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Abstract

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm caused by a reciprocal 

translocation [t(9;22)(q34;q11.2)] that leads to the fusion of ABL1 gene sequences (9q34) 

downstream of BCR gene sequences (22q11) and is cytogenetically visible as Philadelphia 

chromosome (Ph). The resulting BCR/ABL1 chimeric protein is a constitutively active 

tyrosine kinase that activates multiple signaling pathways, which collectively lead to malignant 

transformation. During the early (chronic) phase of CML (CP-CML), the myeloid cell 

compartment is expanded, but differentiation is maintained. Without effective therapy, CP-CML 

invariably progresses to blast phase (BP-CML), an acute leukemia of myeloid or lymphoid 

phenotype. The development of BCR-AB1 tyrosine kinase inhibitors (TKIs) revolutionized the 

treatment of CML and ignited the start of a new era in oncology. With three generations of 

BCR/ABL1 TKIs approved today, the majority of CML patients enjoy long term remissions and 

near normal life expectancy. However, only a minority of patients maintain remission after TKI 

discontinuation, a status termed treatment free remission (TFR). Unfortunately, 5–10% of patients 

fail TKIs due to resistance and are at risk of progression to BP-CML, which is curable only with 

hematopoietic stem cell transplantation. Overcoming TKI resistance, improving the prognosis of 

BP-CML and improving the rates of TFR are areas of active research in CML.
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1. Introduction

Chronic Myeloid Leukemia (CML) is a rare hematologic malignancy with an annual 

incidence of 1.0–1.5/105, without significant racial or geographic differences. In the last two 

decades, CML was the subject of transformational therapeutic advances that demonstrated 

the impact of clinical-translational biomedical research. CML patients treated with modern 

therapies have a life expectancy close to that of aged-matched controls(1). As a result, CML 

prevalence in the U.S. is predicted to rise from 70,000 in 2010 to 180,000 in 2050, and CML 

will become the most prevalent myeloid neoplasm(2). The only well-documented risk factor 

for development of CML is ionizing radiation(3–5).

The hallmark of CML is an acquired reciprocal translocation between the long arms of 

chromosomes 9 and 22 [t(9;22)(q34;q11.2)], cytogenetically visible as the Philadelphia 

chromosome (Ph). The t(9;22) translocation leads to the fusion of sequences from the ABL1 
gene on 9q34 downstream of the BCR gene on 22q11 and formation of a BCR/ABL1 fusion 

gene. BCR is a ubiquitously expressed cytoplasmic protein with multiple functionalities. 

BCR−/− mice are viable and a defect in neutrophilic oxidative burst in phagocytic cells is 

the only known defect (6–9). ABL1 is also ubiquitously expressed and has several functions, 

including inhibition of cell cycle progression and proliferation, integrin signaling, and DNA 

repair (10–17). While ABL1 kinase activity is tightly controlled in physiological conditions, 

the chimeric BCR/ABL1 protein is constitutively active and re-localized to the cytoplasm. 

BCR/ABL1 activates numerous downstream pathways leading to increased proliferation, 

reduced apoptosis, abnormal adhesion and migration, and genetic instability. These signaling 

pathways were studied extensively, providing insights into the molecular machinery driving 

CML. Key downstream substrates and pathways include the phosphatidylinositol-3 kinase 

(PI3K) pathway, RAS/mitogen-activated protein kinase(MAPK) pathway, and Janus kinase 

(JAK)/Signal transducer and activator of transcription (STAT) pathways, among others.

BCR/ABL1 is both necessary and sufficient for the development of CML. The introduction 

of BCR/ABL1 tyrosine kinase inhibitors (TKIs) revolutionized the treatment of CML and 

started the era of targeted therapies in oncology. With three successive generations of BCR/

ABL1 TKIs approved today, the majority of CML patients enjoy long term remissions and 

near normal life expectancy(1). Moreover, ~50% of patients with deep molecular responses 

(>4-log reduction of BCR/ABL1 transcripts) maintain remission after discontinuation of 

TKIs, a state termed treatment free remission (TFR). Unfortunately, a subset of patients 

with CML develops resistance to TKIs leading to treatment failures and progression to 

blast phase CML (BP-CML). Despite the progress of BCR/ABL1 targeted therapies, stem 

cell transplant remains the only curative treatment of BP-CML. Current research frontiers 

in CML include overcoming TKI resistance, improving the prognosis of BP-CML and 

improving the rates of TFR which are all areas of active research in the field. Additionally, 

the success of TKIs has raised questions of a different nature, such as the exorbitant price of 

TKIs, late adverse effects of long-term TKI therapy, and the question of how we can make 

the success of TKIs available to less privileged parts of the world.
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2. Current Management of CML

2.1 Diagnosis and Initial Work up

Patients with CML may present with constitutional symptoms including fatigue, weight 

loss and night sweats. Splenomegaly is fairly common and can result in abdominal pain 

and fullness. Hepatomegaly may be present and like splenomegaly reflects extramedullary 

hematopoiesis. In developed counties, more and more patients are diagnosed incidentally, 

when an abnormal complete count blood (CBC) obtained for an unrelated reason leads to 

a diagnostic workup. The CBC typically shows leukocytosis, and frequently thrombocytosis 

and mild anemia. Basophilia is a typical finding that should raise suspicion for CML. 

Mildly elevated eosinophils may be present, but significant eosinophilia raises the question 

of an alternative diagnosis(18). The peripheral blood smear usually shows left-shifted 

granulopoiesis encompassing the full spectrum of granulocytic precursors including 

promyelocytes and blasts. Cellular function is mostly normal and CP-CML patients are 

not at increased risk of infection or bleeding. As all risk stratification scores are based on 

pre-therapeutic values, it is important to document blood counts and spleen size (in cm 

below costal margin) before any therapy is initiated. Flow cytometry is indicated if blast 

phase or accelerated phase is suspected. In the case of discrepancies between morphological 

and immunophenotypic blast counts based on CD34 expression, morphological blast counts 

should take precedence over flow cytometry.

Morphologic examination of the bone marrow usually shows a hypercellular marrow with 

myeloid predominance, left shift and frequently basophilia. Abnormally small, nonlobated 

megakaryocytes (micromegakaryocytes) are typical for CML and there may be pseudo

Gaucher cells (large macrophages with foamy cytoplasm and a lobated eccentric nucleus) 

and harlequin cells (dysplastic eosinophils with metachromatic granules). Significant 

dysplasia raises the question of alternative diagnoses, such as atypical CML(19). Grade 

1–2 reticulin fibrosis may be present, but severe fibrosis is uncommon(20). We routinely 

perform a bone marrow biopsy at diagnosis to identify the occasional patient with nests of 

blasts undetected by cytology, especially if the aspirate is suboptimal or the presentation is 

aggressive.

