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ABSTRACT

Specific cell types and, therefore, organs respond differently during aging. This is also true for the hematopoietic system, where it has
been demonstrated that hematopoietic stem cells alter a variety of features, such as their metabolism, and accumulate DNA damage,
which can lead to clonal outgrowth over time. In addition, profound changes in the bone marrow microenvironment upon aging lead
to senescence in certain cell types such as mesenchymal stem cells and result in increased inflammation. This heterogeneity makes it
difficult to pinpoint the molecular drivers of organismal aging gained from bulk approaches, such as RNA sequencing. A better under-
standing of the heterogeneity underlying the aging process in the hematopoietic compartment is, therefore, needed. With the advances
of single-cell technologies in recent years, it is now possible to address fundamental questions of aging. In this review, we discuss how
single-cell approaches can and indeed are already being used to understand changes observed during aging in the hematopoietic com-
partment. We will touch on established and novel methods for flow cytometric detection, single-cell culture approaches, and single-cell

omics.

INTRODUCTION

With the world’s population of individuals over 60 years
increasing from 12% to 22% between 2015 and 2050 (https://
www.who.int/news-room/fact-sheets/detail/ageing-and-health),
the need to study and understand the many and heterogenous
aging-related changes in the body, including the hematopoietic
stem cell compartment, has become a priority. Hematopoiesis
itself is a complex and hierarchical system that generates ~10*?
functionally diverse cells each day.* Hematopoiesis can function
with high delity for many decades but is inevitably challenged
by aging and the time-dependent accumulation of somatic vari-
ation.? Over a lifetime, human cells continually acquire muta-
tions, some of which may alter the complex homeostasis of cell
division and lead to the subsequent expansion of somatic clones
that alter the hematopoietic compartment.? Such expansions,
termed clonal hematopoiesis of indeterminate potential (CHIP),
are frequent in the hematopoietic system and become detectable
as we age.®
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Changes in the hematopoietic system have been well docu-
mented during aging, both in individual cell types as well as
the aging microenvironment. Age is the single biggest factor
underlying the onset of many hematological malignancies.*
Increased myeloid cell production alongside increased pheno-
typic hematopoietic stem and progenitor cell (HSPC) numbers,
accumulation of DNA damage and clonal hematopoiesis in the
hematopoietic stem cell (HSC) compartment that occurs with
increasing age predisposes individuals to myeloid malignan-
cies, although the relationship between HSC heterogeneity with
age and transformation to leukemic stem cells is still unclear.®
Additional changes that have been reported to occur in HSPCs
are a decrease in the activity of autophagy and alterations in cel-
lular metabolism.® In addition, age-related changes in the bone
marrow niche can exacerbate aging features in the hematopoi-
etic compartment, leading to a proin ammatory microenviron-
ment”® (Figure 1).

In this review, we will discuss recent technical advances to
allow for the interrogation of heterogeneity caused by aging of
the hematopoietic compartment using single-cell approaches.

FLOW CYTOMETRIC APPROACHES TO STUDY
HETEROGENEITY OF THE AGING HEMATOPOIETIC
COMPARTMENT

Fluorescence-activated cell sorting enables the isolation and
puri cation of single cells, which greatly facilitates their mech-
anistic study. Flow cytometry enables the quanti cation of
the expression of cell surface and cell-intrinsic markers and is
widely used in de ning a speci ¢ HSC group in either young
or old HSPCs (Figure 2). Flow cytometric approaches de ne
HSPC populations phenotypically, for example, by the use of
cell surface markers, which often leads to a mixed population of
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Figure 1. Aging-related changes in the hematopoietic compartment. With aging, phenotypic hematopoietic stem cells (HSCs) increase in numbers
alongside an increase in myeloid cells and a decrease in lymphoid cells. Aged HSCs accumulate DNA damage which can lead to clonal hematopoiesis (CH)
mutations over time. Other features of aging HSCs include an increase in reactive oxygen species (ROS), alterations in their metabolism and decreased levels
of autophagy. The interplay with the aging microenvironment leads to local inflammation.

HSPCs, some of which might have reduced HSC function. These
cell surface markers are often complemented with transplanta-
tions into mice, the gold standard assay to identify long-term
repopulating HSCs (LT-HSCs).

