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Abstract Afatinib is an oral, irreversible ErbB family blocker
that covalently binds to the kinase domains of epidermal growth
factor receptor (EGFR), human EGFRs (HER) 2, and HER4,
resulting in irreversible inhibition of tyrosine kinase
autophosphorylation. Studies in healthy volunteers and patients
with advanced solid tumours have shown that once-daily afa-
tinib has time-independent pharmacokinetic characteristics.
Maximum plasma concentrations of afatinib are reached
approximately 2-5 h after oral administration and thereafter
decline, at least bi-exponentially. Food reduces total exposure
to afatinib. Over the clinical dose range of 20-50 mg, afatinib
exposure increases slightly more than dose proportional. Afa-
tinib metabolism is minimal, with unchanged drug predomi-
nantly excreted in the faeces and approximately 5 % in urine.
Apart from the parent drug afatinib, the major circulation spe-
cies in human plasma are the covalently bound adducts to
plasma protein. The effective elimination half-life is approxi-
mately 37 h, consistent with an accumulation of drug exposure
by 2.5- to 3.4-fold based on area under the plasma concentra-
tion—time curve (AUC) after multiple dosing. The pharma-
cokinetic profile of afatinib is consistent across a range of
patient populations. Age, ethnicity, smoking status and hepatic
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function had no influence on afatinib pharmacokinetics, while
females and patients with low body weight had increased
exposure to afatinib. Renal function is correlated with afatinib
exposure, but, as for sex and body weight, the effect size for
patients with severe renal impairment (approximately 50 %
increase in AUC) is only mildly relative to the extent of
unexplained interpatient variability in afatinib exposure. Afa-
tinib has a low potential as a victim or perpetrator of drug—drug
interactions, especially with cytochrome P450-modulating
agents. However, concomitant treatment with potent inhibitors
or inducers of the P-glycoprotein transporter can affect the
pharmacokinetics of afatinib. At a dose of 50 mg, afatinib does
not have proarrhythmic potential.

Key Points

Afatinib is an irreversible ErbB family blocker that is
well absorbed, with maximum plasma concentration
attained at 2-5 h.

Afatinib demonstrates high apparent clearance after
oral administration and is eliminated primarily as
unchanged drug by faecal excretion.

Afatinib has a favourable and time-independent
pharmacokinetic profile that is consistent across a
range of patient populations.

Afatinib has a low potential for drug—drug
interactions via cytochrome P450; coadministration
of drugs that are potent inhibitors or inducers of
P-glycoprotein should be undertaken with care.

Intrinsic factors such as age, ethnicity, and hepatic
function do not affect the pharmacokinetics of afatinib.

Effects of sex, weight and renal function status are
within the variability range of afatinib exposure.
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1 Introduction

In tumours arising from malignant epithelial cells, the
ErbB family of proteins (Class I tyrosine kinase receptor
pathway) is often dysregulated. The family is comprised of
epidermal growth factor receptor (EGFR), human EGFRs
2, 3, and 4 (HER2, HER3 and HER4), and their cognate
ligands [1]. This receptor pathway is implicated in the
growth of malignant cells. The development of small-
molecule tyrosine kinase inhibitors (TKIs) that target
EGFR has revolutionised the management of non-small
cell lung cancer (NSCLC). The first-generation EGFR-
TKIs, erlotinib and gefitinib, compete reversibly with
adenosine triphosphate (ATP) for binding to the intracel-
lular catalytic domain of EGFR tyrosine kinase and thus
inhibit EGFR autophosphorylation and downstream sig-
nalling [2]. Erlotinib and gefitinib are especially effective
in tumours with activating EGFR mutations, evident in
10-15 % of Caucasians and 40 % of Asians with NSCLC
[3]. In 90 % of cases, these mutations are exon 19 deletions
or exon 21 substitutions (L858R) [3]. However, these
agents are susceptible to mutations that affect the binding
affinity of ATP or the kinase inhibitor itself and, therefore,
EGFR mutation-positive patients inevitably develop resis-
tance to EGFR-TKIs after 9—12 months of treatment [4-8].
One important mechanism of acquired resistance is the
T790M gatekeeper EGFR mutation in exon 20, which is
found in approximately half of NSCLC cases [9, 10]. This
mutation increases the affinity of the mutant EGFR for its
substrate, ATP, and thus reduces the efficacy of EGFR—
TKIs [10-13]. Less common mutations, such as amplifi-
cation of the proto-oncogene MET, HER2 amplification,
small cell transformation, and PIK3CA mutations, have
been associated with the development of EGFR-TKI
resistance in NSCLC [9, 10].

Newer, so called ‘second-generation” EGFR-TKIs,
including afatinib and dacomitinib, differ from erlotinib or
gefitinib in that they form irreversible covalent bonds to the
ATP-binding site of the EGFR receptor, and also target
multiple ErbB family members, including HER2, which
plays a key role in ErbB activation [14].

Afatinib is an oral, irreversible ErbB family blocker with
activity in a wide range of tumour cell lines harbouring a
hyperactivated ErbB signalling network [15, 16]. Afatinib
has demonstrated clinical efficacy in phase III trials in
patients with NSCLC and head and neck squamous cell
cancer (HNSCC). In 2013, afatinib was approved for the
first-line treatment of EGFR mutation-positive NSCLC
[17, 18], based on the results of the LUX-Lung 3 and LUX-
Lung 6 studies, which demonstrated a significant increase in
progression-free survival (PFS) with afatinib compared with
standard of care chemotherapy in EGFR-mutant patients
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with advanced NSCLC [19, 20]. A pooled analysis of these
two trials show a significant improvement in overall survival
(OS) [31.7 vs. 20.7 months; hazard ratio 0.59; p = 0.0001]
with afatinib in patients with exon 19 EGFR deletion com-
pared with standard chemotherapy [21]. In patients with lung
squamous cell cancer, afatinib has also demonstrated a sig-
nificant increase in PFS and OS compared with erlotinib
[22]. On 31 March 2016, the European Medicines Agency
approved afatinib for the treatment of patients with advanced
NSCLC of squamous cell histology progressing on or after
platinum-based chemotherapy [23]. The recommended dose
of afatinib is 40 mg orally once daily; however, the dose can
be increased to a maximum of 50 mg/day, or decreased to a
minimum of 20 mg/day, depending on tolerability [17, 18].
In the event of potential drug—drug interaction, dose
adjustment may be needed to avoid toxicity. Treatment is
continued until disease progression or unacceptable toxicity.

