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Abstract
The hematopoietic system represents an organ system with an exceptional capacity for the production of mature blood cells
from a small and mostly quiescent pool of hematopoietic stem cells (HSCs). This extraordinary capacity includes self-
renewal but also the propensity to rapidly respond to extrinsic needs, such as acute infections, severe inflammation, and
wound healing. In recent years, it became clear that inflammatory signals such as cytokines, chemokine and danger signals
from pathogens (PAMPs) or dying cells (DAMPs) impact on HSCs, shaping their proliferation status, lineage bias, and
repopulating ability and subsequently increasing the output of mature effector cells. However, inflammatory danger signals
negatively impact on the capacity of HSCs to self-renew and to maintain their stem cell capabilities. This is evidenced in
conditions of chronic inflammation where bone marrow failure may originate from HSC exhaustion. Even in hematopoietic
cancers, inflammatory signals shape the phenotype of the malignant clone as exemplified by necrosome-dependent
inflammation elicited during malignant transformation in acute myeloid leukemia. Accordingly, understanding the
contribution of inflammatory signals, and specifically necroinflammation, to HSC integrity, HSC long-term functionality,
and malignant transformation has attracted substantial research and clinical interest. In this review, we highlight recent
developments and open questions at the interplay between inflammation, regulated necrosis, and HSC biology in the context
of blood cell development, acute and chronic inflammation, and hematopoietic cancer.

Facts

● Inflammatory signals directly and indirectly impact on
hematopoietic stem cell (HSC) biology.

● Pyroptotic and necroptotic cell death kill normal
hematopoietic stem or progenitor cells (HSPCs) and
leukemic cells.

● Excess inflammatory signaling inhibits or exhausts
hematopoiesis, contributes to HSPC dysfunction, and
potentiates hematopoietic pathologies.

● Inflammatory signals block normal HSC growth yet
promote survival and proliferation of certain neoplastic
cells as evidenced in myelodysplastic syndromes
(MDSs), myeloproliferative neoplasms (MPNs), and
Fanconi anemia.

Open questions

● How does chronic inflammation induce exhaustion
of HSCs and does that contribute to leukemic
transformation?

● Which cells induce the inflammatory signals that drive
the development and progression of hematologic
malignancies and what are the deregulations underlying
aberrant cytokine production?

● What are the specific damage-associated molecular
patterns (DAMPs) that drive inflammation under condi-
tions of infection or malignancy?
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Necroinflammation

Necroinflammation is defined as the immune response to
regulated or non-regulated necrosis in a living organism.
Regulated necrosis is executed as a controlled process
through defined signaling pathways such as necroptosis,
ferroptosis, and pyroptosis or, alternatively, may proceed
in a non-regulated fashion as consequence of traumatic
injuries [1]. As the consequence of necrosis, however,
all necrotic cells release their intracellular content as
danger molecules from dying cells (also termed damage-
associated molecular patterns (DAMPs)), such as ATP,
heat shock proteins (HSPs), high-mobility group box 1
(HMGB1), mtDNA or uric acid among the interleukins
such as IL-1α, IL-18, IL-1β, IL-33, among others. These
molecular danger signals trigger a robust inflammatory
immune response that further promotes immunity-related
cell death, thereby constituting a feed-forward loop [2].
Moreover, recent data suggest that each particular
pathway of cell death has specific signatures that
actively fine-tune the immune response by the expression
and/or maturation of either pro- or anti-inflammatory
cytokines and chemokines [1]. This subject of necroin-
flammation is elucidated systematically in several current
reviews [1, 3, 4].

Despite a wealth of data on the role of apoptotic cell
death in the hematopoietic system, the characterization of
regulated necrosis and subsequent necroinflammation in
hematopoiesis remains incomplete. Research on necroin-
flammation in the hematopoietic system has mainly focused
on necroptosis and pyroptosis with only little data available
on ferroptosis or alternative regulated forms of necrosis. A
wide range of inflammatory stimuli trigger necroptosis,
including tumor necrosis factor (TNF) superfamily mem-
bers such as TNF, Fas (CD95), and TNF-related apoptosis-
inducing ligand (TRAIL) [5]. Moreover, interferons (IFNs)
[6], ligands of the Toll-like receptor (TLR) pathways [7],
and nucleic acid-activated pathways [8] also induce necro-
some formation. Moreover, several stresses can promote
necroptotic cell death including tissue damage as observed
in ischemia–reperfusion injury, production of reactive
oxygen species, chemotherapeutics, and glutamate or cal-
cium overload [9].

TNF represents the best-studied inducer of necroptosis
under certain cellular conditions of stress. In healthy cells,
TNF mostly induces survival and/or inflammatory response
genes, however, under conditions of cellular stress resulting
in the depletion of certain signaling compounds, TNF
induces different forms of cell death including necroptosis.
This depends, at least in part, on the sequential formation of
different TNF receptor signaling complexes upon binding
of TNF to TNFR1 [10], resulting in two very different
outcomes: (i) transcriptional responses based on the

activation of nuclear factor-κB (NF-κB) and mitogen-
activated protein kinases (MAPKs) c-Jun N-terminal kina-
ses (JNK) and p38; (ii) propagation of cell death via an
apoptosis or necroptosis route.

