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A B S T R A C T   

Afatinib is an oral small-molecule kinase inhibitor (SMKI) approved for treatment of metastatic non-small cell 
lung cancer (NSCLC) with an epidermal growth factor receptor (EGFR) driver mutation. Although oral admin-
istration is convenient, most SMKIs experience pH-dependent solubility. A drug-drug interaction between afa-
tinib and proton-pump inhibitors (PPIs) has, however, never been studied in humans. Hence, we performed a 
randomized, three-period cross-over study. Afatinib (30 mg or 40 mg) was administered without PPI (period A), 
concomitantly with esomeprazole (period B) and three hours after esomeprazole intake (period C). Primary 
objective was the area under the curve (AUC0–24 h) comparing period A to period B and period A to period C. 
Secondary objectives were other pharmacokinetic parameters and toxicity. Linear mixed effect modelling was 
performed for differences in AUC0–24 h and Cmax between periods A and B and periods A and C. In 18 evaluable 
NSCLC patients, concomitant use of 40 mg esomeprazole decreased the steady-state afatinib AUC0–24 h with 
10.2% (95% CI − 29.2 to +14.0%; p = 0.564) compared to afatinib administration without PPI. Esomeprazole 
intake three hours prior to afatinib did not significantly influence afatinib AUC0–24 h (− 0.6%; 95% CI − 14.9 to 
+16.1%; p = 1.0). No differences in toxicity were observed. To conclude, esomeprazole did not change the 
exposure to afatinib in patients with NSCLC. Since there is no clinically relevant drug-drug interaction, eso-
meprazole can safely be co-administered with afatinib. This is important for clinical practice, because other 
EGFR-SMKIs (e.g. erlotinib and gefitinib) do experience clinically relevant drug-drug interactions with acid- 
suppressive agents.   

1. Introduction 

Afatinib is an oral small-molecule kinase inhibitor (SMKI), primarily 
registered for treating patients with metastatic non-small cell lung 
cancer (NSCLC) with an epidermal growth factor receptor (EGFR) driver 
mutation [1,2]. Compared to chemotherapy, afatinib showed clear su-
periority in progression-free and overall survival [3]. Furthermore, 
afatinib is used world-wide, where it has been proven effective in vast 

numbers of uncommon EGFR mutations [4]. These mutations can occur 
spontaneously, or could be the driver mutation for progression under 
first- or second-line treatment with the third-generation EGFR-SMKI 
osimertinib [5,6]. For this latter group of patients, afatinib is the 
first-choice treatment. Therefore, it remains one of the pillars in treating 
EGFR-mutated NSCLC [7]. 

Most SMKIs exhibit pH-dependent solubility [8,9]. SMKIs are 
generally weak bases, hence they can be present in an ionized or 
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non-ionized form. This depends on the gastric pH and drug character-
istics such as pKa –the pH-value at which an equilibrium is reached 
between ionized and non-ionized drug molecules–. Because ionized 
molecules generally dissolve more easily, a gastric pH below the pKa is 
necessary to maintain adequate drug bioavailability. However, if the 
gastric pH increases significantly, the equilibrium will shift to the less 
soluble non-ionized form and its absorption will subsequently decrease 
[8,10]. Normal gastric pH is approximately 1–3, but it will rise to > 4 
when patients use acid suppressive agents (e.g. proton-pump inhibitor; 
PPI). The PPI esomeprazole is the most potent in terms of pH increase 
and prolonged effectiveness compared to other PPIs [11]. For SMKIs 
with a pKa in this increased pH-range, a potential drug-drug interaction 
is likely to occur. For example, the exposure to erlotinib (pKa of 4.6) 
decreases by 47% when administered with esomeprazole a mere three 
days [12]. Since this decrease is highly clinically relevant, concomitant 
PPIs are advised to be avoided as it could diminish treatment 
effectiveness. 

