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SUMMARY
Emergency hematopoiesis involves the activation of bone marrow hematopoietic stem/progenitor cells (HSPCs) in response to systemic

inflammation by a combination of cell-autonomous and stroma-dependent signals and leads to their release from bone marrow and

migration to periphery. We have previously shown that FZD6 plays a pivotal role in regulating HSPC expansion and long-term mainte-

nance. Now we sought to better understand the underlying mechanisms. Using lipopolysaccharide (LPS)-induced emergency granulo-

poiesis as a model, we show that failed expansionwas intrinsic to FZD6-deficient HSPCs but also required a FZD6-deficient environment.

FZD6-deficient HSPCs becamemore strongly activated, but their mobilization to peripheral blood was impaired and they were more sus-

ceptible to inflammatory cell death, leading to enhanced release of pro-inflammatory cytokines in themarrow. These studies indicate that

FZD6 has a protective effect in the bone marrow to prevent an overactive inflammatory response and further suggest that mobilization

improves HSPC survival during bone marrow inflammation.
INTRODUCTION

Emergency hematopoiesis is characterized by the expan-

sion of hematopoietic stem/progenitor cells (HSPCs) and

their progeny in response to a combination of signals

from their immediate environment, such as inflammatory

cytokines and pathogen-associated molecular patterns

(Baldridge et al., 2010; Boettcher et al., 2014; Burberry

et al., 2014; Haas et al., 2015; Kwak et al., 2015; Manz

and Boettcher, 2014). In the prototypical model, Toll-like

receptor (TLR)-4 ligation on HSPCs by lipopolysaccharide

(LPS) leads to HSPC proliferation, promotes myeloid differ-

entiation, and ultimately results in functional HSPC

exhaustion in the presence of a persistent stimulus (Liu

et al., 2015; Takizawa et al., 2017). In contrast, HSPCmigra-

tion to peripheral sites, such as spleen, is not dependent on

direct pathogen sensing by the HSPCs but rather results

from the secretion of granulocyte colony-stimulating fac-

tor (G-CSF) by the endothelial cells in the bone marrow

(BM) hematopoietic niche (Boettcher et al., 2014; Burberry

et al., 2014; Haas et al., 2015). The concomitant increase in

granulocyte differentiation in response to G-CSF and their

release to circulation serves to replace these short-lived cells

that are being recruited to the site of infection or inflamma-

tion. Moreover, BM myeloid cells will also signal back to

HSPCs by producing reactive oxygen species that will

further stimulate HSPC proliferation and differentiation

(Kwak et al., 2015; Zhu et al., 2017).

HSPCactivationgenerally corresponds tochanges inWNT

signaling activity, with the various intracellular signaling

pathwayspromoting either activationorquiescence (Abidin

et al., 2015; Lento et al., 2014; Staal et al., 2016; Sugimura
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et al., 2012). Different WNT signaling pathways have also

been linked to the regulation of inflammation: while the ca-

nonicalWNT/CTNNB1 (b-catenin) signaling appears to pro-

mote the secretion of pro-inflammatory cytokines in

response to LPS and to induce lung injury in sepsis (Gatica-

Andrades et al., 2017; Sharma et al., 2017), the prototypical

non-canonical ligandWNT5A has been shown to stimulate

phagocytosis and cytokine secretion bymacrophages (Maiti

et al., 2012),butalso topromote thedifferentiationof tolero-

genic dendritic cells (Oderup et al., 2013; Valencia et al.,

2011). Upregulation of G-CSF receptor (Csfr3) expression

by HSPCs in response to infection and the activation of

emergency granulopoiesis would also appear dependent

onCTNNB1-TCF/LEF signaling (Danek et al., 2020).Howev-

er, the precise role of non-canonical WNT signaling in

emergency myelopoiesis is not well established. We have

previously shown that the WNT/polarity receptor FZD6 is

necessary for efficient HSPC expansion after competitive

transplant and in response to LPS (Abidin et al., 2015), but

the underlying cellular and molecular mechanisms re-

mained unclear.

We now show here that FZD6 simultaneously protects

HSPCs and promotes their mobilization to the periphery

by a combination of cell-autonomous and stroma-depen-

dent mechanisms. Fzd6�/� HSPCs display an efficient im-

mediate-early response that cannot be sustained as cells

become rapidly exhausted and prone to necroptotic cell

death. Furthermore, they mobilize less efficiently to the

spleen and generate fewer progeny in situ in the BM.

Fzd6�/� BM environment contributes to the inefficient

response by producing large quantities of inflammatory cy-

tokines, such as tumor necrosis factor alpha (TNF-a) and
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Figure 1. FZD6-deficiency impairs LPS-induced HSC expansion
(A) Experimental design for LPS-induced emergency granulopoiesis.
(B) Representative flow cytometry data and gating strategy of LPS-treated BM HSPCs of Fzd6+/+ (WT) and Fzd6�/� (KO) mice at various time
points. BM cells were first gated on Lineage� (B220� CD3ε� CD11b� GR1� TER119�) and identified according to SCA-1 and c-KIT (CD117)
expression. Stem cell-like megakaryocyte progenitors (SL-MkP) were identified as CD41+ CD150+ within the Lineage� c-KIThi SCA-1+ (LSK)
population. HSC-like cells were defined as CD150+ CD16/CD32� CD41� LSKs. Numbers on the flow cytometry plots refer to the percentage of
cells in total BM (for LSKs) or within the LSK population (for SL-MkP and HSC-like cells). Graphs on the right show the numbers of different
subpopulations in the BM (two tibiae + two femora).
(C) Numbers of cells in BM LSK subpopulations as defined by CD150 and CD48 expression. See also Figure S1.