Murine HSC isolation strategies upon aging

Murine HSCs were initially isolated using Lineage
(Lin)-Scal*c-Kit* (LSK) as conventional markers both in young
and aged mice.®° All 4 types of multipotent progenitors (MPPs)
are included in the LSK population. Subsequently, different sep-
aration strategies for purer HSC populations evolved in differ-
ent labs over time. For example, CD11b-CD4-CD90""Lin Scal*
can be used to gate functional LT-HSCs in the bone mar-
row of young mice.!! To obtain purer LT-HSC populations,
CD150*CD244CD48", also known as SLAM markers, were
used in murine bone marrow. Those cell surface proteins faith-
fully mark young and old stem cells phenotypically.*> Another
commonly used combination of markers to enrich for LT-HSCs
is known as the 34F markers consisting of LSK*CD34 FLT3.13
A variety of other markers have also been reported to enrich
functional murine LT-HSCs, such as LSK markers alongside
Hoechst dye ef ux, which can additionally distinguish between
myeloid- and lymphoid-biased HSCs and is stable with aging.*
Other groups de ned murine LT-HSCs as LSK CD90"v, fetal
liver kinase2™ (FLK2), which is now usually designated as Fms-
related receptor tyrosine kinase 3 (FLT3).® This variety in
markers used to identify LT-HSCs already points to heteroge-
neity in the LT-HSC compartment and makes direct comparison
of studies dif cult.

Several groups reported changes in the number of aged
HSCPs in mice. Dykstra et al® reported an increase in LSK cells
in the bone marrow of old mice with a simultaneous increase
in purer populations marked by CD48 CD34 EPCR*CD150".
The frequency of those cells was highly variable in individual
mice during aging, again pointing to heterogeneity on a mouse-
to-mouse basis. Overall, these CD48-CD34 EPCR*CD150" cells
displayed a myeloid bias, reduced self-renewal activity, and a

reduction in homing capacity to the bone marrow. Another
study con rmed both the age-associated accumulation of
HSCs and an increase in myeloid-biased HSCs in mice. When
isolating LT-HSCs by using LSK*FLT3"CD34~ markers,
myeloid-biased HSCs could be distinguished by high expres-
sion levels of SLAMF1/CD150, with lower levels of SLAM1
marking balanced HSCs.*" Several groups have since con rmed
an accumulation of myeloid-dominant HSCs in the aged HSC
compartment at the expense of lymphoid-dominant HSCs in
mice.**® Lymphoid-de cient HSCs were also found to be sig-
ni cantly expanded in mice with increasing age, leading to a
myeloid bias, whereas balanced HSCs only show a minor
increase in frequency as determined by ow cytometry using
CD45*EPCR*CD48CD150* (ESLAM) markers.*® This myeloid
bias partially stems from a relative defect in the frequency of
common lymphoid progenitors (CLPs), produced by lymphoid
de cient so-called aHSCs with all other groups of progenitor
cells not changing when comparing young and aged HSCs out-
puts in mice. This is possibly due to the persistence of RHSCs,
which give rise to a balanced output as de ned by granulocytes/
monocytes to B-cell and T-cell ratios upon transplantation.'®2°
In addition, cell examination in old mice revealed loss of lym-
phoid priming alongside a decreased differentiation potential of
lymphoid-primed MPPs (MMP4), suggesting alterations of MPP
populations rather than changes in HSC subtypes as effectors of
the aging-related impairment of lymphoid cell production.?
Commonly  used cell surface markers de ning
myeloid-biased HSCs are LSK CD150"CD41*?? or LSK
CD48'CD150"CD34'FLk2*Neogen (NEO1)" with HoxB5**
with balanced HSCs being de ned by NEO1".%2 Neol is a
gene encoding a cell surface protein that is a member of the
immunoglobulin superfamily. It has been identi ed on murine
LT-HSCs.?* Shin et al®® further gated LSK CD150*CD34~ HSCs
and found c-Kit" cells to lead to a balanced output with
c-Kithh HSCs giving rise to long-term lympho-myeloid grafts,
displaying an intrinsic megakaryocytic lineage bias. Gekas and
Graf?? used LSK CD34FLT3" or LSK CD48CD150* as HSC
markers from which they could then identify CD41* as marking
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surrogate marker of autophagy. Following fusion of autopha-
gosomes and lysosomes, the cargo within autophagosomes is
degraded by lysosomal hydrolases.>®* A number of methods have
been described that allow assessment of autophagy ux using
ow cytometry and thereby assist in dissecting heterogeneity in
autophagy levels in rare cell populations such as aged HSCs.%¢

Mitochondrial activity and mitochondrial membrane poten-
tial (MMP) have been reported to be another factor leading to
HSC heterogeneity with age,’” where old murine HSCs with
high MMP resemble more closely HSCs from young mice.
Although membrane potential can be readily assessed using

ow cytometric dyes such as the cationic cyanine dye DilC1(5)
or tetramethylrhodamine methyl ester, it is recommended that
these dyes are used together with inhibitors of ef ux pumps for
accurate measurements in different HSPC populations.®”

