'sawg  International Journal of
Molecular Sciences

Review

Targeting Leukemic Stem Cells in Chronic Myeloid Leukemia:
Is It Worth the Effort?

Simona Soverini ¥, Sara De Santis 1, Cecilia Monaldi !, Samantha Bruno ! and Manuela Mancini 2

Citation: Soverini, S.; De Santis, S.;
Monaldi, C.; Bruno, S.; Mancini, M.
Targeting Leukemic Stem Cells in
Chronic Myeloid Leukemia: Is It
Worth the Effort? Int. J. Mol. Sci.
2021, 22, 7093. https://doi.org/
10.3390/ijms22137093

Academic Editor: Mahmoud
Huleihel

Received: 29 May 2021
Accepted: 24 June 2021
Published: 30 June 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Dipartimento di Medicina Specialistica, Diagnostica e Sperimentale Universita di Bologna,
40138 Bologna, Italy; sara.desantis3@studio.unibo.it (S.D.S.); cecilia.monaldi@studio.unibo.it (C.M.);
samantha.bruno2@unibo.it (S.B.)

2 JRCCS Azienda Ospedaliero-Universitaria di Bologna, Istituto di Ematologia “Seragnoli”,
40138 Bologna, Italy; mancini_manu@yahoo.com

* Correspondence: simona.soverini@unibo.it; Tel.: +39-051-214-3832

Abstract: Chronic myeloid leukemia (CML) is a classical example of stem cell cancer since it arises
in a multipotent hematopoietic stem cell upon the acquisition of the t(9;22) chromosomal transloca-
tion, that converts it into a leukemic stem cell (LSC). The resulting BCR-ABL1 fusion gene encodes
a deregulated tyrosine kinase that is recognized as the disease driver. Therapy with tyrosine kinase
inhibitors (TKIs) eliminates progenitor and more differentiated cells but fails to eradicate quiescent
LSCs. Thus, although many patients obtain excellent responses and a proportion of them can even
attempt treatment discontinuation (treatment free remission [TFR]) after some years of therapy,
LSCs persist, and represent a potentially dangerous reservoir feeding relapse and hampering TFR.
Over the past two decades, intensive efforts have been devoted to the characterization of CML LSCs
and to the dissection of the cell-intrinsic and -extrinsic mechanisms sustaining their persistence, in
an attempt to find druggable targets enabling LSC eradication. Here we provide an overview and
an update on these mechanisms, focusing in particular on the most recent acquisitions. Moreover,
we provide a critical appraisal of the clinical relevance and feasibility of LSC targeting in CML.

Keywords: chronic myeloid leukemia; BCR-ABLI; tyrosine kinase inhibitors; stem cells; bone mar-
row microenvironment; niche; drug resistance

1. Introduction: Why Aren’t We Happy Yet with Clinical Results in CML?

Chronic myeloid leukemia (CML) is one of the first human malignancies whose mo-
lecular pathogenesis could be fully unraveled, between the 1960s and the 1990s, well be-
fore the advent of omics [1]. The t(9;22)(q34;q11) chromosomal translocation, that is con-
sistently detectable in the bone marrow cells of virtually all the patients who are diag-
nosed with CML, gives rise on chromosome 22 derivative (named ‘Philadelphia’ after the
city where it was first observed in karyotypes of CML patients) to a fusion gene, BCR-
ABLI1, that encodes a protein with deregulated tyrosine kinase activity. CML is also one
of the first human malignancies against whom molecularly targeted therapies could suc-
cessfully be applied [1]. Once the central role of this gain of function alteration in the ini-
tiation and maintenance of CML was fully elucidated, it became clear to researchers that
BCR-ABL1 was an ideal target of therapy. Starting from the 90’s, large scale screenings of
compounds with tyrosine kinase inhibitory activity were started, from which imatinib
mesylate emerged as the most promising one [2]. Since then, three generations of ATP-
competitive tyrosine kinase inhibitors (TKIs) have been developed that bind in the cleft
between the N-terminal and C-terminal lobe of the kinase and effectively turn off its ac-
tivity. The development and approval of TKIs opened a new era for both patients and
physicians [3]. First, they profoundly modified the natural history of the disease, that used
to inexorably progress (unless treated with an allogeneic transplant) from a relatively
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indolent chronic phase (CP) that may last for years, where proliferation is enhanced but
terminal differentiation is maintained, to the blastic phase (BP), that fully resembles an
acute leukemia and has a dismal outcome [4]. Nowadays, disease progression may still
occur in some patients as a consequence of TKI resistance (that is, lack or loss of response
to TKI therapy)[5], but it is much rarer. Second, TKIs revolutionized the outcome of CML,
transforming a once fatal malignancy into a sort of chronic condition, with patients who
achieve optimal response to therapy having a near-normal life expectancy [6] and a strik-
ingly improved quality of life as compared to the previous gold standard of care, i.e., in-
terferon-alpha. For years, it had been envisioned that TKIs had to be administered chron-
ically to CML patients—like insulin to diabetic patients—in order to keep the disease in
check. However, in 2010, after a series of anecdotal reports and experiences, a pioneer
clinical study by Mahon et al. [7] provided the proof of concept that TKI therapy may be
interrupted after a number of years, once the patient has achieved a stable, very ‘deep’
response (measured at the molecular level in terms of logarithmic reduction in BCR-ABL1
transcripts in peripheral blood (PB) [8]; see Table 1 for detailed description of response
definitions in CML).

Table 1. Milestones in CML response to therapy.

Level

Abbreviation Definition

Complete Hematological Response CHR Normalization of blood cell count

Complete Cytogenetic Response

No metaphases positive for the Philadelphia chromosome
out of 20 total metaphases examined by chromosome

COR banding analysis
3-log reduction in BCR-ABLI transcript levels (from a
Major Molecular Response MMR standardized baseline) as assessed by real time quantita-
tive PCR
MR* 4-log reduction in BCR-ABL1 transcript levels
Deep Molecular Response MR#® 4.5-log reduction in BCR-ABLI transcript levels
MR> 5-log reduction in BCR-ABLI transcript levels

Deep Molecular Response (DMR) can be further stratified according to the different
depth of response. MMR and DMR hold prognostic significance. Additionally, DMR is
considered the gateway to Treatment-Free Remission (TFR).

This was another revolution, since it opened our minds to the possibility that an ‘op-
erational cure’ (a term coined by the late John Goldman to indicate a condition in which
the patient still harbors residual CML cells, yet he/she maintains remission) could be ob-
tained. Thus, over the past decade, efforts in CML treatment have concentrated on the
achievement of deep molecular response (DMR), not only because it correlates with the
best possible outcome, but also because it is considered to be the pre-requisite for success-
ful TKI discontinuation, that is defined as ‘treatment-free remission” (TFR) [9]. How to
improve DMR rates and how to increase the proportion of patients who can enter TFR has
been the focus of a massive number of clinical trials over the past decade. TFR is so attrac-
tive for both patients and clinicians because it improves quality of life, it enables parenting
in younger patients, it avoids long-term toxicities/side effects and last but not least, it is
associated with significant savings (now imatinib is generic, but second- and third-gener-
ation TKIs are very expensive). TER has been explored in more than 30 clinical trials so
far, that investigated the best therapeutic strategies to induce DMRs and how deep and
prolonged DMRs should be [10]. As a consequence, although studies differed in terms of
design and inclusion criteria, nevertheless, the results were all strikingly concordant in
showing that TFR is at present successful in only 40 to 60% of the patients.

