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SUMMARY

Host microbiota crosstalk is essential for the production and functional modulation of blood-cell lineages.
Whether, and if so how, the microbiota influences hematopoietic stem cells (HSCs) is unclear. Here, we
show that the microbiota regulates HSC self-renewal and differentiation under stress conditions by modu-
lating local iron availability in the bone marrow (BM). In microbiota-depleted mice, HSC self-renewal was
enhanced during regeneration, while the commitment toward differentiation was dramatically compromised.
Mechanistically, microbiota depletion selectively impaired the recycling of red blood cells (RBCs) by BM
macrophages, resulting in reduced local iron levels without affecting systemic iron homeostasis. Limiting
iron availability in food (in vivo) or in culture (ex vivo), or by CD169" macrophage depletion, enhanced HSC
self-renewal and expansion. These results reveal an intricate interplay between the microbiota, macro-

phages, and iron, and their essential roles in regulating critical HSC fate decisions under stress.

INTRODUCTION

Hematopoietic stem cells (HSCs) are largely quiescent and meta-
bolically inactive under steady state (Itkin et al., 2016; Nakamura-
Ishizuetal., 2020; Signer et al., 2014; Wilson et al., 2008) but can be
activated to rapidly produce progeny in response to inflammation,
to hematopoietic stress, and in disease (Baldridge et al., 2010;
King and Goodell, 2011; Pietras et al., 2015; Takizawa et al.,
2017; Yamashita et al., 2020). During hematopoietic recovery
following myeloablation (e.g., after anti-cancer chemotherapy),
HSCs transiently proliferate and overproduce myeloid-biased mul-
tipotent progenitors (MPPs) to support rapid reconstruction of the
hematopoietic system (Pietras et al., 2015; Wilson et al., 2008). The
proliferation and differentiation of HSCs in response to inflamma-
tory or regenerative stimuli is often associated with a reduction
of long-term repopulating activity (Baldridge et al., 2010; Pietras
et al., 2015; Takizawa et al., 2017). However, the understanding
of the underlying mechanisms regulating HSC self-renewal and
differentiation decisions remains incomplete.

Macrophages are myeloid cells that reside in all tissues, where
they function as immune sentinels for pathogens, scavengers for
apoptotic cells and debris, and coordinators of inflammatory re-
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sponses and tissue homeostasis (Varol et al., 2015; Wynn et al.,
2013). In the bone marrow (BM), macrophages form erythro-
blastic islands that promote erythropoiesis (Chasis and Mohan-
das, 2008; Chow et al., 2013; Li et al., 2019; Wei et al., 2019) and
regulate HSC egress by interacting with mesenchymal stromal
cells (MSCs) (Chow et al., 2011; Christopher et al., 2011; Winkler
etal., 2010). The clearance of senescent neutrophils by BM mac-
rophages may reinforce a circadian rhythm in hematopoietic
stem and progenitor cell (HSPC) migration (Casanova-Acebes
et al., 2013). Additionally, subsets of BM macrophages have
been found to closely associate with HSCs and promote their
quiescence (Hur et al., 2016; Ludin et al., 2012).

Mammals accommodate a large and diverse community of
microorganisms, the microbiota, on mucosal surfaces. The mi-
crobiota has a broad influence on host health and diseases,
regulating the epithelial, immune, and nervous systems through
nutrients, microbial components, and metabolites (Belkaid and
Hand, 2014; Holmes et al., 2012; Zhang and Frenette, 2019).
The microbiota has recently emerged as an important regulator
of hematopoiesis, with significant contributions to the produc-
tion of myeloid cells (Balmer et al., 2014; Deshmukh et al.,
2014; Josefsdottir et al., 2017; Khosravi et al., 2014; Staffas
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etal.,2018; Zhang et al., 2015) and MPPs (Lee et al., 2019). How-
ever, it remains unclear whether HSC functions can be regulated
by the microbiota. Here, we show that the microbiota is critical in
regulating HSC regenerative response by controlling iron avail-
ability in the BM and reveal a microbiota-macrophage-iron axis
that plays an essential role in regulating HSC self-renewal and
differentiation decisions.

RESULTS

Microbiota depletion impairs HSC response during
regeneration

To explore the role of microbiota in HSC maintenance, we
depleted the microbiota in C57BL/6 mice with broad-spectrum
antibiotics (ABX) for 4-6 weeks. In this model, we previously re-
ported significant reductions in total and aged neutrophils in the
blood compared with controls (Zhang et al., 2015). In the BM,
we observed a significant reduction in neutrophils, no differences
in short-term (ST) or long-term (LT) repopulating HSCs, but signif-
icant reductions in myeloid-biased MPP2 and MPP3 (Figures
S1A-S1C), consistent with other studies (Lee et al., 2019). Thus,
the microbiota is dispensable for steady-state HSC maintenance.

We next challenged control and ABX-treated mice with 5-fluo-
rouracil (5FU), a chemotherapy drug that causes severe BM
injury followed by rapid regeneration (Lucas et al., 2013). Strik-
ingly, we observed significant delays in the regeneration of
most blood lineages, including erythrocytes and myeloid and
lymphoid cells, in ABX-treated animals (Figures 1A and S1D).
In addition, when mice were challenged with a second dose of
5FU, ABX-treated animals exhibited increased lethality from he-
matopoietic stress (Figure S1E). Next, we analyzed the BM at
day 12 after one dose of 5FU, a time point when HSPCs shut
down self-renewal and commit to lineage differentiation (Hérault
etal., 2017). We found a dramatic reduction in total BM cellularity
in ABX-treated animals, with significant reductions of neutro-
phils, monocytes, B cells, and erythroblasts (Figures 1B and
S1F). By contrast, the percentage of lineage™ (Lin™) progenitor
cells, and the numbers of MPP2 and HSCs were significantly
increased in ABX-treated mice (Figures 1C and 1D), suggesting
a differentiation blockade. Time course analyses revealed that
HSCs from ABX-treated mice were normally activated by he-
matopoietic stress to enter cell cycle but presented significant
delays in returning to quiescence (Figure S1G).

We further assessed bona fide LT repopulating HSCs by serial
BM cell transplantations (BMTs) from control and ABX-treated
mice under steady state or at day 12 after 5FU challenge, into
lethally irradiated recipients (Figure 1E). We found that the
competitive reconstitution of BM cells from control animals
was significantly reduced by 5FU treatment following primary
and secondary BMTs (Figures 1E and S1H). Strikingly, ABX
treatment completely prevented the reduction in LT reconstitu-
tion during regeneration, without affecting the outcome under
steady state (Figures 1E and S1H). These results suggest that
ABX treatment enhances HSC self-renewal, leading to increased
numbers of LT repopulating HSCs during regeneration, while
producing a differentiation blockade that dramatically delays
BM recovery.

To investigate the effects of ABX treatment on individual
HSCs, we performed sorted HSC transplantations (HSCTs)
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from control and ABX-treated mice under steady state or at
day 12 after 5FU challenge (Figure 1E). We found that sorted
HSCs from regenerating mice exhibited significant reductions
of LT repopulating activity following HSCT, consistent with a
previous report using a sublethal irradiation model (Pietras
et al., 2015). In contrast to the BMT results, this reduction
was not mitigated by ABX treatment (Figure S1l). In addition,
ABX treatment led to an increase of LT repopulation capacity
in phenotypic HSCs under steady state (Figure S1l). Therefore,
the ABX-induced increase in LT reconstitution following BMT
was a net result of increased numbers, more active cell cycling,
and reduced LT function of phenotypic HSCs.

To clarify whether the effects of ABX treatment on HSCs were
limited to specific time points, we performed BMT and HSCT an-
alyses in control and ABX-treated mice at an earlier time point
(day 8) after 5FU challenge. We found no reduction of LT recon-
stitution following BMT in 5FU-treated mice at this early time
point, while sorted phenotypic HSCs already showed significant
reductions of LT repopulation capacity (Figure S2A). Importantly,
ABX treatment led to a significant increase in LT reconstitution
20 weeks post BMT, but not HSCT (Figure S2A), suggesting
increased numbers of LT repopulating HSCs at this time point.

To rule out the possibility of off-target effects of ABX on he-
matopoietic recovery, we evaluated HSC response in germ-
free (GF) mice. Both ABX-treated and GF mice, have >10°-fold
reduction of total bacterial load in the intestine, as well as signif-
icant dysbiosis compared with control animals (Figure S2B), as
reported previously (Zhang et al., 2015). In line with the ABX
model, we observed a reduction in neutrophils in the BM and
no defect in LT repopulating HSCs in GF mice under steady state
(Figures S2C-S2F). However, following 5FU challenge, GF mice
presented an impaired recovery of total cellularity, neutrophils,
and B cells in the BM, whereas HSPCs were significantly
expanded (Figures S2C and S2D). HSCs from GF mice were
actively cycling, and the LT reconstitution following BMT, but
not HSCT, was significantly improved during regeneration (Fig-
ures S2E and S2F). These results further suggest that the micro-
biota regulates HSC self-renewal and differentiation during
regeneration.

The microbiota regulates HSC response in different
stress conditions

To assess whether a similar response can be observed in
another hematopoietic stress condition, we subjected control
and ABX-treated mice to a sublethal dose (8 Gy) of total-body
irradiation (TBI) ( Figure 2A). At day 24 following sublethal TBI, to-
tal cellularity, neutrophils, monocytes, and B cells were signifi-
cantly reduced in the BM of ABX-treated mice (Figures 2B and
S2G). By contrast, Lin™ cells and phenotypic HSCs were signif-
icantly expanded and actively cycling (Figures 2C and S2G). To
evaluate the effects of TBI and ABX treatment on HSCs, we
further performed BMT and HSCT analyses in these animals (Fig-
ure 2D). We found that sublethal TBI produced very strong sup-
pression of LT repopulating activities of BM cells or sorted HSCs
from control or ABX-treated mice (Figure 2E). Interestingly, ABX
treatment significantly increased LT reconstitution in both BMT
and HSCT experiments (Figure 2E). Taken together, these results
suggest that the microbiota regulates HSC fate decisions during
different hematopoietic stresses.
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Figure 1. Microbiota depletion leads to impaired HSC response in regenerative condition
(A) Neutrophils in the blood of control and ABX-treated mice after 5FU challenge (n = 6-27). See also Figure S1D.
(B-D) Total cellularity, cell lineages, Lin~ cells, MPPs and HSCs in the BM of control and ABX-treated mice at day 12 after 5FU challenge (n = 12-32). See also

Figures S1F and S1G for erythroblasts and time course analysis of HSCs.