(legend continued on next page)
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interleukin (IL)-b. These results show that hematopoietic

FZD6 is required for normal emergency granulopoiesis

and lead us to propose that HSPC mobilization may actu-

ally promote their survival by removing them from an in-

flammatory BM microenvironment.
RESULTS

Initial HSPC response to LPS is intact in Fzd6�/� BM

Ourprevious data showed adecreased expansionof Fzd6�/�

CD150+ Lineage� SCA-1+ c-KIThi (LSK) HSPCs in the BMon

day3after thefirst injectionofLPS (Abidin et al., 2015). This

could be explained by defective LPS sensing or lack of HSPC

self-renewal, translating into exhaustion, cell differentia-

tion, or cell death. Tobetter discriminatebetween thesepos-

sibilities, we analyzed HSPC activation at earlier time

points, at 24 and 48 h after the first injection (Figure 1A).

There was no difference in the expansion of LSKs, CD150+

CD41+ stem cell-like megakaryocyte progenitors (SL-

MkP), or CD150+ CD41� hematopoietic stem cell (HSC)-

like LSKs on day 1 (Figure 1B), indicating that the initial

LPS sensing was likely not impaired by the absence of

FZD6. However, the decline in HSPC numbers following

the second injection was much more pronounced in the

Fzd6�/� BM, resulting in the overall deficit in CD150+

CD41� LSK number compared with Fzd6+/+ controls (Fig-

ure 1B). Interestingly, SL-MkP numbers were not signifi-

cantly reduced on day 3 (Figure 1B), suggesting functional

emergencymegakaryopoiesis (Haas et al., 2015). Similar re-

sults were also obtained when using CD150 and CD48 to

identify CD150+CD48� HSCs and CD48+ multipotent pro-

genitors (MPPs); there was no decrease in the number or

proportion of HSCs or MPPs in the Fzd6�/� BM on day 1,

but the number of CD150+CD48� HSCs as well as

CD150� CD48+ MPP3s were in sharp decline by day 3 in

Fzd6�/� mice (Figures 1C and S1). Once more, there was

no decrease in the number of megakaryocyte-biased

CD150+ CD48+ MPP2s. Together, these results indicate

that the Fzd6�/�HSPCs respond to the initial LPS challenge

at least as strongly as Fzd6+/+ controls. However, while the

second injection stabilizes HSPC numbers in Fzd6+/+ con-

trols, Fzd6�/� cells abruptly decline.

Althoughmost adult HSCs are usually in a quiescent state,

the proportion of cycling cells increases in response tomye-

loablation or the production of inflammatory cytokines,

such as seen in the emergency response to LPS (Baldridge
(D) Frequency of cells in different phases of cell cycle as defined by KI-
See also Figure S1.
(E) Representative cell cycle flow cytometry data for CD48� CD150+ HS
to the percentage of cells in each quadrant. All graphs represent mean
total of at least five mice per group. *p < 0.05, **p < 0.005, WT vers
et al., 2010; Liu et al., 2015; Pietras et al., 2016; Takizawa

et al., 2017; Wilson et al., 2008). The proportion of HSCs

in G0 decreased quite significantly in Fzd6+/+ controls as

well as in Fzd6�/� mice in response to LPS (Figures 1D and

1E); however, the relative frequency of quiescent HSCs was

decreased in the Fzd6�/� BM at 24 and 72 h. There were no

significant differences in cell cycle status between Fzd6�/�

and Fzd6+/+ CD48+ MPPs (Figures 1D and S1). Together

with the decrease in cell numbers, these results point toward

an overactivation and potential exhaustion of HSCs rather

than inefficient expansion due to impaired LPS sensing.
Fzd6�/� BM HSPCs become functionally exhausted

after LPS stimulation

Analysis of HSPC subpopulations during inflammation is

hampered by altered expression of surface markers, such

as SCA-1, that may result in contamination of HSC and

MPP subsets by more committed myeloid progenitor cells

(Kanayama et al., 2020). Although our analyses exclude

FcgRII/III+ cells from the HSC-like cell population (Fig-

ure 1B), we wanted to determine whether Fzd6�/� HSPCs

were still able to contribute to hematopoiesis after LPS

stimulation using a three-way competitive transplant

setting to compare Fzd6�/� and Fzd6+/+ cells in the same re-

cipients (Figure 2A). Fzd6+/+ BM outcompeted unstimu-

lated control cells in the periphery, most likely due to the

increased frequency of HSPCs in the graft (Figure 2B). In

contrast, even though Fzd6�/� BM cells were provided in

excess to compensate for the decline of HSPCs on day 3,

Fzd6�/� HSPCs were unable to contribute to peripheral

blood reconstitution in short or long term (Figure 2B). It

must be noted that Fzd6�/� HSPCs are already at a compet-

itive disadvantage, as seen in PBS-injected controls (Fig-

ure 2C) and as we had previously reported (Abidin et al.,

2015). However, LPS stimulation accentuated the differ-

ence even further, resulting in Fzd6�/� cells being found

at 10- to 20-fold lower numbers in the recipient BM

compared with Fzd6+/+ donor cells at 16 weeks post trans-

plant (Figure 2C). These results provide further functional

support for the idea that Fzd6�/� HSPCs fail to recover

from LPS stimulation and become rapidly non-functional.
HSC exhaustion is dependent on Fzd6�/�

hematopoietic cells as well as Fzd6�/� stroma

Although repeated exposure to LPS can lead to HSC exhaus-

tion directly via TLR4 expression on HSCs themselves (Liu
67/Hoechst co-staining at different time points after LPS injection.

