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SUMMARY
Severe infection can dramatically alter blood production, but the mechanisms driving hematopoietic stem and progenitor cell (HSC/

HSPC) loss have not been clearly defined. Using Ixodes ovatus Ehrlichia (IOE), a tick-borne pathogen that causes severe shock-like illness

and bonemarrow (BM) aplasia, type I and II interferons (IFNs) promoted loss of HSPCs via increased cell death and enforced quiescence.

IFN-ab were required for increased interleukin 18 (IL-18) expression during infection, correlating with ST-HSC loss. IL-18 deficiency

prevented BM aplasia and increased HSC/HSPCs. IL-18R signaling was intrinsically required for ST-HSC quiescence, but not for HSPC

cell death. To elucidate cell death mechanisms, MLKL- or gasdermin D-deficient mice were infected; whereas Mlkl�/� mice exhibited

protected HSC/HSPCs, no such protection was observed in Gsdmd�/� mice during infection. MLKL deficiency intrinsically protected

HSCs during infection and improved hematopoietic output upon recovery. These studies define MLKL and IL-18R signaling in HSC

loss and suppressed hematopoietic function in shock-like infection.
INTRODUCTION

Hematopoietic stem and progenitor cells (HSC/HSPCs) are

a rare population of cells in the bone marrow (BM) respon-

sible for maintaining the production of blood cells

throughout an organism’s lifespan. Microbial infection

can induce a state of demand-associated emergency hema-

topoiesis, characterized by increased production of

myeloid cells as well as activation and expansion of the

pool of HSC/HSPCs (Fuchs et al., 2019). While prolonged

HSC proliferation, as seen in chronic infection, can lead

to hematopoietic suppression via loss of HSC function (Bal-

dridge et al., 2010; Pietras et al., 2016; Zhang et al., 2016a),

acute demandsmay require HSC proliferation and differen-

tiation to generate cells required for effective control of

pathogen growth. Severe infections and trauma can induce

a profound expansion in HSPCs and are often associated

with hematopoietic dysfunction (Rodriguez et al., 2009;

Scumpia et al., 2010). The precise mechanisms regulating

HSC/HSPC function during acute shock-like illness are

not well understood. We utilized an in vivo model of

shock-like infection where emergency hematopoiesis is

stunted to investigate how HSC/HSPC and hematopoietic

suppression occurs during an acute infectious stress

response.

Humanmonocytic ehrlichiosis (HME) is a tick-borne dis-

ease caused by an obligate intracellular bacteria, Ehrlichia

chaffeensis or Ehrlichia muris-like agent (Tominello et al.,

2019). Ixodes ovatus Ehrlichia (IOE) induces severe illness

in mice and has been a model for understanding infec-
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tion-induced shock (Sotomayor et al., 2001; Tominello et

al., 2019). HME resembles septic shock, where severe

complications include cardiovascular failure, liver failure,

acute respiratory distress syndrome, and neurological com-

plications, often persisting and causing long-term issues for

patients (Ismail et al., 2010). In IOE infection-induced

shock, type I interferons (IFNs) are essential mediators of

pathology, mortality, and hematopoietic suppression

(Kader et al., 2017; Smith et al., 2018; Yang et al., 2015;

Zhang et al., 2014), and type IFN-I receptor (IFNAR) signals

drive HSPC cell death and limit HSC proliferation (Smith et

al., 2018).

HSCs exist in a quiescent state that preserves their self-

renewal capacity and prevents exhaustion (Blank and

Karlsson, 2015). In models of sterile inflammation, tran-

sient, acute IFN-a induced proliferation of typically quies-

cent HSCs in vivo (Essers et al., 2009). However, chronic

IFN-ab exposure induced by repetitive injections of polyi-

nosinic:polycytidylic acid caused BM aplasia associated

with increased IFNAR-dependent apoptosis (Pietras et al.,

2014). Chronic type I IFNs were also associated with tran-

sient proliferation of HSCs and their re-entry into a quies-

cent state was protective against IFN-ab-mediated

apoptosis (Pietras et al., 2014). Similar to sterile inflamma-

tion, viral infection was shown to drive IFN-ab-dependent

depletion of hematopoietic progenitors revealing a key role

of type I IFNs in infection-induced cytopenias (Binder et al.,

1997), although the precise mechanisms driving HSPC loss

were not elucidated. In the context of IOE infection we

demonstrated that type I IFN-dependent hematopoietic
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suppression was associated with enhanced HSC quiescence

and cell death (Smith et al., 2018). Similar to type I IFNs,

type II IFN (IFN-g) can induce transient activation of

dormant HSCs in the context of infection (Baldridge et

al., 2010; MacNamara et al., 2011). Therefore, the context

and duration of IFN exposure can impact HSC/HSPC

function in a variety of inflammatory and infectious

conditions.

Microbial infection can drive HSC/HSPC loss via pro-

foundly different mechanisms relative to sterile inflamma-

tion, including distinct cell death programs. Type I IFNs

induce caspase-dependent apoptosis in sterile inflamma-

tion (Pietras et al., 2014). During infection with Ehrlichia

and other intracellular pathogens, however, type I IFNs

positively regulate both canonical and non-canonical in-

flammasome activation (Kader et al., 2017; Yang et al.,

2015), which is associated with pyroptotic cell death and

increased levels of pro-inflammatory, inflammasome-

dependent cytokines, including IL-1 and IL-18. Further-

more, during IOE infection IFNAR-dependent RIPK1

activity profoundly reduced HSPCs (Smith et al., 2018).