Metaphase karyotyping of bone marrow cells is indicated to confirm the diagnosis of 

CML. A minimum of 20 metaphase spreads should be analyzed. More than 95% of CML 

patients are Ph+. In ~3–5% of patients the Ph chromosome is part of complex translocations 

involving additional chromosomes. This must not be confused with clonal cytogenetic 

abnormalities in Ph+ cells (CCA/Ph+, also referred to as clonal cytogenetic evolution, 

discussed in depth below)(21). While patients with CCA/Ph+ have inferior progression-free 

and overall survival on TKI therapy, the complex translocations at diagnosis do not impact 

prognosis on TKIs (21, 22). Additionally, clonal cytogenetic abnormalities are detected in 

Ph-negative cells (CCA/Ph-) in 5–10% of CML patients with a cytogenetic response to TKI 

therapy and do not seem to alter prognosis (23). Rare (<5%) of patients have a silent Ph that 

cannot be identified by karyotyping, requiring molecular testing to establish the diagnosis of 

CML.
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Fluorescence in situ hybridization (FISH) is usually performed on interphase nuclei, which 

increases sensitivity as 200–500 nuclei can be analyzed routinely. FISH is an excellent test 

to establish the diagnosis of CML in cases of silent Ph, but it should not routinely replace 

karyotyping, as it misses CCA/Ph+. Modern FISH probes also identify deletions in ABL1 
and BCR adjacent to the translocation breakpoint. Deletions in the derivative chromosome 

9 adjacent to the breakpoint or spanning the breakpoint confer an adverse prognosis to 

patients treated with interferon-α (IFN-α) and second-line imatinib, but not to patients on 

frontline TKI therapy(24–27). FISH is useful for monitoring patients with atypical BCR/
ABL1 transcripts that are not detected by standard quantitative PCR assays (28). While other 

myeloproliferative diseases such as chronic myelomonocytic leukemia (CMML) and chronic 

neutrophilic leukemia can mimic CML clinically and morphologically, demonstration of Ph 

or BCR/ABL1 establishes a CML diagnosis in a patient with a myeloproliferative neoplasm, 

irrespective of other features.

Qualitative reverse transcription polymerase chain reaction (RT-PCR) is an alternative to 

FISH to identify a BCR/ABL1 fusion mRNA in patients with suspected CML who are Ph- 

by metaphase karyotyping. The breaks in chromosome 22 localize to one of three breakpoint 

cluster regions (BCRs) and determine how much of BCR is retained in the BCR/ABL1 
fusion mRNA and protein. In the vast majority of CML patients, the breakpoint in BCR 
generates e13a2 or e14a2 fusion mRNAs (formerly referred to as b2a2 and b3a2) and a 

p210BCR/ABL1 fusion protein. Breakpoints in the minor BCR (m-BCR) generate an e1a2 

fusion mRNA and p190BCR/ABL1, which is found in two-thirds of Ph+ acute lymphoblastic 

leukemia (ALL) cases, but very rarely in CML (29, 30). There is a number of rare BCR/
ABL1 variants that cannot be detected with standard RT-PCR assays. Therefore, ruling out 

CML by RT-PCR requires multiplex assays that cover all possible BCR/ABL1 variants. (31–

33). Importantly, in the case of rare variants, it is not possible to follow disease status using 

standard quantitative PCR (qPCR) assays(33–35). Finally, about two-thirds of CML cases 

also express the reciprocal ABL1-BCR mRNA (36, 37). Absence of ABL1-BCR mRNA 

indicates the presence of deletions flanking the breakpoints in BCR, ABL1, or both.

Next generation sequencing (NGS) to screen for mutations in genes involved in myeloid 

malignancies is increasingly used in CML but does not yet provide actionable information. 

The prognostic impact of such mutations is an area of active research(38, 39). Branford et 

al. recently presented data demonstrating that presence of mutations associated with myeloid 

malignancies predicted for inferior progression free survival and molecular response 

rates(40). Prospective data is needed to confirm the prognostic importance of mutations, 

before incorporating NGS into the routine diagnostic work-up and clinical decision-making. 

In our practice we consider myeloid NGS in patients with high-risk CML.

Imaging studies are not required for diagnosis and are mandatory only if palpation of spleen 

and liver is not possible or if extramedullary involvement in sites other than spleen and liver 

is suspected. Notably, there is no established algorithm to convert spleen size on imaging to 

the sizing measurements obtained from physical exam and used in the Sokal and other risk 

scores.
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2.2 Risk Stratification and Disease Phases

The Sokal score, the first prognostication system in CML, was developed in the era of 

busulfan-based chemotherapy but was later applied successfully to risk-stratify patients 

treated with IFN-α or TKIs(41, 42). The Sokal score formula is based on age, blast count 

in the blood, platelet count and spleen size. Scores of <0.8, 0.8–1.2 and >1.2 define low, 

intermediate and high risk categories respectively(43). When IFN-α was the standard drug 

therapy for CML, Hasford developed a score optimized for patients treated with IFN-α(18). 

More recently, the European Treatment and Outcome Study for CML long-term survival 

score (EUTOS-LTSS, ELTS) was developed. The ELTS takes into account the fact that most 

CML patients with access to TKIs die from non-CML causes(44). ELTS was superior to all 

other scores in predicting CML-related death in CP-CML patients treated with imatinib, and 

its use is recommended in patients treated with TKIs.

CML progresses in stages termed chronic phase (CP-CML), accelerated phase (AP-CML) 

and blast phase (BP-CML). While ≥20% blasts are used by the WHO classification of 

hematologic neoplasms to establish a diagnosis of blast phase, National Comprehensive 

Cancer Network (NCCN), and Center for International Blood and Marrow Transplant 

Research (CIBMTR) use a cutoff of ≥30%, which is also the definition employed by 

major prospective TKI trials, which form the basis for current treatment algorithms(45, 

46). BP-CML can exhibit a pre B-lymphoid (25%), myeloid (70%) or indeterminate 

(5%) phenotype(47). BP-CM may develop suddenly or over a period of time through the 

intermediary stage of AP-CML. In addition to a blast count of ≥30% in the blood or 

bone marrow, extramedullary myeloblasts (chloroma) in tissues other than liver or spleen 

define BP-CML, and any proportion of pre-B lymphoblasts strongly suggests lymphoid blast 

phase. The acquisition of CCA/Ph+ in a patient on TKI therapy is diagnostic for AP-CML 

irrespective of other disease features(21, 48, 49). CML presenting in lymphoid blast crisis 

may be difficult to distinguish from de novo Ph+ ALL. The therapeutic approaches are 

almost identical though and the distinction is mainly of academic interest.

2.3 Parameters of Response

Response to therapy is assessed by clinical, hematological, cytogenetic and molecular 

parameters that reflect the leukemic burden in patients (Figure 1). Response to TKI 

therapy is highly predictive of long term outcomes, and milestones of response have 

been identified by the National Comprehensive Cancer Network (NCCN) and European 

Leukemia Net (ELN) consensus panels(45, 48). Complete Hematologic response (CHR)is 

defined as the resolution of all CML-related signs and symptoms (including palpable 

splenomegaly) and normalization of white blood cell count, white blood cell differential 

and platelet count. Normalization of hemoglobin is not part of the CHR definition. 

Complete Cytogenetic Response (CCyR) denotes the absence of Ph+ metaphases in at 

least 20 bone marrow cells analyzed by G- or R-banding. CCyR correlates strongly with 

overall survival (50).Partial cytogenetic responsedenotes 1–35% Ph+ metaphases, andmajor 
cytogenetic response (MCyR)combines CCyR and PCyR. Molecular Response refers to 
response assessed by PCR. Quantitative RT-PCR for BCR/ABL1 has emerged as the assay 

of choice for monitoring patients with CML on therapy. The introduction of the international 

scale (IS) as a universal metric to express BCR/ABL1 transcript levels helped establish the 
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standard for reporting the results of molecular testing(51). Compared to cytogenetics, qPCR 

has a much greater dynamic range, which can span up to 5 orders of magnitude. However, 

this sensitivity is achieved only if the sample is of optimal quality. Thus, laboratories must 

report the sensitivity reached for a given sample to allow for correct interpretation of results. 

