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Oral multi-kinase inhibitors have transformed the treatment landscape for various cancer types and
provided significant improvements in clinical outcomes. These agents are mainly approved at fixed doses,
but the large inter-individual variability in pharmacokinetics and pharmacodynamics (efficacy and safety)
has been an unsolved clinical issue. For example, certain patients treated with oral multi-kinase inhibitors at
standard doses have severe adverse effects and require dose reduction and discontinuation, yet other patients
have a suboptimal response to these drugs. Consequently, optimizing the dosing of oral multi-kinase inhibi-
tors is important to prevent over-dosing or under-dosing. To date, multiple studies on the exposure-efficacy/
toxicity relationship of molecular targeted therapy have been attempted for the implementation of therapeu-
tic drug monitoring (TDM) strategies. In this milieu, we recently conducted research on several multi-kinase
inhibitors, such as sunitinib, pazopanib, sorafenib, and lenvatinib, with the aim to optimize their treatment
efficacy using a pharmacokinetic/pharmacodynamic approach. Among them, sunitinib use is an example of
successful TDM implementation. Sunitinib demonstrated a significant correlation between drug exposure
and treatment efficacy or toxicities. As a result, TDM services for sunitinib has been covered by the National
Health Insurance program in Japan since April 2018. Additionally, other multi-kinase targeted anticancer
drugs have promising data regarding the exposure—efficacy/toxicity relationship, suggesting the possibility of
personalization of drug dosage. In this review, we provide a comprehensive summary of the clinical evidence
for dose individualization of multi-kinase inhibitors and discuss the utility of TDM of multi-kinase inhibi-
tors, especially sunitinib, pazopanib, sorafenib, and lenvatinib.
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1. INTRODUCTION

Oral multi-kinase anticancer agents have been approved for
the treatment of diverse types of cancer. These agents have
led to improvements in survival, but it is difficult to manage
unpredictable therapeutic failure and severe toxicities. One
of the reasons for suboptimal therapeutic response and unan-
ticipated toxicity of these drugs is due to failure to select the
optimal drug dose, even if the correct drug has been chosen.”
Many oral multi-kinase inhibitors are approved at fixed doses
regardless of body surface area, body weight, age, or sex. For
instance, fixed doses of these drugs could lead to a higher
exposure in patients with low body weight and a lower expo-
sure in patients with high body weight. Additionally, organ
function, genetic factors affecting activity of metabolizing
enzymes and drug transporters, adherence, drug—drug inter-
actions, and drug-food interactions could increase the phar-
macokinetic (PK) variation of oral multi-kinase inhibitors.”
Indeed, in clinical settings, many oral multi-kinase inhibitors
show large inter-patient PK variations at the same dosage of
drugs.>® Thus, the large inter-individual variability in PK
and pharmacodynamics (PD) impacting efficacy and safety
has been a clinical problem during oral molecular targeted
therapy. To overcome these issues, the optimal multi-kinase

individualized pharmacotherapy; oral multi-kinase inhibitor; dose prediction; therapeutic drug

inhibitor concentration has been determined using a PK/PD
approach for a practical therapeutic drug monitoring (TDM)
procedure. So far, evidence has accumulated that for some
drugs, drug exposure is associated with efficacy or toxic-
ity.” TDM of oral multi-kinase targeted anticancer agents
could be useful in cases of decreased therapeutic efficacy,
unexpected severe side effects, unpredictable suspected poor
adherence, or drug—drug or drug—food interactions.? Recently,
to clarify the appropriate blood concentration, we attempted to
optimize the treatment efficacy of several multi-kinase inhibi-
tors, including sunitinib, pazopanib, sorafenib, and lenvatinib.
Among them, sunitinib use is an example of successful TDM
implementation. Sufficient data have been published confirm-
ing the exposure—efficacy/toxicity relationship of sunitinib,
demonstrating that the optimal trough concentration of total
sunitinib (sunitinib plus its major active metabolite, SU12662)
is 50-100ng/mL, especially in renal cell carcinoma (RCC)
treatment.'” Based on this evidence, TDM of sunitinib has
been clinically applied to patients with RCC in Japan since
April 2018. For other multi-kinase targeted anticancer drugs,
exposure-efficacy/toxicity analyses have been reported to de-
termine the optimal concentrations. This review summarizes
the concept of PK/PD analysis, exposure-toxicity relation-
ships, and the possibility of PK-guided dose individualization
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of oral multi-kinase inhibitors, primarily focusing on suni-
tinib, pazopanib, sorafenib, and lenvatinib.

2. STRATEGIES FOR IDENTIFYING OPTIMAL
CONCENTRATIONS OF ORAL MULTI-KINASE IN-
HIBITORS

2.1. Blood Sampling In the field of oncology, TDM has
not been established for a variety of reasons. One factor that
makes it difficult to apply TDM is the need of a robust sam-
pling strategy.? Most of the traditional cytotoxic agents have
a very short half-life and are administered by intermittent
intravenous injections. Therefore, systemic exposure is best
defined by the area under the curve (AUC), and in such cases,
the collection of multiple timed blood samples is necessary.
These requirements are inconvenient and impractical for long-
term patient management.

In contrast to cytotoxic agents, most oral multi-kinase in-
hibitors exhibit a long half-life and are orally administered
daily as a monotherapy. Therefore, steady-state trough concen-
tration has the potential to represent systemic exposure. These
features resemble those of classical TDM drugs such as im-
munosuppressants, and the steady-state trough measurements
of oral multi-kinase targeted agents might have practical ap-
plications in the clinical care of cancer patients. Consequently,
trough level monitoring of multi-kinase inhibitors could be
useful for applying TDM in routine practical work.

The timing of blood collection for trough concentration
is also important in determining the study design.” Cancer
treatment, including molecularly targeted anticancer drugs,
is long-term. The time to show therapeutic effects and side
effects vary depending on the cancer type and the charac-
teristics of the therapeutic drug. In this context, it would be
difficult to predict all treatment effects and side effects by
measuring trough concentrations at only one point. Therefore,
serial trough concentration measurement over time will lead
to a more accurate analysis of the relationship between blood
concentrations and therapeutic effects and side effects of oral
multi-kinase inhibitors.

2.2. Markers of Efficacy in Analyzing PK/PD Relation-
ship In oncology, the efficacy endpoint in the short-term
is tumor shrinkage. In solid tumors, tumor shrinkage is as-
sessed using the Response Evaluation Criteria in Solid Tumors
(RECIST version 1.1).'"” Response criteria are as follows: 1)
complete response (CR) (disappearance of all target lesions);
2) partial response (PR) (= 30% decrease in the sum of diam-
eters of target lesions); 3) stable disease (SD) (neither sufficient
shrinkage to qualify for PR nor sufficient increase to qualify
for progressive disease (PD)); and 4) PD (at least 20% increase
in the sum of diameters of target lesions). Using RECIST 1.1
criteria, the effective concentration range can be statistically
determined by comparing the blood drug concentrations of
patients who responded to treatment (responders) with those
of the patients who did not respond to treatment (non-respond-
ers). In general, responders are defined as patients achieving
objective response (CR or PR at best response) or disease con-
trol status (CR, PR, or SD at best response). Non-responders
are defined as patients with PD at the best response.

The long-term efficacy endpoint is the treatment period
(time treatment to failure; TTF), progression-free survival
(PES), and overall survival (OS). TTF is defined as the period
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from the first day of treatment until cessation of treatment
due to any cause. PFS is defined as the period from the date
of treatment initiation to the date of objective tumor progres-
sion or death. OS is defined as the period from the date of
treatment initiation until the date of death. For some multi-
kinase inhibitors, the correlation of tumor response (objective
response or disease control status) with PFS or OS has been
demonstrated.”>" In that case, tumor response could be a
surrogate marker for time-to-event variables (e.g., TTF, PFS,
and OS).

2.3. Markers of Toxicity in Analyzing PK/PD Re-
lationships Severe toxicities are crucial issues in multi-
kinase targeted anticancer drug treatment, including grade
=3 toxicities according to the Common Toxicity Criteria for
Adverse Effects (CTCAE), toxicities requiring dose reduction,
interruption or discontinuation, and intolerable toxicities for
each patient. The toxic threshold could be determined using
a comparative analysis of blood drug concentrations between
patients with severe toxicity and those without severe toxicity.

3. SUNITINIB

3.1. Dosage and Administration Sunitinib is an oral
multi-kinase inhibitor for vascular endothelial growth factor
receptor (VEGFR)-2 and platelet-derived growth factor recep-
tor (PDGFR)-4. Sunitinib is approved for advanced RCC and
gastrointestinal stromal tumor (GIST) at a once-daily oral
dose of 50mg on a 4/2 schedule (4 weeks on followed by 2
weeks off).'*!"” Dose reductions of either 37.5 or 25mg per
day are permitted based on individual tolerability, according
to the manufacturer’s recommendations.

With the advent of sunitinib, the therapeutic outcomes of
RCC and GIST have significantly improved; however, the dif-
ficulty in adjusting the dosage and administration schedule
due to serious adverse events has been a major concern. In a
phase III trial for RCC, a total of 38% patients experienced
dose reduction due to adverse events, and 32% had a drug
interruption.'® Therefore, 50mg daily of sunitinib is an over-
dose for some patients. Unfortunately, in this trial, 21% of the
patients had PD or their clinical response could not be evalu-
ated.' In these situations, a biomarker for dose adjustment is
required.

3.2. Pharmacokinetic Characteristics Sunitinib is ex-
tensively metabolized in the liver by CYP3A4, and up to 16%
of the drug is excreted in urine.’*!” The active metabolite
SU12662 shows similar pharmacological effects and is metab-
olized to inactive compounds by CYP3A4.!” In vitro, sunitinib
is highly bound to human plasma proteins (95%). The time
to maximum concentration (¢,,.) is 6-12h."%2” The half-life
of sunitinib is 40—60h. The PK of sunitinib and SU12662 in
patients on hemodialysis (HD) is not altered compared with
those in patients with normal renal function. This finding sug-
gests that sunitinib could be safety used in patients on HD
without dose adjustment.”*? Drug-drug interactions with a
CYP3A4 inducer or inhibitor cause notable changes in the
AUC of sunitinib.'” Since the solubility of sunitinib does not
change below pH 6.8, no effect on sunitinib would be expect-
ed during treatment with histamine H,-receptor antagonists
or proton pump inhibitors (PPIs).?Y Additionally, food had no
clinically relevant effect on the PK properties of sunitinib and
SU12662.2% However, it should be noted that the AUC of suni-



816

tinib increased by 11% in combination with grapefruit juice, a
known inhibitor of intestinal CYP3A4.%%