RIPK1 can drive cell death via apoptosis, pyroptosis, or nec-

roptosis (Malireddi et al., 2020; Wallach et al., 2016), and

precise cell death pathways leading to HSC/HSPC loss dur-

ing IOE infection have not been identified.

IL-18 is amember of the IL-1 cytokine family and, like IL-

1b, is translated as an inactive precursor and processed into

an active form by caspase-1 (Dinarello et al., 2013).

Elevated serum or urine concentrations of IL-18 have

been linked to poor patient outcomes in clinical models

of inflammatory and shock disorders (Gupta et al., 2021;

Nowarski et al., 2015; Parikh et al., 2005; Sirota et al.,

2013; Tao et al., 2020; Tsoukas et al., 2020), although it is

unclear whether IL-18 is a correlate of severe disease or

plays an active role in pathogenesis. IL-18 signals via a het-

erodimeric receptor, comprised of the ligand-binding a

chain and the co-receptor (b chain) which together form

a high-affinity complex. IL-18 biological availability is

regulated both by caspases, which cleave and activate IL-

18 (Wallach et al., 2016), and IL-18 binding protein (IL-

18BP), which binds to free IL-18 and prevents binding to

IL-18R (Dinarello et al., 2013). Expression of the a subunit

of IL-18 receptor (IL-18Ra) was found on short-term HSCs

(ST-HSCs), and in a model of radiation-induced injury IL-

18 limited ST-HSC proliferation (Silberstein et al., 2016).

IL-18 has been shown to impact immune function by

enhancing IFN-g production, although how it may impact

hematopoiesis during infection has not been explored.

We found that, during acute IOE infection, type I IFNs

drive pathogenesis and BM aplasia via both IL-18 signaling

and mixed lineage kinase domain, like pseudokinase

(MLKL). Type I IFNs were required for increased IL-18 pro-

duction, and at the same time, IFN-gR was necessary for
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increased IL-18Ra expression on HSPCs during infection.

Whereas IL-18R signaling was intrinsically required for pro-

moting HSC quiescence during acute IOE infection, IL-18R

was not directly responsible for increased cell death. Using

mice lacking gasdermin D (GSDMD), the effector of

pyroptosis, orMLKL, a pore-formingprotein that drives nec-

roptosis, we identify a cell-autonomous role for MLKL in

HSC/HSPC loss during IOE infection. Our data reveal mech-

anistic insights to the precise pathways driving HSC/HSPC

loss during infection that result in reduced hematopoietic

activity during recovery. Targeting IL-18 and/or necroptosis

may improve hematopoiesis in the context of shock-like

infection and enhance recovery from severe illness.
RESULTS

Both type I and type II IFNs contribute to HSC/HSPC

loss during IOE infection

During lethal shock-like ehrlichial infection caused by IOE,

profound BM aplasia and HSPC loss is observed, and we

previously defined a key role for type I interferons (IFN-

ab) in this process (Pietras et al., 2014; Smith et al., 2018).

Type II interferons have also been shown to activate quies-

cent HSCs in a context of chronic infection (Baldridge et

al., 2010). As mice lacking the receptor for type I IFNs

(Ifnar�/�) upregulated IFN-g during acute IOE infection

(Smith et al., 2018; Zhang et al., 2014) we next tested

how IFN-g deficiency alone or in combination with IFNAR

deficiency impacted hematopoiesis during IOE-induced

shock. Double knockouts for both type I and II IFNs

(Ifnar�/�;Ifngr�/�) exhibited improved total BM and HSPC

(Lin�, cKit+) cell numbers, relative to wild-type (WT)

mice and single Ifngr�/� and Ifnar�/� mice (Figures 1A and

1B). Long-term (LT) HSCs (Lin�, cKit+, CD135�,

CD150+, CD48�) were significantly reduced in WT mice

compared with IOE-infected strains lacking either Ifngr�/�

or Ifnar�/�, although Ifnar�/�;Ifngr�/� exhibited complete

protection from LT-HSC loss (Figures S1A, and 1C). ST-

HSC (Lin�, cKit+, CD135�, CD150�, CD48�) loss induced

by IOE infection appeared to require type I IFNs as both

Ifnar�/� and Ifnar�/�;Ifngr�/� strains showed similar ST-

HSC numbers in mock- and IOE-infected conditions (Fig-

ure 1D). Ifnar�/� and Ifnar�/�;Ifngr�/� exhibited improved

survival at 50% and 90%, respectively (Figure S1B), sup-

porting a dominant role for type I IFNs in host mortality.

Multipotent progenitor populations (MPPs) are more pro-

liferative and committed to specific lineages, relative to

HSCs. MPP3s showed little strain-dependent protection

and were reduced significantly during infection, whereas

MPP2s and MPP4s were significantly protected against

infection-induced loss in the absence of IFNAR-dependent

signaling (Figures S1C–S1E). Therefore, both type I and II



Figure 1. HSC and progenitor cell loss during infection depends on both type I and II IFNs
Mice were infected with 105 copies of IOE and bone marrow (BM) was analyzed day 7 post-IOE infection (dpi).
(A) Total BM cellularity is shown for WT, Ifngr�/�, Ifnar�/�, and Ifnar�/�;Ifngr�/� mice.
(B) The absolute numbers of total hematopoietic progenitors (HSPCs; Lin� cKit+) is shown.
(C and D) (C) Long-term (LT)-HSCs and (D) short-term (ST)-HSCs of mice that were mock or IOE infected, n = 4–9 mice/group. *p < 0.05,
**p < 0.001, ***p < 0.0001, ****p < 0.00001 (see Figure S1).
IFNs contribute to hematopoietic suppression during IOE

infection.