However, pKa may not always be predictive for the occurrence of a 
drug-drug interaction. In 2019, the SMKI regorafenib was thoroughly 
studied in combination with esomeprazole. Since regorafenib has a pKa- 
value around 2, an interaction was theoretically expected. However, 
regorafenib’s bioavailability only decreased with 4%, even when eso-
meprazole was taken at different points in time [13]. Another example is 
sunitinib, that shows pH-dependent solubility that decreases when the 
pH increases in the range of 1.2–6.8. The drug-drug interactions with 
PPIs have not been studied, as no impact on drug absorption was ex-
pected. Nevertheless, retrospective data have shown that 
co-administration of gastric acid suppressants with sunitinib lead to 
decreased treatment efficacy [14]. The same discrepancy was seen with 
the oral 5-FU formulation capecitabine, which should theoretically not 
have a drug-drug interaction with PPIs due to absent pH-dependent 
solubility. The 42% of patients co-treated with PPIs had, however, 
significantly poorer survival outcomes [15]. 

Afatinib has a pKa of 8.8 [16,17] and is highly soluble in solutions 
with a pH < 6 [2]. A drug-drug interaction between afatinib and PPIs 
may therefore not be expected, but has never been studied in humans. 
Comparable to sunitinib and capecitabine, the effect of PPIs on afatinib 
bioavailability in patients cannot be solely predicted based on in vitro 
data. Since acid-reducing agents are used by 20–33% of cancer patients 
[18], a potential drug-drug interaction would be very relevant for 
clinical practise. Therefore, we aimed to study the interaction between 
afatinib and esomeprazole in patients with NSCLC. Depending on the 
presence and magnitude of the interaction, a practical recommendation 
for daily practice can be given to physicians and patients. 

2. Materials and methods 

2.1. Patient selection 

Adult patients with World Health Organisation performance status 
0 or 1 and adequate laboratory results (including full blood count, liver 
chemistry and kidney function, which had to be more than 1.5x the 
upper limit of normal) were eligible for inclusion, if they were treated 
with 20–40 mg afatinib QD for NSCLC and did not use, or could abstain 
from, acid-suppressive drugs or medication or supplements which could 
interact with esomeprazole or afatinib. Furthermore, pregnant patients 
or patients with possible impaired drug absorption (e.g. gastrectomy or 
achlorhydria) were not eligible. Written informed consent had to be 
provided prior to study initiation. The Erasmus University Medical 
Center Rotterdam ethics committee approved this study (MEC 17–251) 
and it was registered in the Dutch Trial Registry and International 
Clinical Trial Registry Platform (www.trialsearch.who.int; trial 
NL6336). 

2.2. Study design 

We performed a randomized, three-period cross-over pharmacoki-
netic study, in which esomeprazole was the intervention. The full study 
design is presented in Fig. 1. Patients received afatinib at a stable dose 
for at least three weeks to prevent dose adjustments because of toxicity 
during the study period (loading phase). Hereafter, following the 
randomization order, every patient underwent three study periods of 
two weeks each. In period A, afatinib was administered without eso-
meprazole, and served as control period. In period B, esomeprazole 40 
milligrams was administered concomitantly for the last five days of the 
period. In period C, patients had to take esomeprazole 40 milligrams 
three hours before afatinib for the last five days of the period. This time 
slot was chosen, because esomeprazole reaches it maximum pH increase 
after 1–3.5 h after intake [11]. The last day of every study period –day 
35, 49 and 63– was chosen as pharmacokinetic sampling day, for which 
each patient was admitted for 24 h. Pharmacokinetic sampling took 
place at t = 0 h (<5 min prior to afatinib intake), t = 0.5 h, t = 1 h, t =
1.5 h, t = 2 h, t = 2.5 h, t = 3 h, t = 3.5 h, t = 4 h, t = 6 h, t = 8 h, t = 12 h 
and t = 24 h. During the admissions, afatinib was taken two hours after a 
light breakfast, which patients had to repeat each admission day. Free 
intake of other food or beverages was prohibited from four hours prior 
until four hours after afatinib administration. Only free intake of water 
was allowed until one hour prior and one hour after afatinib intake. 

