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Abstract

BCR-ABLI plays a key role in the pathogenesis of chronic myeloid leukemia (CML), and it has been investigated as a drug-
gable target of tyrosine kinase inhibitors (TKIs) over two decades. Since imatinib, the first TKI for anti-cancer therapy, was
successfully applied in CML therapy, further generation TKIs and a novel allosteric inhibitor targeting the myristate bind-
ing site have been developed as alternative options for CML management. However, significant concerns regarding toxicity
profiles, especially in long-term treatment, have emerged from TKI clinical data. Efforts to reduce adverse events and seri-
ous complications are warranted not only for survival, but also quality of life in CML patients. A better understanding of
the mechanism of action will help to identify on- and off-target effects of TKIs, and guide personalized TKI drug selection
in each individual CML patient. Herein, this review summarizes the biologic mechanism of BCR-ABL] inhibition and dif-

ferential target spectra, and related off-target effects of each TKI.
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Introduction

Chronic myeloid leukemia (CML) is a clonal disorder asso-
ciated with the Philadelphia chromosome (Ph), the result of
a balanced translocation between chromosomes 9 and 22.
The Ph chromosome was first described in bone marrow
cells obtained from CML patients using light microscopy in
1960 [1]. Thereafter, advances in molecular biology deci-
phered that Ph is the result of a reciprocal gene rearrange-
ment of the Abelson I (ABLI) gene on chromosome 9q34 to
the Breakpoint Cluster Region (BCR) gene on chromosome
22q11 [2, 3]. The resultant product protein of the fusion
transcript, BCR-ABL], induces the constitutional activation
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of a tyrosine kinase (TK) and consequently results in hemat-
opoietic cell proliferation and leukemic transformation.

Based on the early recognition of pathogenesis in CML
development, therapeutic strategies targeting this disease-
specific and druggable kinase have been extensively inves-
tigated. As a result imatinib (STI-571), the first selective
tyrosine kinase inhibitor (TKI), was successfully developed
by a chemical screening approach [4]. Imatinib led to a new
era in CML management in the early 2000s, and thus the
history of CML set paradigm-shifting milestones for targeted
anti-cancer strategies.

Survival outcomes in CML patients treated with imatinib
have drastically improved compared to conventional ther-
apy [5]. However, immediately following the widespread
application of imatinib in clinical practice, several issues
became apparent, such as drug resistance and intolerance
to imatinib, which prompted the development of other new
drugs with better efficacy and tolerability. Currently, at least
four different second-generation TKIs have been success-
fully developed. These have shown superior efficacy com-
pared to imatinib, with a higher rate of major and deeper
molecular responses [6—9]. On the other hand, all TKIs are
reported to have a variety of toxicities and serious poten-
tial long-term side effects. Accordingly, more attention is
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warranted when selecting TKI drugs, in particular regarding
the off-target effects and related toxicities.

The life expectancy of CML patients in chronic phase
(CP) has reached 98% of that in the general population [10].
For CML patients, not only survival but also quality of life
has become a significant factor in TKI treatment decision-
making. In line with this consideration, TKI discontinuation
had been attempted successfully in selected patients who
attained deep and durable molecular responses to TKI ther-
apy [11]. In contrast, CML patients in advanced phase still
suffer from significantly poorer outcomes [12]. Intolerance
of TKIs can affect quality of life adversely, and can result in
inadequate response and increasing risk of treatment failure.
The European LeukemiaNet (ELN) guideline recommends
that possible TKI-related toxicities be considered during the
TKI drug selection in a comorbid patient [13].

This review summarizes the biologic mechanism of
BCR-ABLI inhibition and the target spectrum with related
off-target effects of currently available TKIs, to update the
differential efficacy and safety profile of each TKI.

