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ABSTRACT
Drug resistance and treatment failure in pediatric acute lymphoblastic leukemia (ALL) are in part driven by tumor heterogeneity and clonal 
evolution. Although bulk tumor genomic analyses have provided some insight into these processes, single-cell sequencing has emerged 
as a powerful technique to profile individual cells in unprecedented detail. Since the introduction of single-cell RNA sequencing, we 
now have the capability to capture not only transcriptomic, but also genomic, epigenetic, and proteomic variation between single cells 
separately and in combination. This rapidly evolving field has the potential to transform our understanding of the fundamental biology 
of pediatric ALL and guide the management of ALL patients to improve their clinical outcome. Here, we discuss the impact single-cell 
sequencing has had on our understanding of tumor heterogeneity and clonal evolution in ALL and provide examples of how single-cell 
technology can be integrated into the clinic to inform treatment decisions for children with high-risk disease.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common 
cancer in children, characterized by the clonal proliferation of 
progenitor B and T cells in the bone marrow (BM), blood, and 
extramedullary sites.1 Once considered an incurable disease, the 
5-year survival rate of pediatric ALL has increased substantially 
over the past 50 years and now exceeds 90% in most devel-
oped countries.2,3 This marked improvement can be attributed 
to risk-stratified and response-adapted multiagent chemother-
apy, substantial changes in our understanding of genetic risk 
and improvements in supportive care.4 Although significant 
advances have been made in treating pediatric ALL, approxi-
mately 10%–20% of children will relapse, and their prognosis 
is poor. Children who experience more than one relapse have 
an overall survival rate between 25% and 40%, and this has 
remained relatively static for the past two decades.5,6

The molecular mechanisms underlying drug resistance, treat-
ment failure, and disease relapse are in part due to the clonal 

diversity of ALL that evolves over time.7,8 In recent years, much 
of our understanding of this diversity has been shaped by bulk 
genomic sequencing. Analyses of paired diagnosis and relapse 
samples from patients with pediatric ALL identified a range of 
genomic changes as the disease progressed, including the loss of 
diagnosis-specific alterations and the gain of new mutations and 
deletions.9–11 Relapse-specific mutations include genes regulating 
lymphoid development (IKZF1),9,11 tumor suppression (TP53),12 
kinase signaling (NRAS, KRAS),13,14 epigenetic modifications 
(KDM6A),15 and drug resistance (NT5C2, CREBBP).16,17 Many 
of these mutations have been associated with high-risk traits in 
pediatric ALL, such as early relapse and chemoresistance.14,17,18 
Interestingly, many of these mutations and deletions present 
at relapse were also detected at diagnosis, but at much lower 
levels.9–11 This finding indicates that relapse may arise from 
the outgrowth of a minor subclone present at diagnosis, which 
acquires additional mutations that offer a survival advantage. 
Although bulk sequencing has undoubtedly contributed to our 
understanding of the clonal nature of pediatric ALL, it alone is 
insufficient to fully dissect the genetic, transcriptomic, and epi-
genetic heterogeneity of ALL.

This challenge is now in part overcome by the study of sin-
gle cells that has rapidly evolved since the introduction of sin-
gle-cell RNA sequencing (scRNA-seq) in 2009. Today, there is 
a growing demand for single-cell technology, with nearly 200 
different methods to profile not only transcriptomic but genetic, 
epigenetic, and proteomic information in individual cells. In this 
review, we highlight the impact single-cell techniques have had 
on our understanding of pediatric ALL and discuss the potential 
clinical applications of single-cell methods for the treatment and 
management of pediatric ALL.

AN OVERVIEW OF SINGLE-CELL TECHNOLOGIES

Single-cell sequencing technologies have empowered research-
ers to characterize rare and heterogeneous cell populations 
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in unprecedented detail, revealing new insights in many fields 
including development,19,20 immunology,21 and cancer.22,23 The 
enormous potential of single-cell analyses has stimulated the pro-
lific growth of experimental and analytical methods,24 accompa-
nied by continued expansion of the molecular modalities that 
can be assessed using these techniques.25 Single-cell technologies 
can be broadly divided into analysis of either DNA (genomics, 
epigenomics) or RNA (transcriptomics) with newer applications 
moving to combine both within the same cell (Figure 1).

