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Innate immune pathways and inflammation in
hematopoietic aging, clonal hematopoiesis, and MDS
Jennifer J. Trowbridge1 and Daniel T. Starczynowski2,3,4

With a growing aged population, there is an imminent need to develop new therapeutic strategies to ameliorate disorders of
hematopoietic aging, including clonal hematopoiesis and myelodysplastic syndrome (MDS). Cell-intrinsic dysregulation of
innate immune- and inflammatory-related pathways as well as systemic inflammation have been implicated in hematopoietic
defects associated with aging, clonal hematopoiesis, and MDS. Here, we review and discuss the role of dysregulated innate
immune and inflammatory signaling that contribute to the competitive advantage and clonal dominance of preleukemic and
MDS-derived hematopoietic cells. We also propose how emerging concepts will further reveal critical biology and novel
therapeutic opportunities.

Introduction
Myelodysplastic syndromes (MDSs) are hematopoietic stem cell
(HSC) disorders defined by myeloid cell dysplasia and ineffec-
tive hematopoiesis (Cazzola, 2020). MDSs are propagated by
defective HSC(s) and are genetically defined by somatic muta-
tions and chromosomal abnormalities (Shastri et al., 2017). In
certain cases, MDS can be preceded by an asymptomatic phase
characterized by clonal expansion of HSCs harboring mutations
found in hematologic malignancies, termed clonal hematopoie-
sis of indeterminate potential (CHIP; Jaiswal and Ebert, 2019).
Moreover, chronic inflammatory diseases associated with acti-
vated innate immune signaling pathways often precede MDS;
thus, a role for dysregulated innate immune and inflammatory
signaling in hematopoietic cells as well as in the microenvi-
ronment is associated with preleukemic states, such as CHIP
and MDS (Barreyro et al., 2018). The innate immune system
utilizes evolutionarily conserved host cell receptors that recog-
nize commensal and pathogenic microorganisms and cellular
by-products. Genomic sequencing of organisms from early-
branching phyla has revealed that the prototypical innate im-
mune receptors, namely the TLR family and NF-κB pathway
components, are found in organisms that predate bilaterians
(Brennan and Gilmore, 2018). The biological function of these
innate immune- and inflammatory-related pathways not only
serves to sense and defend against foreign pathogens but is also

critical for adapting to stressed environments, developmental
processes, and directing cell survival and self-renewal programs.
Thus, the complexity and consequences of dysregulated innate
immune and inflammatory signaling pathways in the emergence
of preleukemic states and in the pathogenesis of MDS are be-
coming appreciated. It has been nearly 10 yr since the first
comprehensive review was published addressing the role of
dysregulated innate immune signaling as a driver of the MDS
phenotype (Starczynowski and Karsan, 2010). The field has
reached a critical inflection point, as it is evident that cell-
intrinsic dysregulation of innate immune- and inflammatory-
related pathways as well as systemic inflammation contribute
to hematopoietic cell aging, CHIP, andMDS. Here, we review and
discuss the current state of data supporting the role of dysre-
gulated innate immune and inflammatory signaling that con-
tributes to the competitive advantage and clonal dominance
of preleukemic and MDS-derived hematopoietic cells. We also
propose how emerging concepts will further reveal critical bio-
logy and novel therapeutic opportunities.

Overview of premalignancies
Aging and risk of hematopoietic premalignancies
The greatest risk factor for developingMDS is advanced age. It is
well understood that aging immune and hematopoietic systems
undergo dysregulation and functional decline (Dorshkind et al.,
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2009). In elderly populations, these changes result in increased
risk of infection, poor vaccination response, anemias, auto-
immunity, and a higher risk of hematologic malignancies
(Dorshkind et al., 2009). While the molecular mechanisms in-
volved in immune and hematopoietic aging are well understood
to include accumulation of DNA damage, oxidative stress,
shortening of telomeres, activation of tumor-suppressor genes,
and epigenetic dysregulation, what triggers these alterations is a
key question. Increasing evidence supports that environmental
stimuli and stressors, including infection and inflammatory
processes, play a key role in aging and risk of preleukemic states
(Barreyro et al., 2018). Understanding these processes is timely
and imperative because, at a global level, the population aged 65
yr and over is growing faster than all other age groups (United
Nations, Department of Economic and Social Affairs, Population
Dynamics, 2019). By 2050, one in six people in the world will be
over age 65 yr (16%), up from 1 in 11 in 2019 (9%), which has
significant implications for the incidence of CHIP and MDS
(United Nations, Department of Economic and Social Affairs,
Population Dynamics, 2019).

Clonal hematopoiesis and CHIP
The recent World Health Organization’s definitions of myeloid
neoplasms consider CHIP and clonal cytopenia of undetermined
significance (CCUS) as precursor conditions, while MDSs are
considered myeloid neoplasms with myelodysplasia (Arber et al.,
2016; DeZern et al., 2019). Clonal hematopoiesis was initially
discovered in aging females by nonrandom patterns of X inac-
tivation (Ayachi et al., 2020) and was subsequently found to
be driven by recurrent somatic mutations, including DNMT3A,
TET2, and ASXL1, along with mosaic chromosomal alterations
(Gao et al., 2021; Jaiswal et al., 2014; Kwok et al., 2015). CHIP is
defined in a subset of individuals with clonal hematopoiesis
based on a variant allele frequency ≥2% of a somatic mutation
in a hematologic malignancy-associated gene. Individuals with
CHIP have a modestly increased long-term risk of development
of hematologicmalignancy (Abelson andWang, 2018; Desai et al.,
2018; Young et al., 2019; Genovese et al., 2014), which is asso-
ciated with the size of the mutant clone, although the absolute
risk of leukemic transformation in individuals with CHIP is very
low. Similar to CHIP, individuals with CCUS are defined by
clonal expansion of mutant HSCs (referred to herein as pre-
leukemic HSCs); however, individuals with CCUS exhibit cyto-
penia and a higher risk of developing a hematologic malignancy.
Strikingly, many clonal hematopoiesis-associated somatic mu-
tations have now been detected at low levels at the earliest stages
of life (Williams et al., 2020 Preprint; Van Egeren et al., 2021).
These landmark findings have shifted focus from efforts to un-
derstand how these somatic mutations are acquired toward un-
derstanding how these mutations are selected for in the context
of aging and inflammation. Beyond increased risk of hematologic
malignancies, CHIP is associated with higher morbidity and
mortality of atherosclerotic cardiovascular disease and ischemic
stroke (Jaiswal et al., 2017; Jaiswal et al., 2014; Dorsheimer et al.,
2019), as well as increased incidence of pulmonary disease
(Buscarlet et al., 2017; Zink et al., 2017) and type 2 diabetes
(Bonnefond et al., 2013). Experimental evidence in murine

models supports that this increased risk relates to activation of
the NLRP3 inflammasome and IL-1β production by CHIP mutant
macrophages (Fuster et al., 2020; Sano et al., 2018). Under-
standing the innate immune and inflammatory processes dys-
regulated in the context of CHIP and CCUS will be critical for
developing methods to intercept hematologic malignancies and
other associated pathologies.

