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ABSTRACT

Small-molecule kinase inhibitors (SMKIs) represent the cornerstone in the treatment of non-small cell lung cancer
(NSCLC) patients harboring genetic driver mutations. Because of the introduction of SMKIs in the last decades,
treatment outcomes have drastically improved. Their treatment efficacy, the development of drug resistance as
well as untoward toxicity, all suffer from large patient variability. This variability can be explained, at least in
part, by their oral route of administration, which leads to a large inter- and intra-patient variation in bioavail-
ability based on differences in absorption. Additionally, drug-drug and food-drug interactions are frequently
reported. These interactions could modulate SMKI efficacy and/or untoward toxicity. Furthermore, the large
patient variability could be explained by the presence of germline variations in target receptor domains,
metabolizing enzymes, and drug efflux transporters. Knowledge about these predictor variations is crucial for
handling SMKIs in clinical practice, and for selecting the most optimal therapy. In the current review, the
literature search included all SMKIs registered for locally-advanced and metastatic NSCLC by the US Food and
Drug Administration (FDA) or European Medicines Agency (EMA) until March 24th, 2022. The BIM deletion
showed a significantly decreased PFS and OS for East-Asian patients treated with gefitinib, and has the potential
to be clinically relevant for other SMKIs as well. Furthermore, we expect most relevance from the ABCG2 34 G>A
and CYPIAI variations during erlotinib and gefitinib treatment. Pre-emptive CYP2D6 testing before starting
gefitinib treatment can also be considered to prevent severe drug-related toxicity. These and other germline
variations are summarized and discussed, in order to provide clear recommendations for clinical practice.

Introduction

because these drugs are tailored to act on disease-specific pathways
regarding signal transduction (Krause and Van Etten, 2005). As a result

Lung cancer remains one of the leading causes of mortality. Since the
turn of the century, treatment outcomes have drastically improved,
largely resulting from the development and introduction of small
molecule kinase inhibitors (SMKIs) (Lee et al., 2018). This class of drugs
has tremendous advantage over classic chemotherapeutic agents,
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of this targeted approach, most SMKIs are registered solely for
tumor-specific mutations, and are supposed to be associated with
diminished adverse effects. Furthermore, these compounds are admin-
istered orally as opposed to chemotherapeutic agents — which are mainly
administered intravenously — which is associated with a lower frequency
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of hospital visits, and improved patients’ quality of life.

Nonetheless, several important issues have been identified upon
SMKIs-based treatment of non-small cell lung cancer (NSCLC). While
treatment outcomes are overall better with SMKIs compared to cytotoxic
drugs, there is considerable variation in drug resistance and tolerability
between patients. This can be explained, at least in part, by their oral
route of administration, leading to a large inter- and intra-patient vari-
ation in bioavailability based on differences in absorption, whilst drug-
drug and food-drug interactions are also frequently reported (van
Leeuwen et al., 2014; Veerman et al., 2020). These interactions could
modulate SMKI efficacy and/or untoward toxicity. Last, but not least,
pharmacogenetics are known to alter SMKI treatment outcomes. Phar-
macogenetics is used as an umbrella term for germline variations in
genes encoding for enzymes and drug transporters involved in the
metabolism of a drug (van Gelder et al., 2004). For example, variations
in genes associated with SMKI drug metabolism (e.g. cytochrome P450
(CYP450) enzymes) or with transcellular drug transport (e.g. ABC and
SLC transporters) are known to alter the exposure to SMKIs (Mulder
et al., 2021), thereby modulating cytotoxicity and survival outcome
(Caetano-Pinto et al., 2017). Also, germline variations in genes encoding
for membrane transporters have been described to cause increased
influx or efflux of SMKIs. This could cause increased tumor drug resis-
tance and toxicity to healthy tissues. Furthermore, germline variations
within receptor sites or their molecular pathway may alter the thera-
peutic activity of SMKIs, rendering patients more prone to drug resis-
tance (Gillis and McLeod, 2016; Juchum et al., 2015; Sarmento-Ribeiro
et al., 2019; Saleem et al., 2019).

Germline variations mostly concern single nucleotide poly-
morphisms (SNPs) but other variations (i.e. repeats of certain nucleo-
tides or deletions) were also reported. Whilst their clinical impact is
believed to be substantial, the use of SNPs in clinical cancer care is
currently limited (e.g. DPYD variations in the prescription of fluo-
ropyrimidines) (Henricks et al., 2018). Therefore, the question that
arises is whether or not germline variations should also be considered
when prescribing SMKIs, and if so, which germline variations should be
tested prior to the treatment. The aim of this review is to provide an
overview of the current literature (until March 24th, 2022) on the
pharmacogenetic impact of SMKIs treatment, the occurrence of drug
resistance and untoward toxicity as well as to provide recommendations
for clinicians prescribing SMKIs for NSCLC treatment.

Search strategy and selection criteria

PubMed and Embase databases were searched for clinical research
regarding pharmacogenetics and SMKIs registered by the United States
Food and Drug Administration (FDA)™® or the European Medicines
Agency (EMA) (EMA, 2021) for the treatment of metastatic NSCLC
published until March 24th, 2022. SMKIs considered in the search were
afatinib, alectinib, brigatinib, capmatinib, ceritinib, crizotinib, dabra-
fenib, dacomitinib, entrectinib, erlotinib, gefitinib, larotrectinib, lorla-
tinib, nintedanib, osimertinib, pralsetinib, selpercatinib, and trametinib.
In the PubMed database we searched for *SMKI name’ AND (poly-
morphism OR transporter). ‘Humans’ and ‘English language’ were used
as additional filters. In Embase we searched for 'SMKI name’ AND
("genetic polymorphism’/exp OR ’genetic polymorphism’ OR ’trans-
porter’/exp OR ’transporter’) AND [humans]/lim AND [english]/lim
AND [clinical study]/lim. All search results were screened for possible
relevance based on title, abstract, availability of the full text, but also
sample size and statistical power. Articles regarding an association be-
tween either germline SNPs or germline polymorphisms and SMKI
outcomes, such as pharmacokinetics, exposure, toxicity, the onset of
drug resistance expressed as a change in progression-free survival (PFS)
and overall survival (OS), were included.
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In total, our search resulted in 2238 hits for all SMKIs: 840 from
Pubmed and 1398 from Embase. After structured title and abstract
screening, and full-text reading, 90 articles remained to be included in
this review. Evidently, most hits were from the SMKIs which have been
registered for the longest period of time (c.q. erlotinib and gefitinib).
Fewer articles were found on the other, more recently registered SMKIs.

We classified pharmacogenetic studies in SMKI treatment by its focus
on either pharmacodynamic or pharmacokinetic influences of germline
genetic variation. Pharmacodynamic effects are related to the target of a
drug, e.g. by SNPs occurring in the EGFR-gene, or to proteins down-
stream in its molecular pathway. The most important outcomes for these
studies are progression-free survival (PFS) and overall survival (OS).
Also, in peripheral tissues, the same variations may induce or reduce
susceptibility to adverse events, such as the -216 G>T SNP in the EGFR
promotor region, causing increased expression of EGFR receptors, and
making patients more prone to SMKI-induced diarrhea and skin rash
(McKibbin et al., 2010; Giovannetti et al., 2010)

Meanwhile, germline genetic variations in drug transporters or in
drug metabolizing enzymes may affect the pharmacokinetics of drugs
(Ahmed et al., 2016). Firstly, polymorphisms in drug transporter genes,
most notably ABCB1 (P-glycoprotein) and ABCG2 (Breast Cancer
Resistance Protein), may influence the distribution of drugs over
different body compartments (Caetano-Pinto et al., 2017; Sprowl et al.,
2012; Cecchin et al., 2018) This may affect intra-tumoral drug concen-
trations and, consequently, treatment efficacy (Li et al., 2016; Wang
et al., 2021). Alternatively, these same transporters alter drug concen-
trations in healthy tissues, affecting toxicity (Cusatis et al., 2006). The
second group of genetic polymorphisms which affects pharmacokinetics
relates to genes involved in drug metabolism including CYP450 or uri-
dine 5'-diphospho-glucuronosyltransferase (UGT) enzymes. When drugs
are rapidly metabolized, exposure to drugs is reduced, potentially
diminishing therapeutic efficacy. Conversely, when drugs are metabo-
lized slowly, efficacy may be retained, albeit untoward toxicity may
increase (Mathijssen et al., 2014).

The European Network of Centers for Pharmacoepidemiology and
Pharmacovigilance has made clear guidelines for the design, imple-
mentation and analysis of pharmacogenomic studies (ENCEPP, 2022).
For implementation of genotyping of a specific germline variation in
clinical practice, it is important for variations to have a relevant impact
on patient survival, the development of drug resistance or tolerability in
multivariable analysis. Preferably, this is confirmed through changes in
SMKI pharmacokinetics (ENCEPP, 2022). Additionally, the results must
have been validated -including for instance by Bonferroni correction- in
an independent second cohort or by thorough statistical bootstrapping,
in order to provide solid evidence of the presence and magnitude of the
effect. Furthermore, there should be a balance between the impact of a
SNP and its prevalence in a population, so genetic testing is (cost-)
effective on a large scale (ENCEPP, 2022).

Clinically relevant germline variations in erlotinib treatment

Target variations

Especially in East-Asian patient populations, a thoroughly studied
genetic variant is a deletion in intron 2 of the B-cell Lymphoma-2-like 11
(BIM) gene (Table 1 and supplementary Table 1) (Lee et al., 2014, 2013,
2015; Ariyasu et al., 2020; Zhao et al., 2014; Sun et al., 2017; Xia et al.,
2017; Shuang et al., 2016; Liu et al., 2019, 2012; Cardona et al., 2016;
Wang et al., 2019; Winther-Larsen et al., 2015, 2019; Nie et al., 2011;
Rudin et al., 2008; Jung et al., 2012; Zhang et al., 2016; Leal et al., 2020;
Fukudo et al., 2013; Endo-Tsukude et al., 2018; Ruan et al., 2016; Liao
et al., 2020; Hamada et al., 2012; Miyamoto et al., 2020; Chen et al.,
2015; Zenke et al., 2016; Wang et al., 2018; Suzumura et al., 2012;
Arbitrio et al., 2016; Chiu et al., 2015; Xu et al., 2014) The BIM deletion
is mostly present in Asian patients, with a prevalence of 13-18%, while
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Table 1
The effects of germline variations on PFS, OS, pharmacokinetics and untoward toxicity in erlotinib treatment for NSCLC.
Gene Variant rs number PFS, HR (95% CI) 0OS, HR (95% CI) PK effect Toxicity Number of References
patients
BIM Deletion NS - - - 197 (Lee et al., 2013)
NS NS - - 196 (Ariyasu et al.,
2020)
2009 (1e15-3082) - - - 166 (Zhao et al., 2014)
NS NS - - 140 (Sun et al., 2017)
22 versus 38 months 24 versus 39 months - - 245 (Xia et al., 2017)
NS - - - 295 (Shuang et al.,
2016)
NS NS - - 194 (Liu et al., 2019)
NS NS - - 117 (Liu et al., 2019)
NS NS - - 205 (Lee et al., 2015)
360 (162-7¢6) 304 (1e4-8e3) - - 89 (Cardona et al.,
2016)
BIM Exon 5 c465C>T NS 1081 (1e12-281) - - 196 (Ariyasu et al.,
2020)
EGFR 181946C>T / rs2293347 0043 (0e22-0e82) 0047 (0e24-0e93) - - 82 (Winther-Larsen
D994D G>A et al., 2015)
0e35 (0e24-0e93) 0021 (0e06-0e76) — - 73 (Winther-Larsen
et al., 2019)
EGFR R497K A>L rs11543848 NS NS - - 115 (Nie et al., 2011)
- - AUC NS, Cppax NS 80 (Rudin et al., 2008)
NS, Crroush NS
EGFR — 216 G>T rs712829 0078 (0e44—1e36) 0082 (0e47-1043) - - 82 (Winther-Larsen
et al., 2015)
5e1 m (207-75) vs 29e¢5 m (1704-41e7) — - 71 (Jung et al., 2012)
166 m (5¢8-275) vs 1e4 m (307-395)
0e51 (0e33-080) 0e54 (0e34-0e84) - - 230 (Zhang et al., 2016)
- - AUC NS, Chax NS 80 (Rudin et al., 2008)
NS, Ciroush NS
EGFR — 191 C>A 15712830 NS NS - - 82 (Winther-Larsen
et al., 2015)
- - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS; Ctrough NS
EGFR intron 1, CA- NS NS - - 71 (Jung et al., 2012)
SSR1 (repeats)
- NS - - 115 (Nie et al., 2011)
- - AUC NS, Chax NS 80 (Rudin et al., 2008)
NS, Ciroush NS
EGFR + 61 A>G 154444903 NS NS - - 111 (Leal et al., 2020)
EGFR C>T rs1468727 NS NS - - 230 (Zhang et al., 2016)
AKT1 4G>A rs1130233 NS NS - - 184 (Liu et al., 2012)
AKT1 G>T rs1130214 185 (109-3013) NS - - 230 (Zhang et al., 2016)
ABCB1 1236 C>T rs1128503 NS NS AUC NS, Cirough NS 88 (Fukudo et al.,
NS 2013)
— — 1 29% NS 48 (Endo-Tsukude
Clearance et al., 2018)
- - - More rash, OR > 2 134 (Ruan et al., 2016)
NS - Cirough NS NS 87 (Liao et al., 2020)
- - AUC NS, Chax NS 50 (Hamada et al.,
NS, Cirough NS 2012)
- - AUC NS, Cpax NS 45 (Miyamoto et al.,
NS, Cirough NS 2020)
ABCB1 2677 G>T/A rs2032582 NS NS AUCNS, Cirough NS 88 (Fukudo et al.,
NS 2013)
- - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
- - AUC NS, Cpax NS 50 (Hamada et al.,
NS, Crrough NS 2012)
- - AUC NS, Chax NS 45 (Miyamoto et al.,
NS, Cirough NS 2020)
ABCB1 3435 C>T 151045642 NS NS Cirough NS, NS 88 (Fukudo et al.,
Clearance NS 2013)
NS - Cirough NS NS 87 (Liao et al., 2020)
- - AUC NS, Ciax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
- - AUC NS, Cpax NS 50 (Hamada et al.,
NS, Cirough NS 2012)
- - AUC NS, Cppax NS 45 (Miyamoto et al.,
NS, Cirough NS 2020)
ABCB1 1236TT-2677TT- - - TAUC,T Cpin, Earlier onset grade 50 (Hamada et al.,

3435TT

Crax NS

> 1 toxicity: 4 vs
12 days

2012)

(continued on next page)
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Table 1 (continued)
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Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number of References
patients
ABCB1 A>G 1510248420 - - - Up to 161% more 134 (Ruan et al., 2016)
toxicity of any
grade
ABCB1 A>G 157787082 - - - Up to 54% less 134 (Ruan et al., 2016)
toxicity of any
grade
ABCG2 421 C>A 152231142 NS NS 1 24% NS 88 (Fukudo et al.,
Clearance, 1 2013)
Clrough
- - AUC NS, Chax NS 48 (Endo-Tsukude
NS, Cirough NS etal., 2018)
NS - Ctrough NS NS 87 (Liao et al., 2020)
- - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS; C(mugh NS
NS NS - - 200 (Liu et al., 2012)
NS NS - - 70 (Chen et al., 2015)
ABCG2 1143 C>T 152622604 - - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS, Cirough NS
- - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
NS - Ctrough NS NS 87 (Liao et al., 2020)
NS NS - - 70 (Chen et al., 2015)
ABCG2 — 15622 C>T 157699188 - - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS’ Ctmugh NS
- - AUC NS, Cppax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
NS - Ctrough NS NS 87 (Liao et al., 2020)
ABCG2 34 G>A 152231137 - - AUC NS, Cax NS 80 (Rudin et al., 2008)
NS, Crroush NS
NS 0056 (0e38-0e84) - - 70 (Chen et al., 2015)
ABCG2 16702 G>A - - AUC NS, Cax NS 80 (Rudin et al., 2008)
NS, Cirough NS
ABCG2 — 15994 G>A - - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS, Clmugh NS
UGT1A1 *28 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
UGT1A1 *6 rs4148323 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS etal., 2018)
UGT2B7 211 G>T rs12233719 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
UGT2B7 802 C>T 157439366 - - AUC NS, Cax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
CYP1A1 *2AT>C - RR 2036 (1e54-3e64)  — - 115 (Nie et al., 2011)
CYP1A1 *2 C 2455 A>G 151048943 - NS - - 115 (Nie et al., 2011)
0023 (0006-0092) - 1 61% Cirough NS 87 (Liao et al., 2020)
- - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
- - - NS 134 (Ruan et al., 2016)
CYP1A2 — 3860 G>A rs2069514 - - AUC NS, Cppax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
CYPIA2 — 2467 T > delT 1535694136 - - AUC NS, Chax NS 48 (Endo-Tsukude
NS, Cirough NS et al.,, 2018)
CYP1A2 — 163 C>A 1s762551 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
- - - 57% less severe 134 (Ruan et al., 2016)
rash
NS - Ctrough NS Less severe rash 87 (Liao et al., 2020)
CYP1A2 5347 T >C 152470890 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
CYP1A2 1545T > C 152470890 NS - Ctrough NS NS 87 (Liao et al., 2020)
CYP2C9 99 C>T 1s17885098 - - - Less skin toxicity 134 (Ruan et al., 2016)
CYpP2C19 *3 154986893 - - - More skin toxicity 134 (Ruan et al., 2016)
CYP2D6 100 C>T rs1065852 - - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
NS - GCirough NS NS 87 (Liao et al., 2020)
CYP3A4 *1 G 20230 G>A 152242480 - - AUC NS, Crax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
NS - Crrough NS NS 87 (Liao et al., 2020)
CYP3A4 *1B A>G - - AUC NS, Cpax NS 80 (Rudin et al., 2008)
NS; Ctrough NS
CYP3A5 *3 /6986 A>G 15776746 - - AUC NS, Cax NS 80 (Rudin et al., 2008)
NS, Cirough NS
NS NS Clearance NS, NS 88 (Fukudo et al.,

Cirough NS

2013)

(continued on next page)
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Table 1 (continued)
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Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number of References
patients
- - AUC NS, Cpax NS 48 (Endo-Tsukude
NS, Cirough NS et al., 2018)
NS - Ctrough NS 50% less any grade 87 (Liao et al., 2020)
diarrhea
GSTM1 Deletion - - AUC NS, Cppax NS 50 (Endo-Tsukude
NS, Cirough NS et al., 2018)
GSTT1 Deletion - - AUC NS, Cax NS 50 (Endo-Tsukude

NS, Cirough NS et al., 2018)

PFS: progression free survival; OS: overall survival; PK: pharmacokinetics; AUC: area under the curve; Cmax: maximum concentration; Ctrough: trough concentration;

HR: hazard ratio; OR: odds ratio; RR: relative risk; NS: non-significant.

the deletion does not appear in patients of Caucasian and African origin
(Ng et al., 2012). BIM functions as a pro-apoptotic factor in the
EGFR-SMKI induced apoptosis pathway. The deletion is therefore
believed to cause intrinsic resistance to EGFR-SMKIs, including erloti-
nib, and consequently impairs response to treatment (Ng et al., 2012).
Nonetheless, this remains a highly controversial topic in the literature
with studies reporting conflicting results. A recent meta-analysis showed
the detrimental effects of the BIM deletion in a large EGFR-cohort, albeit
this was not SMKI-specific (Lv et al., 2021). Hence, extrapolation of
these results for all EGFR-SMKIs is not yet justifiable. For erlotinib,
although several studies report no effect on either PFS or OS, others
report a significant and clinically relevant impaired PFS and OS in pa-
tients with a BIM-deletion (up to 16 months’ decrease Table 1). As to
why only some studies report such a significant impact on survival,

EGFRgene
BIM deletion

mRNA

<— Point mutation

|—| CYP enzymes t @\

Ve
Variants | A
\/\o

HC
I__| UGT enzymes i Q\MB/M1 0
<0
H O,,,.’o\/\o N/

remains unclear. Nonetheless, the limited statistical power of studies
with a relatively small number of patients who received erlotinib, and
lack of correction for confounders, such as EGFR mutation status, makes
these results prone to bias. Moreover, inclusion of patients treated with
other EGFR-SMKIs makes it difficult to interpret the results (Lee et al.,
2013; Shuang et al., 2016; Cardona et al., 2016). In conclusion, this BIM
deletion might negatively influence erlotinib efficacy through intrinsic
drug resistance, yet further validation in larger and better designed
prospective studies is needed. Therefore, clinical implementation for
erlotinib is currently not recommended.

Another often studied germline polymorphism is a SNP in the EGFR
promotor, -216 G>T, which is thought to increase EGFR expression.
Survival benefits were found in two studies with erlotinib-treated pa-
tients (Jung et al., 2012; Zhang et al., 2016), while a third study found

SMKI pharmacokinetics
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time (h)
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Fig. 1. The influence of germline variations on the pharmacokinetics and pharmacodynamics of erlotinib.
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no clear impact of this SNP on either PFS or OS (Winther-Larsen et al.,
2015). This last study however found a second SNP in the EGFR-gene,
181946C>T, which they associated with an increase in PFS and OS,
by 2.0 and 1.4 months, respectively (Winther-Larsen et al., 2015). In a
validation cohort, these outcome effects were reproduced (Table 1).
Winther-Larsen et al.,, (Winther-Larsen et al., 2019) As to how
181946C>T mechanistically alters treatment outcomes is yet to be
elucidated.

Germline variations in drug transporters

Primarily, erlotinib is transport substrate of both ABCB1 and ABCG2
(FDA, 2021; EMA, 2021) Hence, several SNPs in both of these multidrug
resistance efflux transporter genes have been thoroughly investigated. In
ABCBI1, the 1236C>T, the 2677G>T/A and the 3435C>T variations
were mostly studied, but did not result in convincing differences in ef-
ficacy or toxicity (Table 1). However, less known variations
(rs10248420 and rs7787082) were related to erlotinib-induced unto-
ward toxicity of any grade, mostly regarding diarrhea and skin rash
(Table 1 and Fig. 1) (Ruan et al., 2016). In our opinion, the evidence for
clinical relevant effects of these SNPs is very limited and therefore does
not warrant additional research.

In ABCG2, the 421C>A variation has been associated with a 24%
decrease in erlotinib clearance (Fukudo et al., 2013), however this
finding did not translate into an actual increase in survival or toxicity.
For ABCG2 1143 C>T and —15622C>T, multiple studies have been
performed (Table 1). Nonetheless, survival, pharmacokinetics, and un-
toward toxicity are not influenced by either of these two SNPs. Finally,
ABCG2 34 G>A, has been associated with significantly shorter OS (18
versus 31 months) in a diverse cohort of patients with EGFR aberrations
(Chen et al., 2015). Although there was no effect on systemic erlotinib
pharmacokinetics, this large difference in survival might be explained
by lower tumor expression of ABCG2 and subsequently lower erlotinib
efflux from the tumor, leading to intra-tumoral accumulation of erloti-
nib and consequent potentiation of the anti-cancer effect. Clearly, vali-
dation of these results has to be performed before genotyping of ABCG2
34G>A can be used to identify patients at risk for early treatment failure,
but this SNP has the potential to be of clinical relevance.

Germline variations in drug metabolizing enzymes

Erlotinib is primarily metabolized in the liver by several CYP iso-
enzymes (Fig. 1). In CYP1A1, the 3801T>C germline variant has been
associated with a more than 13 months lower OS (Table 1) (Nie et al.,
2011). This is in line with previous research demonstrating increased
enzyme activity of CYP1Al in 3801T>C variations, possibly decreasing
tumor exposure to erlotinib (Kiyohara et al., 1996). However, this result
has not been validated yet.

Concerning the CYP1A1 2455A>G variant, one study reported
higher levels of erlotinib (1450 vs 900 ng/mL) compared to patients
harboring a wild type CYP1A1 (Liao et al., 2020). Interestingly, the
2455A>G genotype is associated with an increase in the PFS by 3
months (Table 1) (Liao et al., 2020). This might be explained by evi-
dence that higher erlotinib concentrations are positively correlated with
increased PFS (Steendam et al., 2020). Moreover, the higher baseline
concentrations of erlotinib found in the beneficial genotype do not result
in increased erlotinib toxicity (Table 1). In summary, if validated, both
CYP1A1 3801T>C and 2455A>G might be promising targets for
personalized erlotinib treatment recommendations.

Regarding CYP1A2, two studies identified a lower risk for erlotinib-
induced skin toxicity for those with the -163C>A variant (Ruan et al.,
2016; Liao et al., 2020), although this was not confirmed by another
small study (Endo-Tsukude et al., 2018). No effect of -163C>A on
treatment outcome or pharmacokinetics has been established (Endo-T-
sukude et al., 2018; Ruan et al., 2016; Liao et al., 2020).

For CYP3A4 no clinical relevant germline variations have been
identified yet (Rudin et al., 2008; Endo-Tsukude et al., 2018; Ruan et al.,
2016; Liao et al., 2020) For CYP3A5, one study reported a lower
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incidence of diarrhea in patients having at least one CYP3A5 6986 A>G
variant allele (Liao et al., 2020). This borderline association was not
found in other studies (Rudin et al., 2008; Fukudo et al., 2013;
Endo-Tsukude et al., 2018), making the evidence for such an association
too weak for clinical implementation.

Clinically relevant germline variations in gefitinib treatment

Target variations

Gefitinib is an EGFR-SMKI comparable to erlotinib, and therefore a
high degree of overlap between investigated germline variations is seen.
As for erlotinib, the BIM deletion in gefitinib treatment (Table 2, sup-
plementary Table 2 and Fig. 2) (McKibbin et al., 2010; Giovannetti et al.,
2010; Cusatis et al., 2006; Lee et al., 2014, 2013, 2015; Ariyasu et al.,
2020; Zhao et al., 2014; Sun et al., 2017; Xia et al., 2017; Liu et al., 2019;
Wang et al., 2019; Nie et al., 2011; Jung et al., 2012; Zhang et al., 2016,
2013, 2018, 2019, 2014, 2020; Leal et al., 2020; Ruan et al., 2016; Chen
et al., 2015; Zenke et al., 2016; Suzumura et al., 2012; Chiu et al., 2015;
Xu et al., 2014; Yuan et al., 2018; Isobe et al., 2016; Sasaki et al., 2008a,
2008b, 2009, 2008¢; Shitara et al., 2012; Ma et al., 2017, 2009, 2019;
Huang et al., 2009; Ichihara et al., 2007; Liu et al., 2008; Gregorc et al.,
2008; Nie et al., 2007; Han et al., 2007, 2011; Amador et al., 2004; Tiseo
et al., 2008, 2010; Guan et al., 2021; Kobayashi et al., 2016; Kobayashi
et al., 2015; Chhun et al., 2009; Tamura et al., 2012; Li et al., 2007;
Sakamoto et al., 2020; Lemos et al., 2011; Akasaka et al., 2010;
Sugiyama et al., 2015; Yokota et al., 2017; Takimoto et al., 2013; Lei
et al., 2020; Chang et al., 2017; Nyberg et al., 2011; Xin et al., 2020;
Yokota et al., 2020; Yuan et al., 2017) results in conflicting outcomes
with respect to PFS or OS. Interestingly, two studies which solely
included gefitinib-treated patients, the BIM-deletion was associated with
both a reduction in the PFS by 3.8 months and a shortening of OS by 17.6
months (Yuan et al., 2018; Isobe et al., 2016) There has only been one
study with predominantly patients treated with gefitinib (135 of 153
patients in total) that prospectively evaluated the impact of the BIM
deletion on PFS and OS. It showed a significant reduction in PFS and OS,
with hazard ratios (HRs) of 2.15 and 1.65, respectively. Lee et al., (Lee
et al., 2014) These findings validate the prognostic value of the BIM
deletion and its potential use in gefitinib treatment in East-Asian pa-
tients. These results might also indicate that loss of BIM could be more
potent in gefitinib compared to erlotinib, but this has to be confirmed in
additional studies (e.g. a prospective intervention trial in patients
lacking BIM).

Within the EGFR gene, a much more studied genetic variant is the
CA-dinucleotide repeat in intron 1. The number of CA repeats is
inversely associated with the expression of EGFR (Amador et al., 2004).
It is hence postulated that this CA sequence repeat (CA-SSR1) influences
the efficacy of gefitinib, as a higher expression of EGFR is associated
with increased tumor sensitivity to gefitinib (Amador et al., 2004). The
results of two studies support this theory; both demonstrating a slightly
higher PFS and OS in patients with a lower amount of CA repeats
(Table 2) (Liu et al., 2008; Han et al., 2007), although others did not
(Table 2). It has also been hypothesized that having a lower CA repeat
number might result in more toxicity in peripheral tissues, such as the
skin and the intestines. This in turn would provide a rationale for the
well-known association between gefitinib-induced toxicity and
improved survival. Despite this theory, most studies did not find any
relationship between CA-SSR1 and toxicity (Table 2) (Huang et al.,
2009; Amador et al., 2004) Therefore, we consider the evidence for a
clinical relevant impact of the CA-SSR1 germline variation to be
inconclusive, and therefore would currently not recommend the
pre-treatment testing for CA-SSR1 status.

The polymorphism 181946C>T in the EGFR gene has also been
investigated for gefitinib treatment (Fig. 2). Two of three studies did find
significant decreases in PFS and OS (Table 2). Another SNP in the EGFR
gene, rs4947492, has also been associated with extended OS (Table 2).
Lastly, the -216 G>T in the EGFR gene was also associated with better
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Table 2
The effects of germline variations on PFS, OS, pharmacokinetics and untoward toxicity in gefitinib treatment for NSCLC.
Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) Toxicity Number References
of patients
BIM Deletion - 165 (1e02-2066) - 204 (Lee et al.,
2014)
2015 (1032-3e51) - - 153 (Lee et al.,
2014)
NS - - 197 (Lee et al.,
2013)
NS NS - 196 (Ariyasu et al.,
2020)
2009 (1e15-3e82) - - 166 (Zhao et al.,
2014)
NS NS - 140 (Sun et al.,
2017)
22 versus 38 24 versus 39 - 245 (Xia et al.,
months months 2017)
NS NS — 194 (Liu et al.,
2019)
NS NS - 117 (Liu et al.,
2019)
NS NS - 205 (Lee et al.,
2015)
2038 (1030-4034) 2053 (1037-4065) - 111 (Yuan et al.,
2018)
1060 versus 240 440 versus 508 - 33 (Isobe et al.,
months months 2016)
BIM Exon 5 ¢465C>T NS 1e81 (1e12-281) — 196 (Ariyasu et al.,
2020)
EGFR 181946 C>T / 152293347 NS NS - 46 (Shitara et al.,
D994D G>A 2012)
229 (1e30-4¢03) NS - 84 (Ma et al.,
2009)
- - NS 59 (Ma et al.,
2017)
- 2044 (1e06-5056) - 128 (Zhang et al.,
2013)
EGFR R497K A>L rs11543848 NS NS - 115 (Nie et al.,
2011)
NS NS - 46 (Shitara et al.,
2012)
NS NS 7e5x more severe diarrhea 94 (Giovannetti
et al., 2010)
- NS - 128 (Zhang et al.,
2013)
NS NS - 46 (Sasaki et al.,
2009)
- - NS 110 (McKibbin
et al, 2010)
NS NS NS 92 (Liu et al.,
2008)
EGFR —216 G>T 15712829 NS NS - 46 (Shitara et al.,
2012)
5e1 vs 166 months NS — 71 (Jung et al.,
2012)
- - 66% more rash and 57% 110 (McKibbin
more diarrhea et al., 2010)
NS NS More severe diarrhea 94 (Giovannetti
et al., 2010)
0062 (0e38-0e99) NS More diarrhea; OR 2063 92 (Liu et al.,
(1e12-6017) 2008)
0e51 (0e33-0e80) 0e54 (0e34-0e84) - 230 (Zhang et al.,
2016)
- - NS 52 (Huang et al.,
2009)
EGFR — 191 C>A 15712830 NS NS 22x more severe diarrhea 94 (Giovannetti
et al., 2010)
- - NS 110 (McKibbin
et al., 2010)
NS NS NS 92 (Liu et al.,
2008)
EGFR 216GG / 191CC 0065 (0042-0099) 0e54 (0032-0091) - 139 (Gregorc
et al., 2008)
EGFR intron 1, CA-SSR1 1545559542 NS NS - 71 (Jung et al.,
(repeats) 2012)

(continued on next page)
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Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number References
of patients
- NS - - 115 (Nie et al.,
2011)
NS NS - - 84 (Ma et al.,
2009)
- - - 52% decrease of early 52 (Huang et al.,
severe rash 2009)
NS NS - NS 94 (Giovannetti
et al., 2010)
- - - NS 110 (McKibbin
et al., 2010)
0e54 (0e33-0e88) NS - NS 92 (Liu et al.,
2008)
NS NS - - 183 (Gregorc
et al., 2008)
054 (95%CI: NS - - 86 (Han et al.,
0e34-0e88) 2007)
- - - 60% decrease of rash 19 (Amador
et al., 2004)
- - - NS 127 (Cusatis et al.,
2006)
- 0049 (0e25- 0097) - NS 51 (Tiseo et al.,
2008)
- 0e51 (0e27—-0e89) - - 76 (Tiseo et al.,
2010)
EGFR + 61 A>G 154444903 NS NS - - 111 (Leal et al.,
2020)
EGFR C>T 151468727 NS NS - - 230 (Zhang et al.,
2016)
EGFR rs7809028 — NS — — 128 (Zhang et al.,
2013)
EGFR 8227 G>A - NS - - 46 (Shitara et al.,
2012)
EGFR 152075102 - - - NS 59 (Ma et al.,
2017)
- NS - - 128 (Zhang et al.,
2013)
EGFR A>G 154947492 - - - NS 59 (Ma et al.,
2017)
0029 (0e10-0e83) - - 128 (Zhang et al.,
2013)
EGFR 1511977388 - - - NS 59 (Ma et al.,
2017)
- NS - - 128 (Zhang et al.,
2013)
EGFR rs11568315 - - - NS 59 (Ma et al.,
2017)
EGFR R521K - - - NS 52 (Huang et al.,
2009)
miR-499 153746444 NS NS - - 162 (Zhang et al.,
2019)
miR-608 G>C 1s4919510 0063 (0049-0e81); 0065 (0e51-0e83); - - 162 (Zhang et al.,
in validation 0e63 in validation 0e59 2019)
(0e45-087) (0e41-0e85)
miR-3152 1513299349 NS NS - - 162 (Zhang et al.,
2019)
miR-4513  G>A rs2168518 0046 (0031-0067); 0045 (0031-0066); - - 162 (Zhang et al.,
in validation 0e40 in validation 0e38 2019)
(0024-0068) (0e21-0069)
miR- T>C rs8078913 0065 (0045-0094); 0064 (0045-0093); - - 162 (Zhang et al.,
4520a in valdation NS in validation NS 2019)
AKT1 G>A 1s1130233 3e4 (202-5¢9) 48 (102-603) - NS 94 (Giovannetti
et al., 2010)
AKT1 C>T rs3730350 NS NS - NS 94 (Giovannetti
et al., 2010)
AKT1 151130214 185 (1609-3013) NS - - 230 (Zhang et al.,
2016)
DACT2 A>G 159364433 1088 (134-2¢66); 170 (1020-2040); - - 162 (Zhang et al.,
in validation 161 in validation 187 2020)
(1e08-2041) (1e16-3¢03)
ABCB1 1236 C>T rs1128503 - - - More diarrhea; OR 1078 59 (Ma et al.,
(1e54-7540) More rash; 2017)
OR 15078 (2¢01-124e1)
NS - AUC NS, Cax - 58 (Ma et al.,
NS, Cirough NS 2019)

(continued on next page)
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Table 2 (continued)

Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number References
of patients
- - - More severe rash 120 (Guan et al.,
2021)
- - AUC NS, Chax NS 31 (Kobayashi
NS, Cirough NS et al., 2015)
- - AUC NS, Crax - 36 (Kobayashi
NS, Ctrough NS et al., 2016)
ABCB1 2677 G>T/A 152032582 - - - NS 59 (Ma et al.,
2017)
NS - AUC NS, Cpax - 58 (Ma et al.,
NS, Cirough NS 2019)
- - - NS 120 (Guan et al.,
2021)
- - AUC NS, Cpax NS 31 (Kobayashi
NS, Cirough NS et al., 2015)
- - AUC NS, Cpax - 36 (Kobayashi
NS, Cirough NS et al., 2016)
ABCB1 3435 C>T 151045642 - - - More skin rash; OR 9315 59 (Ma et al.,
(10227-700734) 2017)
- - - NS 125 (Cusatis et al.,
2006)
NS - AUC NS, Crax - 58 (Ma et al.,
NS, Cirough NS 2019)
- - AUC NS, Chax NS 31 (Kobayashi
NS, Cirough NS et al., 2015)
- - AUC NS, Crax - 36 (Kobayashi
NS, Cirough NS et al., 2016)
- - AUC NS, Chax - 18 (Chhun et al.,
NS, Cirough NS 2009)
- - - NS 83 (Tamura et al.,
2012)
- - AUC NS, Cpax - 27 (Li et al.,
NS, Cirough NS 2007)
ABCB1 G>C 1510256836  — - - NS 59 (Ma et al.,
2017)
1740 vse 1033 m - AUC NS, Cpax - 58 (Ma et al.,
NS, Cirough NS 2019)
ABCG2 421 C>A 152231142 NS NS - - 70 (Chen et al.,
2015)
- - - NS 59 (Ma et al.,
2017)
- - - 3e6 -fold increased 125 (Cusatis et al.,
diarrhea 2006)
NS - 40% lower - 58 (Ma et al.,
Cirough 2019)
- - AUC NS, Chax NS 31 (Kobayashi
NS, Ctrough NS et al., 2015)
- - AUC NS, Cpax - 36 (Kobayashi
NS, Cirough NS etal., 2016)
— — 1 24% AUC, | - 61 (Sakamoto
27% Ctrough et al., 2020)
- - - NS 83 (Tamura et al.,
2012)
NS NS - NS 94 (Lemos et al.,
2011)
- - AUC NS, Chax - 27 (Li et al.,
NS, Cirough NS 2007)
ABCG2 1143 C>T 152622604 NS NS - - 70 (Chen et al.,
2015)
NS NS — NS 94 (Lemos et al.,
2011)
ABCG2 — 15622 C>T 157699188 NS NS - - 70 (Chen et al.,
2015)
NS NS - 18 fold more severe 94 (Lemos et al.,
diarrhea 2011)
ABCG2 34 G>A 152231137 NS 0056 (0e38-0e84) - - 70 (Chen et al.,
2015)
- - - NS 59 (Ma et al.,
2017)
NS - AUC NS, Cpax - 58 (Ma et al.,
NS, Cirough NS 2019)
- - - 3e2x more grade 2 + skin 83 (Tamura et al.,
rash 2012)
ABCC1 rs129081 - - - NS 120 (Guan et al.,
2021)

(continued on next page)
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Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number References
of patients
ABCC4 152274405 - - - NS 120 (Guan et al.,
2021)
UGT1A1 *28/*28 - - - Grade 3 hepatotoxicity* 1 (Zenke et al.,
2016)
UGTI1A1 T > G/C 1510929303 - - 1 50% Ctrough NS 120 (Guan et al.,
2021)
UGT1A1 *6 154148323 - - - NS 59 (Ma et al.,
2017)
UGT1A1 *6, *7, *27, *28, - - - NS 60 (Sugiyama
*60 et al., 2015)
UGT1A7 156759892 - - - NS 59 (Ma et al.,
2017)
NS - AUC NS, Chax - 58 (Ma et al.,
NS, Cirough NS 2019)
SLC22A8 154149179 - - - NS 120 (Guan et al.,
2021)
SLC22A1 1s4709400 - - | 35% AUC, More skin rash; OR: 103 120 (Guan et al.,
Cmax NS, (201-7205) 2021)
Ctrough NS
SLCO1B3 154149117 - - - NS 120 (Guan et al.,
2021)
CYP1A1 3801 T >C(*2A) - RR 2e36 - - 115 (Nie et al.,
(1e54-3¢64) 2011)
CYPI1A1 *2 C 2455 A>G 151048943 - - - NS 134 (Ruan et al.,
2016)
- NS - - 115 (Nie et al.,
2011)
- - - NS 59 (Ma et al.,
2017)
NS - AUC NS, Chax - 58 (Ma et al.,
NS, Cirough NS 2019)
CYP1A1 C>A 152606345 - - - NS 59 (Ma et al.,
2017)
NS - AUCNS, Crax ~ — 58 (Ma et al.,
NS, Cirough NS 2019)
CYP1A2 *1F/ —163 C>A 15762551 - - - NS 59 (Ma et al.,
2017)
NS - AUC NS, Cpax - 58 (Ma et al.,
NS, Curough NS 2019)
CYP2A6 *1, *4, *7, *9 - - - NS 60 (Sugiyama
et al., 2015)
CYP2C19 *1, *2, *3 - - - NS 60 (Sugiyama
et al., 2015)
CYP2D6 1661 G>C 151058164 - - 1 up t0177% - 87 (Zhang et al.,
AUC 2018)
CYP2D6 CYP2D6*2 - - - NS 59 (Ma et al.,
2017)
CYP2D6 CYP2D6*2A - - - NS 59 (Ma et al.,
2017)
CYP2D6 all *1,2,5,10,14 - - - More severe 60 (Sugiyama
versus *5/ hepatotoxicity; OR 1450 et al,, 2015)
*10 + *10/*10 (95%-CI: 1656-34650)
CYP2D6 *1/*1 vs *1/*4 or - - 133% - 18 (Chhun et al.,
*1/*5 Clearance 2009)
CYP2D6 *1/*1, *1/*2 and - - AUC NS, Crax NS 31 (Kobayashi
*2/*2 versus *5/ NS, Ctrough NS et al., 2015)
*10 and *10/%10
- - 188% AUC of - 36 (Kobayashi
O-desmethyl et al., 2016)
gefitinib
CYP3A4 *1G 152242480 - - - NS 59 (Ma et al.,
2017)
- - AUC NS, Chax NS 31 (Kobayashi
NS, Cirough NS etal., 2015)
- - - NS 120 (Guan et al.,
2021)
NS - 1 60% Cirough - 58 (Ma et al.,
2019)
CYP3A5 *1vs *3 / 15776746 - - - NS 59 (Ma et al.,
6986 A>G 2017)
- - AUC NS, Chax NS 31 (Kobayashi
NS, Cirough NS et al., 2015)
- - - Grade 3 hepatotoxicity* 1 (Zenke et al.,
2016)
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Table 2 (continued)

Gene Variant rs number PFS, HR (95% CI) 0S, HR (95% CI) PK effect Toxicity Number References
of patients
- - - More severe 60 (Sugiyama
hepatotoxicity; OR 6e84 et al, 2015)

(1e87-33¢15)

PFS: progression free survival; OS: overall survival; PK: pharmacokinetics; AUC: area under the curve; Cmax: maximum concentration; Ctrough: trough concentration;
HR: hazard ratio; OR: odds ratio; RR: relative risk; NS: non-significant; *: case report.
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Fig. 2. The influence of germline variations on the pharmacokinetics and pharmacodynamics of gefitinib.

survival. Three studies reported increases in PFS with a mean increase of their impact is potentially substantial, a major issue is the lack of vali-
up to 12 months (Jung et al., 2012; Zhang et al., 2016; Liu et al., 2008); dation studies for these germline variations. Indeed, if promising SNPs
per contra, two studies did not find such an association.(Giovannetti such as rs2168518 in miR-4513 (Zhang et al., 2019) are validated,

et al., 2010; Shitara et al., 2012) Considering OS, a positive effect on clinical implementation could guide the personalized treatment of
survival i.e. 6 months increase, was only reported in one study (Table 2). choice in individual NSCLC patients with driver aberrations.
Considering these EGFR gene polymorphisms 181946C>T, —216G>T
and to a lesser extent rs4947492, all constitute potential targets for Germline variations in multidrug efflux transporters
personalizing therapy and should be included in future research. If Similar to erlotinib, gefitinib is primarily a substrate of ABCB1 and
validated prospectively, pre-emptive genotyping might become clini- ABCG2 (Fig. 2). The most studied germline variations in ABCBI in pa-
cally relevant. tients treated with gefitinib are 1236C>T, 2677G>T/A, and 3435C>T
Finally, genetic variations in downstream effectors in the EGFR- (Table 2). Nonetheless, none of these SNPs (which are in linkage with
pathway were also studied. This group includes genes like AKTI, each other) seem to impact survival, pharmacokinetics or toxicity. Only
SMAD3, DACT2 and multiple micro-RNAs (supplementary Table 2). The for the 1236C>T variant, a potential increase in the occurrence of
assumption is that these genes, similar to BIM, affect tumor cell prolif- gefitinib-induced skin rash is described (Ma et al., 2017; Guan et al.,
eration and drug resistance at the molecular level in cancer cells. 2021) On the contrary, the ABCB1 G>C variant has been associated with
Correspondingly, germline variations within these genes seem to have a shorter PFS (17 versus 10 months) (Ma et al., 2019). For ABCG2,
large impact on both initial treatment response and the onset of eventual 421C>A has been linked to impact the pharmacokinetic parameters of

treatment resistance, largely influencing OS and PFS (Table 2). Whilst gefitinib (i.e. a 24% decrease in exposure and a 27% lower
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concentration) (Ma et al., 2019; Sakamoto et al., 2020). Nevertheless,
conflicting results are reported (Kobayashi et al., 2016, 2015; Li et al.,
2007) and effects on PFS nor OS (Chen et al., 2015; Ma et al., 2019;
Lemos et al., 2011) are seen. A more promising SNP is the ABCG2
34G>A variant. As discussed for erlotinib, this SNP was found to in-
crease OS significantly (18 versus 31 months) in a diverse cohort con-
taining various EGFR-SMKIs, including gefitinib (Chen et al., 2015).
During gefitinib treatment, this 34G>A variant was also found to be
linked to an increase in the occurrence of skin rash (Tamura et al., 2012),
although not always reproduced (Table 2).

Germline variations in drug metabolizing enzymes

The metabolism of gefitinib occurs mostly through CYPs, primarily
via CYP1A1, CYP2D6, CYP3A4 and CYP3A5 (Fig. 2) (FDA, 2021; EMA,
2021) Within CYP1A1, the *2A 3801T>C variant has been identified as a
predictor of OS: 24 versus 10 months.Nie et al., (Nie et al., 2011) Unlike
erlotinib, the CYP1A1*2C variant does not seem to influence gefitinib
pharmacokinetics or survival (Ruan et al., 2016; Ma et al., 2017, 2019)
The 1661G>C SNP in CYP2D6 has been associated with higher gefitinib
area under the curves (AUCs), with the highest plasma exposure in ho-
mozygous variations. Zhang et al., (Zhang et al., 2018) However, it is
unclear how this higher exposure translates into either survival or
toxicity. Other well-studied CYP2D6 variations are the *4-, *5- and
*]0-variations, which are associated with impaired metabolism of
gefitinib. Compared to the wild type genotype, patients with at least one
*4- or *5-variant allele have a 33% lower gefitinib clearance (Chhun
et al.,, 2009). In intermediate metabolizers (IM) (genotype: *5/*10 or
*10/*10)) (Kobayashi et al, 2015), the exposure to the
CYP2D6-catalyzed metabolite O-desmetyl-gefitinib, was significantly
lower (Kobayashi et al., 2016). These particular genotypes have also
been related to a more than 2-fold increased occurrence of skin rash and
up to a 15-fold increase of severe hepatotoxicity (Table 2). Based on
these results, CYP2D6 polymorphisms should be assessed in patients
before gefitinib treatment initiation. Normal metabolizers can be treated
accordingly, but IM and poor metabolizer (PM) patients should be
monitored carefully for these toxicities. Alternatively, these patients
could safely be switched to erlotinib, as this drug is not metabolized by
CYP2D6.

In CYP3A4, the * 1 G (T > C) variant was reported to alter the trough
concentration of gefitinib, with lower concentrations for the CC+CT
genotypes, compared to the TT genotype (Ma et al., 2019). Nevertheless,
other studies failed to identify any association with either toxicity,
pharmacokinetics, or survival (Ma et al., 2017, 2019; Guan et al., 2021;
Kobayashi et al., 2015), making it unlikely for the CYP3A4*1G variant to
have real clinical relevance.

In CYP3A5, the PM phenotype might be associated with the occur-
rence of severe hepatotoxicity. In one report, the PM phenotype
-established as a homozygous *3-variant genotype- showed a more than
6-fold higher incidence of gefitinib-induced severe hepatotoxicity
compared to others (Sugiyama et al., 2015). Another study initially
confirmed this relationship, but after correcting for confounders, this
association did not persist (Ma et al., 2017). A third study did not
establish a relationship between CYP3A5 genotype and the incidence of
any hepatotoxicity, yet severe hepatotoxicity only occurred in 4 out of
31 patients (Kobayashi et al., 2015). Interestingly in this respect and
although only mentioned in a case report, a patient with
UGT1A1%28/%28 (promoter TA repeat) and CYP3A5*3/*3, developed
grade 3 hepatotoxicity during both gefitinib and subsequent erlotinib
treatment (Zenke et al., 2016). As UGT1AL1 is necessary for the glucur-
onidation of bilirubin, and both gefitinib and erlotinib are potent in-
hibitors of UGT1Al, the combination of the PM-genotype of UGT1A1
and its SMKI-induced inhibition might potentially provide a high risk
environment for the occurrence of hepatotoxicity. In another study, it
was reported that the rs10929303 SNP in UGT1A1 significantly altered
gefitinib plasma exposure and concentration in steady state (Guan et al.,
2021), which suggests that it could be of interest to study
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polymorphisms in the phase II metabolism of gefitinib in more detail.
Clinically relevant germline variations in other SMKIs

Afatinib

In contrast to erlotinib and gefitinib, afatinib is not metabolized by
the CYP-system. Instead, a small percentage of afatinib is metabolized by
the Flavin-containing Mono-Oxygenase 3 (FMO3) enzyme in the liver
(FDA, 2021; EMA, 2021) FMO3 is responsible for the oxidative deami-
nation of several drugs, such as amphetamines (FDA, 2021; EMA, 2021).
However, as this is a minor metabolic pathway of afatinib, clinical
relevant influence of this enzyme is not expected (FDA, 2021; EMA,
2021) This is supported by findings that a SNP constituting a G15167A
variation in FMO3 did not alter afatinib concentrations in blood plasma
(Table 3) (Sogawa et al., 2020; Tan et al., 2020; Hayashi et al., 2019).

Again, most research has focused on SNPs in the ABCBI and ABCG2
transporter genes, as afatinib is a substrate for both transporters. In
ABCBI, the variant 2677 G>T/A has been linked to a vastly higher
incidence of diarrhea (Sogawa et al., 2020). No associations with
pharmacokinetic parameters or the occurrence of afatinib-induced
paronychia were reported for this SNP (Sogawa et al., 2020; Tan
et al., 2020). As for the linked ABCB1 SNPs 1236 C>T and 3435 C>T, no
influence on pharmacokinetic parameters or toxicity has been estab-
lished (Table 3). Nonetheless, in a subgroup analysis, patients being wild
type for both SNPs, had a 41% higher exposure to afatinib compared to
patients who were not wild type for both SNPs (Tan et al., 2020).

In the ABCG2 gene, the 421 C>A variant has been associated with a
significantly higher concentration of afatinib in plasma, with median
concentrations doubling in the variant group (Hayashi et al., 2019).
Moreover, patients with this variant had a tendency to experience more
severe diarrhea (Hayashi et al., 2019). Both findings however where not
reproduced in other studies (Sogawa et al., 2020; Tan et al., 2020),
hence no recommendation can yet be given.

Crizotinib

In crizotinib treatment, the BIM deletion has been investigated as
well. In a study in anaplastic lymphoma kinase (ALK)- or ROS-positive
Asian patients with NSCLC treated with crizotinib, the PFS was
decreased with 6 months in those with a BIM-deletion (Table 3) (Zhang
etal., 2017; Lin et al., 2019; Fujiwara et al., 2016; Xin et al., 2021). This
was mainly because of the larger ALK-positive subgroup (n = 55 pa-
tients) in the study cohort, in which a BIM deletion was an independent
predictor of decreased PFS (HR: 4.8). In another small study of 30
ALK-positive patients with NSCLC, a relationship between BIM deletion
with PFS or OS could not be assessed (Lin et al., 2019). Crizotinib is
mainly metabolized by CYP3A4, and to a lesser extent by CYP3A5,
CYP2C8, CYP2C19, and CYP2D6 (van Leeuwen et al., 2014). Although
potentially relevant, no germline variations in these genes have been
studied.

Nintedanib

Since nintedanib is only minorly (5%) metabolized by CYP3A4 and
UGT-enzymes (van Leeuwen et al., 2014), germline variations in these
genes are not likely to result in clinically relevant outcomes. However,
nintedanib is a transport substrate of ABCB1 (van Leeuwen et al., 2014).
A variant could hence potentially alter its pharmacokinetics, toxicity,
and efficacy. Germline variations in the treatment with nintedanib have
not yet been studied for its registered indication in NSCLC though.
However, in a group of 67 malignant pleural mesothelioma patients
treated with nintedanib, three SNPs were identified that had a possible
weak positive association with survival (Nowak et al., 2017). Two SNPs
in VEGFR3 -rs307821 and rs307826- had a weak association with OS in
respectively the G/G and A/A genotype groups, whilst the VEGFR1 SNP
159582036 was weakly associated with PFS in the AA genotype group
(Nowak et al., 2017). Therefore, further research is warranted to vali-
date these findings and to seek for other genetic variations to influence
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Table 3
The effects of germline variations on PFS, OS, pharmacokinetics and untoward toxicity in the treatment of NSCLC with other SMKIs.
SMKI Gene Variant rs number PFS, HR (95% OS, HR (95% PK effect Toxicity Number of References
CD CD patients
Afatinib ABCB1 2677 G>T/A 152032582 - - More any grade diarrhea; 38 (Sogawa
OR 4606 (202-989) et al., 2020)
- - AUC NS, Cax - 24 (Tan et al.,
NS, Cirough NS 2020)
Afatinib ABCB1 1236 C>T rs1128503 - - - NS 38 (Sogawa
et al., 2020)
- - AUC NS, Cax - 24 (Tan et al.,
NS, Cirough NS 2020)
- - Ctrough NS - 33 (Hayashi
et al., 2019)
Afatinib ABCB1 3435 C>T rs1045642 - - - NS 38 (Sogawa
et al., 2020)
- - AUC NS, Cax - 24 (Tan et al.,
NS, Ctrough NS 2020)
- - Ctrough NS - 33 (Hayashi
et al., 2019)
Afatinib ABCB1 1236-3435CC - - 1 41% AUC, 1 - 24 (Tan et al.,
48% Cmax 2020)
Afatinib ABCG2 421 C>A 152231142 - - - NS 38 (Sogawa
et al., 2020)
- - AUC NS, Cpax - 24 (Tan et al.,
NS, Cirough NS 2020)
- - 1 Ctrough More severe diarrhea; OR 33 (Hayashi
>2 et al., 2019)
Afatinib ABCG2 34 G/A 152231137 - - AUCNS, Cpax  — 24 (Tan et al.,
NS, Cirough NS 2020)
- - Cirough NS - 33 (Hayashi
et al., 2019)
Afatinib FMO3 G15167A - - Ctrough NS - 33 (Hayashi
et al., 2019)
Crizotinib BIM Deletion 182 vs 377 - - - 69 (Zhang et al.,
days 2017)
NS NS - - 54 (Lin et al.,
2019)
Crizotinib ABCB1 1236TT- - - 1 184% AUC, QTc prolongation grade 8 (Fujiwara
2677TT-3435TT 1 162% Cmax 3* et al., 2016)
Crizotinib STAT1 STAT1T>C rs10208033 - - - More any grade 42 (Xin et al.,
hepatotoxicity; OR 5e5 2021)
(1022-2481)
Nintedanib VEGFR3 GG rs307821 - Potentially - - 67 (Nowak et al.,
longer OS 2017)
Nintedanib VEGFR3 AA rs307826 - Potentially - - 67 (Nowak et al.,
longer OS 2017)
Nintedanib VEGFR1 AA rs9582036 Potentially - - - 67 (Nowak et al.,
longer PFS 2017)
Osimertinib BIM Deletion HR 163 NS - - 67 (Li et al.,
(1e01-2063) 2021)

SMKI: small molecular kinase inhibitor; PFS: progression free survival; OS: overall survival; PK: pharmacokinetics; AUC: area under the curve; Cmax: maximum
concentration; Ctrough: trough concentration; HR: hazard ratio; OR: odds ratio; NS: non-significant; *: case report.

outcome, pharmacokinetics and side effects of nintedanib.

Osimertinib

A BIM deletion is to date the only published genetic variant which
has been studied during osimertinib treatment. One study, initiated after
a case report presenting poor survival in a patient harboring a BIM
deletion (Li et al., 2018), found a significant reduction of 2 months in
PFS (Table 3), which is in line with findings for first-generation
EGFR-SMKIs (Li et al., 2021). OS was also reduced (16 versus 25
months), although this difference did not reach statistical significance.
Since osimertinib is an important SMKI in the treatment of EGFR--
positive NSCLC, it must be studied in order to explore this effect. If
prospectively validated, knowledge of this germline variant could guide
clinicians in making better-informed treatment decisions.

Osimertinib is metabolized in the liver by CYP3A4 and CYP3AS5 into
two metabolites, both of which are bioactive and yield similar anti-
neoplastic activities as osimertinib itself. Also, osimertinib is a sub-
strate of both ABCB1 and ABCG2 drug transporters (FDA, 2021; EMA,
2021). Therefore, they provide a rationale for additional research in
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genes involved in these pharmacokinetic processes.

Currently, the impact of ABCB1, ABCG2, and CYP3A4 SNPs on sur-
vival and pharmacokinetics of osimertinib in more than 550 patients
with NSCLC is being studied in The Netherlands (www.trialregister.nl;
Dutch Trial Registry number NL8914). The publication of the results of
this study are expected in 2022.

Miscellaneous

Our literature search regarding germline variations in other SMKIs
registered for NSCLC did not yield relevant findings, due to the relatively
recent registration of most SMKIs. However, all SMKIs are extruded by
drug efflux transporters or metabolized by CYP-enzymes (FDA, 2021;
EMA, 2021), which implies that genetic variations could potentially
have clinical consequences. In Table 4, all SMKIs with a molecular target
are presented, together with the drug efflux transporters and
CYP-enzymes for which these drugs are substrates. With this table, the
rationale of future studies with germline variations and SMKIs is
depicted. For example, brigatinib is extruded by ABCB1 and ABCG2, and
metabolized by CYP3A4 and CYP2C9 (FDA, 2021; EMA, 2021). There is
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Table 4
Overview of SMKIs with their approved target and drug transporters and
metabolizing enzymes.

SMKI Target ABCB1 ABCG2 CYP3A4 Additional
enzymes
Afatinib EGFR & + + - -
HER2
Alectinib ALK - - + CYP2C8
Brigatinib ALK + + + CYP2C8
Capmatinib MET + - + -
Ceritinib ALK + - - CYP3A
Crizotinib ALK& ROS  + - + CYP2C8/19 &
CYP2D6
Dabrafenib BRAF + + + CYP2C8
V600
Dacomitinib EGFR + + + CYP2D6
Entrectinib NTRK & - - + -
ROS
Erlotinib EGFR + + + CYP1A1/2
Gefitinib EGFR + +* + CYP2D6
Larotrectinib NTRK + + + CYP3A
Lorlatinib ALK & ROS - - + UGT1A4
Nintedanib + - + UGT1A
Osimertinib EGFR + + + CYP3A5
Pralsetinib RET + + + CYP2D6 &
CYP1A2
Selpercatinib ~ RET + + + CYP3A
Trametinib BRAF +/- - + CYP2C8
V600

Data were derived from FDA and EMA reports (FDA, 2021; EMA, 2021). 2
derived from reference (Liao et al., 2020). SMKI: small-molecular kinase in-
hibitor; EGFR: epidermal growth factor receptor; HER2: human epidermal
growth factor receptor-2; ALK: anaplastic lymphoma kinase; NTRK: neuro-
trophic tyrosine receptor kinase; VEGF: vascular endothelial growth factor; RET:
rearranged during transfection; +: yes; -: no; +/-: uncertain; CYP: cytochrome
P450 enzyme; UGT: Uridine 5'-diphospho-glucuronosyltransferase.

evidence that brigatinib is not only a transport substrate of these efflux
pump proteins, but may also induce the expression of these transporters
and enzymes.(FDA, 2021; EMA, 2021). This could make the impact of
loss of function variations even larger in terms of untoward toxicity and
patient outcome. Nevertheless, studies to establish an effect of these
variations have not yet been carried out. Probably, this is because of the
absence of large patient cohorts in which potential variations can be
conclusively studied.

Alectinib on the other hand, is not evidently transported by the
abovementioned drug efflux transporters (FDA, 2021; EMA, 2021).
Although it is for at least 40% metabolized by CYP3A4 (FDA, 2021;
EMA, 2021), a germline variation in this enzyme would theoretically not
impair treatment efficacy. This is because the major alectinib metabolite
M4 is equally potent as a cytotoxic agent (FDA, 2021; EMA, 2021).
Hence, potential alterations of the alectinib:M4 ratio will have limited
clinical implications.

When the rationale of genotyping a germline variation is clear, a
proper study design maximizes the clinical implementation of the re-
sults. Ideally, this would be a prospective intervention study, in which
patients are included and genotyped prior to the initiation of the SMKI
treatment. Moreover, study endpoints must be directly feasible to be
implemented in clinical practice, c.q. PFS, OS, or (severe) toxicity. It
may also be interesting to study the possible pharmacokinetic effects,
especially when a clear exposure-response or exposure-toxicity rela-
tionship exists. In addition, the intended study must have sufficient
statistical power to establish the net effect of the genetic variation. An
important detail in this respect is to correct for the number of germline
variations which are tested by e.g. Bonferroni correction. Furthermore,
internal or external validation of all findings -by bootstrapping or an
independent validation cohort respectively- is essential when an effect is
found. Finally, prior to definite implementation of genotyping a
particular variation, a thorough population-based cost-effectiveness
analysis should be performed.
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Conclusion

The current review presents a comprehensive overview of the stud-
ied germline variations and which of these are important and promising
in the treatment of NSCLC with SMKIs. The currently single prospec-
tively validated mutation is the BIM deletion for East-Asian patients
treated with gefitinib. The BIM deletion is thought to boost intrinsic
resistance to therapy by reducing the pro-apoptotic effects of the BIM
protein. Carriers of this deletion showed a significantly impaired PFS
and OS. The BIM deletion has the potential to be clinically relevant for
other SMKIs as well. However, before the implementation of most
germline variations in clinical practice can be truly recommended,
further prospective validation is required. Furthermore, their impact on
treatment efficacy or untoward toxicity must be substantial in order to
be of clinical relevance. Some variations act through alteration of SMKI
pharmacokinetics, indirectly influencing efficacy and toxicity. Based on
our findings, we expect most relevance from the ABCG2 34 G>A and
CYPI1A1 variations during erlotinib and gefitinib treatment. Also pre-
emptive CYP2D6 testing before starting gefitinib treatment can be
considered to prevent severe drug-related toxicity. Additional variations
can potentially be implemented though, as research is still expanding.
We therefore offer a structured study design and rationale for future
research to germline variations, especially for SMKIs which are currently
the most prescribed (osimertinib and alectinib). Hence, in the near
future, with proper testing for germline variations, treatment with
SMKIs could be further optimized to become more effective and safe for
patients with NSCLC.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.drup.2022.100832.
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