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Abstract 

Tyrosine kinase inhibitors (TKIs) have vastly improved long‑term outcomes for patients with chronic myeloid leuke‑
mia (CML). After imatinib (a first‑generation TKI), second‑ and third‑generation TKIs were developed. With five TKIs 
(imatinib, dasatinib, bosutinib, nilotinib, and ponatinib) targeting BCR::ABL approved in most countries, and with the 
recent approval of asciminib in the USA, treatment decisions are complex and require assessment of patient‑specific 
factors. Optimal treatment strategies for CML continue to evolve, with an increased focus on achieving deep molecu‑
lar responses. Using clinically relevant case studies developed by the authors of this review, we discuss three major 
scenarios from the perspective of international experts. Firstly, this review explores patient‑specific characteristics that 
affect decision‑making between first‑ and second‑generation TKIs upon initial diagnosis of CML, including patient 
comorbidities. Secondly, a thorough assessment of therapeutic options in the event of first‑line treatment failure (as 
defined by National Comprehensive Cancer Network and European LeukemiaNet guidelines) is discussed along with 
real‑world considerations for monitoring optimal responses to TKI therapy. Thirdly, this review illustrates the consid‑
erations and importance of achieving treatment‑free remission as a treatment goal. Due to the timing of the writing, 
this review addresses global challenges commonly faced by hematologists treating patients with CML during the 
COVID‑19 pandemic. Lastly, as new treatment approaches continue to be explored in CML, this review also discusses 
the advent of newer therapies such as asciminib. This article may be a useful reference for physicians treating patients 
with CML with second‑generation TKIs and, as it is focused on the physicians’ international and personal experiences, 
may give insight into alternative approaches not previously considered.
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Introduction
The global incidence of chronic myeloid leukemia (CML) 
in 2017 was 34,179, with a total of 24,054 CML-related 
deaths [1]. The advent of tyrosine kinase inhibitors 
(TKIs) has significantly changed the treatment landscape, 
improving outcomes for patients with CML; treatment 

with the first-generation TKI imatinib has improved the 
8-year overall survival rate from 20 to 87% [2]. Six TKIs 
are approved and are commonly used for the treatment 
of CML: imatinib; the second-generation (2G) TKIs 
dasatinib, nilotinib, and bosutinib; the third-generation 
TKI ponatinib; and the novel, first-in-class TKI specifi-
cally targeting the ABL myristoyl pocket (STAMP inhibi-
tor), asciminib [3–7]. With the currently available and 
emerging TKIs, patients with CML can have an average 
life expectancy near that of the general population [8, 9], 
and this has significantly increased the overall prevalence 

Open Access

*Correspondence:  jvalentingg@gmail.com

1 Servicio Hematología y Hemoterapia, Hospital Universitario Ramón y Cajal, 
Instituto Ramón y Cajal de Investigación Sanitaria (IRYCIS), Madrid, Spain
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13045-022-01309-0&domain=pdf


Page 2 of 15García‑Gutiérrez et al. Journal of Hematology & Oncology           (2022) 15:90 

despite the relatively low incidence rate [10]. Although 
coming from the same drug class, each TKI differs in 
terms of efficacy, adverse events (AEs), and effectiveness 
against BCR::ABL mutations. Therefore, when deciding 
the ideal TKI therapy, many factors need to be consid-
ered by clinicians and patients.

In this review, we explore the circumstances under 
which clinicians would consider a 2G TKI. Using case 
studies developed by the authors of this review, and fac-
toring in clinician experience, patient characteristics, 
and real-world considerations, we discuss treatment 
decisions on 2G TKIs. This review focuses on five top-
ics in the treatment of CML: first-line (1L) treatment, 
early switching and considerations for monitoring opti-
mal responses, clinical considerations for treatment-free 
remission (TFR), treatment of CML during the COVID-
19 pandemic, and the impact of emerging TKIs.

First‑line treatment and TKI choice
First-line treatment decisions are complex and include 
disease- and patient-specific factors in addition to other 
factors such as availability, dosing schedule, cost, and 
the presence of any comorbidities. Although imatinib 
remains the most widely used TKI for newly diagnosed 
(ND) CML in chronic phase (CML-CP), clinical stud-
ies have shown how 1L use of 2G TKIs can improve 
response outcomes and decrease rate of disease progres-
sion. However, their use must be balanced against poten-
tial risks and costs.

Case study 1
A 65-year-old male patient was diagnosed with high-risk 
CML (European Treatment and Outcome Study long-
term survival [ELTS] score of 2.53 and Sokal score of 
1.9) after his primary care clinician identified an elevated 
white blood cell count of 58 ×  109/L during a routine  
follow-up visit. At diagnosis, the patient had a spleen 
size of 5 cm below the costal margin and 8% of blasts in 
peripheral blood. A chromosome banding analysis docu-
mented only the Philadelphia chromosome. The patient 
is sedentary and overweight and has a long-standing his-
tory of diabetes mellitus not well controlled with met-
formin. He had myocardial infarction 5  years ago, but 
with no additional episodes and has since stopped smok-
ing. The patient prefers a low-cost drug.

Case study 1—clinicians’ considerations in treatment 
approach
Treatment strategies for CML increasingly focus on achiev-
ing a fast, sustained, deep molecular response (DMR; 
molecular response with a 4.5-log reduction in BCR::ABL1 
 [MR4.5] on the International Scale) with 1L treatment. 
The National Comprehensive Cancer Network (NCCN)  

guidelines and European LeukemiaNet (ELN) recom-
mendations consider achievement of an early molecular 
response (EMR; BCR::ABL1 ≤ 10% within 3  months) a 
treatment milestone for an optimal response; therefore, 
this is an important consideration when choosing a 1L 
TKI.