The binding of TNF to the TNF receptor 1 (TNFR1)
results in the oligomerization of the receptor and subsequent
intracellular formation of a signaling complex termed the
TNFR1 signaling complex (TNF-RSC). Initiated by
recruitment of the death domain (DD)-containing proteins
Tumor necrosis factor receptor type 1-associated death
domain protein (TRADD) and Receptor-interacting serine/
threonine-protein kinase 1 (RIPK1) to the DD of TNFR1,
the TNF-RSC is referred to as complex I. Physiologic
complex formation then requires TRADD-dependent
recruitment of TRAF2 [10]. This platform subsequently
serves to recruit the cellular inhibitors of apoptosis proteins
(cIAP)1 and cIAP2. Following their recruitment, cIAPs
attach K63-linked ubiquitin chains on various TNF-RSC
components, including RIPK1, which allows for activation
of NF-κB and MAPKs and subsequent transcriptional acti-
vation of proinflammatory genes. Subsequently, linear
ubiquitin chain assembly complex (LUBAC) is recruited to
the complex. LUBAC contains the protein subunits HOIL-1,
SHARPIN, and HOIP and attaches linear ubiquitin chains
(M1-linked) on components such as RIPK1 and nuclear
factor-κB essential modulator (NEMO). Accordingly, the
composition and functionality of complex I is defined to a
large degree by the correct positioning and timing of ubi-
quitin chains onto the proteins within the complex, resulting
in the recruitment of NEMO plus IκB kinase (IKK) and
TAK1-Binding Protein 1 (TAB) plus TAK, allowing for the
activation of NF-κB and MAPKs [11].

Aberrant IAP or LUBAC activity, or RIPK1 de-
ubiquitylation mediated by Lysine 63 Deubiquitinase
(CYLD), results in defective recruitment of various TNF-
RSC components and complex destabilization [11, 12].
This shifts the signaling toward enhanced formation of
an alternative, also termed secondary, death-inducing
complex II and the subsequent recruitment of Fas Asso-
ciated Via Death Domain (FADD) and pro-Caspase-8 [10].
Caspase-8 stands at the cross-road of apoptotic and
necroptotic cell death by either promoting conventional
caspase-dependent cell death or, when insufficient Caspase-
8 activity is present, causing necroptotic cell death in cells
proficient for RIPK3 and Mixed Lineage Kinase Domain
Like Pseudokinase (MLKL). Here, activated RIPK1 pro-
motes necroptosis by interacting with RIPK3, which in turn
mediates the phosphorylation of the pseudokinase MLKL
resulting in pore formation at the plasma membrane to
promote cell lysis [13].

The molecular mechanisms controlling complex II
formation are not entirely understood, but it is clear that
RIPK1 has a central position in this process. This has been
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established by genetic models showing that loss of cIAPs,
NEMO, TAK1, or LUBAC components sensitizes cells to
TNF-mediated cell death in a RIPK1-dependent manner.
Failed activation of NF-κB targets impacts on the com-
position of complex II, but additional effects mediated by
transcription factors other than NF-κB have been pro-
posed [11]. RIPK1 ubiquitin modifications are critical
components of the post-translational editing of this central
player in necroptosis and inflammatory signaling, yet the
events controlling de-ubiquitylation remain only partially
understood. Whereas the deubiquitylase (DUB) CYLD is
only partially required for necroptosis to occur, other
DUBs such as OTULIN might provide overlapping
functionality in TNF-dependent or TNF-independent
signaling complexes [14]. Of note, loss of the ubiquitin
signature on RIPK1 promotes but is not necessary for
necroptosis to occur as aberrant ubiquitylation patterns of
RIPK1 have also been detected in complex II. This sug-
gests that the chain type or the branching pattern of ubi-
quitin chains on RIPK1 might define its role within the
necrosome [15]. Additional insights into the post-
translational modification of RIPK1 will help to under-
stand their contribution to the composition of signaling
platforms containing RIPK1 either at the receptor level or
as cytoplasmic protein complexes.

Inflammatory roles of RIPK1 and RIPK3

Several lines of evidence show that both RIPK1 but also
RIPK3 promote inflammation independently of the
inflammatory processes associated with cell death. These
inflammatory responses are controlled, at least in part, by
effector molecules such as ERK1 and ERK2 after
recruitment to RIPK1/RIPK3 complexes [16] or by
synthesis and release of inflammatory mediators such as
TNF [17–19]. Moreover, several receptors such as TNFR1
primarily engage in proinflammatory gene transcription
by activating NF-κB [20]. Besides, several groups
including our own have shown that RIPK1 and RIPK3
promote the release of IL-1β from macrophages and
dendritic cells in response to TLR4 or TNFR1 stimulation
[21, 22]. IL-1β is a potent inflammatory cytokine, also
considered a DAMP, which requires de novo synthesis
and subsequent processing by Caspase-1 or, alternatively,
Caspase-8 for activation [21]. RIPK3 promotes IL-1β
processing mostly by the NLR Family Pyrin Domain
Containing 3 (NLRP3)/Caspase-1 inflammasome complex
or, to a smaller degree, by Caspase-8 [21–25]. In addition,
RIPK1 and RIPK3, but not MLKL, control the production
of proinflammatory cytokines such as IL-6 and TNF in
myeloid cells depending on the amplification of the
intrinsic TNF/TNFR1 signaling axis [26]. A specifically

intriguing way of promoting proinflammatory responses
in myeloid cells is the temporal delay in necroptosis
execution in cells undergoing death signaling. This pro-
cess extends the time for cell-intrinsic NF-κB-dependent
transcriptional responses of proinflammatory mediators
before cells eventually lyse. Hence, this process facilitates
the cross-priming of T lymphocytes from dendritic cells
thereby substantially increasing the inflammatory output
of myeloid cells [27]. Together, these data show that
RIPK1 and RIPK3 promote inflammation by multiple
means and that NF-κB-mediated responses and regulated
necrosis seem to synergize in maximizing the inflamma-
tory responses from myeloid cells in response to stress
signals.