3.3. Exposure-Efficacy/Toxicity Relationship The co-
efficient of variation (CV) of exposure in patients receiving
sunitinib at the standard dose of 50mg/d was reported to be
28-72%, with a large inter-individual variability.?® Houk
et al.*” reported that high sunitinib exposure correlates with
cancer shrinkage, but also with increased toxicity, indicating
that the efficacy and toxicity of sunitinib are concentration-
dependent. In animal studies, it was found that the phos-
phorylation of VEGFR-2 and PDGFR-# was inhibited at a
total blood sunitinib concentration (sum of sunitinib and
SU12662) of 50-100ng/mL.?® In addition, a phase I study
reported that dose-limiting toxicity was frequently observed
in patients (three patients) with total sunitinib concentrations
=100ng/mL.>® Based on these findings, we retrospectively
assessed the relationship between the blood concentration
of sunitinib and the frequency and severity of side effects,
TTF, and PFS in patients with RCC in order to determine
the optimal concentration of sunitinib.? Patients with RCC
with a total sunitinib trough concentration of =100ng/mL
(mn=13) in cycle 1 at steady state (after day 7 of treatment)
had a higher frequency of adverse events of any cause of
grade =3 than those with <100ng/mL (n=28) (75 vs. 23%).
Among the patients with =100ng total sunitinib, one patient
discontinued treatment because of intestinal perforation. This
finding suggests that caution is needed when the total suni-
tinib concentration is =100ng/mL. Interestingly, this patient
with intestinal perforation had variant forms of the intestinal
efflux transporters ABCG2 and ABCBI, possibly resulting in
elevated sunitinib concentration in intestinal cells. Regarding
the exposure-efficacy relationship, the percentage of disease
control (CR, PR, or SD at best response) was similar (88 vs.
85%) between patients with =100ng/mL and patients with
<100ng/mL. Furthermore, we found that <100ng/mL total
sunitinib was significantly correlated with longer TTF and
PFS. These results suggest that total sunitinib concentrations
=100ng/mL may shorten the duration of successful treatment
due to the development of severe toxicity. In another study,
Mizuno et al.>” reported that serious adverse effects occurred
at total sunitinib concentrations of =90ng/mL in patients
with RCC. Additionally, Nagata et al.*" reported that, by PK
model-based analysis, maintaining a total sunitinib trough
concentration <100ng/mL may avoid the onset of grade =3

Table 1.
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thrombocytopenia. Furthermore, a prospective study showed
that PK-guided dose optimization for targeting =50ng/mL of
total sunitinib is successful in daily practice for patients with
solid tumors.*?

A recent meta-analysis demonstrated that an alternative
dosing schedule, 2 weeks on/l week off (2/1) schedule, is
more effective, as indicated by an improved PFS, than the 4/2
schedule. Moreover, the 2/1 schedule was associated with less
severe sunitinib-related toxicity.>>=” In a recent study, Ito
et al®® reported that the optimal total trough concentration
with a 2/1 schedule could be less than 108ng/mL to reduce
severe toxicity induced by sunitinib.

3.4. Target Concentration We have summarized the
guidelines for TDM for sunitinib (Table 1). The serum or
plasma trough concentration of sunitinib was used to assess
sunitinib PK. A semi-physiological PK model for sunitinib
and SU12662 reported that the time to reach >90% of the the-
oretical steady-state concentration was approximately 6d for
sunitinib and 8d for SU12662.** Therefore, we propose that
sunitinib and SU12662 trough serum concentrations should be
monitored from day 8, targeting 50-100ng/mL of total suni-
tinib for RCC. The target range of total trough sunitinib for
GIST is not clear, and further PK studies are required.

4. PAZOPANIB

4.1. Dosage and Administration Pazopanib is a multi-
kinase oral molecularly targeted anticancer drug that targets
VEGFR, PDGFR, and other tyrosine kinases, and is adminis-
tered at a standard dose of 800mg/d once daily. Pazopanib has
been approved as a first-line therapy for advanced RCC and as
a second-line treatment for non-adipocytic soft tissue sarcoma
(STS).40’41)

Pazopanib has been found to cause serious side effects such
as hepatotoxicity, hypertension, thrombocytopenia, anemia,
fatigue, and diarrhea in certain patients. In fact, in a phase III
study that patients started with 800mg of pazopanib, 16-24%
of patients were reported to have discontinued treatment due
to serious side effects of pazopanib.*® Thus, in clinical prac-
tice, the side effects of pazopanib are difficult to predict and
often decrease the QOL of patients, which force to reduce
or discontinue pazopanib. Therefore, it is necessary for a
therapeutic strategy to determine the optimal dosage index of
pazopanib.

Current Doses, and Target Concentration of Sunitinib, Pazopanib, Sorafenib, and Lenvatinib

PK-related PD markers Proposed target trough

Drug Approved starting dose (Indications)

PK-related efficacy

PK-related toxicity concentration

Sunitinib  50mg (RCC, GIST)
TTF,* PFS®

Pazopanib 800mg (RCC, STS)

Sorafenib 800mg (HCC, DTC)
PFS™

Lenvatinib 24mg (DTC)
or 8mg for body weight <60kg (HCC)

Tumor shrinkage'®

Tumor shrinkage,’” PFS*!259)

Tumor shrinkage”

12mg for body weight =60kg Tumor shrinkage

Neutropenia,'®
Thrombocytopenia,>
Anorexia,”” Fatigue”

50-100ng/mL
(RCC)'029-3239)

Anorexia,”® Fatigue,*®
Hypertension®>>%

20-50 ug/mL

(RCC, STs)51,52,54.56)
1.40-3.45 ug/mL
(HCC)™

Hand-foot syndrome,”>’

Fatigue,’ Diarrhea,’”
Rash™

Adverse events of any
cause of grade =3*%

86.87) 42-88ng/mL (DTC)™®

40-70ng/mL (HCC)>$65D

PK, pharmacokinetics; PD, pharmacodynamics; RCC, renal cell carcinoma; GIST, gastrointestinal stromal tumor; TTF, treatment to failure; PFS, progression-free survival;
STS, soft tissue sarcoma; HCC, hepatocellular carcinoma; DTC, differentiated thyroid cancer. * grade =3 anorexia, grade =3 fatigue, grade =3 hypertension, grade =3 edema,

grade =3 hand-foot syndrome, grade =3 stomatitis, and grade =3 proteinuria.
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4.2. Pharmacokinetic Characteristics Pazopanib is
mainly metabolized in the liver by CYP3A4 and excreted in
feces, with a renal elimination of <4%. Due to this minimal
renal excretion, pazopanib can be used in patients with mild
or moderate kidney impairment, or during hemodialysis with-
out dose adjustments.*”* In contrast, pazopanib clearance
is decreased by 50% in patients with pre-existing moderate
hepatic impairment (total bilirubin between 1.5 and 3 times
the upper limit of normal). A daily dose of 200mg is rec-
ommended for patients with moderate hepatic impairment.
Pazopanib should be avoided in patients with severe hepatic
impairment (total bilirubin >3 X the upper limit of normal
with any elevation of alanine aminotransferase levels). The
plasma half-life of pazopanib is 31-35 h.***In vitro, pazo-
panib is highly bound to human plasma proteins (> 99%),
mainly to albumin.*® Pazopanib should be taken at least 1h
before or 2h after a meal, because administration of a low- or
high-fat meal is associated with a >2-fold increase in the peak
serum concentration (C,,,,) and AUC of pazopanib.”” Lubber-
man et al.*® indicated that a 600 mg dose of pazopanib taken
with a continental breakfast is bioequivalent to an 800mg
dose of pazopanib taken in a fasted state. Concomitant use of
pazopanib with a PPI, inhibiting gastric secretion for >24h,
resulted in a marked decrease in the absorption and bioavail-
ability of pazopanib.*>>?

4.3. Exposure-Efficacy/Toxicity Relationship Previous
studies have shown a high degree of interpatient variability in
pazopanib exposure at the approved initial dose of 800 mg/d,
with a CV ranging between 36 and 72%.%® Several retrospec-
tive studies have demonstrated a clear correlation between
pazopanib exposure and treatment efficacy. In advanced RCC
patients, a previous PK study reported that pazopanib concen-
trations of =20.5ug/mL at the fourth week of treatment were
highly effective.’? This efficacy threshold was further con-
firmed in patients with metastatic RCC in a real-life patient
cohort.”? Another study in patients with RCC for adjuvant set-
ting indicated that patients achieving =20.5 ug/mL pazopanib
had significantly longer disease-free survival.™¥ Consistent
with the above report in RCC, our study analyzing pazopanib
PK showed 88.9% of patients with =20.5ug/mL pazopanib
had CR, PR or SD at best response, whereas patients with
<20.5ug/mL had no tumor shrinkage for advanced RCC.*"
Furthermore, Verheijen et al*® reported that a PK-guided
strategy (target trough concentration: = 20.5ug/mL) for ad-
vanced solid tumors resulted in improved treatment efficacy.
Recently, Fukudo ef al°® conducted a prospective cohort
study to evaluate the benefits of TDM for pazopanib therapy
in patients with RCC and STS. In their study, PK-guided
dosing targeting a trough level =20.5ug/mL significantly
increased median time-to-treatment discontinuation with re-
duced toxicity and improved overall survival compared to the
conventional dosing group. These findings suggest that the
PK-guided dose optimization approach of pazopanib could
help some patients manage toxicity and improve treatment
outcomes.

Regarding pazopanib toxicity, we found that patients who
developed grade =2 anorexia, fatigue, and hypertension had
significantly higher blood levels of pazopanib compared with
patients who had grade <2 of these side effects.’® Further-
more, we reported that pazopanib showed a clinically mean-
ingful association between grade =3 adverse events and expo-
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sure. To calculate the statistically significant toxicity threshold,
we performed receiver operating characteristic (ROC) analysis
and found that the significant cut-off value for the occurrence
of grade =3 adverse effects was 50.3 ug/mL (AUC, 0.85; 95%
confidence interval (CI), 0.70-0.99; p<<0.05). In the group
with pazopanib concentration of =50.3 ug/mL (13 patients),
8 patients (61.5%) had grade =3 adverse reactions, including
anorexia, hypertension, thrombocytopenia, anemia, fatigue,
and elevated alanine aminotransferase, and a dose reduction
was required in 8 patients (61.5%) due to side effects. On the
other hand, in the group with pazopanib concentration less
than 50.3 ug/mL (14 patients), 1 patient (7.1%) had grade =3
adverse reactions, including diarrhea, and a dose reduction
was required in 5 patients (35.7%) due to side effects. Verhei-
jen et al.®® have reported that the mean trough concentration
of pazopanib was 51.3 ug/mL in patients whose doses were
forced to be reduced due to grade =3 side effects in a PK-
guided study based on pazopanib blood concentration. These
observations indicate that a pazopanib trough concentration of
>50ug/mL may be a limiting factor in treatment discontinu-
ation.

Furthermore, we examined the overall response rate (ORR)
following pazopanib exposure.’® ORR was similar between
patients with pazopanib concentrations of 20.5-50.3 ug/mL
and patients with concentrations of =50.3 ug/mL (45.5 vs.
46.2%). Therefore, considering the risk of serious side effects
and difficulty in continuing treatment with pazopanib con-
centrations of =50ug/mL, we suggest that the optimal con-
centration of pazopanib in RCC patients is in the range of
20-50 ug/mL to avoid serious side effects and to ensure ef-
ficacy.

