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Preface and thesis outline

PREFACE

In 2020, lung cancer remained the world's leading cause of cancer death and in the same year
approximately 2.2 million new cases of lung cancer arose.* Since the era of precision medicine
commenced, treatment strategies of non-small cell lung cancer (NSCLC) are swiftly evolving. For
example, molecular profiling is now extensively used to select the drug which offers most benefit
for the individual patient.? However, for most of the therapeutic options for NSCLC (small-molecule
inhibitors (SMls), cytotoxic agents and monoclonal antibodies (MAbs)) the doses are still based on
a "one size fits all" approach. Nonetheless, for many of these drugs, there is a rational to optimize
the dose of the individual patient or the general population with the aim to improve efficacy, reduce
toxicity, increase quality of life and/or reduce the financial burden.

First, during drug development, the recommended dose is determined in phase | studies. The
methodology of these studies are currently still based on the pharmacology of the cytotoxic agents
and focus mainly on toxicity rather than efficacy.? However, the pharmacological profiles of the
SMIs and MAbs are essentially different, raising questions whether this dose finding approach for
these drugs is valid.

Secondly, in the phase | studies, a small homogenous group of heavily pretreated patients is
studied.“ These patients often do not reflect the general lung cancer population. Moreover, despite
the fact that during drug development manufacturers are required to investigate clinically relevant
covariates for pharmacokinetics, the dose is often developed for prescriber convenience, rather
than for the individual. Consequently, dosing of drugs based on variables with limited effect
on the pharmacokinetics will not decrease the already high variability in pharmacokinetic drug
exposures7 Since there is often a fine balance between exposure and response of the SMlis and
cytotoxic agents, this increase in pharmacokinetic variability will inevitably lead to suboptimal
treatment outcomes. For example, in patients with an impaired clearance of drugs (e.g. impaired
renal or hepatic function, older age or use of interacting drugs), the current doses might yield
supratherapeutic drug exposure® Since dose adaptions are only performed in case of treatment-
related adverse events, these patients are confronted with toxic levels already at the start of
therapy. Meanwhile, patients with an above average clearance of drugs (e.g. higher than average
renal function or use of interacting drugs) are confronted with subtherapeutic exposure, which
might ultimately lead to treatment failure.®

Lastly, treatment costs for the new targeted therapies are rising faster than ever before, contributing
to the financial pressure on the current public health budget® Since there is a high incidence
of NSCLC, cost-ineffective dosing based on poor predictors of systemic exposure will result in
unnecessary high health care costs. Therefore, it is pivotal to tackle the current imprecisions in
precision medicine. This quest can be achieved by implementation of the correct dose from the first
dose onwards based on patient(group) variables and/or pharmacokinetic-guided dosing based
on measured drug concentrations.
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THESIS OUTLINE

Taken all considerations into account, the current dosing strategies can be improved. This thesis
focuses on the dose optimization for the current therapeutic options of NSCLC.

In Part I, Chapter 1, the position of dose optimizations in the current dosing strategies is addressed
and the rationale behind several other potential strategies is discussed. In Part Il, the inhibition of
metabolic enzymes of anticancer drugs by protease inhibitors is described. Chapter 2.1 addresses
the intratumoral expression of taxane-metabolizing enzymes in solid tumors. In addition, it provides
a rationale for concomitant intake with CYP3A4 inhibitors to boost intratumoral taxane exposure.
Chapter 2.2 illustrates a proof-of-concept study in which the effect of ritonavir on the exposure
of erlotinib is studied. Part Ill focusses on predictors for the pharmacokinetic exposure of drugs.
In this part, both covariate-based and pharmacokinetic-guided dosing strategies are addressed.
Chapter 3.1 provides a rationale for the inclusion of renal function on the exposure to pemetrexed. In
Chapter 3.2, a pharmacokinetic analysis is performed to assess the impact of renal function on the
pharmacokinetic exposure of pemetrexed based on phase | study data. Moreover, in Chapter 3.3
this relationship was further evaluated in a clinical study in patients with adequate renal function.
This study investigated the superiority of a renal function-based dosing versus the conventional
body surface area (BSA)-based dosing of pemetrexed. To assess if pharmacokinetic-derived
dosing would be an alternative dosing strategy, Chapter 3.4 shows the relationship between the
pharmacokinetics of a low dose and a therapeutic dose of pemetrexed. Finally, in Chapter 3.5,
the impact of age on the pharmacokinetics of gemcitabine is investigated. Part IV illustrates the
relationships between exposure to drugs and the efficacy and toxicities are described. In Chapter 4.1,
the exposure-response relationship of osimertinib is studied. The exposure to pemetrexed and the
development of hematological toxicities and nephrotoxicity are described in Chapter 4.2 and 4.3,
respectively.

Finally, the general conclusions of the gathered work and the future perspectives arising out of
them are discussed, followed by a summary of the individual chapters featured in this thesis.
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ABSTRACT

In oncology, and especially in the treatment of non-small cell lung cancer (NSCLC), dose
optimization is often a neglected part of precision medicine. Many drugs are still being administered
in ‘one dose fits all" regimens or based on parameters that are often only minor determinants
for systemic exposure. These dosing approaches often introduce additional pharmacokinetic
variability and do not add to treatment outcomes. Fortunately, pharmacological knowledge is
increasing, providing valuable information regarding the potential of, for example, therapeutic drug
monitoring. This article focuses on the evidence for the most promising and easily implemented
optimized dosing approaches for the small-molecule inhibitors, chemotherapeutic agents, and
monoclonal antibodies as treatment options currently approved for NSCLC. Despite limitations
such as investigations having been conducted in oncological diseases other than NSCLC or
the retrospective origin of many analyses, an alternative dosing regimen could be beneficial for
treatment outcomes, prescriber convenience, or financial burden on healthcare systems. This
review of the literature provides recommendations on the implementation of dose optimization
and advice regarding promising strategies that deserve further research in NSCLC.



Chapter1 | Optimized dosing: the next step in precision medicine of non-small cell lung cancer

INTRODUCTION

In the current era of precision medicine in oncology, treatment is mainly tailored to the individual
tumor characteristics to optimize therapy outcomes.! However, the dosing of these drugs has
not yet entered this era. Special patient populations, such as patients with obesity or cachexia or
with drug-drug interactions, are usually not studied in clinical trials. In addition, even in a clinical
trial population, high interindividual variability (1IV) in exposure, efficacy, tolerability, and safety
of drugs is observed.2 Consequently, it is unlikely that the approved dose for the population is
the optimal dose for each individual. Moreover, assuming that toxicity is a biomarker for efficacy,
the maximum tolerable dose (MTD) is targeted during clinical development of anticancer drugs.
Although this may hold true for classic cytotoxic agents, whether it is the case for targeted
therapies is debatable3, creating opportunities for dose optimization in this class of drugs to
reach optimal systemic and tumor exposure. Implementation of dose optimization is already
clinical practice for several drug classes, such as antibiotics, antiepileptics, antidepressants,
and immunosuppressants.+7 However, its application in oncology is not commonplace® and this
is best observed for lung cancer. Lung cancer is the leading cause of cancer-related deaths
worldwide. In 2020, more than two million new cases of lung cancer arose and about 1.8 million
patients with lung cancer died, accounting for 18% of the worldwide cancer-related deaths.®
Therefore, even small benefits from optimized dosing will affect many patients. Over the past
decade, several new treatment options for lung cancer have been approved and marketed and
more are to follow.** However, most therapeutics are still used in a “one dose fits all" approach.
Altogether, dose optimization remains an important but forgotten part of precision medicine in
lung cancer treatment. In this review, we discuss opportunities for dose optimization of drugs
currently approved by the European Medicines Agency (EMA) for treatment of non-small cell
lung cancer (NSCLC).

METHODS OF LITERATURE REVIEW

This article is not a systematic review, but a comprehensive search of the literature was performed.
The Clinical Pharmacology and Biopharmaceutics Reviews of the US FDA, as well as the European
Public Assessments Reports of the EMA were consulted for all of the drugs described in this
review. In addition, terms related to pharmacokinetics, exposure-response analysis, and dose
optimizations, in combination with the individual drugs or drug classes, were used in PubMed
searches. Citation snowballing was used to find related articles.