Single-cell genomics
Of relevance to cancer biology, is the ability to study genetic 

variations in individual cells. Although bulk DNA sequencing 
(DNA-seq) can be used to infer clonal subpopulations based on 
variant allele frequency analysis, it cannot be used to definitively 
test the co-occurrence of specific mutations in individual cells.26 
Thus single-cell DNA sequencing (scDNA-seq) can reveal can-
cer clonal architecture in far greater detail.27 For example, sin-
gle-cell analysis of acute myeloid leukemia (AML) identified rare 
subclones with mutations missed in bulk analysis and allowed 
mapping of tumor evolution and identification of initial driver 
mutations based on co-occurrence of mutations.28 ScDNA-seq 
methods can identify copy number variant and point mutations 
(eg, single nucleotide variants [SNV], insertions, and deletions)27 
but are associated with a very high-sequencing demand. To 
overcome the cost of sequencing whole genomes from many sin-
gle cells, methods for targeted sequencing of commonly mutated 
genes have been developed. These methods combine droplet 
encapsulation and barcoding of single cells with targeted ampli-
fication and sequencing of regions of interest. Customized pan-
els are commercially available for >20 cancer types (including 
AML, ALL, and chronic lymphocytic leukemia), with each panel 
covering 50–2000 commonly mutated genes. In AML, targeted 
scDNA-seq revealed diverse patterns of clonal evolution and 
selection of drug-resistance clones in response to FLT3 inhibi-
tion.29 Similarly, targeted scDNA-seq in ALL has been used to 

demonstrate that minor subclones at diagnosis can become clin-
ically relevant major clones at relapse.30

Single-cell transcriptomics
Single-cell transcriptomics has been used to study cancer stem 

cells,31 metastasis-initiating cells,22 chemotherapy resistance,32 
and cancer immune responses.33 For example, van Galen et al31  
showed that cell types determined by scRNA-seq in AML 
revealed extensive diversity with some tumors harboring up to 
six malignant myeloid cell types. Leukemic stem cells that drive 
tumor progression were also shown to express signaling path-
ways normally exclusive to less differentiated progenitor cells as 
well as pathways exclusive to more differentiated myeloid cells. 
Similar to DNA-seq, single-cell transcriptomics requires amplifi-
cation of template molecules before library preparation. This is 
typically achieved using poly-A primers and template-switching 
biochemistry.34,35 However, the limited sensitivity of these meth-
ods means that genes expressed at low levels are unrepresented 
in the sequencing library. ScRNA-seq methods were the first to 
be implemented in droplet-encapsulation platforms,36–38 allow-
ing their rapid and widespread uptake in all fields of biology.24 
These methods typically sequence only the 3′ end of transcripts 
and are associated with very low sequencing demand, allowing 
tens of thousands of cells to be profiled in individual studies.39,40 
Other methods are integrating long-read sequencing of full-
length transcripts to investigate isoform expression and DNA 
rearrangements in antigen receptor loci.41,42

Single-cell epigenomics
Many epigenetic processes (including DNA methylation, his-

tone modifications, and chromatin accessibility) become dys-
regulated in cancer, and this fact has been exploited in various 
clinical applications.43 Single-cell epigenomics can reveal the 
regulatory processes that lead to transcriptional heterogeneity 
in cancer, with important clinical implications. For example, sin-
gle-cell analysis of chromatin accessibility more clearly defines 

Figure 1. Clonal heterogeneity in ALL. ALL arises through the acquisition of somatic mutations over time resulting in extensive subclonal diversity at 
diagnosis. Using specific single-cell isolation strategies, such as FACS, MACS, microfluidics or microwell partitioning, different single-cell analyses can now 
be applied to understand the clonal heterogeneity resident in the bone marrow. This includes (i) single-cell DNA analysis of the genome to identify INDELS 
and SNVs that in turn can provide information on the order of mutation acquisition and clonal evolutionary trajectories; (ii) single-cell ATAC and DNA meth-
ylation analyses to measure epigenetic changes in different clones; (iii) single-cell RNA analysis to define the transcriptome and cell state of different clones; 
and (iv) single-cell proteomics which most often uses antibodies targeting cell-surface proteins to immunophenotype cells. Increasingly, these single-cell 
methodologies are now being combined to provide a rich multiomic view of the different clones present in ALL. ALL = acute lymphoblastic leukemia; ATAC = assay for 
transposase-accessible chromatin; FACS = fluorescence-activated cell sorting; INDELS = insertions/deletions; MACS = magnetic-activated cell sorting; SNVs = single nucleotide variants.
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hematological cell types than scRNA-seq.44 In AML, open 
chromatin analysis identified distinct regulatory sites active in 
preleukemic stem cells that may represent the earliest steps in 
leukemic transition.44 Single-cell DNA methylation analysis 
has also been applied to characterize circulating tumor cells45 
and response to epigenetic therapies. In leukemia cells, treat-
ment with hypomethylating agents (azacytidine and decitabine) 
induces DNA methylation heterogeneity,46,47 which could con-
tribute to the variable response seen in AML patients.48

