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Abstract

Chronic myeloid leukemia (CML), caused by constitutively active BCR-ABL1 fusion tyrosine 

kinase, has served as a paradigm for successful application of molecularly targeted cancer therapy. 

The development of the tyrosine kinase inhibitor (TKI) imatinib allows patients with CML to 

experience near-normal life expectancy. Specific point mutations that decrease drug binding 

affinity can produce TKI resistance, and second-and third-generation TKIs largely mitigate this 

problem. Some patients develop TKI resistance without known resistance mutations, with 

significant heterogeneity in the underlying mechanism, but this is relatively uncommon, with the 

majority of patients with chronic phase CML achieving long-term disease control. In contrast, 

responses to TKI treatment are short lived in advanced phases of the disease or in BCR-ABL1-

positive acute lymphoblastic leukemia, with relapse driven by both BCR-ABL1 kinase-dependent 

and -independent mechanisms. Additionally, the frontline CML treatment with second-generation 

TKIs produces deeper molecular responses, driving disease burden below the detection limit for a 

greater number of patients. For patients with deep molecular responses, up to half have been able 

to discontinue therapy. Current efforts are focused on identifying therapeutic strategies to drive 

deeper molecular responses, enabling more patients to attempt TKI discontinuation.

Introduction

The development of ABL1 tyrosine kinase inhibitors (TKI) for the treatment of chronic 

myeloid leukemia (CML) is an outstanding example of the translation of basic science 

discoveries to clinical reality. It has also been an example of the translational research cycle

—performing basic science studies as part of clinical trials to understand resistance 

mechanisms that can then be translated into improved therapies and outcomes. This work 

has transformed CML from a routinely fatal leukemia to one in which the lifespan of 

patients with CML approaches that of the general population (Gunnarsson et al., 2016).
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CML

CML is characterized by a massive expansive of predominately mature myeloid lineage 

cells. Most patients with CML (~85%–90%) are diagnosed in chronic phase. In the pre-TKI 

era, patients would progress to accelerated-phase disease (defined by increasing blast count) 

within 3–4 years (Faderl et al., 1999). Transformation to an acute leukemia (blast crisis) 

would soon follow, with approximately 70% having myeloid features while 30% developed 

lymphoid blast crisis (Rosenthal et al., 1977). Although phenotypically resembling acute 

leukemia, response rates were exceedingly low to conventional intensive chemotherapy with 

a median survival of 4 months (Iacoboni et al., 1986). Before the introduction of TKIs, the 

mainstays of therapy were interferon alpha (IFN-α) and stem cell transplantation. Responses 

to IFN-α were rarely durable and treatment was associated with substantial toxicity. In 

younger individuals with histocompatibility leukocyte antigen-matched siblings, allogenic 

stem transplantation offered a 5-year survival rate of 60% (Horowitz et al., 1996); however, 

this treatment was accompanied by significant morbidity and mortality and was only 

available to a minority of patients.

Molecular Pathogenesis of CML

In 1959, Peter Nowell and David Hungerford described a specific chromosomal abnormality 

in the blood of patients with CML, naming it after their home city, the Philadelphia (Ph) 

chromosome (Nowell and Hungerford, 1960). Fourteen years later, Janet Rowley established 

that a reciprocal translocation between chromosomes 9 and 22 produced the Ph chromosome 

(Rowley, 1973). Subsequent work showed that this translocation event resulted in a fusion 

event between the Abelson murine leukemia viral oncogene homolog 1 (ABL1) on 

chromosome 9 and the breakpoint cluster region (BCR) gene on chromosome 22 (Groffen et 

al., 1984; Lugo et al., 1990). Unlike other myeloid malignancies, BCR-ABL1 is frequently 

the sole genetic abnormality detected in newly diagnosed CML patients. When detected, 

most co-occurring mutations are of unclear significance, although mutations in specific 

genes may predict inferior treatment responses (Branford et al., 2019). Thus, CML is 

relatively unique in that it is defined by the presence of a single driver oncogene, the BCR-

ABL1 fusion.

BCR-ABL1 Fusions and Signaling Mechanisms

Although ubiquitously referred to as the Ph chromosome and BCR-ABL1, there are several 

breakpoints in BCR that produce distinct BCR-ABL1 isoforms. In patients with CML, the 

most common BCR-ABL1 isoform results from the fusion of BCR exon 13 or 14 (e13/e14) 

with ABL1 exon 2 (a2), producing a fusion gene referred to as e13a2 (b2a2) or e14a2 (b3a2) 

and a protein that has an apparent molecular weight of 210 kDa (p210). A rare subset of 

patients have an isoform that results from a fusion between BCR exon 19 and ABL1 exon 2, 

producing a larger protein (p230 BCR-ABL1) that is typically associated with a more 

indolent disease course (Pane et al., 1996).

