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The role of inflammation in
hematopoiesis and bone
marrow failure: What can we
learn from mouse models?
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1Division of Pediatric Hematology and Oncology, Department of Pediatrics and Adolescent
Medicine, Faculty of Medicine, University Medical Center Freiburg, University of Freiburg,
Freiburg, Germany, 2Faculty of Biology, University of Freiburg, Freiburg, Germany
Hematopoiesis is a remarkable system that plays an important role in not only

immune cell function, but also in nutrient transport, hemostasis and wound

healing among other functions. Under inflammatory conditions, steady-state

hematopoiesis switches to emergency myelopoiesis to give rise to the effector

cell types necessary to fight the acute insult. Sustained or aberrant exposure to

inflammatory signals has detrimental effects on the hematopoietic system,

leading to increased proliferation, DNA damage, different forms of cell death

( i .e. , apoptosis , pyroptosis and necroptosis) and bone marrow

microenvironment modifications. Together, all these changes can cause

premature loss of hematopoiesis function. Especially in individuals with

inherited bone marrow failure syndromes or immune-mediated aplastic

anemia, chronic inflammatory signals may thus aggravate cytopenias and

accelerate disease progression. However, the understanding of the

inflammation roles in bone marrow failure remains limited. In this review, we

summarize the different mechanisms found in mouse models regarding to

inflammatory bone marrow failure and discuss implications for future research

and clinical practice.
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Introduction

Steady-state hematopoiesis is identified as a hierarchically orchestrated and highly

regulated process from embryonic development to adulthood, to produce and replenish

the whole blood system from the bone marrow (BM). The hematopoietic homeostasis

relies on the division and self-renewing of the hematopoietic stem cells (HSCs) (1), with

enormous self-renewal capacities, that differentiate through the lineage-committed

progenitors to the different mature blood cells (2). However, severe systematic
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infections or injuries (e.g. sepsis, chronic inflammatory disease

or spinal cord injury) evoking inflammatory signals can give rise

to emergency hematopoiesis (3, 4). In this process, pathogens

can directly be sensed by pattern recognition receptors, such as

Toll-like receptors (TLRs) expressed on hematopoietic stem and

progenitor cells (HSPCs) (5). Signaling is then amplified by

inflammatory cytokines (interferons (IFN) and tumor necrosis

factor (TNF)) secreted at peripheral, immune active sites and/or

locally in the BM (6, 7). As a consequence of these stimuli,

downstream signaling cascades are initiated and induce the

mobilization of HSPCs to replenish consumed short-lived

mature hematopoietic immune effector cells and enhance the

host defenses (8, 9). Forced repeated cycling of HSCs, however,

can result in their exhaustion and eventually in hematopoietic

failure, especially when occurring in the context of genetic

conditions predisposing to BM failure (BMF). Indeed, elevated

levels of IFN and TNF have been found overexpressed in a

plethora of syndromes like aplastic anemia (AA) or Fanconi

anemia (FA), however, their expression are not sufficient to

decipher the pathological role of them between inflammation

and disease progression (10–13). Thus, different animal models

are helping to identify the link between the specific molecules

causing inflammation and BMF, paving the way for novel

therapeutic and preventive approaches. In this perspective, we

discuss recent findings about how inflammatory signals

(including IFN, TLRs, TGF-b, TNF and ILs) as well as

inflammatory DNA damage and their interactions can

provoke BMF.
Interferon signaling

Interferons (IFNs) are inflammatory cytokines that were

named based on their role in interfering with viral infections

(14). They are divided into three different families (I, II and III)

with several classes among them. Recently, a new IFN ligand-

receptor was identified that may be considered as type IV IFN

(15, 16). Type I IFNs are not only released by immune cells upon

the interaction with pathogens (i.e. viral, bacterial, fungal, and

parasitic infections) but can also be induced endogenously in

other cell types by sensing self-ligands, TLR agonists, host

factors and cytokines such as TNF (17–25). IFNs are used to

clinically treat patients suffering viral diseases and autoimmune

diseases as well as different malignancies like chronic myeloid

leukemia (CML).

Once IFNs are produced and secreted, they bind to their

respective receptors and activate different signal transduction

pathways that induce specific transcriptional responses leading

to the formation of an antiviral phase in affected cells. For

further details, we refer to recent reviews (26–29). Apart from

the roles already mentioned, IFNs (principally a and g) are

known to be involved during both developmental and adult

hematopoiesis (30, 31). In this sense, IFN-a facilitates
Frontiers in Immunology 02
embryonic HSC maturation in the aorta-gonad-mesonephros

(AGM) during developmental hematopoiesis (32), whereas IFN-

g positively regulates HSC development (33). Beyond their role

during developmental hematopoiesis, IFNs are known to play a

role as antiproliferative and apoptotic mediators in many

different cell types (34, 35). In HSCs, they both induce cell

division and impair the self-renewal capacity (8, 9, 36). It has

been recently suggested that beside the protective effects of IFNs

in the hematopoietic system, they can also compromise the

HSPC self-renewal capacity and long-term survival (8, 9, 36, 37),

resulting in suppression of blood cell production during adult

hematopoiesis (15, 38). Moreover, some studies showed that

preservation of murine long-term stem cells (LT-HSCs; defined

as Lin-,c-Kit+,Sca1+, CD150+,CD48-), capable to reconstitute the

whole hematopoietic system, is critically compromised by IFNg
(39). This is explained by the fact that IFNg perturbs

thrombopoietin (TPO), inducing phosphorylation of the signal

transducer and activator of transcription 5 (STAT5) whose

expression is associated with genes implicated in HSC

proliferation (37, 39). All these examples show the relevance of

the IFN family during infection and immune-mediated

processes and the impact of this signaling pathway in HSC

differentiation. Due to the important role of IFNs on HSC

functions, it is crucial to determine the effects of both chronic

and acute IFN exposure on HSCs.
Chronic interferon signaling results in
bone marrow failure

Persistent production of type I and II IFN happening

during infection processes has been shown to lead to HSCs

exhaustion and eventually, hematopoietic failure (9, 40). This

process has been deeply studied through several infection

models in mice, which are helping to understand the

mechanisms underlying the link between inflammation and

BMF to further determine the effect of IFNs on stem cell

balance. One of these models is the polyinosinic-polycytidylic

acid (poly(I:C)) model, in which a synthetic viral nucleic acid

imitates viral infections inducing IFN-a production together

with pro-inflammatory cytokines (AP-1 and NF-kB). In 1981,

Gidali J. et al. (41) first tested the effect of type 1 IFN both in

vitro and in vivo on murine HSPCs by analyzing the number of

colony forming units (CFU) in S-phase. In both cases, IFN

remarkably reduced the number of CFUs without altering the

colony subtypes. Although the effect of poly(I:C) is known to

mimic the effects of IFN response, it needs to take into

consideration that the effects of poly(I:C) cannot be only

delimited to IFN itself, as some other signaling pathways are

known to be altered. Long-term exposure to type I IFN

signaling leads to a functional reduction and finally loss of

HSCs in which the IFN-a-dependent transcriptional

regulator Irf2 plays an important role in limiting the excess
frontiersin.org

https://doi.org/10.3389/fimmu.2022.951937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.951937
of IFN signaling (42). Also in IFN-g adenylate-uridylate–rich
element (ARE)–deleted (del) mice, IFN-g alone resulted in

