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Cardiovascular (CV) diseases (CVD) are primarily caused by atherosclerotic vascular dis-
ease. Atherogenesis is mainly driven by recruitment of leucocytes to the arterial wall, where
macrophages contribute to both lipid retention as well as the inflammatory milieu within the
vessel wall. Consequently, diseases which present with an enhanced abundance of circu-
lating leucocytes, particularly monocytes, have also been documented to accelerate CVD.
A host of metabolic and inflammatory diseases, such as obesity, diabetes, hypercholester-
aemia, and rheumatoid arthritis (RA), have been shown to alter myelopoiesis to exacer-
bate atherosclerosis. Genetic evidence has emerged in humans with the discovery of clonal
haematopoiesis of indeterminate potential (CHIP), resulting in a disordered haematopoi-
etic system linked to accelerated atherogenesis. CHIP, caused by somatic mutations in
haematopoietic stem and progenitor cells (HSPCs), consequently provide a proliferative ad-
vantage over native HSPCs and, in the case of Tet2 loss of function mutation, gives rise to
inflammatory plaque macrophages (i.e. enhanced interleukin (IL)-1β production). Together
with the recent findings of the CANTOS (Canakinumab Anti-inflammatory Thrombosis Out-
comes Study) trial that revealed blocking IL-1β using Canakinumab reduced CV events,
these studies collectively have highlighted a pivotal role of IL-1β signalling in a population
of people with atherosclerotic CVD. This review will explore how haematopoiesis is altered
by risk-factors and inflammatory disorders that promote CVD. Further, we will discuss some
of the recent genetic evidence of disordered haematopoiesis in relation to CVD though the
association with CHIP and suggest that future studies should explore what initiates HSPC
mutations, as well as how current anti-inflammatory agents affect CHIP-driven atheroscle-
rosis.

Cardiovascular (CV) disease (CVD) is principally driven by atherosclerotic vascular disease. Atheroge-
nesis is a complex process involving the entry and retention of both lipids and immune cells into arterial
walls, and it is this entry of inflammatory leucocytes that drives disease progression and impairs plaque
resolution [1-3]. Lipid-laden macrophages are vital to the highly inflammatory setting of atherosclero-
sis, as foam cells promote an unstable lesion and favour plaque rupture causing arterial occlusion and
ultimately myocardial infarction (MI). Given the central role of monocyte-derived macrophages in le-
sion formation, disorders that present with higher circulating monocytes, known as monocytosis, are
unsurprisingly linked to increased CVD [4]. Furthermore, co-morbidities such as obesity and diabetes,
as well as autoimmune diseases like rheumatoid arthritis (RA), which are associated with increased CVD
also present with disordered haematopoiesis (white blood cell production). Importantly, defects in cel-
lular cholesterol metabolism have been connected with enhanced haematopoiesis that leads to acceler-
ated atherosclerosis. Recently, the exciting discovery of clonal haematopoiesis of indeterminate potential
(CHIP) has provided genetic evidence of how disordered haematopoiesis can elevate the risk of CVD in
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people. This review highlights the important role of enhanced myelopoiesis in accelerating atherosclerotic CVD.

Leucocytes in CVD
Monocyte-derived macrophages are essential in the progression of atherosclerosis and reduction in plaque stability,
hence the contribution of circulating monocytes in the context of CVD has been widely explored [5-7]. A 7-year study
looking at the association of monocyte levels with plaque formation concluded that monocyte count was an indepen-
dent predictor of CVD [5]. Increasing monocyte levels were directly correlated with increased odds ratio for carotid
plaque development, even after adjusting for age, sex, total cholesterol, smoking status, and systolic blood pressure.
Similarly, Olivares et al. [6] have shown that people with coronary heart disease had higher levels of monocytes than
those with no heart disease present, in regard to both monocyte count and percentage. In humans, monocytes can be
separated into three distinct subpopulations based on their expressions of CD14 (LPS co-receptor) and CD16 (FcγIII
receptor) [8]. While the classical CD14+CD16− monocytes are the most abundant (∼85% of all monocytes), it is the
intermediate CD14+CD16+ and the non-classical CD14−CD16+ monocyte subsets which are associated with vascular
diseases such as stroke and MI [8-10].