IFNs regulate HSC quiescence during infection

We previously established that IFNAR signaling was

required for infection-induced quiescence of LT-HSCs,

although enforced quiescence was not due to direct type

I IFN signaling in HSCs (Smith et al., 2018). We next

compared HSC quiescence at steady state and 7 days

post-IOE infection (dpi) by staining cells for intracellular

Ki-67 and DNA content to identify cell-cycle stages

among phenotypic HSCs (Figure 2A). In IOE-infected

Ifnar�/� and Ifnar�/�;Ifngr�/� mice we observed fewer

quiescent G0 (DAPIlo and Ki-67�) LT- and ST-HSCs as

compared with their WT and Ifngr�/� counterparts (Fig-

ures 2B and 2C). In addition, we noted that, in steady-

state mice lacking both type I and II IFN receptors, ST-

HSCs were more active, demonstrating a role for IFNs in

maintaining dormancy of HSCs. To determine if type I

and II IFNs impacted HSPC death differently during acute

IOE infection we performed flow cytometry on BM and

stained for Annexin V, a marker of regulated cell death,

and 7AAD (7-aminoactinomycin) to detect dead cells (Zar-

garian et al., 2017). WT mice experienced a significant loss

of live HSPCs after infection, and only Ifnar�/� mice
showed significant protection of HSPCs from cell death

compared with WT (Figure 2D).

HSCs can be activated directly by IFNs and inflammatory

cytokines, including type I IFNs, have been shown to acti-

vate inflammasomes in the context of infection (Kader et

al., 2017). To evaluate whether IFNs correlated with

changes in inflammasome-dependent cytokines and

HSC/HSPC loss during IOE infection we analyzed BM for

IL-1b and IL-18. IL-1b was significantly upregulated in

Ifngr�/� mice, but not in WT mice (Figure 2E). However,

increased IL-18 was seen in infected WT and Ifngr�/�

mice, but not in Ifnar�/� mice (Figure 2F), thus correlating

with reduced ST-HSCs in WT and Ifngr�/� mice. These data

suggested that IFNAR-dependent IL-18 production may

promote hematopoietic suppression during IOE infection.

Partial restoration of HSCs can be achieved by

blocking IL-18 receptor

Infection-inducedquiescence correlatedwith enhancedpro-

duction of IL-18, thus we next sought to determine if HSCs

could directly respond to IL-18. We analyzed expression of

the IL-18Ra subunit and found increased IL-18Ra expression

on HSC/HSPCs of IOE-infected WT and Ifnar�/� mice, but

not Ifngr�/� or Ifnar�/�;Ifngr�/� mice, demonstrating that

IL-18Ra expression is dependent on IFN-gR-mediated
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Figure 2. Type I and II IFNs promote HSC quiescence during infection
Mice were infected with 105 copies of IOE and BM was analyzed at 7 dpi.
(A) Representative flow cytometric staining of LT-HSCs identified in mock-infected (left panel) or IOE-infected (right panel) mice for cell-
cycle metrics depicting DNA content on the x axis and Ki-67 on the y axis.
(B) The percentage of G0 LT-HSCs in WT, Ifngr�/�, Ifnar�/�, and Ifnar�/�;Ifngr�/� is shown.
(C) The percentage of G0 ST-HSCs for each genotype as in (B) comparing mock- and IOE-infected mice; n = 3–13 mice/group.
(D) Cell death breakdown of HSPCs, n = 4–7 mice/group. (*) Denote statistic differences within a genotype and (#) denote statistic
differences between genotypes.
(E and F) BM protein levels of (E) IL-1b and (F) IL-18 is shown as normalized to total protein, n = 3–8 mice/group. *p < 0.05, **p < 0.001,
***p < 0.0001, ****p < 0.00001 (see Figure S2).
signaling (Figures S2A–S2C). To determine the impact of

blocking the IL18R-signalingaxisduringacute IOE infection,

WTmice were infected with IOE and treated with anti-IL-18

receptor (IL-18Ra) or isotype control antibodies, on days 4

and 6, and mice were sacrificed at 7 dpi (Figure 3A). Total

BM cellularity between the three groups was similar (Fig-

ure 3B) andwenoted that IOE induces a similar lossofHSPCs

in both the isotype and anti-IL-18Ra antibody-treated

groups (Figure 3C). However, the IOE infection-induced

loss of LT-HSCs and ST-HSCs was partially rescued by IL-

18Ra administration (Figures 3D and 3E). Moreover, LT-

and ST-HSC quiescence levels decreased with IL-18Ra

blockade (Figures 3F and 3G). To assess the efficacy of anti-

IL18Ra as a treatment option, wemeasured bacterial burden

byqPCRof the IOE gene dsb and found that bacterial burden

levels in the spleen of infected mice were not significantly

impacted (Figure 3H), suggesting that IL-18R signaling was

not required for bacterial clearance. To determine if blocking

IL-18Ra during infection impacted HSPC death we per-

formed flow cytometry on BM. Among the LT- and ST-HSC

populations, the frequency of 7AAD+ cells were reduced by
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IL-18Ra blockade (Figures 3I and 3J). Therefore, IL-18Ra

blockade partially protected HSCs from depletion during

IOE infection.

