metaphyses, these arterioles
together with transcortical vessels connect via interstitial
(CD31"Endomucin® or type H) capillaries into a network of
VEGFR3*CD31* Endomucin sinusoidal vessels (type L), that
subsequently form collecting sinuses before connecting, in the
central marrow cavity, to the central venous sinus.’** The
latter extends along the metaphyses and diaphysis and joins
the nutrient vein, which exits the bone via the nutrient canal,
adjacent to the incoming central artery. Two exit sites for
collecting veins have been reported at the end of some murine
long bones.” Periosteal arteries have been reported to supply
blood to the other one-third of the cortical bone capillaries in
the metapyses.”” ! Metaphyseal and epiphyseal arteries enter
the metaphyses and epiphyses via the cortical bone towards the
ends of the long bones.®** The blood supply to the epiphyses
(important for skeletal growth) exits via the epiphysis and
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Figure 2. Architecture of long and flat bones. (A) Diagrammatic representations of an adult long bone showing the
epiphyseal, metaphyseal and diaphyseal regions (left) and an adult flat bone (right). Trabeculae and the vasculature (not
shown) play key roles in steady state haematopoiesis. In human adults, the epiphyseal or growth plate is replaced by an
epiphyseal line. In the adult mouse, the epiphysis and metaphysis remain separated by the growth plate that forms in
the foetal bone marrow. (B) A commonly accepted diagrammatic representation of cells that are proposed to have a key
role in the haematopoietic stem cells (HSC) niche. Endothelia of the endosteal capillaries, arterioles and sinusoids are
associated with mesenchymal stromal cells (MSCs) to varying degrees and form perivascular niches for endosteal and
central bone marrow HSC subsets as described. NESPNG2* MSCs are associated with endosteal capillaries and arterioles.
The endosteum is also lined with osteoblasts and osteoclasts which are derived from MSCs and HSCs respectively and
is reported to play a role in maintaining lymphoid biased HSCs and a reserve of multi-potent long term repopulating
HSCs. LEPR*/CAR MSCs are associated with sinusoids in the bone marrow, where erythropoiesis and myelopoiesis
are regulated. Some recent studies suggest that the sinusoids may lie closer to the endosteum than previously indicated.
MSC production of the key HSC-regulator CXCL12 is altered by the action of sympathetic nerve fibres. Adipocytes,
which are also derived from MSCs, and megakaryocytes regulate HSCs in these bone marrow niches. Platelet/myeloid
biased HSCs are thought to associate with the megakaryocyte-sinusoidal niche. The roles and spatial distribution of these
various cells in regulating HSC fate decisions remains a matter of some debate. CXCL12: C-X-C motif chemokine ligand
12; LEPR*/CAR: C-X-C motif chemokine ligand 12-abundant reticular; NES": Nestin®¢"; NG2: neural-glial antigen 2.
Created with BioRender.com.
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does not enter the diaphysis.**** In the metaphysis, the arteries
extend longitudinally towards the diaphysis and the growth
plate, transversing the trabecular surfaces, with arterial blood
draining into sinusoids and capillaries near the endosteum and
growth plate.®**? Venule networks also allow the exit of blood
from the metaphyses and periosteum.* In flat bones, trabecular

or cancellous bone is surrounded by cortical bone with the
arterial blood supply connecting to sinusoids that lie close to
the endosteum.? *® Recent state of the art imaging studies have
emphasised the potential importance along the bone shaft of
many hundreds of transcortical vessels, which are reported to
provide over 80% of arterial and almost 60% of venous blood

www.biomat-trans.com



MSCs in bone marrow haematopoietic niches

flow through the cortex of the long bones in a closed loop
system and are thought to be essential for the rapid release of
blood cells to the periphery.”*® Transcortical vessels have also
been detected in human long bones and cranial bones.***¢

Adult Bone Marrow Haematopoietic Stem Cell
Niches

The location of microenvironmental niches for HSCs and
their progeny, and the contribution of haematopoietic and
non-haematopoietic cells to forming these niches, in adult
bone marrow, have been the subject of intense investigations.
Although the concept of the HSPC niches has evolved over
time, the fine detail of these niches continues to be debated
particularly in view of the evolving heterogeneity of both
HSPCs and microenvironmental stromal cells, the controversy
regarding the MSC terminology, and the difficulties in
identifying these functional cells with specific biomarkers in
situ. A commonly accepted view of the adult bone marrow
niches is illustrated in Figure 2B. Knowledge of the human
HSC and haematopoietic progenitor cell niches has often
relied on ex vivo model systems, xenotransplantation studies
in immunodeficient mice, complementary studies in non-
human primates, clinical transplantation studies, and single
cell molecular analyses.

Three general types of HSPC niches in adult bone marrow
have been proposed historically, the endosteal ‘osteoblastic’
niche, the vascular (periarteriolar and perisinusoidal) niches
and the central bone marrow niche. Attempts to decipher
the importance and complexity of these haematopoietic
microenvironments and niches have more recently been
conducted using advanced cell and molecular technologies,
and by comparing steady state conditions to those subjected to
haematological stress. As well as the different endothelial cells of
the vasculature, cellular components of haematopoietic niches
include i) MSCs (e.g., LEPR" cells, osteocytes, osteoblasts,
adipocytes), ii) haematopoietic cells, such as macrophages,
osteoclasts, megakaryocytes and regulatory T cells, and iii)
nerve cells such as non-myelinating Schwann cells, sympathetic
nerve fibres and nociceptive neurons.”’"'% Some investigators
consider that cells essential to the HSC niche include distinct
endothelial cell subsets, MSCs and megakaryocytes, while
other cells, such as osteoblasts, macrophages and nerve cells,
act as accessory niche cells that either regulate such key cells
within the HSC niche as vascular endothelial cells and their
associated MSCs or regulate HSCs via long range signals.*!

Here, we will concentrate on the cellular composition of HSPC
niches in adult bone marrow. Notably, the heterogeneity and
molecular definition of cell subsets within the adult bone
marrow niches are now being explored with single cell omics,
fate mapping, functional and microdissection approaches.'-'1°

Osteoblastic and perivascular niches in adult bone
marrow

The osteoblastic endosteal niche

In 1968, and Crosby that
transplantation of autologous bone marrow fragments

111

Tavassoli demonstrated
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into extramedullary sites in rats, rabbits and dogs produced
adventitial reticular cell networks that formed osteoblasts and
trabecular bone, with haematopoiesis becoming established
only after the formation of a sinusoidal microcirculation.
Other early studies demonstrated that the so-called Dexter-
type bone marrow cultures containing stromal cells could
promote myelopoiesis,''? while Whitlock-Witte type bone
marrow cultures using clonal MSC lines could support
both myelopoiesis and B lymphopoiesis."*'"> Subsequently,
osteoblasts were shown to support human haematopoietic
progenitor cells and granulopoiesis in bone marrow cultures,''¢
with immature, rather than mature, osteo-lineage cells being
more potent in promoting HSPC expansion ex vivo.”