Accumulating evidence has established a causal relationship between monocytosis and the development of
atherosclerosis. Indeed, animal studies have confirmed this relationship quite convincingly by way of manipulat-
ing the number of circulating monocytes. For example, Ylitalo et al. [11] demonstrated that monocyte depletion
reduced atherosclerosis in rabbits. In agreement with this, depletion of monocytes in mice or in models with de-
fective monocyte development, results in blunted atherogenesis and even reduction in established plaque [12,13].
Monocytes in mice are also a heterogeneous population, separated based on Ly6-C surface expression into two sub-
types; either Ly6-Clo or Ly6-Chi monocytes [3]. Importantly, literature suggests that both monocyte subsets can enter
into atherosclerotic lesions, but the two subtypes of monocytes are thought to retain phenotypical differences in the
plaque [14,15]. The so-called ‘inflammatory’ Ly6-Chi monocytes are known to adhere to an activated endothelium,
accumulate in lesions and ultimately exacerbate atherosclerosis [3,14-16]. However, Ly6-Clo monocytes appear to be
especially predisposed to develop into CD11c+ cells once they enter in atherosclerotic lesions, which is traditionally
considered a dendritic cell marker or an inflammatory macrophage [14]. Nonetheless, future work should elucidate
the precise mechanisms by which Ly6-Clo monocytes may influence atherosclerotic progression. Importantly, the
Fisher group recently revealed the requirement of the Ly6-Chi monocytes in facilitating lesion regression, suggest-
ing the relationship between disease pathology and monocyte subsets is more complex than initially thought [17].
Macrophages within the lesion can also undergo local proliferation to expand the pool of plaque macrophages and
potentially contribute to lesion progression [18]. However, it should be noted that these macrophages are mainly of
the alternatively activated variety, which are enriched in scavenger receptors and as fate mapping studies suggest,
this is likely a transient event and not a major source of plaque macrophages, which are usually derived from blood
monocytes [18-20].

While not a major focus of this review, it should be noted that neutrophils are also important in the early stages of
atherogenesis where they are known to enter smaller, developing lesions [21]. Platelets are also important drivers of
atherosclerosis, where their activation or overproduction promotes plaque growth [4,22-24]. Activated platelets can
bind to leucocytes to form platelet–leucocyte aggregates, which bind to the endothelium exacerbating atherogenesis.
Taken together, leucocyte abundance and activation are pivotal to the development of atherosclerosis.

Myelopoiesis and extramedullary haematopoiesis
Haematopoiesis is the production of all blood cells, which occurs in the bone marrow (BM). It is a tightly regulated,
ordered and efficient process that ensures the maintenance of the whole immune system. Haematopoietic stem and
progenitor cells (HSPCs) are sensitive to both intrinsic and extrinsic cues such as cytokines and chemokines. Extrinsic
signals dictate the role of HSPCs to either remain dormant, duplicate through symmetrical division, or to undergo
asymmetrical division and to give rise to progenitor cells that can differentiate into mature lymphoid or myeloid cells.

Monocytes are derived from the myeloid lineage, through a sub-branch of haematopoiesis called myelopoiesis
[25]. During myelopoiesis, HSPCs give rise to common myeloid progenitors (CMPs), which differentiate into gran-
ulocyte macrophage progenitors (GMPs) that in turn differentiate into myeloid-derived white blood cells such as
monocytes and neutrophils [25,26]. This myeloid branch of haematopoiesis also gives rise to platelets through the
megakaryocytic-erythroid progenitors (MEPs). In certain conditions, such as some infections, which require large
numbers of monocytes to clear inflammatory stimuli, cells can be formed outside the medullary spaces of the BM
through a process known as extramedullary haematopoiesis [25,27]. This entails mobilisation of stem cells from the
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Figure 1. Disordered haematopoiesis excerabates atherosclerosis