Cs at indicated time points. Numbers in the upper right corners refer
+ SEM, pooled from at least three independent experiments with a

us KO.
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Figure 2. LPS-stimulated Fzd6�/� BM HSCs
are functionally exhausted
(A) Experimental design.
(B) Peripheral blood analysis of SSChi GR1hi

granulocytes. Representative flow cytometry
data are shown on the left. Graph on the right
shows Fzd6+/+ (WT) and Fzd6�/� (KO) donor
contribution for individual mice at different
time points.
(C) Donor contribution (top) and number of
donor-derived cells (bottom) in the BM for
the different subpopulations. Bar graphs
represent mean + SEM with five mice per
group. **p < 0.005, WT versus KO.
et al., 2015; Takizawaet al., 2017), emergencygranulopoiesis

and LPS-induced extramedullary hematopoiesis in the

spleen are dependent on non-hematopoietic cells, such as

endothelial cells (Boettcher et al., 2012, 2014). Given that

Fzd6 expression has been reported in the BM stromal

compartment (Lento et al., 2013), we wished to evaluate
2306 Stem Cell Reports j Vol. 17 j 2303–2317 j October 11, 2022
whether the loss of HSCs in Fzd6�/� BM was due to func-

tional deficiencies in non-hematopoietic cells.We therefore

reconstituted irradiated Fzd6+/+ and Fzd6�/� recipient mice

with congenic (CD45.1+ CD45.2+) BM cells (Figure 3A) and

evaluated their emergency response 16 weeks after trans-

plant. We first confirmed that there was no difference in



Figure 3. Hematopoietic Fzd6 expression is sufficient to maintain emergency hematopoiesis and HSPC repopulation potential in
Fzd6-deficient environment
(A) Experimental design for primary and secondary transplants.
(B) Representative flow cytometry analysis of BM aspirates 16 weeks after transplant, showing the proportion of donor-derived BM HSPCs
(mean percentage within donor-derived cells).
(C) Peripheral blood analysis of recipient mice 16 weeks after transplant, showing the proportion of different blood cells within donor-
derived cells (overall peripheral blood chimerism was >95% for all recipients).
(D) Numbers of donor-derived HSPCs in the BM on day 3.
(E) Representative flow cytometry analysis of the BM of LPS-injected chimeras on day 3.
(F) Numbers of myeloid colonies derived from BM (top) and spleen (bottom) of LPS-injected chimeras on day 3.
(G) Peripheral blood analysis of recipient mice 16 weeks after secondary transplant, showing the proportion of different blood cells within
donor-derived cells (overall peripheral blood chimerism was >90% for all recipients).
(H) Peripheral blood donor chimerism in secondary recipients within GR1hi SSChi granulocytes at different times after transplant.

(legend continued on next page)

Stem Cell Reports j Vol. 17 j 2303–2317 j October 11, 2022 2307



the proportion of BM progenitor cells (Figure 3B) or periph-

eral blood cells (Figure 3C) before LPS injection. There was

also no difference in the proportion or number of BM

HSPCs between Fzd6+/+ and Fzd6�/� hosts on day 3 after

the induction of emergency myelopoiesis (Figures 3D and

3E), suggesting that Fzd6�/� stroma was able to sustain

both normal and emergency hematopoiesis from WT

HSPCs. Although there was a slight decrease in the number

of granulocyte-macrophage colony-forming units (CFU-

GM) obtained from the BM of Fzd6�/� recipients compared

with theirFzd6+/+ counterparts, thisdifferencewasnot statis-

tically significant (Figure3F).Wealsoobserveda correspond-

ing tendency toward an increase in the number of colonies

obtained from the spleen of Fzd6�/� hosts (Figure 3F). The

decrease in BM colony formation could thus be due to an

increased release of HSPCs to the periphery. Alternatively,

Fzd6�/� stroma may suppress differentiation of myeloid-

biased progenitors.

Given that increasedmobilization could lead to the loss of

BM HSCs with the ability to reconstitute secondary hosts,

we further transplanted BM cells isolated from LPS-injected

chimeras into congenic CD45.1+ recipients (Figure 3A). The

secondary recipients showed no evidence of differentiation

bias induced by Fzd6�/� environment (Figure 3G). More-

over, there was no decrease in donor chimerism within pe-

ripheral blood granulocytes, suggesting that BM cells recov-

ered from Fzd6�/� hosts had no major repopulation defects

(Figure 3H). Last, we also determined the frequency and

number of donor-derived HSPCs in the BM and observed

no major difference between cells derived from Fzd6+/+

and Fzd6�/� primary hosts (Figures 3I and 3J). These results

demonstrate that the Fzd6�/� environment alone is not suf-

ficient to induce defectiveHSC expansion and function dur-

ing LPS-induced emergency hematopoiesis. They rather

confirm our previous findings (Abidin et al., 2015), suggest-

ing that the defect is dependent on hematopoietic cells.

To confirm that the Fzd6�/� environment was not

required, we generated mixed chimeras (Figure 4A) using

an excess of Fzd6�/� hematopoietic cells to overcome their

decreased reconstitution efficiency (Abidin et al., 2015).

However, we did not see any major differences in BM

HSPC frequency or number between Fzd6+/+ and Fzd6�/�

donors after LPS injection (Figures 4B and 4C), suggesting

that either Fzd6�/� environment also played a major role

in the loss of Fzd6�/� HSPCs or modifications in endothe-

lial niches after irradiation and reconstitution altered

HSPC behavior (Chen et al., 2019).
(I and J) (I) Proportion of various HSPC populations within donor-deriv
of secondary recipients at 16 weeks post transplant. Data are pooled f
third independent experiment. Each individual dot represents one
represent mean +SEM (n = 6 for Fzd6+/+ and n = 8 for Fzd6�/� primary
differences were statistically significant.
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FZD6 promotes LPS-induced BM emergency

myelopoiesis

One potential explanation for decreased HSC expansion in

the Fzd6�/� BM could be their accelerated differentiation.