BMF by disrupting the generation of common myeloid

progenitors and lineage differentiation (43). The poly(I:C)

model is not the only model that leads to HSCs exhaustion via

IFN signaling. Several infections shed light on the influence of

IFN on hematopoiesis. Ehrlichia muris acute infection changes

transiently the activation of LT-HSCs and progenitors from

dormancy to activity by IFN-g signaling in order to induce an

innate immune response (44–47). A long-term Mycobacterium

tuberculosis antigen stimulation leads to a continuous IFN-g
signaling with harmful effects on proliferation and

differentiation of HSCs (48). Similarly, upon recurrent

infection with Mycobacterium avium , mice become

pancytopenic due to a reduction in the number of myeloid-

biased HSCs induced by IFN-g signaling (36, 40). This myeloid

differentiation effect is driven by the overexpression of

the Batf2 transcription factor (36). HSC functional

impairment is also observed in the chronic Lymphocytic

choriomeningitis virus (LCMV) mouse model. Type I and II

IFN signaling mediate the depletion of the supportive BM

mesenchymal CXCL12-abundant reticular cells network (49,

50). On the other hand, in both IFN-/- and IFNGR1-/- mice,

HCSs show a better reconstitution capability during

homeostasis and infectious stress conditions, revealing that

IFN-a signaling drives hematopoietic collapse by directly

sensitization of HSPCs to undergo cell death and enhanced

HSC quiescence (51).

All these models show the relevance of the IFN family during

infection processes and the impact of this signaling pathway on

HSC differentiation. In addition to the role of IFN in infection

models, type I and II IFNs have also a strong impact on BMF

syndromes by driving hematopoietic collapse (52).

Hematopoietic exhaustion caused by chronic IFN-g
signaling is severely accelerated in inherited BMF syndromes

(IBMFs). FA is the most common inherited BMF syndrome

caused by mutations in one of the 23 genes encoding DNA repair

proteins of the Fanconi pathway (53). Several FA mouse models

have been established by targeting the disruption of FA genes,

such as Fanca-/-, Fancc-/-, Fancg-/- (53–57). In these models, it

was demonstrated that FA hematopoietic progenitors are highly

sensitive to IFN-g-induced apoptosis via the Fas apoptotic

pathway (58, 59). In a model of immune-mediated AA, in

which splenocytes were injected intraperitoneally, IFN-g-
dependent HSC loss and hematopoietic failure were driven by

macrophages working as sensors of IFN-g (60).

Hence, the different animal models developed in the recent

years regarding immune-related mechanisms (61–63) and

hematopoiesis have helped to understand the pathogenesis of

the different congenital and acquired BM failure syndromes (64–

67) and might yield further insights into the development of

novel therapeutic strategies that will target or even prevent

hematopoietic failure in these syndromes.
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Acute interferon signaling can lead to
exhaustion of hematopoietic stem cells

In contrast to chronic IFN effects, during acute infections,

the production of IFN-g leads to a transient activation and

proliferation of otherwise quiescent HSCs (42, 68, 69), due to the

downregulation of different quiescent-enforcing mechanisms

(38) among other processes. Indeed, only one single poly I:C

injection leading to a short exposure of type 1 IFN, transiently

enhances not only HSC proliferation but also early progenitors,

followed by quiescence-enforcing mechanisms in vivo, helping

HSCs to reestablish quiescence, protecting and maintaining so

the HSC pool from the IFNs-dependent effects (9, 38).
TNF signaling

TNF overexpression is associated
with BMF

Another pivotal pro-inflammatory cytokine is the tumor

necrosis factor (TNF). It belongs to the TNF superfamily, which

consists of 19 different members (70), and is produced by

antigen-stimulated macrophages and monocytes. By exerting

its function via 2 different receptors (TNFR1 and TNFR2), it is

responsible for many different signalling processes in the cell,

like cellular proliferation, survival, differentiation or apoptosis

(71, 72). Among others, it plays important roles in regulating cell

functions as immune responses, hematopoiesis and

tumorigenesis (73, 74). Although the functions of TNF-a
during inflammation are well characterized, the roles during

hematopoiesis and HSC homeostasis are poorly described and

remain controversial (75–78). From acting as potent inhibitor to

promote proliferation, most probably TNF is required for HSC

emergence during the development of the embryo after the

activation of different signaling pathways, like the activation of

the NF-kB pathway via TLR4-MyD88 signaling (79). Studies

performed in zebrafish revealed that TNF promotes HSC

survival and myeloid differentiation by activating a specific

p65/NF-kB-dependent gene program that primarily prevents

necroptosis (76). Dysregulations on TNF production has been

related to directly inhibit growth and induce apoptosis of HSCs,

as well as indirectly change the bone marrow microenvironment

critical for HSC homeostasis. TNF enhanced expression has

been also observed in the pathogenesis of several BMF

syndromes, like FA (10, 80–83). Studies using Fanca−/−,

Fancc−/− and Fancg−/− mice revealed that TNF production is

abnormally high in macrophages, contributing to enhance TNF-

induced apoptosis, which relies on the apoptosis signal-

regulating kinase 1 (ASK1) (84, 85). Furthermore, HSCs and

progenitor cells from Fancc−/− mice showed that TNF

overproduction leads to bone marrow hypoplasia. After long-

term exposure, clonal evolution and eventually myeloid
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leukemia arises secondary to BMF (83). Similarly, by using

murine models for immune-mediated AA and genetically

modified mice deficient in TNF or TNF receptors it could be

observed, that after infusing TNF-/- donor lymph node (LN) cells

into CByB6F1 recipients or injection of FVB LN cells into

TNFR-/- recipients BM failure was induced. This reveals the

importance of this cytokine and these cells in the pathogenesis of

the disease (81). Some other studies have revealed that

hematopoietic deficiency of the receptor-interacting serine/

threonine-protein kinase 1 (RIPK1) results in RIPK3-

activation, which leads to necroptosis, and loss of HSPCs and

subsequently, to BM failure (86).
TLR signaling

Sustained TLRs signals impair
HSC function

In the first line of defense of the innate immune system are a

family of pattern recognition receptors (PRRs) that detect

pathogen associated signatures derived from all kind of

microorganisms. In mammals, when PRRs recognize

pathogens, they activate downstream a cascade of different

signaling pathways by producing IFN1 as well as other

mediators in order to display an effective immune response to

an acute infection or injury (87). Among the different classes of

PRRs, toll-like receptors (TLRs) are known to play a key role in

immunity, mediating a rapid inflammatory reaction and

appropriate T-cell activation in response to infection and

tissue damage. Comprising 10 different members (TLR1-

TLR10) in human and 12 in mice (TLR1-TLR10, TLR11-

TLR13), TLRs are not only found in most effector immune

and stromal cells but also in hematopoietic and progenitor cells

as well as endothelial cells (87–91). Besides their well-known job

in effector immune cells, TLRs influence HSCs in terms of

proliferation and differentiation in response to ‘danger’ signals

(e.g. various infections, as well as purified or synthetic TLR

ligands induce the release of proinflammatory cytokines like

TNF) (92), helping the hematopoietic system to recognize stress

events and inducing emergency hematopoiesis (87, 93, 94).