A relatively new method for single-cell ow-based detection
of metabolic changes is called Single Cell ENergetlc metabolism
by Pro ling Translation inHibition (SCENITH).% This method
facilitates the interrogation of metabolic changes in multiple
blood cell types simultaneously ex vivo and will be useful to
address age-related changes in energy consumption of blood
cells without the need for cell culture. In essence, SCENITH
uses a puro- uorescent antibody to measure protein synthesis
as a surrogate for ATP consumption since ATP and protein syn-
thesis levels are tightly coupled.®® Puromycin incorporation is
measured by direct immuno uorescence and used as readout by

ow cytometry. By incubating samples with inhibitors of known
metabolic pathways, a reduction in protein synthesis is indic-
ative of an energy dependency of this cell population on the
inhibited pathways. SCENITH, therefore, measures metabolic
dependencies indirectly and allows for single-cell resolution.

Examination of aging-related changes in the bone marrow
microenvironment

Extrinsic age-related changes in the bone marrow niche in
mice have also been reported widely with a shift in the num-
ber of subsets of mesenchymal stem cells (MSCs) and epithelial
cell (EC) subtypes.® For example, Nestin"GFPd" platelet-de-
rived growth factor receptor beta (PDGFRf)* Neuron-glial anti-
gen 2* MSCs alongside a cluster of differentiation 31 (CD31)"
Endomucin (Emcn)"" type-H ECs can be detected by ow
cytometry and have shown to be reduced in endosteal regions
upon aging of the bone marrow, with no changes to numbers of
Leptin receptor (LepR)*Nestin"GFP” MSCs and CD31"°Emcn'
type-L ECs in the central bone marrow.*-5* However, the
expression of the cell surface receptor LepR increases in human
MSCs with increased age.®? C-X-C motif chemokine ligand
12-abundant reticular (CAR) cells, which are a form of primi-
tive MISCs, are essential for HSC maintenance and form a niche
for both HSCs and immune cells, which are produced in the
bone marrow.%® Ablation of CAR cells in mice led to reduced
HSC numbers and cell size, and enhanced quiescence alongside
an increase in the expression of myeloid differentiation genes.5
Upon aging, CAR cells are thought to upregulate chemokine
(C-C motif) ligand 2, mediating the emigration of in ammatory
monocytes from the bone marrow into circulation, at least in
the context of bacterial lipopolysaccharide (LPS) stimulation.®®

Other features of the aging bone marrow niche include the
accumulation of senescent cells and increased in ammation,
termed in ammaging.”**%' In ammaging is driven by senes-
cent endothelial and stromal cells that accumulate in the bone
marrow during aging and secrete increased levels of proin am-
matory chemokines and cytokines.” This process is thought to
promote HSC aging and majorly contribute to myeloid skewing.
For example, transforming growth factor beta (TGFR) and inter-
leukin (IL)-6 signaling increases in aged murine bone marrow
stromal cells and has been shown to be elevated in plasma and
serum samples of aged human individuals.®>-" In mice, the inhi-
bition of either TGFR or IL-6 led to the reversal of age-related
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decreases in lymphoid output and in erythroid progenitor activ-
ity, respectively.®”

TNFa is an important extrinsic and intrinsic regulator of HSC
function. In aging mice, accumulation of plasma cells led to an
increase in the release of proin ammatory cytokines (such as
TNFa) with old plasma cells displaying a Toll-like receptor-re-
sponsive gene signature, resulting in increased production of
in ammatory cytokines.%® Moreover, plasma cells could directly
regulate in ammation-related gene expression in bone marrow
stromal cells.®® A study examining in ammation in both mice
and humans demonstrated an increase in circulating mono-
cytes with age due to elevated TNF levels in the circulation.
Lymphocyte antigen 6 complex locus G (Ly6C)" monocytes
from old mice and CD14*CD16* intermediate/in ammatory
monocytes from older adults were also shown to increase pro-
duction of in ammatory cytokines such as IL-6 and TNF in
steady state and during stimulation with bacterial products.®®
Cell intrinsically, TNFa promotes HSC survival and myeloid
differentiation in mice through nuclear factor of kappa B signal-
ing, poising HSCs toward myeloid cell production, a mechanism
that is active in aging HSCs.”