LPS injection induces a rapid release of neutrophil granulo-

cytes and inflammatory LY-6Chi monocytes from the BM,

followed by an upregulation of myeloid differentiation pro-

grams and a shutdown of B lymphopoiesis (Boettcher et al.,

2014; Liu et al., 2015). To evaluate the potential for acceler-

atedmyeloiddifferentiation inFzd6�/�mice,wedetermined

the number of granulocyte-monocyte progenitor cells

(GMPs; CD16/CD32+ c-KIT+ CD41� CD150� Lin�) at

different times after LPS injection. There was no difference

between Fzd6+/+ and Fzd6�/� BM at steady state (Figures 5A

and 5B), as we have previously published (Abidin et al.,

2017). Conventional SCA-1� GMPs peaked at 48 h and re-

turned back to baseline levels by 72 h (Figures 5A and 5B);

however, the peak numbers tended to remain lower in the

absence of FZD6. A similar trend could also be seen for

SCA-1+ emergency GMPs, which were still detectable in

Fzd6+/+ BM at 72 h, but whose numbers were approximately

3-fold lower in Fzd6�/� individuals (Figures 5A and 5B). The

initial release of myeloid cells from the BM was highly

similar in both groups, oncemore suggesting that the initial

LPS sensing was intact in the absence of FZD6. However,

there was a decrease in granulocyte and monocyte accumu-

lation in the Fzd6�/� spleen (Figures 5C and 5D), and the

surge of myeloid differentiation seen at 72 h in Fzd6+/+ BM

was absent in Fzd6�/� mice (Figure 5D). This was not due

to decreased proliferation of lineage-committed cells (Fig-

ure S2) or myeloid-biased MPP3s that include emergency

GMPs (Figure 1C). These results demonstrated that the

impaired emergency response in Fzd6�/� HSPCs was re-

flected in their downstreammyeloid progeny.

FZD6 is necessary for efficient HSC mobilization in

response to G-CSF

LPS-induced emergency granulopoiesis andHSPCmobiliza-

tion is largely mediated by G-CSF, secreted by endothelial

cells in response to TLR4-mediated signals (Boettcher et al.,

2012, 2014). Therefore, a deficient emergency response in

Fzd6�/� BM could be due to a decrease in G-CSF production

or an impaired reaction to G-CSF. Given that the Fzd6�/�

environment was able to support emergency hematopoiesis

fromWTHSPCs, the former possibility seemed unlikely.We

rather administered G-CSF intraperitoneally on three

consecutive days, and then analyzed HSPC activation and
ed cells and (J) absolute numbers of donor-derived HSPCs in the BM
rom two independent transplants, with similar results obtained in a
mouse, and horizontal lines represent sample mean. Bar graphs
hosts; n = 9 for both groups in secondary transplant). None of the



Figure 4. Fzd6-deficient BM environment
is required for the loss of Fzd6-deficient
HSPCs
(A) Experimental design for mixed BM chi-
meras.
(B) Representative flow cytometry data of
donor-derived HSPCs in the BM of LPS-treated
chimeric mice.
(C) Donor contribution (top) and number of
donor-derived cells (bottom) in the BM of
LPS-treated chimeric mice. Data are pooled
from two independent transplants, and
shown as mean + SEM (n = 8 for both groups).
None of the differences were statistically
significant.
mobilization to evaluate the potential of Fzd6�/� BMcells to

respond to G-CSF.

Therewas no difference in the relative proportion or abso-

lute number ofHSPC subsets in the BMbetween Fzd6+/+ and

Fzd6�/� mice (Figures 6A and 6B), suggesting that they were

able to respond toG-CSF-mediated activation. However, the

proportion of HSCs that were mobilized to the peripheral

blood was decreased in Fzd6�/� mice compared with con-

trols (Figures 6C and S3). This difference was even further

accentuated in the spleen, where the number of Fzd6�/�

HSCs was 2-fold lower after G-CSF treatment (Figure 6B). A

similar pattern was also seen for downstream MPPs (Fig-

ure 6B) and for myeloid and erythroid colony-forming cells

(Figure 6D), whose recruitment to the spleen was signifi-

cantly reduced in the absence of FZD6. These results indicate

that Fzd6�/� HSPCs become normally activated in the BM

but are then less efficiently mobilized to the periphery.

Inflammation promotes Fzd6�/� HSPC necroptosis

and prevents HSPC expansion

Our previous results after BM transplant suggested that

increased CTNNB1 activation could promote apoptosis in

expanding Fzd6�/� HSPCs (Abidin et al., 2015), and we

observed an increase in the frequency of cells with py-

knotic nuclei within Fzd6�/� HSPCs after G-CSF treatment
(Figure 6E). We thus hypothesized that the decreased accu-

mulation of Fzd6�/� HSPCs could be due to enhanced cell

death. We detected no CASP3 activation in HSPCs after

LPS injection, independent of genotype (Figure S4). How-

ever, pyknotic nuclei are associated not onlywith apoptosis

but also with necroptosis, a form of cell death induced by

inflammation.We used nuclear phospho-mixed lineage ki-

nase domain like pseudokinase (MLKL) as readout for early

necroptosis (Yoon et al., 2016), and observed an increase in

necroptosis in Fzd6�/� HSPCs in the BM but not in the

spleen (Figure 7A). Moreover, the frequency of necroptotic

HSPCs in the spleen was not increased by LPS injection

(Figure 7A), suggesting that BMHSPCs were more suscepti-

ble to inflammation-induced cell death.

