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Abstract: Tyrosine Kinase Inhibitors work by blocking the tyrosine kinases responsible of the
dysregulation of intracellular signalling pathways in tumour cells. This study looked at the impact
of age and sex on the levels of imatinib, dasatinib, nilotinib, and ponatinib in plasma and
cerebrospinal fluid samples of patients with chronic myeloid leukaemia. Imatinib and dasatinib
were used to treat the majority of the enrolled patient and most of them were paediatrics. The 82.4%
of patients were men; however, sex-related differences in drugs pharmacokinetics were not found.
Age and imatinib plasma concentration were found to be inversely correlated. The dasatinib
concentrations in plasma were found to be substantially lower than those found in cerebrospinal
fluid, particularly in paediatrics. Analysing the obtained data, we can state that Therapeutic Drug
Monitoring is a useful method for adjusting a patient treatment schedule depending on drug
concentrations in biological fluids. The use of Therapeutic Drug Monitoring in conjunction with
Tyrosine Kinase Inhibitors for the treatment of chronic myeloid leukaemia is supported by a number
of sources of evidence. As a result, as the research develops, Tyrosine Kinase Inhibitors Therapeutic
Drug Monitoring classification needs to be refined in terms of factors like sexes and ages.

Keywords: dasatinib; imatinib; nilotibin; ponatinib; children; therapeutic drug monitoring; sex and
gender pharmacology; personalized medicine

1. Introduction

Ionizing radiation exposition is a known cause for chronic myeloid leukaemia (CML), which is
a malignant neoplastic pathology by hematopoietic pluripotent stem cells [1]. In the 90% of cases the
diagnosis is made thanks to abnormal values in blood tests, in particular leucocytosis. The leukocyte
formula outlines: neutrophilia; decreased erythrocyte component; normal reticulocytes and increased
blood platelets in the 50% of cases. The most frequent clinic symptom is splenomegaly and macule
nodular or urticarious eruptions [2].

Treatment requires drugs monitoring (therapeutic drug monitoring - TDM), in order to improve
the effectiveness of cancer therapy, allowing to customize doses and limit side effects [3,4].

Imatinib, commercially known as Glivec®, is a drug designed for the treatment of CML, acute
myeloid leukaemia and gastrointestinal cancer. The recommended daily dose is 400-800mg, to be
given orally. Imatinib bioavailability is almost complete (98%) and does not depend on food
assumption. The drug absorption in the gastrointestinal tract is quick (1-2 hours after the
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administration and with a plasmatic peak after 2-4 hours) and the distribution is mostly performed
by bonds with plasmatic proteins. The Imatinib metabolism is hepatic, the excretion is biliary and
urinary. Imatinib’s half-life is about 18 hours [5].

The development of resistances is a relevant limit to the therapy with imatinib, because of which
new and more efficient drugs, such as dasatinib and nilotinib, have been developed [6].

Dasatinib, commercially known as Spycel®, is still a Tyrosine Kinase Inhibitor (TKI) approved
for adult patients with CML. The initial oral dose in chronic patients is 100mg/day, while in the
accelerated phase, in the myeloid blastic and lymphoid leukaemia and in the acute lymphoblastic
leukaemia is 70mg (1 tab in the morning and 1 in the evening). Dasatinib is rapidly absorbed with a
concentration peak in 0.5-3 hours after the administration. Dasatinib presents a high distribution
volume (>3l/kg) performed by bonds with plasmatic proteins; the oral availability varies between 14-
34%, and average half-life is about 1.3-5 hours. Drug metabolism is hepatic, the excretion is faecal
and renal [7].

Nilotinib, commercially known as Tasigna®, like imatinib and dasatinib is a Bcr-Abl kinase
selective inhibitor, capable of inhibiting the proliferation and inducting apoptosis. Nilotinib is used
for the treatment of CML adults intolerants, or resistant, to the imatinib therapy. As does imatinib,
nilotinib inhibits the tyrosine-kinase protein’s activity, but with a strength 20-50 higher than imatinib.
400 mg of nilotinib has to be taken twice a day without food assumption for at least 2 hours before
the intake and 1 hour after it; bioavailability is in fact increased through food assumption. Nilotinib’s
bioavailability is about 30% with a concentration peak in 3 hours after the administration. The
nilotinib metabolism is hepatic, the excretion is faecal and biliary, and the average half-life is about
15 hours [8].

