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Inflammation as a regulator of hematopoietic stem
cell function in disease, aging, and clonal selection

Francisco Caiado™2@®, Eric M. Pietras®*@®, and Markus G. Manz"2*®

Inflammation is an evolutionarily selected defense response to infection or tissue damage that involves activation and
consumption of immune cells in order to reestablish and maintain organismal integrity. In this process, hematopoietic stem cells
(HSCs) are themselves exposed to inflammatory cues and via proliferation and differentiation, replace mature immune cells

in a demand-adapted fashion. Here, we review how major sources of systemic inflammation act on and subsequently shape
HSC fate and function. We highlight how lifelong inflammatory exposure contributes to HSC inflamm-aging and selection of

premalignant HSC clones. Finally, we explore emerging areas of interest and open questions remaining in the field.

Introduction

The hematopoietic system is responsible for lifelong blood
cell production and downstream primary functions, includ-
ing oxygen transportation (erythrocytes), hemostasis (pla-
telets), and host defense (leukocytes: myeloid and lymphoid
cells). Recent estimations suggest that adult bone marrow
(BM) produces 2-6 x 10'° cells/kg/d in mice and 5-7 x 10%°
cells/kg/d in humans under homeostatic conditions (steady-
state hematopoiesis), which can increase several fold upon
stress demands, e.g., infection (demand-adapted or “emer-
gency” hematopoiesis; Nombela-Arrieta and Manz, 2017;
Sender and Milo, 2021). To replenish high cellular con-
sumption while preserving its function and preventing po-
tentially debilitating conditions derived from hematopoietic
failure or excess (e.g., aplasia or leukemia, respectively), the
hematopoietic system is tightly regulated and characterized
by a hierarchical cellular differentiation system sustained
by rare stem cell populations kept in protective BM niches
coupled to sensing mechanisms that connect the stress-
exposed periphery to the BM tissue.

Hematopoietic stem cells (HSCs; also termed long-term [LT]
HSCs) reside at the top of the hematopoietic hierarchy and have
two unique properties: self-renewal (ability to generate a daughter
cell that retains HSC activity) and multilineage differentiation
capacity (ability to produce all blood cell types). HSCs differentiate
into multipotent progenitors (MPPs), which together are defined
as hematopoietic stem and progenitor cells (HSPCs) and in mice

share Lin-Sca-1* and c-Kit* marker expression. MPPs subse-
quently differentiate to increasingly lineage-restricted progenitor
cells that undergo terminal differentiation into mature blood cells.
MPPs and their progeny are termed hematopoietic progenitor
cells (HPCs; Wilson et al., 2008; Manz and Boettcher, 2014). Under
steady-state conditions, most adult HSCs are quiescent, residing in
the G, phase of the cell cycle. Highly quiescent HSC fractions have
an estimated turnover rate of months (in mice) to years (in hu-
mans; Takizawa et al., 2011; Trumpp et al., 2010). Thus, daily
hematopoietic production is primarily sustained by highly pro-
liferative HPCs (Sun et al., 2014; Busch et al., 2015). However,
HSCs can sense environmental cues and depending on the type,
duration, and concentration of the signal(s), initiate demand-
adapted hematopoiesis by exiting quiescence, proliferating and
differentiating, and/or self-renewing.

Inflammation, generally defined as a protective immune re-
sponse to infection and tissue damage, is mediated by proin-
flammatory cytokines and chemokines that are produced by
stressed or damaged cells and sensed by effector cells that or-
chestrate a systemic and/or local response (Medzhitov, 2008). It
has now become well recognized that HSCs are key players in
systemic inflammatory responses capable of integrating exter-
nal inflammatory cues into cellular responses and establishing a
demand-adapted axis between peripheral stresses and hemato-
poietic responses in the BM (Takizawa et al., 2012). In recent
years, a wealth of new investigations has probed more deeply
into how HSC function is impacted by inflammation and how
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Figure 1. Causes and consequences of in-
flammation on HSC functionality. Schematic
representation of current understanding in the
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such responses may contribute to HSC aging and oncogenesis
(Fig. 1). Here, we summarize current knowledge in the field with
an emphasis on highlighting new themes and ambiguities
emerging in the current literature.

Main causes of inflammation and their impact on HSC biology
Infectious diseases

King and Goodell (2011) previously defined four different
mechanisms by which infections can influence HSC biology. The
first two mechanisms act via direct effects on HSCs: (1) direct
infection or (2) direct recognition of a pathogen. The other two
mechanisms are indirect: (3) via proinflammatory cytokines
released by other cells or (4) through changes in the cellular BM
microenvironment. Here, we focus on and dissect mechanism 3,
particularly in the context of in vivo mouse infection models.
Table 1 summarizes the major sources of infection-derived in-
flammation (viral, bacterial, protozoan, and fungal infections),
their associated inflammatory pathways, and consequent bio-
logical impacts on HSCs. Despite the significant variability
among the different infection models, there are some conserved
features: (a) Infection-derived inflammation leads frequently to
HSC functional decline, including reduced repopulating capacity
and increased proliferation associated with a myeloid lineage
bias; (b) HSC functional decline is most commonly associated
with chronic infection, which suggests that prolonged inflam-
mation and the resultant demand may exert cumulative effects
on HSC function; (c) inflammatory cytokines can act both
directly on HSCs and indirectly, leading to secondary inflam-
matory signal production by BM niche cells, such as mesen-
chymal stromal cells (MSCs), endothelial cells, and mature
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field on the major causes of systemic inflam-
mation known to impact HSC biology in mouse
models (infection, microbiota, carcinogens, in-
flammatory diseases, aging). Each cause in dis-
tributed in a gradient regarding the duration of
inflammation: acute to chronic. HSC properties
during homeostatic responses (more frequently
associated with acute inflammation) or func-
tional decline (more frequently associated with
chronic inflammation) are depicted.

Functional

decline:

Decreased pool

Apoptosis

Differentiation bias
Decreased self-renewal
Reduced fitness

hematopoietic cells. Overall, the studies presented in Table 1
indicate that infection-derived inflammation is a significant
source of BM inflammation with the potential to establish long-
term functional impairment on HSCs (Binder et al., 1997; de
Bruin et al., 2013; Matatall et al., 2014; Schiirch et al., 2014;
Isringhausen et al., 2020 Preprint; Hirche et al., 2017; Scumpia
et al., 2010; Burberry et al., 2014; Shi et al., 2018; Baldridge
et al.,, 2010; Matatall et al., 2016; Florez et al., 2020; Choi
et al., 2011; Khan et al., 2020; MacNamara et al., 2011; Smith
et al., 2018; Vainieri et al., 2016; Haltalli et al., 2020; Martinez
et al., 2018; Mitroulis et al., 2018).