Single-cell multiomics
It is also possible to combine analysis of the genome, tran-

scriptome, epigenome, and other modalities using single-cell 
multiomic analyses.49–52 These combinatorial approaches allow 
genetic regulation to be studied in incredible detail and were 
named the 2019 “Method of the Year” by Nature Methods.53 
For example, by modifying current droplet-based scRNA-seq 
methods, it is possible to integrate single-cell gene expression 
profiles and genotyping of somatic mutations from thousands of 
cells54 as well as retrospectively identify fusion genes.55 In can-
cer, single-cell multiomic methods have been used to investigate 
cancer evolution56 and to reveal epigenetic changes in genetic 
subclones.57 In chronic myeloid leukemia (CML), Gaiti et al56 
showed that reduced conformity between promoter methylation 
and transcription observed in bulk analysis may be the result 
of increased intratumor heterogeneity. Furthermore, treatment 
with ibrutinib caused over-representation of clones that had 
distinct epimutation patterns and were enriched for expression 
of cell-cycle, proliferation, and toll-like receptor pathways inde-
pendent of genetic subclonal drivers.

Emerging single-cell analyses
The repertoire of molecular modalities that can be profiled 

in single cells continues to expand, and spatial profiling, lineage 
tracing and single-cell proteomics are adding further dimen-
sions to these analyses. Spatial transcriptomics, Nature’s 2020 
“Method of the Year,”58 can be performed on tissue sections 
using barcode arrays that record the coordinates of mRNA 
molecules in a sample.59 This technology was first applied in 
prostate cancer where it revealed differences in gene expression 
between the core and periphery of the cancer, as well as in the 
stroma adjacent to the tumor.60 In ALL, analysis of tissues such 
as the BM, spleen, and thymus will help to determine how the 
tumor microenvironment promotes disease progression and 
identify therapeutic approaches to prevent drug resistance.

To place cells in the temporal context of development or dis-
ease progression, lineage tracing approaches have been used. 
These are typically based on introduced cell barcodes61,62 but 
can also use natural barcodes provided by somatic mutations 
in mitochondrial DNA.63 Since barcodes can be recovered from 
the same cell as transcriptomic data, it is possible to link cell 
histories with molecular profiles. For example, lineage tracing 
has been used to reveal the processes of cancer evolution and 
acquisition of therapy resistance.64

Recent studies have used high-sensitivity mass spectrometry 
to achieve single-cell proteomics,65,66 and another report has 
coupled click chemistry with mass spectrometry to study lipid 
metabolism in single cells.67 Thus, it will soon be possible to 
study cell signaling pathways and altered metabolism in single 
cancer cells.

APPLICATION OF SINGLE-CELL TECHNOLOGIES IN PEDIATRIC 
ALL

Single-cell technologies are a powerful tool to study the 
genetic, transcriptomic, and epigenetic heterogeneity of many 
cancers, including pediatric ALL. Here, we discuss recent stud-
ies that have utilized single-cell technologies to reconstruct 
the clonal architecture and investigate the heterogeneity of 

pediatric ALL and characterize the bone marrow microenviron-
ment (BMM) and its role in leukemia development and treat-
ment resistance.

Dissecting tumor heterogeneity and clonal evolution
Tumor heterogeneity and order of mutation acquisition is 

important in understanding the etiology of ALL. One of the 
earliest studies in ALL to investigate clonal structure at the sin-
gle-cell level was published by Gawad et al.68 Here, targeted 
single-cell sequencing, complemented by bulk genomic sequenc-
ing, was used to identify regions of interest that contain SNVs, 
deletions, and IgH sequences in 6 pediatric B-ALL patients. This 
analysis revealed that most structural variants, such as large 
deletions, occurred before SNV acquisition in these patients and 
that KRAS mutations were acquired late in leukemia develop-
ment.68 This study provided an unprecedented insight into the 
development of pediatric ALL and led the way for future studies 
focusing on clonal structure and evolution in pediatric ALL.

