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Abstract
After decades during which the treatment of acute myeloblastic leukemia was limited to variations around a
skeleton of cytarabine/anthracycline, targeted therapies appeared. These therapies, first based on monoclonal
antibodies, also rely on specific inhibitors of various molecular abnormalities. A significant but modest prognosis
improvement has been observed thanks to these new treatments that are limited by a high rate of relapse, due to
the intrinsic chemo and immune-resistance of leukemia stem cell, together with the acquisition of these resistances
by clonal evolution. Relapses are also influenced by the equilibrium between the pro or anti-tumor signals from the
bone marrow stromal microenvironment and immune effectors. What should be the place of the targeted
therapeutic options in light of the tumor heterogeneity inherent to leukemia and the clonal drift of which this type
of tumor is capable? Novel approaches by single cell analysis and next generation sequencing precisely define
clonal heterogeneity and evolution, leading to a personalized and time variable adapted treatment. Indeed, the
evolution of leukemia, either spontaneous or under therapy selection pressure, is a very complex phenomenon. The
model of linear evolution is to be forgotten because single cell analysis of samples at diagnosis and at relapse
show that tumor escape to therapy occurs from ancestral as well as terminal clones. The determination by the
single cell technique of the trajectories of the different tumor sub-populations allows the identification of clones
that accumulate factors of resistance to chemo/immunotherapy (“pan-resistant clones”), making possible to choose
the combinatorial agents most likely to eradicate these cells. In addition, the single cell technique identifies the
nature of each cell and can analyze, on the same sample, both the tumor cells and their environment. It is thus
possible to evaluate the populations of immune effectors (T-lymphocytes, natural killer cells) for the leukemia stressinduced alteration of their functions. Finally, the single cells techniques are an invaluable tool for evaluation of the
measurable residual disease since not only able to quantify but also to determine the most appropriate treatment
according to the sensitivity profile to immuno-chemotherapy of remaining leukemic cells.
Keywords: Acute myeloid leukemia, Single cell, Tumor heterogeneity, Clonal evolution, Drug resistance, Targeted
therapy, Leukemia stem cell, Next generation sequencing
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Background
After decades during which the treatment of acute myeloblastic leukemia (AML) was based on variants of the
classic “7 + 3” cytarabine/daunorubicin association
(apart from the specific treatment of promyelocytic
AML), progresses in molecular biology by next generation sequencing (NGS) have made possible to discover
numerous drugable mutations leading to the notion of
targeted therapies.
The NGS techniques, also called “massively parallel
sequencing” or “deep sequencing”, can analyze millions
of DNA or RNA fragments in parallel. The first step of
NGS is the random DNA fragmentation followed by
binding to specific small sequences, followed by amplification of this bank using clonal amplification and
PCR methods, then the sequencing is performed, usually by the sequencing synthesis (SBS) technique (for a
review, [1]). This technology allows sequencing a
whole exome (22,000 coding genes) within a single
day, while the classical Sanger technique would require
months or years. The NGS has many advantages over
conventional techniques. Firstly, it allows the detection
of all mutations but also single nucleotide polymorphisms (SNIPs) in a given cell population without the
need to define a priori the target genes. Then, this
technique has a high sensibility allowing sequencing
even very small cellular subpopulations. Finally, the
cost of whole genome sequencing is admittedly expensive, but much cheaper (less than 1000 dollars) than
previous technologies. Nonetheless, NGS technology
has some disadvantages. First, NGS requires a dedicated technologic platform with potent bioinformatics
systems, since raw data cannot be directly used due to
their huge amount (mega-datasets). Along the technological pitfall, the correct assembly of repeated region
of DNA is problematic, as the detection of short deletions. Finally, a high number of abnormalities or variations (mutations, SNIPs) can be identified which
clinical significance is unknown, thus remaining in the
field of research but not useful in routine clinical practice. Despite these drawbacks, the availability of NGS
has greatly advanced our knowledge in oncology. Combined with single cell analysis, this approach is illustrated by the Cancer Moonshot Initiative project led
by the National Cancer Institute. The goal of this project is to obtain a multi-parametric atlas at the single
cell level of 11 types of cancers, including the identification of pre-cancerous stages, established cancer and
then the evolution with metastasis and resistance/escape to therapeutic. The ultimate goals of this project
is to identify predictive markers, to understand the key
features of previously described transition states, and
the to identify relevant therapeutic targets in order to
elaborate specific treatment strategy at the individual
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level, i.e precision-medicine treatment designed to fit
with both the tumor and the patient [2].
While bulk tumor cell analysis has allowed great advances in cancer treatment, the requirement for more
precise analysis at unique cell level is more and more necessary for a comprehensive assessment of tumor biology and, from a clinical point of view, risk stratification.
Different techniques are at our disposal (for a review,
[3]), from flow-cytometry to the transformational technology of single-cell RNA sequencing (scRNA-seq)
allowed by the developments of NGS. Cell-by-cell analysis is the hallmark of flow cytometry. While this technique has evolved considerably in recent years, the
number of labeled antibodies that can be used for a single sample is limited by the auto-fluorescence of the
cells and by the fluorescent dye spectral overlap. While
some instruments can analyze up to 50 parameters simultaneously, most recent machines do not exceed 20
fluorescence detectors [4]. Mass spectrometry techniques make it possible to increase the number of parameters analyzed, up to 120 in the most recent
publications, which have improved our knowledge of
certain rare populations such as leukemia stem cells
(LSCs) [5, 6]. Even the analysis of the expression of 120
molecules is nevertheless far from the thousands of
genes expressed by each cell. The scRNA-seq techniques
determine the expression, in a semi-quantitative way, of
all the RNAs of each cell, on samples of about tens of
thousands of cells. Computer analysis of the data enables
cell populations to be determined according to the degree of similarity of the gene expression pattern. Given
the cost of this type of experiment but also the possible
variations from one experiment to another, techniques
have been developed to allow several different samples
to be analyzed simultaneously, for example the cell
hashing. This technique uses antibodies that recognize
ubiquitous antigens. Then the addition of a different
barcode to each antibody allows, after independent cell
labelling, recognizing each cell of each sample once they
have been mixed [7]. Several different samples (4 to 8)
can be analyzed at the same time, with the limitation of
the number of cells analyzed per sample. The single cell
technique can be associated with the direct recognition
of cell subpopulations by the cellular indexing of transcriptomic and epitopes by sequencing (CITE-seq) technique [8], based on the principle of labelling by an
antibody coupled to a barcode. Other techniques allow
the analysis of genomic sequences, chromatin accessibility, DNA methylation, histones and chromosome conformation. These different techniques can be combined
for multimodal analyses [3]. The application of these
techniques to AMLs has led to interesting results with
numerous physiopathological, prognostic and probably
therapeutic benefits.
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The results obtained by targeted therapies
If we consider the new marketing authorizations for
AML drugs, most of them belong to the class of targeted
therapies: midostaurine and gilteritinib (anti- Fms-like
tyrosine kinase 3 [FLT3)), enasidenib (anti-isocitrate
deshydrogenase [IDH]2), ivosidenib (anti-IDH1), venetoclax (anti- B-cell Lymphoma 2 [BCL2]), glasdegib
(Hedgehog [Hh] inhibitor). From a simple diagnostic
and prognostic tool, the large-scale identification of molecular abnormalities in AMLs [9], made possible by the
high throughput of NGS, has made them therapeutic
targets (for a non-exhaustive overview, see Table 1). But
do the results obtained live up to our expectations? We
will limit our discussion to the results obtained by the
inhibitors of FLT3, Hh, IDH1/ IDH2 and BCL-2. We
will differentiate and discuss separately the monotherapy
trials, which will give us the most accurate information
about how the drugs work and fail.
Inhibition of IDH1/IDH2