Structure and regulation of tyrosine kinase

The exact genomic breakpoint determines the resultant BCR-
ABLI protein conformation and ultimate domain composi-
tion. DNA breakage occurs in a relatively limited region,
primarily on the major BCR (M-BCR), resulting in an 8.5 kb
mRNA product and constitutional 210 kDa BCR-ABLI pro-
tein (p2108CR=4BLly jn CML cells [14, 15]. The Ph chromo-
some can be frequently detected in B-cell acute lympho-
blastic leukemia (B-ALL), but the constitutional breakpoint
of Ph is different from that of CML [16]. DNA breakage
within the minor BCR (m-BCR) produces a smaller mRNA
and 185/190 kDa protein (p1905¢®=4BL1) However, these
protein—disease correlations are not always matched. DNA
breakage and subsequent splicing can affect the formation
of various BCR-ABLI fusion transcripts.

Resultant domains transcribed from the mutated BCR
may include an N-terminal (oligomerization) domain, a
serine/threonine kinase domain (including a docking site,
Y177), a RAS homolog gene family/guanine nucleotide
exchange factors (Rho/GEF) kinase domain, and/or cal-
cium-binding domain (CalB) [17]. Domains from ABLI
consist of 3 SRC homology domains (SH3, SH2, and SH1)
and a C-terminal domain. SH1 has the ABLI kinase activ-
ity, which plays a major role in CML leukemogenesis, and
SH2 and SH3 are associated with the regulation of SH1
kinase activity. Whereas normal ABLI kinase is tightly
regulated, BCR-ABLI is constitutively activated by sev-
eral mechanisms. Of those, the loss of the N-terminal
sequence for myristoylation (N-cap) is a major critical
event. Myristoylated N-cap interacts with the C-terminal

lobe and maintains self-inhibition; however, this may be
lost during fusion with the BCR gene may lead to kinase
deregulation.

The 3-dimensional structure of BCR-ABLI protein
consists of two lobes: an N-terminal lobe composed of
5 B-sheets and a conserved a-helix, and a C-terminal
lobe comprising a-helices [17]. In between the N- and
C-terminal lobes, there are three components that link
the two lobes: termed the catalytic segment, the P-loop
(phosphate-binding loop), the A-loop (activation loop),
and the hinge region, consisting of a ‘cleft’ between the
two lobes. The ATP-binding and catalytic sites in this
cleft are highly conserved. When ATP-binding occurs,
the A-loop located on the C-terminal lobe alters its con-
formation and moves away from the catalytic center of the
ABLI kinase, forming an open conformation opposite to
the inactivated-closed conformation. Tyrosine 393 (Y393)
on A-loop is a key residue of activation and substrate bind-
ing. Unphosphorylated Y393 typically makes a hydrogen
bond with Asparagine 363 (D363) on catalytic segment,
which makes the A-loop bend toward the catalytic center
and blocks substrate binding. Additionally, the A-loop has
the highly conserved amino acid residue sequence at posi-
tions 381-383, called the DFG motif, which is essential
for kinase activation. It coordinates with free magnesium
ions, which are cofactors for catalysis.The DFG motif
stays away from the catalytic center in inactivated condi-
tion, whereas it moves inside the catalytic site when the
A loop is activated.

Biologic function of ABL1 kinases

The ABLI kinase is a ubiquitous and non-receptor type
kinase. Physiologically, it interacts with various cellular
processes associated with cell proliferation, differentiation,
survival, retraction, migration, cell adhesion, and stress
response [18, 19]. It is also involved in the regulation of
specialized functions in lymphocytes, neurons, and the intes-
tinal epithelium. The function of the ABLI kinase is not
confined to a limited area, but serves as a shuttle or hub
in a wide range of cellular environments. For this, ABLI
interacts with many other proteins associated with signal-
ling pathways, other kinases, transcription factors or cell
cycle regulators.