Following on from this work, De Bie et al69 reconstructed 
the clonal architecture of T-ALL using targeted scDNA-seq to 
investigate the heterogeneity of T-ALL at diagnosis. Detection 
of a dominant leukemia clone in four T-ALL patients, accom-
panied by smaller subclones with fewer mutations, uncov-
ered a degree of genetic heterogeneity in T-ALL at diagnosis.69 
Based on this single-cell data, De Bie et al69 inferred the order 
of mutations acquired during T-ALL development. Inactivation 
of CDKN2A/B, T-cell receptor deletions and fusion genes were 
observed as intermediate events, whereas NOTCH1 mutations 
occurred after the bulk of genetic mutations as late events in 
three of the four patients.69 Interestingly, they found that most 
early mutations occurred in genes of unknown significance. This 
suggests that while these genes may not be definitive oncogenic 
drivers, they may confer a permissive state for the acquisition 
of additional mutations that drive leukemia development and 
require further research to establish their significance. The order 
of mutation acquisition and degree of heterogeneity in leukemia 
has important clinical implications for the design and devel-
opment of new precision medicine strategies, highlighting the 
importance of this study.

There are additional studies that have investigated the evo-
lution of structural variants in both B- and T-ALL but using a 
single-cell technique known as multicolor fluorescence in situ 
hybridization (mFISH). Potter et al70 revealed that CRLF2 rear-
rangements in B-ALL occur as both early and late events during 
the development of leukemia, whereas Furness et al71 identified 
the STIL-TAL1 fusion and loss of CDKN2A/B as early sub-
clonal events in STIL-TAL1+ T-ALL. Although the work from 
Gawad et al,68 De Bie et al,69 Potter et al,70 and Furness et al71 
has undoubtedly contributed to our understanding of clonal 
structure during leukemia development, these studies are limited 
by the number of cells captured for each patient and the number 
of genetic markers used, and as such, the true extent of genetic 
heterogeneity may not have been uncovered.

The limitation of low cell number is now in part overcome, 
with more recent studies taking advantage of new technology, 
which utilize high-throughput methods to capture thousands of 
cells per sample. For example, targeted scDNA-seq combined 
with high-throughput droplet-based microfluidics technology 
accurately identified SNVs and small insertion-deletion muta-
tions in 305 genomic regions in over 100,000 cells from both 
T-ALL30 and B-ALL patients.72 Both studies provided a com-
prehensive insight into the clonal diversity of pediatric ALL at 
diagnosis. Interestingly, whereas the majority of T-ALL patients 
accumulated subclonal mutations,30 clonal heterogeneity in 
B-ALL appeared to be more subtype-specific, where patients 
with high hyperdiploidy or PAX5 alterations had a higher 
number of subclones.72 Additionally, Alberti-Servera et al high-
lighted a high degree of heterogeneity of NOTCH1 mutations in 
T-ALL. NOTCH1 was the most frequently mutated gene, with 
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33 variants identified across 8 patients. Half of the patients had 
more than 2 NOTCH1 variants that in some, were present in 
different clones, and in others, accumulated in the same cell.30 
Consistent with previous findings by De Bie et al,69 NOTCH1 
mutations emerged as late subclonal events, suggesting a reli-
ance of leukemia cells on NOTCH1 for leukemia progression, 
rather than initiation. Analysis of longitudinal samples from 
three T-ALL patients at single-cell resolution identified minor 
subclones at diagnosis that evolved to become clinically rele-
vant major clones at relapse.30 In line with previous studies, this 
supports the current hypothesis of classic Darwinian branching 
evolution of genetically diverse subclones as a mechanism of 
treatment evasion and disease relapse in pediatric ALL.9,10 That 
is, that chemotherapy deterministically selects for a pre-existing 
rare subclone that is genetically distinct and has the potential to 
acquire additional mutations that offer a survival advantage to 
drive relapse.9,10,73

However, this hypothesis was recently challenged in a study 
by Turati et al74 that argued phenotypic heterogeneity rather 
than genotypic heterogeneity is the major driver of relapse. 
Turati et al74 suggests that changes in clonal composition 
between samples taken at diagnosis and relapse could also be 
explained by evolutionary events that occur after chemother-
apy. To investigate mechanisms of clonal selection in pediat-
ric ALL, Turati et al74 established multiple xenografts from 
B-ALL patient samples and administered induction chemo-
therapy to induce maximum cytoreduction. Reconstruction of 
the immediate post-treatment BM residuum at single-cell res-
olution using mFISH and single-cell whole-genome sequenc-
ing revealed that chemotherapy has minimal effect on the 
clonal complexity of residual disease, suggesting that treated 
cells are as genetically heterogeneous as untreated cells.74 
Transcriptomic analysis using scRNA-seq revealed that these 
polyclonal residual xenograft cells were in fact transcrip-
tionally homogeneous, characterized by signatures associ-
ated with primitive developmental states, quiescence, and 
downregulated expression of MYC and E2F and their target 
genes.74 Importantly, small numbers of cells with the same 
transcriptional phenotype were detected in untreated samples 
using scRNA-seq, suggesting that chemotherapy applies selec-
tive pressure to the phenotypic heterogeneity of B-ALL, rather 
than genetic.