Initial research using murine models concluded that osteo-
lineage cells or osteoblasts, as descendants of MSCs, and the
factors they produced were the key components of an HSC
‘osteoblastic niche’, which was located at the endosteum of
the cortical and trabecular bone. This is exemplified by studies
in mice which demonstrated that i) a carboxyfluorescein
succinimidyl ester (CFSE)-labelled enriched ‘HSC' subset
transplanted into non-myeloablated recipients distributed
preferentially to endosteal regions, while enriched lineage
committed progenitors were predominantly located in the
central bone marrow,'” ii) an increase in HSCs correlated
with an expansion of osteo-lineage cells, in which bone
morphogenetic protein receptor 1a (Bmprla) was conditionally
inactivated, or parathyroid hormone receptor 1 (Pthrl) was
activated, andiii) a decrease in HSCs correlated with conditional
ablation of osteo-lineage cells via gancyclovir treatment of
Col2.3ATK (collagen type I promoter driving thymidine
kinase) tagged cells.!’*2 QOther research has reported that
osteopontin produced by osteoblastic cells can regulate HSCs
negatively, while deletion of CxclI2 or stem cell factor (Scf)
from osteo-lineage cells in Col.2.3-Cre, osteocalcin-Cre or
osterix-Cre mice had no effect on HSCs.'*! Limitations of these
studies have varied from the use of enriched rather than highly
purified HSCs and of less sophisticated imaging techniques
than currently available, as well as the potentially broader cell
lineage specificity of the genes selected for ablation or over-
expression in osteo-lineage cells.?””” '*% 12> Recent studies,'?* #*
using N-cadherin-tdTomato reporter mice and conditional
deletion of S¢f or Cxcl12 from N-cadherin positive stromal
cells, has reported, respectively, the presence of N-cadherin
positive mesenchymal stem/stromal cells with osteogenic,
chondrogenic and adipogenic potential in both endosteal
and central bone marrow regions, as well as a reduced
quantity of the HSCs in adult bone marrow after Scf, but not
Cxcl12, ablation. Furthermore, quiescent CD49d" long term
repopulating HSCs (considered reserve HSCs) were reported
to be located at the endosteum associating with N-cadherin
positive stromal cells, from whence they were able to survive
chemotherapy and regenerate haematopoietic cells post-
myeloablation. These studies suggested that niche cells other
than osteoblasts can also supply key haematopoietic regulatory
factors (e.g., SCF, CXCL12), and that osteoblasts and the
endosteum may provide a niche for a subset of HSCs and
protection from exhaustion of rare long lived and quiescent
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HSCs and may play a more significant role in stress-induced
rather than steady state haematopoiesis. However, their exact
mechanism of action is not well defined. Various other studies
have however provided contradictory results regarding the
importance of the osteoblastic niche in regulating HSC fate,
with some favouring peri-sinusoidal HSC niches as discussed
below, and others suggesting that, because of the proximity of
sinusoids to the endosteum, a more accurate assessment would
be to view the HSC niche as an osteo-vascular niche.'* Further
studies support the presence in adult bone marrow of multiple
spatially and functionally distinct niches for functionally
heterogeneous HSC subsets, as discussed below.

Evidence for perivascular niches

Research, based on the differential expression of SLAM
family cell surface receptors, CD150, CD244, and CD48,
identified, in adult murine bone marrow, enriched HSPC
subsets, and more specifically CD150*CD48 CD41~ or
CD150*CD244-CD48-HSCs, CD244*CD150-CD48- MPPs and
CD48'CD244*CD150" restricted haematopoietic progenitor
cells.'”” Direct imaging, using these markers, demonstrated
that 57% of these phenotypically defined ‘HSCs’ were in the
trabecular zone and the remainder throughout the diaphysis
of the long bones, with most (60%) of CD150*CD48-CD41-
enriched HSCs associating with sinusoidal endothelial cells and
Nestin"GFP* perivascular cells, and fewer with the endosteum
(14%). In transplantation assays, on average, 45% of the
CD150"CD48 CD41- HSCs were defined as possessing long
term multilineage reconstitution abilities.'”” A further study by
Lassailly et al."* examined the micro-anatomical distribution of
Lin Scal*c-Kit"(LSK)CD150* HSPC in murine bone marrow
comparing the calvaria with the epiphyses, metaphyses, and
diaphysis of the long bones, and comparing steady state with
transplant conditions. Under steady state conditions, similar
frequencies of enriched LSKCD150* HSCs were found to be
homogeneously distributed throughout the calvaria, epiphyses,
and metaphyses. However, following transplantation, these
cells were initially localised in the epiphyses and calvaria with
areas of high bone remodelling activity and high blood volume
in preference to the diaphysis before returning to the steady
state HSC distribution within approximately 3 weeks post-
transplant. Notably, research' demonstrated that sinusoidal
vasculature was in proximity to the endosteum and suggested
that i) the osteoblastic and vascular niches were not mutually
exclusive, and ii) homeostatic HSC niches differed from
reconstituting HSC niches.

Other investigations, using three-dimensional imaging,
demonstrated no apparent direct association between
enriched HSCs and osteoblasts.'®> ' Some studies placed
cycling HSCs in the vicinity of sinusoids and their associated
LEPR* perivascular cells, while quiescent HSCs were reported
to reside near small arterioles and their associated Nestin®
neural-glial antigen 2* (NG2*) pericytes that were located
near the endosteum. > '* This contrasted with a report that
very few HSCs were located in the peri-arteriolar region.'”
In the latter study,'”® 90% of Lin Scal*c-Kit*CD48-CD417",
compared to about 67% of CD150*CD48 LinScal*c-Kit",
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enriched HSCs were located in peri-sinusoidal niches. These
CD150"CD48 Lin Scal*c-Kit* enriched HSCs were reported
to contain ~47% long term repopulating HSCs. Further
evidence for multiple HSC niches was provided by Itkin and
colleagues,' who reported that different vascular niches
differentially regulated the generation of reactive oxygen
species (ROS) in, and the metabolism of, their adjacent HSCs,
with those HSCs in the vicinity of sinusoidal niches being
ROS" and those near arteriolar niches being ROS" and hence
quiescent HSC. Additionally, a subset of HSCs was found to
depend on an association with megakaryocytes, which, like
the arteriolar niche cells, were reported to promote HSC