As for many other forms of leukemia, the stem cell (5C) origin of CML is well known.
Normal hematopoiesis is sustained throughout one’s life by the regulated proliferative
and differentiation activity of a large pool of hematopoietic stem cells (HSCs). Leukemic
SCs (LSCs) originate when a transforming mutation (in the case of CML, the BCR-ABL1
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oncogene) is acquired by an HSC. The study of LSCs in CML —together with the study of
the bone marrow microenvironment (BMM) that is known to be their sanctuary —has al-
ways been one of the most active lines of research. Initially because LSCs were considered
to be the reservoir from whom resistance to TKI therapy —a problem that was more urgent
before the advent of second- and third-generation TKIs—may arise. More recently, be-
cause LSC persistence might be the reason, or at least contribute to molecular recurrence
in all those patients who fail to achieve TFR. A number of publications have reviewed the
biology of LSCs in CML, summarizing more than 20 years of knowledge. Here, we will
provide an update including the most recent acquisitions, in particular those related to
druggable targets. Moreover, based on the current clinical and biological evidences, we
will discuss the relevance and the feasibility of LSCs and/or BMM targeting, pointing out
the controversies and the gaps yet to be filled.

2. LSCs: The Ultimate Enemy in CML?

The SC origin of CML is well documented. LSCs of CP CML are thought to lie within
the haematopoietic stem cell (HSC) population immunophenotypically defined as posi-
tive for CD34 and negative for CD38 surface markers (CD34+CD38-)[11] that stands atop
the haematopoietic hierarchy (Figure 1).
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Figure 1. Simplified representation of the hematopoietic hierarchy. Hematopoiesis follows a hierar-
chical organization with hematopoietic stem cells (HSCs) on top and mature blood cells at the bot-
tom. HSCs are the sources of various types of progenitor cells that proliferate extensively, forming
more differentiated cells at the expense of their self-renewal capacity. The various types of precursor
cells have been omitted, for simplicity (and this is denoted by dotted arrows instead of solid arrows).
The driver lesion of CML, the t(9;22) chromosomal translocation giving rise to the BCR-ABL1 fusion
gene, is gained at the HSC level. Abbreviations: LT-HSC: long-term hematopoietic stem cell; ST-
HSC: short-term hematopoietic stem cell; MPP, multi-potent progenitor; CMP, common myeloid
progenitor; CLP, common lymphoid progenitor; MEP, megakaryocyte-erythrocyte progenitor;
GMP, granulocyte-monocyte progenitor.

In contrast, LSCs in BP CML can originate either from HSCs or from cells at later
stages (i.e., progenitors) [12]. However, the finding that some putative LSCs lack leuke-
mogenic potential [13] and that individuals who have BCR-ABL1 transcripts detectable at
low levels in their peripheral blood (PB) but are otherwise healthy were observed in some
old studies [14,15], suggest that there is heterogeneity in LSCs and that the generation of
LSCs from HSCs and their ability to function as leukemia initiating cells (LICs) are the
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result of an interplay between cell-intrinsic and cell-extrinsic factors. For example, an
RNA-seq analysis found that gene expression profiles associated with activated immune
response were downregulated in BCR-ABL1-positive HSCs from mice that developed leu-
kemia as compared to those from mice that did not [16] — pointing to a role for the immune
response in regulating the leukemogenic potential of BCR-ABL1-positive LSCs.

The first direct evidence in CML patients of a deeply (but reversibly) quiescent sub-
population of leukemic cells with both in vitro and in vivo SC, properties provided by
Tessa Holyoake, dates back to 1999 [17]. It was later found that these cells are resistant to
TKI-induced apoptosis, thus are not eliminated by therapy [18] and that normal hemato-
poiesis is rather restored by TKI treatment through removal of the proliferative advantage
of CML progenitors [19]. In line with such evidences, BCR-ABL1-positive LSCs were de-
tected in patients in long-term remission after imatinib treatment, since BCR-ABLI1-posi-
tive CD34+CD38- cells isolated from such patients were found to have long-term repop-
ulating capacity in immunocompromised mice [20-23]. It was later found that these cells
are not killed by TKIs since they do not depend upon BCR-ABL1 kinase activity for their
survival [24,25]. In these cells, BCR-ABLI is turned off or is expressed at very low levels
[26,27].

The inherent CML LSC insensitivity to TKIs led to the assumption that disease erad-
ication, desirable to avoid unpredictable relapses and to enhance the possibility of TFR,
could be achievable if a comprehensive knowledge of cell-intrinsic and cell-extrinsic
mechanisms of LSC survival was obtained. This fostered intensive investigations of BCR-
ABL1 kinase-independent pathways that could sustain LSC survival. In parallel, a num-
ber of studies focused on the CML BMM. The interdependency between LSCs and the
BMM where they reside (niche), the fact that BMM profoundly modifies the fitness and
the sensitivity to (chemo)therapeutic agents of LSCs and that LSCs, in turn, remodel the
BMM were indeed well known [28]. Thus, in an attempt to devise novel weapons to kill
CML LSCs, over the past two decades hundreds of studies have been conducted, that have
contributed to the accumulation of a significant wealth of information. Similarly, the pu-
tative roles played by the different cell types that inhabit the BMM (osteoblasts, osteo-
clasts, mesenchymal cells, endothelial cells, etc) and their cross-talk with LSCs via direct
contact interactions as well as via secretion of soluble factors or extracellular vesicles have
been intensively explored. In the following sections, we will review current knowledge,
with a dedicated focus on the latest acquisitions about LSCs and BMM in CML that con-
tributed to add further pieces to an apparently never-ending puzzle.

3. Aberrant Surface Markers in CML LSCs and Their Diagnostic, Predictive and Ther-
apeutic Role

The CD34+CD38- immunophenotype is shared by CML LSCs and by normal HSCs.
It has been demonstrated that residual normal long-term clonogenic CD34+CD38- are de-
tectable in CML patients at diagnosis, and that the proportion of LSCs varies greatly across
different patients. Thus, discrimination between leukemic and normal long-term clono-
genic CD34+CD38- cells is needed. A multiparameter flow cytometry (MPFC) study
showed that normal (BCR-ABLI-negative) long-term colony-forming cells in CML pa-
tients were CD34/CD45v, had low light scatter properties, lacked lineage marker expres-
sion and were CD90dm [29]. Remarkably, both their light scatter as well as their CD90
expression were lower than that of CD34+38- cells in normal BM. In contrast, leukemic
long-term colony forming cells were CD34/CD45"gh, had higher forward and sideward
scatter, variable lineage marker and higher CD90 expression. The presence of detectable
residual normal stem cells identified with such gating strategies at diagnosis correlated
with lower grade 3 and 4 hematological toxicity and with optimal response to imatinib
[29]. The potential predictive value of LSC assessment was further showed by the Nordic
group [30]. In a pilot phase 2 study in 46 CML patients, Mustjoki et al. [31] used cell sorting
followed by fluorescence in situ hybridization (FISH) to evaluate the LSC fraction in terms
of BM cells with a CD34+CD38- and Philadelphia-positive phenotype at diagnosis and at
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+1, +3 and +6 months from start of treatment with imatinib or dasatinib. They found that
all patients who did not achieve MMR at 18 months (that is defined as an optimal response
according to international guidelines [32]) had >75% of Philadelphia-positive cells in the
CD34+CD38- fraction at diagnosis. Moreover, both patients who progressed during the
study period had more than 90% of Ph+ cells in the CD34+CD38- compartment. The au-
thors concluded suggesting that LSC burden might serve as a novel prognostic biomarker
and may prove useful in identifying CML patients who would benefit from treatment
intensification. In a subsequent study [33], MPFC and cell sorting followed by FISH were
used in parallel to evaluate the LSC burden in a subset of 50 CML patients enrolled in the
international Evaluating Nilotinib Efficacy and Safety as First-Line Treatment (ENEST-
1st) clinical trial. The primary objective of the study intended to answer the question
whether the composition of the CD34+CD38- compartment at diagnosis and during fol-
low-up could be predictive of MR* achievement at 18 months. The findings confirmed
that, whatever the method, the quantitation of LSCs in patients at diagnosis reflects the
‘aggressiveness’ of the disease (in terms of blast count, spleen size, Sokal score, etc), cor-
relates with therapy-related hematological toxicity, and most importantly, allows to pre-
dict the achievement of key response milestones during therapy with nilotinib.