ScRNA-seq has also been used to better understand mech-
anisms of intraindividual transcriptional heterogeneity in 
pediatric ALL at diagnosis. Caron et al suggested that the 
developmental state of leukemia cells and their expression of 
ribosomal proteins may be a source of transcriptional hetero-
geneity seen within pediatric ALL patients at diagnosis.75 The 
use of scRNA-seq is particularly important here because bulk 
RNA sequencing cannot differentiate cells based on their tran-
scriptional profile. Analysis of transcriptomes of 39,375 cells 
identified at least two distinct transcriptional clusters in 5 of 
the 8 patients.75 Differential gene expression analysis revealed 
the most significantly deregulated genes were genes involved in 
B- and T-cell maturation and genes coding ribosomal proteins. 
An inverse relationship between predicted developmental states 
and ribosomal protein expression was observed, where highly 
differentiated cells within transcriptional clusters had lower 
expression of ribosomal proteins.75 It remains unclear whether 
the intraindividual transcriptional heterogeneity seen here has 
any clinical significance for these patients. However, given 
the work by Turati et al,74 it may be possible that the various 
stages of development or maturation potential defining these 
transcriptional clusters have different fitness advantages during 
treatment.

Understanding normal hematopoietic ontogeny is an import-
ant step to better understand the origin of pediatric leukemia, 
given the prenatal origins of many pediatric ALL cases, partic-
ularly those occurring in infants.76,77 A recent study integrated 

the transcriptomes of healthy hematopoietic cells with leuke-
mia cells from B-ALL patients to identify healthy cellular coun-
terparts within leukemic subpopulations.78 Each leukemia cell 
subpopulation had a different healthy counterpart consisting 
of pro-B, pre-B, or immature-B cells, revealing various degrees 
of differentiation between subpopulations.78 This suggests that 
leukemogenesis maintains a similar developmental trajectory 
to normal hematopoiesis, with early developmental arrest lead-
ing to lineage-defined subpopulations. Analyses of diagnosis, 
refractory, remission, and relapse samples from a single patient 
revealed changes in leukemia cell subpopulations during treat-
ment and disease progression.78 At diagnosis, the majority of 
cells were identified as leukemic pre-B and immature-B cells, 
although relapse was driven by leukemic pro-B cells, suggesting 
that relapse leukemia cells have increased stemness and stronger 
differentiation potential.78

Understanding the extent of leukemia-induced bone marrow 
microenvironment remodeling

Increasingly the role of the bone marrow microenvironment 
(BMM) has been found to play an important role in the pro-
gression of leukemia and evasion of treatment.79–81 Significantly, 
single-cell technology has now provided unprecedented resolu-
tion of the BMM and its role in supporting ALL. In B-ALL, 
the myeloid compartment of the BM was extensively remodeled 
at different stages of disease.82 Using scRNA-seq and cellular 
indexing of transcriptomes and epitopes by sequencing (CITE-
seq), Witkowski et al82 showed that the resident monocyte 
population in the BM was the most sensitive to the presence 
of leukemia, with an abundance of nonclassical monocytes at 
diagnosis and relapse, at the expense of the classical monocyte 
population. Monocyte abundance was associated with inferior 
relapse-free and overall survival in pediatric ALL, suggesting a 
role for leukemia-associated monocytes in promoting B-ALL 
progression.82

Chronic immune activation and exhaustion/dysfunction of T 
cells was recently observed in patient B-ALL BM.83 Bailur et al83  
used a combination of single-cell transcriptomics and mass 
cytometry to compare the BMM of pediatric B-ALL patients to 
healthy donors. In the BM of high-risk B-ALL patients, naïve 
T-cell depletion was accompanied by increased activation of 
effector T cells.83 In further support of leukemia-induced BMM 
remodeling, Anderson et al84 revealed substantial changes in 
gene expression in normal pre-B and pro-B cells during the early 
stages of leukemia development in a BCR-ABL1-positive B-ALL 
mouse model. This included reduced expression of genes regu-
lated by the activating protein 1 transcription factor complex, 
overexpression of CDKN2A and TMEM119 and enrichment of 
RNA binding protein NELFE and transcription factors MYC 
and BCL11A.84 Together, these studies extend our knowledge of 
BMM remodeling in B-ALL.