(A) CHIP: Somatic mutations in HSPCs results in CHIP (e.g. loss of Tet2), providing a competitive advantage to CHIP+ HSPCs over

normal HSPCs. This can enhance myelopoiesis by a competitive outgrowth of the clone, ultimately producing Tet2−/− lesional

macrophages that produce IL-1β. (B) Obesity: Inflammed obese adipose tissue releases IL-1β, which acts on BM CMPs/GMPs

to induce myelopoiesis, to promote atherogenesis. (C) Hypercholesterolaemia/reduced cholesterol efflux: Elevated circulating

cholesterol levels promote HSPC proloferation, enhanced myelopoiesis, and leucocytosis. (D) RA: Systemic inflammation in RA

causes cellular cholesterol defects, promoting HSPC, CMP and GMP proliferation resulting in monocytosis, neutrophilia, and throm-

bocytosis. Leucocyte–platelet aggregates also form to influence atherosclerosis. (E) Diabetes: Hyperglycaemia induces S100A8/A9

release from circulting neutrophils which activates BM CMPs/GMPs to stimulate myelopoiesis and platelet production (via the liver),

as well as leucocyte–platelet aggregates to influence atherosclerotic lesions.

BM to the circulation where they can be home to the spleen, proliferate and contribute to the generation of mature
myeloid cells [16].

Metabolic diseases display enhanced myelopoiesis
It is well-known that metabolic diseases, such as obesity and diabetes, increases the risk of CVD. While these diseases
have been shown to contribute to the pathogenesis of atherosclerosis in various ways, intriguingly, they have also been
linked to enhanced haematopoiesis [23,28,29]. In a murine model of diabetes, neutrophils responded to the hyper-
glycaemic environment by promoting the release of alarmins/damage-associated molecular patterns (DAMPs) such
as S100A8/A9, which then induces myelopoiesis via stimulation of their receptors (e.g. RAGE) on myeloid progen-
itor cells in the BM (Figure 1) [23,29]. Hyperglycaemia-associated monocytosis and persistent entry into plaques is
directly linked to impaired atherosclerotic lesion regression, independent of plasma cholesterol [28,29]. Addition-
ally, diabetic patients also exhibit increased numbers of platelets particularly, the immature, highly reactive, and
pro-atherogenic reticulated thrombocytes [23], which are correlated with heightened CVD [30]. The overproduction
was also due to S100A8/A9 release from neutrophils, but in this scenario, S100A8/A9 was shown to stimulate RAGE
on Kupffer cells to produce interleukin (IL)-6, which then promotes the production of the thrombopoietic hormone,
thrombopoietin (TPO). Obesity also promotes monocytosis and neutrophilia [28]. Enhanced myeloid production is
attributed to adipose tissue macrophage IL-1β overproduction. Subsequently, IL-1β promoted proliferation of both
BM CMPs and GMPs, driving myelopoiesis and increasing circulating monocytes (Figure 1). While the mechanisms
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involved in driving the heightened myelopoiesis vary considerably, ultimately, disordered haematopoiesis is impli-
cated in exacerbated atherosclerotic CVD in these metabolic diseases.

Hypercholesteraemia promotes leucocyte production
While there is a clearly defined relationship of increased circulating LDL, subsequent entry of cholesterol into
atherosclerotic lesions and consequently increased CVD, hypercholesteraemia is also linked to increased myeloid
cell production. This is highlighted in numerous studies in both swine and murine models of hypercholesteraemia
[21,31-33]. Reversal of exacerbated cholesterol levels, either via diet or using statins, restores haematopoiesis. Interest-
ingly, the level of high-density lipoprotein (HDL) cholesterol are inversely correlated to peripheral monocyte levels,
particularly in the setting of hypercholesterolaemia [34]. Furthermore, the authors stipulate that the balance between
LDL and HDL may be more important in hypercholesteraemia, rather than the absolute increase in cholesterol. While
not a causal genetic determinant of CVD, efficient HDL function has been shown to be important in atherogenesis,
as it prevents the build-up of lipid in cells by stimulating cellular cholesterol efflux [35].

