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Abstract
The introduction of BCR-ABL tyrosine kinase inhibitors to the treatment of chronic myeloid leukemia (CML) has signifi-
cantly changed the long term therapy results.
After an initial 12 months of therapy with tyrosine kinase inhibitor (TKI), a 3-log reduction of the BCR-ABL copies 
number on an international scale is possible in 22–46% of patients, depending on the TKI used. In TKI-responsive 
patients, long-term TKI treatment results are even better, with the BCR-ABL transcript level decreasing over time, 
even to the point of becoming undetectable. Therefore, an operational cure can be diagnosed in CML patients with 
an optimal response to 1st-line TKI treatment, a therapy duration of longer than 5–8 years, and BCR-ABL transcript 
level below MR4.0–MR4.5 for a period of more than two years. The latter has been the basis of multiple concepts 
of permanent or periodic discontinuation of TKI treatment [treatment-free remission (TFR)]. Initial TKI discontinua-
tion clinical trials resulted in satisfactory results, with a disease recurrence rate of c.40–60% after 2–3 years. The 
mechanism of disease recurrence was then studied, with detailed characterization of the CML stem cells (CML SCs) 
immunophenotype and the mechanisms of survival and self-renewal under TKI selective pressure. A better under-
standing of the biology of CML allowed the formulation of new therapy concepts of CML SCs eradication, and new 
criteria for successful TFR qualification.
Key words: chronic myeloid leukemia, tyrosine kinase inhibitors, chronic myeloid leukemia stem cells, immune system 
escape, treatment-free remission, new treatment concepts
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Introduction

The introduction of imatinib (IM) to the treatment of chron-
ic myeloid leukemia (CML) significantly changed the long 
term therapy results, with 5-year overall survival (OS) of 
91.7% and progression-free survival (PFS) of 94.7% [1]. 
Recently, the second (2G-TKI, nilotinib, dasatinib) and 
third generation (3G-TKI, ponatinib) of BCR-ABL tyrosine 
kinase inhibitors (TKIs) have become widely used in CML 

patients intolerant/resistant to first line treatment with 
TKIs [2, 3]. Moreover, the fourth-generation allosteric 
BCR-ABL1 tyrosine kinase inhibitor [4G-TKI, asciminib 
(ABL001)] has been approved by the US FDA in CML 
patients resistant to first-, second- and third-generation 
TKIs. Its high efficacy has been proven, both in clinical 
trials [4] and in real-life conditions [5]. The detailed char-
acteristics of currently used TKIs in CML patients are set 
out in Table I [4–31].
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Current results of CML treatment

Data originating from clinical trials and from real life studies 
has confirmed the high efficacy of TKIs in CML patients in 
the chronic phase in terms of the 3-log reduction of BCR- 
-ABL1 copies number (major molecular remission, MMR) 
with a well standardized real-time PCR technique in the 
blood after 12 months of treatment. MMR response rates 
differed depending on the type and dose of TKI used, and 
amounted to 22–36.9% for IM 400 mg once a day, 44% for 
nilotinib 300 mg twice a day, 43% for nilotinib 400 mg twice 
a day, 46% for dasatinib 100mg once a day, and 47.2% for 
bosutinib 500 mg once a day [1, 32–34].

The long-term TKI treatment results show that in the 
TKI-responsive patients the BCR-ABL transcript level con-
tinuously decreases over time, to the point of becoming 
undetectable. The overall cumulative incidence of the con-
firmed MR4.5, and stable MR4.5 (4.5log reduction in BCR- 
-ABL1 copies number in international scale, IS) after eight 
years of IM therapy is 51.7% and 36.5%, respectively [35]. 
Real life data is in agreement with the computer simulation 
results, showing treatment time to MR4.5 to be 10.7 and 
9.1 years in IM-treated patients participating in the IRIS trial 
(training set) and the CML IV trial (validation set), respective-
ly [36]. This data forms the basis of the concept of an oper-
ational cure and the permanent or temporary discontinua-
tion of TKI treatment [treatment-free remission (TFR)] [37].