Because afatinib is unstable in blood –not as tablet– at 37 degrees 
Celsius [19], all blood samples were centrifuged immediately after 
withdrawal and subsequent blood plasma was frozen below 70 degrees 
Celsius. Samples were solely processed on ice (T = 0 ◦C). Afatinib 
quantification was performed with a validated liquid 
chromatography-tandem mass spectrometric assay (LC-MS/MS) [19], in 
which all the samples of every individual patient were analysed in the 
same run. Aliquots of 25 µL of plasma samples for the quantitation of 
afatinib were deproteinized by the addition of 100 µL of an internal 
standard solution (100 ng/mL afatinib-d6) in acetonitrile. After vigor-
ously mixing for 5 s and centrifugation for 10 min at 18,000 *g, 50 µL of 
the clear supernatant was mixed with 100 µL water/formic acid/-
ammonium formate (100:0.1:0.02, v/v/v), from which 5 µL was injected 
into the LC-MS/MS system. Peak area ratios of afatinib versus the In-
ternal Standard were a linear function of the concentration from 1.00 to 
100 ng/mL. The lower limit of quantitation (LOQ) was validated at 
1.00 ng/mL. For afatinib, the within and between-run precisions at five 
tested concentrations, including the LOQ, were ≤ 9.71% and ≤ 4.05%, 
respectively, while the average accuracy ranged from 96.0% to 101% 
[19]. 

2.3. Study end points 

Primary objectives were to evaluate the area under the curve 
(AUC0–24 h) of afatinib compared to afatinib concomitantly used with 
esomeprazole (period A versus period B) and to afatinib used with eso-
meprazole three hours prior (period A versus period C) in patients with 
NSCLC. Secondary objectives were other pharmacokinetic outcomes (c. 
q. maximum concentration (Cmax) and time to Cmax (Tmax) and to eval-
uate the incidence and severity of afatinib-related adverse events in the 
three periods. 

2.4. Protocol compliance and adverse event monitoring 

To aid participants in closely following the study protocol, they were 
given a diary for every study period in which the exact times and manner 
of the administrations of afatinib and esomeprazole had to be noted. 
Additionally, patients were asked to return the empty packaging of the 
esomeprazole and afatinib tablets, to further secure drug accountability. 
Patients were also asked to report any new or ongoing adverse events. 
Additionally, adverse events were scored at the three hospital admis-
sions by the investigating physician in accordance with the Common 
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Terminology Criteria for Adverse Events (CTCAE) grades version 5.0 
[20]. 

2.5. Statistical analyses 

Both U.S. Food and Drug Administration (FDA) and European Med-
icines Agency (EMA) require the 90% confidence interval for ratio of the 
test and reference products to be contained within the acceptance in-
terval of 80.00–125.00% [21,22]. For the sample size calculation it was 
important to consider that there would be two primary comparisons for 
which the Bonferroni correction was applied in the analyses. This was 
established by dividing the nominal alpha of 5% by the total number of 
comparisons. Hence, the sample size is calculated with a two-sided alpha 
of 2.5%. Assuming the within-patient standard deviation of afatinib 
trough concentrations to be 30% [23], a total of 18 evaluable patients 
was required to detect a 30% difference with 80% power [24]. 

AUCs were determined with a non-compartmental analysis using 
WinNonlin v.8.3 (Phoenix, Certara, Princeton, NJ). In order to perform 
statistical analyses, AUC0–24 h and Cmax were transformed to a loga-
rithmic scale, presuming these are log-normally distributed [25]. Linear 
mixed effect modelling was performed for differences in AUC0–24 h and 
Cmax between periods A and B and periods A and C, using the inter-
vention with esomeprazole, sequence, and the period as fixed effects, 
and the subject within the sequence as random effect [26]. Variance 
components were estimated by restricted maximum likelihood (REML) 
methods, and the Kenward-Roger method was used to compute the de-
grees of freedom of the denominator. The mean differences in AUC0–24 h 
and Cmax –including 97.5% confidence intervals (CIs) in which the 
Bonferroni correction was applied– were exponentiated to provide point 
estimates of the ratios of geometric means and their 97.5% CIs (c.q. 
relative differences). The periods’ Tmax were compared using the Wil-
coxon signed rank test. The incidence and severity of adverse events 
were reported for each period separately. Since treatment time in every 
period was limited and the study was powered to detect a statistically 
significant difference for only the primary end point, the results in re-
gard to incidence and severity of adverse events were of a descriptive 
nature. All statistical analyses were performed with Stata (StataCorp. 
2017. Stata: Release 15.1. Statistical Software. College Station, TX: 
StataCorp LP). 