Microbiota

The intestinal bacterial microbiome is emerging as a key regu-
lator of hematopoiesis (Tada et al., 1996; Deshmukh et al., 2014;
Balmer et al., 2014; Khosravi et al., 2014; Lee et al., 2011; Staffas
et al., 2018). Concerning the effects of microbiota on HSPC pool
size, Balmer et al. (2014) showed that germ-free (GF) mice (mice
lacking microbiota) or antibiotic-treated specific pathogen-free
(SPF) mice (carrying a full microbiota of >100 bacterial species,
but free of known mouse pathogens) have lower steady-state
HSPC numbers compared with untreated SPF mice. Interest-
ingly, colonization of GF mice with a defined, low-complexity
microbiota led to an intermediate expansion of the HSPC pool to
levels still below that of SPF mice. This suggests that HSPC pool
size is governed by the strength of microbiota-associated signals
and/or the presence of a complex microbial milieu. Later,
Josefsdottir et al. (2017) further demonstrated that antibiotic-
treated mice show microbiota depletion (but unaltered serum
levels of IFNs, IL-6, TNF, G-CSF) and a decrease in HSPC pool
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Haltalli et al. (2020)

Increased turnover leading to decreased
functionality and transcriptional identity

Loss of BM niche osteoblasts and endothelial cell

properties

IFN-y-IFNGR

Fungal

Martinez et al. (2018)
Mitroulis et al. (2018)

TLR2/MyD88 and dectin-1 fungal sensing dependent Increased proliferation and pool size

ND (TNF-a?)

Candida albicans

B-glucan-mediated IL-1B and GM-CSF production by Increased proliferation, pool size, and myeloid

IL-1B and GM-CSF/CD131

BM cells leads to increased glycolytic pathways and ~ differentiation bias (at 7 d after exposure)

proliferation in HSCs

size to levels similar to those of Statl~/~ mice. These data suggest
that cytokine-dependent STATI signaling, stimulated by the
microbiome, is required for maintenance of normal BM HSPC
numbers. In agreement, Iwamura et al. (2017) showed that NOD1
ligand administration to GF mice activates BM MSCs to produce
key hematopoietic factors, including IL-7, FIt3L, stem cell factor,
thrombopoietin (TPO), IL-6, and TNF, which restored HSPC pool
size to levels equivalent to SPF mice. Furthermore, Lee et al.
(2019) revealed that microbiome-derived molecules, including
bacterial DNA, reach the BM via systemic blood circulation and
are sensed by CX3CR1* mononuclear cells via a TLR-dependent
mechanism, resulting in the production of inflammatory cyto-
kines (TNF-a, IL-1, IL-6) that regulate the HSPC pool size and
their differentiation potential toward myeloid lineages. Along
these lines, unpublished data from our laboratory suggest that
upon aging, the levels of continuously circulating microbiota-
derived molecules (e.g., TLR4 and 8 agonists) increase. High
abundance of these molecules leads to enhanced myeloid-
derived systemic IL-1 production, causing HSC pool expansion
and increased myeloid differentiation bias. Overall, these studies
suggest that tonic, microbiota-associated inflammatory signal-
ing is essential to maintain HSPC pool size and myelopoiesis in
steady-state conditions but can potentially become detrimental
in the context of an aged hematopoietic system. Furthermore,
whether signaling via multiple pathways (e.g., STAT1, NODI,
TLRs) are all required in concert to effectively govern HSPC pool
size and myelopoietic activity or whether requirements for
these signaling pathways may reflect differences in microbial
communities established in different SPF mouse colonies re-
mains to be rigorously addressed.

Carcinogens

Carcinogens include any substance, radionuclide, or radiation
that promotes cancer formation. Long-term BM injury mediated
by carcinogens, like ionizing radiation (IR) and chemotherapy
(CT), is attributed to direct effects on HSCs as well as on the
BM environment. These effects include induction of apoptosis,
differentiation, senescence, and/or damage to BM HSC niche
(reviewed in Shao et al.,, 2013). Additionally, IR and CT (doxo-
rubicin, 5-fluorouracil [5-FU], cisplatin, paclitaxel) are known to
induce a rapid and dynamic production of multiple proin-
flammatory cytokines and chemokines, including IL-1a/f, IL-6,
IL-8, IFN-a/B, TNF-a, CXCL9, CCL2, CCL3, and GM-CSF, within
the first 1-2 wk following exposure (Citrin and Mitchell, 2017
McKelvey et al., 2018; Zhang et al., 2012; Vyas et al., 2014; Pietras
et al., 2016). However, the effects of IR- and CT-mediated in-
flammation are difficult to dissociate from the direct effects of IR
and CT on the metabolic and genomic integrity of HSCs them-
selves (Mohrin et al., 2010). Analysis is further confounded by
the complexity of the systemic “storm” of cytokines and damage-
associated molecular patterns produced in response to these
insults in addition to other effects, including loss of gut integrity,
which can release inflammatory microbial products into the
bloodstream. These confounders have been partially addressed
by transplanting cytokine or chemokine receptor-null HSCs into
IR- or CT-treated animals and following the kinetics by which
they regenerate the blood system. Interestingly, most primary
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receptor-null mice do not have a clear HSC phenotype, sug-
gesting a redundant role of cytokines in HSC regulation in
steady state. On the other hand, HSCs from these mice often
show improved long-term repopulating capacity compared with
their WT counterparts upon transplantation into irradiated re-
cipients, including Tnfrsfla~/~ and Tnfrsfilb-/~ (Pronk et al., 2011),
Ifnar~/- (Essers et al., 2009), and Ifngr/- (Matatall et al., 2014).
This suggests that IR- and CT-mediated inflammation restricts
HSC self-renewal and repopulating capacity, particularly in the
context of serial transplantation. Besides IR and CT, cigarette
smoke is one of the most widespread carcinogens (containing at
least 98 hazardous components; Talhout et al., 2011), yet its
impact on hematopoiesis may be overlooked. Mice exposed to
cigarette smoke exhibited increased extramedullary hemato-
poiesis, decreased MSCs and HSCs, and increased expression of
pro-proliferation genes that lead to the expansion of HSPCs
(Khaldoyanidi et al., 2001; Pandit et al., 2006; Siggins et al.,
2014). Cigarette smoke extract also inhibits osteogenic differ-
entiation and increases expression of proinflammatory markers
(Cyprus et al., 2018). Furthermore, in the context of human
hematopoiesis, individual smoking status associates with ASXLI
loss-of-function-driven clonal hematopoiesis (Dawoud et al.,
2020). While cigarette smoke elicits a similar hematopoietic
phenotype as many inflammatory challenges, the contribution
of inflammation and identity of elicited inflammatory factors,
such as cytokines in this context, remains elusive. Altogether,
similar to infection, carcinogen exposure can induce inflam-
matory stresses that negatively impact HSC function, particu-
larly in contexts where IR or CT induces myeloablation and
subsequent replicative “aging” of HSCs that degrades their
function (Beerman et al., 2014; Bernitz et al., 2016). Nonetheless,
it should be noted that highly quiescent and drug-resistant
“reserve” HSC fractions have been identified (Zhao et al., 2019;
Wilson et al., 2008) that retain HSC activity following exposure
to CT challenges, such as 5-FU. Hence, not all HSCs respond
uniformly to the inflammatory, cytotoxic, and replicative chal-
lenges associated with carcinogen exposure. This feature is
likely a significant contributor to hematopoietic recovery fol-
lowing induction CT and/or HSC transplantation in the context
of hematological malignancy.