quiescence 101, 103, 131, 132

Another approach to a more detailed understanding of
murine bone marrow HSC niches has been the use of reporter
mice, in which enriched ‘HSC subsets’ are marked with
fluorescent tags and imaged in vivo using state-of-the-art
technologies. Taking advantage of a-catulin®™*/*, Hoxb5mCherny/+
MdsIS™+, MdsISF**Flt3Cre, MdsICreER Rosa26«™/* or
Pdzk1ip1-CreER Rosa26-¢T™ reporter mice, the fluorescently
labelled enriched ‘HSC bone marrow subsets were found to be
mostly (60-94%) located in the vicinity of sinusoidal endothelial
cells and their associated LEPR* cells, and less often with
megakaryocytes.5> 100105, 133, 134 [Jging the Hoxb™ ™ reporter,
Chen et al.' found a significant association between HSCs
and the sinusoidal endothelia. The use of Mds°™** Flt3Cre
reporter mice additionally revealed that quiescent long term
repopulating HSCs, when examined in the calvaria, were
essentially equidistant (< 10 wm) from the bone marrow
sinusoids and the endosteum under steady state conditions
but were not associated with arterioles.”** Interestingly,
these researchers noted that, under steady state conditions,
the long term repopulating HSCs were equally distributed
over three types of endosteal bone cavities associated with
bone remodelling, viz. those for bone deposition and mainly
containing osteoblasts (Type D), those for bone resorption
and predominantly containing osteoclasts (Type R) and those
that contained mixtures of osteoblasts and osteoclasts (Type
M). After cyclophosphamide/granulocyte colony stimulating
factor activation, proliferating HSCs were found almost
exclusively near Type M cavities, supporting the concept of
different niches for quiescent and cycling HSCs. In the femurs,
however, around 70% of steady state HSCs were located closer
to the CD105* sinusoidal cells and further from the endosteum,
with their distribution appearing to occur at random."** Two
other studies reported that o-catulin®"* tagged HSCs (where
at least 50% of the a-catulin®™* ‘HSC population’ examined
lacked self-renewal and long term repopulating ability
following transplantation) were not generally proximal to bone
(< 6-10%), arteriolar cells (< 6%), adipocytes nor Schwann cells
in adult murine femurs and sterna,'® and both quiescent and
cycling a-catulin®™™* HSCs appeared to have identical locations
in the adult bone marrow.'”” % These studies do not however
exclude the possibilities that cell heterogeneity within
the enriched ‘HSC' pool investigated or within the niches
examined obscured differential interaction of specific HSC
subsets (including multipotent vs. lineage biased HSC) with
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specific niches.!? 108135138 Tndeed, Pinho et al."*® reported the
differential occupation of bone marrow niches with different
lineage biased HSCs. They showed that von Willebrand factor-
positive platelet and myeloid-biased HSCs were located near
a megakaryocytic associated sinusoidal niche, where their
quiescence was maintained under steady state conditions,
whereas von Willebrand factor negative lymphoid-biased
HSCs resided preferentially near NG2* peri-arteriolar niches.

These studies in general and at the current time consistently
point to the importance of the peri-sinusoidal bone marrow
niche, containing both sinusoidal endothelial cells and
LEPR* stromal cells, for HSC maintenance. Earlier studies
had identified CAR cells as major stromal components of the
HSC niche in murine bone marrow.”® ¥ It has been suggested
that these CAR cells are specialised MSCs, significantly
overlapping with LEPR* perivascular cells.!*" "' They also
express high levels of CXCL12, SCF, interleukin (IL)-7 and
early B-cell factor 3'* and are thought to play significant roles
in regulating haematopoietic cell subsets including HSCs,
MPPs, lymphoid progenitors, natural killer cells, B lymphoid
cells, and plasmacytoid dendritic cells.!** Given the limitation
that the enriched HSC pools examined are heterogeneous in
their putative lineage and self-renewal potentials, a number
of the studies described above have reported that sinusoidal
endothelial cells and LEPR* or CAR niche cells are spatially
dominant in murine bone marrow, and that their proximity
to ‘HSCs” may not reflect active sites of HSC enrichment, but
rather demonstrate the localisation of HSCs in these areas
purely by chance, % 102 105, 134, 143

The experimental approaches described above also supported
the concept that lineage biased HSPC subsets reside in distinct
niches. The detailed association of at least six murine MPP
subsets with specific niches has not been deciphered, although
many restricted progenitors are reported to be regulated by
LEPR* or CAR cells,* 7 while, for others, osteoblasts play
an important role.'** ¥ Furthermore, differential positioning
of such progenitors includes peri-sinusoidal, peri-arteriolar,
and endosteal niches that are spatially distinct from HSC
niches. 3% 813714414 Eor example, early murine erythroid and
myeloid precursors have been described as peri-sinusoidal,*
while some early murine lymphoid subpopulations are
reported to be located near the osteoblastic endosteal niche
and/or peri-arteriolar LEPR* Osteolectin* stroma.!*-14¢

These findings have thus presented challenges for measuring
the specificity of microenvironmental niches for distinct
types of HSC subsets and for those of their progeny. Another
challenge includes extrapolating murine studies to the human,
given that adult human haematopoiesis is less prominent in
the long bones, that the composition of adult human bone
marrow may differ from that of the mouse (for example in
adipocyte content), and that biomarkers can differ significantly
between human and murine HSPCs. A further challenge is to
fully understand the relative contributions of HSPC intrinsic
programs and microenvironmental extrinsic controls to HSPC
fate decisions, and the exact mechanisms by which these
occur. For instance, it would be interesting to understand in
more detail microenvironmental niche heterogeneity or the

Biomater Transl. 2022, 3(1), 31-54

Biomaterials Translational

capacity of HSPCs expressing specific transcriptional modules
to receive extrinsic long- or short-range signals that allow
them to modify the niche in which they reside and thereby
direct trajectories of lineage differentiation. Recent sc-
RNAseq studies have sought to further define niche stromal
cell heterogeneity (see below),!0¢105 110,147,148 3 d the coupling
of this to spatial, functional in vitro and in vivo studies and
fate mapping will undoubtedly solve some of the unanswered
questions that remain regarding microenvironmental niche
specificity.