Over the past decade, additional, aberrant surface markers have been identified and
validated that better discriminate between residual normal HSCs and CML LSCs. Need-
less to say that finding highly specific, robust and reproducible markers would hold an
immense application potential, since this could improve diagnosis and facilitate isolation
and biomolecular/functional characterization of LSCs. Additionally, beyond the already
discussed prediction of response, it can be hypothesized that accurate estimation of LSCs
may empower residual LSC tracking and quantitation during and after therapy, also as a
predictor of TFR success. Last but not least, finding specific targets expressed on the sur-
face of CML LSCs but not on normal HSCs or other cell types would enable highly selec-
tive therapeutic targeting of LSCs [34]. A variety of immunotherapy strategies, like cell-
targeting antibodies, antibody-toxin conjugates, bispecific antibodies, and chimeric anti-
gen receptor-engineered T (CAR-T) cell-based strategies may indeed be evaluated in an
attempt to eradicate the disease, and these are likely to have fewer off target or toxic effects
than inhibitors of pathway or players essential for LSC survival but often playing key
roles also in normal cells.

In recent years, immunophenotypic studies followed by functional validation have
proposed a series of novel surface markers that, alone or in combination, might prove
extremely useful to refine the identification and the enumeration of CML LSCs within the
CD34+CD38- fraction, and in some cases, even enable their therapeutic targeting. The first
such marker to be identified is ILIRAP. ILIRAP serves as co-receptor of the interleukin 1
receptor (IL1R1), but its exact functions remain unknown. Almost all CD34+CD38- BCR-
ABL1-positive cells express ILIRAP, while BCR-ABL1-negative cells lack ILIRAP expres-
sion of their surface [35]. Recently, it has been reported that estimation of the LSC burden
at diagnosis by quantitation of the percentage of ILIRAP-positive cells within the
CD34+CD38- compartment may predict TKI response in terms of complete cytogenetic
response (CCyR; the disappearance of the Philadelphia chromosome in bone marrow met-
aphases; Table 1) and major molecular response (MMR; defined as 3-log reduction in BCR-
ABL1 transcript levels from the standardized baseline, as assessed by real time quantita-
tive polymerase chain reaction; Table 1) [36]. Moreover, it has been shown that CAR-T
cells directed against ILIRAP can successfully be generated and are effective in vitro and
in a xenograft mouse model against both LSCs and, to a lesser extent, monocytes express-
ing ILIRAP, with no apparent effect on the hematopoietic system, including CD34+ stem
cells [37]. This study thus provided a proof of concept that ILIRAP is a tumor-associated
antigen that can be exploited for a CAR T-cell-based immunotherapy approach in CML.
Such an approach might be envisioned to be further explored in primary TKI-resistant or
-intolerant patients and in patients who are candidate to allograft.



Int. ]. Mol. Sci. 2021, 22, 7093

6 of 24

Later, the same group performed an RNA-seq study aimed to identify additional, cell
surface markers differentially expressed between CML CD34+CD38-, CD34+CD38+ and
their counterparts in normal BM that identified CD36 as specifically upregulated in prim-
itive CML cells [38]. They observed that CD36 expression could separate CD34+CD38-
IL1RAP+ cells into two distinct subpopulations, with the CD36+ subpopulation being
more quiescent and insensitive to imatinib that the CD36- one. Finally, they found that
CD36-targeting antibodies were effective in killing CD36-expressing KU812 cells by anti-
body dependent cellular cytotoxicity.

Another very promising marker is CD26, or dipeptidylpeptidase-IV. CD26 is a cell
surface enzyme that is responsible for the proteolytic degradation of various cytokines
including IL-3, GM-CSF and SDF-1 [39]. The group of Peter Valent first reported that
nearly all CD26+ LSCs express BCR-ABL1, whereas the CD26— SC fraction from the same
patients is negative for BCR-ABL1 [40]. CD26 is also expressed on LSCs of myeloid and
lymphoid BP and on the Philadelphia chromosome-positive acute lymphoblastic leuke-
mia subtype harboring p2105Cck-45L1 [41]. Moreover, Herrmann et al. showed that CD26 is
not detectable on normal BM SCs, nor is it expressed on LSCs in other hematopoietic ma-
lignancies [40]. CD26+ cells isolated from CML patients exhibited long-term proliferation
activity in vitro and repopulation activity in immunocompromised mice—the classical
tests used to define bona fide LSCs. Thus, CD26 can be considered as a highly specific
marker for CML LSCs, and this holds true for all stages of the disease. In two studies,
decrease in CD26+ cells was found to correlate with response to TKI therapy [40,42]. Based
on these findings, Bocchia et al. hypothesized that noninvasive cytofluorimetric measure-
ment of CD26 in PB might be used to explore the persistence of circulating LSCs in CML
patients [43] —which may prove useful to study the impact of residual LSCs on the possi-
bility to successfully achieve TFR. In a first, large cross-sectional study of more than 400
CML patients at diagnosis, on TKI treatment or in TFR [44], they found that CD26 expres-
sion could be detected by multiparametric flow cytometry analysis of PB
CD45+/CD34+/CD38- cells not only (as expected) at diagnosis, but also in patients with
DMR, as well as in a significant proportion (66%) of patients in TFR. The fact that the
absolute number of circulating CD26+ cells did not mirror BCR-ABL1 transcript levels as
assessed by real time PCR of PB leukocytes, suggested that, in CML, minimal residual
disease (MRD) assessment seems not to provide a reliable estimate of the actual residual
LSC burden. Moreover, the fact that the majority of patients in TFR had detectable circu-
lating LSCs appears to support the hypothesis that cell-extrinsic factors contribute to
avoid disease recurrence. In a second ongoing prospective study, whose interim results
on 176 patients have been presented at the last (2020) meeting of the American Society of
Hematology, Bocchia et al. [45] confirmed the absence of a correlation between the abso-
lute number of CD26+ cells/mL and the depth of response in terms of reduction in BCR-
ABL1 transcript level. However, they observed that at diagnosis, high CD26+ LSCs num-
ber correlated with subsequent failure or suboptimal response to therapy. Moreover, hy-
pothesizing a role of the immune system in the control of residual LSCs, they also assessed
PD-L1 expression on CD26+ LSCs and found that, at diagnosis, high PD-L1 expression
correlated with reduced probability to achieve an optimal response—in line with the role
of PD-L1 in suppressing anti-leukemic T cell response.

