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Abstract
Background Although kinase inhibitors (KIs) are generally effective, their use has a large impact on the current health care 
budget. Dosing strategies to reduce treatment costs are warranted. Boosting pharmacokinetic exposure of KIs metabolized 
by cytochrome P450 (CYP)3A4 with ritonavir might result in lower doses needed and subsequently reduces treatment costs. 
This study is a proof-of-concept study to evaluate if the dose of erlotinib can be reduced by co-administration with ritonavir.
Methods In this open-label, cross-over study, we compared the pharmacokinetics of monotherapy erlotinib 150 mg once 
daily (QD) (control arm) with erlotinib 75 mg QD plus ritonavir 200 mg QD (intervention arm). Complete pharmacokinetic 
profiles at steady-state were taken up to 24 h after erlotinib intake for both dosing strategies.
Results Nine patients were evaluable in this study. For the control arm, the systemic exposure over 24 h, maximum plasma 
concentration and minimal plasma concentration of erlotinib were 29.3 μg*h/mL (coefficient of variation (CV):58%), 1.84 μg/
mL (CV:60%) and 1.00 μg/mL (CV:62%), respectively, compared with 28.9 μg*h/mL (CV:116%, p = 0.545), 1.68 μg/mL 
(CV:68%, p = 0.500) and 1.06 μg/mL (CV:165%, p = 0.150) for the intervention arm. Exposure to the metabolites of erlotinib 
(OSI-413 and OSI-420) was statistically significant lower following erlotinib plus ritonavir dosing. Similar results regarding 
safety in both dosing strategies were observed, no grade 3 or higher adverse event was reported.
Conclusions Pharmacokinetic exposure at a dose of 75 mg erlotinib when combined with the strong CYP3A4 inhibitor 
ritonavir is similar to 150 mg erlotinib. Ritonavir-boosting is a promising strategy to reduce erlotinib treatment costs and 
provides a rationale for other expensive therapies metabolized by CYP3A4.
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Introduction

Identification of oncogenic driver mutations has shifted the 
treatment paradigm in cancer towards the use of oral kinase 
inhibitors (KIs) (1). The last decades, many KIs have been 

developed for these driver mutations and certainly more will 
follow. Since the costs of these drugs have a large impact on 
the healthcare budget (2), new and efficient dosing strategies 
are warranted to use KIs as effectively as possible.
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For many KIs, pharmacokinetic exposure at the 
approved dosing regimen is related to efficacy and/or 
toxicity and thus plays an important role in treatment 
outcome (3). Most of the KIs are metabolized via the 
cytochrome P450 (CYP)3A4 enzyme system (4). Inhi-
bition of this enzyme system can thus result in higher 
exposure of the drug and might allow for lower dosages 
to reduce health care costs. Erlotinib is a KI which inhib-
its the epidermal growth factor receptor (EGFR) and has 
several indications in e.g. non-small cell lung cancer 
(NSCLC) and in pancreatic cancer in a dosing regimen 
of 150 mg once daily (QD) (5). In other tumor types bear-
ing EGFR-driver mutations, erlotinib treatment has been 
shown to be potentially therapeutic (6, 7). Erlotinib is 
for approximately 70% metabolized by CYP3A4 and for 
the remaining part by CYP1A2 (8). The hydroxylation, 
oxidation and/or O-desmethylation of erlotinib by these 
CYP-enzymes result in many different metabolites (9). 
Most of these metabolites are found to be inactive, how-
ever, it is thought that the main O-desmethylated products 
of these metabolic routes, OSI-413 and OSI-420, exhibit 
some antitumor activity, although, in comparison with 
erlotinib this effect seems limited (5). It has been postu-
lated that the current dosing of erlotinib is at the top of 
its exposure-efficacy curve and thus lower doses could be 
equally beneficially (10). Therefore, this drug is ideally 
suited as an example KI to study the effects of interacting 
medications on its pharmacokinetics.