Inflammatory signals regulate
hematopoietic stem cell fate and blood
output

As evidenced by the critical function of the hematopoietic
system in inflammation, immunity, and tissue repair, this
organ system is highly responsive to inflammatory signals
released from pathogens or damaged tissue [28]. An
increasing number of reports using murine and zebrafish
models, as well as single-cell analyses delineated the che-
mokines and cytokines that directly influence the pro-
liferative capacity, differentiation, and self-renewal of
hematopoietic stem cells (HSCs).

HSCs represent a rare, multipotent cell type that is able to
generate all mature hematopoietic cell types in the periph-
eral blood via progenitor and precursor stages (Fig. 1).
Healthy hematopoietic stem or progenitor cells (HSPCs) are
capable of sensing a plethora of inflammatory stimuli
including chemokines and cytokines, DAMPs and TLR
ligands [29, 30]. The HSPC compartment responds to these
stimuli during conditions of stress by proliferation and the
release of cytokines that result in a strongly intensified
hematopoiesis (also termed emergency granulo-/myelopoi-
esis), which provides sufficient numbers of myeloid
immune cells to the sites of infection [31–35]. It is well
established that inflammatory signals such as IFNs, TNF,
IL-1, or DAMPs impact both negatively or positively on the
cellular output of the healthy bone marrow (BM) and even
of the cellular integrity of leukemic cells.

Aside from canonical effects on immune effector cells,
these danger signals also directly affect HSPC biology.
Indeed, proinflammatory cytokines seem to be critical for
the maintenance of the correct cell numbers, proliferative
state and differentiation level of HSPCs at steady-state or,
alternative, during stress responses (Fig. 2). Moreover,
aberrant levels of these proinflammatory cytokines and the
subsequent impact on primitive hematopoietic progenitor
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populations likely foster hematological conditions such as
cancer, BM failure (BMF) syndromes or even aging [30].
Thus, to identify how inflammation regulates HSC fate and
shapes the blood system during development, aging,
chronic inflammation, and hematological malignancy, it is
critical to understanding the mechanistic base of these
processes and the potential links between them.

The role of (necro)inflammation in demand-
adapted hematopoiesis

At steady-state cell-intrinsic transcription factors, as well as
epigenetic regulators [36] in combination with niche-
mediated signals maintain HSCs at a quiescent state [37,
38]. However, during conditions of infection, inflammatory
signals rapidly drive HSCs out of quiescence and induce
transient proliferation. In this setting, danger signals such as

interleukins play a critical role. IL-1α and IL-1β, the most
commonly studied DAMPs of the necroptotic [2, 39] and
pyroptotic cell death pathways [40, 41], are potent inducers
of IL-6 and granulocyte colony-stimulating factor (G-CSF),
all of which induce HSC proliferation and promote rapid
granulopoiesis [42–44]. However, the functional con-
sequence of IL-1β signaling in hematopoiesis originating
from different inflammasomes remains incompletely
understood. Next to IL-1β, Caspase-1 also processes IL-18
as a major proinflammatory cytokine, which induces IFNγ
to control the proliferation, self-renewal, and repopulating
capacity of HSCs under conditions of infection [45, 46].

Moreover, during the process of regulated necrosis
alternative interleukins such as IL-33 are released [32] and
subsequently inducing the mobilization of HSPCs and
promoting the production of IL-5, a strong trigger for
eosinophilia [47–49]. IL-33 itself plays an integral part in
coordinating immunity against helminths and it is involved

Fig. 1 The interaction of different cytokines coordinates hematopoi-
esis. Throughout the development of hematopoiesis, self-renewing
multipotent stem cells (HSC) produce more committed progenitor
cells. These cells form the foundation for the generation of mature
blood cell lineages present in the peripheral blood. Classically,
hematopoietic commitment is described to split between myeloid and
lymphoid fate immediately downstream of multipotent progenitors
(MPPs). This view, however, has been challenged by several recent
reports demonstrating that lineage fates remain undecided over several
early cell populations (data not shown). Shown here are cytokines
and other inflammatory signals that positively control the self-renewal

and differentiation of HSPCs. Interleukins (ILs) and colony-
stimulating factors (CSFs) coordinate to a large degree the prolifera-
tion and differentiation of HSPCs by controlling critical intracellular
signaling pathways both at steady-state and during conditions of stress.
The elements shown influence HSPC proliferative capacity, their
ability for multipotency, and their commitment to specific lineages.
MPP multipotent progenitor, CLP common lymphoid progenitor,
CMP common myeloid progenitor, GMP granulocyte-macrophage
progenitor, MEP megakaryocyte–erythrocyte progenitor, NK natural
killer, FL FLT3 ligand, SCF stem cell factor, TPO thrombopoietin,
EPO erythropoietin
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in allergy, where it promotes the induction of type-2 innate
lymphoid cells (ILC2) [50].