A housekeeping gene is used as a control for normalization of RNA input. Acceptable 

choices include ABL1, BCR, andβ-glucuronidase (GUS). It is often necessary to decide 

whether a rise of BCR/ABL1 mRNA is ‘real’ and should trigger a more extensive workup, 

or is only a variation of the assay. The most important factor is the quality of the test, 

which determines the extent of inter-test variation(52). Current recommendation is that 

generally a 5–10 - fold rise in transcript levels be regarded as significant (51). It is important 

to know the performance of the laboratory and to adjust standard operating procedures 

accordingly. It is also good practice to repeat the test in case of rising BCR/ABL1 mRNA 

levels before rushing to far-reaching conclusions, particularly if the changes occur at a 

low level, where the coefficient of variation is largest. It is also important to understand 

the meaning of the IS scale. A value of 100% on the IS is equivalent to the average 

BCR/ABL1 mRNA expression of 30 patients treated on the International Randomized 

Study of Interferon and STI571 (IRIS) study (53). Therefore, the fold reductions of BCR/
ABL1 expressed on IS refer to a standardized baseline rather than the patient’s baseline, 

representing an absolute measurement of leukemic mRNA. A value of 0.1% corresponds to 

a 3-log reduction compared to this baseline and is referred to as major molecular response 

(MMR). Achievement of MMR on TKI therapy is an important milestone that portends a 

good prognosis. Further reductions of BCR/ABL1 mRNA by 4 or 4.5 logs are referred to 

as MR4 or MR4.5, respectively. MR4.0 or better is frequently referred to as deep molecular 

response (DMR) and is the minimum depth of response required to consider a trial of 

TFR. The first defined prognostic milestone for CP-CML is at 3 months after initiating 

TKI therapy (Table 1). An IS level of less than 10% at 3 months is referred to as an early 

molecular response, and highly correlated with progression free and overall survival(54). 

Subsequent studies showed that 6 months for achieving less than 10% BCR/ABL1 IS are 

also acceptable(55).

2.4 Current Therapies in the Treatment of CML

2.4.1 Tyrosine kinase inhibitors.—TKIs are the standard of care for newly diagnosed 

CML patients in all disease phases. Six TKIs are currently approved –imatinib, dasatinib, 

nilotinib, bosutinib, ponatinib and radotinib (only in South Korea). Imatinib is referred 

to as a first-generation (1G) TKI, dasatinib, nilotinib, bosutinib and radotinib are second

generation (2G) TKIs, and ponatinib is a third generation TKI. The TKIs differ in their 

potency, activity against BCR/ABL1 mutants, activity against kinases other than BCR/

ABL1, pharmacokinetics and adverse effect profiles.

2.4.1.1. Imatinib.: The introduction of Imatinib initially as salvage therapy in 2001 and 

subsequently as front line therapy revolutionized CML therapy, transforming this disease 

from a fatal condition into a manageable chronic ailment (56–59). The International 

Randomized Study of Interferon and STI571 (IRIS) study compared imatinib 400mg daily 

versus a combination of IFN-α and cytarabine and found imatinib to be vastly superior in 

all major endpoints. Crossover was permitted and the fact that many patients who failed 
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IFN-α were effectively salvaged by imatinib may explain why no difference in overall 

survival between the two arms was observed (60). Subsequent phase 3 studies of imatinib 

mainly addressed dose optimization. Two prospective randomized studies compared 400mg 

vs. 800mg imatinib in patients with newly diagnosed CP-CML. Both studies failed in their 

primary endpoints, MMR or CCyR at 12 months, respectively(61, 62). Later the German 

CML IV study reported superior rates of MMR at 12 months for 800mg compared to 400 

mg imatinib daily, without a difference in progression-free survival(63, 64). In this study the 

median dose of imatinib was 627mg daily due to intolerances and dose reductions. Similarly, 

the French SPIRIT study reported higher rates of MMR for patients treated with 600 vs. 

400mg imatinib daily (65). Hence, the optimal dose of imatinib may be approximately 

600mg daily, which is also the recommended dose for AP/BP (66).

2.4.1.2. Dasatinib.: Dasatinib was initially studied in the second line after imatinib failure, 

including several phase 2 studies that tested different doses and dosing schedules (67–

72). Dasatinib at a dose of 100mg daily for CML-CP, and 140mg daily for AP/BP-CML 

emerged as the recommended doses. Collaborative group (Southwestern Working Group 

SWOG S0325) and industry-sponsored (Dasatinib versus Imatinib Study In treatment-Naive 

CML patients, DASISION) phase 3 studies compared dasatinib 100mg daily with imatinib 

400mg daily in newly diagnosed CML-CP patients. Dasatinib proved superior in the primary 

endpoints, MMR and CCyR at 12 months, respectively (71, 73). No differences in overall 

survival were observed. Based on the results of DASISION, dasatinib was approved for use 

in newly diagnosed CML patients.

2.4.1.3. Nilotinib.: Nilotinib first showed impressive results in patients with CP-CML and 

AP-CML who had failed imatinib(74). It was later approved for second line therapy based 

on the confirmatory results in phase 2 studies at a dose of 400mg twice daily(75, 76). 

Although the phase 2 results for BP-CML were comparable to those of dasatinib, nilotinib 

is not currently approved for this indication (77). Based on the The Evaluating Nilotinib 

Efficacy and Safety in Clinical Trials–Newly Diagnosed (ENESTnd) results, nilotinib 

(300mg twice daily) received approval for frontline therapy of CML-CP. At the doses of 

300 or 400 mg twice daily, both experimental arms were superior to the standard arm in the 

major endpoint, MMR at 12 months (78). Unlike any other 2G TKI, nilotinib significantly 

improved progression-free survival when compared to imatinib in the first line setting, 

but overall survival was improved only for the nilotinib 400mg twice daily arm, which 

is not on the label as frontline therapy (79). Unfortunately, nilotinib was found to cause 

hyperglycemia and hyperlipidemia along with an increase in cardiovascular adverse events 

compared to imatinib. These cardiovascular events included peripheral arterial occlusive 

disease, cerebral ischemic events and ischemic heart disease (80). The cardiovascular 

toxicity of TKIs will be discussed in depth in a later section.

2.4.1.4. Bosutinib.: Bosutinib was initially approved at a dose of 500 mg daily for third

line therapy of CML in all phases (81, 82). In the frontline setting, bosutinib failed to 

improve CCyR at 12 months when compared to imatinib, the primary endpoint of the study, 

and consequently, was denied regulatory approval despite superior rates of MMR(83, 84). 

A high rate of discontinuation in the experimental arm prior to response assessment due to 
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inadequate management of adverse events may have led to an underestimation of the true 

difference. Subsequently, the Bosutinib Trial in First Line Chronic Myelogenous Leukemia 

Treatment (BFORE) trial used a reduced dose of bosutinib (400mg daily) and demonstrated 

superiority for MMR at 12 months, but no difference in overall and progression free 

survival(85). Based on this data, bosutinib became the 4th TKI approved for the first line 

therapy of CP-CML.