IL-18 induces BM hypocellularity and HSC/HSPC loss

We next examined a genetically modified IL-18-deficient

(Il18�/�)mousemodel. IOE-infected Il18�/�mice had signif-

icantly increased BM cellularity, relative to IOE-infectedWT

mice (Figure 4A). Il18�/� mice also exhibited increased

numbers of HSPCs after IOE infection, whereas a marked

infection-dependent depletion of these cells was observed

in WT mice (Figure 4B). LT- and ST-HSC numbers were

improved in infected Il18�/� mice compared with WT

mice (Figures 4C and 4D), demonstrating that IL-18 is detri-

mental to HSCs and MPPs (Figures S4A–S4C) during IOE

infection. We next investigated if increased BM cellularity

and improved HSC numbers correlated with changes to

HSC quiescence/proliferation. Whereas IOE infection pro-

moted an increase in quiescence, as determined by the

percent of cells in G0 (DAPIlo and Ki-67�), among HSCs in

WT mice, HSCs in Il18�/� mice exhibited very little change



Figure 3. IL-18R blockade preserves ST-HSCs and mitigates quiescence
WT (C57BL/6) mice were inoculated with 105 copies of IOE and BM was analyzed at 7 dpi.
(A) Model depicting treatment of WT mice with either IL-18Ra blocking antibody or an isotype control.
(B–E) Absolute cellularity of (B) BM, (C) HSPCs, (D) LT-HSCs, and (E) ST-HSCs at 7 dpi, n = 3–8 mice/group.
(F and G) The frequency of quiescent (F) LT-HSCs and (G) ST-HSCs, n = 3–8 mice/group.
(H) Bacterial burden in the spleen of IOE-infected mice treated with either isotype or anti-IL-18Ra, quantified by copies of the dsb gene.
(I and J) Cell death breakdown of (I) LT-HSC and (J) ST-HSCs stained with 7AAD and Annexin V in mock- or IOE-infected WT mice treated
with mock, isotype control, or anti-IL18Ra, n = 7–9 mice/group. *p < 0.05, **p < 0.001, ***p < 0.0001.
in G0 (Figures 4E and 4F). These data indicate that IL-18

limits HSC proliferation in the context of infection.

IOE infection is associated with robust RIPK1-dependent

cell death of HSPCs (Smith et al., 2018), thus we next inves-

tigated whether IL-18 contributed to HSPC loss via cell

death. WT mice had increased levels of cell death among

HSPCs, LT-HSCs, and ST-HSCs, relative to Il18�/� mice (Fig-

ures 5A–5D). Therefore, IL-18may contribute to reduced BM

cellularity via both increased cell death of HSC/HSPCs and

impaired proliferation. We hypothesized that IL-18 defi-

ciency may result in HSC/HSPC protection due to reduced

type I IFNs, so we measured IFN-a and IFN-b BM protein

levels by ELISA. IFN-a levels did not vary significantly in

either WT or Il18�/� mice (Figure S4D); however, the infec-

tion-induced increase in IFN-b was not observed in Il18�/�

mice (Figure S4E). This indicated that IL-18 deficiency may

confer protection via decreased type I IFN. Splenic bacterial

burden of Il18�/�micewas also slightly reduced (Figure S4F),

which suggested that Il18�/� mice were more resistant to

IOE infection, consistent with observations in IFNAR-defi-

cient mice (Smith et al., 2018; Zhang et al., 2014).

Cell-autonomous impacts of IL-18R signaling inHSCs/

HSPCs

To determine if IL-18 acted directly on HSC/HSPCs, we

generated WT:Il18r�/� mixed BM chimeras (Figure 6A). In
mixed BM chimeric mice, acute IOE infection caused an

overall decrease in HSPCs although no change in the pro-

portion of WT and Il18r�/� cells was noted (Figure 6B).

LT-HSC cellularity remained stable during infection and,

in contrast to our prediction, WT cells comprised a signifi-

cant proportion of this population (Figure 6C). The chime-

rism was even among ST-HSCs before infection, although

increased WT ST-HSCs were noted during infection (Fig-

ure 6D). The proportion of G0 LT-HSCs was similar among

both WT and IL-18R-deficient cells (Figure 6E). However,

among ST-HSCs we observed significant reduction in G0

Il18r�/� ST-HSCs, indicating a cell-autonomous role for

IL-18R in restricting ST-HSC proliferation (Figure 6F).

Similar levels of cell death were noted for HSPCs and ST-

HSCs, among both WT or Il18r�/� donor-derived cells,

whereas Il18r�/� LT-HSCs exhibited increased cell death

(Figures 6G–6I). Therefore, IL-18R is not intrinsically

required for HSC/HSPC cell death, but directly limits ST-

HSC proliferation.

To examine the functional consequence of IL-18R defi-

ciency on hematopoiesis we cultured BMCs from mixed

BM chimeras in methocellulose media to examine col-

ony-forming unit (CFU) potential. Hematopoietic progen-

itor cells will form colonies in methocellulose media, and

WT colonies were distinguished from Il18r�/� colonies by

GFP fluorescence (Figure 6J). In mock-infected conditions,
Stem Cell Reports j Vol. 16 j 2887–2899 j December 14, 2021 2891



Figure 4. IL-18 deficiency improves BM cellularity and protects against HSPC loss during infection
WT mice and Il18�/� mice were inoculated with 105 copies of IOE and BM was analyzed at 7 dpi.
(A and B) Total (A) BM and (B) HSPC cellularity of WT and Il18�/� mice, n = 5–9 mice/group.
(C and D) Absolute cellularity of (C) LT-HSCs and (D) ST-HSCs, n = 3–5 mice/group. (A–D) are mice from one representative experiment,
repeated 3 times with similar results.
(E and F) Cell-cycle breakdown of (E) LT-HSCs and (F) ST-HSCs, n = 6–8 mice/group. *p < 0.05, **p < 0.001, ***p < 0.0001, ****p <
0.00001 (see Figure S3).
Il18r�/� BMCs had significantly greater capacity for CFU

generation (Figure 6K). After IOE infection, however, we

noted a significant reduction in CFUs, although Il18r�/�

cells maintained a slight advantage over their WT counter-

parts. The striking increase in CFU capacity among Il18r�/�

cells was not due to an increase in HSCs or MPPs of this

genotype (Figures S3G–S3I) supporting a functional

impairment due to IL-18R signaling. Il18r deficiency re-

sulted in reduced ST-HSC quiescence during infection,

although CFU potential was greatly reduced, thus cell

death may have a greater impact on HSC/HSPC function-

ality during infection.