IFNs represent another major class of inflammatory
signals controlling HSCs [46, 51]. IFNs group into two
separate classes: type I IFN, including IFNα and IFNβ
binding the IFNα receptor, and the type II IFNγ binding the
IFNγ receptor [52]. Murine models exposed to purified
IFNα or poly(I:C) induce HSC proliferation [51, 53].
Accordingly, the IFNα-dependent transcriptional regulator
Irf2 repressing IFNα signaling prevents HSC exhaustion
and induces HSC quiescence [53, 54]. Of note, IFNγ has
discrete effects on the differentiation of HSCs. Constant
exposure to IFNγ suppresses growth of HSPCs by inducing
myeloid differentiation and apoptosis [55–60] and certain
BMF syndromes such as acquired aplastic anemia poten-
tially originated in an aberrantly elevated level of IFNγ [61,
62]. Conversely, recent publications showed that IFNγ, like
type I IFNs, can also stimulate HSC self-renewal, repopu-
lation, and proliferation under conditions of infectious
stress, likely to maintain blood cell homeostasis over the
course of infection [46, 63, 64]. Thus, it appears that the
baseline IFNγ tone regulates HSC activity. Although IFNγ
is key to stimulate emergency HSC proliferation, excessive
signaling through this pathway might be detrimental to HSC
function.

In analogy to IFNγ, studies of the specific hematopoietic
actions of TNF have been conflicting. TNF blocks cellular
growth and promotes apoptosis specifically of HSCs, which
contrasts to most cell types in body [58, 64–69].

Interestingly, current data suggest that TNFR1 and TNFR2
differentially block HSCs; TNF mostly impacts on com-
mitted progenitor cells via TNFR1, whereas primitive
hematopoietic progenitor cells receive signals from TNF
signals via TNFR2 [65, 66, 68]. In contrast to a suppressive
effect of TNF on the HSC compartment, a recent study
suggested that TNF increased the clonogenic potential of
HSCs, elevated the number of multipotent progenitors
(MPPs), and blocked cell death of HSCs by apoptosis [70].
Further, Pearl-Yafe et al. observed defects in early
engraftment and a reduced competitive capacity of lineage-
negative BM cells deficient for either TNFR1 or TNFR2
when transplanted into wild-type recipients [71]. In con-
trast, Pronk et al. observed a considerable competitive
advantage of Tnfr1–/– and Tnfr2–/– (and even more pro-
nounced Tnfr1/2–/–) BM cells over wild-type BM when
compared in a competitive transplantation setting. This
phenotype was further enhanced after serial transplantation
[72]. It therefore remains to be elucidated what the primary
function of TNF on the HSC compartment is under phy-
siological conditions.

Next to TNF, several alternative components of the
necroptotic signaling machinery have been associated with
HSC survival. For example, RIPK1 deletion in the hema-
topoietic compartment resulted in a severe cytokinemia and
cell death that was partially rescued by co-deletion of
RIPK3. The direct impact on the HSC compartment is
illustrated by the finding that fetal liver cells from these
mice failed to reconstitute lethally irradiated recipients [73,

Fig. 2 The positive and negative effects of inflammation on bone
marrow integrity and HSC function. Representation of selected
effector processes activated by inflammation in the bone marrow and
short description of their relevance in the bone marrow. Processes on
the upper half of the circle (shown in green) represent beneficial
mechanisms to control and maintain hematopoiesis under steady-state

conditions or, alternatively, during acute stress responses. The bottom
half of the circle (shown in red) shows aberrant and potentially harmful
inflammatory processes in the bone marrow such as chronic inflam-
mation, the process of ageing and malignancy. It remains a challenge
to delineate the partnership and antagonism of inflammation and
HSPC biology in developmental and disease contexts
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74]. Moreover, the functional CYLD–TRAF2 interaction
protects HSC quiescence and dormancy by circumventing
p38 MAPK activation and HSC cycling [75].

Demand-adapted granulopoiesis is controlled to a large
degree by inflammatory signals released, at least in part, by
necroinflammation. In an elegant study using gene-targeted
mice, James Rickard et al. showed that RIPK1 represses an
aberrant inflammatory response by inhibiting signal trans-
duction via RIPK3 and MLKL in hematopoietic and non-
hematopoietic cells [74].

In addition to TNF receptor signaling, TLR ligands also
impact on the integrity of HSCs and thereby on their clo-
nogenic potential. TLR4, TLR7, TLR8, and TLR9 are
expressed on human CD34+ progenitor cells and stimula-
tion of at least TLR7 and TLR8 in vitro resulted in myeloid
differentiation of these cells [76]. Murine progenitors
express TLR2 and TLR4, and TLR stimulation provoked
HSPC cycling and enhanced myeloid differentiation
[34, 77–80]. A more detailed overview of how inflamma-
tory signals regulate HSCs is given in several recent reviews
[29, 81, 82].

In summary, these studies provide evidence that
inflammatory signals influence HSCs to differentiate along
specific hematopoietic lineages and hence directly impact
on the output of mature blood cells into the periphery. Gene
expression programs defining lineage decisions remain
entangled over several early cell populations [83, 84].
Blood cells differentiate through the stage of MPPs that
contribute to the steady-state maintenance of the blood cell
pool [85, 86]. The acute response to G-CSF represents a
resource for the generation of substantial numbers of mature
blood cells such as neutrophils originating likely from
lineage-committed myeloid progenitors during emergency
granulopoiesis [32, 33, 82, 87–89].

