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Abstract

Purpose of review—Hematopoietic stem cells (HSC) are functionally heterogeneous in a 

clone-specific manner. The complexity of that heterogeneous mix of cells is progressively lost 

with age as a myeloid-dominant hematopoietic system is established. Yet, the function of this 

diversity, as well as the consequences of its loss, remains unknown. This review will bring together 

recent advances in HSC diversity and novel insights into myeloid heterogeneity and specification 

in order to bring focus on how this may affect the ageing individual.

Recent findings—The ageing haematopoietic system is dominated by a low number of active 

HSC clones that produce an excess of myeloid cells. In addition, individual myeloid progenitors 

and their mature progeny are proving to be more functionally restricted than previously 

recognized. The presence or absence of a particular type of myeloid cell can greatly affect the 

outcome of various pathological processes.

Summary—Myeloid cells are important drivers of many ageing-associated diseases. The loss 

of HSC heterogeneity, with a possible concomitant restriction of myeloid cell diversity, could 

significantly impact health during ageing.
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All haematopoietic stem cells (HSCs) were thought to have been created equal. That has 

now fundamentally changed. As our ability to analyse and track individual HSCs has 

evolved, so has the concept of what cells comprise the group bundled under the term HSC. 

It is now widely acknowledged that individual HSCs differ in their lineage potency as well 

as their production rate [1]. An aspect of HSC biology particularly impacted by stem cell 
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heterogeneity is ageing. The ageing haematopoietic system is primarily characterized by a 

skewing towards myelopoiesis and a loss of lymphocyte differentiation [2]. This imbalance 

is thought to contribute to increased cardiovascular disease and cancer in ageing wherein 

myeloid-driven inflammation and reduced immune surveillance, respectively, play central 

roles [3,4].

The implications of declining HSC diversity do however go beyond imbalances between 

blood cell lineages. It is now apparent that clonal diversity among HSCs changes with 

time and dominant clones become progressively evident with frequencies estimated to 

range from 10 to 95% by age 70 [5,6]. Loss of HSC heterogeneity is therefore not just 

qualitative but quantitative. This is also seen in more mature cell populations such as 

lymphoid cells wherein clonality is readily measured. Lymphoid populations as a whole 

may not change, but diversity [7]. The myeloid compartment has generally been viewed as 

more simple, limited to a few cell types with innate immune function and high adaptability. 

This is however changing. Single-cell technologies have revealed an unexpected degree of 

heterogeneity among myeloid progenitors as well as mature myeloid cells. In addition, 

functional testing has demonstrated that different myeloid subsets significantly impact 

various disease states [8,9]. Although myeloid heterogeneity is unlikely to be as great as 

lymphoid, ongoing definition of diversity among myeloid populations raises that prospect 

that they too will undergo changes in relative complexity with ageing contributing to specific 

vulnerabilities. Advances in HSC and myeloid cell biology with a particular focus on 

changes with age will be the focus of this essay.

HAEMATOPOIETIC STEM CELL HETEROGENEITY AND AGEING

Single-cell transplantation studies as well in-vivo lineage tracing experiments have shown 

that individual HSCs in the young adult display a wide range of characteristics. HSC 

clones display a remarkable consistency when it comes to mature lineage output across 

multiple bone marrow transplant recipients, as well as, throughout serial transplantations 

[10-12]. Indicating that lineage commitment is mainly a cell-intrinsic trait. These studies 

have defined at least four subtypes of HSCs. Balanced HSCs that are capable of production 

of both myeloid and lymphoid cell types, megakaryocytic or megakaryocytic/erythroid 

stem cells and myeloid-biased stem cells [10,11,13,14■,15,16]. Lymphoid-dominant stem 

cell clones have been observed in primary bone marrow transplantation recipients, but 

these cells mostly fail to propagate in secondary recipients suggesting that they are lineage-

restricted progenitors rather than true HSCs [10,11,14■,16]. Proliferation and self-renewal 

are additional stem cell features that appear to be hardwired in individual clones [11,12]. In 

fact, HSCs exhibit stereotypical behaviours even in the face of systemic stressors such as 

genotoxic injury or an inflammatory challenge where the output and lineage of descendent 

cells were clone specific and stable across multiple individuals [12].