The potential role of CD26 as therapeutic target has also been explored. Indeed, it
was noted that CD26 is already a therapeutic target in type 2 diabetes mellitus, and that a
class of drugs (the gliptins) had already been developed and were routinely used in the
clinic. However, a preclinical study evaluating the combination of TKIs (imatinib or ni-
lotinib) with vildagliptin failed to evidence major cooperative effects on engraftment in
mice models [46]. More recently, Houshmand et al. [47] developed an innovative strategy
based on a liposome loaded with the BCL2 inhibitor venetoclax exploiting begelomab (an
anti-CD26 antibody) to selectively target CD26+ CML LSCs. BCL2 is overexpressed and
hyperactivated in CML LSCs [48] and BCL2 targeting was indeed found to reduce LSC
engraftment in mice [49]. Houshmand et al. [47] found that their immunoliposome could
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indeed reduce cell growth and induce apoptosis in CD26+ cell lines, and co-administration
with TKIs (imatinib, nilotinib) demonstrated synergistic effects. Moreover, they observed
that their immunoliposome could dramatically reduce the percentage of CD26+ cells in
primary patient samples.

Another recently identified marker is the interleukin-2 (IL-2) receptor alpha chain
CD25 [50,51]. The IL-2 receptor on lymphohematopoietic cells is a multimeric complex
consisting of an alpha chain (CD25), a beta chain (CD122) and a gamma chain (CD132).
CML LSCs are positive for CD25, but do not express substantial amounts of either CD122
or CD132, and, accordingly, are not responsive to IL-2 [52]. Since CD25 is also expressed
by AML LSCs, and even normal BM SCs may occasionally display CD25, additional diag-
nostic LSC markers, such as CD26 and IL1RAP, should be used in combination. Expres-
sion of CD25 on CML LSCs seems to result from BCR-ABL1-dependent STATS5 activation,
and inhibition of BCR-ABL1 with nilotinib or ponatinib (but not with imatinib) was found
to downregulated CD25 expression on LSCs [51]. However, although BCR-ABL1-acti-
vated STATS5 is a feature of all clonal CML cells, CD25 is only upregulated and expressed
aberrantly on LSCs, while more mature cells like progenitors (CD34+CD38+) display very
low if no CD25 positivity. From a functional point of view, CD25 was found to suppress
the growth of stem and progenitor cells in CML [51]. Thus, it was hypothesized that LSC
insensitivity to TKIs might be facilitated by drug-induced downregulation of CD25, and
this sparked searches for drugs capable to induce CD25 re-expression. The dual phospho-
inositide-3-kinase (PI3K) and mammalian target of rapamycin (mTOR) blocker BEZ235
and the mTOR inhibitor rapamycin were found to be two such drugs [51].

CD34+CD38- cells

0 t(9:22)

" a
H s
5 4 o .
B E
u " - i'\
" " ST T
» p
b 1
2 i
. 4

i -

desiBh

CD26*

Are Ph+ (or BCR-ABL1)-paositive

CD36*

CcDa3 Sustain survival and self-renewal in
optimized ex vivo culture

IL1-RAP*
CcD25

Enmgraft immunodeficient
recipient mice

Figure 2. Recent advances in the characterization of CML LSCs markers (and therapeutic targets).
CML LSCs lie in the CD34+CD38- cellular fraction but represent only a minority of these cells. Ad-
ditional surface markers that have recently been identified are shown here. The asterisk denotes
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whether these markers have also been explored as therapeutic targets. These markers have been
shown useful to isolate a population that is BCR-ABL1-positive and functionally behave as LSCs.

Other surface markers expressed more or less specifically on CML LSCs, but not or
only at a low level on normal BM stem cells, include CD56 and CD93 [53,54]. Recently, a
study by Kinstrie et al. [55] has shown that CD93 is consistently and selectively expressed
on a CD34+CD38-CD90+ subpopulation that engrafts patient-derived xenograft models
(in contrast to the CD93- counterpart, that fails to engraft) and displays a SC-like signature
of gene expression. CD93-expressing cells were not eliminated by TKIs and persisted in
patients even after prolonged treatment. Comparison between patients in TFR who did or
did not experience molecular recurrence showed that the former harbored detectable
CD93+ cells within the CD34+CD38-CD90+ fraction whereas the latter did not. Given that
CD93 does not only mark CML LSCs but can also be found on platelets, on endothelial
cells and on other cell types, it is highly unlikely that CD93 may serve as a therapeutic
target. However, further studies aimed to investigate whether CD93 may be used as pre-
dictive biomarker to distinguish those CML patients at high risk of molecular recurrence
after discontinuation are warranted. Surface markers that enable to isolate CML LSCs
within the CD34+CD38- are summarized in Figure 2.

4. Cell-Intrinsic Survival Pathways

As elegantly demonstrated by Corbin et al. [24] and by Hamilton et al. [25], CML
LSCs are not BCR-ABL1-addicted for their persistence. This finding reinvigorated the ef-
forts aimed to understand CML LSC biology, in an attempt to identify BCR-ABL1-kinase
independent pathways that could be targeted. A number of LSC-specific pathways and
players have indeed been identified. Their role in CML LSCs has already extensively been
reviewed [32]. A quick overview follows, integrating consolidated concepts with the most
recent acquisitions. For clarity, these pathways are listed individually, but it is important
to bear in mind that most of them are closely interconnected and interdependent, and
converge on a small set of key effectors—mainly transcription factors like Signal Trans-
ducer and Activator of Transcription 3/5 (STAT3/5), Forkhead transcription factors of the
class O 3A (FOXO3A), 3-catenin, p53, c-MYC, NOTCH, BMI-1 and others, that are master
regulators of apoptosis, self-renewal, cell fate, senescence.

- Sonic Hedgehog (Hh) pathway: Hh is a master regulator of self-renewal of normal
SCs as well as LSCs. The binding of Hh ligand to the Patched (PTCH) receptor re-
lieves the inhibition of the G protein-coupled receptor Smoothened (SMO) that, in
turn, activates the transcription factor GLI1. GLI1 then translocates into the nucleus,
where it modulates the transcription of several target genes implicated in cell cycle
regulation and apoptosis (CCND1, MYC, etc) and promote MDM2-dependent degra-
dation of p53. The pathway is hyperactivated in CML LSCs through the upregulation
of SMO [56,57].

- Wnt/ 3-catenin: nuclear f-catenin, a co-activator of the T-cell factor/lymphoid en-
hancer-binding factor (Tcf/Lef) transcription factors, is required for self-renewal and
survival of normal HSCs through the activation of key genes like NOTCH [58] and
is, similarly, a key mediator of LSC survival [59]. Both canonical and noncanonical
Wnt pathways result in relocation of -catenin in the cytoplasm, where it is ulti-
mately phosphorylated by Glycogen Sinthase Kinase 33 (GSK3[3) and targeted for
degradation by an Axin-mediated multimeric complex. Other pathways, like
CD70/CD27 [60,61] have been shown to converge on Wnt, thus ultimately influenc-
ing [>-catenin levels and activity. Noncanonical Wnt pathways, that convey signals in
a B-catenin-independent fashion, have also been implicated in LSC survival. Via ac-
tivation of phospholipase C (PLC), Wnt has indeed been shown to increase intracel-
lular Ca2+, leading to the activation of the Ca2+-calmodulin-dependent protein phos-
phatase calcineurin and ultimately resulting in the activation of Nuclear Factor of
Activated T-cells (NFAT) transcription factor [62]. Enhanced NFAT activity mediated
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by this noncanonical Wnt/Ca2+ signaling increases autocrine cytokine production
that provides to LSCs compensatory prosurvival signals upon exposure to TKIs.
PI3K/AKT: the PI3K/AKT pathway mediates proliferation and is physiologically ac-
tivated by binding of growth factors to receptor tyrosine kinases. BCR-ABL1-depend-
ent activation of PI3K/AKT signaling contributes to CML LSCs maintenance, as it
leads to AKT-mediated phosphorylation and cytosolic retention of FOXO, hence
blocks the transcription of FOXO target genes involved in apoptosis [63]. Among
others, transforming growth factor 3 (TGF-{) signaling influences FOXO nuclear
translocation via PI3K/Akt signaling [63].