Inflammation impacts on the homeostasis
of HSCs

Current data suggest that even in the absence of an active
inflammation, inflammatory signals impact on HSC pro-
liferation and thus on HSC numbers. Accordingly, even in
healthy individuals some steady-state inflammatory signal-
ing might influence the maintenance of a healthy HSPC
compartment. In a murine model, this is exemplified by
increased numbers of phenotypic hematopoietic progenitors
at steady-state in TNFR1-deficient mice. The BM in these
mice presents with an elevated cellularity in older mice,
which goes hand in hand with a relative decrease in HSC
functionality [67, 90]. Accordingly, mice deficient for IFNγ,
TLR4, TLR9, or MyD88 show elevated engraftment after
lethal irradiation, likely because the HSC compartment in
these mice remains in a more quiescent state due to the lack

of inflammatory signals present at steady state [46, 91].
Also TLR signaling-deficient HSCs might be less vulner-
able to the damaged/inflamed context of the lethally irra-
diated recipients, both preventing HSC cycling and
ultimately exhaustion.

The role of inflammatory signals for the
development of HSC

A range of different reports have shown that proin-
flammatory mediators impact on HSC biology during
embryonic development [92–96]. The early development of
the blood system proceeds in waves, where the develop-
ment of HSCs follows the emergence of primitive erythroid
and myeloid cells originating in the yolk sac. The emerging
HSCs possess multi-lineage potential and themselves ori-
ginate from hemogenic endothelial cells in the aorta-gonad-
mesonephros [97]. Interestingly, these early HSCs possess a
typical inflammatory gene signature of innate immune cells
with a particular IFN signature [93]. In addition to IFN,
additional cytokines have been implicated in the develop-
ment of HSCs including IL-1, -3, TNF, and G-CSF [94, 96,
98, 99]. The TNF/TNFR2 axis is involved in the
correct development of embryonic HSCs [92, 95, 100] and
the G-CSF/G-CSFR axis is required during embryonic
emergency myelopoiesis and HSC emergence/expansion in
embryonic development [96, 101]. In an alternative study,
both TNF and G-CSF promoted HSC development via
TLR4 and MyD88 [95] and repression of TNF and IFNγ
resulted in HSC reduction, together supporting the notion
that multiple proinflammatory cytokines possess coopera-
tive roles in HSC development [93]. Based on these reports,
the role of sterile inflammatory signaling seems to be of
high relevance of the integrity of a functional HSC pool.

Necroinflammation and BMF

Although inflammatory signaling is critical during infection
and inflammation, prolonged exposure to inflammatory
signals including TLRs, IFNs, TNF, and IL-1 will repress
the self-renewal of HSCs, which eventually results in HSC
exhaustion [46, 51, 59, 60, 74, 102]. Indeed, myelodys-
plastic syndromes (MDSs) and BMF syndromes have been
associated with excessive TNF and IFNγ signaling, both of
which have been proposed to contribute to the repression
of hematopoietic cells [57, 61, 66, 103].

Several studies suggested an important role for necrop-
tosis in the pathogenesis of BMF syndromes. Hematopoietic
RIPK1 deficiency resulted in constitutive activation of
RIPK3 and MLKL and induction of IFNγ-mediated RIPK3-
dependent necroptosis [73], culminating in elevated serum
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TNF and IFNγ levels, HSPC loss, and ultimately BMF. In
gene-targeted mice deficient for Tak1, both apoptosis and
necroptosis pathways impacted on the BM resulting in BMF
and on HSC integrity as evidenced by RIPK1-dependent
TNF-mediated cell death occurring in 30–40% of HSPCs.
The remaining HSPCs in this model died by a Caspase-8-
dependent apoptotic route [104].

The functional relevance of individual cytokines in
controlling the integrity of the hematopoietic system in the
BM likely depends on several interacting factors that cannot
be summarized easily into one simple equation. As dis-
cussed above this is illustrated in a model where TNF and
IFNγ exhibited opposing functions in acquired aplastic
anemia, a condition defined by a loss of functional stem cell
units unable to maintain relevant levels of mature blood
cells. Here, IFNγ repressed BM hematopoiesis in the wake
of an autoimmune response, whereas TNF improved the
BMF by blocking type-1 T lymphocyte responses and
maintaining the function of myeloid-derived suppressor
cells [105].

Inflammation in ageing HSPCs

Continuous proinflammatory signaling occurs also during
aging in the BM environment. Typically, we can observe
this in the BM of elderly patients that often present with a
progressive anemia, senescence of immune cells, and
reduced platelet numbers [106]. This is associated with
elevated levels of the classic proinflammatory mediators
including IL-1, IL-6, and TNF. Of note, IL-1α released from
senescent cells in the BM niche might be responsible for
(i) triggering the secretion of those cytokines and (ii) the
subsequent alterations in the BM (also termed “senescence-
associated secretory phenotype”) [107, 108]. It is not dif-
ficult to speculate that this cocktail of cytokines present in
the BM over extended periods of time will impact on HSC
integrity and function.

Another curious aspect of age-related changes in the BM
readily observed in elderly patients is the bias toward
myeloid differentiation. This phenotype is characterized by
the propensity of HSCs of elderly individuals to reconstitute
more readily the myeloid system compared with the
lymphoid lineage [109]. But not only HSCs themselves
contribute to this myeloid skewing. The chemokine regu-
lated on activation, normal T cell expressed and secreted
(RANTES) released from aged BM niche cells was recently
shown to contribute to HSC myeloid skewing [110]. The
relatively high overlap of aged myeloid cells and myeloid
leukemic progenitor cells in terms of their epigenetic and
transcriptional profile suggests that this myeloid lineage
bias might not be completely irrelevant in the elevated
incidence of myeloid neoplasms present in the elderly

population [111]. In line with this concept, younger
leukemia patients mostly present with lymphoblastic leu-
kemia when compared with the incidence of myeloid
leukemia [112]. The notable exception of course is chronic
lymphocytic leukemia (CLL).