Changing Definitions for Mesenchymal Stem
and Stromal Cells

MSC clonogenicity and biomarkers

Studies initiated by Friedenstein and others functionally
characterised human and rodent adult bone marrow
mesenchymal stem cells by their ability to form plastic-
adherent clonogenic fibroblastoid colonies or colony-forming
unit-fibroblasts (CFU-F), their self-renewal capacity and their
multi-lineage differentiation potential in vitro and in vivo.'****
These cells could give rise to osteogenic, adipogenic, and
chondrogenic lineages and also generate MSCs that supported
haematopoiesis. Given the confusion that has ensued regarding
the interchangeable usage of the terms mesenchymal stem cells
and stromal cells and the resulting diversity of cells defined as
MSCs, four minimal criteria for defining human MSCs were
introduced by the International Society for Cellular Therapy
16 years ago.'® These stromal cells were redefined as plastic
adherent multipotent cells that differentiate into adipocytes,
osteoblasts, and chondrocytes (AOC) in vitro, and, in humans,
express CD105, CD90 (THY-1) and CD73, but not CD45,
CD19 or CD79a, CD14 or CD11b, CD34 and HLA-DR surface
markers. Given that stem cells are generally characterised
by their ability, at the single cell level, not only to generate
specialised cells but also to self-renew in vivo'®! and that these
criteria have not always been examined in the published
literature, the MSC acronym multipotent MSCs (from Ancient
Greek otplpa, stroma, a physical substrate to rest or lie on)
was chosen in preference to mesenchymal stem cells for cells
meeting the International Society for Cellular Therapy 2006
criteria and possessing haematopoietic supportive activity.'*2
In our own study,'®® the CFU-F content of erythrocyte depleted
adult bone marrow (sourced from the iliac crest of human adult
donors < 40 years old) ranged from 1 in 16,000 to 1 in 33,500
bone marrow nucleated cells, with 64% possessing tri-lineage
AOC potential and 95% osteogenic AOC, OC (osteogenic
chondrogenic), OA (osteogenic adipocytic), O (osteogenic)
potential in vitro, indicating that around 25 cells per million
adult human iliac crest bone marrow nucleated cells met the
International Society for Cellular Therapy 2006 criteria for
MSCs. However, even these cells were heterogeneous, both in
their relative ability to differentiate in AOC lineages in vitro and
in their RNAseq transcriptomic profiles, but in vivo functional
assays were not used to confirm their AOC potential.'®
Functional in vivo analyses of these human, as well as murine,
freshly isolated MSCs at limiting dilution are important for
defining their self-renewal abilities, potentiality and spatial
distribution.’” '¢*In 2007, a subset of adult human bone marrow
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sinusoidal and clonogenic self-renewing CD45°CD146" early
osteoprogenitor or mesenchymal stem cells, that reportedly
contained all CFU-F activity, were found by Sacchetti et
al.'® to organise an haematopoietic microenvironment and
generate bone in vivo, and were identified as CXCL12 and
SCF-expressing adventitial reticular cells in situ. A small
proportion of such perivascular CD146* MSCs in human foetal
bone marrow, like their murine counterpart, was subsequently
reported to express (platelet-derived growth factor receptor
(PDGFR)-a. (CD140a) and CD51(ITGVA), and localise to
the peri-sinusoidal area of the murine adult bone marrow
HSC niche upon transplantation.'®® Inherent heterogeneity of
putative mesenchymal stem cell populations has been observed
after adult human bone marrow CFU-F enrichment of CD45
cells using a variety of other cell surface biomarkers (e.g.,
CD271, mesenchymal stromal cell antigen-1, CD105, stromal
antigen-1, PDGFR- (CD140b), ErbB2 (CD340), Frizzled-9
(CD349), CD90, CD295 (LEPR), CD106, vascular cell adhesion
molecule 1 (VCAM-1)CD140a""/).163 16618 Eor example,
Tormin et al.'"® reported that all CFU-F activity was present in
CD271 enriched adult bone marrow cells, and that the CFU-F
activity of the Lineage"CD45°CD271* subset isolated from
adult human bone marrow could be segregated into CD146
positive and negative fractions, with those expressing CD146
found in perivascular locations and those lacking CD146
expression located at the endosteum.

In adult murine bone marrow, Nestin* (Nes-GFP*)
mesenchymal stem cells were initially reported to contain
all the CFU-F activity, possess self-renewal capabilities,
express high levels of pro-haematopoietic factors (CXCL12
and SCF) and spatially associate with HSCs and adrenergic
nerve fibres in vivo.” Difficulties in using Nestin as a marker
for distinguishing perivascular stromal cell subsets in mice,
where Nestin"™*" cells are NG2* and Nestin®™ cells are LEPR*
MSC, have been described by the same laboratory,'* with
current evidence indicating that LEPR* MSCs fail to express
endogenous Nestin, although they express low levels of the
Nes-GFP transgene, while peri-arteriolar NG2* stromal cells
express high levels of Nes-GFP.* *° Murine bone marrow
mesenchymal stem cells have also been enriched based on an
absence of cell surface CD45, CD31 and Ter119, and positivity
for CD73, CD90, CD105, CD140a, SCA-1 and CD295
(LEPR).% 141 184 Jgsues related to the lack of cell specificity of
such individual cell surface makers and of genes for lineage
tracing, as well as the description of certain murine bone
marrow perivascular stromal cells (e.g. SCA-1*PDGFR-
a(CD140a)*) as pericytes, have recently been reviewed.? 141 184
These will not be further discussed in detail here, except to say
that Soliman et al.'® argue against the pericyte description for
certain MSC subsets by virtue of their transcriptomic profiles
and presence outside blood vessel basement membranes and
their location near pericytes in capillaries, small blood vessels
and in the adventitial layer of large blood vessels.

Molecular heterogeneity of adult bone marrow
mesenchymal stem/stromal cells

Adult bone marrow MSC subsets are heterogeneous both in
terms of their proliferative and differentiation potentials,
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and in their production of critical cytokines and chemokines
which regulate the fate of distinct HSPC subpopulations that
express their cognate receptors.'** % The latter include SCF
and CXCL12, which are required for HSC maintenance and
retention in adult bone marrow, and are produced at high
levels by most CAR? ¥ or LEPR* MSCs.!*! 1 145 Apother
approach to further define MSC subset heterogeneity is to
examine the spatial distribution of stromal cells within adult
bone marrow in the context of their single cell proteomes and
transcriptomes.'® Based on negative and/or positive selection
to enrich non-haematopoietic cells, multiple subsets of stromal
cells have been identified in adult murine bone marrow and
to a lesser extent adult human bone marrow using sc-RNAseq
approaches.?” % 106-110, 143, 147, 186, 187 These more detailed gene
signatures and transcriptional networks suggest a continuum
of cell states in early mesenchymal progenitors with increasing
commitment to osteogenic, chondrogenic, adipogenic and
fibroblastic lineage offspring. A study from Wolock et al.'’
defined the gene expression profiles of seven MSC subsets,
in which MSC precursors were predicted to divide into two
branches, the first being adipocyte and then pre-adipocyte
offspring, while the second branched into osteoblast/
chondrocyte progenitors. The latter then differentiate
into pre-osteoblasts/chondrocytes, which give rise to pro-
osteoblasts and pro-chondrocytes. In some studies, Adipo-
primed and Oste-primed progenitors were identified,'” while,
in others, CAR cell subsets differed in their expression of
osteo-lineage and adipo-lineage genes and were grouped into
distinct Adipo-CAR and Osteo-CAR cells which produced the
significant proportion of cytokines and chemokines for adult
bone marrow haematopoiesis."'” 1% The adipocyte potential
of a LEPR* cell subset had been proposed previously,'®® ¥
and the study of Baccin et al.!'® have shown that the Adipo-
CAR cells exhibit a similar pattern of gene expression to this
LEPR" subset. Microdissection studies combined with regional
cytokine/chemokine and computational analyses examining
putative stromal to haematopoietic cell interactions have placed
the ALPL*CXCL12* Osteo"CAR subset closer to arterioles, and
the ALPL-CXCL12* AdipoCAR subset near sinusoids,' and
paved the way to better define the interactions of HSPC subsets
within specific bone marrow niches.'”