4.4. Target Concentration We have summarized the
TDM guidelines for pazopanib (Table 1). Pazopanib PK was
assessed using the serum or plasma trough concentration of
pazopanib. We propose that the pazopanib trough concentra-
tion should be monitored from day 8 at a steady state, target-
ing 2050 ug/mL for RCC and STS.

5. SORAFENIB

5.1. Dosage and Administration Sorafenib is an oral
multi-kinase inhibitor that blocks VEGFR, PDGFR, and
stem cell factor receptors. Sorafenib has been approved for
the treatment of advanced and/or metastatic hepatocellular
carcinoma (HCC), RCC, and thyroid cancer.”’% The recom-
mended dosage was 400mg twice daily. Dose adjustments to
400mg once daily can be used to manage potential adverse
events.

Sorafenib frequently induces early and severe toxicities
such as hepatotoxicity, thrombocytopenia, anorexia, fatigue,
hand-foot syndrome (HFS), and diarrhea.’” Because these
toxicities are difficult to anticipate and reduce the QOL of
patients, dose reduction or discontinuation is required in
clinical settings. In fact, treatment was interrupted in 44% of
sorafenib-treated patients in pivotal phase III trials of HCC
because of severe toxicities, including gastrointestinal adverse
events, fatigue, and hepatotoxicity.”® Consequently, physicians
must closely monitor all patients undergoing sorafenib therapy.
However, some patients did not respond to sorafenib. In Asia-
Pacific trials, 30.7% of patients had PD as the best overall re-
sponse.® However, the clinical parameters that determine the
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therapeutic response/safety to sorafenib remain unknown.®?

5.2. Pharmacokinetic Characteristics Sorafenib is me-
tabolized mainly in the liver by both CYP3A4 and glucuroni-
dation, with urinary excretion representing a minor portion
(19%) of the elimination.’¥ Sorafenib is almost exclusively
bound to plasma proteins (99.5%).6*%> The plasma elimina-
tion half-life of sorafenib is 25-48h. There was no relevant
effect of esomeprazole, a PPI, administration on the PK of
sorafenib.®® This result indicates that sorafenib can be used
concomitantly with agents reducing production of gastric acid,
such as histamine H,-receptor antagonists and PPIs. With a
high-fat meal, sorafenib bioavailability was reduced by 29%
compared with its fasting bioavailability,’” suggesting that
sorafenib is best administered without food or with a light
(low-fat) meal.

5.3. Exposure-Efficacy/Toxicity Relationship Previous
reports have shown large inter-individual variability,®:®®
which could contribute to the under- or over treatment of
sorafenib therapy.

Several studies indicated that the incidence of HFS is
concentration-dependent during sorafenib therapy.®*’” An-
other report showed that high concentrations of sorafenib are
associated with early dermatological adverse events.”” Our
exposure—toxicity analysis showed an association between
sorafenib concentration and grade =2 occurrences of fatigue,
diarrhea, HFS, and rash.” Additionally, our findings indi-
cated that the trough sorafenib concentration is significantly
higher in patients with grade =3 toxicity than in those with-
out grade =3 toxicity. This result is consistent with previous
PK studies in patients with HCC, in which the increased
sorafenib exposure is significantly associated with grade 3—4
adverse events.®”® To determine the threshold concentra-
tion, we conducted exposure-toxicity analysis for HCC, and
our results indicated that a sorafenib trough concentration of
=3.45ug/mL is a threshold for grade =3 toxicity of sorafenib
in patients with HCC.”® In the multivariate logistic regression
analysis, sorafenib concentration =3.45ug/mL was the only
parameter independently associated with an increased risk of
any grade =3 toxicities induced by sorafenib (OR, 10.9; 95%
CI, 1.01-117; p<<0.05). Dose reduction and treatment discon-
tinuation tendency was greater in patients with =3.45 ug/mL
sorafenib than in patients with <<3.45ug/mL sorafenib be-
cause of toxicities. The most common serious adverse event
in patients with =3.45 ug/mL sorafenib was liver dysfunction
(grade 3 aspartate aminotransferase elevation, 44.5%; grade
3 alanine aminotransferase elevation, 54.5%). Additionally,
Karovic et al.”® reported an increase in the incidence of HFS
and diarrhea when the minimum blood concentration ex-
ceeded 5ug/mL in patients with solid tumors, suggesting that
a high sorafenib trough concentration may be an influencing
factor in adverse events.

The exposure-efficacy analysis showed that the mean
trough sorafenib concentration was significantly higher in
responders (CR, PR, or SD at 3 months) than in non-respond-
ers.”” Based on the ROC curve, the efficacy threshold value of
the trough sorafenib concentration predicting good response
was 1.40ug/mL (AUC, 0.97; 95% CI, 0.97-1.00; p<<0.05).
In multivariate analysis, sorafenib concentration and Child-
Pugh B classification were important independent factors as-
sociated with OS. Regarding sorafenib exposure, there was a
significant improvement of OS in the 1.40ug/mL < sorafenib
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<3.45 ug/mL group compared with the <1.40 ug/mL sorafenib
group (HR, 8.70; 95% CI, 2.07-36.5; p<0.01). There was a
trend toward an improved OS in the 1.40-3.45ug/mL group
compared with the =3.45 ug/mL sorafenib group (HR, 3.46;
95% CI, 0.94-12.7; p=0.06). In another study, Fukudo et al.™
showed that patients with HCC on a maximal concentration
of sorafenib =4.78 ug/mL (cut-off value for predicting grade
2= hypertension) had prolonged OS than HCC patients with
<478 ug/mL (median 12.0 vs. 6.5 months; p =0.0824). Re-
cently, PK-guided dosing of oral sorafenib in pediatric patients
with HCC has been reported to be useful for reducing HFS
and maintaining targeted AUC,,, (20-55h ug/mL) using
simulated PK data.”®

5.4. Target Concentration We have summarized the
guidance of TDM for sorafenib (Table 1). Sorafenib PK was
assessed using the serum or plasma trough concentration of
sorafenib. We propose that the sorafenib trough concentration
should be monitored from day 8 at a steady state. Our results
showed that 1.40-3.45ug/mL sorafenib trough concentra-
tion may be the optimal range for HCC. The target range of
sorafenib for thyroid cancer or RCC is not clear.

6. LENVATINIB

6.1. Dosage and Administration Lenvatinib is an oral
multi-kinase inhibitor targeting VEGFR 1-3, fibroblast growth
factor receptors 1-4, PDGFR-a, rearranged during transfec-
tion, and stem cell factor receptor. Lenvatinib is approved for
the treatment of radioiodine-refractory differentiated thyroid
cancer and advanced and/or metastatic HCC.””™® The initial
approval dose for thyroid cancer was 24mg/d. The currently
approved starting dosage for HCC is 12mg/d for body weight
=60kg or 8mg/d for body weight <60kg. Based on the results
of the Phase I study in solid tumors,”**” a dose of 24mg once
daily was recommended for thyroid cancer. In contrast, for
HCC, dose-finding studies demonstrated that the initial dose
was set and was subsequently approved at a lower level, since
the impaired hepatic function in patients with HCC may affect
lenvatinib exposure.’s3)

It is difficult for medical oncologists to determine the op-
timal lenvatinib dosage for each patient. For thyroid cancer,
the initial dose of lenvatinib is 24 mg daily; however, a mean
lenvatinib dose after adjustment due to severe toxicity was
17.2mg daily in a phase III study.”” For HCC, a phase II PK
study and simulated population PK study showed that 12mg
was an overdose for patients weighing <60kg.®**% Therefore,
the dose for HCC is set and approved based on body weight
(12mg/d for body weight =60kg or 8mg/d for body weight
<60kg). Despite this dose setting for HCC, lenvatinib fre-
quently induces early and severe toxicities such as fatigue,
hypertension, proteinuria, and anorexia, resulting in empiric
dose reduction or discontinuation. The incidences of dose
reduction and dose interruption due to severe toxicities were
37% and 40%, respectively, in lenvatinib-treated patients in a
pivotal phase I1I trial for HCC.”™ Therefore, predictive mark-
ers for toxicity other than body weight are required for HCC.
Additionally, a predictive marker for dose adjustment is re-
quired for thyroid cancer and HCC.

6.2. Pharmacokinetic Characteristics Lenvatinib is
primarily metabolized by CYP3A4 and excreted in the feces.
Renal excretion of lenvatinib is very low (< 2.5%). Food
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intake did not affect exposure to lenvatinib.”” Lenvatinib is
rapidly absorbed with t,, at 1-4h after administration.* The
terminal half-life of lenvatinib is 28h.3Y The apparent oral
clearance (CL/F) of lenvatinib is 4.2-7.1L/h.*> Protein bind-
ing ranged from 96.6% to 98.2%.5” Renal function had no sig-
nificant effect on lenvatinib CL/F.*> pH-elevating agents had
no influence on the absorption process of lenvatinib.®>

6.3. Exposure-Efficacy/Toxicity Relationship Several
studies have evaluated a relationship between lenvatinib
exposure and dose-limiting toxicities. A previous report
showed that the median trough lenvatinib concentration was
62.4ng/mL on day 15 of cycle 1 in patients administered len-
vatinib 12mg daily for HCC and required dose modifications
within 30d.%? Our exposure-toxicity analysis showed that the
mean trough lenvatinib concentration was significantly higher
in the group with grade =3 toxicity (n = 15) than in the group
with grade =2 toxicity (n=13).%" Based on the ROC curve,
the threshold value of the trough lenvatinib concentration for
predicting grade =3 toxicities was 71.4ng/mL (4UC, 0.86;
95% CI, 0.71-1.00; p <0.05). Our result suggests that a lenva-
tinib trough concentration of =71.4ng/mL is as a threshold for
grade =3 toxicity of lenvatinib in patients with HCC. From
these findings, lenvatinib over-exposure is highly linked to
dose-limiting toxicities.

Two published studies have shown that efficacy is related
to lenvatinib exposure in HCC. Hata et al.®” reported that
maintaining a median trough concentration above 42.68 ng/mL
of lenvatinib was crucial for achieving the objective response
(CR or PR) rate in HCC patients. Additionally, we showed
that the threshold value of the trough lenvatinib concentra-
tion associated with disease control status (CR, PR, or SD at
best response) for HCC was 36.8ng/mL.* Furthermore, our
data showed that patients with HCC exhibiting serum len-
vatinib concentrations of 36.8—71.4ng/mL tended to exhibit
prolonged TTF and PFS, and lenvatinib was well tolerated in
these patients. Based on the evidence for an exposure-efficacy/
safety relationship, optimal lenvatinib range for HCC may
be 40-70ng/mL. In a recent PK/PD analysis in patients with
advanced thyroid cancer, the target trough concentration for
lenvatinib as the threshold for predicting optimal response
was found to be in the range of 42—-88ng/mL.*

6.4. Target Concentration We have summarized the
guidance of TDM for lenvatinib (Table 1). Lenvatinib PK was
assessed using the serum or plasma trough concentration of

—

Toxic
concentration

Optimal N W AVA B LS a
concentration ’V\

lenvatinib. We propose that the lenvatinib trough concentra-
tion should be monitored from day 8 at a steady state, tar-
geting 40-70ng/mL for HCC, and 42-88ng/mL for thyroid
cancer. However, PK-guided study of lenvatinib has not been
reported yet, and therefore, the cut-off values should be vali-
dated in further large prospective studies.