IL-1 signaling has been identi ed as a key proin ammatory
cytokine in the bone marrow niche in mice where IL-1 expo-
sure led to accelerate proliferation and myeloid differentiation
of HSCs through PU.1-mediated gene expression.”> Moreover,
IL1R signaling stemming from the aging, damaged endosteum
drives the proin ammatory phenotype of the central bone mar-
row, resulting in HSC dysfunction in old mice.” Interestingly,
the effects of IL-1-driven proin ammatory aging effects in the
niche were reversible upon targeting of IL-1 signaling.”™"

A recent study demonstrated impaired mitochondrial function
in aged HSPCs when stressed with LPSs.”® HSPC malfunction
during stress was supported by the accumulation of senescent,
p16™k4Apositive MSCs that naturally occur with aging in the
bone marrow. In turn, mitochondrial impairment in HSPCs
could be improved by senolytic depletion of bone marrow-resi-
dent senescent mesenchymal stromal cells, highlighting the close
interplay between aging HSCs and their niche.”® As mentioned
above, the detection of senescence is well established via various
SA-R gal substrates or p16'™N<44 levels by ow cytometry and can
readily be used to detect and isolate senescent MSCs."™

Another recent study characterizing alterations in the bone
marrow niche highlighted a role of the middle-aged bone mar-
row in driving HSC aging due to decreasing levels of insulin-like
growth factor 1 (IGF1).” This increase in IGF1 stimulated a
myeloid-biased output, as detected by ow cytometry, which
could be rescued in an in vitro culture setting by IGF1 stimula-
tion. Therefore, interplay between HSCs and the altered aging
bone marrow niche leads to signi cant functional HSC decline.

SINGLE-CELL CULTURE APPROACHES TO STUDY
HETEROGENEITY OF THE AGING HEMATOPOIETIC
COMPARTMENT

Single-cell culture approaches are a powerful tool to assess
heterogeneity in growth Kinetics, to ascertain mutational pro-

les and hierarchies, and to assess, at least to a certain extent,
lineage commitment of single HSPCs upon aging. Single-cell
growth Kinetics can be recorded manually by plating single
HSPCs into 96-well plates in liquid cultures. Quanti cation
of growth Kinetics can be achieved by counting manually at
regular intervals or by combining automatic image acquisi-
tion with tissue culture incubation. In all cases, image analy-
sis can be automated through arti cial intelligence methods
such as Ilastik.”®"® This system allows the determination of the
growth potential of individual HSPCs in liquid cultures and
assesses heterogeneity in proliferation capacity over a period
of 7-10 days.5*" Using these methods, several groups reported
aging-related changes in the growth potential of murine HSCs
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in the context of Janus Kinase 2 (JAK2) mutations. One group
showed accelerated growth in young HSPCs carrying the
Jak2V617F mutation compared with wild-type (WT) cells
with aged Jak2V617F-mutated HSPCs no longer leading to
increased proliferation.>® Another paper used single-cell cul-
turing of murine Jak2V617F-mutated HSCs and quantitative
analysis of resulting clones alongside mathematical modeling to
determine fate choices in vitro.” This study reported a reduced
self-renewal capacity of Jak2V617F-mutated individual HSCs
with progenitor expansion being intact.” Moreover, a skew
toward proliferation and differentiation of HSCs in the con-
text of the Jak2V617F mutation was noted, demonstrating that
the acquisition of this mutation alone is insuf cient to drive
clonal expansion. In both studies, single murine HSCs were cul-
tured in serum-free media containing stem cell factor (SCF) and
IL-11. This combination of growth factors has been shown to
retain long-term repopulating activity of murine HSPCs, which
could be serially transplanted.®

To assess stem and progenitor cell potential in vitro over a
larger time span, the long-term culture initiating cell or the cob-
blestone assay can be conducted,® giving a measure of stem and
progenitor cell potential in vitro. These assays rely on stromal
cells to support HSPC growth and were used to show reduced
proliferation potential of aged murine HSCs in vitro.®

In humans, several studies deployed whole-genome sequenc-
ing of single HSPC-derived colonies to address aging-related
changes in clonal output.®28 Using these methods, clonal
dynamics of single HSPCs and mutation acquisition was deter-
mined. In humans, a much reduced clonal diversity was noted
with increasing age in healthy individuals.®® Of note, different
cytokine cocktails were used to expand single HSPCs in vitro
in those studies, thereby making a direct comparison of results
dif cult, especially when addressing clonal lineage outputs. Lee-
Six et al®? expanded cells in human Fms-like tyrosine kinase 3
(FIt3) ligand, human SCF, human IL-3, and human IL-6 with
the addition of growth factors granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), macrophage CSF, erythropoi-
etin (EPO), and thrombopoietin (TPO) after 10 days in culture.
This cocktail supports the proliferation of human HSPCs and
leads to differentiation toward megakaryocyte-erythrocyte pro-
genitors, granulocyte-macrophage progenitors, and CMPs.®2
Mitchell et al®® used an expansion protocol that promotes the
proliferation and differentiation of granulocytes, monocytes,
erythroid cells, and natural killer cells. Supplements used were
SCF, FLT3, TPO, EPO, IL-6, IL-3, IL-11, GM-CSF, IL-2, IL-7,
and lipids.

