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Abstract

Purpose of Review Hematopoietic stem cells (HSCs) propagate the hematopoietic system throughout the lifetime of an individ-
ual. Beyond homeostatic regulation, HSCs respond to many stressors, including infection, aging, irradiation, and chemotherapy,
through distinct cellular and molecular pathways to restore homeostasis. Here, we review how HSCs and bone marrow niche
cells respond to various stressors and their role in HSC regeneration.

Recent Findings In this review, we summarize the manner in which HSCs respond to different stressors via intrinsic and
extrinsic, and niche-driven mechanisms to support hematopoietic regeneration. We discuss recent work defining the cellular
and molecular mechanisms by which HSCs respond to various forms of stress through specific alterations in cell cycling, DNA
damage repair, and cell death. We also summarize the roles of recently defined bone marrow niche cell subtypes and niche-
derived factors in mediating HSC regeneration.

Summary Stress through aging, inflammation, and myelosuppressive treatments significantly alters hematopoietic homeostasis,
requiring HSCs to quickly respond to restore order. In the event that an inadequate HSC response occurs, patients are at risk for
life-threatening complications such as hemorrhage, infection and bone marrow failure. In this review, we summarize recent work

defining how HSCs respond to stress and the role of the bone marrow niche in HSC regeneration.
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Introduction

Hematopoietic stem cells (HSCs) are responsible for main-
taining and regenerating the adult hematopoietic system
throughout the lifetime of an individual. External and environ-
mental stress incurred by HSCs leads to significant alterations
in HSC behavior, often leading to permanent cellular and mo-
lecular consequences (Fig. 1). In this review, we will summa-
rize how intrinsic and extrinsic mechanisms regulate the HSC
response to stress and hematopoietic regeneration.
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Mechanisms of HSC Stress

HSCs are at the top of the hematopoietic hierarchy, through
which they support the maintenance and regeneration of the
hematopoietic system via self-renewal and hematopoietic lin-
eage specification [1]. HSCs primarily exist in the quiescent
state [2] but are capable of entering cell cycle to generate
mature hematopoietic cells to supplement hematopoietic cell
turnover during homeostasis. Meanwhile, HSC activation and
downstream hematopoietic cell production can occur in re-
sponse to chemical and biological stressors, which will be
detailed below.

Aging

Comprehensive studies in mice have enabled a deep analysis
of'the cellular and molecular consequences of aging on HSCs.
First, in older mice, there are increased phenotypic long-term—
HSCs (LT-HSCs) compared to young mice [3]. However, the
long-term repopulating ability of aged HSCs is significantly
reduced compared to young mice, revealing that HSC func-
tion is lost during aging. Another characteristic of aging is
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Fig. 1 Hematopoietic stem cell
response to stress. At the left,

Homeostasis

Stress

HSC properties during
homeostasis. At the baseline,
HSCs display self-renewal
(curved arrow), increased
quiescence, and repopulate the
hematopoietic system with
normal proportions of myeloid
cells, B cells, T cells, and other
hematopoietic cell subtypes. At
right, HSC response to stress can
lead to HSC exhaustion defined
by a loss of self-renewal (dotted
arrow). Stress induces DNA
damage, which is inefficiently
repaired. HSC apoptosis occurs,
driven by p53, PUMA, and other
effectors, along with HSC
senescence, characterized by
increased expression of p21 and
p16. Stress induces unbalanced
hematopoietic repopulation,
characterized by an increased
production of myeloid cells, or
myeloid skewing

myeloid skewing, or the accumulation of myeloid cells in the
peripheral blood compared to other hematopoietic lineage
cells [3—5]. Following transplantation, aged HSCs also display
increased myeloid engraftment and decreased B cell engraft-
ment compared to young HSCs [3].