Another important development with respect to the impact on hypercholesterolaemia in regulating myelopoiesis
has come from the Latz group. Extending our findings that hypercholesterolaemia in atherosclerosis-prone murine
models induces myelopoiesis [32,36], they found that these changes can be persistent even after the mice were
switched back to a chow diet [37]. Through a series of elegant experiments, Christ et al. [37], discovered that feed-
ing Ldlr−/− mice a Western-type diet (WTD) alters the innate immune response, such that LPS induces a larger
inflammatory response. Interestingly, when mice were fed a WTD and then switched to a chow diet, monocyte levels
were returned to normal levels, while neutrophils remained elevated [37]. It was found that the WTD induced epi-
genetic reprogramming in the GMPs that explained the persistent phenotype when the mice were switched back to
the chow diet [37]. One of the main changes was enhanced IL-1β production via NLRP3, which we have shown to
stimulate myelopoiesis in the context of obesity [28]. Whether epigenetic modifications are also present is the HSPCs
of WTD-fed animals remain unknown but is an important question to address as it will speak to longevity of these
changes in myeloid cells. However, if these are restricted to GMPs, it suggests that after the WTD exposure, GMPs will
turn over and the new pool of GMPs should no longer carry these epigenetic markers, suggesting that myelopoiesis
and responses to inflammatory stimuli should normalise.

The importance of NLRP3-derived IL-1βwas suggested to promote atherosclerosis, however this end point was not
explored in the context of memory. Moreover, we should note that the role of NLRP3 in hypercholesterolaemia-driven
atherosclerosis remains controversial as we and others failed to see an effect of NLRP3 on atherogenesis in WTD-fed
Ldlr−/− or apolipoprotein (Apo)-e deficient Apoe−/− mice [38-40]. The exact reason for this discrepancy is un-
known, but may be related to absence of NLRP3 inflammasome activation in WTD-fed Ldlr−/− or Apoe−/− mice.
Interestingly, these studies revealed that the inflammasome did contribute to atherogenesis when it was clearly acti-
vated due to an increase in the second activation signal. This signal was either mitoROS due to Ogg-1 deficiency or
increased cholesterol content due to the deficiency of the cholesterol transporters ATP-binding cassette A1 (ABCA1)
and G1 (ABCG1). Intriguingly, a recent study by Tumurkhuu et al. [40,41], who previously failed to show an effect
of NLRP3 inflammasome activation on atherosclerosis in Apoe−/− mice, did show that the NLRP3 inflammasome
accelerates atherogenesis in the same model in their recent studies. While the authors did not comment on this dis-
crepancy, they postulated that the secretion of IL-1β, the main product of inflammasome activation, was mediated by
the cholesterol transporter ABCA1. Several pathways for IL-1β secretion have been postulated; however, these results
are in clear contrast with our extensive studies showing that deficiency of Abca1 in mice or loss-of-function mutations
of ABCA1 in humans increase IL-1β secretion. Moreover, we also found that humans with ABCA1 loss-of-function
mutations show increased vascular inflammation [42].

Together with the moderate reduction in CV events observed in the CANTOS (Canakinumab Anti-inflammatory
Thrombosis Outcomes Study) [43], it suggests that IL-1β/NLRP3 may not always be active in atherosclerotic CVD (or
after an acute event). However, the findings from Christ et al. [37], in combination with various mechanisms shown to
promote myelopoiesis in metabolic disorders does suggest that exposure to infection could provide a poorer prognosis
driven by uncontrolled cytokine storms and requires further investigation. Another important point to consider in
this context is the emerging evidence from LDL lowering clinical trials that suggest even when LDL cholesterol is
very well controlled, if there is still low-grade inflammation present, then people still suffer from residual risk of
CVD [44-46]. This can be clearly modelled in inflammatory disorders such as RA [47], but raises the question as to
whether poor diets can be recalled by our progenitor cells to reduce the health benefits of lowering plasma cholesterol.
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Defective cellular cholesterol metabolism links
haematopoiesis to CVD
Pre-clinical models have highlighted a pivotal role of disturbed cellular cholesterol efflux to amplified haematopoiesis
and atherosclerosis (Figure 1) [32,48,49]. Cellular cholesterol is regulated by the cholesterol efflux genes, ABCA1,
ABCG1, and APOE, which are under the transcriptional control of the liver X receptor (LXR) [49,50]. Indeed, the
significance of LXR function in the setting of atherosclerosis was highlighted over a decade ago in a study, which re-
vealed that Apoe−/−/Lxrα−/− mice had significantly augmented atherosclerosis compared with their Apoe−/− coun-
terparts [51]. Interestingly, mice with Lxrα−/−/Lxrβ−/− BM exhibited increased cellular cholesterol, splenomegaly,
and enhanced atherosclerosis [52]. Furthermore, various BM transplant (BMT) studies have highlighted the contribu-
tion of cholesterol defects in haematopoietic cells in aggravating atherosclerosis [32,49,52-54]. Indeed, Ldlr−/− mice
that were transplanted with Abca1−/−/Abcg1−/− BM had increased plaque size, an unstable lesion phenotype, and
increased inflammatory cell infiltration [49,54]. These atherogenic effects were independent to plasma cholesterol
[53]. Together, there is now a body of evidence to highlight a pivotal role of efficient cholesterol efflux in haematopoi-
etic cells to protect against vascular disease.