CLINICAL TRANSLATION OF SINGLE-CELL TECHNOLOGY IN 
PEDIATRIC ALL
Informing prognosis and complementing standard-of-care MRD

Despite remarkable improvements in the prognosis of 
pediatric ALL, the treatment of high-risk and relapsed ALL 
remains challenging. This is compounded by the definitions of 
remission and treatment failure not being well standardized.85 
Nevertheless, minimal residual disease (MRD) is currently the 
strongest prognostic indicator for pediatric ALL and is used to 
refine risk stratification and treatment for newly diagnosed and 
relapsed patients and identify patients who have a higher risk of 
disease relapse.86–88 However, current MRD monitoring can only 
inform on overall tumor burden and any clonal heterogeneity 
of the disease remains unknown. Understanding the degree of 
tumor heterogeneity is important due to its prognostic implica-
tions.89,90 Therefore, although the current high costs associated 
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with single-cell analysis precludes it from being performed rou-
tinely for every child in the clinic, the application of single-cell 
technologies for patients identified to be at high risk of relapse 
has the opportunity to change how high-risk pediatric ALL is 
treated and managed (Figure 2).

The integration of single-cell analyses with routine MRD 
monitoring was demonstrated when Albertí-Servera et al30 
used targeted scDNA-seq to reconstruct the clonal architec-
ture of an MRD positive patient sample. As part of routine 
MRD follow-up, molecular remission failure was detected by 
the presence of TLX3 using reverse transcription-quantitative 
PCR.30 The clonal complexity of the disease was then revealed 
by targeted scDNA-seq, which identified two clones harboring 
WT1 and NOTCH1 mutations.30 Here, the stable expression 
of TLX3 throughout disease progression enabled ultrasensitive 
monitoring of overall tumor burden using PCR-based MRD 
assays, whereas single-cell analysis monitored tumor heteroge-
neity, providing an opportunity for improved prognostic evalua-
tion of pediatric ALL patients, regardless of their MRD marker.

Single-cell profiling of MRD samples could identify clonal 
populations harboring genetic alterations associated with ther-
apy resistance and the early detection of these clones could be 
used to inform prognosis and treatment decisions. There are 
specific subgroups of patients with a much higher risk of treat-
ment failure due to their genetic subtype (eg, MLL-rearranged, 
hypodiploid, TCF3-HLF-positive) who would benefit the most 
from this analysis. Additionally, patients with BCR-ABL1-
positive ALL or ALL with ABL-class fusions91 receiving tyrosine 
kinase inhibitor (TKI) therapy often develop resistance caused 
by the acquisition of secondary mutations in ABL1.92 There are 
over 70 known TKI-resistant mutations93 and the early detec-
tion of one could prompt a change in treatment, whether that 
be treatment intensification, a stem cell transplantation or a 
new targeted therapy. Relapse following CD19-directed chi-
meric antigen receptor T-cell (CAR-T) therapy is common and 
30%–50% of relapses are CD19 negative (CD19neg).94 A recent 
study demonstrated that transcriptomic profiling using scRNA-
seq can identify rare CD19neg leukemia cells that were present 
before CAR-T therapy and led to CD19neg relapse.32 This sug-
gests that single-cell methods can be used to predict the risk 
of CAR-T therapy failure by identifying CD19neg cells before 
treatment. However, it is important to note that while single-cell 
sequencing methods, such as scRNA-seq, are readily available 
in research, the use of flow cytometry as a single-cell method 
may be the better choice in the clinic for the analysis of patient 
samples before and during CAR-T therapy.

A rare subgroup of BCR-ABL1-positive pediatric ALL 
patients who present with CML-like disease manifesting in 
“lymphoid blast crisis” may be more amenable to single-cell 
analysis. These patients have multilineage involvement, leading 
to discordance between the Ig/TCR and BCR-ABL1 MRD lev-
els.95 Using single-cell methods, such as scRNA-seq or CITE-seq 
to understand the role of biological heterogeneity in CML-like 
BCR-ABL1-positive ALL will help to define prognosis and 
guide appropriate treatment decisions for these patients.

