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Abstract: The introduction of imatinib in 2000 opened the era of tyrosine kinase inhibitors
(TKIs) for CML therapy and has revolutionized the life expectancy of CML patients, which is
now quite like the one of the healthy aged population. Over the last 20years, both the TKI
therapy itself and the objectives have undergone evolutions highlighted and discussed in this
review. The main objective of the CML therapy in the first 10years after TKl introduction was
to abolish the disease progression from the chronic to the blastic phase and guarantee the
long-term survival of the great majority of patients. In the second 10years (from 2010 to the
present), the main objective of CML therapy moved from survival, considered achieved as a
goal, to treatment-free remission (TFR). Two phenomena emerged: no more than 50-60%

of CML patients could be candidates for discontinuation and over 50% of them molecularly
relapse. The increased cumulative incidence of specific TKI off-target side effects was such
relevant to compel to discontinue or reduce the TKI administration in a significant proportion
of patients and to avoid a specific TKI in particular settings of patients. Therefore, the
treatment strategy must be adapted to each category of patients. What about the patients who
do not get or fail the TFR? Should they be compelled to continue the TKIls at the maximum
tolerated dose? Alternative strategies based on the principle of minimal effective dose have
been tested with success and they are now re-evaluated with more attention, since they
guarantee survival and probably a better quality of life, too. Moving from treating the disease
to treating the patient is an important change of paradigm. We can say that we are entering a
personalized CML therapy, which considers the patients’ age, their comorbidities, tolerability,
and specific objectives. In this scenario, the new techniques supporting the monitoring of the
patients, such as the digital PCR, must be considered. In the present review, we presentin
deep this evolution and comment on the future perspectives of CML therapy.
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Introduction

Imatinib (IM) was the first tyrosine kinase inhibi-
tor (TKI) targeting the constitutively activated
p210 BCR::ABL1 protein, and its introduction in
2000 radically changed the fate of Philadelphia
positive Chronic Myeloid Leukemia (Ph+ CML),
from fatal to chronic disease.!

The first registrative study (IRIS), randomly
treating CML patients in chronic phase (CP)
with IM wversus interferon-a (IFNa) + low-dose
cytarabine (AraC), reached today a median fol-
low-up of 11years and showed a 10-year overall
survival (OS) of 83.3% for IM-treated patients.
The patients achieving the major molecular
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response (MMR=BCR::ABL1 IS <0.1%) and
molecular response 4.5 (MR4.5=BCR::ABLI1 1S
=0.0032%) were 93.1% and 63.2%, respectively.
Moreover, the 10-year freedom from CML-
related death was 100% for those patients with an
MMR.!

These results were obtained with continuous
daily IM treatment, which showed a good toxicity
profile since only 9.3% of the patients suffered
from grade III-IV therapy-related adverse events
(AEs), such as fluid retention, abdominal pain, or
liver transaminases. Overall, 39 patients (7.1%)
had cardiac AEs of any grade and the incidence of
second neoplasms was 11.3%.1

Following the registrative study, the clinical
research on CML moved forward to the optimi-
zation of IM dose and schedule, the combination
of IM with other drugs, the development of sec-
ond- and third-generation TKIs, and the goal of
TKI discontinuation aiming to obtain treatment-
free remission (TFR) and improve quality of life
(QoL). The purpose of this review is to span over
the development of CML management, focusing
on the main topics that are still a matter of debate.

Imatinib high dose or in combination with

IFNa or AraC

From this study onward, other trials tested higher
doses of IM or its combination with IFNa or
AraC to achieve more, faster, and deeper molecu-
lar responses (MR). The pivotal study conducted
by the German group (CML-study IV) randomly
investigated five different approaches in 1551
patients with CML in CP: IM 800 mg/daily, IM
400mg/daily + IFNa, IM 400mg/daily, IM
400mg/daily + AraC, and IM after IFNa.2 The
OS was greater than 82% at 10years and was
comparable in all the five arms. Molecular
responses (in particular MMR and MR4.0) were
significantly faster with IM 800 mg, but, inversely,
more drug-related AEs occurred with IM 800 mg
and IM 400mg plus IFN. Considering all the
patients, the cumulative probability of AEs at
8years was 76%; in particular, the incidence of
grade 3—4 AEs was 22%, of non-hematologic AEs
73%, and of hematologic AEs 28%.3

In the same period, the French group investigated
a similar strategy in a randomized trial, comparing
IM 400mg/daily versus IM 400 mg/daily + AraC
versus IM 400 mg/daily + Peg-interferon versus IM

600 mg/daily. A total of 636 patients were rand-
omized and at 12months, the rate of MMR was
significantly higher for patients receiving IM and
Peg-interferon (30%) than for patients receiving
400 mg of IM alone (14%). However, gastrointes-
tinal events were more frequent among patients
receiving AraC, whereas rash and depression were
more frequent among patients receiving Peg-
interferon.* As observed also in the German study,
no differences were detected in progression-free
survival (PFS) between the different treatment
arms.” The Swedish group also randomized
patients with CML in CP at low/intermediate
Sokal risk and in complete hematological remis-
sion to IM 400 mg/daily wversus a combination of
IM 400mg/daily + Peg-interferon. The rate of
MMR was significantly higher among patients
who received the combination of IM and Peg-
interferon (82% wversus 54%), but no differences
were observed in PFS; moreover, 61% of the
patients had to discontinue Peg-interferon for tox-
icity.® Taken together, these studies provide evi-
dence for a deeper and faster molecular response
with the combination of IM and IFNa or a high
dose of IM alone. Nevertheless, more patients
experienced higher toxicity when IM was com-
bined with IFNa or AraC and when its dose was
increased. None of the studies demonstrated an
advantage of the PFS or OS for the experimental
arms versus IM alone at the standard dose of
400 mg/daily (Table 1).