Macrophage phenotype and function play pivotal roles in altering inflammatory milieu in the plaque. Macrophages
lacking Abca1/Abcg1 exhibited a foam cell-like phenotype, demonstrated by impaired cholesterol efflux to HDL and
apoA–I, along with excessive cellular lipid content [49,53]. Indeed, decreased ABCA1 protein has been noted in hu-
man atherosclerotic plaque [55]. Inflammatory mediators as well as minimally modified LDL (mmLDL), which are
both increased in plaque, stimulate TLR4-mediated NFκB activation, in addition to suppressing LXR activity and
cholesterol efflux [50]. Moreover, these lipid-laden macrophages increase inflammatory cytokine and chemokine
secretion [49]. Inactivation of LXR function triggers a feed-forward loop by promoting inflammatory genes that
consequently worsen the surrounding milieu, as LXR activity also instigates transrepression of NFκB genes [50,56].
Therefore, LXR inactivity simultaneously increases cellular cholesterol loading and also allows uninhibited inflam-
matory gene expression. Taken together, this suggests that disturbances in cellular cholesterol handling within the
haematopoietic compartment contribute to exacerbated atherosclerosis.

Stem and progenitor cells require efficient cholesterol efflux
HSPCs have an efficient cholesterol efflux system, which influences their proliferation and maturation [32,48,49].
Indeed, defects in intrinsic HSPC cholesterol handling have shown to enhance haematopoiesis. Cholesterol accumu-
lation in Abca1−/−/Abcg1−/- HSPCs instigates an up-regulation in the granulocyte-macrophage colony stimulat-
ing factor (GM-CSF)/IL-3 common β subunit (CBS) on the cell surface. This causes a hypersensitivity to prolifera-
tive growth factors and cytokines like GM-CSF and IL-3 [32,36,57,58]. This results in excessive HSPC proliferation,
myeloid skewing, extramedullary haematopoiesis, monocytosis as well as neutrophilia, which in turn promote mono-
cytes’ entry into atherosclerotic lesions [32,36,57,58]. Similarly, Apoe−/− mice also show enhanced HSPC prolifera-
tion and mobilisation from the BM to the spleen and consequently extramedullary haematopoiesis [32]. Collectively,
these experiments highlight how impaired cholesterol efflux can contribute to leucocyte development.

Promoting cholesterol efflux improves atherosclerosis
Cellular cholesterol metabolism is central to atherogenesis, as such that promoting cholesterol efflux impedes
atherosclerosis [56,59]. A prime example is when the LXRα transgenic (Tg) mouse is crossed on to an Ldlr−/−