The decrease in HSPC survival could be due to HSPC-

intrinsic loss of quiescence, as suggested by the cell cycle

analysis in Figure 1. An alternative, but notmutually exclu-

sive, explanation for the loss of Fzd6�/�HSPCs could be the

presence of myelosuppressive factors in the BM environ-

ment (Hockendorf et al., 2016; Pietras et al., 2016; Wagner

et al., 2019; Yamashita and Passegue, 2019). To address this

question, we analyzed the soluble factors present in freshly

harvested BM suspensions from LPS-treated Fzd6+/+ and

Fzd6�/� mice by protein arrays (Figures 7B and S5). We

divided these factors into three broad categories: (1)
Stem Cell Reports j Vol. 17 j 2303–2317 j October 11, 2022 2309



Figure 5. Decreased emergency myelopoiesis in Fzd6�/� mice
(A) Representative flow cytometry data and gating strategy for BM myeloid progenitor cells. Conventional GMPs were first gated on
Lineage� SCA-1� c-KIThi and then identified as CD16/CD32+ CD150� and CD41�. Emergency GMPs (eGMPs) were defined as CD16/CD32+

CD150� CD41� LSKs. Mean percentage for each cell subset is indicated within flow cytometry plots.
(B) Numbers of GMPs and eGMPs in Fzd6+/+ (WT) and Fzd6�/� (KO) mice at various time points. See also Figure S1.
(C) Representative flow cytometry data and gating strategy for myeloid cell subsets in the spleen. The same strategy was used for BM as
well. Neutrophil granulocytes were defined as SSChi GR1hi. LY-6Chi CD11b+ monocytes were selected within the ‘‘NOT granulocyte’’ popu-
lation. Mean percentage for each cell subset is indicated within flow cytometry plots.
(D) Numbers of GR1hi granulocytes and LY-6Chi monocytes in BM and spleen in Fzd6+/+ (WT) and Fzd6�/� (KO) mice at various time points.
See also Figure S2. All graphs represent mean + SEM pooled from at least three independent experiments with a total of at least five mice per
group. *p < 0.05, **p < 0.01, ***p < 0.001, WT versus KO.
chemokines upregulated in both groups, such as CCL2 and

G-CSF; (2) cytokines and chemokines, including most

myeloid growth factors, that were not significantly altered

in either group; and (3) factors that were preferentially up-

regulated in Fzd6�/� mice. The last group included IL-1,

TNF-a, IFN-g, and related factors (Figures 7B and 7C). To

determine the potential contribution of these factors in

suppressing HSPC expansion and myeloid differentiation,

we supplemented IL-3-containing culture medium with

BM plasma from control (BM PBS) or LPS-injected mice

(wild-type [WT] LPS, knockout [KO] LPS) and evaluated
2310 Stem Cell Reports j Vol. 17 j 2303–2317 j October 11, 2022
myeloid differentiation and c-KIT+ cell recovery. There

was no difference in the number of Fzd6+/+ c-KIT+ cells

recovered from cultures treated with BM plasma from con-

trol or LPS-injected mice (Figures 7D and S4). In contrast,

when Fzd6�/� cells were cultured with soluble factors

derived from LPS-injected mice, c-KIT+ cell recovery was

significantly decreased compared with Fzd6�/� cultures

exposed to PBS-injected controls, or compared with

Fzd6+/+ cells under the same conditions (Figures 7D

and S5). Inhibition of MLKL activity fully restored Fzd6�/�

c-KIT+ cell numbers (Figure 7D), while a pan-caspase



(legend on next page)
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inhibitor provided a milder recovery, suggesting that both

necroptosis and apoptosis may be involved. Moreover,

while using conditioned medium from LPS-stimulated

BM-derived macrophages (BMDMs), we saw that the

Fzd6�/� BMDM-conditioned medium was more effective

in suppressing colony formation in response to IL-3

(Figure 7E).

Collectively these results suggest that Fzd6�/� HSPCs

were more susceptible to necroptosis and that this

increased susceptibility to cell death was largely cell auton-

omous. It did not appear to be due to either overly strong or

inefficient activation of CTNNB1-TCF/LEF signaling, as

there was no significant difference in CTNNB1 phosphory-

lation on serine 552 between Fzd6+/+ and Fzd6�/� HSPCs

(Figure S4). In contrast, Fzd6�/�HSPCs stained less strongly

for phalloidin than their Fzd6+/+ counterparts in LPS-

treated BM (Figure S4), suggesting that FZD6 was necessary

for actin reorganization, which is one of the hallmarks of

non-canonical WNT signaling, and could thus also play a

direct role in HSPC motility.
DISCUSSION

Emergency myelopoiesis in acute infections serves to

replace short-lived myeloid cells that have been recruited

to peripheral tissues to counter the infectious agent. It can

be conceptually divided into three parts: (1) mobilization

of granulocytes andmonocytes from the BM, (2) activation

and mobilization of BM HSPCs, and (3) preferential differ-

entiation ofHSPCs intomyeloid cells. Each part is regulated

by a combination of signals from microbial products, im-

mune cells, and non-immune cells. We have examined

here the implication of WNT/FZD6 signaling in LPS-

induced emergency granulopoiesis. Our results show that

Fzd6�/� HSPC expansion, survival, andmobilization to pe-

ripheral bloodwere impaired. The defect was dependent on

hematopoietic cells as well as on Fzd6�/� stroma, and it

most likely stemmed from HSPC-intrinsic overactivation

anddefective actin reorganization combinedwithexcessive

production of inflammatory cytokines. These results sup-

port thehypothesis that non-canonicalWNTsignaling pro-

tects BMHSPCs from an overactive inflammatory response.
Figure 6. FZD6 promotes G-CSF-induced HSC mobilization to peri
(A) Representative flow cytometry data for LSKs and HSPC subsets as i
treated Fzd6+/+ (WT) and Fzd6�/� (KO) mice. Numbers within panels
(B) Numbers of HSPCs in the BM (top) and spleen (bottom) from PBS
(C) Relative frequency of HSCs in peripheral blood of PBS- and G-CSF
(D) Myeloid colony-forming assay from BM and spleen of G-CSF-treat
(E) Imaging flow cytometry analysis of pyknotic nuclei with condensed
bar graphs represent mean + SEM with three mice per group for PBS
pendent experiments. *p < 0.05, **p < 0.01.
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The impact of WNT signaling on HSPC proliferation and