Second-generation TKis first-line in CP

The goal of achieving more, faster, and deeper
MRs was the same objective that guided the
introduction of the second-generation TKIs:
nilotinib (NIL), dasatinib (DAS), and bosutinib
(BOS) which rapidly received approval for first-
line CML therapy between 2011 and 2012.

The ENESTnd trial randomly compared NIL
300mg BID versus NIL 400mg BID versus IM
400mg/daily. Among the 846 patients enrolled,
more than half of the patients in each NIL
(300mg twice daily, 54%; 400mg twice daily,
52%) arm achieved a deep molecular remission
(DMR or MR4.5; BCR::ABL1<0.0032% on the
International Scale) compared with 31% in the
IM arm. A benefit of NIL was observed across all
Sokal risk groups, and each NIL arm resulted in a
lower risk of progression to the accelerated phase/
blastic phase (AP/BP). Despite that, ENESTnd
had a dropout rate of 40% and 50% for NIL and
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Table 1. Imatinib in combination with IFNa or AraC.

Study Pts (N°) Type of MMR MR4.0 0S PFS Adverse events
treatment Non-hematological
CML-study IV 1551 IM 400mg/daily @ Tyear @ lyear (@ 10years (@ 10years (d8years @ 8years
[1] 400 IM 400mg/ 37% 8% 80% 80% 65% (edema, 24.7%
[2] 430 daily + IFNa 43% 16% 84% 83% gastrointestinal, myalgia, (pancytopenia)
158 IM 400 mg/ 30% 6% 84% 82% fatigue) 42.6%1
128 daily + AraC 10% 1% 79% 75% 78%: (fatigue, (pancytopenia)
420 IM 400 mg/daily ~ 56%2 20%" 79% 77% neurological, 29%¢
after IFNa constitutional) (pancytopenia)
IM 800 mg/daily 81%¢ (fluid retention,
gastrointestinal, myalgia,
fatigue, ocular)
[3] 636 IM 400mg/daily @ Tyear @ Tyear (@2years (@ 2years @ Tyear @ Tyear (grade 3-4]
159 IM 600mg/daily  38% 14% NS NS More grade 3-4 diarrhea, 13%
160 IM 400mg/ 49% 17% NS NS nausea, vomiting 22%
158 daily + AraC 46% 15% NS NS More grade 3-4 rash, 83% (Neutrop.,
159 IM 400mg/ 57%¢ 30%f NS NS depression, asthenia, anemia, Thromb.)s
daily + IFNa and edema High % of pts 65% (Neutrop. and
discontinued INFa in the anemia)y
first year
[4] 112 IM 400mg/daily @ 52weeks NA NA NS @ 1year @ 1year
56 IM 400 mg/ 54% NA NA NS 16% grade 3-4 14% grade 3-4
56 daily + IFNa 82%" 32% grade 3-4 41% grade 3-4
(musculoskeletal pain, (++Neutrop.)
rash, fatigue)
61% of pts discontinued
INFa for toxicity
ap 0.003.
®p 0.003.

¢IM 800 versus IM 400 p<0.001; IM 400 + IFNa versus IM 400 p < 0.001.
4IM 800 versus IM 400 p 0.006; IM 400 + IFNa versus IM 400 p 0.017; in brackets the symptoms with a statistically significant difference.

ep<0.001.
i 0.001.

9IM 400 + IFNa. versus IM 400 p <0.001; IM 400 + AraC versus IM 400 p<0.001; thrombocytopenia was more common with AraC than with IFNa

(p<0.001).
hp 0.002.

AraC, cytarabine; IFNg, interferon-a; IM, imatinib; MMR, major molecular response; MR4.0, molecular response 4.0; NA, not applicable; Neutrop.,
neutropenia; NS, not significative; 0S, overall survival; PFS, progression-free survival; Pts, patients; Thromb., thrombocythemia; wks, weeks; ys,

years.

The italic refers to the time and guides the reader in understanding the evolution of the side effects.

The bold refers to the main adverse events.

imatinib, respectively. This latter makes compari-
sons uncertain.”

The DASISION trial randomly compared DAS
100mg (n=259) wversus IM 400g (n=260) in
newly diagnosed CP-CML patients. The rate of
MMR or DMR was higher in the DAS group but
no differences in long-term outcomes were
recorded.®

Finally, in the BFORE trial, 536 patients with
treatment-naive CML in CP were randomly
assigned to receive BOS 400 mg/daily versus IM
400 mg/daily. Again, the rate of MMR was higher
and faster in the BOS arm but the percentage of

patients who progressed to AP/BP was compara-
ble across the two groups (Table 2).°

In summary, in terms of efficacy, these sponsored
trials showed that second-generation TKIs
induced a DMR more frequently and faster than
IM but this did not translate into an improvement
of long-term OS, except NIL in the ENESTnd
trial. However, they proved to overcome resist-
ance due to additional acquired ABL mutations,
with the exception of the T3151. In terms of toxic-
ity, they resulted in different profiles of side effects,
suggesting a preferential use in specific categories
of patients selected on comorbidity profile or
resistance to IM sustained by ABL. mutations.
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Table 2. Improvement of patients” outcomes observed in clinical trials comparing second-generation TKls
with IM administered at standard dose (400 mg/daily].