Data concerning the frequency of deep molecular re-
sponses (DMR, defined as the reduction of the transcript 
level below MR4 or MR4.5) on TKI treatment has been ac-
cumulated subsequently. Its analysis allowed the formula-
tion of minimal criteria which should be fulfilled for a TFR 
attempt in CML patients, including a low or intermediate 
Sokal score, a typical BCR-ABL1 transcript type at diagno-
sis, a chronic phase of CML in the past history, an optimal 
response to 1st-line TKI treatment, a TKI therapy duration 
of longer than eight years, a DMR at the time of qualifica-
tion, and a duration of DMR monitored in a standardized 
laboratory of longer than two years. Initial study results 
showed that only 10–12% of patients on IM appeared to 
be eligible for the discontinuation of a TKI [37, 38]. Subse-
quent data has shown that only a minority of CML patients 
reaching the sustained DMR on TKI therapy were candi-
dates for the discontinuation of treatment without the risk 
of a molecular disease recurrence. Until now, many possi-
ble solutions have been proposed for optimizing the pro-
cess of CML patient qualification for a TFR attempt. Initial-
ly, only those patients with an MR5.0 or an undetectable 
BCR-ABL transcript were qualified for the TFR studies (STIM 
pilot, STIM1, STRIM2, ASTIM and TWISTER) [39–42]. In all 
the aforementioned trials, a molecular CML recurrence 
was defined as BCR-ABL1 positivity in two consecutive as-
sessments, or the loss of a MMR (or ≥1 log increase of the 
transcript level in STIM1 and STIM 2 trails). The TFR rate 

after the median follow-up of 12 months was 61% (STIM2), 
50% after 18 months (STIM pilot), 61% after 31 months 
(A-STIM), 47% after 42 months (TWISTER), and 38% after 
77 months (STIM2). The EURO-SKI trial results confirmed 
that there was no difference in the TFR rates between pa-
tients with >MR4.5 and MR4 [43, 44]. Afterwards, patients 
with a stable MR4.0 were also enrolled in TFR clinical tri-
als. Unfortunately, to date there is no consensus regard-
ing the criteria which should be used for the qualification 
of CML patients for an TFR attempt to minimize the prob-
ability of MMR loss. According to the different criteria for 
TFR proposed by Hughes et al., Rea et al., Hochhaus et al., 
and Radich et al., the probability of CML patient recruit-
ment for TFR varies from 9.5% to 55% [45–49]. Molecular 
recurrence-free survival after TKI cessation, according to 
the eligibility criteria proposed by Hughes et al., Rea et al., 
Radich et al., and Hochhaus et al., varies from 35% to 60% 
after a follow-up of 45–100 months [45–49]. Therefore, 
considerable efforts have been made to further optimize 
the criteria for TFR attempt qualification. The incorporation 
of genomic data into future model(s) of unfavorable risk as-
sessment will likely change the currently used algorithms 
for TFR qualification [50–53].

Nowadays, the NCCN and ELN guidelines recommend 
the re-initiation of TKI therapy at the time of molecular re-
currence, defined as a loss of MMR after the first TFR at-
tempt [48, 54].

The 2G-TKI discontinuation studies results are limited. 
They include 327 patients with 1st-line TKI failure (IM, inter-
feron/IM), and 190 patients treated upfront with nilotinib. 
Unfortunately, different criteria were applied in different 
studies for the TFR attempt qualification before the 2G-TKI 
discontinuation (MR4–MR4.5), and different definitions of 
molecular disease relapse (loss of MMR to loss of MR4.5) 
were applied. For these reasons, the interpretation of TFR 
rates at 24 months (ranging from 44 to 62.8 months) is 
difficult [50, 55–59].

According to recent data, the re-initiation of TKI therapy 
results in secondary molecular remission in a significant 
proportion of CML patients. Therefore, the idea of a sec-
ond TFR attempt has been tested. In 2017, Legros et al. 
presented data concerning 70 patients successfully treat-
ed with IM who attempted a first TFR (IM = 60, nilotinib 
= 5, dasatinib = 5) and, after disease relapse, underwent 
a second TFR attempt. The TFR probability at 6, 12, 24, 
and 36 months after the second attempt to discontinue 
TKI was established at 66%, 48%, 42%, and 35%, respec-
tively [60]. However, it should be mentioned that a second 
TFR is not yet considered standard practice.