Pathogenesis of MDSs
MDSs are characterized by a clonal advantage of HSCs,
cytopenias, bone marrow (BM) cell dysplasia, and ineffective
hematopoiesis (Corey et al., 2007; Nimer, 2008). MDSs are
propagated by defective HSC(s) and are defined by somatic
mutations and chromosomal abnormalities affecting several
critical cellular functions, including epigenetic plasticity, DNA
repair, cohesion complexes, ribosome and spliceosome function,
and immune signaling (Nilsson et al., 2007; Nilsson et al., 2000;
Pang et al., 2013). The most common recurrently mutated genes
occur in ASXL1, DNMT3A, RUNX1, SRSF2, SF3B1, and TET2, which
are considered early genetic events and are thought to contribute
to clonal dominance. In addition, chromosomal abnormalities
including del(5q), +8, −7/del(7q), del(20q), and a complex kary-
otype are commonly observed in MDS patients. The gradual
outgrowth of these mutant hematopoietic clones in the BM co-
incides with the clinical manifestation of MDS. At the onset of
disease, the median number of somatic mutations is two to three
per patient (Ogawa, 2019). In a subset of patients, evolution to
acute myeloid leukemia (AML) may occur through a linear and/
or branching evolutionary process (Chen et al., 2019). Given the
older age ofMDS patients, only a portion are potential candidates
for allogeneic stem cell transplantation, which remains the only
curative option.

A central paradox of MDS pathogenesis is that the initiating
mutations are thought to provide a competitive advantage and
clonal dominance at the stem cell level; however, MDS HSCs
along with the hematopoietic progenitors and mature cells are
inherently impaired, as demonstrated by a differentiation de-
fect, inefficient growth ex vivo, and poor engraftment in
immune-compromised mice (Côme et al., 2020). For instance,
MDS hematopoietic stem and progenitor cells (HSPCs) grow
poorly in vitro and generally exhibit limited engraftment in
xenograft models compared with normal HSPCs (Côme et al.,
2020). Moreover, the majority of molecular alterations ob-
served in MDSs are not sufficient to increase the self-renewal
potential of human HSPCs as demonstrated in mouse models
(Zhou et al., 2015; Basheer and Vassiliou, 2021). Understanding
the discrepancy between clonal dominance of MDS HSCs and
their functional impairment in the BM niche is necessary to
improve the outcome of MDSs.

The role of systemic inflammation in
hematopoietic premalignancies
Inflamm-aging and CHIP
With aging in both humans and mouse models, increases in sys-
temic inflammation, termed “inflamm-aging,” are widely reported.
This includes elevated circulating levels of the pro-inflammatory
cytokines TNFα, IL-1β, IL-6, RANTES, and numerous others

Trowbridge and Starczynowski Journal of Experimental Medicine 2 of 15

Inflammation, preleukemia, and MDS https://doi.org/10.1084/jem.20201544

https://doi.org/10.1084/jem.20201544


(Rea et al., 2018). Chronic inflammatory challenge is well un-
derstood to be harmful to HSCs. For example, mimicking TLR3-
mediated type I IFN signaling by repeated injection with polyI:C
results in progressive depletion of functional HSCs in young
mice, with no sign of later recovery (Bogeska et al., 2020 Pre-
print). As these mice were aged, they developed anemia,
thrombocytopenia, BM hypocellularity, and increased adipocyte
density, as observed in elderly humans. Similar results re-
porting attrition of HSC function have been described following
other types of chronic inflammatory challenge, including LPS
(Esplin et al., 2011; Mann et al., 2018) and mycobacterial in-
fection (Matatall et al., 2016). These results support that low-
grade, chronic inflammation observed in the context of aging is
not conducive for sustaining the long-term function of normal
aged HSCs.

Low-grade, chronic inflammation and other microenviron-
mental factors have been posited to favor the expansion of HSCs
with CHIP mutations, providing an explanation for the clonal
dominance of mutant HSCs over the normal HSC population in
the context of aging. A clonogenic advantage for Tet2-knockout
murine and TET2 mutant human HSPCs is observed in an
in vitro environment that contains the proinflammatory cyto-
kine TNFα (Abegunde et al., 2018). These findings imply that
TET2 mutations promote clonal dominance with aging by con-
ferring cell-intrinsic TNFα resistance to sensitive hematopoietic
cell progenitors while also propagating such an inflammatory
environment. Along these lines, it was also revealed that an
increase in Tet2 mutant mature myeloid cells and HSPCs in re-
sponse to inflammatory stress results in enhanced production of
inflammatory cytokines, including IL-6, and concurrent resis-
tance to apoptosis. IL-6 induces hyperactivation of the Shp2–
Stat3 signaling axis, resulting in increased expression of an
anti-apoptotic long noncoding RNA, Morrbid, in Tet2 mutant
myeloid cells and HSPCs (Cai et al., 2018). TET2 deficiency in
HSPCs results in increased self-renewal and myeloid prolifera-
tion in humans and mice. These phenotypes are variable and
occur only in a subset of humans with TET2 mutations, sug-
gesting that extrinsic non–cell-autonomous factors could also
contribute to disease onset. In support of this concept, bacterial
translocation and increased IL-6 production, resulting from
dysfunction of the small-intestinal barrier, contribute to the
myeloid cell expansion of TET2 mutant HSPCs (Meisel et al.,
2018). In symptom-free TET2 mutant mice, myeloid cell ex-
pansion can be induced by disrupting intestinal barrier integrity
or in response to systemic bacterial stimuli such as a TLR2 ag-
onist. Pointing to a causal link, myeloid cell expansion of TET2
mutant cells was reversed by antibiotic treatment, which illus-
trates the importance of microbial signals in the development
of CHIP.

The studies described above heavily rely on models in which
TET2 is inactivated, and far less is known about the relative
competitive advantage of HSCs with DNMT3A, ASXL1, and other
CHIP mutations. Early studies support similar general prin-
ciples; for example, IgE-stimulated mast cells from Dnmt3a-
knockout mice produce higher amounts of inflammatory
cytokines including IL-6 and TNFα (Leoni et al., 2017), and IFN-γ
is sufficient to drive expansion of Dnmt3a-knockout HSCs

(Abegunde et al., 2018). Elevated pro-inflammatory molecules
are not equally observed across all individuals with CHIP. Initial
reports find that TET2 mutant CHIP is more highly associated
with elevated IL-6, while DNMT3A mutant CHIP is more highly
associated with elevated TNFα (Cook et al., 2019). In a cohort of
patients with ulcerative colitis, an autoimmune disease charac-
terized by increased levels of pro-inflammatory cytokines, CHIP
was associated with a specific mutational spectrum, notably
positive selection of clones with DNMT3A and PPM1D mutations
(Zhang et al., 2019). This study observed a specific association
between elevated levels of serum IFN-γ and DNMT3Amutations.
Together, this suggests that inflamm-aging as a general principle
is not sufficiently refined to predict or explain elevated risk of
CHIP across aged individuals or those with autoimmune dis-
orders. Rather, detailed mechanistic studies will be needed to
understand the contextual basis for synergy between specific
inflammatory molecules, dysregulation of particular innate im-
mune pathways, and favorable selection of HSCs with precise
CHIP mutations.

