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The therapeutic approach to Chronic Myeloid Leukemia (CML) has changed since the advent of the tyrosine kinase

inhibitor (TKI) imatinib, which was then followed by the second generation TKIs dasatinib, nilotinib, and, finally, by

ponatinib, a third-generation drug. At present, these therapeutic options represent the first-line treatment for adults.

Based on clinical experience, imatinb, dasatinib, and nilotinib have been approved for children even though the

studies that were concerned with efficacy and safety toward pediatric patients are still awaiting more specific and

high-quality data.
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1. Definition

Chronic myeloid leukemia (CML) is a myeloproliferative disorder, characterized by an abnormal granulocyte cells

proliferation determining a high increase of white blood cell count in addition to a spleen enlargement

(splenomegaly). The CML pathogenesis stems from the Philadelphia chromosome, discovered by Peter Noweel in

1960. It arises from a translocation of the TK ABL (Abelson) gene from chromosome 9 to chromosome 22, on the

BCR gene (breakpoint cluster region). The translocation generates the oncogenic BCR-ABL1 fusion gene in

hematopoietic stem cells, which encodes an abnormal protein, with constitutive TK activity, responsible for

proliferative and anti-apoptotic signals. The occurrence of BCR-ABL protein kinases was observed in more than

90% of CML patients .

2. Introduction

CML has three clinical phases. The first is the chronic phase (CP) without subjective symptoms after 3–5 years

from diagnosis but a high white blood cell and platelet count. The second is the accelerated phase (AP) with an

incremented differentiation of abnormal granulocytes. The third phase consists in the blast crisis (BC) with an

increase of undifferentiated blasts. Patients in the chronic phase can be treated with tyrosine kinases inhibitors

(TKIs). Unfortunately, accelerated and blast phases are not responsive to TKIs likely because their progression is

not affected by BCR-ABL.

3. CML Therapeutic Approach
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In the past decades, the first therapeutic approach to CML involved the use of ordinary chemotherapeutical drugs

(such as a busulfan, hydroxyurea, cyclophosphamide, and vincristine), which is followed by allogeneic

hematopoietic stem cells transplantation (allo-HSCT). This is considered a potentially curative procedure for a

variety of hematological malignancies in order to reconstitute hematopoiesis .

However, allo-HSCT is limited by the availability of donors, transplant-related mortality, and early morbidity, so that

it is considered a third-line treatment for most pediatric cases. Therefore, Bcr-Abl inhibitors may be accounted as a

targeted therapy toward CML, avoiding all the side effects associated with canonical chemotherapy, and graft-

versus-host disease, which is one of the major complications of allogeneic hemapoietic cell transplantation (HCT).

Currently, Imatinib is not the only TK inhibitor approved for patients with CML-CP (CML-Chronic Phase) including

pediatric patients, but it remains the first-line therapy for patients with CML-AP (CML-Accellerate Phase) and CML-

BC (CML-Blast Crisis).

Imatinib (Figure 1A) was discovered in 1992 as a selective inhibitor of Bcr-Abl TK. It is able to link to the kinase in

its inactive form preventing the ATP binding (Figure 1A). It was approved in 2001 by FDA as first-line therapy for

CML patients by obtaining optimal results compared to those who had been treated with hydroxyurea and IFN-α in

terms of CHR (Complete Hematological Response), CCR (Complete Cytogenetic Response), and MMR (Major

Molecular Response). Unfortunately, the appearance of resistance phenomena required the development of a

second generation of TKI .

Figure 1. Molecular structures of the principal BCR-ABL TKIs used for treating pediatric chronic myeloid leukemia

(CML): (A) Imatinib; (B) Dasatinib; (C) Nilotinib; (D) Ponatinib.

3.1. Resistance and Intolerance to Imatinib
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The urgent need to develop a second-generation of TK inhibitors was principally due to the resistance and the

intolerance of some patients to imatinib. A patient can be defined resistant to imatinib when presenting an

increasing white blood cell or platelets counts that prove a primary resistance or a hematologic relapse. Moreover,

resistance to imatinib consists of suboptimal cytogenetic or molecular response or failure, progression to AP/BC,

reappearance of Ph+ bone marrow cells following achievement of complete cytogenetic response (CCR) and, at

least, increase of more than 30% in Ph+ cells in peripheral blood or bone marrow, or loss of a molecular response.

Frequently, resistance is associated with emerging mutations in some BCR-ABL amino acid residues. We can

count 12 residues with risk of mutations that can be classified in resistant (T315I), less sensitive (Y235H, F359V,

E255K), and sensitive (all other mutations except those mentioned before).