Janus kinases (JAK): in CML, JAK?2 signaling has been shown to converge on STAT3
and STATS activation. STAT5 phosphorylation and translocation into the nucleus is
well known to play a key role in CML pathogenesis [64,65]. STAT3 signaling has also
been implicated in CML LSC survival [66-68]. Both JAK2 and JAK1 have been impli-
cated in STATS3 activation.

Protein phosphatase 2A (PP2A): the tumor suppressor PP2A gene encodes a multi-
meric serine/threonine phosphatase that is inactivated via overexpression of its en-
dogenous inhibitors SET and CIP2A. In CML, PP2A loss as a result of BCR-ABL1-
dependent expression of SET has been implicated in quiescent LSC maintenance [64].
BCR-ABLI1 expression (but not activity) was found to be essential for the recruitment
of JAK2, activation of a JAK2/B-catenin survival/self-renewal pathway.
Promyelocytic leukemia (PML): the PML gene, involved in the t(15;17) chromosomal
translocation of acute promyelocytic leukaemia, encodes a protein localizing to nu-
clear bodies that acts as a tumor suppressor, controlling apoptosis, cellular prolifera-
tion and senescence [69] and negatively regulating mTOR [70]. PML has been shown
to play an indispensable role in maintaining LSC quiescence in CML [71].

Dual Specificity Tyrosine Phosphorylation Regulated Kinase 2 (DYRK2): the KLF4
transcription factor has been shown to sustain CML LSCs via downregulation of the
dual-specificity kinase DYRK2, that mediates the stabilization of p53 and the pro-
teasomal degradation of c-MYC. This results in reduced apoptosis and increased self-
renewal [72]. The central role of p53 and c-MYC in LSC maintenance had already
been elegantly demonstrated by a seminal proteomic study conducted by Tessa Ho-
lyoake’s group [73].

Micro RNAs (miRNAs): comparative miRNA expression profiling has highlighted
several deregulated miRNAs in CML LSCs. For example, the BCR-ABL1 kinase-in-
dependent upregulation of miR-29a-3p and miR-660-5p was observed in the
CD34+CD38- fraction, and via the downregulation of their respective targets Ten
Eleven Translocation 2 (TET2) and Endothelial PAS Domain Protein 1 (EPAS1) was
found to confer TKI resistance in vitro [74]. More recently, Pellicano et al. [75] have
shown that BCR-ABL1 kinase-dependent upregulation of hsa-mir183 results in the
downregulation of its direct target Early Growth Response 1 (EGR1) transcription
factor, and, as a consequence, upregulation of the cell cycle regulator E2F1, that is
known to control both cell proliferation and p53-dependent/independent apoptosis.
The latter was found to play a pivotal role in controlling LSC (but not normal HSC)
survival and proliferation, since E2F1 inhibition led to a decrease in colony-forming
potential, cell-cycle arrest, and induction of p53-mediated apoptosis. Even more re-
cently, it has been reported that miR-196a-5p is also upregulated in the
CD26+CD34+CD38- fraction as compared to the CD26-CD34+CD38-, although the
roles of this microRNA in CML LSCs have yet to be elucidated [76]. BCR-ABL1-inde-
pendent signaling pathways have also been shown to impact on the biogenesis
and/or on the levels of miRNAs implicated in LSC survival and resistance.
JAK/STAT-dependent activation of Adenosine Deaminase Acting on RNAIl
(ADART1), implicated in post-transcriptional adenosine-to-inosine RNA editing, has
been shown to impair the biogenesis of let-7, ultimately enhancing LSC self-renewal
[77]. Additionally, miR-21, that appears to be under the control of the PI3K/AKT
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pathway, has been implicated in LSC resistance to TKIs [78]. The role of miR-30a in
autophagy will be discussed below. Further investigations into the roles of miRNAs
as well as of other noncoding RNAs in LSC intrinsic survival mechanisms are war-
ranted.

Autophagy: it is an evolutionarily conserved catabolic process that physiologically
consists in the lysosomal degradation and recycle of unnecessary cellular compo-
nents to generate adenosine triphosphate (ATP) and essential building blocks during
nutrient and/or oxygen deprivation. Autophagy has been implicated in normal HSC
maintenance [79], but may also act as a pro-survival pathway that helps tumor cells
tolerate metabolic stress and avoid apoptosis induced by anticancer agents [80]. Sim-
ilarly, in CML, autophagy has been highlighted as a drug resistance pathway em-
ployed by LSCs for their survival [81]. BCR-ABLI represses autophagy, in part via
the PI3K/Akt/mTORC1 pathway and in part via induction of miR-30a, that in turn
dowregulates two key autophagy genes, Beclin 1 and ATG5. TKI treatment induces
autophagy, and inhibition of autophagy results in enhanced TKI-induced killing of
stem and progenitor cells [81].

Epigenetic alterations: Enhancer of Zeste Homolog 2 (EZH2) is a member of the Pol-
ycomb Repressive Complex 2 (PRC2) that trimethylates histone H3 at lysine 27 but
may also directly regulate gene expression. It has been shown to be highly expressed
in CML LSCs and to contribute to their survival [82]. Targeting histone deacetylases
was also explored against CML LSCs, in light of the reported efficacy of such a strat-
egy in inducing apoptosis in non-proliferating cells, and gave promising results
when tested in combination with TKIs in cellular and mouse models [83]. Sirtuin 1
(SIRT1) deacetylase is a multifunctional protein that has several genes implicated in
many cellular pathways, including energy metabolism and stress response, among
its targets —including TP53 and FOXOs. SIRT1 has been shown to be overexpressed
in CML LSCs and to contribute to LSC resistance to TKIs [84,85]. Later on, SIRT1 was
found to mediate increased mitochondrial oxidative phosphorylation in CML [86],
an important survival mechanism of LSCs [87] —see Section 5. The histone acetyl-
transferase CBP has also been implicated in LSC self-renewal, as opposed to p300
which rather promotes differentiation and senescence. Both can be recruited by b-
catenin upon activation of the Wnt pathway. Inhibition of CBP was found to favor
the formation of b-catenin/p300 complexes, switching the balance from cell prolifer-
ation to differentiation [88].

Metabolic changes: one of the most recent and intriguing chapters of LSC survival
adaptations is centered on metabolism. Besides the well-known role played by the
hypoxic conditions of BMM in metabolic rewiring (that will be discussed more in
detail in the dedicated section below), several molecules implicated in cellular me-
tabolism have been shown to be deregulated in CML LSCs. Arachidonate 5-lipoxy-
genase (ALOXS5), involved in fatty acid metabolism (it converts arachidonic acid into
leukotrienes), has been shown to be required for CML LSC self-renewal [89]. Later
on, ALOX15 was also found to be essential for LSC survival [90].