self-renewal is dose dependent (Luis et al., 2011; Sugimura

et al., 2012). Moderate levels of canonical CTNNB1-depen-

dent signaling enhance HSC self-renewal and BM repopu-

lation (Lento et al., 2014; Luis et al., 2011), while sustained

CTNNB1 activity promotes myeloid proliferation and dif-

ferentiation but leads to HSC exhaustion (Hérault et al.,

2017; Luis et al., 2011; Scheller et al., 2006). Increased

WNT/Ca2+ signaling also results in HSC activation, loss of

quiescence, and functional aging (Florian et al., 2013; Sugi-

mura et al., 2012). Our previous data show that FZD6 is a

negative regulator of both CTNNB1 and WNT/Ca2+/

CDC42/JNK pathways (Abidin et al., 2015). Lack of FZD6

could thus result in loss of quiescence due to a decreased

HSC activation threshold. Our results herein indicate that

Fzd6�/�HSCs and progenitor cells become readily activated

and enter cell cycle after LPS stimulation, but their capacity

tomaintain the response is impaired, and they become pre-

maturely exhausted. Fzd6�/�HSPCs weremore likely to ex-

press nuclear phospho-MLKL, a sign of early necroptosis,

and MLKL inhibition rescued Fzd6�/� c-KIT+ cell recovery

in culture. Necroptosis leads to the release of cellular com-

ponents known as death-associated molecular patterns.

Their recognition by immune cells stimulates the release

of inflammatory cytokines, such as TNF-a and IL-1b, which

may then further contribute to decreased HSPC function

and ultimately lead to BM failure (Hockendorf et al.,

2016; Pietras et al., 2016; Wagner et al., 2019; Yamashita

and Passegue, 2019). The combination of increased inflam-

mation and increased cell death in the Fzd6�/� BM is thus

likely to form a feedforward loop that leads to the loss of

HSCs with full repopulation capacity. Increased basal JNK

activity in Fzd6�/� cells (Abidin et al., 2015) could further

promote both necroptosis and LPS-induced inflammatory

response (Cao et al., 2018). Although we did not detect

caspase-3 activation in HSPCs from LPS-injected mice,

treatment with a pan-caspase inhibitor also partially

restored Fzd6�/� c-KIT+ cell numbers in culture. Apoptosis

and necroptosis may thus both contribute to the loss of

Fzd6�/� HSPCs in an inflammatory environment.

Circulating HSPCs have been suggested to patrol extra-

medullary tissues and have the capacity to either settle

down to differentiate or return to the BM (Massberg et al.,
pheral blood and spleen
dentified by CD150 and CD48 staining in the BM of PBS- and G-CSF-
represent mean percentage in total BM.
- and G-CSF-treated mice.
-treated mice. See also Figure S3.
ed Fzd6+/+ and Fzd6�/� mice.
chromatin as shown by morphology and DAPI staining intensity. All
and five per group for G-CSF-treated mice pooled from three inde-



Figure 7. Fzd6�/� BM environment is highly inflammatory in response to LPS and promotes HSPC necroptosis
(A) Imaging flow cytometry analysis of phospho-MLKL staining in BM and spleen HSPCs from Fzd6+/+ (WT) and Fzd6�/� (KO) mice.
Representative images are shown on top. Graphs represent the frequency of HSPCs with nuclear pMLKL staining.
(B) Analysis of soluble pro-inflammatory factors from BM of LPS-injected mice by protein array. Results are presented as ratio over naive
BM. Factors in bold show statistically significant differences between Fzd6+/+ and Fzd6�/�. See also Figure S5.
(C) Quantification of TNF-a and IL-1b from BM of PBS- and LPS-treated mice using ELISA.
(D) c-KIT+ cell numbers from IL-3-dependent colony assays in the presence of BM supernatants. Cells were treated with MLKL-inhibitor
(GW806742X) or a pan-caspase inhibitor (Q-VD-Oph). See also Figure S4.
(E) IL-3-dependent colony formation by WT BM progenitors in the presence of supernatants obtained from LPS-stimulated macrophages.
Graphs represent mean + SEM from at least three independent experiments with a total of at least five mice per group. *p < 0.05,
**p < 0.005, WT versus KO.
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2007). Upon stimulation with LPS, the increase in BM

G-CSF concentrations together with the concomitant

decrease in CXCL12 will accentuate HSPC and granulocyte

release into circulation (Boettcher et al., 2014), but the

functional importance of HSPCmobilization in emergency

hematopoiesis is still unknown. Fzd6�/� BM HSPCs were

maintained after G-CSF administration, but their decreased

accumulation in peripheral blood and spleen suggests that

their mobilization was impaired. This mobilization defect

could be HSPC intrinsic or dependent on the environment.

We detected no deficit inG-CSF production, and our results

with chimericmice suggest that Fzd6�/� radioresistant cells

promote mobilization at least as efficiently as Fzd6+/+ BM.

The number of myeloid colony-forming cells recovered in

the spleen was slightly higher in Fzd6�/� mice reconsti-

tuted withWTBM compared with control chimeras, which

supports the capacity of Fzd6�/� stromal cells to sustain

mobilization. The initial release of Fzd6�/� myeloid cells

was also normal on day 1. Collectively, these observations

indicate that the defect is restricted to Fzd6�/� HSPCs,

although we cannot exclude the potential contribution of

an intact Fzd6�/� stroma or BM cells of hematopoietic

origin. Fzd6 is most strongly expressed in HSPCs, with rela-

tively low levels in most mature immune cells. However,

although Fzd6�/� hematopoietic cells were not sufficient

to induce HSPC death in chimeric mice, the presence of

increased amounts pro-inflammatory cytokines, such as

TNF and IL-1b, in Fzd6�/� BM suggest that they also

contribute to the feedforward mechanism.