7. PERSPECTIVES

TDM is a useful tool for dose adjustment, but there is little
information on the best indicators for individualization of the
starting dose. Differences in drug exposure among patients
have been shown to be associated with genetic polymorphisms
in factors related to pharmacokinetics (for example, drug-
metabolizing enzymes and drug transporters). Therefore, the
detection of pharmacogenomic (PGx) factors determining the
PK of oral multi-kinase inhibitors could predict high blood
levels prior to the start of treatment. Among these factors,
genetic polymorphisms of the breast cancer resistance protein
(BCRP/ABCGQG?2), the efflux transporter, have been reported to
have a major impact on exposure to certain oral multi-kinase
inhibitors.>*%Y We hope that further PK/PGx studies will
contribute to the precise individualized dosing of oral multi-
targeted therapy.

Recently, immuno-oncology has provided a breakthrough
in cancer chemotherapy. In this approach, regimens combin-
ing immune checkpoint inhibitors with a multi-targeted anti-
cancer agent have shown clinical benefits for advanced carci-
noma.”**" Additionally, immune checkpoint inhibitors-based
therapies have been approved as first-line therapy for various
types of cancer, and oral multi-kinase inhibitors are now
used as second-line or later therapy after immune checkpoint
inhibitors. Immune checkpoint inhibitors have been reported
to have long-lasting effects,” and may additively or syner-
gistically enhance the clinical efficacy of molecular-targeted
therapy. At the same time, new safety concerns have been
raised by several studies on molecular-targeted therapy follow-
ing immune checkpoint inhibitor use.”*'°? However, to date,
there have been no reports on the PK interactions between
immune checkpoint inhibitors and multi-kinase inhibitors.
Therapeutic monoclonal antibodies are not thought to inter-
act directly with CYP enzymes.'”'? In contrast, cytokines
produced by activated T cells can affect the regulation of
several drug transporters and CYP enzyme levels; therefore,

Measurement of trough concentration
in a steady state

N\N\N\l\ Optimal dose
—Continuation

NN Under-dose

—Dose escalation

Confirm adherence

Check drug-drug/food

Time (day) interaction

Fig. 1. Dose Optimization of Oral Multi-Kinase Inhibitors Using Therapeutic Drug Monitoring
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immunomodulatory antibodies may indirectly affect exposure
to small molecule drugs. In the future, this hypothesis should
be confirmed in further PK clinical trials.

8. CONCLUSION

In conclusion, dose individualization can be used to achieve
optimal drug exposure and best clinical outcomes. The identifi-
cation of optimal blood ranges would help individualize treat-
ment using oral multi-kinase inhibitors, suggesting that TDM
could be useful for dose adjustment of these drugs (Fig. 1).

Acknowledgments This work was partially supported
by Grants from JSPS KAKENHI Grant Nos. JP15H0499,
JP17H00493, 18H00400, and JP20K 16042, from the Research
Foundation for Pharmaceutical Science, and from the Naka-
tomi Foundation.

Conflict of Interest The authors declare no conflict of
interest.

REFERENCES

1)__Lvashchenko AK. Cremers S. On precision dosing of oral small
molecule drugs in oncology. Br. J. Clin._Pharmacol., 87, 263270

(2021).
2) Terada T, Noda S. Inui K. Management of dose variability and

side effects for individualized cancer pharmacotherapy with tyro-
sine kinase inhibitors. Pharmacol. Ther., 152, 125134 (2015).

3)_Gao B, Yeap S, Clements A, Balakrishnar B, Wong M. Gurney H.
Evidence_for_therapeutic_drug _monitoring of targeted anticancer
therapies. J. Clin. Oncol.. 30, 4017-4025 (2012).

4) Yu H._ Steeghs N. Nijenhuis CM. Schellens JH. Beijnen JH,
Huitema AD. Practical guidelines for therapeutic drug monitoring

of anticancer tyrosine kinase inhibitors: focus on the pharmacoki-
netic targets. Clin. Pharmacokinet., 53. 305-325 (2014).
3) de Wit D. Guchelaar HJ, den Hartigh J. Gelderblom H. van Erp

NP._Individualized dosing of tvrosine kinase inhibitors: are we
there vet? Drug Discov. Today, 20. 1836 (2015).

6) Verheijen RB. Yu H. Schellens JHM. Beijnen JH. Steeghs N,
Huitema ADR. Practical recommendations for therapeutic drug
monitoring of kinase inhibitors in oncology. Clin. Pharmacol.
Ther.. 102. 765-776 (2017).

7)_Mueller_Schoell A, Groenland SL. ScherfClavel O, van Dyk M,
Huisinga W, Michelet R, Jachde U, Steeghs N, Huitema AD, Kloft
C._Therapeutic_drug_monitoring_of oral targeted antinegplastic
drugs. Eur J_ Clin,_Pharmacol., 77, 441-464 (2021).

8) Janssen JM, Dorlo TPC, Steeghs N, Beijnen JH, Hanff LM, van
Eijkelenburg NKA, van der Lugt J. Zwaan CM, Huitema AD.
Pharmacokinetic _targets for therapeutic_drug monitoring of small

molecule kinase inhibitors in pediatric oncology. Clin, Pharmacol,
Ther., 108, 494505 (2020).

9) Fahmy A, Hopkins AM. Sorich MJ, Rowland A. Evaluating the
utility of therapeutic drug monitoring in_the clinical use of small
molecule kinase inhibitors: a review of the literature, Expert Opin,
Drug Metab. Toxicol., 17, 803821 (2021).

10) Demlovéa R, Turjap M. Pe$ O, Kostolanskd K, Jutica J. Therapeutic
drug_monitoring_of sunitinib_in_gastrointestinal stromal tumors
and metastatic renal cell carcinoma in adults—a review. Ther. Drug
Monit., 42, 2032 (2020).

1) __Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D
Ford R, Dancey J. Arbuck S. Gwyther S. Mooney M. Rubinstein
L, Shankar L. Dodd L. Kaplan R. Lacombe D. Verweij J. New

TR RS
response_evaluation _criteria_in_solid tumours: revised RECIST

guideline (version 1.1). Eur. J. Cancer, 45, 228247 (2009).

12) Lencioni R, Montal R, Torres F, Park JW, Decaens T, Raoul JL
Kudo M. Chang C. Rios J. Boige V. Assenat E. Kang YK. Lim
HY, Walters I. Llovet JM. Objective response by mRECIST as a
predictor_and potential surrogate end_point of overall survival in
advanced HCC. J. Hepatol., 66, 1166—1172 (2017).

13) Mever T. Palmer DH, Cheng AL. Hocke J. Loembé AB. Yen CJ.
mRECIST to predict survival in_advanced hepatocellular_carci-
noma: analysis of two randomised phase II trials comparing nint-
edanib vs. sorafenib. Liver Int., 37, 1047-1055 (2017).

14) Kudo M. Ueshima K. Yokosuka O. et al. Sorafenib plus low-dose
cisplatin_and_fluorouracil hepatic_arterial infusion_chemotherapy
versus sorafenib alone in_patients with_advanced hepatocellular
carcinoma (SILIUS): a randomised, open label, phase 3 trial. Lan-
cet Gastroenterol, Hepatol. 3. 424432 (2018).

15) Griinwald V. McKay RR. Krajewski KM, Kalanovic D. Lin X,
Perkins JJ. Simantov R, Choueiri TK. Depth of remission is a
prognostic factor for survival in patients with metastatic renal cell
carcinoma. Eur. Urol., 67. 952-958 (2015).

16) Motzer RJ. Hutson TE. Tomczak P. Michaelson MD. Bukowski
RM, Rixe O, Oudard S, Negrier S, Szczylik C, Kim ST, Chen I
Bycott PW, Baum CM, Figlin RA. Sunitinib yersus. interferon alfa
in_metastatic renal-cell carcinoma. N. Engl J Med. 356, 115-124
(2007).

17) Adams VR, Leggas M. Sunitinib malate for the treatment of meta-
static renal cell C:ircinoma and ga_strointestina_l strom&l tumors.
Clin. Ther., 29, 1338—1353 (2007).

18) Houk BE. Bello CL, Kang D. Amantea M. A popuh&tion pha_r—
macokinetic_meta—analysis of sunitinib_malate (SU11248) and its
anrv metabolite (SU12662) in healthy volunteers elnd oncology
patients. Clin_Cancer Res_ 15, 24972506 (2009).

19) Speed B, Bu HZ. Pool WF, Peng GW, Wu EY, Patyna S. Bello C
Kang P. PhLmacokinet_ics distribution, and metabolis_m of [14C]
sunitinib in rats monkexsi and huma_ns. Drug Metab. Dispos., 40,
339555 (2012).

20) Faivre S, Delbaldo C. Vera K, Robert C. Lozahic S. Lassau N
Bello C, Deprimo S, Brega N, Ma_ssimini G, Arm&nd JP. Scigall_a
P, Raymond E. Safety. phwcokinetic, and_antitumor activity
of SU11248. a novel oral multitarget tyrosine kinase inhibitor, in
patients with cancer. J. Clin_Oncol, 24, 25-35 (2006)

21) Izzedine H Et_ienne—Grimlldi MC, Renée N, Vignot S, Milano G.
Pharmacokinetics of sunitinib in hemodi:llysis. Ann. Oncol., 20,

190192 (2009).

22) Noda S, Kageyama S. Tsuru T, Kubota S, Yos_hida T, Okamoto
K, Okada Y, Morita SY, Terada T. Pharmacokinetic/Eharmaco-

dxnamic analysis of a hemodhilyzed patient treated with 25mg of
sunitinib. Case Rep. Oncol. S, 627632 (2012).

23! van_Lecuwen RW. van Gelder T, Mathijssen RH, Jansman FG.
Drug—drug interact_ions with tyrosine-kin&se inhibitors: a clinica_l
perspective. Lancet Oncol., 15, €315—-e326 (2014).

24) Bello CL, Sherm&n L. Zhou J, Verkh L Smergglia J, Mount J
&merus KJ. Effect of food on the phwcokinet_ics of st&nitinib
r&late (SU11248), a multi-tggeted receptor tyrosine kin&se in-
hibitor: results from a phase I study in healthy subjects. Anticancer
Drugs, 17, 353358 (2006):

25) van Erp NP. Baﬁ:r SD, Za_ndvliet AS, Ploeger BA, den Hollan_der
M, Chen Z, Den Ha_rtigh J, Kénig—Qu;Lrtel JM., Guchelaar HJ,
Gelderblom H. Marginal increase of sunitinib exposure by grape-
fruit juice, Cancer Chemother, Pharmacol., 67, 695703 (2011).

26) Wid_mer N Bar_din C, Ch&telut E, Paci A, Beijnen J, Levéque D,
Veal G, Astier A. Review of therapeutic drug monitoring of thi—
cancer drugs part two——targeted therapies. Eur. J. Cancer, 50
2020-2036 !2014!.