Autocrine factors: BCR-ABL1-induced transformation is known to rely, among other
mechanisms, on the autocrine production by LSCs of cytokines like Interleukin (IL)-
3 and Granulocyte-Colony Stimulating Factor (G-CSF) resulting in growth factor-in-
dependent STATS5 activation. Other, kinase-independent autocrine loops have more
recently been reported to contribute to LSC persistence. BCR-ABL1 kinase-independ-
ent autocrine production of Tumor Necrosis Factor a (TNFa) has been reported to
support CML LSC survival via the nuclear factor kB (NFxB)/p65 pathway leading to
the expression of the IL-3 and granulocyte/macrophage-colony stimulating factor
common [-chain receptor [91]. An autocrine loop enhancing bone morphogenetic
protein (BMP) 2 and 4 (normally produced by mesenchymal cells and involved in
regulation of proliferation and fate of normal HSCs) concentration in the BMM (see
further details in the next section) has also been implicated in LSC resistance to TKIs
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[92]. Very recently, CML LSC have also been found to upregulate pleiotrophin (PTN),
a heparin-binding growth factor normally produced by BM stromal cells and ECs.
PTN has been shown to promote CML LSC survival and TKI resistance [93].

Since in most cases the molecules or pathways listed above were found to be drug-
gable, the same studies showed, in vitro and often in mouse models, very promising effi-
cacy of targeted agents directed against them in sensitizing LSCs to TKI-induced killing
or eliminating LSCs via synthetic lethality. This has recently been reviewed in detail by
Muselli et al. [94]. Some promising molecules or strategies have also moved forward to
clinical trials. A series of trials have investigated, or are investigating, the use of the JAK2
inhibitor ruxolitinib, for whom repurposing would be quite seamless (ruxolitinib is al-
ready approved for Philadelphia chromosome-negative myeloproliferative neoplasms),
in combination with TKIs in patients with molecular persistence. The combination has
proven safe and well tolerated but contrasting results have been reported as far as efficacy
is concerned. Whereas a phase 1 study of ruxolitinib in combination with nilotinib con-
ducted at the H. Lee Moffitt Cancer Center and Research Institute has reported encourag-
ing results in terms of MR improvement [95] (and a phase 2 study is now ongoing in pa-
tients who have failed a first discontinuation attempt), another phase 1-2 study of rux-
olitinib in combination with TKIs has prematurely been terminated by the MD Anderson
Cancer Center for lack of efficacy. Two SMO inhibitors, LDE225 (sonidegib)[96] and BMS-
833923, had already been tested in clinical trials a decade ago, demonstrating unfavorable
safety profiles and a substantial lack of efficacy. Similarly, mTOR and histone deacetylase
inhibitors yielded disappointing results in clinical trials. Autophagy inhibitors were also
among the first compounds to be evaluated in the clinic. The CHOICES (CHIOroquine
and Imatinib Combination to Eliminate Stem cells) study was activated as early as in 2009,
and results have just recently been published [97]. It was an international randomized
phase II trial aimed to evaluate the safety and efficacy of a combination of imatinib and
hydroxychloroquine (an antimalarial drug that was found to be an autophagy inhibitor)
versus imatinib alone for CML patients with detectable residual disease. Although the
combination was relatively well tolerated, the improvement in molecular response it
brought was modest. Moreover, a high risk of retinopathy is known to be correlated to
long-term exposure to the drug. Therefore, more potent and selective autophagy inhibi-
tors, such as Lys05 [98], have been proposed. PRI-724 (also known as ICG-001), that an-
tagonizes Wnt/p-catenin/TCF-mediated transcription and specifically binds to CREB-
binding protein (CBP)[99] has been evaluated in a phase 2 study in patients with advanced
myeloid malignancies, including CP CML patients with failure of 2 TKIs (where PRI-724
has been administered in combination with dasatinib). The study has recently been termi-
nated, but results have not yet been published. More recently, pioglitazone, an antidia-
betic drug that is a Peroxisome Proliferator-Activated Receptor gamma (PPAR-g) agonist
and targets quiescent LSCs in vitro by decreasing transcription of STATS5, has been tested
in addition to imatinib in patients failing to achieve MR*5on imatinib alone [100]. Results
have been encouraging, so that a new study where the combination is evaluated in prep-
aration of a second TFR attempt in patients who failed a first one is ongoing (PIO2STOP).
On the other hand, a study where pioglitazone was tested in association with imatinib to
improve TFR rates failed to meet its endpoint [101].

It is also believed that potentiating the immunological recognition and elimination of
CML LSCs may represent an easier, effective therapeutic approach aimed to LSC eradica-
tion. The insensitivity of CML cells to apoptosis is not absolute since it can be overcome
by immune-mediated mechanisms, as demonstrated by the graft versus leukemia effect
provided by the allogeneic transplantation. It has been demonstrated that T-lymphocyte-
mediated killing of target cells via Fas-receptor (Fas-R) triggering plays an important role
in the elimination of malignant cells, including CML cells [102]. CD34+ CML cells have
been shown to express Fas-receptor (FAS-R) or CD95, and interferon-a (IFN-«) therapy
has been found to further upregulate FAS-R expression. FAS-R agonists were also found
to inhibit colony formation in CD34+ progenitors [102].
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A variety of phytochemicals have been shown to act synergistically with conven-
tional anti-cancer drugs in the elimination of cancer SCs. Isoflavones, polyphenols, quer-
cetins etc have been reported to interfere with and effectively target WNT, b-catenin,
FOXO, NFkB, MAPK, autophagy and other key players in LSC survival (reviewed in
[103,104]). The first example of efficacy of a natural compound for the treatment of CML
is homoharringtonine (HHT), a naturally-occurring ester of the alkaloid cephalotaxine iso-
lated from various trees of the Cephalotaxus genus [105]. Triptolide [106], berbamine
[107], resveratrol [108], the synthetic retinoid derivative fenretinide [109] and others have
also been shown to be active in vitro against CML LSCs. Several natural compounds have
shown in vitro activity in TKI-resistant CML cell lines, thus it is likely that further future
studies will explore their potential against LSCs, too. Concomitant use of phytochemicals
and TKIs would hold the advantage of minimizing the side effects normally arising from
combination therapy. A summary of the key cell-intrinsic factors sustaining CML LSC
survival and their ‘druggability” is shown in Figure 3.
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Figure 3. Overview of the molecules/pathways that have been implicated in CML LSC persistence.
Therapeutic strategies that have demonstrated efficacy in vitro or in mouse models are indicated.
Abbreviations: SMOi, SMO inhibitors; PORCNj, Porcupine inhibitors; PI3Ki, PI3K inhibitors; PADs,
PP2A activating drugs; EZH2i, EZH2 inhibitors; HCQ, hydroxychloroquine; BETi, BET inhibitors;
MDM2i, MDM2 inhibitors; OxPHOS, oxidative phosphorylation.