Ponatinib, commercially known as Iclusig®, is multi-target kinase inhibitor, anyway its primary
cellular target is Ber-Abl. Iclusig® is used also for Philadelphia-positive acute lymphoblastic
leukaemia (Ph+ ALL), as no other TKI therapy is indicated. 45mg has to be taken once daily for 28
days, food assumption does not affect the absorption. Half-life is about 24 hours and the peak
concentration is observed within 6 hours after the administration. Ponatinib is metabolized through
multiple pathways and eliminated mostly in faeces [9].

The aim of this study was to examine the influence of age and sex on plasma and cerebrospinal
fluid (CSF) concentrations of four different TKIs (imatinib, dasatinib, nilotinib and ponatinib) in CML
patients.

2. Materials and Methods

2.1. Patients

After obtaining their informed consent, CML patients receiving regular doses of imatinib,
dasatinib, ponatinib or nilotinib, underwent blood and, in some cases, CSF sampling for the purpose
of measuring the drug concentrations at the end of dosing interval (Cthrough). These data were
routinely recorded during daily clinical practice as a quality assurance measure and in order to
explore improvements in the quality of services. Ethics committee approval was not required but
research project was the same submitted to local ethics committee (Prot. N° 2002, approved).
Confidentiality was guaranteed in data collection, analysis and dissemination phase, by presenting
the results in aggregate form. Collected data were: age, sex, CML diagnosis and TKI treatments.

2.2. Chemicals

Imatinib, nilotinib dasatinib, ponatinib, triethylamine, methanol and acetonitrile were
purchased from Sigma-Aldrich (Milan, Italy). A Milli DI system from Millipore (Milan, Italy) were
used to create High Pressure Liquid Chromatography (HPLC)-grade water.

2.3. Stock Solutions, Calibration Standards (STDs), Quality Controls (QCs), Plasma Patients Samples

The Blood Bank of S. Luigi Hospital (Orbassano, Italy) generously provided blank plasma from
healthy donors. This plasma was used to prepare STDs and QCs. Drug stock solutions were created
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in methanol at a final concentration of 1 mg/mL and kept at -4°C for no longer than three months.
The internal standard (IS) for dasatinib, imatinib and ponatinib evaluations was nilotinib, whereas
for the nilotinib evaluation, the IS was imatinib. The 50 g/mL methanol-based IS solutions were
prepared and utilized right away. The highest calibration standard (STD8) and the highest quality
control (QC5) were made by diluting donors’ blank plasma serially with the other STDs and QCs,
and the highest calibration standard (STD8) and QC5 were made by adding a specific volume of stock
solutions to blank plasma. All drugs used the same calibration range and QC concentrations (STDs:
0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 pg/mL; QCs: 0.05, 0.5, 5 ug/mL). Prior to analysis, the STDs and QCs
were kept at -4°C for no more than three months, avoiding multiple freeze-thaw cycles.

Plasma patients’ samples were obtained after blood samples centrifugation at 1,500 g for 10
minutes at 4°C. Plasma patients’ samples were kept at -4°C till HPLC coupled with ultraviolet
detection (UV) analysis was performed. CSF samples were directly frozen till HPLC-UV analysis was
performed.

2.4. Sample Preparation

Patients plasma and CSF samples, STDs and QCs were all treated with the following procedure:
firstly, for dasatinib and ponatib, 50pl of IS were added to 500ul of sample. Then, 500ul of C2HsN
were used for the deproteinization and vortexed for 30 seconds before carrying out the centrifugation
(15" at 12.000rpm). The following steps need the usage of a void pump: C18 Solid Phase Extraction
(SPE) columns were conditioned with 1ml of CH3OH and 1ml of H20; 800ul of the obtained sample
supernatant has been transferred onto the SPE columns, with 1ml of H20. After removing the waste,
500ul of CH3OH was added, therefore the solution needed to evaporate until a pellet was obtained.
Finally, 250ul of mobile phase was added: the solution was then ready for the HPLC-UV analysis.

Differently, for nilotinib and imatinib, 50yl of IS were added to 500ul of plasma or CSF samples.
Then, 750l of extracting solution (C2HsN:CHsOH 50:50) has been added and vortexed for 30 seconds
before carrying out the centrifugation (10" at 12.000rpm). The solution was then ready for the HPLC-
UV analysis.

2.5. Chromatographic System and Conditions

The chromatographic analysis for the intracellular quantification of the four drugs has been
carried out using a HPLC-UV system. The chromatographic separation has been realized at 40°C
using a HyPURITY C18 (ThermoScientific, Monza, Italy) 150x4.6mm 3u column. For the
chromatographic run has been used a mobile phase constituted by a 40% of solution A (72.5% H20 +
25% CHsOH + 2.5% CsHisN), 40% C2HsN, 20% CH3OH. The analysis was carried out at the constant
flow rate of 0.9 mL/min at 35°C in an isocratic condition. The eluate was monitored at 267 nm.