Other unique characteristics of aged HSCs include changes
in polarity, cell cycle status, and DNA damage accumulation.
For example, there is a decreased frequency of early hemato-
poietic progenitor cells exhibiting a polar distribution of mi-
crotubules in aged mice compared to young mice [6]. Aged
LT-HSCs exhibit an apolar distribution of Cdc42 and tubulin
compared to young LT-HSCs [7]. Aged HSCs exhibit in-
creased accumulation of DNA damage compared to young
HSCs. This can be explained by the broad reduction in
DNA damage repair mechanisms in quiescent HSCs in aging
mice and because aged HSCs enter cell cycle at a lower fre-
quency compared to young HSCs [8, 9]. Induction of cell
cycling promotes DNA repair in aged HSCs [9]. Consistent
with these findings, HSCs from aged mice demonstrate in-
creased YH2AX staining compared to HSCs from younger
mice [10e¢]. HSCs from older humans also display increased
DNA damage at baseline compared to HSCs from young do-
nors [11]. While aged HSCs possess distinct cell morphology,
proliferation, and DNA damage characteristics, the molecular
mechanisms underlying these fundamental differences in
HSC properties remain incompletely understood.
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Inflammation

Inflammatory signals resulting from infection, injury, or aging
can alter the maintenance of the HSC pool. Inflammatory
signals promote both the expansion of the HSC compartment
and differentiation of HSCs to generate immune cells. For
example, following the administration of lipopolysaccharide
to mice, c-Kit*Sca-1*Lineage” (KSL) hematopoietic
stem/progenitor cells (HSPCs) undergo increased cell division
[12, 13]. Mycobacterium avium infection was also shown to
induce the proliferation of side population KSL HSCs [14].
Consistent with these findings, exposure of KSL CD34~
CD48 CD150* FLT3 LT-HSCs to IL-6, TNF and CC-
chemokine ligand 2 (CCL2) promotes HSC proliferation
[15]. While there is a clear role for inflammation in HSC
expansion, this comes at the expense of HSC self-renewal,
which is significantly diminished following inflammatory sig-
naling of IL-6, TNF, TLRs, IFNs, and IL-1, through various
molecular mechanisms [14—17, 18e, 19].

Although inflammation-induced HSC expansion dimin-
ishes HSC self-renewal capacity, HSC proliferation is neces-
sary to generate immune cells, which respond to infection.
Granulocytes serve a critical role in controlling infection but
are short-lived due to their function in pathogen phagocytosis
and degranulation [20]. As such, during infection, there is an
intense demand for granulocyte production, termed
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emergency granulopoiesis. While hematopoietic progenitor
cells are primarily responsible for producing granulocytes
[21], granulocyte production can also be stimulated by HSC
activation directly. HSCs that express the interferon gamma
receptor have been shown to drive myeloid cell production
[22, 23]. While inflammatory cytokines promote HSC prolif-
eration, HSCs eventually return to their dormant state despite
persistent inflammatory signaling [18e, 24, 25]. In the setting
of sustained inflammatory stress, HSCs exhibit myeloid
skewing and diminished lymphoid cell production [26].

lonizing Radiation and Chemotherapy

Ionizing radiation (IR) and chemotherapy are routinely uti-
lized in the treatment of patients with cancer and cause direct
damage to HSCs. Analysis of the regenerative response of
bone marrow (BM) hematopoietic stem and progenitor cells
to irradiation has demonstrated significant variability in their
sensitivities to stress [27—30]. The variation in stress response
is likely due to the heterogeneity within the populations of
hematopoietic stem and progenitor cells that were analyzed.
With the recent identification of well-defined HSC surface
markers [31-33] coupled with flow cytometry, additional
studies have demonstrated a more clearly defined stress re-
sponse in the HSC population [34, 35].

