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Abstract

Background The risk for thromboembolisms in nonsmall cell lung cancer (NSCLC) patients is increased
and often requires treatment or prophylaxis with direct oral anticoagulants (DOACs). Small-molecule
inhibitors (SMIs) to treat NSCLC may cause relevant drug—drug interactions (DDIs) with DOACs.
Guidance on how to combine these drugs is lacking, leaving patients at risk of clotting or bleeding. Here,
we give practical recommendations to manage these DDIs.

Methods For all DOACs and SMIs approved in Europe and the USA up to December 2021, a literature
review was executed and reviews by the US Food and Drug Administration and European Medicines
Agency were analysed for information on DDIs. A DDI potency classification for DOACs was composed
and brought together with DDI characteristics of each SMI, resulting in recommendations for each
combination.

Results Half of the combinations result in relevant DDIs, requiring an intervention to prevent ineffective
or toxic treatment with DOACs. These actions include dose adjustments, separation of administration or
switching between anticoagulant therapies. Combinations of SMIs with edoxaban never cause relevant
DDIs, compared to more than half of combinations with other DOACs and even increasing to almost all
combinations with rivaroxaban.

Conclusions Combinations of SMIs and DOACs often result in relevant DDIs that can be prevented by
adjusting the DOAC dosage, separation of administration or switching between anticoagulants.

Introduction

Lung cancer patients frequently have a vital indication for the use of anticoagulant therapy. They have an
increased risk of venous thromboembolisms (VTEs) and other thromboembolic complications, with an
incidence of one in six amongst all lung cancer patients [1, 2]. In ROS1 gene-rearranged nonsmall cell lung
cancer (NSCLC), this even increases to one in three [3]. Cancer-related VTEs are associated with higher
mortality compared to noncancer-related VTEs [4]. The incidence of stroke and atrial fibrillation is also
increased in the lung cancer population compared to the general population [5]. Therefore, prevention (both
primary and secondary) and treatment of thromboembolisms is a highly relevant issue for lung cancer patients.
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To date, direct oral anticoagulants (DOACs) are the standard of care in the treatment of VTEs and in the
prevention of thromboembolic complications of atrial fibrillation because they are at least as effective, safe
and more convenient than low molecular weight heparins (LMWHSs) or vitamin K antagonists (VKAS).
DOACs, formerly referred to as “novel or new oral anticoagulants”, are direct inhibitors of activated
factor Xa (apixaban, edoxaban and rivaroxaban) or prevent activation of factor II reversibly (dabigatran).
DOACs can be taken orally and do not require frequent monitoring, in contrast to LMWHs and VKAs,
which either require daily subcutaneous injection or frequent monitoring of the internal normalised ratio.
Double-blind randomised clinical studies support the use of the factor Xa inhibitors edoxaban, apixaban
and rivaroxaban to treat cancer-associated VTEs [6-9]. Due to the proven efficacy, convenience and
patient preference of DOACs compared to LMWHs and VKAs [10-12], recommendations for the use of
DOAC:s in cancer patients have also been included in guidelines. DOACs are recommended in cancer
patients without renal and/or hepatic impairment, with low risk of bleeding and without genitourinary or
gastro—intestinal tumours [13, 14]. However, guidelines also acknowledge that the use of DOACs is not
without caveats when in combination with anticancer drugs as there are still concerns about the risk of
bleeding and drug—drug interactions (DDIs) may occur [13, 14].

Small-molecule inhibitors (SMIs) are increasingly used as targeted therapy for NSCLC. At present, over 20
SMIs are approved by the US Food and Drug Administration (FDA), the majority of which as first line
treatment, whilst by 2011 only three were available in the USA [15]. Given the inhibiting and/or inducing
effects that the majority of SMIs have on cytochrome P450 isoenzyme 3A4 (CYP3A4) or drug efflux
pumps P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP), SMIs may cause DDIs with
DOACs [16], which result in either increased or decreased exposure to DOACs. These DDIs can be
clinically relevant [17, 18] as a clear relationship between systemic exposure to DOACS and the risk of
bleeding events or VTEs has been well established [19-22]. Of note, DOACs are not expected to influence
the efficacy and/or toxicity of the SMIs, so when it comes to DDI terminology, the SMIs are the
perpetrators and the DOACs the victims of a potential DDI.

Despite the need to combine DOACs with SMISs, practical guidance on how to combine these drugs with
the current SMI armamentarium to treat NSCLC is lacking, leaving the individual patient often deprived of
optimal treatment. Here, we provide practical recommendations on how to combine DOACs with SMIs,
when the combination of these drugs is indicated.