After the discovery of the Ph chromosome, it was demonstrated that between 20% and 30% 

of patients with acute lymphoblastic leukemia (ALL) are also BCR-ABL1-positive (Ph+ 
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ALL). These patients are typically older, have an increased risk of disease involving the 

central nervous system, and have a poorer prognosis as compared with BCR-ABL1-negative 

patients (Moorman et al., 2010). In patients with Ph+ ALL, two-thirds will express a shorter 

p190 isoform resulting from fusion of exon 1 of BCR (e1) to the same portion of ABL1 
(e1a2) (Chissoe et al., 1995). This same isoform in also expressed in a rare subset of patients 

with CML. However, approximately one-third of Ph+ ALL patients will express one of the 

longer p210 BCR-ABL1 isoforms.

The fusion event between BCR and the ABL1 kinase leads to multiple oncogenic 

consequences. The coiled-coil domain of the BCR N terminus facilitates dimerization and 

constitutive autophosphorylation of the ABL1 tyrosine kinase domain, resulting in 

subsequent phosphorylation of numerous substrates, including GRB2/GAB2, CRKL, JAK/

STAT family members, MAPK, and PI3K/AKT pathways (Brehme et al., 2009; Dorsey et 

al., 2002; Gallipoli et al., 2014; Goss et al., 2006; Hantschel et al., 2012; He et al., 2002; 

Hemmeryckx et al., 2002; Million and Van Etten, 2000; Pendergast et al., 1993; Reckel et 

al., 2017; Samanta et al., 2006; Sattler et al., 2002; Senechal et al., 1996; Seo et al., 2010; 

Xie et al., 2001). The signaling pathways downstream of BCR-ABL1 are summarized in 

Figure 1. Despite this complexity, all downstream pathways appear dependent on the 

tyrosine kinase activity of BCR-ABL1, which is crucial to the clinical efficacy of BCR-

ABL1 TKIs.

Development of Targeted Therapies for BCR-ABL1-Positive Leukemia

The essential role of BCR-ABL1 kinase activity for oncogenic transformation provided the 

rationale for targeting this activity therapeutically. Scientists at Ciba-Geigy (now Novartis) 

developed a series of compounds with inhibitory activity toward tyrosine kinases. Screening 

experiments using this library identified lead compounds with activity against the ABL1 

kinase. Optimization to improve oral bioavailability resulted in the development of imatinib 

(STI-571; Gleevec). Imatinib potently inhibits ABL1 tyrosine kinase activity in an ATP-

competitive manner with relative specificity, but also demonstrated inhibitory activity 

against the tyrosine kinase activity of KIT and platelet-derived growth factor receptor 

(Druker et al., 1996). Treatment of cells transformed by BCR-ABL1 resulted in a dose-

dependent inhibition of proliferation and induction of apoptosis. These results were 

confirmed in primary CML and Ph+ ALL cells as well as in committed progenitors from 

patients with CML. Importantly, imatinib exhibited little impact on normal hematopoietic 

colony formation at concentrations of up to 1 μM. Subsequent studies demonstrated that 

imatinib treatment potently inhibited the growth of BCR-ABL1-positive murine xenografts 

(le Coutre et al., 1999). These preclinical studies paved the way for clinical trials in patients 

with BCR-ABL1-positive leukemia.

Phase 1 trials with imatinib began in 1998 in patients with CML who were resistant to or 

intolerant of IFN-α (Druker et al., 2001a). Remarkably, 53/54 patients treated with at least 

300 mg per day, demonstrated a complete hematologic response (CHR), with 13% of 

patients achieving clearance of the Ph chromosome from their marrows as assessed by 

conventional cytogenetics (complete cytogenetic response [CCR]). Phase 2 studies 

demonstrated a CCR rate of 41% with a progression-free survival rate of 89% after 18 
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months of treatment (Kantarjian et al., 2002). The landmark phase 3 IRIS trial compared 

IFN-α + cytarabine with imatinib monotherapy in newly diagnosed, previously untreated 

patients with chronic-phase CML and established imatinib as the standard-of-care for 

patients with CML. Although only 8.5% of patients treated with IFN-α + cytarabine 

achieved a CCR, imatinib treatment produced a 73.8% CCR rate (Kantarjian et al., 2002). 

Long-term follow-up of IRIS trial participants revealed a 10-year survival rate of 83.3% with 

infrequent serious side effects (Hochhaus et al., 2017a). Clinical trials were expanded to Ph+ 

ALL and blast crisis CML, where more modest CHR rates of 20% and 11% were observed, 

respectively (Druker et al., 2001a). A follow-up phase 2 trial in blast crisis CML revealed a 

sustained hematologic response in 31% of patients, with a median duration of response of 10 

weeks (Sawyers et al., 2002). Similar results were seen in a phase 2 trial of Ph+ ALL, where 

a CHR was achieved in 19% of patients with an estimated progression-free survival of 2.2 

months (Ottmann et al., 2002).