Other resistance phenomena such as P-gp (Glycoprotein P) efflux pump overexpression, OCT1 (Organic Cation

transporter) reduced expression, and th e activation of alternating oncogenic pathways (Src (proto oncogene

Sarcome tyrosin kinase), PI3K (Phosphoinositide 3-kinases), PDGFR, KRAS (Kirsten rat sarcoma Kinase), and

JAK2) must be reminded .

Furthermore, intolerance is related to imatinib side effects due to its off-target activity. Among all, we can remember

the increase of blood bilirubin, headache, rash, vomiting, cardiotoxicity, neutropenia, obesity, and abdominal pain.

A patient can be defined intolerant to imatinib only when he develops serious adverse events (AEs) such as renal

failure or liver injury (hepatic transaminase and bilirubin elevations), which require discontinuation or change of

therapy.

3.2. Second Generation TKI

Dasatinib (Figure 1B) is the first second generation TKI approved by FDA in 2006. It is able to inhibit BCR-ABL

both in the DGF in (Figure 2B) and in the DGF out conformation and also other TK such as PDGFR and Src [12].

Based on X-ray analysis, it was observed that dasatinib binds the ABL protein in a less strict conformation

compared to imatinib. Despite the lower number of binding interactions observed for dasatinib vs. ABL with respect

to that occurring between imatinib vs. ABL. The former is provided with inhibiting activity 325-fold higher and it is

able to overcome many BCR-ABL mutations resistant to imatinib with the exception of the T315I one .

Furthermore, dasatinb is not P-gp substrate and, thus, can be used in patients resistant to imatinb and nilotinib.

Nilotinib (Figure 1C) is another second-generation TKI. It is a BCR-ABL, c-kit, and PDGFR inhibitor from 10-fold to

30-fold more powerful than imatinib on the BCR-ABL oncoprotein. It inhibits the proliferation of cells exhibiting the

mutated TK. Nilotinib binds the protein in its inactive conformation (DFG OUT) through interactions similar to those

observed for imatinib, such as four hydrogen bonds and many Van der Waals contacts. The successful introduction

of the trifluoromethyl group on the phenyl ring and the substitution of the methyl-piperazine with imidazole are

responsible for its greater activity. It can also overcome some Bcr-Abl mutations (L248V, G250E, Q252H) apart

from T315I . According to Redaelli et al.,  by comparing the nilotinib activity vs. imatinib and dasatinib, the

former showed a mild resistance to 13 out of 18 mutations of BCR-ABL with high resistance to T315I and E255V
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changes. Based on some clinical trials of phase III in 2011 (ENESTnd Study), a major complete cytogenetic

remission (CCR) was observed and a reduction in the percentage of patients proceeded to the accelerated phase

of CML after an annual treatment with nilotinib in comparison with imatinib. For these reasons, nilotinib was

approved as first-line therapy for newly diagnosed patients with CML in 2011.

Ponatinib (Figure 1D) is a very powerful third-generation pan-inhibitor of TKs. It was synthetized as a ligand of ATP

binding domain of BCR-ABL in closed conformation. Ponatinib binds the DFG OUT conformation of the protein.

The peculiarity of this molecule lies in the occurrence of a triple bond, which allows us to mitigate the steric

hindrance due T315I mutation. The triple bond between the phenyl and the heterocycle ring in ponatinib can hold

the isoleucine side chain. Having said that, ponatinib can be considered as a TK inhibitor unaffected from T315I

mutation. Its binding is ensured by five hydrogen bonds. Moreover, there are several Van der Waals interactions

supporting affinity in the case of multiple mutations.  Notably, ponatinib kept its activity in other CML mutations,

such as M244V, G250E, and Q252H. However, its use drew attention to the appearance of an important side

effect, which is the inhibition of parental cells Ba/F3 proliferation .

Figure 2. An example of ATP competitive inhibitors: (A) X-ray solved structure of Abl kinase domain in complex

with Imatinib (PDB code: 1IEP) with DFG outconformation and closed activation loop. (B) X-ray solved structure of

Abl Kinase domain with Dasatinib (PDB code: 2GQG) with DFG in conformation, open activation loop . (Figure

created By Ezmol software:Reynolds, C.R.; Islam, S.A.; Sternberg, M.J.E. EzMol: A web server wizard for the rapid

visualisation and image production of protein and nucleic acid structures. Mol. Biol. 2018, 430, 1–5.)
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