Methods

All SMIs with registration for the treatment of NSCLC in the USA or Europe and all DOACs approved in
the USA or Europe were selected on 1 November 2021. First, all documents on DOACs and SMIs available
from the FDA and the European Medicines Agency were reviewed for DDIs. Second, PubMed and Embase
were searched for articles published until 1 November 2021, using the terms “drug interactions”,
“P-glycoprotein”, “cytochrome p-450 CYP3A”, “breast-cancer resistance protein”, “factor Xa inhibitors”,
“dabigatran” and all SMIs currently approved for NSCLC in the European Union and the USA. Retrieved
publications were snowballed to find other relevant articles. For CYP3A4 (not P-gp or BCRP) DDIs, SMIs
were reported as weak, moderate or strong inhibitors or inducers, consistent with regulatory grading [23,
24]. Currently, standardised in vivo methods or classifications for P-gp and BCRP interactions do not exist.
If such a DDI is assessed in vitro, the DDI is considered relevant if the in vivo plasma concentrations
exceed the concentrations needed to inhibit the P-gp or BCRP (K; < maximum expected concentration at
site of action). If a DDI is considered irrelevant, it is not reported. DDI potency classifications were defined
for each DOAC to achieve transparent and structured grading of DDIs (table 1). Based on these DDI
potency classifications for DOACs, specific recommendations for each combination of SMI and DOAC
were made by expert opinion in a panel consisting of pharmacists, lung oncologists and haematologists.
Grading for these specific recommendations is also mentioned in parentheses in the separate SMI sections.

Results

In total, five DOACs and 21 SMIs were selected. An overview of our recommendations for each
combination is provided in figure 1. First, general recommendations are given. Second, the potential role of
laboratory monitoring to individualise DOAC treatment is discussed. Third, considerations regarding
practical recommendations to combine each SMI with DOACs are specified. The DDI potency
classification for each DOAC is described in the supplementary material.

General recommendations

Figure 1 summarises the recommendations for combination of all SMIs and DOACs. These are further
explained below in detail for each SMI. For each SMI, we advise choosing the DOAC where the
classification is green. In the absence of a green classification, we advise choosing the yellow option and
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TABLE 1 Drug-drug interaction (DDI) potency classification, reflecting the approach used for recommendations

in figure 1

Colour DDI potency classification

Green No relevant interaction, combination is expected to be safe.

Yellow Interaction of weak magnitude, relevance unclear or unlikely. No a priori dose adjustment of the
DOAC required.

Amber Interaction of moderate-potent magnitude, requiring an a priori dose or administration time
adjustment of the DOAC.

Red Interaction of potent magnitude which cannot be managed by a dose adjustment.

Co-administration should be avoided as it can have deleterious consequences.

Choosing the DDI with the lowest classification is recommended (see “General recommendations” section).
DOAC: direct oral anticoagulant. Adapted from [25].

in the absence of a yellow option we advise choosing the amber option. As betrixaban is only available in
the USA, this DOAC is not an option for other countries. For dabigatran, the physician should also take
into consideration that currently no double-blind randomised clinical studies have been performed to assess
its efficacy and safety in the oncology population. Furthermore, DOAC dose individualisation based on
laboratory monitoring may be of added value, which is further explained below.

The potential role of laboratory monitoring to individualise DOAC treatment

Although laboratory monitoring of DOAC treatment cannot be considered routine care, there is
accumulating evidence that laboratory monitoring to individualise the dose of DOACs may be useful in
certain situations, such as in the presence of a DDI [29-31]. As mentioned earlier, a clear relationship
between plasma concentrations and treatment outcomes exists for all DOACs [19-22]. Furthermore, due to
dose-exposure linearity, an adjustment of DOAC dosage will result in a proportional change in exposure,
facilitating straightforward dose adjustments to correct for loss or increase in exposure [28, 32—-34]. Since
the magnitude of the effect of the DDIs between SMIs and DOACs remains largely uninvestigated, we
postulate that laboratory monitoring of DOAC treatment may have the potential to overcome relevant
(e.g. amber category) DDIs.

There are yet still hurdles to overcome to individualise DOAC dosing in case of DDIs. Although various
routine coagulation assays, such as prothrombin time, thrombin time, activated partial thromboplastin time
and chromogenic anti-Xa, may be able to detect differences in DOAC exposure and efficacy, the current
gold standard to monitor DOAC treatment is considered quantification of DOAC plasma concentrations by
means of liquid chromatography with mass spectrometry detection [35]. Although this technique is slowly
becoming commonplace, it is not yet widely and routinely available in all clinics, hampering its routine
implementation. Another hurdle may be that it is unknown what DOAC exposure should be targeted.
Although normal ranges for peak and trough levels, associated with safe and effective treatment, are
known for all DOACs in the absence of a DDI, reference values for the presence of a DDI may be
different since peak and trough concentrations may not change equally during a DDI [35]. Lastly, there are
no prospective studies showing the superiority of pharmacokinetically guided dose individualisation of
DOAC treatment on the risk of bleeding and VTEs in the presence of DDIs. It should be noted, however,
that this evidence is hard to gather, considering the many different DOACs, further complicated by the
ever-increasing number of SMIs that are developed for small populations with rare mutations.

Although a clear recommendation cannot be made regarding the use of pharmacokinetically guided dosing
of DOACs, we advise measuring DOAC plasma concentrations when a relevant DDI is expected (e.g.
amber category) and switching to another anticoagulant is not an option. The measured concentration
could then be interpreted based on known normal values, as proposed earlier, or based on a measured
DOAC trough concentration in the absence of the interaction, if possible [35].