Clinical trial‑based considerations: risk score and efficacy
The NCCN guidelines and ELN recommendations sug-
gest 1L 2G TKIs for patients with low- or possibly 
intermediate-risk scores based on their better response 
outcomes over imatinib [11]. Moreover, the ELN recom-
mendations suggest using the new ELTS scoring system 
to assess baseline CML [11], instead of Hasford/Sokal 
risk scores, as it predicts disease-specific mortality and 
molecular responses [12]. Although patients enrolled on 
key trials were used to develop the ELTS scoring system, 
the ELTS score has not yet been used prospectively in 
pivotal trials of 1L TKIs. The NCCN guidelines recom-
mend using the Sokal score [13], which is also widely 
used outside of the USA, but the ELTS score is useful 
for assessing long-term survival outcomes, especially for 
younger patients. As clinicians, we often use both scoring 
systems.

Key clinical trials, DASISION (dasatinib vs. imatinib), 
ENESTnd (nilotinib vs. imatinib), and BFORE (bosutinib 
vs. imatinib), in which most patients had intermediate-  
or high-risk CML, showed superior rates of complete 
cytogenetic responses (CCyR) and major molecular 
responses (MMR) with 1L dasatinib, nilotinib, and bosu-
tinib over imatinib (Table 1) [14–16]. MMR at 12 months 
was significantly higher with all three 2G TKIs compared 
with imatinib and was sustained over long-term follow-
up [17–19]. However, none of the 2G TKIs (except for 
nilotinib at 400 mg) resulted in a significant improvement 
in overall survival or progression-free survival compared 
with imatinib, meaning earlier responses and enhanced 
response rates with 2G TKIs did not necessarily lead to 
improvements in overall survival and progression-free 
survival. Furthermore, approximately 40–60% of patients 
treated with 2G TKIs were unlikely to achieve  MR4.5, with 
a plateau observed at approximately 5 years [17, 19, 20].

Because the patient in this case study has high-risk 
CML, a 2G TKI would be best suited for 1L treatment. 
Regardless of risk score, younger patients [21] and those 
with rare transcripts [22] should also be considered as 
high-risk, and a 2G TKI may be the preferred option. 
Patients with low-risk CML may also benefit from 1L 2G 
TKI treatment; in the 5-year report of the BFORE trial, 
the  MR4.5 rate for patients with a low Sokal risk score 
was 53.7% with bosutinib versus 42.5% with imatinib 
[19]. Thus, not only should choice of TKI be based on 
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risk score and efficacy, it should also be tailored to each 
patient and balanced against the goals of therapy.

Clinical trial‑based considerations: comorbidities
The use of 1L 2G TKIs must be balanced against their 
potential risk; therefore, clinicians should also con-
sider the known AEs associated with 2G TKIs and base-
line patient comorbidities. Patient comorbidities are 
often assessed using the Charlson Comorbidity Index 
(CCI), and survival of patients with CML decreases with 
increasing CCI score [18], with the risk of death driven 
mostly by comorbidities [23]. In DASISION, dasatinib 
was associated with improved outcomes over imatinib 
across all CCI subgroups, with a significant difference in 
 MR4.5 rates with a higher comorbidity score suggesting 
sustained efficacy of dasatinib, even among patients with 
a substantial comorbidity burden [24].

Certain cardiovascular (CV) and arterio-occlusive 
events (AOEs) were more common in patients treated 
with dasatinib, nilotinib, and bosutinib than imatinib [15, 
16, 25]. Dasatinib is associated with an increased risk of 
developing pulmonary hypertension and cardiac dys-
function compared with imatinib [5, 14]; patients with 
hypertension treated with dasatinib are at an increased 
risk of developing pleural effusions [26, 27]. Nilotinib and 
dasatinib may affect the QT interval [4, 5], and nilotinib 
especially poses a greater risk of both CV and cerebro-
vascular AOEs compared with imatinib [18]. A lower 
relative risk of AOEs was observed with bosutinib but 
was still higher than with imatinib [25]. Once a 2G TKI is 
considered the best option, close monitoring and aggres-
sive management of comorbidities and other risk factors 
(e.g., smoking, diet, sedentarism) are important to mini-
mize the risk of AOEs.

Commonly, patients with CML are overweight, which 
is often associated with CV disease and diabetes melli-
tus [28]. Although imatinib has shown reduced efficacy 
in overweight patients [29], responses in overweight 
patients treated with dasatinib are comparable to patients 
with a normal weight, with a surprisingly faster median 
time to MMR achieved in overweight patients [30]; how-
ever, overweight patients were at a higher risk of pleu-
ral effusion than patients with a normal weight (34% vs. 
25%) [30]. Being overweight did not affect responses with 
bosutinib, but overweight patients treated with bosutinib 
had increased levels of alanine and aspartate aminotrans-
ferase compared with patients with normal weight [31].

Baseline monitoring for diabetes and renal/liver disease 
is also important when choosing 2G TKIs. Hyperglyce-
mia and an increased risk of developing prediabetes has 
been associated with nilotinib treatment [32], and bosuti-
nib and nilotinib can cause an elevation in alanine trans-
ferase and lipase levels [4, 6]. Additionally, bosutinib and 

imatinib have been associated with a reversible decrease 
in glomerular filtration rate [33], although this likely 
does not represent kidney damage in most instances. 
In patients presenting with multiple comorbidities, it is 
important to consider carefully the potential increased 
risks associated with a 2G TKI while also ensuring that 
the patient can achieve the best possible outcome.

Considerations based on real‑world evidence: costs 
and adherence
Imatinib is now available as a generic drug in several 
countries; however, access to dasatinib, bosutinib, and 
nilotinib is limited in many low- and middle-income 
countries, partly due to regulatory authorities mandating 
imatinib as first choice [34] or lack of financial support 
for paying the cost of brand-named drugs. Moreover, the 
costs incurred through lost wages and travel for medi-
cal appointments have an impact even when the cost of 
the TKI is subsidized through treatment assistance pro-
grams, especially in low- and middle-income countries 
[35].