2.4.1.5. Ponatinib.: First and second generation TKIs do not cover the BCR/ABL1T315I 

mutant (86). Ponatinib was designed to address this specific problem. Unlike other TKIs, 

ponatinib skirts isoleucine 315 through a carbon-carbon triple bond (87). Ponatinib is 

considered the most potent BCR/ABL1 TKI currently approved and also has a long half-life 

and long target occupancy. However, this potency comes at the cost of reduced selectivity 

leading to inhibition of multiple additional kinases (80). Ponatinib at an initial dose of 

45mg daily was tested in relapsed/refractory (R/R) CML in all phases as well as relapsed/

refractory Ph+ ALL (88, 89). Responses were durable in CP-CML, less stable in AP-CML 

and transient only in BP-CML and in Ph+ ALL. Cardiovascular events emerged with 

longer follow-up of the Ponatinib efficacy and safety in Philadelphia chromosome-positive 

leukemia (PACE) study and this lead to premature termination of an ongoing phase 3 

frontline trial(90). The vascular toxicity was attributed to off-target inhibition of vascular 

system kinases such as vascular endothelial growth factor (VEGF), platelet-derived growth 

factor receptors (PDGFR) and tyrosine kinase with immunoglobulin like and EGF like 

domains 2 (TIE2). Recent animal models also revealed involvement of Van Willebrand 

Factor mediated platelet adhesion and a secondary microvascular angiopathy (91). There is 

evidence that ponatinib toxicity is dose-dependent, and dose reductions are recommended, 

once the desired response has been achieved. Recently presented data from the prospective 

randomized OPTIC trial showed that a response-adjusted dosing regimen of ponatinib 

(starting at 45 mg and reducing to 15 mg upon response) preserves efficacy, and reduces 

toxicity (92).

2.4.1.6. Choosing a TKI in the front-line setting.: Four different TKIs are currently 

approved for the frontline therapy of CP-CML. All three 2G TKIs are superior to imatinib in 

terms of MMR and DMR and these differences tend to be largest in Sokal high risk patients 

(Table 2). Similarly, there are trends for lower rates of progression to AP/BP with 2G TKIs 

compared to imatinib, although statistical significance is typically not reached, reflecting the 

overall low rates of events or avoidance of unplanned post hoc analyses. As an example, 

progression to AP/BP in the ENESTnd study was not different for low, but favored nilotinib 

300 mg twice daily for intermediate (2% vs. 9.9%) and high (9% vs. 14.1%) Sokal risk, 

with similar trends for improved survival(79). Reflecting the ongoing discussion, the NCCN 

guidelines recommend a 2G TKI for Sokal high and intermediate risk patients, noting 

that imatinib is also an acceptable choice(45). The ELN 2020 recommendations though do 

not include such a recommendation, noting that imatinib is a safe and cost-effective TKI 

for patients with CP-CML(48). Another important consideration when selecting TKIs is 

their variable side effect profile and whether a TKI is likely to interfere with a patient’s 

comorbid conditions. Nilotinib is associated with arterial occlusive events, impaired glucose 

tolerance, and dyslipidemia, therefore it is relatively contraindicated in patients with diabetes 
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and hyperlipidemia. Cardiovascular disease is a contraindication to nilotinib use. Dasatinib 

is associated with a high risk for pleural effusions and occasionally with pulmonary 

hypertension and is contraindicated in patients with pulmonary disease. Bosutinib is 

associated with liver toxicity and renal impairment. In patients with reduced glomerular 

filtration, nilotinib is the preferred TKI with the least evidence of renal toxicity (93). 

Imatinib is associated with many low-grade toxicities that can significantly impair quality 

of life but has demonstrated remarkable safety over many years of clinical use. Additional 

considerations include dosing schedules (Table 3), drug interactions, accessibility to drug 

and out of pocket expenses. Generic imatinib is available around the world. Unfortunately, 

imatinib prices in the U.S. have been slow to decline despite the availability of generic 

drug(94)(95). In our practice, although we give strong consideration for a 2G TKI in 

patients with intermediate and high Sokal risk, we recognize the importance of joint decision 

making, taking into account other factors such as treatment goals and toxicity, including 

financial toxicity.

After starting a TKI in the first line setting, response must be assessed at 3 and 6 months 

as shown in Table 1. An early molecular response indicates TKI sensitive disease and is a 

favorable prognostic finding. It is important to first review the patient’s compliance before 

switching TKIs for lack of early molecular response. TKIs have significant adverse effects 

that may reduce adherence to therapy. Drug-drug interactions should also be assessed as 

multiple drugs and herbal preparations interfere with TKI absorption and metabolism, and a 

change of TKIs may not be required to correct the situation. A switch in TKIs should also be 

considered if the IS ration remains above 1% at 12 months post therapy(45).

2.4.2 Interferon-α (IFN-α)—IFN was that standard of care drug therapy prior to the 

introduction of TKIs, and continues to be an option for the rare patients who are intolerant 

of all TKIs. It remains the safest option to maintain responses in women who plan to become 

pregnant(96). There is also data showing that combining IFN-α with TKIs can improve the 

depth of molecular responses(65).

2.4.3 Cytotoxic agents—Cytototoxic agents are rarely used in CML nowadays. Hydrea 

is useful to reduce leukocytosis in patients with signs and symptoms of leukostasis such 

as retinal ischemia, hypoxia or priapism. To avoid TKI therapy interruptions, care must 

be taken to prevent the severe myelosuppression that can ensue when TKIs are started 

immediately after or simultaneously with high doses of hydrea.

2.4.4 Hematopoietic stem cell transplant (HSCT)—HSCT played a major rule in 

the treatment of CML during the pre-TKI era (97). Donor leukocyte infusions (DLIs) were 

first used in CML patients, proving the existence of a graft-versus-leukemia effect(98). 

While HSCT is no longer justified in newly diagnosed patients with CP-CML, there is 

consensus that HSCT should be offered to all patients with progression to AP/BP(45, 48, 

99). In this setting, HSCT should be pursued as soon as the patient achieves a second 

chronic phase, as transplant in chronic phase yields better outcomes than transplant in 

AP/BP. In the CML IV study 3-year overall survival was 91% for patients transplanted in 

CP after failing imatinib vs. 59% for patients transplanted in AP/BP(100). Another situation 

in which transplant should be considered is at the emergence of primary or secondary 
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TKI resistance. TKI resistance confers a poor prognosis and will be discussed in detail in 

subsequent sections. CML is exquisitely sensitive to the graft versus leukemia effect. The 

consensus is that peripheral blood is preferred over bone marrow as the source of donor stem 

cells in patients with AP/BP CML, while the opposite is the case in patients with CML-CP, 

where graft-versus-host disease is of greater concern than disease control(101). Treatment 

with imatinib before HSCT seems to reduce the risk of chronic graft-versus-host disease and 

possibly the risk of relapse as well(102–104). Our approach is to keep patients with high 

relapse risk on a TKI post-transplant for at least one year. This recommendation is based 

on limited data and must be balanced against the considerable myelosuppression caused by 

TKIs in the post-transplant setting.

2.4.5 Omacetaxine—Omacetaxine (previously homoharringtonine) is a subcutaneously 

administered protein synthesis inhibitor approved only in the United States for the treatment 

of CP-CML and AP-CML with resistance to at least two TKIs(105). Omacetaxine is used 

infrequently due to inconvenient route of administration and significant myelosuppression 

but it remains a palliative option for patients with intolerance of or resistance to all TKIs. In 

CP-CML, the rate of MCyR was 18.4%, with a median duration of 12.5 months(105).