(E) BMT analysis of control and ABX-treated mice under steady state or at day 12 after 5FU treatment (n = 5-7). See also Figures S1H and S1I for multi-lineage

reconstitution and the HSCT analysis.

*p < 0.05, **p < 0.01, **p < 0.001. Error bars, mean + SEM. See also Figures S1 and S2 for steady-state and early time point analyses and the germ-free model.

We further extended our analyses of the HSC stress response
to noninjured inflammatory models. We first performed granulo-
cyte colony stimulating factor (G-CSF) treatment with a proced-
ure that can efficiently mobilize HSCs into the circulation (Gao
etal., 2021). We found that ABX treatment led to a significant in-
crease in HSC numbers in the BM, while not affecting their mobi-
lization to the blood (Figure 2F), consistent with a previous report
showing that the GF condition mitigated G-CSF-induced HSC
suppression in the BM (Schuettpelz et al., 2014). Next, we eval-
uated the effect of ABX treatment on HSCs in response to sys-
temic Escherichia coli infection (Boettcher et al., 2014). We found
that systemic E. coli infection induced robust neutrophil mobili-
zation and striking expansions of HSPCs in both control and
ABX-treated mice, but HSCs were significantly expanded only
in ABX-treated animals (Figures 2G, 2H, and S2H). Further, we
analyzed whether ABX treatment produced similar effects on
HSCs upon lipopolysaccharide (LPS) challenge (Cai et al.,
2018). Consistently, we observed robust neutrophil mobilization
and HSPC expansion following LPS challenge in both groups,
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while HSCs were expanded only in ABX-treated mice (Figures
2G, 2I, and S2I). Taken together, these results suggest a broad
influence of the microbiota on HSC response in different stress
conditions.

Microbiota depletion alters the BM microenvironment

HSCs are maintained in the perivascular niches that can sense
and respond to microbial signals (lwamura et al., 2017; Pinho
and Frenette, 2019; Shi et al., 2011). Our findings thus raised
the question as to whether the microbiota mediated the
observed effects through the HSC niche. We found that the
numbers of MSCs and endothelial cells (ECs), two essential
niche components (Asada et al., 2017; Ding et al., 2012; Kunisaki
et al., 2013; Pinho et al., 2013), were comparable between con-
trol and ABX-treated mice following 5FU challenge (Figure S3A).
Furthermore, MSCs from ABX-treated mice produced signifi-
cantly higher levels of niche factors, such as Cxcl/12 and Scf (Fig-
ure S3B), and immunofluorescence analysis of HSCs with
vascular structure revealed a closer association of HSCs in
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Figure 2. The microbiota regulates HSC response in different stress conditions

(A-C) Cell lineages, Lin~ cells, MPPs, and HSCs in the BM of control and ABX-treated mice at day 24 after sublethal TBI (n = 4-5). See also Figure S2G.
(D and E) BMT and HSCT analyses of control and ABX-treated mice under steady state or at day 24 after sublethal TBI (n = 4-9).

(F) HSCs in the blood and BM of control and ABX-treated mice following G-CSF treatment (n = 6-8).

(G-I) LSK cells and HSCs in the BM of control and ABX-treated mice following E. coli infection or LPS challenge (n = 3-4). See also Figures S2H and S2lI.
*p < 0.05, *p < 0.01, ***p < 0.001. Error bars, mean + SEM. See also Figure S3 for niche, HSC localization, and cytokine availability analyses.

ABX-treated mice with arterioles (Figures S3C and S3D). As he-
matopoietic and inflammatory cytokines, such as EPO, IL1,
TNF-a, and G-CSF, have been suggested to play essential roles
in hematopoietic regeneration (Bowers et al., 2018; Hérault et al.,
2017), we evaluated cytokine availability in the BM after 5FU
challenge. We observed significantly higher levels of hematopoi-
etic and pro-inflammatory cytokines, including EPO, IL-18, IL-
17, and GM-CSF, but not TNF-a or G-CSF in ABX-treated
mice (Figures S3E and S3F; data not shown). Additionally, levels

of the anti-inflammatory cytokine IL-10, but not TGF-B or the
glucocorticoid hormone corticosterone, were upregulated in
these animals (Figure S3G). To investigate the in vivo functions
of the altered microenvironment, we adoptively transferred
Lin~ GFP™ cells at day 10 after 5FU challenge and analyzed hom-
ing and differentiation in control and ABX-treated hosts. We
found that homing of donor cells to the BM was significantly
increased in ABX-treated mice (Figure S3H), consistent with
the enhanced Cxcl12 expression by stromal cells (Figure S3B).
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Figure 3. The microbiota regulates erythrophagocytosis and iron availability in the BM during regeneration
(A) Biotin pulse-chase labeling to evaluate RBC clearance in control and ABX-treated mice after 5FU challenge (n = 4-10).
(B) Time course analysis of macrophages in the BM of control and ABX-treated mice after 5FU challenge (n = 6-16). See also Figures S4B and S4C for gene-

expression analyses and splenic macrophages.

(C and D) Adoptive transfer of GFP* RBCs to evaluate RBC clearance and phagocytosis by macrophages in the BM under steady state or in the early phase of
regeneration (days 3-5; n = 7-11). See also Figures S4D-S4G for other tissues and later time points.

(E) Iron levels in the BM, spleen, and liver of control and ABX-treated mice under steady state or at day 12 after 5FU challenge (n = 8-19).

(F) CD71 levels on HSCs in control and ABX-treated mice under steady state or at day 12 after 5SFU challenge (n = 18-22). See also Figures S4H-S4J for germ-free

and sublethal irradiation models.

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars, mean + SEM. See also Figure S4K for systemic iron parameters.

However, donor cells showed no defects in differentiation, as
evidenced by robust myeloid cell production 2 days after adop-
tive transfer (Figure S3H). These results suggest that the alter-
ations in the BM microenvironment were secondary effects,
rather than the cause of impaired regenerative response.

The microbiota regulates erythrophagocytosis in the BM

During hematopoietic regeneration, we noticed that mice
consistently developed an anemia that appeared to exceed
that predicted from the normal red blood cell (RBC) lifespan
(~50 days in mice) (Chow et al., 2013). To investigate this issue,
we evaluated RBC half-life using pulse-chase experiments in
which Sulfo-NHS-Biotin was injected to label circulating RBCs
before 5FU treatment. We found that 5FU treatment indeed
significantly accelerated RBC clearance compared with
steady-state mice (Figure 3A, left panel). However, the prema-
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ture RBC clearance was delayed in the early stages of regener-
ation (until day 8) in ABX-treated animals (Figure 3A, right panel).
RBC recycling under steady state occurs through macrophage-
mediated erythrophagocytosis mainly in the spleen but also in
the BM and liver (Korolnek and Hamza, 2015). To what extent
BM macrophages are involved in emergency RBC recycling of
stress conditions remains unclear. BM macrophage numbers
were increased in ABX-treated animals under steady state and
in the late stage of regeneration (day 12) but were significantly
reduced in the early stage (day 5) (Figures 3B and S4A). In addi-
tion, the expression of genes involved in RBC phagocytosis and
degradation (e.g., Lrp1, Hmox1, and Mertk) in BM macrophages
was increased following 5FU challenge but significantly reduced
in ABX-treated mice (Figure S4B). Notably, splenic macrophage
numbers were significantly reduced under steady state (Zhang
et al,, 2015) and in the late stage of regeneration (day 12)
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(Figure S4C), suggesting differential regulation of BM and splenic
macrophages by the microbiota. These results demonstrate an
altered macrophage response during regeneration and a poten-
tial defect in stress-induced erythrophagocytosis in the BM.

To assess the phagocytic activity of macrophages, we adop-
tively transferred fluorescently labeled RBCs from ubiqutin C
(UBC)-GFP mice into control and ABX-treated animals and
analyzed the proportion of macrophages that phagocytosed
GFP* RBCs in different tissues 2 days later (Figure 3C). We
found that the numbers of GFP* RBCs that remained in the cir-
culation were significantly higher in ABX-treated mice
compared with control animals in the early stages (days 3-5)
following 5FU challenge, whereas no difference was found at
steady state (Figure 3C), suggesting a selective delay of clear-
ance during regeneration. Consistent with the predominant role
of the spleen in steady-state RBC recycling (de Back et al.,
2014), we observed little phagocytic activity in the BM under
steady state (Figure 3D). However, under 5FU-induced stress,
robust erythrophagocytosis was triggered in the BM during
the early stages (days 3-5) of regeneration, while ABX treat-
ment significantly mitigated the effect (Figure 3D). The stress-
induced phagocytic events in the BM were exclusively medi-
ated by macrophages (Figure S4D) and were also robust in
the spleen but rarely observed in the liver (Figure S4E). Interest-
ingly, ABX treatment reduced regenerative erythrophagocytosis
only in the BM, but not in the spleen or liver (Figure S4E). In
addition, active erythrophagocytosis in the BM was limited to
the early stages of regeneration and not observed in later
stages (days 10-12) (Figures S4F and S4G). These results
reveal that the microbiota regulates stress-induced erythropha-
gocytosis by BM macrophages in the early phase of
regeneration.

Acute RBC phagocytosis provides iron to initiate
regeneration

The premature sacrifice of RBCs suggested that they may play a
key role in the regenerative process. Under steady state, recy-
cling of RBCs by macrophages functions as a major approach
to recycle iron for daily erythropoiesis demand (Muckenthaler
et al., 2017; Soares and Hamza, 2016). In addition to erythropoi-
esis, iron is also essential for many fundamental biological pro-
cesses, including energy metabolism, DNA synthesis, epigenetic
modification, and signal transduction (Ganz and Nemeth, 2015;
Muckenthaler et al., 2017). Emerging data suggest that intracel-
lular iron homeostasis can directly influence HSC maintenance
(Chaietal., 2015; Kao et al., 2018, 2021; Muto et al., 2017), which
prompted us to hypothesize that stress-induced RBC recycling
in the BM may fuel hematopoietic regeneration and regulate
HSC self-renewal through iron availability.