Inflammatory diseases

Inflammatory diseases are a diverse group of conditions re-
sulting from dysregulated immune responses that lead to a
deleterious state of chronic inflammation and/or periodic in-
flammatory “flares” that potentially affect HSC function. Broadly
speaking, BM failure is rare in such “sterile” inflammatory
contexts, although cytopenias, anemia, overproduction of mye-
loid cells, immunosenescence, and other hematologic co-
morbidities have been documented in patients who suffer from
rheumatoid arthritis (RA) and juvenile idiopathic arthritis,
systemic lupus erythematosus (SLE), colitis, and various auto-
inflammatory conditions such as gout where IL-1 is the primary
pathogenic factor (Colmegna and Weyand, 2011; Papadaki et al.,
2002; Pascual et al., 2005; Chalayer et al., 2017; Gasche et al.,
2004). Many of these diseases have been modeled in the mouse.
Using an IL-23-driven chronic intestinal inflammation model,

Caiado et al.
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Griseri et al. (2012) showed an IFN-y-dependent increase in HSC
proliferation, leading to an eightfold expansion of the HSC pool.
This effect was associated with GM-CSF-dependent myeloid
differentiation bias and extramedullary hematopoiesis in colitic
mice (Griseri et al., 2012). Chronic granulomatous disease (CGD)
is a primary immunodeficiency characterized by dysfunctional
microbicidal activity and chronic inflammation, often related
to deficiency in the NOX genes. In mice with CGD, increased
cycling of HSCs, expansion of HPCs, and impaired long-term
engraftment capacity were associated with high concen-
trations of proinflammatory cytokines, including IL-1B. Inter-
estingly, treatment of WT mice with IL-18 mimicked these
effects, while inhibition of IL-1 signaling (using IL-1R1 antago-
nist Anakinra and anti-inflammatory steroid dexamethasone)
in CGD mice reduced HPC numbers but had only minor effects
on the repopulating ability of HSCs (Weisser et al., 2016). RA is
a debilitating autoimmune disease characterized by chronic
inflammation and progressive destruction of joint tissue. Using
a collagen-induced arthritis mouse model, Hernandez et al.
(2020) identified systemic inflammation (increased serum
levels of TNF, IFN-y, G-CSF) and myeloid overproduction as-
sociated with activation of a myeloid differentiation gene pro-
gram in HSCs. Myeloid overproduction has been characterized
in a genetic RA model as well (Oduro et al., 2012). In a similar
vein, using an experimental spondyloarthritis mouse model
that generates systemic and local inflammation, Regan-Komito
et al. (2020) documented an IL-33-GM-CSF axis that promotes
HSC myeloid differentiation bias and a GM-CSF-dependent
accumulation of granulocyte/macrophage progenitors at ex-
tramedullary sites that leads to severe symptoms in spondy-
loarthritis mice. Likewise, using a genetic mouse model of SLE,
Niu et al. (2013) showed an intrinsic and extrinsic (increased
serum levels of IL-6, IL-10, TNF-q, and IFN-c/B) inflammatory-
dependent expansion and mobilization of HSCs with myeloid
lineage differentiation bias. While the cytokine milieus induced
by these diseases overlap with those observed in the chronic
infection models described above, disruption of HSC re-
populating function is generally much less significant. Indeed,
HSCs from collagen-induced arthritic mice activate a prolifer-
ation arrest gene program associated with maintenance of
quiescence and reconstitution capacity, despite ongoing in-
flammation. Furthermore, treatment with the IL-1R1 antagonist
Anakinra reverted myeloid overproduction and associated gene
programs in these HSCs (Hernandez et al., 2020), suggesting
that disease has an impact on the hematopoietic system, in-
cluding HSCs themselves, and can be at least partially reversed
following inflammatory challenge. Likewise, HSCs from the
genetic SLE model retained robust self-renewal capacity and,
in fact, exhibited a repopulating advantage over WT HSCs,
which resulted from a single nucleotide polymorphism in the
cdkn2c gene that causes reduced pl8INK4c expression (Niu
et al.,, 2013). Unpublished data from our laboratory using a
pristane-induced model of chronic SLE confirm the absence of
HSC pool attrition despite ongoing IFN signaling, and HSCs
from these mice exhibit only a moderate defect in long-term
repopulating activity. These data raise the interesting question
as to why some chronic infections may impart a more severe
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impact on HSC pool size and function than the sterile inflam-
mation models described above, despite inducing similar cy-
tokine milieus. Possibilities include differences in cytokine
levels, increased hematopoietic demands caused by active
turnover of immune cells during infection, and/or direct effects
of pathogens on HSCs (including direct infection or recogni-
tion). Overall, chronic inflammatory disease can significantly
impact HSC function; key next steps are to assess the extent to
which anti-inflammatory therapies, including cytokine blockade
approaches currently in clinical use, reverse these phenotypes and
to address the impact of recently characterized “immune training”
on long-term HSC and blood system function in this context.