This review discusses the pharmacokinetic and phar-
macodynamic properties and drug—drug interaction profile
of afatinib.

2 Preclinical Pharmacology
2.1 Structure and Physicochemical Properties

Afatinib (Giotrif®, Gilotrif®), also known as BIBW 2992
(Fig. 1), is an ATP-competitive 4-anilinoquinazoline
derivative. Structural modelling studies demonstrate that it
harbours a reactive acrylamide group that covalently binds
to specific cysteine (Cys) residues in the kinase domains of
EGFR (Cys’”), HER2 (Cys®®), and HER4 (Cys®®)
receptors [15, 16, 24].

Afatinib is administered as a film-coated tablet that
contains afatinib as dimaleate salt. It is highly soluble
throughout the physiological pH range of 1-7.5 [25], and
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Fig. 1 Structural formula of afatinib (BIBW 2992): N-[4-[(3-chloro-
4-fluorophenyl)amino]-7-[[(3S)-tetrahydro-3-furanyl]oxy]-6-quina-
zolinyl]-4-(dimethylamino)-2-butenamide
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also shows high passive permeability through cell mem-
branes, but efflux transport by intestinal P-glycoprotein (P-
gp) can confound the permeability of afatinib as it is a P-gp
substrate. Thus, no conclusive placement of afatinib in the
Biopharmaceutics Classification System (BCS) is possible
and it should be considered as either a BCS class 1 or 3
compound [26].

2.2 Pharmacodynamic Properties
2.2.1 Mechanism of Action

The covalent binding of afatinib to EGFR, HER2, and
HER4 irreversibly inhibits the tyrosine kinase activity of
these receptors, resulting in reduced auto- and transphos-
phorylation within the ErbB dimers and inhibition of
important steps in the signal transduction of all ErbB
receptor family members [15, 16]. It also inhibits
transphosphorylation of ErbB3 (HER3), thereby blocking
signalling of all ErbB family members [15].

In cell-free in vitro kinase assays, afatinib showed
nanomolar potency to inhibit wild-type EGFR, HER2
and ErbB4 (ErbB3 misses critical amino acid residues
responsible for enzymatic activity, and thus has a much
weaker tyrosine kinase activity) [15, 16, 24]. The
potency of afatinib to inhibit the tyrosine kinase activity
of wild-type EGFR (mean apparent half maximal effec-
tive concentration [ECsg] of 0.5 nM) was maintained on
EGFR with the activating L858R mutation (ECsy of
0.2 nM) [16] but reduced on the L858R/T790M double
mutation of EGFR (ECsy of 9 nM). Cellular activity
demonstrated by inhibition of phosphorylation by afatinib
was shown for EGFR, HER2, ErbB4 and of transphos-
phorylation for ErbB3 in a wide variety of cell lines,
with potency in the low nanomolar range. Inhibition of
autophosphorylation was demonstrated not only in cells
expressing wild-type EGFR but also in those containing
EGFR mutations, including L858R and L858R/T790M,
at afatinib concentrations that can be achieved, at least
transiently, in patients [15, 16]. For a more thorough
discussion about the preclinical efficacy profile of afa-
tinib, the reader is referred to a recent comprehensive
review by Modjtahedi et al. [24].

2.3 In-Vitro Drug-Drug Interaction Victim
and Perpetrator Properties

Several in vitro metabolism, transport, and drug interaction
studies were performed to quantitatively assess the drug—
drug interaction potential of afatinib.

In vitro studies with human hepatocytes and human liver
microsomes showed that afatinib had a low potential to

inhibit or induce cytochrome P450 (CYP) isoenzymes
(Boehringer Ingelheim, unpublished data) [26], including
those that are most relevant for drug metabolism in humans
(CYP1A1/2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6 and CYP3A4) (Table 1) [27]. Further in vitro
data indicated that drug—drug interactions with afatinib due
to inhibition of UDP-glucuronosyltransferase 1Al
(UGT1A1) are considered unlikely [26].

In vitro bidirectional transport assays in human colon
adenocarcinoma Caco-2 cell monolayers and human
P-gp-expressing LLC-PK1 cells showed that afatinib is a
substrate of the efflux transporter P-gp, and in vitro
efflux transport was inhibited in the presence of
cyclosporine A, verapamil and zosuquidar (all three
compounds being potent P-gp inhibitors) [25, 26]. Fur-
ther in vitro studies showed that afatinib is also a P-gp
inhibitor, reducing the in vitro transport of the P-gp
substrate digoxin [25, 26]. In these studies, concentra-
tions yielded an inhibition constant (K;) value of 3.4 uM
for afatinib. For comparison, the geometric mean
(gMean) maximum plasma concentration (Cy,.,) of afa-
tinib 50 mg at steady state was 0.158 uM, which is
substantially below the afatinib concentration needed to
inhibit P-gp.

Afatinib is also a substrate and inhibitor of the efflux
transporter BCRP, with comparable in vitro inhibitory
effects as for the known BCRP inhibitor fumitremorgin C
[25, 26].

Studies using transfected HEK?293 cell lines that
express different drug transporters, including organic
anion-transporting polypeptide (OATP), organic anion
transporters (OAT) and organic cation transporters
(OCT) showed no relevant in vitro transport of afatinib.
Thus, active transport of afatinib by OATP, OAT and
OCT drug transporters is not expected to be of in vivo
relevance for the pharmacokinetics of afatinib in humans.
At concentrations up to 100 puM, afatinib had a minor
inhibitory effect on OATPIB1 and OATPIB3
(ICs59 > 70 uM), and showed negligible in vitro inhibi-
tion of several other drug transporters (OAT1, OATS3,
OCT?2; ICso > 100 pM) (Table 1) [25]. Afatinib inhibited
OCT1 and OCT3-mediated transport of the probe sub-
strate N-methyl-4-phenyl pyridinium in a concentration-
dependent manner, with ICsy values of 20.0 and
11.8 uM, respectively.