background. These mice have strikingly smaller atherosclerotic lesions compared with its Ldlr−/− counterpart [60].
Additionally, the administration of the synthetic LXR agonist GW3965 is able to reduce lesions in Apoe−/− mice
[51]. There is likely an abundance of mechanisms through which promoting cholesterol efflux in whole body studies
inhibit atherosclerosis. However, promoting cholesterol efflux has been shown to reduce the number of myeloid cells
and prevent extramedullary haematopoiesis, which results in smaller atherosclerotic lesions [32,57]. The reduction
in myeloid cell production by cholesterol efflux can occur in part through direct actions on the HSPCs; for example
infusion of rHDL in Apoe−/− mice reduces lipid raft abundance in HSPCs, decreases the expression of growth fac-
tor receptors, and consequently dampens myelopoiesis [32]. The importance of promoting cholesterol efflux was also
shown when Abca1−/−/Abcg1−/− BM was transplanted into apoA–I Tg mice that have elevated levels of HDL, HSPC
proliferation and myelopoiesis, which was reduced compared with apoA–I Tg mice with WT BM [36]. Moreover,
short-term LXR agonist TO901317 administration increased cell surface Apoe levels and reduced HSPC abundance
in the BM [32]. Additionally, LXR activation leads to increased cholesterol efflux from the macrophages within the
atherosclerotic lesions, as well as macrophage egress out of lesions and in turn regression of atherosclerotic plaque
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[61]. Treatment with LXR agonists can reduce inflammatory mediators such as MCP-1, IL-6, ICAM1, E-selectin,
and MMP9, through transrepression of NFκB genes [56,62,63]. Interestingly, we found that LXR agonists also in-
hibit atherosclerosis independent of ABCA1 and ABCG1, which we attributed to their anti-inflammatory effects [54].
Taken together, promoting LXR activity has anti-atherogenic effects by dampening inflammation via transrepression,
reducing cholesterol levels in macrophages (but not plasma cholesterol) and also regulating haematopoiesis.

Inflammation alters cellular cholesterol metabolism to
enhance haematopoiesis and atherosclerosis: observations
from RA

RA is an inflammatory disease that is associated with CV events including MI, stroke, and carotid artery
intimal–medial thickness (IMT), which leads to premature mortality [64-66]. Traditional CV risk factors do not
account for the increased incidence of CVD, and intriguingly systemic inflammation is thought to play a central role
in exacerbating atherosclerosis in RA [67-69]. Moreover, patients with active disease and high systemic inflamma-
tion were found to have a defect in cholesterol efflux capacity of HDL [70]. Interestingly, plasma from RA patients
down-regulates cholesterol efflux proteins and increases lipid accumulation in a human macrophage cell line [71].
Similarly, a study in patients with RA showed an impairment of cholesterol efflux capacity of HDL via ABCA1 and
ABCG1 [72], suggesting a defect in cellular cholesterol efflux via these transporters resulting in lipid accumulation
in macrophages. In turn, this may contribute to advanced atherosclerosis in patients.

Indeed, we have recently shown that systemic inflammation in RA causes cellular cholesterol defects in HSPCs,
resulting in monocytosis-driven atherosclerosis (Figure 1) [15]. This is perhaps not surprising given the magnitude
of inflammatory cytokines up-regulated in RA, most of which have been linked with monocytosis previously such
as IL-3, IL-6, GM-CSF, M-CSF, and IL-1β [28,57,73]. Moreover, systemic inflammation caused a reduction in the
cholesterol efflux genes Abca1, Abcg1, and Apoe in BM HSPCs of arthritic mice, which resulted in cellular choles-
terol accumulation and enhanced haematopoiesis. Consequently, daughter cells from these lipid-filled progenitor
cells also carried more cholesterol, resulting in lipid-laden circulating monocytes and neutrophils. Leucocytosis in
RA was associated with impaired lesion regression, where lesions also exhibited a less stable phenotype observed
with increased immune cell infiltrate and lipid contact. Indeed, administration of rHDL reversed monocytosis and
monocyte lesion entry in RA. In fact, controlling cholesterol efflux in another autoimmune disease with severe in-
flammation, systemic lupus erythematosus (SLE), where cholesterol efflux defects have also been implicated [72,74],
improves atherosclerosis in the murine Apoe−/−Fas−/− model of SLE [75]. Additionally, other methods of modu-
lating cellular cholesterol, such as utilising statins to inhibit cholesterol synthesis, may provide additional benefits
to decrease CVD in these populations, independently to modulate circulating LDL cholesterol levels. This would
require formal testing and is likely only to have a partial effect on cellular cholesterol metabolism. These findings
further support the notion that restoring efficient cholesterol handling in diseases with severe systemic inflammation
is a potential novel approach in reducing the high CVD risk in these patients.