Practical recommendations to combine an SMI with DOACs

Afatinib

Afatinib inhibits BCRP in vitro [36-38]. Apixaban and rivaroxaban are transported by BCRP [39-42].
Thus, exposure to these DOACs may increase when combined with afatinib, which is expected to result in
a DDI of weak magnitude (yellow). Afatinib also inhibits P-gp in vitro, but afatinib plasma concentrations
in clinical use are lower than concentrations needed to inhibit P-gp. Therefore, no relevant DDI via P-gp is

https://doi.org/10.1183/16000617.0004-2022 3



EUROPEAN RESPIRATORY REVIEW NSCLC | L.S. OTTEN ET AL.

Apixaban Betrixaban* Dabigatran Edoxaban Rivaroxaban
P-gp substrate » Yes Yes Yes Yes Yes
BCRP substrate » Yes No No No Yes
CYP3A4 substrate » Yes (~20%) No (<1%) No (0%) No (<4%) Yes (~18%)
Renal elimination® [26, 27] > 25% 19% 80% 35% 33%
eGFR=50 mL'-min™*  eGFR <50 mL-min™ per
per1.73m?and CP-A  1.73 m*and/or CP-B/C*

Afatinib BCRP inhibitor
Alectinib BCRP and P-gp inhibitor
Brigatinib CYP3A4 inducer, BCRP and [N
P-gp inhibitor
Capmatinib {BCRP and P-gp inhibitor
Ceritinib Strong CYP3A4 inhibitor,
BCRP inhibitor, P-gp
inhibitor

Crizotinib Moderate CYP3A4
inhibitor, P-gp inhibitor
Dabrafenib :Moderate CYP3A4 inducer,
BCRP inhibitor
Dacomitinib :BCRP inhibitor, P-gp
inhibitor

Entrectinib :Weak CYP3A4 inhibitor,
P-gp inhibitor*

Erlotinib Weak CYP3A4 inducer
Gefitinib BCRP inhibitor
Larotrectinib :Weak CYP3A4 inhibitor

Lorlatinib Moderate CYP3A4 inducer, [N | crease the dabigatran |
BCRP inhibitor, P-gp
inducer

Mobocertinib:Weak CYP3A4 inducer,
BCRP inhibitor

Nintedanib BCRP inhibitor, P-gp

inhibitor
Osimertinib {BCRP inhibitor, P-gp
inhibitor
Pralsetinib :BCRP inhibitor, P-gp
inhibitor

Selpercatinib:Weak CYP3A4 inhibitor,
BCRP inhibitor, P-gp
inhibitor

Sotorasib Moderate CYP3A4 inducer,
P-gp inhibitor*

Tepotinib BCRP inhibitor, P-gp
inhibitor

Trametinib

FIGURE 1 Recommendations for combining direct oral anticoagulants (DOACs) and small-molecule inhibitors (SMIs) and dose adjustments of
DOACs (classification based on table 1). BCRP: breast cancer resistance protein; CP-A/B/C: Child-Pugh A/B/C; CYP3A4: cytochrome P450 isoenzyme
3A4; dabigatran: dabigatran-etexilate; eGFR: estimated glomerular filtration rate; P-gp: P-glycoprotein. *: only available in the USA. : percentage of
dose excreted in urine as unchanged drug. *: in patients with renal or hepatic impairment (eGFR <50 mL-min~* per 1.73 m? and/or CP-B/C),
concomitant use of inhibitors of P-gp, BCRP or CYP3A4 could result in an extensive increase in exposure of rivaroxaban and hence, bleeding risk
[28]; thus, extra caution is warranted. S: reduce apixaban dose by 25% with P-gp inhibitors: 5mg twice daily — 5 mg morning and
2.5 mg afternoon/10 mg twice daily — 7.5 mg twice daily. *: reduce apixaban dose by 50% with strong CYP3A4 inhibitors, e.g. ceritinib: 5 mg twice
daily — 2.5 mg twice daily/10 mg twice daily — 5 mg twice daily. **: entrectinib increases exposure to digoxin, a sensitive P-gp substrate, by only
18%; therefore, no dose reduction of apixaban with entrectinib is warranted (yellow). **: increase dabigatran dose by 200%: 150 mg twice daily —
450 mg twice daily/110 mg twice daily — 330 mg twice daily. ™*: sotorasib increases exposure to digoxin, a sensitive P-gp substrate, by only 21%;
therefore, separation of administration of dabigatran with sotorasib is not needed (yellow).

expected between afatinib and P-gp substrates. This rationale was confirmed by clinical data [43]. Since
dabigatran, betrixaban and edoxaban are only transported by P-gp, no DDI between afatinib and exposure
to these DOAC:s is expected (green) [44-48]. Therefore, the use of dabigatran, edoxaban or betrixaban is
recommended when the combination of afatinib and a DOAC is indicated.
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Alectinib

The potency of alectinib to inhibit BCRP and P-gp was assessed in vitro for M4 (active metabolite) and
alectinib itself. The inhibitory effect of alectinib and M4 on these transporters was potent [49].
Co-administration of alectinib with all DOACs may increase their exposure. The effect of P-gp inhibition
(without simultaneous CYP3A4 inhibition) on rivaroxaban exposure is unknown and, as an increase in
exposure may result in an unacceptable increase in toxicity, co-administration is contraindicated (red).
Betrixaban is contraindicated in combination with P-gp inhibitors as well (red). Exposure to edoxaban can
also be increased when co-administered with alectinib, but this effect is expected to be of weak magnitude
(yellow). For dabigatran, an increase in exposure via P-gp inhibition by alectinib can be prevented by
administering dabigatran 2 h before alectinib in fasted state (amber). The increase in apixaban exposure can
be mitigated by reducing the dose by 25% (amber). Alternatively, LMWHs or VKAs can be used to avoid
any DDI. If treatment with these drugs is unwanted, edoxaban may be combined with alectinib.

Brigatinib

Brigatinib is reported to induce CYP3A4 (classification unknown) and to inhibit P-gp and BCRP in vitro
[50, 51]. The net effect of these opposite mechanisms on exposure of apixaban and rivaroxaban, which are
both CYP3A4 and P-gp/BCRP substrates, is unknown. Therefore, co-administration of brigatinib with
apixaban or rivaroxaban is contraindicated (red). As all DOACs are P-gp substrates, exposure to all
DOACs may alter and the use of an LMWH or VKA is recommended. Co-administration of betrixaban
with a P-gp inhibitor is associated with bleeding events and thus, co-administration is contraindicated (red).
The effect of P-gp inhibition on exposure to edoxaban is expected to be weak (yellow). For dabigatran,
increase of exposure may be limited by administering dabigatran 2 h before brigatinib in fasted state
(amber). If a treatment with a DOAC is preferred, then edoxaban may be the most appropriate option.

Capmatinib

Capmatinib inhibits both P-gp and BCRP in vivo [52]. Co-administration of capmatinib with digoxin or
rosuvastatin, sensitive P-gp and BCRP substrates, increased exposure to these drugs by 47% and 108%,
respectively [53]. Similar effects could occur with all DOACs, as they are all substrates of P-gp and/or
BCRP. As the use of metabolism/transporter inhibitors, i.e. capmatinib, may increase bleeding risk of
betrixaban and rivaroxaban, co-administration is contraindicated (red). If needed, apixaban may be
combined with capmatinib whilst reducing the dose of apixaban by 25% or with dabigatran whilst
administrating dabigatran 2 h before capmatinib in fasted state (amber). To avoid any DDI, the use of an
LMWH or VKA is recommended. If combined use with a DOAC is indicated, the use of edoxaban could
be considered, as the expected increase and consequent increase in bleeding risk is likely to be the least
(yellow) compared to other DOACs.

Ceritinib

Ceritinib inhibits P-gp and BCRP in vitro and is a strong inhibitor of CYP3A4 in vivo [54]. Exposure to
midazolam, a sensitive CYP3A4 substrate, was increased 5.4-fold after co-administration with ceritinib in
vivo [54, 55]. Thus, combining DOACs with ceritinib is expected to increase exposure to all DOACs,
which will lead to an unacceptable increase in bleeding risk with betrixaban and rivaroxaban. These
DOAC:s are therefore contraindicated in combination with ceritinib (red). The effect of ceritinib to exposure
of edoxaban is expected to be weak (yellow), as possible increases in edoxaban exposure are not expected
to result in an unfavourable risk—benefit ratio. Thus, treatment with edoxaban is recommended when
VKAs or LMWHs are considered undesirable treatment options. If co-administration of ceritinib with
apixaban or dabigatran is deemed necessary, a dose reduction of apixaban by 50% should be applied or
dabigatran should be administered 2 h before ceritinib in fasted state (amber).

Crizotinib

Crizotinib is classified as a moderate CYP3A4 inhibitor and has been shown to increase exposure to
midazolam 3.7-fold in a single-dose in vivo study [56-58]. This moderate classification is currently under
discussion as crizotinib inhibits its own metabolism time-dependently, which may result in fluctuating
CYP3A4 inhibition. No CYP3A4 inhibition was found in mice treated with crizotinib for 14 days as
measured by erythromycin N-demethylation in liver microsomes [59]. However, a study using a
physiologically based pharmacokinetic model investigated the effects of multiple doses of crizotinib on
midazolam exposure and found comparable results to the initial clinical single-dose study [60]. Therefore,
crizotinib is classified as a moderate CYP3A4 inhibitor in this article. Crizotinib also inhibits P-gp in vitro
[56, 57] and, consequently, increases exposure to all DOACs. As the use of P-gp inhibitors, e.g. crizotinib,
increases bleeding risk of betrixaban and rivaroxaban, co-administration is contraindicated (red). Apixaban
may be combined with crizotinib if apixaban dosage is reduced (amber). Dabigatran may be combined if
administered 2 h before crizotinib in fasted state (amber). The effect of P-gp inhibition is expected to be of
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weak magnitude with edoxaban (yellow) and, therefore, treatment with edoxaban is recommended if VKAs
or LMWHs are not an option.

Dabrafenib

Dabrafenib decreased exposure to midazolam, a sensitive CYP3A4 substrate, by 65% in vivo and is,
therefore, classified as a moderate CYP3A4 inducer [61, 62]. A similar decrease of exposure could occur
with apixaban and rivaroxaban as these DOACs are substrates of CYP3A4. The European label also states
that dabrafenib may induce P-gp, but this is not mentioned in the FDA label and further information is
lacking in the European Public Assessment Report and FDA Clinical Pharmacology and Biopharmaceutics
Review [61-64]. Dabrafenib is therefore not classified as a P-gp inducer in this article. Co-administration
of dabrafenib with rosuvastatin, a BCRP substate, increased its peak concentration 2.6-fold in vivo but did
not significantly alter its area under the concentration—time curve [65]. Dabrafenib is therefore classified a
BCRP inhibitor. Apixaban and rivaroxaban are both BCRP substrates but the net effect of CYP3A4
induction and BCRP inhibition on exposure to apixaban and rivaroxaban is unknown. DDIs of weak
magnitude (yellow) are expected when combining apixaban or rivaroxaban with dabrafenib in patients with
normal renal and hepatic function (estimated glomerular filtration rate >50 mL-min~" per 1.73 m® and
Child—Pugh A). Betrixaban, dabigatran or edoxaban can be safely applied with dabrafenib (green).

Dacomitinib

In vitro studies indicate that dacomitinib inhibits P-gp and BCRP [66, 67]. Exposure may increase to all
DOACs and may lead to an unacceptable increase in bleeding risk with betrixaban and rivaroxaban. These
DOAC:s are therefore contraindicated when combined with dacomitinib (red). If needed, apixaban may be
used concomitantly with dacomitinib if the apixaban dosage is reduced by 25% (amber). Dabigatran may
be combined with dacomitinib if dabigatran is administered 2 h before dacomitinib in fasted state (amber).
The effect of dacomitinib on exposure to edoxaban is expected to be least of all DOACs (yellow). To
avoid any DDIs, LMWHs or VKAs may be applied concomitantly with dacomitinib.

Entrectinib

Co-administration of entrectinib with midazolam, a CYP3A4 substrate, increased exposure to midazolam
by 50% in vivo [68, 69]. Accordingly, entrectinib is classified as a weak CYP3A4 inhibitor and may
increase exposure to apixaban and rivaroxaban. The in vivo inhibitory potency of entrectinib on P-gp was
assessed by co-administration with digoxin, a P-gp substrate, and exposure to digoxin was increased by
18% [68, 69]. A similar effect may occur with all DOACs, as they are all P-gp substrates. As this is
unlikely to exceed the limits of increase in exposure of apixaban and edoxaban, only a weak interaction is
expected, and no dose adjustments are advised (yellow). For rivaroxaban, every increase of exposure will
lead to an increased risk of side effects and, thus, co-administration is contraindicated (red). Betrixaban is
contraindicated with P-gp inhibitors, e.g. entrectinib, as well (red). If needed, co-administration of
entrectinib with dabigatran may be applied while administrating dabigatran 2 h before entrectinib in fasted
state (amber). If co-administration of a DOAC with entrectinib is indicated, apixaban or edoxaban could be
applied as DDIs with entrectinib affect these DOACs the least.

Erlotinib

Erlotinib induces CYP3A4. When combining erlotinib with midazolam, a sensitive CYP3A4 substrate, in
vivo, erlotinib only decreased exposure to midazolam by 24% [70]. According to official grading, erlotinib
is therefore classified as a weak CYP3A4 inducer (this contradicts with erlotinib’s summary of product
characteristics, where it is classified as a moderate CYP3A4 inducer [70]) and is not expected to affect
exposure to the CYP3A4 substrates apixaban and rivaroxaban significantly. Erlotinib did not alter exposure
to edoxaban, a P-gp substrate, in vivo either [71]. All DOACs can be co-administered with erlotinib safely
(green) in patients with normal renal and hepatic function (estimated glomerular filtration rate
>50 mL-min~" per 1.73 m? and Child—Pugh A).

Gefitinib

Gefitinib inhibits BCRP in vitro, which may increase exposure to DOACs that are BCRP substrates in vivo
[72]. Thus, combined use of apixaban and rivaroxaban with gefitinib should be approached with caution
(yellow). Gefitinib did not increase exposure to edoxaban, not a BCRP substrate, in vivo [71]. Therefore,
the use of dabigatran, edoxaban and betrixaban, which are not BCRP substrates, is recommended (green).

Larotrectinib

Co-administration of larotrectinib with midazolam, a sensitive CYP3A4 substrate, increased exposure to
midazolam by 70% in vivo [73]. Therefore, larotrectinib can be classified as a weak CYP3A4 inhibitor.
Inhibition of metabolism of apixaban and rivaroxaban is expected, as they are substrates of CYP3A4. Any
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increase in exposure of rivaroxaban will lead to increased risk of bleeding complications and, hence,
co-administration of rivaroxaban with larotrectinib should be avoided (red). However, co-administration of
apixaban with diltiazem, a moderate CYP3A4 inhibitor, increased exposure to apixaban by 40%. The
effect of larotrectinib, a weak CYP3A4 inhibitor, will be of smaller magnitude and unlikely to be clinically
relevant (green). However, to avoid any possible DDI, the use of DOACs that are not substrates of
CYP3A4 (betrixaban, dabigatran or edoxaban) is recommended (green).

Lorlatinib

Lorlatinib decreased exposure to midazolam, a sensitive CYP3A4 substrate, by 60% in vivo and is
therefore classified as a moderate CYP3A4 inducer. Because lorlatinib also decreased exposure to
fexofenadine by 67% in vivo, which is a sensitive P-gp substrate, lorlatinib is also a P-gp inducer. It is
unknown what the effect is of a decrease in exposure of betrixaban through P-gp induction and, therefore,
co-administration of betrixaban with lorlatinib is contraindicated (red). Furthermore, in vitro studies
indicate that lorlatinib inhibits BCRP [74, 75]. It is unknown what the effect of moderate CYP3A4
induction and P-gp induction is on the exposure to apixaban and rivaroxaban, which are both CYP3A4
and P-gp substrates. The effect of lorlatinib on apixaban and rivaroxaban may be estimated when
compared with the effect of rifampicin, a strong CYP3A4 and P-gp inducer. Rifampicin reduced exposure
to apixaban and rivaroxaban by approximately 50% [39, 40, 42]. For apixaban, co-administration with
lorlatinib may exceed the limit of 25% reduction of exposure. Therefore, co-administration of lorlatinib
with apixaban is contraindicated (red). For rivaroxaban, a dose increment to overcome decreased exposure
cannot be recommended, as the precise effect of lorlatinib on rivaroxaban exposure cannot be predicted
[20]. Therefore, co-administration of lorlatinib with rivaroxaban is contraindicated as well (red). P-gp
induction by lorlatinib also reduces exposure to dabigatran, which is a sensitive P-gp substrate. This loss of
exposure can be corrected by increasing the dose by 200% (amber). This is an off-label dose increase
which may lead to higher exposure compared to dabigatran monotherapy, but increases of dabigatran
exposure up to 150% are considered irrelevant (see supplementary material “DDI potency classification of
DOACSs, dabigatran”). However, lorlatinib will only affect exposure to edoxaban for a minor fraction as it
induces P-gp but inhibits organic anion transporting polypeptide 1B1 just as rifampicin (see supplementary
material “DDI potency classification of DOACs, edoxaban”) and therefore, edoxaban may be the most
appropriate option if co-administration of lorlatinib with a DOAC is indicated (yellow).

Mobocertinib

Mobocertinib decreased exposure to midazolam, a sensitive CYP3A4 substrate, by 32% in vivo and can
therefore be classified as a weak CYP3A4 inducer [76]. Mobocertinib is also reported to be an inhibitor of
P-gp and BCRP, but no relevant changes in pharmacokinetic characteristics of sensitive P-gp substrates
(e.g. dabigatran) are expected as no clinically relevant effect was predicted in modelling techniques [76, 77].
The impact of co-administration of mobocertinib on BCRP substrates, e.g. apixaban and rivaroxaban, in vivo
remains unclear, as the analysis to clarify this potential DDI is considered inadequate by the FDA [77]. For
safety, we considered mobocertinib as a BCRP inhibitor. The net effect of weak CYP3A4 induction and
BCRP inhibition on exposure to rivaroxaban and apixaban, both BCRP and CYP3A4 substrates, is unknown
but expected to result in a DDI of weak magnitude (yellow). Although no relevant changes in exposure to
P-gp substrates are predicted, co-administration of mobocertinib with betrixaban remains contraindicated as
the adverse outcomes of combining betrixaban with P-gp inhibitors cannot be explained by increased
exposure of betrixaban but may be related to underlying patient factor(s) (red). Co-administration of
mobocertinib with dabigatran or edoxaban, which are solely P-gp substrates, is not expected to result in a
clinically relevant DDI and is therefore considered safe (green).

Nintedanib

Nintedanib inhibits P-gp and BCRP in vitro [78, 79]. Therefore, nintedanib may increase exposure to all
DOACs and co-administration with rivaroxaban and betrixaban is contraindicated (red). The increase in
exposure of apixaban should be corrected by reducing the dose by 25% (amber). For dabigatran, an
increase in exposure can be avoided by administrating dabigatran 2 h before nintedanib in fasted state
(amber). As the effect of nintedanib on exposure of edoxaban is expected to be of weak magnitude
(yellow), edoxaban may be the most appropriate option when co-administration of nintedanib with DOACs
is indicated.

Osimertinib

Co-administration of osimertinib and simvastatin, a sensitive CYP3A4 substrate, increased simvastatin
exposure by only 9% in vivo [80, 81]. As this does not exceed 20%, osimertinib cannot be classified a
weak CYP3A4 inhibitor and the inhibitory effect is considered irrelevant. Osimertinib inhibits P-gp and
BCRP. Co-administration of osimertinib with fexofenadine and rosuvastatin, a P-gp and BCRP substrate,
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increased exposure of fexofenadine and rosuvastatin by 56% and 35% in vivo, respectively [80]. A similar
effect may occur with DOACs that are substrates of P-gp and/or BCRP. Thus, co-administration of
osimertinib with betrixaban and rivaroxaban is contraindicated (red). If needed, osimertinib may be
combined with apixaban by reducing the apixaban dose by 25% (amber). Dabigatran and edoxaban are
only P-gp and not BCRP substrates. For dabigatran, a DDI via P-gp inhibition can be circumvented if
dabigatran is administered 2 h before osimertinib in fasted state (amber). For edoxaban, co-administration
with osimertinib does not require dose adjustments (yellow). Therefore, edoxaban is considered the best
alternative for LMWHSs or VKAs.

Pralsetinib

Pralsetinib is reported to be an inhibitor of P-gp and BCRP in vitro [81]. Dabigatran and edoxaban are
only substrates of P-gp and, thus, minimal impact of a DDI via P-gp on exposure and bleeding risk of
edoxaban is expected (yellow). Dabigatran may be applied while administrating it 2 h before pralsetinib in
fasted state (amber). Rivaroxaban and betrixaban are contraindicated with P-gp inhibitors, e.g. pralsetinib
(red). Apixaban may be applied while reducing its dose by 25% (amber). Thus, edoxaban is expected to be
safest to use of all DOACs when co-administered with pralsetinib.

Selpercatinib

After co-administration of selpercatinib with the CYP3A4 substrate midazolam, exposure to midazolam
increased by 54% in vivo and is therefore classified a weak CYP3A4 inhibitor [82, 83]. As apixaban and
rivaroxaban are CYP3A4 substrates, exposure to these DOACs may increase. Selpercatinib also inhibits
P-gp and BCRP in vitro and, thus, increases exposure to all DOACs as all are P-gp and/or BCRP
substrates [82, 83]. Co-administration of betrixaban with P-gp inhibitors, e.g. selpercatinib, is
contraindicated due to the observed increased bleeding risk (red). The P-gp and BCRP inhibitory effect of
selpercatinib on exposure to apixaban may be diminished by reducing the apixaban dose (amber). For
dabigatran, the P-gp inhibitory effect of selpercatinib may be circumvented by administrating dabigatran
2 h before selpercatinib in fasted state (amber). As every increase in rivaroxaban exposure leads to an
increase in bleeding risk and no dose reduction can be applied (due to available tablet doses),
co-administration of selpercatinib with rivaroxaban is contraindicated (red). If co-administration with a
DOAC is indicated, edoxaban is considered the safest to use of all DOACs.

Sotorasib

Sotorasib has the potential to cause DDIs due to moderate induction of CYP3A4. Co-administration of
sotorasib with midazolam, a CYP3A4 substrate, decreased exposure to midazolam by 53% in vivo [84]. A
similar effect could occur with apixaban and rivaroxaban, which are CYP3A4 substrates. Furthermore,
sotorasib may increase exposure to all DOACs as it inhibits P-gp. Combined use of sotorasib and digoxin
increased exposure to digoxin by 21% in vivo [84]. The net effect of CYP3A4 induction and P-gp
inhibition on DOACs which are both CYP3A4 and P-gp substrates (apixaban and rivaroxaban) is unknown
and, accordingly, co-administration is contraindicated (red). Co-administration of sotorasib and betrixaban
is contraindicated (red), as the combination of P-gp inhibitors, e.g. sotorasib with betrixaban, is associated
with an increased bleeding risk. The effect of sotorasib on the P-gp substrates dabigatran and edoxaban is
expected to be of weak magnitude as an approximately 20% increase of exposure is not likely to result in
adverse effects (yellow). Therefore, these DOACs are considered safest of all DOACs to use with
sotorasib.

Tepotinib

Co-administration of tepotinib with dabigatran, a sensitive P-gp substrate, has been investigated as part of
tepotinib’s registration studies. Exposure to dabigatran increased by 50% in vivo after multiple doses of
tepotinib, an increase which is considered of weak magnitude for edoxaban (yellow). Co-administration of
tepotinib with apixaban may exceed the limit of 50% [85], and thus, apixaban’s dose should be reduced by
25% when combined with tepotinib (amber). To avoid increases in dabigatran exposure via P-gp inhibition
by tepotinib, dabigatran should be administered 2 h before tepotinib in fasted state (amber). As
co-administration of betrixaban with P-gp inhibitors is associated with an unacceptable increase in bleeding
risk, combined use of tepotinib with betrixaban is contraindicated (red). Tepotinib inhibits CYP3A4, but
did not significantly change exposure to midazolam (a sensitive CYP3A4 substrate) in vivo [85]. The
CYP3A4 inhibitory effect of tepotinib is therefore considered irrelevant. Tepotinib also inhibits BCRP in
vitro and may increase exposure to apixaban and rivaroxaban, which are BCRP substrates [86]. As any
increase in rivaroxaban exposure results in an unacceptable increase in bleeding risk, co-administration of
tepotinib with rivaroxaban is contraindicated (red). Thus, co-administration of tepotinib with edoxaban is
considered the most appropriate option when co-administration of tepotinib with a DOAC is indicated.
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Trametinib

Trametinib induces CYP3A4 in vitro, but in vivo no relevant effect on exposure to everolimus (a sensitive
CYP3A4 substrate) was demonstrated [87]. Therefore, no DDIs via CYP3A4 inhibition are expected.
Moreover, trametinib does not inhibit P-gp or BCRP at relevant concentrations [87]. Thus, all DOACs may
be used safely with trametinib (green).

Discussion

In approximately 50% of all combinations, co-administration of DOACs and SMIs results in moderately
potent or potent DDIs. Thus, many relevant DDIs may occur, and this requires interference by the
physician to prevent ineffective treatment or increased risk of bleeding caused by DOACs. Edoxaban never
causes relevant DDIs that require intervention of physicians, as DDIs are categorised as yellow at most.
Moreover, the SMI trametinib is the only SMI that does not cause any DDI with DOACs. In this article,
we provide practical recommendations on how to manage DDIs between SMIs and DOACs.

When interpreting our recommendations, it is important to take in account other factors besides the DDIs
between DOACs and SMIs. First, polypharmacy occurs in approximately 60% of NSCLC patients [88-90].
The use of multiple drugs may introduce DDIs in addition to DDIs between DOACs and SMIs. We would
therefore urge pulmonologists and pharmacologists to carefully check the entire list of medications used by
the patient. Second, patients’ characteristics such as body weight or age may also influence exposure to a
DOAC. For example, dosage of apixaban should be reduced by 50% in patients 80 years or older and
weighing 60 kg or less [39, 40]. In summary, such aspects should be taken into consideration when
considering treatment modifications. Next to polypharmacy and patient characteristics, it is also important
to take into account that increases of exposure and consequent increases of bleeding risk are gradient.
Thus, it should be noted that yellow categories do not indicate that no increase of bleeding risk occurs, as
seen in some retrospective studies [91, 92]. However, before introducing a drug, one should always
balance the efficacy and toxicity and, based on those considerations, comparative assessments were made
to categorise DDIs either yellow or amber.

Besides the established efficacy and toxicity of DOACs, e.g. prevention/treatment of thrombosis and risk of
bleeding/thrombosis, there are also signs that DOACs may influence cancer disease behaviour. A
systematic review by Nasipn et al. [93] describes that DOACs affected cancer growth and metastasis in
animal cancer models. Another retrospective observational database study in patients with nonvalvular
atrial fibrillation found no association between the use of DOACs with the incidence of cancer [94]. Thus,
further research should be conducted to elucidate the possible effect(s) of DOACs on cancer.

It is apparent that multiple DDIs have not been assessed in vivo or have not been assessed at all, e.g. P-gp
inhibition and induction by SMIs. Consequently, it is unknown what the effect of these DDIs is on DOAC
exposure. However, as all DOACs are P-gp substrates, and given the large number of patients using SMIs
and DOACs concurrently, there is a high probability of DDI occurrence in clinical practice. In future,
prospective in vivo DDI studies with probe P-gp substrates or DOACs should be mandatory as part of the
official registration studies for SMIs.

Next to making in vivo DDI studies with DOACs mandatory, DOAC treatment could be further enhanced
by individualising DOAC dosages. As mentioned in the results section under “The potential role of
laboratory monitoring to individualise DOAC treatment”, monitoring of DOAC concentrations could assist
in reducing the bleeding and thromboembolic risk. Dose regimens are already adjusted on expected
increases or decreases of exposure to DOACs to correct for increases of bleeding risk or treatment failure
in groups, e.g. reduced dosages of DOACs in impaired renal function and/or reduced body weight and/or
older ages [39, 42, 45, 46, 48]. These group recommendations cause difficulty in treatment decisions for
the individual patient. Individual patient characteristics often deviate from those of groups or the general
population and certain patient characteristics may concomitantly increase and decrease exposure to
DOACs, which creates uncertainty in the prediction of the net effect of these patient characteristics on
exposure to DOACs. The pharmaceutical industry should therefore enable physicians and pharmacists to
personalise DOAC treatment. In order to assess the multifactorial effects on exposure to DOACs in vivo, it
should be made possible to measure exposure to DOACs and have practical recommendations how to deal
with the measured exposures.

Thus, to improve anticoagulant treatment in patients treated with SMIs for lung cancer, we think the
several stakeholders, such as clinicians, pharmaceutical industry and regulatory agencies, may actively
contribute. First, for existing SMIs it should be investigated whether DOAC pharmacokinetics are
relevantly altered in vivo. Second, for existing DOACs, pharmacokinetic therapeutic ranges should be
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established, to allow dose individualisation by means of therapeutic drug monitoring to counter relevant
DDIs and other factors that affect DOAC exposure [31]. Lastly, regulatory agencies should encourage DDI
studies between DOACs and drugs that are prescribed in populations where VTEs are frequent, such as
cancer patients.
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