The damage incurred to hematopoietic stem and progenitor
cells can result in acute or chronic bone marrow injury. For
example, in the short-term, IR causes a rapid loss of prolifer-
ating hematopoietic progenitor cells due to apoptotic death,
leading to a massive reduction in the ability to replenish ma-
ture hematopoietic elements over 1 to 4 weeks [36].
Meanwhile, IR also induces HSC apoptosis, which results in
longer-term bone marrow injury and loss of HSC repopulating
capacity [36]. Several studies have suggested an important
role for apoptotic mechanisms in the response of HSCs to
IR. For example, overexpression of Bcl2 protects HSCs and
HSC function after lethal irradiation [37, 38], while Bcl2™"~
mice exhibit decreased hematopoietic colony survival follow-
ing irradiation compared to Bcl2™* mice [39]. While HSCs
are more resistant to apoptosis than more proliferative hema-
topoietic progenitor cells, they are still susceptible to IR-
induced cell death. For example, HSC-mediated apoptosis
occurs through p53-mediated mechanisms [40—43]. Deletion
of the pro-apoptotic protein, p53 upregulated modulator of
apoptosis (PUMA), selectively protects HSPCs following IR
injury [44]. To counterbalance the effects of PUMA, hemato-
poietic progenitor cells also upregulate expression of the tran-
scriptional repressor, Slug, under the control of p53 in re-
sponse to irradiation, thereby suppressing p53-mediated in-
duction of PUMA [45]. While apoptosis has a clear role in
the HSC response to irradiation, it is thought that a combina-
tion of programmed HSC death, indirect damage to the bone
marrow microenvironment, and permanent HSC cell cycle
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arrest, or senescence, collectively impair HSC function, lead-
ing to long-term BM failure [36]. An important limitation of
many studies performed to date has been the analysis of he-
matopoietic stem and progenitor populations, such as KSL
cells, which are mostly progenitor cells, not HSCs, and may
not therefore provide precise insight into the response of more
purified HSC populations to IR. Importantly, Morhrin et al.
evaluated the response of more purified ckit*sca-1*Tin flk2~
HSPCs and found that this population of HSPCs displayed
increased expression of pro-survival genes compared to com-
mitted myeloid progenitor cells and predominantly underwent
growth arrest, rather than apoptosis, following 2 Gy IR [46°¢].
Further studies are required to analyze the interplay between
apoptosis, necrosis, and senescence mechanisms in purified
HSC populations, as well as assessment of niche-derived sig-
nals that contribute to the HSC response to IR.

Chemotherapy, like ionizing radiation, can induce HSC
apoptosis and cell-cycle defects. The chemotherapeutic
agent S-flurouracil (5-FU) selectively kills cycling HSCs
and diminishes HSC repopulating capacity as measured
by competitive transplantation assays [47]. 5-FU treatment
also leads to increased donor myeloid and decreased donor
lymphoid cell production upon repopulation, similar to the
hematopoietic lincage skewing seen in physiological aging.
Additional studies have shown that induction of HSC cell
cycle arrest prior to chemotherapy administration protects
HSCs from exhaustion [48].

Cellular and Molecular Consequences of HSC Stress or
Injury

Proliferation

As previously mentioned, LT-HSCs primarily exist in a qui-
escent state during homeostasis [49]. To enable hematopoietic
regeneration following stress-induced depletion of mature he-
matopoietic cells, HSCs must exit quiescence to enter the cell
cycle. Chronic stress can activate HSCs, leading to increased
HSC proliferation and elevated numbers of bone marrow LT-
HSCs and hematopoietic progenitor cells [50]. Several mole-
cules regulate HSC proliferation in response to stress. For
example, Inhibitor of DNA binding 1 (/d/) mediates LT-
HSC proliferation; BrdU analyses revealed that /d/ "~ HSCs
are less proliferative than /dI*"* HSCs following 5-FU che-
motherapy administration. Further analyses demonstrated that
Id1 expression protects HSC from exhaustion in response to
chronic stressors such as aging and toll-like receptor (TLR)
signaling [51]. Another key regulator of HSC response to
stress is the kinase p38a, which is crucial for mouse recovery
from 5-FU chemotherapy administration. Additionally, p38a
is critical for induction of HSC cell cycling following BM
transplantation [52].
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Senescence

While acute and chronic stresses promote HSC proliferation to
enable differentiation and ultimately, hematopoietic recovery,
HSCs have a limited replicative capacity. Senescence is the
state in which HSCs have lost their ability to proliferate and
differentiate [53]. Two thoroughly characterized pathways
that initiate cellular senescence are the p53-p21<P/Wafl or
p192"-Mdm2-p53-p21 PVl sathway and the p16™**-Rb
pathway [27, 54-56]. Specialized studies examining the ex-
pression of major components of these pathways in HSCs
under stress demonstrated that irradiation induced the expres-
sion of p21<PVWafl 51642 and p19*™ in long-term BM
cultures [27]. Additional analyses revealed that irradiation al-
so induced the expression of SA-3-galactosidase, a well-
characterized senescence marker [57]. Follow-up studies ex-
amining the functional role of p16™“* and p19*™ in regulat-
ing HSC self-renewal demonstrated that upon serial BM trans-
plantation, there was a modest increase in survival in mice
transplanted with HSCs that lacked /nk4a-Arf expression [58].