It was previously documented that the majority of pa-
tients in DMR still harbor leukemic cells [61] capable of initi-
ating disease relapse upon the withdrawal of TKI treatment 
[41]. The presence of CML leukemic stem cells in IM-treat-
ed patients in DMR with undetectable levels of mRNA was 
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confirmed in 32.8% of samples by Pagani et al. with the 
help of a genomic DNA Q-PCR assay [62]. The mechanism 
of the persistence of CML SCs in TKI-responsive CML pa-
tients in DMR is not fully understood. Recently, it was pos-
tulated that CML SCs are protected from MHC class I-de-
pendent CD8+ cytotoxic T lymphocytes (CTLs) elimination 
in the bone marrow by regulatory T cells (Tregs) expressing 
tumor factor 4 receptor (Tnfrsf4). This hypothesis is based 
on the observation that Tregs are preferentially localized 
in the CML bone marrow close to CD8+ CTLs, and that 
TNFRSF4 mRNA levels correlate with the expression of 
Treg-restricted transcription factor FOXP3 [63]. Moreover, it 
has been shown that human CML stem cells are insensitive 
to IM, despite the inhibition of BCR-ABL activity [64]. This 
observation forms the basis of a hypothesis that primitive 
CML cells are not oncogene-addicted [65, 66].

CML, TKI treatment 
and immune system function

It has been postulated that TKI-induced changes in immune 
system functioning may affect the risk of a CML relapse 
after TKI discontinuation (Table II) in a different way. In CML 
patients in the chronic phase, suppression of the immune 
system is present at the time of diagnosis. This is mainly 
caused by the promotion of the expansion of myeloid-de-
rived suppressor cells (MDSC) and regulatory T cells (Treg) 
by cytokines/chemokines released by proliferating CML 
progenitor cells. MDSC originate from malignant BCR-ABL1 

clone mediate immunosuppressive activity via a number of 
mechanisms, including the increased production of reactive 
oxygen, nitrogen species, arginase-1 (molecule inhibiting 
T cells), and TGF-β1 [67].

Moreover, MDSC can recruit Treg and inhibit cytotoxic 
T cells [68]. The immune escape of malignant cells is also 
promoted due to increased expression of the programmed 
death-1 (PD-1) inhibitory molecule on the CD4+/CD8+ 
T cells [69] and PD-L1 upregulation on CML cells [70, 71]. 
Quantitative and functional defects of the innate effector 
natural killer (NK) cells and the cytotoxic T-lymphocyte re-
sponses to leukemia-associated antigens (CTL-LAA) broad-
en the spectrum of immune system defects in CML patients 
at the time of diagnosis [69].

The significance of the immune system for a successful 
TFR was confirmed by the Immunostim study, which docu-
mented an association between elevated peripheral blood 
natural killer (NK) cells and a positive clinical outcome fol-
lowing IM discontinuation [85]. Other immunomodulatory 
effects of TKI administration leading to immune system 
re-activation and restoration of effector-mediated immune 
surveillance were recently documented. TKI treatment re-
sulted in the restoration of NK cell receptor repertoire and 
an enhanced NK cell function, a decrease of immune sup-
pressors (MDSC, Treg and T lymphocytes PD-1+), the resto-
ration of LLA-CTL responses including PD-1 downregulation 
to normal levels, and an increase in DC number and antigen 
presenting cell function [67]. The restoration of immune sys-
tem function in CML patients on TKI seems to be optimal 

Table II. Off-target effect of BCR-ABL tyrosine kinase inhibitor’s administration on immune system in patients with chronic myeloid leukemia

Off target effect on immune system Imatinib Nilotinib Dasatinib Bosutinib Ponatinib

Hypogammaglobulinemia 
(via inhibition of Burton kinase) [72–74]

+

Decrease in memory-B-cell count 
(via inhibition of Burton kinase) [72, 75]