Preleukemia and MDS
A relationship between microenvironment-associated systemic
inflammation and progression of MDS has been established;
however, the molecular and cellular mechanisms of how pre-
leukemic or MDS HSCs selectively acquire a clonal advantage
over normal HSCs and the distinction of these mechanisms from
those promoting CHIP are less understood (Barreyro et al.,
2018). Despite overwhelming evidence of chronic inflamma-
tion in the BM and peripheral blood (PB) of MDS patients, the
effects of systemic inflammatory signals on MDS HSCs and
disease progression remain uncharacterized and are under on-
going investigations. As described above during aging and in
CHIP, the MDS BM niche exhibits increased inflammatory sig-
naling, including elevated cytokine, chemokine, and alarmin
levels. Microenvironmental alterations might simply be related
to aging, but there is also evidence that MDS hematopoietic cells
themselves may alter the stem cell niche through activation of
the innate immune system and related inflammatory signaling.
For example, elevated expression of IL-6 in MDSs is directly
linked to dysregulation of innate immune pathways, parti-
cularly the myddosome. Loss of the 5q genes miR-145 and miR-
146a results in TRAF6-mediated overexpression of IL-6 in HSPCs
(Starczynowski et al., 2010). The observed increase in IL-6
contributes to non–cell-autonomous effects on PB cytopenias.
These findings suggest that the dysplastic hematopoiesis, cyto-
penias, and thrombocytosis as a result of TRAF6 overexpression
in HSPCs are due to a myddosome-mediated increase in IL-6
expression and resulting paracrine, cell-nonautonomous effects.
Such alterations in expression of microenvironmental factors
may favor the expansion of preleukemic orMDS HSCs over aged
normal HSCs and may provide an explanation for the discrep-
ancy between clonal dominance of MDS HSCs and their func-
tional impairment.

In contrast to the above, clonal expansion and the propensity
to develop acute leukemia are not mediated by IL-6 and are
due to cell-autonomous effects of TRAF6-mediated activa-
tion. While deletion of IL-6 ameliorated the PB cytopenias in
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TRAF6-expressing mice, these mice continued on to develop
overt BM failure or AML (Starczynowski et al., 2010). A similar
observation was reported in AML. Human AML suppresses er-
ythroid differentiation and causes anemia via paracrine effects
of IL-6 (Zhang et al., 2020). Building on these prior observations,
it was recently shown that miR-146a expression declined in old
wild-type mice, and loss of miR-146a promoted premature HSC
aging and inflammation (i.e., through increased expression
of IL-6 and TNF) in young miR-146a–null mice, before onset of
myeloid malignancy (Grants et al., 2020). Reducing inflam-
mation by targeting IL-6 or TNF was sufficient to restore miR-
146a–deficient HSC function and reduced the incidence of
hematological malignancy inmiR-146a–deficientmice. Thus, loss
of miR-146a regulates cell-extrinsic and cell-intrinsic mecha-
nisms linkingHSC inflamm-aging to the development of myeloid
malignancy. Thus, changes in systemic cytokine expression in
MDSs and preleukemia have pleotropic effects on the etiology of
the disease.

The emerging model of how dysregulated inflammatory and
innate immune signaling contribute to preleukemia and MDSs
perhaps can be viewed as a two-step process (Fig. 1). The first
step results in dysregulation of key signaling hubs that control
innate immune and inflammatory pathways in preleukemic or
MDS HSPCs. This occurs through the various genetic and mo-
lecular changes affecting innate immune- and inflammatory-
related supramolecular organizing centers (SMOCs; discussed
below and summarized in Fig. 2), which disrupt the stoichi-
ometry of key signaling hubs in a way that alters the circuitry
of the response. Thus, dysregulated expression of key signaling
hubs within innate immune and inflammatory pathways in
preleukemia and MDSs does not necessarily result in increased
pathway activation, but rather short-circuits evolutionarily
conserved responses to the microenvironment in a way that
favors the competitive advantage of preleukemic and MDS
clones. Based on this logic, the second step in pathogenesis
relies on inflammatory changes in the BM microenvironment

(Fig. 1). There is substantive evidence of age- and disease-
related microenvironment changes within the MDS BM ni-
che, associated with inflammatory states resulting not only
from cell-intrinsic but also cell-extrinsic innate immune sig-
naling activation. These observations suggest that MDS HSPCs
persist over normal HSPCs in an environment associated with
chronic inflammation.

One of the questions emerging from these observations is
how are MDS HSPCs protected from the inflammatory milieu?
Namely, what are mechanisms for the differential response and
competitive advantage of MDS HSPCs during low-grade in-
flammation? MDS mouse models and patient samples exhibit a
significant enrichment of NF-κB activation (Muto et al., 2020).
Although this observation is expected as NF-κB activation is
observed in MDS and normal HSPCs exposed to an inflamma-
tory stimulus, the MDS HSPCs (human and mouse) exhibited
preferential activation of noncanonical NF-κB while normal
HSPCs exhibited activation of canonical NF-κB activation (Muto
et al., 2020). This distinction is important, as canonical RelA/
p50 and noncanonical RelB/p52 NF-κB transcriptional factors
both recognize similar κB-site DNA sequences and share an
overlapping set of target genes; however, the transcription fac-
tors can activate a unique set of target genes in a ligand-, cell
type–, and promoter-dependent manner, resulting in distinct
cellular outcomes. MDS HSPCs are preferentially sensitive to
inhibition of noncanonical NF-κB signaling compared with
normal HSPCs. These findings suggest that one mechanism by
which MDS HSCs may persist in an inflammatory environment
is by activating the noncanonical NF-κB pathway at the expense
of canonical NF-κB signaling, which is the typical response of
HSPCs to inflammatory stimuli.

What contributes to the shift from canonical NF-κB signaling
to noncanonical NF-κB signaling in MDS HSPCs? Based on
mouse models and MDS patient samples, noncanonical NF-κB
activation is exclusively mediated by TNFAIP3 (i.e., A20), a
dual-ubiquitin editing enzyme that suppresses TRAF6-mediated

Figure 1. Proposed model of the step-wise progression of clonal hematopoiesis to MDS. (1) An initiating mutation, such as TET2, DNMT3A, or ASXL1,
occurs within an HSC (green cell). (2) The mutant (“preleukemic”) HSPCs exhibit dysregulation of key SMOCs that control innate immune and inflammatory
pathways. (3) Certain diseases and conditions, such as aging, autoimmune disorders, and chronic infections, can result in systemic inflammation characterized
by increased alarmins and/or cytokines. (4) Preleukemic and MDS HSPCs (green cells), which have altered their response to the systemic effects of in-
flammation as a result of dysregulated SMOCs that control innate immune and inflammatory pathways, gain a competitive advantage over normal HSPCs
(orange cells) in an environment associated with chronic inflammation (small red circles represent inflammatory mediators). In contrast, the inflammatory
environment suppresses the normal HSPCs. (5) Over time, the mutant HSPCs acquire additional mutations that may lead to MDS (blue cells). (6) At the MDS
stage, the mutant HSPCs gain further competitive advantage and exhibit impaired hematopoiesis. CH, clonal hematopoiesis.
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canonical NF-κB activation while simultaneously having the
ability to induce noncanonical NF-κB activation by stabilization
of NIK (Muto et al., 2020). This finding was initially surprising,
as previous reports linked A20 to suppression of canonical
NF-κB by inhibiting TRAF6; however, its effects on non-
canonical NF-κB are less well understood. Notwithstanding,
A20 expression in human and mouse MDS HSPCs is respon-
sible for activating the noncanonical NF-κB pathway. More
importantly, genetic loss of A20 in the MDS HSPCs resulted in
suppression of noncanonical NF-κB signaling and impaired

the competitive advantage of the MDS HSPCs during chronic
low-grade inflammation.

The collective studies suggest that key innate immune and
inflammatory pathways are rewired, not simply activated, in
CHIP and MDS HSPCs, which alters their response to the sys-
temic effects of inflammation and supports their persistence
over normal HSPCs in an environment associated with chronic
inflammation. The precise contribution of individual cytokines,
chemokines, and bacterial metabolites on this process requires
further investigation and resolution.