GENERAL

Overall, dose optimization can be based a priori or a posteriori to the first administration of a
drug. A priori dose optimizations include the implementation of covariate-specific dosing, such
as organ function (e.g., renal function) or body size (e.g., weight or body surface area (BSA)).
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Table 1. Key characteristics and precision dosing strategies for the drug-based treatment options in NSCLC.

Class/drug Target Currently approved dose Exposure- Exposure-
efficacy? toxicity®

Small-molecule inhibitors
Erlotinib EGFR 150 mg QD No Yes
Gefitinib EGFR 250 mg QD No Yes
Afatinib EGFR/HER 40 mg QD No Yes
Dacomitinib EGFR/HER 45 mg QD No Yes
Osimertinib EGFR 80 mg QD No Yes
Crizotinib ALK, ROS1, MET 250 mg BID Yes No
Alectinib ALK 600 mg BID Yes No
Ceritinib ALK 450 mg QD (fed) Positive Yes

750 mg QD (fasted) trend
Brigatinib ALK 90 mg QD for 7 days followed by Yes Yes

180 mg QD
Lorlatinib ALK, ROS1 100 mg QD Yes Yes
Dabrafenib BRAF 150 mg BID Nod Yes
Trametinib MEK 2mg QD Yes No¢
Larotrectinib NTRK 100 mg BID Inconclusive  No
Entrectinib NTRK, ALK, ROS1 600 mg QD Inconclusive  Inconclusive
Cytotoxic agents
Cisplatin DNA bases 75 mg/m2 Q3w Yes Yes
Carboplatin DNA bases 400 mg/m2Q3W Yes Yes
Pemetrexed Folate pathway 500 mg/m?Q3W/ Weakly Yes

positive

Docetaxel Micro tubules 75 mg/m2 Q3w Yes Yes
Paclitaxel Micro tubules 175 mg/m2 Q3w Yes Yes
Nab-paclitaxel Micro tubules 100 mg/m? Q1W/ Yesd Yesd
Gemcitabine Cytidine analog 1,250 mg/m?Q3W Inconclusive  Inconclusive
Vinorelbine B-tubulin 25 mg/m? Inconclusive  Inconclusive
Monoclonal antibodies
Nivolumab PD-1 3mg/kg Q2W. No No
Pembrolizumab PD-1 2 mg/kg Q3W. No No
Durvalumab PD-L1 10 mg/kg Q2W No No
Atezolizumab PD-L1 15 mg/kg Q3W No No
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Precision dosing References
Directly implementable On indication Required additional research
Fixed lower dose®© 23.31.34
Fixed lower dose (e.g. on 22
alternating days)°©
Fixed lower dose®c 40.44
Fixed lower dose®© a2
Fixed lower dose®c 41,45
TDM-guided dosing 5661180
TDM-guided dosing 61,161
TDM-guided dosing E-R analysis in NSCLC 58.182
TDM-guided dosing E-R analysis in NSCLC 59.63.183
TDM-guided dosing E-R analysis in NSCLC 60.184
E-R analysis in NSCLC 67.185
TDM-guided dosingP<® E-R analysis in NSCLC 66.67.186
TDM-guided dosingP<® TDM-guided dosing, 77.187
Lower fixed dose
TDM-guided dosingP<® TDM-guided dosing 76,188
Neutrophil count 79,8667
TDM-guided dosing 193
107,110, 116

AUC-based dosing on renal

function

Neutrophil count

79,117, 122-125

TDM-guided dosing®ee

128-130, 133, 134

Neutrophil count
TDM-guided dosing

79,118,146, 189

Decreased infusion rate with

low dose gemcitabinef

Neutrophil count

79. 125,139, 146

Neutrophil count,
Fixed dosing

79.144

Lower fixed dose

155, 160, 190

Lower fixed dose

154,160, 191

Lower fixed dose

160.192, 193

Lower fixed dose

149, 160, 194
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Table 1. Continued.

Class/drug Target Currently approved dose Exposure- Exposure-
efficacy? toxicity®
Ipilimumab CTLA-4 1mg/kg Q6W Yes Yes
Ramucirumab VEGFR 10 mg/kg Q3W in combination with  Yes Yes
docetaxel
10 mg/kg Q2W in combination with
erlotinib
Bevacizumab VEGFR 7.5-15 mg/kg Q3W Yes Yes

ALK: anaplastic lymphoma kinase, AUC: area under the plasma concentration-time curve, BID: twice daily,
BRAF: B-Raf proto-oncogene, CrCl: creatinine clearance, CTLA-4: cytotoxic T-lymphocyte associated protein
4, EGFR: epidermal growth factor receptor, E-R: exposure-response, HER: human epidermal growth factor
receptor, MEK: mitogen-activated extracellular signal-regulated kinase, MET: mesenchymal epithelial transition
factor, NSCLC: non-small cell lung cancer, NTRK: neurotrophic tyrosine receptor kinase, PD-1: programmed
cell death protein 1, PD-L1: programmed cell death-ligand 1, QxW: every x weeks, QD: once daily, ROS1: c-ros
oncogene 1, TDM: Therapeutic drug monitoring, VEGFR: vascular endothelial growth factor receptor

For some compounds, dosing based on covariates is included in the drug label, although evidence
for this is lacking. In these cases, fixed dosing might be more appropriate. For a posteriori dose
adaptations, doses can be based on laboratory tests such as neutrophil count for toxicity-
guided dosing or drug concentrations for therapeutic drug monitoring (TDM). The latter might
only be considered if (1) no easily measured biomarker for response to the drug is available, (2)
therapy is given over a prolonged period to allow dose adaptions, (3) a sensitive and validated
bioanalytic method is available, (4) there is high IIV and relatively low interoccasional variability in
pharmacokinetic exposure, (5) the drug has a narrow therapeutic range, (6) exposure-response
relationships are defined or expected, and (7) dose adaptation is feasible.* For all dose optimization
strategies, information regarding dose-exposure-response relationships at both an individualand a
population levelis crucial to ensure sufficient exposure/pharmacodynamic effects during therapy.?
213 Table 1 lists the characteristics of all drug-based therapeutic options and their optimized dosing
strategies for the treatment of NSCLC.

SMALL-MOLECULE INHIBITORS

Where do we stand?

In adenocarcinoma, epidermal growth factor receptor (EGFR) and KRAS®2¢ mutations are the most
frequently detected driver mutations.** Other oncogenic drivers such as anaplastic lymphoma
kinase (ALK) rearrangements, B-Raf proto-oncogene (BRAF)'®*° mutations, neurotrophic tyrosine
receptor kinase (NTRK) fusion genes, hepatocyte growth factor receptor gene (MET), and exon
skipping or transfection gene (RET) rearrangements are present in lower frequencies. In the last
decade, several small-molecule inhibitors (SMIs) have been developed to target these driver
mutations. Currently, all these SMIs have been developed according to the “one dose fits all”
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Chapter1 | Optimized dosing: the next step in precision medicine of non-small cell lung cancer

Precision dosing References

Directly implementable On indication Required additional research
Tolerability-guided dosing 160.170,172,173
Fixed dosing 105196

160.177. 178,197

a found for the current dosing regimens.

°in case of toxicity.

¢ in case of PK based drug-drug interactions which cannot be prevented.
4in other indication than NSCLC.

¢in case of no efficacy.

fbased on the preference of patient/prescribe.

paradigm. However, since they are notoriously subject to high 11V, fixed doses might lead to under-
and/or overexposure.’* Several reviews have advocated the implementation of TDM as a tool to
minimize toxicities while maintaining efficacy™ *, but this has not generally been accepted.

Epidermal growth factor receptor inhibitors

Erlotinib and gefitinib are first-generation EGFR SMIs.”” Acquired resistance due to mutations has
fueled the development of the second- and third-generation EGFR SMIs afatinib, dacomitinib,
and osimertinib.1-2°

Dose indlividualization of EGFR SMils

Overall, it has become evident that the approved doses (Table 1) of EGFR SMIs are higher than
necessary for maximal efficacy. A lower dose of these drugs might minimize toxicities and increase
tolerability while maintaining efficacy and making treatment available for a larger group, e.g., frail
patients (under the condition that exposure-response relationships for both efficacy as toxicity are
similar to those in the non-frail population).