IOE infection-induced hematopoietic suppression is

rescued in the absence of MLKL

Type I IFNs were required for RIPK1-depedent cell death

during acute IOE (Smith et al., 2018), prompting our hy-

pothesis that necroptotic or pyroptotic cell death may

play a significant role in IOE-induced hematopoietic

suppression. To examine cell death pathways that promote

hematopoietic suppression during IOE we utilized mice

deficient in MLKL or GSDMD to target necroptotic and py-

roptotic effector proteins, respectively (Wallach et al.,

2016). Mlkl�/� mice showed slight protection of whole

BM cellularity while Gsdmd�/� BM cellularity was reduced,
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similar to WT mice (Figure 7A). Mlkl�/� mice also showed

increased HSPC numbers compared with WT and

Gsdmd�/� mice (Figure 7B). In Mlkl�/� mice LT- and ST-

HSCs were similarly protected against infection-induced

loss, compared with WT and Gsdmd�/� counterparts (Fig-

ures 7C and 7D). Mlkl�/� mice also had protected MPP2-

3s compared with WT mice, but they experienced a loss

of MPP4s (Figures S4A–S4C). GSDMD deficiency did not

confer protection to the hematopoietic compartment, sug-

gesting that pyroptotic cell death is not a major driver of

hematopoietic suppression during acute IOE infection.

We next generated mixed BM chimeras such that we

could determine whether intrinsic necroptotic cell death

of HSCs/HSPCs contributed to their loss during shock-like

infection. WT and Mlkl�/� donor BM were transplanted

into a lethally irradiatedWT host and, after a 6-week recon-

stitution period, theywere infected with IOE (Figure 7E). At

7 dpi we observed an overall dominance of Mlkl�/� cells

among BM cells (Figure 7F). Mlkl�/� donor cells also

comprised a majority of the HSPC pool in the mixed BM

chimeras, especially after infection (Figure 7G). LT-HSCs

and ST-HSCs consisted of almost exclusively MLKL-defi-

cient cells, regardless of infection state (Figures 7H–7I), sug-

gesting a cell-autonomous role for MLKL in limiting the

HSC population. Therefore, MLKL deficiency protects



Figure 5. IL-18 deficiency reduces cell death during infection
WT mice and Il18�/� mice were inoculated with 105 copies of IOE and BM was analyzed at 7 dpi.
(A) Representative flow plots of HSPCs stained for cell death markers.
(B–D) Cell death breakdown of (B) HSPCs, (C) LT-HSCs, and (D) ST-HSCs n = 6–7 mice/group. *p < 0.05, **p < 0.001.
HSC/HSPCs during IOE infection, and the impact of MLKL

on HSC/HSPC loss is direct. Protection of HSCs/HSPCs in

MLKL-deficient mice was not due to reduced type I IFNs,

as IFN-a and IFN-b levels were similar in WT and Mlkl�/�

mice (Figures S4D and S4E).

We next questioned whether targeting proliferation and/

or cell death improved hematopoietic output after IOE

infection, as we had observed with RIPK1 antagonism

(Smith et al., 2018). Thus, we infected cohorts of WT,

Il18r�/�, and Mlkl�/� mice and treated these mice with a

course of doxycycline to prevent lethal disease (Figure 7J).

MethoCult CFU assays revealed that IOE infection

impaired hematopoietic function in WT mice (Figure 7K).

While IL-18R-deficient mice also experienced reduced

CFU activity during recovery, this was not significant, as

seen in WT mice. However, MLKL deficiency completely

protected against infection-induced loss in CFU activity.

Thus, increased necroptotic cell death is an important

driver of impaired hematopoietic function during the re-

covery of severe infection. We propose a model wherein

IFN-ab signals directly on HSCs to induce cell death (Smith

et al., 2018), which proceeds via MLKL-dependent necrop-

tosis, and IFN-ab-dependent IL-18 signals on ST-HSCs to

enforce quiescence (Figure 7L). Together, both quiescence

and cell death contribute to BM aplasia and suppression

of HSC/HSPCs during acute IOE.
DISCUSSION

Shock-like disease caused by IOE infection induces similar

pathology to what is seen in sepsis and trauma, including

vascular leak, hepatic inflammation, and BM collapse (Is-

mail et al., 2010; Tominello et al., 2019), and defining
mechanisms that contribute to hematopoietic dysfunction

may identify targets for improving long-term outcomes of

shock-like illnesses. IOE infection drives profound BM hy-

pocellularity and hematopoietic suppression, and this is

abrogated in the absence of type I IFN (Smith et al.,

2018). We demonstrate specific roles for IL-18 and MLKL

in hematopoietic suppression, which may prove beneficial

to patient recovery as prolonged hematopoietic suppres-

sion is associated with poor outcomes in patients, likely

due to the failure tomobilize new cells in response to injury

and immune insults.

