
Editorial
Introduction to a review series on single-cell
genomics: getting ready for clinical impact in leukemia
and myeloid neoplasms
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Much of our knowledge of hematopoiesis in health and disease
over the last 50 years has been the product of early adoption of
technological breakthroughs, at least in part as a result of the
relative ease of accessing patient material compared with many
other clinical specialties. This early adoption of technology
included methods for the examination of phenotype and function
of single cells, alongside detection of chromosomal rearrange-
ments in single malignant hematopoietic cells. Fluorescence-
activated cell sorting (FACS) using monoclonal antibodies1,2

allowed isolation and characterization of cells defined by specific
combinations of surface markers, while in vitro colony assays3,4

and single-cell transplantation permitted functional assessment
of lineage and proliferative potential.5-7 The advent of single-cell
reverse-transcription polymerase chain reaction8 extended our
understanding of the molecular mechanisms underpinning
hematopoietic cell choice. By leveraging the resulting granular
knowledge of single-cell function and potential, hematology
research is now reaping the rewards of early adoption of new
single-cell genomics techniques.

The study of normal hematopoiesis has been transformed in
recent years by the application of single-cell genomics technol-
ogies that permit unbiased interrogation of molecular profiles at
unprecedented resolution. Using massively parallel single-cell
RNA (scRNA) sequencing combined with indexed FACS sort-
ing, chromatin profiling, and functional assays, Paul et al9 were
able to characterize the transcriptional heterogeneity and dif-
ferentiation potential of myeloid progenitors. An unbiased
computational approach uncovered transient intermediate fates
within the myeloid progenitor compartment demonstrating the
utility of scRNA sequencing in systematically profiling plastic and
dynamic cell populations. Microfluidics-based droplet encapsu-
lation techniques have expanded the throughput of single-cell
technologies, now permitting the analysis of >104 cells per
experiment.10 Computational analysis of thousands of tran-
scriptomes identifies rare populations that would be lost in bulk
assays, while enabling a tissue-level overview.11,12 Arranging
single-cell profiles into coherent landscapes progressing from
multipotent through unilineage progenitors to mature pop-
ulations facilitates identification of putative decision points at
which cells embark on a specific differentiation potential.13,14

These landscapes form part of larger reference atlases that
map developing hematopoiesis across the life span of the
organism15,16 and provide comparator datasets for the disease
state.17
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We provide a commentary to 4 review articles published in this
issue of Blood exploring the status and future potential of
single-cell genomics for studying hematological malignancy.

▪ Asiri Ediriwickrema, Andrew J. Gentles, and Ravindra Majeti,
“Single-cell genomics in AML: extending the frontiers of
AML research”

▪ Ilaria Iacobucci, Matthew T. Witkowski, and Charles
G. Mullighan, “Single-cell analysis of acute lymphoblastic
and lineage-ambiguous leukemia: approaches and molecu-
lar insights”

▪ Adi Nagler and Catherine J. Wu, “The end of the beginning:
application of single-cell sequencing to chronic lymphocytic
leukemia”

▪ Jennifer Mary O’Sullivan, Adam J. Mead, and Bethan Psaila,
“Single-cell methods in myeloproliferative neoplasms: old
questions, new technologies”

Ediriwickrema et al describe the contribution of single-cell
genomics to addressing unanswered questions in the patho-
physiology and management of acute myeloid leukemia (AML),
emphasizing progress in unraveling the disease heterogeneity
that may drive treatment resistance and relapse. Although the
treatment landscape for AML has recently diversified after
decades of frustratingly negative large-scale clinical trials,18 risk
stratification based on bulk molecular profiling and the peren-
nial problem of disease relapse limit the full potential of newly
introduced agents. Referencing a number of seminal recent
studies that have reconstructed the clonal architecture and
cellular state of AML through treatment,19-21 the authors argue
that AML research is on the threshold of a new frontier inte-
grating mutational, transcriptional, epigenomic, and surface
phenotype at unprecedented resolution to address the role of
the leukemic stem cell, microenvironment, and selection
pressure in disease initiation, treatment response, and pro-
gression, ultimately improving our ability to tailor therapy.