Recurrent mutations of the enzymes IDH1 and IDH2
are present in 15 to 25% of AML cases. The normal enzyme allows the conversion of isocitrate to alphaketoglutatrate (KG) which plays an important role in the

regulation of oxidative stress. On the other hand, mutated IDH1/IDH2 enzymes convert KG into R-2hydroxyglutarate (2HG) which modify histone demethylation (one of the mechanisms involved in
leukemogenesis) by inhibiting the Jumonji C domainecontaining demethylase (JMJD2A) and the ten-eleven
translocation 2 (TET2) molecule. These mutations often
occur in association with nucleophosmin (NPM1) and
DNA-MethylTransferase 3 (DNMT3) mutations. When
associated with an NPM1 mutation, the prognosis is significantly improved. This notion of co-association of
mutations is an important element to take into account,
which may already begin to pose a problem in the concept of targeted therapy; what molecular anomaly should
be targeted when there is an association? Certainly, it is
possible to think the solution comes from clinical trials.
But in this case, given the multiple possible associations,
it will be very difficult to include enough patients in a
clinical trial to derive statistically valid results for each
possible association. In the Phase I trial of the IDH1 inhibitor ivosidenib, a complete remission rate (CR) of almost 22% was achieved, but with a median duration of
response of only 6.5 months and a median overall survival (OS) under 9 months, thus demonstrating rapid

Table 1 a non-exhaustive overview of most frequent mutations in AML, with their functional overlap, examples of targeted therapy
and prognosis value (the effect of mutation associations on the prognosis has not been developed). *: double CEBPA mutation. NS:
not significant
Functional
Mutations

Genes

Functional
Overlaps

Targeted
Treatment

Prognostic
Value

Signal transduction and
oncogenes

FLT3
NRAS
KRAS
KIT

Transcription factors

Midostaurin
Gilteritinib
Farnesyl transferase
Tyrosine kinase inhibitors

Poor
Poor
NS
Poor

Splicing mutations

SF3B1
ZRSR2
U2AF1
SRSF2

Epigenetic modifiers

H3B-8800
GSK3326595
Gilteritinib

NS
Poor
Poor
Poor

Transcription factors

RUNX1
CEBPA
GATA2
BCOR BCORL

Oncogenes
Epigenetic modifiers

Sorafenib tosylate
Inhibitors of lysine specific demethylase 1 (LSD1)
JAK/STAT inhibitors