WNT5a/CDC42-mediated F-actin reorganization regu-

lates HSPC adhesion and migration toward CXCL12

(Schreck et al., 2017), and we have previously reported

enhanced CDC42 clustering in Fzd6�/� HSPCs (Abidin

et al., 2015). Fzd6�/� cells displayed decreased phalloidin

staining in response to LPS in vivo, suggesting that their

actin reorganization was altered. It is thus conceivable

that FZD6 directly influences HSPC mobilization by regu-

lating their association with BM niches. Although we

cannot exclude the contribution of cell death to the

decreased numbers of HSPCs found in the periphery, the

fact that we do not see any decrease in the number of

BM HSPCs between G-CSF-treated Fzd6�/� and Fzd6+/+

mice supports the thesis of a true mobilization defect.

There is no accumulation of HSPCs in the BM of G-CSF-

treated mice, indicating that they are mostly released to

the circulation and then migrate to the spleen. If Fzd6�/�

HSPCs were to simply undergo cell death without any

mobilization defect, we would expect to see at least a ten-

dency toward fewer cells in the BM. Instead, we observe

comparable colony formation and cell numbers.

Decreased mobilization of Fzd6�/� HSPCs during LPS-

induced inflammation could thus increase their exposure

to pro-inflammatory cytokines and reactive oxygen spe-
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cies present in the BM (Ito et al., 2006; Matatall et al.,

2016; Pietras et al., 2016; Zhu et al., 2017) and contribute

to their decreased expansion, function, and survival.

Interestingly, HSPC survival in the spleen was much bet-

ter than in the BM, irrespective of genotype, suggesting

that HSPC mobilization during emergency hematopoiesis

directly contributes to their survival.

The overall role of WNT signaling in the polarization of

the immune response depends on the model system as

well as the cell of origin. For example, WNT5a has been

shown to enhance pro-inflammatory cytokine secretion

by peritoneal macrophages in vitro (Maiti et al., 2012), but

its reported in vivo effects vary from tolerogenic to bacteri-

cidal (Bergenfelz et al., 2012; Jati et al., 2018; Valencia et al.,

2011). In contrast, WNT4, another putative ligand for

FZD6 (Heinonen et al., 2011), has been linked to type 1 dif-

ferentiation in dendritic cells (Hung et al., 2019), but its

expression protects BM from age-associated or LPS-induced

inflammation (Hetu-Arbour et al., 2021; Yu et al., 2014).

Our results suggest that FZD6 ismore likely to play a tolero-

genic role, at least in the context of sterile, LPS-induced

inflammation, and pharmacological activation of FZD6

could thus be an interesting option for limiting systemic

inflammation. However, response to LPS does not predict

susceptibility to infection (Fensterheim et al., 2017), and

it would be necessary to verify the importance of FZD6

signaling in sepsis, for example, by using infectious

models.

In summary, we have shown here that FZD6 not only

protectsHSPCs during LPS-induced emergency hematopoi-

esis from inflammation-induced cell death but also en-

hances their mobilization to the periphery. Collectively

these data are in line with previous results demonstrating

that non-canonical WNT signaling protects BM HSPCs

from undue activation. They further prompt us to hypoth-

esize that mobilization may serve to promote HSPC sur-

vival during BM inflammation.
EXPERIMENTAL PROCEDURES

Mice
C57BL/6 (B6; CD45.2+) and B6.SJL-PtprcaPep3b/BoyJ (Ly5a)

(B6.SJL; CD45.1+) mice were purchased from The Jackson Labo-

ratory (Bar Harbor, ME). Fzd6�/� mice were first backcrossed

onto C57BL/6 background and maintained as Fzd6+/� inter-

crosses as previously detailed (Abidin et al., 2015). Mice were

kept under specific pathogen-free conditions in sterile ventilated

racks at the animal facility of Institut National de la Recherche

Scientifique (INRS). Sex-matched Fzd6+/+ littermates were used

as controls. All mice used for the experiments were between 7

and 12 weeks of age. All procedures involving animals were

done according to the Canadian Council on Animal Care guide-

lines and approved by the Comité institutionnel de protection

des animaux of INRS.



Transplantation assays
Total BM cells were injected intravenously via the lateral tail

vein into lethally irradiated (two times 450 rad) congenic recip-

ient mice. For secondary transplants, 5 3 106 total BM cells

from pooled primary recipients were injected into lethally irra-

diated B6.SJL (CD45.1+) secondary recipients. Blood was

collected from the mandibular vein every 4 weeks to determine

peripheral donor chimerism by flow cytometry. BM and spleen

reconstitution were evaluated 16–20 weeks after transplant.

Further details of the various transplant assays can be found

in the figures.

LPS and G-CSF injections
Mice were injected intraperitoneally with g-irradiated LPS (Escher-

ichia coli 0111:B4; Sigma-Aldrich, Oakville, ON, Canada) twice

with a 48-h interval at a dose of 1 mg/kg body weight (Fzd6�/�

and Fzd6+/+ mice) or 0.5 mg/kg body weight (chimeras) per injec-

tion. Mice were euthanized at indicated time points with CO2

and their BM and spleen harvested for analysis.

Recombinant murine G-CSF (Stem Cell Technologies, Vancou-

ver, BC, Canada) was injected intraperitoneally for three consecu-

tive days at a dose of 25 mg permouse per day. Peripheral bloodwas

collected 24 h after last injection by cardiac puncture under isoflur-

ane-induced anesthesia into EDTA tubes. Mice were then eutha-

nized and their BM and spleen harvested for analysis.