2.6. Statistical analysis

For statistical analysis continuous variables were described using mean and standard deviations
(SD) or median and interquartile range (IQR) according to their distribution. Categorical variables
were described using frequencies and percentages. Differences between males and females were
tested performing the Mann-Whitney U test or the Fisher exact test, when appropriate. Pearson linear
correlation coefficient (r) was used to investigate the strength of the association between two
quantitative variables. Since the analysis was carried out at visit-level, the Huber-White estimator
was used to adjust correlation between multiple observations on the same patient. Odds Ratios (OR)
and their 95% confidence intervals (95% CI) were reported. Firth’s correction was applied to reduce
the bias of the estimates due to small number of events. All the tests were performed with IBM SPSS
Statistics 25.0 for Windows (Chicago, Illinois, USA). The level of significance was set at 0.05.
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3. Results

3.1. Study Population

We enrolled 153 CML diagnosed patients. The flow chart of patient’s distribution is shown in
Figure 1.

153
Patients

.
SR I I I
: 60 77 2 14
TKis . -
Imatinib Dasatinib Nilotinib Ponatinib
Ace 31 29 72 5 2 13 1
& Paediatrics Adults Paediatrics Adults Adults Paediatrics Adult
’I ,—I_
Sex 14 17 19 10 72 5 2 13 1
Males Females Males Females Males Males Males Males Male

Figure 1. Flow chart of patients” distribution.

Demographics and pharmacological characteristics were reported in Table 1 stratified by drug
assumed and age (paediatrics and adults).

Table 1. Demographics and pharmacological characteristics of the enrolled patients.

All Imatinib Dasatinib Nilotinib  Ponatinib

N 153 60 77 2 14

Males (N, %) 126, 82.4 33, 55 77,100 2 14

Females (N, %) 27,17.6 27,45 0 0 0
Median age (years; IQR) 14 (12-17) 15(25-56.75) 13 (12-17) 52 (50-54) 14 (13-16.5)

Paediatrics (N, %) 116, 75.8 31,51.7 72,93.5 0 13,92.9
Median Pae‘ligg;c age(years; 15 1514y 13(9-14) 13 (12-14) / 14 (13-14)
Adults (N, %) 37,24.2 29, 48.3 5,6.5 2,100 1,71
4 (42.5-

Median adult age (years; IQR) > é 8) > 57 (50.5-59) 18 (18-48) 52 (50-54) /
Plasma sampling (N, %) 111,72.5 60, 100 39, 50.6 2,100 10, 71.4
Plasmatic concentrations 0.19 (0.16- 0.19 (0.15-

1.82 (0.88-2. . .03-0.
(ug/mL) / 82 (0.88-2.93)0.06 (0.03-0.33) 022) 051)

Cerebrospinal fluid sampling 0,275 0 38, 49.4 0 4,286

(N, %)
Cerebrospinal fluid 0.65 (0.18-
.11 (0.06-0.32
concentrations (pug/mL) / / 0.1 (0.06-052) / 1.65)

*IQR: Interquartile range.

3.2. Imatinib Pharmacokinetics

A border line correlation between imatinib plasma concentration and age has been observed:
p=0.073, r=-0.233. No significant influence of sex and age groups (paediatrics versus adults) has been
observed with the Mann-Whitney test. No statistically significant results have been observed
considering paediatrics and adults separately.

doi:10.20944/preprints202308.0468.v1
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3.3. Dasatinib Pharmacokinetics

With Mann-Whitney test, age groups significantly influence dasatinib plasma concentrations
(p=0.022): in paediatrics (N=36; median 0.05 pg/mL, IQR 0.27-0.13 pg/mL) drug concentrations are
higher than in adults (N=3; median 0.4 pg/mL, IQR 0.28-0.74 pg/mL) as showed in Figure 2.

1,2
p=0.022
g 1,0
g s
.E *
g s
5 .
4 *
i
=
g 7
Paediatrics (N=36) Adults (N=3)
Age groups

Figure 2. Influence of age on dasatinib plasma concentration [ug/mL] (p=0.022). Box plot of dasatinib
plasma concentration distribution in paediatric and adult patients; boxes and black lines in boxes
represent respectively interquartile ranges (IQR) and median values; open dots and stars represent
outlier values. Median values (horizontal line), IQR (bars), patient values (black square), highest and
lowest value (whiskers) and p value are shown.