CHIP is de ned as the expansion of HSCs in healthy aged
individuals that results from genetic alterations. Although
mostly inconsequential, the constant rate of the acquisition of
mutations in HSCs (17 mutations/year)®® leads to an increas-
ing probability, with respect to age, of a variant occurring in
a gene that dysregulates the tightly maintained mechanism of
hematopoiesis. Whole-genome sequencing of human single
HSPC-derived colonies in the context of CHIP demonstrated
that clones without known driver mutations showed a similar
growth rate compared with clones harboring known driver
mutations.®* In a different study, to determine the speed of
growth ( tness) of clones with CHIP mutations in vivo over a
12 year period in humans, targeted error-corrected sequencing
was deployed. The group identi ed gene-speci ¢ tness effects
in clonal outgrowth, with mutations in splicing genes exerting
the highest tness effects and biggest expansion over time.38
For those same splicing mutations, reconstructed growth tra-
jectories derived from in vitro data correlated with expansions
of clones in vivo in humans for the same mutation, highlighting
the power of identifying clonal dynamics with age using in vitro
approaches.®

However, culturing of murine and human HSPCs lon-
ger term is currently challenging and often results in in vitro

Single-cell Approaches in Aging

differentiation upon prolonged culture.®® In recent years, sev-
eral groups reported improvements in the long-term culturing
of HSPCs, which are crucial for the culture of single cells.®"8
Until recently, liquid cultures of murine or human HSPCs used a
variety of cytokines in combination with fetal bovine or human
serum, which typically allows for HSPC cultures to be main-
tained for 1 to 2 weeks in vitro. However, HSPC expansion does
not typically take place under those conditions.8®

In mice, Wilkinson et al®® reported a cell culture system,
which supports the long-term ex vivo expansion of functional
HSCs. In this system, high levels of TPO, low levels of SCF, and

bronectin with the addition of polyvinyl alcohol resulted in
ex vivo expansions of functionally de ned HSCs over 30 days,
forming a rst step to facilitate murine studies of HSPC aging
in vitro.

Other groups reported several cell-engineering approaches to
mimic the bone marrow niche, thus resulting in improved cul-
turing of human HSPCs.®” Resident Nestin*MSCs are prominent
cell types, supporting HSC homing to the bone marrow niche.
However, in 2D systems, MSCs often undergo senescence fol-
lowing serial expansion.®® To circumvent this problem, a recent
bone marrow-like niche model was based on the formation of
multicellular spheroids in low-density type | collagen, allowing
Nestin*MSCs to stay quiescent in culture for up to 14 days.®’
A more complex 3D model for co-culture of human HSPCs
was based on organoid generation from induced pluripotent
stem cells, providing mesenchymal and myeloid cells alongside
sinusoidal-like structures.®* The authors go on to demonstrate
engraftment of healthy and malignant blood cells into organoids
ex vivo. A recent study achieved long-term ex vivo expansion
of human cord blood HSCs in a cytokine-free environment.®?
Chemical agonists directed towards phosphoinositide 3-kinase
activator and TPO-receptor were combined with the pyrimido-
indole derivative UM171 to expand functional human HSCs.
Taken together, exciting advances in new tissue culture methods
of human and mouse HSPCs will hopefully allow for more long-
term follow up of single HSPCs in an aging context in vitro by
recreating culture conditions more akin to the in vivo environ-
ment. In the future, combining more complex single-cell growth
assays with genotyping of human cells carrying clonal hemato-
poiesis mutations will be useful to delineate mutation-speci c
growth behaviors.?

SINGLE-CELL OMIC APPROACHES TO ELUCIDATE THE
HETEROGENEITY OF THE AGING HEMATOPOIETIC
COMPARTMENT

The ability to interrogate individual cells within the hetero-
geneous hematopoietic compartment has allowed researchers to
study in detail the changes that occur over time at the genomic,
epigenomic, transcriptomic, and proteomic levels (Figure 3).
Changes in the HSC compartment during aging are associated
with a predisposition to various disease states, including can-
cer.®® We are now entering an era where various types of sin-
gle-cell omics data can be derived from a single cell in parallel
enabling a multiomics view of HSPC aging. Newer platforms
from companies such as 10x Genomics and Nanostring now
allow expression data to be correlated with histological data to
provide spatial context.

