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ABSTRACT 

Background: Chronic Myeloid Leukemia (CML) is a myeloproliferative 

neoplasm driven by the BCR::ABL1 fusion oncogene, resulting from the 

reciprocal translocation t(9;22)(q34;q11.2). The development of tyrosine 

kinase inhibitors (TKIs) targeting BCR::ABL1 has revolutionized CML 

therapy, transforming a once-fatal disease into a manageable chronic 

condition with near-normal life expectancy. Objective: This comprehensive 

review synthesizes recent advances in the molecular pathogenesis, 

diagnostic approaches, therapeutic strategies, and emerging challenges in 

CML management, with a focus on developments from 2020-2025. 

Methods: We conducted a systematic review of peer-reviewed literature 

from PubMed, Scopus, and Web of Science databases, emphasizing clinical 

trials, consensus guidelines, and molecular studies published between 2000-

2025. Results: Six TKIs are currently approved for CML treatment: imatinib 

(first-generation), dasatinib, nilotinib, bosutinib (second-generation), and 

ponatinib and asciminib (third-generation). Frontline therapy achieves 10-

year overall survival rates of 82-87% and relative survival of 90-95%. 

Treatment-free remission (TFR) is achievable in 40-60% of patients with 

sustained deep molecular response (DMR) for ≥2 years, with TFR rates 

reaching 80-85% after ≥5 years of DMR. Resistance mechanisms include 

BCR::ABL1 kinase domain mutations (notably T315I), clonal evolution, and 

BCR::ABL1-independent pathways. The T315I "gatekeeper" mutation 

confers resistance to all first- and second-generation TKIs but is sensitive to 

ponatinib and asciminib. Cardiovascular toxicity remains a significant 

concern with second- and third-generation TKIs, particularly nilotinib and 

ponatinib. Emerging third-generation TKIs (olverembatinib, TGRX-678, 

TERN-701, ELVN-001) show promising efficacy in resistant disease. 

Conclusion: The molecular era has established precision medicine for CML, 

with ongoing research focused on overcoming resistance, increasing TFR 

rates, managing long-term toxicities, and ensuring global access to effective 

therapies. 

 

KEYWORDS: chronic myeloid leukemia, BCR-ABL1, tyrosine kinase 

inhibitors, treatment-free remission, T315I mutation, molecular monitoring, 

targeted therapy, resistance mechanisms. 
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1. INTRODUCTION 

1.1 Epidemiology and Global Burden 

Chronic Myeloid Leukemia (CML) is a clonal 

hematopoietic stem cell disorder with an annual 

incidence of 1.0-2.0 cases per 100,000 population, 

accounting for approximately 15-20% of all adult 

leukemias.
[1,2]

 In the United States, an estimated 9,600 

new cases were diagnosed in 2024, with a median age at 

diagnosis of 64 years and a slight male predominance 

(1.3:1 male-to-female ratio).
[3,4]

 

 

The introduction of tyrosine kinase inhibitors (TKIs) has 

dramatically altered CML epidemiology. Before the TKI 

era, annual mortality was 10-20%; today, it is 

approximately 1%.
[5]

 Consequently, CML prevalence in 

the United States has increased from approximately 

30,000 cases in 2000 to an estimated 150,000 cases in 

2025.
[6]

 Worldwide prevalence is projected to reach 

approximately 5 million cases, highlighting the critical 

need for affordable, accessible therapies globally.
[7]

 

 

1.2 Historical Milestones 

The molecular understanding of CML represents a 

landmark achievement in oncology. In 1960, Nowell and 

Hungerford first described the Philadelphia (Ph) 

chromosome, establishing the first association between a 

specific chromosomal abnormality and human cancer.
[8]

 

Rowley's 1973 discovery of the reciprocal t(9;22) 

(q34;q11.2) translocation provided the cytogenetic 

foundation
[9]

, while cloning of the BCR::ABL1 fusion 

gene in the 1980s revealed the molecular basis for 

targeted therapy.
[10]

 

 

The approval of imatinib mesylate in 2001 

revolutionized CML treatment and inaugurated the era of 

targeted cancer therapy.
[11]

 Druker and colleagues 

demonstrated unprecedented efficacy, with complete 

cytogenetic response rates exceeding 75% and minimal 

toxicity compared to conventional chemotherapy.
[12]

 This 

breakthrough transformed CML from a uniformly fatal 

disease to a manageable chronic condition. 

 

1.3 Clinical Impact and Current Challenges 

Modern TKI therapy has achieved remarkable outcomes: 

10-year overall survival rates of 82-87% and relative 

survival approaching that of age-matched controls.
[13,14]

 

The German CML IV study, involving 1,551 patients 

treated with imatinib-based regimens, documented 10-

year cumulative major molecular response (MMR) rates 

of 90%, deep molecular response (DMR) rates of 80%, 

and blastic phase transformation incidence of only 

5.8%.
[15]

 

 

Despite these advances, significant challenges persist. 