When the mutant BCR-ABLI protein arises, loss of auto-
inhibition and constitutional activation of ABLI may occur,
with consequential effects on signalling pathways related
to cell cycle and apoptosis, such as the RAS/RAF/MEK/
ERK pathways, the JAK2/STAT pathway, and the PI3K/
AKT/mTOR pathway; and finally, it promotes the malignant
transformation of hematopoietic cells [20].
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Targeting tyrosine kinases in CML
management

As BCR-ABLI has been considered a druggable target
exclusively expressed in CML cells and a key driver of
leukemogenesis [21-23], it has been the main therapeu-
tic target over the last two decades. Although remains a
matter of debate whether the BCR-ABLI fusion protein
alone is sufficient to initiate and maintain the leukemo-
genic process of CML, the inhibition of the tyrosine kinase
activity caused by BCR-ABLI is one of the most successful
therapeutic strategies in the history of cancer drug devel-
opment. Based on their mechanism of action, BCR-ABLI
inhibitors can be classified into two types: the ATP-com-
petitive inhibitors and the allosteric inhibitor.

ATP-competitive inhibitors

ATP-competitive inhibitors compete with ATP for binding
to the ABLI kinase domain through the cleft between the N-
and C-terminal lobes. Because inactivated conformations of
various kinases are highly similar, these have been the major
target of TKIs, such as imatinib, nilotinib, and ponatinib
(type 2 inhibition) [24]. On the other hand, dasatinib and
bosutinib can bind to the active conformation and inhibit
kinase activity (type 1 inhibition). Threonine 315 (T315)
located in this region is known as a ‘gatekeeper’ residue, and
its substitution with Isoleucine (T315I) blocks the binding
of most 1st- and 2nd-generation TKIs [25].

The term “TKI’ has been widely used for ATP-competi-
tive inhibitors until the recent development of an allosteric
inhibitor, asciminib. The list of targets of currently approved
ATP-competitive inhibitors is summarized in Table 1. The
inhibition of BCR-ABLI kinase activity is the main action
mechanism of TKIs; however, the potency of each drug
against the kinase varies considerably (Table 2). Besides,
there are various kinases other than ABLI kinase negatively
regulated by TKIs, and extensive investigation to identify
additional targets has been performed for decades [26-29].
TKIs with a broad spectrum of inhibition interact not only
with tyrosine kinases, but also other kinomes. A differential
target profile of commonly used TKIs is shown in Fig. 1.
Each target inhibited by TKI therapy for CML has a unique
biologic function in normal conditions, and its altered func-
tion possibly correlates with distinct clinical manifestations.
With the development of various TKIs, knowledge of the
differential mechanism of action and target profile of each
drug should be considered in the management of patients
with CML. It may guide the selection of the optimal TKI to
exploit the better clinical outcome and tolerability related to
on- and off-target effects of the drug.
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Imatinib

Imatinib mesylate (STI-571), a first-generation TKI target-
ing BCR-ABLI, was developed using a screening strategy
of candidate chemical compounds which selectively bound
to the inactive conformational structure of BCR-ABLI (type
2 inhibition). Based on the improved clinical activity in
CML patients compared to the standard of care at the time,
initial approval was given in May 2001, by the Food and
Drug Administration (FDA) [4]. The IRIS trial showed that
imatinib improved progression-free survival (PFS) and over-
all survival (OS), up to 80—90% and 90—95%, respectively,
and was associated with higher rates of response over the
control arm, which was cytarabine with interferon-alpha [5,
30]. However, its use can result in diverse toxicities, such as
fluid retention, gastrointestinal complications, musculoskel-
etal pain, drug eruption, chronic fatigue, and myelosuppres-
sion. However, various mutations in ABLI kinase domain
have been found conferring resistance to imatinib [31]. The
success and limitations of imatinib have led to the further
development of the second-generation agents with improved
efficacy [6-8, 32].

Importantly, imatinib can inhibit KI7 and PDGFR, which
gives anti-tumor effects against some malignancies carrying
these targets [33, 34]. KIT is also expressed in hematopoi-
etic stem cells, resulting in imatinib-related cytopenia. The
inhibition of PDGFR, expressed in subcutaneous tissue,
may frequently cause subcutaneous edema during imatinib
therapy. It also inhibits DDR1/2, which is related to immu-
nity in some solid tumors, and oxidoreductase NQO2,
which is a non-kinase protein related to potential drug—drug
interactions [28].