While normalization of blood counts (CHR) and clearance of the Ph chromosome from >20 

bone marrow metaphases (CCR) were previously adequate measures for the evaluation of 

treatment effect, the majority of patients treated with imatinib achieve a CCR. Therefore, 

more sensitive monitoring approaches were needed to assess disease response. Quantitative 

reverse transcriptase PCR evaluation of peripheral blood BCR-ABL1 transcript levels 

enables the detection of low levels of disease with >3 logs more sensitivity than conventional 

cytogenetics (Hughes et al., 2003). The development of an international scale (IS) allowed 

standardization of transcript levels between laboratories. An IS value of 100% corresponds 

to the median level of transcripts among a large international cohort of newly diagnosed 

CML patients, with CHR and CCR achieved at IS values of 10% and 1%, respectively 

(Figure 2). In the IRIS trial, individuals who achieved a >3 log reduction in BCR-ABL1 
transcript levels had a negligible risk of progression during the following 12 months, with a 

BCR-ABL1 PCR level of 0.1% being designated a major molecular response (MMR). Long-

term follow-up has demonstrated that patients who achieve MMR have minimal to no risk of 

disease progression to accelerated or blast crisis at 5 years. Furthermore, no patient who 

achieved MMR by 18 months on therapy with imatinib died of CML with 10 years of 

follow-up, although some patients died of other causes.

Mechanisms of Resistance

In the IRIS study, approximately 17% of patients developed resistance to imatinib with 5 

years of follow-up. As noted, most of the patients with advanced-phase disease rapidly 

became resistant to therapy. One of the critical observations in clinical isolates from patients 

at the time of resistance was that BCR-ABL1 tyrosine kinase activity was frequently 

restored as assessed by levels of phosphorylation of the adapter protein CRKL (Gorre et al., 

2001). This indicated that imatinib was no longer able to inhibit its target.

Subsequent studies have shown that both BCR-ABL1 kinase-dependent and -independent 

mechanisms of resistance occur, with the breakdown of percentages differing between 

patients with primary resistance (failure to achieve an optimal response) and relapse after 

achieving a response. In the former, BCR-ABL1 kinase-independent mechanisms 

predominate, while in the latter at least 60% will have kinase-dependent resistance with 

Braun et al. Page 4

Cancer Cell. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BCR-ABL1 kinase domain mutations being the predominant mechanism. Of note, given the 

rapid emergence of resistant clones with kinase domain mutations in advanced-phase disease 

and a peak of relapse in chronic-phase patients with kinase domain mutations in the second 

to third year on therapy, it has been hypothesized that resistant clones may be present at the 

time of initiation of therapy and selected for on therapy as opposed to being induced by 

therapy (Iqbal et al., 2013; Schmitt et al., 2018). An additional insight that stemmed from 

the identification of BCR-ABL1 kinase domain mutations in the majority of imatinib-

resistant patients has been validation of the concept that the clinical efficacy of the drug is 

linked to on-target inhibition of BCR-ABL1 kinase activity, rather than due to inhibition of 

secondary, off-targets. This paradigm, akin to experience with resistance to antibiotics and 

with human immunodeficiency virus-directed anti-retroviral therapy, has held true for a 

variety of activated kinase targets in other cancers, including EGFR and ROS1 in non-small-

cell lung cancer (Awad et al., 2013; Kobayashi et al., 2009), FLT3 in AML (Smith et al., 

2012), and KIT in gastrointestinal stromal tumor (Heinrich et al., 2006).

BCR-ABL1 KINASE DOMAIN MUTATIONS AS A MECHANISM OF 

RESISTANCE

Crystallographic studies of imatinib in complex with the kinase domain of ABL1 revealed 

that the drug binds to a catalytically inactive conformation of the enzyme. In this state (type 

II), the DFG motif of the kinase is displaced outward and the activation loop remains in a 

substrate-mimicking closed form, precluding ATP from accessing its binding site (Nagar et 

al., 2002; Schindler et al., 2000). These studies also identified several critical residues within 

the ATP-binding site that form direct hydrogen bonds or productive van der Waals 

interactions with imatinib. Importantly, sequencing of the BCR-ABL1 kinase domain in 

CML patients with imatinib resistance has since revealed a spectrum of variants in or near 

the imatinib binding site (Hughes et al., 2006). These mutations largely center around the 

phosphate-binding loop (P loop; positions M244, G250, Q252, Y253, and E255), gatekeeper 

residue (T315 and F317), SH2 contact and C-lobe (M351, F359), and the activation loop 

(H396). Many of these variants have been studied in greater detail and have been shown to 

compromise imatinib binding through steric clash, elimination of direct contacts, and/or 

favoring an active conformation of the ABL1 kinase domain.

The subsequent development and approval of multiple second- and third-generation ABL1 

TKIs has largely addressed the BCR-ABL1 point mutant resistance vulnerabilities of 

imatinib. Nilotinib was originally developed based on the imatinib scaffold, binding to the 

same pocket but with significantly higher affinity (Weisberg et al., 2005). This increased 

potency allows for efficacy against some imatinib-resistant point mutations, yet the similar 

network of interacting residues preserves some common resistance liabilities, such as 

mutations of Y253, E255, T315, and F359. By contrast, the dual SRC/ABL1 inhibitor 

dasatinib, which was developed contemporaneously with nilotinib, was found to bind at the 

ATP site in an active conformation of the ABL1 kinase domain (type I), demonstrating even 

greater potency against the kinase compared with either imatinib or nilotinib (Shah et al., 

2004). As a function of dasatinib’s markedly different chemical structure and binding mode, 

BCR-ABL1 point mutations associated with resistance to this TKI center on variants of 
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positions V299, T315, and F317. A second SRC/ABL1 inhibitor, bosutinib, which binds 

similarly to dasatinib, but with slightly reduced potency, exhibits similar vulnerabilities with 

the addition of variants at G250 and E255 (Golas et al., 2003; Redaelli et al., 2009).