TKI resistance affects 5-10% of patients, with annual 

resistance rates of approximately 1%.
[16]

 The T315I 

"gatekeeper" mutation confers resistance to all first- and 

second-generation TKIs.
[17]

 Long-term cardiovascular 

toxicity, particularly with nilotinib and ponatinib, has 

emerged as a major concern.
[18]

 Treatment-free remission 

(TFR), while achievable in 40-60% of patients with 

sustained DMR, remains elusive for many.
[19]

 

Additionally, global disparities in TKI access and 

affordability continue to limit outcomes in resource-

constrained settings.
[20]

 

 

1.4 Review Objectives 

This comprehensive review synthesizes recent advances 

in CML molecular hematology, focusing on: 

 Updated pathogenesis and molecular mechanisms 

 Contemporary diagnostic approaches and 

monitoring strategies 

 Current therapeutic landscape and TKI selection 

algorithms 

 Resistance mechanisms and management strategies 

 Treatment-free remission and emerging therapeutic 

paradigms 

 Future directions and unanswered questions 

 

2. MOLECULAR PATHOGENESIS 

2.1 The BCR::ABL1 Fusion Oncogene 

CML originates from a pluripotent hematopoietic stem 

cell acquiring the reciprocal translocation t(9;22) 

(q34;q11.2), generating the Philadelphia chromosome 

and the BCR::ABL1 fusion gene.
[21]

 This chimeric 

oncogene encodes a constitutively active tyrosine kinase 

that drives malignant transformation through multiple 

downstream signaling pathways.
[22]

 

 

2.1.1 Breakpoint Cluster Regions and Transcript 

Variants 
The breakpoints in chromosome 22 localize to three 

distinct breakpoint cluster regions (BCRs), determining 

the amount of BCR retained in the fusion transcript
[23]

: 

 Major BCR (M-bcr): Breakpoints between exons 

e12-e16 (formerly b1-b5) generate e13a2 (b2a2) or 

e14a2 (b3a2) fusion mRNAs, encoding the p210 

BCR::ABL1 oncoprotein. These transcripts account 

for >95% of CML cases.
[24]

 

 Minor BCR (m-bcr): Breakpoints between exons 

e1-e2 generate e1a2 fusion mRNA, encoding the 

p190 BCR::ABL1 oncoprotein. While common in 

Ph-positive acute lymphoblastic leukemia (ALL), 

p190 occurs in only 1-2% of CML cases and may be 

associated with more aggressive disease.
[25,26]

 

 Micro BCR (μ-bcr): Breakpoints between exons 

e19-e20 generate e19a2 fusion mRNA, encoding the 

p230 BCR::ABL1 oncoprotein. This rare variant 

(<1%) is associated with an indolent course 

resembling chronic neutrophilic leukemia.
[27]

 

 

Approximately 1-2% of patients harbor atypical 

transcripts (e13a3, e14a3, e1a3) that may yield false-

negative results with standard PCR assays, necessitating 

multiplex testing at diagnosis.
[28]

 

 

2.1.2 Structural and Functional Consequences 
BCR::ABL1 exhibits constitutive tyrosine kinase activity 

due to disruption of the autoinhibitory conformation 

maintained in normal ABL1.
[29]

 The BCR moiety 
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contributes oligomerization domains that promote 

autophosphorylation, while the ABL1 kinase domain 

remains constitutively active.
[30]

 This results in: 

 Loss of cell cycle regulation 

 Reduced apoptosis 

 Altered adhesion to stromal cells and extracellular 

matrix 

 Genomic instability 

 

2.2 Downstream Signaling Pathways 

BCR::ABL1 activates multiple signaling cascades that 

collectively produce the leukemic phenotype
[31]

: 

2.2.1 RAS/MAPK Pathway 
BCR::ABL1 constitutively activates the 

RAS/RAF/MEK/ERK pathway through GRB2 and SOS 

adaptor proteins, promoting proliferation and survival.
[32]

 

ERK1/2 activation enhances transcription of genes 

involved in cell cycle progression and inhibits pro-

apoptotic proteins. 

 

2.2.2 PI3K/AKT/mTOR Pathway 
Phosphatidylinositol-3 kinase (PI3K) activation 

generates PIP3, recruiting AKT to the membrane where 

it is phosphorylated and activated.
[33]

 AKT promotes 

survival through phosphorylation of BAD, inhibition of 

FOXO transcription factors, and activation of mTOR, 

which regulates protein synthesis and cell growth. 

 

2.2.3 JAK/STAT Pathway 
BCR::ABL1 activates JAK2 and STAT5, with STAT5 

directly promoting transcription of anti-apoptotic genes 

including BCL-XL.
[34]

 STAT5 activation is critical for 

leukemogenesis and maintaining the malignant 

phenotype. 