Disordered haematopoiesis and CVD in human: direct
genetic evidence
Genetic evidence for disordered haematopoiesis and the progression of CVD has recently emerged in humans with
the discovery of CHIP. CHIP increases with age and is characterised by the acquisition of somatic mutations in HSPCs
which provide a competitive advantage over healthy HSCs, leading to an increase in mutated HSPCs and their ma-
ture progeny [76-80]. Consequently, this results in a progressive clonal expansion of WBCs, while the total number
of WBCs remains unchanged, and ultimately an increased risk of haematological cancers, atherosclerosis, and in-
creased mortality [77,81,82]. While these primary mutations are strongly linked, through secondary mutations, to
haematological disorders such as acute myeloid leukaemia (AML)/myelodysplastic syndrome (MDS), the increased
incidence of death in CHIP carriers was actually attributed to atherosclerotic CVD [77,80-82]. Interestingly, a new
proof-of-concept model using basic clinical and genetic data has been shown to predict the transformation of CHIP
(also described as age-related clonal haematopoiesis) to AML or pre-AML [83,84]. This is significant as the individuals
not likely to develop AML should perhaps be screened for the risk of developing CV complications, as CHIP carriers
were on average 1.9-times more likely to develop CVD (with some mutations associated with a 12-fold increase).
Moreover, the occurrence of CHIP was five-times more prevalent in participants who have a had an MI compared
with healthy controls [77]. As this is a clonal outgrowth, the investigators elegantly showed that the proportion of
cells carrying the mutant allele was correlated with proportion of increased CVD risk [77].
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The most commonly reported somatic mutations are the DNA (cytosine-5-)-methyltransferase 3α (DNMT3A) and
ten-eleven translocation 2 (TET2) loss-of-function mutations (based on recent evidence was likely under-reported
[84]), followed by ASKL1, JAK2, TP53, and SF3B1 mutations [77-80]. It is already known that JAK2 mutations,
famous for causing essential thrombocythemia, promote atherothrombotic vascular disease [4]. However, recent
murine studies have begun to prove causality of somatic mutations in the haematopoietic compartment in exacerbat-
ing atherosclerotic CVD [76,77]. Ldlr−/− mice with Tet2−/− BM exhibited almost a doubling in atheroma size in the
descending aorta, compared with control [77]. Additionally, lesions from the aortic root from these mice lacking Tet2
in the BM, also had exacerbated atherosclerotic lesion size and complexity observed with increased immune infiltrate
[76,77]. These data were comparable with Ldlr−/− mice transplanted with conditional myeloid deletion (Lyz2-Cre)
Tet2−/− BM, which highlights the central role of Tet2 deficiency macrophages in exacerbating atherogenesis in this
specific example of clonal haematopoiesis (Figure 1).

Interestingly, while inflammatory diseases present with leucocytosis, which drives atherogenesis, the association of
CHIP with increased monocytes is contentious. Somewhat surprisingly, while the presence of CHIP in blood cells was
associated with CVD in humans, this was not associated with changes in peripheral WBC counts (with the exception
of JAK-2-driven CHIP) [77]. Correspondingly, the murine experiments using the Tet2−/− similarly did not detect
changes in circulating WBC abundance [76,77]. In contrast, an elegant study comprehensively characterising Tet2
loss by Moran-Crusio et al. [82], have indeed shown that Tet2 loss leads to myeloid transformation that results in
enhanced haematopoiesis and leucocytosis. In HSPCs, TET2-driven DNA demethylation is thought to inhibit stem
cell renewal, and hence a loss of function mutation favors excessive proliferation. Employing chimera experiments,
they show that Tet2−/− BM outcompetes WT BM, and results in increased HSPCs, myeloid skewing through GMPs,
extramedullary haematopoiesis via the spleen and ultimately monocytosis [82]. However, this was only observed in
older but not in younger (4–6 weeks old) Tet2−/− mice. Interestingly, a recent study using CRISPR-Cas9 to delete
Tet-2 or Dnmt3a in lineage negative BM cells (i.e. stem and progenitor cells), found that now the Tet-2 mutated
cells outcompeted WT cells to produce more WBCs (all lineages) and deletion of both genes enhanced angiotensin
II-driven cardiac fibrosis [85]. These data, together with the increased prevalence of CHIP with the aging population,
suggests these mutations are progressively acquired and gradually outcompete healthy stem cells to eventually evoke
leucocytosis to the detriment of the CV system.