To test whether iron availability was altered in microbiota-
depleted animals, we analyzed iron levels in the BM, spleen,
and liver, the three organs involved in stress hematopoiesis.
These analyses revealed that the iron levels were significantly
reduced in the BM and spleen of ABX-treated animals in both
steady-state and regenerative conditions (Figure 3E), while iron
levels were not changed under steady state, but increased dur-
ing regeneration in the liver of these animals (Figure 3E). Since
iron is known to be delivered to different cell types through either
transferrin-, lipocalin-, or macrophage-mediated pathways, iron
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can be unevenly distributed within a tissue (Soares and Hamza,
2016; Yang et al., 2002). To assess whether the low iron availabil-
ity produced by microbiota depletion affected HSCs, we
analyzed transferrin receptor 1 (Tfr1, also known as CD71)
expression on HSC surfaces, which correlates negatively with
intracellular iron levels (Casey et al., 1988; Tong et al., 2002).
We found that CD71 expression was significantly increased on
HSCs from ABX-treated mice after 5FU challenge (Figure 3F).
Similar reductions of iron levels in the BM and increases of
CD71 expression levels on HSCs were observed in GF animals
following 5FU challenge (Figure S4H). In addition, HSCs from
GF mice after 5FU challenge exhibited higher calcein fluores-
cence, an iron sensor whose fluorescence emission is quenched
uponiron binding (Devireddy et al., 2005; Wang et al., 2020), sug-
gesting reduced intracellular iron concentrations (Figure S4l).
Consistently, ABX treatment also led to a significant reduction
of iron levels in the BM and an increase of CD71 expression
levels on HSCs in sublethal irradiation-induced hematopoietic
stress (Figure S4J).

To investigate whether systemic iron delivery contributes to
the observed iron deficiency in the BM, we analyzed hepcidin
and serum iron parameters in control and ABX-treated animals.
Hepcidin, a key regulator of iron entry into the circulation by in-
hibiting the iron export channel ferroportin (Ganz and Nemeth,
2015), was significantly less abundant in ABX-treated mice in
both steady-state and regenerative conditions (Figure S4K),
leading to no change of serum iron and transferrin saturation un-
der steady state but significant increases of both parameters
following 5FU challenge (Figure S4K). Thus, microbiota depletion
induces iron deficiency in the BM independently of systemic
regulation, and local iron levels provided by RBC recycling dur-
ing hematopoietic stress may fuel HSC differentiation.

BM macrophages control the iron delivery to HSCs

As macrophages mediate RBC recycling during hematopoietic
stress, we sought to understand whether they were required to
supply iron to HSCs in regenerative conditions. To investigate
this issue, we depleted BM macrophages using CD169-DTR
mice, which specifically targeted CD169" macrophages in the
BM and several other tissues (Chow et al., 2011, 2013; Gupta
et al., 2016; Miyake et al., 2007). Biweekly injections of diphtheria
toxin (DT) led to efficient depletion of BM macrophages (by 85%)
and a significant delay of RBC clearance after 5FU challenge (Fig-
ures 4A and 4B). Strikingly, we observed significant reductions of
the iron content in the BM, but not the spleen, liver, or serum, of
both steady-state and regenerating mice (Figures 4C and S5A),
suggesting that CD169" macrophages selectively regulate local
iron availability in the BM. CD169" macrophage depletion pro-
duced no alteration of BM cellularity and HSCs under steady
state, but led to increased neutrophil production (Figures 4D
and 4E), consistent with previous reports showing enhanced IL-
17/G-CSF signaling in mouse models with macrophage defi-
ciencies (Gordy et al., 2011; Hong et al., 2012). Similar to ABX-
induced iron deficiency in the BM, CD169" macrophage depletion
led to a significant expansion of Lin™ cells and HSCs in regenera-
tive conditions, while the differentiation toward downstream line-
ages was impaired (Figures 4D, 4E, and S5B). HSCs from 5FU-
treated macrophage-depleted animals exhibited more active
cycling, increased CD71 expression and calcein fluorescence,
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Figure 4. CD169* BM macrophages control the delivery of iron to HSCs for regeneration
(A) RBCs in the blood of control and CD169-DTR mice after 5FU challenge (n = 9-13).
(B and C) BM macrophages and iron levels in the BM and sera of control and CD169-DTR mice under steady state or at day 12 after 5FU challenge (n = 4-15). See

also Figure S5A for iron levels in other tissues.

(D-F) BM cellularity, neutrophils, Lin™~ cells, HSCs, and long-term reconstitution following BMT in control and CD169-DTR mice under steady state or at day 12

after 5FU challenge (n = 6-15). See also Figures S5B-S5E.

(G and H) BMiron levels, Lin~ cells, and HSCs in control and CD169-DTR mice with or without ABX treatment at day 12 after 5FU challenge (n = 4-10). See also

Figure S5F.

*p < 0.05, **p < 0.01, **p < 0.001; ns, not significant. Error bars, mean + SEM.

and significant improvement in LT repopulating activity following
BMT, but not HSCT (Figures 4F and S5C-S5E). If the microbiota
selectively regulated HSC responses during regeneration through
macrophages, we anticipated that the depletion of macrophages
would prevent the altered regeneration induced by ABX treat-
ment. Indeed, we found that the iron reduction and the HSC
expansion and differentiation blockade induced by ABX treatment
were completely abrogated in CD169-DTR animals (Figures 4G,
4H, and S5F). These results suggest that BM macrophages are
required to supply iron to regenerating HSCs and to mediate the
regulatory signals from the microbiota.

The microbiota orchestrates regenerative events via
short-chain fatty acids

We next sought to understand how the microbiota could regulate
emergency iron recycling by BM macrophages to ensure proper
HSC response during regeneration. Microbiota-derived pro-in-
flammatory molecules, such as pathogen-associated molecular
patterns (PAMPs), are known to perfuse into the host, modu-
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lating the production and functions of hematopoietic cells
through toll-like receptor (TLR) pathways (Clarke et al., 2010;
Deshmukh et al., 2014; Lee et al., 2019; Zhang et al., 2015). To
test this possibility, we analyzed the regenerative process in ge-
netic mouse models with various deficiencies in TLR pathways
(Figure 5A). To our surprise, the constitutive deletion of Tir4,
Tir2, or the adaptor protein Trif, failed to induce any defect in he-
matopoietic regeneration or HSC response following 5FU chal-
lenge (Figures 5B and S5G). In addition, the conditional deletion
of the Myd88 adapter in myeloid cells and macrophages (LysM-
Cre) or HSCs (Fgd5-Creff) did not reveal any defect in 5FU-
induced stress responses (Figures 5B and S5H). Moreover,
add-back experiments of PAMP molecules, LPS or single-strand
DNA (ssDNA) (Lee et al., 2019; Zhang et al., 2015), did not rescue
the differentiation blockade or revert the HSPC expansion in
ABX-treated mice following 5FU challenge (Figures S5I and
S5J; data not shown). These results suggest that TLR/Myd88/
TRIF pathways are not relevant for the regulation of hematopoi-
etic regeneration by the microbiota.
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Figure 5. The microbiota orchestrates regenerative events in the BM via the short-chain fatty acid butyrate

(A and B) BM cellularity, neutrophils, Lin~ cells, and HSCs in control, Tird /=, TIr2~'~ ,and LysM-Cre/Myd88™" mice at day 12 after 5FU challenge (n = 5-14). See
also Figures S5G-S5J for additional mouse models and the LPS add-back experiment.

(C-E) RBC phagocytosis by bone marrow-derived macrophages ex vivo in the presence of microbial metabolites or HDAC inhibitors (n = 7-9). See also Figures

S6A and S6B.

(F and G) RBC phagocytosis in control, ABX-treated, and ABX-treated mice supplemented with butyrate, in the early phase of regeneration (days 3-5; n = 6-8).

See also Figure S6E for gene-expression analyses.
(H-K) BMiron levels, neutrophils, Lin™ cells, HSCs, and long-term reconstitution
butyrate, at day 12 after 5FU treatment (n = 6-16). See also Figures S6F-S6H.

following BMT in control, ABX-treated, and ABX-treated mice supplemented with

*p < 0.05, **p < 0.01, **p < 0.001; ns, not significant. Error bars, mean + SEM.

The microbiota can also regulate host physiological processes
via microbial metabolites (Holmes et al., 2012; McCarville et al.,
2020). To investigate this possibility, we screened a series of mi-
crobial metabolites by co-culturing BM-derived macrophages
with GFP* RBCs in the presence of these molecules (Figure 5C).
These candidates included short-chain fatty acids (SCFAs),
namely, butyrate, propionate, and acetate (Chang et al., 2014;

Schulthess et al., 2019), 1,3-diaminopropane (1,3-DAP) (Das
et al., 2020), inositol trisphosphate (IP3) (Wu et al., 2020), and
vitamin B12 (VB12) (Koury and Ponka, 2004), which have been
reported to influence host cell functions. Interestingly, we found
that only the SCFA butyrate significantly enhanced macrophage
phagocytosis toward RBCs (Figure 5D). Butyrate mediated this
effect via histone deacetylase (HDAC) inhibitory activity, as
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similar enhancement of erythrophagocytosis was observed with
synthetic HDAC inhibitor valproate (targeting Class I), suberoyla-
nilide hydroxamic acid (SAHA) (targeting Class | and Il), and sub-
eroyl bis-hydroxamic acid (SBHA) (targeting HDAC1 and HDAC3
in Class 1) (Schulthess et al., 2019; Figures 5D and 5E). Further
analyses revealed that butyrate treatment significantly enhanced
global histone H3 acetylation (H3ac) levels in cultured BM mac-
rophages, leading to increased expression levels of genes
involved in RBC recycling, including Lrp1, Hmox1, and Mertk
(Figures S6A and S6B).