Considering plasmatic and CSF matrices, a statistically significant influence has been observed
on drug concentrations (p=0.038): plasmatic levels (N=39; median 0.06 pg/mL, IQR 0.03-0.33 pg/mL)
are lower than CSF ones (N=38; median 0.11 ug/mL, IQR 0.06-0.32 pg/mL) as showed in Figure 3.

p=0.038

Dasatinib concentrations (ug/mL)
W

Plasma (N=39) Cerebrospinal fluid (N=38)

Biological matrices

Figure 3. Distribution of dasatinib levels in plasma and CSF samples [pg/mL] (p=0.038). Box plot of
dasatinib plasma concentration distribution in plasma and CSF samples; boxes and black lines in
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boxes represent respectively interquartile ranges (IQR) and median values; open dots and stars
represent outlier values. Median values (horizontal line), IQR (bars), patient values (black square),
highest and lowest value (whiskers) and p value are shown.

Separating adults and paediatric patients, the significant difference has been retained only in
paediatrics: plasmatic levels (N=36; median 0.05 pg/mL, IQR 0.03-0.13 pg/mL) are lower than CSF
ones (N=36; median 0.11 pg/mL, IQR 0.05-0.29 pg/mL) as showed in Figure 4.

6
p=0.038
5 *
g
E
g
.E , §
Z
£
i
1
]
0
Plasma (N=36) Cerebrospinal fluid (N=36)

Biological matrices

Figure 4. Distribution of dasatinib levels in plasma and CSF samples [ug/mL] (p=0.038), considering
paediatric patients. Box plot of dasatinib plasma concentration distribution in plasma and CSF
samples; boxes and black lines in boxes represent respectively interquartile ranges (IQR) and median
values; open dots and stars represent outlier values. Median values (horizontal line), IQR (bars),
patient values (black square), highest and lowest value (whiskers) and p value are shown.

Pearson correlation showed no significant results between the considered variables.

3.4. Nilotinib and Ponatinib Pharmacokinetics

No factors significantly influenced or were correlated with nilotinib an ponatinib concentrations.

4. Discussion

TK protein are enzymes able to transfer the ATP terminal phosphate to a substrate protein. Those
proteins play a relevant role as pathways modulators in the cellular signal transduction, since they
are able to mediate events such as differentiation, proliferation and communication between cells.
Therefore, an oncogenic mutation of TK proteins leads to a cellular deregulation, and consequent
imbalance between cellular division, growth and apoptosis. TK proteins seems to be an important
therapeutic target in cancer fight [10].

Here we describe the Ctrough concentration at the end of dosing interval of four different TKIs,
imatinib, dasatinib, nilotinib and ponatinib, in CML patients. The data have been presented also
considering paediatrics (with less the 18 years old) and adults, and plasma and CSF samples
separately.

The current aim of CML patient’s treatment is to increase quality of life and survival while
minimizing late problems related to TKIs use. As a result, the cessation of TKIs therapy, also known
as treatment-free remission (TFR), has garnered interest. TFR was listed as a new treatment objective
in the 2020 European LeukemiaNet guidelines for CML patients who have achieved a deep molecular
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response [11]. In order to induce a deeper therapeutic response at an earlier time, the treatment
milestones following TKIs administration were also modified [11]. Imatinib has been the sole
available TKI treatment since the early 2000s. However, third-generation TKI ponatinib with
significant efficacy for T315I mutations, for which imatinib and second generations TKIs are resistant,
as well as second-generation TKIs, with higher affinity for BCR-ABL1, became accessible and it has
been introduced in clinical practice. Because of these developments, the treatment strategy could be
shifted to another TKI agent even in the event of a significant adverse event or the BCR-ABL1
mutation, which is the primary reason for resistance. As a result, the first-line treatments for CML
include imatinib and a second-generation TKI, such as nilotinib and dasatinib. The response to
second-generation TKIs is quicker than imatinib in the first-line treatment of CML [12-14].
Conversely, in previous clinical trials of second-generation TKIs and imatinib, except for the 5-year
progression-free survival and overall survival of nilotinib 400 mg BID group in the ENESTnd trial
[15], the outcomes were equivalent [14,16,17]. Therefore, clinical trials have not demonstrated the
benefits of utilizing second-generation drugs from the standpoint of survival. Despite the
observational study drawbacks, it was found that the nilotinib and dasatinib outcomes of the New
TARGET observational study 1 were significantly better than those of the imatinib [18]. Contrarily,
second-generations are typically thought to cause more severe side effects than imatinib, including
cardiovascular complications. Comorbidities of patients and TKIs side effects should be carefully
considered while choosing a TKL In the case of vascular illness, nilotinib and ponatinib are
contraindicated for the treatment of CML [9,11,19,20]. Imatinib is still the first-line treatment that is
advised in these situations. As showed in Figure 1, the most patients included in our study were
treated with imatinib and dasatinib.