Second-generation TKI Number of patients Result obtained Improvement Clinical
(dose) treated with second-  with IM obtained by trial
generation TKI (total second-generation
number of enrolled TKI
patients)
Nilotinib (300 mg/twice 282 (846) 31% 5-year DMR 54% 5-year DMR ENESTnd®
daily)
Nilotinib (400 mg/twice 283 (846) 31% 5-year DMR 52% 5-year DMR ENESTnd®
daily)
Dasatinib (100 mg/daily) 259 (519) 64% 3-month 84% 3-months DASISION®
BCR::ABL1<10% BCR::ABL1<10%
64% 5-year MMR 76% 5-year MMR
33% 5-year MR4.5  42% 5-year MR4.5
Bosutinib (400mg/daily) 268 (536) - 66.4% 12-month - 77.2% 12-month BFORE’

CCyR

- 57.3% 3-month

BCR::ABL1<10%
- 36.9% 12-month
MMR

CCyR

- 75.2% 3-month

BCR::ABL1<10%
- 47.2% 12-month
MMR

CCyR, complete cytogenetic response; DMR, deep molecular response; IM, imatinib; MMR, major molecular response;
MR4.5, molecular response 4.5; TKI, tyrosine kinase inhibitors.

In particular, for NIL, cardiovascular events are
the most frequently observed (20% and 25% at 5
and 10years, respectively),!? and a history of cor-
onary heart disease, cerebrovascular accidents, or
peripheral arterial-occlusive disease has become a
strong contraindication for using NIL. Another
frequent toxicity is represented by pancreatitis
(5% of treated patients). For DAS, pleuro-pul-
monary toxicity, in terms of recurrent pleural
effusions (37%), is the most frequent toxic event,
and this may occur even after years of previously
uncomplicated treatment. For BOS, diarrhea
(70%) and transient elevations of transaminases
are frequently observed. A summary of the side
effects is reported in Table 3.

Guidelines on CML management

In the last 15years, a series of CML therapy
guidelines have been produced by the European
Leukemia Net (ELN)!!-14 and by the National
Comprehensive Cancer Network (NCCN).15>-19
Table 4 reports a comparison of the last edition of
the ELN!? and the NCCN guidelines.!® They
were mainly focused on the early identification of
poor responsive patients and, eventually, on the
intensification of therapy by dose adjustment or

the switch of TKI. In this context, the switch of
TKIs related to early identification of resistant
sub-clones is strongly recommended and will help
the reduction of resistance and the control of the
resistant leukemic cells.

The recommendations of these guidelines con-
tinue to be followed to achieve the highest OS
and PFS probability for CML patients by manag-
ing the treatment according to the best hemato-
logical, cytogenetic, and molecular response
measured at 3, 6, and 12 months.

Therefore, these guidelines do not take into con-
sideration neither the characteristics of the
patients, such as the age and the presence of
comorbidity, nor the risk of the disease. Moreover,
these guidelines were not generated to select the
best candidates for TKI discontinuation and
TFR, the new goal of CML therapy that over-
comes the goal of survival.

TKI discontinuation and TFR

Obtaining a deeper and faster MR became the
‘must have’ of TKI therapy when Mahon er al.?°
first reported that the TFR could be pursued and
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Table 3. Second-generation TKI toxicity.

TKI treatment Adverse events

Incidence (%) Number of patients

Clinical trial

(total number of enrolled

patients)

Nilotinib (300 mg/ Medically severe fluid retention 1.1 282 (846) ENESTnd>10
twice daily) Cardiovascular events 16.5

Hypertension 10.4

Significant bleeding 3.6

Second malignancies 4.7

Hepatotoxicity 1.8

Pancreatitis 1.8

Symptomatic QT prolongation (syncope or 1.8

convulsion)
Nilotinib (400 mg/ Medically severe fluid retention 14.4 283 (846) ENESTnd>10
twice daily) Cardiovascular events 285

Hypertension 8.3

Significant bleeding 5.4

Second malignancies 3.2

Hepatotoxicity 5.4

Pancreatitis 2.9

Symptomatic QT prolongation (syncope or 2.5

convulsion)
Dasatinib (100mg/  Pleural effusions 37 259 (519) DASISION¢
daily) Neutropenia 29

Thrombocytopenia 22

Cardiovascular events 15

Anemia 13

Pulmonary hypertension 5
Bosutinib (400mg/  Diarrhea 70.1 268 (536) BFORE’
daily) Nausea 35.1

Thrombocytopenia 35.1

Increased ALT 30.6

Increased AST 22.8

Hematological 455

Musculoskeletal 29.5

Infections Lb 4

ALT, alanyl aminotransferase; AST, aspartate aminotrasferase; TKI, tyrosine kinase inhibitor.

achievable in about 50% of patients with com-
plete molecular remission or DMR lasting 2 years
or more.