Quiescence is a hallmark of HSCs as it prevents stem cell

exhaustion (Blank and Karlsson, 2015), differentiation to

downstream progenitors (Pietras et al., 2015), and protects

HSCs from mutations acquired during cell division that

could lead to carcinogenic transformation (Walter et al.,

2015). HSCs can respond directly to inflammatory insults,

such as infection, however, and IL-1R-dependent signals

can activate LT-HSCs and reduce quiescence (Chavez et

al., 2021). Since type I IFNs can promote inflammasome

activation (Kader et al., 2017), we examined the impact

of IFNs and IOE on inflammasome-dependent cytokines,

IL-1b and IL-18. IL-1b was upregulated in the absence of

Ifngr�/� and did not correlate with changes in HSC quies-

cence. Our findings are consistent with previous work

demonstrating the negative regulatory role for IFN-g on

IL-1b release (Masters et al., 2010), and suggest that pro-

longed innate inflammatory responses contribute to pa-

thology in IOE infection. Elevated IL-18 during infection

correlated with both reduced HSPCs and a maintenance

of HSC quiescence during acute infection. IL-18 is an in-

flammatory cytokine that has been linked to ST-HSC quies-

cence during radiation-induced injury (Silberstein et al.,

2016). In these studies, IL-18 was found be produced by
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Figure 6. IL-18R directly regulates quiescence and indirectly induces cell death
WT hosts were lethally irradiated and transplanted with an equal ratio of WT (GFP) and Il18r�/� BM cells (BMCs).
(A) Model for the generation of WT: Il18r�/� mixed chimeras. Mice were inoculated with 105 copies of IOE and BM was analyzed at 7 dpi.
(B–D) The absolute cellularity of (B) HSPCs, (C) LT- HSCs, and (D) ST-HSCs of either WT or Il18r�/� donor origin in the BM of WT recipients,
n = 5–7 mice/group.
(E and F) The frequency of quiescent (E) LT-HSCs and (F) ST-HSCs in a mixed BM chimera setting.
(G–I) Cell death breakdown of (B) HSPCs, (C) LT-HSCs, and (D) ST-HSCs isolated from BM at 7 dpi in (G) HSPCs, (H) LT-HSCs, and (I) ST-
HSCs, n = 5–7 mice/group.
(J and K) (J) Graphic for generation of MethoCult assays, and (K) number of colonies per plate of either WT or Il18r�/� origin that
differentiated from mixed chimera BM in MethoCult media. *p < 0.05, **p < 0.001, ***p < 0.0001, ****p < 0.00001 (see Figure S3).
osteolineage cells and thought to act directly on HSCs,

limiting their proliferation. However, an indirect impact

of IL-18 on other cell types in the marrow could not be

ruled out. Therefore, we generated mixed BM chimeras,

containing both WT and Il18r�/� cells, that repopulated

the same marrow microenvironment. We determined

that IL-18 directly enforces ST-HSC quiescence at steady

state and during IOE infection, contributing to reduced

HSPC function and myeloid output.

Enhanced HSC quiescence in the context of acute

inflammation may limit hematopoietic function, but it

may also provide protection to HSCs. In the context of
2894 Stem Cell Reports j Vol. 16 j 2887–2899 j December 14, 2021
mixed BM chimeras, Il18r�/� cells were less quiescent and

exhibited robust CFU potential, relative to WT cells. How-

ever, IL-18R-deficient HSPCs exhibited reduced function

upon IOE infection, suggesting that enforced quiescence

was not the dominant driver of HSC/HSPC functional

loss during infection. Whereas IL-18R-driven quiescence

may be detrimental during acute infection by limiting

blood cell production, enforced quiescence may be benefi-

cial in long-term recovery by preventing cell death. IL-18

has been shown to induce apoptosis of various cell types

under inflammatory conditions (Finotto et al., 2004; Inoue

et al., 2020; Marino and Cardier, 2003). Leydig cells treated



Figure 7. IOE infection induces MLKL-dependent cell death
(A and B) Total (A) BM and (B) HSPC cellularity of WT, Mlkl�/�, and Gsdmd�/� mice at 7 dpi, n = 3–7 mice/group.
(C and D) Absolute cellularity of (C) LT-HSCs and (D) ST-HSCs, n = 3–7 mice/group.
(E) Model for the generation of WT: Mlkl�/� mixed chimeras.
(F–I) The absolute cellularity of (F) total live cells, (G) HSPCs, (H) LT-HSCs, and (I) ST-HSCs of either WT or Mlkl�/� donor origin in the BM
of WT recipients and overlaid percentages of each genotype, n = 4–8 mice/group.
(J) Model depicting IOE/mock infection of mice, followed by doxycycline or PBS treatment, and sacrifice at 12 dpi.
(K) Number of colonies per plate in WT, Il18r�/�, or Mlkl�/� mice after mock or IOE day 12 infection.
(L) Schematic of the mechanism elucidated during acute IOE wherein IFN-ab acts directly on HSCs to induce cell death via MLKL, while also
inducing IL-18, which signals on ST-HSCs to enforce quiescence. *p < 0.05, **p < 0.001, ***p < 0.0001, ****p < 0.00001 (see Figure S4).
with recombinant IL-18 had increased Fas receptor, and

cleaved caspases-3 and -8 (Inoue et al., 2020). Since we

had previously found IFNAR signaling was required for

IOE infection-induced HSC cell death (Smith et al., 2018),
we predicted that IL-18 may also induce cell death. In

contrast to this idea, however, WT:Il18r�/� mixed BM chi-

meras showed increased levels of cell death in Il18r�/� cells

compared with WT. It is possible that, in this shared
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environment, WT cells had an advantage due to their

quiescent state, rendering them less vulnerable to cell

death stimuli.