In addition, TKIs treatment choices depend in part on the CML patients ages. This target therapy
may be stopped in younger individuals if a full molecular remission is achieved permanently. In this
case, second-generation TKIs might be preferable over imatinib due to their higher rate of full
molecular remission. On the other hand, older people are unaffected when TKI medication is stopped
[21]. In our cohort most of the patients were under 18 years of age.

Sex pharmacology approach in a wide field, often very difficult to pursue. It is yet unclear how
sex differences, particularly those resulting from sex-specific immunological responses to CML, can
affect patients’ clinical outcomes. As reported in literature, men are more likely than women to
develop CML, with M:F ratio ranging between 1.2 and 1.7 [22-24]. In younger age groups, the
incidence of the sex difference is less pronounced. This sex-related incidence is confirmed in our
study, where the 82.4% of enrolled patients were males. Evaluating drugs pharmacokinetics, we did
not observe sex-related differences. In imatinib pharmacokinetic investigations, no sex differences
have been seen [25]. Also, treatment-related toxicity and quality of life improvement do not seem to
be sex-specific [26]. Women appear to have a better outcome or at least a comparable outcome when
presenting with less favorable prognostic variables, in contrast, there are sex-related differences in
clinical outcome following imatinib therapy [27,28]. Evaluating dasatinib, although the STIM trial
found that male sex was a positive predictive factor for treatment free remission, most TKI
discontinuation trials found that patient sex had no effect on this type of remission [29-31]. While
female patients who stopped TKIs therapy were predominately enrolled in the D-NewS Study, male
and female patients were roughly equally represented in the first-line DADI and DASFREE studies
[29-31].

Based on population pharmacokinetic studies, imatinib volume of distribution appears to be
slightly influenced by age; it increases by 12% in people over 65, although this effect is not thought
to be clinically significant [32]. Additionally, it has been demonstrated that limited clearance and low
bodyweight are associated [33,34]. Thirty-one children participated in a phase I research for the
treatment of Ph+leukaemia in youngsters [35]. The findings demonstrated that imatinib administered
once daily to children produced plasma concentrations at steady state and mean area under the
concentration that were equivalent to those observed in adults. We observed an inverse correlation
between age and imatinib plasma concentration: drug levels decreased with increasing age of
patients. On the contrary, Wilkinson and Larson reported that patients with elevated imatinib trough
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values were more likely to be 50 years of age or older, which is likely connected to an impaired liver
or metabolism in older patients [36,37].

Eventually, we evaluated plasma and CSF concomitant samples at the Ctrough drug point; we
observed that plasma dasatinib concentrations were significantly lower than those reported in CSF.
Particularly, separating adult and paediatrics, the difference has been retained only in children.
Dasatinib property to substantially cross the blood brain barrier is not universally agreed upon, and
central nervous system reactions have been inconsistent [38—40]. Due to the liver quick cytochrome
P450 metabolism, only a very little drug amount is found in plasma. Targeted therapy blood brain
barrier penetration is difficult to predict, however there are a few important physiochemical traits
known to affect central nervous system penetration: agent must be small, lipophilic and without
affinity for the main blood brain barrier efflux pumps, such as p-glycoprotein (PGP) and breast-
cancer resistance protein (BRCP). Dasatinib is a substrate of PGP and BCRP, small (506 g/mol) and
lipophilic (consensus logP 2.8) [41]. Studies on dasatinib levels in CSF, however, were above all
restricted to case reports [38,42-45].

5. Conclusions

Analysing the obtained data, we can state that TDM is a useful method for adjusting a patient
treatment schedule depending on drug concentrations in biological fluids. The use of TDM for TKIs
for the treatment of CML is supported by many literature scientific evidences. As a result, as the
research develops, TKIs TDM classification needs to be refined in terms of factors like sexes and ages.
For these reasons, further studies collecting demographical, pharmacological, especially for co-
administered drugs, and genetic information are needed to confirm the observed results. Following
the introduction of safe and effective targeted medications, more and more patients are experiencing
positive results, which is accompanied by an increase in requests for dose reduction. The era of
directing reduction by TDM and putting it into clinical practice in the near future to improve patients’
quality of life will dawn upon us when we expand the current knowledge with new studies in the
area of personalized medicine.
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