Figure 2. Cell-intrinsic dysregulation of SMOCs involved in innate immune, inflammasome, and inflammatory-related pathways in preleukemic and
MDS HSPCs. TLRs recruit the adaptors TIRAP and MyD88, along with IRAK kinases and TRAF6, to form the myddosome complex. TLR3 and TLR4 can recruit
the adaptors TRIF and TRAM, along with TBK and IKKe kinases and TRAF3, to form the trifosome complex. The inflammasome serves as a platform to activate
Casp-1 through pyrin domain–containing receptors (i.e., NLRPs, AIM2, and Pyrin) and the adaptor proteins ASC or NLRC4. Activated Casp-1 cleaves signaling
substrates, such as pro–IL-1β, leading to pyroptosis. Initiation of necroptosis is mediated by inflammatory ligands leading to RIPK1- and RIPK3-mediated
activation of MLKL (“necroptosome”), which disrupts the plasma membrane integrity. The TGF-β superfamily signals through a dual receptor system of type I
(ALK1, 2, and 5) and type II (TbRII) transmembrane serine/threonine kinases, leading to activation of the SMAD transcription factors. Although these SMOCs are
characterized by distinct receptors and assembling adaptors and enzymes, they converge on critical downstream effectors (i.e., NF-κB, AP-1, IRFs, and SMADs)
that affect preleukemic and MDS HSPC survival, self-renewal, proliferation, and migration. In addition, dysregulation of these pathways results in a differential
sensitivity of HSPCs to systemic inflammation and the competitive advantage of preleukemia and MDS HSPCs. Genes/proteins in blue font are mutated and/or
overexpressed in preleukemic and MDS HSPCs. Genes/proteins in red font are deleted, mutated, and/or down-regulated in preleukemic and MDS HSPCs.
Casp-8, Caspase 8; dsDNA, double-stranded DNA; mut, mutant.
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Dysregulation of immune-related pathways in hematopoietic
premalignancies
Overview of implicated innate immune pathways
Systemic inflammation and alterations in the immune micro-
environment are implicated in hematopoietic premalignancies;
moreover, HSPCs with mutations in CHIP and/or MDS-related
genes also exhibit differential activation of innate immune and
inflammatory pathways compared with age-matched HSPCs. Mi-
crobial and cellular by-product sensing by immune effector cells is
achieved by a variety of structurally unrelated pattern recognition
receptors (PRRs; Janeway and Medzhitov, 2002). The majority of
PRRs belong to one of the following groups: TLRs, leucine rich
repeat–containing proteins (NLRs), AIM2-like receptors, and C-type
lectin receptors. Despite their ability to detect diversemicrobial and
cellular by-product signals, the PRRs can engage distinct but also
overlapping signal transduction pathways. The PRRs seed the for-
mation of and concentrate modular oligomeric protein complexes
that include a receptor, adaptors, and effector enzymes (Kagan et al.,
2014; Qiao and Wu, 2015), which are referred to as SMOCs. The
detailed aspects of innate immune-related signaling have been re-
cently reviewed (Kagan et al., 2014). Briefly, SMOCs are charac-
terized by their composition and modular nature of assembling
adaptor and effector enzymes (Fig. 2). TLRs (except for TLR3),
which reside on the plasma and endosomal membranes, recruit the
adaptors TIRAP and MyD88, along with IRAK kinases and TRAF6,
to form the myddosome complex (Fitzgerald and Kagan, 2020).
Alternatively, TLR3 and TLR4 can recruit the adaptors TRIF and
TRAM, along with TBK and IKKe kinases and TRAF3, to form the
trifosome complex (Rubin et al., 1988; Kawasaki and Kawai, 2014).

The inflammasome serves as a platform to activate caspase
1 (Casp-1) through pyrin-domain containing receptors (i.e.,
NLRPs, AIM2, and Pyrin) and the adaptor proteins ASC or
NLRC4 (Kaczmarek et al., 2013). Activated Casp-1 mediates
cleavage of signaling substrates, such as pro-IL1β, and can lead
to inflammatory-mediated cell death called pyroptosis. An al-
ternative form of inflammatory cell death, necroptosis, has also
been implicated in MDS. Initiation of necroptosis is mediated by
inflammatory ligands leading to RIPK1 and RIPK3-mediated ac-
tivation of MLKL (“necroptosome”), which disrupts the plasma
membrane integrity (Kaczmarek et al., 2013). Lastly, the TGF-β
family comprises multifunctional growth factors that regulate a
range of cellular processes and immune responses. The TGF-β su-
perfamily signals through a dual receptor system of type I (ALK1, 2,
and 5) and type II (TbRII) transmembrane serine/threonine kinases,
leading to transmission of signals from the receptors to target gene
expression by a family of SMAD transcription factors (Vaidya and
Kale, 2015). Although the SMOCs are characterized by distinct re-
ceptors and assembling adaptors and enzymes, they converge on
critical pathways such asNF-κB,MAPK/ERK, AKT serine/threonine
kinases, TGFβ/SMAD, and interferon regulatory factors (IRFs), re-
sulting in changes in cellular states due to activation of downstream
effectors that impact cell survival, differentiation, self-renewal,
migration, and metabolism.

HSC aging and CHIP
HSCs express innate immune receptors (King and Goodell, 2011)
such as TLRs and IFN receptors and directly respond to many

inflammatory mediators, including LPS (Nagai et al., 2006),
IFN-γ (Baldridge et al., 2010), andmacrophage-CSF (Mossadegh-
Keller et al., 2013). This response influences not only their
division rate but also their lineage fate (Hormaechea-Agulla
et al., 2020) and serves an important function in coordinating
and tailoring defense responses. Intrinsic alterations in aged
HSCs affect their response to inflammation and signaling
through innate immune-related pathways. In human HSCs, age-
associated epigenetic reprogramming, including de-repression
of the transcriptional regulator KLF6, modifies the transcrip-
tional response to immune signaling (Adelman et al., 2019). This
general principle is also observed in mice, where epigenetic al-
terations in aged HSCs occur at loci/genes associated with in-
flammation (Sun et al., 2014; Chambers et al., 2007; Rossi et al.,
2005); furthermore, aged HSCs demonstrate myeloid-biased
“memory” of inflammatory challenge that can persist for sev-
eral months, involving alterations in the transcriptional regu-
lators KLF5, IKZF1, and STAT3 (Mann et al., 2018). In the context
of aging, mitochondrial stress initiates aberrant activation of the
NLRP3 inflammasome in HSCs, mediating their functional
decline and impaired regenerative capacity (Luo et al., 2019),
and dysregulated TGF-β signaling is strongly implicated in HSC
lineage bias (Valletta et al., 2020; Challen et al., 2010). Aged
HSCs also express lower levels of TNFAIP3 (A20), a negative
regulator of innate immune signaling impacting myddosome,
trifosome, and necroptosome effectors (Fig. 2). Heterozygous
deletion of A20 in young HSCs results in characteristic features
of hematopoietic aging, including expansion of the HSC pool,
reduced HSPC fitness, and myeloid-biased hematopoiesis due
to increased NF-κB signaling (Smith et al., 2020). Interestingly,
a recent analysis identified frequent loss of one copy of
TNFAIP3/A20 in aged healthy individuals with clonal hema-
topoiesis of Japanese descent (Smith et al., 2020), and muta-
tions in the myddosome adaptor MyD88 have been reported in
previous studies of clonal hematopoiesis (Genovese et al., 2014;
Zink et al., 2017), linking innate immune dysregulation in aged
HSCs and CHIP.