In a previous study, it has been found that ketocona-
zole, a potent CYP3A4 inhibitor, is able to increase the 
area under the plasma concentration-time curve from 
zero to infinity (AUC 0-∞) and maximum concentration 
 (Cmax) of erlotinib by approximately a twofold in healthy 
volunteers (8). A drug, more commonly used to boost 
the pharmacokinetics of other drugs is ritonavir (11–13). 
Similar to ketoconazole, it is a potent CYP3A4 inhibitor 
associated with relatively low treatment costs, but has 
marginal side effects. The aim of this study was to inves-
tigate whether it is possible to decrease the dose of erlo-
tinib when it is co-administered with ritonavir.

Methods

Study Design and Patients

This cross-over, phase I, open-label, pharmacokinetic trial 
was designed to compare the pharmacokinetics of erlotinib 
150 mg monotherapy to the pharmacokinetics of erlotinib 
75 mg in combination with ritonavir 200 mg. This study was 
approved by the medical ethical committee (The Netherlands 
Cancer Institute, Amsterdam) and performed in accordance 
with the Declaration of Helsinki. Written informed con-
sent was obtained from all participating patients. This trial 
was registered in the Netherlands Trial Register (identifier: 
NL7542).

All patients ≥18 years old were eligible for study par-
ticipation, provided that they were currently treated with 
or planned for treatment with erlotinib in a dosing schedule 
of 150 mg QD. Patients treated simultaneously with co-
medication, which could influence the pharmacokinetics of 
erlotinib, were excluded. Additional exclusion criteria were: 
active uncontrolled infections, severe cardiac dysfunction 
in the past six months prior to treatment, impairment of the 
hepatic function and pregnancy or breast feeding women. 
Smoking has been attributed to an increased activity of 
CYP1A isoforms and thus might have an effect on part of 
the metabolism of erlotinib (14). Therefore, current smok-
ers (within one week from start) were also excluded from 
this study.

In Fig. 1 the schematic overview of the trial is provided. 
Since the elimination half-life of erlotinib is approximately 
36 h (5), steady-state erlotinib concentrations were assumed 
to be reached after 7.5 days. Therefore, all patients were 
treated with single agent erlotinib 150 mg QD for at least 
eight days, after which pharmacokinetic exposure was 
determined (day 1). Subsequently, patients were treated for 
one week with single agent erlotinib 75 mg QD, followed 
by the concomitant treatment of erlotinib 75 mg QD with 
ritonavir 200 mg QD for one additional week. Afterwards, 
pharmacokinetic exposure was once again determined (day 
15). After trial termination, patients continued with erlotinib 
150 mg QD monotherapy.

Fig. 1  Schematic overview of 
the trial design. QD: once daily

Pa�ent screening 
and inclusion

≥ Day -8 – Day 1:
Erlo�nib 150 mg QD

Day 2 – Day 15:
Erlo�nib 75 mg QD

+
Day 8 – Day 15:

Ritonavir 200 mg QD

Day 1 and Day 15:
Pharmacokine�c sampling

670 Pharmaceutical Research (2022) 39:669–676



1 3

Pharmacokinetic Sampling and Bioanalysis

Pharmacokinetic samples were drawn on day 1 (steady-state 
of single agent erlotinib 150 mg QD) and day 15 (steady-
state erlotinib 75 mg QD plus ritonavir 200 mg QD). During 
these days, patients were admitted to the hospital and blood 
samples were drawn. Blood samples were collected on the 
following time points respective to the erlotinib intake: Pre-
dose and 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 8 h and 24 h 
after intake. Blood samples were drawn in K2-EDTA tubes, 
centrifuged for 1500 x g for 10 min at 4°C. Subsequently, 
plasma was collected and stored at −20°C until bioanalysis. 
Erlotinib and ritonavir concentrations were determined using 
a previously validated bioanalytical method with a detection 
range of 20 – 10,000 ng/mL for erlotinib and 2.0 - 2000 ng/
mL for ritonavir (15, 16). The metabolites of erlotinib, OSI-
413 and OSI-420, were separated and measured as described 
previously, with a lower limit of quantification of 2.0 ng/mL 
and 0.465 ng/mL, respectively (17).