IL-18 is a pro-inflammatory factor associated with pa-

thology in various clinical contexts. IL-18 is increased in

the blood of patients with sepsis (Grobmyer et al., 2000),

COVID-19 (Tao et al., 2020), and hemophagocytic lympho-

histiocytosis or macrophage activation syndrome (MAS)

(Tsoukas et al., 2020). Elevated IL-18 levels in the urine of

patients experiencing kidney failure and are a strong indi-

cator of enhanced mortality following admittance to an

intensive care unit (Parikh et al., 2005). Mechanisms of

IL-18-dependent pathology in hyperinflammatory disor-

ders are still being investigated, but in a context of MAS,

excess IL-18 acts on T cells to drive CD8-dependent inflam-

mation (Tsoukas et al., 2020). A role for IL-18 in gut

dysbiosis has also been described where IL-18 equilibrium

controls barrier function during colitis (Nowarski et al.,

2015) and COVID-19 (Tao et al., 2020). IL-18 can induce

liver injury in the context of IOE infection (Yang et al.,

2015), but we extend our understanding of the broad ac-

tions of IL-18 by demonstrating a cell-autonomous role

for IL-18R signaling in regulating ST-HSC quiescence dur-

ing shock-like infection, whichmay be relevant in other in-

flammatory contexts.

Recently, the IL-18R signaling pathway has also been

identified as a target for cancer therapy. IL-18R and IL-

18BP are present in the tumor microenvironment, and

were found to suppress anti-tumor immunity. Enhancing

native IL-18R signaling via an engineered ‘‘decoy-resistant’’

IL-18, unable to bind IL-18BP, resulted in increased IL-18R-

dependent T cell activation that was beneficial for the host

to combat the tumor (Zhou et al., 2020). As recombinant

IL-18 therapies becomemore clinically relevant, it is impor-

tant to completely understand the impact of IL-18 in vivo,

particularly its impact on stem cells.

A central finding of our study is that IFNs coordinate IL-

18 signaling in HSPCs by regulating both IL-18 and its re-

ceptor. Ifnar�/� mice exhibited reduced BM protein levels

of IL-18 during IOE infection, and the infection-induced

increase of IL-18Ra on HSC/HSPCs required IFN-g

signaling. We also noted that Il18�/� mice showed reduced

BM protein levels of IFN-b, suggesting the presence of a

feedback loop where type I IFN enhances inflammasome

activity and processing of IL-18, and IL-18 may act as a

DAMP and upregulate type I IFNs (Martin, 2016). IL-18 is

known as an inducer of IFN-g (Dinarello et al., 2013),

but, somewhat paradoxically, Ifnar�/� mice exhibited

increased IFN-g despite having reduced IL-18 (Smith et

al., 2018; Zhang et al., 2014). While IFN-g was necessary

for pathogen control in Ifnar�/� mice, we found that it

was dispensable for survival (Zhang et al., 2014). Treating

Ifnar�/� mice with anti-IFN-g improved their survival
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(Zhang et al., 2014), and here in Ifnar�/�;Ifngr�/� mice we

observed nearly 100% survival, which was markedly

improved compared with Ifnar�/�mice. These data support

the notion that IFN-g plays a critical role in controlling bac-

terial burden, but also contributes to hematopoietic sup-

pression by regulating IL-18 receptor expression.

We previously showed that RIPK1 activity was necessary

for type I IFN-dependent HSC/HSPC loss and BM suppres-

sion (Smith et al., 2018). Our data suggested a potential

role for RIPK1-driven necroptotic cell death in HSPC loss

as treatment with necrostatin-1s profoundly protected the

HSPC compartment. RIPK1 can activate RIPK3, which phos-

phorylates MLKL, driving its conformational change and

oligomerization of MLKL into pores in the cell membrane

(Hildebrand et al., 2014). However, RIPK1 can also inhibit

RIPK3/MLKL-dependent necroptosis and instead promote

emergency hematopoiesis (Rickard et al., 2014). RIPK1

does not function solely in necroptosis (Wallach et al.,

2016), as RIPK1 can also sensitize cells to undergo apoptosis

or pyroptosis depending on cellular context and conditions

(Malireddi et al., 2020; Mandal et al., 2014; Zhang et al.,

2016b). Pyroptosis occurs via caspase-1 in systemic inflam-

matory disease, but it was ameliorated by IL-18 (Masters et

al., 2012). We found that Mlkl�/� mice have a significantly

protected hematopoietic compartment during infection.

This revealed that in WT mice, MLKL contributed signifi-

cantly to HSC/HSPC loss and loss of hematopoietic poten-

tial. It can be inferred that MLKL drives the loss of HSC/

HSPCs via necroptosis, an inflammatory form of cell death

involving the release of many different factors (Wallach et

al., 2016). Our studies are in agreement with those observa-

tions in a model of sterile inflammation induced by TNF-a

where transient HSC loss occurred via MLKL-dependent

necroptosis (Yamashita and Passegue, 2019).

Tick-borne infections in humans are often overlooked

due to vague, flu-like symptoms, and few sensitive diag-

nostic tests (Ismail et al., 2010; Tominello et al., 2019).

Without early antibiotic treatment, severe infection can

result in multi-organ failure (Ismail et al., 2010). Recovery

from shock-like infection is often slow, accompanied by

chronic illness and cognitive deficits (Hotchkiss et al.,

2016).