Favorable
Good*
Poor
Poor

Epigenetic modifiers

BCOR BCORL
SRSF2
DNMT3A
IDH1
IDH2
TET2
ASXL1
EZH2

Splicing
Transcription
Tumor suppressor
Chromatin modifiers

AG-120
AG-221
BI 836858
Bromodomain inhibitors

Poor
Poor
Poor
Poor
Favorable
Poor
Poor
Poor

Chromatin modifiers

ASXL1
EZH2
Cohesin

Epigenetic
Tumor suppressor

mTORC1/mTORC2 inhibitor
Bromodomain inhibitors

Poor
Poor
NS

Tumor suppressors

TET2
TP53
WT1

Epigenetic
Chromatin modifiers

BI 836858
pevonedistat
Entospletinib
TP-0903

Poor
Poor
Poor

Licensing mutations

NPM1

entospletinib

Favorable
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tumor escape mechanisms [10, 11]. With the IDH2 inhibitor enasidenib, a CR rate of almost 20% was
achieved, but with a median duration of response still
under 6 months and a median OS under 9 months. How
can we try to explain these results, which are certainly
interesting but insufficient in view of the brevity of the
response and the absence of a significant cure rate? Is it
a lack of efficacy of the drug in eradicating IDH mutated
cells? The ivosidenid allows the disappearance of the
IDH1 mutation in 21% of cases, with a median response
rate that in this case increases to more than 15 months,
without being able to attain AML cure because the mutated clones ultimately reappear. Nevertheless, the notion of negativity of measurable residual disease (MRD)
detected in molecular biology must be evaluated with
caution, as it seems that a number of MRD-negative patients present a contingent of mutant IDH1 cells only
detected by specific antibodies [12]. The simplest hypothesis consists in considering that a fraction of IDH1
mutated cells are not sensitive to the drug, by diverse
mechanisms that could possibly be identified in the total
population or by more sophisticated “single cell” analysis
techniques. Certain mechanisms leading the IDH2 inhibitor enasidenib to induce its own inactivation can be
hypothesized. Enasidenib at clinically useful doses induces up to a three-fold increase of the cytochrome
CYP3A [13]. CYP3A is involved in N-dealkylation [14],
this mechanism being in humans involved in the degradation of enasidenib [15]. The article by Quek et al. [16]
analyzes the clonal evolution of patients treated with
enasidenib. Firstly, the hypothesis of new mutations not
sensitive to enasidenib, as observed with tyrosine kinase
inhibitors in chronic myeloid leukemia (CML), is not
retained by the authors because no new IDH2 mutations
were identified. This mechanism has nevertheless
already been described to explain relapses/resistance to
enasidenib, whether by trans or cis dimer-interface mutations [17]. The mechanism of action retained for enasidenib is not the eradication of the mutant IDH2 clones
but the terminal differentiation of part of the mutant
clones, allowing a resumption of normal hematopoiesis.
In addition, other clones with mutations other than
IDH2 may contribute to the relapse, either because they
exist at an undetectable level at the time of diagnosis, or
by their de novo appearance [16]. Indeed, IDH mutations are considered as foundational but are often associated with other mutations such of DNMT3, serine/
arginine-rich splicing factor 2 (SRSF2), NPM1, Additional SeX combs Like 1 (ASXL1) and Runt-related
transcription factor 1 (RUNX1) in particular, which may
contribute to relapse through clonal or sub-clonal evolutionary mechanisms. Nevertheless, DiNardo’s seminal
paper [10] did not find a correlation between preexisting single gene mutations, including Neuroblastoma
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Rat Sarcoma (NRAS), and the response rate. Nonetheless in refractory patients an enrichment of mutations
involving the metabolic pathway of tyrosine kinase receptors was observed. In addition, the mean number of
mutations was 1.8/patient in the responder group vs.
2.6/patient in the non-responder group, thus supporting
escape mechanisms related to mutations not sensitive to
IDH1 inhibition. Can these results be improved by a
combined approach? DiNardo et al. (Abstract 560, ASH
Annual Meeting 2018) treated 154 patients with IDH1
or IDH2 mutations with a classic 3 + 7 regimen (daunorubicin or idarubicin) combined with ivosidenib or enasidenib, with consolidation and continuation of IDH
inhibitors. The overall response rate (CR + CR with incomplete count recovery [CRi]) was 80%, with a CR rate
of 91% for patients with primary AMLs, and 53% for patients with secondary AMLs. Several other studies are in
progress to test the therapeutic gain of a combination of
chemotherapy/demethylating agents with anti-IDH, the
results of which are pending. (https://clinicaltrials.gov/
ct2/show/NCT03173248, https://clinicaltrials.gov/ct2/
show/NCT02677922).
Hedgehog inhibition: glasdegib

This oral Hh pathway inhibitor targets the smoothened
compound (SMO), which is abnormally present in
AMLs and induces signaling via the glioma-associated
oncogene homolog (GLI1). Numerous in vitro studies
underline the potential value of inhibiting this signaling
pathway in AMLs, notably through a chemo-sensitizing
effect on LSCs [18] known to be resistant to conventional drugs [19]. In a Phase I trial, 28 patients with
AML were treated with glasdegib [20]. The results, although interesting, were not spectacular: an effect was
observed in 16 of the 28 patients, with 1 CR, 4 CRi, 4
patients with a minor response and 7 patients with
stable disease. Many other studies have investigated the
combination of glasdegib/chemotherapy. Cortes et al.
compared low-dose cytarabine to cytarabine/glasdegib in
patients with AML or high-risk myelodysplastic syndrome (MDS) [21]. The CR rate was 17% in the cytarabine/glasdegib arm vs. 2.3% in the cytarabine arm alone,
with an OS of 8.8 months vs. 4.9 months respectively. In
the absence of a randomized trial, it nevertheless appears
that by analyzing the literature data and by simulating
treatment comparisons, the glasdegib/cytarabine combination is superior to azacytidine or decitabine treatments [22]. In another single-arm trial, glasdegib was
combined with conventional “7 + 3” cytarabine + daunorubicin chemotherapy, with a CR rate of 46.4% in patients primarily over 55 years of age [23]. This CR rate is
not particularly favorable, the authors having set a goal
of exceeding a CR rate of 54%, but the observation of a
plateau of relapse-free survival (RFS) at 24 months for
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about 40% of patients suggests an eradicating effect on
LSCs. However, it should be noted that in this study no
correlation between clinical response and mutations in
the 12 genes analyzed (CCAAT/enhancer-binding protein alpha [CEBPA], DNMT3A, FLT3, FLT3- internal
tandem duplication [ITD], IDH1, IDH2, KIT, KRAS,
NPM1, NRAS, RUNX1, TET2, Wilm’s tumor 1 [WT1])
could be demonstrated. In MDS refractory to hypomethylating agents, glasdegib monotherapy gives a response in only 6% of patients (2 out of 35), with
nevertheless 56% of patients showing stable disease for
an OS of these patients of 20.6 months [24].
Inhibition of FLT3 (midostaurin, gilteritinib)