Nevertheless, the distribution in vivo of these increasingly
diverse subsets of mesenchymal stromal niche cells in relation
to increasingly heterogeneous resident HSPC subsets still
requires further study to support or dispute the multiple niche
hypothesis, in which HSPCs occupy anatomically distinct bone
marrow niches where their fate is tightly controlled.

Identifying skeletal stem cells

Over four decades on from the original CFU-F description,
the use of stringent in vitro clonal assays, coupled with in
vivo single cell transplantation strategies that demonstrate
their multipotential and self-renewal abilities, has led to
the identification, in foetal and adult bone marrow of both
mice and humans, of subsets of cells defined as skeletal stem
cells.””!-2% A critical issue raised by these studies and which is of
major importance for their clinical translation has been their
relationship to mesenchymal stem cells as the mesenchymal
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and skeletal stem cell terminology is often used synonymously.

Murine skeletal stem cells, which are located in marrow-free
regions such as near or in the avascular hypertrophic growth
plates and periosteum of long bones, were identified in 2015 by
Chan and colleagues.'”* 172 ysing the differential expression
of multiple cell surface biomarkers to enrich CD457, Ter119-,
Tie2 ,ITGAV*, Thyl-,6C3-,CD105 and CD200* cells, by their
clonal self-renewing potential and by their ability to generate
bone, cartilage and two types of haematopoietic supportive
stroma, but not adipocytes, in vivo. These skeletal stem cells
have been described as murine osteochondrogenic skeletal
stem cells (0cSSCs) and were proposed to sit at the apex of a
lineage hierarchy comprising seven downstream cell subsets,
all of which contain LEPR* cells.!”> One of these seven subsets,
the CD457, Ter119-, Tie2", ITGAV*, Thyl*, 6C3-, CD105*
subpopulation, was reported to possess characteristics of
perivascular CAR, LEPR* and Nestin* stromal cells.'”? A small
subset of murine Gremlin-1* osteochondroreticular skeletal
stem cells adjacent to the growth plate in the metaphyses of
long bones and with similar in vitro and in vivo characteristics
was identified by Worthley et al.'"”® at the same time. Other
researchers have attempted to identify cell subsets resembling
murine skeletal stem cells using lineage tracing with such
reporter genes as Nestin, Pthrl, Glil, Ctsk (Cathepsin K),
Osx (Osterix), or Lepr.” 18 21-204 Eor example, in the resting
zone of the growth plate in murine post-natal long bones,
such cells are reported to derive from parathyroid hormone-
related protein (PTHrP)-expressing unipotent chondrocytes
before differentiating in the growth plate into hypertrophic
chondrocytes, that then generate such other lineages in vivo
as osteoblasts and CXCL12-expressing bone marrow stromal
reticular cells.**"**® Interestingly, these appeared to overlap the
0cSSC and their immediate progeny, but not the Gremlin-1
positive osteochondroreticular skeletal stem cells described
above.® 2% As another example, using lineage-tracing,
Glil* cells expressing Pdgfra have also been located beneath the
murine growth plate and to a lesser extent in the periosteum
of murine long bones.? 2% 27 They are reported to give rise
to osteoblasts required for cancellous bone formation in young
mice, as well as bone marrow adipocytes, osteoblasts, and stromal
cells in vivo in adult mice, contributing to bone fracture repair
with the generation of chondrocytes and osteoblasts.?* 26 207
These approaches are however limited by the lack of cell
specificity of these reporter genes.”

More recent research has also identified, in murine long
bones, a CD45CD31Pdgfra*SCA-1"CD24* perivascular
skeletal stem cell (pvSSC) subset possessing the potential to
form bone, cartilage, adipose tissue and stroma.?® This subset
also possesses high CFU-F activity and long term self-renewal
ability, distributes potentially to and shapes HSC niches
throughout the bone marrow, accumulates at the ends of the
long bones,*® and appears reminiscent of mesenchymal stem
cells. Although both murine 0cSSC and pvSSC also have a
periosteal location and are both LEPR*, they are reported to
be distinct skeletal stem cell types, with the former expressing
higher levels of osteochondral genes (e.g., Acan, Col2al, Pthrl,
Spp1) and the latter increased Pdgfra and Cxcl12.**® Notably, sc-
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RNAseq studies support the view that genes used for lineage
tracing (e.g., Pthrp, Cisk, Lepr, Osx) are not restricted to either
the 0cSSC or pvSSC subsets, and hence would not distinguish
between these subsets.”” Chan et al.'® have also purified, from
hypertrophic zones of the growth plate in long bones, a subset
of human PDPN*CD73*CD164" cells, lacking CD45, CD146,
CD235, Tie2 and CD31, and meeting the rigorous definition
of skeletal stem cells. This includes their local restriction to the
bone, their clonal self-renewal potential, and their ability to
differentiate into multiple lineages (bone, cartilage, stroma) and
to reconstitute a haematopoietic microenvironment in vitro,
and in vivo in surrogate serial transplantation models.'" 19 197,208
Co-culturing these enriched human skeletal stem cells with
human haematopoietic progenitors prior to transplantation
into immunodeficient mice demonstrated their capability of
providing haematopoietic support.'”® It has been suggested,
from co-transplantation (under the renal capsule of NSG mice)
of murine ocSSC with pvSSC, that the former contribute to
bone formation and repair, and generate reticular cells, while
the latter contribute to the formation and regeneration of
the haematopoietic niche potentially regulating HSPC fate
decisions.”® 2 It would be pertinent to understand if these
two or additional skeletal stem cell subsets exist in the human
and if this affects their function, if their lineage commitment
programs are flexible, if they can be found outside the bone
(e.g., in adipose tissue, cord blood, umbilical cord, placenta),
and if this and future knowledge can be harnessed to improve
existing MSC-related therapies and to aid the development of
new therapeutics and therapies.