The atherogenic effects of clonal haematopoiesis have been linked to augmented macrophage inflammation and
consequently increased monocyte recruitment into lesions. While there is limited information on inflammation and
CHIP, it has been suggested that TET2 may act as a negative transcriptional regulator in response to inflammation
[76]. Indeed, the loss of Tet2 in macrophages results in an up-regulation of a whole host of inflammatory cytokines,
chemokines as well as their receptors [77]. Additionally, circulating CXC chemokines CXCL1, CXCL2, and CXCL3
were elevated in the mice with Tet2−/− BM, which are known to play a role in monocyte adhesion to an activated
endothelium [77], an important initial step in atherogenesis. Moreover, humans with a TET2 mutation also had higher
circulating levels of the CXC chemokine IL-8 levels [77]. IL-6 mRNA expression and level also increased in Tet2−/−

macrophages [76,77], however the atherogenic effects of murine clonal haematopoiesis were primarily attributed to
increased plaque NLRP3 inflammasome activity and, ultimately, IL-1β production in lesions [76]. Subsequently, this
may reveal a prominent role of CHIP in IL-1β-driven diseases that present with disordered haematopoiesis, and
which carry a heightened CVD risk, which warrants further investigation.

IL-1β in CVD and haematopoiesis
Recently, the CANTOS trial revealed the benefits of the IL-1β neutralising antibody, canakinumab, in reducing CV
events, in patients with a history of MI [43]. Additionally, IL-1β signalling has been reported to cause secondary MIs
by promoting extramedullary haematopoiesis. While it is known that enhanced haematopoiesis drives atherosclerotic
CVD, evidence also shows that stem cells mobilise into the circulation following an MI which further exacerbates CV
risk [86,87]. Almost immediately following an MI, leucocytes which originate from both the circulation as well as
storage organs such as the spleen, home to the infarct site. Due to the dramatic depletion of leucocytes from the
circulation, this demands the induction of emergency haematopoiesis to restore leucocyte levels [87]. Recently, an
elegant study using parabiosis experiments by Sager et al. [88] showed that IL-1β is released after an MI which directly
homes the BM to induce haematopoiesis. Additionally, chronic IL-1β signalling was recently shown to drive myeloid
differentiation in HSCs [89]. Inhibiting IL-1β signalling either with a BMT using IL-1R1−/− BM or utilising an
IL-1β neutralising antibody, reduced extramedullary haematopoiesis after an MI [88]. Thus, it appears that IL-1β
signalling is especially important in chronic inflammatory conditions that are associated with increased CVD and
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also exhibit enhanced or emergency or dysregulated haematopoiesis such as obesity, AML, RA and secondary CV
events [4,28,47,58,88,90].

Concluding remarks
While it is well-known that the abundance of monocytes can drive atherosclerotic development; further studies have
now highlighted additional mechanisms by which disordered haematopoiesis can exacerbate lesion development.
The recent discovery of clonal haematopoiesis and CVD has emphasised the importance of inflammation in al-
tered haematopoiesis and exacerbated atherosclerotic CVD. Indeed, over the last couple of decades the importance
of inflammation-driven leucocytosis has been highlighted in many inflammatory diseases such as diabetes, obesity
and RA. Collectively, studies including the CANTOS trial and TET2 mutations in clonal haematopoiesis highlight
the pivotal role of IL-1β signalling in enhanced myelopoiesis and atherosclerotic CVD. Additionally, these studies
suggest that inhibiting IL-1β signalling in patients with CHIP or other disease where IL-1β alters haematopoietic
cells (i.e. obesity) may have the greatest CVD outcomes. Future studies should address what instigates the mutations
reported in clonal haematopoiesis, and if current anti-inflammatory therapies are able to alter the CV outcome of
CHIP carriers.
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