Hence, the immuno-surveillance effects of TLRs expressed on

HSCs induce the activation of quiescent HSCs pushing them to

proliferate and differentiate into myeloid cells. However, a

persistent or dysregulated TLR signaling induced by daily

injections of LPS for 4-6 weeks affect stem cell balance, leading

to ineffective hematopoiesis, loss of HSCs and consequently, to

BMF (95). Different mouse models have been developed to

further define which bone marrow populations are affected

and their relative contribution to the disease pathogenesis (6,

95–98). Some studies revealed TLRs signaling mediated

inflammatory pathogenesis in the context of inherited BMF
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(80). Fanconi gene products protect hematopoietic cells from

damage and modulate TLR responses in macrophages (98).

TLR8 and the canonical downstream signaling intermediates

interleukin 1 receptor-associated kinase (IRAK) and IkappaB

kinase-alpha/beta induce TNF production of THP-1 cells and

macrophages, which contributes to the hematopoietic defects

seen in Fancc-/- mice (80). Another study on immune-mediated

AA suggests that TLR2 and TLR4 individually do not play an

essential role in the induction of hematopoietic failure, but

depends on IFN-g and TNF (99). By exposing mice to a TLR-

2 agonist, PAM3CSK4, the augmentation of TLR2 signaling leads

to an increase on the phenotype of HSPCs but accompanied with

a reduction of bone marrow HSC function (96). Treatment with

granulocyte colony-stimulation factors (G-CSF) leads to the

induction of TLR expression and signaling resulting in

expansion and increase of HSCs but with HSC repopulation

defects in mice lacking TLR2, TLR4 or the TLR signaling adaptor

MyD88 (98).
TGF-b and bone marrow failure

In the early 80s, a polypeptide named Sarcoma Growth

Factor (SGF) was discovered in transformed rat kidney

fibroblasts cultures. This polypeptide was composed by both

Transforming Growth Factor-a (TGF-a) and Transforming

Growth Factor-b (TGF-b) (100). The TGF-b superfamily

comprises a big number of proteins being involved in not only

fibroblast growth and collagen production, but also inhibiting

cell proliferation among other functions (101, 102). TGF-b has

been seen to contribute to hematopoietic suppression in Fanconi

Anemia as well as other myelodysplastic diseases (MDS) (103–

105). Mice models disrupting TGF-b signaling in FA HSPCs by

using a neutralizing antibody called 1D11 (106), significantly

improved the proliferation and survival of these cells reducing

toxic non-homologous end-joining (NHEJ) machinery and

increasing homologous recombinant (HR) activity (107).

Indeed, pharmacological inhibition of the TGF-b pathway

have shown efficacy in preclinical human and murine models

(103, 108, 109).
Interleukin-1 and -6 and their role
in hematopoiesis

Interleukins (ILs) are a group of cytokines with complex

immunomodulatory roles produced by leukocytes, lymphocytes

and in some particular cases by other type of cells (110). They are

involved in many different functions, like proliferation, immune

cell differentiation and activation as well playing an important

role in the pathophysiology of several disorders (111). ILs

comprise more than 50 different members and related
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proteins, which can be divided into four main groups depending

on their structural features. IL-1 is one of the main inflammatory

mediators but it is also known to be involved in the regulation of

HSCs and HSPCs, including radioprotection, cell growth and/or

differentiation as well as altering cell adhesion and migration

(112). Indeed, it has been observed that administration of IL-1

prior lethal doses of radiation protects mice from fatal

hematopoietic syndrome (113), which is associated to the role

of IL-1 on cell cycle activation through the expansion of HSPCs

and myeloid precursor cells (114–116). Moreover, chronic IL-1

exposure leads to impairment of HSCs function (117). However,

the mechanisms leading to these effects are still largely unknown.

Another IL playing a role in hematopoiesis is IL-6. The IL-6

family comprises ten different cytokines: IL-6, LIF, CNTF,

CLCF1, OSM, CT-1, IL-11, IL-27, IL-35 and IL-39 (118–120),

involved in chronic inflammation, autoimmunity and cancer

among other functions (118). Studies have shown that T cells

lacking IL-6 led to pancytopenia and BMF as well as deletions on

the IL-6 gene were inducing a variable degree of immune-

mediated BMF, however, these studies do not indicate a

significant or a direct role of IL-6 in murine BMF (99).
Inflammatory ROS induces DNA damage
in HSCs

In response to an increase in the number of inflammatory

signals, HSCs are forced to exit their homeostatic quiescent state

and proliferate to generate more cells. In this scenario, the

chances to acquire and accumulate cellular mutations increase,

as more cellular and DNA base pair divisions are happening.

Indeed, long-term exposure to IFNa, TLR, or TNF mimicking

chronic inflammatory stimuli resulted in an increased

mitochondrial reactive oxygen species (ROS)-induced DNA

damage in HSCs, which is another mechanism that may cause

BMF (52). Moreover, chronic poly(I:C) injections inducing an

IFN-I response leads to an increased mitochondrial ROS-

induced DNA damage in WT HSCs, resulting in BMF in

Fanca-/- mice with a nonfunctional FA DNA repair pathway

(52). In addition, the process of DNA damage in HSCs induced

by prolonged LPS stimulation or Salmonella typhimurium

infection is mediated via TLR4-TRIF-ROS-p38 pathway, but

not the classic MyD88 signaling (7). TNF-induced accumulation

of ROS and oxidative DNA damage leads to premature

senescence in HSCs and progenitor cells of WT mice.

Furthermore, TNF-treated Fancc–/– mice showed chromosomal

aberrations together with impaired oxidative DNA-damage

repair pathway (121). Therefore, it needs to be taken into

consideration that all these inflammatory signals can also lead

to DNA damage, promoting the depletion of HSCs. In some

syndromes defective DNA repair pathways can hence contribute

to the pathogenesis of BMF.
Frontiers in Immunology 05
Necroptosis and pyroptosis cause
BMF under inflammatory conditions

Programmed cell death (PCD) is an important process that

keeps the homeostasis of hematopoiesis among other systems.