Aging

Aging is associated with chronic low-grade inflammation (i.e., a
two- to fourfold increase in IL-1, IL-6, TNF, and C-reactive
protein serum levels; Vasto et al., 2007), a state often referred
to as inflamm-aging. This phenotype, observed in both mice and
humans, is attributed to a cumulative lifetime exposure to in-
fectious and noninfectious agents and/or senescence-associated
cytokines that leads to a self-sustained, vicious proinflammatory
cycle (reviewed in Baylis et al., 2013; Kovtonyuk et al., 2016b;
Fulop et al., 2018). Aging also associates with functional changes
in both mature and immature hematopoietic cells. Aged HSCs
show increased pool size and quiescence, reduced self-renewal
capacity, increased myeloid/megakaryocytic-differentiation
bias, accumulated DNA damage and proliferative stress marks,
increased resistance to apoptosis, epigenetic and transcrip-
tional alterations, loss of autophagy capacity, decreased homing
capacity, and increased expression of adhesion molecules (re-
viewed in Geiger et al., 2013; Kovtonyuk et al., 2016a). The
contribution of inflamm-aging to HSC dysfunction has been
addressed in multiple studies. Ergen et al. (2012) performed
heterochronic BM transplantation and BM cytokine profiling to
identify RANTES (Regulated And Normal T cell Expressed and
Secreted)/Ccl5 as a driver of HSC myeloid differentiation bias
during aging. Using RANTES overexpression and Rantes KO
mice, the HSC myeloid bias phenotype was mechanistically
linked to increased Gata2 (promyeloid transcription factor),
decreased Gata3 and Ikaros (lymphoid-associated transcription
factors) expression, and increased mTOR activity (previously
implicated in HSC aging; Saxton and Sabatini, 2017). Frisch
et al. (2019) showed that impaired neutrophil efferocytosis
(specialized phagocytosis that minimizes the inflammatory
consequences of apoptosis; Arandjelovic and Ravichandran,
2015) and increased caspase-1 activity in old BM macrophages
associates with increased BM levels of IL-1B and with enhanced
HSC megakaryocytic differentiation bias (associated with ex-
pression of CD41 and CD61). In another study, aged BM stromal
cells showed enhanced IL-6 and TGF-B signaling. While IL-6
inhibition led to improved erythroid progenitor function in
aged mice, TGF-P neutralization resulted in reversal of age-
associated HSC megakaryocytic differentiation bias, increased
generation of lymphoid progenitors, and rebalanced HSC line-
age output in transplantation assays (Valletta et al., 2020).
Pioli et al. (2019) suggested that plasma cells from old mice
accumulate in the BM where they display increased TLR-driven
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activation and produce (together with stromal cells) a positive
feedback network of proinflammatory cytokines (including IL-1,
TNF-a, and M-CSF) that promote HSC myeloid differentiation
bias. In overall agreement, work by Helbling et al. (2019) from
our laboratory demonstrated that the BM stromal compartment
(particularly CXCL12-abundant reticular cells [CARc]) contrib-
utes significantly to IL-1- and IL-6-mediated inflamm-aging.
Furthermore, transcriptomic pathways induced during aging
were largely recapitulated by in vivo administration of proto-
typic microbial molecules, thereby supporting an inflammatory
basis of age-related alterations to HSC function. Collectively,
these studies indicate that inflamm-aging is a key, and at least to
some extent reversible, mediator of age-associated HSC myeloid/
megakaryocyte differentiation biases, while having as-yet un-
determined impacts on other aging-associated HSC impairments.
Further disentangling the respective contributions of accumu-
lated replicative history, age-related alterations in BM niche
function, and inflamm-aging to impaired HSC function and on-
cogenesis could provide a basis for improving blood system
function and health span in old age.

Role of key cytokines on HSC biology: New concepts

and ambiguities

HSCs are exposed to multiple and diverse inflammatory milieus
during their lifetime. A large body of work using models of
single-cytokine stimulation in mice has demonstrated both
unique and overlapping impacts of these factors on HSC func-
tion independently of the inflammation source. The most
commonly studied factors include type I and II IFNs, TNF-q,
IL-1, and G-CSF. In this section, we dissect the direct con-
sequences of in vivo administration of these key cytokines on
HSC biology and provide a critical review of insights and
limitations emerging from mouse models of acute and chronic
cytokine exposure (Fig. 2).

Type | IFN

Acute exposure of type I IFN inducer polyinosinic:polycytidylic
acid (polyL:C) or IFN-a itself can drive proliferation of dormant
HSCs through a pathway dependent on the IFN-a/B receptors
IFNAR and STATI (Essers et al., 2009; Pietras et al., 2014) that
associate with increased MYC protein levels (Ehninger et al.,
2014), decreased expression of quiescence-enforcing genes,
and increased mitochondrial ROS-induced DNA damage (Walter
et al., 2015). Interestingly, work by Haas et al. (2015) indicated a
stronger type I IFN-induced proliferation in CD41M HSC-like
megakaryocytic progenitors within the phenotypic SLAM (Sig-
naling Lymphocytic Activation Molecule) gate. Notably, this
effect is transient, as the compartment returns to a quiescent
state under continued IFN-o administration (Pietras et al., 2014).
Effects of type I IFNs are negatively regulated by Irf2, as HSC
deficiency in this transcription factor exhibits significantly im-
paired function (Sato et al., 2009). The overall impact of type I
IFNs on HSC function remains an area of continued interest.
HSCs remain protected from the p53-dependent proapoptotic
effects of type I IFNs so long as they remain quiescent; however,
forced entry of HSCs into the cell cycle by culture and/or 5-FU
induces apoptosis and rapid depletion of HSCs (Pietras et al.,
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2014). Along these lines, transplantation assays using SLAM cells
and/or unfractionated BM have suggested that acute and chronic
exposures to type I IFNs impair HSC function (Essers et al.,
2009; Pietras et al., 2014). On the other hand, recent work has
shown that long-term HSCs, prospectively isolated based on an
HSC-specific Fgd5 reporter, do not exhibit impaired reconsti-
tution activity following acute type I IFN exposure (Bujanover
et al., 2018). Hence, the effect of type I IFNs on HSC reconsti-
tution activity appears to vary significantly based on the phe-
notypic definition used to prospectively identify HSCs, calling
into question the fidelity of commonly used surface marker
definitions such as the SLAM code or Sca-1 expression levels
(discussed in King and Goodell, 2011; Kanayama et al., 2020)
under nonhomeostatic conditions.

Type Il IFN

Acute IFN-y exposure drives HSC proliferation via IFNGR and
STATI; associates with Fas-mediated apoptosis (Chen et al.,
2015); and, like type I IFNs, is associated with reduced re-
population capacity (Baldridge et al., 2010; Matatall et al., 2014).
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Chronic IFN-y exposure (via chronic Mycobacterium avium in-
fection) results in increased proliferation stress, potentially re-
sulting from an override of Irgmi-dependent cell-cycle and IFN
response suppression (King et al., 2011). Like type I IFNs, IFN-y
primes HSCs to undergo apoptosis upon secondary stress
(in vitro culture). Impaired HSC function has also been attributed
to enhanced Batf2-dependent terminal myeloid differentiation
that depletes the HSC pool and severely impairs self-renewal ca-
pacity (Matatall et al., 2016). Notably, surface expression of IFNGR
is heterogenous in the phenotypic HSC compartment, and IFNGR*
HSCs exhibit myeloid bias and reduced repopulating activity,
further confirming the importance of direct IFNGR signaling in
eliciting reduced HSC function (Matatall et al., 2014) as well as
the inherent heterogeneity contained within the phenotypic HSC
compartment.