Flow cytometry
BMwas harvested by flushing femora and tibiaewith sterile PBS us-

ing a 25-gauge needle to obtain a single cell suspension. Spleenwas

ground in PBS with a sterile plunger and cell suspension passed

through a 100-mm filter mesh. PBS was supplemented with 0.1%

BSA and 0.5 mM EDTA for flow cytometry staining. See Table S1

for a complete list of antibodies. For intracellular staining, sur-

face-stained cells were fixed and permeabilized using the Foxp3

staining kit (eBioscience, San Diego, CA) and then incubated

with appropriate antibodies. For cell cycle analysis, cells were first

incubated for 30 min at 37�C with Hoechst #33342 (Sigma-

Aldrich) in DMEM supplemented with 10% Premium FBS (Wisent

Bioproducts, St-Bruno, QC, Canada) and 1 mM HEPES (Life Tech-

nologies, Burlington, ON, Canada), followed by staining with

surface antibodies and intracellular anti-Ki67 as described above.

Samples were acquired with a four-laser LSR Fortessa flow cytome-

ter (BD Biosciences, Mountain View, CA) and analyzed using BD

FACSDiva software (BDBiosciences) or FlowJo (for histogramover-

lays; Tree Star).

Imaging flow cytometry
BM cells were first enriched for HSPCs using EasySep Mouse He-

matopoietic Progenitor Cell Isolation Kit (catalog, 19856, Stem

Cell Technologies, Vancouver, BC), and then stained with surface

antibodies, after which stained cells were fixed and permeabilized

as described above before staining with anti-phospho-MLKL (Ab-

cam, Cambridge, UK). Finally, cells were stained with DAPI (Life

Technologies), and image acquisition was performed with Amnis

ImageStream Mark II imaging flow cytometer (Luminex, Austin,

TX). Raw data were analyzed with IDEAS v6.1 software for co-

localization.
BM-derived macrophage cultures
BM suspension was prepared in sterile HBSS (Life Technologies)

and 1.5 3 106 cells were plated in 10 mL of DMEM (Life Tech-

nologies) supplemented with 10% Premium FBS and 20%

L929-conditioned medium in non-adherent Petri dishes as pre-

viously described (Heinonen et al., 2006). The cultures were

incubated at 37�C, 5% CO2 for 7 days with a full medium

change on day 4. Macrophages were harvested with PBS/EDTA

on day 7, seeded at 1.2–1.5 3 106 cells/well in DMEM/10%

FBS in a six-well plate, and stimulated with 100 ng/mL LPS for

24 h. Supernatants were collected by centrifugation and stored

at �80�C until use.
Colony-forming unit assays
Freshly isolated BM cells were diluted in Iscove’s modified Dulbec-

co’s medium (IMDM) (Life Technologies) containing 10% Pre-

mium FBS, and seeded into 35-mm non-adherent Petri dishes in

semi-solid methylcellulose medium at a concentration of 104

cell/dish. Dishes were incubated at 37�C, 5% CO2 for 7–10 days,

and colonies were counted based on morphology under an in-

verted microscope.

Methocult GF M3434 (Stem Cell Technologies) was used for

standard myeloerythroid CFU assays. For growth inhibition

and to evaluate necroptosis and apoptosis, base methylcellulose

medium (Methocult GF M3231; Stem Cell Technologies) was

supplemented with 10 ng/mL recombinant IL-3 (Peprotech,

Rocky Hill, NJ) and 20% conditioned culture medium or BM

supernatant collected from Fzd6�/� or Fzd6+/+ mice as indicated.

Cultures were further supplemented with 100 ng/mL LPS,

100 ng/mL TNFa (Peprotech, Rocky Hill, NJ), 100 nM

GW806742X, 10 mM Q-VD-OPh, or 500 nM BV6 Calbiochem

(Millipore Sigma) as indicated. Cells were recovered by

diluting methylcellulose in PBS and analyzed by flow cytometry

on day 10.
BM cytokine/chemokine analysis
BM supernatant was collected by harvesting cells from both hind

legs in 2 mL of sterile PBS. Cells were removed by centrifugation,

and the supernatant aliquoted, snap-frozen, and stored at �80�C
until use. Conditioned culture medium from LPS-treated macro-

phages was collected and stored at �80�C until use. Supernatants

were pooled from at least four mice per sample and analyzed using

a membrane-based proteome profiler mouse cytokine/chemokine

array kit (R&D Systems). Array images were further analyzed using

the NIH ImageJ image analysis software. Samples were normalized

by subtracting pixel intensities from negative controls, and the

fold changes for treated mice were determined as a ratio over un-

treatedmice of the same genotype. TNF-a and IL-1b concentration

in BM supernatant was determined using respective mouse cyto-

kine ELISA kits (R&D system) following the manufacturer’s

procedures.
Statistical analysis
Two-tailed Student’s t testwas used to compare Fzd6�/� and Fzd6+/+

mice unless otherwise specified. p value <0.05 was considered

significant.
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pata, A.G., Vicente, Á., Varas, A., and Sacedón, R. (2011). Wnt5a

skews dendritic cell differentiation to an unconventional pheno-

type with tolerogenic features. J. Immunol. 187, 4129–4139.

Wagner, P.N., Shi, Q., Salisbury-Ruf, C.T., Zou, J., Savona, M.R., Fe-

doriw, Y., and Zinkel, S.S. (2019). Increased Ripk1-mediated bone

marrownecroptosis leads tomyelodysplasia and bonemarrow fail-

ure in mice. Blood 133, 107–120.

Wilson, A., Laurenti, E., Oser, G., van der Wath, R.C., Blanco-Bose,

W., Jaworski,M., Offner, S., Dunant, C.F., Eshkind, L., Bockamp, E.,

et al. (2008). Hematopoietic stem cells reversibly switch from

dormancy to self-renewal during homeostasis and repair. Cell

135, 1118–1129.
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