Being apoptosis and necroptosis the two main forms of PCD, the

mode of action of the two processes differs, as apoptosis is not

immune-related, while necroptosis leads to inflammation

through the secretion of DAMPS (122). As already mentioned,

HSPCs respond to DAMPs producing different cytokines to

overcome hematopoiesis damage and keep the homeostasis. By

the development of several mouse models, it has been observed

that an increased in necroptotic death cell in the bone marrow

leads to loss of HSPCs while proliferation of SLAM-HSCs

happens, inducing stem cell exhaustion and finally BMF (123).

Apart from the inflammatory roles of TNF, this cytokine is able

to initiate both apoptosis (caspase-8-dependent apoptosis) and

RIPK1 kinase dependent necroptosis (124). Several publications

have revealed the role of RIPK1 in immune homeostasis and

emergency hematopoiesis. Indeed, after an infection induced by

an Ehrlichia pathogen, RIPK1 is activated, diminishing caspase 8

expression and leading to BMF and hematopoietic suppression

after IFNa/b induction (51). Additional work has also shown

that IFNa/b is required for the increase of IL-18 expression

during infection processes leading to loss of short-term HSCs.

Absence of IL-18 was shown to prevent BM aplasia and increase

HSCs/HSPCs (125).

Furthermore, it has been shown that RIPK3 plays an

important role in generating necroptotic DAMPs as well as

promoting the production of inflammatory cytokines (126).

Beside apoptosis and necroptosis, Caspase-1 dependent death,

also named as pyroptosis, has been shown to trigger HSPCs

cytopenias upon NLRP1a inflammasome activation (127). Thus,

all these different mechanisms suggest that both necroptosis and

pyroptosis might be good therapeutic targets to prevent BMF.
Clinical therapeutic options -
Concluding remarks

Altogether, these studies indicate that different inflammatory

signaling pathways play an important role in the regulation of

hematopoiesis (Figure 1, Table 1). Long-term exposure to

inflammation leads to impairment of HSCs function and self-

renew, increasing the chances to develop BMF. Inflammation

accelerates hematopoietic failure significantly in mouse models

of inherited BMF syndromes such as FA and of immune-

mediated AA. It is thus conceivable that inflammatory signals

affect the time point of cytopenia onset also in patients with such

diseases. It needs to be also mentioned, that all inherited BM

failure syndromes as well as immune-mediated AA predispose
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FIGURE 1

Simplified inflammatory signaling of TLR, TNF, IFN and ILs in bone marrow failure While most of the TLRs are located on the surface of HSCs,
some others keep intracellularly (TLR3/8/9). They all directly sense the inflammatory stimuli and induce macrophages to release the excess of
TNF through the toll-interleukin-1 receptor (TIR) and the myeloid differentiation primary response 88 (MyD88)-NF-kB pathway. IL-1 directly
regulates HSC fate targeting also the NF- kB pathway. TLR4 can specifically activate the TIR-domain-containing the adapter-inducing
interferon-b (TRIF) via the TRIF-related adaptor molecule (TRAM) cross talking with the TNF signaling, paving the way for necroptosis trough the
RIPK1/3- MLKL pathway. The products resulting from necroptosis constitute the DAMPs and feed-forward the caspase cascade. A large amount
of TNF may also cause the accumulation of ROS, stimulating immune cells to release IFNs. After the activation of TNFR, TNFR1-associated death
domain protein (TRADD) is bound, recruiting the adaptor Fas-associated death domain (FADD) triggering the caspase-8/3 receptor complex,
inducing at the end apoptosis. The IFN signal, which is regulated by Irf2 and Batf2, leads also to apoptosis via the Fas pathway (FADD), being
also perturb the phosphorylation state of STAT5. Moreover, IFN may also lead to an increased mitochondrial ROS, inducing DNA damage.
Finally, IFNs are required for an increased in the compromising IL-18 expression, which mediates the MLKL-dependent cell death,
compromising hematopoiesis during infection. (Created with BioRender.com).
TABLE 1 Inflammatory signalling in the mouse models with implication in the bone marrow failure.

Inflammatory
signalling/
molecules

Disorder/
effect(s)

Treatment Genetically
modified
mouse

Mechanism(s) Target
cells

Reference(s)

IFN

ROS FA, DNA
damage

long-term poly I:C
injection

Fanca-/-, Sca-
1-/-, Ifnar-/-

Proliferation and exhaustion of HSCs in CFUs.
Increased mitochondrial ROS-induced DNA damage in
HSCs

HSC (41, 42, 52)

short-term poly I:C
injection

Ifnar-/-, WT:
Ifnar1-/- BM
chimeric

Enhances HSC proliferation and early progenitors
followed by quiescence, helping HSCs to restablish
quiescence as well as protecting and maintaining the
HSC pool from the IFNs-dependent effects

HSC (9, 38)

IRF2 HSCs
function
impairment

long-term poly I:C
injection

Irf2+/-, Irf2-/-,
Irf -/- Ifnar -/-,
Irf2+/- Ifnar -/-

Impairment of the self-renewal and multilineage
differentiation capacity of HSCs

HSC (42)

IFN-g AA IFN-g ARE-del Inhibition of the generation of MPPs and prevention of
lineage differentiation

MPP, RBC
B cell

(43)

IFN-g, RIPK1 HSCs
function
impairment

Ehrlichia muris
infection

Ifng-/-, Ifng-/- Type I IFN drives HSC/HSPC collapse via impaired
proliferation and increased RIPK1-dependent cell death
during shock-like ehrlichial infection

HSC
macrophage

(44–46)

IFN-g HSC loss Ehrlichia muris
infection

Ifngr1-/- IFN-g effects on macrophages, driving to the loss of
HSCs in BM and peripheral HSCs during infection

HSC
macrophages

(47)

Batf2 HSCs
function
impairment

long-term
Mycobacterium
tuberculosis infection

IFN-g signalling compromises the proliferation and
transcriptional program of HSCs

LSK
HSC

(48)
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Frontiers in Immun
ology
 06
 frontiersin.org

https://www.biorender.com
https://doi.org/10.3389/fimmu.2022.951937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.951937
TABLE 1 Continued

Inflammatory
signalling/
molecules

Disorder/
effect(s)

Treatment Genetically
modified
mouse

Mechanism(s) Target
cells

Reference(s)

Batf2 HSPCs
depletion

long-term
Mycobacterium
avium infection

Ifnar-/- HSCs and HSPCs are severely depleted displaying IFN-g
signaling-dependent defects in self-renewal

HSC
HSPC

(36, 40)

HSCs
function
impairment

chronic Lymphocytic
chriomeningitis virus
infection

Ifnar-/- Type I and II IFN signaling mediate the depletion of the
supportive BM mesenchymal CXCL12-abundant
reticular cells network

mesenchymal
CXCL12-
abundant
reticular cells

(50)

FA Fanca-/-,
Fancc-/-,
Fancg-/-, Fac-/-,
Fac+/+

FA hematopoietic progenitors are highly sensitive to
IFN-g-induced apoptosis via the Fas apoptotic pathway