Nilotinib

Nilotinib and dasatinib are second-generation TKIs with
improved efficacy against wild-type and imatinib-resistant
mutant BCR-ABLI cells. Nilotinib shares a similar target
spectrum with imatinib, but has a 30-fold higher potency
in vitro against BCR-ABLI (type 2 inhibition) [35]. It can
overcome some imatinib-resistant ABLI domain-mutated
CML cells [13]. Its major molecular response (MMR) and
deep molecular response (DMR, defined as 4.0 log reduc-
tion of BCR-ABLI transcript (MR*?) or deeper) rate in TKI-
naive patients with CML CP are 77 and 66% in 5 years, and
82.6% and 73% in 10 years, respectively [6, 36].

However, nilotinib is known to increase the risk of cardio-
vascular events (CVE) including cardiac failure, arrhythmia,
QT prolongation, and ischemic heart disease. Thus, nilotinib
is not recommended in patients with a history of cerebrovas-
cular accidents, coronary artery disease, or peripheral arte-
rio-occlusive disease [37], and it should be used cautiously
in patients with cardiovascular or metabolic comorbidities,
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Table2 Comparisonof Kinase mutation Imatinib® Nilotinib® Dasatinib® Bosutinib® Ponatinib® Asciminib®
on-target IC50 between tyrosine
kinase inhibitors ABL Wild type 527 18 1.8 42 2.1 0.61
M244V 454 21 3.6 39 6.7
L248R 7,680 533 23 954 13
1248V 1,866 50 9.4 147 7.1
G250E 3,613 81 8.1 179 13
Q252H 734 47 5.6 34 13 10.9
Y253F 1,888 57 2.9 40 7.8
Y253H 4,589 651 4.7 24 5.4 1.71
E255K 3,174 118 10.3 394 18 2.35
E255V 8,953 182 6.3 230 27 1.17
D276G 1,147 35 2.6 25 4.4
E279K 1,872 36 3 40 6.2
E292L 360 32 25 47 42
V299L 814 24 158 1,086 12 6.12
T315A 890 48 108 250 0.9
T3151 9,221 697 137 1,890 63 1.64
T315V 6,408 1,008 1,352 1,220 45
F317L 1,370 39 8.2 101 L5
F317R 1,213 40 210 1,395 10
F317V 190 8.1 39 480 4.9
M343T 631 14 1.6 46 2
M351T 927 7.8 1.6 29 2.6
F3591 3,147 288 55 122 6.2
F359V 1,509 91 2.7 39 9.2 115
L384M 674 41 4 20 4.6
H396P 1,280 43 2 18 2.8
H396R 2,058 55 3 34 13
F486S 4,267 33 5.6 96 43
KIT Wild type 100-150 147 79 6,313 12,5 >10
PDGFRA  Wild type 100 3-71 13-16 >10,000 1.1 >10
PDGFRB  Wild type 39 60.11 4 >10,000 >10
SRC Wild type >10,000 0.8 1.2 22 >10
“Ref. [71]

PRefs. [49, 50]

Bold for resistance. Underline for IC50 against T3151 mutant

such as diabetes mellitus. The mechanism of how nilotinib
accelerates atherosclerotic processes and increases the risk
of cardiovascular toxicity is not fully elucidated. Frequent
hyperglycemia and dyslipidemia during nilotinib therapy
might contribute to the development of atherosclerosis and
coronary arterial disease, rather than cardiomyopathy. It
is also known to be associated with an increased risk of
pancreatitis. Grade 3—4 ischemic heart and cerebrovascu-
lar events were observed in 6.1% and 2.2%, respectively,
in patients treated with nilotinib 400 mg twice daily for
5 years [6]. From the same study, nilotinib dose modifica-
tion to 300 mg twice daily was shown to reduce CVE risk.
In long-term follow-up data, nilotinib-associated CVE risk
has been shown to gradually increase over 5S—10 years [36].

