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Abstract

Background: The treatment of chronic myeloid leukemia (CML) employs drugs known as tyrosine kinase inhibitors
(TKIs). Comparative analyses of the effects of different TKIs has shown that these substances can reduce the
immunogenicity of leukemic cells, and prejudice anti-tumoral immunity. Once the TKIs differ in terms of their direct
influence on cells of the immunological system, the objective of this work was therefore to analyze alterations in the
immunological systems of CML patients using different TKI drugs.

Methodology/Principal findings: A review of the literature revealed that imatinib is considered to be the new paradigm
for treatment of CML; however, use of this drug can result in inhibition of activation of immune system cells and
development of resistance. Second and third generation TKIs can be used in the treatment of patients resistant to imatinib,
but can have immunosuppressor effects. Nilotinib is more effective than imatinib in recently-diagnosed patients, however
at high doses can induce myelosuppression and diminish cytokine production. Dasatinib was found to induce a rapid full
cytogenetic response, with heightened in vivo immune-stimulation, in contrast to an immunosuppression observed in
vitro. The mutated T315I phenotype of CML only shows a response to treatment with inhibitors that do not compete with
ATP, involving aurora kinases that control mitosis, progression of the cellular cycle, and apoptosis induction. MK0457,
which is able to act in the presence of the mutation, presents important bone marrow toxicity, while in small doses
danusertib has shown anti-proliferative and pro-apoptotic activity against a wide spectrum of BCR-ABL-positive cells.

Conclusions/Significance: Selection of the most suitable tyrosine kinase inhibitor in patients showing positive to the
BCR-ABL mutation requires previous analysis of the phenotype and the influence of the TKI on the immunological
system.

1 Introduction

Pharmacological control of the activity of the protein tyrosine kinase, whose function involves regulation of the cellular
cycle, has been found to be essential in the treatment of chronic myeloid leukemia (CML). This neoplasia, resulting from
translocation between chromosomes 9 and 22, t (9; 22) (q34;11), produces the Philadelphia chromosome (Ph+) 2. The
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presence of this mutated chromosome is responsible for the production of a chimeric protein with elevated tyrosine kinase
activity, which activates multiple signaling routes, inducing the proliferation of a clone of malignant myeloid cells in the
bone marrow, resulting in an excessive number of these cells &I,

The treatment of CML has employed tyrosine kinase inhibitor (TKI) drugs, which can be classified in relation to the
presence or absence of competitive inhibition of adenosine triphosphate (ATP). The inhibitors that are competitive to the
ATP binding site can be divided into two subclasses: compounds based on 2-phenylaminopyrimidine, and Src-Abl
inhibitors. Inhibitors that do not use the ATP binding site, considered ATP-non-competitive, have been developed to
inhibit phosphorylation of the T3151 mutation of the BCR-ABL gene, since it has been shown that the competitive
inhibitors remain unable to perform this function .

Comparative analyses of the effects of different TKIs on CML cells have shown that the drugs can reduce the
immunogenicity of leukemic cells, an inevitable collateral effect of inhibition of the BCR-ABL gene, which also
prejudices anti-tumoral immunity by directly affecting the intracellular signaling of immunity of effector cells ©.
Meanwhile, the effects of these medicines can vary between patients, and with the specific spectrum of kinases on which
they act, since the drugs also affect other kinases involved in the activation of immune effector cells 31,

The immune system consists of various interconnected components that converge for the elaboration of a response that can
be either innate or adaptive, with the latter being the more complex ®l. The TKiIs differ in terms of their direct influence on
cells of the immunological system. Imatinib does not appear to prejudice the cytotoxic activity of NK cells and the
production of cytokines, dasatinib seems to reduce the reactivity of NK cells by inhibiting signaling routes and levels of
alpha-interferon (IFN-a«), and nilotinib seems to prejudice production of cytokines by the NK cells in a
concentration-dependent manner, but not their cytotoxicity 1.

In vitro studies have shown that in the immune system tyrosine kinase inhibitors exert an inhibitory effect by suppressing
cell proliferation and the action of NK cells™; however this notion is not supported by recent work in vivo, since increases
in NK and T cells were observed in patients treated with these drugs ®!. Hence, in patients treated with TKIs, modulation of
the immunological system can vary depending on the drug used, so that it is important to analyze the therapeutic strategy
selected for each patient according to the changes anticipated in the immunological system of the individual. The objective
of this work was therefore to analyze, using a review of the literature, alterations in the immunological systems of patients
with CML undergoing treatment with different TKI drugs.

2 ATP-Competitive inhibitors

2.1 Compounds based on 2-phenylaminopyrimidine

Compounds based on 2-phenylaminopyrimidine show high inhibitory potential towards the BCR-ABL gene, acting
specifically to block energy transfer to the tyrosine kinase domain, while not inhibiting other tyrosine kinases such as those
of the Src kinase family and the T3151 mutation of AbI™. Imatinib and nilotinib belong to this group of drugs.

2.1.1 Imatinib

Treatment of patients in the chronic phase of CML with imatinib mesylate (STI-571, Glivec) has shown excellent
hematological and cytogenetic responses, as well as few adverse side-effects, and has improved patient survival rates [ 1,
This drug acts as an ATP binding site competitive inhibitor, influencing the activity of the tyrosine kinase protein of
BCR-ABL and causing the malignant cell to enter into apoptosis. This reduces tumoral proliferation, and also causes the
blocking of the various cellular signaling routes activated by the protein. Imatinib has shown long-lasting effects during
the chronic phase of CML [ however the same results have not been obtained when the treatment was used in more
advanced phases of the disease, such as the acute phase and the blast crisis ™.
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Favorable pharmacokinetic characteristics of imatinib include rapid and complete bioavailability via the oral route, and a
dose-proportional response 2. Metabolism of imatinib is by means of the cytochrome P450 protein, which catalyzes
many reactions involving drug metabolism and synthesis of cholesterol, steroids, and other lipids. CYP3A4 (cytochrome
P450, family 3, subfamily A, polypeptide 4) is the isoenzyme most responsible for imatinib metabolism, with smaller
contributions from CYP1A2, CYP2D6, CYP2C9, and CYP2C19. The principal metabolite of imatinib, CGP74588, has a
similar biological activity, and represents approximately 20% of the plasma concentration of the original drug ™. Due to
the intrinsic variability of the enzymatic activity of the CYP, different responses to imatinib have been observed in patients
with CML. Furthermore, other medications that either inhibit or stimulate the CYP3A4 isoenzyme can alter the
pharmacokinetic activity of imatinib 2.

Imatinib appears to modulate different anti- and pro-apoptotic proteins of the extrinsic and intrinsic routes of cell
apoptosis. Alone or associated with different drugs, such as IFN-a for example, imatinib appears to be able, in vitro, to
increase expression of the FasL antigen in leukemic cells, and restore its expression in the immune response effector cells
(T and NK). The increased expression of FasL in leukemic cells seems to contribute to deflagration of the autocrine
mechanism of activation of the extrinsic route of apoptosis, leading to the death of the cell. On the other hand, the
cytotoxic effector cells might be able to resume their normal function, and contribute to a more effective anti-leukemic
immune response 2!,

Despite being considered to be the best therapeutic choice in the treatment of CML, this drug can affect the normal
function of non-malignant hematopoietic cells, which can induce myelodepression, mainly in the granulocytic series.
Patients treated with imatinib can develop neutropenia, trobocytopenia, and anemia as adverse side-effects % 12 14 151
These effects seem to be correlated with the high plasma imatinib levels often found in patients undergoing treatment 2,

The observed alterations in the erythropoietic series are consistent with drug-resistant hemolytic anemia, as confirmed by
Cabera et al. ™ with a positive direct antiglobulin test, and the presence of anti-imatinib antibodies in the serum of the
patient. This adverse response has been observed to a greater extent in patients undergoing treatment during the blast crisis
phase, compared to those in the chronic phase of the disease ™. Immune thrombocytopenia has been demonstrated by the
detection of reactive anti-platelet antibodies using the ELISA technique > 7.

There is substantial evidence that imatinib can affect immunological responses, especially those mediated by T
lymphocytes 7). The cellular death receptor, Fas, is a key regulator of the immune system. Patients with CML undergoing
treatment with imatinib have presented peripheral lymphopenia, as well as reduced activation of CD8 lymphocytes, with
potentially deleterious consequences for anti-leukemic responses against this malignant hematological immunogenic
disease. Together, these results reveal the role of the Fas receptor in the lymphopenia observed in patients treated with
imatinib °1,

In patients with CML, the NK cells, which possess natural antitumoral cytotoxicity, do not recognize their ligands present
in the leukemic cells, due to chronic exposure of the NK cell receptor (NKG2D) to the ligands MICA and MICB, which
secrete a soluble protein produced by the surface of the tumoral cell, facilitating the escape of the tumor ™. Even though
imatinib may not affect the cellular cytotoxicity and cytokine production of the NK cells, it directly influences the
reactivity of these cells, reducing the expression of the NKG2D ligands in leukemic cells, hindering the development of
the specific immune response and reducing the susceptibility to cytolysis mediated by NK cells 7.

Dendritic cells (DC) are recognized to be the most potent antigen-presenting cells capable of initiating and maintaining the
primary immune response. They originate from hematopoietic progenitor cells, and are present in peripheral blood and
organs of the immune system. Some studies indicate that imatinib can cause reciprocal dendritic cell-NK cell activation,
promoting the antitumoral function of the NK cells !, In patients with CML, the dendritic cells can stimulate the NK cells
by increased expression of NKG2D ligands 1. Imatinib seems to prejudice the process of differentiation of dendritic cells
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in vitro, resulting in cells that do not respond to the maturation stimulus, and do not develop either the primary response of
T lymphocytes, or the response of T lymphocytes to antigens [,

The effects of imatinib on the function and activation of T cells have still not been well defined. Nevertheless, the tyrosine
kinases fulfill a vital role in the translation of signals of the T cell receptors (TCR), so that it is conceivable that imatinib
could interfere in this process, since the physiological action of T lymphocytes in response to antigens is controlled by the
T cell receptors 7. Imatinib inhibits the proliferation of T cells in vitro, as well as the activation of T lymphocytes
mediated by TCR, and the response of CD8+ T lymphocytes to the cytomegalovirus (CMV) and the Epstein-Barr virus 2.
Even though imatinib inhibits the proliferation of T lyphocytes, this cell type does not enter into apoptosis 2.

In CML, monocytes possessing the BCR-ABL gene are an important therapeutic target with respect to the generation of
dendritic cells that express a wide spectrum of leukemic antigens. A vaccine based on DC might therefore be able to
eliminate persistent leukemic cells in individuals treated with imatinib. Meanwhile, the efficiency of DC-BCR-ABL
vaccines depends on the absence of deleterious effects of imatinib on DC function. It has been demonstrated that during
cell differentiation, imatinib slightly increases DC apoptosis, while during maturation, in the presence of imatinib, the DC
increase expression of the histocompatibility complex (MHC) and co-stimulatory molecules ®. On the other hand, it is
possible that the T lymphocytes may be strongly suppressed by imatinib. For this reason, it has been proposed that an
effective DC vaccine against BCR-ABL antigens would require a therapeutic window during which imatinib was absent,
to enable a clonal increase of T cells specific to leukemic antigens %!,

2.1.2 Nilotinib

Nilotinib (AMNZ107, Tasigna) is an aminopyridine compound that presents substantially greater selectivity and affinity for
competitive binding with ATP, compared to imatinib %!, This drug inhibits the tyrosine kinase activity of BCR-ABL,
preventing activation of the mitogenic and anti-apoptotic routes dependent on BCR-ABL . Nilotinib shows activity
against the majority of the BCR-ABL mutants that possess resistance or intolerance to imatinib; however it does not
present activity against the family of Src kinases. Nilotinib has been approved for the treatment of patients in the chronic or
accelerated phase of CML that show resistance or intolerance to imatinib, and has provided excellent cytogenetic and
hematological responses %2721 These studies confirmed that the drug inhibits phase progression of patients with CML,
and is more effective than imatinib in patients recently diagnosed with CML 28],

The concentrations of nilotinib required to inhibit the growth of Ph+ cells in vitro are lower, compared to imatinib, since
the latter depends on transporter proteins for its transfer into cells ?°!. The use of these cells by imatinib could act as a
limiting factor for its absorption. The metabolism of nilotinib takes place in the liver by means of the cytochrome P450
enzymes, and can include medicinally relevant interactions B%.

In terms of adverse effects, nilotinib can cause myelosuppression, with the patient presenting anemia, neutropenia, and
thrombocytopenia, similar to the results found for imatinib 2% 2”1 Other observed symptoms include cutaneous eruptions,
nausea, headaches, itching, fatigue, and increased levels of liver enzymes. These effects have been found to be of light to
moderate intensity, and readily resolved by a reduction of the dose and adoption of clinical support measures 2.,

Studies in vitro indicate that nilotinib is not able to alter the cytotoxicity of NK cells, since it does not alter the viability of
the CD56"™/CD16" NK cells that perform this function. Meanwhile, high doses of nilotinib seem to prejudice the
production of cytokines by the CD56°""/CD16 NK cells in cell cultures, by inducing cellular death of this NK cell
subtype 1. This drug can also negatively modulate expression of the ligands of NK, MICA, and MICB cells, to extents
similar to those found for imatinib .
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2.2 Src/Abl inhibiting compounds

These compounds are inhibitors of the Src family of kinases, which also show inhibitory properties towards Abl, but are
not able to inhibit the T315I mutation of Abl .. Members of this group of drugs include dasatinib, bosutinib, AP23464,
and PD166326.

2.2.1 Dasatinib

Dasatinib (BMS354825, Sprycel) is an inhibitor of members of the Src kinase family, such as p56 (Lck), which is involved
in various cellular processes in normal cells, and constitutes an integral part of the cascade of cellular signaling. This drug
is able to inhibit BCR-ABL, and has been utilized in adult patients with CML who present no response, or intolerance, to
imatinib. It is indicated for the treatment of adults during the chronic, accelerated, or blast phases of the disease, and is
considered to be a second generation tyrosine kinase inhibitor 3,

In clinical studies involving patients recently diagnosed with CML, dasatinib was found to induce a complete cytogenetic
response after 12 months, in 98% of patients. The potency of the drug is therefore much greater than that of imatinib 32,
and it is active against many mutant domains of BCR-ABL that are resistant to imatinib %, with the exception of T315I.

Adverse side-effects of dasatinib include diarrhea, vomiting, nausea, gastrointestinal hemorrhaging, cutaneous rashes, and
edemas, and there have been reports of pleural and pericardial bleeding . Patients treated with dasatinib can present
cytopenia. In advanced phase patients, anemia is present in around 60% of patients undergoing treatment, and neutropenia
occurs at a frequency similar to that observed for imatinib ®2. However, the use of factors that stimulate granulocyte
colonies can help to reverse the latter in patients using dasatinib . Rates of thrombocytopenia were 19% amongst
patients that received dasatinib, compared to 10% for patients receiving imatinib #2.

Dasatinib exhibits inhibitory effects on effector T cell functions including proliferation, activation of cytokine production,
and degranulation. This could be due to inhibition of the Lck activity responsible for transmitting signals from the T cell
receptors B4, In vitro studies have also shown that expression of the ligands of NK, MICA, and MICB cells also
diminishes with use of this drug, with the reduction in expression being greater than found for imatinib and nilotinib
(although differences were not statistically significant) ©.

In contrast to the in vitro data, several studies have found that dasatinib induces immunostimulation, in the form of a
marked increase in T and NK cells ** *! together with greater cytotoxicity of NK cells in patients with CML. These
findings could have implications for treatment, since in 50% of patients the morphology of the expanded lymphocyte
population was indicative of the presence of large granular lymphocytes (LGL), which could have a therapeutic effect on
the Ph+ leukemic cells. None of the patients treated with imatinib showed any increases in absolute lymphocyte counts
during therapy [ 371,

Many in vitro studies have demonstrated the existence of inhibitory effects of the TKIls on the immunological
response [+ *-4%_Both imatinib and dasatinib have shown a reversible inhibition of the proliferation of T cells in vitro,
with the effect of dasatinib being greater, probably due to its inhibitory effect on the Src kinases, many of which are
important for the activation and proliferation of T and B cells .

In recent work by Rohon et al. 2, peripheral blood was collected from 88 patients, and 73 samples of bone marrow from
individuals diagnosed with CML were analyzed during treatment with imatinib or dasatinib, with evaluation of the
different subclasses of immune system cells. At the time the disease was first diagnosed, there were a small proportion of
B cells and dendritic cells in the bone marrow, and an elevated number of NKT cells. During treatment with imatinib, all
these alterations were normalized, and the immunological pattern was comparable with that of samples obtained from
healthy individuals. In the case of dasatinib, the patients were clearly divided into two subgroups, one similar to the
healthy controls, and the other presenting immunoactivation characterized by significantly elevated numbers of CD8+,
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NK, and NKT cells in the peripheral blood. The T cells strongly expressed CD57, HLA-DR, and CD45R0, with low levels
of expression of CD62L, characteristic of lymphocytes with cytotoxic memory. These findings demonstrate that the TKI
can have an immunosuppressor effect in vitro, but a significantly different effect in vivo.

2.2.2 Bosutinib

Bosutinib (SK1-606) is (similar to dasatinib) a double inhibitor 4-anilino-3-quinolino-carbonitrile compound that is active
against the Src/Abl of CML 3. This drug has shown potent pre-clinical activity against imatinib-resistant cell lines, with
the exception of the T315I mutation. It also presents reduced toxicity, since inhibition of c-Kit and the growth factor
receptor derived from platelets (PDGF) is minimal ““. The pattern of inhibition of tyrosine kinase shown by bosutinib is
similar to that observed for imatinib, although higher concentrations of imatinib are needed for inhibition 1!,

Pre-clinical studies suggest that bosutinib causes neutropenia and thrombocytopenia to a lesser extent than dasatinib and
nilotinib, and shows an activity profile favorable to a diminution of myelosuppression, since it does not inhibit c-Kit
(which has a role in normal hematopoiesis). Bosutinib has been found to be a potent anti-proliferative and pro-apoptotic
agent against CML cells in cultures ¥4,

2.2.3 AP23464

AP23464 is a powerful Src/Abl kinase inhibitor whose anti-proliferative activity against CML results from blocking
progression of the cellular cycle and inducing apoptosis of Bcr-Abl cells, directly inhibiting Abl activity. AP23464 does
not alter the growth of hematopoietic progenitor cells %, and is ineffective against the T3151 mutation 7.

2.2.4 PD166326

PD166326 is a pyridopyrimidine compound effective against resistant BCR-ABL mutations. The drug is a potent inhibitor
of Src, and has been found to be effective against resistant mutations, since its binding location is different to that of
imatinib &, In vivo studies have revealed that the drug has marked anti-leukemic activity, with a greater reduction in
leukocyte counts compared to the use of imatinib .

There are other drugs belonging to this family that are at the stage of pre-clinical studies. An example is DCC2036, which
appears to present activity against the T3151 mutant 4.

3 Non-ATP-competitive inhibitors

These inhibitors have distinct mechanisms of action, and show in vitro activity against the mutated T315I phenotype of the
BCR-ABL gene. This phenotype shows resistance to various drugs used clinically, including imatinib, nilotinib, and
dasatinib ®°. The non-competitive inhibitors are small aurora kinase molecules (subtypes A, B, and C) belonging to the
family of serine/threonine kinases involved in the control of mitosis, which block progression of the cellular cycle and
induce apoptosis. The aurora kinases are exaggeratedly expressed in a variety of tumoral cells, suggesting a role of this
family of kinases in tumorigenesis . The drugs MK0457 and danusertib are included in this group.

3.1 MK0457

MKO0457 (VX680) appeared as the first TKI drug with a distinct mechanism that is non-competitive with ATP. It shows
activity in vitro against the mutated T3151 phenotype of the BCR-ABL gene. MK-0457 is a potent inhibitor of aurora
kinase (especially subtypes A and B) in tumor cells, which reduces the phosphorylated histone (H3) in Ser10, resulting in
multiple events, including progression of the aberrant cellular cycle and accumulation of polyploid cells containing DNA,
which collectively lead to cellular death ®Y. This drug is already being used in clinical phases I and 11 in patients with CML
or acute lymphocytic leukemia (ALL), and has already shown positive responses 52 %%, Patients resistant to other drugs
(due to the T3151 mutation) presented anemia, leukopenia, and thrombocytopenia during treatment with MK0457, with a
return to near-normal conditions after the cycle of treatment. When submitted to renewed cycles of treatment, the patients
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again showed the same hematological profiles, which remained constant. The observed bone marrow toxicity was not
accompanied by any significant toxicity outside the bone marrow %,

3.2 Danusertib

Danusertib (PHA-739358) is a new aurora kinase drug derived from a molecule called 3-aminopyrazole, which exhibits
inhibitory activity against aurora kinases, and is active against the multi-resistant mutant T315! phenotype ®*. The use of
danusertib represents a promising strategy for the treatment of BCR-ABL-positive leukemias, since it has been shown to
have in vitro effects at low concentrations, and to be a potent inhibitor of aurora kinase subtypes A, B, and C. It can
therefore be considered to be a pan-aurora kinase inhibitor ™. Danusertib can cause failures in cell division by inducing
polyploidy, hence reducing cellular viability. It has also been reported that this drug inhibits phosphorylation of the histone
(H3) in Ser10, responsible for chromosome condensation. Inhibition of the H3 histone could be a potential biomarker of
the biological activity of the drug ©°!. Preliminary studies have suggested a synergistic action of danusertib with imatinib,
since crystallographic analyses showed that danusertib binds in the ATP-binding domain, while simultaneous treatment
using the two drugs resulted in pronounced apoptosis of imatinib-resistant mutations ©*. Danusertib has shown strong
anti-proliferative and pro-apoptotic activity against a broad spectrum of BCR-ABL-positive cells ®%, and is being studied
during clinical phase Il in patients with CML.

Other drugs, such as AP24534, KW-2449, XL228, and AS703569, are inhibitors of aurora kinase, and are being studied
for use in patients with the T3151 mutation. AP24534, also known as ponatinib, acts as a BCR-ABL pan-inhibitor, and is at
phase |1 of tests.

4 Conclusion

Imatinib is considered to be the new paradigm in CML treatment, and has shown promise in clinical applications.
Nonetheless, significant collateral effects, such as myelosuppression and inhibition of activation of cells of the immune
system, can occur with use of this drug.

Second/third generation inhibitors of tyrosine kinase are used for the treatment of CML in patients that are resistant to
imatinib. The drugs show immunosuppressor effects that operate according to different mechanisms. Nilotinib is more
effective than imatinib in patients that have been recently diagnosed with CML; however, the drug can cause
myelosuppression and reduced cytokine production when administered at high dosages. Dasatinib has been found to
induce a full and rapid cytogenetic response, and is active against many domains of BCR-ABR mutations that are resistant
to imatinib, with the exception of T315l. It has shown heightened immunostimulation in vivo, which contradicts
immunosuppression observed in vitro. Neither bosutinib nor AP23464 seem to alter normal hematopoiesis.

The mutated T315I phenotype of CML only responds to treatment with inhibitors that are non-competitive to ATP,
involving the aurora kinases that control mitosis, progression of the cellular cycle, and induction of apoptosis. MK0457,
which can act on the mutated phenotype, shows important bone marrow toxicity. Danusertib is viewed as a new
therapeutic drug that can act against the mutation. It can be used in small doses, and shows strong anti-proliferative and
pro-apoptotic activity against a wide spectrum of BCR-ABL-positive cells.

It can be concluded that selection of the most suitable tyrosine kinase inhibitor for use in patients testing positive to the
BCR-ABL mutation requires previous analysis of its phenotype and of the influence of the different TKIs on the
immunological system.
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