First-generation EGFR SMls

Erlotinib and gefitinib are both reversible inhibitors of EGFR. An exposure-response relationship might
be expected, since the equilibrium of the bound and unbound drug will play a major role in the target
occupancy. However, as shown in Table 1, in the current dosing regimens of both drugs, no relationship
between plasma exposure and response has been found -2 Interestingly, lower doses of erlotinib and
gefitinib (25-100 mg once daily (QD) and 250 mg on alternating days, respectively) were noninferior
to the approved dose of erlotinib 150 mg QD and gefitinib 250 mg QD gefitinib.2429 Unfortunately,
no exposure-response analyses were performed in these patients. However, these dose-response
analyses showed that low doses of these first-generation SMIs were indeed as effective as and less
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toxic than the currently approved doses, indicating that extrapolation from non-frail to frail patients
would be reasonable until new data arise 2420 Moreover, in lung cancer cell lines, half-maximalinhibition
(IC, ) values for erlotinib have been reported to be in the order of 10-40 nM*, which is a concentration
approximately 1,000-fold lower than the observed steady-state concentrations of erlotinib 150 mg QD>
Naturally, differences in target exposure between in vivo and in vitro experiments (e.g., the differences
in partition coefficient) and additional factors such as protein binding, for which in vivo IC_ values are
probably higher than those reported for in vitro experiments, should be considered. Still, these data
together suggest that exposure is much higher at the approved doses than required for target inhibition
and is at the plateau of the exposure-efficacy curve. Although data are scarce and conflicting®, one
preclinical study in mice advocated that lower doses (5-15 mg/kg) of at least gefitinib might result in a
more rapid acquired resistance than higher doses (25-50 mg/kg).3 However, solid evidence in humans
(with the equivalent doses) is missing.

At the approved dose, associations between systemic drug exposure and the development of rash
and diarrhea have been reported.?? 3¢ The development of these adverse events was observed
to be far less for erlotinib 25-100 mg QD or gefitinib 250 mg on alternating days.2429 3% Reported
frequencies of 7-30% of patients discontinuing treatment because of side effects®® 37 indicate that
treatment may be optimized by the administration of lower doses.

Second- and third-generation EGFR SMls

Forthe irreversible inhibitors of EGFR (afatinib, dacomitinib and osimertinib), the use of TDM is even more
debatable. EGFRs have been found to be completely renewed every one to five days in vitro.3® Afatinib,
dacomitinib, and osimertinib all have elimination half-lives > 36 hours, are dosed daily, and display low
IC,, values for binding to mutated EGFR (steady-state trough concentrations are approximately 40- to
150-fold higher than the reported (protein-unbound) IC_; values)3® ¥ Therefore, only low daily doses
are necessary for binding and pharmacodynamic effects may hold on longer than systemic exposure
indicates. Indeed, a semi-mechanistic model for osimertinib showed that a daily dose for two weeks led
to adelayed onset of tumor growth when compared to a single dose of osimertinib.# This indicates that,
despite the irreversible binding of these drugs, lowering the dose frequency is not desirable because
of the EGFR turnover time. Exposure-efficacy relationships with regard to afatinib, dacomitinib, and
osimertinib in their current dosing schedule have not been found **-4 whereas clear associations were
found between exposure (in terms of area under the plasma concentration-time curve (AUC), trough
concentrations, or average plasma concentrations) and the development of rash and diarrhea .« 4 4+
45 Similar to erlotinib and gefitinib, it can be hypothesized that lower doses of afatinib, dacomitinib and
osimertinib could be sufficient for efficacy and will decrease toxicity. Indeed, for osimertinib and afatinib,
preliminary results suggested that low-dose treatments (50% of the approved dose) resulted in efficacy
similar to that with the approved dose 440

In summary, EGFR SMIs seem to be dosed higher than necessary for maximal efficacy in EGFR-
mutated NSCLC. Dose adjustments are not recommended, and more clinical studies are warranted
to assess whether fixed lower doses of these drugs are indeed as effective as and less toxic than
the standardized doses, without triggering faster acquired resistance.
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KRAS®2C inhibitors

Currently, no effective SMis to target the KRAS®2© mutation are approved by the EMA. However, the
FDA recently granted accelerated approval to sotorasib®®, and this drug is expected to also receive
approvalin the EU. Data are currently insufficient to support dose individualization of this drug. The
current dose approved by the FDA is 960 mg QD, and the license holder is currently investigating
the efficacy of 240 mg QD as an FDA postmarketing requirement.s*

Anaplastic lymphoma kinase inhibitors

Three generations of ALK SMIs have been approved by the EMA. Crizotinib, which also inhibits
c-ros oncogene 1 (ROS1) and MET, was the first ALK SMI to be approved.? Alectinib, ceritinib, and
brigatinib form the second-generation and lorlatinib the third-generation ALK SMI.5355 Positive
exposure-efficacy relationships have already been observed in the clinical development studies
of most ALK SMIs 56-%° For some of these drugs, positive exposure-toxicity relationships were also
found® ©°, as well as high IIV (ranging from 30 to 60%) in exposure 5% Moreover, the current
standardized dosing of these drugs is based on the MTD found in clinical studies. However, it has
been reported that, for at least crizotinib and alectinib, only 50-60% of the population in clinical
practice reaches target exposure for efficacy®, indicating a narrow therapeutic window for this drug
class and showing the potential for dose individualization by means of TDM. Several (translational)
studies and reviews have already proposed the optimal target concentrations or doses for the ALK
inhibitors 16 £6.61-64 Thus, for this class of drugs, implementation of TDM is necessary to improve
treatment outcomes with ALK SMls.

B-Raf proto-oncogene/mitogen-activated extracellular signal-requlated kinase inhibitors

Combination therapy with dabrafenib plus trametinib has been approved for lung adenocarcinoma
harboring BRAFY¢°° mutation as oncogenic driver.ts For NSCLC, the exposure-response relationships
for the combination of dabrafenib and trametinib are unknown. For trametinib in patients with
melanoma, a relationship between median trough concentrations and efficacy outcomes was
found, and high IIV (24-36%) in exposure was observed.5® ¢ Although a formal exposure-safety
analysis has not yet been performed, mitogen-activated extracellular signal-regulated kinase
(MEK) inhibitors are well known to have a small therapeutic window because of their limited
sensitivity towards BRAF-mutant cells over BRAF-wildtype cells.?® % Therefore, the use of TDM
for trametinib would be a rational choice. For dabrafenib, no exposure-response relationship has
been established in melanoma, so the use of TDM is not substantiated. Whether these findings can
be translated to NSCLC is unknown, since the pharmacokinetics and -dynamics are dependent
on tumor type” 7 and IC_ values have been reported as comparable to or higher for BRAF*#%-
mutated NSCLC cell lines than for melanoma cells with the same driver mutation.” 7275 Until
exposure-response analyses are evaluated for NSCLC cohorts, TDM-guided dosing should not
be carried out as standard care for the dabrafenib-trametinib combination in NSCLC. If treatment
response is insufficient or extensive adverse effects are experienced, TDM-based dose guiding
could be useful, targeting the predefined threshold of trametinib in melanoma®” and the previously
described population geometric mean for dabrafenib.”
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Neurotrophic tyrosine receptor kinase inhibitors

Larotrectinib and entrectinib have been approved for treatment of NSCLC with fusions in the NTRK
genes. Entrectinib also inhibits ROS1 and ALK.7® A remarkable observation with larotrectinib noted
that patients in the highest quartile of exposure performed worse in terms of overall response rate
than did those in the other quartiles. Although this was observed in a low number of patients (n =
66) with various tumor types, it could indicate that patients receive higher doses than necessary.””
Although clues indicate positive exposure-efficacy relationships, the lack of exposure-response
analyses prevents the implementation of TDM-guided dosing (based on the geometric observed
mean trough concentration), but could be potentially usefulin case of a treatment-related toxicity
or inadequate response.