In their review on acute lymphoblastic leukemia, Iacobucci et al
highlight the advantages of single-cell sequencing over bulk next-
generation sequencing in advancing the molecular taxonomy of
acute lymphoblastic leukemia (ALL) and correlating single-cell
transcriptional signatures of ALL blasts with normal B-cell pre-
cursors to address the identification of the “cell of origin.” In ALL,
unlike AML, immune therapy with bispecific antibody and
chimeric antigen receptor T-cell therapy have revolutionized the
dition 14 September 2022. https://doi.org/10.1182/blood.2022017361.
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treatment landscape in the relapse setting, and single-cell studies
have shown the potential to identify new targetable pathways to
potentiate the long-term antileukemic effect.

In their review on chronic lymphocytic leukemia (CLL), Nagler and
Wu discuss studies describing the clonal evolution of the disease
through a time-course encompassing sequential treatments to
which most patients may be exposed during the protracted dis-
ease course. Taking advantage of epigenomic data and mito-
chondrial mutations allows construction of CLL lineage trees and
tracking of subclonal populations in elegant work that permits
characterizing nongenetic mechanisms of clonal evolution in dis-
ease progression, transformation, and therapy resistance.22,23 The
dependence of CLL on immune cells in the microenvironment has
long been recognized, and the authors comprehensively review
single-cell studies focused on this cross talk and its interaction with
treatment, making the case that the diverse microenvironments of
this multi-sited disorder may benefit from novel spatial single-cell
profiling techniques.

O’Sullivan et al review how the use of single-cell genomics in
myeloproliferative neoplasms (MPNs) provides insight into the
lineage bias introduced by malignant transformation of hemato-
poietic stem and progenitor cells (HSPCs) in these disorders, which
is read out as increased abundance of mature blood lineages.
Single-cell analysis of these biases, combined with targeted single-
cell mutational analysis, identifies aberrant programs driving
inflammationandfibrosis inmyelofibrosis and identifies therapeutic
vulnerabilities unique to mutant HSPCs, by comparison with
wild-type internal controlHSPCs,whoseown transcriptional profiles
can be influenced by the presence of disease through extrinsic
mechanisms.24,25 Further, the authors describe the emerging
potential of single-cell mutation detection and single-cell spatial
profiling techniques to predict disease progression and conclude
with a persuasive argument for prospective inclusion of single-cell
technologies in future clinical trials, with a specific focus in MPN
on identifying and eliminating the MPN stem cell.

How far are we from translating these techniques into clinical
practice and where could the most value be added? In the
short to medium term, as throughput approximates that of
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Figure 1. Potential translational role of single-cell genomics in hemato-oncology
remission, and relapse, we anticipate that the addition of single-cell genomics technique
remission and relapse, and identify transcriptional signatures that predict treatment re
reaction. Figure created with BioRender.com.
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high-resolution flow cytometry, likely the greatest added
value for single-cell genomics may be gained from clonal
tracking and assessment of remission or residual disease,
complementing current flow cytometry and bulk sequencing
minimal residual disease methods by detecting rare pop-
ulations, demonstrating subclonal hierarchies and nongenomic
heterogeneity, and predicting prognosis or response to further
treatment. Although eradication of minimal residual disease is
of greatest prognostic significance in the acute leukemias,
monitoring cell state alongside mutation status at progression
or relapse is likely to carry prognostic and treatment value for all
hematological malignancies. Indeed, in the chronic disease
setting where disease eradication is rare or impossible, such
that persistent disease is detectable at higher levels, the level of
resolution of current single-cell technologies may be poised to
offer the greatest value.