Adherence to treatment is crucial for improvements 
in response rates and survival. In patients treated with 
imatinib, an adherence rate of > 90% correlated with a 
6-year probability of achieving a DMR (4-log reduc-
tion in BCR::ABL1  [MR4]) of 76% versus 4% (P < 0.001) 
[36]. Real-world evidence from low- and middle-income 
countries demonstrated that a decreased adherence to 
imatinib treatment was associated with lower 10-year 
event-free survival [37]. Increased adherence has also 
been associated with reduced hospitalization costs and 
fewer hospital admissions [38–42].

Numerous factors affect adherence: AEs, disease and 
treatment duration, forgetting to take medication, incon-
venience of medication frequency, cost, lack of engage-
ment, and disease-related education [43–45]. Increased 
BCR::ABL1 monitoring, lower co-payments, and fewer 
daily doses all correlate with increased adherence [42, 45, 
46]. Overall, patient education on the impact of adher-
ence and regular communication between the clinician 
and patient regarding AE management and financial 
issues are important for optimizing adherence. Monitor-
ing patient-reported outcomes can help to identify early 
subtle changes that may affect patient’s adherence to 
therapy and/or overall wellbeing.

Treatment approach summary
The patient described in case study 1 has significant 
comorbidities that increase the risk of developing AOEs, 
which need to be carefully weighed against his treatment 
goals. Given the relatively high survival rate, imatinib may 
be an adequate choice if the cost of TKIs is not supported 
by government assistance programs. If the patient’s goals 
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include deeper responses and achieving TFR, then a 2G 
TKI would be a better candidate.

Because this patient has a high CV risk, the likely best 
TKI within this context would be bosutinib; despite the 
low percentages, CV events were reported at a higher 
rate with nilotinib and dasatinib compared with imatinib 
at 5 years [17, 18]. If this patient were to have a history 
of certain lung diseases such as interstitial pneumonitis, 
dasatinib should be avoided. As this patient has a his-
tory of diabetes mellitus, dasatinib should be considered 
due to its lower risk of metabolic effects compared with 
bosutinib or nilotinib [4–6]. The higher probability of 
sustained  MR4.5 with nilotinib versus imatinib should be 
balanced with the risk of CV events.

AOEs are seldom fatal, as seen in one study reporting 
only three deaths with nilotinib (n = 563) and none with 
imatinib (n = 283) [20]. Without appropriate manage-
ment of comorbidities, the likelihood of having an AOE 
and death from comorbidities might be higher than from 
CML. Aggressive management of comorbidities and the 
necessary behavioral changes (e.g., diet, exercise) will 
optimize survival outcomes from all causes. This patient 
should commit to these behavioral changes if treated 
with bosutinib.

Early switching of TKI
Throughout treatment, patients are monitored regu-
larly to assess BCR::ABL1 transcript levels in response 
to TKI therapy. Achievement of EMR with imatinib and 
2G TKIs in the 1L setting is a predictor of DMR and 
improved survival in patients with CML-CP; therefore, it 
is an important treatment milestone. When EMR is not 
achieved with a 1L TKI, switching therapies can be con-
sidered. However, the timing of switching TKIs remains 
a controversial topic, with each clinician having their 
own approach. Regular monitoring of the initial response 
is associated with better outcomes as it ensures prompt 
switching in the case of intolerance/resistance. An earlier 
switch to 2G TKIs offers the hope of improved outcomes 
over a later switch in patients who fail to achieve an EMR 
on 1L treatment.

Case study 2
A 56-year-old female patient with intermediate-risk 
CML (as assessed by ELTS score) was treated with 
imatinib (400 mg) and achieved a hematologic response 
after 3  weeks. During treatment, the patient experi-
enced grade 2 skin rash and moderate fluid retention; 
the treatment was withheld for 10 days until toxicities 
resolved. Once toxicities resolved, she resumed treat-
ment with a lower dose of imatinib (300  mg). A dose 
increase was attempted but moderate fluid reten-
tion reappeared; therefore, imatinib was maintained 

at 300  mg. Treatment evaluation at 3  months showed 
inadequate response with a BCR::ABL1 level of 26%.

Case study 2—clinicians’ considerations in treatment 
approach
Clinical trial‑based considerations
The ELN recommendations and NCCN guidelines clas-
sify treatment failure as a confirmed lack of EMR [11, 
13]. Confirmation is especially important when cytoge-
netic response is not monitored and/or BCR::ABL1 lev-
els are close to 10%.

Second-line (2L) treatment with dasatinib and nilo-
tinib can result in high MMR rates in patients with 
an inadequate response to imatinib [47]. Patients who 
achieved deep responses early on in treatment were 
shown to have more favorable long-term outcomes 
over those who achieved similar responses later on in 
treatment, highlighting the importance of early versus 
late switching [47, 48].

DASCERN was the first prospective trial to dem-
onstrate the potential benefit of early switching to 
dasatinib in patients who did not achieve EMR after 
3  months of treatment with imatinib [49]. Patients 
who switched to dasatinib at 3  months had a signifi-
cantly higher MMR rate at 12  months than patients 
who remained on imatinib (29% vs. 13%, P = 0.005); 
and cumulatively by month 24, more patients on dasat-
inib had achieved MMR (64% vs. 41%) once treatment 
crossover was accounted for [49]. Additionally, find-
ings from the LASOR trial suggested that patients with 
a suboptimal cytogenetic response (per the less strin-
gent ELN 2009 recommendations [50]) at 3  months 
were more likely to achieve improved cytogenetic and 
molecular responses with switching to nilotinib than 
with imatinib dose escalation (CCyR at 6  months: 
50% vs. 36%, nominal P = 0.058), although the differ-
ence was not statistically significant when responses 
achieved after crossover were included [51].