Dysregulation of numerous innate immune-related pathways
has been implicated as a contributing factor, conferring selective
advantage of HSCs and immune effector cells in CHIP, particu-
larly in the context of TET2mutations. For example, Tet2mutant
mouse HSPCs exhibit increased protein expression of the
myddosome effector Traf6 (Muto et al., 2020), and expression of
wild-type Tet2 can repress Traf6-mediated signaling (Zhang
et al., 2015). Inflammasome dysregulation is also observed in
the Tet2 mutant context. Macrophages in Tet2-knockout mice
increase expression of NLRP3 and Casp-1 activity, which cor-
relates with increased expression and production of IL-1β (Fus-
ter et al., 2017). While Dnmt3a- and Asxl1-mutant HSPCs exhibit
altered expression of several mediators of innate immune sig-
naling andmice deficient for Dnmt3a have highermortality rates
after challenge with RNA viruses (Li et al., 2016), far less is
understood regarding the mechanistic basis for dysregulation of
innate immune signaling by these and other CHIP-associated
mutations. The consequences of dysregulated innate immune
and inflammatory signaling on the competitive advantage of
CHIP mutant HSCs remain under intense investigation.
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MDS
As observed in CHIP, dysregulation of innate immune and in-
flammatory signaling is a hallmark ofMDS. Despite mutations in
a spectrum of driver genes, MDS HSPCs exhibit differential
activation of innate immune and inflammatory pathways com-
pared with age-matched HSPCs. Several recent reviews have
described in great detail the genetic and molecular evidence of
cell-intrinsic dysregulation of innate immune and inflammatory
pathways in MDS HSPCs (Paracatu and Schuettpelz, 2020;
Ratajczak et al., 2020; Sallman and List, 2019; Barreyro et al.,
2018; Ivy and Brent Ferrell, 2018; Monlish et al., 2016; Varney
et al., 2015a; Gañán-Gómez et al., 2015). Dysregulation of
immune-related genes in purified human HSPCs likely occurs in
the majority of MDS patients; however, the implicated innate
immune and inflammatory signaling pathways widely differ
within MDS subtypes and disease stage.

Myddosome dysregulation in MDS. Evidence that innate im-
mune pathway dysregulation related to the myddosome con-
tributes to MDS resulted from work related to the del(5q) MDS
genes, miR-145, miR-146a, and TIFAB (Fig. 2). As reviewed
above, in normal immune cells, binding of ligand to TLRs re-
cruits intracellular adaptors (TIRAP, MYD88, TRIF, TRAM),
kinases (IRAKs, TBK), and effectormolecules (TRAFs). However,
deletion of miR-146a increases TRAF6 and IRAK1 mRNA and
translation, while loss of TIFAB increases TRAF6 protein sta-
bility, thus resulting in overexpression and activation of TRAF6
and IRAK1 in MDS HSCs in the absence of ligand-mediated ac-
tivation of the TLRs (Varney et al., 2015b; Starczynowski et al.,
2010). Haploinsufficiency of miR-146a in mouse hematopoietic
cells results in myeloid expansion in the BM and then progres-
sion to a BM failure and/or MDS-like disease (Zhao et al., 2011;
Lu et al., 2010; Boldin et al., 2011), in part due to TRAF6 signaling
(Su et al., 2020). TRAF6 is an E3 ubiquitin ligase that catalyzes
the formation of lysine (K) 63-linked ubiquitin chains on itself
and substrates and a central signal transducer of several innate
immune receptors, including the myddosome (Fig. 2). Over-
expression of TRAF6 at disease-relevant levels in hematopoietic
cells is sufficient to induce HSC defects in mice that are cell
intrinsic and associated with myeloid-biased differentiation
(Fang et al., 2017). Unexpectedly, the hematopoietic phenotype
following TRAF6 overexpression is not simply due to activation
of canonical NF-κB signaling and/or chronic inflammation (see
below for a detailed perspective). TRAF6-mediated ubiquitina-
tion of the RNA binding protein hnRNPA1 leads to aberrant RNA
splicing of Rho family guanosine triphosphatases, Arhgap1 in
mice or Arhgap17 in humans, and subsequent Cdc42 activation
(Fang et al., 2017). IRAK1, a serine-threonine kinase complexed
with TRAF6, is not only a target of miR-146a but is also over-
expressed and activated in MDS HSPCs (Rhyasen et al., 2013).
Furthermore, small-molecule inhibitors targeting IRAK1 and IRAK4
block TRAF6-mediated signaling and suppress MDS HSCPs
(Rhyasen et al., 2013).

TIFAB is a fork-head–associated domain protein that is also
within the deleted region on chromosome 5 (5q31.1). TIFAB
binds and induces lysosomal degradation of TRAF6 protein,
while deletion of TIFAB results in increased TRAF6 protein ex-
pression (Varney et al., 2015b). TIFAB deletion also results in

diminished USP15 de-ubiquitinase function and consequently
p53 activation in hematopoietic cells (Niederkorn et al., 2020).
Deletion of TIFAB inmouse hematopoietic cells results inmodest
hematopoietic defects and occasionally BM failure (Varney et al.,
2015b). However, concurrent hematopoietic-specific deletion of
TIFAB and miR-146a results in higher levels of TRAF6 expres-
sion and innate immune pathway activation, which coincides
with a highly penetrant BM failure, a diseased phenotype that
more faithfully recapitulates human del(5q) MDS (Varney et al.,
2017). Loss of another 5q gene, miR-145, results in de-repression
of Mal/TIRAP, which is important for an initial step of myddo-
some formation (Kumar et al., 2011; Starczynowski et al., 2010).
DIAPH1 encodes mDia1, another 5q gene within the deleted
segment in del(5q) MDS. mDia1-deficient mice either alone or
when codeleted with miR-146a exhibit an age-dependent gran-
ulocytopenia and myeloid dysplasia, in part through increased
TLR4-IL6 signaling (Mei et al., 2018). A gene overexpressed from
the intact 5q allele, SQSTM1/p62, that binds and activates TRAF6
is essential for miR-146a–deficient human and mouse HSPCs
(Fang et al., 2014).

As an indirect mechanism of innate immune activation in
del(5q) MDS, loss of RPS14 contributes to a p53-dependent in-
crease of the TLR ligands S100A8/A9 (Schneider et al., 2016).
However, combined Rps14, Csnk1a1, miR-145/146a deficiency
recapitulates the cardinal features of the 5q− syndrome, in-
cluding more severe anemia with faster kinetics than Rps14
haploinsufficiency alone and pathognomonic megakaryocyte
morphology (Ribezzo et al., 2019). Macrophages are significantly
increased in Rps14/Csnk1a1/miR-145/146a–deficient mice as well
as in 5q− syndrome patient BM and exhibit increased expression
of S100A8 and decreased phagocytic function (Ribezzo et al.,
2019). Collectively, these studies highlight the critical role of
dysregulated myddosome signaling in del(5q) MDS as a result of
alterations in the function of several key regulators of this
pathway.