Objectives

The primary aim of this study was to investigate the effect 
of ritonavir on the pharmacokinetics of erlotinib, measured 
as AUC over 24 h (AUC 0-24h),  Cmax and trough concentra-
tion  (Cmin). Secondary objectives included the incidence 
and severity of adverse events in therapy with and without 
ritonavir and the effect of ritonavir on the pharmacokinetics 
of OSI-413 and OSI-420.

Safety

All adverse events were recorded from start of the study 
until 21 days after the first pharmacokinetic assessment. The 
incidence, severity and start of the adverse events were col-
lected and graded according to CTCAE version 5.0. Changes 
in co-medication were recorded during the study.

Sample Size Calculation and Statistical Analysis

The current study was declared successful when the lower 
boundary of the one-side 95% confidence interval (CI) of 
the ratio between the geometric mean in AUC 0-24h of erlo-
tinib with and without ritonavir exceeded 0.5, where 0.5 
indicates no effect of ritonavir on the pharmacokinetics of 
erlotinib given that the dose in combination with ritona-
vir was reduced to 50%. For the calculation of the sample 
size, we assumed that the concomitant intake with ritonavir 
would result in 64% increase in erlotinib exposure, similar 
to the results of ketoconazole on the erlotinib exposure (8). 
In that same study, an intraindividual variability between 
two erlotinib administrations was found to be approximately 
57%. Using these factors, a simulation involving 20,000 

trials, showed that 10 patients had to be included in order 
to obtain a power of 89.5% (with a one-sided α of 0.05). 
Overall, slow inclusion of patients was encountered, partly 
due to a halted accrual during the COVID-19 pandemic. 
Therefore, an interim analysis was performed in October 
2021 after inclusion of nine evaluable patients. Assessment 
of a worst-case scenario for a potentially tenth patient was 
assessed on the primary endpoint. In this worst-case sce-
nario, it was assumed that in this patient, ritonavir did not 
affect the pharmacokinetics of erlotinib and thus the ratio 
between the exposure of erlotinib with and without ritonavir 
would be equal to 0.5.

Pharmacokinetic parameters were calculated using a non-
compartmental analysis. The linear-log trapezoidal method 
was used to calculate the AUC 0-24h.  Cmax was defined as 
the highest measured concentration over 24 h and  Cmin was 
calculated as the average concentration of pre-dose and 24 h 
after erlotinib intake. The statistical analyses and power cal-
culation were performed using R version 4.1.1 (R-project, 
Vienna, Austria). When appropriate, paired t-tests or Wil-
coxon signed rank tests were used to determine p values, a 
p value <0.05 was considered to be statistical significant.

Results

Between August 2019 and September 2021, a total of 13 
patients were included in this study. In four of the partici-
pants the second pharmacokinetic sampling was not per-
formed due to disease progression (n = 2), need for interact-
ing co-medication during the study (n = 1) or discontinuation 
due to adverse events (grade 2 rash, n = 1), resulting in a 
total of nine evaluable patients. In Table I the demographic 
characteristics at baseline of these patients are depicted.

Pharmacokinetics

The pharmacokinetic exposure of erlotinib, OSI-413, OSI-
420 and ritonavir during erlotinib monotherapy and dur-
ing erlotinib in combination with ritonavir, are depicted in 
Table II and Fig. 2. Exposure to erlotinib in terms of AUC 
0-24h,  Cmax and  Cmin was not statistically significant different 
between both groups with ratios of the geometric mean of 
0.99 (95% CI: 0.58 – 1.69, p = 0.545), 0.91 (95% CI: 0.55-
1.49, p = 0.500) and 1.06 (95% CI: 0.59-1.93, p = 0.150), 
respectively. The interim analysis after inclusion of nine 
patients, showed that in a worst-case scenario the ratio of 
the geometric mean of erlotinib exposure would be 0.92 
(0.56-1.51, p = 0.420) still meeting the objective of this 
study. Therefore, the study was closed after inclusion of 
nine patients.