This first observation was confirmed in many
other studies (Table 5).

Therefore, from 2010 onward, the main objective
of CML therapy was no longer survival, which
was considered a goal guaranteed by the achieve-
ment of MMR, but the TFR, based on the expec-
tation that the proportion of patients achieving a
stable DMR could be significantly increased by
time through the extensive use of the more potent
second-generation TKIs.

In ENEST freedom?!:22 patients with 1-year
DMR after NIL maintained the TFR in about
50% of the cases at 12years. Similarly, in the
EUROSKI trial, 50% of the patients who discon-
tinued any TKI after stable DMR for 1 year main-
tained the TFR.2? Similarly, a recent study from
the MD Anderson Center reports a TFR rate of
80% if the duration of DMR at the MR4.5 is
6years.?* Finally, in the DASFREE trial, 46% of
the patients in sustained DMR for 1year main-
tained the TFR after DAS discontinuation.?’
Similar results have been reproduced also in the
routine practice. The Spanish group reported a
nationwide series of 236 CML patients who dis-
continued TKI outside clinical trials. TKI

journals.sagepub.com/home/tah
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Table 4. Comparison of ELN 2020 and NCCN 2020 guidelines.

Levels of response NCCN 2020 ELN 2020
BCR::ABL1/ABL
Optimal response
Baseline = =
3months <10% <10%
6months <10% <1%
12months <1% <0.1%
>12months <0.1% <0.1%
Warning
Baseline - High-risk ACA
3months >10% >10%
6months = >1-10%
12months >1-10% >0.1-1%
>12months - >0.1-1%, loss of <0.1%
Failure
Baseline - -
3months - >10% confirmed
6 months >10% >10%
12months >10% >1%
>12months >1% >1%, resistance mutations,

high-risk ACA

ACA, additional cytogenetical abnormalities; ELN, European Leukemia Net;
NCCN, National Comprehensive Cancer Network.

therapy was resumed due to MMR loss in 52
patients (22%). In this study, the TFR rate at
4years was 64% and no patient had disease
progression.26

Another real-life Italian study was conducted on
293 patients who discontinued TKI in DMR
(72% were on IM at the time of discontinuation).
Eighty-eight percent of patients discontinued as
per clinical practice, and the reasons for stopping
treatment were as follows: toxicity (20%), preg-
nancy (6%), and a shared decision between

treating physician and patient (62%). After a
median follow-up of 34 months (range, 12-161)
TFR at 12months was 68% for IM, 73% for sec-
ond-generation TKI.2?” The German group
recently reported the practice among 33 German
Centers (797 patients). The mean time from TKI
initiation to discontinuation was 7.2years; the
mean duration of MR4 before TFR was 3.5 years.
After entering TFR, 53.2% of patients remained
in MR4 or better.?8 Finally, the Chinese group
retrospectively analyzed 190 patients who stopped
TKI. With a median follow-up after stopping
TKI treatment of 17 months, the estimated TFR
were 76.9%, 68.8%, and 65.5% at 6, 12, and
24 months.?°

Alternative strategies with respect to TKI
discontinuation

While IM induces a deep MR over a longer
median time as compared to second-generation
TKIs, these last, in turn, increase the percentage
of possible candidates to discontinuation in a
median shorter time but also the percentage of
patients who had to discontinue the therapy
because of toxicity or intolerance.

At that time, it was around 2010, a different strat-
egy was first investigated by the Italian group of
CML study. It consisted of an intermittent
(1 month ON and 1 month OFF) IM schedule for
those patients in stable complete cytogenetic
response (CcyR). This treatment was first explored
in the phase II INTERIM study, and it was dem-
onstrated to be feasible and safe.30 After 6 years of
follow-up, 16/76 patients (21%) have lost CCyR
and MMR, and 16 patients (21%) have lost MMR
only. Neither progression to BP nor CML-related
deaths were recorded. All the patients who had lost
the CCyR regained the CCyR after resuming IM
continuously and 60% are on intermittent treat-
ment in CCyR and MMR or MR4.0.3! In fact,
CCyR and MMR have been reported as equal in
terms of survival by NCCN.!° Furthermore, grade
I-ITI side effects disappeared in more than 50% of
the patients on intermittent treatment.

A second study (DESTINY) investigating a de-
escalation and then the stop of IM/NIL/DAS
was proposed by Clark er al. to get the TFR.
Adult patients with chronic myeloid leukemia in
first CP, who had received TKI therapy for
3 years or more, with at least a sustained MMR

journals.sagepub.com/home/tah
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Table 5. Clinical trials investigating TFR in Ph+-CML patients.