In summary, in the clinical setting, afatinib is unlikely to
affect the pharmacokinetics of other drugs that are sub-
strates of major drug metabolising CYPs or uptake trans-
porters, such as OATP1B1, OATPIB3, OATI1, OAT3 or
OCT2. Afatinib inhibits P-gp in vitro, but plasma con-
centrations of afatinib at therapeutic doses are considerably
lower than concentrations expected to inhibit P-gp.
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2.4 Preclinical Pharmacokinetics

The pharmacokinetics and drug metabolism of afatinib
(dose as suspension/solution formulation of the dimaleate
salt) were studied in several animal species (mice, rats,
rabbits and Gottingen minipigs).

Absolute bioavailability of afatinib in rats and minipigs
was variable, ranging from 11 to 45 % (Boehringer
Ingelheim, unpublished data) [25, 28]. Following admin-
istration of [14C]-radiolabelled afatinib to rats and minip-
igs, radioactivity was widely distributed into most of the
tissues, and declined slowly so that most tissues still had
detectable levels at 312 h. Pronounced body distribution
was also shown by relatively large volumes of distribution
of afatinib after intravenous dosing to animal species,
which was 12.4 and 16.2 L/kg in minipigs and rats,
respectively.

Mean plasma protein binding of afatinib was >92 % in
all animal species (rabbits, rats, minipigs and mice), over a
concentration range of 0.05-0.5 uM [25, 28]. In vitro,
binding of afatinib dimaleate to isolated human serum
albumin (45 g/L) was subordinate (79.6 %), and binding to
human ol-acid glycoprotein (AGP) increased with the
protein concentration from 11.6 % (0.1 g/L AGP) to
90.6 % (10 g/ AGP). The blood-to-plasma ratio of afa-
tinib in vitro by incubation of [**C]-radiolabelled afatinib
in rats and minipigs was >3, indicating that afatinib was
predominantly distributed into blood cells of these species.

In vivo metabolism was studied in several species (rats,
mice, minipigs and rabbits) following oral and intravenous
(rats only) administration of ['“C]-radiolabelled afatinib

species, metabolism was minimal; excretion of unchanged
parent compound accounted for >50, >60, >72, and

>87 % in the rat, mouse, minipigs and rabbit, respectively.
The total number of metabolites observed in all species at
amounts >1 % of the administered dose was relatively
small, with only minor differences in the metabolite pattern
between the investigated species. In all animal species, the
parent drug afatinib was the major circulating component
in the plasma, with the next most predominant metabolites
being the fraction of covalently bound afatinib. Across all
investigated animal species, afatinib was primarily excre-
ted in the faeces (85-94 % of the oral dose). Based on
in vitro and in vivo toxicology studies, there was no evi-
dence of genotoxicity with afatinib [25, 28].

3 Clinical Pharmacokinetics

The clinical pharmacokinetics of afatinib monotherapy
were investigated in healthy subjects and patients with
advanced solid tumours, including those with hepatic and
renal impairment. To characterise the pharmacokinetics of
afatinib in a large number of patients with advanced solid
tumours, a meta-analysis of five phase I trials [29-32] and
one phase II trial [33] in patients with advanced solid
tumours (n = 221) who received afatinib (10-100 mg
doses) was performed using non-compartmental analysis
[34]. The key pharmacokinetic parameters following single
and multiple doses of afatinib are presented in Tables 2 and
3. For comparison, Table 4 also gives the pharmacokinetic
parameter estimates after multiple dosing of 40 mg to a

(Boehringer Ingelheim, unpublished data) [25, 28]. In all ~ typical NSCLC patient based on a population

Table 2 Summary of single- Parameter and unit  Afatinib dose

dose pharmacokinetics of

afatinib after once-daily oral 20 mg (N = 13) 30 mg (N = 10) 40 mg (N = 30) 50 mg (N = 73)

doses in cancer patients enrolled b

in four phase I trials [29-32] AUCy [ng-h/mL] 119 (56.6) 189 (95.9) 324 (68.9) 459 (68.0)

and one phase II trial [33]. Ciax [ng/mL] 11.6 (85.1) 163 (139) 25.2 (73.3) 40.8 (76.6)

Results are based on 2 meta- fras [h] 3.00 (0.50-24.0)  2.00 (0.57-6.92)  3.98 (0.58-9.10)  3.13 (0.90-9.05)

analysis of data from these five . de

wials [34] 1, [h] 22.3 (80.3) 213 (82.1) 26.9 (61.1) 21.9 (54.8)*
CL/F [mL/min] 1430 (64.7)° 1370 (72.9) 952 (86.2) 1090 (94.0)%¢
V,/F [L] 2770 (61.8)° 2520 (109) 2220 (71.4) 2080 (123)%

Data are expressed as geometric mean [gCV (%)] or median (range)

AUC,4 area under the drug plasma concentration—time curve over the time interval from zero to 24 h, CL/F
clearance of drug from plasma after oral administration, C,,,, maximum drug concentration in plasma,
gCV(%) geometric coefficient of variation (%), t., terminal elimination half-life, t,,,, time to reach C,,,, V./F

(apparent) volume of distribution

fn=12
b n=69
‘n=11
dn=13

¢ No t,-dependent parameters were calculated in one trial [33]
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Table 3 Summary of steady-
state pharmacokinetics of

Parameter and unit Afatinib dose

afatinib after multiple once- 20 mg (N = 15) 30 mg (N = 8) 40 mg (N = 27) 50 mg (N = 51)
daily oral doses in cancer
patients enrolled in four phase I AUC, s [ng-h/mL] 380 (77.2) 660 (92.4) 631 (85.9)° 1130 (59.7)
trials [29-32] and one phase II Cinax.ss [ng/mL] 24.5 (88.5) 46.5 (120) 38.0 (105) 77.0 (63.6)
trial [33]. Results are based ona 1y 498 (0.50-9.08)  2.01 (0.52-4.00)  3.00 (0.47-23.8)  3.82 (1.00-7.05)
meta-analysis of data from these ’ b a
five trials [34] ty,ss [h] 47.1 (51.6) 33.4 (56.8) 36.3 (57.1)° 22.3 (25.4)
CL/F,, [mL/min] 877 (77.2) 758 (92.4) 1070 (87.9)° 1390 (47.3)¢
V./Fy [L] 3570 (107) 2000 (67.8)" 2870 (101)° 2690 (47.8)¢
Ra.auc 3.14 (27.6)° 3.40 (83.1) 2.53 (48.0)¢ 2.61 (59.1)"
Ra Cmax 2.23 (26.5) 2.67 (98.8) 2.08 (57.7)¢ 2.00 (69.2)