SCFAs are mainly produced by the microbiota through anaer-
obic fermentation of dietary fibers, and depletion of the micro-
biota has long been known to deplete SCFA species in the intes-
tine (Hoverstad and Midtvedt, 1986; Zarrinpar et al., 2018). To
evaluate systemic SCFA levels, we analyzed serum from control
or ABX-treated mice with liquid chromatography-mass spec-
trometry (LC-MS). We found that ABX treatment led to significant
reductions of all three major SCFA species, including acetic acid,
propionate acid, and butyric acid (Figures S6C and S6D). To
investigate whether butyrate could modulate macrophage func-
tion and HSC regenerative response in vivo, we performed a
rescue experiment by adding back butyrate in ABX-treated ani-
mals (Figure 5F). We found that butyrate supplementation
restored defective BM erythrophagocytosis in the early stages
of regeneration and significantly increased the expression levels
of genes involved in RBC recycling in BM macrophages (Figures
5G and S6E). Further, in mice treated during the whole process
of regeneration (Figure 5H), butyrate supplementation signifi-
cantly improved local iron deficiency, BM cellularity, and lineage
differentiation, while reverting HSC expansion, cell cycling,
CD71 expression, and calcein fluorescence (Figures 5I, 5J,
S6F, and S6G). Butyrate supplementation also abrogated the
increase of LT reconstitution following BMT, but not HSCT, in
ABX-treated mice after 5FU challenge (Figures 5K and SEH).
These results suggest that the microbial metabolite butyrate or-
chestrates regenerative events in the BM to provide rapid iron
access to regenerating HSCs.

Iron availability regulates HSC self-renewal and
differentiation decisions

To evaluate further the role of iron in HSC function, we fed mice
with formulated diets containing different iron levels (normal—
185 ppm, low—30 ppm, and deficient—3 ppm) (Kautz et al.,
2014) for 3 months. Mice fed with low-iron or iron-deficient diet
exhibited increased RBC numbers and reduced hemoglobin
levels and mean corpuscular volume (MCV), as well as lower
neutrophil numbers in the circulation, which are consistent with
iron deficiency (Figure S7A). These animals showed no signifi-
cant difference in HSCs or downstream lineages in the BM under
steady state, but competitive transplantation experiments re-
vealed significant reductions in LT repopulating activity following
BMT (Figures S7B and S7C). Upon challenge with 5FU, mice fed
with low-iron or iron-deficient diet exhibited a dramatic expan-
sion of HSCs while regeneration of mature lineages was signifi-
cantly compromised (Figures 6A, 6B, and S7D). Notably, BM
macrophages were significantly expanded during regeneration
in mice fed with low-iron or iron-deficient diet, while splenic mac-
rophages remained not affected (Figure S7E), showing again dif-
ferential regulation of macrophages in different organs. HSCs
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from iron-deficient mice exhibited more active cell cycling and
increased CD71 expression and calcein fluorescence (Fig-
ure S7F). The expansion of HSCs in these animals correlated
with the severity of iron deficiency, leading to dramatic increases
of LT reconstitution following competitive BMT, but not HSCT
(Figures 6C and S7G).

Since iron deficiency may cause dysbiosis that could compli-
cate interpretation of the results, we induced iron deficiency in
ABX-treated mice and challenged them with 5FU to trigger he-
matopoietic stress (Figure 6D). In these animals, iron deficiency
failed to reduce neutrophils or expand Lin~ cells, but led to sig-
nificant expansions, more active cell cycling, and increased
CD71 expression of HSCs on top of the effects induced by
ABX treatment (Figures 6D and 6E; data not shown). These re-
sults suggest that diet-induced iron deficiency could regulate
HSC self-renewal and expansion independent of the microbiota.

We next asked whether the restoration of iron levels could
rescue ABX-induced HSC dysregulation, and injected ABX-
treated animals with iron dextran (Figure 6F). We found that
iron add-back significantly rescued local iron deficiency,
improved the differentiation blockade, and reverted macrophage
and HSC expansions (Figures 6G, S7H, and S7I). Supplementa-
tion of iron during regeneration also shut down HSC cycling,
restored CD71 expression on HSCs, and reduced their LT repo-
pulating activity following BMT, but not HSCT (Figures 6H and
S7J-S7L). Taken together, these results suggest that the micro-
biota regulates HSC self-renewal and differentiation decisions
during regeneration through iron availability in the BM.

Limiting iron availability stimulates HSC self-renewal
and expansion ex vivo

Finally, we surmised that if limiting iron availability could promote
HSC self-renewal and inhibit differentiation during regeneration,
optimization of iron levels would enhance HSC expansion
ex vivo. Although extensively studied for decades, robust expan-
sion of transplantable HSCs with LT repopulating activity has re-
mained a major challenge (Bhatia et al., 1997; Conneally et al.,
1997; Kumar and Geiger, 2017; Miller and Eaves, 1997). The
titration of hematopoietic cytokines thrombopoietin (TPO) and
stem-cell factor (SCF) in serum-free media containing polyvinyl
alcohol (PVA) was recently shown to expand functional murine
HSCs many-fold more than previous approaches (Wilkinson
et al., 2019). We noticed that the iron concentrations in the
PVA-based culture system were much lower (5.5 mg/L trans-
ferrin, binding 138-nM iron) than other published serum-free cul-
ture systems (100-200 mg/L transferrin, binding 2.5-5-pM iron)
(Bhatia et al., 1997; Conneally et al., 1997; Miller and Eaves,
1997). It is thus possible that low iron availability might have
contributed to the maintenance and expansion of functional
HSCs ex vivo. To test this possibility, we titrated the transferrin
concentrations (ranging from 5 pg/L to 500 mg/L) in the PVA-
based culture system while keeping all other components un-
changed. Strikingly, the transferrin levels in the culture system
markedly influenced the HSC vyield. We found that transferrin
concentration at 0.5 mg/L, a level significantly lower than the
concentrations used in previous studies (Bhatia et al., 1997;
Conneally et al., 1997; Miller and Eaves, 1997; Wilkinson et al.,
2019), supported the most robust HSC expansion (Figures 7A
and 7B). While higher transferrin concentrations induced HSC
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Figure 6. Iron availability regulates HSC self-renewal and differentiation during regeneration
(A-C) Neutrophils, Lin~ cells, HSCs, and long-term reconstitution following BMT in mice fed with normal, iron-low, or iron-deficient food, at day 12 after 5FU

challenge (n = 8-11). See also Figures S7TD-S7G.

(D and E) Neutrophils, Lin~ cells, HSCs and HSC cell cycling in the BM of ABX-treated mice fed with normal, iron-low, or iron-deficient food, at day 12 after 5FU

treatment (n = 4-9).

(F-H) Neutrophils, Lin™ cells, HSCs, and long-term reconstitution following BMT in control and ABX-treated mice injected with PBS or iron dextran, at day 12 after

5FU challenge (n = 5-14). See also Figures STH-S7L.

*p < 0.05, *p < 0.01, **p < 0.001; ns, not significant. Error bars, mean + SEM. See also Figure S7 for steady-state analyses of the iron deficiency model.

differentiation and low yields of phenotypic HSCs (Figures 7B
and 7C), transferrin levels lower than 0.5 mg/L triggered survival
stress, as evidenced by activation of the cell cycle and ROS pro-
duction (Figure 7D), and concentrations lower than 5 pg/L did not
allow HSC survival (Figure 7A). Transplantation assay revealed
that the LT repopulating activity was significantly higher when
HSCs were cultured with a lower concentration of transferrin
within the Goldilocks zone (Figures 7E and 7F). To clarify how
iron availability in the media influenced intracellular iron levels
in HSCs, we analyzed CD71 expression on HSCs cultured with
different levels of transferrin. We found that only when transferrin
levels decreased from 500 to 0.5 mg/L, HSCs showed a signifi-
cant increase of CD71 expression (Figure S7M), with a magni-
tude (~40%) similar to that observed with ABX treatment in vivo
(Figure 3F). However, when transferrin levels decreased further
to 0.05 mg/L, HSCs exhibited a 5-fold increase in CD71 expres-
sion (Figure S7M). Taken together, these results identify iron
levels as a pivotal element regulating HSC self-renewal and
differentiation.

DISCUSSION

Here, we have uncovered a long-range function of the microbiota
in regulating iron availability in the HSC niche during regenera-
tion. Microbiota-derived SCFAs promote emergency erythro-
phagocytosis by BM macrophages to distribute iron that fuels
hematopoietic regeneration. In microbiota- or CD169* macro-
phage-depleted mice, emergency erythrophagocytosis is
impaired, thereby limiting local iron availability to HSPCs for dif-
ferentiation. Our results indicate that low iron availability en-
hances HSC self-renewal and promotes their expansion in vitro
and in vivo. Thus, a microbiota-macrophage-iron axis plays an
essential role in regulating HSC fate decisions to accommodate
hematopoietic stress.

Local regulation of iron availability

Systemic iron homeostasis is regulated by hepcidin, which in-
hibits and induces degradation of ferroportin on enterocytes,
macrophages, and hepatocytes, thus shutting down iron efflux
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Figure 7. Limiting iron availability stimulates HSC self-renewal and expansion ex vivo

(A and B) Total cell and CD150" HSC numbers in the PVA-based culture system with defined transferrin levels (n = 7-8).

(C and D) Lin™ cell ratio, cell cycling, and ROS production of HSCs in the PVA-based culture system with defined transferrin levels (n = 4-8).
(E) Transplantation analysis of HSCs expanded with 500 or 0.5 mg/L transferrin (n = 4-5).

(F) Model figure showing a Goldilocks zone for HSC ex vivo expansion, with higher or lower iron levels impairing HSC self-renewal.