Although independent studies have shown dysregulation of
innate immune signaling in MDS HSPCs, the precise genetic and
mutational alterations that drive innate immune signaling in
MDS HSCs beyond del(5q) MDS only recently became more
evident. Several recent studies have implicated dysregulation
of myddosome signaling in various models of MDS. KDM6b
(JMJD3), which encodes a histone demethylase that removes
methyl groups on H3K27, is overexpressed in MDS CD34+ cells
(Wei et al., 2018). In mouse HSPCs, KDM6B overexpression re-
sults in mild hematopoietic defects; however, chronic innate
immune stimulation of KDM6B-overexpressing HSPCs with the
TLR ligand LPS results in significant hematopoietic defects, in-
cluding leukopenia, dysplasia, and compromised repopulating
function of BMHSPCs (Wei et al., 2018). KDM6B overexpression
alone results in activation of disease-relevant genes such as
S100a9 in BM HSPCs; when combined with innate immune
stimulation, KDM6B overexpression results in more profound
overexpression of innate immune and disease-relevant genes,
indicating that KDM6B was involved in a feed-forward ac-
tivation of innate immune signaling in BM HSPCs. Deletion of
the 20q gene STK4 (encoding Hippo kinase MST1) results in
thrombocytopenia, megakaryocytic dysplasia, and a propensity
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for chronic granulocytosis. These studies linked the MDS/mye-
loproliferative neoplasm phenotype to IRAK1 signaling. MST1
interacted with IRAK1, which resulted in innate immune acti-
vation. Moreover, inhibition of IRAK1 signaling with a small-
molecule IRAK1/4 inhibitor was sufficient to restore innate
immune signaling in these cells (Stoner et al., 2019). Recently,
induced pluripotent stem cells with ASXL1 mutations modeling
distinct preleukemia (i.e., CHIP and MDS) and AML stages re-
vealed cell-autonomous dysregulation and dependency on in-
nate immune signaling via IRAK1/4 and TRAF6 (Wang et al.,
2021).

The first direct link of an MDS-associated mutation with
dysregulation of innate immune signaling was demonstrated in
MDS with U2AF1 mutations (Smith et al., 2019). Mutation in
splicing factor U2AF1 leads to retention of exon 4 and over-
expression of a longer hyperactive isoform of IRAK4 that con-
tributes to the function of leukemic HSPCs (Fig. 2). IRAK4 is a
serine/threonine kinase that forms the myddosome complex
with IRAK1 and MyD88 and mediates signaling downstream of
the TLR superfamily, resulting in NF-κB and MAPK activation
(Li et al., 2002). IRAK4 protein consists of the death domain (aa
1–125), a hinge domain (aa 140–150), and a kinase domain (aa
150–460). IRAK4 in MDS and AML is encoded by at least two
major protein isoforms: a long isoform (IRAK4-L), which con-
tains the three major domains, and a shorter isoform (IRAK4-S),
which lacks the death domain (Fig. 2). Primary MDS/AML
HSPCs express IRAK4-L, while normal BM-derived CD34+ he-
matopoietic cells and mononuclear cells predominantly express
IRAK4-S. These findings demonstrated that a significant pro-
portion of MDS/AML patients primarily express the longer
IRAK4 RNA and protein isoforms. IRAK4-L protein isoforms
retain the N-terminal death domain and therefore can directly
bind MyD88 and IRAK1. Death domain interactions between
MyD88 and IRAK4 initiate myddosome formation, which pro-
motes IRAK4 trans-autophosphorylation and activation (Balka
and De Nardo, 2019). IRAK4 then activates IRAK1, enabling re-
cruitment of TRAF6 and NF-κB activation. IRAK4-S protein
isoforms, which lack the N-terminal death domain, are not able
to bind MyD88 and participate in seeding the myddosome. In
contrast, IRAK4-L mediates maximal activation of NF-κB sig-
naling through assembly of the myddosome complex in leuke-
mic cells, even in the absence of receptor activation with ligands
(Smith et al., 2019).

Of all MDS primary samples examined, the majority of MDS
patients with U2AF1 mutations express IRAK4-L. Interestingly,
∼50% of MDS patients without splicing factor mutations also
express IRAK4-L. In contrast, only a minority of healthy age-
matched BM CD34+ cells express IRAK4-L (<20%). A similar
phenomenon of innate immune signaling dysregulation was
observed in SF3B1 mutant MDS. SF3B1 mutations promote ex-
pression of IRAK4-L but also induce mis-splicing and nonsense-
mediated decay of MAP3K7 (Smith et al., 2019). MAP3K7
encodes the kinase TAK1, which, under certain cellular con-
ditions, is required for restricting NF-κB signaling; therefore,
altered splicing of MAP3K7 results in hyperactivation of NF-κB
signaling in HSPCs from SF3B1 mutant mice and patient samples
(Lee et al., 2018). These observations were confirmed in an

orthogonal validation of MDS patients harboring SF3B1 K700E
mutations. Genes in proinflammatory signaling pathways were
substantially up-regulated by the SF3B1-K700E mutation in
patient blast cells, most prominently the expression of S100A8.
There is a growing body of evidence that spliceosome gene
mutations directly and/or indirectly enhance inflammatory
signaling in MDS HSPCs.

Although dysregulation of innate immune signaling MDSs as
well as CHIP HSPCs can occur in the absence of ligand-receptor
activation, there are numerous reports of aberrant expression of
immune- and inflammatory-related receptors. For instance, in a
large cohort of MDS cases, TLR1, TLR2, and TLR6 (Wei et al.,
2013; Zeng et al., 2016; Maratheftis et al., 2007) are significantly
overexpressed in MDS BM CD34+ cells. Furthermore, deep se-
quencing uncovered a recurrent genetic variant, TLR2-F217S, in
∼10% of patients (Wei et al., 2013). Functionally, TLR2-F217S
results in enhanced activation of downstream signaling, in-
cluding NF-κB activity after TLR2 agonist treatment, suggesting
that aberrant ligand-receptor activation in MDS HSPCs can also
contribute to disease. TLR2 forms a heterodimer with TLR1 or
TLR6, and while overexpression of TLR2 is associated with
lower-risk disease, increased expression of TLR6, but not TLR1,
correlates with higher-risk disease (Monlish et al., 2020). In a
mouse model of MDS driven by the NUP98-HOXD13 fusion
(NHD13), TLR2 ligand exposure results in cell-autonomous TLR2
signaling that promotes the cell death of premalignant NHD13-
HSPCs. In contrast, deletion of TLR2 in the NHD13 MDS mouse
model accelerated transformation to AML (Monlish et al., 2018).
These findings are consistent with patient data demonstrating that
higher TLR2 expression is associated with increased HSPC apop-
tosis, lower-risk disease, and longer survival. In support of these
clinical observations, chronic stimulation of TLR2/6, but not TLR1/2,
results in amore rapid transformation fromMDS to overt leukemia
of the NHD13 mouse model. In contrast, deletion of TLR6, but not
TLR1, delays transformation from MDS to AML. Mechanistically,
TLR2/6 stimulation leads to cell-intrinsic and cell-autonomous ex-
pansion of premalignant HSPCs (Monlish et al., 2020).

Despite evidence that myddosome signaling is dysregulated
in MDS, there is no documentation of somatic mutations in-
volving any of the signaling components. As discussed above,
gain-of-function mutations in MyD88, such as the ones com-
monly detected in lymphoma and Waldenstrom macroglobulin-
emia, are occasionally observed in CHIP (Genovese et al., 2014;
Zink et al., 2017). However, these gain-of-function MyD88 mu-
tations are rarely observed in myeloid malignancies, suggesting
that the MyD88 mutant protein may contribute to clonal he-
matopoiesis but not to the development of MDS or AML.