Data are expressed as geometric mean [gCV(%)] or median (range)

AUC, 4 area under the drug plasma concentration—time curve at steady state over a uniform dosing interval
1,CL/F clearance of drug from plasma after oral administration at steady state, C,,,,ss maximum drug
concentration in plasma at steady state, gCV(%) geometric coefficient of variation (%), Ry ayc accumu-
lation ratio based on AUC, R cmax accumulation ratio based on C,,,, ss steady state, f1, ¢ terminal
elimination half-life at steady state, #,,,, ss time to reach C,. s, V/Fs (apparent) volume of distribution at

steady state

n=26
b h=7
‘n=23
d

*n=25
fn=11
gn=9
hp =49
fn=12

Table 4 PopPK model-derived afatinib secondary steady-state
pharmacokinetic parameters after multiple once-daily dosing of afa-
tinib 40 mg to a typical patient® [35]

Parameter Population mean estimate
AUC, 4 [ng-h/mL] 908

Chax.ss [ng/mL] 49.2

Imax.ss [h] 4.25

ty,ss [h] 45.0

CL/F4, [mL/min] 734

VIF [L] 2370

V./Fs [L] 2860

AUC, 4 area under the drug plasma concentration—time curve at
steady-state over a uniform dosing interval t, CL/F clearance of
drug from plasma at steady state after oral administration, C,,,y ss
maximum drug concentration in plasma at steady state, ECOG
Eastern Cooperative Oncology Group, LDH lactate dehydrogenase,
NSCLC non-small cell lung cancer, PopPK population pharmacoki-
netic, ss steady state, f,,, terminal elimination half-life at steady
state, t,,yss time to reach C,y 55, V/Fss apparent volume of distribu-
tion at steady state,V /F, apparent volume of distribution during the
terminal phase at steady state

4 Median and mode of baseline characteristics within the analysed
population, i.e. female with NSCLC, weighing 62 kg, ECOG score of
1, creatinine clearance 79 mL/min, LDH level 241 U/L, alkaline
phosphatase level 106 U/L, and total protein level 72 g/L, who
received doses in a fasting state
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n =7 (no ti,-dependent parameters were calculated in one trial [33])

pharmacokinetic (PopPK) model using data from 927
patients with advanced solid tumours included in seven
phase II/IIT studies [35].

3.1 Absorption and Distribution

Following oral administration, afatinib attains Ci,,x values
within approximately 2-5 h (range 0.5-24 h) (Tables 2, 3)
[34], delayed slightly by food intake (C\,.x occurs at 3-8 h)
[30]. gMean plasma concentration—time profiles of afatinib
for dose levels 20-50 mg after single and multiple dosing
are shown in Fig. 2. The shape of the gMean plasma
concentration—time profiles after single and multiple doses
are generally similar across all doses and, after reaching
Chax> decline at least bi-exponentially.

Increases in Cy,,x and area under the plasma concen-
tration—time curve (AUC) in the dose range of 20-50 mg
are slightly more than dose proportional (Tables 2, 3) [34],
potentially due to changes in the bioavailability of afatinib
as a result of saturation of efflux transporters in the gut
[34]. Steady-state is achieved within 8 days of once-daily
dosing, with overall accumulation ratios of 2.0-2.7 for
Cnax and 2.5-3.4 for AUC, and no evidence of fluctuation
in subsequent treatment cycles [34] (electronic supple-
mentary Fig. 1).
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Fig. 2 Geometric mean afatinib 70
plasma concentration—time .
profiles after single doses and at 60 —
steady-state following oral -
administration of afatinib 50 —
(20-50 mg) once daily to cancer -
patients (linear scale). 40 —

n = maximum number of
patients contributing to the
geometric mean of each time
point for afatinib single doses
and at steady-state. Reproduced
from Wind et al. [34], with
permission of Springer

Afatinib
plasma concentration [ng/mL]

s

U L DL L I DL DL L L DL B
24 480 484 488 492 496 500 504

Time [hours]

—@— 20 mg (n=16/15) —A— 40 mg (n=48/29)

—&— 30 mg (n=10/8) —W¥— 50 mg (n=73/52)

In line with this, a two-compartment disposition model
with first-order absorption, linear elimination and dose-
dependent bioavailability was used when performing
compartmental analyses [35].

The absolute bioavailability of afatinib in humans has
not been studied. Relative bioavailability was 92 % (90 %
confidence interval [CI] 76-112 %) based on the AUC
from time zero to infinity (AUC,,), and 85 % (90 % CI
69—-106 %) based on C,,x after a single dose of a 20 mg
tablet compared with an oral solution [36]. After a high-fat,
high-caloric meal [37], afatinib exposure is reduced, with
Cmax and AUC,, reduced by approximately 50 % and
39 %, respectively. Thus, afatinib should be administered
at least 1 h before or 2-3 h after ingestion of food [17, 18].

Afatinib is approximately 95 % plasma protein bound
[38, 39]. In the previously described meta-analysis, afatinib
(10-100 mg doses) showed a high apparent volume of
distribution during the terminal phase (V_/F) after single
doses and at steady state (gMean values were 1940 and
2770 L, respectively), indicative of high tissue distribution
[34]. In line with this, V,/F was 2860 L for a typical patient
receiving a 40 mg dose, based on the PopPK analysis
(Table 4) [35]. However, the values of V,/F should be
treated with caution as the absolute bioavailability (F) of
afatinib is unknown. The final PopPK model adequately
described the pharmacokinetics of afatinib in different
cancer patient populations.

3.2 Metabolism and Elimination

The disposition and metabolism of afatinib were investi-
gated in a dedicated absorption, distribution, metabolism,

and elimination (ADME) study in eight male subjects who
received a single oral dose of ['*C-Jradiolabelled afatinib
solution [40]. Following an oral dose of 15 mg [14C]-ra-
diolabelled afatinib dimaleate, most of the dose was
recovered in the faeces (85.4 % within 312 h after dosing),
with negligible clearance in the urine (4.29 % within 216 h
after dosing). The renal excretion of afatinib itself was also
low, which suggests primarily biliary secretion of
unchanged drug. The combined faecal and urinary recovery
accounted for 89.5 % of the administered ['*C]-radiola-
belled dose, indicative of an essentially complete mass
balance. Most of the recovery occurred within 72 h of
dosing.