Yet, interclonal variation was considerable with some clones being very sensitive to 

particular stresses leading to their depletion [12]. Given that age imposes many and diverse 

genotoxic and inflammatory stresses, clonal complexity will invariably change. In addition, 

the ageing bone marrow microenvironment displays changes in availability of secreted 

factors [17,18] and cellular composition [19,20] likely adding more selection pressure on 
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HSC clones. Finally, cell intrinsic changes such as progressive deficits in DNA repair and 

cell polarity [21-23] appear to accumulate with age adding selection pressure. The result 

is broadly understood on a population basis as a shift towards myeloid-producing cells 

[13,24-26,27■■] and with advances in tracking such as fluorescent tracing of erythroid-

megakaryocytic lineages, an increase in platelet-biased HSC [27■■,28]. Although the 

immunophenotypic HSC pool size is thought to increase, the regenerative ability on a 

per cell basis is reduced [24,26,29,30] and the self-renewing ability of HSCs is impaired 

[24,27■■]. These features are not dissimilar to the lymphoid system wherein age does 

not compromise overall T cell number but does decrease clonal diversity [7]. As more 

clone-specific functional tracing of HSC becomes available, it is likely this will demonstrate 

more precisely which functions are lost or enhanced as clonal compression evolves.

Results from human studies suggest that clonal shifts do occur with age with fewer HSCs 

active in older individuals [31-33]. Some clones clearly become dominant and mosaicism 

emerges [6]. Those who acquire a mutation in a known leukaemia-associated gene, clonal 

haematopoiesis of indeterminate potential (CHIP), have a significantly increased risk of 

developing a haematological malignancy [34-36]. CHIP also increases the incidence of 

cardiovascular disease. In about 10% of CHIP patients, this is caused by mutations in 

the epigenetic regulator TET2, which augments the inflammatory phenotype of monocytes 

and macrophages [37,38]. In the remaining fraction, the driver of cardiovascular disease 

is unknown. Many of these individuals will have mutations in other leukaemia-associated 

genes such as DNMT3a and ASXL1 and it is possible that they confer a similar pro-

inflammatory profile to myeloid cells [34-36]. Still, approximately 40% of all patients with 

a dominant clone have no detectable candidate driver mutations [34]. The shift in mosaicism 

itself may impose risks as from ecology to adaptive immunity, a high degree of diversity 

ensures system resilience. Evidence for diverse subpopulations among innate immune cells 

of the myeloid lineage further raises the prospect of shifts in clonal complexity being 

accompanied by shifts in resilience with age.

MYELOID CELL SUBSETS

The myeloid system has long been known to have some degree of variability, as 

granulocytes, macrophages and monocytes have all been divided into subsets. Some, like 

the granulocytic series, have highly distinctive cell types from distinctive differentiation 

programmes, neutrophils, eosinophils and basophils, and at least neutrophils acquire further 

functional diversity based on their relative age [9]. An ontogenic distinction also appears 

to occur among macrophages. Tissue-resident macrophages originally derived yolk-sac 

localized embryonic precursors that seed the tissue before or just after birth [39-41]. In 

some tissues such as brain and liver, these remain for long periods and are capable of self-

replenishment. Others such as in the intestine, turnover more rapidly and are replenished by 

bone marrow derived monocytes. The tissue resident macrophages have common molecular 

features yet do acquire tissue-specific transcriptional programmes that becomes established 

in the tissue. When these macrophages are replaced by monocyte-derived cells from the 

adult bone marrow [39,42], they acquire a molecular programme resembling but not always 

matching that of the endogenous cells [43]. Therefore, diversity in the myeloid system can 

be ontologically imposed, shaped by the environment and acquired.
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Macrophage diversity beyond that of the professional tissue-resident cells is also evident. 