*p < 0.05, **p < 0.01, **p< 0.001. Error bars, mean + SEM.

into the circulation (Muckenthaler et al., 2017). Hepcidin is pro-
duced in the liver in response to systemic iron levels and can
be induced by the inflammatory cytokine IL-6 and suppressed
by the erythropoietic hormone erythroferrone (Kautz et al.,
2014). We found that hepcidin levels were significantly reduced
in ABX-treated mice, leading to no change under steady state
but increased serum iron level during regeneration (Figure S4K).
The reduced hepcidin levels may reflect either lower IL-6 levels
(Meisel et al., 2018) or increased erythropoietic demand in these
animals. The increased serum iron level in ABX-treated mice dur-
ing regeneration may also result from increased intestinal iron
absorption (Das et al., 2020). Despite the increased serum iron
level, we observed significant local iron deficiency in the BM (Fig-
ure 3E). Our results thus uncover a mechanism for rapid iron
access that is independent of traditional routes via hepcidin- or
intestinal epithelium-mediated systemic regulation. Instead,
iron supply in the BM under stress conditions is largely controlled
by emergency RBC recycling mechanisms through macro-
phages. Interestingly, erythrophagocytosis and the shortened
lifespan of RBCs also contribute to the pathogenesis of anemia
induced by inflammation or chronic diseases (Ganz, 2019; Li-
bregts et al., 2011; Mitlyng et al., 2006; Zoller et al., 2011). How-
ever, the reason for this phenomenon had remained unclear. Our
data provide a possible explanation: under stress conditions, the
organism borrows on the RBC capital of a rich accessible source
of iron to jump-start hematopoiesis to meet the emergency de-
mand. This paradigm may represent a strategy that has evolved
from immune defense against pathogens. During an infection,
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hepcidin production is induced by inflammatory cytokines to
shut down iron efflux into the plasma, thus limiting iron availabil-
ity to invading pathogens (Ganz and Nemeth, 2015), while active
RBC recycling is triggered in the BM to provide rapid local iron
access for burst production of immune cells.

Broad macrophage functions in iron allocation

Macrophages form erythroblastic islands that promote the matu-
ration of erythroid precursors, and also destroy senescent RBC
to recycle iron for daily tissue demand (Chasis and Mohandas,
2008; Muckenthaler et al., 2017). Under steady state, splenic
red pulp macrophages are the major cell population that scruti-
nizes circulating RBCs and removes senescent ones from the
circulation (de Back et al., 2014). BM macrophages are also
equipped with the machinery for RBC scavenging and iron recy-
cling, and have been reported to deliver iron locally via ferritin
secretion or ferroportin-mediated export (Delaby et al., 2005;
Knutson et al., 2005; Leimberg et al., 2008; Li et al., 2019).
When damaged RBCs accumulate in hemolytic conditions, the
liver contributes significantly to erythrocyte disposal by recruit-
ing iron-loaded monocytes, which differentiate into a transient
iron-recycling macrophage population (Theurl et al., 2016). Our
results are in line with previous reports that the spleen takes
the major responsibility of steady-state RBC recycling. However,
our results indicate that the situation changes during regenera-
tive stress where robust erythrophagocytosis occurs in both
BM and spleen, while the liver is not meaningfully involved (Fig-
ure S4E). The relative contribution of the three organs in
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erythrocyte disposal is thus dynamic and responsive to different
physiological conditions. By depletion of CD169* macrophages,
we have shown that iron levels are specifically reduced in the
BM, but not in the spleen or liver (Figures 4C and S5A). This
may result from a compensation by CD169™ macrophage popu-
lations, or by other iron-loaded cell types such as hepatocytes.
We have also identified the microbial metabolite SCFA butyrate
as the microbiota-derived signal that regulates the erythropha-
gocytic function of BM macrophages (Figures 5 and S6). These
findings support other studies suggesting that butyrate can
imprint antimicrobial programs in intestinal macrophages
(Changetal., 2014; Schulthess et al., 2019). Notably, different di-
rections of macrophage polarization have been proposed to
associate with these functions; antimicrobial defense is
enhanced with polarization toward inflammation whereas
heme-iron metabolism is involved in polarization toward tissue
repair and regeneration (Cairo et al., 2011). It is thus possible
that macrophages in different tissues possess distinct transcrip-
tional and epigenetic programs that may yield tissue-specific re-
sponses to butyrate-induced HDAC inhibition. Our results
extend the iron-recycling functions of macrophages beyond
erythropoiesis to the HSC niche by directly regulating HSC
self-renewal and differentiation decisions under stress.

Harnessing iron for HSC expansion and cancer
contraction

HSCs are the basis of BM transplantation, the only cure for many
hematological diseases (Notta et al., 2011; Osawa et al., 1996).
Our finding that limiting iron availability improved the expansion
of functional HSCs ex vivo thus have broad implications in cur-
rent HSC expansion protocols (Figure 7). In hematological malig-
nancies, leukemic and pre-leukemic cells exhibit enhanced iron
metabolism, which is essential for maintaining their rapid growth
rate (Torti et al., 2018). In addition, excessive iron triggers the
production of ROS, induces DNA damage, and impairs the func-
tions of healthy stem cells (Chai et al., 2015; Torti et al., 2018).
Iron overload has been correlated with poor prognosis in leuke-
mias and myelodysplastic syndrome (MDS) (Gattermann, 2018;
Wang et al., 2019). Iron chelators have been found to have potent
antitumor activity (Callens et al., 2010; Roth et al., 2012; Whitnall
etal., 2006) and is under intense investigations in clinical trials for
leukemias or MDS. Interestingly, the microbiota has recently
been described to play a role in the development of pre-leukemic
myeloproliferation in Tet2~'~ mice (Meisel et al., 2018). It would
thus be interesting to define further whether the interplay be-
tween the microbiota, macrophage, and iron also plays a role
in these diseases.

Regulation of HSC fate decisions under stress by the
microbiota

Previous studies have suggested that the microbiota regulates
myeloid cell production (Balmer et al., 2014; Deshmukh et al.,
2014; Khosravi et al., 2014). In addition, a high-fat diet induces
a myeloid bias in hematopoiesis which can be transmitted by
fecal transplantation (Luo et al., 2015). The microbiota also reg-
ulates the production of MPPs but is dispensable for the mainte-
nance of HSCs under steady state (Iwamura et al., 2017; Lee
et al., 2019; Zhang et al., 2015). It is notable that other studies
have reported a reduction of phenotypic HSCs in ABX-treated
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animals, although the LT reconstitution following BMT was not
affected (Josefsdottir et al., 2017). Here, we analyzed both
phenotypic HSCs and their LT repopulating activity in the ABX
and GF models and identified an essential role for the microbiota
in regulating HSC response in different stress conditions (Figures
1, 2, S1, and S2). Although our results speak to the function of
microbiota at the whole-community level, it would be of interest
to explore in future studies whether certain commensals are spe-
cifically involved in hematopoietic stress, as described in inflam-
matory diseases (Bloom et al., 2011). The promotion of lineage
differentiation by the microbiota, which is critical for the recovery
after BM transplantation and chemotherapy, calls for attention to
the use of ABX and the impact of iron deficiency in this vulnerable
patient population and the possibility of manipulating the micro-
biota to hasten hematopoietic recovery.

HSCs are dormant under steady state, which protects them
from genotoxic insult and ensures their LT repopulating activity
(Wilson et al., 2008). The commitment of HSCs to differentiation
may involve a reprogramming of transcriptional, epigenetic, and
metabolic programs (Cabezas-Wallscheid et al., 2014, 2017;
Hérault et al., 2017; Laurenti and Gottgens, 2018). The quies-
cence and activation of HSCs are known to be regulated by a
complex network of transcription factors and signaling pathways
and their interactions with the microenvironment (Calvi and Link,
2015; Hoggatt et al., 2016; Pinho and Frenette, 2019; Rossi et al.,
2012). The present study adds a layer to this complexity by
revealing an essential role for iron distribution in the niche, which
is controlled by the microbiota and macrophages, in regulating
HSC self-renewal and differentiation decisions under stress con-
ditions. Our results demonstrate the mechanisms underlying
iron-mediated regulation of HSCs in vivo and bring forward the
prospect that targeting iron-regulatory pathways may have sig-
nificant impact on stem-cell-based hematological diseases.

Limitations of the study

It remains to be determined whether the microbiota regulates
HSC response with the same macrophage-iron mechanism in
different stress conditions. Further, our analyses of BM macro-
phages relied on the common macrophage marker F4/80. Char-
acterization of the heterogeneity and functional sub-populations
is required to further understand this population. Finally, also re-
maining to be explored are the questions as to how macro-
phages allocate iron to different cell types in the BM, and how
intracellular iron levels influence the metabolic and transcrip-
tional programs underlying HSC self-renewal and differentiation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mouse Ly-6G/Ly-6C (Gr-1) eFluor 450 eBioscience Cat# 48-5931-82, RRID: AB_1548797
Anti-Mouse CD115 APC eBioscience Cat# 17-1152-82, RRID: AB_1210789
Anti-Mouse CD3e PerCP-Cy5.5 eBioscience Cat# 45-0031-82, RRID: AB_1107000
Anti-Mouse B220 APC-eFluor 780 eBioscience Cat# 47-0452-82, RRID: AB_1518810
Anti-Mouse CD11b PE-Cy7 eBioscience Cat# 25-0112-82, RRID: AB_469588
Anti-Mouse CD11b PE eBioscience Cat# 12-0112-83, RRID: AB_2734870
Anti-Mouse Ter119 PE eBioscience Cat# 12-5921-83, RRID: AB_466043
Anti-Mouse Ter119 APC-eFluor 780 eBioscience Cat# 47-5921-82, RRID: AB_1548786
Anti-Mouse Ter119 PerCp-Cy5.5 eBioscience Cat# 45-5921-82, RRID: AB_925765
Anti-Mouse CD45.1 PE-Cy7 eBioscience Cat# 25-0453-82, RRID: AB_469629
Anti-Mouse CD45 PerCp-Cy5.5 eBioscience Cat# 45-0451-82, RRID: AB_1107002
Anti-Mouse Ly-6A/E (Sca-1) FITC eBioscience Cat# 11-5981-82, RRID: AB_465333
Anti-Mouse Ly-6A/E (Sca-1) PE-Cy7 eBioscience Cat# 25-5981-82, RRID: AB_469669
Anti-Mouse Ly-6A/E (Sca-1) APC eBioscience Cat# 17-5981-83, RRID: AB_469488
Anti-Mouse CD135 (FIt3) PerCP-eFluor 710 eBioscience Cat# 46-1351-82, RRID: AB_10733393
Anti-Mouse CD48 PerCP-eFluor 710 eBioscience Cat# 46-0481-82, RRID: AB_10853483
Anti-Mouse CD48 PE-Cy7 eBioscience Cat# 25-0481-80, RRID: AB_1724087
Anti-Mouse CD48 Biotin eBioscience Cat# 13-0481-85, RRID: AB_466471
Anti-Mouse CD34 eFluor 660 eBioscience Cat# 50-0341-80, RRID: AB_10609352
Anti-Mouse CD71 (Tfr1) FITC eBioscience Cat# 11-0711-85, RRID: AB_465125
Anti-Mouse CD71 (Tfr1) PE eBioscience Cat# 12-0711-83, RRID: AB_465741
Anti-Mouse Ki67 eFluor 660 eBioscience Cat# 50-5698-82, RRID: AB_2574235
Anti-Mouse CD51 PE eBioscience Cat# 12-0512-83, RRID: AB_465705
Anti-Mouse CD140a (PDGFRA) APC eBioscience Cat# 17-1401-81, RRID: AB_529482
Anti-Mouse CD41 Biotin eBioscience Cat# 13-0411-82, RRID: AB_763484