27) Ho% BE., Bello CL Polind B, Rosen LS, Demetri GD, Motz_er
RJ. Rel_ationship between exposure to sunitinib elnd efficacy and
tolerability endpoints in patients with cancer: results of a phar-



https://doi.org/10.1111/bcp.14454
https://doi.org/10.1111/bcp.14454
https://doi.org/10.1111/bcp.14454
https://doi.org/10.1016/j.pharmthera.2015.05.009
https://doi.org/10.1016/j.pharmthera.2015.05.009
https://doi.org/10.1016/j.pharmthera.2015.05.009
https://doi.org/10.1200/JCO.2012.43.5362
https://doi.org/10.1200/JCO.2012.43.5362
https://doi.org/10.1200/JCO.2012.43.5362
https://doi.org/10.1007/s40262-014-0137-2
https://doi.org/10.1007/s40262-014-0137-2
https://doi.org/10.1007/s40262-014-0137-2
https://doi.org/10.1007/s40262-014-0137-2
https://doi.org/10.1016/j.drudis.2014.09.007
https://doi.org/10.1016/j.drudis.2014.09.007
https://doi.org/10.1016/j.drudis.2014.09.007
https://doi.org/10.1002/cpt.787
https://doi.org/10.1002/cpt.787
https://doi.org/10.1002/cpt.787
https://doi.org/10.1002/cpt.787
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.1002/cpt.1808
https://doi.org/10.1002/cpt.1808
https://doi.org/10.1002/cpt.1808
https://doi.org/10.1002/cpt.1808
https://doi.org/10.1002/cpt.1808
https://doi.org/10.1080/17425255.2021.1943357
https://doi.org/10.1080/17425255.2021.1943357
https://doi.org/10.1080/17425255.2021.1943357
https://doi.org/10.1080/17425255.2021.1943357
https://doi.org/10.1097/FTD.0000000000000663
https://doi.org/10.1097/FTD.0000000000000663
https://doi.org/10.1097/FTD.0000000000000663
https://doi.org/10.1097/FTD.0000000000000663
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.jhep.2017.01.012
https://doi.org/10.1016/j.jhep.2017.01.012
https://doi.org/10.1016/j.jhep.2017.01.012
https://doi.org/10.1016/j.jhep.2017.01.012
https://doi.org/10.1016/j.jhep.2017.01.012
https://doi.org/10.1111/liv.13359
https://doi.org/10.1111/liv.13359
https://doi.org/10.1111/liv.13359
https://doi.org/10.1111/liv.13359
https://doi.org/10.1016/S2468-1253(18)30078-5
https://doi.org/10.1016/S2468-1253(18)30078-5
https://doi.org/10.1016/S2468-1253(18)30078-5
https://doi.org/10.1016/S2468-1253(18)30078-5
https://doi.org/10.1016/S2468-1253(18)30078-5
https://doi.org/10.1016/j.eururo.2014.12.036
https://doi.org/10.1016/j.eururo.2014.12.036
https://doi.org/10.1016/j.eururo.2014.12.036
https://doi.org/10.1016/j.eururo.2014.12.036
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1056/NEJMoa065044
https://doi.org/10.1016/j.clinthera.2007.07.022
https://doi.org/10.1016/j.clinthera.2007.07.022
https://doi.org/10.1016/j.clinthera.2007.07.022
https://doi.org/10.1158/1078-0432.CCR-08-1893
https://doi.org/10.1158/1078-0432.CCR-08-1893
https://doi.org/10.1158/1078-0432.CCR-08-1893
https://doi.org/10.1158/1078-0432.CCR-08-1893
https://doi.org/10.1124/dmd.111.042853
https://doi.org/10.1124/dmd.111.042853
https://doi.org/10.1124/dmd.111.042853
https://doi.org/10.1124/dmd.111.042853
https://doi.org/10.1200/JCO.2005.02.2194
https://doi.org/10.1200/JCO.2005.02.2194
https://doi.org/10.1200/JCO.2005.02.2194
https://doi.org/10.1200/JCO.2005.02.2194
https://doi.org/10.1200/JCO.2005.02.2194
https://doi.org/10.1093/annonc/mdn626
https://doi.org/10.1093/annonc/mdn626
https://doi.org/10.1093/annonc/mdn626
https://doi.org/10.1159/000345694
https://doi.org/10.1159/000345694
https://doi.org/10.1159/000345694
https://doi.org/10.1159/000345694
https://doi.org/10.1016/S1470-2045(13)70579-5
https://doi.org/10.1016/S1470-2045(13)70579-5
https://doi.org/10.1016/S1470-2045(13)70579-5
https://doi.org/10.1097/00001813-200603000-00015
https://doi.org/10.1097/00001813-200603000-00015
https://doi.org/10.1097/00001813-200603000-00015
https://doi.org/10.1097/00001813-200603000-00015
https://doi.org/10.1097/00001813-200603000-00015
https://doi.org/10.1007/s00280-010-1367-0
https://doi.org/10.1007/s00280-010-1367-0
https://doi.org/10.1007/s00280-010-1367-0
https://doi.org/10.1007/s00280-010-1367-0
https://doi.org/10.1016/j.ejca.2014.04.015
https://doi.org/10.1016/j.ejca.2014.04.015
https://doi.org/10.1016/j.ejca.2014.04.015
https://doi.org/10.1016/j.ejca.2014.04.015
https://doi.org/10.1007/s00280-009-1170-y
https://doi.org/10.1007/s00280-009-1170-y
https://doi.org/10.1007/s00280-009-1170-y

Vol. 45, No. 7 (2022)

macokinetic/pharmacodynamic_meta-analysis. Cancer Chemother.
Pharmacol., 66, 357-371 (2010).

28) Mendel DB, Laird AD, Xin X, ef al. In vivo antitumor activ-
ity of SU11248, a novel tyrosine kinase inhibitor targeting vas-
cular endothelial growth factor and platelet-derived growth factor
receptors: determination of a pharmacokinetic/pharmacodynamic
relationship. Clin. Cancer Res., 9, 327-337 (2003).

29) Noda S. Otsuji T, Baba M. Yoshida T. Kagevama S, Okamoto K
Okada_Y, Kawauchi A, Onishi H, Hira D. Morita SY, Terada T.
Assessment of sunitinib-induced toxicities and clinical outcomes

based _on_therapeutic_drug_monitoring_of sunitinib_for patients

with renal cell carcinoma, Clin, Genitourin,_Cancer, 13, 350358

12015!.
30) Mizuno T, Fukudo M. Terada T, Kamba T, Nakamura E. Ogawa
Q. Inui KI. Katsura T. Impact of genetic variation in breast cancer

resistance protein (BCRP/ABCG2) on sunitinib _pharmacokinetics.

Drug Metab. Pharmacokinet., 27. 631-639 (2012).

31) Nagata M. Ishiwata Y, Takahashi Y, Takahashi H. Saito K. Fujii Y,
Kihara K. Yasuhara M. Pharmacokinetic_pharmacodynamic anal-

ysis_of sunitinib—induced thrombocytopenia in _Japanese patients
with renal cell carcinoma. Biol. Pharm. Bull., 38, 402410 (2015).

Biol. Pharm. Bull. 821

(2012).

42) Silvestris N, Argentiero A. Co&ai L, Porta C Gesueleo L, Brunori
G, Brunetti O, Rampino T, Secondino S, Rizzo G, Pedrazzoli P.
Management of targeted therapies in_cancer patients with chronic
kidney disease, or on haemodialysis: An Associazione Italiana di
Oncologia Medica (AIOM)/Societa’ Itm di Nefrologia (SIN)
multidisciplinary consensus position paper, Crit. Rev. Oncol. He-
matol., 140, 3951 (2019).

43) Noda S, Hira D, Kagexama S, Jo F, Wada A, Yos‘hida T, Kawauchi
A, Morita SY, Terada T. Phwcokinetic z&alysis of a hemodh&-

lyzed patient treated with pazopanib. Clin, Genitourin, Cancer, 14
€453-¢456 (2016).

44) Sonpavde G Hut_son TE, Sternberg CN. Pwnib a potent orally
administered smillfmolecule multitggeted tyrosine kingse in-
hibitor for renal cell carcinoma, Expert Opin, Investig. Drugs. 17
253261 (2008).

45) Hurwitz HI, Dowl_ati A Szlini S, Savage S. Suttle AB, Gibson DM
Hodge JP, Merkle EM, Pélndite L. Ph&se 1 triéll of pmnib in
patients with advanced cancer, Clin._Cancer Res., 15. 42204227

(2009).

46) Imbs DC, Paludetto MN, Négrier S, Powell H, Lafont T, White—

32) Lankheet NA, Kloth JS. Gadellaa_van Hooijdonk CG, Cirkel GA,
Mathijssen RH. Lolkema MP. Schellens JH. Voest EE. Sleijfer S

De _Jonge MJ. Haanen JB. Beijnen JH. Huitema AD. Steeghs N.
Pharmacokinetically guided sunitinib_dosing: a_feasibility study

in patients with advanced solid tumours. Br. J. Cancer, 110, 2441

2449 (2014).

33) Atkinson BJ. Kalra S. Wang X. Bathala T, Corn P. Tannir NM
Jonasch E. Clinical outcomes for patients with metastatic renal cell

carcinoma treated with alternative sunitinib_schedules. J. Urol.
191i 611-618 !2014!.

34) Biarnason GA, Khalil B. Hudson JM. Williams R, Milot LM. Atri
M, Kiss A, Burns PN. Outcomes in patients with metastatic renal

Koning M, Chatelut E, Thomgs F. Determingtion of unbound frac-
tion _of pazopanib in_vitro and in_cancer patients reveals albumin
as the main binding site. Invest. New Drt_tgs 34, 41-48 (2016).

47) Sa;nford M, Keating GM. Pwnib: in advgnced rena_l cell chci-
noma. BioDrugs, 24, 279286 (2010).

48) Lubberman FJE. Gelderblom H. Hamberg P, Vervenne WL
M_ulder SF, Jansman FG, Colbers A van der Graaf WTA, Burger
DM, Luelmo S, Moes DJ van Herpen CML van Erp NP. The
effect of using pazopanib with food vs. fasted on pharmacokinet-
ics, patient safety, and preference (DIET Study). Clin, Pharmacol,
Ther., 106, 1076—-1082 (2019).

49) Tan AR, Gibbon DG, Stein MN, Lindquist D, Edenfield JW, Mar-

cell cancer treated with individualized sunitinib_therapy: correla-

tion with dynamic_microbubble ultrasound data and review of the
literature. Urol. Oncol., 32. 480-487 (2014).

35) Kondo T, Takagi T, Kobavashi H. lizuka J, Nozaki T, Hashimoto
Y, Ikezawa E. Yoshida K, Omae K, Tanabe K. Superior tolerability

tin JC, Gregory C, Suttle AB, Tada H, Botbyl J, Stephenson JJ.
Effects of ketoconazole and esomeprazole on the pharmacokinetics
of Razoganib in Eatients with solid fumors. Cancer Chemother.
Pharmacol., 71, 1635-1643 (2013).

