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This editorial refers to ‘Impact of cholesterol on proinflammatory monocyte production by the bone marrow’, by

L.C.A. Stiekema et al., https://doi.org/10.1093/eurheartj/ehab465.

In this issue of the European Heart Journal, Stiekema et al.1 show a dual
proinflammatory role for plasma LDL-cholesterol (LDL-C) levels in
haematopoietic stem and progenitor cells (HSPCs) from human

bone marrow (BM). LDL-C promoted myelomonocytic skewing in
BM HSPCs, driving monocyte production and a monocyte inflamma-
tory signature. A maximum tolerated dose of cholesterol-lowering
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Graphical Abstract Lipoproteins regulate inflammatory monocyte production from hematopoietic stem and progenitor cells.
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therapies (LDL-C reduction�66%) in familial hypercholesterolaemia
(FH) patients reversed myelomonocytic skewing in BM HSPCs but
not the monocyte inflammatory signature. Altogether, these findings
provide the first genetic evidence for the involvement of LDL-C
in myelomonocytic skewing in human HSPCs and reveal how
LDL-C ties chronic inflammation to cardiovascular diseases (CVD)
(Graphical Abstract).

Context of the study

It is well established that monocytosis, the expansion of blood mono-
cytes, is associated with CVD.2,3 However, the underlying mecha-
nisms of monocyte expansion remain poorly understood. Several
factors driving monocytosis have been identified in pre-clinical mod-
els, including inflammation per se, but also obesity, diabetes, and dysli-
pidaemia, which are all associated with the metabolic syndrome and
drive CVD.2,3 Seminal studies have shown a link between cellular
cholesterol metabolism and monocytosis. Cholesterol accumulation
due to defective cholesterol efflux, mediated by the cholesterol
transporters ATP-binding cassette A1 and G1 (ABCA1 and ABCG1),
drives proliferation, expansion, and skewing of HSPCs towards mye-
loid cells.4 These effects were attributed to increased membrane
cholesterol accumulation, which enhances the surface expression of
the common b subunit of the interleukin-3/granulocyte–macropha-
gecolony-stimulating factor (IL-3/GM-CSF) receptor that stimulates
HSPC proliferation and a bias towards the myeloid lineage.4

Ultimately, this leads to enhanced monocyte recruitment into the
vessel wall and accelerated atherosclerosis,4 the major cause of
CVD. Follow-up studies have shown that apolipoprotein (apo)E,
which is present on several classes of lipoprotein particles including
HDL, LDL, and very-low-density lipoprotein (VLDL), binds proteo-
glycans on the surface of HSPCs to mediate cholesterol removal and
subsequently limits myelopoiesis.5 Later studies revealed that LDL-C
uptake by HSPCs also enhances HSPC expansion and proliferation,6,7

with reversal by HDL, presumably mediated by cholesterol efflux.8

More recent studies have shown that HSPC cholesterol accumula-
tion and myeloid skewing can also occur during ‘trained immunity’.9

‘Trained immunity’ is the long-term functional reprogramming of in-
nate immune cells, especially monocytes and macrophages, mediated
by epigenetic modifications, evoked by an exogenous or endogenous
insult.9 Together, these studies introduced the concept that choles-
terol accumulation in HSPCs is one of the major culprits promoting
myeloid cell fate and monocytosis in pre-clinical models of
hypercholesterolaemia-driven atherosclerosis.

High plasma LDL-C levels at the
origin of enhanced haematopoi-
etic activity in CVD patients

Previous studies in humans revealed that enhanced bone marrow
and splenic metabolic activity predicts risk of future CVD events as
shown by [18F]fluorodeoxyglucose positron emission tomography
(PET) imaging.10 The Stroes Laboratory confirmed increased

haematopoietic activity in patients with atherosclerosis.11 Moreover,
by performing PET/computed tomography (CT) imaging using
[18F]DPA714, a radioligand of translocator protein (TSPO), they
showed persistent BM and splenic haematopoietic activity up to 3
months after a first major cardiovascular event.12 The authors
showed that HSPCs from CVD patients had increased myeloid po-
tential, which they attributed to oxidized LDL (oxLDL) uptake.11