 

2.2.4 NF-κB Pathway 
Constitutive NF-κB activation contributes to survival and 

resistance to apoptosis through transcriptional 

upregulation of multiple anti-apoptotic genes.
[35]

 

 

2.3 Clonal Evolution and Disease Progression 

Without effective therapy, CML invariably progresses 

from chronic phase (CP) through accelerated phase (AP) 

to blastic phase (BP), an acute leukemia of myeloid (50-

80%) or lymphoid (20-30%) phenotype.
[36]

 

 

2.3.1 Additional Chromosomal Abnormalities 
Clonal cytogenetic abnormalities in Ph-positive cells 

(CCA/Ph+) occur in 70-80% of BP-CML cases and may 

herald disease progression.
[37]

 High-risk abnormalities 

include: 

 i(17)(q10) – loss of TP53 tumor suppressor 

 Trisomy 8 (+8) 

 +Ph (duplicate Philadelphia chromosome) 

 Trisomy 19 (+19) 

 -7/del7q 

 3q26.2 rearrangements (MECOM) – median overall 

survival <1 year.
[38]

 

 

 

2.3.2 Somatic Mutations 
Cancer-related gene mutations are detected in 10-18% of 

newly diagnosed CML patients, most commonly ASXL1 

(8%), with DNMT3A, IDH1/2, EZH2, and TET2 

occurring less frequently.
[39]

 ASXL1 mutations predict: 

 Inferior molecular response rates 

 Higher treatment failure rates 

 Increased acquisition of kinase domain mutations 

 Recurrent cytopenias during TKI therapy.
[40,41]

 

 

2.3.3 Epigenetic Dysregulation 
Progression to BP-CML involves complex epigenetic 

alterations, including reduced activity of polycomb 

repressive complex 2 (PRC2) and upregulation of PRC1 

components.
[42]

 These changes converge on a relatively 

uniform epigenetic pattern despite heterogeneous 

upstream mutations. 

 

3. DIAGNOSIS AND MONITORING 

3.1 Diagnostic Approach 

3.1.1 Clinical Presentation 
In developed countries, 50-60% of patients are diagnosed 

incidentally during routine health maintenance.
[43]

 

Symptomatic patients typically present with: 

 Fatigue, malaise, weight loss (anemia-related) 

 Left upper quadrant fullness or pain (splenomegaly) 

 Early satiety 

 Less commonly: priapism, visual disturbances, 

thrombotic events 

 

In resource-constrained settings, high-risk CML at 

presentation may reach 25-40%, with massive 

splenomegaly, significant leukocytosis, and 

constitutional symptoms.
[44]

 

 

3.1.2 Laboratory Evaluation 
Complete blood count typically reveals: 

 Leukocytosis (often >50 × 10⁹/L) 

 Left-shifted granulopoiesis with full spectrum of 

precursors 

 Basophilia (pathognomonic finding) 

 Thrombocytosis (common) 

 Mild anemia (frequent) 

 

Peripheral blood smear demonstrates myelocytes, 

metamyelocytes, and occasional blasts (<10% in CP). 

Basophilia and eosinophilia may be present.
[45]

 

 

3.1.3 Bone Marrow Examination 
Bone marrow aspirate and biopsy reveal: 

 Hypercellular marrow with myeloid predominance 

 Left-shifted granulopoiesis 

 Abnormally small, non-lobated megakaryocytes 

(micromegakaryocytes) 

 Pseudo-Gaucher cells (macrophages with foamy 

cytoplasm) 

 Reticulin fibrosis (grade 1-2) in some cases.
[46]
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Bone marrow evaluation at diagnosis provides accurate 

blast percentage, basophil count, and assessment of 

additional chromosomal abnormalities.
[47]

 

 

3.2 Cytogenetic and Molecular Diagnostics 

3.2.1 Conventional Cytogenetics 
Metaphase karyotyping of bone marrow cells (minimum 

20 metaphases) confirms Ph chromosome positivity in 

>95% of CML patients.
[48]

 Complex translocations 

involving additional chromosomes occur in 3-5% but do 

not impact prognosis on TKI therapy.
[49]

 

 

3.2.2 Fluorescence In Situ Hybridization (FISH) 
FISH on interphase nuclei increases sensitivity, allowing 

analysis of 200-500 nuclei.
[50]

 Advantages include: 

 Detection of cryptic BCR::ABL1 rearrangements 

 Identification of deletions adjacent to breakpoints 

 Useful for monitoring atypical transcripts not 

detected by standard PCR.
[51]

 

 

3.2.3 Reverse Transcription Polymerase Chain 

Reaction (RT-PCR) 
Qualitative RT-PCR identifies BCR::ABL1 fusion 

mRNA and establishes the specific transcript type.
[52]

 

Quantitative RT-PCR (qRT-PCR) with International 

Scale (IS) standardization enables precise monitoring of 

molecular response.
[53]

 

 

A value of 100% on IS represents the average 

BCR::ABL1 mRNA expression of 30 patients from the 

IRIS study baseline. Fold reductions include: 

 MMR (MR3): ≤0.1% IS (3-log reduction) 

 MR4: ≤0.01% IS (4-log reduction) 

 MR4.5: ≤0.0032% IS (4.5-log reduction).
[54]

 

 

3.2.4 Droplet Digital PCR (ddPCR) 
Emerging evidence supports ddPCR as more accurate 

than RT-PCR for predicting TFR success, particularly in 

patients with undetectable disease by conventional 

methods.
[55]

 A ddPCR threshold of 0.468 BCR::ABL1 

copies/mL predicted 83% TFR at 2 years versus 52% for 

higher levels.
[56]

 

 

 

 

 

 

 

3.3 Response Definitions and Milestones 

Table 1 summarizes standardized response definitions according to ELN 2020 recommendations.
[57]

 

Table 1: Response Definitions in CML. 