Once treatment failure is identified, the probability of 
achieving DMRs after switching to a 2G TKI decreases, 
while the likelihood of disease progression increases. In 
patients from the DASISION and ENESTnd trials, who 
did not achieve EMR at 3  months and experienced dis-
ease progression, approximately half progressed between 
3 and 6  months after treatment failure was identified 
[17, 52]. Findings from these clinical trials provide new 
insights into the potential benefit of switching to 2G 
TKIs in patients failing to achieve EMR with 1L imatinib. 
However, longer follow-up is warranted to determine if 
earlier responses after switching would result in improve-
ments in survival outcomes, which may be more clini-
cally meaningful.
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Real‑world evidence and real‑world considerations 
for monitoring responses to TKIs
ELN recommendations state that BCR::ABL1 mutational 
analysis must be performed in order to continue treat-
ment with the most effective TKI [11]. However, the 
retrospective observational TARGET-UK study, which 
evaluated baseline monitoring practices in UK patients 
with ND CML-CP, found that ELN monitoring recom-
mendations were not consistently implemented [53]. This 
left patients at a higher risk of relapse: 23% of patients 
with ELN-defined treatment failure did not switch treat-
ment, and only 49% of patients who switched due to 
treatment failure had undergone mutation analysis [53].

In the ongoing observational SIMPLICITY study, 
treatment switching occurred in 16% of patients within 
12 months of initiating treatment with 1L imatinib, dasat-
inib, or nilotinib [54]. More patients switched at months 
3–12 (69%) than within 3 months (31%), with switching 
more common in patients treated with imatinib than 
dasatinib or nilotinib [54, 55]. The primary reasons for 
switching were intolerance and resistance, both more fre-
quent with imatinib than with dasatinib (intolerance: 42% 
vs. 29%; resistance: 73% vs. 14%) [54, 55].

A retrospective analysis by the Italian Medicines 
Agency showed that within the first year of treatment 
with 2G TKIs, 7% of patients switched treatment (dasat-
inib: 8%; nilotinib: 7%); over a 6-year period, a total of 
16% of dasatinib- and 11% of nilotinib-treated patients 
switched TKI. The primary reasons for switching were 
intolerance (59%) or resistance (57%), with most patients 
switching therapy within the first 12 months of treatment 
[56]. No specific baseline characteristics were associ-
ated with intolerance, but male patients appeared more 
likely to switch treatment due to resistance [56]. Treat-
ment switching with a 1L 2G TKI was relatively uncom-
mon and occurred at a much lower frequency in the 
Italian Medicines Agency study than the SIMPLICITY 
study [54–56]. For most patients with treatment failure, 
ponatinib was the preferred 2L option, but the median 
time to treatment change was 354 days. Overall, the fre-
quency of switching was lower in real-world evidence 
studies compared with clinical trials [17–19], possibly 
due to trial protocols requiring patients to switch treat-
ment once inadequate response was observed.

In patients treated with a 1L 2G TKI who lack an 
EMR, changing treatment should be taken with care. For 
patients requiring a treatment change due to intolerance, 
switching to a different 2G TKI and/or considering lower 
treatment doses might be the best option. Ponatinib 
appears to be the preferred next treatment choice for 
patients with treatment failure to dasatinib, nilotinib, or 
bosutinib; however, this recommendation is based on 
data from a setting where ponatinib was used in the third 

line and beyond. At the time of this review, there are lim-
ited prospective data on 2L therapy after resistance to 
a 2G TKI, with one recent observational study showing 
favorable efficacy with the use of 2L ponatinib [57].

Treatment approach summary
Successful management of CML may require careful 
selection of the initial TKI along with regular monitor-
ing of responses and intolerance. Although monitoring 
is often underutilized, it is important for informing deci-
sions on changes in therapy to minimize the risk of pro-
gression after lack of EMR with 1L therapy. Identifying 
early signs of intolerance or treatment failure, followed 
by early switching where necessary, may be important for 
ensuring the best outcome for patients.

For the patient outlined in case study 2, treatment fail-
ure is evident; therefore, treatment should be changed in 
a timely manner to minimize the risk of disease progres-
sion and increase the probability of optimal outcomes. 
Because the patient was treated with 1L imatinib, a 
switch to a 2G TKI would be appropriate. If there were 
no contraindications, dasatinib would be recommended 
based on the DASCERN study [49], with a change to 
nilotinib advised based on the LASOR study [51] if the 
patient was intolerant to dasatinib. Due to this patient’s 
history of fluid retention and the association of pleu-
ral effusion with dasatinib, switching to dasatinib is not 
recommended. However, nilotinib could be considered 
based on the low rates of edema reported with this agent 
[18]. Although ponatinib has demonstrated efficacy in 
patients with CML who are resistant/intolerant to 2G 
TKIs and those with the T315I mutation [58, 59], gener-
ally it is recommended for the treatment of CML in these 
patients [11, 13]. As the patient in this case study does 
not harbor the T315I mutation, we do not recommend 
ponatinib in this instance.

Treatment‑free remission
Indefinite use of TKIs is a common initial approach when 
treating patients with CML, regardless of response [13, 
50, 60]. The achievement of sustained DMR on therapy is 
now considered a relevant clinical endpoint for patients 
who ultimately wish to stop treatment, thereby attempt-
ing TFR. Collective provisional guidance states that dur-
ing TFR, patients who were treated with a minimum of 
5 years of imatinib, or 3 years for 2G TKIs, and achieved 
sustained DMR for at least 2 years (measured by a reduc-
tion in BCR::ABL1 level [International Scale] to ≤ 0.01% 
 [MR4], ≤ 0.0032%  [MR4.5], or ≤ 0.001% [5-log reduction 
in BCR::ABL1] [11, 13]) can stop TKI therapy. During 
TFR, regular monitoring (monthly for the first 6 months, 
then bimonthly thereafter [11, 13]) of BCR::ABL1 lev-
els is required, with the aim of maintaining very low 
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or undetectable level of residual disease (threshold for 
relapse is MMR) [11, 13]. Further investigation is needed 
to identify strong predictors of successful TFR.