Where should we go?

Generally speaking, it is critical for the relationship between exposure and response to therapy to
be elucidated to optimize the dosing strategy for these drugs. One important factor is the nature of
the exposure metric used in these analyses. In addition, not only the drug but also the target needs
to be taken into account to inform the dose adaptations. For the EGFR inhibitors, it is important
to set up prospective studies to evaluate whether (fixed) lower doses of these drugs have similar
efficacy outcomes and less toxicity. ALALK inhibitors show positive exposure-efficacy relationships
and high IV in exposure. In addition, for many of these drugs, clear targets for exposure have been
described and positive exposure-safety relationships mentioned, so TDM-based dosing could
be implemented directly for all patients. For some ALK inhibitors, no trough levels on which TDM
could be based have been reported. The geometric population mean concentrations found in
registration studies are frequently reported to be in the same order of magnitude as or even lower
than the actual target concentrations for efficacy.”® Therefore, until the target trough concentrations
are established, dosing could be based on the geometric mean reported in these clinical trials.
For the BRAF/MEK and NTRK inhibitors, exposure-response analyses should be performed in
NSCLC, since there are clues for the superiority of TDM-guided dosing for these drugs. Dose
modifications based on TDM might be valuable in cases with lack of efficacy or with toxicity, or
when pharmacokinetic-based drug-drug interactions cannot be prevented.

CYTOTOXIC AGENTS

Where do we stand?

Although SMIs and immunotherapy are currently shifting the treatment paradigm in oncology,
cytotoxic chemotherapy remains a cornerstone in the treatment of metastatic NSCLC. In general,
the chemotherapeutic regimens in first-line therapy consist of a platinum-based agent (cisplatin
or carboplatin) in combination with another chemotherapeutic such as pemetrexed, a taxane
(docetaxel or (albumin-bound (nab-)) paclitaxel), gemcitabine, or vinorelbine. All these drugs, with
the exception of carboplatin, are currently dosed on BSA, although there are hints that dosing
based on other parameters might be of added value. For example, dosing to neutropenia has
been proposed to be a prognostic factor for treatment outcomes with almost all cytotoxic agents
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(cisplatin, taxanes, gemcitabine, and vinorelbine) used in the treatment of NSCLC.79-8° Since TDM
should only be considered to be beneficial if no biomarkers for drug effect are present (see Sect. 3),
and since IV in pharmacodynamic parameters are expected to be minimalized with toxicity-guided
dosing®, dosing on neutrophils is assumed to be superior to TDM. The specifics of this toxicity-
guided dosing have been described previously.®? Interestingly, dose reductions are performed for
severe toxicities, but no dose increments are carried out in the absence of toxicity, despite the
well-described toxicity-efficacy relationship (as summarized in Table 1). As a consequence, these
patients may be receiving a subtherapeutic dose.

Platinum-based agents

Both cisplatin and carboplatin are cleared by the kidneys. The hydrolyzed active platinum
metabolites bind irreversibly to proteins, so elimination is also dependent on protein turnover,
which forms a non-renal elimination pathway.t3 8 Given the more stable chemical structure of
carboplatin compared with cisplatin, less carboplatin is hydrolyzed and undergoes bioactivation,
resulting in more renal elimination of carboplatin compared with cisplatin.&

Dose individualization of cisplatin

The AUC of unbound cisplatin has been observed to be statistically significantly related to response
status during therapy.?s Moreover, total and free platinum peak concentrations have been related
to a deterioration of renal function.®5-%8 Controversially, the incidence of nephrotoxicity was
observed not to be altered by the infusion rate of cisplatin.® Currently, dosing of cisplatin is, like
many cytotoxic agents, based on BSA. However, it has been shown that 44% of the IV in cisplatin
clearance can be explained by BSA.®° Until now, no better predictors for the clearance of cisplatin
have been found, so BSA-based dosing remains the recommended dosing strategy.

Dose indlividualization of carboplatin
As for cisplatin, the approved dosing of carboplatin is based on BSA, and systemic exposure has
been related to its efficacy and toxicity.*

However, in clinical practice, BSA-based dosing is not routinely applied, with the dose instead
individualized based on renal function according to the Calvert formula.®* Glomerular filtration
rate (GFR) has been generally considered to be the optimal measure for renal function. However,
methods to measure this parameter are often inconvenient and time-consuming.® Alternatively,
calculation of an estimated GFR (eGFR) or creatinine clearance (CrCl) using a single serum creatinine
measurement has been standard practice. However, serum creatinine is subject to active secretion,
so CrClis often an overestimation of the GFR.% As carboplatin does not undergo active secretion,
whether CrClis a good predictor for carboplatin clearance remains questionable. Indeed, it has
been found that the use of serum creatinine does not represent carboplatin clearance accurately
in patients with adequate renal function (eGFR > 50 mL/min).?® In addition, 24-h collection of
urine to calculate the CrCl has also proven to be an inaccurate base for carboplatin dosing.s” A
flat dose (based on the mean carboplatin population clearance) of 695 mg in patients with eGFR
> 50 mL/min resulted in similar variability in carboplatin exposure as serum creatinine-based
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dosing.?® Implementation of markers that more accurately estimate the GFR are thus warranted.
The addition of cystatin C in the calculation of the eGFR was shown to reduce bias and imprecision
in carboplatin clearance.®® Proenkephalin, a recently developed biomarker for glomerular filtration,
more accurately predicted the eGFR than serum creatinine and is even useful in unstable and
critically ill patients.?¢ Major steps toward reaching target carboplatin exposure, especially in
patients with systemic inflammation, could be made by including inflammatory markers in the dose
calculation*® However, this dosing regimen needs prospective evaluation in a large patient cohort
before implementation in clinical practice. Since a priori and a posterior dose optimization strategies
could be synergistic, one might also argue for the additionalimplementation of TDM-guided dosing
for carboplatin. Indeed, TDM-guided dosing of carboplatin has been used successfully in children
and could therefore be promising for at least this patient group.°+1°3 Further evaluation of this
dosing strategy should be studied in an NSCLC population.

In summary, inclusion of cystatin C in the AUC-based dosing of carboplatin is feasible in
clinical practice and could be employed on indication. If cystatin C is not available, a fixed
carboplatin dose of 695 mg every three weeks (Q3W) in patients with CrCl> 50 mL/min could
be recommended.

Pemetrexed

Pemetrexed is an antifolate agent that inhibits enzymes (including thymidylate synthase (TS))
in the folate pathway and consequently, the formation of DNA precursors. Upon administration,
pemetrexed is effectively transported intracellularly and polyglutamylated.*4 This process is
believed to play a pivotal role in both antitumor and toxic effects (such as nephrotoxicity and
hematological toxicities), as pemetrexed pentaglutamate has a 100 times higher potency for TS
inhibition than pemetrexed itself.**s Measurement of the intracellular polyglutamylated forms
of pemetrexed thus would be an ideal marker for its pharmacological effects. However, the
development of an analytic method has proven to be challenging.’® Although it is unclear how
well the polyglutamylated forms of pemetrexed correlate to pemetrexed plasma concentrations,
a plasma exposure-toxicity relationship has been well-established in a generally broad range of
doses (126-1362 mQ@).*71%9 |n addition, doses of pemetrexed 900-1,000 mg/m? did not improve
efficacy of treatment compared with standard dosing of 500 mg/m?2 Q3W.*° Based on differences
in doses, dose frequencies, and efficacy in the early clinical trial'**2 and based on the analogy
of methotrexate™, it is expected that the exposure-efficacy relationship is AUC-driven and that
the current dose might be in the flat part of the exposure-efficacy curve. Therefore, standardized
lower doses might be effective; however, trials to study this lower dose might not be ethical.
Pemetrexed is mainly excreted by the kidneys, and renal function contributes substantially
to total pemetrexed clearance s ¢ These results suggest that inclusion of renal function in a
dosing algorithm for pemetrexed could result in less IIV in pemetrexed exposure and toxicity. A
pharmacokinetic study to assess the suitability of renal function-based dosing in patients with
adequate renal function is ongoing (NCT03655821). In addition, another study is determining
whether renal function-based dosing with additional prophylactic therapy to prevent toxicity is
feasible in patients with CrCl < 45 mL/min (NCT03656549). Given all this, implementation of TDM
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could also serve as a dose optimization strategy. However, since serum creatinine is part of the
standard laboratory assessment during pemetrexed treatment and may be used in the dosing
algorithm from the first cycle onward, renal function-based dosing is assumed to be superior to
TDM as a dosing strategy.