5. Cell-Extrinsic Survival Pathways

As anticipated, the BMM is thought to play a key influence on LSCs, and this is a
general piece of knowledge that holds true not only in CML. The cross-talk between LSCs
and BMM is mediated by (i) soluble or exosome-incapsulated factors and (ii) cell-cell di-
rect interactions via surface molecules, and involves a broad array of cell types on the BM
side, like mesenchymal stromal, endothelial, perivascular, osteolineage and immune cells.
LSCs are known to coopt or hijack BM niches, that protect and nurture them at the expense
of normal hematopoiesis. In the light of this complex interplay, it is believed that the study
of the BM niches is at least as important as the study of LSCs, as a deep understanding of
the role of BMM may provide important clues on how to selectively eliminate LSCs.

It is important to consider that the low oxygen tension of BM niches profoundly in-
fluences LSC features, first of all their metabolism. Quiescent and self-renewing HSCs rely
on glycolysis for energy production. This is an adaptation to the hypoxic environment of
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the BM niches and reflects the low energetic demands of HSCs. Upon differentiation and
lineage commitment, a metabolic rewiring to oxidative phosphorylation (OxPHOS) oc-
curs [110,111]. Cancer SCs have been found to be variably dependent on OxPHOS or on
glycolysis, depending on cancer type, for growth and maintenance. In CML LSCs,
OxPHOS has been found to be crucial for production of energy and anabolic precursors
[87], thus providing an attractive metabolic vulnerability that might be exploited for their
selective targeting. Moreover, hypoxia stabilizes Hypoxia-Inducible Factors 1 (HIF1), a set
of transcription factors playing a key role in regulating proliferation, maintenance, and
survival of LSCs [112].

An altered level of pro-inflammatory cytokines (including IL-1a, IL-1b, IL-6, macro-
phage inflammatory protein-1 a (MIP-1a), MIP-1b and TNFa) or chemokines has been
reported in CML BM niches, and this was found not to be fully corrected upon TKI-in-
duced remission [113,114]. This differentially affects CML LSC and normal HSC in terms
of maintenance and growth, providing a competitive advantage to LSCs. For example,
levels of C-X-C motif chemokine ligand 12 (CXCL12), implicated in HSC maintenance,
have been shown to be reduced in CML BMM [115]. This is detrimental to HSCs but has
been found to promote LSC expansion by increasing their self-renewing divisions. As an-
ticipated in the above section, BMP2 and BMP4 are abnormally abundant in CML BMM
[116]. Together with overexpression of their receptor BMPR1B, this leads to a strong up-
regulation of the BMP pathway in CML LSCs that has been implicated in their survival
and expansion. Very recently, a high throughput screen of the effects of 313 human cyto-
kines on the growth of CD34+CD38- cells isolated from CML patients has confirmed the
previously reported regulatory effects of IL-3, IL-1a/b, GM-CSF and IFNg but has also
identified myostatin propeptide (MSTNpp; produced by muscle cells and secreted into
the bloodstream where it binds and regulates the myokine myostatin) as a novel positive
regulator [117]. It was found that MSTNpp can indeed be detected in the plasma of CML
patients and that it may be produced by mesenchymal stromal cells. By binding to a yet
unknown receptor on the surface of CML cells, MSTNapp was confirmed to expand prim-
itive cells via STAT5 and SMAD2/3. Besides cytokines and chemokines, other soluble fac-
tors have been shown to influence the fitness of LSCs. For example, mesenchymal stromal
cells provide exogenous Wnt to activate the Wnt/b-catenin pathway in LSCs [118]. More
recently, an intriguing role for several miRNAs secreted in the BMM has been elucidated.
Endothelial cells have been found to supply miR-126 to CML LSCs to support quiescence
and self-renewal [119]. Indeed, in CML LSCs, miR-126 is downregulated due to the BCR-
ABLl1-mediated phosphorylation of Sprouty-related EVHI-domain-containing 1
(SPRED1), which leads to inhibition of the RAN-exportin-5-RCC1 complex that mediates
miRNA maturation. Thus, TKI-mediated inhibition of BCR-ABL1 results in even greater
miR-126 levels, that further strengthen LSC quiescence and persistence. Moreover, expres-
sion of the tumor suppressor miR-300, induced by hypoxia and exosomes derived from
mesenchymal stromal cells, has recently been found to have dose-dependent, dual anti-
proliferative and PP2A-activating functions that are essential for induction and mainte-
nance of LSC quiescence [120]. MiR-300-induced loss of cyclin D2/cyclin-dependent ki-
nase 6 (CDK®6), which occurs at low levels of MIR300 expression, likely represents the
mechanism by which miR-300 antiproliferative activity contributes to CML stemness.

Direct cell-cell contact interactions between CML LSCs and the BMM have also been
extensively investigated. LSC adhesion indeed contributes to their homing and engraft-
ment. An array of interactions involving integrin and selectins, like very late antigen
(VLA) and vascular cell adhesion molecule (VCAM), L- and E-selectins and their ligands,
have been described [121]. For example, increased expression of CD44 on LSCs and in-
creased binding to E-selectin on BM endothelial cells has been shown to contribute to LSC
dormancy and TKI resistance [122]. Recently, use of an E-selectin inhibitor interfering
with CD44/E-selectin binding in mice was found to result in an upregulation of SCL/TAL1
transcription factor and in a downregulation of CD44 [123]. Thus SCL/TAL1 was found to
be a negative regulator of CD44. CD44 expression was found to be BCR-ABL1-dependent.
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The overexpression of the NOTCH ligand JAGGED-1 on the surface of osteoblasts has
also been shown to promote LSC quiescence [124]. Accordingly, after osteoblast ablation,
the quiescent HSC subset is lost, and bone marrow is converted into a proliferation-pro-
moting microenvironment for both normal and malignant SCs.

The study of the BMM in CML stems from the rationale that the same soluble factors,
molecules and mechanisms that mediate leukemia-BMM interactions might represent
vulnerabilities and might be exploited as potential therapeutic targets. Indeed, several ap-
proaches have been evaluated to interfere with LSC homing and engraftment, and many
of them have shown synergistic effects with TKIs.

An overview of the role of cell extrinsic factors from the BMM on LSC survival is
presented in Figure 4.
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Figure 4. Overview of the cell extrinsic survival factors that have been implicated in CML LSC per-
sistence. Abbreviations: MSC, mesenchymal stromal cell; EC, endothelial cell; OB, osteoblast; OC,
osteoclast; EVs, extracellular vesicles.

6. Will We Ever Be Able to Kill CML LSCs?

To what extent our study models can faithfully recapitulate what happens in vivo in
CML patients? Despite technical advances and deeper and deeper knowledge about the
different ‘game players’, it is likely that the observations made in vitro be insufficient or
inadequate to account for what happens in vivo in CML patients.

Are LSC and BMM features the same in all the patients? Most probably not. How
many different ‘LSC’ do exist? How many ‘BMM’ do exist? Besides inter-patient variabil-
ity, intra-patient variability must be taken into account, too. Recent single cell studies have
demonstrated that LSCs in CML (and most probably in all leukemias) exhibit subclone-
specific heterogeneity [125,126]. In other words, the LSC pool (in individual patients and
overall) consists of heterogeneous subpopulations of cells with different molecular ex-
pression profiles and, likely, different patterns of cell surface antigens. Therefore, not only
across different patients but also in the same patient, not all the LSCs may express the
same targets. Small subclones lacking the target antigen would thus survive therapy.
Moreover, given the multitude, and the redundancy, of survival pathways/mechanisms
that LSCs may activate to sustain their persistence, targeting only one pathway or



Int. ]. Mol. Sci. 2021, 22, 7093

15 of 24

mechanism might be ineffective, or might be susceptible to the rapid development of re-
sistance because of the activation of another, by-pass mechanism.