Response Category Definition 

Complete Hematologic Response (CHR) 
Normalization of blood counts, no blasts or 

promyelocytes, no splenomegaly 

Complete Cytogenetic Response (CCyR) 0% Ph+ metaphases (≥20 metaphases) 

Major Cytogenetic Response (MCyR) 0-35% Ph+ metaphases 

Major Molecular Response (MMR/MR3) BCR::ABL1 ≤0.1% IS 

Deep Molecular Response (DMR) MR4 (≤0.01% IS) or MR4.5 (≤0.0032% IS) 

Molecular Relapse 
Loss of MMR (BCR::ABL1 >0.1% IS) on two 

consecutive tests 

 

3.3.1 Optimal Response Milestones 

 3 months: BCR::ABL1 ≤10% IS (early molecular 

response) 

 6 months: BCR::ABL1 ≤1% IS 

 12 months: BCR::ABL1 ≤0.1% IS (MMR) 

 15-18 months: BCR::ABL1 ≤0.01% IS (MR4).
[58]

 

 

Achievement of early molecular response (<10% at 3 

months) strongly correlates with improved progression-

free and overall survival.
[59]

 

 

4. TYROSINE KINASE INHIBITOR THERAPY 

4.1 Currently Approved TKIs 

Six TKIs are currently approved for CML treatment 

(Table 2).
[60]

 

 

 

 

Table 2: Approved Tyrosine Kinase Inhibitors for CML. 

Generation Drug Standard Dose Key Indications Notable Adverse Effects 

First Imatinib 400 mg daily Frontline CML-CP 
Edema, nausea, myalgias, 

cytopenias 

Second Dasatinib 
100 mg daily (50 mg 

alternative) 

Frontline CML-CP, 

post-imatinib 

Pleural effusion, 

pulmonary hypertension, 

bleeding 

Second Nilotinib 300 mg twice daily 
Frontline CML-CP, 

post-imatinib 

QTc prolongation, 

pancreatitis, 

hyperglycemia, arterial 
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occlusive events 

Second Bosutinib 400 mg daily 
Frontline CML-CP, 

post-imatinib 

Diarrhea, hepatotoxicity, 

renal impairment 

Third Ponatinib 

45 mg daily (reduce 

to 15 mg upon 

response) 

T315I mutation, 

multi-TKI failure 

Cardiovascular events, 

thrombosis, hepatotoxicity 

Third (STAMP) Asciminib 

80 mg daily 

(frontline) 40 mg 

BID (T315I) 

Frontline CML-CP, 

post-2 TKIs, T315I 

Hypertension, lipase 

elevation, cardiovascular 

events 

 

4.1.1 First-Generation TKI: Imatinib 

Imatinib 400 mg daily revolutionized CML therapy. The 

IRIS study demonstrated imatinib's superiority over 

interferon-α plus cytarabine, with 10-year follow-up 

confirming durable responses.
[61]

 The German CML IV 

study (1,551 patients) documented: 

 10-year cumulative MMR: 90% 

 10-year DMR: 80% 

 10-year OS: 82% 

 10-year relative survival: 92% 

 Annual resistance rate: 1%.
[15]

 

 

4.1.2 Second-Generation TKIs 
Dasatinib: The DASISION trial compared dasatinib 100 

mg daily versus imatinib in newly diagnosed CML-

CP.
[62]

 At 5 years: 

 MMR: 76% vs. 64% (p<0.05) 

 CCyR: 86% vs. 82% 

 5-year OS: 91% vs. 90% 

 

Pleural effusion occurred in 25% of dasatinib-treated 

patients, with pulmonary hypertension in <2%.
[63]

 

 

Nilotinib: The ENESTnd trial demonstrated nilotinib 

300 mg twice daily superiority over imatinib.
[64]

 At 10 

years: 

 MMR: 78% vs. 63% 

 Progression-free survival: 86% vs. 87% 

 OS: 88% vs. 88% 

 

Cardiovascular adverse events affected 25-35% of 

nilotinib-treated patients at 10 years, including peripheral 

arterial occlusive disease, myocardial infarction, and 

stroke.
[65]

 

 

Bosutinib: The BFORE trial established bosutinib 400 

mg daily frontline efficacy.
[66]

 At 5 years: 

 MMR: 74% vs. 65% 

 CCyR: 83% vs. 77% 

 OS: 95% vs. 95% 

 

Gastrointestinal toxicity (diarrhea) is common but often 

self-limited with dose escalation strategies.
[67]

 

 