Taxanes

The taxanes are currently dosed based on BSA without exception. High IV in exposure to taxanes
has been observed® 719 \which may partly play a role in the unpredictability of treatment response
and the development of toxicities.

Dose individualization of docetaxel

Results from studies of docetaxel AUC and time to progression in solid tumors (including NSCLC)
have been contradictory.*” 1202 Regarding toxicity-response relationships, it has been observed
that the exposure to docetaxel is a predictor of severe toxicity, especially neutropenia, during the
first course of treatment 2224 |n addition, neutrophil counts are also associated with the toxicity and
efficacy of docetaxel 70125126 This could indicate that there is a balance in the optimal neutrophil nadir
during docetaxel treatment. One could aim for an individualized dose that will both avoid severe
hematological toxicities and be maximally effective. 26 However, as yet, no easily implemented dose
individualization methods have been revealed. Neutropenia has particular potential as a prognostic
marker for efficacy but cannot be implemented without solid knowledge of the efficacy and safety
of toxicity-guided dosing

Dose individualization of paclitaxel

The time above a certain paclitaxel plasma concentration is related to clinical efficacy®” 2¢ and
the development of the primary adverse events, neutropenia'®” 2913° and polyneuropathy.:3* 132
Two large randomized studies in patients with NSCLC assessed the feasibility of TDM of the time
above a paclitaxel toxicity threshold concentration when combined with cisplatin 80 mg/m? or
carboplatin (AUC 6). They both showed that pharmacokinetic-guided paclitaxel dosing targeting
26-31 h above a concentration of 42.7 pg/L (0.05 uM) resulted in a statistically significantly lower
paclitaxel dose, similar efficacy results, and reduced adverse events compared with BSA-based
(175-200 mg/m?) dosing.*3 34 This pharmacokinetic-guided dosing of paclitaxel has been shown
to be feasible and can be based on a single sample 24 h after administration.3s Since TDM is only
possible after administration of a drug, a BSA-based starting dose is recommended in the first
cycle, followed by a TDM-guided dose.

Dose individualization of nab-paclitaxel

During treatment with nab-paclitaxel, longer times above a total paclitaxel concentration of 720
pg/L in plasma were associated with a 2 50% decrease in neutrophils.*® Furthermore, in patients
with NSCLC, weekly 100 mg/m? was more effective and less toxic than 300 mg/m? Q3W.13¢
Although clinical study results are scarce, the available data regarding TDM-guided or neutrophil-
guided dosing provide us a valuable starting point for dose optimization of nab-paclitaxel. More
studies are required to assess the feasibility of these strategies.
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Gemcitabine

After administration, gemcitabine is rapidly transported intracellularly and subsequently
phosphorylated, with the most important and rate-limiting enzyme being deoxycytidine kinase
(dCK)»¥ Saturation of the dCK has been shown to decrease the intracellular disposition of the active
metabolites. Current clinical practice is a 30-min infusion of gemcitabine regardless of the dose.
Logically, this would result in plasma concentrations above saturable levels, where the excess of
gemcitabine in plasma will be inactivated by cytidine deaminase and would not contribute to its
pharmacological effect¥”

Decreasing the infusion rate and/or lowering the gemcitabine dose are two easily adjusted factors
that would lead to less saturation and consequently a more predictable dose-effect relationship. A
meta-analysis (n = 867) found similar efficacy for the fixed dosing rate (10 mg/m2/min) and the fixed
infusion duration (30 min). However, the fixed dosing rate was associated with more toxicity.*3® This
suggests that the current dosing of gemcitabine results in intracellular concentrations well within
the therapeutic range and that increased infusion rates will push the intracellular concentrations
toward toxic levels. Logically, a decreased dose of gemcitabine administered over a prolonged
period could result in similar efficacy and toxicity. Indeed, administration of gemcitabine 250 mg/
m?2 over 6 h showed efficacy similar to that with 1,000 mg/m? over 30 min*¥ Studies to test this
prolonged infusion duration of low-dose gemcitabine in combination with 75 mg/m? cisplatin
found beneficial efficacy results and a different toxicity profile for gemcitabine compared with
historical cohorts.’° 141 \¥/hether the reduction in drug-related costs are beneficial given the costs
related to the prolonged hospital stay remains debatable. In addition, it has been reported that
prolonged infusions with chemotherapy carry higher chances of extravasation, posing additional
risks for this treatment schedule

Vinorelbine

Vinorelbine is a vinca alkaloid that binds to $-tubulin, resulting in inhibition of mitosis and activation
of the apoptosis pathway. Currently, vinorelbine is dosed on BSA and can be administered either
orally or intravenously on a weekly basis** Although no relationship between BSA and the
pharmacokinetics of vinorelbine has been found, dosing based on this parameter might still lead
to a more efficacious and tolerable treatment.#4 In contrast, in patients with metastatic breast
cancer, fixed dosing of vinorelbine (and capecitabine) could be an alternative, safe, and effective
dosing strategy.’#* However, an assessment of pharmacokinetic and pharmacodynamic endpoints
in a large NSCLC study cohort receiving vinorelbine has not yet been reported. Until data become
available, dosing on BSA remains recommended.

Where should we go?

For many of the cytotoxic drugs, neutropenia is postulated to be a prognostic factor for treatment
outcome. This has been assessed retrospectively for at least treatment regimens containing
cisplatin’e, docetaxel’ 25, nab-paclitaxel’“, gemcitabine’® 26146 and/or vinorelbine.” Prospective
studies are necessary to evaluate whether dosing toward a certain neutrophil count is feasible and
enhances treatment outcomes. For carboplatin and pemetrexed, AUC-based dosing using renal
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function appears to be more rational to predict exposure to these agents. In the absence of reliable
markers for renal function, a flat dose of carboplatin is feasible in patients with a relatively normal
renal function. Paclitaxel could be dosed based on BSA, with subsequent cycles of therapy based
on a TDM-dosing approach in case of severe toxicities or lack of efficacy.

MONOCLONAL ANTIBODIES

Where do we stand?

Two classes of monoclonal antibodies (mAbs) have been approved for the treatment of NSCLC:
immune-checkpoint inhibitors and the vascular endothelial growth factor receptor (VEGFR)
inhibitors, bevacizumab and ramucirumab. The immune-checkpoint inhibitors include antibodies
targeting programmed cell death protein 1 (PD-1, pembrolizumab and nivolumab), programmed
cell death-ligand 1 (PD-L1; atezolizumab and durvalumab), and cytotoxic T-lymphocyte antigen-4
(CTLA-4; ipilimumab). Currently, dosing regimens are effective, and flat exposure-toxicity
relationships are observed in a broad dose range. However, a rational for body weight-based dosing
(as implemented for some of these drugs) is missing and further increases the high healthcare
costs associated with these drugs.

Programmed cell death-ligand 1 antibodies

Exposure-response analyses

As target saturation is maximal at the current dosing of PD-(L)1 mAbs*#7, it is obvious that flat
exposure-response relationships are found. However, these relationships are further complicated
by the dynamic relationships between baseline factors, exposure, and disease progression. For
example, tumor shrinkage may influence cachexia and thus clearance of mAbs, altering exposure
to the mAbs 15254 This suggests that clearance of mAbs is related to tumor size and thus to patient
response status. Indeed, for at least the PD-1 antibodies, it has been shown that baseline clearance
is a better predictive tool for treatment outcome than is exposure 5418 This suggests that change in
clearance during treatment with these agents could be used as a biomarker for treatment response
in PD-(L)1 therapy. Although data are scarce and the exact driving mechanism(s) behind this effect
should be explored, some studies have advocated that clearance-based dose adjustments could
be made to reduce therapy costs while maintaining efficacy.’*® However, if clearance is merely a
parameter to distinguish between responders and non-responders, these dose adaptations should
not be performed.