Common themes emerging from all 4 reviews in the current
series are of tumor heterogeneity and microenvironmental
factors at diagnosis that may predict treatment response and
tumor evolution. In the medium to long term, further single-cell
multiomic and spatial studies characterizing mechanisms of
disease initiation and progression are likely to elucidate treat-
ment vulnerabilities and novel risk stratifications that will inform
treatment choice at diagnosis and relapse. At present, single-
cell genomics techniques incur significant financial cost.
Moreover, technical limitations necessitate an extensive analysis
pipeline that is not yet standardized, thus generating additional
cost in skilled data analysis hours and a lead time from sample
acquisition to availability of clinically relevant individualized
biomarkers. Further, generalizability is currently limited because
of necessarily small cohort analyses that reveal significant inter-
and intra-patient heterogeneity, rendering essential the public
sharing of datasets to allow meta-analysis and complementary
studies from bulk sequencing of larger datasets.26 To make the
transition from research tool to standard-of-care testing, clinical
trials are required adding complementary single-cell studies to
current bulk methods of diagnosis and monitoring. Notwith-
standing current limits, it is clear that huge gains will ensue from
clinical integration of these techniques into personalized
oncology (Figure 1), much in the same way as next-generation
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sequencing has transitioned from Nature front cover to influ-
encing routine clinical practice in little over a decade.

Acknowledgments
The authors acknowledge research funding from Cancer Research UK,
Blood Cancer UK, UK Research and Innovation Medical Research
Council, and Wellcome.

Authorship
Conflict-of-interest disclosure: The authors declare no competing
financial interests.
D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/4/323/2180760/blood_bld-2022-017361-c-m

ain.pdf by guest on 07 June 2024
Katherine H. M. Sturgess
Wellcome MRC Cambridge Stem Cell Institute, University of Cambridge

Nicola K. Wilson
Wellcome MRC Cambridge Stem Cell Institute, University of Cambridge

Berthold Göttgens
Associate Editor, Blood

Wellcome MRC Cambridge Stem Cell Institute, University of Cambridge

REFERENCES
1. Julius MH, Masuda T, Herzenberg LA. Demonstration that antigen-

binding cells are precursors of antibody-producing cells after purification
with a fluorescence-activated cell sorter. Proc Natl Acad Sci U S A. 1972;
69(7):1934-1938.

2. Köhler G, Milstein C. Continuous cultures of fused cells secreting
antibody of predefined specificity. Nature. 1975;256(5517):495-497.

3. Bradley TR, Metcalf D. The growth of mouse bone marrow cells in vitro.
Aust J Exp Biol Med Sci. 1966;44(3):287-299.

4. Moore MA, Williams N, Metcalf D. In vitro colony formation by normal
and leukemic human hematopoietic cells: characterization of the colony-
forming cells. J Natl Cancer Inst. 1973;50(3):603-623.

5. Kondo M, Weissman IL, Akashi K. Identification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cell. 1997;91(5):661-672.

6. Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature. 2000;
404(6774):193-197.

7. Osawa M, Hanada KI, Hamada H, Nakauchi H. Long-term
lymphohematopoietic reconstitution by a single CD34-low/negative
hematopoietic stem cell. Science. 1996;273(5272):242-245.

8. Hu M, Krause D, Greaves M, et al. Multilineage gene expression
precedes commitment in the hemopoietic system. Genes Dev. 1997;
11(6):774-785.

9. Paul F, Arkin Y, Giladi A, et al. Transcriptional heterogeneity and lineage
commitment in myeloid progenitors. Cell. 2015;163(7):1663-1677.

10. Zheng GXY, Terry JM, Belgrader P, et al. Massively parallel digital
transcriptional profiling of single cells. Nat Commun. 2017;8(1):14049.
EDITORIAL
11. Psaila B, Barkas N, Iskander D, et al. Single-cell profiling of human
megakaryocyte-erythroid progenitors identifies distinct megakaryocyte
and erythroid differentiation pathways. Genome Biol. 2016;17:83.

12. Miyawaki K, Iwasaki H, Jiromaru T, et al. Identification of unipotent
megakaryocyte progenitors in human hematopoiesis. Blood. 2017;
129(25):3332-3343.

13. Nestorowa S, Hamey FK, Pijuan Sala B, et al. A single-cell resolution map
of mouse hematopoietic stem and progenitor cell differentiation. Blood.
2016;128(8):e20-e31.