2.5 Treatment free remission (TFR)

Treatment free remission is emerging as a therapeutic goal for patients with CML to 

avoid the long-term complications of TKIs, especially in younger patients(48). The first 

study exploring TFR was a small pilot study on 12 patients with undetectable residual 

disease on imatinib (106). Subsequently the Stop Imatinib Trial (STIM-1) clinical trial 

explored TFR in patients with sustained complete molecular response (CMR)onimatinib. 

Sustained CMR was defined as undetectable CML by quantitative RT-PCR for at least 

two consecutive years, irrespective of the sensitivity achieved in an individual sample(107). 

Patients were taken off imatinib and closely monitored with monthly RT-PCR testing(107). 

Molecular recurrence was defined by two consecutive positive PCR results or loss of 

MMR in a single test. STIM-1 results showed a projected recurrence free survival of 

41% at 12 months of follow up. Fortunately, patients who experienced recurrence achieved 

MMR with resumption of imatinib. Longer TKI exposure and longer duration of DMR 

were associated with a higher probability of successful TFR, while patients with high 

Sokal were at higher risk of recurrence. Multiple independent studies confirmed TFR rates 

between 40 and 60%(108). Subsequent trials assessed TFR for patients on 2G TKIs and 

showed very similar results(109–114). Patients treated with a 2G TKI have higher rates 

of DMR in a shorter time frame which theoretically translates into higher rates of TFR. 

This could argue for the use of 2G generation TKIs as first line therapy as a means to 

increase overall TFR rates. However, 2G TKIs are not without risks and adverse effects 

and the risk benefit assessment should be individualized to each patient(115, 116). At our 

center, we consider a trial of TFR only for patients with sustained DMR for more than 2 

years, total length of TKI treatment of at least 3 years, and no history of AP/BP-CML. 

Compliance and access to reliable qPCR monitoring are also important (Table 4). It is worth 

noting that the criteria for discontinuation reflect a reasonable compromise between clinical 

experience, eligibility criteria of clinical trials, and the dearth of prospective comparative 

studies. Numerous studies have identified associations between TFR and cellular immune 
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parameters, including higher NK cells, lower T regulatory cells and lower numbers of 

CD86+ plasmacytoid dendritic cells compared to patients who experienced recurrence(117–

119). These data suggest that TFR is based on immunological control, but thus far the 

mechanisms remain elusive. Of note, about one-quarter of patients who discontinue TKIs 

develop a TKI withdrawal syndrome. This syndrome consists of musculoskeletal pain 

and sometimes flushing(120). Patients with preexisting arthritis are more susceptible to 

developing TKI syndrome. Non-steroidal anti-inflammatories or a short course of oral 

steroids are typically effective, but some patients may require opiates or even resumption 

of TKI therapy. Cytokine release, regrowth of mast cells and reactivation of an underlying 

inflammatory state have been proposed as possible causes of TKI withdrawal syndrome. 

Interestingly, patients who experience TKI withdrawal syndrome seem to have a higher 

likelihood of successful TFR.

3. Challenging Situations in the Management of CML

3.1 TKI resistance

Primary resistance to TKIs implies the failure to achieve a desired level of response while 

secondary or acquired resistance implies the loss of response while on therapy. On a 

molecular level, TKI resistance can be the result of BCR/ABL1-dependent mechanisms 

(reactivation of BCR/ABL1 kinase activity) or BCR/ABL1-independent mechanisms 

(resistance despite continued suppression of BCR/ABL1 kinase activity). TKI resistance 

represents a serious turn in a CML patient’s history, as it is associated with impaired survival 

outcomes.

3.1.1 BCR/ABL1-dependent TKI resistance—BCR/ABL1 kinase domain mutations 

(Figure 2).

The most common mechanism of BCR/ABL1 dependent resistance is mutations in the 

kinase domain of BCR/ABL1 that impair drug binding(9, 121, 122). Kinase domain 

mutations are generally more common in acquired resistance and in AP/BP-CML (123). 

Guidelines call for BCR/ABL1 mutation testing in case of failure to achieve therapeutic 

milestones, at relapse, and at progression to AP/BP-CML on therapy. NGS increases 

sensitivity of detection to between 1 and 5% of variant allele frequency (VAF), depending 

on sequencing depth. Recent data using NGS points to the presence of small BCR/ABL1 

resistance mutations as early as 3 months in some patients taking imatinib. These clones 

were shown to expand due to their survival advantage under an ineffective TKI(124, 125). 

Sanger sequencing is unable to detect these small but clinically significant clones, making 

NGS the preferred modality for detection of TKI resistance mutations. In the future, error

corrected NGS may allow for ultra-sensitive mutation detection, but the clinical significance 

of very small mutant clones will need to be validated first (126). In some cases, subclones 

may acquire a second mutation in the same BCR/ABL1 allele, a situation termed compound 

mutation(116). Many compound mutations, particularly those including BCR/ABL1T315I 

confer high level resistance to most or all approved TKIs (127, 128). Imatinib, the TKI with 

the lowest potency, has the broadest spectrum of resistance mutations including hotspots 

at the ATP binding loop (P-loop), activation loop, and threonine 315. Threonine 315, 
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frequently referred to as the gatekeeper residue, controls access to a hydrophobic pocket 

in the catalytic site that is visited by first and second generation TKIs. In aggregate 2G TKIs 

cover all clinical mutants except T315I (Table 5). Except for ponatinib, all first and second 

generation TKIs make a hydrogen bond with T315 and require access to the hydrophobic 

pocket. Ponatinib abuts T315I through a rigid triple carbon bond (87).

Increased BCR/ABL1 expression through gene amplification or transcriptional upregulation 

is implicated in TKI resistance in cell lines, but the clinical importance of these findings is 

less clear (129).

3.1.1.2. Drug efflux and influx.: Organic-cation transporter-1 (OCT-1) is required for 

imatinib uptake, and low OCT-1 activity has been implicated in BCR/ABL1 dependent 

imatinib resistance(130). TKIs are substrates for various efflux pumps, including ABCB1 

(MDR1). Several polymorphisms of ABCB1 and ABCG2 (BCRP) have been correlated with 

the depth of response to imatinib (131, 132). Overexpression of MDR1 may be sufficient 

to protect CML stem and progenitor cells, until they acquire a BCR/ABL1 kinase domain 

mutation leading to overt resistance (133).

3.1.2 BCR/ABL1-independent resistance—Multiple pathways have been implicated 

in activation of growth and survival mechanisms independent of BCR/ABL1 kinase 

activity, including several downstream of BCR/ABL1, such as PI3K and MAPK(9). This 

mechanistic heterogeneity with its lack of universal vulnerabilities poses a challenge for 

the development of therapies to overcome BCR/ABL1 independent resistance. Interestingly, 

extensive overlap is seen in the pathways involved in transformation to AP/BP-CML and 

BCR/ABL1-independent resistance, including imbalanced activity of polycomb repressive 

complex 1 (PRC1) and PRC2 that lead to global epigenetic aberrancies(134). The 

fact that there is pathway conversion at the epigenetic level suggests that targeting 

universal epigenetic regulators such as enhancer of zeste homolog 2 (EZH2) may have 

broad applicability to BCR/ABL1-independent resistance. Moreover, specific additional 

chromosomal abnormalities (ACA) are deemed high risk and herald TKI resistance. These 

chromosomal abnormalities likely result in amplification or deletions of cancer associated 

genes which in turn lead to TKI resistance. Three high risk ACAs were associated with 

poor prognosis, including i(17)(q10), −7/del7q, and 3q26.2 rearrangements. Isochromosome 

17 (i(17)(q10)) leads to loss of one copy of the TP53 tumor suppressor gene(135). 