Biotin Mouse Lineage Panel

BD Biosciences

Cat# 559971, RRID: AB_10053179

Anti-Mouse CD45.2 FITC BioLegend Cat# 109806, RRID: AB_313443
Anti-Mouse CD117 (c-Kit) Brilliant Violet 421 BioLegend Cat# 105828, RRID: AB_11204256
Anti-Mouse CD117 (c-Kit) PE-Cy7 BioLegend Cat# 105814, RRID: AB_313223
Anti-Mouse F4/80 PE BioLegend Cat# 123110, RRID: AB_893486
Anti-Mouse CD150 (SLAM) PE BioLegend Cat# 115904, RRID: AB_313683
Anti-Mouse CD48 Alexa Fluor 647 BioLegend Cat# 103416, RRID: AB_571987
Anti-Mouse CD16/32 APC-Cy7 BioLegend Cat# 101328, RRID: AB_2104158
Anti-Mouse CD44 PE-Cy7 BioLegend Cat# 103030, RRID: AB_830787
Anti-Mouse CD31 Alexa Fluor 647 BioLegend Cat# 102516, RRID: AB_2161029
Anti-Mouse CD31 PE-Cy7 BioLegend Cat# 102524, RRID: AB_2572182
Anti-Mouse CD144 Alexa Fluor 647 BioLegend Cat# 138006, RRID: AB_10569114
Anti-Mouse/Human Histone H3ac (pan-acetyl) Active Motif Cat# 61637, RRID: AB_2793714
Bacterial and virus strains

E. coli HST08 Takara Bio Cat# 636766

Chemicals, peptides, and recombinant proteins

Ampicillin Sigma-Aldrich Cat# A0166

Neomycin Sigma-Aldrich Cat# N6386
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REAGENT or RESOURCE SOURCE IDENTIFIER
Metronidazole Sigma-Aldrich Cat# M1547
Vancomycin Pharmacy of Jack D. N/A

Weiler Hospital
Lipopolysaccharides (LPS) Sigma-Aldrich Cat# L2630
E. coli ssDNA / LyoVec Invivogen Cati# tIrl-ssec
5-Fluorouracil (5FU) Sigma-Aldrich Cat# F6627
Tamoxifen Sigma-Aldrich Cat# T5648
G-CSF (NEUPOGEN/ Filgrastim, 300 pg/ml) Pharmacy of Jack D. N/A

Weiler Hospital

Collagenase Type IV Gibco Cat# 17104019

Dispase I Gibco Cat# 17105041

DNase | Sigma-Aldrich Cat# DN25

Percoll Density Gradient Media Sigma-Aldrich Cat# GE17-0891-01
Foxp3/Transcription Factor Staining Buffer Set eBioscience Cat# 00-5523-00

Calcein, AM Invitrogen Cat# C3099

Dihydroethidium Invitrogen Cat# D11347

EZ-link Sulfo-NHS-Biotin Thermo Scientific Cat# 21217

Lympholyte-M Cell Separation Media Cedarlane Cat# CL5030

Mouse M-CSF ProSpec Cat# CYT-439

Sodium butyrate Sigma-Aldrich Cat# 303410

Sodium propionate Sigma-Aldrich Cat# P1880

Sodium acetate Sigma-Aldrich Cat# S2889

Valproic acid sodium salt Sigma-Aldrich Cat# P4543

Sodium phenylbutyrate Sigma-Aldrich Cat# SML0309

Vitamin B12 Sigma-Aldrich Cat# V6629

1,3-Diaminopropane Sigma-Aldrich Cat# D23602

D-myo-Inositol 1,4,5-Trisphosphate Sigma-Aldrich Cat# 407137

Vorinostat (SAHA) Sigma-Aldrich Cat# SML0061

Suberohydroxamic acid (SBHA) Sigma-Aldrich Cat# 390585

Iron-Dextran Sigma-Aldrich Cat# D8517

Diphtheria toxin Sigma-Aldrich Cat# D0564

Iron-adjusted diet Teklad/ Envigo N/A

Insulin, human recombinant Gibco Cat# 12585014

Sodium selenite Sigma-Aldrich Cat# 214485

Ethanolamine Sigma-Aldrich Cat# 411000

Poly-vinyl alcohol Sigma-Aldrich Cat# P8136

Animal-Free Recombinant Murine TPO PeproTech Cat# AF-315-14

Animal-Free Recombinant Murine SCF PeproTech Cat# AF-250-03

Human holo-Transferrin Sigma-Aldrich Cat# T0665

Human Fibronectin Coated 96-well Microplates R&D Systems Cat# CWPO001

Critical commercial assays

RNA to cDNA EcoDry Premix system Clontech Cat# 639546

Dynabeads mRNA DIRECT Purification Kit Invitrogen Cat# 61012

FastStart Universal SYBR Green Master Mix Roche Cat# 4913914001

QIAamp Fast DNA Stool Mini Kit Qiagen Cat# 51604

Mouse IL-17A ELISA Invitrogen Cat# BMS6001, RRID: AB_2575601
Mouse IL-1beta ELISA Invitrogen Cat# BMS6002, RRID: AB_2575603
Mouse GM-CSF ELISA Invitrogen Cat# BMS612, RRID: AB_2575678
Mouse IL-10 ELISA Invitrogen Cat# BMS614, RRID: AB_2575685
Mouse TGF-beta1 ELISA Invitrogen Cat# BMS608/4TWO, RRID: AB_2575669

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse Erythropoietin/EPO ELISA R&D Systems Cat# MEPOOB
Mouse G-CSF ELISA R&D Systems Cat# MCS00

Mouse TNF-alpha ELISA
Corticosterone ELISA

Hepcidin Murine-Compete ELISA Kit
LD Columns for MACS

Iron/TIBC Reagent Set

R&D Systems
Abcam

Intrinsic LifeSciences
Miltenyi Biotec
Pointe Scientific

Cat# MTA00B

Cat# ab108821, RRID: AB_2889904

Cat# HMC-001
Cat# 130-042-901
Cat# 1750460

Experimental models: Organisms/strains

Mouse: Cxcl/129% (Cxcl12-GFP) Gift from T. Nagasawa N/A

(Osaka University, Japan)
Mouse: CD169°™7 (CD169-DTR) Gift from M. Merad N/A

(Icahn School of Medicine

at Mount Sinai, US)
Mouse: C57BL/6-Tg(UBC-GFP)30Scha/J (UBC-GFP) The Jackson Laboratory RRID: IMSR_JAX:004353
Mouse: B6.B10ScN-TIr4Ps%l/thd (Tird~'~) The Jackson Laboratory RRID: IMSR_JAX:007227
Mouse: B6.129-TIr2™ K/ (Tir2~'~) The Jackson Laboratory RRID: IMSR_JAX:004650
Mouse: C57BL/6J-Ticam1-°52/J (Trif /~) The Jackson Laboratory RRID: IMSR_JAX:005037
Mouse: B6.129P2-Lyz2™!relfo/y (1 ysp-Cre) The Jackson Laboratory RRID: IMSR_JAX:004781
Mouse: B6.129P2(SJL)-Myd88™™'P°/y (Myd8s™™ The Jackson Laboratory RRID: IMSR_JAX:008888
Mouse: C57BL/6N-Fgd5™m3re/ERT2Dir/ j (Fgd5-CrefR) The Jackson Laboratory RRID: IMSR_JAX:027789
Mouse: C57BL/6J (CD45.2) The Jackson Laboratory RRID: IMSR_JAX:000664
Mouse: B6.SJL-Ptprc? Pepc®/BoydJ (CD45.1) The Jackson Laboratory RRID: IMSR_JAX:002014
Mouse: Germ-free B6NTac (C57BL/6) Taconic N/A
Oligonucleotides
Primers for Actb, See Table S1 Eurofins Genomics N/A
Primers for Lrp1, See Table S1 Eurofins Genomics N/A
Primers for Hmox1, See Table S1 Eurofins Genomics N/A
Primers for Mertk, See Table S1 Eurofins Genomics N/A
Primers for Pan-bacteria, See Table S2 Eurofins Genomics N/A
Primers for Bacteroidetes, See Table S2 Eurofins Genomics N/A
Primers for Firmicutes, See Table S2 Eurofins Genomics N/A
Primers for y-Proteobacteria, See Table S2 Eurofins Genomics N/A
Primers for Actinobacteria, See Table S2 Eurofins Genomics N/A

Software and algorithms

SlideBook

FlowJo

BD FACSDiva Software
GraphPad Prism
Biorender

Intelligent Imaging
Innovations

FlowJo LLC

BD Biosciences
GraphPad Software
Biorender

RRID:SCR_014300

RRID:SCR_008520
RRID:SCR_001456
RRID:SCR_002798
RRID:SCR_018361

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dachuan

Zhang (dachuan.zhang@einsteinmed.org).