Aging likely affects the integrity of the HSCs due to a
low-level inflammatory condition over extended periods of
time, which favors the development of pre-leukemic
mutations [112, 113] and the progression of more aggres-
sive sub-clones [114], which likely result in the develop-
ment of overt myeloid leukemia (Fig. 3). Once a pre-
leukemic subpopulation or a leukemia-initiating clone has
developed in the BM environment, its close interaction with
the surrounding niche cells will likely propagate the disease
based on the presence of proinflammatory cytokines
including IL-6, IL-8, IL-1β, as well as danger signals such
as S100A8/S100A9.

In summary, inflammatory cytokines likely contribute to
aging-related hematological diseases, such as acute myeloid
leukemia (AML), MDS, and myeloproliferative neoplasm
(MPN), as all of those conditions are characterized by
elevated levels of IFNs, TNF, and IL-6 [114–119].

Necroptosis signaling in hematopoietic
malignancies

A range of hematopoietic cancers including chronic con-
ditions, such as MDS, MPN (incl. CML), and CLL, but also
more aggressive forms, such as AML, are characterized
by alterations to proinflammatory signals. As eluded to
before, both the microenvironment and the malignant clone
itself contributes to the disease phenotype as inflammatory
signaling originates from both cellular compartments.
Alterations to the interplay between hematopoietic cells
and the niche relevantly drives disease progression and
the disease phenotype [119–123]. Of note, the crosstalk
between niche cells and malignant clone can be multi-
faceted as individual inflammatory signals, such as IL-1β
and TNF, can promote cellular differentiation of leukemic
progenitor cells thereby effectively reducing self-renewal
and survival of the malignant clone [124].

Over the last years, substantial interest has emerged
in the crosstalk between the necroptotic pathway and
hematopoietic malignancies. There is now considerable
evidence showing that the expression of key players of
the necroptosis signaling machinery can be disturbed in
human cancers. In CLL, RIPK3 and CYLD expression
are recurrently repressed by lymphoid enhancer-binding
factor (LEF)1, a transcriptional repressor of CYLD
[125]. Co-stimulation by TNF and zVAD could not
induce necroptosis in CLL cells, but knockdown of LEF1
re-sensitized CLL cells to TNF-induced necroptosis,
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Fig. 3 Inflammatory factors released from leukemic cells influence the
stromal compartment during leukemogenesis. Chronic inflammation
and the natural ageing process are associated with a systemic over-
abundance of proinflammatory cytokines (middle panel), a phenotype
absent under healthy steady-state conditions (upper panel). A chronic
inflammatory state may contribute to the acquisition of genetic lesions

in both HSCs and niche cells (middle panel). Eventually, leukemic
cells induce changes in the HSC niche by the release of danger signals
including chemokines, cytokines, and DAMPs (middle panel). The
alterations of the niche by a malignant (pre)leukemic clone likely
induces a self-reinforcing loop, contributing to disease progression
(lower panel). KO knock-out, OE overexpression
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suggesting that the defect in necroptosis correlated with
CLL pathogenesis [125]. Similar observations were
made in lymphomas from T-cell origin in which loss of
RIPK3 signaling supported disease progression possibly
as a result of necroptosis blockade [126]. Here, Caspase-8
paradoxically promoted cell survival and also increased
cellular growth by virtue of its protease activity [126].
Dissecting a cohort of 458 patients, an increased risk
of development of non-Hodgkin lymphoma (NHL) was
associated with single-nucleotide polymorphisms (SNPs)
in RIPK3. This suggested that genetic aberrations of
RIPK3 may contribute to the cancer development at least
in NHL [127]. The most solid data set stems from work
by the Quesnel and our lab that have recently shown
that in several AML subtypes the expression of RIPK3
and MLKL, but not RIPK1, is reduced in patients
[124, 128]. In a cohort of over 70 primary patient samples,
both mRNA and protein levels of RIPK3 are strongly
reduced and, functionally, signaling via RIPK3 served
as a tumor-suppressive mechanism in ((Fms Related
Tyrosine Kinase 3) (FLT3)-(ITD) (internal tandem
duplication)) and AML-ETO-driven AML [124]. The
tumor-suppressive effect of RIPK3 signaling was depen-
dent on (i) the induction of cell death in leukemia-
initiating cells (LICs) and (ii) the propagation of myeloid
differentiation induced by RIPK3-mediated IL-1β release
further limiting leukemogenesis [124]. Notable exceptions
were patients diagnosed with an AML characterized by
mixed-lineage leukemia (MLL) translocations, which
normally expressed RIPK3 and MLKL. Nugues et al.
demonstrated that the expression of a RIPK3-kinase
dead (KD) mutant in leukemia cells resulted in sub-
stantial early apoptosis that was antagonized by NF-κB
activation [128].