Trifosome dysregulation in MDS. The trifosome complex has
been implicated in the response of HSCs to chronic inflamma-
tion. In vivo stimulation of HSCs with LPS induces proliferation
of dormant HSCs directly via TLR4, and sustained LPS exposure
impairs HSC self-renewal and competitive repopulation ac-
tivity. This process is mediated via TLR4-TRIF-ROS-p38, but
not MyD88 signaling, and can be inhibited pharmacologically
(Takizawa et al., 2017). Based on these observations and the
modular nature of innate immune signaling proteins, it can
be inferred that TRIF-dependent activation may play a role in
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impaired function of MDS HSCs (Fig. 2). Although there hasn’t
been documentation directly implicating TRIF in the pathogen-
esis of MDS, dysregulation of TRIF-dependent pathways has
been observed in MDS, such as IFN signaling. A global gene
expression analysis of CD34+ BM cells from a large cohort of
MDS patients revealed that several of the genes commonly up-
regulated in the MDS patients were IFN-stimulated genes. IFIT1,
IFITM1, IFI44L, and IFIT3 were up-regulated by more than two-
fold in at least 60% of the patients (Pellagatti et al., 2010).

Inflammasome dysregulation in MDS. The inflammasome has
a key role in normal hematopoiesis as well as in myeloid ma-
lignancies, including MDS and myeloproliferative neoplasms
(Ratajczak et al., 2020). Several recent reviews have extensively
summarized the role of the inflammasome in MDSs (Sallman
and List, 2019; Sallman et al., 2016; Banerjee et al., 2019). Of
the NLR family, NLRP3 has been implicated in pyroptosis
of MDS cells. Once activated, NLRP3 recruits the adaptor
apoptosis-associated speck-like protein containing a caspase-
recruitment domain (ASC), which initiates ASC polymeriza-
tion creating filamentous, helical clusters that recruit and cleave
pro–Casp-1 (Fig. 2). Active Casp-1 then converts pro–IL-1β and
pro–IL-18 to their active forms, as well as the pore-forming
protein gasdermin D, which permits the release of IL-1β and
IL-18 and serves as the executioner of pyroptosis (Liu et al.,
2016). The NLRP3-pyroptosis axis is found to be activated in
MDS BM cells independent of gene driver mutation (Basiorka
et al., 2016). Although these findings are paradoxical to the ob-
served competitiveness of MDS cells, these studies propose that
activation of β-catenin in MDS HSCs may provide a competitive
advantage, yet the relationship between NLRP3-pyropotosis and
β-catenin as a driver of MDS expansion needs further explora-
tion. Alternatively, it is also possible that activation of NLRP3
and Casp-1–mediated processing of IL-1β in MDS HSCs occurs in
the absence of pyroptosis (Evavold et al., 2018). NLRP3 is acti-
vated by diverse damage-associated molecular pattern signals,
including S100A8 and S100A9, which suggests that NLRP3 may
be actively primed in MDS HSPCs (Basiorka et al., 2016). How-
ever, given that stimulation of inflammasome assembly requires
IRAK1 and IRAK4 (Fernandes-Alnemri et al., 2013), it is possible
that preleukemic and/or MDS HSPCs are chronically primed in
the absence of an extracellular priming step in these cells. Al-
though pyroptosis is one cellular endpoint following induction
of NLRP3, it will be important to discern the relative contribu-
tion of pyroptosis versus the other functions of NLRP3-mediated
Casp-1 activation in MDS HSPCs.

Necroptosome dysregulation in MDS
Unlike apoptosis, necroptosis results in membrane permeabili-
zation and release of damage-associated molecular patterns,
which are then recognized by PRRs, resulting in a feed-forward
cycle of cell death and inflammation. Gene expression analysis
of CD34+ BM cells fromMDS patients revealed that expression of
MLKL, but not RIPK1 or RIPK3, was significantly overexpressed
in MDS compared with healthy control CD34+ cells (Ombrato
et al., 2019). Moreover, overexpression of MLKL correlated with
lower hemoglobin levels, which may indicate that necroptosis-
inducing inflammation may contribute to anemia in some MDS

patients. Mice that are deficient in the proapoptotic BCL2
family members BAX, BAK, and BID, which are prone to nec-
roptosis, develop hematopoietic defects related to MDS, in-
cluding aberrant differentiation of BM cells, PB cytopenias, and
a propensity for developing leukemia (Wagner et al., 2019).
Suppression of necroptosis in these mice by reducing RIPK1
expression partly restored the hematopoietic defects, suggest-
ing that necroptosis may contribute to the pathogenesis of
MDS. Initiation of necroptosis is mediated by strictly regulated
stepwise activation of RIPK1, RIPK3, and MLKL (Fig. 2). How-
ever, for activation of necroptosis to occur, the cells first re-
quire inhibition of the Caspase 8 complex; otherwise, cells
default to cell death by apoptosis (Kaczmarek et al., 2013). In-
terestingly, SRSF2 mutations inMDS promote aberrant splicing
and expression of Caspase 8 (Lee et al., 2018). Thus, it is pos-
sible that lineage-restricted hematopoietic progenitors from
certain subtypes of MDS are prone to cell death mediated by
necroptosis and feed-forward cycle of inflammation.

TGF-β signaling in MDS. TGF-β signaling has pleotropic ef-
fects on hematopoiesis. Mouse models that target key TGF-β
signaling molecules have a critical requirement of this pathway
in developmental and adult hematopoiesis, and its dysregulation
has been implicated inMDS. TGF-β receptor activation triggers a
regulatory circuit of activating and inhibitory SMAD proteins
and increased activation of the TGF-β signaling pathway either
by a loss of negative feedback or constitutive activation has been
associated with the myelosuppression and ineffective erythro-
poiesis in MDS (Fig. 2; Bewersdorf and Zeidan, 2019). Early
studies demonstrated that SMAD2 is up-regulated and over-
activated in MDS HSPCs, thereby inducing unrestrained TGF-β
signal activation. Moreover, SMAD7, a negative regulator of
TBRI kinase, is decreased in MDS, and this leads to over-
activation of TGF-β signaling even in the absence of increased
levels of extracellular TGF-β (Zhou et al., 2011). In more recent
studies, it has been described that there is a direct link between
the loss of miR-143 and miR-145, two microRNAs within the
deleted segment of chr 5q in MDS, and the activation of TGF-β
signaling in del(5q) MDS HSCs. Combined loss of miR-143 and
miR-145 results in enhanced activation of the TGF-β pathway
in MDS HSPCs (Lam et al., 2018). Moreover, inhibition of the
TGF-β pathway by interference with Dab2 or Smad3, the tar-
gets of miR-143/145, in miR-143/145−/− HSPCs inhibited activity
of more mature progenitors while concomitantly inhibiting
more primitive HSPCs. These findings suggest that DAB2 over-
expression cooperates with other genetic aberrations in MDS to
drive the disease phenotype. Although activation of the DAB2/
Smad-dependent TGF-β pathway inhibited LT-HSC activity
early during the progression of the disease, there was expansion
of myeloid progenitor cells concomitant with progression to
myeloid malignancy (Lam et al., 2018). Although TGF-β signal-
ing normally induces negative feedback, in early-stage MDS
high levels of microRNA-21 (miR-21) contribute to chronic
TGF-β signaling (Muench et al., 2018). Furthermore, a TGF-
β–related gene signature is sufficient to identify an MDS
patient population with abnormal RNA splicing, which is inde-
pendent of splicing factor mutations, but rather is correlated
with aberrant expression of the RNA binding protein HNRNPK.
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The mechanism by which miR-21 expression induces TGF-β
activation in MDS was linked to one of its targets, SKI, a
transcription factor and negative regulator of TGF-β signaling
(Tecalco-Cruz et al., 2018). miR-21–mediated loss of SKI results
in activation of TGF-β signaling and alternative splicing to im-
pair the competitive advantage of normal HSCs. Based on the
emerging role of TGF-β activation inMDSs, modulation of TGF-β
signaling is being explored for therapeutic purposes in MDSs.