3. Results 

3.1. Patients 

From August 2017 to December 2021, a total of 24 patients were 
included in the study of which 18 were evaluable for the primary end-
points. Six patients were not evaluable. Reasons why patients dropped- 

out were in four patients progression of disease occurred, one patient 
had conditional decline (which was probably due to disease progres-
sion), and one patient died of a COVID-19 infection. Hence, afatinib 
treatment and subsequent study participation were terminated prior to 
study completion for these patients. The evaluable 18 patients’ de-
mographics are presented in Table 1. 

3.2. Pharmacokinetic effects of esomeprazole 

In Fig. 2, the plasma concentration-time curves of the three different 
periods are shown. Esomeprazole did not result in a statistically signif-
icant difference in the exposure to afatinib (Table 2). Compared to 
afatinib administration alone, concomitant use of esomeprazole 
decreased the afatinib AUC0–24 h with only 10.2% (95% CI − 29.2 to 
+14.0%; p = 0.564). Also, exposure to afatinib was unchanged when 
esomeprazole was administered three hours prior to afatinib (AUC0–24 h 
− 0.6%; 95% CI − 14.9 to +16.1%; p = 1.0). The coefficient of variability 
ranged from 49% in period B to 67% in period A. The other pharma-
cokinetic parameters Cmax and Tmax were also not statistically signifi-
cantly changed by esomeprazole. Median Tmax ranged from 3.5 to 4.0 h. 
All pharmacokinetic results are further specified in Table 2. When 
comparing the Cmax and AUC ratios between phases A-B and A-C in 

Fig. 1. Study design. After a loading period of three weeks, 
patients followed either arm A (study periods A-B-C) or 
arm B (study periods C-B-A). In period A, patients did not 
use esomeprazole. In period B, patients had to take eso-
meprazole 40 milligrams concomitantly for five days. In 
period C, patients had to take esomeprazole 40 milligrams 
three hours before afatinib for five days. The last day of 
every period –day 35, 49 and 63—was a pharmacokinetic 
sampling day, for which the patient was electively 
admitted for 24 h (PK 24 h).   

Table 1 
Patient demographics.  

Demographic Total (n = 18) 

Sex 
Male 
Female 

11 (61%) 
7 (39%) 

Age (years) median [IQR] 65 [53–71] 
Body mass index kg/m2 median [IQR] 23.2 [22.3 – 26.5] 
WHO performance status 

0 
1 

9 (50%) 
9 (50%) 

Race 
Caucasian 

18 (100%) 

Prior therapy†
None 
SMKI 
Chemotherapy 
Surgery 

10 (56%) 
6 (33%) 
4 (22%) 
1 (6%) 

Smoking status 
Never 
Former 

9 (50%) 
9 (50%) 

Afatinib dose 
40 milligrams QD 
30 milligrams QD 

9 (50%) 
9 (50%) 

Abbreviations: n = number of patients; IQR = interquartile range; WHO 
= World Health Organisation; † = two patients received both chemotherapy and 
SMKI sequentially; SMKI = small-molecule kinase inhibitor; QD = once daily. 
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patients treated with different doses of afatinib, neither Mann-Whitney 
U test nor T-test resulted in a statistically significant difference (all 
p > 0.20). 