Another critical issue is represented by the actual feasibility of the various LSC-kill-
ing strategies that have so far been proposed. Several unique, LSC-specific pathways we
might interfere with without affecting normal HSCs are now known. Similarly, several
key interactions and regulators of LSC fate in the BMM have been identified and charac-
terized (Figure 5).

Targeting

Targeting intracellular
surface antigens signaling
pathways

Interfering with
survival signals
from the BMM

Harnessing the
immune system

Figure 5. Overview of the therapeutic strategies that have been proposed to eradicate CML LSCs.
Abbreviations: BMM, bone marrow microenvironment.

However, despite the striking efficacy shown in vitro and most frequently also in
mouse models by several approaches aimed to specifically target CML LSCs (recently re-
viewed by Yung et al. [127]), this has so far been translated into relatively few clinical trials
(listed in Table 2). And most of these trials have, so far, exhibited relatively disappointing
results, as discussed above.

Overall, a multitude of targets and candidate drugs/strategies have been proposed
that would deserve clinical investigation. And several different patient settings can be en-
visioned for clinical trials evaluating treatment intensification with TKIs plus such drugs:
(i) all newly diagnosed patients with a high LSC burden (e.g, in terms of CD93+ cells), or
(ii) all patients aiming to TFR, or (iii) only those patients with residual disease above a
certain threshold, or (iv) only those patients who have failed a previous TFR attempt. How
long will it take before we will have demonstrated the safety and efficacy of one or more
combinations and defined the best patient population where to apply them?

CML is not a fatal leukemia any longer. The great majority of newly diagnosed pa-
tients will achieve an optimal response and will most likely die from another cause [6]
and this can be achieved with oral drugs that have, in most of the cases, limited and man-
ageable side effects. Even patients who do not achieve an optimal response are often not
in a condition of immediate risk. Survival curves clearly show that the great majority of
patients who do not achieve DMR will fare well anyway [128-130].
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Table 2. List of compounds that have been evaluated, in combination with TKIs, in clinical trials aimed to address LSC-
targeting strategies in CML patients (data from clinicaltrials.gov).

Drug Target Trial ID Status
LDE225 (sonidegib) SMO NCT01456676 Completed
PF-04449913 (glasdegib) SMO NCT00953758 Completed
BMS-833923 SMO NCT01218477 Completed
RADO001 mTOR NCT01188889 Withdrawn
. . NCT00686218 Completed
LBH589 (panobinostat) Histone deacetylases NCT00451035 Completed
As203 PML NCTO01397734 Terminated
Chloroquine Autophagy NCT01227135 Completed
Zileuton ALOX5 NCTO01130688 Terminated
NCT01751425 Terminated
NCT01702064 Completed
. NCT02253277 Completed
Ruxolitinib Jak2 NCT02973711 Withdrawn
NCT03610971 Recruiting
NCT03654768 Recruiting
PRI-274 CBP/B-catenin NCT01606579 Completed
NCT02730195 Terminated
NCT04883125 Completed
.. NCT02852486 Active, not recruting
Pioglitazone PPARy/STATS NCT02852486 Active, not recruiting
NCT02889003 Recruiting
NCT02767063 Recruiting

If LSC eradication is meant to prevent resistance and progression, it can be objected
that nowadays very few patients progress and face a dismal outcome. If LSC eradication
is meant to enhance MRD clearance and/or the possibility to successfully discontinue TKI
treatment, it can be objected that a combination therapy of TKIs plus an investigational
agent with a less convenient schedule of administration and/or a less consolidated safety
profile may not be worth the aim. These are probably the reasons why very few clinical
trials have so far stemmed from the wealth of knowledge summarized above.

Last but not least—should we actually wish to go for the elimination of CML cells
responsible for disease recurrence, are we really sure we know who our enemy is?

7. Do We Really Need to Kill CML LSCs?

Most patients who maintain TFR continue to harbor low levels of BCR-ABLI1-positive
cells. This has been demonstrated at various levels: (i) by using DNA-based PCR ap-
proaches, that have the drawback of being expensive and labor intensive (BCR-ABL1 ge-
nomic breakpoints are patient-specific, thus they need to be characterized and individual
PCR assays need to be set up and optimized to monitor each patient) but hold the ad-
vantage of picking BCR-ABLI-positive cells irrespective of their transcript expression lev-
els [131]; (ii) by using more sensitive approaches for BCR-ABLI transcript detection, like
digital PCR [132]; (iii) by using flow cytometry to enumerate the residual CD26+ cells [44].
All the studies were concordant in explaining their findings with the persistence of BCR-
ABL1-positive LSCs. The lack of leukemia recurrence in these patients was then explained
assuming a limited capacity for these residual cells to regenerate leukemia, that might be
imputed: (i) to heterogeneity in the leukemogenic potential of BCR-ABLI-positive LSCs,
and/or (ii) to restrictions imposed by specific microenvironmental and/or immune factors.
Very recently, Pagani et al. [133] have provided a third explanation. They have investi-
gated the lineage of residual CML cells in 20 patients in TFR for at least one year using an
elegant approach of fluorescence-activated cell sorting followed by DNA PCR. BCR-ABL1-
positive cells were thus searched in the granulocyte, monocyte, B cell, T cell, and NK cell
compartments. Interestingly (and unexpectedly), residual BCR-ABLI-positive cells were



Int. ]. Mol. Sci. 2021, 22, 7093 17 of 24

identified predominantly in the lymphoid compartment and never in granulocytes. This
means that BCR-ABL1 positivity in PB of patients in TFR does not necessarily imply the
persistence of residual multipotent LSCs.

A role for the immune control has indeed been suggested by several studies (recently
reviewed by Hsieh et al. [134]). If residual LSCs persist and the immune system is the key
to keep them in check, efforts towards sensitive LSC identification and quantitation and/or
LSC phenotypical and functional characterization might be useless. Or, it might well be
that a combination of factors (LSC-specific survival pathways + BMM protection + im-
mune control) each to a variable extent, cooperate in these patients. If so, the complexity
of the interplay among variables would hamper the possibility to predict which patients
will truly need treatment intensification with LSC eradicating approaches.

8. Conclusions

Can we really improve upon TKI results in CML? And should we? Despite the wide-
spread belief that the ultimate, future endpoint in CML has to be LSC eradication, the road
is still long, rough and winding. Many wonder if this is worth the effort.

Nowadays, we can take advantage from very powerful and sophisticated technical
capabilities, like single cell sequencing, multiomics, time lapse in vivo imaging etc that
can offer unprecedented accuracy and resolution in the study of LSCs and their niches.
Nevertheless, the full picture remains elusive. It is still challenging to recapitulate such a
complex biology given that not all cell types in BM niches are known, that the peculiar
and stringent physical and biochemical conditions of these niches (e.g., the low oxygen
tension, the exposition to soluble factors..) can be reproduced only roughly, that cells be-
fore and after being placed in hypoxia for the duration of the experiment are collected and
processed in normoxia, etc.

Anyway, CML has always been, and remains, an important model disease. CML
LSCs have, probably, been more extensively studied that any other. The same applies to
the influence of BMM on LSC survival. Many findings as well as techniques and experi-
mental approaches set up and optimized in the CML setting may find further develop-
ments and applications in other disease models that are far behind. Thus, besides filling
the textbooks, the two decades of research on CML LSC biology will find their clinical
translation in many ways and in many fields.
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