The depth of response required for TFR varied across 
different clinical trials examining TFR. In EURO-SKI, a 
minimum response of  MR4 was required before a TFR 
attempt [61], but the probability of remaining treatment-
free appeared higher with more stringent criteria (STIM, 
TWISTER, A-STIM) and was associated with a more 
stable plateau in the response curve [62–64]. In addition, 
an increased duration of DMR prior to TFR attempt was 
associated with a lower probability of relapse [65].

Case study 3
A 33-year-old female patient with low-risk CML (as 
assessed by ELTS score) was treated with 1L imatinib 
with excellent tolerability. The patient achieved MMR 
after 12  months of treatment, followed by a sustained 
DMR for 4 years. She would like to discontinue imatinib 
as she is considering becoming pregnant.

Case study 3—clinicians’ considerations in treatment 
approach
First treatment‑free remission attempt (TFR1)—advantages 
and disadvantages of treatment‑free remission
An overview of the results from the key trials on TFR can 
be found in Table  2. TFR after sustained DMR with 1L 
imatinib has been studied in the STIM and A-STIM trials 
[62, 64], in which approximately 40–50% of patients were 
able to sustain TFR for up to 7 or more years. Patients 
treated with 2G TKIs have also been able to achieve TFR. 
In DASFREE (Table  2), the largest clinical trial to date 
examining TFR in patients who discontinued dasatinib 
across all lines of therapy, 48% of patients who discon-
tinued dasatinib maintained TFR after 1 year, and remis-
sion was durable at 2  years (one late relapse at month 
39) [66]. Patients who lost MMR and restarted dasatinib 
quickly regained their response (median time to regain 
MMR and  MR4.5 was 2 and 3 months, respectively) [66]. 
Additionally, dasatinib discontinuation was shown to be 
feasible in the D-STOP trial (63% of patients maintained 
 MR4 after 1 year) and the phase 2 Japanese Dasatinib Dis-
continuation trial (estimated 3-year TFR rate of 44%) [67, 
68].

Successful TFR has also been demonstrated with 1L 
and 2L nilotinib: 47% and 48% of patients discontinu-
ing 1L and 2L nilotinib, respectively, remained in TFR 
at 144  weeks in the ENESTfreedom and ENESTop tri-
als (Table 2) [69, 70]. Furthermore, in the STOP 2G TKI 
trial, which monitored TFR after dasatinib and nilotinib 
discontinuation, 63% of patients remained in TFR at 
1  year [71]. Although the risk of relapse is highest dur-
ing the first 6  months and decreases significantly after 

2  years, late relapses can occur; approximately 15% of 
relapses occurred after 2  years [64], with relapses rare 
but possible in the blast phase [72]. Treatment cessation 
in TFR can reduce TKI-associated AEs, improving qual-
ity of life and decreasing treatment costs [61]. However, 
discontinuing TKI therapy can result in TKI withdrawal 
syndrome (mainly musculoskeletal pain), and patients 
require regular monitoring of BCR::ABL1 levels [11, 13, 
66, 69, 70]. Additionally, studies evaluating the psycho-
logical issues associated with TFR have shown that not 
all patients eligible to attempt TFR were comfortable to 
discontinue treatment due to fears of relapse or commit-
ment to regular, frequent BCR::ABL1 monitoring [73]. 
The improvements in quality of life have also been mod-
est and inconsistent across various studies [74].

In our experience, a significant proportion of patients 
are interested in treatment discontinuation, and this 
should be discussed from diagnosis onward, with TFR 
only attempted after careful consideration, discussion, 
and assessment by clinicians.

First treatment‑free remission—factors influencing 
the success of treatment‑free remission
A longer duration of imatinib treatment prior to TFR 
was associated with a lower risk of relapse [61–63]. 
As treatment with 1L 2G TKIs demonstrates a faster, 
deeper response, it is possible that patients can attempt 
TFR after a shorter exposure to 2G TKIs than imatinib. 
In the ENESTfreedom study, patients attempting TFR 
after treatment with nilotinib for 3.5  years had similar 
TFR rates to patients treated with imatinib for more than 
6  years [61, 62]. The optimal duration of DMR before 
attempting TFR is yet to be elucidated, although an 
increased time in DMR prior to entering TFR has been 
shown to increase the probability of maintaining MMR at 
6 months [61, 65].

The effect of Sokal risk score on the success of TFR 
is under investigation; however, in the TWISTER and 
STIM-1 trials, a higher Sokal risk score was associated 
with a lower TFR success rate [62, 63]. Other factors pos-
sibly contributing to the success of TFR include older 
age [75, 76], minimal fluctuations in BCR::ABL1 levels 
[64], and maintenance of  MR4.5 in the first 3 or 4 months 
post-TFR [70, 77]. Advances in polymerase chain reac-
tion methodology may allow earlier detection of relapse 
[78] and better identification of eligible patients for TFR 
[79]. Dose reduction prior to TFR attempt (based on the  
DESTINY study) [80] may decrease the risk of with-
drawal syndrome. Furthermore, recent studies indicate 
that natural killer cells can be potential biomarkers for 
predicting the success of TFR [81, 82].