Necroinflammation and IL-1 in
hematopoietic malignancies

The interest of hematologists in IL-1 signaling has not
subsided for many years. A recent spike in scientific interest
in IL-1 signaling was fueled by studies on AML, in which
its role remains, at least in part, controversial. Studies by
Katsumura et al. and Carey et al. correlated elevated IL-1
expression in the BM of AML patients, which were mostly
categorized as FAB M4 to M5, with an adverse outcome
[115, 129]. p38 MAPK-induced hyperphosphorylation of
the transcription activator GATA2 increased expression of
IL-1β. In this report, IL-1β activated p38 MAPK thereby
inducing a p38–GATA2–IL-1β feed forward loop [129].
This activation step further promoted the release of cyto-
kines, chemokines, and growth factors [115]. These data
stand in contrast to a study showing a 10-fold lower IL-1

expression in AML patients compared with healthy controls
[130]. The different AML subtypes studied in these
two publications might be partially responsible for the
contradictory results: high IL-1 expression was found in
FAB M4-M5 AML, whereas FAB M0-M2 AML showed
low IL-1 expression [115, 129, 130]. Furthermore, CD34+

and CD38– AML progenitor cells downregulated the
expression of IL-1β by epigenetic silencing, when com-
pared with less primitive AML progenitor cell populations
(CD34+ CD38+) and even when compared with healthy
CD34+ progenitors. Forced IL-1β expression inhibited self-
renewal, promoted cell cycle progression, and induced
apoptotic cell death in CD34+ CD38– AML progenitors.
Even functionally, the hematopoietic engraftment and the
capacity to reconstitute immunocompromised mice by these
cells was reduced [131]. These findings are consistent with
our observations that IL-1β induced LIC differentiation
and prolonged leukemia onset in an AML mouse model
driven by FLT3-ITD [124]. In contrast, Carey et al. pro-
vided evidence that IL-1 receptor silencing resulted in
a significant reduction of AML clonogenic potential
and extended survival in an AML mouse model driven
by AML1-ETO9a/NrasG12D [115]. Furthermore, in MLL-
rearranged AML, MLL wild-type protein was degraded
after IL-1-induced phosphorylation of the ubiquitin
ligase ubiquitin-conjugating enzyme E2 O (UBE2O) [132].
Stabilization of wild-type MLL through interleukin-1
receptor-associated kinase inhibition impaired LSC func-
tion and prolonged leukemia onset in an MLL-AF9 mouse
model of AML [132]. Together, these data show the dif-
ferences in IL-1 expression and signaling in blasts and
leukemic stem cells (Fig. 4).

Induction of necroptosis as therapeutic
option for hematopoietic malignancies

Consistent across several hematopoietic cancers is the
development of resistance to apoptosis. Thus, significant
interest has emerged in recent years in the activation
of necroptotic cell death as an alternative therapeutic
strategy. Inhibitors of IAP proteins that resemble Second
Mitochondria-Derived Activator Of Caspase (SMAC) (also
termed DIABLO) are clinically speaking a relatively novel
class of compounds that promote auto-ubiquitylation
and proteasomal degradation of IAP proteins, thereby
inducing TNF-mediated apoptosis [133, 134] or TNF-
mediated necroptosis [10]. The blockade and degradation of
IAP proteins, including cIAP1, cIAP2 and/or XIAP, result
in the activation of RIPK1 and RIPK3-mediated signaling
events, which includes the autocrine production of TNF,
and the promotion of cell death and expression of
multiple cytokines and chemokines [134, 135]. Moreover,
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IAP antagonists promote RIPK3-dependent inflammasome-
or Caspase-8-mediated processing of IL-1β [25].

These observations provide evidence for the use of IAP
antagonists for cell death induction as an unprecedented
anti-neoplastic therapeutic avenue. In cell line models, the
data supporting a relevant role of IAP antagonists against
hematopoietic cancers was relatively positive. Several
reports show that the IAP antagonist BV6 promoted
elimination of ALL and AML cells as single agent or in
combination with additional chemotherapeutics such as
cytarabine or epigenetic modifiers (i.e., demethylating
agents, histone deacetylase inhibitors), ionizing radiation,
TRAIL, IFNα, and others [136–142]. The therapeutic
benefit of these IAP antagonists was placed on the possi-
bility to induce cell death also in cell lines that were
refractory to chemo- or radiotherapy. In clinical trials of
cancer patients, the results were less promising and IAP
antagonists have not provided clear evidence of a relevant
therapeutic efficacy as single agent. Elucidating all aspects

of clinical trial data on IAP antagonists extends beyond
the scope of this review, however, data reported by John
Silke’s lab provide evidence that certain AML subsets
display specific sensitivities to the cIAP1/2-selective inhi-
bitor Birinapant, depending on the oncogenic mutations
present [143, 144]. Effective killing by necroptosis was
obtained when Birinapant was given in combination with
p38 inhibitors [144] or a Caspase-8-inhibitor [143]. Strik-
ingly, Caspase-8 inhibition showed remarkable synergy
with Birinapant in vivo, and significantly increased survival
of treated AML-burdened mice. Even Birinapant-resistant
cells remained sensitive to the combination [143].