FLT3 is a class III receptor tyrosine kinase, and is the
most common mutation found in AMLs, justifying the
interest of targeted therapies that would be applicable in
about 30% of patients [25]. The seminal article of Stone
et al. [26] in FLT3 mutated patients compared standard
daunorubicin plus cytarabine induction and consolidation therapy with high-dose cytarabine with or without
midostaurin. The results in terms of CR are not significant, 59% in the midostaurin group vs. 54% in the placebo group, but with significantly improved OS and
event-free survival (EFS) in the midostaurin arm. It
should be noted that midostaurin has several targets
outside FLT3: c-kit, Vascular Endothelial Growth Factor
Receptor (VEGFR), Platelet Derived Growth Factor Receptor (PDGFR) and Fibroblast Growth Factor Receptor
(FGFR) in particular, which are mutated in some AMLs.
This suggests that in some cases an increased efficacy
could be due to the existence of several targets. Conversely, the Hh pathway seems to be more often involved in the proliferation of FLT3 mutated AMLs [27],
and the double inhibition FLT3/Hh could improve the
results obtained with midostaurin. Several other FLT3
inhibitors have been developed, among the most promising being gilteritinib, an inhibitor mainly of FLT3, more
incidentally of c-Kit, but also of AXL tyrosine kinase, the
blocking of the latter reinforcing the inhibition of FLT3ITD. Gilteritinib showed efficacy in relapsed/refractory
AMLs in the study by Perl et al. [28]. The percentage of
CR/CRi patients was 34% in the gilteritinib group vs.
15.3% in the chemotherapy group, with 21.1 and 10.5%
CR respectively. While the EFS was 2.8 months in the
gilteritinib group vs. 0.7 months in the chemotherapy
arm, the survival curves converged at 24 months and
there was no survival plateau, clearly demonstrating that
gilteritinib monotherapy is an interesting molecule with
limited results. Several combination trials of anti-FLT3
antibodies with azacytidine have been conducted [29]
without any real benefit having been demonstrated. The
mechanisms of resistance to FLT3 inhibitors may be
present from the outset in the leukemic population or
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acquired through selection phenomena. Among the
most frequently mentioned mechanisms are mutations
at the inhibitor binding site (residue D835 in particular),
overexpression of FLT3, or use of alternative signaling
pathways (NRAS mutations for example).

Inhibition of BCL2: venetoclax

For a long time, the simplistic view of an apoptosis defect predominant in lymphoid proliferations (chronic
lymphocytic leukemia [CLL] type) and an increase in
proliferation as the hallmark of AMLs has prevailed,
with the known successes in the use of the BCL-2 inhibitor venetoclax in CLL. Nevertheless, increased BCL-2
expression has been shown to be a poor prognostic factor in AMLs [30]. BCL-2 interferes with pro-apoptotic
factors such as Bcl2-associated X protein (BAX), preventing mitochondrial outer membrane permeabilization
(MOMP) and thus blocking apoptosis. In a Phase II trial
[31], a response to the venetoclax inhibitor was demonstrated with an overall response rate of 19%, with a CR
rate of 6 and 13% CRi, with significantly more favorable
response rates in IDH1/2 mutated patients with 33%
CR/CRi. Conversely, FLT3-ITD and Tyrosine-protein
phosphatase non-receptor type 11 (PTPN11) mutations
appear to confer resistance to venetoclax [32]. This response to BCL-2 inhibition is undeniably interesting but
insufficient. The addition of cytaratbine significantly improves the results with 48% CR/CRi for venetoclax/
cytarabine vs. 13% for cytarabine alone, without however
resulting in a significant increase in OS (7.2 months for
venetoclax/cytarabine vs. 4.1 months for cytarabine
alone) [33]. Association with demethylating agents appears more promising with CR/CRi rates of 73% in the
azacytidine/venetoclax arm, and median OS not
achieved in this arm but > 17.5 months [34], defining a
new standard of treatment for AML in subjects > 65
years old and ineligible for intensive chemotherapy [35].
The pathophysiological basis of the efficacy of this association seems to be partly due to the induction of the
BH3-only damage (NOXA) protein [36]. Resistance to
these therapies is a very rapid dynamic phenomenon
with, in particular, gain in FLT3-ITD and loss of TP53
being at the origin of resistance to both ventoclax and
chemotherapy [37]. Interestingly, one publication evaluated the response to the venetoclax/azacytidine combination according to the French-American-British (FAB)
classification based on blast morphology, which defines
among others the AML5 type as monocytic, which turns
out to be refractory in 62% of cases [38]. In the same
article, the analysis of patients in relapse shows a drift
towards a predominantly monocytic profile. This primitive resistance of FAB-AML5 and monocytic selection is
explained by the loss of BCL-2 from this subpopulation,
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in correlation with the maturation towards the monocytic phenotype.
In conclusion, the targeted therapies notably used in
monotherapies give interesting results without being
spectacular, including little or no “cure”, i.e. sustainable
CR. One way to improve these results is the simultaneous use of combination of targeted therapy, as illustrated by the synergistic effect of BCL-2 and FLT-3 coinhibition [39]. The mechanisms evoked for escape from
targeted therapies are obviously multiple, and linked
both to the state of the tumor at the beginning of treatment but also to its evolution under treatment, under
the possible pressure of targeted therapy +/− conventional chemotherapy +/− adoptive immunotherapy +/−
immunity developed by the patient. These different
mechanisms can be expressed in different forms. The selection pressure may allow the emergence of clones presenting mutations insensitive to the targeted therapy
either appearing de novo by mutation or pre-existing in
small numbers and gradually replacing the sensitive
cells, the latter hypothesis being favored in mathematical
models, at least in CLL in the context of treatment with
a Bruton tyrosine kinase (BTK) inhibitor [40]. They may
also be clones or cell populations that are capable of
using several rescue pathways on the same metabolic
pathway or by the use of parallel metabolic pathways.
According to these various mechanisms, what means do
we have at our disposal to best adapt the treatment to
each patient and therefore especially to each tumor? The
tumor identity card of AMLs as it is carried out today
includes classical cytology data (morphology), flow cytometry phenotyping which allows us to analyze combinatorial surface markers and to define a substantial
number of sub-populations, and molecular biology data
which allow us to identify, among other things, a rather
large (and growing) panel of mutations. Unlike morphological cytology and flow cytometry, which analyze
AMLs cell by cell, mutation search techniques are usually performed on bulk populations and give quantitative
or semi-quantitative data without identifying, as flow cytometry would do, sub-populations with different mutation profiles. Are these data sufficient to define the best
treatment for each patient? To guide it, certainly, but
the analysis nevertheless seems insufficient. Let’s imagine an AML for which the molecular diagnosis finds
an NPM1 mutation, whose prognosis is modified by the
presence of competing mutations of FLT3, DNMT3,
NRAS, IDH or PTPN11 for example. The questions that
can be asked in this case are multiple; 1) at what level of
leukemic differentiation are the mutations (stem cells vs.
cells undergoing differentiation), 2) at what level of the
clonal hierarchy (truncal mutations vs. branches) are
these abnormalities located, 3) at what point are the mutated genes transcribed and in what dynamics (residual
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RNA or RNA in constant supply)? 4) Are the detected
abnormalities grouped on the same cell or are they observed on different cells? (being able to describe coexpression for an unique cell). If, for example, several
mutations such as DNMT3, SRSF2, NPM1, ASXL1 and
RUNX are found, unless it is considered that these mutations involve all cells, it is impossible to know if the
same cell has two or more mutations. At most, if we
consider that the mutations are randomly distributed,
could we evaluate the co-occurrences by a calculation
according to Poisson’s mathematical law. Each of these
combinations of expression can lead to a different evolution of AML under treatment, and can be identified in
the framework of new single cell technologies.