Materials availability

Mouse lines and reagents generated in this study will be provided by the lead contact upon request.
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Data and code availability
There are no standardized datatypes reported in this paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

Cxcl12-GFP and CD169-DTR mice have been previously described (Asada et al., 2017; Chow et al., 2011, 2013). C57BL/6-Tg(UBC-
GFP)30Scha/J (UBC-GFP), B6.B10ScN-TIr4Ps9®/3thd (Tird='"), B6.129-Tir2™Kir/y (Tir2='~), C57BL/6J-Ticam1-S2/J (Trif /"),
B6.129P2-Lyz2m€reifo; ) (1 ysM-Cre), B6.129P2(SJL)-Myd88™m"Pe/y (Myd88™™), C57BL/6N-Fga5im3cre/ERT2DIN ) (Fgd5-Crefh),
C57BL/6J (CD45.2) and B6.SJL-Ptprc? Pepc’/BoyJ (CD45.1) mice were purchased from The Jackson Laboratory. Germ-free
C57BL/6 mice were purchased from Taconic, and maintained in sterile isolators in the Gnotobiotic Facility at Albert Einstein College
of Medicine. Six to eight-week-old mice of both genders were used for experiments. All mice were housed in specific pathogen-free
conditions and fed with autoclaved food and water. Experimental procedures performed on mice were approved by the Institutional
Animal Care and Use Committee of Albert Einstein College of Medicine.

METHOD DETAILS

Antibiotic treatment

Wild-type or CD169-DTR mice were treated with Ampicillin (1g/L), Neomycin (1g/L), Metronidazole (1g/L) and Vancomycin (1g/L) in drink-
ing water for 4 - 6 weeks. Mice were gavaged with 500 pl antibiotic solution before the treatment started, which effectively prevented
dehydration induced by the treatment in the first two weeks (Hill et al., 2010). Antibiotics were purchased from Sigma or Jack D. Weiler
Hospital of Albert Einstein College of Medicine. Drinking water containing antibiotics was changed once a week. For microbial product
add-back experiment, ABX-treated or wild-type mice were fed with 1 mg LPS (0111:B4, Sigma) or 20 ng ssDNA (E. coli ssDNA/ LyoVec,
Invivogen) by intragastric gavage every three days starting two days before 5-FU treatment. For butyrate add-back experiment, ABX-
treated mice were injected subcutaneously with 500 mg/kg butyrate twice a day starting two days before 5-FU treatment.

In vivo treatments

For the induction of hematopoietic stress, mice were injected intravenously with one dose of 200 mg/kg body weight 5FU. For the
evaluation of susceptibility, mice were challenged with a second dose of 5FU at day 7 following the first injection (Takizawa et al.,
2017), and survival time, defined as the time from the first injection until death, was recorded. For the sublethal irradiation model,
mice were subjected to 8 Gy irradiation, split into two doses with 3 hours apart as described (Hooper et al., 2009), and analyzed
24 days after irradiation. For induction of Cre recombination, Fgd5-Cref"/Myd88™" mice were injected intraperitoneally with 2 mg
tamoxifen (Sigma) dissolved in corn oil (Sigma) every other day for 3 weeks. For G-CSF treatment, G-CSF was administered subcu-
taneously at a dose of 125 pg/kg twice a day for 8 doses, and mice were analyzed 3h after the final morning dose. G-CSF (NEUP-
OGEN/ Filgrastim, 300 pug/ml) was purchased from Jack D. Weiler Hospital of Albert Einstein College of Medicine. For systemic E. coli
infection, control or ABX-treated mice (ABX treatment was stopped 5 days before bacteria injection) were injected intravenously with
2 x 108 CFU E. coli, and analyzed two days later. For LPS challenge, mice were injected intravenously with 30 pg LPS (0111:B4,
Sigma), and analyzed two days later.

Blood counts
Blood was collected from the retro-orbital plexus with 5 ul 0.5M EDTA, and analyzed on the ADVIA 120 hematology system
(SIEMENS).

Cell preparation

Single cell suspension was prepared as described previously (Chow et al., 2013; Pinho et al., 2013). Briefly, BM cells were gently
flushed out from bones, and homogenized by pipetting. Spleens were mashed through a 40 um filter. Liver cells were mechanically
diced and digested with 1 mg/ml Type IV collagenase (Gibco), 2 mg/ml Dispase (Gibco) and 1 mg/ml DNAse (Sigma) for one hour. The
liver suspension was then homogenized through a 19G syringe needle, filtrated, and pelleted with a 30% Percoll gradient (GE Health-
care). Single cell suspension from blood, the BM, spleen or liver was then subjected to staining with or without RBC lysis.

Flow cytometry and cell sorting

Cells were surface-stained in PEB buffer (PBS containing 0.5% BSA and 2mM EDTA) for 30-60 min on ice. Multiparametric flow cy-
tometric analyses were performed on a LSRII equipped with FACS Diva 6.1 software (BD Biosciences) and analyzed with FlowJo
software (Tree Star). Dead cells were excluded by FSC, SSC and 4’,6-diamino-2-phenylindole (DAPI, Sigma) staining. Cell sorting
experiments were performed on Aria Cell Sorter (BD Biosciences) or MoFlo Astrios (Beckman Coulter). For the analysis of CD71, cal-
cein fluorescence and ROS production, EDTA was omitted from the buffer to prevent interference. Neutrophils were gated by Gr-1"
CD115" SSC"; T cells, B cells and monocytes were gated by CD3* CD11b", B220* CD11b™ and CD115" CD11b", respectively; He-
matopoietic progenitor and stem cells were identified by lineage cocktail (Gr-1, CD11b, CD3, B220 and Ter119), Sca-1, c-Kit, CD135,
CD150, CD48, CD34 and CD16/32; macrophages were identified by Gr-1'° CD115'° F4/80" SSC'°; erythroblasts were identified by

Cell Stem Cell 29, 232-247.e1-€7, February 3, 2022 e4




¢? CellPress Cell Stem Cell

CD71 and Ter119; mesenchymal stem cells and endothelial cells were identified by CD45  CD31- CD51* CD140a* and CD45 CD31*
Sca-1*, as described previously (Chow et al., 2013; Pietras et al., 2015; Pinho et al., 2013; Wilson et al., 2008; Xu et al., 2018). Cell
cycle was analyzed with Ki67 and Hoechst 33342 (Sigma). Fluorophore-conjugated, biotinylated, or primary antibodies against
mouse Gr-1 (RB6-8C5), CD115 (AFS98), CD3 (145-2C11), B220 (RA3-6B2), CD11b (M1/70), Ter119 (Ter-119), CD45.1 (A20),
CD45 (30-F11), Sca-1 (D7), CD135 (A2F10), CD48 (HM48-1), CD34 (RAM34), CD71 (R17217), Ki67 (SolA15), CD51 (RMV-7), and
CD140a (APA5) were from eBioscience. Biotin Mouse Lineage Panel was from BD Pharmingen. Antibodies against CD45.2 (104),
c-Kit (2B8), F4/80 (BM8), CD150 (TC15-12F12.2), CD48 (HM48-1), CD16/32 (93), CD44 (IM7), and CD31 (MEC13.3) were from
BioLegend. Antibody against H3ac was from Active Motif. For intracellular staining, cells were fixed and permeabilized with
Foxp3 / Transcription Factor Staining Buffer Set from eBioscience. For calcein staining, surface-stained cells were incubated with
5 nM Calcein AM (Invitrogen) for 5 minutes at 37 °C. For ROS detection, surface-stained cells were incubated with 7 uM Dihydroe-
thidium (DHE) for 20 minutes at 37 °C.

Bone marrow and HSC transplantations

To account for the dynamic changes of total BM cellularity during regeneration, the competitive BM transplantation assays were per-
formed by transplanting 5 x 10° CD45.1* competitor cells with equal volumes of BM cells (matching the volume of competitor cells;
usually ~3% of total cells from a femur) from control or ABX-treated mice (CD45.2*) with or without 5FU treatment, into lethally irra-
diated CD45.1" recipients (12 Gy in two split doses), as reported previously (Asada et al., 2017; Bruns et al., 2014; Kunisaki et al.,
20183). Irradiation was performed using a Cesium Mark 1 irradiator (JL Shepherd & Associates). Chimeric mice were analyzed for
20 weeks after transplantation, followed by secondary transplantation of 3 x 10° BM cells from primary recipients into lethally irra-
diated CD45.1* recipients. HSCTs were performed by transplanting 300 sorted phenotypic HSCs (CD45.2*) with 5 x 10° CD45.1*
competitor cells, into lethally irradiated CD45.17 recipients. For the HSC ex vivo culture experiment, transplantation assays were per-
formed by transplanting 1/50 of the HSCs expanded with 500 mg/L or 0.5 mg/L transferrin (CD45.2%), plus 1 x 10° competitive
CD45.1* BM cells, into lethally irradiated CD45.1* recipients. Transplantation assays were also performed in other models as
described in figure legends.

Quantitative real-time PCR (Q-PCR)

Messenger RNA extraction from 2000 sorted macrophages using Dynabeads mRNA DIRECT™ Kit (Life technologies) and
reverse transcription using RNA to cDNA EcoDry Premix (Clontech) were preformed according to the manufacturer’s protocols.
Q-PCR was performed with FastStart Universal SYBR Green Master Mix (Roche) on QuantStudio 6 Flex Real-Time PCR Sys-
tems (Applied Biosystems). The PCR protocol started with one cycle at 95 °C (10 min) and continued with 40 cycles at 95 °C (15
s) and 60 °C (1 min). Expression of Actb was used as a standard. The average threshold cycle number (Ct) for each tested gene
was used to quantify the relative expression of each gene; 2[Ct(standard) - Ctlgene)l primers were listed in the key resources table
and Table S1.