50) Warrington S, Baisley K, Boyce M, Tejura B, Morocutti A, Miller

of altered dosing schedule of sunitinib with 2—weeks—on and 1

week—off_in_patients with_metastatic_renal cell carcinoma_—com-
parison to standard dosing schedule of 4—weeks—on and 2—weeks—
off. Jpn. J. Clin. Oncol., 44, 270277 (2014).

36) Najjar YG, Mittal K. Flson P. Wood L. Garcia JA, Dreicer R, Rini
BIA, 2 weeks on and 1 week off schedule of sunitinib is associated
with decreased toxicity in_metastatic renal cell carcinoma. Eur. J.
Cancer, 50, 10841089 (2014).

37) Khosravan R, Motzer RJ. Fumagalli E. Rini BI. Population phar-
macokinetic/pharmacodynamic_modeling of sunitinib_by _dosing
schedule in patients with advanced renal cell carcinoma or gas-
trointestinal stromal tumor. Clin._Pharmacokinet., 55, 1251-1269

(2016):

38) Ito T, Yamamoto K, Furukawa J, Harada K, Fujisawa M, Omura
T, Yano I. Association of sunitinib concentration and clinical
outcome in patients with metastatic renal cell carcinoma treated
with a 2-week-on and 1-week-off schedule. J. Clin. Pharm. Ther.,
47, 81-88 (2022).

39) _Yu H. Steeghs N, Kloth JS. de Wit D, van Hasselt JG, van Erp NP.

N. Effect_s of rabepra_zole, ZOmgIi or esomepra_zole, 20mgIi on 24-h
intragastric BH and serum gastrin in healthy subiect_s. Aliment.
Pharmacol. Ther., 16, 1301-1307 (2002).

51) Suttle AB, Ball HA, Molimard M, Hutson TE, Carpenter C, Ra-
]'agogalan Di Lin Y, SweLnn S, Am_ado R, Pandite L. Relationships
between pwnib exposure eLnd clinicgl safety ;Lnd efficacy in
patients with advanced renal cell carcinoma. Br. J. Cancer, 111
19091916 (2014).

52) Verheijen RB SW&E, Beijnen JH, Schellens JHM, Huitem_a
ADR, Steegh_s N. ExBosurefsurvival analyses of pmnib in
renal cell carcinoma and soft tissue sarcoma patients: opportuni-
ties for dose optimization. Cancer Chemother. Pharmacol., 80
11711178 (2017).

53) Sternberg CN Donsléov F, Haas NB, Doehn C, Russo P, Elmeliegy
M, Baneyx G, Banerjee H, Aimone P, Motzer RJ. Pazopanib expo-
sure relationship with clinical efficacy and safety in the adjuvant
treatment of advanced ren&l cell cz&rcinomﬁ. Clin. Cancer Res., 24,

30053013 (2018).

54) Noda S, Yoshida T, Hira D, Murai R, Tomita K, Tsuru T Kageya-

Beijnen JH, Schellens JH, Mathi]'_ssen RH, Huitem& AD. Integrated

semi-physiological pharmacokinetic _model for both sunitinib
and_its active _metabolite SU12662. Br._J. Clin, Pharmacol., 79

809819 (2015).

40) Mot_zer RJ. Mchlnn L, Deen K. Pazopanib versus sunitinib in

ma S, Kawauchi A, Ikeda Y, Morita SY, Terada T. Exploratory
investigation of target pazoganib concentration range for patients
with renal cell carcinoma. Clin. Genitourin. Cancer, 17, €306—e313

(2019).

55) Verheijen RB, Bins S, Mathijssen RH, Lolkema MP, van Doorn L

renal cancer. N._Engl. J. _Med., 369, 1970 (2013).

41) _van der Graaf WT. Blay JY; Chawla SP, et al, Pazopanib for meta-
static _soft—tissue sarcoma (PALETTE): a randomised, double—
blind, pl_acebo—controlled phise 3 trhil. Lancet, 379, 1879-1886

Schellens JH, Beijnen JH, Iﬁgenberg MH, Huitemﬁ AD, Steeghs
N. Individualized pazopanib dosing: a ErosEective feasibilitx study
in cancer patients. Clin. Cancer Res., 22, 5738—5746 (2016).

56) Fukudo M, Tamaki G, Azumi M, Shibata H, Tandai S. Pharmaco-



https://doi.org/10.1007/s00280-009-1170-y
https://doi.org/10.1007/s00280-009-1170-y
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.1016/j.clgc.2015.01.007
https://doi.org/10.2133/dmpk.DMPK-12-RG-026
https://doi.org/10.2133/dmpk.DMPK-12-RG-026
https://doi.org/10.2133/dmpk.DMPK-12-RG-026
https://doi.org/10.2133/dmpk.DMPK-12-RG-026
https://doi.org/10.1248/bpb.b14-00636
https://doi.org/10.1248/bpb.b14-00636
https://doi.org/10.1248/bpb.b14-00636
https://doi.org/10.1248/bpb.b14-00636
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1038/bjc.2014.194
https://doi.org/10.1016/j.juro.2013.08.090
https://doi.org/10.1016/j.juro.2013.08.090
https://doi.org/10.1016/j.juro.2013.08.090
https://doi.org/10.1016/j.juro.2013.08.090
https://doi.org/10.1016/j.urolonc.2013.10.004
https://doi.org/10.1016/j.urolonc.2013.10.004
https://doi.org/10.1016/j.urolonc.2013.10.004
https://doi.org/10.1016/j.urolonc.2013.10.004
https://doi.org/10.1016/j.urolonc.2013.10.004
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1093/jjco/hyt232
https://doi.org/10.1016/j.ejca.2014.01.025
https://doi.org/10.1016/j.ejca.2014.01.025
https://doi.org/10.1016/j.ejca.2014.01.025
https://doi.org/10.1016/j.ejca.2014.01.025
https://doi.org/10.1007/s40262-016-0404-5
https://doi.org/10.1007/s40262-016-0404-5
https://doi.org/10.1007/s40262-016-0404-5
https://doi.org/10.1007/s40262-016-0404-5
https://doi.org/10.1007/s40262-016-0404-5
https://doi.org/10.1111/bcp.12550
https://doi.org/10.1111/bcp.12550
https://doi.org/10.1111/bcp.12550
https://doi.org/10.1111/bcp.12550
https://doi.org/10.1111/bcp.12550
https://doi.org/10.1056/NEJMoa1303989
https://doi.org/10.1056/NEJMoa1303989
https://doi.org/10.1016/S0140-6736(12)60651-5
https://doi.org/10.1016/S0140-6736(12)60651-5
https://doi.org/10.1016/S0140-6736(12)60651-5
https://doi.org/10.1016/S0140-6736(12)60651-5
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.critrevonc.2019.05.016
https://doi.org/10.1016/j.clgc.2016.03.016
https://doi.org/10.1016/j.clgc.2016.03.016
https://doi.org/10.1016/j.clgc.2016.03.016
https://doi.org/10.1016/j.clgc.2016.03.016
https://doi.org/10.1517/13543784.17.2.253
https://doi.org/10.1517/13543784.17.2.253
https://doi.org/10.1517/13543784.17.2.253
https://doi.org/10.1517/13543784.17.2.253
https://doi.org/10.1158/1078-0432.CCR-08-2740
https://doi.org/10.1158/1078-0432.CCR-08-2740
https://doi.org/10.1158/1078-0432.CCR-08-2740
https://doi.org/10.1158/1078-0432.CCR-08-2740
https://doi.org/10.1007/s10637-015-0304-9
https://doi.org/10.1007/s10637-015-0304-9
https://doi.org/10.1007/s10637-015-0304-9
https://doi.org/10.1007/s10637-015-0304-9
https://doi.org/10.2165/11205480-000000000-00000
https://doi.org/10.2165/11205480-000000000-00000
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1002/cpt.1515
https://doi.org/10.1007/s00280-013-2164-3
https://doi.org/10.1007/s00280-013-2164-3
https://doi.org/10.1007/s00280-013-2164-3
https://doi.org/10.1007/s00280-013-2164-3
https://doi.org/10.1007/s00280-013-2164-3
https://doi.org/10.1046/j.1365-2036.2002.01292.x
https://doi.org/10.1046/j.1365-2036.2002.01292.x
https://doi.org/10.1046/j.1365-2036.2002.01292.x
https://doi.org/10.1046/j.1365-2036.2002.01292.x
https://doi.org/10.1038/bjc.2014.503
https://doi.org/10.1038/bjc.2014.503
https://doi.org/10.1038/bjc.2014.503
https://doi.org/10.1038/bjc.2014.503
https://doi.org/10.1038/bjc.2014.503
https://doi.org/10.1007/s00280-017-3463-x
https://doi.org/10.1007/s00280-017-3463-x
https://doi.org/10.1007/s00280-017-3463-x
https://doi.org/10.1007/s00280-017-3463-x
https://doi.org/10.1007/s00280-017-3463-x
https://doi.org/10.1158/1078-0432.CCR-17-2652
https://doi.org/10.1158/1078-0432.CCR-17-2652
https://doi.org/10.1158/1078-0432.CCR-17-2652
https://doi.org/10.1158/1078-0432.CCR-17-2652
https://doi.org/10.1158/1078-0432.CCR-17-2652
https://doi.org/10.1016/j.clgc.2018.12.001
https://doi.org/10.1016/j.clgc.2018.12.001
https://doi.org/10.1016/j.clgc.2018.12.001
https://doi.org/10.1016/j.clgc.2018.12.001
https://doi.org/10.1016/j.clgc.2018.12.001
https://doi.org/10.1158/1078-0432.CCR-16-1255
https://doi.org/10.1158/1078-0432.CCR-16-1255
https://doi.org/10.1158/1078-0432.CCR-16-1255
https://doi.org/10.1158/1078-0432.CCR-16-1255
https://doi.org/10.1111/bcp.14580

822 Biol. Pharm. Bull.

kinetically guided dosing has the potential to improve real-world
outcomes_of pazopanib. Br. J. Clin. Pharmacol., 87, 2132-2139

Vol. 45, No. 7 (2022)

pharmacodynamic analysis. Oncologist, 17, 12041212 (2012).
71) Diiz-Gonzzﬂez A, Sanduz_zi-Zamparelli M, da Fonseca LG, et al.

(2021).
37) Escudier B. Eisen T. Stadler WM. Szczylik C. Oudard S. Sieb-

els M. Negrier S. Chevreau C, Solska E. Desai AA, Rolland F.
Demkow T, Hutson TE. Gore M, Freeman S, Schwartz B, Shan

International and multicenter real-world study of sorafenib-treated
patients with hepatocellular _carcinoma under dialysis. Liver Int,
40i 1467-1476 !2020!.

72) Noda S, Hira D, Osa_ki R, Fujimoto T, lida H, Tanaka-Mizuno

M. Simantov R. Bukowski RM. Sorafenib in advanced clear-cell
renal-cell carcinoma. N. Engl. J Med.. 356, 125134 (2007):

38) Llovet JM. Ricci S. Mazzaferro V, et al._Sorafenib in_advanced
hepatocellular carcinoma, N. Engl. J Med., 359, 378390 (2008).