Although all of the approved inhibitors above demonstrate partially overlapping resistance 

profiles, mutations of T315 (the most problematic of which is a change to isoleucine) remain 

a common gap in coverage. Often referred to as the “gatekeeper mutation,” due to its 

position at the entrance to the ATP-binding site, the T315I mutant produces resistance to 

imatinib, dasatinib, nilotinib, and bosutinib. Ponatinib, a highly potent ABL1 inhibitor, was 

specifically developed to retain efficacy against the T315I mutation. Its rigid structure and 

extensive network of productive contacts result in high-affinity binding to ABL1 and 

efficacy against all kinase domain point mutations, including T315I (O’Hare et al., 2009). 

Despite this, evidence of a dose-dependent increase in the risk of vascular occlusive events 

on ponatinib, likely the result of its broad kinase target profile beyond ABL1 which includes 

KDR, has limited its potential for a broader indication in CML (Massaro et al., 2018). An 

effort to retain the ability to target the T315I mutation but avoid potential off-target toxicities 

led to the development of asciminib (ABL001), the first allosteric ABL1 kinase inhibitor to 

reach clinical evaluation. Unlike each of the other approved TKIs for CML, asciminib 

uniquely binds to the myristoylation pocket of BCR-ABL1 (Wylie et al., 2017), which in c-

ABL1 is critical in the regulation of the kinase and maintaining an auto-inhibited state 

(Hantschel et al., 2003). Preclinical studies have shown asciminib to be a potent and highly 

selective inhibitor of ABL1 with activity against many BCR-ABL1 point mutations, 

including T315I. In a phase 1 clinical trial of heavily pre-treated chronic-phase (and several 

accelerated-phase) CML patients, asciminib treatment resulted in CHR and CCR in 92% and 

54% of patients, respectively (Hughes et al., 2019). MMR was achieved in 48% of patients 

by 12 months, including 57% of patients with intolerance or resistance to ponatinib. 

Although longer follow-up will be required to determine the spectrum of potential resistance 

vulnerabilities for this drug, available preclinical and clinical data to date suggest resistance 

mutations in and around the myristoylation pocket are predicted to be uniquely problematic 

for asciminib (Eide et al., 2019; Wylie et al., 2017).

The expanding arsenal of clinically available ABL1 TKIs over the past 15 years (Figure 3) 

has enabled the largely effective management of BCR-ABL1 point mutation-mediated 

resistance in CML. However, sequential TKI treatment in patients with resistance has been 

shown to have the potential to select for compound mutations (two mutations in the same 

BCR-ABL1 molecule) that confer resistance to many or all available TKIs (Khorashad et al., 

2008; O’Hare et al., 2009; Shah et al., 2007; Stagno et al., 2009; Zabriskie et al., 2014). For 

example, while phase 2 evaluation of ponatinib showed impressive responses in highly 

refractory patients with a variety of BCR-ABL1 point mutations, among patients who 

discontinued therapy ~25% had evidence of a BCR-ABL1 compound mutation, more 

commonly in CML blast crisis and Ph+ ALL patients than those with chronic-phase disease 

(Cortes et al., 2013; Deininger et al., 2016). Notably, while single-agent TKI treatment of 

these mutants is ineffective, combined treatment with ATP site TKIs (particularly ponatinib) 

and asciminib has been proposed as a strategy for this type of resistance (Eide et al., 2019).
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Although BCR-ABL1 kinase domain mutations have traditionally been detected via Sanger 

sequencing, recent work using next-generation sequencing has revealed an increased 

sensitivity for low-level variants. In patients with suboptimal responses to therapy, 30%–

40% will harbor a low-level resistance mutation, which will invariably be selected for unless 

therapy is changed (Soverini et al., 2020). These results demonstrate the clinical utility of 

more sensitive BCR-ABL1 kinase domain mutation screening in the setting of suboptimal 

treatment responses and argue for the incorporation of this approach in clinical algorithms.

BCR-ABL1 Kinase Domain Mutation-Independent Resistance Mechanisms

Although BCR-ABL1 kinase domain mutations are identified in many individuals with 

CML who relapse on TKI treatment, resistance can develop in others without apparent 

kinase domain mutations. There is also evidence that TKI resistance can develop through the 

reactivation of the signaling pathways downstream of BCR-ABL1, including MAPK, PI3K, 

SRC, and JAK/STAT despite effective BCR-ABL1 inhibition (Burchert et al., 2005; Donato 

et al., 2003; Gioia et al., 2011; Packer et al., 2011; Warsch et al., 2011; Zhou et al., 2008). In 

addition, many patients with CML will achieve some measure of disease control on BCR-

ABL1 TKI therapy, but fail to achieve optimal responses and similarly harbor no 

explanatory kinase domain mutations. In some cases, such individuals can respond to an 

alternate TKI, suggesting that their disease remains dependent on BCR-ABL1 kinase 

activity and/or that additional non-kinase domain mutation-mediated resistance mechanisms 

are overcome by the off-target profile of the new therapy.