HSPC
MPP

(58, 59)

IFN-g SAA splenocytes
intraperitoneal
transfer

Macrophages drive HSC loss and hematopoietic failure
by working as IFN-g sensors

HSC
Macrophage

(60)

TNF

ASK1 FA TNF-a injection Fanca+/-,
Fanca-/-,
Fancc-/-,
Fancg-/-,
Ask1+/-, Ask1
-/-

Macrophages overproduce TNF contributing to the
enhancement of TNF-induced apoptosis

HSC
HSPC

(83, 84)

FA TNF-a injection Fanca-/-,
Fancc-/-,
Fancg-/-, Tnfr1
–/–

TNF treatment shows chromosomal aberrations together
with impairments in the DNA-damage repair pathway

HSC
HSPC

(121)

TNFaR AA,
BMF

allogeneic lymph
node-cell infusion

TNF-aR -/-,
TNFrsf1a -/-

TNF from host macrophages and TNFaRs expressed on
donor T cells are critical in the pathogenesis of murine
immune-mediated

Macrophage
T cell
BM cells

(81)

RIPK3 BMF Ripk1fl/fl, Ripk3
-/-

TNF initiates both apoptosis and RIPK1-dependent
necroptosis
RIPK-dependent necroptosis contributing to BMF

HSC, HSPC
LSK, MPP

(86, 123, 124)

TLR

TLR2
TLR4
ROS
TRIF

HSCs
function
impairment

long term LPS,
PAM3CSK4 injection
or Salmonella
typhimurium
infection

Tlr2 -/-

Ifng -/-

Tnfa-/-

Ineffective haematopoiesis, loss of HSCs, and
consequently, BMF
DNA damage in HSCs mediated via the TLR4-TRIF-
ROS-p38 pathway

HSC
HSPC

(7, 95, 96)

HSCs
function
impairment

G-CSF injection Tlr4 -/-

Tlr2 -/-

MyD88 -/-

Induction of TLR expression resulting in expansion an
increase of HSC with HSC repopulation defects in mice
lacking TLR2, TLR4 or the TLR signaling adaptor
MyD88

HSC (98)

TLR2
TLR4

AA allogeneic lymph
node-cell infusion

Tlr2 -/-

Tlr4 -/-
TLR2 and TLR4 individually do not play an essential
role in the induction of hematopoietic failure, but
depend on IFN-g and TNF

BM cells
T cell

(99)

TGF-b

HSCs
function
impairment
FA

TGFb-neutralizing
antibody 1D11

Fancd2 -/- Disruption of TGF- b by using a neutralizing antibody
improving proliferation and survival reducing NHEJ
machinery and increasing the HR activity

HSPC (106, 107)

FA TGFb-neutralizing
antibody 1D11

Fancd2 -/- impaired HSPC function leading to BMF HSPC (107)

IL-1

HSCs
function
impairment

chronic IL-1
injection

Il1r1 -/- impairs HSC function not allowing the hyperactivation
of PU.1

HSC
MPP

(117)

(Continued)
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to leukemia. There is increasing evidence that both infectious

diseases and inflammation contribute to the development of

hematological neoplasia (128). It is thus conceivable that

inflammation does not only promote hematopoietic failure but

also consecutive malignant transformation (e.g. by DNA damage

induced by ROS). However, a more detailed understanding of

the roles of key inflammatory signaling and their interactions in

hematopoiesis could open attractive novel ways to develop

therapies aimed at modulating the inflammatory immune

response to prevent BMF. Antagonizing proinflammatory

IFNs, TLR, TNF, and/or ROS may have therapeutic benefits in

patients with BMF. The elimination of the key molecules by

either neutralizing antibodies or deleting/silencing the genes to

abrogated the negative effects of inflammatory factors on HSCs

proliferation may lead to restore the ability of the progenitor

cells to reconstitute impaired bone marrow, preventing so, fatal

consequences derived from BMF. Likewise, inhibition of ROS

production may potentially rescue suppressed hematopoietic cell

function. For example, Fisetin, a dietary flavonoid, has displayed

anti-oxidant activities, which can alleviate CLP-induced multiple

organs injury by reducing the expression of TNF and dose-

dependently inhibiting the phosphorylation of p38 MAPK, MK2

(129). Rapamycin is an effective therapy in mouse models of

immune-mediated BMF by reducing IFN-g and TNF,

stimulating the expansion of functional regulatory T cells,

e l iminat ing effector CD8+ T cel l s and preserving

hematopoietic stem and progenitor cells (130). Alternatively,

downstream effects of inflammation might be targeted.

Inhibition of necroptosis and/or pyroptotic cell death might be

particularly attractive to prevent hematopoietic failure in

inherited BMF syndromes and immune-mediated AA.
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TABLE 1 Continued

Inflammatory
signalling/
molecules

Disorder/
effect(s)

Treatment Genetically
modified
mouse

Mechanism(s) Target
cells

Reference(s)

IL-6

BMF pancytopenia IL-6 -/- T cells lacking IL-6 or a deletion in the gene leads to
pancytopenia and BMF and to a variable degree of
immune mediated BMF respectively

T cell (99)

IL-18

MLKL HSC/HSPC
loss

Ixodes ovatus
Ehrlichia infection

Mlk1 -/- IL-18 mediated BM aplasia via MLKL signaling HSC
HSPC

(125)
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76. Yamashita M, Passegué E. TNFa coordinates hematopoietic stem cell
survival and myeloid regeneration. Cell Stem Cell (2019) 25(3):357–72.e7. doi:
10.1016/j.stem.2019.05.019

77. He H, Xu P, Zhang X, Liao M, Dong Q, Cong T, et al. Aging-induced IL27Ra
signaling impairs hematopoietic stem cells. Blood (2020) 136(2):183–98. doi:
10.1182/blood.2019003910

78. Rezzoug F, Huang Y, Tanner MK, Wysoczynski M, Schanie CL, Chilton
PM, et al. TNF-alpha is critical to facilitate hemopoietic stem cell engraftment and
function. J Immunol (2008) 180(1):49–57. doi: 10.4049/jimmunol.180.1.49

79. Gogoleva VS, Atretkhany KSN, Dygay AP, Yurakova TR, Drutskaya MS,
Nedospasov SA. Current perspectives on the role of tnf in hematopoiesis using
mice with humanization of tnf/lt system. Front Immunol (2021) 12:661900. doi:
10.3389/fimmu.2021.661900

80. Vanderwerf SM, Svahn J, Olson S, Rathbun RK, Harrington C, Yates J, et al.
TLR8-dependent TNF-(alpha) overexpression in fanconi anemia group c cells.
Blood (2009) 114(26):5290–8. doi: 10.1182/blood-2009-05-222414

81. SunW,Wu Z, Lin Z, Hollinger M, Chen J, Feng X, et al. Macrophage TNF-a
licenses donor T cells in murine bone marrow failure and can be implicated in
human aplastic anemia. Blood (2018) 132(26):2730–43. doi: 10.1182/blood-2018-
05-844928