Transcriptomic

Although earlier studies have shown that aging of the HSC
compartment is characterized by lineage bias and decreased cell
function,® the elucidation of the precise molecular mechanisms
and underlying heterogeneity has only been possible by using sin-
gle-cell RNA-sequencing (scRNA-Seq) approaches. SCRNA-Seq is
now routinely used to identify and classify cellular populations of
the HSC compartment based on their transcriptional signatures.
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Figure 3. Single-cell omics approaches to detect changes in the aging hematopoietic compartment. A multitude of cell types in the hematopoi-
etic compartment can be assessed for changes caused by aging by using omics-based approaches. The transcriptome can be assessed by single-cell
RNA-sequencing to elucidate heterogeneity in gene expression. Somatic mutations can be measured on the single-cell level to characterize clonal structure.
Multiomics enable simultaneous interrogation of the transcriptome and the cell surface proteome, changes in DNA methylation or other DNA alterations, such
as single nucleotide polymorphisms. CITE-Seq = cellular indexing of transcriptomes and epitopes by sequencing; FLT3 = Fms-like tyrosine kinase 3; GZMK = granzyme K; HSC = hema-
topoietic stem cell; IDH2 = isocitrate dehydrogenase 2; ITD = internal tandem duplication; JAKT = Janus Kinase 1; MPNs = myeloproliferative neoplasms; NOTCH1 = Neurogenic locus notch
homolog protein 1; NPM1 = Nucleophosmin 1; NRAS = NRAS Proto-Oncogene; scCATAC-Seq = single cell-level is the assay for transposase accessible chromatin using sequencing; sScCRNA-Seq

= single-cell RNA-sequencing; HSPC = hematopoietic stem and progenitor cell.

First, using SCRNA-Seq in mice, it has been shown that during
HSC aging, a distinct subpopulation of old HSCs displaying
Tumor Protein (TP) 53-mediated functional decline emerges.*®
The authors revealed heterogeneity in the proliferation capacity
of HSPCs in aged mice, leading to subclones displaying an aging
signature on the transcriptomic level with the majority of aged
HSPCs being transcriptionally similar to HSPCs from young
mice.5® Second, a new class of HSCs that exclusively produce
platelets was identi ed by scRNA-seq in aged mice, suggest-
ing that platelet bias contributes to age-associated decrease in
lymphopoiesis.®® Finally, a meta-analysis of aged murine HSC
single-cell transcriptomic data provided an aging signature
highly enriched for membrane-associated transcripts.®

Using a transgenic approach to introduce pathogenic germ-
line variants of telomerase complex genes together with SCRNA-
seq in mice demonstrated that telomere attrition results in the
upregulation of the innate immune signaling response, and the
subsequent metabolic activation and differentiation toward the
megakaryocyte lineage that limits HSC renewal capabilities.®”
Performing scRNA-seq on Lin"CD34* HSPCs that harbored
heterozygous pathogenic germline telomerase reverse transcrip-
tase mutations recapitulated these ndings in humans.®”

In humans, a comprehensive meta-analysis of several sScRNA-
seq data sets identi ed an EGR1-dependent gene signature in
aged Lin"CD34'CD38" HSCs, regulating both quiescence and
in ammation markers.®

Genomic

The accumulation of somatic mutations during aging has
been shown to result in a fitness advantage for certain HSCs
that results in clonal expansion, along with a reduction in
clonal hematopoietic diversity and functional decline.®%
Single-cell DNA sequencing (scDNA-Seq) encompasses a
number of techniques that have been used to detect var-
ious genomic alterations such as single nucleotide poly-
morphisms, insertions, and deletions.®® Many scDNA-Seq
techniques are error prone due to technical biases aris-
ing from uneven sequence coverage, allelic dropout, and
the introduction of errors during amplification steps in
sequence library construction.’®® Despite the error-prone
nature of sScDNA-Seq data, genotyping studies targeting the
somatic mutations of single cells in human clonal hemato-
poiesis and acute myeloid leukemia have revealed the dom-
inance of a small number of clones that frequently contain
co-occurring mutations in epigenetic regulators, thereby
promoting clonal expansion. For example, the co-occurence
of mutations in Nucleophosmin 1 and an internal tandem
duplication mutation in the Flt3 gene or the combination of
mutations in DNA methyltransferase 3 alpha (DNMT3A)
and isocitrate dehydrogenase (NADP[+]) 2 were found to
be associated with clonal dominance.'* This study was also
able to show that clonal complexity evolves and is tightly
linked with disease progression.
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Another scDNA-Seq technique using a targeted panel of 110
human genes revealed T-cell acute lymphoblastic leukemia as
a heterogeneous disease at diagnosis, which undergoes clonal
evolution during treatment with chemotherapeutic agents such
that minor clones detected at diagnosis then become dominant
clones during the latter stages of disease.’’? Half of all T-cell
acute lymphoblastic leukemia patients in the study were found
to have greater than 2 mutations in Neurogenic locus notch
homolog protein 1 in both major and minor subclones, and
similar ndings were obtained for NRAS Proto-Oncogene and
Janus Kinase 1, suggesting the importance of activating these
pathways during disease progression. How the mutational pro-

le of T cells evolves over the human lifespan remains to be
elucidated.