16S rDNA quantification

Stool pellets were collected and total DNA was extracted using the QlAamp Fast DNA Stool Mini Kit (Qiagen), followed by real-time
g-PCR using FastStart Universal SYBR Green Master Mix (Roche). Absolute copy numbers were calculated based on standard
curves derived from a serial dilution of plasmids containing bacterial DNA sequence from each phylum. NCBI Reference Sequences
of Escherichia coli, Enterococcus faecalis, Bacteroides fragilis, and Bifidobacterium adolescentis were used to prepare standards.
Primers were used as previously described (Bacchetti De Gregoris et al., 2011; Guo et al., 2008; Hartman et al., 2009), and listed
in the key resources table and Table S2.

Whole-mount immunofluorescence imaging

Whole-mount tissue preparation, HSC immunofluorescence staining and imaging analysis of the sternum in control and ABX-
treated Cxcl/12-GFP mice following 5FU challenge were performed as described previously (Kunisaki et al., 2013; Pinho et al.,
2018). Briefly, the vasculature of was stained by i.v. injection of Alexa Fluor 647 anti-CD144 (BV13, Biolegend) and Alexa Fluor
647 anti-CD31, and after 20 min mice were perfused with 4% PFA followed by cold PBS. Sternum bones were carefully har-
vested, cleaned and transected with a surgical blade into individual pieces. Each piece was bisected sagittally to expose
the marrow cavity. Fragments were further fixed with 4% PFA for 20 minutes, blocked and permeabilized in PBS with 20%
normal goat serum and 0.5% Triton X-100, and stained with antibodies (biotin anti-Lineage panel cocktail, biotin anti-CD41,
biotin anti-CD48 and PE anti-CD150) for 3 days. The tissues were then incubated with streptavidin eFluor 450 for 2 hours. Im-
ages were acquired using a ZEISS AXIO examiner D1 microscope (Zeiss) with a confocal scanner unit, CSUX1CU (Yokogawa),
and reconstructed in 3D with SlideBook software (Intelligent Imaging Innovations). HSCs were identified as CD150" Lin~ CD48~
by immunofluorescence. For each HSC, the Euclidean distance to the closest sinusoid or arteriole was measured in order to
generate distribution maps.

ELISA
Cytokine levels in plasma and bone marrow extracellular fluid (BMEF) from control and ABX-treated mice under steady state or
12 days after 5FU treatment were measured using ELISA kits (IL-17, IL-18, GM-CSF, IL-10 and TGF-B kits from Invitrogen; EPO,
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G-CSF and TNF-a kits from R&D systems; Corticosterone kit from Abcam; Hepcidin kit from Intrinsic LifeSciences) according to the
manufacturer’s instructions.

Adoptive transfer and pulse-chase labelling

For progenitor homing and differentiation assay, Lin™ cells were enriched by immunomagnetic depletion using biotin anti-Lineage
panel antibodies, streptavidin magnetic beads and LD Columns (Miltenyi Biotec), and >90% purity was confirmed by flow cytometry.
6 x 10° Lin™ cells from UBC-GFP mice were transferred into control or ABX-treated mice at Day 10 after 5FU challenge via retro-orbital
injections. Mice were analyzed two hours or two days after the transfer. For RBC clearance assay, control and ABX-treated mice were
injected with 100 mg/kg EZ-Link™ Sulfo-NHS-Biotin (Thermo Scientific) one day before chasing started.

RBC phagocytic assay

For in vivo RBC phagocytosis assay, RBCs were harvested from 5FU-stressed UBC-GFP mice using Lympholyte-M Cell Separation
Media (Cedarlane). BSA was avoided in the RBC isolation process to prevent interference. GFP* RBCs were transferred into control
and ABX-treated mice at indicated time points, and phagocytic activities in the BM, spleen and liver were analyzed two days later. For
in vitro phagocytosis assay, BM-derived macrophages were prepared by plating total BM cells in complete medium containing
RPMI1640 with Glutamine (Corning), 10% FBS, 1% P/S, 10mM HEPES and 10 ng/mL M-CSF (Prospec) in non-treated Petri dishes.
Non-adherent cells were washed away on day 6, and macrophages were harvested with Trypsin/EDTA solution (Corning) on day 7.
Macrophages were then dispensed into 6-well plates and co-cultured with GFP* RBCs for 18 hours. Microbial metabolites and HDAC
inhibitors were added to the co-culture medium at the concentration of 1 mM with the following exceptions: VB12 (100 uM), IP3
(10 uM), SAHA (1 uM), and SBHA (10 uM). Macrophages were harvested with cell scraper (Falcon) for flow cytometry analysis. Mi-
crobial metabolites and HDAC inhibitors were referred to as below: 1,3-DAP, 1,3-diaminopropane; VB12, vitamin B12; IP3, inositol
trisphosphate; SAHA (Vorinostat), suberoylanilide hydroxamic acid; SBHA, suberoyl bis-hydroxamic acid.

Tissue iron quantification

Quantification of tissue iron stores were performed as described previously (Li et al., 2017). Briefly, iron was extracted from tissues
using acid solution containing hydrochloride acid and trichloroacetic acid, and then assayed with chromogen reagent containing
bathophenanthroline sulfonate and thioglycolic acid. Tissues were dried and weight before acid treatment. For the analyses of
bone marrow, at least two tibias were flushed with water to collect total bone marrow, or with PBS followed by RBC lysis to collect
bone marrow leukocytes. For quantification of serum iron parameters, a ferrozine-based Iron/TIBC Reagent Set (Pointe Scientific)
was used. The absorption was measured at 540 nm for bathophenanthroline sulfonate, or at 560nm for ferrozine by Absorbance Mi-
croplate Reader (BioTek).

Iron manipulation in vivo

For the induction of iron deficiency, mice were fed with iron-adjusted diet containing 185ppm (normal), 30ppm (low-iron), or 3ppm
iron (iron-deficient; Teklad) for three months before steady-state analyses or 5FU challenge. To exclude the influence of diet-induced
iron deficiency on the microbiome, mice fed with different iron-adjusted diet were treated with ABX for one month to deplete the mi-
crobiota. For the add-back of iron during regeneration, ABX-treated mice were injected subcutaneously with 5mg iron dextran
(Sigma) or PBS after 5FU challenge.

Macrophage depletion

For the depletion of CD169" macrophages, wild-type and CD169-DTR mice were injected subcutaneously with 10ug/kg body weight
diphtheria toxin (Sigma) twice a week, starting one week before 5FU. Notably, female macrophage-depleted mice tended to develop
increased bone formation after 5FU challenge, which made the collection of BM cells difficult in a small fraction of these mice.

LC-MS analysis of SCFA

SCFA levels were measured by the Proteomics and Metabolomics Shared Resource at Duke University, using a UPLC-MS/MS
method as described previously (Han et al., 2015). In brief, this method utilized Acquity UPLC columns coupled to Xevo TQ-S triple
quadrupole mass spectrometry (Waters) to perform quantitative multiplexed analysis of SCFAs.

Serum-free culture system

HSCs were cultured using a PVA-based albumin-free culture system as described in a previous report (Wilkinson et al., 2019). Briefly,
HSCs were cultured in media composed of F12 medium (Gibco), 10 mg/L insulin (Gibco), 6.7 png/L sodium selenite (Sigma), 2 mg/L
ethanolamine (Sigma), 1% P/S and L-Glutamine (Gibco), 10 mM HEPES (Gibco), 0.1% poly-vinyl alcohol (PVA, Sigma), 100 ng/ml
murine TPO (PeproTech), 10 ng/ml murine SCF (PeproTech), and human holo-transferrin (Sigma) with defined concentrations ranging
from 5 pg/L to 500 mg/L. Fifty sorted Lin~ Sca-1* c-Kit* CD48~ CD150* CD34~ HSCs were used as input, and cultured in human
fibronectin coated 96-well microplates (R&D systems) for 18-21 days. Complete medium change was initiated 5 days after culture
started, and performed every 2-3 days. Cultured cells were split 1:3 into new plates at ~90% confluency, and harvested for analyses
and transplantation when they reach confluency for the second time.
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QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine the sample size. Sample sizes were determined based on similar models of he-
matopoiesis in previous studies from our laboratory (Asada et al., 2017; Bowers et al., 2018; Kunisaki et al., 2013; Lucas et al., 2013;
Pinho et al., 2013, 2018; Xu et al., 2018). Key experiments (ABX treatment models, iron manipulation experiments, and iron assays)
were performed blind to group allocations, and validated by two investigators independently. Unpaired two-sided Student’s t-tests
were used to compare two groups. One-way ANOVA, two-way ANOVA, or multiple t-test followed by Holm-Sidak multiple compar-
ison test were used for multiple-group comparisons. Log-rank test was used to compare survival curves. Statistical analyses were
performed using Graph Pad Prism 8 software and the results were presented in figures and figure legends.

e7 Cell Stem Cell 29, 232-247.e1-e7, February 3, 2022



	The microbiota regulates hematopoietic stem cell fate decisions by controlling iron availability in bone marrow
	Introduction
	Results
	Microbiota depletion impairs HSC response during regeneration
	The microbiota regulates HSC response in different stress conditions
	Microbiota depletion alters the BM microenvironment
	The microbiota regulates erythrophagocytosis in the BM
	Acute RBC phagocytosis provides iron to initiate regeneration
	BM macrophages control the iron delivery to HSCs
	The microbiota orchestrates regenerative events via short-chain fatty acids
	Iron availability regulates HSC self-renewal and differentiation decisions
	Limiting iron availability stimulates HSC self-renewal and expansion ex vivo

	Discussion
	Local regulation of iron availability
	Broad macrophage functions in iron allocation
	Harnessing iron for HSC expansion and cancer contraction
	Regulation of HSC fate decisions under stress by the microbiota
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mouse models

	Method details
	Antibiotic treatment
	In vivo treatments
	Blood counts
	Cell preparation
	Flow cytometry and cell sorting
	Bone marrow and HSC transplantations
	Quantitative real-time PCR (Q-PCR)
	16S rDNA quantification
	Whole-mount immunofluorescence imaging
	ELISA
	Adoptive transfer and pulse-chase labelling
	RBC phagocytic assay
	Tissue iron quantification
	Iron manipulation in vivo
	Macrophage depletion
	LC-MS analysis of SCFA
	Serum-free culture system

	Quantification and statistical analysis