Clinical Translation

It is approximately 26 years since Lazarus and colleagues?'° first
infused cultured human bone marrow MSCs into patients to
assess their safety. Since then, MSC clinical trials have grown
exponentially as exemplified in a recent review by Kouchakian
et al.?"" who identified 1240 MSC clinical trials by searching
the US Library of Medicine (https://clinicaltrials.gov) between
2016-2020. A further search showed that 290 trials were
listed as completed, active, or recruiting. Interventions using
MSCs have ranged from treating haematological diseases/
disorders to treatments for GvHD, Crohn’s disease, diabetes,
ischaemic or congenital heart disease, stroke, cystic fibrosis,
bone and joint disorders, gingival disorders, autoimmune
disorders, certain malignancies, skin ulcers and chronic
wounds, multiple sclerosis, other neurological disorders, acute
respiratory distress syndrome, and, more recently, COVID-19
related acute respiratory distress syndrome, and to enhance
solid organ transplants. Depending on the medical condition,
these therapies use autologous or allogeneic MSCs sourced
principally from adipose tissue, the umbilical cord or bone
marrow. Despite this, few MSC products (10 by 2020 globally)
have received regulatory and marketing approvals as reviewed
recently.?’>?"® The major challenges to the therapeutic use
of MSCs in the human setting have been described in detail
recently.?'¢

With clearer descriptions of human bone marrow skeletal stem
cell subsets becoming available, it might be expected that there
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will be a particular benefit in using this knowledge in the first
instance to improve treatments for chronic or life-threatening
disorders that include acute, congenital and degenerative bone
and joint disorders, and those which affect the haematopoietic
microenvironmental niche, haematopoiesis and the immune
system, and that represent substantial burdens on global
healthcare provision and patient quality of life. Here, the
advantages, and disadvantages of MSCs in treating certain
haematological and immune related disorders will be discussed
in the light that recent advances described above will further
improve their usage.

Treating graft versus host disease and COVID-19

Haematopoietic cell transplants have been the most
successful regenerative therapy to date with over 1.5 million
being performed worldwide.””* Such transplants, which
can be autologous or allogeneic, are potentially curative
therapies for a wide variety of diseases including severe
anaemias (thalassaemia, sickle cell disease), bone marrow
fajlures, immunodeficiencies and certain haematological
malignancies.”™  Serious complications of allogeneic
transplants, in terms of morbidity and mortality, are post-
transplant relapse, GVHD, and conditioning regimen-related
toxicities.””* A major objective for treating haematopoietic
malignancies with allogeneic haematopoietic cell transplants
is to prevent GvHD without enhancing the risk of relapse by

compromising graft versus leukaemia effects.”

GvHD can be acute or chronic and occurs in an estimated
30-70% of recipients receiving allogeneic transplants.?'” 218
Acute GvHD results from an inflammatory response, is
initiated by alloreactive donor T cell subsets (with the early
phase being predominantly Th1/Tcl cell mediated), and can
damage the skin, gut, liver, lung, and central nervous system.
Both T and B cell subsets are implicated in chronic GvHD,
which may affect most organs, and result in autoimmune-
like syndromes characteristically resembling scleroderma
and bronchiolitis obliterans, and/or fibrosis.'® The complex
immune mechanisms and pathophysiology of acute and chronic
GVHD have been elegantly and extensively reviewed recently
by Hill et al.® A first-line therapy for moderate to severe
chronic GvHD is the use of systemic high dose corticosteroids,
with significant adverse effects when used for extended
periods and with response rates in 50-60% of patients often
lacking durability, and leading to 80% requiring second-line
therapy.*'® 2 Corticosteroids may also constitute a first-line
treatment for acute GvHD,?"* with various other approaches
being reviewed by Hill et al.?'

Administration of MSCs has been one approach in the
treatment of GvHD, especially to steroid refractory GvHD.
The first report of this approach in 2004 used a third party
haploidentical bone marrow MSCs (two doses) to successfully
treat a pediatric patient with treatment-resistant grade
IV acute GvHD of the liver and gut following allogeneic
haematopoietic cell transplantation for acute lymphoblastic
leukemia.”® Kelly and Rasko?'’ have recently summarised 27
published studies using MSCs (mostly allogeneic and sourced
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from bone marrow) for the treatment of acute or chronic
GvHD, and which were registered on clinicaltrials.com or
published outside the USA where this registration is not
required. Approximately two-thirds of these published studies
included recipients with steroid refractory acute GvHD.
While the outcomes were encouraging, the day 28 overall and
complete response rates using bone marrow MSCs for steroid
refractory acute GVHD (n = 797 recipients) varied from 50%
to 93% and 8 to 75% respectively, while, for those with steroid
refractory chronic GvHD (n = 43 recipients), two studies
(n = 5 recipients) recorded no response, and, for the remainder,
day 28 overall and complete responses varied from 50 to 80%
and 13% to 80% respectively.?’” These outcomes appeared to
compare well to the clinical trials which used the Janus kinases
1 and 2 inhibitor ruxolitinib, etanercept or extracorporeal
photopheresis (which has been proposed to promote regulatory
T cell activity) as second-line therapies for steroid refractory
acute GvHD, where day 28 complete responses were reported
as < 35%.21°22! In the phase III multi-centre randomised clinical
trial with ruxolitinib (n = 310 patients recruited),”' the day 28
overall and complete responses were 62% and 34% compared
to 34% and 19% for the control group who were mostly treated
with extracorporeal photopheresis. However, there was a
reported increased incidence of adverse events, including
thrombocytopenia, anemias and infections in ruxolitinib-
treated compared to control recipients.”! A number of
systematic reviews or meta-analyses for the prevention and/
or treatment of GVHD with MSCs have been conducted in
the past decade. These confirmed the safety of MSCs for
clinical use in haematopoietic cell transplants and gave some
indication of efficacy.”**” Of these, only two were restricted
to randomised clinical trials, one for chronic GvHD?** and one
for both acute and chronic GvHD.** These provided support
for prophylactic MSC use to treat chronic GvHD, although
evidence was considered low and additional well-powered
randomised controlled trials were recommended, particularly
concerning use of MSCs in preventing or treating acute GvHD.
Given the substantial number of clinical trials in this area, the
number of MSC treatments provided for compassionate use,
and an exceptional safety profile for MSC therapies, regulatory
agencies in Japan, Canada, New Zealand and Europe (orphan
designation EU3/18/2044) have approved the use of MSCs
for treating pediatric GVHD, with approval being considered
by the US FDA,*?* 215217 while ruxolitinib has received FDA
approval for steroid refractory acute GvHD treatment of
recipients 12 years of age or older.”'®