Not all patients are eligible for TFR, including those 
who have experienced disease progression to acute or 
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blast phase, even if they have since reverted to CML-CP 
and regained DMR [12]; those who cannot be monitored 
frequently; and those with atypical transcripts that can-
not be quantitated and therefore properly monitored. 
Achieving TFR in patients who are pregnant or who have 
a desire for pregnancy remains a controversial topic. 
Some clinicians prefer to attempt TFR before pregnancy 
in case of relapse, while others are inclined toward tran-
sient treatment interruptions or full TFR attempts dur-
ing pregnancy [11, 13]. Based on available evidence, 
contraception is suggested for patients of child-bearing 
potential, and pregnancy should be planned only after 
stable response is reached [11]. Therefore, TFR may be 
an important treatment goal for patients of child-bearing 
potential.

The consensus on TFR in clinical practice is still evolv-
ing, but results from ongoing TFR trials will provide 
more confirmatory data on long-term outcomes. To date, 
TFR is successful in just 20–30% of patients treated with 
TKIs [61, 62, 64, 66, 69, 70, 80]; therefore, additional 
approaches to increase the number of eligible patients 
and/or decrease the risk of relapse after discontinuation, 
such as combination therapy, are still under develop-
ment. In the case of relapse, the threshold for restarting 
treatment remains under investigation; early clinical tri-
als used  MR4.5 as the cutoff for treatment reintroduc-
tion [69], whereas later clinical trials used  MR4 or even 
MMR [61, 62, 64, 66, 70]. Data from ENESTfreedom 
showed that most of the patients who lost  MR4 also lost 
MMR after further follow-up; therefore, the loss of MMR 
or confirmed  MR4 is a reasonable cutoff for treatment 
re-initiation.

Treatment approach summary
The patient in case study 3 is a female of child-bearing 
potential who achieved sustained DMR with 1L imatinib, 
with a special interest in discontinuing treatment; there-
fore, she is a candidate for TFR. Data from various stud-
ies (STIM, A-STIM, EURO-SKI, DESTINY) suggest that 
there is approximately a 50–60% probability of maintain-
ing TFR for up to 7 years with imatinib (Table 2) [61, 62, 
64, 80]. The patient should be aware of the possibility of 
relapse and the need for continual monitoring during 
TFR. However, if a relapse occurs, DMR can be success-
fully achieved after restarting treatment with imatinib. It 
should be noted that conception would complicate the 
re-treatment process and should be considered during 
treatment decision.

Second treatment‑free remission attempt (TFR2)
Although there are well documented studies outlining 
TFR1, limited data are available on TFR2. As shown in 
Table  2, about half of the patients attempting TFR will 

relapse, mostly within 6 months of treatment discontinu-
ation [61, 62, 64, 66, 69, 70, 80]; however, in most cases, 
patients can regain DMR after re-treatment [66, 69, 70], 
making TFR2 an interesting discussion for clinicians.

Although a TFR2 is possible, studies to date have 
yielded mixed results. In the ReSTIM trial, 36% of 
patients had a successful TFR2 after discontinuing 
treatment for a median of 5  months [83]. However, in 
the TRAD trial, just 22% of patients remained in TFR2 
at 6  months [84]. In both trials, patients who relapsed 
within 3 months during TFR1 were more likely to relapse 
during TFR2. A notable difference between the two stud-
ies is the duration of DMR prior to TFR2; a longer dura-
tion of DMR prior to TFR2 may be considered. However, 
patients should be informed of a lower probability of a 
successful TFR2 compared with TFR1, and strict moni-
toring is required. In case of TFR failure in patients 
treated with 1L imatinib, switching to a 2G TKI before 
TFR2 could be one of several reasonable strategies for 
patients with a deep motivation for TFR. Therefore, if 
the patient in case study 3 were to relapse, a 2G TKI—
although not tested prospectively—could be considered 
when restarting treatment to attempt a deeper, more 
durable response; clinical trials may be an alternative 
option.

Clinical trials exploring combination therapy after 
relapse from TFR1 are currently in progress. An ongoing 
trial is evaluating the addition of ruxolitinib to available 
first-/second-generation TKIs after relapse from TFR1 
with the aim of increasing the probability of a success-
ful TFR2 (NCT03610971). A similar trial investigating 
the addition of asciminib to imatinib in patients treated 
with imatinib who had experienced relapse post-TFR1 is 
ongoing (NCT04838041).

COVID‑19
The COVID-19 pandemic has greatly affected clini-
cal practice, monitoring, and treatment of cancer in 
general, including CML. Due to preventive measures, 
access to the clinic may be limited or adapted for remote 
care, meaning patients may not be visiting the clinic 
regularly and may require modified methods to be diag-
nosed. Thus, there is a risk of delayed recognition of 
lack of response and/or intolerance, or in the worst case 
scenario, delaying care until the disease is at a more 
advanced stage. Moreover, patients attempting TFR may 
face challenges in attending appointments for regular 
monitoring, which may delay the timing for treatment re-
initiation and increase the risk of recurrence/progression. 
Despite suggestions from preliminary studies [85], there 
is no evidence to date that TKI therapy can have a pro-
tective effect for patients with CML from SARS-CoV-2 
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Table 3 Summary of future treatment landscape

Key trial information Key efficacy Key safety

2G TKIs

Radotinib: 2G TKI with activity against native and kinase‑domain mutant BCR::ABL, currently undergoing testing to assess efficacy in CML‑CP with 
failure or intolerance to prior TKI therapy [106]

RERISE (NCT01511289) [107]: phase 3 trial com‑
paring radotinib with imatinib in patients with 
ND CML‑CP in the Republic of Korea, Indonesia, 
the Philippines, and Thailand 

MMR at 12 months (primary endpoint): 
 Radotinib 300 mg BID 52% (P = 0.0044 vs. 
imatinib) 
 Radotinib 400 mg BID 46% (P = 0.0342 vs. 
imatinib) 
 Imatinib 30%
CCyR at 12 months (secondary endpoint): 
 Radotinib 300 mg BID 91% (P = 0.0120 vs. 
imatinib)
 Radotinib 400 mg BID 82% (not significant vs. 
imatinib)
 Imatinib 77%

Grade 3–4 neutropenia was the most frequently 
reported hematologic AE:
 Radotinib 300 mg 19%
 Radotinib 400 mg 23%
 Imatinib 32%

Phase 3 multinational (Republic of Korea, Turkey, 
Russian Federation, and Ukraine) trial to assess 
efficacy in CML‑CP with failure or intolerance 
to prior TKI therapy (NCT03459534; currently 
recruiting)

Data not yet available. Data not yet available.