82. Chen Y, Zou Z, Wu Z, Zhao Z, Luo X, Xie C, et al. TNF-a-induced
programmed cell death in the pathogenesis of acquired aplastic anemia. Expert Rev
Hematol (2015) 8(4):515–26. doi: 10.1586/17474086.2015.1049593

83. Li J, Sejas DP, Zhang X, Qiu Y, Nattamai KJ, Rani R, et al. TNF-a induces
leukemic clonal evolution ex vivo in fanconi anemia group c murine stem cells. J
Clin Invest (2007) 117(11):3283–95. doi: 10.1172/JCI31772

84. Bijangi-Vishehsaraei K, Saadatzadeh MR, Werne A, McKenzie KAW, Kapur
R, Ichijo H, et al. Enhanced TNF-a–induced apoptosis in fanconi anemia type c–
deficient cells is dependent on apoptosis signal-regulating kinase 1. Blood (2005)
106(13):4124–30. doi: 10.1182/blood-2005-05-2096

85. Kennedy RD, D’Andrea AD. The fanconi anemia/brca pathway: new faces
in the crowd. Genes Dev (2005) 19(24):2925–40. doi: 10.1101/gad.1370505

86. Roderick JE, Hermance N, Zelic M, Simmons MJ, Polykratis A, Pasparakis
M, et al. Hematopoietic RIPK1 deficiency results in bone marrow failure caused by
apoptosis and RIPK3-mediated necroptosis. Proc Natl Acad Sci (2014) 111
(40):14436–41. doi: 10.1073/pnas.1409389111

87. Monlish DA, Bhatt ST, Schuettpelz LG. The role of toll-like receptors in
hematopoietic malignancies. Front Immunol (2016) 7:390. doi: 10.3389/
fimmu.2016.00390

88. Crack PJ, Bray PJ. Toll-like receptors in the brain and their potential roles in
neuropathology. Immunol Cell Biol (2007) 85(6):476–80. doi: 10.1038/
sj.icb.7100103

89. Fitzner N, Clauberg S, Essmann F, Liebmann J, Kolb-Bachofen V. Human
skin endothelial cells can express all 10 TLR genes and respond to respective
ligands. Clin Vaccine Immunol (2008) 15(1):138–46. doi: 10.1128/CVI.00257-07
frontiersin.org

https://doi.org/10.4049/jimmunol.1001893
https://doi.org/10.4049/jimmunol.1203024
https://doi.org/10.1002/stem.2040
https://doi.org/10.1016/j.molimm.2019.05.001
https://doi.org/10.3390/v4112650
https://doi.org/10.1084/jem.20192070
https://doi.org/10.1371/journal.ppat.1007234
https://doi.org/10.1038/nature14131
https://doi.org/10.1038/nature14131
https://doi.org/10.1182/blood-2004-03-1094
https://doi.org/10.1182/blood-2009-08-240747
https://doi.org/10.1182/blood-2009-08-240747
https://doi.org/10.1182/blood-2006-03-007997
https://doi.org/10.1016/j.mrfmmm.2009.03.015
https://doi.org/10.1242/dmm.009795
https://doi.org/10.1182/blood.V91.11.4092
https://doi.org/10.1182/blood.V88.1.49.49
https://doi.org/10.3324/haematol.2018.189449
https://doi.org/10.1007/s00018-022-04220-6
https://doi.org/10.1186/s12974-021-02180-5
https://doi.org/10.3389/fmed.2021.757730
https://doi.org/10.3389/fcimb.2022.820273
https://doi.org/10.3389/fcimb.2022.820273
https://doi.org/10.1182/blood.2020008966
https://doi.org/10.3892/ijo.2021.5297
https://doi.org/10.3389/fimmu.2016.00330
https://doi.org/10.1016/j.exphem.2013.09.007
https://doi.org/10.1083/jcb.201102131
https://doi.org/10.1182/blood-2011-04-325225
https://doi.org/10.1016/j.coi.2013.05.011
https://doi.org/10.1038/nri3834
https://doi.org/10.1038/nri3834
https://doi.org/10.1002/1097-0029(20000801)50:3%3C184::AID-JEMT2%3E3.0.CO;2-H
https://doi.org/10.1093/rheumatology/keq031
https://doi.org/10.1084/jem.20110752
https://doi.org/10.1016/j.stem.2019.05.019
https://doi.org/10.1182/blood.2019003910
https://doi.org/10.4049/jimmunol.180.1.49
https://doi.org/10.3389/fimmu.2021.661900
https://doi.org/10.1182/blood-2009-05-222414
https://doi.org/10.1182/blood-2018-05-844928
https://doi.org/10.1182/blood-2018-05-844928
https://doi.org/10.1586/17474086.2015.1049593
https://doi.org/10.1172/JCI31772
https://doi.org/10.1182/blood-2005-05-2096
https://doi.org/10.1101/gad.1370505
https://doi.org/10.1073/pnas.1409389111
https://doi.org/10.3389/fimmu.2016.00390
https://doi.org/10.3389/fimmu.2016.00390
https://doi.org/10.1038/sj.icb.7100103
https://doi.org/10.1038/sj.icb.7100103
https://doi.org/10.1128/CVI.00257-07
https://doi.org/10.3389/fimmu.2022.951937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.951937
90. Schmid MA, Takizawa H, Baumjohann DR, Saito Y, Manz MG. Bone
marrow dendritic cell progenitors sense pathogens via toll-like receptors and
subsequently migrate to inflamed lymph nodes. Blood (2011) 118(18):4829–40.
doi: 10.1182/blood-2011-03-344960

91. Takizawa H, Boettcher S, Manz MG. Demand-adapted regulation of early
hematopoiesis in infection and inflammation. Blood (2012) 119(13):2991–3002.
doi: 10.1182/blood-2011-12-380113

92. Chen M, Deng H, Zhao Y, Miao X, Gu H, Bi Y, et al. Toll-like receptor 2
modulates pulmonary inflammation and tnf-a release mediated by mycoplasma
pneumoniae. Front Cell Infect Microbiol (2022) 12:824027. doi: 10.3389/
fcimb.2022.824027

93. Nagai Y, Garrett KP, Ohta S, Bahrun U, Kouro T, Akira S, et al. Toll-like
receptors on hematopoietic progenitor cells stimulate innate immune system
replenishment. Immunity (2006) 24(6):801–12. doi: 10.1016/j.immuni.2006.04.008

94. Hoebe K, Du X, Georgel P, Janssen E, Tabeta K, Kim SO, et al. Identification
of Lps2 as a key transducer of MyD88-independent TIR signalling. Nature (2003)
424(6950):743–8. doi: 10.1038/nature01889

95. Esplin BL, Shimazu T, Welner RS, Garrett KP, Nie L, Zhang Q, et al.
Chronic exposure to a TLR ligand injures hematopoietic stem cells. J Immunol
(2011) 186(9):5367–75. doi: 10.4049/jimmunol.1003438