It is important to understand the reasons that some MSC
studies described above show poor outcomes and poor
complete responses, and why variability exists amongst
different clinical centres. The clinical studies presented are
difficult to compare, given that they are not all randomised
and may often be for compassionate use, that MSCs, protocols
and recipients differ significantly between clinical centres, and
that individual or pooled MSC donors of varying ages may be
used to treat many GvHD recipients or an individual donor
derived MSC preparation may be limited to the treatment of
one or a few recipients. It is well documented that MSCs lose
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their potency by extensive ex vivo culture and with ageing,
vary when sourced from different individual donors and when
derived from different tissues, and when protocols for different
studies are not standardised amongst the clinical transplant
centres.® 198,199,212-220, 228-831 Thyg  poor outcomes may reflect the
poor or variable quality of some batches of MSCs, the clinical
strategy used therapeutically, and/or the condition or immune
characteristics or responses of the recipient.””®* Therefore, it
is important to standardise MSC sourcing, characterisation
and subset analyses, manufacturing including the use of
freshly isolated or off-the-shelf cryopreserved products,
release criteria, route of injection, dosage, the therapeutic
approach, predictors of outcome, potency assays related to
the therapeutic endpoints and efficacy, and informed by the
intended therapeutic mechanism of action,'? 19 212 213, 216, 228-231
but, although a consensus for this is generally still lacking,
these issues are being actively promoted.?>2"3

It is also particularly important, in respect to GvHD
therapies, to understand the mechanisms of action of MSCs
in modulating GvHD, their biodistribution in vivo following
therapeutic administration and whether MSCs from tissues
other than bone marrow, that may be easier to source,
possess comparable efficacy for their intended therapeutic
use. Krampera and Le Blanc?"’® have recently reviewed the
experimental evidence related to mechanisms of action. To
summarise their conclusions in the context of GvHD therapy,
it has been proposed that, once activated by an inflammatory
environment, MSCs exert their immunoregulatory
therapeutic effects on GvHD by paracrine mechanisms which
may be mediated more efficiently or partly via extracellular
vesicle (exosomes, microvesicles) delivery in vivo. 2% 216 229 231
However, it is currently thought that over 95% of MSCs,
whether allogeneic or autologous, administered intravenously
are trapped intravascularly in the lungs transiently before
undergoing apoptosis or alternatively efferocytosis whereby
apoptotic MSCs are phagocytosed by tissue resident
macrophages, leading to systemic immunomodulatory
effects.?’ 2 22 In contrast if administered into the
extravascular space, autologous MSCs can persist for longer
periods of time.”® These immunoregulatory effects include
suppressing effector T and B lymphocytes, augmenting the
proliferation of regulatory T cells, secreting anti-inflammatory
cytokines, and enhancing macrophage polarisation towards
an M2-phenotype and immature dendritic cells.2!® 218 228 231
It has also been reported that the response to MSC therapies
in acute GvHD patients correlates with robust CD8" T and
CD56" natural killer cell cytotoxicity responses against MSCs
in vitro.”® Whether MSC therapies can also ameliorate damage
to tolerogenic fibroblastic reticular cells in lymph nodes caused
by GvHD?** has not to my knowledge been examined. It is
obvious that understanding the mechanism of action of MSCs
in treating GvHD is key to the development of functional or
relevant potency assays, and guide MSC therapeutic design.

The experience garnered from understanding the anti-
inflammatory and immunomodulatory properties of and in
the manufacturing of MSCs as advanced therapy medicinal
products described here and elsewhere has led to an assessment
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of MSCs and their products in treating patients with severe
COVID-19. The aim has been to reduce, for example, tissue
and organ damage that results from the cytokine storm induced
in such patients by SARS-CoV-2 infection, which can lead to
pneumonia, acute respiratory distress syndrome and multi-
organ failure.* Since the World Health Organization declared
COVID-19 a Public Health Emergency of International
Concern on January 30, 2020, and a pandemic on March
11, 2020, over 257 million people worldwide have acquired
this infection, with mortality exceeding 5.14 million.”* As
of November 21, 2021, there are currently 68 studies using
MSC therapies for COVID-19 patients listed as active,
recruiting, or completed on clinicaltrials.gov. Recent reviews
have summarised such studies which use MSCs sourced from
umbilical cord, bone marrow or adipose tissue.?** 23423 While
some initial reports and a systematic review are encouraging
in terms of safety and efficacy,”* »¢**® concerns regarding the
safety profile particularly of poorly defined MSC products
that are administered intravenously to seriously ill COVID-19
patients and that potentially express high procoagulant tissue
factor levels have been expressed.?”2** To mitigate such risks
in this respect, Moll et al.*** have proposed the following (to
quote these authors): ‘(1) updated clinical guidelines for cell
and tissue transplantation, (2) updated minimal criteria for
characterisation of cellular therapeutics, and (3) updated cell
therapy routines reflecting specific patient needs.” Outcomes
of existing and potential additional well powered and high
quality double-blind multi-centre clinical trials are awaited as
are assessments to compare the results of these MSC clinical
studies with other new therapeutics for treating or preventing
these highly infectious viral diseases.

Mesenchymal stromal cells and skeletal stem cells in
the ageing bone marrow niche and opportunities for
rejuvenation

The World Health Organisation predicts that by 2030 an
estimated 17% of the world’s population will be aged 60 years
of age or older, the equivalent of around 1.4 billion people.**!
In terms of haematopoiesis, ageing in man, as well as mouse,
although temporally different, is characterised by increased
HSC numbers and increased adipogenesis in the bone marrow,
and is associated with a shift in haematopoietic output
from lymphopoiesis to myelopoiesis, with some functional
losses. '8 189, 209, 242247 The causes involve both HSPC intrinsic
and extrinsic regulatory mechanisms. MSCs and skeletal stem
cells in the bone and bone marrow work in concert with
haematopoietic cells and, in ageing, this may have immune and
autoimmune consequences.?” Thus, MSC and skeletal stem cell
ageingintheboneand bone marrowimpacts on haematopoiesis,
as well as on bone fragility, and haematopoietic ageing impacts
on MSC and skeletal stem cell driven osteogenesis, as well as
on haematopoiesis, potentially contributing to the increased
incidence of haematopoietic and immune disorders, including
clonal haematopoiesis of indeterminate potential, acute
and chronic leukaemias, multiple myeloma, non-Hodgkin
lymphomas, myeloproliferative neoplasms, myelodysplastic
syndrome.?-%! Although of great importance, the changes to
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or remodelling of the haematopoietic niche or development
of a pre-metastatic niche in such haematological disorders has
been well reviewed recently**! and will not be reiterated
here. Instead, this section will concentrate on recent, and
briefly summarise, studies on the influence of MSC or skeletal
stem cell ageing on haematopoiesis.