References Study Inclusion criteria  Pts (n°) TKI Line of Long-term
acronym therapy (=>2years)
TFR
Imagawa J, Lancet Hematol 2015 DADI DMR=1 year 88 DAS First 49%
(6 months)
Etienne G, JCO 2017 STIM DMR = 2years 100 IM First 38%
Campiotti L, Eur J Cancer 2017 Meta- Undetectable 509 IM First 59%
analysis (6 months)
Rea D, Blood 2017 STOP DMR = 2years 60 DAS/NIL  First/second  54%
2G-TKI
Hochhaus A, Leukemia 2017 ENEST- DMR = 2years 190 NIL First 52%
freddom (12months])
Ross DM, Leukemia 2018 TWISTER ~ DMR=2years 40 IM First 45%
Lee SE, Leukemia 2018 KID DMR = 2years 90 IM First 59%
Ross DM, J Cancer Res Clin Oncol 2018 ENEST- DMR=1years 190 NIL First 49%
freedom
Mahon FX, Ann Int Med 2018 ENEStop DMR=1year 126 NIL Second 53%
Okada M, Clin Lymph Myeloma Leuk 2018  DADI DMR=1year 63 DAS Second L4L%
Saussele S, Lancet Oncol 2018 EUROSKI DMR=1year 758 Any First 50%
Shah NP, Leuk Lymph 2020 DASFREE DMR=1year 84 DAS First/second  46%
Kimura S, Lancet Hematol 2020 DADI DMR=2years 68 DAS First 55%
(6 months])

DMR, deep molecular response; DAS, dasatinib; IM, imatinib;
inhibitor.

NIL, nilotinib; Pts, patients; TFR, treatment free remission; TKI, tyrosine kinase

in the 12 months de-escalated to half the stand-
ard dose for 12 months, then stopped for a fur-
ther 24 months. Forty-nine patients in the MMR
group and 125 in the MR4 group have been
enrolled. Recurrence-free survival was 72% and
36% in the MR4 and MMR groups, respec-
tively. All recurrences regained MMR within
5months of treatment resumption and no dis-
ease progression was seen.?? Another critical
issue was covered in the study by lurlo ez al.
This retrospective, multicentric analysis focuses
on 248 CML patients who discontinued TKI
after a low-dose treatment more frequently
because of comorbidities. In all, 245 of these
patients were in DMR at the time of TKI dis-
continuation, and 69% of them maintained
this response after a median follow-up of

24.9months. The factors that influenced the
probability of maintaining TFR were as follows:
the absence of TKIs’ resistance, DMR duration
before discontinuation longer than 6.8years,
and el4a2 fusion transcript. The authors con-
cluded that a low dose of TKI before treatment
discontinuation does not seem to hamper the
probability of achieving a DMR and, thus, the
probability of maintaining the TFR.33

Ten years later, a summary of the TFR strategy
pursued from the studies aimed at speeding and
increasing the DMRs can be done.

These studies clearly showed that the rate of
patients who could be candidates for treatment
discontinuation was no more than 50-60% and,
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moreover, that the TFR rate was ever 50%. In
other words, it was evident that the benefit of the
TFR strategy could be restricted to no more than
25-30% of the entire CML population. This is an
important benefit, but it regards a small propor-
tion of CML patients, similar to what happened
in the past for the allogeneic Hematopoietic Stem
Cells Transplantation (allo-SCT) or IFNa..

Toward the identification of the best

candidates for TFR

The difficulty in the identification of the patients
eligible for TFR led to the inadequacy of Real
Time quantitative PCR (RT-qPCR) to assess
correctly and precisely the stable DMR as one of
the reasons.

In the last years, many efforts have been made to
overcome the intrinsic technical limits of
RT-qPCR, both improving the workflow and
looking at further new tools.3* Among them, one
of the most promising technologies is the digital
PCR (dPCR). Indeed, the dPCR was developed
to allow the detection of small amounts of target
nucleic acids. The rationale of this emerging tech-
nology is the performance of an absolute quantifi-
cation of the target thanks to the random
distribution of molecules in a high number of par-
titions (chip wells or water-in-oil droplets) which
serve as micro-reactions.?%3% Today, the most
common dPCR platforms present up to 20,000
micro-reactions.

Recently, several groups have faced dPCR for
BCR::ABLI1 transcript absolute quantification in
CML patients3’42 and the accuracy and sensitiv-
ity of this approach have been demonstrated by
all the reported data. These agree in confirming
the accuracy and sensitivity of dPCR in
BCR::ABL1 transcript absolute quantification.
Moreover, a better selection of CML patients eli-
gible for TKIs discontinuation has been described
in several publications comparing RT-qPCR to
dPCR,39:43-46 a5 well as the ability of dPCR to
define the stability of the deep response during
TFR.47 In addition, some groups tested dPCR
BCR::ABL1 quantification also in pediatric CML
cases both approaching ¢cDNA and genomic
DNA. dPCR resulted in more sensitivity than
qPCR in pediatric patient settings, t00.4%:4% The
dPCR quantification of genomic BCR::ABL1 has
been successfully explored also in adult CML

cases aiming to detect leukemic stem cells nega-
tive for BCR::ABL1 transcript and to establish a
personalized approach to CML patient manage-
ment.5%-52 Last but not least, the application of
dPCR resulted able to performing a precise, sen-
sitive, and accurate quantification of BCR::ABL1
transcripts shuttled by circulating extracellular
vesicles,>354 similar to what was observed in
another type of leukemia.>>-57

Considering these encouraging results, it is not
surprising that new commercial assays have
become available for BCR::ABLI transcript
detection by dPCR?8 and that coordinated multi-
centric studies are optimizing and standardizing
CML MRD monitoring by dPCR.3%:%0 These
data are constantly confirmed by new evidence
and altogether stress the utility of moving to
dPCR for minimal residual disease (MRD) moni-
toring in CML patients, in particular in subjects
presenting low levels of BCR::ABLI transcript
and potentially eligible for stopping TKI therapy.
In fact, the biased performance of the BCR::ABL1
molecular detection and quantification may
impact the selection of CML patients in therapy-
stopping trials#>%! or in the routine practice TKI
discontinuation.