Metabolite profiling showed that afatinib was metabo-
lised to a minor extent [40] and the parent compound
(afatinib) was the major drug-related component in plasma,
urine and faeces. The major circulating form of afatinib in
human plasma were adducts of afatinib covalently bound to
plasma proteins (e.g. albumin) via a chemical reaction
mechanism of Michael addition that does not involve
enzymatic catalysis. No metabolites formed by CYP
enzymes were detected in excreta. Oxidative metabolism
mediated via CYPs was of negligible importance for the
metabolism and elimination of afatinib, suggesting that the
risk of interaction between afatinib and other therapies
metabolised by CYP enzymes (i.e. CYP substrates, CYP
inhibitors and CYP inducers), is minimal.

Overall drug clearance (CL/F) was comparable after
single doses and at steady state (gMean 1050 and
898 mL/min, respectively). The gMean terminal half-life
was 21 h (range 21-27 h) after single doses and 37 h
(predominantly ranging from 22 to 47 h) at steady state
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Model predicted mean AUC__ ratio [%]

Point estimate from final population pharmacokinetic model and 95% confidence interval

Reference patient = Female, Body weight 62 kg, Creatinine clearance 79 mL/min, ECOG performance score 1,
Alkaline phosphatase 106 U/L, Lactate dehydrogenase 241 U/L, Total protein 72 g/L, Cancer type NSCLC

Bioequivalence limits (80-125%)

90% prediction interval for inter—patient variability

Fig. 3 Ratios (point estimates and 95 % confidence interval based on
bootstrap analysis) of afatinib population mean exposure at steady
state (AUC,) predicted by the population pharmacokinetic model for
different scenarios compared with a typical patient. *Typical patient
was female with NSCLC, body weight 62 kg, creatinine clearance
79 mL/min, ECOG score of 1, alkaline phosphatase 106 U/L, lactate
dehydrogenase 241 U/L, total protein 72 g/L, receiving afatinib
40 mg once daily. The solid vertical line indicates the population
mean for the typical patient, and the shaded area is the 90 %
prediction interval for interpatient variability. The vertical dotted
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lines indicate the bioequivalence limits (80—125 %). The 2.5th, 25th,
75th and 97.5th percentiles of the baseline values observed in the
analysed population are shown for body weight, alkaline phosphatase,
lactate dehydrogenase and total protein. Data for the creatinine
clearance subgroups are based on the US FDA classification of renal
function [41]. AUC; area under the drug plasma concentration—time
curve over a uniform dosing interval T, ECOG Eastern Cooperative
Oncology Group, NSCLC non-small cell lung cancer. Reproduced
from Freiwald et al. [35], with permission of Springer
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(10-100 mg doses) in the phase I meta-analysis [34]. A
half-life of approximately 37 h can be also calculated
based on the accumulation ratio, and can thus be con-
sidered as the effective half-life of afatinib. However, the
real terminal half-life of afatinib seems to be significantly
longer, as suggested by recent studies with more sensitive
bioanalytical assays and longer pharmacokinetic sampling
periods after dosing. A terminal half-life of 70-80 h was
determined after single-dose administration and subse-
quent pharmacokinetic sampling up to 312 h [38, 39], and
up to approximately 340 h after multiple dosing in
patients who stopped afatinib therapy after at least
6 months of treatment and had pharmacokinetic sampling
up to 6 weeks after the last dose (Boehringer Ingelheim,
unpublished data). This phenomenon may be explained by
afatinib’s feature to form covalently bound adducts with
proteins via Michael addition, which is a chemical equi-
librium. These covalent protein adducts can decompose
and slowly release afatinib, leading to the prolonged
elimination phase. However, this prolonged terminal half-
life after long-term treatment does not contribute to the
accumulation of the drug, and resulting afatinib plasma
levels are far below the exposure known to exert phar-
macological efficacy or adverse effects.

3.3 Variability in Exposure

Substantial variability was observed in afatinib exposure in
the clinical trials; for example, geometric coefficient of
variation (gCV) values for AUC across the dose range
20-50 mg ranged from 60 to 92 % in the phase I meta-
analysis [26].

Interindividual variability is still moderate to high, even
after accounting for known effects of intrinsic and extrinsic
factors as illustrated in Fig. 3 by the 90 % prediction
interval of afatinib exposure for an individual NSCLC
patient based on a recent PopPK analysis using data from

927 patients with advanced solid tumours included in seven
phase II/IIT studies [35].

In the target population of NSCLC patients from the
LUX-Lung 3 trial, afatinib plasma levels also showed high
interpatient variability (gCV from 67 to 85 % with a 40 mg
dose) [19]. However, the applied dose reduction schedule
in LUX-Lung 3 was effective in reducing excessive plasma
concentrations, thus reducing the interpatient variability in
exposure (gCV reduced from 85 % [day 1 of cycle two] to
67 % [day 1 of cycle three]) and thereby providing similar
plasma levels for patients across the dose groups [19] (see
Sect. 7.2).

In the phase I meta-analysis, intraindividual variability
for afatinib trough plasma concentrations over the treat-
ment cycles was moderate, with gCVs ranging from 31.0 to
35.7 % for the 20, 30, 40 and 50 mg dose groups [34].