4.1.3 Third-Generation TKIs 
Ponatinib: Designed to overcome T315I mutation 

through carbon-carbon triple bond that bypasses the 

gatekeeper residue.
[68]

 The PACE trial in 

resistant/intolerant patients demonstrated: 

 5-year OS: 73% (CP-CML) 

 Major cytogenetic response: 55% 

 MMR: 40%.
[69]

 

 

Cardiovascular toxicity (arterial occlusive events, venous 

thromboembolism) occurs in 25-35%, necessitating dose 

reduction to 15 mg once response achieved (BCR::ABL1 

<1%).
[70]

 

 

Asciminib: First STAMP (Specifically Targeting the 

ABL Myristoyl Pocket) inhibitor, stabilizing 

BCR::ABL1 in inactive conformation.
[71]

 The 

ASC4FIRST trial compared asciminib 80 mg daily 

versus investigator-choice TKI in frontline CML-CP
[72]

: 

 12-month MMR: 68% vs. 49% (p<0.001) 

 vs. imatinib: 69% vs. 40% (p<0.001) 

 vs. 2G TKI: 66% vs. 58% (p=NS) 

 

The ASCEMBL trial in patients failing ≥2 prior TKIs 

showed asciminib 40 mg twice daily superior to 

bosutinib: 

 24-week MMR: 25.5% vs. 13.2%.
[73]

 

 

4.2 Frontline TKI Selection 

Four aims guide frontline TKI selection in 2025
[74]

: 

1. Normalize patient lifespan (achieved with all 

approved TKIs) 

2. Achieve durable DMR enabling TFR 

3. Minimize short- and long-term toxicities 

4. Provide good treatment value 

 

4.2.1 Patient Age 

 Younger patients (<60 years): Earlier durable 

DMR and TFR may justify 2G TKI or asciminib to 

maximize TFR potential.
[75]

 

 Older patients (≥60 years): Generic imatinib 

provides excellent survival with manageable 

toxicity.
[76]

 

 

4.2.2 Comorbidities 

 Avoid dasatinib: Chronic pulmonary disease, 

pulmonary hypertension. 

 Avoid nilotinib: Diabetes, cardiovascular disease, 

pancreatitis history 

 Avoid bosutinib: Pre-existing gastrointestinal, 

hepatic, or renal dysfunction.
[77]
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4.2.3 Risk Stratification 

 Low/intermediate Sokal/ELTS: Comparable 

outcomes with all TKIs 

 High-risk: 2G TKI may be preferred (improved 

MMR/DMR rates, trend toward reduced 

progression).
[78]

 

 

4.2.4 Cost Considerations 
Generic imatinib (<$500/year) offers optimal treatment 

value. Generic dasatinib ($4,000-7,000/year) provides 

cost-effective 2G TKI option. Novel TKIs 

(>$200,000/year) require careful value assessment.
[79]

 

4.3 TKI Dose Optimization 

Emerging evidence supports optimal biologic dose 

(OBD) rather than maximum tolerated dose (MTD) for 

long-term therapy.
[80]

 Dose reduction strategies maintain 

efficacy while reducing toxicity (Table 3).
[81]

 

 

 

 

 

 

 

Table 3: TKI Dose Reduction Strategies. 

TKI Standard Dose Reduced Dose Indication 

Imatinib 400 mg daily 100-300 mg daily 
Grade 3-4 toxicity, stable 

MR2/MR3+ 

Dasatinib 100 mg daily 20-50 mg daily Pleural effusion, cytopenias 

Nilotinib 300 mg BID 150-200 mg BID 
Cardiovascular risk, 

cytopenias 

Bosutinib 400 mg daily 100-300 mg daily 
Gastrointestinal toxicity, 

cytopenias 

Ponatinib 45 mg daily 
15 mg daily (after 

BCR::ABL1 <1%) 

Cardiovascular risk 

reduction 

 

Dasatinib 50 mg daily frontline achieves comparable 

efficacy to 100 mg with significantly reduced pleural 

effusion risk.
[82]

 Intermittent TKI schedules (1 month 

on/1 month off) and progressive dose de-escalation 

improve quality of life without compromising outcomes 

in selected elderly patients.
[83]

 

 

5. RESISTANCE MECHANISMS AND 

MANAGEMENT 

5.1 Epidemiology of TKI Resistance 

Treatment resistance (BCR::ABL1 >1% after 12 months, 

loss of response, or progression) occurs in approximately 

5-10% of patients, with annual resistance rate of 1%.
[84]

 

 

5.2 BCR::ABL1-Dependent Resistance 

5.2.1 Kinase Domain Mutations 
Mutations in the BCR::ABL1 kinase domain represent 

the most common mechanism of acquired resistance (50-

60% of imatinib failure cases).
[85]

 Over 100 mutations 

have been described, affecting: 

 ATP binding loop (P-loop): E255K, Y253H, G250E 

 Gatekeeper residue: T315I 

 Activation loop: F359V, H396R 

 

5.2.2 The T315I Gatekeeper Mutation 
T315I (threonine to isoleucine at position 315) confers 

resistance to all first- and second-generation TKIs by: 