In solid tumors treated with targeted therapy, resistance frequently develops through lineage 

plasticity mechanisms, with transcriptional and epigenetic changes driving survival in the 

face of treatment (recently reviewed in Boumahdi and de Sauvage, 2020). Crucial to 

plasticity-mediated resistance is the development of a pool of slow-cycling cells with 

relative therapeutic resistance. BCR-ABL1 kinase domain mutation-independent resistance 

may be an analogous state in CML. Furthermore, the residual disease in patients failing to 

achieve a deep molecular response and in those that relapse after attempted treatment 

discontinuation may resist the effects of BCR-ABL1 inhibition via similar mechanisms. 

However, in contrast with solid tumors, individuals with a deep molecular response to BCR-

ABL1-directed therapy rarely relapse while on therapy, a finding that may be related to the 

relative lack of genomic complexity in chronic-phase CML.

BCR-ABL1 kinase domain mutation-independent resistance is also associated with the 

presence of mutations in the epigenetic regulators ASXL1, DNMT3A, IDH1, and SETBP1 

(Kim et al., 2017). Indeed, the presence of such mutations at the time of diagnosis is 

associated with an increased risk of poor treatment outcome (Branford et al., 2018) 

Furthermore, such mutations are also associated with progression to blast crisis 

(Giotopoulos et al., 2015; Grossmann et al., 2011). Precisely how these mutations drive TKI 

resistance in CML is unclear, although studies in AML provide evidence that such mutations 

facilitate some degree of differentiation arrest in leukemic blasts which may result in 

decreased TKI sensitivity.

Microenvironmental factors also play a role in driving TKI resistance. Stromal-derived 

cytokines promote STAT3 phosphorylation in primary CML cells, and BCR-ABL1-
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independent activation of STAT3 is seen in TKI-resistant primary CML cells (Strom et al., 

2009; Traer et al., 2012; Wang et al., 2007; Weisberg et al., 2008). Bone marrow-derived 

placental growth factor levels are increased in CML and promote BCR-ABL1-independent 

CML cell proliferation (Schmidt et al., 2011). Fibroblast growth factor 2 released from the 

bone marrow stroma also drives imatinib resistance through activation of downstream 

MAPK signaling (Traer et al., 2014). Therefore, it appears that CML cells remain 

hypersensitive to certain microenvironmental-derived factors that may enable them to 

survive in the face of TKI therapy. Whether this property is the result of residual BCR-

ABL1 kinase activity incompletely repressed by TKI therapy, kinase-independent functions 

of BCR-ABL1, or additional genomic alterations acquired during the process of malignant 

transformation remains an important avenue for further investigation.

Ph+ ALL and Advanced CML

The treatment of Ph+ ALL and advanced-phase CML remains a clinical challenge. In Ph+ 

ALL and lymphoid blast crisis CML, single-agent TKI therapy rarely produces deep or 

durable responses and relapse is inevitable (Druker et al., 2001b; Jones et al., 2008). 

Therefore, targeted therapy is typically added to conventional intensive chemotherapy. In 

pediatric Ph+ ALL, the combination of imatinib plus conventional chemotherapy produces 

markedly improved responses, with a disease-free survival rate of 70% at 5 years. 

Importantly, chemotherapy plus TKI showed an equivalent 5-year disease-free survival rate 

to conventional chemotherapy followed by allogenic hematopoietic stem cell transplantation 

(Schultz et al., 2014).

In myeloid blast crisis, intensive chemotherapy is largely ineffective and treatment with a 

second-generation TKI is typically used with the goal of inducing a second remission and 

proceeding to allogenic transplantation (Hehlmann, 2012). Driven by a stereotypic set of 

cytogenetics aberrations and point mutations, blast crisis is associated with decreased 

response rates to TKI therapy as well as a markedly increased rates of resistance (Johansson 

et al., 2002). TKI resistance is frequently driven by the acquisition of BCR-ABL1 point 

mutations and mutations in epigenetic regulators (Kantarjian et al., 2006). This increased 

genomic instability is thought to be driven by generation of reactive oxygen species, leading 

to DNA damage and increased mutation frequency (Koptyra et al., 2006). These findings 

argue that once disease has acquired the genomic instability to progress to the acute-phase, 

multi-agent therapy will be required to achieve long-term disease control.