Although previous epidemiological studies in the UK Biobank and
National Health and Nutrition Examination Survey (NHANES) have
suggested that plasma triglyceride levels rather than LDL-C corre-
lated positively with monocyte counts,13,14 a recent study identified a
positive correlation of plasma LDL-C with blood HSPCs in �70
healthy volunteers, highlighting a link between LDL-C and HSPC ex-
pansion.6 Using an inherited genetic defect leading to an extreme
condition of elevated plasma LDL-C, the study by Stiekema et al. now
provides the first genetic evidence of a role for LDL-C in HSPC ex-
pansion and myelomonocytic skewing in FH patients, with reversal by
cholesterol-lowering therapies, including statins.1 From previous
studies, we have learned that reducing LDL-C by statin therapy
decreases plasma levels of high-sensitivity C-reactive protein (hs-
CRP), a standard marker of systemic inflammation, but residual in-
flammatory risk (hs-CRP >2 mg/L) persists.15 However, blood mono-
cyte counts and hs-CRP differently predict future CVD.16 In the
EPIC-Norfolk Prospective Population Study (comprising 12 304 indi-
viduals), the positive correlation between plasma LDL-C and blood
monocytes was adjusted for plasma hs-CRP levels, age, gender,
smoking, and body mass index,1 suggesting that LDL-C may enhance
inflammatory and CVD risk via monocytosis independently of its
effects on hs-CRP, and downstream of its role in HSPC expansion.

Mechanistic studies on the causal
role of LDL-C in promoting
myelomonocytic skewing

Using 10 untreated FH adult patients, Stiekema et al. uniquely show a
1.4-fold expansion of CD34þHSPCs obtained from sternal BM aspir-
ation in FH patients compared with age- and-gender-matched nor-
mocholesterolaemic controls.1 Despite BM and blood monocyte
counts being similar in FH patients and normocholesterolaemic con-
trols, the authors identified a gene signature in BM CD34þ HSPCs
from FH patients promoting myelomonocytic skewing along with a
promigratory profile, while the expression of genes involved in cell
cycling was decreased, and there were differences in expression of
genes that regulate metabolic flux. Based on this transcriptomic ana-
lysis, the authors proposed that perturbed oxidative phosphorylation
(OXPHOS) could be due to a switch from glucose to fatty acid util-
ization (based on higher Pdk4 expression in HSPCs from FH patients
compared with controls).1 Metabolic flux measurement indeed sug-
gested a trend towards reduced basal respiration in HSPCs from FH
patients. Consequently, this could drive their expansion and myelo-
monocytic skewing [based on higher expression of Kiltg and Flt1,
genes that encode the stem cell survival protein stem cell factor
(SCF) and the vascular endothelial growth factor (VEGF), respective-
ly]. Although the down-regulation of gene sets related to the cell
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cycle makes intuitive sense when HSPCs enter differentiation, the
down-regulation of gene sets related to Runx1-regulated HSPC dif-
ferentiation is intriguing, because Runx1-deficient mice display lack of
foetal liver haematopoiesis. However, in adult haematopoiesis,
RUNX1 may dictate HSPC fate depending on the growth hormone
environment.17 In an attempt to address this important point, the
authors assessed the potential of GM-CSF and erythropoetin (EPO)
in a colony-forming unit (CFU) assay to induce myelomonocytic and
erythroid lineage commitment, respectively. While myelomonocytic
skewing was enhanced in HSPCs from FH patients, as shown by the
GM-CFU assay, in the EPO-CFU assay HSPC fate between FH and
normocholesterolaemic controls was not different.1 Future studies
will be required to address alternative HSPC fates in FH patients. In
particular, it will be of interest to evaluate the reason for the
increased monocyte but not neutrophil bias in HSPCs in view of the
transcriptomic signature that the authors identified.

LDL lowering in FH patients to
dissect mechanisms linking
hypercholesterolaemia to
myelomonocytic skewing

Stiekema et al. then continued, using an approach previously used by
the Stroes Laboratory aimed at combining an LDL-lowering interven-
tion in FH patients.18,19 They used treatment with maximally toler-
ated proprotein convertase subtilisin/kexin type 9 (PCSK9)
antibodies and statins, or a combination thereof (with or without
ezetimibe), which reduced plasma LDL-C levels by�66%.1 Doing so,
the authors reversed the transcriptomic signature in HSPCs from FH
patients almost completely, including OXPHOS-, HSPC cycle-, and
differentiation-related genes, as such proving that LDL-C was the
driving force for these specific transcriptomic changes.1 They vali-
dated restoration of OXPHOS by metabolic flux measurements and
reduced myelomonocytic fate using CFU assays with GM-CSF. The
latter could reflect enhanced cell surface expression of the IL-3/GM-
CSF receptor previously found to be regulated by increased mem-
brane cholesterol accumulation in pre-clinical models as mentioned
above.4 Consistent with this hypothesis, the authors show an
enhanced lipid droplet content in BM CD34þ HSPCs from FH
patients that was reversed by LDL lowering. Similarly, a negative cor-
relation of plasma HDL levels with blood monocytes was found in a
cohort of FH children (n = 49),8 presumably downstream of HDL-
induced cholesterol efflux. Together with the findings of Stiekema et
al.,1 these data suggest that the balance between cholesterol loading
and cholesterol efflux in the HSPCs of these patients is very sensitive
in dictating myelomonocytic fate. The authors also identified an up-
regulation of two key transcription factor genes, Gata1 and Cebpa, in
HSPCs after cholesterol-lowering therapy.1 These transcription fac-
tors can be regulated by receptor tyrosine kinases and could divert
HSPCs from myelomocytic fate. In sum, the findings of Stiekema
et al.1 provide novel downstream signalling targets that will need fur-
ther investigation and functional validation in terms of their role in
myelomonocytic fate.