@ Springer

Dasatinib

Dasatinib binds the activated and open conformation of
BCR-ABLI (type 1 inhibition) [38], and it has more than
300-fold increased potency of kinase inhibition compared
to imatinib in vitro [39]. It can overcome P-loop muta-
tions, such as Y255H, E255V/K, as well as the F359V/I/V
mutation [13]. As a front-line therapy for CML CP, MMR
and MR*> (4.5 log reduction of BCR-ABLI transcript or
deeper) rates of dasatinib therapy in 5 years are 76 and
42%, respectively [7]. The target spectrum of dasatinib is
much broader than for imatinib or nilotinib, including the
KIT, PDGFR, SRC family kinases, EPHA, EGFR and MAP
kinases (Fig. 1c) [28]. Unlike the former two drugs, pleural
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Fig.1 Selectivity of ATP-competitive tyrosine kinase inhibitors.
This figure shows the differential inhibition profile between imatinib
(a), nilotinib (b), dasatinib (c), bosutinib (d), and ponatinib (e). The
size and color density of each node represent the degree of inhibition

or pericardial effusions are common during dasatinib treat-
ment in newly diagnosed CML in CP. Effusions can be
reversed with temporary interruption of dasatinib, diuretics
or a short-term course of steroid therapy. Pulmonary arterial
hypertension (PAH) is a rare but serious event associated
with dasatinib, which should be permanently discontinued.

Bosutinib

Bosutinib is another 2nd-generation TKI which mainly
inhibits BCR-ABLI (type 1 inhibition) and SRC family
kinases. Its ability to inhibit ABL/ kinase is 200-fold greater
than imatinib [40, 41]. The recent BFORE study which com-
pared the efficacy of bosutinib and imatinib in the front-line
setting of CML CP showed higher MMR rates with bosutinib
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by each kinase. Targets which were inhibited 80% or more by each
kinase are labelled. Data were adapted from Uitdehaag et al. [26] and
figure was generated using CORAL website (http://phanstiel-lab.med.
unc.edu/CORAL/. Accessed on 16 Feb 2021)

at 1 year [8]. Toxicity profiles were not significantly differ-
ent between the two TKIs except for more frequent diarrhea
and hepatic toxicity with bosutinib. Diarrhea is associated
with serotonin re-uptake transporter (SERT) inhibition by
bosutinib, increasing the level of circulating serotonin [42].
Elevation of hepatic enzymes is also commonly observed,
especially in the early period of treatment with bosutinib, but
may persist beyond 12 months [43] and lead to discontinu-
ation of the drug in some patients. Notably, bosutinib does
not have clinically relevant activity against KIT or PDGFRA,
but it does inhibit additional molecules associated with cell
cycle regulation and calcium/calmodulin-dependent protein
kinases (CAMK) (Fig. 1d) [44, 45]. Long-term efficacy and
adverse event profiles remain to be further investigated.
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Ponatinib

Ponatinib is a third-generation TKI which has the broadest
spectrum of its targets, covering ABLI, KIT, PDGFR, SRC
family, VEGFR, EGFR, HER2, FLT3, FGFR, and JAK2.
The purpose of its initial development was to overcome the
resistance to prior generation TKIs, especially of the T3151
mutation, by the introduction of a triple bond ethynyl linker
which allows ponatinib to span the bulky T315I isoleucine
residue side chain in the ATP-binding site. As a multi-kinase
inhibitor, the potential efficacy of ponatinib against various
cancers as well as CML has been investigated. Ponatinib
was approved by FDA in 2012 based on excellent efficacy
against CML in the PACE trial [46]. However, clinical use
should be undertaken with caution due to the concerning
increased arterial occlusive events (AOEs), which is related
to multiple targets involving endothelial function and ath-
erosclerosis [9, 46]. The phase 3 EPIC trial comparing the
front-line use of imatinib and ponatinib for CML was ter-
minated early due to concerns of up to 6% serious AOEs in
the ponatinib arm. Therefore, the European LeukemiaNet
(ELN) 2020 guideline recommends that ponatinib should
be confined to a third-line treatment option after failure of
two or more TKIs or for the treatment of highly resistant
disease carrying the T3151 mutation [13]. Close monitoring
of cardiac function and adequate management of risk factors,
such as hypertension, dyslipidemia, and DM, are required,
including smoking cessation. Dose adjustment should be
considered in less-resistant disease or in intolerant patients.
Recently, the OPTIC trial evaluated a response-based dose
adjustment, suggesting that ponatinib dose can be reduced
to 15 mg in patients who achieved BCR-ABLI transcript
level <1% [47]. The safety profile, particularly hematologic
toxicities and AOEs, was much improved compared to the
45 mg ponatinib dose group. Based on these data, the dose
of ponatinib should be reduced when an appropriate molecu-
lar response is attained.