TNF-c

The role of TNF-a in HSC function remains an area of significant
interest and open questions. Work by Pronk et al. (2011) dem-
onstrated that TNF-a signaling restricts HSC proliferative and
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reconstitution activity via both TNFRI and TNFRII pathways. On
the other hand, recent work by Yamashita and Passegué (2019)
showed that the duration of TNF-a stimulation is an essential
variable that determines HSC responses. Accordingly, acute
TNF-a exposure leads to HSC proliferation and a transient ac-
tivation of the canonical NF-kB pathway, which maintains HSC
survival during proliferation. Interestingly, 48 h later, the initial
TNF-a exposure no longer sustains NF-«B pathway activity,
resulting in Ripk3-Mlkl-mediated necroptosis associated with
reduced HSC repopulating capacity. During chronic TNF-a ex-
posure, there is a sustained p65-NF-kB-mediated prosurvival
signaling activity that prevents necroptosis and poises HSCs to
undergo myeloid differentiation by inducing Pu.l expression
(Etzrodt et al., 2019). This potentially further contributes to
the reestablishment of HSC quiescence by inhibiting cell-cycle ac-
tivators (Staber et al., 2013), thus protecting HSCs from necroptosis
while terminating the regenerative response (Yamashita and
Passegué, 2019). Hence, TNF signaling may exert distinct
effects based on context and dose. It remains to be addressed
whether the capacity of TNF to induce PU.1, which can pro-
mote terminal differentiation and restrict HSC cell-cycle ac-
tivity (see below), may provide insight into the seemingly
paradoxical capacity of TNFR signaling to restrict HSC pro-
liferation and reconstitution activity while promoting HSC
survival and expansion in other contexts.

IL-1

HSCs exposed to acute IL-1B appear to exhibit Myd88-dependent
proliferation and myeloid differentiation through activation of
the transcription factor PU.1 (downstream of NF-kB activation)
without losing self-renewal capacity (Ueda et al., 2009; Pietras
et al., 2016; Weisser et al., 2016). Indeed, short-term or low-
dose administration of IL-1a/IL-1B prevents IR- or CT-induced
myelosuppression and protects mice with cyclophosphamide-
induced neutropenia against sepsis (van der Meer et al., 1988;
Damia et al., 1992; Pietras et al., 2016). Likewise, IL-1R1-deficient
mice exhibit slowed myeloid recovery following 5-FU adminis-
tration, further supporting a nonredundant role for IL-1 in he-
matopoietic regeneration (Pietras et al., 2016). On the other
hand, chronic IL-1B exposure results in a profound, yet revers-
ible reduction in long-term repopulating activity in the pheno-
typic SLAM HSC compartment (Pietras et al., 2016; Weisser
et al., 2016). However, more recent work has shown that the
long-term impact of chronic IL-1B exposure on HSC reconsti-
tution activity might in fact be minimal if stringent phenotypic
definitions (ECPR*/CD34~ SLAM cells or Fgd5* SLAM cells) are
used to prospectively isolate HSCs (Rabe et al., 2020). These data
suggest that like type I IFNs, the impact of IL-1 signaling on long-
term HSC function may be relatively small. Indeed, IL-1 triggers
only limited proliferative activity in vivo within the ECPR*/
CD34 long-term HSC compartment following acute IL-1 treat-
ment, and quiescence is quickly reestablished during chronic
exposure (Rabe et al., 2020; Chavez et al., 2021). Along these
lines, IL-1 rapidly induces repression of Myc and numerous
protein synthesis genes within the first day of exposure, an
effect that is sustained with chronic stimulation. Interestingly,
IL-1-induced activation of PU.1 is a proliferation-limiting mechanism,
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as IL-1 triggers aberrant protein synthesis activity, prolifera-
tion, and HSC pool expansion in PU.1-deficient HSC (Chavez
et al., 2021). These findings are consistent with previous
characterizations of PU.1 as a cell-cycle inhibitor (Staber et al.,
2013; Kueh et al., 2013) that facilitates myeloid differentiation
by promoting intracellular PU.1 accumulation. Furthermore,
recent work has identified IL-1 as a key player in HSC immune
training, suggesting that IL-1 and other proinflammatory cy-
tokines can induce heritable, long-term effects on HSC function
(Mitroulis et al., 2018). Taken together, these results illustrate
an ongoing redefinition of how IL-1 impacts HSC function in
contexts such as regeneration versus chronic inflammation and
the extent to which prospective HSC isolation strategies can
affect experimental results and their interpretation.

G-CSF

G-CSF administration in vivo results in transient HSC prolifer-
ation (Wilson et al., 2008), peripheral mobilization, and
expansion of the HSC pool within the central but not endosteal
BM region (Grassinger et al., 2012). However, chronically
G-CSF-treated HSCs have an overall loss of repopulating and
self-renewal activity (Kovtonyuk et al., 2016b) that associates
with enhanced TLR/MyD88 signaling (Schuettpelz et al., 2014).
Interestingly, work from Cain et al. (2011) suggested that tran-
sient IL-1-mediated HSPC proliferation may be indirectly reg-
ulated by IL-1R1-dependent G-CSF production. These data are
consistent with prior BM chimera studies from the same group,
showing that alum-induced HSPC proliferation requires IL-1R1
expression in the radioresistant (nonhematopoietic) compart-
ment (Ueda et al., 2009), which aligns with our finding that
direct IL-1 signaling triggers a PU.l-mediated proliferation-
limiting mechanism in HSCs instead. Interestingly, later work
from Bernitz et al. (2017) suggested that like type I IFNs,
G-CSF-induced proliferation is limited to CD41PM SLAM cells
based on H2B-GFP dilution studies. Hence, as with IL-1 and type
1 IFNs, the precise functional impacts of G-CSF on HSC function
remain to be fully clarified.