DNA Damage

Stressors such as irradiation, chemotherapy, or aging can lead to
aberrations in chromosomal structure, which require repair to
restore the integrity of the genome. Through molecular sensing
of DNA damage, the DNA damage response (DDR) pathway is
initiated to repair chromosomal insults and reestablish genome
integrity. In response to gamma-irradiation, HSCs exhibit de-
layed double strand break repair and prolonged p53-mediated
DNA damage response activation compared to hematopoietic
progenitor cells [59]. Another study using mouse HSPCs dem-
onstrated that long-lived HSCs exhibit distinct responses to irra-
diation, including expression of pro-survival genes, and induc-
tion of p53-mediated DNA damage response compared to short-
lived myeloid progenitor cells, which were more prone to under-
go apoptosis following genotoxic stress [46°¢]. Importantly, the
authors further demonstrated that quiescent HSCs more frequent-
ly undergo non-homologous end joining (NHEJ) rather than ho-
mologous recombination (HR), which renders HSCs more sus-
ceptible to mutagenesis. Additional studies demonstrated that
thrombopoietin (TPO) stimulates the DDR by promoting
NHE]J at the time of 'y-radiation or chemotherapy administration
[60]. Recent work from our lab has also shown that epidermal
growth factor (EGF) promotes HSC DNA repair and hematopoi-
etic regeneration through augmentation of DNA-protein kinase-
catalytic subunit (DNA-PKcs) activity and nonhomologous end-
joining (NHEJ) repair [61].

In addition to irradiation, aging leads to the accumulation of
DNA damage in HSCs [10+¢]. Nucleotide excision repair (NER)
and NHEJ mechanisms decline in LT-HSCs during aging, lead-
ing to alterations in LT-HSC self-renewal, proliferation, and ap-
optosis. Human CD34"CD38™ HSCs from elderly donors exhibit

increased DNA damage compared to middle-aged patients [62].
As HSC quiescence is a critical contributor to the DDR, re-
searchers analyzed HSC cell cycle status during aging and deter-
mined that older HSCs do not cycle more frequently than young
counterparts [11]. This suggests that enhanced cycling is not the
driving factor promoting the accumulation of DNA damage dur-
ing aging [11]. Building upon these studies, it was shown that
induction of HSC cycling by culturing cells in cytokine-rich
media or in vivo induction via 5-FU treatment promoted DNA
damage repair regardless of age [8]. Interestingly, Flach et al.
showed that the accumulation of YH2AX foci in aged HSCs
occurs through replication stress, rather than deficient DNA re-
pair [63¢¢]. Further studies will be required to uncover the intri-
cacies of the molecular mechanisms through which DNA dam-
age regulates HSC fate in response to different stressors.

HSC Intrinsic Responses to Stress

In addition to the pathways outlined above, HSPCs respond to
stress by initiating signaling that promotes HSC recovery and
hematopoietic regeneration. For example, human BM CD34"
cells express vascular endothelial growth factor (VEGF) and
VEGF signaling promotes human cord blood HSPC survival
following irradiation [64]. Other studies demonstrated that
VEGF-deficient BM cells are incapable of restoring the hemato-
poietic system following lethal irradiation compared to wild-type
cells [65]. Importantly, blockade of external VEGF activity had
no effect on HSPC regeneration, suggesting that a VEGF—
VEGFR2 internal autocrine loop regulates this process [65].
More recent studies by Chen et al. using Vavi-Cre; Vegfi-2""
mice demonstrated no significant change in transplantation effi-
ciency compared to control mice [66]. However, upon diphtheria
toxin—mediated depletion of hematopoietic cells that express
Vegfi2 (Vi egfrZAHC), the authors observed a significant increase
in CD11b" myeloid cells, indicating a role for hematopoietic-
mediated VEGFR2 signaling in regulating hematopoietic cell
differentiation. In a fascinating study, Zhou et al. demonstrated
that HSCs secrete Angiopoietin-1 and that deletion of
Angiopoietin-1 from hematopoietic cells decreased by vascular
and hematopoietic recovery following irradiation in mice, at the
expense of increased vascular leakiness [67]. Of note, Chen et al.
also showed that VEGF produced by transplanted HSPCs likely
promotes the regeneration of VEGFR2+ BM ECs, which also
contributes to hematopoietic reconstitution in vivo. Another ty-
rosine kinase receptor involved in hematopoietic response to
stress is the fibroblast growth factor receptor (FGFR). Using a
Scl-Cre; F gﬁ’l”-/ﬂ model, the authors demonstrated a significant
reduction in KSL HSPCs in the BM compared to control litter-
mates following 5-FU treatment, demonstrating a role for
FGFRI1 signaling in regulating hematopoietic recovery [68].
Further mechanistic analysis demonstrated that FGFR1 signaling
critically regulates HSPC mobilization in response to BM dam-
age [68].
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Fig. 2 Bone marrow niche remodeling in response to stress. Schematic
representation of extrinsic mechanisms of regulation of the HSC response
to stress or injury. Major cellular components of the bone marrow niche,
including endothelial cells, stromal cells, osteolineage cells,