TKI dose reduction and TKI de-escalation as
new scenarios to find the minimum effective
dose to maintain MMR/DMR

IM needs a longer time and even if NIL or DAS
are more potent and quicker, they are more toxic
than IM. Last but not least, even if more potent
second generation were registered for the first-
line CML treatment to improve the rate of MMR
and the depth of MR, the sensitivity and the accu-
racy of minimal residual disease monitoring did
not improve in the same way because the new
dPCRdid not replace the conventional RT-qPCR.

Facing the evidence of a minimal increase in effi-
cacy, in terms of stable DMR, and, on the other
hand, of a high increase in off-target drug toxicity
(e.g. cardiovascular toxicity, pleural effusion,
diarrhea), the dose optimization of second-gener-
ation TKIs in the first line has established more
recently as the dominant therapeutic strategy.
Lower dose DAS (50mg daily) was tested as
front-line therapy in newly diagnosed CML-CP.62
After a minimum follow-up of 12months, 81
patients were evaluable. Two patients came off
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the study in less than 3 months. On the 81 patients
enrolled, the cumulative rates for a CCyR by 6
and 12months were 77% and 95%, respectively.
The cumulative rates for MMR, MR4.0, and
MR4.5 by 12months were 81%, 55%, and 49%,
respectively. Five patients (6%) developed pleural
effusions; four of these patients (80%) required a
dose reduction. At a median follow-up of
24 months, none of the patients had disease trans-
formation to an AP or BP. The 2-year event-free
and OS rates were 100%.

Jabbour ez al. explored DAS 50 mg versus 100 mg
on a cohort of 233 patients with newly diagnosed
CML-CP (low dose=83patients; standard
dose=150 patients). By propensity score analy-
sis, 77 patients in each cohort without significant
baseline differences were identified. After a
median follow-up of 60 months, the 3-year MMR
rates were 92% and 84% for low-dose and stand-
ard-dose DAS, respectively (p=0.23). DAS
50 mg/day induced a higher cumulative incidence
of MR4.0 (77% wversus 66%; p=0.04) and MR4.5
(77% versus 62%; p=0.02) at 3years. The rate of
any grade pleural effusion was 5% with DAS
50 mg/day compared to 21% with 100 mg/day.®>

At the 2017 American Society of haematology
(ASH) meeting, Rea ez al. reported on the NILO-
RED trial that explored the effect of a reduction
of NIL to a single-day dose, after the achievement
of MMR. In all, 67 patients were presented as
they completed 1year of NIL single-day dose
reduction. NIL was reduced to 450-300 mg daily.
Kaplan—Meier analysis of survival without uncon-
firmed MMR loss was 97% at 12months and
analysis by molecular response category showed
that none of the patients who were at least in
MRA4.0 at baseline lost MMR. %4

Moreover, Brummendorf ez al. looked at the
impact of TKI dose reduction among the patients
included in the BYOND study. This study
explored the efficacy and toxicity of BOS after
failure of previous TKI, and the authors focused
on those patients who underwent a BOS dose
reduction due to toxicity/tolerability. Dose reduc-
tion up to 200 mg/daily did not change the rate of
achievement or maintenance of MMR.%>

In 2021, Rousselot ez al. explored the issue of
DAS dose adjustment based on therapeutic drug
monitoring (TDM). Eligible patients (n=287)

started DAS at 100mg per day followed by DAS
TDM. Patients considered overdosed were rand-
omized (n=80) between a dose reduction strat-
egy (TDM arm) and standard of care (control
arm). A major reduction in the cumulative inci-
dence of pleural effusion was observed in the
TDM arm (4% wersus 15%; 11% versus 35%, and
12% wversus 39% at 1, 2, and 3 years, respectively;
p»=0.0094). Molecular responses were superim-
posable in all arms.66-67

As previously reported, the phase II DESTINY
study showed that initial de-escalation before dis-
continuation might improve the success of TFR
protocols, as the recurrence-free survival was
72% and 36% in the MR4.0 and MMR groups,
respectively. All recurrences regained MMR
within 5 months of treatment resumption.32

Furthermore, the policy of intermittent TKI
treatment explored in the INTERIM trial
(FIXED arm: 1month ON and 1month OFF)
was randomly compared with a progressive inter-
mittent TKI treatment (PROGRESSIVE arm:
1 month ON and 1 month OFF for the first year,
1 month ON and 2months OFF for the second
year, and 1 month ON and 3 months OFF for the
third year) (OPTKIMA trial) in elderly patients
with CML in stable MMR or MR4. The proba-
bility of maintaining the MMR of the 166 patients
who completed the first year of OPTKIMA was
81%.9 After the second year of treatment, the
rate of MMR loss was 6% in the FIXED arm ver-
sus 20% in the PROGRESSIVE arm (p=0.006)
but, interestingly, in the third year, the percent-
age of patients who resumed continuous TKI
treatment for MR3 loss was quite comparable in
the two arms (2% wersus 9%; p=0.06) (unpub-
lished data).