Taken as a complete body of work, it is clear that proin-
flammatory cytokines can exert significant effects on HSCs.
Strikingly however, and perhaps contrary to initial published
characterizations, most cytokines directly elicit only transient,
if any, proliferative activity in true long-term HSCs. Moreover,
the mechanisms underlying these activities require revisiting,
as with PU.1 and IL-1. Importantly, limitations imposed by es-
tablished experimental model setups need scrutiny. In particu-
lar, standard definitions of inflammatory stimulus duration
(i.e., acute and chronic) often lack consistency; do not align with
established clinical definitions of acute and chronic disease; and
thus, represent a significant source of noise in the field. In ad-
dition, time points after inflammatory stimulus at which he-
matopoietic outcomes are analyzed are of key importance. As
perturbed biological systems tend to return to a homeostatic
state over time, it is likely that analysis closer to inflammatory
stimulation associates with stronger phenotypes. Finally, as
discussed above, the phenotypic definition of HSCs needs to be
updated and systematized in order to accommodate the growing
evidence of molecular heterogeneity within this compartment.
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In spite of these limitations, the totality of evidence suggests that
chronic exposure to individual cytokines exerts fairly mild ef-
fects on HSC function. Such results are again in contrast to
chronic infection models where the HSC compartment exhibits
more profound changes in proliferation and functional decline.
Hence, individual proinflammatory cytokines on their own
(alongside any secondary signals they induce) may not be suf-
ficient to severely degrade HSC function. On the other hand,
they may trigger much more significant impairment of HSC and
blood system function in the context of ongoing hematopoietic
demand, such as during exposure to combined IFN-1 and 5-FU
challenge or complex “cytokine storms.” Furthermore, while the
majority of experimental systems address acute and chronic
exposures, the impact of serial inflammatory episodes on HSC
function is less well studied. This further highlights the fact that
HSC responses to inflammatory cytokines are the result of bio-
logical processes that are highly dependent on the (patho)
physiological context in which the inflammatory signals are
produced as well as on cytokine doses and duration of exposure.
Care must therefore be taken not to derive broad generalizations
about HSC responses to inflammation based on the results of
individual studies using specific cytokines and/or experimental
models.

Inflammation as a driver of somatic evolution in BM

Chronic inflammation and/or tonic levels of inflammatory sig-
naling sustained over time and combined with aging-associated
declines can have deleterious impacts on overall blood system
function. This includes multiple HSC properties, such as sur-
vival, proliferation, differentiation, self-renewal, and genomic
integrity (see previous sections). While HSCs are clearly capable
of adapting to inflammatory signals necessary for hematopoietic
regeneration and blood system maintenance without incurring
dramatic functional costs, the extent to which chronic or even
punctuated inflammatory insults degrade HSC function over
time and contribute to morbidities, such as BM failure and/or
myeloid oncogenesis, remains an area of active investigation.
Indeed, there is an association between inflammatory burden,
preleukemic states, and full-blown leukemia development (re-
viewed in Craver et al., 2018). Along these lines, revised models
of cancer development, such as the theory of adaptive onco-
genesis, implicate inflammation as a crucial driver of hemato-
logical and other malignancies by impairing the fitness (defined
as capacity to generate progeny) of normal cells, thereby altering
the tissue fitness landscape to favor cells harboring oncogenic
mutations (Laconi et al., 2020). Here, we summarize multiple
studies that have suggested that selective pressure imposed by
chronic inflammation on the HSC pool might drive genetic
mutations and/or selection/expansion of inflammation-adapted
mutant clones, leading to a preleukemic state and, potentially,
evolution to leukemia (Fig. 3).

Inflammation and DNA damage in HSCs

Cellular mutation occurrence probability is defined by the pro-
duct of the mutation rate per division per DNA base pair (de-
fined as 3 x 107°) and the cellular division rate (Rozhok et al.,
2014, 2016). Therefore, accelerated inflammation-induced HSC
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cycling can enhance mutational occurrence. Indeed, in vivo cell-
cycle induction using IFN-a, G-CSF, TPO, serial bleeding, or
chronic polyl:C regimens leads to increased mitochondrial ROS-
induced DNA damage in WT HSCs and results in HSC depletion
and BM failure in mice with a nonfunctional Fanconi anemia
DNA repair pathway (Fanca™/~; Walter et al., 2015). Work from
our laboratory further established that HSCs exposed to pro-
longed bacterial LPS stimulation or Salmonella typhimurium in-
fection exhibit elevated proliferative stress and DNA damage
formation mainly via TLR4-TRIF signaling (Takizawa et al.,
2017). Importantly, these effects are amplified in genetic con-
texts associated with defective DNA repair. Zhang et al. (2007)
showed that TNF-a-induced senescence in WT HSPCs correlates
with the accumulation of ROS-mediated DNA damage and leads
to increased chromosomal aberrations (in Lin~ cells), which are
further enhanced in Fancc/~ mice. This strongly suggests that
inflammatory exposure leads to increased mutagenesis in Lin-
cells; however, direct evidence in HSCs remains to be estab-
lished (Fig. 3 A). Along these lines, HSPCs with compound loss of
single-stranded DNA-binding proteins Ssbl and Ssb2 rapidly
induce type I IFNs associated with replication stress and de-
pletion of HSC (Shi et al., 2017). Indeed, BM failure syndromes
are commonly associated with chronic production of TNF and
IFNs (Hara et al., 2004; Chen et al, 2015), reinforcing the
pathogenic role of inflammation in this context. Finally, it is
worth noting that genotoxin exposure can trigger DNA breaks
in quiescent HSCs, which are repaired by nonhomologous
end joining, leading to acquisition of chromosomal aberrations
(Mohrin et al., 2010). The extent to which inflammation can
induce somatic mutations in quiescent HSCs via induction of
nonhomologous end joining and other proliferation-independent
DNA modification or repair mechanisms remains an important
question. Altogether, inflammation functions as both a cause and
an effect of DNA damage. Defining the extent to which inflam-
mation directly induces mutations that lead to hematological
malignancy, as opposed to serving as a selective mechanism for
mutated HSC clones, remains an important frontier of investi-
gation in the field.

Inflammation-adapted mutant HSCs

Inflammatory milieus are associated with hematological malig-
nancies, such as myelodysplastic syndromes (reviewed in
Sallman and List, 2019), myeloproliferative neoplasms (re-
viewed in Lussana and Rambaldi, 2017), chronic myeloid leu-
kemia (reviewed in Hoermann et al., 2015), and acute myeloid
leukemia (AML; reviewed in Binder et al., 2018). Again,
whether inflammation is a cause or consequence (or both) of
these established malignancies remains to be determined. In
healthy, young tissue systems, mutated cell clones often exhibit
low relative fitness levels and are routinely eliminated via ap-
optosis, terminal differentiation, immune system surveillance,
and/or entry into a senescent state (Laconi et al., 2020).
However, the proinflammatory stimuli discussed above are
capable of inducing these processes in normal HSCs, thereby
reducing their relative fitness. Indeed, as we describe above,
IFNs can induce p53-dependent apoptosis and/or cell-cycle
arrest, whereas IL-1 and TNF can activate PU.1 and promote
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Figure 3. Proposed mechanisms of HSCs inflammation-driven evolution.
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and increasing the risk of secondary hit mutations and potential leukemia transformation.