+ +

B-cell immune responses impairment [74, 76] + + +

Treg and effector T cells function impairment  
(via inhibition of Src kinase) [77–79]

+ – + +

Decreased cytotoxicity and reactivity  
of NK cells [79]

+ – +

Abrogation NK cells cytokine production [79] +

Decreased proliferation and function 
of CD8+ T lymphocytes [80]

+

LGLs expansion [81, 82] – – +

Increased proliferation of cytotoxic 
(CD3+CD8+) T cells and/or NK cells

(CD3–CD16+/56+) [83]

+

Decrease of NK cells count [75] + + +

Decrease of MDSCs level [84] ? ? ? ? ?
NK — natural killer cells; Treg — regulatory T lymphocytes; LGLs — large granular lymphocytes; MDSCs — myeloid-derived suppressor cells
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after reaching MR4.5 (BCR-ABL1 ≤0.0032%), a time when 
the increased effector NK cell number and function and 
T cell immune responses, and reduced numbers of PD-1+ 
CD4+/CD8+ T cells and monocytic MDSC are maximal [69].

Another question concerns the role of immune surveil-
lance by natural killer and T cells in maintaining a success-
ful TFR and disease activity control [66]. In 2017, Jacomet  
et al. postulated that the deficiency of iNKT/InnateCD8+ 
T cells axis is present in CML patients [86]. Their  hypoth-
esis was confirmed by the observation of CML patients in 
TFR ≥2 years carried out by Cayssials et al. documenting the 
increase of functionally active innate CD8(+) T-cells [NK-like 
KIR/NKG2A(+)] and their number [87]. The presence of spe-
cific CTLs directed against CXorf48 (cancer testis antigen) 
expressed in LSC is also correlated with the relapse rate in 
CML patients who discontinued imatinib after maintaining 
complete molecular remission for more than two years [88]. 
The success of the TFR attempt likely depends on the ‘quite 
normal’ efficiency of the immune system. This is possible 
only if MR4.5 response to TKI treatment is reached, and 
when NK cells number and effector T-cell cytolytic function 
is increased, and when PD-1 expression on the T-cell and 
numbers of monocytic MDSCs is reduced [69].

Chronic myeloid leukemia stem cells

CML SCs are not fully defined yet in terms of immune and 
functional characteristics [89]. CML SCs likely share an 
immunophenotypic profile with normal hematopoietic stem 
cells (HSCs) and reside in the CD34+/CD38–/Lyn– cell 
fraction [90]. Also, CD25 and CD44 are expressed in both 
CML SCs and healthy HSCs [91, 92]. On the other hand, 
interleukin-1-receptor accessory protein (IL-1RAP) and 
CD26 [dipeptidyl peptidase-4 (DPP4)] are aberrantly ex-
pressed on the CML SCs’ surface, but not in normal CD34+ 
cells [93–95]. CML SCs can self-renew and generate large 
numbers of leukemic progenitor cells (CD34+CD38+) with 
the capacity to differentiate or enter a dormant state. In 
2012, BCR-ABL1-independent CML SCs was postulated 
by Hamilton et al. [96]. They documented that the process 
of survival and self-renewal of CML LSCs was associated 
with activation of the cellular signalling process, including 
cell-intrinsic and cell-extrinsic survival pathways.

The first group includes abnormal signaling via the Ja-
nus kinase–signal transducer and activator of transcription 
3/5 (JAK–STAT3/5), WNT/β-catenin, sonic Hedgehog (Hh) 
or PIK3/AKT pathways, abnormal function of protein phos-
phatase-2 (PP2A), promyelocytic leukemia (PML) protein, 
dual specificity tyrosine phosphorylation regulated kinase 2 
(DYRK2), repression of autophagy process, deregulated 
expression of microRNAs (i.e. the upregulation of miR-29a- 
-3p, miR660-5p, has-mir183), disturbed epigenetic regula-
tion of genes expression by enhancer of Zeste Homolog 2 
[a member of the polycomb repressive complex 2 (PRC2)], 

deregulation of fatty acid cellular metabolism due to ara-
chidonate 5-lipoxygenase (ALOX5)-associated abnormalities 
of arachidonic acid conversion to leukotrienes required for 
malignant cells self-renewal, and BCR-ABL1-related auto-
crine production of cytokines resulting in growth factors-in-
dependent STAT5 activation [i.e. interleukin (IL) 3, granulo-
cyte colony-stimulating factor (G-CSF)]. Other key regulators 
influencing the apoptosis, self-renewal, cell fate and senes-
cence process of CML SCs include abnormal transforming 
growth factor-β (TGF-β)/Forkhead box O (FOXO) interaction 
and Musashi 2 (Msi2)/Numb of NOTCH signaling [97–105].