Finally, many cases of clinical TKI resistance seem to combine BCR/ABL1-dependent and 

independent mechanisms. Single cell analysis will be required to achieve the resolution 

needed to map these complex myeloid neoplasms and devise rational treatment approaches.

3.1.3 Approach to the patient with TKI resistance—The first step in addressing 

this issue is investigating the cause of a patient’s loss of response or inadequate response. 

A careful history must be taken to exclude noncompliance and drug interactions. Once non

compliance and drug interactions are ruled out, a complete resistance workup is indicated. 

At the minimum this includes a physical exam, CBC, bone marrow aspirate and biopsy, 

bone marrow metaphase karyotyping and BCR/ABL1 mutation screen. Management of TKI 

resistance depends on whether other TKIs are expected to be effective. Resistance to first 

generation TKIs can be addressed by 2G TKIs as long as the patient remains in chronic 
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phase and does not have the BCR/ABL1T315I mutation, with TKI selection dependent on 

the BCR/ABL1 genotype if there is a BCR/ABL1 mutation (Table 5). Ponatinib is the only 

option for patients with BCR/ABL1T315I. Patients on 2G or 3G TKIs due to resistance 

require close monitoring to ensure adequate responses are achieved. Although data are 

limited, we generally follow the consensus response milestones used for first line TKI 

therapy in this situation. When patients fail a 2G TKI, switching to another 2G produces 

CCyR rates of only ~20%. We use ponatinib in these cases, which produces an estimated 

5-year overall survival of 73% in CP-CML(136, 137). Close monitoring for patients who 

switched to ponatinib from 2G TKIs is important. Only 7% of patients who failed to 

achieve a minor cytogenetic response (≤65% Ph+ metaphases) to 2G TKIs at three months 

were in MCyR at 12 months after starting ponatinib, suggesting that alternative approaches 

need to be considered early (138). Patients who fail 2G TKIs are candidates for a clinical 

trial, and should undergo a work-up for HSCT. We consider ponatinib as the last non

transplant option capable of inducing a durable remission and recommend transplant, unless 

a convincing response is achieved. Weighing the risk of HSCT vs. the risk of progression 

to AP/BP-CML can be extremely challenging, as outcomes are far inferior if HSCT is 

performed after progression. The available armamentarium to address TKI resistance may 

soon be expanded by the availability of asciminib (ABL001), an investigational allosteric 

ABL1 TKI that targets the myristate binding pocket of BCR/ABL1, stabilizing an inactive 

kinase conformation (139, 140). A phase 1 study of asciminib showed significant clinical 

activity in patients who failed multiple TKIs. Toxicity was low, mirroring high selectivity 

and suggesting that high doses may be tolerated, achieving deep suppression of BCR/

ABL1 kinase activity (140–142). Results from a phase 3 study comparing asciminib versus 

bosutinib in the third line in patients without the T315I and V299L mutation (ASCEMBL) 

were recently reported in abstract form. The MMR rate at 24 weeks was 25.5% with 

asciminib and 13.2% with bosutinib, meeting the primary objective of the study (143).

3.2 Accelerated and Blast Phase CML

Transformation from CP-CML to BP-CML was common in the pre-TKI era but nowadays 

is rare in patients with access to appropriate management. The most prominent feature of 

BP-CML is the loss of terminal differentiation capacity, which leads to an acute leukemia 

with myeloid (M-BP) or pre-B cell phenotype (L-BP).

3.2.1.1. Cytogenetic abnormalities.—CCA/Ph+ is present in 70–80% of BP-CML 

cases. In fact, the acquisition CCA/Ph+ on TKI therapy is diagnostic of AP-CML, even in 

the absence of other features. CCA/Ph+ includes a number of nonrandom abnormalities. 

Classically, trisomy 8, +Ph, i(17q), and trisomy 19 were considered as major route 

abnormalities and are included in the ELN classification of AP-CML. Monosomy 7 and 

3q26 rearrangements are minor route abnormalities but also confer a poor prognosis 

(20, 46). The major and minor route designation was based on the frequency of these 

abnormalities in advanced disease. Subsequent evidence showed that a number of minor 

route abnormalities signify high risk disease as mentioned in the section on TKI resistance 

(135). Somatic mutations in multiple genes associated with myeloid malignancies have been 

also been reported at progression to BP-AML(144). In contrast to AML, the reciprocal 

translocations involving core binding factors and retinoic acid receptor α are rare.
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3.2.1.2. Molecular mechanisms of transformation.—The pathogenesis of BP-CML 

is complex and involves both somatic mutations and epigenetic dysregulation. As a 

comprehensive review of BP-CML biology is beyond the scope of this manuscript, we will 

focus on selected mechanisms that are well supported by data. In CP-CML the myeloid cell 

compartment is expanded, but differentiation is mostly maintained. In contrast, BP-CML is 

characterized by loss of differentiation and accumulation of immature blasts. It is thought 

that BCR/ABL1 first arises in a leukemia stem cell with the ability to differentiate into 

myeloid or lymphoid progeny. This may explain the existence of both a lymphoid and 

myeloid BP-CML. Increased BCR/ABL1 expression contributes to the differentiation arrest 

in M-BP. In some patients, rising BCR/ABL1 levels are associated with duplication of Ph, 

but in the majority this seems to result from transcriptional upregulation due to as yet 

unknown mechanisms(145). High levels of BCR/ABL1 were shown to impair translation 

of CAAT enhancer binding protein α (C/EBPα), a positive regulator of granulocytic 

differentiation. Suppression of C/EBPα is seen in the majority of patients with M-BP(146, 

147). M-BP also commonly displays inactivating RUNX1 mutations similar to those seen 

in AML that lead to a block of neutrophil differentiation (38, 134, 148, 149). Disruption 

of other myeloid transcription factors such as C/EBPβ and over-expression of MECOM 

(EVI-1) have also been implicated in M-BP(150–152).

Another consequence of increased BCR/ABL1 expression is elevated expression of SET, 

an inhibitor of the tumor suppressor protein phosphatase 2A (PP2A). Reduced PP2A 

de-activates Src homology region 2 domain-containing phosphatase-1 (SHP-1), resulting 

in increased phosphorylation of BCR/ABL1 and other substrates (153). Reduced SHP-1 

activity is also associated with resistance to TKIs, highlighting the importance of this 

pathway(154). Cancerous inhibitor of PP2A (CIP2A) contributes to PP2A inhibition in 

CML, with high CIP2A activity predicting a high risk of transformation to BP-CML(155). 

Transformation to L-BP is caused by inactivation of critical B cell transcription factors, such 

as IKAROS Family Zinc Finger 1 (IKZF1) or paired Box 5 (PAX-5)(156).