Extrinsic Regulation of HSC Regeneration

Growth Factors

The HSC microenvironment, or niche, consists of cellular and
soluble components which support HSC function. Following

injury, the BM niche is significantly remodeled, leading to
changes in the production of paracrine factors that impact
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megakaryocytes, granulocytes, and adipocytes produce soluble proteins
such as SCF, PTN, TPO, EGF, DKK 1, Noradrenaline, TNFx, FGF1,
TGFf, Angiopoietin, and VEGF in response to injury

HSC regeneration (Fig. 2). Previous studies have shown that
systemic administration of hematopoietic cytokines, stem cell
factor (SCF), TPO, or Flt3 ligand within 2 hours following
high dose TBI caused radioprotection and increased survival
in mice [69]. However, it remains less clear how myelosup-
pressive injury affects the endogenous concentrations of such
factors in the BM and how specific BM niche cells regulate
the production of such cytokines during hematopoietic
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regeneration in vivo. One such extrinsic mediator is SCF,
which is the ligand for the c-Kit receptor tyrosine kinase.
SCF expressed by BM adipocytes and leptin receptor
(LepR)—expressing stromal cells was shown to be essential
for HSC regeneration following myelosuppression, demon-
strating a positive role SCF on regeneration [70, 71, 72°].
Although SCF has been previously shown to suppress HSC
apoptosis and promote HSC self-renewal in combination with
other cytokines [73—75], the mechanism of action of SCF in
promoting HSC regeneration following total body irradiation
remains unclear.

Another potential regulator of HSC regeneration is stromal
cell-derived factor 1 (SDF-1, CXCL12), which is expressed
by LepR* stromal cells and Prx1* mesenchymal progenitor
cells and is essential for HSC maintenance in homeostasis
[76, 77]. At homeostasis, SDF-1 binds to the C-X-C motif
chemokine receptor 4 (CXCR4), which is expressed by
HSCs and promotes HSC quiescence [78]. However, condi-
tional loss of Cxcl12 expression improved hematopoietic re-
generation and extended survival in mice following 5-FU
treatment, demonstrating an inhibitory role in regeneration
[79]. It remains unclear whether the cellular source of
CXCL12 impacts HSC regeneration following myelotoxicity.
Interestingly, chronic neurobehavioral stress increased HSPC
proliferation in mice in association with an augmented inflam-
matory response [50]. HSPC proliferation in this model was
caused by increased sympathetic nerve production of nor-
adrenaline and activation of beta-3 adrenergic receptors on
BM stromal cells, thereby decreasing stromal cell production
of CXCL12 [50].

Inflammation plays a central role in the hematopoietic re-
sponse to stresses such as infection and genotoxic stresses,
including irradiation and chemotherapy. A key mediator of
the inflammatory response is tumor necrosis factor-alpha
(TNF-alpha), which can mediate either cellular apoptosis or
necroptosis in target cells [80, 81]. In a fascinating study,
Yamashita et al. demonstrated that TNF-alpha promoted
HSC survival during inflammation via an NFkB-dependent
mechanism, while myeloid progenitor cells underwent apo-
ptosis [81]. Furthermore, the authors showed that TNF-alpha
drives myeloid regeneration from the HSC pool in the early
stages of inflammation. Taken together, this study revealed a
powerful and complex role for TNF-alpha in regulating the
HSC response to inflammation.