These case studies highlight that the molecular modality 
of single-cell analyses will likely be unique for each patient, 
depending on the question being asked. For example, patients 
with MLL-rearranged ALL, a high-risk infant leukemia charac-
terized by aberrant DNA methylation,96 may benefit from sin-
gle-cell methylation analysis. Similarly, it would be important 
to consider how to maximize the information obtained from 
finite samples, and whether we need to enrich for rare leuke-
mia cell populations. Even in children with poor responses and 
high-risk disease, there is often a very dramatic reduction in leu-
kemia burden during the first few weeks of treatment, so the 
timing of sampling would be critical. Sampling and single-cell 
analysis at diagnosis will likely capture the major clonal leu-
kemia populations, which may be destined to respond, and so 

serial longitudinal analyses during treatment would allow the 
progressive enrichment and identification of resistant cell popu-
lations and genetic heterogeneity (Figure 2). As normal hemato-
poiesis is restored; however, it is important to consider methods 
to further enrich for the ever-decreasing proportion of leukemia 
cells in the BM milieu. For example, methods such as fluores-
cence-activated cell sorting and magnetic cell separation can 
enrich for leukemia cells using the expression of patient-specific 
cell-surface markers. Together, this provides a distinct advantage 
over bulk sequencing methodology whereby single-cell analysis 
can inform prognosis by complementing standard-of-care MRD 
monitoring and identify markers therapy resistance and guide 
treatment decisions based on the molecular heterogeneity of the 
disease (Figure 2).

Identifying mechanisms of therapy resistance and therapeutic 
targets

Resistance to therapy and subsequent relapse remains a sig-
nificant barrier to cure in pediatric ALL.97,98 Using single-cell 
methods to reconstruct the clonal architecture of pediatric ALL 
may provide an opportunity to identify mechanisms of relapse 
and develop novel treatment strategies targeting clonal diversity 
in newly diagnosed high-risk and relapsed ALL patients. Single-
cell studies in AML have already given us an insight into the 
clinical application of single-cell technologies, by characterizing 
evolutionary processes of resistance in large cohorts of patients 
using scDNA-seq and identifying mutations responsible for infe-
rior treatment response.99–101 However, to date, there are only 
a few studies that have published this information in the set-
ting of pediatric ALL. One such study has been discussed above, 
where Albertí-Servera et al30 traced the clonal evolution of 
patient T-ALL cells through standard-of-care chemotherapy reg-
imens using targeted scDNA-seq. Clones harboring mutations in 
NOTCH1 and PTEN were identified as drivers of relapse; how-
ever, their clinical significance remains unknown. Understanding 
the clonal evolution of pediatric ALL at single-cell resolution 
may identify genetic mutations associated with relapse, drug 
resistance, and inferior outcome. Identification of these muta-
tions in the future may predict poor response to chemotherapy, 
prompting early modifications to treatment or intensification of 
treatment.

As standard-of-care chemotherapy reaches its limit of inten-
sification, the focus has turned to targeted molecular therapeu-
tics and immunotherapies to treat relapsed/refractory pediatric 
ALL.102 However, this has created additional challenges with 
new mechanisms of treatment resistance to identify. For exam-
ple, the use of TKIs (such as imatinib and dasatinib) is an attrac-
tive therapeutic strategy for patients with BCR-ABL1-positive 
ALL and Ph-like ALL with ABL-class fusions (eg, ABL1, ABL2, 
CSF1R, PDGFRA, and PDGFRB).103,104 However, TKI resis-
tance is common and is often caused by the acquisition of sec-
ondary mutations in ABL1.92 These mutations do not account 
for all cases of TKI resistance though105 and play a limited role 
in the persistence of residual disease in good responders.106 
As such, there remains aspects of TKI therapy that are poorly 
understood. Analysis before, during and after TKI therapy using 
single-cell methods could identify novel TKI-resistant mutations 
and other mechanisms of resistance or disease persistence (eg, 
transcriptomic or epigenomic).

Similarly, up to half of relapsed/refractory B-ALL patients 
treated with anti-CD19 CAR-T-cell therapy will relapse as either 
CD19 positive (CD19pos) or CD19neg.107 CD19pos relapse is asso-
ciated with limited CAR-T-cell persistence; however, the factors 
determining CAR-T-cell persistence are yet to be fully under-
stood107 and patients with poor persistence of CAR-T cells would 
likely benefit from single-cell analysis. For patients who experi-
ence CD19neg relapse, multiple studies have shown that the loss 
of antigen expression results from impaired expression of CD19 
mRNA.108–110 However, it is not clear whether CAR-T therapy 
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directly dysregulates CD19 transcription or allows the emergence 
of CD19neg clones to drive relapse.32,109 In fact, the exact mechanism 
may vary between patients. A greater understanding of the under-
lying mechanisms of response and immune evasion using single-cell 
methods will inform current strategies to overcome resistance and 
to improve the long-term efficacy of anti-CD19 CAR-T therapy.