The M1 and M2 macrophage subsets have been defined in the mouse based on the 

factors they secrete and the functions they execute, though this crude bundling of 

cell states is thought by many to underrepresent the complexity of the cell type. The 

M1 and M1 cell state has been largely regarded as a common cell responding to 

different microenvironmental cues rather than inherent properties [44]. Also, circulating 

monocytes have been categorized into two groups, classical, pro-inflammatory cells and 

non-inflammatory, patrolling monocytes [45,46]. The mature cell diversity within monocyte/

macrophages is therefore largely regarded as an acquired state. A common population of 

cells responding to cues and transitioning into a modified state in response. The caveat here 

is that the studies have been conducted with cell populations, similar to the historic studies 

characterizing HSC. As technologies for resolving HSC activity to the single cell level 

have emerged, concepts of the HSC pool have changed with them. This certainly raises the 

possibility that what are currently viewed as a highly plastic set of monocyte/macrophages 

acquiring different states is actually a mix of cells with preferential outgrowth of the subsets 

primed to respond to a particular stimulus. What is currently viewed as cell induction cannot 

be definitively proven until clonal analyses enable exclusion of clonal selection.

MYELOID PROGENITOR DIVERSITY

Classical haematology teaches us that a multipotent HSC sits atop a pyramid of 

hierarchically ordered progenitors that will eventually give rise to mature cells. Although 

functional studies of single HSCs have already overturned one part of this paradigm, 

single-cell sequencing technologies of HSCs and myeloid progenitors might upend the 

other half. In humans, epigenetic and transcriptional programmes confirm the existence of 

lineage primed HSC; previously, well defined myeloid progenitor subsets have however 

been put into question [12,47■,48]. In the established haematopoietic tree, common myeloid 

progenitors (CMPs) can generate all types of myeloid cells from platelets and erythrocytes 

to granulocytes and monocytes, whereas the granulocyte-monocyte progenitor (GMP) has 

been restricted to only two lineages [49,50]. On a molecular level, on the contrary, these 

populations displayed a significant degree of diversity, with unipotent cell states being more 

common than multipotent [47■,48]. Transcriptomic analysis of mouse myeloid progenitors 

demonstrated a similarly diverse array of transcriptional states. Cells phenotypically defined 

as CMPs were found to mostly consist of unipotent progenitors, including platelet and 

dendritic cell dominant progenitor subtypes [51]. Contrarily, interrogation of the GMP 

compartment suggests the existence of transient bipotent as well as unipotent progenitors 

capable of either just granulocyte or monocyte differentiation [52]. Some of the information 

from these data sets appear to be in contradiction [47■,48,51,52]. What can be concluded, 

however, is that populations of progenitors previously considered as uniform are actually 

heterogeneous, potentially specialized enough to give rise to distinct myeloid subtypes.

Functional testing of myeloid progenitors suggests that functional specialization beyond 

the broad categories of cell type exist. Also, lineage sources are less unilinear than 

historic models reflected, as, for example, monocytes have been shown to come from 

two types of progenitor sources, GMPs and monocyte-DC progenitors (MDPs) [49,50,53]. 

At the transcriptional level, the two types of monocytes also differ, GMP-derived cells 
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share gene expression signatures with granulocytes, whereas MDP progeny has more 

in common with macrophages and dendritic cells. Accordingly, different stimuli elicit 

divergent responses. GMPs only respond to LPS stimulation, whereas MDPs specifically 

respond to CpG administration implying that different types of infections activate distinct 

subsets of monocytic cells [54■■]. Further evidence for progenitor diversity comes from 

a model of lung fibrosis. The progression of the disease is linked to a particular type 

of monocyte (Ceacam1+Msr1+Lc6C-F4/80-Mac1+) that shares both transcriptional and 

morphological features with granulocytes. This fibrosis-inducing monocyte was produced by 

a dedicated GMP and disease could be completely abrogated when this differentiation axis 

was inhibited [55■■]. Therefore, myeloid progenitor heterogeneity is not just a curiosity 

found in sequencing data; it is a very real property of the haematopoietic system that can 

have a significant impact on disease outcomes.

MATURE MYELOID CELL DIVERSITY

Single-cell RNA sequencing of human peripheral blood is indicating a substantially greater 

number of cell states among monocytic and dendritic cell populations than previously 

recognized [56]. Similarly, murine proinflammatory monocytes are now thought to include 

two novel subtypes that differ in their ability to differentiate into dendritic cells and 

macrophages, respectively [57]. Further, the types of macrophages present in atherosclerotic 

lesions seem to vary with stage of disease and go beyond the M1/M2 paradigm. 