Endothelial Cells

BM endothelial cells (ECs) have an essential role in regulating
HSC regeneration in vivo. Hooper et al. showed that deletion
of VEGFR2 in Tie2" ECs caused a delay in BM vascular
recovery and concordant hematopoietic failure in irradiated
mice [82¢¢]. Salter et al. also showed that treatment of irradi-
ated mice with anti-VE-cadherin antibody delayed BM

vascular regeneration and hematologic recovery in mice
[83]. More recently, Chen et al. described an important role
for Apelin® BM ECs in regulating hematopoietic reconstitu-
tion in the setting of BM transplantation [66]. We and other
laboratories have shown that BM ECs secrete paracrine fac-
tors, including pleiotrophin (PTN), which promotes HSC re-
generation via binding and inhibition of receptor protein tyro-
sine phosphatase—zeta (PTPZ) expressed on HSCs [84, 85].
Doan et al. showed that BM ECs also secrete epidermal
growth factor (EGF) in response to TBI and EGF signaling
is necessary for HSC regeneration to occur over time [61, 86].
Interestingly, BM osterix™ osteoprogenitor cells secrete the
Wnt antagonist, Dickkopf-1 (Dkk1), in response to TBI, and
Dkk1 acts on BM ECs to induce secretion of EGF, thereby
also promoting HSC regeneration in vivo [87]. Guo et al. re-
ported that EC-specific deletion of the Notch ligand, Jagged-2,
had no effect on steady state hematopoiesis but suppressed
HSPC regeneration following irradiation [88]. EC-specific de-
letion of Jagged 1 also suppressed hematopoietic progenitor
cell recovery and decreased survival in irradiated mice [89].
Xu et al. recently utilized the combination of podoplanin and
Sca-1 expression to discriminate arterial and sinusoidal BM
ECs and reported that arterial BM ECs (CD45 Terl19 Sca-
1°€"PDPN ) were the primary EC source of SCF. Deletion
of SCF from arterial ECs caused depletion of HSCs in steady
state and suppressed hematopoietic regeneration following
myeloablation [70]. Taken together, these studies demonstrate
that BM ECs provide an orchestration of paracrine signals that
regulate HSC regeneration following myelosuppression.

Mesenchymal Stromal Cells

BM mesenchymal stromal cells contribute to the BM
perivascular niche and have been characterized by the expres-
sion of leptin receptor (LepR), nestin-GFP and platelet-
derived growth factor—alpha (PDGFR-alpha) [90, 91]. In
steady state, LepR™ stromal cells are essential sources of
SCF and CXCL12, which maintain the HSC pool [76, 77,
92, 93]. LepR™ stromal cells also contribute indispensably to
HSC maintenance by secretion of PTN [85]. In irradiated mice
or mice treated with SFU, LepR" stromal cells also have an
essential role via secretion of SCF, whereas SCF production
by BM ECs or osteoblasts was shown to be non-essential
following myelosuppression [72¢].

CXCL12 production by BM mesenchymal stromal cells is
essential for HSC maintenance in homeostasis [76, 77], but the
specific requirement for CXCL12 from BM mesenchymal stro-
mal cells in regulating HSC regeneration has not been resolved.
Conditional deletion of CXCL12 in adult mice was associated
with accelerated hematologic and progenitor cell recovery fol-
lowing 5FU chemotherapy, although the specific contributions
of BM stromal cells or other niche cell sources of CXCL12 to
this phenotype were not addressed [79]. Separately, Himburg
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et al. showed that BM LepR" stromal cells secrete PTN in
maintaining the HSC pool in homeostasis, but PTN expression
by LepR* stromal cells was not essential for HSC regeneration
following TBI [85].

Adipocytes

BM adipocytes comprise a relatively small percentage of the
BM niche cell population in young mice, but increase in rel-
ative frequency following myeloablation [72¢]. Naveiras et al.
showed that A-ZIP/F1 “fatless” mice displayed increased he-
matopoietic engraftment following BM transplantation, sug-
gesting that adipocytes negatively regulate HSC function [94].
Subsequently, Zhou et al. demonstrated that BM adipocytes
are a necessary source of SCF to promote hematopoietic re-
generation following irradiation or SFU treatment [72¢]. It
remains unclear whether adipocytes also secrete other HSC
regenerative factors that influence hematopoietic reconstitu-
tion, but adipocytes clearly have an important role in the reg-
ulation of hematopoietic regeneration.