Flumatinib: imatinib derivative that displays increased efficacy over imatinib in Chinese patients with ND CML‑CP with a similar safety profile [96]

FESTnd (NCT02204644) [96]: phase 3 trial: flu‑
matinib vs. imatinib in ND CML‑CP 

MMR at 6 months (primary endpoint): 
 Flumatinib 34%, imatinib 18% (P = 0.0006)
EMR at 3 months (secondary endpoint): 
 Flumatinib 82%, imatinib 53% (P < 0.0001)

All‑grade AEs more frequent in flumatinib arm: 
 Diarrhea (n = 79/196, 40%)
 Alanine transaminase elevation (n = 51/196, 26%)
All‑grade AEs more frequent in imatinib arm:
 Edema (n = 70/198, 35%)
 Pain in extremities (n = 49/198, 25%)
 Rash (n = 28/198, 14%)
 Neutropenia
 Thrombocytopenia
 Anemia
 Hypophosphatemia

NCT04677439: currently recruiting patients to 
a phase 4 trial in China: efficacy and safety of 
flumatinib in patients with Ph + CML‑CP post‑
imatinib failure

Data not yet available. Data not yet available.

3G TKIs

Vodobatinib: novel 3G TKI with limited off‑target activity effective against native and mutated BCR::ABL [108]

NCT02629692: multinational phase 1/2 trial in 
ponatinib‑treated and naive patients with CML‑
CP who failed ≥ 3 TKIs (or fewer, if not eligible for 
other approved 3G TKIs) to determine MTD and 
RP2D [97] 

MTD (primary endpoint): 204 mg
Efficacy (secondary endpoint):
 MMR: 3/16 in ponatinib‑treated and 4/15 in 
ponatinib‑naive patients
 MCyR: 5/16 in ponatinib‑treated patients
 CCyR: 3/15 in ponatinib‑naive patients 
 Disease progression: 2/16 in ponatinib‑treated 
and 4/15 in ponatinib‑naive patients

TEAEs grade ≥ 3 reported in > 1 ponatinib‑treated 
patient:
 2 (13%) each of neutropenia, amylase increase, 
and thrombocytopenia
TEAEs grade ≥ 3 reported in 7 (47%) ponatinib‑
naive patients:
 1 of each: anemia, pneumonia, neutropenia, gout, 
hypokalemia and thrombocytopenia, dementia, 
amnesia, and increased liver and pancreatic 
enzymes

Olverembatinib: a novel, broad‑spectrum BCR::ABL1 TKI active against T315I mutations [98]

Phase 1 dose escalation/expansion trial assess‑
ing safety, preliminary efficacy, and pharma‑
cokinetic and dynamic properties in Chinese 
patients with TKI‑resistant CML‑CP/AP [99]

CHR within 3 cycles (primary endpoint):
 CML‑AP: 58% (n = 7/58)
MCyR ≥ 3 cycles (primary endpoint):
 CML‑CP: 54% (n = 21/58)

≥ 1 grade 3–4 TRAE: 
 44 (63%) of all patients
Dose‑limiting toxicities: 
 2/3 patients in 60 mg cohort

Phase 1 dose escalation/expansion trial to deter‑
mine maximum tolerated dose and dose‑limit‑
ing toxicity in Chinese patients with TKI‑resistant 
CML‑CP/AP [98]

CHR: 
 CML‑CP: 95% (n = 52/55) 
 CML‑AP: 85% (n = 11/13) 
CCyR: 
 CML‑CP: 61% (n = 49/81) 
 CML‑AP: 36% (n = 5/14) 

Most common grade ≥ 3 AEs in > 10% patients: 
 Thrombocytopenia (n = 50/101, 50%)
 Leukopenia (n = 20/101, 20%)
 Anemia (n = 12/101, 12%)
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infection or can worsen outcomes for patients who are 
infected with SARS-CoV-2.

The American Society of Hematology and Interna-
tional CML Foundation have released a series of guide-
lines based on worldwide experience for patients and 
clinicians [86, 87]. Patients with ND CML-CP should 
be monitored and treated as per standard protocol, and 
patients with CML-CP already undergoing TKI therapy 
should continue their current regimen. In the event of 
being infected with SARS-CoV-2, TKI therapy should 
be continued. Where possible, to minimize the risk of 
infection with SARS-CoV-2, BCR::ABL1 monitoring of 
patients should be done remotely via at-home sample 
collection kits.

To date, guidelines recommend COVID-19 vaccina-
tion after discussion with the patient’s healthcare team. 
Generally, patients with CML may not be immunocom-
promised, and available data suggest a good immune 
response to COVID-19 vaccines. Expert recommenda-
tions have been published elsewhere [88].

New/future treatment approaches
New treatments are being developed for heavily pre-
treated patients and for those who are intolerant or 
have experienced resistance or disease progression with 
approved therapies. The US Food and Drug administra-
tion recently approved asciminib, a novel, first-in-class 
STAMP inhibitor, that is effective against the multi-TKI-
resistant T315I mutation [89].