Dose individualization

Although roughly all PD-(L)1 antibodies were initially dosed based on body weight, fixed dosing
could lead to fewer preparation errors and lower healthcare costs. However, implementation
of fixed doses is not yet common in clinical practice®®, or -when implemented- the fixed
doses are supratherapeutic. The latter also becomes evident because no exposure-response
or dose-response relationships have been found for any of the PD-L(1) antibodies. The use of
supratherapeutic doses is best illustrated for pembrolizumab, which is currently given in a 200 mg
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dose. Although NSCLC is often accompanied with weight loss®** ¢, this fixed dosing corresponds to
the initial body weight-based dosing of a patient weighing 100 kg. In addition, the time-dependent
decrease in clearance of the PD-L(1) antibodies would result in higher exposure during longer
treatment. Adaptation toward a (lower) fixed dose will result in less drug being discarded during
preparation and decreased healthcare costs 2 In line with the flat exposure-response relationship,
similar efficacy has been described in a retrospective study of low doses of nivolumab (20 or
100 mg Q3W) compared with the standard dose of 3 mg/kg Q3W in patients with NSCLC.64
This indicates that lower doses of PD-L(1) antibodies could be administered, potentially saving
millions per year in healthcare.® Furthermore, it is currently believed that complete inhibition of
the PD-1/PD-L1 complex is necessary during treatment and that patients should be treated until
progression occurs. Although data on the optimal treatment durations for PD-(L)1 antibodies are
scarce, some studies have observed durable responses in patients with lung cancer treated for
1-2 years followed by an intention to treat (for at least the PD-1 antibodies) 1661

Ipilimumab
Exposure-efficacy and -toxicity analyses in NSCLC are yet to be performed for ipilimumab. However,

as discussed in Table 1 for other indications, positive dose-response and dose-toxicity relationships
have been determined”® 7% a 10 mg/kg Q3W dose showed increased overall survival and toxicity
when compared with the approved 3 mg/kg Q3W.*72%3 For NSCLC, the currently approved ipilimumab
dose is 1 mg/kg Q6W in combination with nivolumab 3 mg/kg Q3W and results in fewer adverse
events than alternative ipilimumab regimens.”” In case of toxicity, dosing is often temporarily halted or
even discontinued.””s Currently, nothing would indicate that the exposure-toxicity relationship would
be different for NSCLC. Thus, if a positive exposure-efficacy relationship is present in NSCLC, it would
be rational to adjust dosing of ipilimumab based on tolerability. Doses could be escalated in patients
who do not experience adverse events and reduced in those who do. However, this strategy needs
confirmation in a large number of patients (with NSCLC). Refining of the current body weight-based
dosing into three weight group-based doses has been proposed. This strategy, involving using the
complete contents of vials and the possibility of administering the preparation to another patient in
case of treatment discontinuation, will contribute to healthcare cost savings.x°

Vascular endothelial growth factor inhibitors

The VEGF inhibitors ramucirumab and bevacizumab are currently dosed on body weight,
although body weight has been shown to have only limited influence on the pharmacokinetics of
these drugs. Hendrikx et al. advocated the use of fixed dosing of mAbs when the effect of body
weight on the clearance and volume of distribution was minimal:®° In a more recent population
pharmacokinetic meta-analysis of ramucirumab, the effect of body weight on both clearance
and volume of distribution was around the arbitrary threshold to implement body weight-based
dosing.”7® Based on the limited data available, no further optimization of the dosing regimen can
be performed at this time. For bevacizumab, body weight has only a small effect on clearance and
volume of distribution.””” Positive exposure-efficacy and exposure-toxicity relationships in doses
of 75-15 mg/kg Q3W have been observed.”® Therefore, it is time to implement fixed dosing of
bevacizumab in the treatment of NSCLC at a dose of 600-800 mg Q3W.
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Where should we go?

Currently, the dosing regimens for mAbs are effective and show a flat exposure-toxicity relationship
in a large proportion of patients. This indicates that additional precision dosing strategies might
not be necessary. For ipilimumab, the feasibility of tolerability-guided dosing should be studied
before this strategy is implemented. Costs associated with all mAbs are high. Therefore, dosing
strategies could be optimized to decrease the financial burden on the healthcare system. Research
to evaluate the efficacy of even lower doses than postulated by the “fixed-dose studies” (see Table
1) could be helpful for this. It isimportant to ensure that these drugs are dosed on the plateau of the
exposure-efficacy curve on an individual basis. Since pharmacokinetic variability is generally low to
moderate for these drugs° 76477, TDM-guided dosing would not be preferable, and only sufficiently
high doses might prevent underexposure. In addition, it is not exactly known for how long and
at which intervals patients should receive these mAbs, and additional research is warranted to
evaluate the number of courses of treatment patients should receive for optimal outcomes.

FINAL REMARKS

This review shows that the current dosing regimens of many of the drugs approved for the
treatment of NSCLC need to be adapted to improve treatment outcomes or to restrict the
ever-rising healthcare costs. However, challenges to implementing precision dosing also exist.
Individualization, especially based on laboratory tests such the monitoring of drug concentrations,
is subject to time, logistics, and availability of personnel”® In addition, for many drugs approved
more than a decade ago, individualization could be based on the extended knowledge gained
after approval of the drug. The extra effort required, delays in adjusting labels, and reluctance to
prescribe drugs in an off-label dosing regimen all led to discrepancies between knowledge and
the implementation of this knowledge. However, suboptimal dosing remains highly undesirable,
and the urge to implement precision dosing to improve treatment remains high (Table 1). Currently,
most drugs used in the treatment of NSCLC are still dosed as one size fits all, based on BSA or
body weight, despite an accumulation of evidence showing that dosing based on other parameters
may improve treatment outcomes. For some drugs, precision dosing is sometimes not necessary
to improve treatment outcomes. However, adaptation of the current dosing regimen might be
beneficial for other factors, such as prescriber/pharmacy convenience or healthcare costs, while
maintaining efficacy. This review provides an overview of studies already performed to optimize
dosing in NSCLC. In addition, we provide the most promising and easily implemented dose
optimization strategies. Most of these strategies can readily be rolled out in clinical practice or
require further research.
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ABSTRACT

Enzymes of the cytochrome P450 (CYP) subfamily 3A and 2C play a major role in the metabolism of
taxane anticancer agents. While their function in hepatic metabolism of taxanes is well established,
expression of these enzymes in solid tumors may play a role in the in situ metabolism of drugs as
well, potentially affecting the intrinsic taxane susceptibility of these tumors. This article reviews the
available literature on intratumoral expression of docetaxel- and paclitaxel-metabolizing enzymes
in mammary, prostate, lung, endometrial, and ovarian tumors. Furthermore, the clinicalimplications
of the intratumoral expression of these enzymes are reviewed and the potential of concomitant
treatment with protease inhibitors (Pls) as a method to inhibit CYP3A4-mediated metabolism is
discussed.
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INTRODUCTION

Breast, prostate, and lung cancer were among the top five most diagnosed cancers worldwide
in 2018, while endometrial and ovarian cancer were the most common and deadly gynecologic
malignancies in Europe.* Despite the emergence of new targeted therapies such asimmunotherapy,
hormonal therapies, tyrosine kinase, and poly (ADP-ribose) polymerase (PARP) inhibitors,
the taxanes, docetaxel and paclitaxel, are still important drugs used in the treatment of these
malignancies both as single agents and as part of combination regimens 2 This applies especially
in malignhancies with fewer treatment options available, such as triple negative breast cancer
(TNBC) and metastatic castration-resistant prostate cancer (mnCRPC).57 Moreover, a significant
increase in survival has been observed in patients with metastatic and non-metastatic hormone
naive prostate cancer treated with docetaxel in addition to androgen-deprivation therapy (ADT) in
the CHAARTED and STAMPEDE trials.2°

The taxanes (see Figure 1) bind to the tubulin B subunit, where they stabilize the microtubules by
precluding depolymerization. Thereby, cell arrest in the mitotic G2/M phase is induced, leading
to cell death.® Although paclitaxel and docetaxel come from a similar class of chemotherapeutic
agents, their pharmacological characteristics exhibit several differences. Compared to paclitaxel,
docetaxel has a longer half-life, higher cytotoxicity, a lower schedule dependency, a different
adverse effect profile, longer retention time, and higher in vivo accumulation in tumors.* 2 This
has led to the more frequent use of docetaxel compared to paclitaxel.’* Unfortunately, patients
treated with docetaxel or paclitaxel will often develop resistance.***® Interestingly, despite the
similar structural characteristics of the two drugs, a lack of cross-resistance has been observed.
For instance, docetaxel has shown activity in a number of paclitaxel-refractory solid tumors.19-2*
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Figure 1. Chemical structures of the taxanes: (A) docetaxel and (B) paclitaxel.