4 Pharmacokinetics in Special Populations

4.1 Pharmacokinetics in Subjects with Renal
Impairment

In a single-dose study of afatinib 40 mg in subjects with
moderate (n = 8) or severe (n = 8) renal impairment (es-
timated glomerular filtration rate [eGFR] 30-59 and
15-29 mL/min, respectively) and healthy matched controls
(n = 14) [39], the plasma concentration—time profile of
afatinib was similar in both groups. An increase in afatinib
exposure and a decrease in renal clearance with decreased
renal function was observed, as assessed by eGFR,
although overall afatinib terminal half-lives were similar in
subjects with renal impairment. The extent of exposure, as
indicated by area under the drug plasma concentration—
time curve from time zero to the time of the last quantifi-
able data point (AUC,,s) and C,.x, Was generally similar
between the matched treatment groups (Table 5), with the

Table 5 Relationship between degree of renal or hepatic impairment and afatinib pharmacokinetic parameters (adapted from Schnell et al. [38]

and Wiebe et al. [39])

Comparison of grades of renal/hepatic impairment

Renal impairment study

Hepatic impairment study

AUC (ngh/mL)

Cinax (ng/mL) AUC,, (ng-h/mL)  Cyux (ng/mL)

Mild vs. healthy matched controls NA
Moderate vs. healthy matched controls

Severe vs. healthy matched controls

122.2 (95.7-156.0)*
150.0 (105.3-213.7)*°

NA 92.6 (68.0-126.3)" 109.5 (82.7-144.9)*
101.2 (72.9-140.3)*  94.9 (72.3-124.5)* 126.9 (86.0-187.2)"
121.7 (90.8-163.2) NA NA

Data are expressed as adjusted geometric mean ratios (90 % CI)

AUC, area under the drug plasma concentration—time curve from time zero to the time of the last quantifiable data point, AUC, area under the
drug plasma concentration—time curve from time zero to infinity, CI confidence interval, C,,,x maximum concentration, NA not applicable

% n = 8 per group in each comparison shown

b p = 0.06 (two-sided p < 0.1 indicates formal significance)
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exception of the gMean ratio of AUC,, for subjects with
severe renal impairment, which showed a trend towards a
higher value compared with matched healthy subjects.
Renal impairment had no effect on plasma protein binding
of afatinib. The relatively minor influence on the pharma-
cokinetics of afatinib is in line with the results from a
recent PopPK analysis based on phase II and III data
testing creatinine clearance (CLcR) as a covariate, and is
within the known interpatient variability of afatinib expo-
sure (Fig. 3) [35]. Based on the low urinary excretion of
afatinib-related radioactivity (<5 %) found in the ADME
study [40], the renal impairment study [39] and the PopPK
analysis [35], it may be hypothesized that non-renal elim-
ination pathways of afatinib are impacted by renal func-
tion, such as a decrease in expression and/or activity of
intestinal P-gp [42, 43].

4.2 Pharmacokinetics in Subjects with Hepatic
Impairment

In a single-dose study of afatinib 50 mg in subjects with
mild (n = 8) or moderate (n = 8) hepatic impairment
(Child-Pugh A and B grades, respectively) and matched
healthy controls (n = 16) [38], plasma concentrations were
generally similar as the mean ratios for Cy,,x and AUC,,
varied between 92.6 and 126.9 % (Table 5). No correlation
between degree of hepatic impairment and pharmacoki-
netics was observed.

Hepatic impairment had no effect on plasma protein
binding of afatinib. Since metabolism of afatinib is negli-
gible [40], there is no effect on biliary excretion of pre-
dominantly unchanged afatinib, consistent with findings
from the PopPK model, which showed that the presence of
liver dysfunction associated with liver metastases had no
significant impact on the exposure (AUC) of afatinib [35].

Overall, these results imply that hepatic function does
not influence the exposure to afatinib; however, it should
be noted that data in patients with severe hepatic impair-
ment (Child—Pugh C) are sparse. Therefore, the EU pre-
scribing guidelines state that treatment with afatinib is not
recommended in patients with severe hepatic impairment
[18], while the US prescribing information states that
patients with severe hepatic impairment should be closely
monitored and the afatinib dose adjusted if not tolerated
[17].

5 Drug-Drug Interactions
Afatinib is not metabolised to an appreciable extent and
does not relevantly inhibit or induce CYP enzymes. Since

it is highly soluble throughout the physiological pH range
of 1-7.5 [25], any drug—drug interactions with acid-
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reducing drugs such as H,-receptor antagonists, proton
pump inhibitors and antacids are not expected.

In vitro data suggest that afatinib is a BCRP substrate
and inhibitor. Because no specific in vivo BCRP modula-
tors or substrates are available, which could be adminis-
tered to subjects, no dedicated clinical study was performed
to address the clinical drug—drug interaction potential of
afatinib with regard to substrates of this efflux transporter.

As mentioned, afatinib inhibits P-gp in vitro, but plasma
concentrations of afatinib at therapeutic doses are consid-
erably lower than concentrations expected to inhibit P-gp.
In line with this, concomitant administration of afatinib
with sirolimus, a P-gp substrate, did not result in a clini-
cally relevant change in exposure of either drug [44],
suggesting that afatinib has low or negligible interaction
potential with other P-gp substrates [18]. This also suggests
that there are no drug—drug interactions likely between
afatinib and P-gp substrates at the absorption site in the gut,
where potentially higher local afatinib concentrations could
occur compared with systemic plasma levels.

Since afatinib is a substrate of P-gp in vitro, coadmin-
istration of potent inhibitors and inducers of this efflux
transporter can potentially modify its exposure (AUC and
Cinax)- Several phase I drug—drug interaction studies were
performed to investigate the interaction potential with
potent P-gp modulators [45].

5.1 Ritonavir

Two drug—drug interaction studies in healthy subjects
evaluated the effect on afatinib exposure of the potent P-gp
and BCRP inhibitor ritonavir (200 mg twice daily)
administered 1 h before, concomitantly, or 6 h after afa-
tinib [45]. Coadministration of ritonavir did not relevantly
change the exposure to afatinib 40 mg when taken con-
comitantly or 6 h after afatinib, but increased exposure to
afatinib 20 mg by 48 % (AUC,,) and 39 % (Cy,.x) When
administered 1 h before afatinib (Fig. 4). The lack of
interaction with the afatinib 40 mg dose can be explained
by two potential mechanisms; on one hand, P-gp-mediated
transport might be saturated and thus be of minor relevance
for exposure at the 40 mg dose level, which would be in
line with the slightly more than dose proportional increase
in exposure in the therapeutic dose range. On the other
hand, the concomitant and 6 h staggered administration of
ritonavir led to a time delay in P-gp inhibition that did not
relevantly affect afatinib exposure. However, as data con-
firm that potent P-gp inhibitors may increase exposure to
afatinib, caution should be exercised when afatinib needs to
be combined with such comedications. It is recommended
that P-gp inhibitors should be administered in a staggered
dosing regimen, i.e. with as large as possible interval from
the afatinib dose, preferably 6 h (if administered twice



Clinical PK/PD of Afatinib 245
Fig. 4 Effect of ritonavir and Reference Test

rifampicin on afatinib exposure.