At the 2021 ASH meeting, Breccia et al. pre-
sented the preliminary results of the DANTE
study, exploring a dose optimization strategy for
TFR. Briefly, patients with sustained MR4.0 after
at least 3years of NIL =400mg/day were
addressed to a consolidation phase, testing the
dose of NIL 300 mg/day for 48 weeks. This phase
was followed by NIL interruption if MR4.0 was
maintained or NIL continuation at the same dose
in case of MMR or resumption of standard dose
if MMR loss. In all, 47 patients completed the
consolidation phase, and 76.9% of them main-
tained the DMR.68
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Finally, Martin Roland er al. recently published
an interesting real-life study on 80 CML patients,
of whom 71 received a lower dose of TKI and 25
were discontinued (9 of whom without previous
dose reduction). 15.4% of the patients treated
with low-dose TKI had a molecular recurrence,
and the mean molecular recurrence-free survival
was 24.6 months. Following TKI discontinuation
and with a median follow-up of 29.2 months, the
MMR was maintained in all but four patients,
leading to an estimated TFR of 38.9 months. The
authors concluded that low-dose treatment and/
or TKI discontinuation is feasible and safe in
patients who may suffer AEs that may increase
the probability of low treatment adherence or
impair the QoL.

The limits of strategies to reach the TFR

All these data entail that the choice of TKI must
be done not only based on the goal of DMR to
pursue the TFR strategy but also taking into
account the incidence and severity of different
TKI side effects, in particular the off-target effects
in the long term.

This means that a critical selection at baseline of
TKI should be considered case by case and that
the choice of TKI should be evaluated on the
patient’s age, disease risk, and degree of response
to therapy, and, thus, based on the relationship
between costs and benefits. The Gruppo Italiano
Malattie EMatologiche dell’Adulto (GIMEMA;
Italian group for Hematologic Diseases of the
Adult) CML Working Party (WP) has developed
a project aimed at selecting the treatment policies
that may increase the probability of TFR, consid-
ering four variables: the need for TFR, the TKIs,
the characteristics of leukemia, and the patient. A
Delphi-like method was used to reach a consen-
sus among the representatives of 50 centers of the
CML WP. A consensus was reached on the
assessment of disease risk [EUTOS Long-Term
Survival (ELTS) score], on the definition of the
most appropriate age boundaries for the choice of
first-line treatment, on the choice of the TKI for
first-line treatment, and on the definition of the
responses that do not require a change of the TKI
(BCR::ABL1 <10% at 3months, =<1% at
6months, <0.1% at 12months, <0.01% at
24 months), and of the responses that require a
change of the TKI, when the goal is TFR
(BCR::ABL1 >10% at 3 and 6 months, >1% at

12months, and >0.1% at 24 months). A consen-
sus was reached for the choice of second-genera-
tion TKIs, in all young patients (18—40years) and
intermediate- and high-risk adult patients (41—
65years), and for the choice of IM, in low-risk
elderly patients (66—80years) and all very elderly
patients (>80 years).%®

All these observations and considerations suggest
that the TFR may be reasonable and a valid
objective but, at present, it is clear that this objec-
tive cannot be neither pursued nor achieved by
most patients and that the profile of the optimal
candidate is not yet well defined.

Indeed, although Sokal’s low risk, depth/duration
of DMR, and duration of TKI therapy longer
than 4—6years are recognized as the main factors
correlating with TFR, the rate of patients who
could be candidates for treatment discontinua-
tion was no more than 25-30% of the entire CML
population and that the great majority of CML
patients are still destined to receive the TKI daily
therapy forever.59

For these patients, INTERIM, DESTINY and,
more recently, the OPTKIMA studies opened the
perspective of de-scalation of chronic therapy for
maintaining the MMR, reducing toxicity, and
possibly improving the QoL. Therefore, a strat-
egy based on the principle of the minimum effec-
tive dose, totally different from that of the
maximum tolerated dose for reaching the TFR,
has been re-evaluated and taken into considera-
tion not only following these studies but also from
the numerous studies exploring lower TKIs
doses, as above reported.

Another important observation is that the PFS
and OS of patients with MMR/DMR in continu-
ous treatment or DMR in TFR are absolutely
quite similar and no significant differences can be
observed. In other words, different strategies can
be applied, and they lead to the same PFS and
OS. It is a matter of understanding if and how
much that specific strategy is justified for that cat-
egory of patients.

TKI and pregnancies

Taking into account that the life expectancy of
CML patients is now superimposable to that of
sex and age-matched healthy people, family
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planning is increasingly important for many
patients with childbearing potential. In particular,
the issue of pregnancy should be addressed both
for those patients who achieve the TFR and for
those patients who plan a pregnancy or discover
to be pregnant while on TKIs.