Epigenomic

Numerous epigenetic changes have been identi ed during
aging and the development of senescence including DNA meth-
ylation, histone modi cation, and chromatin remodeling.®®
Single-cell bisul te sequencing (scBS-Seq) has been applied to
study the methylome of cells within the HSC compartment in
both mouse and human and has revealed that epigenetically
distinct subpopulations, which were identi ed rst by assess-
ing differentially methylated regions and then overlaid with
single transcriptome data, of HSCs do co-exist.** In mice, this
approach resulted in the identi cation of stem cell populations
expressing plasma membrane proteins and CD82, a known
marker for LT-HSC maintenance. In humans, CD49f* cells and
MMPs could be similarly identi ed.%4

An increasingly used technique to assay chromatin accessibil-
ity (ChA) at the single-cell level is the assay for transposase-ac-
cessible chromatin using sequencing (SCATAC-Seq).® This
approach enabled the nding that aged murine HSCs undergo
symmetric divisions that result in daughter stem cells with
reduced regenerative capacity and lymphoid potential.* scAT-
AC-Seq was also used for the identi cation of a number of hall-
marks of immune aging in mice and human cells,**” most notably
a T-BOX-regulated program that drives the transition of CD8* T
cells toward the granzyme K (GZMK)* aging phenotype.

Cheung et al'®® have developed epigenetic landscape pro ling
using cytometry by time-of- ight technique, which enables sin-
gle-cell pro ling of a wide array of chromatin markers in human
immune cells and found consistent increases in cell-to-cell vari-
ability of these markers as a signature of immune cell aging.

Multiomics

Multiomics studies are now possible where combinations
of genetic, epigenetic, and/or proteomic data can be derived
from a single cell at the same time. One of the most commonly
used methods combines scRNA-Seq with ATAC-Seq. Using this
method, a recent study reported alterations in ChA in murine
HSCs, which occurred with aging.'®® These differentially open
accessible regions target transcription factors related to external
stress, suggesting the ability to epigenetically inscribe HSCs to
prime their response to external stimuli.®®

Several recent studies investigated features of age-related
clonal hematopoiesis by using a variety of single-cell multiomics
approaches. Cellular indexing of transcriptomes and epitopes
by sequencing (CITE-Seq) allows the integration of single-cell
expression data with cell surface markers.**® Taking a mul-
tiomics approach utilizing both CITE-Seq and scATAC-seq,
it has been shown that aging of the immune system in the
mouse results in a subpopulation of highly clonal age-associ-
ated GZMK-expressing CD8* T cells, which express markers of
exhaustion and tissue homing.%’

Another single-cell multiomics technique called TARGET-Seq
enables the linking of gene expression with genotypic data. This
technique enabled the de nition of transcriptional and genetic
tumor heterogeneity in human patients with myeloproliferative
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neoplasms (MPN), comparing mutated HSPCs with normal,
age-matched controls in the context of JAK2V617F*! and in
TPS53-mutation driven clonal evolution in MPN.2 Interestingly,
WT HSPCs from MPN patients differ substantially in their tran-
scriptomic pro les when compared with age-matched HSPCs
from normal donors, indicating that environmental factors,
such as the diseased bone marrow, might in uence transcrip-
tomic changes.

An alternative approach uses a combination of genotyp-
ing of targeted loci with single-cell ChA (GoT-ChA) and was
able to show both cell-intrinsic and cell state-speci ¢ shifts
within mutant human hematopoietic HSPCs in the context of
JAK2V617F-mutated MPN.** Contributing further to MPN
biology by using scRNA-Seq and genotyping of JAK2V617F
mutation status showed increases in the expression of interfer-
on-response genes.*°114

In human cells, genotyping of the mitochondrial genome
at the single-cell level has been recently combined with
SCATAC-Seq to study cell population dynamics and clonal prop-
erties in cancer of the hematopoietic system, showing that it is
possible to infer subclonal population structures using natural
genetic mitochondrial DNA barcodes.**®

The simultaneous single-cell pro ling of gene expression,
cell surface protein markers, and somatic mutation status is
now possible and has been used to investigate the impact of
splicing aberrations in human age-related clonal hematopoie-
sis by combing Genotyping of Transcriptomes (GoT), utilizing
long-read single-cell transcriptome pro ling in addition to pro-
teo-genomics using CITE-Seq.!® Assessment of bone marrow
progenitor cells derived from patients with defective RNA splic-
ing, due to mutations of the core RNA splicing factor 3b sub-
unit 1 (SF3B1), was shown to have a tness advantage over WT
SF3BL1 cells, resulting in the expansion of a mutant population
of erythroid progenitor cells, which displayed an upregulation
of genes involved in the cell cycle and mRNA translation.!®
Moreover, another study using a multiomics approach to inter-
rogate human clonal hematopoiesis combined scBS-Seq with
ScRNA-Seq and targeted DNMT3A genotyping. This study
showed that mutations within DNMT3A resulted in a myeloid
over lymphoid bias and that these DNMT3 A mutations revealed
patterns of selective hypomethylation of key hematopoietic
transcription factors that results in the disruption of early pro-
genitor states.**” Finally, advances in SCRNA-Seq methodologies
that incorporate a mitochondrial transcriptome enrichment step
have enabled the detection of mitochondrial variants with high
con dence and have been used to study age-related clonal hema-
topoiesis dynamics, identifying skewed immune cell expansions
in primary human clonal hematopoiesis.*®

Cellular metabolism has long been known to affect aging
with caloric restriction protecting against age-related disease.®
The use of multiomic approaches that include single-cell metab-
olomics will be required to elucidate the complex role that
metabolism plays during HSCs aging.1?*12* Application of newer
single-cell proteomic techniques, such as SpaceM, that com-
bine single-cell metabolomics with spatial information is one
such technique!?? that can be applied to human aging studies
in the future. The requirement of a multiomic view to further
our understanding of how aging affects humans has given rise
to various initiatives to gather multimodal single-cell data from
various human tissues, such as the Human Cell Atlas (www.
humancellatlas.org).

Spatial

As the aging bone marrow niche provides a heterogeneous
microenvironment for a variety of cells and growth factors,
single-cell approaches that provide spatial information in
combination with other omics data are becoming increas-
ingly important as they enable the identi cation of different
cell types and how those cell types interact within the bone
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marrow and with HSCs.” A caveat in the use of ScRNA-seq to
investigate the bone marrow microenvironment is that the fre-
quency of resident cell populations is known to vary by orders
of magnitude.’*® A number of strategies have been used to
overcome this difference in cell number that broadly fall into
either positive or negative selection strategies. Using a dual
strategy of depletion/enrichment of high/low abundance cell
typest?* were able to identify 32 clusters of cells that included
rarer nonhematopoietic cell populations such as Schwann
cells, smooth muscle cells, myo broblasts, PDGFRA* mesen-
chymal cells, and endothelial cells. Another pro ling study
using a depletion strategy selecting for Lin~ cells was able to
identify 17 clusters of cells that included endothelial cells,
MSCs, osteolinage cells, chondrocytes, broblasts, and peri-
cytes.’?® Lineage-speci ¢ Cre-labeling has been used to pos-
itively select for cell populations representing major niche
subsets including endothelial, perivascular, and osteo-lin-
eage subpopulations.'?® Technologies, such as 10x Genomics’
Visium Spatial Gene Expression system, allow the mapping of
whole transcriptome data with the morphological context in
tissue sections. It has been used to generate a comprehensive
tissue atlas of the developing human immune system incor-
porating scRNA-Seq, antigen-receptor sequencing, and spa-
tial transcriptomics across a number of tissue types to show
heterogeneity across organs and gestation of both myeloid
and lymphoid cells.??” NanoString’s GeoMx Digital Spatial
Pro ler, which can link both gene or protein expression spa-
tially in tissue sections, has been used to investigate the BM
immune microenvironment using diagnostic bone marrow tre-
phine samples that had been dual-stained for CD3+/CD45+ to
identify immune in ltrate cells. The study showed that aplas-
tic anemia samples cluster separately from both normal and
myelodysplastic samples.'?® Laser-capture microdissection
sequencing has also been combined with scRNA-Seq to tran-
scriptionally survey the endosteal, sinusoidal, and arteriolar
bone marrow niches at the molecular and cellular levels to not
only determine the localization of various cell types within the
bone marrow but to show the spatial sources of key growth
factors and cytokines.'?* These techniques now pave the way
toward exploiting well-documented changes in the bone mar-
row microenvironment with increasing age at increasingly sin-
gle-cell resolution.

DISCUSSION

Overall, single-cell approaches, such as ow cytome-
try, transplantation, and colony assays, have been used for
decades in hematology. However, omics-related single-cell
approaches are a relatively new addition to the tools available
to the eld of hematology with some methods now widely
used to better understand heterogeneity caused by the aging
process. With senescence targeting via senolytics and rejuve-
nation approaches,**-*31 now widely investigated in a vari-
ety of model systems, understanding the molecular pathways
and exact cell types affected by those interventions becomes
increasingly important for translation into humans. Changes
caused by aging are well documented in the hematopoietic
compartment and the bone marrow microenvironment,
however, have thus far mostly been studied in isolation. The
advancement of better in vitro cell culture models combined
with the development of single-cell and spatial approaches
now paves the way toward a better understanding of direct
changes in cell type interactions in the HSC compartment
with advanced age.
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