Single-cell approaches in leukemia
The single cell approach is of great interest in
hematological malignancies, in particular in multiple
myeloma, lymphoma and leukemia (for review, [41]).
The single-cell approach allows first of all to better define the biology and the heterogeneity of the different
blast populations in AMLs [42], normal and leukemia
hematopoiesis [43], more accurate prediction of gene
mutations, cell classifications, and evolution progression,
thereby contributing to risk stratification.
Deep subtyping of leukemia cell populations and
leukemia stem cell

The very notion of LSC is sometimes discussed, nevertheless this population is considered to be at least partly
contained the CD34 + CD38- population. It is on this
phenotype that the study by Won et al. was based [44],
which does not use single cell molecular analysis but
classical single cell culture techniques. By comparing the
LSCs to the CD34 + CD38+ counterpart, it is shown (on
a reduced panel of 84 genes) that there is a decrease in
the expression of 27 genes involved in cell activation
pathways, in particular concerning the tumor growth
factor (TGF), Wbt, FGF, Hh, Notch, IL6ST (interleukin
6 signal transducer) and leukemia inhibitory factor receptor (LIFR) super-families. Another explanation for
the quiescence of these LSCs is the decrease in mitochondrial DNA copy number, which, unprotected by
histones and closer to the reactive oxygen species (ROS)
generation site, is potentially more susceptible to mutations. Sachs et al. [45] identified in a single cell technique a LSCs signature in a mouse model of leukemia
that was compared to the transcriptomic profile of
CD34 + CD38- stem cells from healthy donors. The
similarities of expression in murine LSCs and normal
stem cells lead to the hypothesis that the normal transcriptional program is also used for the development of
human LSCs. Moreover, by comparing the expression of
a set of genes in the 10% of cells expressing them most
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on normal stem cells vs. LSCs, a signature of 9 LSCs
specific genes was demonstrated. This single cell study
showed that in LSCs as well as in HSCs, the proliferation
and self-renewal functions are separated, possibly
explaining the failures of anti-proliferative therapies [45].
Interestingly, Zhu et al. have identified by single cell analysis a master regulator of LSC stemness (in a T-ALL
model), that could become a drugable target aiming at
LSC eradication [46].
Ultimately, the classical single cell culture and the
transcriptomic approach provide us with additional data
on the biology of LSCs, with both a decrease in the expression of activation pathways, increased expression of
genes involved in self-renewal, separation between proliferation and self-renewal functions, and resistance to
chemotherapies while providing possible therapeutic targets aimed at eradicating LSCs (CD36, MYB or SPI1for
example).
Prognostic, risk stratification and evolutionary value