Planned and unplanned pregnancies in patients
with CML can be managed with a strict collabo-
ration between a hematologist, obstetrician-
gynecologist, and neonatologist. It is important to
properly educate the patients and their relatives
on the pros and potential cons of pregnancy dur-
ing TKI treatment. Abruzzese ez al. identified key
issues in therapy management during pregnancy
in chronic myeloid leukemia patients, considering
time from TKI therapy and tumor burden.
Following these points is strongly suggested in
clinical practice, to safely proceed with the preg-
nancy and delivery.70:71

Conclusions and future perspectives
Considering the reported evolution of the thera-
peutic management of adult CML patients in the
last 20 years, we think that CML therapy is par-
tially personalized, and this aspect should be
improved. CML therapeutic strategy has traced
the road for other personalized treatments in
other hematologic malignancies and solid tumors,
and now it should be based on different TKIs for
different objectives in different categories of
patients. TKI potency and duration of treatment
should be balanced between efficacy and toxicity,
and the TFR or chronic treatment strategy
should be chosen according to the risk of disease,
the patient’s age, and/or the comorbidities of the
patients. A balanced integration of the factors
related to the drug (e.g. safety, tolerability, or
costs), the patient (e.g. age, comorbidities, or
compliance and lifestyle), and the center (e.g.
drug availability, clinical experience, or drug
monitorization preferences) was suggested also
by Ciftciler and Haznerdaroglu?? in 2021. The
authors stressed the need for a comprehensive
analysis of the different elements that may affect
the efficacy of the TKI treatment for the selec-
tion of the best therapeutic strategy. This is not
only in terms of drug molecule choice and the
known side effects” but also the consideration of
dosage optimization, the patients’ social condi-
tions, and the need for access to the hematologic
center.

Nowadays, we remark also that any strategy has
to be driven by a precise MRD assessment. In this
regard, it is time to move from RT-qPCR to
dPCR for detecting and monitoring the levels of
BCR::ABLI transcript, particularly for TFR pur-
poses. In fact, overcoming the limits of RT-qPCR
is a necessary step forward to optimize TKI ther-
apy and discontinuation. dPCR can lead to a bet-
ter sensitivity and accuracy of MRD assessment
and, consequently, to a better selection of patients
eligible for TKI discontinuation strategies, as
above reported. Altogether, these data stress the
utility of moving to dPCR for MRD monitoring
in CML patients, in particular in subjects pre-
senting low levels of BCR::ABLI1 transcript and
potentially eligible for stopping TKI therapy. In
fact, the biased performance of the BCR::ABLI
molecular detection and quantification may influ-
ence the selection of CML patients in therapy-
stopping trials*>:°! or in the routine care TKI
discontinuation, as above reported.

The eradication of disease remains an ambitious
objective and for its achievement, new drugs or
new combinations will be necessary as well as new
tools for BCR::ABL1 assessment. In this regard,
the above-mentioned introduction of dPCR and
the detection of BCR::ABLI transcript in new
biological matrixes (e.g. extracellular vesicles) are
expected to be widely explored.

Moreover, a fundamental step will be going back
from the clinic to biology to further study the
pathogenesis, disease progression, and most of all
to screen the efficacy and toxicity of new drugs
aiming to target the CML leukemic cells. In this
scenario, the settling of new animal models is the
most promising approach. Many efforts led to the
availability of murine CML models suitable for in
vivo testing of specific TKIs,’+77 and allowing the
investigation of key players in disease develop-
ment.”® Drosophila melanogaster has been also
used as an alternative CML animal model.”%-80
Both Mus musculus and Drosophila melanogaster
present pros and cons when cost- and time-effec-
tiveness as well as human comparability are
considered.

Recently, two stable zebrafish model for a CML-
like disease has been generated. Xu ez al. reported
the generation of a transgenic zebrafish line using
a synthetic human BCR::ABL1 transcript intro-
duced by a transgenic construct in zebrafish
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embryos. After multiple activations of BCR::ABL1
expression, the fish developed a myeloprolifera-
tive disease resembling human CML in
6—12 months, as expected considering the median
human CML onset.8! Differently, an Italian
group introduced a new CML zebrafish model
developed using a human BCR::ABL1 transcript
isolated from a CML patient. To model Ph+
CML, the human fusion transcript under the
control of the Gal4/upstream activating sequence
has been used to generate a transgenic line using
the Tol2 transposition system and then crossed
with the hsp70 (heat-inducible promoter) Gal4d
line to recapitulate hematologic characteristics
and molecular biology features of CML. This
model presents an early development of CML-
like disease in embryos with proliferating hemat-
opoietic cells in the caudal hematopoietic tissue
and seems a new tool for real-time observation of
leukemic cells pathogenesis and analysis of
BCR::ABL1-dependent signaling pathways.82
Both the zebrafish models are expected to be
excellent tools for rapid and effective high-
throughput drug screening. In fact, Zebrafish has
proven to be a versatile and reliable experimental
in vivo tool to study human hematopoiesis and
model hematological malignancies. Transgenic
technologies enable the generation of specific leu-
kemia types by the expression of human onco-
genes under specific promoters.83

In conclusion, the most of patients affected with
CML and receiving TKI can expect to have a
‘normal’ life expectancy and a QoL that is com-
parable to that of age- and sex-matched healthy
people. There are numerous options available for
first- and second-generation treatment selection
authorized in the first line. The selection of the
primary TKI will depend on whose CML patients
are more likely to have disease progression or
develop drug resistance. It is crucial to harmonize
the best available knowledge, specific patient fea-
tures, and medical expertise when choosing the
optimal TKI for CML therapy. Key topics of
novel investigations for a tailored strategy in the
field of CML include gene expression profile, the
CMUL-leukemic stem cell reserve, and next-gener-
ation genomics approach for the investigation of
TKI and multi-drug resistance genes. Moreover,
the availability of new tools, such as molecular
techniques and animal models, will improve and
support novel studies for a personalized approach
in the field of CML.
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