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Significance: Emerging evidence has shown a link between the status of hema-
topoietic stem cells (HSCs) and wound healing responses. Thus, better under-
standing HSCs will contribute to further advances in wound healing research.
Recent Advances: Myeloid cells such as neutrophils and monocyte-derived
macrophages are critical players in the process of wound healing. HSCs actively
respond to wound injury and other tissue insults, including infection and pro-
duce the effector myeloid cells, and a failing of the HSC response can result in
impaired wound healing. Technological advances such as transcriptome at
single-cell resolution, epigenetics, three-dimensional imaging, transgenic ani-
mals, and animal models, have provided novel concepts of myeloid generation
(myelopoiesis) from HSCs, and have revealed cell-intrinsic and -extrinsic
mechanisms that can impact HSC functions in the context of health conditions.
Critical Issues: The newer concepts include—the programmed cellular fate at
a differentiation stage that is used to be considered as the multilineage, the
signaling pathways that can activate HSCs directly and indirectly, the mecha-
nisms that can deteriorate HSCs, the roles and remodeling of the surrounding
environment for HSCs and their progenitors (the niche).
Future Directions: The researches on HSCs, which produce blood cells, should
contribute to the development of blood biomarkers predicting a risk of chronic
wounds, which may transform clinical practice of wound care with precision
medicine for patients at high risk of poor healing.
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SCOPE AND SIGNIFICANCE
Emerging evidence has shown a

link between the status of hemato-
poietic stem cells (HSCs) and wound
healing responses. The key processes
of this link are myelopoiesis in bone
marrow (BM) and myeloid responses
in the wound. We summarize recent
advances in the role of HSCs in mye-

lopoiesis, healing responses, and dis-
ease progression. We also highlight
mechanisms of dysfunction of HSCs
in conditions associated with non-
healing wounds. These conditions,
including obesity, diabetes, hyper-
cholesterolemia,atherosclerosis, phy-
cological stress, and aging, not only
develop HSC dysfunction but also
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are comorbidities of chronic wounds. Thus, a better
understanding of HSCs will contribute to further
advances in wound healing research. This review
should be considered a narrative rather than a
systematic review.

TRANSLATIONAL RELEVANCE

A large majority of evidence presented in these
review articles are from animal models, especi-
ally mouse models, because of the nature of HSCs,
which is difficult to access and is almost impossible
to study their functions in a whole body in humans.
However, carefully designed studies show clear
similarities of HSC functions between humans and
mice. Thus, elucidating the mechanisms of how
HSCs contribute to healing and of how dysregula-
tion of HSCs leads to nonhealing, will allow us to
translate into useful biomarkers and novel therapy
for better wound healing.

CLINICAL RELEVANCE

Better wound care requires risk stratification of
poor healing. The researches on HSCs, which pro-
duces blood cells in response to the wound, will give
us opportunities to establish biomarkers in blood
cells and serum and to transform clinical practice
of wound care with precision medicine for patients
with high nonhealing risk.

OVERVIEW

HSCs and hematopoietic progenitor cells, col-
lectively called hematopoietic stem progenitor
cells (HSPCs) maintain the homeostatic output of
blood cells throughout the lifespan, and their de-
teriorations cause hematologic disorders, including
anemia, bleeding or clotting disorders, and blood
cancers. At the same time, many diseases and
conditions that accompany damaged tissues in the
organs other than the hematopoietic system ex-
hibit hematopoietic abnormality.

Hematopoiesis occurs on-demand in a wound
injury involving blood loss and acute inflammation.
In blood loss, erythroid progenitor cells, as well as
their upstream HSPCs, become activated to gen-
erate red blood cells as well as white blood cells
or leukocytes. In acute inflammation, generating
leukocytes through hematopoiesis is crucial to re-
storing tissue integrity. The demand for myeloid
cells (especially neutrophils and monocytes) in-
creases as an extent of tissue injury gets larger.
Myelopoiesis rates are adjusted accordingly to
meet the additional need for innate immune cells
and to replenish depleted reserves, at the expense
of the erythroid and lymphoid cell generation.

Compared with lymphocytes, myeloid cells are
more relying on their generation through hemato-
poiesis (myelopoiesis) because they have a rela-
tively short lifespan and their number reflects
innate immune responses. Myeloid cells such as
neutrophils, monocytes/macrophages, and den-
dritic cells are major players in wound healing.
Studying injury-induced myelopoiesis should pro-
vide a better understanding of myeloid-mediated
healing responses.

Hematopoiesis, especially enhanced myelopoi-
esis, is suggested to contribute to chronic inflamma-
tion, which is often accompanied by leukocytosis.
The conditions with chronic inflammation increase
the risk for nonhealing wounds or chronic wounds,
which represent a significant health problem in the
United States with millions of patients afflicted
and the associated treatment costing billions of
dollars per year.1,2 Such conditions, including obe-
sity and/or diabetes, autoimmune, atherosclerosis,
pre-existing cancer, and infections are associated
with dysregulated myelopoiesis and myeloid sys-
tem, which are often seen as leukocytosis.

In humans, leukocytosis is an established risk
factor for cardiovascular diseases such as myocar-
dial infarction and ischemic stroke,3–6 and acute
osteomyelitis of the foot.7 Preoperative asymp-
tomatic leukocytosis is associated with adverse
postoperative outcomes after cardiac surgery and
is an independent predictor of infection-related
postoperative complications.8 Not only are the
levels increased, but these innate immune cells,
such as monocytes/macrophages and neutrophils,
are also persistently activated.

Despite their increased levels and proinflam-
matory activation, in some cases of disease-associated
leukocytosis, there is a lack of sufficient acute re-
sponse to infectious and noninfectious insults,
suggesting that dysregulated myeloid systems are
beyond overly simplified to two major types of
monocytes characterized in mice and humans.9 As
a vast majority of the people who have a prolonged
open wound usually also have other major health
conditions, dysregulated myelopoiesis in both
quantity and quality may be a key pathological
feature in comorbidities of nonhealing wounds.

DISCUSSION
Myelopoiesis during wound healing

Myelopoiesis from HSCs. Myelopoiesis is a
complex process consisting of proliferation, differ-
entiation, and migration. The BM is a major res-
ervoir of differentiated cells, and differentiated
myeloid cells are mobilized from BM to the blood
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circulation. The myelopoiesis as well as the mobi-
lization of differentiated cells are governed by
intricate mechanisms linked with cells and fac-
tors in the microenvironment for HSCs or the
niche. Not only fully differentiated cells, but prog-
enies from HSCs that include multipotent progen-
itors (MPPs) and myeloid progenitors (MyPs) in
multiple stages are also likely regulated by their
specific niche, which eventually contributes to
inflammation and myeloid responses.

Multi- or oligopotent progenitors were defined
by clonal colony-forming assays with lineage-
specific hematopoietic cytokines, and surface
marker profiling by flow cytometry. Granulocytes
(including neutrophils), monocytes, and dendritic
cells are thought to be produced by granulocyte
monocyte progenitors and monocyte-dendritic cell
progenitors, which are themselves derived from
common myeloid progenitors (CMPs). However,
newer cell fate-tracking approaches demonstrate
a prominent role for MPPs in maintaining myeloid
production in the steady state.10–12 Detailed func-
tional studies of the MPP compartment have
identified three distinct MPP subsets (MPP2,
MPP3, and MPP4). Increased generation of myeloid-
biased MPP2 and MPP3 from HSCs together with
myeloid reprogramming of lymphoid-biased MPP4
is shown as key first steps of regenerative myelo-
poiesis.13 This ‘‘stepwise’’ model of hematopoiesis
does not cover whole aspect of myelopoiesis. The
‘‘continuum’’ model of hematopoiesis captures het-
erogeneity of progenitors in multiple stages (Fig. 1).

Myeloid responses in the phases of wound
healing. Wound healing of injured tissues is
characterized by three overlapping phases—
inflammatory, proliferative, and resolution. These
phases should progress with timely transitions for
the restoration of tissue functions. Nonhealing or
poor healing with compromised tissue functions
is associated with a lack of phase transitions and
with persistent inflammation. Thus, initiating
phase transitions in nonhealing wounds may lead
to better healing. The proper phase transitions of
wound healing require orchestrated myeloid re-
sponses that accompany inflammatory and healing
signals, whereas nonhealing wounds are associ-
ated with proinflammatory myeloid accumulation
and chronic inflammation.14

Neutrophils and proinflammatory monocytes/
macrophages are accumulated early after the onset
of injury in the inflammatory phase. These proin-
flammatory myeloid cells are gradually replaced
by prohealing-type macrophages, creating a bi-
phasic myeloid response in normal healing.15,16

Past studies identified key molecular pathways for
the biphasic response in the injured tissue locally,
such as mediators released from proinflamma-
tory myeloid cells (i.e., resolvins, cytokines, etc.)
and macrophage uptake of apoptotic cells (effer-
ocytosis).17,18 However, in chronic inflammation
with nonhealing, studies have shown continu-
ous replenishment of proinflammatory myeloid
cells.19–22 Thus, understanding the mechanisms of
the proinflammatory myeloid cell replenishment
should help to develop an intervention of nonheal-
ing wounds.

During normal healing, the inflammatory phase
is followed by proliferation and resolution phases of
wound healing. Timely phase transition from the
inflammatory phase involves phenotypic switch of
myeloid cells, which have often been described in
the overly simplified M1 versus M2 polarization of
macrophages.15 Similar proinflammatory versus
anti-inflammatory polarization has been proposed
in neutrophils (N1 vs. N2).23 In the proliferation/
resolution phase, anti-inflammatory myeloid cells
play critical roles in tissue normalization through
vessel maturation and matrix remodeling. At least
in macrophages, which is known to be highly plas-
tic and responsive to environmental changes, the
phenotypic switch is partly mediated through the
mechanism involving signals from cellular envi-
ronment, intracellular signaling, and transcrip-
tional reprogramming. However, the generation
and recruitment of myeloid subsets should con-
tribute to overall phenotypic switch in the wounds
as nonclassical Ly6Clo monocytes give rise to only
CD206+ wound healing macrophages.24

Wound-induced myelopoiesis of HSPCs. Mye-
lopoiesis, the generation of myeloid cells, occurs
mainly in the BM. To maintain levels of myeloid cells
in the blood and peripheral tissues in a normal
steady state, myelopoiesis is regulated by the feed-
back mechanisms that can turn on or off the myelo-
poietic drive. The early hematopoiesis or the
activation of HSPCs is required for proper healing
and resolution of inflammation such as in mouse
models of ischemic organ injury and sepsis.25–27

For example, ischemic stroke activates HSCs
through increased sympathetic tone, leading to a
myeloid bias of hematopoiesis and higher BM
output of inflammatory Ly6Chigh monocytes and
neutrophils.28 In myocardial infarction, a CCR2+

CD150+CD48+LSK (Lineage-Sca1+cKit+) hemato-
poietic subset is the most upstream contributor to
emergency myelopoiesis after ischemic organ in-
jury.25 In hindlimb ischemia, LSK cells and MyP
are quickly activated but restore to steady-state
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levels several days after the tissue injury.29 More-
over, injection of skeletal muscle homogenate as
damage-associated molecular patterns (DAMPs)
are sufficient to increase cell cycling in LSK cells.29

In dorsal skin punch biopsies, HSPC activation was
observed as increased myeloid-committed MPPs
after skin wounds.30 Newly generated and mobi-
lized myeloid cells manifest acute inflammation,
whereas chronically generated myeloid cells lead to

chronic inflammation. Overall, appropriately acti-
vated and perhaps a timely limitation of activated
HSPCs are critical for wound healing responses.

Mechanisms of HSPC activation

Signals for acute activation of HSPCs. HSPCs
can be responsive to acute inflammatory stimuli
induced by tissue injury or wounding. This HSPC’s
response is known as emergency myelopoiesis or

Figure 1. Models of hierarchical differentiation of HSC. (a) Classical ‘‘step-wise’’ model of hematopoiesis. HSCs differentiate into terminally differentiated cell
types through discrete hierarchically organized progenitor populations. In this model, HSCs are thought to be homogeneous and multipotent to be differentiated
to any cell types. (b) ‘‘Continuous’’ differentiation model of hematopoiesis. Recent advances in single-cell RNA sequencing revealed that HSCs are a more
heterogeneous population consisting of cells with lineage-specific fates and HSCs differentiate into specific cell types without any major transition through the
multi- and bipotent progenitors as described in ‘‘step-wise’’ model. HSC, hematopoietic stem cell.
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demand-responsive myelopoiesis, typically descri-
bed in acute infection and sepsis. The stimuli
that directly or indirectly activate HSPCs include
DAMPs or pathogen-associated molecular patterns
(PAMPs), cytokines, and growth factors, promoting
transcriptional changes to drive immune responses
in hematopoietic cells from BM (Fig. 2).31 Most
evidence support that HSPCs sense inflammation
or tissue damage indirectly through mature he-
matopoietic cells and nonhematopoietic tissues,
and subsequent changes in factors act on HSPC-
expressed receptors, inducing proliferation, differ-
entiation, and migration.

Myelopoietic colony-stimulating factor (CSF) and
cytokines—granulocyte-CSF (G-CSF), macrophage-
CSF (M-CSF), and granulocyte-macrophage-CSF
(GM-CSF), interleukin (IL)-1, IL-3, IL-6, and Flt3
ligand—have prominent roles in acute activation
of HSPCs. Those cytokines can be increased in the
blood circulation in infection or acute inflammation,
whereas the sources of the cytokines could be various
fromalesion inthelocal tissuetonichecells intheBM.

G-CSF serves as a major driver of granulopoiesis
under both steady-state conditions and emergency
conditions, such as infection, by regulating the
expression of myeloid lineage-specific transcription
factors and of receptors for myeloid lineage-specific
growth factors.32 G-CSF induces proliferative and
lineage-specific signals on HSPCs.33–35 BM niche
(endothelial cells, mesenchymal stem cells [MSCs])
also contributes to emergency granulopoiesis
through G-CSF.36,37 G-CSF-induced activation of
its receptor, G-CSFR, leads to signaling through
the transcription factor STAT3, which directly
stimulates expression of the master transcriptional
regulator of emergency granulopoiesis, C/EBPb.34,38

Single-cell RNA sequencing showed G-CSF dis-
rupts quiescent HSC signature before expanding
MyP populations.39 Further analysis using
CRISP-seq indicates Cebpa regulates entry into
myeloid fates of HSPCs as priming under G-CSF
stimulation.39

M-CSF also contributes to emergency myelo-
poiesis. M-CSF acts directly on HSPCs and induces

Figure 2. The acute signals of HSPCs in response to external stimulations such as infections or wound damage/tissue ischemia. Circulating cytokines,
including G-CSF, M-CSF, IL-1, and IL-6 are increased in the acute phase of infectious diseases and tissue ischemia. G-CSF binds to G-CSF receptor and induces
JAK/STAT pathway resulting in upregulation of genes related to granulopoiesis, such as C/EBPb. M-CSF can also activate myeloid differentiation by inducing
PU.1 activity, a key regulator of myeloid development, through Src-PI3K pathway. IL-1 and IL-6 regulate myelopoiesis by triggering a broad range of signaling
pathways, including NF-jB and JAK-STAT pathway. PAMPs and DAMPs bind to TLR4 and lead to the activation of both MyD88-dependent pathway and TRIF-
dependent pathway, causing emergency granulopoiesis. DAMPs, damage-associated molecular patterns; G-CSF, granulocyte colony-stimulating factor;
HSPCs, hematopoietic stem progenitor cells; IL, interleukin; JAK, Janus kinases; M-CSF, macrophage colony-stimulating factor; NF-jB, nuclear factor kappa-
light-chain-enhancer of activated B cells; PAMPs, pathogen-associated molecular patterns; PI3K, phosphoinositide 3-kinase; Src, proto-oncogene tyrosine-
protein kinase Src; STAT, signal transducer and activator of transcription protein; TLR4, toll-like receptor 4; TRIF, TIR-domain-containing adapter-inducing
interferon-b.
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their differentiation into monocytes.40 M-CSF can
instruct myeloid lineage identity in single HSCs,
independently of HSC survival or proliferation, by
inducing a PU.1-dependent molecular signature.41

IL-1 is a central mediator in response to in-
fections or sterile insults. IL-1 binds a broadly
expressed surface receptor (IL-1R) and triggers
a wide range of signaling pathways, including
NF-jB, p38 MAPK, JNK, and AP-1.42 IL-1 acts
directly on HSPCs in vitro, promoting their prolif-
eration and myeloid differentiation through acti-
vation of the transcription factor PU.1, which is a
key regulator of myeloid development.43 Injection
of IL-1b to naive mice is sufficient to induce HSPC
activation and myelopoiesis.43,44 IL-1b, through
increased expression of IL-1R on HSPCs, is a cru-
cial mediator that promotes HSPC expansion and
granulopoiesis in postmyocardial infarction.44

However, skin wound-induced MPP expansion and
blood myeloid profiles are not affected in mice
lacking IL-1R, suggesting that other signals are
sufficient to induce the HSPC activation in mouse
skin wounds.45

Tumor-necrosis factor (TNF) has a complex role
in hematopoiesis. Based on the analysis on TNF
receptor knockout mice, the role for TNF in the
survival of HSPCs is positive46 or negative.47 TNF
directly upregulates PU.1 in vitro and myeloid
generation from HSCs, at the same time TNF
promotes apoptosis of MyPs and prevents HSC
necroptosis, and induces T cell suppression activ-
ity.48 In the scenario of BM transplantation, TNF
derived from granulocytes acts on BM endothelial
cells promoting vessel and hematopoietic regener-
ation.49 The same study also suggests that TNF
acts directly on hematopoietic progenitors since
the effect of granulocyte transfer was decreased
but not eliminated in mice that were transplanted
with hematopoietic cells from TNF receptor-
deficient mice.49 Thus, TNF acting on hematopoietic
progenitors promotes hematopoietic regeneration
after BM transplantation by amplifying regenera-
tion signals of other cells such as endothelial cells
as well as within hematopoietic progenitor cells in
a paracrine manner.

Interferons (IFN) protect against infections. In
myocardial infarction, a type of resident macro-
phage produces type I IFN (IFN-a and IFN-b).
When these macrophages uptake cell debris, par-
ticularly DNA, type I IFN signaling is stimulated
and is detrimental.50 IFN-a and RNA virus mim-
icking polyinosinic:polycytidylic acid quickly (in
16 h) drives the proliferation of dormant HSCs in
an IFN-a/-b receptor-dependent manner.51 Thus,
excessive type I IFN signaling in HSPCs is harm-

ful. IFN-c secreted by effector cytotoxic T cells
stimulates hematopoiesis at the level of early mul-
tipotent hematopoietic progenitor cells and induces
myeloid differentiation. IFN-c does not primarily
affect HSPCs directly. Instead, it promoted the
release of hematopoietic cytokines, including IL-6
from BM MSCs in the HSC niche, which in turn
reduced the expression of the transcription fac-
tors Runx-1 and Cebpa in early hematopoietic
progenitor cells and increased myelopoiesis.37

IFN-c signaling is required for the expansion of
HSCs and promotion of myelopoiesis induced by
Bacillus Calmette-Guérin (BCG) vaccination, which
accesses the BM.52

IL-6 is a pleiotropic cytokine playing an impor-
tant role in the acute immune response. IL-6 reg-
ulates the proliferation and differentiation of
HSPCs during emergency myelopoiesis. In toll-like
receptor (TLR) stimulation, IL-6 has been shown as
a signaling hub and a particularly important reg-
ulator of myeloid differentiation and HSPC prolif-
eration in a paracrine manner, which mediates
rapid myeloid cell recovery during neutropenia.53

In acute inflammation and/or infection, TLRs (a
type of pattern recognition receptor), which recog-
nize conserved microbial or self-tissue products,
such as lipopolysaccharide (LPS), play a central role
in innate immunity. TLRs are expressed on a wide
variety of effector immune cell types, as well as
HSPCs.54 As mentioned above, after activation of
TLRs, activated HSCs and MPPs produce substan-
tial amounts of cytokines in a manner dependent
on the transcription factor NF-jB. Those cytokines,
particularly IL-6, can promote myelopoiesis of
HSPCs in a paracrine fashion.53 Direct activation
of TLR4 on HSPCs stimulated their proliferation
but may have some detrimental effects on their
function due to the proliferative stress in HSCs
after ligation of TLR4.55,56 TLR4 recruits members
of a set of toll/IL-1 receptor domain-containing
adaptors, such as MyD88 and TIR domain-
containing adapter-inducing interferon-b (TRIF).
MyD88-dependent pathway activates NF-jB and
mitogen-activated protein kinase (MAPK) for in-
duction of inflammatory cytokine genes, while
TRIF-dependent pathway promotes an alternative
pathway leading to the activation of IRF3, NF-jB,
and MAPKs for induction of type I IFN and in-
flammatory cytokine genes.57 The TRIF-dependent
pathway also mediates the expansion and func-
tional exhaustion of HSPCs in sepsis.55,56

In addition to the direct effect of TLR agonists on
HSPCs, the TLR4-MyD88 pathway mediates LPS-
related emergency granulopoiesis through a para-
crine pathway, which requires the production of
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G-CSF by endothelial cells. In infected wounds,
PAMPs, a diverse set of microbial molecules that
share many different general patterns or struc-
tures, play a role. PAMPs, including LPS and
b-glucan are recognized by pattern-recognition
receptors, such as TLR4 and Dectin-1, respectively.

Signals for chronic activation of HSPCs.
Activated HSPCs are linked with chronic inflam-
mation.41,43,58,59 In conditions with chronic inflam-
mation (i.e., chronic infection, obesity/diabetes,
autoimmune diseases, and atherosclerosis),59–62

emerging evidence has shown that myelopoiesis
from activated HSPCs play an active role in sus-
taining higher levels of pro-inflammatory myeloid
cells.31,63 Such activated myelopoiesis from HSPCs
is often seen as ‘‘myeloid skewing.’’ Myeloid skew-
ing of HSPCs is observed as increased number or
pool size of myeloid (biased) progenitor cells.

While MyPs have been characterized based on
their surface maker expressions and following the
generation of myeloid cells of sorted and trans-

planted progenitors, more recent studies using
transcriptome analysis in single cells and in vivo
lineage tracing have provided a more complex view
of myeloid skewing. For example, CMPs had been
defined as the progenitors that have the capability
of differentiating into granulocytes, monocytes,
dendritic cells, erythroid, and megakaryocytes.64

In the steady state alone, single-cell transcriptomic
analysis of CMPs in BM revealed early transcrip-
tional priming toward seven different fates.65

Moreover, in a model of emergency myelopoiesis,
clonal expansion and activation of the ‘‘primed’’
HSPCs, rather than instructing HSPCs with other
fates, is observed, at least, in dendritic cell devel-
opment.66 We summarize signals that can cause
HSPC activation under conditions with chronic
inflammation (Fig. 3).

TLR signaling plays an important role in the
regulation of HSPCs in chronic disease conditions.
Chronic treatment with a low dose of LPS results in
the expansion of HSPCs and their myeloid skewing
in a cell-intrinsic, TLR4-dependent manner, as

Figure 3. The chronic signals of HSPCs under conditions with chronic inflammation. TLR4, IL-1, and IL-6 are important mediators in chronic signal pathways.
They utilize the same downstream pathway to activate myeloid skewing. ROS are produced from mitochondria in reaction to chronic inflammation. ROS
dysregulates HSPC function by upregulating the specific transcription factors such as FoxO and Gfi1. p38 MAPK pathway is also activated by ROS resulting in
the inhibition of HSPC self-renewal. The sympathetic nerve system plays an essential role in HSPC differentiation as a part of the bone marrow niche. TGF-b is
produced from glial cells ensheathing sympathetic nerves and negatively regulates HSPC proliferation. TGF-b noncanonical pathway (dashed line) has
crosstalk with other signaling pathways to orchestrate HSPC function. FoxO, forkhead box O; Gfi1, growth factor independent 1 transcription repressor; MAPK,
mitogen-activated protein kinase; ROS, reactive oxygen species; TGF-b, transforming growth factor-beta.
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shown in serial transplantation experiments and
BM chimera experiments with cells from TLR4-
deficient mice and TLR4-sufficient mice.67,68 While
direct TLR4 activation in HSCs might be beneficial
for controlling systemic infection, prolonged TLR4
signaling has detrimental effects and may contrib-
ute to inflammation-associated HSPC dysfunction.56

IL-1b interacted with the IL-1 receptor on BM
MyPs to stimulate the production of monocytes and
neutrophils in obesity that upregulates IL-1b se-
cretion from adipose tissue macrophages.69 Simi-
larly, in aged mice, IL-1b, together with IL-6 and
IL-1a, is increased in BM extracellular space.70

Chronic administration of IL-1b diminishes the
self-renewal capacity of HSPCs.43 IL-1b secretion
from BM macrophages, which is increased in aged
mice, promotes myeloid-biased CD41+ HSCs.71

IL-1b and GM-CSF signaling in HSPCs explain
increased myelopoiesis of b-glucan-induced trained
immunity in mice.72

IFN-a drives the proliferation of dormant HSCs
and impairs the self-renewal potential of HSCs in a
chronic setting.51 Type I IFNs impaired hemato-
poiesis during infection by both limiting HSC/
HSPC proliferation and increasing HSPC death.73

Infection with Mycobacterium avium triggers the
proliferation of HSCs in an IFN-c-dependent man-
ner.58 Moreover, IFN-c is responsible for the attri-
tion of HSCs due to their differentiation into
myeloid cells and loss of their self-renewal capacity
during chronic mycobacterial infection in mice,74

suggesting that prolonged stimulation of HSCs
induces their terminal differentiation that causes
pancytopenia in chronic inflammation.

TNF-a in chronic stimulation promotes HSC
survival and myeloid differentiation by activating
a strong and specific p65-NF-jB-dependent gene
program that primarily prevents necroptosis, and
poises HSCs for myelopoiesis.48 TNF-a production
from HSPCs is increased in hypercholesterolemia.75

Transforming growth factor-beta (TGF-b) has
been shown as a niche factor that maintains HSC
quiescence and inhibit its expansion76–79 partly
through inhibiting lipid raft clustering that can be
caused by activating cytokines,80 whereas myeloid-
biased progenitors may be activated by TGF-b.81

Diet-induced obesity can disrupt the TGF-b recep-
tor within lipid rafts along with impaired SMAD2/
3-dependent TGF-b signaling.82 In addition to
its canonical pathway through SMADs, TGF-b
noncanonical pathway potentially has crosstalk
with MAPK pathway, NF-jB pathway, and JAK-
STAT pathway, which are the downstream of
TLR4, IL-1/6 receptors, and TNF-a receptor.83

Endoglin, a type III receptor for the TGF-b super-

family, positively modulates TGF-b signaling to
ensure maintenance of HSC quiescence.84 In the
steady state, megakaryocytes78 and Schwann cells
of the nerve79 have been shown as significant
source of TGF-b in the niche.

Oxidative stress is involved in several chronic
pathological processes such as obesity,85 type 2
diabetes,85,86 atherosclerosis, and aging. Reactive
oxygen species (ROS), which is the major source of
oxidative stress, act through p38 MAPK to limit
the lifespan of HSPCs.87 Increased levels of ROS
during aging induces myeloid lineage skewing and
defective long-term repopulation activity, as has
been demonstrated in the case of FoxO (forkhead
box O) transcription factors’ depletion in mice.88,89

FoxO is one of the central regulators of the HSC
stress response by controlling self-renewal, prolif-
eration, and survival.90 Obesity is also associated
with an increased level of intracellular ROS.91 ROS
upregulates Gfi1, which controls HSC quiescence,
in obese mice resulting in long-lasting dysregu-
lated HSPC function.85

Conditions with chronic inflammation involve
mechanisms that sustain hyperactivation and
compromised function of HSPCs. These are ex-
plained by cell-intrinsic mechanisms—epigenetic
(and/or genetic) reprogramming, and cell-extrinsic
mechanisms—remodeling of the microenviron-
ment for HSPCs. We will discuss this in more detail
in the following sections.

Epigenetic programming of HSPCs. Exposure
to cytokines or microbial products trains HSPCs
by reshaping the epigenetic landscape. Trained
HSPCs show enhanced myelopoiesis against the
subsequent infectious events (known as trained
immunity).92 Chronic disease conditions, such as
obesity,93 diabetes,94 arthritis, atherosclerosis, and
aging,95 also induce epigenetic reprogramming in
HSPCs to regulate their proliferation and differ-
entiation to MyP cells. Epigenetic programming
includes chromatin remodeling such as histone
modifications, DNA methylation, and noncoding
RNA such as micro-RNA and long noncoding RNA
(lncRNA) (Fig. 4).

Histone 3 lysine 27 acetylation (H3K27ac) and
histone 3 lysine 4 trimethylation (H3K4me3) are
key epigenetic marks in reprogramming by im-
mune responses. H3K27ac and H3K4me3 are en-
riched at distal enhancers and the promoters of
stimulated genes, respectively. Emerging evidence
demonstrated that pathological conditions cause
histone modification in monocytes or macropha-
ges.96,97 b-Glucan induces upregulation of H3K27ac
and H3K4me3 enrichment both at enhancer and
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promoter regions, resulting in dysregulation of
transcription factors associated with inflamma-
tion.96 Similarly, BCG-educated HSPCs modified
H3K27ac and H3K4me3 enrichment in macro-
phages that provide significantly better protec-
tion against virulent Mycobacterium tuberculosis
infection than naive macrophages.52

Several pathways have been proposed to explain
the mechanism underlying histone modification in
response to external stimuli. Trained immunity
has been shown to associate with metabolic chan-
ges induced by external stimuli.98 Histone modifi-
cation is provoked through several metabolites
from glycolysis and the tricarboxylic acid cycles.
b-Glucan upregulated H3K4me3 enrichment by in-
hibition of histone demethylase KDM5 (also known
as Jarid) due to accumulation of fumarate, which is
a key metabolite in mediating b-glucan-induced
trained immunity in monocytes.99 Diet-induced
obesity increases H3K4me3 at KDM6B (also known
as Jmjd3), H3K27 demethylase in MyP, which in
turn leads to an enhanced inflammatory phenotype
of macrophages.100 Sun et al. showed direct evi-
dence of upregulated H3K4me3 enrichment in
aged HSPCs.101 These studies showed his-
tone modifications at targeted gene loci, however,
the full landscape of histone modifications in
HSPCs remains to be understood. The develop-
ment of a methodology to analyze the epigenetic
landscape in small cell numbers will overcome the
difficulties in obtaining sufficient cell yield for
chromatin immunoprecipitation with sequencing.

DNA methylation is one of the best-studied epi-
genetic systems in mammals. DNA methylation
usually occurs at CpG islands, which are found at
the majority of promoters.102 The presence of DNA
methylation at CpG islands is usually associated
with long-term, stable gene repression. DNA meth-
ylation is predominantly established by DNA
methyltransferases (DNMTs) and oxidized by ten-
eleven translocation (TET) enzymes. Under phys-
iological conditions, DNA methylation undergoes
extensive changes during HSPCs differentiation
while maintaining HSPC homeostasis.103 Muta-
tions in DNMTs or TET enzymes cause abnormal
DNA methylation leading to deficiency of HSPC
differentiation. Thus, mutations in DNMTs or
TET enzymes are involved in the occurrence of
leukemia.104,105

Deficiency of TET2 accelerates atherosclerosis
development due to clonal expansion of TET2-
deficient HSCs resulting in upregulated chemo-
kine and cytokine levels.106 Alteration of DNA
methylation occurs in genomic regions associated
with hematopoietic lineage potential during
chronic pathological conditions such as aging and
obesity.101,107,108 Altered DNA methylation rein-
forces HSPC self-renewal and diminishes differ-
entiation, resulting in phenotypic HSPC aging
behavior.101 Dietary fat-induced hypercholester-
olemia in Ldlr-/- mice showed altered BM methyl-
ation patterns at the promoter regions of PU.1 and
Irf8 genes, important for monocyte and macro-
phage hematopoiesis.108

Figure 4. Epigenetic reprogramming of HSPCs that potentially dysregulate wound healing. Innate immune memory is provoked by both acute and chronic
stimuli. Through these stimuli, HSPCs are ‘‘primed’’ by epigenetic reprogramming such as histone modification and DNA methylation. Histone methylation and
acetylation are regulated by KDM family and HATs, respectively. DNMTs mediate DNA methylation by transferring a methyl group to DNA, while TDG plays
essential roles in the demethylation process. When ‘‘primed’’ HSPCs are exposed to secondary stimuli, increased or tolerated response is induced, leading to
dysregulated myelopoiesis and cytokine expression. DNMTs, DNA methyltransferases; HATs, histone acetyltransferases; KDM, histone lysine methyl-
transferase; TDG, thymine DNA glycosylase.
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Noncoding RNAs involve cellular reprogram-
ming. MicroRNAs (miRs) are small noncoding
RNAs containing about 22 nucleotides that medi-
ate gene silencing by interacting with target sites
in the 3¢ untranslated region of mRNAs. Impor-
tantly, miRs are highly conserved across species.
Multiple miRs have been found to have specific ef-
fects on the behavior of HSPCs.109 While miR-181,
miR-223, and miR-142 induce differentiation of
HSPCs,109 miR-132 keeps HSPCs in a more qui-
escent state by inhibiting the expression of FOXO3,
which is one of the aging-related transcription
factors.110

lncRNAs are the different types of noncoding
RNA, which can interfere with gene expression and
post-transcriptional signaling at various levels.111

lncRNAs can directly interact with DNA to recruit
epigenetic modulators, act as a decoy for tran-
scription factors, control splicing, or interact with
proteins to control protein complex forma-
tion.111,112 Note that lncRNAs lack conservation
across species. lncRNAs have been shown to con-
trol self-renewal and lineage commitment of
HSPCs under steady-state conditions.113 Some
lncRNAs such as MALAT1 are involved in the
pathophysiology of atherosclerosis by upregulating
hematopoiesis in the obese mouse model.114

An important aspect of HSPC regulation by
noncoding RNAs is that they can be transferred to
HSPCs from other surrounding cells that origi-
nated them (typically a form of extracellular vesi-
cles [EVs]). Indeed, at least in in vitro, mRNAs and
miRs can be transferred from stromal cell-derived
EVs to LSK-HSPCs that uptake the EVs.115 Thus,
noncoding RNAs are promising targets as novel
biomarkers and therapeutics, although further
investigation will be required to understand the
more detailed functions and mechanisms of non-
coding RNAs in HSPCs.

HSPC niche in the BM

Overview of the niche. HSPCs are maintained
in a specific local environment in the BM or ‘‘niche’’
that regulates the quiescence, proliferation, and
differentiation of these cells.116 Historically, the
niche has been characterized in the maintenance
of HSCs that is responsible for hematopoiesis
throughout life.117 Thus, disruption of the niche
results in either or a combination of exhaustion
of stem cells and/or dysregulated generation of a
particular lineage of blood cells.

In contrast to the HSC niche, the environment
for progenitor cells is less characterized. This is
because of the methodological limitations of how to
identify and localize the niche—a lack of exclusive

markers (overlapping of niche factors with HSCs
niche). To study hematopoiesis in inflammatory
responses, identification of extrinsic signals pro-
moting maintenance and differentiation of he-
matopoietic progenitor cells is important but is
not well understood. Moreover, innate immune
memory, which results in either a chronic hyper-
inflammatory state or a persistent state of im-
munological tolerance, may be accompanied by
alteration or adaptation of the BM niche. We will
summarize evidence of niche regulations that are
potentially relevant to myeloid responses during
wound healing and also niche dysregulations that
could be related to the conditions with impaired
wound healing (Fig. 5).

Cellular components of the niche. HSPCs in the
BM are surrounded and their functions are di-
rectly or indirectly regulated by other cells, such
as osteoblast,118,119 osteoclast,120–122 stromal
cells,118,123,124 macrophages,35,125 endothelial cells,
adipocytes,79 megakaryocytes,78,126 T cells, non-
myelinating Schwann cells,79 and neurons123,127,128,
consisting of the HSPC niche. HSCs are defined
as cell populations that are serially transplantable
through multiple recipients. The majority of these
long-term HSCs express signaling lymphocytic
activation molecule (SLAM or CD150) and localize
adjacent to sinusoid vessels (within five cell diam-
eters of a sinusoid).129 This perivascular niche in-
cludes endothelial cells, and perivascular stromal
cells or MSCs.

In acute inflammation or induction of wounding,
those niche cells sense signals from damaged tissue
in similar ways that HSPCs sense the signals—
directly through receptors expressed on the niche
cells or indirectly sensing signals amplified by
other niche cells. The stimulated niche cells can
be the cells (typically immune cells) that home to
the niche after traveling in the circulation.

In conditions with chronic inflammation, chan-
ges in the composition of the niche are induced and
might contribute to perpetuating the conditions
through enhanced myelopoiesis. For example,
single-cell RNA sequence that aimed to show a
transcriptional landscape of mouse BM popula-
tions130 revealed a considerable transcriptional
remodeling of niche elements under stress condi-
tions mimicking chemotherapy (ablation of rapidly
dividing hematopoietic progenitor cells and the
induction of proliferation and differentiation of
otherwise quiescent HSCs). This myeloablation
affects sinusoidal vessels33 as well as stromal cells
and causes an increase in the frequency of BM
adipocytes.131
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Figure 5. Bone marrow HSPC niche and its remodeling.
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Vascular and perivascular cells in the niche.
Since vascular niches supporting long-term HSCs
were identified,129 perivascular stromal cells and
vascular endothelial cells have been extensively
studied. Perivascular stromal populations are
marked by various genetic labeling methods, such
as the CXCL12-abundant reticular (CAR) cells,
Nes-GFP+, Scf-GFP+, Ng2-Cre+, Lepr-Cre+, or
Prx1-Cre+ cells. These are largely overlapping
mesenchymal cell populations in the adult BM.
They are the main contributors producing key
soluble factors that maintain HSCs, the niche fac-
tors, such as CXCL12 and stem cell factor (SCF).

Almost all HSCs near the sinusoidal endothe-
lium are in contact with a small population of re-
ticular cells expressing high amounts of CXCL12,
called CAR cells.132 Nestin is expressed in a subset
of BM MSCs that are involved in HSC mainte-
nance and trafficking, and perivascular nestin-
GFP bright cells define a quiescent HSC niche.123

Prx1 marks mesenchymal progenitor cells and
Prx1-Cre targets almost all CAR cells.133 Stromal
cells expressing leptin receptor (LEPR) is a source
of SCF.124 Like other MSCs, LEPR+ stromal cells
can differentiate into adipocytes or osteoblasts.
NG2+ arteriole perivascular cells harbor lymphoid-
biased HSCs134 as well as quiescent HSCs.135 De-
pletion of NG2+ arteriolar niche cells selectively
depletes vWF- lymphoid-biased HSCs.134 Osteo-
genic growth factor, osteolectin, can distinguish
between osteogenic LEPR+ cells and adipogenic
LEPR+ cells. Osteolectin+LEPR+ stromal cells are
periarteriolar localized, mechanosensitive, and
maintain lymphoid progenitors.136 Osteolec-
tin-LEPR+ stromal cells are perisinusoid localized
and maintain HSCs.136 Cycling HSCs or MPPs
tend to be localized with perisinusoid (osteolectin-)
LEPR+ cells.135 Together with arteriolar endothe-
lial cells and stromal cells, are a source of extra-
cellular matrix protein Del-1, a niche component,
which promotes myelopoiesis from HSPCs.137

Aging induces vascular niche remodeling such
as reduction of a-smooth muscle actin+ (a-SMA+) or
NG2+ arterioles,138 but increased stromal popula-
tions.71 Moreover, nestin+ cells have enriched b3-
adrenergic receptors of which stimulation reduces
the retention signal CXCR12 resulting in HSC
mobilization123 with circadian rhythm.139 This
pathway is inhibited in mouse models of type 1
and type 2 diabetes (streptozotocin-induced and
db/db mice, respectively).140 Exercise-increased
HSPC quiescence is mediated by the reduction of
leptin signaling on stromal cells.141

Endothelial cells are also sources of critical HSC
maintenance factors, SCF124 (not as potent as

LEPR+ stromal cells131) and CXCL12.118 Sinusoi-
dal endothelial cell regeneration after irradiation
is promoted by TNF-a released from granulocytes
and subsequently supports hematopoietic regen-
eration.49 Endothelial cells are also a major source
of Notch ligands DLL4 and DLL1. A loss of the
vascular endothelial-expressed DLL4 (in VE-Cad-
specific manner) skews BM hematopoiesis toward
a significant transcriptional reprogramming and
myeloid priming of HSPCs.130 Cellular aging of
endothelial cells contributes to the aging of HSPCs
as an infusion of young endothelial cells into aged
mice is sufficient to reverse the myeloid bias of
HSPCs.142 Aged BM endothelial cells have featu-
res, including high ROS, hypoxic, high IL-6, and
low CXCL12 and DLL4.142 CD31 and endomucin
identify sinusoids, arterioles, capillaries, and tran-
sition zone vessels, which connect arterioles with
sinusoids near the bone (endosteum).70 In aged
mice, endosteal vessels and transition zone vessels
were reduced,70 suggesting the age-dependent niche
remodeling. In mice with diet-induced diabetes,
epithelial growth factor receptor (Egfr) signaling
enriched in BM endothelial cells provides increased
retention of HSPCs, and Egfr disruption in the en-
dothelial cells causes HSPC proliferation, increased
myelopoiesis, and impaired wound healing.143

Vascular permeability is implicated in acute
neutrophil release144 and leukemic hematopoie-
sis.145 Less permeable arterial blood vessels main-
tain HSCs, whereas the more permeable sinusoids
promote HSPC activation and are the exclusive site
for immature and mature leukocyte trafficking
to and from the BM.146 Acute IFN-a-mediated in-
flammation acts on HSC-niche endothelial cells, af-
fecting vascularity and vessel leakage in the BM.147

Macrophages in the niche. Macrophages in the
BM directly protect primitive HSPCs. These are
identified as a-SMA-positive BM macrophages that
are adjacent to HSPCs and release prostaglandin
E2 limiting oxidative stress of HSPCs.148 As indi-
rect regulation, other macrophages, BM mononu-
clear phagocytes marked by Gr-1- CD115int F4/80+

CD169+, maintain CXCR12 expression in nestin+

stromal cells regulating retention of HSPCs in
the niche.125 This macrophage/stromal cell axis
is inhibited when the macrophage engulfs aged or
apoptotic neutrophils.149 BM macrophages facili-
tate hematopoietic tolerance and reduction of
newly released myeloid cells in recurrent myocar-
dial infarction, in which niche macrophages main-
tain HSPC through the adhesion molecule Vcam-1.26

Not only in the niche, but macrophages also
produce/modulate niche factors in remote organs
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to regulate myelopoiesis in the BM. Phagocytosis
of apoptotic neutrophils by dendritic cells and
macrophages inhibits expression of IL-23 that
in turn reduces G-CSF in plasma and granulo-
poiesis in the BM.150,151 In obese mice, TLR4-
MyD88 signaling mediated IL-1b production from
macrophage-containing adipose tissue.61 In aged
mice, IL-1b is elevated in the BM along with in-
creased caspase-1 activity and reduced efferocyto-
sis in BM macrophages.71

Neutrophils in the niche. Neutrophils are the
most abundant white blood cells in humans and
undergo rapid turnover because of their short
lifespan. Neutrophils in various stages of their de-
velopment and clearance regulate HSPCs.

In a normal steady state, some blood neutrophils
return to the HSPC niche, especially when these
neutrophils get senescent or aged rather than
stimulated.152 In an experimental setting, BM-
derived senescent neutrophils or blood-derived
CD62Llo neutrophils migrated to the vicinity of
BM-resident macrophages, with 40% of neutro-
phils finding indirect contact with CD169+-resident
macrophages and 78% within 20 lm.149 Thus, the
majority of aged neutrophils are to be cleared by
the macrophages when they migrate deep into
BM.153 In contrast, nonaged or young neutrophils
are not efficiently cleared by the resident macro-
phages in the BM despite the similar capacity of
homing to the BM,149 suggesting that there is a
significant number of neutrophils that home to
the BM and subsequently recirculate in the blood.

These aged neutrophils homed to the BM nega-
tively regulate the niche size for HSPCs according
to circadian rhythm.149 Aged neutrophil uptake
by macrophages reduces CXCL12 on CAR cells,
which is essential in the adult BM to maintain the
HSCs near the sinusoidal endothelium.132 More-
over, the modulation of the niche depends on
macrophages and activation of cholesterol-sensing
nuclear receptors.149 Since aging and clearance
of neutrophils are controlled by circadian rhy-
thm,149,150 neutrophils in the niche are essential
for the circadian egress of HSPCs into the circula-
tion in the normal steady state.

Both acute and chronic elevations in circulating
neutrophils promote the release of HSPCs into
blood, whereas their depletion promotes their
retention in the BM.149 Moreover, in neutrophil-
depleted mice, homing of MyP cells and LSK-
HSPCs into the calvarial or femoral BM was
increased by *40%.149

In acute inflammation caused by infection,
neutrophils in the BM actively promote myelo-

poiesis of granulocyte progenitors27,154 and also
promote granulocyte release by increasing perme-
ability of BM sinusoid vessels.144 These actions of
neutrophils are dependent on NOX2 NADPH oxi-
dase. Similarly, in acute inflammation caused by
ischemic tissue injury, NOX2 in neutrophils re-
turning to the BM is required for reactive activa-
tion of HSPCs and myelopoiesis, whereas it
simultaneously limits myelopoiesis at LSK lev-
els.29 Since the homing of neutrophils to the BM,
especially ones with aged phenotype, is increased
by ischemic injury, neutrophils may be a key for
emergency granulopoiesis and limiting hyper-
activation of HSPCs, which collectively leads to
resolution and tissue regeneration in the injured
tissue.29 In myocardial infarction, danger proteins,
S100A8/S100A9, released from neutrophils in the
infarct tissue upregulates IL-1b levels in the blood,
which in turn amplifies granulopoiesis and impairs
tissue repair.44 In sepsis, lactate released from
stimulated BM neutrophils not only increases vas-
cular permeability but also induces G-CSF.144

In chronic inflammation with obesity, the
S100A8/S100A9-IL-1b axis in adipose tissue pro-
motes myelopoiesis.155 In hyperglycemia, neutro-
phil production and increased plasma levels of
S100A8/S100A9 enhance myelopoiesis from MyP
cells,60 indicating that stimulated neutrophils
promote myelopoiesis in the BM. In addition, epi-
nephrine stress promotes sustained neutrophil
trafficking to the wound site through IL-6, result-
ing in impaired healing.156 Epinephrine treatment
also causes a small population of the previously
infused neutrophils to reenter the circulation.152

Therefore, prolonged circulation of stimulated
neutrophils may promote myelopoiesis and mye-
loid accumulation.

BM neutrophils, specifically CXCR4+CXCR2-

preneutrophils, expressed HcrtR1 transcript en-
coding the receptor for hypocretin, which restricts
M-CSF production by the preneutrophils. This
neutrophil production of M-CSF is upregulated by
sleep disturbance, promoting myeloid-biased he-
matopoiesis. Interestingly, hypocretin receptor-
expressing preneutrophils reside near HSPCs, but
sleep-induced hypocretin stimulation from the hy-
pothalamus keeps restricting M-CSF (mature
neutrophils have higher M-CSF expression),157

highlighting preneutrophils as niche cells for reg-
ulating myelopoiesis related to the severity of
atherosclerosis. In aged mice, IL-1b is elevated in
the BM, partly due to increased caspase-1 activity
in BM neutrophils.71

As mentioned in the previous section, phagocy-
tosis of apoptotic neutrophils by dendritic cells
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and macrophages inhibits expression of IL-23, a
process that in turn reduces granulopoiesis by reg-
ulating production and blood levels of G-CSF.150,151

Further research will determine whether and how
heterogeneous neutrophils (apoptotic, stimulated,
preneutrophils, etc.) and their downstream pro-
cesses provide beneficial or detrimental signals for
myelopoiesis during wound healing.

T cells in the niche. Cytotoxic CD8+ T effector
cells stimulate hematopoietic progenitors by pro-
moting IL-6 release from BM MSCs through IFN-c
secreted by cytotoxic effector T cells. Adoptive
transfer of these T cells to naive mice was sufficient
to induce myeloid differentiation at the level of
early multipotent hematopoietic progenitor cells.37

The BM is a known reservoir for regulatory T cells,
and the specific depletion of these cells pointed to a
role in controlling HSC quiescence and pool size.134

Megakaryocytes in the niche. Subsets of quies-
cent HSCs have been reported to associate with
megakaryocytes.78,126,158 Platelet and myeloid-
biased HSCs, marked by von Willebrand factor
(vWF) expression, are highly enriched in mega-
karyocyte niches. Depletion of megakaryocytes
selectively expands vWF+ HSCs, whereas the de-
pletion of NG2+ arteriolar niche cells selectively
reduces vWF- lymphoid-biased HSCs.134 During
normal/pathological aging, megakaryocyte num-
bers increase, but their interaction with quiescent
HSC decreases because of increased physical dis-
tance between megakaryocytes and HSCs.70 In-
terestingly, b3-adrenergic receptor agonist can
partially restore the interaction.70 Although dys-
regulated platelet functions are mediated by
IL-6159 and IL-1b160 in diet-induced obesity of mice,
megakaryocyte density in the BM is not affected
by obesity159 or diabetes.161

Neurons in the niche. BM is extensively inner-
vated by autonomic nerve fibers. The physiological
roles of the sympathetic nervous system (SNS)
have been shown to include regulation of hemato-
poiesis as a part of BM niche.162 Autonomic
nerve denervation reduced the number of active
TGF-b-producing cells and led to rapid loss of HSPCs
from BM,79 and sympathetic nerve signals are criti-
cal for maintaining Schwann cells and nestin+

stromal cells.163 SNS-driven atherosclerosis led
to a reduction in BM niches and extravasation of
HSPCs out of the BM and into the spleen,
suggesting severe BM dysfunction.164

Chronic socioenvironmental stress also increases
the proliferation of HSPCs through upregulation

of b3-adrenergic receptor signaling, leading to an
increased output of neutrophils and inflamma-
tory monocytes.165 However, another study showed
that b2-adrenergic receptor promotes megakaryo-
cyte differentiation, whereas b3-adrenergic receptor
contributes to balance HSC lineage bias toward
lymphoid production through Nos1-dependent ni-
tric oxide production. In aged mice, b2/b3-adrenergic
receptors exhibit opposite and niche-dependent
regulation of myelopoiesis, where b2-adrenergic re-
ceptor signaling overriding b3-receptor increases
generation of myeloid cells and platelets through an
IL-6-dependent mechanism.70

Hypoxia and oxidants in the niche

Hypoxia in the niche. Hypoxia governs impor-
tant physiological and pathological processes in
humans,166 where hypoxia-responsible cellular
machinery such as hypoxia-inducible factor (HIF)
are crucial. Prolyl hydroxylase in HIF is an oxygen-
sensing element that regulates the stability of
HIF protein.167 Recent advancements in technol-
ogy allowed us to measure oxygen concentration in
organs of live animals. The results from the in vivo
oxygen measurement show that physiological ox-
ygen concentration in most organs (5–8%) is much
lower than the oxygen concentration in the ambi-
ent air (21%).168 Moreover, the HSC niche in the
BM can have even lower oxygen (1.3%).169

Earlier studies, including ours, used staining
with pimonidazole as a method to document low
oxygen conditions of HSPCs.170–172 Pimonidazole
hydrochloride, which acts as oxygen mimetic and
irreversibly incorporates into cellular proteins only
under hypoxic conditions, and the use of fluores-
cently labeled antibodies that recognize pimoni-
dazole epitopes enables the indirect assessment
of the intracellular hypoxic status.173 Ischemic
injury172 and granulopoiesis stimulation by
G-CSF170 increase pimonidazole staining in the
BM with a pattern of the positive lesions (high
signals in the area closed to the long bone surface).
Thus, proliferation and activation of HSPCs in re-
sponse to ischemic tissue injury or granulopoietic
growth factor injection likely expand the hypoxia
niche and induce intracellular hypoxia.

To measure hypoxia, popular approaches in-
clude the abovementioned pimonidazole hydro-
chloride, which can covalently bind to protein thiol
groups under low O2 tension conditions, then an-
alyzed by flow cytometry or immunofluorescence
microscopy.170–172,174–176 Other chemicals, such as
Ho 33342 dye, were used to detect low perfusion
area as a surrogate for hypoxia.171 Quiescent or
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primitive HSPC has been shown to reside in the
most hypoxic regions of the BM, where the Hif-1a
expression was higher.171,176 In vitro, cocultured
hematopoietic cells like to form a reservoir in the
regions with low oxygen tension.174 More recently,
a direct in vivo measurement of hypoxia in the BM
of live mice has been achieved using two-photon
phosphorescence lifetime microscopy, which uti-
lized phosphorescent probe PtP-C34320 with a
highly local O2 concentration-sensitive platinum
porphyrin (PtP).169

Advances in imaging technologies using live
imaging and the nanoprobe specifically reflective
of ambient oxygen have challenged the concept of
hypoxic niche in the BM, especially in the steady
state. It showed that oxygen tension was lowest
around sinusoids and highest near the endosteum
(transplanted HSCs have been shown to home close
to nestin+ cells, unexpectedly O2 tension is higher
in nestin+ compared with nestin- vessels).169 It is
therefore likely that consumption of oxygen during
hematopoiesis renders the marrow hypoxic, but
that no distinct hypoxic region exists at the end-
osteum in the steady state. In line with this, the
vast majority of long-term (LT)-HSCs are localized
at the perivascular lesion.116,129 The entire BM
space had much lower levels of oxygen compared
with vessels entering the BM, however, this fea-
ture was largely lost when hematopoiesis was ab-
lated by a cytotoxic drug or irradiation,169

considering that the vasculature was severely
damaged. This highlights the importance of vas-
cular barrier function to maintain hypoxia slope
between BM space and arterioles.

Thus, previously detected hypoxia niche may
be reflective of intracellular hypoxia or more likely
metabolic state, rather than low oxygen in extra-
cellular space around HSPCs. However, it is still
possible that activation of HSPCs and/or active
myelopoiesis may induce both intracellular and
extracellular hypoxia. Interestingly, extracellular
hypoxia is associated with increased vascular per-
meability in the BM, at least, in acute myeloid
leukemia,145 suggesting that the function of BM
endothelial cells may play a key role in environ-
mental hypoxia in addition to consumption of oxy-
gen during active hematopoiesis.

Animal study shows that when housed in a low
O2 environment chronically, mouse HSPCs number
increases, and BM cell engraftment is enhanced.177

Similarly, shielding mouse BM and human cord
blood HSPC from ambient air exposure can help
HSPC maintain quiescence, self-renewal, and in-
crease transplantation efficacy.178 BM cells ex-
planted from myelodysplastic syndrome patients,

whose stem/progenitor cell functions are comprised,
can be selected with severe hypoxia (0.1% O2) to a
subset that is capable to escape hypoxia-induced
apoptosis and endowed with stem cell potential, as
determined by repopulation ability in vitro.179

When cocultured with MSCs in vitro, mouse
HSPCs division is prolonged and migration is in-
hibited by hypoxia condition.174 Hypoxia can di-
minish the proliferation of in vitro cultured mouse
HSPCs and accumulate more cells in G0, which
maintains HSPCs in a more quiescent state.180 In
human cord blood CD34+ cells, hypoxia induces
similar cell cycle arrest and TGF-b treatment in-
creases the percentage of quiescent cells.181 In
young human subjects, intermittent hypoxia
treatment causes HSPC count increase in pe-
ripheral blood, and total leukocyte, neutrophil,
monocyte, and lymphocyte cell numbers are also
upregulated.182

Technically, it is not easy to study HSPCs in
physiological oxygen because their isolation in-
volves multiple steps of enrichment and sorting
traditionally set up in an atmospheric oxygen en-
vironment. Murine HSCs isolated in hypoxia are
functionally better maintained in terms of re-
populating capacity in serial transplantation.178

Also, hypoxia-inducible gene regulation167,183,184

and histone modification185 are very rapid (less
than an hour) in other cell types. Future studies
will determine whether the preparation of HSPCs
in a hypoxia condition differs from that in the am-
bient oxygen. Moreover, at least in the steady state,
tissue hypoxia and hypoxia-responsible elements
have circadian oscillation.167,183,184 Whether this
circadian hypoxia influences HSPC function needs
to be investigated.

Oxidants in the niche. Oxidants are generated
in intracellular and extracellular space as a result
of the generation of ROS.186 Oxidants and ROS
formed in extracellular space, transported through
cellular membrane,187 influence cellular functions
through redox signaling. The oxidative HSPC
niche resulted from an accumulation of oxidants
and ROS influences HSC functions in the short
term and long term, as such oxidants regulate
myeloid differentiation.29,154

ROS can be measured with various methods.
ROS concentration in BM plasma could be measu-
red by Amplex red, an H2O2-sensitive fluorescent
probe.27,154 The 2¢-7¢-dichlorofluorescein diacetate
can be used to measure ROS in viable cells.188

Dihydroethidium and isoluminol assay can be used
to measure ROS in mice and isolated cells.172

CellROX dye staining was used to determine
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the ROS levels in cells.29 In addition, ROS species
in the mitochondria of BM cells could be mea-
sured with MitoTracker orange CMTMRos or
tetramethylrhodamine ethyl ester.175,178

ROS are generated by various cellular sources.
The major sources of ROS are NADPH oxidase,
mitochondria, uncoupled nitric oxide synthase,
and xanthine oxidoreductase (XO).189 NADPH ox-
idases exist in different isoforms (NOX1, NOX2,
NOX3, NOX4, and NOX5) and differ in their sub-
unit organization and cellular expression.190,191

NADPH oxidase NOX2 converts oxygen to super-
oxide, which can be further converted to H2O2 and
other ROS.189 NOX2 contains plasma membrane
and cytosolic subunits, which assemble at the
plasma membrane upon activating signals such as
phosphorylation of its subunits.189

In the mitochondrial electron transport chain,
complex I and complex III are the main sites of ROS
generation.189 Mitochondria-derived ROS acti-
vates the NLRP3 inflammasome and production of
inflammatory cytokines, such as IL-6 and TNF-
a.192 ROS, such as superoxide, is also derived from
XO, which is an enzyme that catalyzes the oxida-
tion of hypoxanthine to xanthine and uric acid.189

Increased XO activity is observed in different in-
flammatory diseases such as airway inflammatory
disorders, ischemia/reperfusion injury, athero-
sclerosis, diabetes, and autoimmune disorders
such as rheumatoid arthritis.193

ROS and/or oxidant generation in the niche
cells can activate signaling directly or indirectly
through oxidation of lipids and/or protein. Ischemic
tissue injury in mouse hindlimb increases both
hypoxia and oxidants in the BM environment.29,172

A similar induction of oxidants in the BM was ob-
served in infection-induced inflammation.27,154 In
a hindlimb ischemia model, oxidized phospholip-
ids, which can interfere with TLR-4 signaling, are
increased in the BM, and this induction is NOX2
dependant.29,172 In these studies, NOX2 in neu-
trophils was identified as a source of oxidants.

Elevated ROS level in the BM caused by acute
infection-induced inflammation or ischemic tissue
injury can stimulate proliferation of MyP through
a paracrine mechanism.27,29 Paradoxically, NOX2
knockout mice have persistent elevated LSK-
HSPC activity and monopoiesis in both the steady
state and after tissue injury, which is associated
with decreased ROS and oxidant levels in the
BM plasma.29 ROS derived from MSCs activates
phosphoinositide 3-kinase (PI3K) in the signal-
ing of phosphoinositide3,4,5-trisphosphate through
oxidation of phosphatase and tensin homolog.194

This PI3K activation in BM stromal cells opens

connexin channels to promote mitochondrial trans-
fer to HSCs, promoting acute granulopoiesis in in-
fections.194 Thus, ROS and oxidants in the niche
promote early myelopoiesis mainly from differen-
tiated progenitors but simultaneously limit hyper-
activation of LSK cells.

It is important to note that intracellular ROS or
oxidant generation in HSPCs, as opposed to their
increased levels in the extracellular space, have
different impacts on hematopoiesis and myelopoi-
esis as we discussed in the Signals for Chronic
Activation of HSPCs section. Less permeable ar-
terial blood vessels with higher environmental ox-
ygen169 maintain HSCs in a low ROS state,146

whereas the more permeable sinusoids with lower
environmental oxygen146 promote HSPC activa-
tion with higher ROS state.146 This suggests, sim-
ilar to intracellular hypoxia, that intracellular
ROS have implications in the metabolic state of
HSPCs rather than ROS in the niche. Further re-
searches will elucidate the link between the met-
abolic state and environmental oxidants.

HSPC transfer in wound healing
Wound healing capacity of HSPCs has been

studied in topical and systemic transfer settings as
stem cell therapy. Along with rodent HSPCs, hu-
man CD34+ and/or CD133+ cells from adult BM,
umbilical cords, or peripheral blood have exhibited
their prohealing functions in animal models.195–198

CD34+ cells from these sources led to favorable
outcomes in myocardial ischemia,199,200 critical
limb ischemia,201 and chronic nonhealing ulcer.202

While CD34+ is enriched in HSPCs, it is not ex-
clusive as the marker is also highly expressed en-
dothelial lineage and subset of mesenchymal/
epithelial lineages. Transfer of these cells have
shown vasculogenic and/or immunomodulatory
functions.196,199,200 However, high heterogeneity
and a lack of expandability ex vivo are significant
hurdles for broader clinical translation. Technolo-
gical advancement in targeted selection of pro-
healing cells197,198 and in ex vivo expansion
of HSCs203 might lower such hurdles in the future.

Other type of stem cells, such as MSCs and hair
follicle stem cells, have played a bigger role in
clinical application of stem cells to regenerative
medicine and wound healing therapy. Compared
with HSCs and HSPCs, these cells are scalable in
autologous approach because they can be obtained
from patient’s excess adipose tissues, often as
stromal vascular fraction. MSCs are also highly
heterogenous, and their prohealing populations
have been characterized based on immunomodu-
lation and a secretion of prohealing properties,
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including growth factors/cytokines and EVs. The
role of MSCs and other related therapies in wound
healing is reviewed elsewhere and in other arti-
cles of this FORUM issue.

Wound healing pathway intersects with hair
growth pathway as endogenous hair follicle stem
cells give rise to skin epithelial cells in response to
wounding204 in a particular hair growth cycle.205

Hair growth pathway can be stimulated by im-
mune pathways.206,207 MSCs, which contain hair
follicle stem cells208 and their conditioned media209

promote hair growth. Autologous growth factors,
such as platelet-rich plasma, also promote hair
growth and wound healing in human.210 However,
the role of endogenous or exogenous HSCs in hair
growth pathway remains unknown.

CONCLUSION AND FUTURE DIRECTION

We discussed the potential roles for HSPCs in
wound healing responses with a focus on myelo-
poiesis. HSPCs participate in healing responses by

quickly generating myeloid cells on demand, which
in turn accumulate in the wound tissue. How
quickly HSPCs generate myeloid cells determines
the quality of acute inflammation (successful elim-
ination of damaged tissues or infectious agents),
which in turn leads to initiation of resolution and
regenerative/healing processes.

Conditions with chronic inflammation—obesity,
diabetes, hypercholesterolemia, atherosclerosis,
aging, stress, and perhaps pre-existence of chronic
wounds, are associated with immune dysregulation,
and recent evidence highlight such dysregula-
tions detected at an HSPC level through a cell-
intrinsic and -extrinsic mechanisms. There are
two features of HSPC dysfunction in conditions
with chronic inflammation. The first is chronic
activation and myeloid skewing. We see this as
leukocytosis in the steady state, and leukocytosis
is indeed recognized as a risk of additional con-
ditions.3–8 The second feature is the slow or in-
sufficient reactivity to additional insults such
as wounds, injury, organ damage, and infection.

Figure 6. Myelopoiesis and HSPC activation in the healthy and in conditions with chronic inflammation. In the healthy, tissue injury can induce emergency
or demand-activated myelopoiesis through activation of quiescent HSCs, resulting in reactive myelopoiesis and mobilization of effector immune cells such as
neutrophils and inflammatory monocytes, which typically seen in the early phase (approximately day 2). This phase is followed by timely limitation of
myelopoiesis and activated HSPCs, which in turn promotes resolution of inflammation and healing. In contrast, in conditions with chronic inflammation, HSPCs
are activated in a basal condition (often seen as myeloid skewing with MyP expansion). However, these activated HSPCs lack reactivity and fail quickly enough
to mobilize innate immune cells, leading to nonresolution and nonhealing with sustained HSPC activation. MyP, myeloid-committed progenitor.
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Importantly, the low reactivity subse-
quently leads to prolonged activation of
HSPCs, which in turn results in non-
resolution and nonhealing (Fig. 6). Whe-
ther insufficient reactivity and prolonged
activation of HSPCs is programmed in
HSPCs will be a topic of discussion. Thus,
epigenetic reprogramming in chronic
conditions and the niche remodeling that
can perpetuate the HSPC dysfunction are
under investigation.

HSPC dysregulation is likely linked
with the quality of generated myeloid cells
in addition to the quantity generated from
HSPCs. In this review, to focus on HSPCs,
we discussed the increased quantity of
myeloid cells through activated HSPCs.
However, a recent conceptual update of
innate immune memory includes the cen-
tral trained immunity, where trained HSPCs give
rise to monocyte-derived macrophages with en-
hanced effector functions (qualitatively).92 More-
over, clonal hematopoiesis, which is well documented
in TET2 deficiency, will add another dimension of
HSPC dysregulation—mutated HSPCs undergo clo-
nal expansion that is associated with a risk of
atherosclerosis.105,211 Defining disease- or condition-
specific HSPCs that generate effector cells corre-
sponding to certain diseases or conditions should
enable us to develop more specific therapeutic
targets with fewer side effects.212

As we saw the evolution in models of hemato-
poiesis (Fig. 1), technological advancements in sin-
gle cell analysis and lineage tracing will help us to
propose new models, including genetic/epigenetic
regulation of HSPCs, niche remodeling, innate im-
mune memory, and clonal hematopoiesis. Finally,
although we focus on BM as an organ responsible for
myelopoiesis, hematopoiesis from HSPCs takes
place in the spleen, lymph, and other organs
(HSPCs can migrate to peripheral organs).213

Introducing better healing in patients with
chronic conditions may require the development
of biomarkers that reflect a type of HSPC dysre-
gulation. Besides, elucidating signals that limit
activated HSPCs may be warranted. As we and
others witnessed, a pathway inducing reactivity
also timely limit myelopoietic activation of
HSPCs.27,29,154 In line with this, exercise increases
HSPC quiescence (limiting activity) but augment
emergency hematopoiesis (increase reactivity).141

For translation into clinical setting, a cellular
biomarker that reflects HSPC dysregulation in
human conditions should be established. Leuko-
cytosis has been proposed and identified as such

biomarkers as we discussed. In addition, mono-
cyte count214,215 and its subpopulation216–221 has
been proposed to be a potential predictive or short-
term marker of unfavorable outcomes in human.
Blood monocyte subsets are mechanistically asso-
ciated with the types (either inflammatory or
prohealing) of wound macrophages in mouse mod-
els,24,222 however, such evidence in the human con-
text is hard to get, and the relationship between BM
HSPCs and wound macrophages is even harder
to prove. Interaction of HSPCs with existing or de-
veloping drug may be studied in human.

The role of HSPCs in wound healing should be
established by the efforts such as robust tran-
scriptomic/epigenetic profiles in animals and
humans, and finding key molecules and a devel-
opment of HSPC-targeting drug. This research
field is fertile and exciting, and we expect much
exciting evidence that has clinical implications in
near future.

SUMMARY

HSCs are responsible for the generation of ef-
fector innate immune cells, such as monocytes/
macrophages and neutrophils. Dysfunction of HSCs
is linked with risk factors for nonhealing wounds
such as obesity, diabetes, aging, chronic infection,
and atherosclerosis. These deteriorated health
conditions are associated with low-grade chronic
inflammation. It is also known that patients with
nonhealing wounds or chronic wounds have a high
risk of developing such conditions with chronic
inflammation. Recent studies suggest that HSCs
and HSPCs are a fundamental component of im-
mune memory, which defines how many and what
type of blood immune cells are produced in a timely

TAKE-HOME MESSAGES

� HSCs can respond to wound injury and participate in healing processes.

� Dysfunction of HSCs is induced by many health conditions with chronic
inflammation (i.e., obesity, diabetes, and aging), which is associated with
poor healing.

� Sufficient HSC response to wound injury is required for healing, while its
prolonged activation may lead to poor healing with proinflammatory cell
accumulation.

� HSCs and their progeny are regulated by signals from cytokines and
growth factors, and their myelopoiesis can be modified by epigenetic
programming.

� HSCs and their progeny are also regulated by their surrounding
environment or niche, which include many types of cells, hypoxia, and
oxidants.

� Understanding HSCs and hematopoiesis wound lead to biomarker
discovery and establishment of novel therapies for better healing.
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manner. Around discoveries in HSC research, we
may find a way to rejuvenate HSCs to enhance
wound care and better protect organ damages.
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112. Boon RA, Jaé N, Holdt L, Dimmeler S. Long
noncoding RNAs. J Am Coll Cardiol 2016;67:
1214–1226.

113. Luo M, Jeong M, Sun D, et al. Long non-coding
RNAs control hematopoietic stem cell function.
Cell Stem Cell 2015;16:426–438.

114. Cremer S, Michalik KM, Fischer A, et al.
Hematopoietic deficiency of the long noncoding
RNA MALAT1 promotes atherosclerosis and
plaque inflammation. Circulation 2019;139:1320–
1334.

115. Stik G, Crequit S, Petit L, et al. Extracellular
vesicles of stromal origin target and support
hematopoietic stem and progenitor cells. J Cell
Biol 2017;216:2217–2230.

116. Morrison SJ, Scadden DT. The bone marrow
niche for haematopoietic stem cells. Nature
2014;505:327–334.

117. Schofield R. The relationship between the spleen
colony-forming cell and the haemopoietic stem
cell. Blood Cells 1978;4:7–25.

118. Ding L, Morrison SJ. Haematopoietic stem cells
and early lymphoid progenitors occupy distinct
bone marrow niches. Nature 2013;495:231–235.

119. Zhu J, Garrett R, Jung Y, et al. Osteoblasts
support B-lymphocyte commitment and differ-
entiation from hematopoietic stem cells. Blood
2007;109:3706–3712.

618 URAO ET AL.



120. Mansour A, Abou-Ezzi G, Sitnicka E, Jacobsen
SE, Wakkach A, Blin-Wakkach C. Osteoclasts
promote the formation of hematopoietic stem
cell niches in the bone marrow. J Exp Med 2012;
209:537–549.

121. Kollet O, Dar A, Shivtiel S, et al. Osteoclasts
degrade endosteal components and promote
mobilization of hematopoietic progenitor cells.
Nat Med 2006;12:657–664.

122. Adams GB, Chabner KT, Alley IR, et al. Stem
cell engraftment at the endosteal niche is
specified by the calcium-sensing receptor.
Nature 2006;439:599–603.

123. Mendez-Ferrer S, Michurina TV, Ferraro F, et al.
Mesenchymal and haematopoietic stem cells
form a unique bone marrow niche. Nature 2010;
466:829–834.

124. Ding L, Saunders TL, Enikolopov G, Morrison SJ.
Endothelial and perivascular cells maintain
haematopoietic stem cells. Nature 2012;481:
457–462.

125. Chow A, Lucas D, Hidalgo A, et al. Bone marrow
CD169+ macrophages promote the retention of
hematopoietic stem and progenitor cells in the
mesenchymal stem cell niche. J Exp Med 2011;
208:261–271.

126. Bruns I, Lucas D, Pinho S, et al. Megakaryocytes
regulate hematopoietic stem cell quiescence
through CXCL4 secretion. Nat Med 2014;20:
1315–1320.

127. Lucas D, Scheiermann C, Chow A, et al.
Chemotherapy-induced bone marrow nerve injury
impairs hematopoietic regeneration. Nat Med
2013;19:695–703.

128. Mendez-Ferrer S, Lucas D, Battista M, Frenette
PS. Haematopoietic stem cell release is regu-
lated by circadian oscillations. Nature 2008;452:
442–447.

129. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH,
Terhorst C, Morrison SJ. SLAM family receptors
distinguish hematopoietic stem and progenitor
cells and reveal endothelial niches for stem
cells. Cell 2005;121:1109–1121.

130. Tikhonova AN, Dolgalev I, Hu H, et al. The bone
marrow microenvironment at single-cell resolu-
tion. Nature 2019;569:222–228.

131. Zhou BO, Yu H, Yue R, et al. Bone marrow adi-
pocytes promote the regeneration of stem cells
and haematopoiesis by secreting SCF. Nat Cell
Biol 2017;19:891–903.

132. Sugiyama T, Kohara H, Noda M, Nagasawa T.
Maintenance of the hematopoietic stem cell pool
by CXCL12-CXCR4 chemokine signaling in bone
marrow stromal cell niches. Immunity 2006;25:
977–988.

133. Greenbaum A, Hsu YM, Day RB, et al. CXCL12 in
early mesenchymal progenitors is required for
haematopoietic stem-cell maintenance. Nature
2013;495:227–230.

134. Pinho S, Marchand T, Yang E, Wei Q, Nerlov C,
Frenette PS. Lineage-biased hematopoietic stem

cells are regulated by distinct niches. Dev Cell
2018;44:634–641.e4.

135. Kunisaki Y, Bruns I, Scheiermann C, et al. Ar-
teriolar niches maintain haematopoietic stem
cell quiescence. Nature 2013;502:637–643.

136. Shen B, Tasdogan A, Ubellacker JM, et al. A
mechanosensitive peri-arteriolar niche for os-
teogenesis and lymphopoiesis. Nature 2021;591:
438–444.

137. Mitroulis I, Chen LS, Singh RP, et al. Secreted
protein Del-1 regulates myelopoiesis in the
hematopoietic stem cell niche. J Clin Invest
2017;127:3624–3639.

138. Kusumbe AP, Ramasamy SK, Itkin T, et al. Age-
dependent modulation of vascular niches for
haematopoietic stem cells. Nature 2016;532:
380–384.

139. Scheiermann C, Kunisaki Y, Lucas D, et al.
Adrenergic nerves govern circadian leukocyte
recruitment to tissues. Immunity 2012;37:290–
301.

140. Ferraro F, Lymperi S, Mendez-Ferrer S, et al.
Diabetes impairs hematopoietic stem cell mobi-
lization by altering niche function. Sci Transl
Med 2011;3:104ra1.

141. Frodermann V, Rohde D, Courties G, et al. Ex-
ercise reduces inflammatory cell production and
cardiovascular inflammation via instruction of
hematopoietic progenitor cells. Nat Med 2019;
25:1761–1771.

142. Poulos MG, Ramalingam P, Gutkin MC, et al.
Endothelial transplantation rejuvenates aged
hematopoietic stem cell function. J Clin Invest
2017;127:4163–4178.

143. Hoyer FF, Zhang X, Coppin E, et al. Bone mar-
row endothelial cells regulate myelopoiesis in
diabetes mellitus. Circulation 2020;142:244–
258.

144. Khatib-Massalha E, Bhattacharya S, Massalha H,
et al. Lactate released by inflammatory bone
marrow neutrophils induces their mobilization
via endothelial GPR81 signaling. Nat Commun
2020;11:3547.

145. Passaro D, Di Tullio A, Abarrategi A, et al. In-
creased vascular permeability in the bone mar-
row microenvironment contributes to disease
progression and drug response in acute myeloid
leukemia. Cancer Cell 2017;32:324–341.e6.

146. Itkin T, Gur-Cohen S, Spencer JA, et al. Distinct
bone marrow blood vessels differentially regu-
late haematopoiesis. Nature 2016;532:323–328.

147. Prendergast AM, Kuck A, van Essen M, Haas S,
Blaszkiewicz S, Essers MA. IFNalpha-mediated
remodeling of endothelial cells in the bone
marrow niche. Haematologica 2017;102:445–
453.

148. Ludin A, Itkin T, Gur-Cohen S, et al. Monocytes-
macrophages that express alpha-smooth muscle
actin preserve primitive hematopoietic cells in
the bone marrow. Nat Immunol 2012;13:1072–
1082.

149. Casanova-Acebes M, Pitaval C, Weiss LA, et al.
Rhythmic modulation of the hematopoietic niche
through neutrophil clearance. Cell 2013;153:
1025–1035.

150. Casanova-Acebes M, Nicolas-Avila JA, Li JL,
et al. Neutrophils instruct homeostatic and
pathological states in naive tissues. J Exp Med
2018;215:2778–2795.

151. Stark MA, Huo Y, Burcin TL, Morris MA, Olson
TS, Ley K. Phagocytosis of apoptotic neutrophils
regulates granulopoiesis via IL-23 and IL-17.
Immunity 2005;22:285–294.

152. Suratt BT, Young SK, Lieber J, Nick JA, Henson
PM, Worthen GS. Neutrophil maturation and
activation determine anatomic site of clearance
from circulation. Am J Physiol Lung Cell Mol
Physiol 2001;281:L913–L921.

153. Furze RC, Rankin SM. The role of the bone
marrow in neutrophil clearance under homeo-
static conditions in the mouse. FASEB J 2008;22:
3111–3119.

154. Zhu H, Kwak HJ, Liu P, et al. Reactive oxygen
species-producing myeloid cells act as a bone
marrow niche for sterile inflammation-induced
reactive granulopoiesis. J Immunol 2017;198:
2854–2864.

155. Nagareddy PR, Kraakman M, Masters SL, et al.
Adipose tissue macrophages promote myelopoi-
esis and monocytosis in obesity. Cell Metab
2014;19:821–835.

156. Kim MH, Gorouhi F, Ramirez S, et al. Catecho-
lamine stress alters neutrophil trafficking and
impairs wound healing by beta-adrenergic
receptor-mediated upregulation of IL-6. J Invest
Dermatol 2014;134:809–817.

157. McAlpine CS, Kiss MG, Rattik S, et al. Sleep
modulates haematopoiesis and protects against
atherosclerosis. Nature 2019;566:383–387.

158. Nakamura-Ishizu A, Takubo K, Kobayashi H,
Suzuki-Inoue K, Suda T. CLEC-2 in megakaryo-
cytes is critical for maintenance of hematopoi-
etic stem cells in the bone marrow. J Exp Med
2015;212:2133–2146.

159. Pini M, Rhodes DH, Fantuzzi G. Hematological and
acute-phase responses to diet-induced obesity in
IL-6 KO mice. Cytokine 2011;56:708–716.

160. Beaulieu LM, Lin E, Mick E, et al. Interleukin 1
receptor 1 and interleukin 1beta regulate
megakaryocyte maturation, platelet activation,
and transcript profile during inflammation in mice
and humans. Arterioscler Thromb Vasc Biol 2014;
34:552–564.

161. Hernandez Vera R, Vilahur G, Ferrer-Lorente R,
Pena E, Badimon L. Platelets derived from the
bone marrow of diabetic animals show dysre-
gulated endoplasmic reticulum stress proteins
that contribute to increased thrombosis. Arter-
ioscler Thromb Vasc Biol 2012;32:2141–2148.

162. Hanoun M, Maryanovich M, Arnal-Estapé A, Fren-
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Abbreviations and Acronyms

a-SMA ¼ a-smooth muscle actin
AP-1 ¼ activator protein 1
BCG ¼ Bacillus Calmette-Guérin
BM ¼ bone marrow

CAR ¼ CXCL12-abundant reticular
CMPs ¼ common myeloid progenitors

CSF ¼ colony-stimulating factor
CXCL12 ¼ C-X-C motif chemokine ligand 12

CXCR ¼ C-X-C chemokine receptor
DAMPs ¼ damage-associated molecular

patterns
DLL ¼ delta-like canonical Notch ligand

DNMTs ¼ DNA methyltransferases
Egfr ¼ epithelial growth factor receptor
EVs ¼ extracellular vesicles

FoxO ¼ forkhead box O
G-CSF ¼ granulocyte colony-stimulating

factor
Gfi1 ¼ growth factor independent 1

transcription repressor

GM-CSF ¼ granulocyte-macrophage colony-
stimulating factor

H3K27ac ¼ histone 3 lysine 27 acetylation
H3K4me3 ¼ histone 3 lysine 4 trimethylation

HATs ¼ histone acetyltransferases
HcrtR1 ¼ hypocretin receptor 1

HIF ¼ hypoxia-inducible factor
HSCs ¼ hematopoietic stem cells

HSPCs ¼ hematopoietic stem progenitor cells
IFN ¼ interferons

IL ¼ interleukin
IRF ¼ interferon regulatory factor

JAK ¼ Janus kinases
JNK ¼ c-Jun N-terminal kinase

KDM5 ¼ histone demethylase 5
Ldlr ¼ low-density lipoprotein receptor

Lepr ¼ leptin receptor
lncRNA ¼ long noncoding RNA

LPS ¼ lipopolysaccharide
LSK ¼ Lineage-Sca1+cKit+

MALAT1 ¼ metastasis-associated lung
adenocarcinoma transcript 1

MAPK ¼ mitogen-activated protein kinase
M-CSF ¼ macrophage colony-stimulating

factor
MPPs ¼ multipotent progenitors
MSC ¼ mesenchymal stem (stromal) cell
MyP ¼ myeloid progenitors
Nes ¼ Nestin

NF-jB ¼ nuclear factor kappa-light-chain-
enhancer of activated B cells

NG2 ¼ neural/glial antigen 2
NLRP3 ¼ NOD-, LRR-, and pyrin domain-

containing protein 3
NOX ¼ NADPH oxidase

PAMPs ¼ pathogen-associated molecular
patterns

PI3K ¼ phosphoinositide 3-kinase
PtP ¼ platinum porphyrin

ROS ¼ reactive oxygen species
SCF ¼ stem cell factor

SLAM ¼ signaling lymphocytic activation
molecule

SNS ¼ sympathetic nervous system
Src ¼ proto-oncogene tyrosine-protein

kinase Src
STAT ¼ signal transducer and activator

of transcription protein
TDG ¼ thymine DNA glycosylase
TET ¼ ten-eleven translocation

TGF-b ¼ transforming growth factor-beta
TLRs ¼ toll-like receptors
TNF ¼ tumor-necrosis factor
TRIF ¼ TIR-domain-containing adapter-

inducing interferon-b
VE ¼ vascular endothelial

vWF ¼ von Willebrand factor
XO ¼ xanthine oxidoreductase
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