A certain number of AMLs occur during the evolution
of an MDS, the evolutionary risk being evaluated by the
revised-international prognostic scoring system (R-IPSS)
score, which essentially takes into account cytopenias,
the percentage of blasts and cytogenetic abnormalities,
bearing in mind that NGS techniques have made it possible to highlight the prognostic role of certain mutations [47]. Intuitively and according to these models,
which weigh heavily in their scores the percentage of
blasts to determine the chances of transformation into
AML, the leukemic evolution would be based on these
blasts existing at the diagnosis of MDS, whose expansion
would lead to AML. The single cell studies challenge
this notion by proposing a non-linear progression model.
Indeed, the study of a series of patients whose MDS has
evolved towards AML showed that the dominant clone
at AML stage did not come from blasts identified at the
MDS stage but from a subclone only detectable in stem
cells at the pre-MDS or MDS stage [48]. At the time of
targeted therapies, this notion is of great interest and
also explains certain disillusions. Indeed, molecular biology analysis on total population, even with a great depth
of reading, will not be able to identify the population
really responsible for the leukemic transformation,
dooming to failure the attempt to block the leukemic
evolution by a targeted therapy based on these global
data. Only the early identification of subclones of stem
cells particularly apt to develop (mutations known to be
of unfavorable prognosis, expression of chemotherapyresistance genes, etc.) will be able to effectively guide the
therapeutic strategy. The single cell mass spectrometry
study of Levine et al. [49] consisted in the analysis of 31
proteins under 18 cell stimulation conditions on 15 million cells from 31 AML patients. While in hematopoietic
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cells from healthy donors the classical surface markers
of stem cells correlate with an activation profile, this is
not the case in AML samples. Indeed, when the surface
phenotype is confronted with the expression and activation profile of functionally and clinically relevant pathways in AMLs, it appears that the profiles are often
discordant, leading to the definition of Surface-Defined
Primitive Cells (SDPCs) versus Inferred Functionally
Primitive Cells (IFPCs). Interestingly, the IFPCs profile
has been shown to have a better predictive value for patient survival than the SDPCs profile.
Therapeutic responses to drugs and targeting

Gilteritinib is a FLT3 inhibitor, effective but not curative
in AMLs. The possible emergence of new mutations in
relapsed patients has been shown in the total population.
McMahon et al. [50] analyzed by a single cell DNA sequencing technique the samples of 4 patients with relapsed AML with RAS mutation. This analysis showed
that in all 4 cases the RAS mutation occurred in the
same clonal population that had the FLT3 mutation,
suggesting that it is the RAS mutation that confers resistance to gilteritinib. In addition, single-cell analysis
showed that out of the three AMLs analyzed at diagnosis
and relapse, in two patients a mutated NRAS clone preexisted but only appeared during treatment for the third
patient. In addition to these double mutant FLT3/NRAS
clones, another patient had a pre-existing FLT3-WT/
NRAS-WT subclone containing the IDH1 and SF3B1
mutations, which expanded under gilteritinib [50]. This
small series already shows the interest of the single cell
approach, which allows highlighting evolutionary patterns of relapse/resistance very different from patient to
patient and showing the presence of subclones appearing
under gilteritinib or pre-existing, and requiring another
approach than the inhibition of FLT3 to allow their
eradication. For another FLT3 inhibitor, the single cell
analysis showed the existence of polyclonal populations
resistant to this drug in patients who relapsed after
treatment with quizartinib, with both on- and of target
mutations [51].
The single-cell approach also allows a better understanding of the kinetics and pathophysiology of relapses
occurring after allogeneic transplantation. Indeed, the
single-cell study brings an unequalled analysis by precisely evaluating the post-allograft chimaerism but also
by being able to detect and quantify the different
leukemic clones according to their phenotypes/mutations and especially to define the co-occurrences of these
mutations, which is only possible indirectly and not very
precisely by bulk analyses [52]. By this technique two
types of relapse could be identified, one based on the development of a clone with a pre-existing mutation and
the other on the emergence of a clonal mutation
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occurring de novo. Nonetheless, single cell analysis has
also demonstrated that resistance to chemotherapy can
be caused by a non-genetic mechanism via a dynamic
transcriptional adaptation [53], arguing for the use of
epigenetic therapies [54].
Disease surveillance and measurable residual disease

The single cell approach has an interest in monitoring
MRD. Pellegrino et al. [55] analyzed the evolution of the
mutations detected at diagnosis, in CR and during relapse at each stage. At the CR stage, the patient had only
10 mutated cells (7 DNMT3A and 3 TP53) out of the
4384 genotyped cells, with reappearance of these populations during relapse [55]. Furthermore, the relapse analysis showed a significant expansion of the triple-mutant
population H2DI/NRAS/ASXL1, demonstrating that any
approach that targets only one of the mutations would
be doomed to failure. Ediriwickrema et al. [56] analyzed
14 patients, 10 without relapse and 4 with relapse, with
a mean of 8177 cells analyzed per point. The analysis of
the CR patients showed the existence of mutated cells in
8 of the 10 patients who will relapse and in 3 of the 4
patients in whom no relapse could be observed, the difference not being significant in this small sample size.
On the other hand, the number of mutations cooccurring at diagnosis, i.e. present in the same cell, was
2 in patients who relapsed vs. 1 in patients in whom the
CR maintained. The small number of patients tested
makes any hypothesis risky, but nevertheless this type of
data reinforces the interest of the single cell approach
since it is not the quantity of mutations that seems important but rather the type of cell distribution, several
mutations in the same cell appearing more deleterious
than the same mutations spread over different clones.
Pathogenic mechanism of leukemia