The allosteric inhibitor - Asciminib

Allosteric inhibition is a more recently identified strategy
investigating druggable targets other than the ATP-bind-
ing site. One of the targets is the myristoylated N-cap of
ABLI, which regulates ABLI kinase activity by binding
to a hydrophobic myristate pocket of the C-terminal lobe.
This binding leads to a conformational change of the kinase
domain, which is essential for interaction with the SH3-SH2
domains, keeping the kinase in an inactive state. As men-
tioned above, the loss of the N-cap myristoyl group occurs
during gene translocation and transcription of BCR-ABLI,
inducing the constitutional activation of the kinase. Com-
pounds that bind to the myristate pocket may restore the
natural regulation of ABLI kinase activity. This mechanism

@ Springer

is independent of the conformational change of the A loop,
the target of ATP-competitive inhibitors. This suggests
potential synergistic activities of the two inhibitors over-
coming the resistance to pre-existing TKIs which bind to
the ATP-binding pocket.

Asciminib (ABL001) is the only described allosteric
inhibitor showing clinical efficacy in CML. It showed fea-
sible activity against CML that failed three or more ATP-
competitive TKIs and harboured resistant mutations [48]. As
it specifically binds to the myristate pocket, rather than other
orthosteric sites, asciminib has a highly specific on-target
effect against the ABLI kinase without any significant off-
target effects [49]. Notably, it does not inhibit ABLI-depend-
ent cellular proliferation [50]. The MMR rate in CML CP at
1 year was 48% in patients who failed at least two previous
lines of TKI therapy, and in those with the T315I muta-
tion, the MMR rate was 24% [48]. Common adverse events
related to asciminib were rash, fatigue, nausea, headache,
arthralgia, and pancreatitis. Preclinical studies suggested
that asciminib can be combined with other TKIs, which can
synergistically increase efficacy against CML with resist-
ant mutations [51, 52]. Recently, the result of a randomized
trial comparing asciminib to bosutinib in CML patients who
failed two lines of TKI therapy or beyond showed better
outcomes with asciminib [53]. Further clinical and experi-
mental data on the target spectrum of asciminib are required.

Specific targets of tyrosine kinase inhibitors
and related adverse events

Wild-type ABL inhibition reported with all TKIs is reported
to be associated with cardiac toxicity. Left ventricular dys-
function related to imatinib was first described in 2006,
although serious events reported in clinical trials were
rare [54]. Despite little clinical evidence of imatinib-induced
cardiotoxicity, cardiovascular adverse events associated with
other TKIs have been reported consistently, likely due to
additional inhibition of kinases other than ABL].

PDGFR is a major target of most TKIs except bosutinib
and asciminib [29], and fluid retention, serositis, and pleu-
ral/pericardial effusion are significant off-target effects of
PDGFR inhibition. PDGFR is primarily expressed in peri-
cytes and pulmonary tissue, and PDGFR inhibition leads
to altered fluid homeostasis between tumor, vascular, and
interstitial compartments, resulting in peripheral edema and
third space loss of fluid, associated with the use of most
TKIs [55, 56].