With ageing, senescent MSCs have been reported to accumulate
27 The inhibition of proliferation with
the onset of senescence has been attributed, at least in part,

in the bone marrow.

to dysregulation of epigenetic control mechanisms (DNA
methylation, histone modifications, chromatin reorganisation),
metabolic changes (e.g., in autophagosome formation) and
alterations in the secretome (with the development of a
senescent-associated secretory phenotype) in resident bone
marrow MSCs.?” 2% 233 Epigenetic regulators contributing
to MSC ageing have been reported to include such histone
deacetylases as the Sirtuins, SIRT1 and SIRTS, both of which
promote MSC senescence by modulating cell proliferation®*
and differentiation® or altering redox metabolism and
oxidative stress sensitivity**® respectively, while SIRT3 over-
expression in cultured MSCs reduced their senescence and
oxidative stress, and enhanced their ability to differentiate.”’
Epigenetic regulators of MSCs are also reported to include
ten-eleven translocation 2 (TET2), additional sex combs-like
1 (ASXL1) and DNA methyltransferase 3.2 22 The DNA
dioxygenase TET2 catalyses 5-methylcytosine conversion
to 5-hydroxymethylcytosine eventually leading to DNA
demethylation and promoting proliferation and osteogenic
and adipogenic differentiation of bone marrow MSCs and their
ability to support haematopoiesis.”*® *° The role of ASXL1 in
epigenetic regulation is to activate or repress transcription of
genesinvolved in differentiation and proliferation via its histone
methylation effects. ASXL1 deletion in bone marrow MSCs
favours a myeloid bias in haematopoiesis, with loss of ASXL1
causing RNA polymerase II transcriptional deregulation and
altering HSPC maintenance gene expression (e.g., VCAM1) in
these bone marrow MSCs.?*® Ageing or senescent MSCs adopt
a senescent-associated secretory phenotype which importantly
incorporates into its secretome such proinflammatory
cytokines as IL-1§3, IL-6 and IL-8.** The resultant low grade
but chronic inflammation, termed inflamm-ageing, can bias
haematopoietic output towards myelopoiesis.?® 233 261-264
Ageing and senescence are also associated with modulation of
MSC extracellular vesicle contents (such as miRNAs, proteins,
lipids) and an increase in their transport via tunnelling
nanotubes to adjacent cells (e.g., HSPCs and MSCs) thus
also modulating the niche and haematopoiesis.?*” #*!: 2% Shen
and colleagues'* have demonstrated that a reduction in
murine Osteolectin-positive periarteriolar cells during ageing
contributes to a decrease in lymphoid progenitor cells but does
not affect the maintenance of HSCs. The latter observation
most likely reflects the unique preservation of bone marrow
sinusoids and peri-sinusoidal niches during ageing, although
sinusoidal function is disrupted long term by myeloablation
with resultant haematopoietic failure.'*

Recently, by comparing young versus old mice, Ambrosi et
al.>*® have demonstrated that in aged mice, the 0cSSC and
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their offspring, the bone-cartilage-stromal progenitors, are
intrinsically compromised in their ability to form robust bone
grafts with an ectopic bone marrow cavity in vivo, generating
instead stromal cells producing high amounts of pro-resorptive
and pro-inflammatory cytokines. Transplantation of these
enriched aged stem and progenitor cell subsets into young mice,
and exposure to a juvenile circulation and environment, for
example in parabiosis experiments, did not alter this outcome.
Notably, however, aged murine ocSSC enhanced osteoclast
activity in part by the increased secretion of colony stimulating
factor-1 and skewed haematopoiesis towards myelopoiesis.
This led to the suggestion that aged ocSSC might drive
haematopoietic ageing and that it might be possible to delay or
reverse haematopoietic decline. Of note was the observation
that reactivating aged ocSSC in mice by addition of bone
morphogenetic factor 2 and blocking the pro-inflammatory
effects of colony stimulating factor-1 reversed defective fracture
healing, although it was unclear if this was from direct effects on
the skeletal stem cell proliferative and differentiation capacities
and/or on the function of their mature osteoblastic offspring,
and if similar strategies modulate haematopoiesis.?® This
provides a stem cell basis for degenerative skeletal diseases?®®
that may impact haematopoiesis.

In conclusion, a huge amount of research has been conducted
on MSCs for many decades, both in terms of basic science
and their clinical translation. Major technological advances
have, during this time, provided the basis for significant
advances in defining the heterogeneity of both haematopoietic
lineages and the cells that form the bone marrow niches
while identifying both haematopoietic and skeletal stem cells,
and deciphering their response to inflammatory conditions
and the crosstalk that exists between the different cell types.
The results of further research and the definition of safe and
effective strategies for translating this more recent research to
the clinic in terms of healthy ageing while combating immune
and degenerative disorders are keenly awaited.

Limitations of Review

This review has principally been limited to the contribution
of MSCs and skeletal stem cells to adult bone marrow HSC
niches under homeostatic conditions, while briefly describing
those in the AGM region of the developing embryo and in the
foetal liver. MSCs described in other tissues or in circulating
umbilical cord blood have not been discussed. There have also
been various challenges in reviewing data from experimental
studies conducted over many decades, particularly in the light
of the continued development of advanced technologies.
Although the limitations of various studies have been described
throughout this review, they will be summarised briefly
here. First, there has been considerable debate regarding
the location, spatial distribution and specificity of niches for
HSCs and their progeny in adult bone marrow, and regarding
the identity of cells that contribute to these niches. Many of
the cell populations studied, including HSCs and MSCs, are
heterogeneous, and not easily nor specifically identified in
situ with the limited set of the biomarkers or gene-markers
often used or available, while in vitro studies generally fail to
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accurately reflect the cellular and molecular complexity of the
in vivo niches and hematopoietic tissues. A second challenge
has involved extrapolating murine studies to the human, as
the latter is much more limited and the control of murine
haematopoiesis within specific niches may not recapitulate that
in the human. For example, adult human haematopoiesis is less
prominent in the long bones, the composition of adult human
bone marrow can differ from that of the mouse (for example in
adipocyte content), and cellular biomarkers differ significantly
between human and murine systems. A further challenge has
been in fully deciphering the relative contributions of HSC
intrinsic programs and microenvironmental extrinsic controls
to HSC fate decisions. The lack of a standardised terminology
to describe mesenchymal stem cells, skeletal stem cells and
their progeny has added a further layer of complexity to these
analyses, although recent single cell transcriptomic studies,
coupled to spatial, functional in vitro and in vivo studies and
fate mapping, are seeking to better define niche cell and HSC
heterogeneity. These and further technological advances will
undoubtedly resolve some of the unanswered questions that
remain, including microenvironmental niche specificity for
HSPC subsets and the validity of the multiple HSPC niche
hypothesis. Finally, the translation of MSC research into the
clinic has also been challenging and difficult to compare because
of the lack of standardised GMP-manufacturing and clinical
protocols, the variability in sources and potency of MSCs used
and the variety of disorders treated across different clinical
centres. Additionally, some MSC-based clinical studies are not
randomised, and MSC therapies may have been designed for
compassionate use. Despite these restrictions from limitations,
enormous efforts have been and are still being made to clearly
identify the structure and function of human haematopoietic
niches in health and disease, and to improve the relevant
clinical strategies by actively promoting the availability of
standardised clinical guidelines.
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