Comparison of Responses and Resistance to TKIs in Chronic-Phase CML

At present, five inhibitors of BCR-ABL1 have been granted FDA approval for the treatment 

of chronic-phase CML (Figure 3; Table 1). Since the initial approval of imatinib, numerous 

studies have investigated strategies for attaining deeper molecular responses. High-dose 

imatinib (600–800 mg daily) drives more rapid molecular responses and achieves a higher 

rate of MMR at 1 year, yet does not alter the rate of progression-free survival at 5 years 

(Gafter-Gvili et al., 2011; Hehlmann et al., 2017). Dasatinib, nilotinib, and bosutinib have all 

been compared with imatinib as frontline therapy for chronic-phase CML (Kantarjian et al., 

2010; Cortes et al., 2016, 2018a; Maiti et al., 2016; Wang et al., 2015; Hochhaus et al., 2016; 

Saglio et al., 2010; Hughes et al., 2019). In each case, superior molecular responses are 
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observed at 1 year in comparison with imatinib, yet none of these drugs produce clinically 

significant alterations in long-term progression-free survival. Although ponatinib 

demonstrated marked improvements in early molecular responses compared with imatinib in 

previously untreated chronic-phase CML patients (Lipton et al., 2014, 2016), this trial was 

stopped early due to the increase risk of arteriovascular-occulsive events observed with 

ponatinib. For all agents, responses improve with time, with a greater number of patients 

achieving a deep molecular response after 5 years of therapy. Indeed the difference between 

second-generation TKIs and standard-dose imatinib narrows with long-term follow-up 

(Hochhaus et al., 2016; Maiti et al., 2016). The rate of achieving MR4.5 (defined as BCR-
ABL1 transcripts <0.0032% IS) with standard-dose imatinib varies between studies, making 

cross-trial comparisons challenging. However, high-dose imatinib, dasatinib, and nilotinib 

all show a 10%–20% improvement in the MR4.5 rate in comparison with standard-dose 

imatinib at 5 years (Gafter-Gvili et al., 2011; Hehlmann et al., 2017; Rossari et al., 2018). 

The precise mechanism underlying the rate of deep molecular response is unclear. It is likely 

that drug potency plays a significant role, as imatinib demonstrates the highest IC50 of all 

clinically available BCR-ABL1 TKIs, and imatinib dose-escalation drives more rapid 

molecular responses. Evidence also suggests that pharmacokinetic differences in drug 

absorption and bioavailability may play a significant role, with some proposing that time of 

target inhibition is an important driver of disease response, requiring higher TKI dosing in 

some patients to durably inhibit CML cell growth (Josephs et al., 2013). However, a clear 

relationship between plasma half-life and disease response is not readily apparent. Dasatinib 

demonstrates a markedly lower half-life than imatinib, but twice-daily dasatinib drives 

similar clinical responses to once-daily dosing (Shah et al., 2008a), suggesting potency of 

inhibition perhaps outweighs time of target inhibition as a clinically important variable 

(Shah et al., 2008b; Snead et al., 2009). Complicating this interpretation, however, is the 

finding that while dasatinib is rapidly cleared from blood it has a relatively slow rate of 

dissociation from BCR-ABL1 and is retained intracellularly, arguing that it may display a 

longer time on-target than would be suggested by its half-life (Kumar and Lowery, 2017; 

O’Hare et al., 2013; Willemsen-Seegers et al., 2017). Thus, the development of high potency 

BCR-ABL1 TKIs with increased half-life remains a possible means of driving improved 

disease responses. As TKI discontinuation (discussed below) becomes an increasingly 

important clinical goal, strategies aimed at driving deeper molecular responses are of 

increased importance. Furthermore, diagnostic methods to identify those patients who are 

unlikely to achieve a satisfactory molecular response would be useful for the identification 

of patients who may benefit from up-front combination therapy.

Residual Disease and TKI Discontinuation

Despite the marked change in the natural history of CML, significant challenges remain. 

Although side effects of therapy are generally mild, the majority of patients face many years 

to a lifetime of treatment. Thus, side effects from imatinib, such as fatigue, rashes, fluid 

retention, bone pain, and chronic diarrhea can be quite detrimental to quality of life 

(Deininger et al., 2003; Efficace et al., 2013). Other TKIs are associated with pleural 

effusions, increased risk of cardiovascular disease, QTc prolongation, and pancreatitis 

(Cortes et al., 2018b; Hazarika et al., 2008; Khoury et al., 2009; Porkka et al., 2010). Given 

the chronic nature of therapy, compliance is also a significant issue. Approximately 15% of 
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patients monitored for medication adherence by a microelectronic device took less than 80% 

of the prescribed doses of imatinib (Ibrahim et al., 2011; Marin et al., 2010). Importantly, a 

strong correlation between adherence and response was noted, and none of the patients with 

adherence less than 80% achieved MMR.