The single cell approach allows the study of the preleukemic stages of stem cells and demonstrates their
heterogeneity. Indeed, while in some patients all stem
cells present at least one mutation-driver and are therefore pre-leukemic hematopoietic stem cells (p-HSC), in
other cases this population of p-HSC is undetectable,
and mutations are only found at the leukemic blast stage
[57]. As stated by the authors, the observed decreased
accessibility at HOX transcription factor motifs might
mediate the observed retention of stem cell immunophenotype and thus the self-renewal properties of the pHSC subpopulation. The generation of phylogenetic
trees concerning AMLs with NPM1 mutation showed
that this mutation, considered as a rather favorable prognosis, was not present in p-HSC, the latter presenting
different driver mutations [58]. Nevertheless, when these
different p-HSC clones are transplanted into mice, they
develop a dominant mutated NPM1 clone 9 times out of
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10, although the basic driver mutations were different
both in the cases where the NPM1 clone was minor or
dominant in the original AML. These data suggest that
the NPM1 mutation can only be a powerful driver mutation if it occurs in cells with increased self-renewal capacities acquired through DNM3TA or TET2 mutations
for example. In this context of pre-existing driver mutations, the presence of the NPM1 mutation gives a decisive selective advantage for cells with the association of
two or more mutations.
The single cell approach is decisive for the evaluation
of tumor heterogeneity. Van Galen et al. [59] defined at
least 6 tumor cell types (represented by a significant
number of cells) according to their transcriptional signature: HSC-like, progenitor-like, granulocyte/macrophage
progenitor (GMP)-like, promonocyte-like, monocyte-like
and dendritic cell (cDC)-like. These cell subtypes resemble 6 of the 15 cell types identified in normal bone marrow samples. But heterogeneity is also reflected by the
different mutations detected in the subpopulations. Indeed, if compared to solid tumors the number of mutations is low in AMLs, these mutations add a level of
heterogeneity by the percentage of affected cells (from 1.
8 to 52%) but on the other hand the associations between them of these mutations are at fairly stable levels
from leukemia to leukemia: 1 single mutation in 88 to
98% of the cells, 2 mutations in 1.6 to 12% of the cells, 3
mutations between 0 and 0.29% of the cells, and practically no cells with 4 mutations (only 1 cell out of 8200
mutant cells in only one of the 4 AMLs analyzed) [60].
Moreover, this notion may not be extensible to all types
of AMLs, with the co-occurrence of receptor-type
tyrosine-protein phosphatase T (PTPRT), Cullin Associated And Neddylation Dissociated 1(CAND1) and dedicator of cytokinesis 6 (DOCK6) mutations at least in one
case of AML with inv.(16) [61]. Cell-by-cell analysis via
pre-sorting allows the frequency of heterozygous versus
homozygous mutations to be determined with greater
precision than extrapolations from bulk data [62], results
that could be more easily obtained with the new techniques of single cell analysis in total population. Finally,
single-cell genomics have recently improved our understanding of epistasis among high-frequency mutation
[63]. In myeloid neoplasms, mutations in RNA splicing
factors most often (> 99% of cases) occur in a mutually
exclusive manner. In less than 1% of patients 2 or more
splicing factor mutations are detected. The common hypothesis to explain this phenomenon is that the concurrent mutation of 2 or more RNA splicing factors is
lethal for the cell. As a consequence, the very rare cooccurrence of RNA splicing factors should involve different subclones. Nonetheless, single-cell analysis has revealed that this co-occurrence is observed in half cases
in the same individual cell, but usually with rare amino
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acid substitutions with reduced effect on RNA splicing,
thus explaining the possibility of coexistence in the same
cell. Of note, the single cell analysis is not limited to
leukemic cells, but can also investigate bone marrow
stroma and its interaction with leukemia. In a mouse
model, Bariyawno et al. identified 17 different stromal
subsets, a regulatory network that was perturbed by the
emergence of AML blasts with negative effects on normal stromal cells thus favoring leukemic hematopoiesis
[64]. In line with the increased frequency of AML in
older patient, the study of Adelman et al. demonstrated
that epigenetic reprogramming of aged HSC targets
pathways that are also altered in AML [65], probably
linked to an increased epigenetic heterogeneity [66].