 Disrupting critical hydrogen bond with inhibitors 

 Restricting access to hydrophobic pocket.
[86]

 

 

Ponatinib and asciminib retain activity against T315I.
[87]

 

For T315I-positive CML: 

 Ponatinib 45 mg daily (reduce to 15 mg upon 

response) 

 Asciminib 200 mg twice daily 

 Olverembatinib 40 mg every other day.
[88]

 

 

5.2.3 Compound Mutations 
Subclones may acquire second mutations in the same 

BCR::ABL1 allele, creating compound mutations 

conferring high-level resistance to most/all approved 

TKIs.
[89]

 

 

5.2.4 BCR::ABL1 Overexpression 
Gene amplification or transcriptional upregulation 

increases BCR::ABL1 levels, overcoming TKI 

inhibition.
[90]

 

 

5.2.5 Drug Influx/Efflux 
Reduced organic cation transporter-1 (OCT-1) activity 

impairs imatinib uptake.
[91]

 ABCB1 (MDR1) and 

ABCG2 (BCRP) efflux pump overexpression protects 

leukemic cells.
[92] 

 

5.3 BCR::ABL1-Independent Resistance 

Multiple pathways maintain cell survival despite 

effective BCR::ABL1 kinase inhibition
[93]

: 

 PI3K/AKT/mTOR pathway activation 

 JAK/STAT pathway signaling through alternative 

mechanisms 

 LYN and HCK kinase activation 

 Microenvironment-mediated protection 

 

5.4 Management of TKI Resistance 

5.4.1 Diagnostic Approach 
Patients with inadequate response or loss of response 

require: 

 Compliance assessment 
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 Drug interaction review 

 Bone marrow aspirate/biopsy 

 Metaphase karyotyping 

 BCR::ABL1 kinase domain mutation screen 

(preferably NGS).
[94]

 

 

5.4.2 Mutation-Guided TKI Selection 
Table 4 summarizes TKI sensitivity based on 

BCR::ABL1 mutations.
[95]

 

 

 

 

 

 

 

 

 

 

Table 4: Mutation-Guided TKI Selection. 

Mutation Sensitive TKIs Resistant TKIs 

T315I Ponatinib, Asciminib, Olverembatinib 
Imatinib, Dasatinib, Nilotinib, 

Bosutinib 

Y253H, E255K/V Dasatinib, Bosutinib (variable) Imatinib, Nilotinib 

F359V/C/I Dasatinib, Bosutinib Imatinib, Nilotinib 

V299L Imatinib, Nilotinib Dasatinib, Bosutinib 

F317L Imatinib, Nilotinib Dasatinib, Bosutinib 

G250E Dasatinib Imatinib, Nilotinib, Bosutinib 

L248V - Imatinib, Nilotinib, Bosutinib 

 

5.4.3 Sequential TKI Therapy 

 Imatinib failure (no mutation): Dasatinib, 

nilotinib, or bosutinib produce CCyR rates ~50%, 6-

year OS ~70%.
[96]

 

 2G TKI failure (no guiding mutation): Rotating to 

another 2G TKI yields low response rates (CCyR 

~20%) 

 Multi-TKI failure: Ponatinib or asciminib achieve 

MMR rates 40-50%, 5-year OS >70%.
[97]

 

 

5.4.4 Novel Third-Generation TKIs 
Olverembatinib: Approved in China for T315I-mutated 

CML.
[98]

 Phase 1/2 study (165 patients, 83% T315I+) 

demonstrated: 

 3-year CCyR: 69% (CP-CML) 

 3-year MMR: 56% 

 MR4: 44%, MR4.5: 39%.
[99]

 

 

Registrational phase 2 study versus best available 

therapy: 

 CCyR: 36.4% vs. 16.2% 

 MMR: 27.3% vs. 8.1% 

 2-year EFS: 46.9% vs. 16.9% (p<0.001).
[100]

 

 

TGRX-678, TERN-701, ELVN-001: STAMP inhibitors 

in clinical development for resistant CML, demonstrating 

early efficacy and tolerability.
[101,102]

 

 

5.5 Allogeneic Hematopoietic Stem Cell 

Transplantation 

HSCT remains curative for CML but is utilized 

infrequently in the TKI era (<10% of patients).
[103]

 

Indications include: 

 Progression to AP/BP-CML (after achieving second 

CP) 

 T315I mutation with inadequate response to 

ponatinib/asciminib 

 MECOM rearrangement (3q26.2) – median OS <1 

year without HSCT 

 Failure of ≥2 TKIs, particularly with ASXL1 

mutations.
[104]

 

 

HSCT is underutilized despite curative potential and 

cost-effectiveness compared to lifelong novel TKI 

therapy.
[105]

 

 

6. TREATMENT-FREE REMISSION 

6.1 Historical Development 

The STIM (Stop Imatinib) trial first demonstrated TFR 

feasibility in 2010.
[106]