Therapeutic implications of targeting immune-related
pathways in hematopoietic premalignancies
Reducing selection pressure favoring CHIP mutant HSCs
Dysregulation of innate immune-related pathways, in addition
to low-grade, chronic inflammation and microenvironmental
factors, is implicated in clonal dominance of CHIP mutant HSCs.
Thus, in therapeutic strategies to restore proper regulation of
innate immune signaling in CHIP mutant HSCs, reduce chronic
inflammation or altermicroenvironmental factors, and/or enhance
regenerative function and competitive advantage of non-CHIP
mutants, aged HSCs represent ideal concepts for preclinical
and translational studies. Proof-of-concept studies in murine
models support that NF-κB inhibitors can prevent Tet2-knockout
HSCs from expanding in response to LPS (Cai et al., 2018), and
blocking IL-6 can reverse expansion of Tet2-knockout myeloid
cells (Meisel et al., 2018). However, systemic treatments that
impair immune system function and pathogen clearance are not
appropriate in the context of prophylactic treatment in other-
wise healthy aged individuals. Other, more practical strategies
include boosting tumor-suppressive functions of genes mutated
or lost in CHIP. For example, administration of ascorbate (vitamin
C)mimics TET2 function and can reduce preleukemic changes and
risk of transformation to overt leukemia in Tet2-deficient mice
(Cimmino et al., 2017; Agathocleous et al., 2017). The mechanisms
by which—and extent to which—this treatment modifies innate
immune signaling is unknown. Emerging strategies to enhance
regenerative function and competitive advantage of aged HSCs
(reviewed in Akunuru and Geiger, 2016; SanMiguel et al., 2020)
are the subject of active investigation to determine whether
thesemay tip the balance back toward oligoclonal hematopoiesis,
reducing the competitive advantage of CHIP mutant and/or
preleukemic HSCs.

Targeting disease-associated innate immune and inflammatory
pathways in MDS
Treatment of MDS patients is based on their risk profile as
calculated according to the Revised International Prognostic
Scoring System (IPSS-R; Greenberg et al., 2012). The scoring
system predicts the course of the patient’s disease by incorpo-
rating the percentage of leukemic blasts in the BM, the type of
chromosomal changes, and detailed information on the presence
and type of PB cytopenias. Although the IPSS-R provides prog-
nostic value to the disease course, it is less effective at predicting
response to disease-modifying therapies. Moreover, the pre-
dictive value of the current prognostic system for MDS may be
further improved by incorporating information on the “immune
status” of the patients (Winter et al., 2020). Information such
as dysregulation of innate immune pathways and associated

inflammation and perturbations to immune responses may
provide vital clinical information and potential therapeutic ap-
plications for MDS patients. As we learn more about the rela-
tionship between MDS gene mutations, dysregulated innate
immune and inflammatory signaling, and the microenviron-
ment, the status of smoldering inflammation, immunosenes-
cence, and the microbiome may provide further prognostic
value. Immunomodulatory therapies have long been used for
MDS. Immunosuppressive therapy with antithymocyte globulin
and in combination with prednisone or cyclosporine provides a
therapeutic option for selected lower-risk patients, particularly
those with hypoplastic MDS (Stahl et al., 2018). At the time of
this review, there have been recent advances in preclinical and
clinical studies, demonstrating the potential of inhibiting dys-
regulated innate immune signaling in MDS by targeting key
hub mediators, such as IRAK1 and IRAK4, as well as ligands and
receptors, including S100A9, CD33, IL1RAP, and TGF-β. These
early studies are revealing the potential of more selective
strategies to target dysregulated innate immune and inflam-
matory pathways in MDS. Selective IRAK4 inhibitors are being
evaluated in early-stage clinical studies for MDS and AML
(Curis: NCT04278768). Several IRAK4 degraders have also been
developed for other indications (Kymera: NCT04440410, Pfizer:
NCT02996500), but these may also show promise in subtypes of
MDS exhibiting dysregulation of these pathways. Given that
IRAK1 and IRAK4 are nonredundant kinases and are both critical
in formation of the myddosome complex, another strategy is to
target both kinases simultaneously, an effort currently being
employed (https://www.kurometherapeutics.com and https://
www.rigel.com). CX-01, which disrupts TLR4 activation by
blocking one of its endogenous ligands, HMGB1, is under in-
vestigation in MDS (NCT02995655). Luspatercept, a recombi-
nant fusion protein that binds TGF superfamily ligands and
reduces SMAD2 and SMAD3 signaling, was recently approved
for low-risk MDS with refractory anemia. In a recent phase
2 study, Luspatercept reduced the severity of anemia in patients
with lower-risk MDS with ring sideroblasts who were transfu-
sion dependent and nonresponsive to erythropoiesis-stimulating
agents (Fenaux et al., 2020). Given the complexity and redun-
dancy of immune- and inflammatory-related pathways and their
modular nature of signaling, it is unlikely that targeting a se-
lective ligand or a specific upstream immune-related pathway
will have sufficient therapeutic benefit. Thus, our emerging
therapies will be only as effective as our knowledge of the sig-
naling circuitries driven by the unique genetics and molecular
alterations in MDS.

Emerging questions in the field
Over the last 10 yr, significant progress has been made in un-
derstanding the contribution of innate immune pathways and
inflammation to age-related hematopoietic premalignancies.
There are now multiple molecular and genetic examples show-
ing that the function of innate immune- and inflammatory-
related pathways is altered in preleukemic and MDS HSPCs.
More recently, substantial effort has been devoted to understanding
how the dysregulation of innate immune- and inflammatory-related
pathways contributes to a competitive advantage of preleukemic
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and MDS HSPCs and development of overt disease. Despite the
tremendous progress and expansion of this emerging field,
there are pressing questions that need to be answered: How
do common CHIP and MDS-associated mutations (i.e., TET2,
DNMT3A, and ASXL1) contribute to dysregulation of innate
immune and inflammatory signaling in HSPCs and mature
immune cells? Which immune/inflammatory-related pathways
are best to target to prevent the competitive advantage of CHIP/
MDS HSPCs? How does the modular nature of the CHIP/
MDS–associated SMOCs impact HSPC function and the re-
sponse to the microenvironment? How do CHIP and/or MDS
HSPCs outcompete normal cells during aging and under low-
grade inflammation? What is the mechanistic explanation for
the paradoxical signaling that leads to induction of cell death
(apoptosis/pyroptosis/necroptosis) of MDS progenitors while
permitting expansion of MDS HSCs? What are age-related
changes and microenvironmental cues that favor expansion
of CHIP/MDS HSCs? What is the contribution of the dysregu-
lated innate immune/inflammatory signaling pathways as the
diseases progress to overt AML?

Although there are many remaining questions that will in-
form our current understanding of preleukemic conditions, such
as CHIP and MDS, the next 10 yr are likely to lay the foundation
for novel therapies. In our perspective, ideal therapies will be
defined based on knowledge of the innate immune and inflam-
matory signaling circuitries driven by the unique molecular al-
terations in CHIP and MDS. While a critical node integrating these
signaling circuitries may be identified and targeted to reduce the
selective advantage of CHIP and MDS clones, it is perhaps more
likely that multiple pathways and processes will need to be targeted
concurrently to achieve both reduction in the environmental
changes driving selective advantage of CHIP and MDS mutant
HSCs, therein supporting oligoclonal hematopoiesis, as well as re-
storing proper regulation of immune- and inflammatory-related
SMOCs within CHIP and MDS mutant HSCs.
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