The efficacy of asciminib in patients who had ≥ 2 prior 
TKIs has been shown in the phase 3 ASCEMBL trial [90]; 

patients treated with asciminib (two doses of 40 mg per 
day) demonstrated statistically significant improvement 
in MMR at 24  weeks compared with bosutinib (25.5% 
vs. 13.2%, 2-side P = 0.029), with thrombocytopenia 
and neutropenia being the most common AEs associ-
ated with asciminib. Also, hypertension was observed 
at a higher rate in patients treated with asciminib com-
pared with bosutinib (11.5% vs. 3.9%), and five patients 
(3.2%) treated with asciminib experienced AOEs (two 
fatal) compared with one patient treated with bosutinib 
(1.3%) [90]. Mutations conferring resistance to asciminib 
developed rarely during in vivo testing; in addition, based 
on its distinct mechanism of action targeting the myris-
toyl pocket, asciminib in combination with TKIs target-
ing the ATPase domain of BCR::ABL1 has been shown 
to help suppress the emergence of resistance [91–93] 
and warrants further investigation. Also, asciminib does 
not appear to be effective against certain BCR::ABLT315I 
and BCR::ABLF359I mutations as a single agent; therefore, 
combination therapy may be required for some patients 
[91]. Comparison between asciminib and ponatinib 
would be of significant interest.

Although not a new agent, an adapted schedule of 
administration (response-directed dose reduction) has 
been used for ponatinib in the OPTIC trial [94], which 
may decrease the risk of AOEs. This response-adapted 
approach can be considered for overall treatment with 
TKIs in the future.

In addition, there are other potential agents for patients 
who experience treatment failure or intolerance to dasat-
inib, nilotinib, or bosutinib (Table  3). These include the 

Table 3 (continued)

Key trial information Key efficacy Key safety

4G TKI

PF‑114: potent 4G TKI selective against native BCR::ABL and BCR::ABL harboring the T315I mutation [109]

NCT02885766: phase 1 trial in patients with 
CML‑CP/AP failing ≥ 2 TKIs or with BCR::ABL1 
T315I with ≥ 6 months’ therapy to determine 
MTD and dose‑limiting toxicity. Interim analysis 
at ≥ 6 months [101]

MTD (primary endpoint):
 600 mg
Dose‑limiting toxicity (primary endpoint):
 600 mg manifesting as grade 3 psoriasis‑like 
skin lesions
MCyR:
 6/11 patients receiving 300 mg dose
 4/12 patients with the BCR::ABL1 T315I mutation

Discontinuations due to progression:
 n = 18/51 (35%)
Discontinuations due to AEs:
 n = 6/51 (12%)
Reversible grade 3 skin toxicity (psoriasis‑like skin 
lesions):
 11 patients ≥ 400 mg dose

STAMP inhibitor

Asciminib: novel, first‑in‑class STAMP inhibitor that binds to the myristoyl pocket of BCR::ABL [91]

NCT03106779: multicenter phase 3 trial compar‑
ing asciminib and bosutinib in patients with 
CML‑CP previously treated with ≥ 2 TKIs [110]

MMR at 24 weeks (primary endpoint)
 Asciminib 26%; bosutinib 13% (P = 0.029)

Grade ≥ 3 TRAEs reported in 51% asciminib‑ and 
61% bosutinib‑treated patients
1 patient died due to treatment‑related serious AE 
in the bosutinib arm

1G first‑generation; 2G second‑generation; 3G third‑generation; 4G, fourth‑generation; AE adverse event; AP accelerated phase; BID twice daily; CCyR complete 
cytogenetic response; CHR complete hematologic response; CML-AP chronic myeloid leukemia in acute phase; CML-CP chronic myeloid leukemia in chronic 
phase; EMR early molecular response; MCyR major cytogenetic response; MMR major molecular response; MTD maximum tolerated dose; ND newly diagnosed; 
Ph +  Philadelphia positive; STAMP specifically targeting the ABL myristoyl pocket; TEAE treatment‑emergent adverse event; TKI tyrosine kinase inhibitor; and TRAE 
treatment‑related adverse event
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2G TKIs radotinib and flumatinib, both of which have 
shown improved efficacy over imatinib in ND CML-CP 
in phase 3 clinical trials with tolerable safety profiles [95, 
96], and are being assessed as potential 2L options in 
patients with CML-CP resistant or intolerant to 1L ther-
apy; the third-generation TKIs vodobatinib and olver-
embatinib [97–100]; and PF-114, a potent TKI that has 
demonstrated efficacy in a phase 1 trial in patients with 
CML-CP who have previously been treated with at least 
two therapies or patients with the T315I mutation who 
have been treated for ≥ 6  months [101]. The continued 
emergence of new therapies is welcomed and will change 
the way clinicians treat CML in the future.

Conclusions
With more approved TKIs being available, treatment 
decisions have become more complex. Treatment choice 
in the 1L setting is not only influenced by efficacy and 
safety of the TKIs, but also by patient-specific factors and 
real-world considerations. Patient choice and circum-
stances are also increasingly impacting treatment strat-
egies. Regular monitoring to inform treatment options 
in the event of treatment failure/intolerance to 1L ther-
apy and early switching has been shown to improve 
responses in patients. Improved efficacy with 2G TKIs 
has led to increased likelihood to achieve DMR; thus, 
TFR is quickly becoming a treatment goal for patients. 
More patients treated with 2G TKIs achieve TFR than 
patients with imatinib; in most cases, patients who 
relapsed remained sensitive to TKIs, regaining MMR 
upon re-treatment. Because patients in TFR can relapse, 
a better understanding of a second TFR is important to 
help inform treatment decisions. In addition, manage-
ment of CML during the COVID-19 pandemic has been 
challenging, but the release of guidelines and recommen-
dations on treatment continuation and vaccination have 
helped to guide clinicians and patients. Finally, the recent 
emergence of new therapies is expanding treatment 
options for patients with CML, especially those with the 
T315I mutation.
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