Various mechanisms by which resistance to taxane-based chemotherapy can arise have
been proposed. These mechanisms can broadly be classified into the following: (1) pre-target
events resulting in reduced intracellular drug concentrations, (2) alterations of the drug-target
interaction, or (3) factors influencing the cellular response to damage of the cytoskeleton.? Pre-
target events could, for example, involve upregulation of the ATP-binding cassette (ABC) drug
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efflux transporters such as P-glycoprotein (P-gp, ABCB1) or multidrug resistance protein (MRP1,
ABCC1) and breast cancer resistance protein (BCRP, ABCG2).2 Furthermore, hepatic clearance
through metabolizing enzymes from the cytochrome P450 (CYP) superfamily can contribute to
decreased plasma exposure. Both paclitaxel and docetaxel are mainly metabolized by CYP3A4.
In addition, docetaxel is metabolized by CYP3A5 and paclitaxel by CYP2C8.2426

CYP enzymes are also expressed in a variety of extrahepatic tissues. CYP3A, for example, is
markedly expressed in the tissue of the digestive tract.?” Similarly, it is known that various
malignant tissues express CYP enzymes.?® A variety of studies showed expression of CYP3A4
protein in breast, colorectal, esophageal tumors, and Ewing's sarcoma.?-3 This expression of
CYP enzymes in tumors may limit the intracellular concentrations of docetaxel and paclitaxel,
which may cause pre-target resistance. The metabolites of both taxanes show very little if any
cytotoxic activity. It has previously been described that the major metabolite of paclitaxel in
humans, 6a-hydroxypaclitaxel, does not induce growth inhibition in tumor cell lines.34 Likewise,
the metabolites of docetaxel show little-to-no antitumor activity.?® The intratumoral expression
of CYP enzymes could, therefore, limit efficacy or even contribute to the development of
resistance to taxane therapy. This review will elaborate on the possible role of the CYP enzyme
system in tumors of the breast, prostate, lung, ovaries, and endometrium in relation to the
clinical pharmacology of docetaxel and paclitaxel. To this end, the expression of CYP enzymes
in tumor tissue of different malignancies will be discussed, and possibilities for attenuation of
CYP enzymes in tumors will be considered. To our knowledge, Oyama et al. were the first to
review the intratumoral expression of CYP enzymes in 2004.28 In this review, we provide updated
data on CYP3A4, CYP3A5, and CYP2C8 expression and review the impact of the intratumoral
expression on taxane-based therapy.

DRUG-METABOLIZING CYP ENZYMES

CYP enzymes are found predominantly in the liver and intestines and serve as a clearance
mechanism by catalyzing the degradation of exogenous and endogenous substances.
Approximately 60 human CYP genes are known, consisting of 18 gene families and 43
subfamilies.®® CYP enzymes have a broad spectrum of functionalities in relation to cancer.
On one hand, these enzymes may protect against carcinogens and even play a role in the
activation of anticancer agents. For example, cyclophosphamide, an alkylating prodrug used
as immune suppressor and chemotherapeutic for a range of tumors, is metabolized by CYP2A8,
CYP2B6, CYP3A4, CYP3A5, CYP2Cg, CYP2C18, and CYP2C1g to its active metabolites 4-hydroxy-
cyclophosphamide and aldophosphamide.® On the other hand, CYP enzymes may play a
role in the activation of carcinogens and the metabolism of anticancer drugs. For example,
CYP1B1 is overexpressed in many tumor types in comparison to normal tissue and is known
for its ability to activate a variety of carcinogens such as polycyclic aromatic hydrocarbons
(PAH), heterocyclic amines, aromatic amines, and nitropolycyclic hydrocarbons. Moreover,
many anticancer agents are metabolized by the CYP enzyme system into their inactive form,38-+
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One of the most abundantly expressed CYP enzymes is CYP3A4 which is responsible for the
degradation of more than 60% of all marketed drugs.“* The regulation of its expression has been
investigated in a number of studies but has not been fully elucidated. The human pregnane
X receptor or steroid xenobiotic receptor (SXR) is the most frequently studied receptor for the
control of the CYP3A4 expression.“245 Activation of this receptor occurs after binding with CYP
inducers, such as rifampicin but also in response to endogenous steroids such as estradiol
47 Binding of the ligand to the receptor results in the dimerization of the SXR with the g-cis-
retinoid X receptor (RXRa). This heterodimer subsequently binds to its response element on
the CYP genes resulting in the transcriptional activation of CYP enzymes.*® In addition, SXR
can enhance drug efflux through the induction of P-gp.4¢ It is known that steroid-dependent
neoplasms such as breast and endometrial cancer express higher levels of SXR in neoplastic
tissues than normal tissues.5® 5! Paclitaxel, through SXR, markedly induces expression of
CYP3A4 and CYP2C8 and P-gp, thereby preventing its own uptake and increasing its own
metabolism and excretion when given in a weekly dosing schedule*® 5253 Conversely, docetaxel
does not appear to enhance the activity of CYP3A4, although it does activate the transcriptional
activation of SXR and CYP3A4 mRNA in human hepatocytes. However, this effect is very weak
in comparison to that of paclitaxel.5? 83 If one of the above-mentioned mechanisms would
similarly be present in tumor tissue, this could contribute to the development of resistance or
unresponsiveness to chemotherapy in these cells.

EXPRESSION OF CYP3A4, CYP3A5, AND CYP2C8 IN TUMORS

The expression of drug-metabolizing CYP enzymes in human tumors and other extrahepatic
tissues has been a subject of investigation for several years.5* Due to the metabolism or
activation of many anticancer drugs by CYP enzymes, it is of particular interest to investigate
whether CYP enzymes are also expressed in tumor tissue.“ 5 CYP expression in tumor and
non-tumor tissues of the breast, colon, and lung has been thoroughly studied. However,
tumor tissues such as the endometrium and prostate remain poorly investigated.?® Methods
often used to study the presence of CYP enzymes in tissues include immunohistochemistry
(IHC) or western blot.5° 57 In addition, the presence of MRNA can be measured using reverse
transcription polymerase chain reaction (RT-PCR) or northern blotting.5® % Studies investigating
the presence of CYP3A4/5 and CYP2C in extrahepatic tissues and tumors are summarized in
Table 1.
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Table 1. Overview of literature studies reporting the expression of CYP3A and CYP2C protein or mRNA from patient

samples.