In individuals with CML who achieve deep molecular remissions, residual BCR-ABL1-

positive cells can be identified in the long-term hematopoietic stem cell pool (Eisterer et al., 

2005). Indeed, individuals with a negative BCR-ABL1 PCR may harbor as many as 6.5 × 

106 residual leukemia cells (Sender et al., 2016). Despite this potentially large number of 

persistent leukemia cells, clinical trials were initiated to see if it would be possible to 

discontinue therapy. Starting with the STIM-Pilot/STIM1 trial, it was determined that some 

individuals who maintain undetectable BCR-ABL1 transcripts (as measured by an assay 

with at least a 4.5 log sensitivity) can safely discontinue imatinib therapy (Mahon et al., 

2010; Rousselot et al., 2007). Multiple other trials with imatinib and second-generation TKIs 

have confirmed these initial results and found that approximately 50% of patients are able to 

discontinue therapy with long-term follow-up over 7 years in some studies (Hochhaus et al., 

2017b; Imagawa et al., 2015; Mahon et al., 2018; Rea et al., 2017; Ross et al., 2013; 

Saussele et al., 2018; Takahashi et al., 2018). For patients who achieve a treatment-free 

remission (TFR), 50% will maintain undetectable levels of BCR-ABL1 transcripts, while 

50% will develop low-level positive BCR-ABL1 transcripts yet maintain an MMR for at 

least several years. An example of such a patient is shown in Figure 4. This patient was off 

imatinib for 8 years and demonstrated a BCR-ABL1 PCR that fluctuated between 

undetectable and 0.1%. For the 50% of patients with recurrent disease (defined as loss of 

MMR), nearly all patients are able to regain their response with resumption of TKI 

treatment, although there have been rare reports of disease progression. Somewhat 

surprisingly, after another 2 years of maintaining undetectable BCR-ABL1 transcript levels, 

approximately 40% of these individuals will be able to successfully discontinue TKI 

treatment (Legros et al., 2017). This suggests that CML stem cells are continuously cleared 

by TKI therapy at a low rate or exist in a quiescent, insensitive state and stochastically pass 

through a transient-sensitive state. Interestingly, it is likely that most individuals in a TFR 

continue to harbor low-level residual disease when measured using ultrasensitive 

methodology (Bocchia et al., 2018; Cui et al., 2018). Therefore, it may be that once the 

CML stem cell number is reduced below a certain threshold, many individuals will 

experience long-term remission, either owing to the quiescent nature of the CML stem cell 

itself or immune-mediated disease control. An understanding of the biology of CML stem 

cells has become a major focus area as the clearance of residual disease would enable more 

patients to successfully discontinue therapy.

Studies to date suggest that residual BCR-ABL1-positive CML stem cells are relatively 

insensitive to BCR-ABL1 inhibition by TKIs (Corbin et al., 2011). Numerous signaling 

pathways are differentially activated in these cells as compared with BCR-ABL1-negative 

stem cells. CML stem cells are dependent on WNT/β-catenin signaling for survival in the 

face of BCR-ABL1 inhibition (Gregory et al., 2010). Combined inhibition of BCR-ABL1 

and β-catenin synergistically induces apoptosis in CML blasts and progenitors, suggesting 

the possibility that dual therapy could eliminate CML stem cells (Zhou et al., 2017). 

Additional studies have implicated the Hedgehog pathway as a potential therapeutic target in 
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CML stem cells. Hedgehog signaling is activated in CML stem cells and persists upon BCR-

ABL1 inhibition, and pharmacologic inhibition of Hedgehog signaling prevents the 

expansion of CML stem cells (Dierks et al., 2008; Zhao et al., 2009). Unfortunately, early 

trials of Hedgehog inhibitors in combination with ABL1 TKIs were discontinued due to 

toxicity.

The JAK/STAT pathway has been implicated as a crucial downstream target of BCR-ABL1. 

Single-cell RNA sequencing of CML stem cells revealed a quiescent population with 

transcriptional evidence of both JAK/STAT and TNF pathway activation as compared with 

normal stem cells (Giustacchini et al., 2017). Consistent with this, combination therapy with 

nilotinib and the JAK/STAT inhibitor, ruxolitinib, decreased CML stem cell number in 

murine xenografts while sparing normal stem cells (Gallipoli et al., 2014). Epigenetic 

regulators have also been implicated in the persistence of CML stem cells in the face of TKI 

therapy. Combined inhibition of BCR-ABL1 and the epigenetic regulators EZH2 or SIRT1 

resulted in synergistic elimination of CML stem cells (Li et al., 2012; Scott et al., 2016). 

Combined inhibition of BCR-ABL1 and the anti-apoptotic regulator BCL2 also markedly 

reduced CML stem cell numbers in murine models. Numerous other pathways have been 

implicated as critical to the maintenance of the leukemia stem cell, including the PI3K 

pathway, PML, PP2A, HIF, and autophagy pathway (Airiau et al., 2013; Bellodi et al., 2009; 

Cheloni et al., 2017; Chen et al., 2014; Ito et al., 2008; Lai et al., 2018). Collectively, these 

studies demonstrate differential activation of signaling pathways in CML and normal stem 

cells offering possible targets for combination therapy.