Following the combination of erlotinib and ritonavir, 
a statistically significant decrease in AUC 0-24h and  Cmax 
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of OSI-413 and OSI-420 and a statistically significant 
decrease in  Cmin of OSI-420 was observed. Coefficients of 
variability (CV%) of the exposure parameters for erlotinib, 
its metabolites and ritonavir ranged between 58%-162% for 
erlotinib alone and 86-443% for erlotinib plus ritonavir. In 
Table III, the individual change in erlotinib AUC between 
the control and intervention arm is shown.

Safety

In Table IV, the number of patients experiencing adverse 
events during treatment with erlotinib alone or during treat-
ment with erlotinib and ritonavir are shown. Overall, only 
grade 1 or 2 diarrhea, skin rash and/or nausea were noticed, 
none of the patients experienced a grade 3 or higher adverse 
event. In four patients (44%), monotherapy erlotinib resulted 
in a treatment-related adverse event. In two of these patients, 
their skin rash resolved following the combination of erlo-
tinib with ritonavir. However, three other patients developed 
adverse events during combination therapy, resulting in 
five patients (56%) experiencing treatment-related adverse 
events.

Discussion

In this proof-of-concept study, we investigated if lower doses 
of erlotinib could be administered when combined with the 
potent CYP3A4 inhibitor ritonavir. We found that con-
comitant intake of 75 mg of erlotinib with 200 mg ritonavir 
resulted in similar steady-state erlotinib exposure in terms 
of AUC 0-24h,  Cmax and  Cmin as with monotherapy of 150 mg 
of erlotinib, supporting the concept of halving the dose of 
erlotinib when concomitantly administrated with a strong 
CYP3A4 inhibitor. In the treatment of human immunode-
ficiency virus, pharmacokinetic-boosting with ritonavir has 
already been shown safe and effective (13, 18). In this study, 
we showed that ritonavir boosting is also feasible during 

Table I  Demographic characteristics of the evaluable patients. Values 
are presented as number (percentages) or as median [range] as appro-
priate

BSA: Body surface area, WHO PS: World Health Organization Per-
formance Status, NSCLC: Non-small cell lung cancer.

n = 9

Age 59 [52-73]
Gender, male (%) 5 (56%)
Weight [range] (kg) 77.8 [54.8 – 117.5]
Height [range] (m) 1.75 [1.63-1.92]
BSA [range]  (m2) 1.98 [1.65-2.41]
WHO PS
0 6 (67%)
1 3 (33%)
Tumor type
Pancreatic cancer 3 (33%)
NSCLC 2 (22%)
Bile duct cancer 2 (22%)
Bladder cancer 1 (11%)
Urethral cancer 1 (11%)

Table II  Geometric means of 
the pharmacokinetic parameters 
of erlotinib administered 
with and without ritonavir. 
The ratio of this geometric 
mean (including their 95% 
CI) and corresponding p 
values. Geometric means are 
reported as geometric mean 
(CV%). AUC 0-24: area under 
the concentration-time curve 
24 h after erlotinib intake,  Cmax: 
maximal concentration  Cmin: 
trough concentration, 95% CI: 
95% confidence interval