Recent work reported that heterogeneous upstream pathways converge on a relatively 

uniform pattern epigenetic dysregulation, specifically reduced activity of polycomb 

repressive complex 2 (PRC2) and upregulation of PRC1 (134). Although, expectedly, 

monotherapy with hypomethylating agents does not produce durable responses, the future 

development of therapies in BP-CML should include correcting epigenetic dysregulation 

rather than targeting individual upstream pathways only(157, 158). For instance, the 

combination and PRC1 inhibitor and decitabine showed activity against AP-CML in 

cell lines. A phase I/II study combining decitabine with dasatinib in advanced CML 

showed promising clinical activity providing further evidence that epigenetic dysregulation 

contributes to this phase of disease(159). The goal of therapy for patients who progress to 

AP/BP CML is to establish a second chronic phase, then proceed to HSCT if the patient 

is eligible. Second and third generation TKIs, specifically ponatinib, are a cornerstone of 

therapy for AP/BP CML following the same strategy described above for CP-CML. Some 

patients have no TKI options left, necessitating the use of intensive cytotoxic chemotherapy, 

but in general TKIs are often combined with cytotoxic agents, despite lack of randomized 

data showing an advantage for the addition of chemotherapy. For patients who have a TKI 
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option, the risk of chemotherapy-induced toxicity needs to be considered as this may delay 

transplant and increase non-relapse mortality. Less toxic regimens such as hypomethylating 

agents in myeloid BP and vincristine/prednisone in lymphoid BP provide reasonable options 

while avoiding excessive toxicity, but prospective, randomized studies are lacking (160).

3.3 Cardiovascular TKI Toxicity

Aside from imatinib, all TKIs are associated with cardiovascular toxicity including 

associations with life threatening events such as arterial thrombosis and pulmonary 

hypertension. The incidence of cardiovascular toxicity is highest with ponatinib and nilotinib 

but is also increased with dasatinib and to a lesser extent bosutinib(80, 83, 161–164). There 

is consensus that imatinib has no significant cardiovascular toxicity. Several mechanisms 

were proposed to explain cardiovascular adverse events associated with ABL1 TKIs, and 

it is likely that the underlying pathophysiology differs between the different TKIs. For 

example, nilotinib reduces glucose tolerance and may cause accelerated atherosclerosis(78, 

116). Ponatinib was shown to induce an angiopathy caused by excessive endothelial

associated von Willebrand factor (VWF) and secondary platelet adhesion(91). It remains 

possible that inhibition of ABL1 itself contributes to toxicity. If confirmed this on-target 

effect would represent the natural limitation of BCR/ABL1 kinase inhibitor therapy. As there 

is no uniform preventive strategy, the priority is prevention through minimizing CV risk and 

selecting the most appropriate TKI for a given patient. In our practice, we avoid nilotinib in 

patients with higher Framingham risk scores and consider imatinib for high-risk patients. We 

have a low threshold in obtaining a cardiology consult. Patients are followed using a set of 

practice guidelines tailored to the specific TKI and the patient’s comorbidities. A strategy 

worth exploring for patients who experience severe toxicities is dose reduction below the 

doses recommended in the current labels, with careful monitoring of BCR/ABL1 qPCR. 

For instance, in a single-arm study of CP-CML patients, a lower starting dose of dasatinib 

(50 mg daily) was shown to be well-tolerated and at least as effective as 100 mg daily in 

historical controls(165–167).

4. Future Directions

What are the next steps? From a clinical perspective, the most important frontiers are 

increasing the rate of TFR, improving the prognosis of BP-CML and overcoming BCR/

ABL1-independent TKI resistance. Increasing the rate of TFR has proven surprisingly 

difficult, and as of now the majority of patients require lifelong TKI therapy (Figure 3). An 

important motivation to achieve higher rates of TFR is reduction of the financial toxicity 

associated with long term TKI use (95). Rational strategies to improve our understanding of 

TFR and increase the rates of successful TFR are of particular interest. Drug combinations 

are a possible strategy to improve TFR by increasing the rates of deep molecular response. 

Current clinical studies focus on combinations of IFNα with imatinib or 2G TKIs but 

toxicity is a challenge in a setting where long-term survival is all but assured(65, 168–171). 

Pre-clinical models have implicated multiple pathways that promote the survival of primitive 

CML cells in the presence or in the absence of TKIs, but surprisingly few have led to 

clinical trials, and ever fewer were tested in the most relevant clinical setting: residual 

CML in TKI responders. Addition of the autophagy inhibitor chloroquine to imatinib 
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moderately improved molecular response in patients with major cytogenetic response, but 

residual CML detectable by qPCR (172). In a phase 1 trial combining nilotinib and the 

JAK kinase inhibitor ruxulitinib improved molecular responses, and a phase 2 study is 

currently underway(173). A complete review of this subject is beyond the scope of our 

overview article and the reader is referred to a recent publication(174). An alternative 

strategy for increasing TFR may be to optimize TKIs to achieve complete inhibition of 

BCR/ABL1 kinase activity. The abandoned EPIC study of ponatinib 45 mg daily may 

provide some clues into whether we have exploited the full potential of inhibiting BCR/

ABL1. Only 73 patients were evaluable for response at 6 months, but the DMR rate was 

32% compared to ~5% with nilotinib 300mg twice daily in the ENESTnd study(90). This 

may suggest that a very potent yet well-tolerated TKI, such as asciminib is the first step to 

maximizing TFR rates(90). Enhancing immune response and surveillance may be another 

strategy to improve the rates of DMR and reduce recurrence. Correlative studies showed 

decreased natural killer (NK) cell numbers and functionality in patients with recurrence 

in comparison to those who continued in TFR(117, 175). Myeloid-derived suppressor 

cells were shown to be increased in patients with recurrence, while enhanced cytotoxic 

T lymphocyte responses were decreased(176). While these immune mediated mechanisms 

present exciting insights into TFR, they have not translated into therapeutic interventions 

yet. Clinical approaches utilizing immune surveillance to eradicate residual leukemic cells 

are potential future research directions to improve TFR rates. In patients who are unable 

to achieve TFR, prevention of cardiovascular side effects associated with prolonged TKI 

therapy is an important focus for future studies to address.

Progression to BP-CML is becoming an increasingly rare scenario in the age of TKIs, 

but the prognosis remains poor despite the advances made in CP-CML. Current therapies 

rely on TKIs, conventional cytotoxic chemotherapy and SCT. The lack of randomized 

trials in BP-CML is a major impediment, and given its rarity, progress will require 

international collaboration. The improved understanding of the molecular pathogenesis 

BP-CML has not yet led to new therapeutic modalities, a reflection of the complexity 

nature of this disease. BCR/ABL1 independent resistance continues to be a unique challenge 

due to the heterogenous underlying mechanisms converging on the resistance phenotype. 

Current efforts continue to uncover new pathways involved in BCR/ABL1 independent 

TKI resistance. Interestingly, a number of these pathways have clinical inhibitors under 

use in solid tumors and other hematologic malignancies. Inhibition of BCL2 and MEK for 

example both showed promise in pre-clinical models and await testing in clinical trials(177, 

178). That being said, only a few of these preclinical discoveries lead to clinically relevant 

interventions so far. Establishing pre-clinical models that more faithfully reflect human 

CML and its progression to BP, along with simplifying clinical trials will also be critical for 

progress in this area.