Does the lack of reversible
monocyte inflammatory signature
by LDL lowering in FH patients
reflect sustained residual
inflammatory risk in CVD
patients?

Previous studies found an increased lipid accumulation in circulating
monocytes in FH patients independent of significant changes in
monocyte counts but with higher migratory capacity, suggesting that
hypercholesterolaemia directly contributes to monocyte activation,
amplifying their effector function.18,19 This was attributed to epigen-
etic reprogramming due to cholesterol loading that mimicked
‘trained immunity’. However, modulation of myeloid progenitor chol-
esterol metabolism has also been previously suggested to be an inte-
gral component of ‘trained immunity’.9 Stiekema et al. now extend
these observations to BM HSPCs of FH patients, suggesting that
‘trained immunity’ acts at an early stage of the monocyte life span.1

Because of the potential epigenetic reprogramming associated with
these effects, it may not be surprising that a persistent proinflamma-
tory monocyte signature still occurs in BM HSPCs after cholesterol-
lowering therapy, similar to what was previously observed for blood
monocytes.18,19 Identifying the mechanisms to bypass this epigenetic
reprogramming may offer novel therapeutic perspectives.

In sum, this study provides new insights into how defects in hepatic
lipoprotein metabolism as observed in FH patients impact myelomo-
nocytic fate. This study also provides new perspectives that may
open up further investigation into the liver–BM communication
related to low grade inflammation in cardiometabolic diseases.

Funding
This work was supported by grants from the Fondation de France (FDF),
the National Agency for Research (ANR), and the European Research
Council (ERC) consolidator programme (ERC2016COG724838) to
L.Y.C., and from the Netherlands Organization of Scientific Research
(NWO-VIDI 917.15.350 and Aspasia grant) and the University of
Groningen (Rosalind Franklin Fellowship with EU Co-Fund) to M.W.

Conflict of interest: none declared.

References
1. Stiekema LCA, Willemsen L, Kaiser Y, Prange KHM, Wareham NJ, Boekholdt

SM, Kuijk C, de Winther MPJ, Voermans C, Nahrendorf M, Stroes ESG, Kroon J.
Impact of cholesterol on proinflammatory monocyte production by the bone
marrow. Eur Heart J 2021;doi:10.1093/eurheartj/ehab465.

2. Rahman MS, Murphy AJ, Woollard KJ. Effects of dyslipidaemia on monocyte pro-
duction and function in cardiovascular disease. Nat Rev Cardiol 2017;14:387–400.

3. Yvan-Charvet L, Swirski FK. Is defective cholesterol efflux an integral inflamma-
tory component in myelopoiesis-driven cardiovascular diseases? Eur Heart J
2018;39:2168–2171.

4. Yvan-Charvet L, Pagler T, Gautier EL, Avagyan S, Siry RL, Han S, Welch CL,
Wang N, Randolph GJ, Snoeck HW, Tall AR. ATP-binding cassette transporters
and HDL suppress hematopoietic stem cell proliferation. Science 2010;328:
1689–1693.

5. Murphy AJ, Akhtari M, Tolani S, Pagler T, Bijl N, Kuo CL, Wang M, Sanson M,
Abramowicz S, Welch C, Bochem AE, Kuivenhoven JA, Yvan-Charvet L, Tall AR.
ApoE regulates hematopoietic stem cell proliferation, monocytosis, and mono-
cyte accumulation in atherosclerotic lesions in mice. J Clin Invest 2011;121:
4138–4149.

6. Gu Q, Yang X, Lv J, Zhang J, Xia B, Kim JD, Wang R, Xiong F, Meng S, Clements
TP, Tandon B, Wagner DS, Diaz MF, Wenzel PL, Miller YI, Traver D, Cooke JP,

Editorial 4323
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/42/42/4321/6368693 by U
niversity of G

roningen user on 21 January 2022



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.Li W, Zon LI, Chen K, Bai Y, Fang L. AIBP-mediated cholesterol efflux instructs
hematopoietic stem and progenitor cell fate. Science 2019;363:1085–1088.