The incidence of pleural or pericardial effusions with
dasatinib is much higher than imatinib and nilotinib [5-7],
and this may be explained by more potent PDGFR inhibition
as well as additional inhibition of kinases, such as SRC fam-
ily kinases [57]. SRC family kinases which are differentially
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suppressed by dasatinib, bosutinib, and ponatinib, are pre-
dominantly expressed in hematopoietic cells, and play key
roles in various signal transduction pathways associated with
cell survival and differentiation, angiogenesis, and vascu-
lar permeability [58]. Among the SRC family kinases, YES
and SRC are widely expressed in the lung, and are directly
associated with vascular endothelial growth factor (VEGF)-
mediated vascular permeability [59]. Interestingly, bosuti-
nib, a dual-ABLI/SRC inhibitor, has been associated with a
low incidence of pleural effusion (1.5%) owing to the rela-
tively low activity of bosutinib against PDGFR [8].

Ponatinib can inhibit not only PDGFR and SRC family
kinases but also KDR (VEGFR) and FGFR activities, and
ponatinib has been associated with a higher frequency of
hypertension, AOEs, and venous thromboembolism (VTE),
rather than fluid retention or effusions [60]. VEGFR is
expressed in vascular endothelial cells and hematopoietic
cells, mediating angiogenesis and vascular permeability as
well as bone metabolism, hematopoiesis, wound healing,
and development [61]. FGFR regulates various cellular
signalling pathways involving cell growth, survival, and
angiogenesis [62, 63]; LYN and FYN, of the SRC family, are
involved in the regulation of platelet function [64] and TEK
(Tie2) is important to endothelial cell survival [65]. Broad-
spectrum inhibition of regulators of vascular wall and plate-
let function leads to ponatinib-induced thrombosis. The risk
of cardiovascular and thrombotic events in patients treated
with ponatinib, which has the broadest target spectrum, is
higher than those of other TKIs [66, 67]. Unlike nilotinib
cardiotoxicity, which is mainly contributed by metabolic and
atherosclerotic changes, ponatinib therapy induces endothe-
lial damage and arterial thrombosis leading to subsequent
AOEs.

Another consequence of anti-PDGFR therapy is altered
bone metabolism [29]. The development and activation of
osteoclasts and osteoblasts can be decreased by TKIs, result-
ing in decreased bone resorption, altered bone remodelling,
and compensatory parathyroid hormone secretion accom-
panied by serum hypophosphatemia. Imatinib can induce a
generalized decrease in osteoclast activity, which cannot be
compensated by decreased osteoblast activity, leading to a
reduction in bone mineral density (BMD) [68, 69]. Imatinib
may require regular monitoring of the BMD in patients
treated over the long term. CSFIR, which regulates the mat-
uration of macrophages into osteoclasts, may be inhibited by
TKIs, especially by dasatinib and ponatinib. CSF/R inhibi-
tion also contributes to the dysregulation of bone metabo-
lism and is associated with myelosuppression. Relatively,
high rates of grade 3—4 myelosuppression by dasatinib and
ponatinib correlate with their differential mechanism.

The inhibition of KIT by most TKIs except bosutinib
leads to myelosuppression, as KIT has a critical role in the
development of hematopoietic cells, melanocytes, and mast

cells [70]. The varied potency of KIT inhibition among TKIs
may correlate with the severity of drug-induced myelosup-
pression and cytopenias. Concurrent SRC kinase inhibition
by dasatinib and ponatinib appears to be responsible for their
high rate of myelosuppression [7, 46].

Finally, alterations in KIT functioning by TKIs are also
associated with dermatologic toxicity, commonly including
skin rash, superficial edema, and changes in pigmentation [5,
30].

Summary

Although the entire list of adverse events cannot be nec-
essarily integrated with specific off-target effects and the
potency of each TKI, the pattern of differential TKI activ-
ity is linked to the safety profiles in the treatment of CML
patients. Understanding the mechanism of action and spe-
cific off-target profiles of clinically available TKIs will help
guide personalized management for patients with CML.
Future investigation of selective kinase inhibition by new
drugs, including asciminib, should be undertaken.
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