terminal differentiation and/or enforce quiescence, altogether
limiting proliferative activity. Mutations that render HSCs in-
sensitive to these effects can thus confer a relative fitness ad-
vantage in an inflammatory environment, leading to an altered
tissue landscape that now selects for such mutations. Indeed, a
wide variety of mutations associated with myeloid malignancy
interfere with the normal expression and/or function of
proinflammatory cytokine targets, such as PU.1, C/EBPa, and
p53, and/or lead to increased activation of survival and pro-
liferation pathways, such as Flt3 and Ras (Gerloff et al., 2015;
McKenzie et al., 2019; Mueller et al., 2006; Noguera et al., 2016;
Vangala et al., 2003; Yang et al., 2012; Kaasinen et al., 2019;
Henry et al., 2015). Along these lines, we recently showed that
IL-1 rapidly suppresses HSC expression of Myc, a key player
regulating relative cell fitness in many tissues, including HSCs
(Laurenti et al., 2008; Scognamiglio et al., 2016; Wilson et al.,
2004). On the other hand, PU.l-deficient HSCs are largely
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insensitive to this effect of IL-1, fail to repress Myc, and instead
continue to proliferate and expand in the BM (Chavez et al.,
2021) during IL-1 exposure. Likewise, Cebpa-deficient MPPs can
outcompete their WT counterparts in vivo when exposed to
chronic IL-1 (Higa et al., 2021). Strikingly, both PU.1- and Cebpa-
deficient HSPCs are not selected for in the absence of the in-
flammatory signal, providing important evidence that the loss of
these factors alone is not sufficient to promote their expansion.

Preleukemic states where founding mutations are present
but where the hematopoietic system is still uncompromised
(reviewed in Corces-Zimmerman and Majeti, 2014), constitute
an ideal system to address how inflammatory pressure acts on a
genetically heterogeneous HSC pool to select for clones carrying
specific mutations. Clonal hematopoiesis of indeterminate po-
tential (CHIP) is a hematological condition first characterized in
humans by the presence of an expanded somatic blood cell clone
carrying a mutation in leukemia driver genes (e.g., DNMT3A,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201541

1202 4290300 20 UO J8sn younz jo Aysienun Aq 4pd-L 510202 Wal/20L8L¥L/L¥S1L0Z0Z8/L/8Lz/pd-eie/wal/B10 ssaidnyj/:dny woy papeojumoq

10 of 19



TET2, ASXL1, TP53, JAK2, and SF3BI) at a variant allele frequency
of at least 2% in the absence of any other hematological abnor-
malities. CHIP incidence increases with age (and is thus some-
times also termed age-related clonal hematopoeisis, ARCH) and
associates with an increased risk of hematological malignancies,
cardiovascular disease, and all-cause mortality (Boettcher and
Ebert, 2019; Jaiswal et al., 2014; Genovese et al., 2014; Shlush
et al., 2014), which is attributed to increased inflammatory re-
sponses from mutant immune cells (reviewed in Cook et al.,
2020). Indeed, individuals with CHIP have higher serum IL-6,
TNF-a, IL-1B, and IL-18 levels than those without (Cook et al.,
2019; Bick et al., 2020). Furthermore, enhanced inflammatory
responses have been described in DNMT3A (Leoni et al., 2017;
Sano et al., 2018a), TET2 (Sano et al., 2018b; Fuster et al., 2017;
Zhang et al., 2015; Cull et al., 2017), and JAK2 mutant myeloid
cells (Wang et al., 2018). Importantly, multiple studies in mice
and humans have suggested that CHIP-mutant HSPCs, contrary
to their WT counterparts, have developed molecular mecha-
nisms that potentially allow adaptation to the sustained in-
flammatory cues present in CHIP individuals (Fig. 3 B). Here, we
summarize the main inflammatory adaptation mechanisms ob-
served in DNMT3A, TET2, and JAK2 mutant HSPCs.

DNMT3A. Mutations in DNMT34, which encodes a DNA
methyltransferase enzyme responsible for establishing de novo
DNA methylation patterns during stem cell differentiation
(Okano et al., 1999), are the most common CHIP mutations and
are detectable in Lin-CD34*CD38~ HSCs. These mutations are
heterozygous, occur in structural and functional domains, and
are thought to lead to loss of protein function (Arends et al.,
2018). HSCs from Dnmt3a~/~ mice show enhanced self-renewal
and reduced differentiation efficiency, which results from bi-
ased HSC fate decisions (Challen et al., 2012; Jeong et al., 2018;
Challen et al., 2014) and has been partially attributed to
hypomethylation-mediated increased expression of self-renewal
genes (Jeong et al., 2014). In the context of inflammation, a
higher frequency of DNMT3A (and PPMID) mutations in ulcer-
ative colitis patients was recently described, possibly related to
higher IFN-y serum levels in patients with DNMT3A mutations
(Zhang et al., 2019). In agreement, it was also shown that chronic
mycobacterial infection as well as chronic IFN-y administration
drive the expansion of Dnmt3a~/~ HSCs over WT HSCs. Mecha-
nistically, this associated with hypermethylation of prodiffer-
entiation genes (Jun/Fos gene family members and Batf2) in
Dnmt3a~/~ HSCs, rendering them more resistant to pool ex-
haustion via infection-mediated terminal differentiation and
secondary stress-induced apoptosis (Hormaechea-Agulla et al.,
2021).

TET2. The TET2 gene encodes a dioxygenase that promotes
DNA demethylation via the conversion of 5-methylcytosine to
5-hydroxymethylcytosine and other oxidized derivatives (Ito
et al., 2010). TET2 mutations are the second most common in
CHIP, are detectable in Lin~"CD34*CD38~ HSCs, and are also loss
of function (Arends et al., 2018). HSCs from Tet2~/~ mice (or with
targeted disruption of the catalytic domain) also show increased
self-renewal, impaired differentiation, and a predisposition to
hematological malignancy development (Moran-Crusio et al.,
2011; Ko et al, 2011). In the context of inflammation, Tet2-
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deficient murine and human HSCs have a strong proliferative
and antiapoptotic advantage compared with WT cells when
exposed in vitro to TNF-a (Abegunde et al., 2018). Murine Tet2-
deficient HSPCs further show enhanced proliferation and
myeloid differentiation in response to microbial-induced IL-6
(Meisel et al., 2018). Moreover, Tet2~/~ HSPCs maintain a re-
population advantage after a chronic inflammatory insult (LPS),
which is related to hyperactivation of the IL-6/Shp2/Stat3/
IncRNA-Morrbid axis, resulting in reduced apoptosis compared
with WT cells (Cai et al., 2018). Tet2-deficient HSPCs also exhibit
a competitive advantage over WT cells during low-grade in-
flammation in a manner associated with increased TLR-TRAF6
and noncanonical NF-kB activation (Muto et al., 2020), con-
firming their enhanced fitness in inflammatory contexts.