 Patients with sustained complete 

molecular response (undetectable BCR::ABL1) for ≥2 

years discontinued imatinib, with 12-month molecular 

recurrence-free survival of 41%.
[107]

 

 

6.2 TFR Criteria 

Current TFR eligibility criteria
[108]

: 

 Age ≥18 years 

 TKI therapy duration ≥3 years 

 Sustained DMR (MR4 or better) for ≥2 years 

 Chronic phase CML (no prior AP/BP) 

 Access to reliable qPCR monitoring 

 Good compliance history 

 

6.3 TFR Outcomes 

6.3.1 TFR Rates by DMR Duration 

 DMR 2+ years: TFR 40-50%.
[109]

 

 DMR 5+ years: TFR 80-85%.
[110]

 

 TKI therapy 10+ years + sustained DMR: TFR 

approaching 90%.
[111]

 

 

6.3.2 Predictors of Successful TFR 

 Longer TKI therapy duration 

 Longer DMR duration 

 e14a2 transcript (vs. e13a2) in some studies.
[112]

 

 Higher NK cell counts, lower T regulatory cells.
[113]
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 TKI withdrawal syndrome (musculoskeletal pain, 

flushing).
[114]

 

 

6.3.3 TFR After Second-Generation TKIs 
Multiple studies confirm similar TFR rates (40-60%) 

with dasatinib, nilotinib, and bosutinib 

discontinuation.
[115-118]

 Faster DMR achievement with 2G 

TKIs may increase TFR-eligible patients but not TFR 

rates.
[119]

 

 

6.4 Post-Discontinuation Monitoring 

Recommended monitoring schedule
[120]

: 

 Year 1: Monthly PCR 

 Year 2: Every 2-3 months 

 Year 3+: Every 3-4 months, then every 4-6 months 

 

Molecular relapse (loss of MMR confirmed on two tests) 

prompts TKI re-initiation, with >90% regaining 

response.
[121]

 

 

6.5 TKI Withdrawal Syndrome 

Approximately 25% of patients develop musculoskeletal 

pain, arthralgias, and flushing after TKI 

discontinuation.
[122]

 Management: 

 NSAIDs for mild symptoms 

 Short course oral steroids for moderate symptoms 

 Rarely requires TKI re-initiation 

 

Interestingly, TKI withdrawal syndrome correlates with 

higher TFR success.
[123]

 

 

7. ADVANCED PHASE CML 

7.1 Classification and Incidence 

CML-AP and CML-BP affect 5-10% of patients at 

diagnosis or during treatment.
[124]

 The 2022 WHO 

classification eliminated CML-AP, but AP features 

developing during therapy retain poor prognosis (median 

OS ~3 years).
[125,126]

 

 

7.2 De Novo Accelerated Phase 

Patients presenting with AP features achieve improved 

outcomes with 2G TKI therapy: 

 8-year OS: 60-80% 

 Requires close monitoring and consideration for 

HSCT.
[127]

 

 

7.3 Blastic Phase Management 

7.3.1 Induction Therapy 

 Myeloid BP: TKI (ponatinib preferred) + 

hypomethylating agent (azacitidine/decitabine) ± 

venetoclax.
[128]

 

 Lymphoid BP: TKI + hyper-CVAD or ALL-type 

induction.
[129]

 

 Goal: Achieve second CP as bridge to HSCT 

 

7.3.2 Post-Remission Therapy 

 Allogeneic HSCT once second CP achieved 

 TKI maintenance post-HSCT for 3-5 years based on 

tolerability.
[130]

 

8. TOXICITY MANAGEMENT 

8.1 Cardiovascular Toxicity 

8.1.1 Nilotinib 

 Arterial occlusive events (peripheral arterial disease, 

MI, CVA) in 25-35% at 10 years.
[131]

 

 Mechanisms: Impaired glucose tolerance, 

dyslipidemia, accelerated atherosclerosis 

 Avoid in patients with cardiovascular risk factors 

 

8.1.2 Ponatinib 

 Cardiovascular events in 25-35%.
[132]

 

 Mechanisms: VEGF, PDGFR, TIE2 inhibition; 

VWF-mediated platelet adhesion.
[133]

 

 Dose-dependent toxicity: reduce to 15 mg once 

BCR::ABL1 <1% 

 

8.1.3 Dasatinib 

 Pleural effusion (25%), pulmonary hypertension 

(<2%).
[134]

 

 Avoid in chronic pulmonary disease 

 

8.1.4 Asciminib 

 Early data suggest cardiovascular events 

(hypertension, coronary disease) in <5%.
[135]

 

 Longer follow-up needed. 