96. Herman AC, Monlish DA, Romine MP, Bhatt ST, Zippel S, Schuettpelz LG.
Systemic TLR2 agonist exposure regulates hematopoietic stem cells via cell-
autonomous and cell-non-autonomous mechanisms. Blood Cancer J (2016) 6(6):
e437–7. doi: 10.1038/bcj.2016.45

97. Ichii M, Shimazu T, Welner RS, Garrett KP, Zhang Q, Esplin BL, et al.
Functional diversity of stem and progenitor cells with b-lymphopoietic
potential . Immunol Rev (2010) 237(1):10–21. doi : 10.1111/j .1600-
065X.2010.00933.x

98. Schuettpelz LG, Borgerding JN, Christopher MJ, Gopalan PK, Romine MP,
Herman AC, et al. G-CSF regulates hematopoietic stem cell activity, in part,
through activation of toll-like receptor signaling. Leukemia (2014) 28(9):1851–60.
doi: 10.1038/leu.2014.68

99. Solorzano S, Kim J, Chen J, Feng X, Young NS. Minimal role of interleukin 6
and toll-like receptor 2 and 4 in murine models of immune-mediated bone marrow
failure. PloS One (2021) 16(3):e0248343. doi: 10.1371/journal.pone.0248343

100. de Larco JE, Todaro GJ. Growth factors from murine sarcoma virus-
transformed cells. Proc Natl Acad Sci (1978) 75(8):4001–5. doi: 10.1073/
pnas.75.8.4001

101. Tucker RF, Shipley GD, Moses HL, Holley RW. Growth inhibitor from
bsc-1 cells closely related to platelet type b transforming growth factor. Science
(1984) 226(4675):705–7. doi: 10.1126/science.6093254

102. Roberts AB, Anzano MA, Wakefield LM, Roche NS, Stern DF, Sporn
MB. Type beta transforming growth factor: a bifunctional regulator of
cellular growth. Proc Natl Acad Sci (1985) 82(1):119–23. doi: 10.1073/
pnas.82.1.119

103. Suragani RNVS, Cadena SM, Cawley SM, Sako D, Mitchell D, Li R, et al.
Transforming growth factor-b superfamily ligand trap ACE-536 corrects anemia
by promoting late-stage erythropoiesis. Nat Med (2014) 20(4):408–14. doi:
10.1038/nm.3512

104. Zhou L, McMahon C, Bhagat T, Alencar C, Yu Y, Fazzari M, et al. Reduced
SMAD7 leads to overactivation of TGF-beta signaling in MDS that can be reversed
by a specific inhibitor of TGF-beta receptor I kinase. Cancer Res (2011) 71(3):955–
63. doi: 10.1158/0008-5472.CAN-10-2933

105. Zingariello M, Martelli F, Ciaffoni F, Masiello F, Ghinassi B, D’Amore E,
et al. Characterization of the TGF-b1 signaling abnormalities in the Gata1low
mouse model of myelofibrosis. Blood (2013) 121(17):3345–63. doi: 10.1182/blood-
2012-06-439661

106. Brenet F, Kermani P, Spektor R, Rafii S, Scandura JM. TGFb restores
hematopoietic homeostasis after myelosuppressive chemotherapy. J Exp Med
(2013) 210(3):623–39. doi: 10.1084/jem.20121610

107. Zhang H, Kozono DE, O’Connor KW, Vidal-Cardenas S, Rousseau A,
Hamilton A, et al. TGF-b inhibition rescues hematopoietic stem cell defects and
bone marrow failure in fanconi anemia. Cell Stem Cell (2016) 18(5):668–81. doi:
10.1016/j.stem.2016.03.002

108. Akhurst RJ, Hata A. Targeting the TGFb signalling pathway in disease. Nat
Rev Drug Discovery (2012) 11(10):790–811. doi: 10.1038/nrd3810

109. Grafe I, Yang T, Alexander S, Homan EP, Lietman C, Jiang MM, et al.
Excessive transforming growth factor-b signaling is a common mechanism in
osteogenesis imperfecta. Nat Med (2014) 20(6):670–5. doi: 10.1038/nm.3544

110. Spiering MJ. Primer on the immune system. Alcohol Res (2015) 37
(2):171–5.
Frontiers in Immunology 11
111. Brocker C, Thompson D, Matsumoto A, Nebert DW, Vasiliou V.
Evolutionary divergence and functions of the human interleukin (IL) gene
family. Hum Genomics (2010) 5(1):30–55. doi: 10.1186/1479-7364-5-1-30

112. Orelio C, Haak E, Peeters M, Dzierzak E. Interleukin-1–mediated
hematopoietic cell regulation in the aorta-gonad-mesonephros region of the
mouse embryo. Blood (2008) 112(13):4895–904. doi: 10.1182/blood-2007-12-
123836

113. Oppenheim J, Neta R, Tiberghien P, Gress R, Kenny J, Longo D.
Interleukin-1 enhances survival of lethally irradiated mice treated with allogeneic
bone marrow ce l l s . Blood (1989) 74(6) :2257–63 . do i : 10 .1182/
blood.V74.6.2257.2257

114. Brugger W, Mocklin W, Heimfeld S, Berenson R, Mertelsmann R, Kanz L.
Ex vivo expansion of enriched peripheral blood CD34+ progenitor cells by stem cell
factor, interleukin-1 beta (IL-1 beta), IL-6, IL-3, interferon-gamma, and
erythropoietin. Blood (1993) 81(10):2579–84. doi: 10.1182/blood.V81.10.2579.2579

115. Fibbe W, van Damme J, Billiau A, Goselink H, Voogt P, van Eeden G, et al.
Interleukin 1 induces human marrow stromal cells in long-term culture to produce
granulocyte colony-stimulating factor and macrophage colony- stimulating factor.
Blood (1988) 71(2):430–5. doi: 10.1182/blood.V71.2.430.430

116. Heimfeld S, Hudak S, Weissman I, Rennick D. The in vitro response of
phenotypically defined mouse stem cells and myeloerythroid progenitors to single
or multiple growth factors. Proc Natl Acad Sci (1991) 88(21):9902–6. doi: 10.1073/
pnas.88.21.9902

117. Pietras EM, Mirantes-Barbeito C, Fong S, Loeffler D, Kovtonyuk LV,
Zhang S, et al. Chronic interleukin-1 drives haematopoietic stem cells towards
precocious myeloid differentiation at the expense of self-renewal. Nat Cell Biol
(2016) 18(6):607–18. doi: 10.1038/ncb3346

118. Jones SA, Jenkins BJ. Recent insights into targeting the IL-6 cytokine family
in inflammatory diseases and cancer. Nat Rev Immunol (2018) 18(12):773–89. doi:
10.1038/s41577-018-0066-7