Our study identifies amechanism bywhich IFNs regulate

hematopoiesis during shock-like infection via IL-18R-

mediated quiescence of ST-HSCs. IL-18R deficiency directly

increases CFU capacity at steady state and during IOE infec-

tion, and blocking IL-18 or its receptor may be a potential

clinical treatment in conditions where myelopoiesis is

impaired. Furthermore, type I IFNs and IL-18 appear to op-

erate in a feedforward loop and blunting IL-18 signaling

may result in reduced type I IFNs, which could have impor-

tant implications in shock-like illness. Although enforced

quiescence during IOE appeared to contribute to reduced



HSC/HSPCs, increased proliferation alone was not suffi-

cient to rescue CFU capacity of Il18r�/� BMCs. Type I

IFNs also directly sensitized HSPCs to cell death (Smith et

al., 2018) and this led to the discovery that MLKL is the

key driver of HSC/HSPC loss during IOE infection. Our

findings suggest that necroptotic cell death contributes to

HSC/HSPC hypocellularity and results in long-term he-

matopoietic suppression. We previously showed that treat-

ment with necrostatin-1s, an RIPK-1 inhibitor, preserved

HSC/HSPCs during recovery from IOE infection (Smith et

al., 2018) and this correlated with improved control of bac-

terial burden. Together, our studies suggest that therapeutic

targeting of MLKL during acute shock-like disease may pre-

serve the hematopoietic compartment and improve overall

outcomes in patients recovering from severe infections.
EXPERIMENTAL PROCEDURES

Mice
C57BL/6 mice (B6NTac) and CD45.1 PepBoy (4007) were pur-

chased from Taconic (Petersburgh, NY). Il18 knockout (stock no.

004130), Il18ra gene knockout mice (004131), UBC-GFP

(004353), (Ifnar1)-receptor gene knockout (028288), Ifngr1-

knockout (003288), gasdermin d-deficient (032410), and IFN-ab re-

ceptor IFN-g receptor double knockout (029098), were purchased

from Jackson Laboratory (Bar Harbor, ME) and then bred in house.

Mlkl-deficient mice were a kind gift of Dr. James Murphy and bred

in house (Murphy et al., 2013). All experiments were approved by

Albany Medical College’s Animal Care and Use Committee.

Bacteria
IOE bacteria were obtained from splenocytes of infected mice, as

described previously (Zhang et al., 2014). Mice, aged 6–8 weeks,

both males and females, were inoculated via intraperitoneal (i.p.)

injection with IOE (1 3 105 copies) in 500 mL sucrose-phosphate-

glutamate (SPG) buffer. Mock-infected mice were i.p. injected

with an equivalent volume of SPG buffer. Bacterial burden in tis-

sues was determined by quantitative PCR for the IOE Dsb gene as

described (Zhang et al., 2014).

Cytokine quantification
BM cells were flushed from pelvi and homogenized manually with

a pestle in a buffer containing IGEPAL CA-630 and proteinase in-

hibitors. ELISA kits for IL-18 were purchased from Thermo Fisher

Scientific, and type I IFN ELISAs for IFN-a and IFN-b were pur-

chased from RayBiotech. To quantify many different cytokines

simultaneously, a Bio-Plex Pro Mouse Cytokine 23-Plex Luminex

assay from Bio-Rad was utilized. Results were normalized to total

protein concentration per sample, as determined using the Pierce

BCA kit.

BM processing and flow cytometry
BMwas flushed from femora and tibiae and then filtered through a

70 mm filter. Following red blood cell lysis, single-cell suspensions

were plated and stained. Data were collected on an LSR II or Sym-
phony flow cytometer (BD Biosciences) and analyzed using FlowJo

software (TreeStar). To determine levels of cell death, following

surface staining cells were stained with Annexin V according to

manufacturer’s guidelines (BioLegend). Immediately prior to anal-

ysis, 7AADwas added to samples for 5–10min, and then data were

acquired. Quiescence was determined by staining for Ki-67 and

quantifying DNA. In brief, after surface staining cells were permea-

bilized (BD Cytofix/Cytoperm), followed by intracellular staining

with Ki-67 (16A8 BioLegend), and 40,6-diamidino-2-phenylindole

(DAPI). DAPI was added to each sample 5–7min before acquisition

on the LSR II or Symphony (see Table S1).

Antibody neutralization
Mice were administered 75 mg/mouse of anti-IL-18Ra antibodies

(clone AF856; R&D Systems) or IgG2 isotype control antibody

via i.p. injection on days 4 and 6 post-infection.

Antibiotic treatment
Mice received 200 mg/mL doxycycline (i.p.) twice per day on days 6–

9 post-infection, and once per day 10–13 days post-infection.

Generation of mixed BM chimeras
Mixed BM chimeric mice were generated by first lethally irradi-

ating recipient mice (CD45.1 Pepbopy mice; 950 Rad, split-dose,

24 h apart), followed by adoptive transfer of a total of 10E6 whole

BM cells at a 1:1 ratio. BMwas resuspended in 13 PBS and injected

via the intravenous route. Recipients were allowed to reconstitute

their BM for 6 weeks, then screened to determine chimerism

(CD19, Gr-1, CD11b, Ly6C, Ter119). Mice were infected with

IOE as described above.

MethoCult assays
BM was harvested from hind limbs and single-cell suspensions

were plated in triplicate in MethoCult medium (STEMCELL Tech-

nologies, GF M3434) at a concentration of 2E4 cells/dish. Plates

were kept in an incubator at 37�C and 5% CO2 for 7–10 days until

CFUswere visible. CFUswere counted using a confocal lightmicro-

scope at 10–203 and using a spinning discmicroscope sensitive for

GFP when fluorescence detection was necessary.

Statistical analysis
Data were analyzed using GraphPad (version 7). Experiments with

three or more groups were analyzed by one ANOVA with Tukey

multiple comparison post-test, respectively. Experiments with

two groups were analyzed by two-tailed Student’s t test. Data are

depicted as mean ± standard error of the mean. *p < 0.05, **p <

0.001, ***p < 0.0001, ****p < 0.00001.
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