JAK2. JAK2 is a member of the JAK family of nonreceptor
protein tyrosine kinases involved in cytoplasmic signaling
components of cytokine receptors. The JAK2V®"F variant can be
found in 3% of individuals with CHIP (Cordua et al., 2019).
JAK2V®I7F reduces the self-renewal capacity of individual HSCs
but leads to expansion of downstream progenitor cells (Mullally
et al., 2010; Kent et al., 2013). JAK2V6"F HSPCs proliferate and
exhaust after IFN-a treatment, losing disease initiation capacity
in secondary transplantation (Hasan et al., 2013; Mullally et al.,
2013). In agreement, JAK2V6"F megakaryocyte-biased CD41M
HSCs were recently shown to exhaust after IFN-a treatment
(Rao et al., 2021). On the other hand, JAK2Vé"F HSCs exhibit in-
creased IL-1B secretion, which induces MSC death, resulting in
mutant HSC expansion and accelerated myeloproliferative ne-
oplasm progression (Arranz et al., 2014). Furthermore, JAK2Vé/"F
HSPCs exposed to IFN-y, TNF-a, and TGF-B1 treatment show a
DUSP1-dependent proliferation and protection against DNA
damage accumulation and inflammatory stress (Stetka et al.,
2019). Additionally, TNF-o drives JAK2Vé"F HSPC expansion
(Fleischman et al., 2011) in an autocrine Tnfr2-NF-«B-dependent
fashion that downregulates XIAP and MAPKS, leading to in-
creased survival compared with WT progenitors (Heaton et al.,
2018). Altogether, these studies provide compelling evidence
that inflammatory alterations to the BM fitness landscape can
activate a process of somatic evolution that favors oncogenic
mutations. Notably, many of these studies rely on generation of
BM chimeras using lethal irradiation, which imparts lasting
effects on BM integrity, including increased ROS (Rodrigues-
Moreira et al., 2017), which could accelerate and/or alter selec-
tion processes in the BM. The use of nonconditioned recipients
(Wang et al., 2020); less-inflammatory methods of BM condi-
tioning, such as low-dose CT (Henry et al., 2015; Higa et al.,
2021); or genetic mosaic approaches may provide more faithful
readouts of selective processes triggered by inflammation and
assist in the development of novel therapies to address BM
oncogenesis.

Inflammation as a driver of CHIP-mutant HSC malignant
transformation

CHIP increases the risk of hematologic malignancy (in aggre-
gate) by 0.5-1% per year (Jaiswal et al., 2014). Subsequent
studies indicate that the type of mutation, higher number of
mutations, and higher mutational variant allele frequencies
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predict which CHIP-carrying individuals are more likely to
progress to AML (Desai et al., 2018; Abelson et al., 2018). Thus,
identifying the factors leading to expansion of CHIP mutant
clones and to acquisition of secondary mutations is key to un-
derstanding leukemia pathogenesis. Based on evidence dis-
cussed here, we propose that lifelong chronic inflammation
derived from cumulative sources (infection, microbiota, in-
flammatory diseases, aging, and CHIP) might be a driver of
AML progression in CHIP carriers, particularly in the ones
carrying inflammation-adapted mutant clones (TET2*/-,
DNMT3A*/~, JAK2V6'F), Accordingly, selection and expansion of
inflammation-adapted CHIP mutant over WT HSPCs will gen-
erate an increasingly larger mutant HSC-derived allele fraction
in mature cells that further contributes to systemic inflam-
mation. With time, this proinflammatory cycle can facilitate the
acquisition of secondary mutations, increasing the potential for
leukemia development (Fig. 3 C). Continued effort into devel-
oping in vivo models that can report and/or replicate how se-
quential mutations lead to malignant transformation (Loberg
et al, 2019) will provide opportunities for important ad-
vancement in this area. Moreover, whether lifelong proin-
flammatory stress is also a relevant driver of clonal evolution in
nonhematopoietic tissues (e.g., skin, colon, liver; Martincorena
et al., 2015; Blokzijl et al., 2016; Brunner et al., 2019) remains to
be determined.

Concluding remarks

At least three decades” worth of work and resultant literature
have sought to address the functional and mechanistic impacts
of inflammatory challenges on HSCs (Fig. 1 and Tables 1 and 2).
This process has been greatly accelerated over the past decade
by advances in HSC isolation and functional profiling as well as
by development of advanced mouse models of disease and in-
fection. Considering these investigations as a whole, it is now
clear that in the absence of defects in DNA repair or other HSC
maintenance systems, the hematopoietic system (and the HSC
pool in particular) is sufficiently robust to withstand inflam-
matory challenges, respond to them, and restore homeostasis
without incurring immediate dramatic functional costs. On the
other hand, in extreme circumstances, inflammatory responses
can break this homeostatic buffer and compromise the hema-
topoietic system, as observed in some infection models or in the
context of BM failure. Second, models used to study the impact
of inflammation on HSCs vary considerably in terms of the
content of the inflammatory milieus, the relative quantities of
cytokines, damage-associated molecular patterns, metabolites,
and other factors; the duration of the inflammatory stimuli; the
extent to which supportive niches are disrupted; and, finally, the
proliferative demands exerted upon HSCs. Direct comparisons
between models and even to human biology (which is analyzed
using a substantially different time frame), must be made cau-
tiously and with due consideration of these confounding factors.
Third, it has become clear that as methods for prospective iso-
lation of HSCs improve alongside advanced technologies that
allow for interrogation of molecular state and clonal dynamics at
the single-cell level, we will be required to revisit, refine, and
perhaps discard elements of current dogma related to how

Caiado et al.
Effects of inflammation on HSC biology

inflammation shapes the HSC pool and alters its functional
properties. Finally, it is also important for the field to consider
the cumulative impact on HSCs of a lifetime of inflammatory
challenges and exposure to tonic inflammatory signals gener-
ated by the microbiome and other environmental factors. The
extent to which “normal” levels of inflammation or serial ex-
posures to inflammatory signals contribute to eventual HSC
decline in the context of aging remains a fertile area of inves-
tigation, with the potential for significant impact on human
health span and risk for hematological malignancy. As the field
further clarifies the contribution of inflammation to oncogenesis
(Fig. 3), significant opportunities will arise to translate this
knowledge into potential novel strategies that prevent and/or
redirect somatic evolution to reduce the risk of malignancy,
cardiovascular disease, and other comorbidities. Taken together,
it is clear that the study of inflammation and HSC biology re-
mains an exciting and active topic replete with ambiguities,
evolving concepts, and new opportunities to address key prob-
lems in human health.
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