3.3. Toxicity 

The incidence and CTCAE grades of the adverse events that patients 
experienced during the three study periods are depicted in Table 3. No 
eminent differences in adverse events were seen between the three study 

periods. Most frequent toxicity included grade 1 or 2 rash (in 61–67%), 
gastro-intestinal events (diarrhoea in approximately 40%, and stomatitis 
in 22%), and paronychia (in 28–35%). One patient experienced a serious 
adverse event (hospital admission after fall) that was not related to 
afatinib nor any study procedure. Considering all low-grade (grade 1 or 
2) adverse events, the sum of events was equal. It appeared that more 
patients in period A compared to periods B and C had experienced grade 
2 toxicity. However, this was because gastro-intestinal adverse events 
changed mildly during the study period. 

4. Discussion 

This is the first study to investigate the concomitant administration 
of the PPI esomeprazole and the EGFR-SMKI afatinib in patients with 
NSCLC. Since a statistically significant pharmacokinetic drug-drug 
interaction was absent, the drug combination can be used safely in 
clinical practise. 

In this randomized, three-period cross-over pharmacokinetic study, 
we studied two different time points at which esomeprazole was 
administered: concomitantly, and three hours prior to afatinib intake. 
We did not expect an interaction because of afatinib’s high pKa. Eso-
meprazole is the most potent PPI, with a maximum pH increase after 
1–3.5 h [11]. Because we studied the combination in two periods with 
different points in time for esomeprazole administration, a drug-drug 
interaction between afatinib and esomeprazole can be ruled out. This 
is an important finding for clinical practice, since many patients use 
acid-reducing agents (e.g. PPIs) [18] and other well-known EGFR-SMKIs 
show clinically relevant decreases in exposure when taken 

Fig. 2. Plasma concentration curves of afatinib for every study period. The 
lines represent the arithmetic mean concentrations of afatinib when taken in 
period A without esomeprazole, period B concomitant with esomeprazole, and 
period C three hours after esomeprazole. The grey error bars represent the 
standard deviation of each measurement. 

Table 2 
Pharmacokinetic results per period.  

Pharmacokinetic parameter Period A 
without PPI (n = 18) 

Period B 
concomitant PPI (n = 18) 

Period C 
3 h after PPI (n = 18) 

GMR period B versus 
period A (97.5% CI) 

p-value GMR period C versus 
period A (97.5% CI) 

p-value 

Afatinib 
AUC0–24 h (95% CI) 

geomean ng*h/mL 
439.2 (324.7–594.1) 394.5 (313.3–496.7) 436.7 (339.5–561.8) 0.898 (0.708–1.140) 0.564 0.994 (0.851–1.161) 1.000 

Cmax (95% CI) 
geomean ng/mL 

27.4 (20.0–37.6) 23.0 (18.3–28.8) 26.0 (20.1–33.7) 0.838 (0.606–1.159) 0.392 0.950 (0.773–1.167) 1.000 

Tmax (range) 
median hours 

3.5 
(1.0–6.1) 

3.8 
(1.0–8.1) 

4.0 
(0.6–24.0) 

NA 0.214 NA 0.066 

Abbreviations: AUC0–24 h = area under the plasma concentration curve, time 0–24 h; CI = confidence interval; GMR = geometric mean ratio; Cmax= maximum 
concentration; h = hours; n = number of patients; Tmax = time until maximum concentration; NA = not applicable. 

Table 3 
Incidence and severity of adverse events.   

Period A (n = 18)  Period B (n = 18)  Period C (n = 18)  

Adverse event Grade 1 Grade 2 Grade 1 Grade 2 Grade 1 Grade 2 
All events 13 (72%) 6 (33%) 14 (78%) 5 (28%) 15 (83%) 4 (22%) 