Broken vertical lines illustrate

the no-effect boundaries Afatinib 20 mg

(0.8-1.25) used in the
assessment. AUC area under the
plasma concentration—time
curve, CI confidence interval,
C,nax Maximum plasma
concentration. Reproduced from
Wind et al. [45], with
permission of Springer

Afatinib 40 mg

Afatinib 40 mg

Afatinib 40 mg

daily) or 12 h (if administered once daily) from afatinib
dosing [18]. Furthermore, the afatinib daily dose can be
reduced by 10 mg if not tolerated, and increased to the
previous dose level, if concomitant treatment with P-gp
inhibitors is stopped [17].

As exposure to ritonavir was sufficient to inhibit BCRP
in the two studies [46], it is assumed that a possible
interaction with BCRP inhibitors is also covered by the
drug—drug interaction studies with ritonavir. Thus, it can be
concluded that afatinib exposure is mildly, if at all,
increased by BCRP inhibition.

5.2 Rifampicin

In healthy subjects [45], pretreatment with the potent P-gp
inducer rifampicin (600 mg once daily) for 7 days
decreased plasma exposure of afatinib 40 mg by 34 %
(AUC,) and 22 % (Cpax) (Fig. 4). Therefore, coadminis-
tration with P-gp inducers should be avoided as this may
result in decreased exposure to afatinib. However, if
patients require chronic treatment with a P-gp inducer, the
afatinib daily dose can be increased by 10 mg as tolerated,
and then lowered to the previous dose 2-3 days after the
P-gp inducer is discontinued [17].

5.3 Anticancer Therapy

The pharmacokinetics of afatinib have been studied in
combination with standard chemotherapy agents, including
letrozole [47], paclitaxel [48], pemetrexed [49], docetaxel
[50], vinorelbine [51], temozolomide [52], trastuzumab
[53, 54], nintedanib [55], carboplatin [56], paclitaxel/be-
vacizumab [56], cisplatin/paclitaxel [56, 57] and cisplatin/
5-fluorouracil [57]. In most of these studies, the primary
objective was to determine the maximum tolerated dose of
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the combination treatment in patients with advanced solid
tumours. None of the studies demonstrated a significant
pharmacokinetic interaction between afatinib and the other
therapies.

6 Effect of Other Intrinsic and Extrinsic Factors
on Afatinib Pharmacokinetics

The potential effects of various intrinsic and extrinsic
factors were investigated using a population approach.
Age, ethnicity, smoking history, alcohol consumption, or
the presence of liver metastases had no statistically sig-
nificant impact on the exposure (AUC) and clearance of
afatinib in the respective PopPK analyses [35]. Significant
covariates that influenced afatinib exposure included food
intake, body weight, sex, Eastern Cooperative Oncology
Group (ECOG) performance score, renal function, and the
level of several serum variables (alkaline phosphatase,
lactate dehydrogenase [LDH] or total protein). Female
patients had a 15 % increase in exposure when accounting
for all other covariate effects (particularly weight), while
exposure was increased by 26 % for a 42 kg patient (2.5th
percentile) relative to a patient weighing 62 kg (median
within the analysed population). Other than a CLcr of
30 mL/min, these covariates had little influence on afatinib
exposure (Fig. 3), with only the upper 95 % CI of AUC for
body weight 42 kg (2.5th percentile), ECOG score >2 or
higher, alkaline phosphatase 509 U/L (97.5th percentile),
LDH 893 U/L (97.5th percentile) exceeding 125 %.
Varying those covariates within the observed extreme
values (2.5th or 97.5th percentile of the baseline values)
increased exposure by 27.8 % for CLcg 43 mL/min (2.5th
percentile), or decreased exposure by 26 % for food intake
less than 3 h before or less than 1 h after afatinib
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administration. In simulations of the individual covariate
effects, all of the individual covariate effects were within
the 90 % prediction interval plasma concentration—time
profile for a typical patient (electronic supplementary
Fig. 2).

As mentioned above, smoking history had no significant
effect on plasma exposure of afatinib in the PopPK analysis
[35]. This was expected based on the minor metabolism of
afatinib, in which CYP enzymes such as CYP1A1/1A2,
which are induced by smoking [58], play a negligible role.

7 Clinical Pharmacodynamics
7.1 Effect on Cardiac Repolarisation

The effect of afatinib 50 mg on cardiac repolarisation was
studied in 60 patients with advanced solid tumours. The
mean time-matched QT interval using the Fridericia cor-
rection method (QTcF) over 1-24 h following adminis-
tration of afatinib, showed a non-significant decrease of
0.3 ms (90 % CI —2.8 to 2.3 ms) between baseline and day
14. No changes in the mean QTc interval >20 ms were
detected and no patient had new-onset prolongation of the
QTCcF interval (>450 ms) or an uncorrected QT interval of
>500 ms on days 1 or 14 [33]. No correlation was
observed between pharmacokinetic parameters and elec-
trocardiogram (ECG) variables, and no treatment-related
morphological ECG abnormalities were detected. Thus, the
data indicate that afatinib does not affect the QTc interval
and therefore no specific ECG monitoring is indicated
clinically.

7.2 Exposure-Response Relationships

The association between afatinib trough plasma concen-
trations and efficacy endpoints was investigated in the
LUX-Lung 3 trial [19] (Boehringer Ingelheim, unpublished
data) [26]. For this analysis, afatinib trough plasma con-
centrations on the last day of sampling (day 42) were taken

(or days 29 or 21 if missing). The relationship between
trough afatinib concentrations, categorised using the
quartile values, was explored according to week 6 tumour
shrinkage, measured as the absolute and percentage change
in the sum of target lesion diameters from randomisation
(Table 6). No correlation between afatinib trough plasma
concentrations and any tumour shrinkage could be
detected.

The association between afatinib trough plasma con-
centrations and severity of the adverse events (AEs) diar-
rhoea and rash/acne was investigated using pooled data
from several trials [19, 59-62] (Boehringer Ingelheim,
unpublished data) [26]. For this analysis, the severity of
diarrhoea and skin rash/acne during treatment, as measured
by the maximum grades for these AEs (graded according to
the National Cancer Institute Common Terminology Cri-
teria for Adverse Events [CTCAE] Version 3.0), were
compared against afatinib trough plasma concentrations on
day 15 (the first day of pharmacokinetic sampling), as the
onset of these AEs generally occurs within the first or
second week of afatinib treatment. The median trough
plasma concentration of afatinib was calculated among
patients per maximum CTCAE grade observed (Table 7).
Median afatinib trough plasma concentrations were
increased with the severity of diarrhoea and rash/acne,
suggesting that higher exposure of afatinib increases the
risk of experiencing CTCAE grade 3 or higher toxicity or
grade 2 or higher diarrhoea events.

Afatinib-related AEs are generally managed with dose
modifications; in the case of grade 3 or selected, prolonged
grade 2 AE events, the dose can be reduced by 10 mg
decrements to 30 mg or a final dose of 20 mg [17, 18]. A
dose modification schedule based on tolerability was
applied in the LUX-Lung 3 trial [19]. Patients started with
a dose of afatinib 40 mg, but should be dose-escalated to
50 mg in case of good tolerability, and dose reduced to
30 mg and 20 mg in case afatinib was not tolerated. Post
hoc analyses from LUX-Lung 3 assessed the influence of
afatinib dose reduction on trough concentrations [63]
(Fig. 5). By applying this dose modification schedule,

Table 6 Relationship between tumour shrinkage and quartiles of afatinib trough plasma concentrations in the LUX-Lung 3 trial [19] (Boeh-

ringer Ingelheim, unpublished data) [26]

Parameter and unit

Quartiles of afatinib trough plasma concentrations (n = 193)

Trough < Q1 Ql < trough < median  Median < trough < Q3  Trough > Q3
Decrease from baseline to week 6 in sum of target lesion diameters®
Patients with trough/tumour measurements, n (%) 49 (100.0) 48 (100.0) 48 (100.0) 48 (100.0)
Maximum decrease from baseline, mm"® —13.00 —8.40 —12.80 —14.65
Maximum % mm decrease from baseline —30.27 —22.66 —30.45 —25.15

* Based on independent review

" Data are expressed as median values
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Table 7 Relationship between maximum CTCAE grades of diarrhoea and rash and afatinib trough plasma concentrations for patients with
evaluable pharmacokinetic data across the dose range 40-50 mg in the LUX-Lung 1-4 trials [19, 59-62] (Boehringer Ingelheim, unpublished

data) [26]

CTCAE grade

Afatinib trough plasma concentrations (ng/mL) on day 15

50 mg starting dose* 40 mg starting dose” Total®
N Median N Median N Median
Diarrhoea
0 (none) 1 86.4 1 86.4
1 159 35.6 113 25.2 272 31.3
2 152 44.1 93 31.6 245 39.6
3 90 50.1 35 35.8 125 47.5
Rash/acne
1 125 37.9 77 27.6 202 344
2 164 39.9 111 26.8 275 342
3 73 52.1 39 314 112 45.1

CTCAE National Cancer Institute Common Terminology Criteria for Adverse Events Version 3.0, NSCLC non-small cell lung cancer, 7K/

tyrosine kinase inhibitor

4 TKI-naive patients in LUX-Lung 2 [59] and LUX-Lung 3 [19] who received an afatinib starting dose of 40 mg
® TKI-resistant NSCLC patients in LUX-Lung 1 [60] and LUX-Lung 4 [61, 62] who received an afatinib starting dose of 50 mg
¢ Both NSCLC patient populations (i.e. 40 and 50 mg starting doses in LUX-Lung 1-4) [19, 59-62]

Fig. 5 Comparison of afatinib
trough plasma concentrations on
days 22 and 43 in patients who
remained on afatinib 40 mg,
reduced their dose to 30 mg, or
escalated to 50 mg in the LUX-
Lung 3 trial [19, 63]. Striped
boxes indicate patients who
remained on 40 mg until day 43
(cycle 3, visit 1, n = 126). Grey
boxes indicate patients who
reduced their dose to 30 mg
before day 43 (n = 38; only 10
of these patients had valid
trough concentrations on
afatinib 40 mg at day 22 [cycle
2, visit 1; the rest had either no
pharmacokinetic sampling due
to dose interruption, were
already receiving afatinib

30 mg, or were excluded due to
invalid sampling]). White boxes
indicate patients who dose
escalated to 50 mg before cycle
3, visit 1 (n = 14)
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variability in trough plasma concentration was decreased
from day 22 to day 43, as, in general, patients with higher
plasma exposure were dose reduced to 30 mg and, in
patients with lower plasma exposure, the dose was esca-
lated to afatinib 50 mg. At the time of the last pharma-
cokinetic observation on day 43, gMean trough plasma
concentrations were in the same range for all patients,
independent of the afatinib dose, indicating that the dose
modification schedule was effective in reducing the vari-
ability and bringing the patients to a tolerated plasma
exposure.

8 Summary/Conclusions

In patients with solid tumours, peak plasma concentra-
tions of afatinib occur approximately 2-5 h after oral
dosing and decline afterwards in an at least bi-expo-
nential manner. Afatinib metabolism is minimal, with
unchanged drug predominantly excreted in the faeces and
approximately 5 % in urine. The effective half-life is
approximately 37 h, justifying a once-daily dosing regi-
men. Over the clinical dose range 20-50 mg, the phar-
macokinetics of afatinib are slightly more than dose
proportional. The main covariates for afatinib exposure
are body weight and renal function, while factors such as
age, ethnicity, smoking status or hepatic function have
no relevant influence. Predicted exposure increases for
female patients, patients with low body weight or
patients with impaired renal function are within the
variability range of afatinib exposure.

At the approved afatinib dose of 40 mg, there is low
drug—drug interaction potential. Afatinib pharmacokinetics
are not affected by commonly coprescribed medications
such as CYP inducers/inhibitors and acid-reducing agents,
but concomitant treatment with strong inhibitors or
inducers of P-gp can affect the pharmacokinetics of afa-
tinib, and thus caution is advisable with this combination.
At a dose of 50 mg, afatinib does not have proarrhythmic
potential.

In conclusion, the studies discussed in this review sup-
port the use of afatinib as an efficacious and well-tolerated
treatment for patients in its approved indications. In routine
clinical practice, afatinib may offer a number of theoretical
advantages compared with first-generation TKIs, notably
the lack of CYP-related interaction potential, thereby
decreasing the risk of drug—drug interactions [64].
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