 

8.2 Non-Cardiovascular Toxicities 

8.2.1 Hematologic 
Cytopenias occur with all TKIs, often improving with 

dose reduction or supportive care.
[136]

 

 

8.2.2 Gastrointestinal 

 Bosutinib: Diarrhea (80-90%, usually self-limited 

with dose escalation) 

 Imatinib: Nausea, vomiting (manage with 

antiemetics, food) 

 

8.2.3 Hepatic 

 Transaminase elevations (bosutinib, ponatinib, 

asciminib) 

 Monitor LFTs regularly 

 

8.2.4 Renal 

 Bosutinib: Renal impairment (monitor Cr) 

 Nilotinib: Preferred for reduced GFR.
[137]

 

 

8.2.5 Pancreatic 

 Lipase elevation (nilotinib, asciminib) 

 Clinical pancreatitis (any TKI) – discontinue 

offending agent 

 

8.2.6 Immune-Mediated 

 Pneumonitis, pericarditis, hepatitis, nephritis 

 Respond to short course steroids.
[138]

 

 

8.3 Cross-Intolerance 

Patients intolerant to one TKI have increased risk of 

intolerance to others (different or same toxicity).
[139]

 

Manage with: 
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 Dose reduction before switching 

 Careful monitoring after switch 

 

9. SPECIAL POPULATIONS 

9.1 Pregnancy 

 TKIs contraindicated (teratogenic) 

 Interferon-α safest option for disease control.
[140]

 

 TKI discontinuation in stable DMR with close 

monitoring 

 

9.2 Elderly Patients 

 Generic imatinib provides excellent outcomes 

 Dose reduction for toxicity 

 Consider TFR less urgent.
[141]

 

 

9.3 Pediatric CML 

 Imatinib approved for pediatric use 

 2G TKIs increasingly studied.
[142]

 

 

9.4 COVID-19 

 CML patients with high-risk factors (advanced 

phase, no CHR, comorbidities) have increased 

COVID-19 risk.
[143]

 

 Vaccination strongly recommended 

 TKI continuation generally safe.
[144]

 

 

10. GLOBAL HEALTH CONSIDERATIONS 

10.1 Prevalence and Access 

Worldwide CML prevalence estimated at 5 million cases 

by 2025.
[145]

 Disparities in TKI access persist: 

 High-income countries: All TKIs available 

 Low/middle-income countries: Limited to generic 

imatinib.
[146]

 

 

 

 

10.2 Pricing and Affordability 

Table 5 summarizes TKI costs.
[147]

 

Table 5: TKI Annual Costs (USD). 

TKI US Average Wholesale Price CostPlus/Generic Equivalent 

Imatinib (generic) $5,000-130,000 $500 

Dasatinib (generic) $4,000-7,000 (CostPlus) $4,000-7,000 

Dasatinib (brand) $200,000+ - 

Nilotinib $200,000+ - 

Bosutinib $200,000+ - 

Ponatinib $313,000 - 

Asciminib $644,100 (T315I dose) - 

 

US pricing distortions result from pharmacy benefit 

managers, group purchasing organizations, and vertical 

integration.
[148,149]

 

 

11. FUTURE DIRECTIONS 

11.1 Increasing TFR Rates 

 Optimize TKI combinations (TKI + interferon, TKI 

+ venetoclax) 

 Novel, more potent TKIs for faster DMR 

 Immune-based strategies (NK cell enhancement, 

vaccination)
[150]

 

 

11.2 Overcoming Resistance 

 Next-generation STAMP inhibitors 

 Combination approaches targeting BCR::ABL1-

independent pathways 

 Personalized therapy based on mutation profiling 

 

11.3 Improving BP-CML Outcomes 

 International collaborative trials (given rarity) 

 Targeted therapies addressing epigenetic 

dysregulation 

 Optimized transplant strategies.
[151]

 

 

11.4 Predicting TFR Success 

 ddPCR thresholds for TFR prediction 

 Immune profiling (NK cells, Tregs, MDSCs) 

 Transcript type and clonal dynamics.
[152]

 

 

11.5 Optimizing Long-Term Safety 

 OBD determination for all TKIs 

 Cardiovascular risk mitigation strategies 

 Quality of life monitoring.
[153]

 

 

12. CONCLUSIONS 

The molecular characterization of CML has established a 

paradigm for precision oncology. BCR::ABL1 TKIs 

achieve near-normal life expectancy for most patients, 

with TFR offering potential cure for those achieving 

sustained DMR. Six approved TKIs provide multiple 

therapeutic options, with selection guided by efficacy, 

toxicity profile, patient comorbidities, and cost. 

 

Current challenges include overcoming TKI resistance 

(particularly T315I and compound mutations), improving 

BP-CML outcomes, increasing TFR rates, managing 

long-term cardiovascular toxicity, and ensuring global 

access to effective therapies. Emerging third-generation 

TKIs and combination strategies offer promise for 

addressing these challenges. 

 

As CML prevalence continues to rise, lifelong 

management requires nuanced understanding of TKI 

selection, dose optimization, toxicity management, and 

TFR eligibility. Integration of molecular monitoring, 



 

59 

World Journal of Advance Pharmaceutical Sciences                                                  WJAPS, Volume 3, Issue 3, 2026 

 

www.wjaps.com 

mutation testing, and emerging technologies (ddPCR, 

NGS) will further personalize therapy. Global 

collaboration remains essential to extend the benefits of 

TKI therapy to all patients worldwide. 
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