Furthermore, analysis of ALL patient samples of diverse
subtypes identified subsets that were sensitive to Birinapant
alone or in combination with vincristine, dexamethasone,
and L-asparaginase [145, 146]. Birinapant efficiently
eliminated the ALL cells by inducing both RIPK1 kinase-
dependent apoptosis and necroptosis [145]. Together, these
data support the notion that forced induction of necroptosis

Fig. 4 Leukemic blasts and LSCs regulate IL-1 expression and
response to IL-1 differently—depending on the underlying genetic
lesion. In FLT3-ITD-mutated leukemic stem cells (LSCs) that are
proficient for RIPK3, TNFR signaling induced RIPK3-dependent cell
death and inflammasome activation. The release of IL-1β by dying
cells promoted differentiation of LSCs along the myeloid lineage,
further limiting leukemogenesis to a non-transplantable MPN. Loss of
either RIPK3 or MLKL severely blunted LIC death, IL-1β secretion,
and myeloid differentiation resulting in an overt transplantable AML
(left panel). In normal HSCs, IL-1β signaling through IL-1R1 drives
UBE2O phosphorylation mediated by IRAK4. This increased UBE2O

interaction with MLL and its degradation (right panel). In contrast, in
AML that results from expression of rearranged MLL fusion proteins,
MLL chimeras are resistant to degradation driven by IL-1β. IL-1β
promoted leukemia cell proliferation and upregulated a specific group
of MLL chimera target genes. Compounds blocking this signaling
events considerably deferred leukemia progression by stabilizing wild-
type MLL. This displaced the aberrant fusion of MLL from binding to
several of its target sequences. Subsequently, wild-type MLL protected
the cells from their addiction to MLL chimeras (see text for details).
IRAK4 interleukin-1 receptor-associated kinase 4, UBE2O ubiquitin-
conjugating enzyme E2 O
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might hold therapeutic potential in hematopoietic cancers
and potentially even in cases, which exhibit resistance to
conventional chemotherapeutics. However, effective doses
of necroptosis-inducing drugs and the biomarkers predicting
responses will need to be determined.

Is it beneficial to activate the
RIPK1–RIPK3 signaling axis in all cancers?

Depending on the cancer cell type and the tumor micro-
environment, necroptosis can have a differential impact
on tumor development and progression. For instance, in
pancreatic ductal adenocarcinoma (PDA) the necrosome
components RIPK1 and RIPK3 serve as tumor-promoting
factors by eliciting a form of inflammation that supports
tumor progression. RIPK3 deletion or pharmacologic
RIPK1 blockade protected mice from PDA progression
[147]. These data are curious but at least supported by
immunohistochemistry data on RIPK3 protein expression
levels in human PDA in our lab (unpublished observation),
suggesting that signaling along the RIPK1–RIPK3 axis
might harbor tumor-promoting activity.

On the other hand, necroptosis as a form of inflammation
and as a cell death modality potentially also promotes
antitumor immunity [27, 148]. Vaccination using necrop-
totic cancer cells induced maturation of dendritic cells,
cross-priming of CD8a+ T lymphocytes, and production
of IFNγ, together promoting antitumor responses [148]. In
the light of recent advances in immune check point inhi-
bition, it is not difficult to speculate that boosting cell
death by regulated necrosis might serve as a powerful tool
to improve the anticancer immune responses elicited by
anti-PD-1, anti-PD-L1, or anti-CTLA-4 antibodies. To date,
it remains only partially understood which cancer types
can be killed by inducing necroptosis (such as certain AML
subtypes) and which cancer types likely utilize necrosome-
dependent inflammation to boost tumor progression.

Concluding remarks/future perspectives

Inflammation, in part as a result of regulated necrosis, is
closely connected with the hematopoietic system, both as
the regular outcome of mature blood cells and as a control
mechanism defining stem cell fate. By now a wealth of data
support the notion that inflammation holds the potential to
directly impact on HSC integrity by (i) promoting normal
development and functional integrity of HSCs under certain
conditions, whereas (ii) inducing loss of HSC self-renewal
and functional decline in others.

From a clinical perspective, several implications of
necroinflammation are important. Proinflammatory

cytokines critically regulate hematopoiesis, HSC function,
hematopoietic progenitors, and the BM niche. In the case
of cancer, this may shape the tumor microenvironment and
promote survival and proliferation of neoplastic cells or,
alternatively, it might promote cellular differentiation and
cell death thereby repressing tumor development or pro-
gression [124]. Thus, understanding the interaction between
(necro)inflammation and HSC biology may yield substantial
advances in the treatment of hematological malignancies.

Despite extensive genomics-based analyses of the
mutational landscape in AML and ALL, there has been only
a limited number of novel treatment options implemented
into current therapeutic regimens in these patients. This
illustrates that it might be advisable to put more focus on
the inflammatory circuits present in hematopoietic cancers
and the BM environment. Understanding the molecular
interaction between (necro)inflammation and HSC biology
may therefore yield substantial new developments for the
treatment of blood cancers.

Hematologists have been focusing on the rare leukemia
stem cells (LSCs) (also termed LICs) that represent the
reservoir for minimal residual disease detected in many
leukemia patients even after aggressive polychemotherapy.
Our inability to precisely understand their weaknesses in
combination with the complex methodology needed to
define, detect, and target these cells, has been a major
stumbling block in our efforts to combat leukemia clini-
cally. Utilizing forced induction of necroptosis or inflam-
matory signaling to target specific biologic processes of
these LSCs such as their differentiation blockade or resis-
tance to cell death might help to devise strategies to spe-
cifically eradicate both LSCs and blast cells. Improving our
understanding of cell death and inflammation in the HSC
compartment both at steady state, during conditions of
emergency granulopoiesis and in malignancy might help
to provide a rational how to boost inflammatory signaling
pathways and providing death signals to achieve the demise
of these LICs.
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