Rash 11 (61%) – 11 (61%) – 12 (67%) – 
Diarrhoea 5 (28%) 3 (17%) 6 (33%) 1 (6%) 6 (33%) 1 (6%) 
Paronychia 4 (22%) 2 (11%) 3 (17%) 3 (17%) 3 (17%) 2 (11%) 
Stomatitis 4 (22%) – 4 (22%) – 4 (22%) – 
Anorexia 1 (6%) 2 (11%) 1 (6%) 2 (11%) 2 (11%) 1 (6%) 
Hypertrichosis 2 (11%) – 2 (11%) – 2 (11%) – 
Dry skin – 1 (6%) 1 (6%) 1 (6%) – 1 (6%) 
Fatigue 1 (6%) – 3 (17%) – 1 (6%) – 
Nausea – 1 (6%) 1 (6%) – – – 
Vomiting – 1 (6%) – – – – 
Alopecia – 1 (6%) – 1 (6%) – 1 (6%) 
Dyspnoea 1 (6%) – 1 (6%) – 1 (6%) – 
Hand-Foot syndrome 1 (6%) – – – 1 (6%) – 
Elevated liver enzymes 1 (6%) – – – – – 
Pain – – – – 1 (6%) – 
Constipation – – – – 1 (6%) – 

Serious adverse event 1 (6%)  –  –  

Adverse events of all evaluable patients per period. Adverse events were scored by the Common Terminology Criteria for Adverse Events grades version 5.0 [20]. 
n = number of patients. Period A = afatinib intake without esomeprazole. Period B = afatinib intake for five days concomitant with esomeprazole. Period C = afatinib 
intake for five days three hours after esomeprazole. 
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concomitantly with acid-reducing agents. To be precise, the exposure to 
both erlotinib and gefitinib decreases with almost 50% when adminis-
tered with esomeprazole and ranitidine respectively [9,12]. Hence, 
afatinib could be an alternative for patients who are PPI-dependent and 
should be treated with an EGFR-SMKI. 

Even though most PPIs act through the similar mechanism, we are 
cautious in extrapolating these results to other PPIs and other acid- 
reducing agents. For example, in contrast to esomeprazole, the PPIs 
pantoprazole, omeprazole and lansoprazole all inhibit the drug trans-
porter ABCB1 (P-glycoprotein) [27] that actively transports afatinib [1, 
2]. This could cause other drug-drug interactions. To claim that these 
other PPIs are also safe in combination with afatinib, similar interaction 
studies should be performed. Other acid-reducing agents (e.g. antacids 
or H2-receptor antagonist) are less potent to increase gastric pH, and not 
likely to interact with afatinib through cytochrome P450-enzymes or 
drug transporters [28]. Theoretically, there will be no drug-drug inter-
action between afatinib and these acid-reducing agents either. 

In neither of the two intervention periods (B or C), a clear difference 
in toxicity was found compared to control period A. Since esomeprazole 
co-administration did not change afatinib bioavailability, this finding 
was expected. Chronic esomeprazole use is not likely to influence the 
occurrence of adverse events, other than possible toxicity of esome-
prazole itself. 

A limitation of this study could be that no intragastric pH measure-
ment was performed which might have helped to further interpret the 
interaction. However, a pH measurement is very invasive and patient 
unfriendly, its execution and thus validity is challenging [29] and its 
additional value for clinical practise would therefore be limited. 
Furthermore, the relatively high coefficient of variation in the study 
periods could point in the direction of limited power. Given the relative 
differences however, it is not expected that increasing the number of 
patients would lead to a statistical significant or clinically relevant dif-
ference. Another limitation is that, similar to afatinib, esomeprazole 
exposure significantly decreases when taken within 15 min of eating a 
high-fat, high-calorie meal [30]. This effect was smaller at day 5 
compared to day 1. Nevertheless, esomeprazole is advised to be taken at 
least one hour before a meal [31]. In order to minimize this possible 
food-effect in period B of our study design, patients were asked to eat a 
light (low-fat) meal exactly two hours prior to esomeprazole and afatinib 
intake. 

5. Conclusions 

In this study esomeprazole did not change the exposure to afatinib, 
when either administered concomitantly, or three hours before afatinib 
intake. Since there is no clinically relevant drug-drug interaction, the co- 
administration of esomeprazole with afatinib is safe to be used in clinical 
practise. 
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