7. Seijkens T, Hoeksema MA, Beckers L, Smeets E, Meiler S, Levels J, Tjwa M, de
Winther MP, Lutgens E. Hypercholesterolemia-induced priming of hematopoietic
stem and progenitor cells aggravates atherosclerosis. FASEB J 2014;28:
2202–2213.

8. Tolani S, Pagler TA, Murphy AJ, Bochem AE, Abramowicz S, Welch C,
Nagareddy PR, Holleran S, Hovingh GK, Kuivenhoven JA, Tall AR.
Hypercholesterolemia and reduced HDL-C promote hematopoietic stem cell
proliferation and monocytosis: studies in mice and FH children. Atherosclerosis
2013;229:79–85.

9. Mitroulis I, Ruppova K, Wang B, Chen LS, Grzybek M, Grinenko T, Eugster A,
Troullinaki M, Palladini A, Kourtzelis I, Chatzigeorgiou A, Schlitzer A, Beyer M,
Joosten LAB, Isermann B, Lesche M, Petzold A, Simons K, Henry I, Dahl A,
Schultze JL, Wielockx B, Zamboni N, Mirtschink P, Coskun U, Hajishengallis G,
Netea MG, Chavakis T. Modulation of myelopoiesis progenitors is an integral
component of trained immunity. Cell 2018;172:147–161.

10. Emami H, Singh P, MacNabb M, Vucic E, Lavender Z, Rudd JH, Fayad ZA,
Lehrer-Graiwer J, Korsgren M, Figueroa AL, Fredrickson J, Rubin B, Hoffmann U,
Truong QA, Min JK, Baruch A, Nasir K, Nahrendorf M, Tawakol A. Splenic meta-
bolic activity predicts risk of future cardiovascular events: demonstration of a
cardiosplenic axis in humans. JACC Cardiovasc Imaging 2015;8:121–30.

11. van der Valk FM, Kuijk C, Verweij SL, Stiekema LCA, Kaiser Y, Zeerleder S,
Nahrendorf M, Voermans C, Stroes ESG. Increased haematopoietic activity in
patients with atherosclerosis. Eur Heart J 2017;38:425–432.

12. Verweij SL, Stiekema LCA, Delewi R, Zheng KH, Bernelot Moens SJ, Kroon J,
Stroes CI, Versloot M, Piek JJ, Verberne HJ, Stroes ESG. Prolonged hematopoi-

etic and myeloid cellular response in patients after an acute coronary syndrome
measured with (18)F-DPA-714 PET/CT. Eur J Nucl Med Mol Imaging 2018;45:
1956–1963.

13. Andersen CJ, Vance TM. Gender dictates the relationship between serum lipids
and leukocyte counts in the National Health and Nutrition Examination Survey
1999–2004. J Clin Med 2019;8:365.

14. Tucker B, Sawant S, McDonald H, Rye KA, Patel S, Ong KL, Cochran BJ. The as-
sociation of serum lipid and lipoprotein levels with total and differential leuko-
cyte counts: results of a cross-sectional and longitudinal analysis of the UK
Biobank. Atherosclerosis 2021;319:1–9.

15. Ridker PM. How common is residual inflammatory risk? Circ Res 2017;120:
617–619.

16. Chapman CM, Beilby JP, McQuillan BM, Thompson PL, Hung J. Monocyte count,
but not C-reactive protein or interleukin-6, is an independent risk marker for
subclinical carotid atherosclerosis. Stroke 2004;35:1619–1624.

17. de Bruijn M, Dzierzak E. Runx transcription factors in the development and func-
tion of the definitive hematopoietic system. Blood 2017;129:2061–2069.

18. Bekkering S, Stiekema LCA, Bernelot Moens S, Verweij SL, Novakovic B, Prange
K, Versloot M, Roeters van Lennep JE, Stunnenberg H, de Winther M, Stroes
ESG, Joosten LAB, Netea MG, Riksen NP. Treatment with statins does not re-
vert trained immunity in patients with familial hypercholesterolemia. Cell Metab
2019;30:1–2.

19. Bernelot Moens SJ, Neele AE, Kroon J, van der Valk FM, Van den Bossche J,
Hoeksema MA, Hoogeveen RM, Schnitzler JG, Baccara-Dinet MT, Manvelian G,
de Winther MPJ and Stroes ESG. PCSK9 monoclonal antibodies reverse the pro-
inflammatory profile of monocytes in familial hypercholesterolaemia. Eur Heart J
2017;38:1584–1593.

4323a Editorial
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/42/42/4321/6368693 by U
niversity of G

roningen user on 21 January 2022