Erlotinib 
monotherapy
150 mg QD

Erlotinib 75 mg QD
+ ritonavir 200 mg QD

Ratio of geometric 
mean (95% CI)

p value

Erlotinib
AUC 0-24h (μg*h/mL) 29.3 (58%) 28.9 (116%) 0.99 (0.58 – 1.69) 0.545
Cmax (μg/mL) 1.84 (60%) 1.68 (86%) 0.91 (0.55 – 1.49) 0.500
Cmin (μg/mL) 1.00 (62%) 1.06 (165%) 1.06 (0.59 – 1.93) 0.150
OSI-413
AUC 0-24h (μg*h/mL) 1.55 (120%) 0.823 (174%) 0.53 (0.34 – 0.83) 0.020
Cmax (ng/mL) 90.0 (107%) 43.7 (134%) 0.48 (0.31 – 0.76) 0.004
Cmin (ng/mL) 49.5 (152%) 29.4 (263%) 0.59 (0.37 – 0.94) 0.064
OSI-420
AUC 0-24h (ng*h/mL) 380 (144%) 118 (351%) 0.31 (0.15 – 0.62) 0.027
Cmax (ng/mL) 26.1 (141%) 7.24 (230%) 0.28 (0.13 – 0.57) 0.002
Cmin (ng/mL) 10.5 (162%) 4.34 (443%) 0.41 (0.22 – 0.76) 0.049
Ritonavir
AUC 0-24h (μg*h/mL) 0 26.4 (96%) – –
Cmax (μg/mL) 0 3.18 (89%) – –
Cmin (μg/mL) 0 0.243 (129%) – –

672 Pharmaceutical Research (2022) 39:669–676



1 3

Fig. 2  Concentration-time curves of monotherapy erlotinib (in black) and of the combination therapy of erlotinib and ritonavir (in gray) of A) 
erlotinib, B) OSI-413, C) OSI-420 and D) ritonavir. The error bars depict the standard error of the geometric mean in one direction

Table III  Individual change in erlotinib AUC. Percentages are the rel-
ative change in erlotinib AUC after the 75 mg QD + 200 mg ritonavir 
QD treatment compared to the individual erlotinib AUC reached after 
150 mg erlotinib QD treatment

Patient number Individual change in erlotinib AUC 
(after erlotinib 75 mg + ritonavir 200 mg 
QD)

1 −10.4%
2 −69.7%
3 +240%
4 −2.54%
5 +4.44%
6 +94.3%
7 +13.3%
8 −15.1%
9 −49.6%

Table IV  Reported treatment-related adverse events following erlo-
tinib alone and following the combination of erlotinib and ritonavir, 
according to CTCAE version 5.0. AE: adverse events

Erlotinib monother-
apy 150 mg QD

Erlotinib 75 mg 
QD + ritonavir 
200 mg QD

Diarrhea
  Grade 1 or 2 2 2

  ≥ grade 3 0 0
Skin rash

  Grade 1 or 2 3 1
  ≥ grade 3 0 0

Nausea
  Grade 1 or 2 0 2

  ≥ grade 3 0 0
Number of patients 

experiencing any AE
4 5
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erlotinib therapy and, therefore, might be implemented for 
other KIs as well.

KIs are notorious for their high pharmacokinetic inter- 
and intrapatient variability, often showing values up to 80% 
(19). Since ritonavir is expected to increase the bioavail-
ability of erlotinib by decreasing the first pass effect due 
to inhibition of intestinal and liver CYP3A4 activity, the 
variability on the pharmacokinetic exposure of erlotinib 
was expected to decrease following the erlotinib plus rito-
navir treatment. Nonetheless, in this study high CV% were 
observed for erlotinib, its metabolites and ritonavir for both 
dosing strategies. Moreover, there seemed to be a trend in 
which higher CV% were found in the exposure parameters 
after the combination therapy when compared to erlotinib 
alone. Several factors, including food intake and pharmaco-
genetics (via CYP3A4*22 allele variants) have been found 
to influence the variability in exposure of erlotinib (20, 21). 
However, in our study, patients were kept fasted, conform 
drug label (5) and in addition, the CYP3A4*22 allele variant 
is associated with a minor (approximately 12%) decrease in 
functional hepatic CYP3A4 (22). Therefore, we advocate 
that these factors will only have a limited influence on the 
observed high interpatient variability. In our study, either 
one tablet of 150 mg erlotinib or three tablets of 25 mg 
erlotinib were administered. Since erlotinib is hydrophobic 
compound (23) and the ratio of excipients-to-drug vary in 
dose strengths, variability might arise from the differences 
in dissolution caused by number and formulation of tablets 
ingested. Nonetheless, a bioequivalence study in healthy 
volunteers has shown no differences in the values of expo-
sure parameters of erlotinib between different dose strength 
formulations (24). Lastly, it has been reported that CYP1A2 
expression is subject to high interindividual variability (25). 
In the presence of ritonavir, the metabolism of erlotinib is 
mainly taken over by CYP1A2. This might explain the 
increase in interindividual variability in erlotinib exposure 
found after the combination therapy with ritonavir compared 
to the monotherapy with erlotinib. Since we only included a 
limited number of patients, conclusions regarding the origin 
of this variability are difficult to be drawn.