CYP3A

Protein mRNA
Study References Tumor (n) Healthy (n) Tumor (n)
Breast Cancer
Albin et al. (1993) 68 0% (12) 0% (12) -
Hellmold et al. (1998) &3 - 0%(15) 75% (4)
Murray et al. (1993) 66 22% (54) - -
Huang et al. (1996) 62 - - 15% (13)
Yokose et al. (1999) 67 0% (6) - -
Iscan et al. (2001) b4 - - 0% (88

0% (4)°

Miyoshi et al. (2002) 101 37% (38)24 - -
El-Rayes et al. (2003) 56 +(29) +(29) -
Kapucuoglu et al. (2003) 2 100% (25) 68% (25)2 -
Knupfer et al. (2004) 72 - - -
Schmidt et al. (2004) s 100% (11)? - -

0% (10)°
Miyoshi et al. (2005) 102 52% (31)° - -
Haas et al. (2006) 7 25% (393)*° - -
Vaclavikova et al. (2007) 65 - - BLQ (40)?
Murray et al. (2010) L 52% (170)*9e - -

19% (170)P4e
Sakurai et al. (2011) 103 55% (42)? - -
Floriano-Sanchez et al. (2014) % +(48)2 +48)? -
Prostate Cancer
Murray et al. (1995) 79 61% (51) - -
Yokose et al. (1999) &7 0% (6) - -
Finnstrém et al. (2001) 8 - - 10% (28)>°

86% (28)°f
Koch et al. (2002) 74 - - -
Di Paolo et al. (2005) 8o - 58% (24)° -
54% (24)°

Moilanen et al. (2007) 77 - 100% (6)° -
Bieche et al. (2007) 54 - - -
Leskeld et al. (2007) 7 0% (35)° 100% (10)° 0% (10)°
Fujimura et al. (2009) 8 75% (107)? 03% (88)° -
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CYP2C
Protein mRNA
Healthy (n) Tumor (n) Healthy (n) Tumor (n) Healthy (n)
- 0% (12) 0% (12) - -
73% (15) - 0% (14)° 100% (4) 100% (15)
73% (11 - - 100% (13) 100% (11)
82% (11)°
- 33% (6) - - -
0% (8 - - 83% (6) 83% (6)
0% (4)°
- - 100% (10)° -
BLQ (40)° - -
- 30% (170) - - -
- 25% (51) - - -
- 83% (6) - - -
11% (28)3f - - - -
86% (28)°f
0% (477 - - - -
+(47)°
+(32)°
+(10)° - - - -
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Table 1. Continued.

CYP3A

Protein mRNA
Study References Tumor (n) Healthy (n) Tumor (n)
Mitsiades et al. (2012) 7 - - +(146)°
NSCLC
Nakajima et al. (1994) 85 - - -
Kivistd et al. (1995) 8 25% (32) 34% (32) -
Kivistd et al. (1996) &7 100% (8) 100% (8) 0% (8)?

50% (8)°

Anttila et al. (1997) 88 - 18.5% (27)* -
Macé et al. (1998) 84 - - -
Yokose et al. (1999) 67 0% (18)
Fujitaka et al. (2001) % - - +(10)
Bieche et al. (2007) 54 - - -
Qixing et al. (2017) 8 74% (87) " d +87) -

49% (87)°4 “(87)7P
Endometrial Cancer
Hukkanen et al. (1998) o4 - - -
Yokose et al. (1999) 67 0% (12)
Sarkar et al. (2003) 95 - - -
Masuyama et al. (2003) 50 - - +(20)?
Ovarian Cancer
Yokose et al. (1999) 67 0% (12) - -
Klose et al. (1999) o - - -
Downie et al. (2005) o8 91% (99)/ 64% (13)* -

80% (22)9 55% (13)°

66% (99)/

55% (22)°9
Bieche et al. (2007) 54 - - -
Deloia et al. (2008) o7 - - 9% (477

89% (47)°

The percentages shown indicate the number of samples in which CYP enzymes could be detected, with in
parentheses the total amount of samples/patients analyzed. (+) indicates CYP enzymes were expressed, but
the exact number of positive samples was not described or presented as immunoreactivity score. (-) indicates
not measured. P values indicate higher proportion, immunoreactivity score, or expression level compared to

respective tumor/non-tumor sample, ‘P<0.05, "P<0.01, ""P<0.001.

BLQ: below limit of quantification, NSCLC: non-small cell lung cancer
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CYP2C
Protein mRNA
Healthy (n) Tumor (n) Healthy (n) Tumor (n) Healthy (n)
+(29)"aP - - - -
- +(27) +(12) - -
0% (8 - - - -
100% (8)°
13% (8)* - - - -
100% (8)°
0% (14) - - - 100% (14)
93% (14)°
0% (18)
+(10)° - - +(10)" +(10)
+(6)P° - - - B
57% (70 - - - _
43% (7)°
0% (12)
57% (23 - - - _
- 0% (12) - - -
- - - - 100% (1)
- 17% (99)/ 36% (13) - -
10% (22)¢
+(15)° - - - +(15)
- - - 69% (48)° -
a0Only CYP3A4.
> Only CYP3As5.
¢ Only CYP2C8.

d Percentage indicates a fraction of tumors with moderate/high expression.

¢ Original data from publication received from the authors.

fNo distinction between tumor and non-tumor tissue.

9 Percentages for primary ovarian cancer and peritoneal metastases, respectively.
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Breast cancer

CYP enzymes are responsible for the phase | metabolism of estrogen and, therefore, have a prominent
role in the pathogenesis of breast cancer. In extrahepatic tissues, CYP1B1 is responsible for the
conversion of 17B-estradiol (E,) into 4-hydroxyestradiol which may act as a carcinogen, while CYP1A1
and CYP3A4, on the other hand, metabolize E, into its non-carcinogenic 2-hydroxy metabolite.*¢ This
extrahepatic expression of enzymes may also have implications for treatment with taxanes. Studies
using RT-PCR to detect CYP3A4 mRNA have produced variable results with some studies indeed
finding relevant CYP3A4 expression® 3, and some others find no expression of CYP3A at all.®# % Other
experiments using IHC or western blot to detect CYP3A protein expression also produced contrasting
results.5266-58 \\/hen comparing expression levels in malignant versus healthy tissue, results are similarly
ambiguous with some studies finding a lower CYP3A4 expression in malignant tissues compared
to adjacent morphologically normal tissuese, and other studies suggesting increased expression of
CYP3A4 in tumors2 % In one of the larger trials investigating CYP expression in mammary tumors,
Haas and colleagues analyzed tissue from 393 breast cancer patients using IHC. Their analysis showed
expression in 25% of mammary tumor samples screened for CYP3A4/5. Moreover, this CYP3A4/5
expression showed a significant association with a positive nodal status in patients (p=0.018)7° In
2010, Murray and colleagues® also found an association between CYP3A4 expression and survival
Although the difference was marginal, patients with tumors that showed a low/negative CYP3A4
immunoreactivity had a mean survival of 79 months (95% confidence interval (C): 77-81 months), while
patients with tumors that showed moderate/strong CYP3A4 immunoreactivity had a mean survival
period of 86 months (95% Cl: 79-93 months).3 Some studies have investigated the mRNA and protein
expression of enzymes of the CYP2C subfamily in breast cancer tumors with similar contradictory
results 62 636567687172 Schmidt and colleagues, in addition to detecting CYP3A4 and CYP2Cg in breast
cancer microsomes, also investigated the ability of these microsomes to metabolize ifosfamide. Using

LC/MS, a minimal in vitro ifosfamide N-dechloroethylation (0.12+0.07 pmol/min/mg__._. ) could be

protein
detected in all four measured breast cancer microsomes. In comparison, previous studies in liver
samples from female patients had shown activities of 13257 pmol/min/mg_ ., for ifosfamide

N-dechloroethylation.”* 73 Although very minimal, this demonstrates that the mechanism of CYP3A4-
mediated ifosfamide metabolism is present in breast cancer microsomes.

Despite the large variability in reported expression frequencies, some larger studies suggest that
the CYP3A4 protein is present somewhere between 20 and 55% of breast cancer tissues. For CYP2C
enzymes, there also appears to be some expression in mammary tissue, whereas, for CYP3A5, this
evidence is very limited. Although, in the majority of studies, the functionality of the enzyme remains
to be elucidated, the fundamental conditions for CYP mediated metabolism appear to be present in
a subpopulation of breast cancers which may have implications for taxane chemotherapy.

Prostate cancer

Interestingly, several studies which measured CYP3A mRNA in both normal prostate and cancerous
tissue seem to suggest that CYP3A5 is the most abundant CYP in these tissues.54 %7477 Even
though about 80% of Caucasians are CYP3A5 deficient.”® While studies investigating CYP3A protein
expression in tumor samples have mainly found relatively high expression of both CYP3A4 and
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CYP3A5 both in tumor and non-tumor tissue.7% