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Inflammatory signaling regulates hematopoietic
stem and progenitor cell development and
homeostasis
Amélie Collins1,2, Carl A. Mitchell1,3, and Emmanuelle Passegué1,3

Inflammation exerts multiple effects on the early hematopoietic compartment. Best studied is the role of proinflammatory
cytokines in activating adult hematopoietic stem and progenitor cells to dynamically replenish myeloid lineage cells in a process
known as emergency myelopoiesis. However, it is increasingly appreciated that the same proinflammatory signaling
pathways are used in diverse hematopoietic scenarios. This review focuses on inflammatory signaling in the emergence of the
definitive hematopoietic compartment during embryonic life, and tonic inflammatory signals derived from commensal
microbiota in shaping the adult hematopoietic compartment in the absence of pathogenic insults. Insights into the unique
and shared aspects of inflammatory signaling that regulate hematopoietic stem and progenitor cell function across the
lifespan and health span of an individual will enable better diagnostic and therapeutic approaches to hematopoietic
dysregulation and malignancies.

Introduction
The cells of the blood system provide oxygen-carrying capacity,
hemostasis, and innate and adaptive immunity and contribute to
the regeneration and repair of other tissues. In the adult, these
mature effector cells are generated from hematopoietic stem
cells (HSCs) that reside in the bone marrow (BM), sit at the top
of the hematopoietic hierarchy, and self-renew to maintain
themselves for the lifetime of the organism. HSCs are normally
found in a dormant state of functional quiescence that shelters
them from insult while sustaining their ability to respond to a
range of signals and produce various types of progenitor cells,
starting with lineage-biased multipotent progenitors (MPPs;
Olson et al., 2020). MPPs and their lineage-restricted progeny
are the workhorses of the blood system, rapidly proliferating to
drive the production of different mature cell types according to
the demands of the organism (Cabezas-Wallscheid et al., 2014;
Pietras et al., 2015). In particular, inflammation exerts a pro-
found effect across the entire hematopoietic hierarchy, activat-
ing and mobilizing effector cells to respond to the organismal
challenge and stimulating hematopoietic stem and progenitor
cells (HSPCs) to replenish the depleted lineages before returning
to homeostasis (Baldridge et al., 2011; Mirantes et al., 2014;

Pietras, 2017). In this current understanding of hematopoietic
function, a continuum exists between quiescent HSCs that are
protected from damage associated with replication and meta-
bolic activation as a consequence of their dormancy, and acti-
vated HSCs that respond to various signals including acute
inflammation to properly tailor blood cell production. Positioned
along this continuum, tonic inflammation is crucial for shaping
the development and homeostasis of the HSPC compartment
even in the absence of pathogenic inflammation (e.g., injury,
infection, or malignancy). Indeed, work within the past decade
has revealed that many of the same inflammatory pathways
controlling adult emergency myelopoiesis also control the emer-
gence of definitive HSCs during embryonic development and
shape the adult hematopoietic compartment throughout the
lifespan. In this context, the commensal microbiome is in-
creasingly appreciated as a critical regulator of many aspects
of adult vertebrate biology (Schroeder and Bäckhed, 2016),
with the hematopoietic system being no exception. The molec-
ular mechanisms underlying the spaciotemporal execution of
these inflammatory pathways in hematopoietic ontogeny are the
focus of the first part of this review, and the second part con-
centrates on the role of nonpathogenic microbial inflammation
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in regulating the HSPC compartment during homeostasis in
adults.

Inflammatory signaling in hematopoietic ontogeny
Reference to adult hematopoiesis
Young adult HSCs reside in specialized niches in the BM mi-
croenvironment, where they are maintained in a quiescent state
(Schepers et al., 2015; Crane et al., 2017; Wei and Frenette, 2018),
protected from genotoxic stress, and are characterized by the
dual “stemness” properties of self-renewal (experimentally mea-
sured by transplantation capacity) and multilineage differen-
tiation potential. HSCs give rise to several MPP populations,
each with distinct biases toward different lineages of the blood
system, which altogether form the HSPC compartment. At
steady-state, the erythroid/megakaryocyte-biased MPP2 and
granulocyte/macrophage-biased MPP3 are the smallest pro-
duced MPP subsets, while lymphoid-biased MPP4s are abun-
dantly made by a mostly quiescent HSC population (Cabezas-
Wallscheid et al., 2014; Pietras et al., 2015). Importantly, sub-
stantial plasticity exists such that in the face of inflammation,
the organization of the HSPC compartment is dynamically shif-
ted, with HSCs activating and transiently decreasing their self-
renewal capacity as they overproduce MPP2/MPP3 and redirect
MPP4 output toward the myeloid lineages, hence driving the
downstream formation of granulocyte-macrophage progenitor
(GMP) “clusters” that serve as production hubs for myeloid dif-
ferentiation (Pietras et al., 2015; Hérault et al., 2017). This process
is orchestrated by various inflammatory cytokines acting at
multiple levels of the early hematopoietic hierarchy. HSCs are
readily activated to proliferate in response to IL-1β (Ueda et al.,
2009; Pietras et al., 2016; Weisser et al., 2016), G-CSF (Wilson
et al., 2008; Schuettpelz et al., 2014), and type I and II IFNs (IFNα/
β and IFNγ, respectively; Essers et al., 2009; Sato et al., 2009;
Baldridge et al., 2010; Pietras et al., 2014). Other inflammatory
cytokines such as TNFα exert a prosurvival effect on HSCs,
shielding them from its apoptotic effects on many downstream
progenitors, while activating a myeloid differentiation program
via induction of themaster regulator of myeloid commitment, the
transcription factor Pu.1 (Etzrodt et al., 2019; Yamashita and
Passegué, 2019). Indeed, the common result of HSC activation
by inflammatory cytokines is myeloid differentiation, although
divergent signaling pathways are used by discrete cytokines. As
with TNFα, IL-1β and M-CSF induce myeloid differentiation via
up-regulation of Pu.1 (Mossadegh-Keller et al., 2013; Pietras et al.,
2016), while IFNs stimulate expression of Batf2 and Cebpβ
(Matatall et al., 2014, 2016), two key transcription factors also
promoting myeloid lineage differentiation. Other cytokines such
as IL-6 act primarily at the level of MPP4s, redirecting their
output from lymphoid to myeloid lineages (Reynaud et al.,
2011), while cytokines such as G-CSF modulate the formation
of GMP clusters (McLemore et al., 2001; Panopoulos et al.,
2006; Zhang et al., 2010; Hérault et al., 2017). The combined
effect of these inflammatory signaling pathways results in a
dramatic reshaping of the HSPC compartment to transiently
meet organismal needs followed by a rapid return to homeo-
stasis, when another set of cytokines such as TGF-β and CXCL4
kick in to reestablish quiescence in HSCs and terminate the

acute regenerative response (Hérault et al., 2017). These same
signaling pathways are coopted in a range of other hemato-
poietic scenarios, both adaptive, as in HSPC emergence and
microbial tuning of hematopoiesis that are discussed here, and
maladaptive, as in aging (“inflamm-aging”) and cancer, which
are the topics of accompanying reviews.

Overview of fetal hematopoiesis
Hematopoietic cells such as macrophages and erythroid cells are
present in the developing embryo before the appearance of HSCs
with adult self-renewal capacity. These cells support the rapidly
developing embryo and arise from both primitive progenitors
and definitive erythroid-myeloid progenitors that are tran-
siently present in the yolk sac during this window of develop-
ment (Bertrand et al., 2007; Frame et al., 2013; Palis, 2014;
McGrath et al., 2015). These early waves of hematopoiesis are
replaced by a subsequent wave that includes pre-HSCs, which
are already multipotent but have poor engraftment capability in
adult recipient mice and mature to become definitive HSCs
around embryonic day 10.5–11.5 (E10.5–E11.5; Kieusseian et al.,
2012; Taoudi et al., 2008). Definitive HSPCs are variably iden-
tified as Runx1+/c-Kit+/Procr+/vascular endothelial cadherin
(VE-Cad)+/CD45+ cells at E10.5–E11.5 in the mouse (Sánchez
et al., 1996; North et al., 1999, 2002; Taoudi et al., 2005; Zheng
et al., 2019) and as cMyb+ or Runx1+ cells 24–48 h post-
fertilization (hpf) in the zebrafish (Kobayashi, 2018).While bona
fide HSCs can be functionally defined in the mouse using
transplantation assays, a comparable functional assay does not
exist in zebrafish, where stem cell function is inferred from
interventions that modulate the number of cells expressing cMyb
or Runx1, but this does not distinguish between stem and pro-
genitor populations. In both models, HSPCs arise from endo-
thelial cells in a process known as endothelial-to-hematopoietic
transition (EHT), which takes place in the hemogenic endothe-
lium (HE) in the dorsal portion of the aortawithin the aorta-gonad-
mesonephros (AGM) region (de Bruijn et al., 2000; Bertrand
et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010).
EHT and HSC specification revolve around Notch signaling and
the function of the Runx1 transcription factor, with both zebrafish
and mice lacking key components of the Notch pathway or defi-
cient for Runx1 being devoid of definitive hematopoietic cells
(Müller et al., 1994; Cai et al., 2000; North et al., 2002; Kumano
et al., 2003; Hadland et al., 2004; Burns et al., 2005; Robert-
Moreno et al., 2008; Chen et al., 2009; Bigas et al., 2010; Lam
et al., 2010; Kim et al., 2014; Kobayashi et al., 2014). The devel-
opment of definitive HSPCs involves three discrete steps: emer-
gence, specification, and maturation (Fig. 1), and inflammatory
signaling has been implicated in each of these steps in both mice
and zebrafish, with some indications of its involvement in humans
(Crosse et al., 2020).

Inflammatory signals in HSPC emergence
The first indication that inflammatory signaling plays a role in
HSPC specification followed from the observation that TNFα
signaling is essential for endothelial emergence (Espı́n et al.,
2013). Further work in zebrafish detailed this mechanism, by
which endothelial cells expressing Tnfr2 respond to TNFα by
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up-regulating expression of the Notch ligand Jagged1a via an
NF-κB-dependent pathway (Espı́n-Palazón et al., 2014). These
Jagged1a-expressing endothelial cells within the dorsal aorta
then bind Notch1a on neighboring endothelial cells, triggering
cleavage of the Notch intracellular domain and licensing acti-
vation of a number of genes required for HSPC specification.
Morphant fishes lacking Tnfa or Tnfr2 generate fewer cMyb+

HSPCs, and this phenotype is rescued by ectopic expression of
the Notch intracellular domain in the endothelium. Further-
more, genetic inhibition of NF-κB in endothelial cells results in
a depletion of cMyb+ HSPCs. The centrality of NF-κB, upstream
of Notch and downstream of inflammatory signaling, was
confirmed when an unbiased screening approach identified the
TLR4-MyD88-NF-κB axis as required for HSPC emergence in
both mice and zebrafish (He et al., 2015). Emerging Runx1+

HSPCs in the zebrafish HE express a number of inflammation-
related genes, notably the cytokine receptors Tnfr2 and Gcsfr,
Tlr4bb, and the NF-κB family member p65. Morphant fishes
lacking Tlr4bb or Myd88 have decreased HSPC and T lymphoid
marker expression, suggesting a functional HSPC defect, as T
lymphopoiesis is exclusively HSPC dependent in zebrafish.
Similarly, the AGM region from Tlr4−/−mouse embryos harbors
fewer Runx1+ cells; decreased Runx1, cMyb, and Notch target
gene expression; and diminished multilineage repopulating
activity. More recently, inflammatory signaling through the
RIG-I–like receptors Mda5, Rig-1, and Lgp2 has been shown to
modulate HSPC numbers in zebrafish and mice. These re-
ceptors are at least partially stimulated by repetitive element
expression, which triggers NF-κB activation via Traf6, leading
to HSPC specification (Lefkopoulos et al., 2020). Together,
these data demonstrate that inflammatory signals converging
on NF-κB activation and Notch up-regulation are the initiating
signal for the emergence of definitive HSPCs.

Inflammatory signals in HSPC specification
Endothelial cells that experience Notch signaling respond by up-
regulating Runx1, which is required for specification of definitive
HSPCs. Recent work has demonstrated the role of inflammatory
signaling pathways in relaying the Notch-to-Runx1 signal. In
zebrafish, Notch signaling results in Il6r up-regulation, render-
ing those endothelial cells receptive to IL-6 secreted by primitive
neutrophils. IL-6–IL6R signaling in turn stimulates Runx1 ex-
pression, and enforced expression of Il6r in Notch-inhibited or
Tnfa-deficient embryos restores HSPC numbers (Tie et al.,
2019). IL-6 is also implicated downstream of Hif1α-induced
Pdgfrβ regulation of zebrafish HSPC production (Lim et al.,
2017). Notch signaling also positively regulates the expression
of Ifng and its receptor Crfb17 in the zebrafish embryo, and Ifng1-2
overexpression restores HSPC numbers following Notch inhi-
bition (Sawamiphak et al., 2014). Zebrafish inwhich either Ifng1-2 or
expression of the IFNγ receptors Crfb6, Crfb13, or Crfb17 is ab-
rogated have diminished numbers of HSPCs (Sawamiphak
et al., 2014; Li et al., 2014), while knockdown of Irf2, a nega-
tive regulator of IFN signaling, overactivates Runx1 expression
in the AGM and increases the number of HSPCs and lympho-
cytes (Li et al., 2014). The involvement of IFN signaling in HSC
emergence has also been described in mice. A GFP reporter
transgene driven by the Ly6a/Sca-1 locus marks cells with
lymphoid potential in the murine AGM region, distinguishing
them as definitive HSCs (de Bruijn et al., 2002; Ma et al., 2002).
Ly6a-GFP+ AGM cells have an innate immune/inflammatory
signature, with TLRs, histocompatibility antigens, lymphocyte-
associated genes, and IFN-regulated genes being particularly
enriched. Type I and type II IFNs, and to a lesser extent TNFα,
also induce Ly6a-GFP expression in murine embryo explant
cultures, in contrast to IL-1β, IL-4, and IL-6. Stromal cultures
with dissociated E10.5 AGM cells from Ifng−/−, Ifngr−/−, and
Ifnar1−/− embryos yield fewer progenitors with lymphoid po-
tential, and HSC repopulation capacity is significantly reduced
in E11.5 Ifngr−/− mice (Li et al., 2014). As with stimulation of
Notch ligand expression, these studies illustrate the conver-
gence of multiple pathways on Runx1 expression. Combinatorial

Figure 1. Tonic inflammatory signaling in the establishment of defini-
tive hematopoiesis. The development of HSCs involves three distinct steps.
(1) Hemogenic endothelial cells respond to inflammatory signals secreted by
primitive myeloid cells that converge on NF-κB to up-regulate Notch ligand.
(2) Neighboring endothelial cells expressing Notch are stimulated to up-
regulate a number of target genes required for HSC emergence; this signal
is relayed in part through inflammatory pathways. (3) Mobilization of newly
specified HSCs from the AGM into the circulation, migration to subsequent
hematopoietic organs, and further functional maturation is regulated by
cytokines. EMP, erythroid-myeloid progenitor; Mϕ, macrophage; Neu,
neutrophil.
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knockdown of both Tnfa and Ifng in zebrafish causes a greater
reduction in Runx1 expression than knockdown of either gene
alone (Li et al., 2014), but it remains to be determined how the
interplay between different related pathways controls HSPC
specification.

Inflammatory signals in HSPC maturation
The aforementioned studies focus on inflammatory signaling in
definitive HSPC specification, but inflammatory cues continue
to provide maturation and expansion signals as HSCs leave the
AGM and transit to the next hematopoietic compartment. IFNα
and Jak/Stat1-associated genes are significantly enriched in
murine fetal liver HSCs relative to their AGMHSC counterparts.
AGM HSCs are responsive to type I IFN signaling, as shown in
ex vivo culture with IFNα that partially matures AGM HSCs and
enhances their long-term repopulation capacity upon trans-
plantation (Kim et al., 2016). Interleukins such as IL-1 and IL-3
have also been implicated in HSC maturation downstream of
Runx1. In particular, IL-3 expression in the AGM is diminished
in Runx1+/− and absent in Runx1−/− embryos, and Il3−/− AGM
transplantations exhibit significantly reduced overall chime-
rism, thereby implicating IL-3 as an HSC proproliferative and
prosurvival factor downstream of Runx1. However, IL-3 does not
specify HSCs, as treatment with the cytokine does not rescue
HSC activity in Runx1−/− AGM explants (Robin et al., 2006).
Similarly, IL-1 signaling enhances AGM or fetal liver HSC re-
population activity, but absence of IL-1 or its receptor does not
prevent HSC emergence inmice (Orelio et al., 2008, 2009). IL-1β
plays an important role in HSPC specification in zebrafish,
where inflammasome activation in primitive macrophages in
response to metabolic cues results in IL-1β activation and mod-
ulation of HSPC numbers (Frame et al., 2020). IL-1 receptor
signaling in the HE also plays a role in specifying HSPCs in re-
sponse to macrophage-secreted IL-1β, with knockdown of Il1rl1
significantly reducing Runx1/cMyb expression in emerging Flk1+

HSPCs (Frame et al., 2020). In the same study, Il1b was also
found to be expressed in HSPCs in response to metabolic cues
and with ectopic expression of Il1b in emerging Flk1+ HSPCs
directly increasing Runx1 expression. Thus, in zebrafish, IL-1β
appears to act both upstream of HSPC specification and within
emerging HSPCs themselves to amplify and promote their
number and/or function.

Another cytokine with species-specific action is G-CSF. The
zebrafish has two copies of the G-CSF ligand, Gcsfa and Gcsfb,
with overlapping and nonoverlapping roles in hematopoiesis
(Stachura et al., 2013). Overexpression of either ligand causes
HSPC expansion in the dorsal aorta at 24 hpf and in the caudal
hematopoietic tissue (CHT) at 36 hpf, while knockdown of the
receptor Gcsfr or either Gcsfa or Gcsfb ligands causes significant
reduction in HSPCs in the dorsal aorta and CHT (Stachura et al.,
2013). In contrast, mice lacking either Gcsf or Gcsfr have reduc-
tions in myeloid progenitors and further differentiated myeloid
cells but relatively normal HSC numbers, as measured by fre-
quency of long-term culture-initiating cells in the adult BM
(Lieschke et al., 1994; Liu et al., 1996; Richards et al., 2003). As
discussed above, these differences may also reflect heterogene-
ity in the cell populations being studied, HSPCs in zebrafish and

HSCs in mice. Overall, it is clear that several inflammatory
pathways continue to be used to signal HSPC maturation after
specification, and further work may uncover additional cyto-
kines involved in this process.

Sources of inflammatory signals during development
A key element in understanding how inflammatory signals
contribute to HSPC emergence and specification is identifying
the source of those signals. Consensus dictates that this in-
flammation is sterile and not derived from microbes, either
commensal or pathogenic. Whether or not there are commensal
microbes present at different stages of prenatal development
and what their impact might be is an area of considerable in-
terest and controversy (Aagaard et al., 2014; de Goffau et al.,
2019; Perez-Muñoz et al., 2017). Still, most studies agree that
early embryonic development, at the time of HSC emergence, is
sterile. The inflammatory signals that specify definitive HSCs
appear to originate at least in part from hematopoietic cells
derived from the earlier waves of hematopoiesis, primarily my-
eloid cells. In zebrafish, depletion of neutrophils consistently
results in decreased HSPCs, while the effect of macrophage de-
pletion varies depending on methodology (Li et al., 2014; Espı́n-
Palazón et al., 2014; He et al., 2015; Tie et al., 2019; Frame et al.,
2020; Table 1). While most studies using Irf8morpholinos report
a skewing of myeloid differentiation with a decrease in macro-
phages and concomitant excess of neutrophils, resulting in in-
creased cytokine release and increased HSPC numbers, one
study reported instead a decrease in emerging HSPCs (Li et al.,
2014). In line with this result, another work using genetic ab-
lation of macrophages as well as macrophage-specific inhibition
of NF-κB signaling convincingly showed decreased HSPC num-
berswith those approaches (Frame et al., 2020), hence validating
the idea that both primitive neutrophils and macrophages are
important for proper HSC emergence.

These genetic studies have been nicely complemented by
in situ imaging approaches, which show primitive myeloid cells
in close proximity to emerging HSCs in the HE of zebrafish,
mice, and humans (Travnickova et al., 2015; Yuan et al., 2019;
Mariani et al., 2019). In mice, Cx3cr1-expressing macrophages
are recruited to the AGM and physically associate with cKit+

cells in intra-aortic hematopoietic clusters at E10.5 (Mariani
et al., 2019). In this work, chemical depletion of macrophages
in AGM explants with either the Csf1r inhibitor BLZ945 or
clodronate liposomes decreases colony-forming capacity and
reduces donor chimerism in transplantation assays, suggesting
that macrophages positively regulate AGM hematopoietic out-
put. Profiling of thesemacrophages also reveals a proinflammatory
signature with specific enrichment of Tnf, Mmp9, and Mmp13
(Mariani et al., 2019). Similarly, in zebrafish, macrophages
accumulate along the ventral wall of the dorsal aorta in close
proximity to emerging HSPCs (Travnickova et al., 2015). De-
pletion of these macrophages results in an accumulation of
HSPCs in the AGM and concomitant decrease in the CHT,
suggesting that macrophages facilitate HSPC mobilization from
the endothelial layer and into the circulation, permitting them
to seed other hematopoietic organs. As in mice, zebrafish macro-
phages express Mmp9 and Mmp13a, and matrix metalloproteinase
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inhibition phenocopies the accumulation of HSPCs in the AGM
at the expense of CHT colonization (Travnickova et al., 2015).
However, these studies are not without controversy. For in-
stance, macrophage-deficient zebrafish embryos engineered by
disruption of Cepba show normal numbers and distribution of
HSPCs in the AGM and CHT, challenging the conclusion that
AGM macrophages are necessary for HSPC mobilization (Yuan
et al., 2019). Furthermore, clodronate liposome treatment in
macrophage-deficient zebrafish resulted in AGM HSPC accumu-
lation and CHT depletion, suggesting a macrophage-independent
mechanism. Thus, while these studies clearly implicate primi-
tive myeloid cells in zebrafish, mice, and humans in the emer-
gence of the definitive hematopoietic compartment, unraveling
which cell types are required and what signals they are pro-
viding remains an area of active investigation.

Beyond specification and emergence, the developing blood
system exhibits unique properties specific to the fetal and early
neonatal period, resulting in HSC function that is quite different
from adult HSCs. Unlike quiescent adult HSCs, fetal/neonatal
HSCs exhibit enhanced proliferative and self-renewal capacities
as well as distinct lineage biases (Pietras and Passegué, 2013). In
mice, the switch from fetal to adult HSCs appears to occur at 3–4

wk postnatal age (Bowie et al., 2006, 2007), and recent work
suggests that inflammatory signaling again plays a role in the
maturation of the perinatal HSPC compartment. In particular,
perinatal HSCs gradually acquire adult-like features, and this
maturation is accompanied by a late fetal (just before birth)
spike in type I IFNs that modulates the HSPC compartment and
reinforces an adult transcriptional program in both HSCs and
MPPs (Li et al., 2020). The source of this IFN surge appears to be
the fetal skin and, as in HSC specification, is sterile, occurring
even in germ-free (GF) mice. Whether inflammatory signaling,
either sterile or bacteria induced, is involved in the transition
from fetal to adult HSC function at 3–4 wk postnatal age remains
to be determined.

Another major hurdle for the field is determining the initial
trigger for primitive myeloid cells or other organs to secrete
inflammatory signals. Where measured, the concentration of
these cytokines during fetal life is orders of magnitude lower
than what is generated in response to extrinsic inflammatory
stimuli, consistent with tonic secretion being sufficient to sup-
port normal development. Inflammasome-driven macrophage
IL-1β production has already been linked to the growing meta-
bolic cues of the maturing embryo (Frame et al., 2020), but

Table 1. Summary of results from zebrafish studies evaluating the contribution of primitive myeloid cells to inflammatory cytokines involved in
HSC emergence

Intervention Cells affected Effect on HSPC Effect on cytokines Reference

Irf8a morpholino ↓ Csf1ra+ macrophages ↓ Runx1+ in AGM Li et al., 2014

↓ Cd41:Gfp+ in CHT

↓ Mpeg1+ macrophages ↑ Runx1+ in AGM ↑ TNFα Esṕın-Palazón et al., 2014

↑ Kdrl+;cMyb+ in AGM

↓ Mfap4+ macrophages No effect ↓ IL-1β; ↓ G-CSF; ↑ TNFα He et al., 2015

↑ Lyz+ neutrophils

↑ Mpx+ neutrophils ↑ Runx1+ in AGM ↑ IL-6 Tie et al., 2019

Cebp1b morpholino ↓ Lyz+ neutrophils ↓ Runx1+ in AGM ↓ IL-1β; ↓ G-CSF; ↓ TNFα He et al., 2015

Spi1bc morpholino ↓ Mfap4+ macrophages ↓ Runx1+ in AGM ↓ IL-1β; ↓ G-CSF; ↓ TNFα He et al., 2015

↓ Lyz+ neutrophils

Spi1bd morpholino ↓ l-Plastin+ leukocytes ↓ Kdrl+;cMyb+ in AGM ↓ TNFα Esṕın-Palazón et al., 2014

↓ Mpx+ neutrophils

↓ l-Plastin+ leukocytes ↓ Runx1+ in AGM ↓ IL-6 Tie et al., 2019

Spi1ae/Spi1bd morpholino ↓ Irf8+ macrophages ↓ Runx1+ in AGM Unknown Li et al., 2014

↓ Mpo+ granulocytes ↓ Cd41:Gfp+ in CHT

↓↓ Mfap4+ macrophages ↓ Runx1+ in AGM Unknown Frame et al., 2020

↓ Mpx+ neutrophils ↓ Cd41:Gfp+ in CHT

Mpeg:NTRf + MTZ ↓ Mpeg1+ macrophages ↓ cMyb+ in CHT Unknown Frame et al., 2020

Mpeg:Dnikbaag ↓ Mpeg1+ macrophages ↓ cMyb+ in CHT Unknown Frame et al., 2020

aIrf8: 59-AATGTTTCGCTTACTTTGAAAATGG-39 and 59-TCAGTCTGCGACCGCCCGAGTTCAT-39.
bCebp1: 59-GTCAGACACCGACATGGCTGTGTGT-39, 59-GGAGCTGCTGAACTCTACTCGATCT-39, and 59-GTCTGACTCCGTCATCGCTGAGTGT-39.
cPu.1: 59-CCTCCATTCTGTACGGATGCAGCAT-39 and 59-GGTCTTTCTCCTTACCATGCTCTCC-39.
dPu.1/Spi1b: 59-GATATACTGATACTCCATTGGTGGT-39.
eSpi1a: 59-AGCGACTCACGCTGTGGAGGAACT-39.
fMpeg:NTR: Tg(mpeg1:GAL4;UAS:NTRmCherry) + metronidazole.
gMpeg:Dnikbaa: Tg(mpeg1:GAL4;UAS:nfsB-mCherry;UAS:dnikbaa).
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whether other metabolic signals are linked to inflammation-
induced hematopoietic development, and whether these cues
can be harnessed to improve in vitro therapeutic applications,
including generation of adult-like HSCs from induced pluripo-
tent stem cells, remains an area of active research. Although the
transcription factor networks underlying inflammatory signal-
ing in embryonic hematopoiesis are now known with some
certainty, it is less clear what the precise impact of stage-specific
inflammatory signaling on the epigenetic state of HSCs may be,
and which of these changes stay imprinted into adulthood. Ad-
ditionally, though recent work using an FLT3-ITD mouse model
of perinatal leukemia indicated a genetic requirement for type I
IFN signaling in malignant MPP overexpansion at this stage (Li
et al., 2020), it remains largely to be determined what the
connections are between activating inflammatory signaling in
hematopoietic ontogeny with the oncogenesis of pediatric leu-
kemias. This is perhaps a particularly apt line of investigation
going forward, given the well-documented relationship between
cancer and inflammation in the adult.

Tonic inflammatory signaling in adult hematopoietic
homeostasis
Commensal microbiome
Once specified, expanded, and migrated to the BM cavity, HSCs
complete their transition to an adult phenotype that includes
functional quiescence, a state in which HSCs are protected from
genotoxic insults by their dormant proliferative and metabolic
state (Olson et al., 2020). However, quiescent HSCs remain at-
tuned to their environment, as BM niche signals exert a crucial
role in maintaining HSC dormancy. In this vein, tonic inflam-
matory signals originating from commensal microbes play a key
role in steady-state hematopoiesis. It has been appreciated for
decades that intestinal commensal bacteria are needed to shape
the hematopoietic compartment and myeloid generative capac-
ity of adult mice (Fig. 2), as reductions in commensal bacteria,
achieved either in GF mice or by oral administration of anti-
biotics, result in severe dysregulation of BMmyelopoiesis (Chang
and Pollard, 1973; Staber et al., 1978; MacVittie and Walker, 1978;
Joshi et al., 1979; Goris et al., 1985). In contrast, the cellularity of
the spleen, thymus, and peripheral blood as well as the distri-
bution of B and T lymphocytes in all organs remains unaffected
(Tada et al., 1996). More recently, the microbiome’s effect on the
myeloid compartment has been traced to myeloid progenitors in
the BM. Antibiotic-treated or GF pups have an impaired wave of
postnatal granulopoiesis and diminished GMP numbers in the
BM (Deshmukh et al., 2014), and weaning is associated with a
shift in gut microbiome complexity, with the corresponding im-
mune response being critical for acquisition of immunopatho-
logical resistance (Al Nabhani et al., 2019). Furthermore, adult
GF mice have reduced GMP and HSPC numbers and impaired
myeloid colony formation (Balmer et al., 2014; Khosravi et al.,
2014). These defects are associated with increased susceptibil-
ity to infection, which can be rescued by bacterial colonization
or transfer of heat-killed serum from specific pathogen–free
mice in a MyD88/Trif-dependent manner (Balmer et al., 2014).
Intriguingly, microbial tuning of myelopoiesis is not an all-or-
nothing phenomenon, as the size of the myeloid compartment

is proportional to the complexity of the intestinal microbiome.
GF mice colonized with three-species flora or more populous
but “low-complexity” flora have incremental increases inHSPCs,
GMPs, and mature myeloid cells in their BM (Balmer et al.,
2014). These results are commensurate with studies in zebra-
fish showing that certain low-abundance microbes have an
outsized effect on myelopoiesis (Rolig et al., 2015), emphasizing
the complexity and composition of the microbiome as an ad-
ditional layer of regulation in host myelopoiesis.

The effect of tonic inflammatory signaling derived from
commensal microbiota has been traced to the level of the HSPC
compartment, including HSCs themselves (Burberry et al., 2014;
Fiedler et al., 2013; Iwamura et al., 2017; Josefsdottir et al., 2017;
Lee et al., 2019). However, there is significant variability in the
reported effect of commensal microbiota or impaired inflam-
matory signaling on the number of phenotypic HSCs (Table 2).
This likely reflects a combination of differences in surface
markers used to identify HSCs, variations in the methods used to
deplete commensal bacteria or block inflammatory signaling
pathways, the redundancy in those signaling pathways, and
facility-specific microbiological variations. Another plausible
explanation is that functional changes in HSCs are not always
revealed by simple enumeration. Accordingly, most studies
suggest that GF, antibiotic-treated, or inflammatory signaling
pathway–deficient mice (i.e., Myd88−/−, Unc93b1−/−, and Nod1−/−)
have altered distribution of MPPs, which is a direct consequence
of HSC activation, in contrast to single TLR-deficient mice
(i.e., Tlr3−/−, Tlr4−/−, Tlr5−/−, and Tlr9−/−) that have no alterations
in their HSPC compartment cellularity (Table 2). Currently,
there are limited studies directly examining the consequences of
tonic microbial exposure on HSC function. However, a recent

Figure 2. Intestinal commensal microbes shape the hematopoietic
compartment through systemic and niche effects. Commensal bacteria
exert effects on type 3 innate lymphoid cells (ILC3s) within the intestinal
lamina propria to produce IL17A, which stimulates circulating levels of G-CSF
and acts distally on GMPs in the BM cavity. The intestinal microbiome also
exerts distant effects on HSPCs by releasing bacterial products such as Nod1L
that interact with the Nod1 receptor expressed on marrow MSCs and ex-
tracellular vesicles containing bacterial DNA that are taken up by Cx3cr1+

MNCs to stimulate the production of a whole range of cytokines that act
locally within the BM microenvironment. The source of most of those cir-
culating cytokines remains under investigation.
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work showed that acute lipopolysaccharide challenge had only
a transient effect on HSC numbers but caused a marked
opening of chromatin around myeloid lineage priming factors
that persisted for 4 wk and lent a Cebpβ-dependent epigenetic
“memory” of prior infection to the HSCs, which were then
able to more rapidly respond to a subsequent bacterial chal-
lenge (de Laval et al., 2020). This work provides support for
trained immunity at the HSC level, lending credence to the
idea that tonic inflammatory signals from commensal micro-
biota can epigenetically prime HSCs to respond to activating
signals.

Cell-extrinsic microbial signals
Although HSCs are competent to respond directly to microbial
signals (Nagai et al., 2006; Zhao et al., 2014), the major effect of
commensal microbes on HSCs seems to be cell-extrinsic via
regulation of other cell types that act as intermediaries. As
neonatal mice undergo initial commensal colonization, intesti-
nal microbiota stimulate local type 3 innate lymphoid cells to
produce IL-17A, resulting in increased plasma G-CSF and gran-
ulopoiesis (Deshmukh et al., 2014). GF mice have decreased
bacterial cell wall component Nod1L (lauroyl-γ-D-glutamyl-
meso-diaminopimelic acid; C12-iE-DAP) in their serum, corre-
lating with significant decreases in IL-7, Flt3-L, thrombopoietin,
and stem cell factor levels in peripheral blood (Iwamura et al.,
2017). Serum cytokine levels can be restored by oral gavage with
Nod1L, which also rescues HSPC numbers in the BM (Iwamura
et al., 2017), supporting an instructive role for this ligand in
controlling hematopoiesis via its effect on the BM microenvi-
ronment. Accordingly, BM mesenchymal stromal cells (MSCs)
secrete IL-7, Flt3-L, thrombopoietin, and stem cell factor in re-
sponse to Nod1L, and supernatant fromwild type but notNod1−/−

MSCs stimulates HSPCs to proliferate (Iwamura et al., 2017).
TNFα, IL-1β, and IL-6 levels are also lower in BM fluid but not
peripheral blood of GF mice, and simultaneous injection of
TNFα, IL-1β, and IL-6 blocking antibodies decreases both HSC
and MPP numbers in the BM (Lee et al., 2019). That study pin-
pointed BM Cx3cr1+ mononuclear cells (MNCs) as the primary
producers of TNFα, IL-1β, and IL-6 in the BM, with specific
abrogation of either MyD88 or Unc93b1 in Cx3cr1+ MNCs phe-
nocopying GF mice with respect to HSPC cellularity. BM Cx3cr1+

MNCs take up bacterial DNA in extracellular vesicles, which
stimulates TNFα, IL-1β, and IL-6 secretion in a TLR-dependent
manner.

These observations draw interesting parallels to the role that
Cx3cr1+ AGM macrophages play in HSC emergence, and the
partial dependence on TNFα in both scenarios (Mariani et al.,
2019). It now remains to be determined whether there is cor-
respondence between these cell populations at developmentally
and anatomically disparate times and locations. As with many
microbiome studies, standardizing experimental design and
promoting greater transparency in reporting the many nonge-
netic factors (animal facility variations, mouse chow, disease
models, and sequencing methods) that contribute to variation in
microbiome composition and function will be indispensable to
allow for optimal comparisons of findings across laboratories.

Table 2. Summary of results from studies looking at effects of
microbiome depletion or inflammatory signaling pathway deletion on
numbers of cells in the HSPC compartment

HSPC definition Intervention HSPC
number

Reference

HSC

LSK CD48−/CD150+ GF mice No effect Lee et al., 2019

MyD88−/− No effect

MyD88−/− Depleted Fiedler et al., 2013

Ripk2−/− No effect Burberry et al.,
2014

Tlr3−/− No effect Lee et al., 2019

Tlr4−/−

Tlr5−/−

Tlr9−/−

Unc93b1−/− No effect

LSK CD48−/CD150+/
CD34−/Flk2−

Antibioticsa Depleted Josefsdottir et al.,
2017

LSK CD127−/Flk2−/CD34− GF mice Depleted Iwamura et al.,
2017

Nod1−/− Depleted

Short-term HSC

LSK CD48−/CD150− MyD88−/− No effect Fiedler et al., 2013

GF mice Increased Lee et al., 2019

LSK CD127−/Flk2−/CD34+ GF mice Depleted Iwamura et al.,
2017

MPP

LSK CD48+/CD150− GF mice Depleted Lee et al., 2019

MyD88−/− No effect

Unc93b1−/− Depleted

Tlr3−/− No effect

Tlr4−/−

Tlr5−/−

Tlr9−/−

LSK CD48+/−/CD150+/−/
CD34+/Flk2+/−

Antibioticsa Depleted Josefsdottir et al.,
2017

LSK CD127−/Flk2+ GF mice Depleted Iwamura et al.,
2017

Nod1−/− Depleted

LSK CD48+/CD150+ GF mice Depleted Lee et al., 2019

MyD88−/− Depleted

Unc93b1−/− Depleted

Tlr3−/− No effect

Tlr4−/−

Tlr5−/−

Tlr9−/−

LSK, Lin−/Sca-1+/c-Kit+.
aAntibiotics in drinking water: vancomycin, neomycin, ampicillin, and
metronidazole.
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Hematopoietic imbalance
Commensal microbes play a crucial role in regulating steady-
state myelopoiesis in the BM, which suggests that the hemato-
poietic compartment has coevolved with the microbiome so as to
be appropriately tuned to the environment. It is also clear that
dysfunction of each goes hand in hand with the other. Both
clinical studies and experimental models indicate that dysbiosis
of the gut in inflammatory bowel disorders is associated with
abnormal, clonal, and even malignant hematopoiesis (Griseri
et al., 2012; Zhang et al., 2019; Askling et al., 2005). The mal-
adapted intestinal microbiome of obese mice directly causes
hematopoietic stress, inducing depletion of HSCs and expansion
of downstream MPPs, with stool transfer to healthy mice reca-
pitulating features of dysregulated hematopoiesis (Luo et al.,
2015). Pediatric leukemia patients exhibit alterations to their
oral microbiome (Wang et al., 2014), and a direct role for barrier
dysfunction and commensal-induced IL-6 in driving pre-
leukemic myeloproliferation was also identified in a Tet2−/−

model of clonal hematopoiesis, with the effect being abrogated
in GF mice (Meisel et al., 2018). Conversely, microbial depletion
enhances disease penetrance in a Pax5+/− mouse model of acute
lymphoblastic leukemia (Vicente-Dueñas et al., 2020), under-
scoring the importance of a healthy and appropriately tuned
microbiome in regulating hematopoiesis. Aging is also associ-
ated with a drop in microbiome diversity, expanded pathobiont
colonization, and loss of gut barrier integrity, with resultant
bacterial leakage triggering chronic multitissue inflammation
(Nagpal et al., 2018). Further studies will also clarify whether
HSCs themselves are the functional mediators of these phe-
nomena or whether more active progenitors such as MPPs are
instead the main targets. Lastly, dysregulation of the intestinal
flora has significant clinical consequences in allogeneic HSC
transplantation, which has recently been reviewed in detail
(Shono and van den Brink, 2018). Further insight into the
complex relationships between the microbiome and hemato-
poiesis is likely to lead to improved outcomes for patients in
these scenarios.

Concluding remarks
Inflammatory signaling functions not only as an activator of
emergency myelopoiesis in the context of inflammation, infec-
tion, and malignancy, but also as a core shaper of the hemato-
poietic compartment during development and homeostasis.
Understanding the unique features of each of these hemato-
poietic scenarios that allows the same signaling pathways to
yield disparate outcomes will be a crucial step to a better un-
derstanding of normal development and dysregulation and dis-
ease at each of these time points in the lifespan.
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Khosravi, A., A. Yáñez, J.G. Price, A. Chow, M. Merad, H.S. Goodridge, and
S.K. Mazmanian. 2014. Gut microbiota promote hematopoiesis to con-
trol bacterial infection. Cell Host Microbe. 15:374–381. https://doi.org/10
.1016/j.chom.2014.02.006

Kieusseian, A., P. Brunet de la Grange, O. Burlen-Defranoux, I. Godin, and A.
Cumano. 2012. Immature hematopoietic stem cells undergo maturation
in the fetal liver. Development. 139:3521–3530. https://doi.org/10.1242/
dev.079210

Kim, A.D., C.H. Melick, W.K. Clements, D.L. Stachura, M. Distel, D. Panáková,
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Schroeder, B.O., and F. Bäckhed. 2016. Signals from the gut microbiota to
distant organs in physiology and disease. Nat. Med. 22:1079–1089.
https://doi.org/10.1038/nm.4185

Schuettpelz, L.G., J.N. Borgerding, M.J. Christopher, P.K. Gopalan, M.P. Ro-
mine, A.C. Herman, J.R. Woloszynek, A.M. Greenbaum, and D.C. Link.
2014. G-CSF regulates hematopoietic stem cell activity, in part, through
activation of Toll-like receptor signaling. Leukemia. 28:1851–1860.
https://doi.org/10.1038/leu.2014.68

Shono, Y., and M.R.M. van den Brink. 2018. Gut microbiota injury in allo-
geneic haematopoietic stem cell transplantation. Nat. Rev. Cancer. 18:
283–295. https://doi.org/10.1038/nrc.2018.10

Staber, F.G., L. Tarcsay, and P. Dukor. 1978. Modulations of myelopoiesis
in vivo by chemically pure preparations of cell wall components from
gram-negative bacteria: effects at different stages. Infect. Immun. 20:
40–49. https://doi.org/10.1128/iai.20.1.40-49.1978

Stachura, D.L., O. Svoboda, C.A. Campbell, R. Espı́n-Palazón, R.P. Lau, L.I.
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