Active disease progression is associated with multiple proinflammatory macrophage 

subtypes, whereas cells with an anti-inflammatory profile arise in regression [58]. Also, 

a specific subset of monocytes has been associated with limiting injury-induced fibrosis. If 

Lyve1hiMHCIIlo macrophages are absent in the lung, experimental fibrosis is exacerbated 

[59■■].

There is also clear diversity among neutrophils. This cell type was historically viewed as a 

short-lived foot soldier akin to a chess pawn. A distinct subset of neutrophils is however 

specifically recruited to areas of hypoxia. Once at the site, these neutrophils increase 

angiogenesis, thus facilitating engraftment of transplanted Islets of Langerhans [60,61]. 

Also, lung cancer induces changes in the bone marrow microenvironment that in turn 

drive the development of a specialized SiglecFhi neutrophil population essential for tumour 

progression [62■]. The composition of the mature myeloid cell pool can consequently have 

a significant impact on various aspects of health and disease.

CONCLUSION

We are born with an HSC population with diverse properties, a diversity that appears to 

be gradually lost as we go through life. If model organisms and gene therapy studies are 

correct, reduced numbers of mostly myeloid biased stem cells remain active over time. 

Myeloid cell populations themselves are heterogenous and decidedly specialized. Some of 

these populations are directly generated from distinctive progenitor populations as is the 

case with yolk-sac derived tissue resident macrophages. However, these lineage-specified 

cells are also shaped by the microenvironment in which they reside leading to increased 
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diversity within a subpopulation of cells [63]. Therefore, heterogeneity is both prescripted 

by cell origin and influenced by the tissue environment.

The consequences of myeloid cell diversity can be profound. This is evident in experimental 

models wherein specific cell subsets determine fibrosis and scarring and differential 

handling of inflammatory stimuli. These findings suggest that the ability to respond to 

injuries, pathogens and mutagenic events will be influenced by the abundance of specific 

subsets of myeloid cells. Therefore, the degree of heterogeneity may determine the relative 

vulnerability or resilience against particular challenges (Fig. 1). What we do not know 

is just how much of myeloid diversity is established and bounded by stable epigenetic 

determinants set at the progenitor stage, compared with that which is induced by the 

particular challenges at hand. The case of tissue resident macrophages suggests that both 

types of fate determination are present. However, the fibrosis models suggest that for at 

least some key subsets and cell functions, plasticity is far more limited. The cells appear 

determined by their development and a compensatory shift in fate by other myeloid cells 

does not occur when the subset is lost. If this is correct, then a broad plasticity among 

myeloid cells is no longer a defensible intellectual construct. Rather, specific subsets of cells 

have specific functions established in their development. When a particular subset is seen 

in greater or lesser abundance in a disease setting, it is likely that the subset is selectively 

recruited or expanded, not that generic myeloid cells are induced to have the phenotype 

observed. Selection may account for the particular tumour-associated macrophages, for 

example. If with age and with particular challenges we are selecting for and against 

particular subsets of myeloid cells, then the diversity we have may determine our relative 

susceptibility to challenges going forward (Fig. 1). Further, if particular subsets do indeed 

represent a stable cell state, the possibility of adoptive transfer of such cells or select killing 

of them for therapy can be envisioned. It may be that we can define what arrows remain in 

the quiver as we age and selectively replenish or remove them based on what lies ahead.
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KEY POINTS

• Haematopoietic cell plasticity has been progressively called into question 

with new clonal analytic techniques indicating clone-specific behaviours.

• Ageing results in clonal aberrations altering the complexity of cells 

comprising the blood.

• The myeloid system is increasingly recognized as heterogeneous and 

functional restrictions exist among some myeloid cell types.

• The relative abundance of specific subsets of myeloid cells may determine 

resilience and vulnerability to immune challenges as we age.
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FIGURE 1. 
Schematic overview of how loss of heterogeneity may affect the haematopoietic system. The 

diversity of cell populations within the haematopoietic stem and progenitor pools changes 

with age. Progressively clonal diversity will change and mosaicism from the clones with 

shift. Depending on the composition of the clones that comprise our haematopoietic system 

as we age, our resilience or vulnerability to particular challenges will shift.
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