Theoretically, the inhibition of P-glycoprotein (P-gp) by 
ritonavir might influence the pharmacokinetics of the P-gp-
substrate erlotinib as well (5, 26). In rodents, no alternation 
of the systemic exposure of erlotinib has been observed and 
the effect was limited to an increase in the penetration of the 
blood-brain-barrier (27, 28). Therefore, we expect the effect 
of P-gp inhibition by ritonavir in humans on the exposure of 
erlotinib to be minimal.

Regarding the metabolites of erlotinib, the AUC 0-24h of 
OSI-413 and OSI-420 were both statistically significant 
decreased following the combination therapy with rito-
navir. Since these metabolites are the main product of the 
enzymatic conversion of erlotinib via CYP3A4, it was to be 

expected that the exposure to these metabolites was lower. 
However, one needs to assure that lower exposure to these 
metabolites does not influence the efficacy of therapy. Due 
to the low abundance of OSI-413 and OSI-420, it has been 
reported that their contribution to the antitumor activity is 
very limited in comparison with parent erlotinib (5, 29). 
Therefore, the decreased exposure of these metabolites fol-
lowing the combination therapy with ritonavir is most likely 
not clinically relevant.

The majority of the currently approved KIs are metab-
olized via CYP3A4 (30). The exposure of many of these 
drugs has been shown to be substantially influenced by 
concomitant intake with highly potent CYP3A4 inhibitors 
(4). Consequently, the concomitant intake with ritonavir is 
often advised to be avoided. However, the increase in drug 
exposure can also be used in favor of precision dosing. 
While target therapies are becoming more expensive and 
already cover large parts of health care budgets (2), strate-
gies to reduce these costs need to be implemented to ensure 
affordable health care systems. Decreasing the dose or dose 
frequencies might be one way for cost saving. The concomi-
tant intake of KIs with ritonavir can therefore be helpful to 
decrease the costs in healthcare but maintain the therapeutic 
exposure of these drugs. The therapeutic potential of rito-
navir might not only be limited to pharmacokinetic boost-
ing of the systemic exposure of drugs. It has been reported 
that enhanced intratumoral drug metabolism by an increased 
expression of CYP3A4 could play an important role in the 
development of drug resistance (31). Administration of 
CYP3A4 inhibitors have been found to decrease the intra-
tumoral metabolism of drugs with a CYP3A4-dependent 
metabolism (32, 33). Additional research should investigate 
this promising strategy to overcome resistance mechanisms 
or inadequate intratumoral drug exposure.

In conclusion, this study shows that the pharmacokinetic 
exposure at a dose of 75 mg QD erlotinib, when combined 
with 200 mg QD ritonavir, is similar to 150 mg QD erlotinib. 
A substantial decrease in the costs of therapy is expected 
with this ritonavir-boosting strategy. Based on these results, 
boosting with strong CYP3A4 inhibitor like ritonavir seems 
a promising dosing strategy for other CYP3A4 metaboli-
cally-dependent KIs to reduce their financial footprint on 
the health care budget.
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