Acquired resistance is one of the challenges associated with 
venetoclax (ABT-199), a BCL-2 inhibitor.111,112 Di Grande et al 
identified residual leukemic cells in the spleen after venetoclax 
monotherapy in an ETP-ALL cell line xenograft model and 
using scRNA-seq showed that genes involved in T-cell differ-
entiation (GATA3, c-MYB) were upregulated.113 GATA3 and 
c-MYB are known to play important roles in early lymphoid cell 
development,114,115 which suggests that plasticity in T-cell differ-
entiation is a mechanism of resistance for venetoclax. Together, 
these studies highlight how single-cell methods can be used to 

identify mechanisms of relapse and novel molecular targets for 
the treatment of relapsed pediatric ALL. Future studies with 
larger cohorts of patients, even more cells and the integration of 
multiple single-cell states will provide a deeper understanding of 
clonal diversity, therapy resistance, and relapse.

The order of mutation acquisition during disease develop-
ment and progression may influence response to treatment. A 
study in JAK2 and TET2 double-mutated myeloproliferative 
neoplasms showed that patients who first gained a JAK2 muta-
tion responded better to ruxolitinib, a JAK inhibitor, compared 
with those who first acquired a TET2 mutation.116 This may 
have important implications for the design of targeted therapies 
in pediatric. For example, NOTCH1 is a molecular target of 
interest in T-ALL.117 However, the subclonal nature of NOTCH1 
mutations and their late acquisition may limit the efficacy of 
targeted therapies against NOTCH1.30,69 Similarly, CRLF2 has 

Figure 2. Single-cell technology can complement current MRD monitoring in high-risk pediatric ALL. The kinetics of leukemia burden throughout 
treatment can be measured through MRD methodologies including flow cytometry and RT-qPCR of IgH/TCR gene rearrangement (IG/TCR). Single-cell anal-
yses of BMA have the potential to provide orthogonal information on the clonal nature of disease and help inform rational treatment decisions. This schematic 
represents a fictional case study of a high-risk Ph-like ALL patient to show the potential benefit of complimenting MRD monitoring with serial single-cell analyses 
of both the genome and transcriptome. At diagnosis, a BMA is taken for MRD monitoring of IG/TCR rearrangements and enriched for leukemia cells (eg, using 
FACS) for single-cell analysis. ScDNA-seq identifies three major clones (C1, C2, and C3) with a common CRLF2-IGH translocation and IKZF1 deletion. Following 
standard induction therapy, the patient remains MRD positive indicative of a poor response. Combining scDNA-seq and scRNA-seq, three clones (C3, C4, and 
C5) are identified, linked by a common JAK2 mutation, and a recommendation is put forward to add ruxolitinib to the standard-of-care chemotherapy. This 
patient then moves into clinical remission (MRD negative); however, later relapses with scRNA-seq revealing two clones (C5 and C6), both with BCL-2 over-
expression. The BCL-2 inhibitor venetoclax is administered in combination with standard-of-care chemotherapeutic agents and leads to a second remission. 
ALL = acute lymphoblastic leukemia; BMA = bone marrow aspirates; IgH = immunoglobulin heavy chain; MRD = minimal residual disease; RT-qPCR = real-time quantitative polymerase chain 
reactions; TCR = T cell receptor.
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been suggested as a promising therapeutic target in B-ALL,118,119 
but the occurrence of CRLF2 rearrangements as both early and 
late events indicates that not all patients with CRLF2 rearrange-
ments may respond to CRLF2 targeted therapy.70 This highlights 
how single-cell technology cannot only identify novel molecular 
targets but can also deconvolute the order of mutation acquisi-
tion to inform the development of targeted therapeutics.

FUTURE DIRECTIONS

Recent single-cell studies in pediatric ALL have provided an 
insight into tumor heterogeneity, clonal evolution, the role of the 
BMM, and mechanisms of treatment resistance and relapse. The 
clinical application of single-cell technology has promising poten-
tial to inform prognosis and treatment decisions for children 
with ALL. Although single-cell technologies are providing unique 
insights into ALL biology and treatment response, the “cost per 
cell” currently remains prohibitive for routine analysis. However, 
it is to be expected that these costs will fall with time as they did 
for bulk sequencing, allowing this technology to eventually be used 
in routine patient care. So far, single-cell studies in pediatric ALL 
have focused on the characterization of the leukemic genome and 
transcriptome. Future studies focusing on the epigenome and its 
integration with other omics will further contribute to our under-
standing of pediatric ALL heterogeneity and mechanisms of che-
moresistance and relapse. However, regardless of the “omic,” to 
really understand the biology of ALL, we will need samples from 
thousands of children with and without ALL and to sequence thou-
sands of cells from each sample. Perhaps it does seem impossible, 
overwhelming, or ambitious to talk of these numbers, but that’s 
what was said about the human genome project over 20 years ago!
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