Osteolineage Cells

The general importance of BM osteolineage cells in promot-
ing hematopoietic reconstitution following BM transplanta-
tion was shown by Caselli et al. [95]. Subsequent studies
suggested that BM megakaryocytes promote BM osteolineage
cell recovery following TBI, which in turn, promoted hema-
topoietic reconstitution following BM transplantation [96].
More recently, single-cell RNA sequencing analysis of BM
osteolineage cells in proximity to engrafted HSCs revealed
upregulation of an RNase, Angiogenin, which enhances he-
matopoietic regeneration of transplanted hematopoietic cells
by preserving HSC stemness and promoting myeloid progen-
itor cell proliferation [97, 98]. In separate studies, Himburg
et al. reported that BM osterix* osteoprogenitor cells
expressed the Wnt inhibitor, Dickkopf-1 (Dkk1), after TBI
and Dkk1 promoted HSC regeneration in irradiated mice via
direct effects on HSCs and indirectly via induction of EGF
secretion by BM ECs [85].

Megakaryocytes

Megakaryocytes are multinucleated cells responsible for
platelet production, and also regulate HSC quiescence in
steady state via a variety of mechanisms [99].
Megakaryocytes secrete the chemokine, CXCL4, and also
TGF-beta, which each directly promote HSC quiescence in
the niche [71, 100]. Separately, megakaryocytes were demon-
strated to promote HSC quiescence through production of
thrombopoietin, which is under the control of CLEC-2 signal-
ing in megakaryocytes [101, 102]. Megakaryocytes also indi-
rectly regulate hematopoietic reconstitution following
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irradiation and BM transplantation via remodeling of the os-
teoblastic niche [96]. Importantly, Zhao et al. demonstrated
that megakaryocytes also directly promote HSC regeneration
following chemotherapy through secretion of FGF1 [71].

Myeloid Cells

Myeloid cells, particularly macrophages, have been shown to
have an important role in regulating the retention and mainte-
nance of HSCs in the niche and this topic has been reviewed
elsewhere [99]. In the context of myelotoxicity or
myeloablation, the role of differentiated myeloid cells is less
well understood. However, granulocytes from transplanted do-
nor BM were shown to mediate BM vascular and hematopoi-
etic regeneration in myeloablated recipient mice [103]. The
authors further showed that granulocytes produced TNF-alpha
which acted on TNF receptor—expressing BM vascular ECs to
promote vascular regeneration in the BM and that the vascular
regeneration induced by transplanted granulocytes was depen-
dent on TNF-alpha/TNF receptor signaling in vivo [103].

Sympathetic Nervous System

Seminal studies have demonstrated the critical role of the
sympathetic nervous system (SNS) in regulating HSC reten-
tion and egress from the BM niche [99, 104, 105].
Sympathetic nerves regulate HSC retention via the secretion
of noradrenaline and noradrenaline action on beta-3 adrener-
gic receptors expressed on Nestin-GFP™ BM stromal cells,
which in turn regulate CXCL12 expression and gradient levels
in the niche [106]. Importantly, the SNS has been shown to
have an essential role in mediating both circadian oscillations
of HSC egress from the BM and GCSF-mediated HSC mobi-
lization [104, 105]. It has also been shown that multiple cycles
of platinum-based chemotherapy causes sympathetic nerve
injury in the BM [107]. Additional analyses demonstrated that
depletion of sympathetic nerves or suppression of f3-
adrenergic signaling in the BM suppressed hematopoietic re-
covery following chemotherapy and this was mediated via the
delayed recovery of BM Nestin* stromal cells and ECs [107].
Genetic or pharmacologic neuroprotection was shown to im-
prove hematopoietic recovery after myeloablation and im-
prove recovery of BM stromal cells and ECs. Taken together,
these studies suggest that targeting of the SNS could have
therapeutic effects on hematopoietic regeneration following
myelotoxicity.

Summary

In the past decade, extraordinary progress has been made to-
ward elucidating the intrinsic and extrinsic mechanisms that
control the HSC response to stress and the process of HSC
regeneration. These discoveries have transformed our
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fundamental understanding of the hematopoietic response to
genotoxic stresses such as chemotherapy and irradiation, in-
fection, and aging, while also providing insights into longitu-
dinal propensities for clonal hematopoiesis and malignant
transformation over time [108, 109]. The next frontier will
feature the development of targeted therapies which modulate
the autonomous and non-cell autonomous responses of HSCs
to stress for the purpose of augmenting hematologic and im-
mune reconstitution in patients, while at the same time less-
ening risk for clonal hematopoiesis and premature aging.
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