14. Dahlin JS, Hamey FK, Pijuan-Sala B, et al. A single-cell hematopoietic
landscape resolves 8 lineage trajectories and defects in Kit mutant mice.
Blood. 2018;131(21):e1-e11.

15. Popescu DM, Botting RA, Stephenson E, et al. Decoding human fetal liver
haematopoiesis. Nature. 2019;574(7778):365-371.

16. Jardine L, Webb S, Goh I, et al. Blood and immune development in
human fetal bone marrow and Down syndrome. Nature. 2021;598(7880):
327-331.

17. Khabirova E, Jardine L, Coorens THH, et al. Single-cell transcriptomics
reveals a distinct developmental state of KMT2A-rearranged infant B-cell
acute lymphoblastic leukemia. Nat Med. 2022;28(4):743-751.

18. DiNardo CD, Perl AE. Advances in patient care through increasingly
individualized therapy. Nat Rev Clin Oncol. 2019;16(2):73-74.

19. van Galen P, Hovestadt V, Wadsworth MH II, et al. Single-cell RNA-seq
reveals AML hierarchies relevant to disease progression and immunity.
Cell. 2019;176(6):1265-1281.e24.

20. Pei S, Pollyea DA, Gustafson A, et al. Monocytic subclones confer
resistance to venetoclax-based therapy in patients with acute myeloid
leukemia. Cancer Discov. 2020;10(4):536-551.

21. Petti AA, Williams SR, Miller CA, et al. A general approach for detecting
expressed mutations in AML cells using single cell RNA-sequencing. Nat
Commun. 2019;10(1):3660.

22. Penter L, Gohil SH, Lareau C, et al. longitudinal single-cell dynamics of
chromatin accessibility and mitochondrial mutations in chronic
lymphocytic leukemia mirror disease history. Cancer Discov. 2021;11(12):
3048-3063.

23. Gaiti F, Chaligne R, Gu H, et al. Epigenetic evolution and lineage histories
of chronic lymphocytic leukaemia. Nature. 2019;569(7757):576-580.

24. Rodriguez-Meira A, Buck G, Clark S-A, et al. Unravelling intratumoral
heterogeneity through high-sensitivity single-cell mutational analysis and
parallel RNA sequencing. Mol Cell. 2019;73(6):1292-1305.e8.

25. Psaila B, Wang G, Rodriguez-Meira A, et al. Single-cell analyses
reveal megakaryocyte-biased hematopoiesis in myelofibrosis
and identify mutant clone-specific targets. Mol Cell. 2020;78(3):
477-492.e8.

26. Benard BA, Leak LB, Azizi A, Thomas D, Gentles AJ, Majeti R. Clonal
architecture predicts clinical outcomes and drug sensitivity in acute
myeloid leukemia. Nat Commun. 2021;12(1):7244.
© 2023 by The American Society of Hematology
26 JANUARY 2023 | VOLUME 141, NUMBER 4 325

http://refhub.elsevier.com/S0006-4971(22)01244-7/sref1
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref1
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref1
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref1
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref2
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref2
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref3
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref3
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref4
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref4
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref4
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref5
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref5
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref6
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref6
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref6
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref7
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref7
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref7
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref8
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref8
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref8
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref9
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref9
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref10
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref10
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref11
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref11
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref11
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref12
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref12
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref12
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref13
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref13
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref13
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref14
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref14
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref14
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref15
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref15
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref16
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref16
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref16
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref17
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref17
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref17
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref18
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref18
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref19
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref19
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref19
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref20
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref20
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref20
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref21
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref21
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref21
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref22
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref22
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref22
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref22
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref23
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref23
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref24
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref24
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref24
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref25
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref25
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref25
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref25
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref26
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref26
http://refhub.elsevier.com/S0006-4971(22)01244-7/sref26

	Introduction to a review series on single-cell genomics: getting ready for clinical impact in leukemia and myeloid neoplasms
	References