39) Brose MS. Nutting CM. Jarzab B. Elisei R, Siena S. Bastholt I

S, Andoh A, Tani M. Ikeda Y, Morita SY, Terada T. Sorafenib
exposure and its correlation with response and safety in advanced
hepatocellular_carcinomg: result_s from an observationil retrospec-
tive study. Cancer Chemother. Pharmacol., 86, 129—139 (2020).
73) _Boudou-Rouguette P. Narjoz C. Golmard JL. Thomas-Schoemann

De La Fouchardiere C, Pacini F, Paschke R, Shong YK, Sherman
SL,_Smit JW, Chung J. Kappeler C, Pefia C, Molnar I, Schlumberg-

er MJ. Sorafenib in radioactive iodine-refractory, locally advanced

or_metastatic_differentiated thyroid cancer: a randomised, double-
blind, phase 3 trial. Lancet, 384, 319328 (2014).

60) Raoul JL. Kudo M. Finn RS. Edeline J. Reig M. Galle PR. Sys-

A, Mir O Tz;ieb F. Dl&nd JP, Coriat R Daliphin A Vidgl M, Tod
M, Loriot MA, Goldwa_sser F, Blanchet B. Ea_rlv sorifenib-induced
toxicity is a_ssociated with drug exposure ;Lnd UGTIA9 genetic
polymorphism_in patients with solid tumors: a preliminary study.
PLoS ONE, 7, e42875 (2012).

74) Karovic S, Shiua_n EF. Zhing SQ., Cao H, Maitla_nd ML. Patient-

temic therapy for intermediate and advanced hepatocellular carci-

noma: sorafenib and beyond. Cancer Treat, Rey. 68, 1624 (2018).
6l) Cheng AL, Kang YK. Chen Z. et al FEfficacy and safety of

sorafenib_in_patients in_the Asia_Pacific_region with advanced

level adverse event patterns in a single—in_stitution study of the
multi-kinase _inhibitor_sorafenib. Clin, Transl._Sci,, 9. 260-266

(2016):

75) Fukudo M, Ito T, Mizuno T, Shinsako K, Hatgno E, Uemoto S,

hepatocellular_carcinoma: a phase Il randomised, double-blind,

placebo-controlled trial. Lancet Oncol,, 10. 25-34 (2009).
62) Marisi G, Cucchetti A, Ulivi P, Canale M. Cabibbo G, Solaini L

Foschi FG, De Matteis S. Ercolani G, Valgiusti M, Frassineti GL,

Scartozzi M. Casadei Gardini A. Ten vears of sorafenib in hepa-

Kamba T, Yamasaki T, Ogawa O, Seno H, Chiba T, Matsubara K.
Exposure-toxicity _relationship _of sorafenib_in_Japanese patients

with renal cell carcinoma and heBatocellular carcinoma. Clin.
Pharmacokinet., 53, 185—-196 (2014).

76) Panetta JC, Campagne O, Gartrell J Furman W, Stewart CF.

tocellular carcinoma: are there any predictive and/or prognostic
markers? World J._Gastroenterol, 24, 41524163 (2018).

63) Lathia C, Lettieri J, Cihon F. Gallentine M. Radtke M. Sundaresan

P._Lack of effect of ketoconazole-mediated CYP3A inhibition on

Pharmacokinetically guided dosing of oral sorafenib in pediatric
hegatocellular carcinom;l: a simulation study. Clin. Transl. Sci., 14

21522160 (2021).

77) Schlumberger M, Tahara M, Wirth LJ, Robinson B, Brose MS

sorafenib clinical pharmacokinetics. Cancer Chemother. Pharma-
col., 57, 685—-692 (2006).

64) Strumberg D. Richly H. Hilger RA. Schleucher N. Korfee S,
Tewes M, Faghih M. Brendel E, Voliotis D, Haase CG, Schwartz
B, Awada A, Voigtmann R, Scheulen ME, Seeber S, Phase I clini-
cal and pharmacokinetic study of the Novel Raf kinase and vascu-
lar_endothelial growth factor receptor inhibitor BAY 43-9006 in
patients with advanced refractory solid tumors. J. Clin._Oncol., 23,
965972 (2005).

65) Clark JW. Eder JP. Ryan D. Lathia C. Lenz HJ. Safety and phar-
macokinetics of the dual action Raf kinase and vascular endothe-
lial growth factor receptor inhibitor, BAY 43-9006. in patients
with_advanced, refractory _solid_tumors. Clin,_Cancer Res. 11

34725480 (2005):

66) Zhang L, Wu F. Lee SC, Zhao H. Zhang I.. pH—dependent drug—

Elisei R, Habra MA, Newbold K Sh&h MH, Hoff AO. GiLou-

lﬂ(is AG, Kiyota N, Taylor MH, Kim SB., Krzyzanowska MK
Dutcus CE, de lgs Heras B, Zhu J, Sherm&n SI. Lenvatinib versus
placebo in radioiodine—refractory thyroid cancer. N. Engl. J. Med.
3726212630 Q013),

78) K;ldo M, Finn RS, Qin S, et al. I;envatinib versus sorafenib in
first-line treatment of patients with unresectable hepatocellul&r
carcinoma: a randomised phase 3 non-inferiority trial. Lancet, 391
11631173 !2018!.

79) Boss DS, Glen H, Beijnen JH, Keesen M, Morrison R, Tait_B7
Copalu W, Mazur A Wzlnders J, O’brien JP, Schellens JH, Evans
TR. A phase I study of E7080, a multitargeted tyrosine kinase
inhibitor, in Eatients with advz;nced solid tumours. Br._J. Cancer,
106, 1598-1604 (2012).

80) Yamada K, Yamamoto N, Yamada Y, Nokihara H, Fujiwara Y.

drug interactions for weak base drugs: potential implications
for new drug development, Clin,_Pharmacol, Ther., 96. 266277
(2014).

67) Kane RC, Farrell AT, Saber H, Tang S, Williams G, Jee JM, Liang
C, Booth B, Chidambaram N, Morse D, Sridh_ara R, Garvey P,

Hirata T, Koizumi F, Nishio K, Koyama N, Tamura T. Phase I
dose—escz&ation study e;nd biomarker analysis of E7080 in patients
with adveaned solid tumors. Clin. Cancer Res., 17, 2528-2537

(201D).

81) Tkeda M, Okusaka T, Mitsunaga S, Ueno H, Tamai T, Suzuki T.

Justice R, Pazdur R. Sorafenib for the treatment of advanced renal
cell carcinoma. Clin. Cancer Res., 12, 7271-7278 (2006).

68) Awada A, Hendlisz A, Gil T, Bartholomeus S. Mano M, de Vale-
riola D, Strumberg D, Brendel E, Haase CG, Schwartz B, Piccart

liwato S, Kadowaki T, Okita K, Kmda H. Safetx and Eharma-
cokinetics of lenvatinib in patients with advanced hepatocellular
carcinoma. Clin. Cancer Res., 22, 1385—-1394 (2016).

82) Ikeda K, Kudo M, Kawazoe S, Osaki Y, Ikeda M, Okusaka T

M. _Phase I safety and pharmacokinetics of BAY 43-9006 admin-
istered for 21 days on/7 days off in patients with advanced, refrac-

tory solid tumours. Br. J. Cancer, 92, 18551861 (2005).
69) In&ba H, Pelnetta JC, Pounds SB, Wang L, Li L, Navid F, Federico

Ta_nmi T, Suzt&(i T, Hisai Ti Hayato S, Okita K, Kum&da H. Phﬂe
2 studx of lenvatinib in Eatients with advanced heEatocellular car-
cinoma. J. Gastroenterol., 52, 512-519 (2017).

83) Tamai T, Hayato S, Hojo S, Suzuki T, Okusaka T, Ikeda K, Ku-

SM. Eisenmann ED. Vasilyeva A, Wang YD. Shurtleff S. Pui CH,
Gruber TA, Ribeiro RC, Rubnitz JE. Baker SD. Sorafenib popula-
tion pharmacokinetics and skin_toxicities in children and adoles-
cents with refractory/rel_apsed leukemi_a or solid tumor malignan-
cies. Clin_Cancer Res., 25. 73207330 (2019).

70) _Boudou_Rouguette P. Ropert S, Mir O. Coriat R, Billemont B, Tod
M, Cabanes L, Franck N, Blanchet B, Goldwasser F. Variability
of sorafenib toxicity and exposure over time: a phﬂlcokineti_c/

@da H. Dose finding of lenvatinib in subjects with advz&nced he-
patocellular carcinoma based on population pharmacokinetic and
exposure—response analyses. J. Clin. Pharmacol., 57, 1138—-1147

(2017).

842 Nakamichi Si Nokihara H, Yamamoto N, Yam_ada Y, Honda K
Tamura Y, Wakui H, Sasaki T, Yusa W, Fujino K, Tamura T. A

phase 1 study of lenvatinib, multiple receptor tyrosine kinase in-
hibitor, in Japanese patients with advanced solid tumors. Cancer



https://doi.org/10.1111/bcp.14580
https://doi.org/10.1111/bcp.14580
https://doi.org/10.1111/bcp.14580
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/S0140-6736(14)60421-9
https://doi.org/10.1016/j.ctrv.2018.05.006
https://doi.org/10.1016/j.ctrv.2018.05.006
https://doi.org/10.1016/j.ctrv.2018.05.006
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.3748/wjg.v24.i36.4152
https://doi.org/10.3748/wjg.v24.i36.4152
https://doi.org/10.3748/wjg.v24.i36.4152
https://doi.org/10.3748/wjg.v24.i36.4152
https://doi.org/10.3748/wjg.v24.i36.4152
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1007/s00280-005-0068-6
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1200/JCO.2005.06.124
https://doi.org/10.1158/1078-0432.CCR-04-2658
https://doi.org/10.1158/1078-0432.CCR-04-2658
https://doi.org/10.1158/1078-0432.CCR-04-2658
https://doi.org/10.1158/1078-0432.CCR-04-2658
https://doi.org/10.1158/1078-0432.CCR-04-2658
https://doi.org/10.1038/clpt.2014.87
https://doi.org/10.1038/clpt.2014.87
https://doi.org/10.1038/clpt.2014.87
https://doi.org/10.1038/clpt.2014.87
https://doi.org/10.1158/1078-0432.CCR-06-1249
https://doi.org/10.1158/1078-0432.CCR-06-1249
https://doi.org/10.1158/1078-0432.CCR-06-1249
https://doi.org/10.1158/1078-0432.CCR-06-1249
https://doi.org/10.1038/sj.bjc.6602584
https://doi.org/10.1038/sj.bjc.6602584
https://doi.org/10.1038/sj.bjc.6602584
https://doi.org/10.1038/sj.bjc.6602584
https://doi.org/10.1038/sj.bjc.6602584
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1158/1078-0432.CCR-19-0470
https://doi.org/10.1634/theoncologist.2011-0439
https://doi.org/10.1634/theoncologist.2011-0439
https://doi.org/10.1634/theoncologist.2011-0439
https://doi.org/10.1634/theoncologist.2011-0439
https://doi.org/10.1111/liv.14436
https://doi.org/10.1111/liv.14436
https://doi.org/10.1111/liv.14436
https://doi.org/10.1111/liv.14436
https://doi.org/10.1007/s00280-020-04105-0
https://doi.org/10.1007/s00280-020-04105-0
https://doi.org/10.1007/s00280-020-04105-0
https://doi.org/10.1007/s00280-020-04105-0
https://doi.org/10.1007/s00280-020-04105-0
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1371/journal.pone.0042875
https://doi.org/10.1111/cts.12408
https://doi.org/10.1111/cts.12408
https://doi.org/10.1111/cts.12408
https://doi.org/10.1111/cts.12408
https://doi.org/10.1007/s40262-013-0108-z
https://doi.org/10.1007/s40262-013-0108-z
https://doi.org/10.1007/s40262-013-0108-z
https://doi.org/10.1007/s40262-013-0108-z
https://doi.org/10.1007/s40262-013-0108-z
https://doi.org/10.1111/cts.13069
https://doi.org/10.1111/cts.13069
https://doi.org/10.1111/cts.13069
https://doi.org/10.1111/cts.13069
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1056/NEJMoa1406470
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1038/bjc.2012.154
https://doi.org/10.1038/bjc.2012.154
https://doi.org/10.1038/bjc.2012.154
https://doi.org/10.1038/bjc.2012.154
https://doi.org/10.1038/bjc.2012.154
https://doi.org/10.1158/1078-0432.CCR-10-2638
https://doi.org/10.1158/1078-0432.CCR-10-2638
https://doi.org/10.1158/1078-0432.CCR-10-2638
https://doi.org/10.1158/1078-0432.CCR-10-2638
https://doi.org/10.1158/1078-0432.CCR-10-2638
https://doi.org/10.1158/1078-0432.CCR-15-1354
https://doi.org/10.1158/1078-0432.CCR-15-1354
https://doi.org/10.1158/1078-0432.CCR-15-1354
https://doi.org/10.1158/1078-0432.CCR-15-1354
https://doi.org/10.1007/s00535-016-1263-4
https://doi.org/10.1007/s00535-016-1263-4
https://doi.org/10.1007/s00535-016-1263-4
https://doi.org/10.1007/s00535-016-1263-4
https://doi.org/10.1002/jcph.917
https://doi.org/10.1002/jcph.917
https://doi.org/10.1002/jcph.917
https://doi.org/10.1002/jcph.917
https://doi.org/10.1002/jcph.917
https://doi.org/10.1007/s00280-015-2899-0
https://doi.org/10.1007/s00280-015-2899-0
https://doi.org/10.1007/s00280-015-2899-0
https://doi.org/10.1007/s00280-015-2899-0

Vol. 45, No. 7 (2022)

Chemother. Pharmacol., 76, 11531161 (2015).

Biol. Pharm. Bull.

823

sus sunitinib for advanced renal-cell carcinoma. N. Engl. J._Med.,

85) Gupta A, Jarzab B, Capdevila J, Shumaker R, Hussein Z. Popula- 380, 11031115 (2019).
tion_pharmacokinetic_analysis _of lenvatinib_in_healthy subjects 94) Choueiri TK, Powles T. Burotto M. et al. Nivolumab plus cabo-
and patients with_cancer, Br._J._Clin._Pharmacol, 81, 11241133 zantinib_versus sunitinib_for advanced renal-cell carcinoma. N.
(2016). Engl. J._Med., 384, 829841 (2021).

86) Noda S. Iida H. Fujimoto T. Wakasugi Y. Yabuta N. Sudou M, 95) Osa A, Uenami T, Kovama S. et al._Clinical implications of moni-
Hira D. Tani M. Andoh A. Morita SY, Terada T. Exploratory toring nivolumab immunokinetics in_non-small cell lung cancer
analysis of target concentration of lenvatinib_in_the treatment of patients. JCI Insight, 3, €59125 (2018).
hepatocellular_carcinoma. Cancer Chemother. Pharmacol., 88 96) Mamesaya N, Kenmotsu H. Katsumata M. Nakajima T, Endo M,
281-288 (2021). Takahashi T. Osimertinib—induced interstitial lung disease_after

87) Hata K. Suetsugu K. Foashira N, Makihara Y, Itoh S. Yoshizumi treatment with anti_PD1 antibody. /nvest. New Drugs, 35, 105107
T,_Tanaka M. Kohjima M, Watanabe H. Masuda S, leiri I. Associa- (2017):
tion of lenvatinib plasma_concentration with clinical efficacy and 97) Takakuwa O, Oguri T, Uemura T, Sone K, Fukuda S, Okayama M,
adverse events in patients with hepatocellular _carcinoma. Cancer Kanemitsu Y, Ohkubo H, Takemura M, Ito Y, Maeno K, Niimi A.
Chemother._Pharmacol., 86, 803813 (2020). Osimertinib-induced interstitial lung disease in a patient with non-

88) Nagahama M. Ozeki T. Suzuki A. Sugino K. Niioka T. Ito K small cell lung cancer pretreated with nivolumab: a case report,
Miura M. Association of lenvatinib_trough plasma concentrations Mol. Clin. Oncol, 7, 383-385 (2017).
with lenvatinib-induced toxicities in Japanese patients with thyroid 98) Johnson DB, Wallender EK, Cohen DN, Likhari SS. Zwerner JP.
cancer, Med, Oncol, 36. 39 (2019). Powers JG. Shinn L, Kelley MC. Joseph RW. Sosman JA, Severe

89) Hira D. Terada T. BCRP/ABCG?2 and high—alert medications: Bio- cutaneous and neurologic_toxicity in_melanoma patients during
chemical, pharmacokinetic, pharmacogenetic, and clinical implica- vemurafenib administration following anti-PD—1 therapy. Cancer
tions. Biochem. Pharmacol., 147, 201-210 (2018). Immunol._Res, 1, 373377 (2013).

90) Mizuno T, Terada T. Kamba T. Fukudo M. Katsura T, Nakamura 99) Harding JJ. Pulitzer M, Chapman PB. Vemurafenib sensitivity skin
E, Ogawa O. Inui K._ABCG2 421C> A polymorphism and high reaction after ipilimumab. N. Engl. J. Med.. 366, 866868 (2012).
exposure of sunitinib _in a patient with renal cell carcinoma. 4nn.  100) Koide H, Noda S, Yoshida T, Kagevama S, Teramura K, Kato T.
Oncol., 21, 13821383 (2010). Kawauchi A, Fujimoto N, Terada T. Severe skin disorders due to

9 _Mizuno T. Fukudo M. Fukuda T, Terada T. Dong M. Kamba T. sorafenib use after nivolumab treatment in renal cell carcinoma
Yamasaki T. Ocawa O, Katsura T, Inui KI. Vinks AA. Matsubara gatients. In Vivo, 35. 2969-2974 (2021).

K. The effect of ABCG2 genotype on the population pharmaco-  101) Christensen H, Hermann M. Immunological response as a source
kinetics of sunitinib_in patients with renal cell carcinoma. Ther. to_variability in _drug metabolism and transport. Front. Pharma-
Drug Monit.. 36, 310316 (2014). col.. 3. 8 (2012).

92) Rini BL. Plimack ER. Stus V. et al. Pembrolizumab plus axitinib ~ 102) Meding PJ, Ada_ms VR. PD-1 pathway inhibitors: immuno-oncology
versus sunitinib_for advanced renal-cell carcinoma. N. Engl. J. agents for restoring antitumor immune responses. Pharmacothera:
Med., 380, 1116—1127 (2019). py, 36, 317-334 (2016).

93) Motzer RJ. Penkov K. Haanen J. et al. Avelumab plus axitinib ver-



https://doi.org/10.1007/s00280-015-2899-0
https://doi.org/10.1111/bcp.12907
https://doi.org/10.1111/bcp.12907
https://doi.org/10.1111/bcp.12907
https://doi.org/10.1111/bcp.12907
https://doi.org/10.1007/s00280-021-04286-2
https://doi.org/10.1007/s00280-021-04286-2
https://doi.org/10.1007/s00280-021-04286-2
https://doi.org/10.1007/s00280-021-04286-2
https://doi.org/10.1007/s00280-021-04286-2
https://doi.org/10.1007/s00280-020-04178-x
https://doi.org/10.1007/s00280-020-04178-x
https://doi.org/10.1007/s00280-020-04178-x
https://doi.org/10.1007/s00280-020-04178-x
https://doi.org/10.1007/s00280-020-04178-x
https://doi.org/10.1007/s12032-019-1263-3
https://doi.org/10.1007/s12032-019-1263-3
https://doi.org/10.1007/s12032-019-1263-3
https://doi.org/10.1007/s12032-019-1263-3
https://doi.org/10.1016/j.bcp.2017.10.004
https://doi.org/10.1016/j.bcp.2017.10.004
https://doi.org/10.1016/j.bcp.2017.10.004
https://doi.org/10.1093/annonc/mdq150
https://doi.org/10.1093/annonc/mdq150
https://doi.org/10.1093/annonc/mdq150
https://doi.org/10.1093/annonc/mdq150
https://doi.org/10.1097/FTD.0000000000000025
https://doi.org/10.1097/FTD.0000000000000025
https://doi.org/10.1097/FTD.0000000000000025
https://doi.org/10.1097/FTD.0000000000000025
https://doi.org/10.1097/FTD.0000000000000025
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.1172/jci.insight.59125
https://doi.org/10.1172/jci.insight.59125
https://doi.org/10.1172/jci.insight.59125
https://doi.org/10.1007/s10637-016-0389-9
https://doi.org/10.1007/s10637-016-0389-9
https://doi.org/10.1007/s10637-016-0389-9
https://doi.org/10.1007/s10637-016-0389-9
https://doi.org/10.3892/mco.2017.1349
https://doi.org/10.3892/mco.2017.1349
https://doi.org/10.3892/mco.2017.1349
https://doi.org/10.3892/mco.2017.1349
https://doi.org/10.3892/mco.2017.1349
https://doi.org/10.1158/2326-6066.CIR-13-0092
https://doi.org/10.1158/2326-6066.CIR-13-0092
https://doi.org/10.1158/2326-6066.CIR-13-0092
https://doi.org/10.1158/2326-6066.CIR-13-0092
https://doi.org/10.1158/2326-6066.CIR-13-0092
https://doi.org/10.1056/NEJMc1114329
https://doi.org/10.1056/NEJMc1114329
https://doi.org/10.21873/invivo.12591
https://doi.org/10.21873/invivo.12591
https://doi.org/10.21873/invivo.12591
https://doi.org/10.21873/invivo.12591
https://doi.org/10.3389/fphar.2012.00008
https://doi.org/10.3389/fphar.2012.00008
https://doi.org/10.3389/fphar.2012.00008
https://doi.org/10.1002/phar.1714
https://doi.org/10.1002/phar.1714
https://doi.org/10.1002/phar.1714