Finally, while TKIs revolutionized the treatment of CML, access to TKIs remains 

challenging in the developing world and sometimes also in the United States due to their 

high costs. This demonstrates the importance of socioeconomic factors in the treatment of 

CML and hematologic malignancies in general. At an individual patient level, TKI side 

effects can be debilitating and life altering. A strong therapeutic alliance between the patient 

and treating hematologist is needed to navigate side effects and assure compliance. As the 

Osman and Deininger Page 16

Blood Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



number of CML patients increases, a nuanced knowledge of the BCR/ABL1 TKIs and 

their side effects, resistance patterns and molecular monitoring of CML is of increasing 

importance for the practicing hematologist.
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Practice Points

• Demonstration of Ph or BCR/ABL1 using karyotyping, FISH or RT-PCR 

establishes the diagnosis of CML in a patient with a myeloproliferative 

neoplasm, irrespective of other features.

• The choice of a BCR/ABL1 TKI for newly diagnosed chronic phase CML 

depends on the patient’s comorbidities, Sokal or ELTS risk score, cost and 

drug availability.

• Patients with a total duration of TKI therapy of at least 3 years and no history 

of progression to AP/BP-CML who maintain a deep molecular response 

(BCR/ABL1<0.01% IS) for more than 2 years are potential candidates for a 

trial of treatment free remission. Adherence to contemporary management 

guidelines is strongly recommended, including BCR/ABL1 monitoring 

(monthly for the first 6 months, 2-monthly for month 7–12, and quarterly 

thereafter). Confirmed loss of MMR is the indication for re-initiation of TKI 

therapy.

• Ponatinib is the only TKI with activity against the BCR/ABL1T315I mutant. 

Ponatinib is associated with significant cardiovascular toxicity and should be 

used only after careful assessment and discussion of risks and benefits.

• Blast phase CML has a poor prognosis. 2G TKIs or ponatinib with or without 

chemotherapy are used to induce a second chronic phase as a bridge to 

allogeneic stem cell transplant.

Research Agenda

• Increasing the rate of treatment free remission.

• Overcoming TKI resistance in patients with multi-TKI failure.

• Improving outcomes for patients with accelerated and blast phase CML

• Developing better animal models that more faithfully recapitulate the clinic

pathologic features of human CML.

• Preventing cardiovascular toxicities associated with second and third 

generation TKIs.
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Figure 1. Response to treatment and residual leukemia in chronic myeloid leukemia.
CHR –complete hematologic response; CCyR –complete cytogenetic response; MMR –

major molecular response.
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Fig. 2. 
BCR-ABL1 kinase domain mutations confer resistance to first and second generation TKIs. 

The crystal structure of the ABL1 kinase domain in complex with the indicated TKI 

(indicated in green) is shown. The P-loop is shown in yellow and the activation loop in 

green. Mutations at the highlighted residues confer resistance to the indicated TKI in vitro, 

with orange (moderate) and red (high) spheres indicating the level of resistance. Compared 

with imatinib, the newer inhibitors have less vulnerability to kinase domain mutations. 

Imatinib has a broad range of resistance mutations and a switch to a 2G TKI is indicated at 

in imatinib resistant disease. From O’Hare et al. Nat Rev Cancer. 2012;12(8):513–26.
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Fig. 3. 
Only a small subset of patients with newly diagnosed CML will be able to achieve treatment 

free remission. Among 100 patients with newly diagnosed CML about 10 percent will have 

accelerated or blast phase at diagnosis and are not eligible for a trial of treatment free 

remission per current guidelines. Of the 90% who have chronic phase CML, two thirds will 

achieve sustained DMR. Half of the patients who qualify for a TKI discontinuation trial will 

experience recurrence necessitating reintroduction of TKIs.
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Table 1.

Treatment response milestones as defined by the NCCN guidelines. If resistance is suspected (possible 

resistance), the physician has the option of increasing imatinib to 800 mg, switching to a different TKI or 

continuing the same 2G TKI. Switching to an alternate TKI is recommended for TKI resistant disease.

BCR-ABL1 (IS) 3 months 6 months 12 months

>10% Possible Resistance Resistance

>1–10% TKI-sensitive Possible Resistance

>0.1–1% TKI-sensitive TKI-sensitive*

<0.1% TKI-sensitive

*
Shared decision making: consider switching to an alternate TKI to increase the chances for TFR.
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Table 2.

Summary of phase 3 trials comparing second generation tyrosine kinase inhibitors to imatinib as first line 

therapy for chronic phase CML.

Trial Name Reference Second Generation TKI/
Dose

Progression Free 
Survival

Overall Survival CCyR (12 
months)

MMR (12 
months)

ENESTnd Hochhaus A et al 
(79)

Nilotinib 300 mg twice 
daily

5 years: 96.5% 5 years: 93.7% 93%* 44%*

Nilotinib 400 mg twice 
daily

5 years: 98.3%* 5 years: 96.2%* 93%* 43%*

Imatinib 400 mg once daily 5 years: 94.7% 5 years: 91.7% 76% 22%

BELA Brummendorf TH et al 
(83)

Bosutinib 500 mg once 
daily

24 months: 92% 24 months: 97% 70% 41%*

Imatinib 400 mg once daily 24 months: 88% 24 months: 95% 68% 27%

BFORE Cortes et al (85) Bosutinib 500 mg once 
daily

12 months: 96.3 12 months: 99.6% 77.2%* 47.2%*

Imatinib 400 mg once daily 12 months: 93.6 12 months: 97.9% 66.4% 36.9%

DASISION Cortes et al (163) Dasatinib 100 mg once 
daily

5 year: 85% 5 year: 91% 77%* 46%*

Imatinib 400 mg once daily 5 year: 86% 5 year: 910% 66% 28%

CCyR - complete cytogenetic response; MMR - major molecular response.

*
p<0.05 compared to imatinib.
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Table 3.

Molecular formulas, half-lives and dosing schedules for BCR-ABL1 TKIs.

TKI Structural Formula Half Life Recommended Starting Dose

Imatinib 18 hours 400 mg daily

Dasatinib 3–5 hours 100 mg once daily

Nilotinib 17 hours 300 mg twice daily

Ponatinib 12–66 hours 45 mg once daily

Bosutinib 22 hours (oral) 400 mg once daily

Asciminib 8 hours 40 mg BID (estimated)
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Table 4.

Recommended clinical criteria to consider a trial of treatment free remission in patients with chronic phase 

CML (45,48).

Criteria for discontinuation of TKI therapy

Age ≥ 18 years

History of good compliance

TKI therapy for ≥ 3 years

Quantifiable BCR-ABL1 transcript

Deep molecular response for ≥ 2 years

Chronic phase CML with no prior accelerated or blast phase CML

Access to reliable quantitative PCR testing

Monthly testing for months 1–6, bimonthly for month 7–12, and every three months afterwards

Prompt resumption of TKI therapy upon loss of major molecular response
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Table 5.

The most common BCR-ABL1 resistance mutations are listed here along with the 2G TKIs contraindicated 

to use in these scenarios. Figure 3 shows the crystal structure of ABL1 kinase domain with the annotated 

resistance mutations and 2G TKIs in complex. Imatinib is contraindicated for all these mutations.

BCR-ABL1 Mutation Contraindicated TKIs

T315I dasatinib, nilotinib, bosutinib

V299L dasatinib, bosutinib

G250E bosutinib, nilotinib

F317L bosutinib, dasatinib

Y253H nilotinib

E255K/V nilotinib bosutinib

F359V/C/I nilotinib

L248V nilotinib, bosutinib
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