Bone marrow microenvironment 
and CML SCs

CML SCs reside in the same bone marrow microenviron-
ment (BMM) as normal stem cells. The cross-talk between 
CML SCs and BMM is mediated by soluble factors like cyto-
kines [IL-3, IL-1α/β, granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), IL-6, and interferon gamma (IFN-γ), 
myostatin propeptide (MSTNpp), sCD14, IL-21 and IL-13v, 
and CCL-28], chemokines [i.e. C-X-C motif chemokine ligand 
12 (CXCL12)] secreted by mesenchymal stromal cells, and 
osteoblastic cells), growth factors via autocrine and/or 
paracrine mechanisms, and cell-to-cell (mesenchymal 
stromal cells, osteoblastic cells endothelial cells, neurons) 
direct interactions via surface adhesive molecules (i.e. 
β1-integrin). The aforementioned interaction may have 
resulted in an enhanced proliferation, quiescence, and 
drug resistance of CML SCs [106–109]. Lastly, the role of 
miR-126 secreted by the endothelial cells in the process 
of CML SC quiescence and self-renewal control has been 
postulated [110]. Similarly, the role of miR-300, expressing 
dual anti-proliferative and PP2A-acivating properties, in 
the process of CML SCs quiescence and persistence has 
recently also been confirmed [111]. 

Due to the high diversity of CML SCs (subclonal char-
acter, different metabolic characteristics, and molecular 
and immunophenotypic fingerprints) and high inter- and 
intra-patient heterogeneity, the possibility of a common, 
unified strategy for CML SC eradication has been neglected. 
What is more, CML SCs eradication is now irrelevant due 
to the significant improvement of TKI long term treatment 
results and encouraging results of TFR attempts [112].

The current concept of chronic myeloid leukemia treat-
ment with tyrosine kinase inhibitors based on the reduc-
tion of measurable residual disease and the recovery of 
immune system function is set out in Figure 1.

New therapeutic approaches concerning 
CML treatment

A better understanding of the biology of CML has allowed 
the formulation of a number of new therapy concepts for 
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the eradication of leukemic cells with the help of immuno-
therapy or chimeric antigen receptor–engineered T cells 
(CAR-T) directed against CXorf48 (cancer testis antigen) or 
IL1RAP (IL-1 receptor accessory protein) [88, 113]. Recent-
ly, quiescent primitive SCs insensitive to IM subpopulation 
of CML were identified in a CD36+ cell subpopulation with 
the help of an RNA-seq study [114]. This data forms the 
basis of the concept of antibody-based therapeutic target-
ing of CML SCs [112, 114, 115].

Moreover, an innovative strategy based on a liposome 
loaded with the BCL2 inhibitor venetoclax exploiting begel-
omab (an anti-CD26 antibody) has been proposed to target 
positive CML SCs CD26+ [116] more selectively.

In our opinion, its use, in combination with TKI and oth-
er drugs targeting alternative CML LCs survival pathways, 
should be the future of combinatorial therapy for the erad-
ication of CML stem cells. 

CML and the future

Integrative genomic analysis reveals cancer-associated 
mutations at the diagnosis of CML in patients. WES, RNA- 
-seq and gene expression profiling studies have identified 
a number of molecular aberrations in addition to BCR-
ABL1, among others affecting epigenetic regulators such as 
ASXL1, DNMT3A, TET2, SETD1B and transcription factors 
(IKZF1, RUNX1) [51–53, 117]. Its presence could also 
potentially influence the process of making therapeutic 
decisions in future [53, 118].
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