119. Collison LW, Delgoffe GM, Guy CS, Vignali KM, Chaturvedi V,
Fairweather D, et al. The composition and signaling of the IL-35 receptor are
unconventional. Nat Immunol (2012) 13(3):290–9. doi: 10.1038/ni.2227

120. Wang X, Wei Y, Xiao H, Liu X, Zhang Y, Han G, et al. A novel IL-23p19/
Ebi3 (IL-39) cytokine mediates inflammation in lupus-like mice. Eur J Immunol
(2016) 46(6):1343–50. doi: 10.1002/eji.201546095

121. Zhang X, Sejas DP, Qiu Y, Williams DA, Pang Q. Inflammatory ROS
promote and cooperate with the fanconi anemia mutation for hematopoietic
senescence. J Cell Sci (2007) 120(Pt 9):1572–83. doi: 10.1242/jcs.003152

122. Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the release of
damage-associated molecular patterns and its physiological relevance. Immunity
(2013) 38(2):209–23. doi: 10.1016/j.immuni.2013.02.003

123. Wagner PN, Shi Q, Salisbury-Ruf CT, Zou J, Savona MR, Fedoriw Y, et al.
Increased Ripk1-mediated bone marrow necroptosis leads to myelodysplasia and
bone marrow failure in mice. Blood (2019) 133(2):107–20. doi: 10.1182/blood-
2018-05-847335

124. Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. Molecular
mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol
(2010) 11(10):700–14. doi: 10.1038/nrm2970

125. Howard JE, Smith JNP, Fredman G, MacNamara KC. IL-18R-mediated
HSC quiescence and MLKL-dependent cell death limit hematopoiesis during
infection-induced shock. Stem Cell Rep (2021) 16(12):2887–99. doi: 10.1016/
j.stemcr.2021.10.011

126. Rickard JA, O’Donnell JA, Evans JM, Lalaoui N, Poh AR, Rogers T, et al.
RIPK1 regulates RIPK3-MLKL-Driven systemic inflammation and emergency
hematopoiesis. Cell (2014) 157(5):1175–88. doi: 10.1016/j.cell.2014.04.019

127. Masters SL, Gerlic M, Metcalf D, Preston S, Pellegrini M, O’Donnell JA,
et al. NLRP1 inflammasome activation induces pyroptosis of hematopoietic
progeni tor ce l l s . Immunity (2012) 37(6) :1009–23. doi : 10 .1016/
j.immuni.2012.08.027

128. Hauer J, Fischer U, Borkhardt A. Toward prevention of childhood ALL by
early-life immune training. Blood (2021) 138(16):1412–28. doi: 10.1182/
blood.2020009895

129. Zhang Hf, Zhang H, Wu Xp, Guo Yl, Cheng Wd, Qian F. Fisetin alleviates
sepsis-induced multiple organ dysfunction in mice via inhibiting p38 MAPK/MK2
signaling. Acta Pharmacol Sin (2020) 41(10):1348–56. doi: 10.1038/s41401-020-
0462-y

130. Feng X, Lin Z, Sun W, Hollinger MK, Desierto MJ, Keyvanfar K, et al.
Rapamycin is highly effective in murine models of immune-mediated bone marrow
failure. Haematologica (2017) 102(10):1691–703. doi: 10.3324/haematol.
2017.163675
frontiersin.org

https://doi.org/10.1182/blood-2011-03-344960
https://doi.org/10.1182/blood-2011-12-380113
https://doi.org/10.3389/fcimb.2022.824027
https://doi.org/10.3389/fcimb.2022.824027
https://doi.org/10.1016/j.immuni.2006.04.008
https://doi.org/10.1038/nature01889
https://doi.org/10.4049/jimmunol.1003438
https://doi.org/10.1038/bcj.2016.45
https://doi.org/10.1111/j.1600-065X.2010.00933.x
https://doi.org/10.1111/j.1600-065X.2010.00933.x
https://doi.org/10.1038/leu.2014.68
https://doi.org/10.1371/journal.pone.0248343
https://doi.org/10.1073/pnas.75.8.4001
https://doi.org/10.1073/pnas.75.8.4001
https://doi.org/10.1126/science.6093254
https://doi.org/10.1073/pnas.82.1.119
https://doi.org/10.1073/pnas.82.1.119
https://doi.org/10.1038/nm.3512
https://doi.org/10.1158/0008-5472.CAN-10-2933
https://doi.org/10.1182/blood-2012-06-439661
https://doi.org/10.1182/blood-2012-06-439661
https://doi.org/10.1084/jem.20121610
https://doi.org/10.1016/j.stem.2016.03.002
https://doi.org/10.1038/nrd3810
https://doi.org/10.1038/nm.3544
https://doi.org/10.1186/1479-7364-5-1-30
https://doi.org/10.1182/blood-2007-12-123836
https://doi.org/10.1182/blood-2007-12-123836
https://doi.org/10.1182/blood.V74.6.2257.2257
https://doi.org/10.1182/blood.V74.6.2257.2257
https://doi.org/10.1182/blood.V81.10.2579.2579
https://doi.org/10.1182/blood.V71.2.430.430
https://doi.org/10.1073/pnas.88.21.9902
https://doi.org/10.1073/pnas.88.21.9902
https://doi.org/10.1038/ncb3346
https://doi.org/10.1038/s41577-018-0066-7
https://doi.org/10.1038/ni.2227
https://doi.org/10.1002/eji.201546095
https://doi.org/10.1242/jcs.003152
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1182/blood-2018-05-847335
https://doi.org/10.1182/blood-2018-05-847335
https://doi.org/10.1038/nrm2970
https://doi.org/10.1016/j.stemcr.2021.10.011
https://doi.org/10.1016/j.stemcr.2021.10.011
https://doi.org/10.1016/j.cell.2014.04.019
https://doi.org/10.1016/j.immuni.2012.08.027
https://doi.org/10.1016/j.immuni.2012.08.027
https://doi.org/10.1182/blood.2020009895
https://doi.org/10.1182/blood.2020009895
https://doi.org/10.1038/s41401-020-0462-y
https://doi.org/10.1038/s41401-020-0462-y
https://doi.org/10.3324/haematol.2017.163675
https://doi.org/10.3324/haematol.2017.163675
https://doi.org/10.3389/fimmu.2022.951937
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of inflammation in hematopoiesis and bone marrow failure: What can we learn from mouse models?
	Introduction
	Interferon signaling
	Chronic interferon signaling results in bone marrow failure
	Acute interferon signaling can lead to exhaustion of hematopoietic stem cells

	TNF signaling
	TNF overexpression is associated with BMF

	TLR signaling
	Sustained TLRs signals impair HSC function

	TGF-β and bone marrow failure
	Interleukin-1 and -6 and their role in hematopoiesis
	Inflammatory ROS induces DNA damage in HSCs

	Necroptosis and pyroptosis cause BMF under inflammatory conditions
	Clinical therapeutic options - Concluding remarks
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