As a result of these preclinical studies, multiple clinical trials are investigating therapeutic 

combinations that may further reduce residual disease burden, allowing more patients to 

successfully achieve deep molecular responses and to discontinue therapy. Three trials are 

specifically investigating the combination of second-generation TKIs with ruxolitinib to 

promote deeper molecular responses or aid in a second attempt at TKI discontinuation 

(NCT02689440, NCT01702064, NCT03610971). In addition, there has been renewed 

interest in IFN-α in combination with BCR-ABL1 TKIs driven by the notion that IFN may 

augment immune responses leading to reduction in residual disease (NCT01933906, 

NCT02001818). Finally, the combination of dasatinib and the BCL2 inhibitor venetoclax is 

also under early-stage clinical investigation (NCT02689440). Dual BCR-ABL1 inhibition is 

an additional strategy that has the potential to drive deeper molecular responses, allowing 

treatment discontinuation in a larger number of patients. There is preclinical evidence that 

dual BCR-ABL1 inhibition with imatinib and dasatinib prevents the development of 

resistance to either agent (Burgess et al., 2005). Dual BCR-ABL1 inhibition with the 

allosteric inhibitor asciminib and ATP-binding site inhibitors is particularly appealing given 

that these two classes of drug bind to distinct domains of ABL1 and have differing 

mechanisms of resistance (Eide et al., 2019; Wylie et al., 2017). Collectively, these early-

phase studies offer the possibility of producing deeper disease response in a larger number 

of patients, potentially allowing for increased numbers of patients to be eligible for TKI 

discontinuation.
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Conclusion

The advent of BCR-ABL1-targeted therapy has markedly changed the natural history of 

CML, rendering a once-fatal disease into a manageable condition. Resistance is relatively 

uncommon and occurs through BCR-ABL1 kinase-dependent and -independent 

mechanisms. The development of multiple BCR-ABL1 TKIs has rendered on-target 

resistance a largely treatable condition, although the T315I mutation and compound 

mutations remain a clinical challenge. Patients with advanced disease (i.e., blast crisis or Ph

+ ALL) remain an additional area of challenge. This scenario is globally quite similar to the 

experience with targeted therapy in the vast majority of other malignancies. Although 

impressive responses can be obtained, these are short-lived with the inevitable development 

of resistance. For such patients, combination therapy will likely be necessary to obtain 

longer-term responses.

Despite these advances, chronic TKI therapy is associated with a decreased quality of life 

and increased financial burden, underscoring discontinuation of therapy as an important 

clinical goal for many patients. An improved biological understanding of why BCR-ABL1-

positive cells persist in some individuals on therapy may enable the development of 

strategies that allow more patients to discontinue therapy. The persistence of residual disease 

during targeted therapy is not unique to CML, and likely occurs in the vast majority of 

malignancies. Therefore, lessons learned regarding residual disease in CML may offer clues 

to how residual disease may be eradicated more broadly.

The relative success of targeted therapy in CML is likely due to the fact that chronic-phase 

disease becomes clinically evident early in the disease course. This allows for early 

treatment and cytoreduction, reducing the risk of genetic evolution. Therefore, to extend the 

success seen with CML to other forms of cancer, it is imperative to develop strategies that 

detect cancers when they are less genetically advanced, facilitating treatment earlier in the 

course of disease.
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Figure 1. Molecular Pathway Activation Downstream of BCR-ABL1
BCR-ABL1 dimerizes leading to autophosphorylation at tyrosine 177 of BCR. This serves 

as a docking point for the GRB2/GAB2/SOS complex which activates multiple signaling 

pathways, including PI3K/AKT and MAPK. Autophosphorylation of key residues in the 

BCR-ABL1 kinase domain also in turn activate the JAK/STAT pathway likely via activation 

of JAK2 and direct phosphorylation of STAT5. In the setting of BCR-ABL1 TKI resistance, 

extracellular growth factors can act via the JAK/STAT pathway to sustain cell growth. 

Leukemia stem cells may uniquely depend on WNT/β-catenin and SHH/SMO signaling for 

survival in the face of BCR-ABL1 kinase inhibition.
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Figure 2. Monitoring of Chronic-Phase CML on BCR-ABL1 TKI Therapy
BCR-ABL1 transcript levels as measured by reverse-transcriptase PCR and their 

corresponding disease status. Risk of relapse per year numbers are derived from the original 

IRIS trial and subsequent European LeukemiaNet guidelines (Hughes et al., 2003; Marin et 

al., 2008).
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Figure 3. BCR-ABL1 Tyrosine Kinase Inhibitors and Resistance Mechanisms
Chemical structures and published X-ray crystallographic structures of ABL1 complexed 

with kinase inhibitors are shown. Residues at which mutations are associated with strong 

resistance to a given TKI are indicated in red, while those associated with lesser degrees of 

resistance are listed in orange. Both T315 and E255 mutations do lead to an increase in the 

IC50 for ponatinib; however, they do not typically lead to clinical resistance in isolation, but 

do as a compound mutation. The structure of ABL1 complexed with asciminib shows 

nilotinib in the ATP-binding site for reference. T315I is indicated in purple for visual 

reference (Cowan-Jacob et al., 2007; Levinson and Boxer, 2012; O’Hare et al., 2009; 

Tokarski et al., 2006; Weisberg et al., 2005; Wylie et al., 2017).
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Figure 4. BCR-ABL1 Transcript Levels in a CML Patient in Long-Term Treatment-free 
Remission
Example of an individual who underwent imatinib discontinuation in 2011 and has 

maintained a TFR since that time with fluctuating BCR-ABL1 PCR levels but maintenance 

of an MMR.
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