Conclusions
The progress made in the biological analysis of AMLs
has been impressive in recent years, with the virtual
abandonment of the FAB morphological classification in
favor of the molecular identity card of the European
Leukemia Network (ELN) [67]. This risk classification is
in constant evolution following new data from NGS/single cell approaches [68]. This molecular classification
highlights the numerous mutations with prognostic
value but also and perhaps above all those that are drugable, such as the FLT3 mutations as well as IDH1 and
IDH2. Compared to solid tumors, the number of mutations found in a given AML is much lower. These two
notions have led to the belief that targeted therapies are
the ultimate weapon in the treatment of AMLs. Nevertheless, there are many objections to this concept, notably the observations resulting from the various single
cell experiments that allow the study of transcribed
RNA but also of the DNA sequences themselves on a
cell-by-cell basis. There are many lessons to be learned
from these techniques, all pointing to the extreme heterogeneity of leukemic blasts. This heterogeneity could
be described as spatio-temporal. Spatial heterogeneity, in
the sense of t-distributed stochastic neighbor embedding
(t-SNE) analysis, is an approach that reduces the dimensionality of blast cells high-dimensional data and enables
the data to be visualized in two-dimensional space. It is
easy to see by this type of visualization, which groups
the cells by the similarity of their gene expression profiles, that within a blast population considered homogeneous by the flow cytometry there are in fact many subpopulations. Indeed, this type of representation rarely
shows very narrow population spots. Moreover, the analysis of the expression of certain genes, for example resistance to chemotherapy (L Madaci/B Loriod personal
data), shows a significant dispersion at the level of the
blast population. The very notion of LSC, defined on the
CD34 + CD38- phenotype (with all the variants of
phenotypic definition) does not resist the single cell
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analysis which in fine defines various distinct populations having in common the essential characteristic of
LSCs, namely the capacities of self-renewal. As for the
mutations detected by bulk techniques, single cell analysis shows that they are not present in all tumor cells
but only in sub-populations of variable size. Moreover,
some drugable mutations may not be present at the LSC
population level. The notion of spatial heterogeneity
should be complemented by the notion of temporal heterogeneity. Indeed if compared to solid tumors, AMLs
present a much smaller number of mutations, it should
be noted that leukemias often have a much higher rate
of proliferation. In fact, the distribution of subpopulations and mutations is therefore likely to vary very
rapidly, either spontaneously, under the pressure of the
patient immune response, or under the pressure of conventional chemotherapy drugs or targeted therapies.
From these observations we conclude that single cell
analysis is a pivotal part of risk stratification in AML.
Consequently, it is difficult to develop a therapeutic
strategy that would not take into account the initial heterogeneity of AMLs, nor the possibilities of clonal drift
over time, i.e. the spatio-temporal heterogeneity of AML
blasts and LSCs. This is evidenced by the clinical response that is certainly effective but generally short-lived
when targeted therapies are used as monotherapy. The
linear evolutionary trajectories model consists in the replacement of a clone-present by a clone derived from itself, when a new mutation or epigenetic modifications
occur, giving it a selective advantage through a higher
proliferation rate or a greater resistance to the immune
response and/or chemotherapies. While this type of evolution may exist, the branched evolutionary model gives
rise to divergent clonal populations from the same parent clone. These populations will also eventually compete with each other, leading to the disappearance of
one of the branches or possibly to a situation of equilibrium. Whatever the therapeutic approach, it is also necessary to take into account the expected toxicity on
progenitors and normal stem cells, necessary for postchemotherapy hematological reconstitution. What are
the steps that should guide our reflection? We have several therapeutic classes at our disposal, such as conventional chemotherapy drugs, demethylating agents,
inhibitors of metabolic pathways, targeted therapies and
immunotherapy. How can we try to make the most of
this armamentarium, impressive at least on paper but
much less in practice given the median survival rates?
We postulate as a working hypothesis that it is necessary
to know individually, i.e. cell by cell, the potential for
proliferation, self-renewal and resistance to the different
treatments of leukemic cells, in addition to the identification of blasts populations with a drugable mutation.
To illustrate the heterogeneity of leukemia at diagnosis
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Fig. 1 A: leukemic cells each bearing a single drug resistance mechanism are depleted by polychemotheray, while B: leukemic cells with co-occurrence of
various drug resistance mechanisms (Pgp+/MRP+/CLIP+/Gal9+/TGFb+/Bcl2+/GST+ = PAN-Resistant) hardly are eradicated by polychemotherapy, this cooccurrence in this AML sample is observed in C: 1% of leukemia blasts and D: 1% of leukemia stem cells defined as CD34 + CD38-CD123+
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regarding the effect of treatment, Fig. 1 (L Madaci/ B
Loriod personal data) shows the expression in an AML
of seven drug-resistance genes (P-gp, MRP, GSt, Bcl-2,
TGFb, Gal-9 and CLIP, for review, [69]). The coexpression of these seven drug resistance markers cited
above can be detected in a small percentage of leukemic
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blasts (Fig. 1, panel A and B) and even in a very discrete
but nonetheless significant percentage of LSCs (Fig. 1,
panel C and D). This co-expression could explain the relapses, unless we are able to develop a therapeutic pathway to overcome this pan-resistance phenotype. It is
also mandatory to repeat this analysis after each

Fig. 2 A: when no Poor Prognosis Markers (PPM) are detected, classical poly-chemotherapy may attain CR and possibly definitive AML cure, B:
even in the presence of PPM, if these PPM are evenly distributed between AML blasts, conventional chemotherapy + targeted therapy against
residual AML cells may allow leukemia cure
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Fig. 3 Even if AML cells share many different mutations, classical chemotherapy will have a debulking function associated with clonal
heterogeneity reduction, thus increasing the efficiency of specifically targeted therapy

Fig. 4 When co-occurrence of multidrug resistance mechanisms at LSC level, classical chemotherapy (+/− sensitizing drugs) will remain useful
with the debulking and clonal heterogeneity reduction effects, still allowing the use of targeted therapy followed by passive or
active immunotherapy
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therapeutic assault to monitor leukemia heterogeneity
evolution due to the clonal drift accelerated by the pressure exerted by chemo/immunotherapy. The coexpression of seven drug-related resistance genes in a
significant number of LSC underlines the pivotal role of
a specific analysis at diagnosis and during treatment of
this subpopulation. In a very simplistic model, if the expression of treatment-resistance genes (even coexpression) is detected in the more mature blasts population and not in LSC, this leukemia may be considered
of good prognosis since the LSC will be eliminated by
the directly by the chemo-immunotherapy (Fig. 2a) or
by the additional use of targeted monotherapy or doublets/triplets to cover all detected mutations (Fig. 2b).
Single-cell analysis will also make it possible to adapt
the most useful sequences during treatment according
to the fluctuations observed in the blast populations of
the residual disease. Starting treatment with conventional chemotherapy will reduce tumor heterogeneity before using specific targeted therapies (Fig. 3). In the
difficult case where one or more mechanisms of resistance to conventional drugs exist in the LSCs (Fig. 4), the
addition of sensitizing drugs or drugs with specific effect
on LSC [70] will be used when possible, but this is not
always the case (overexpression of MRP1, too ubiquitous
to be targeted). In this case, classical chemotherapy will
have a debulking role, reducing tumor heterogeneity and
then, in some patients, allowing the use of targeted therapies. Finally, single cell analysis of whole peripheral
blood/bone marrow involves not only leukemic cells but
also part of its immunological environment, i.e. T lymphocytes, NK cells [71] and even dendritic cell populations. These data could possibly improve the positioning
of the different immunotherapy approaches, i.e. monoclonal antibodies, cytokines, allogenic transplantation or
T-CAR cells.
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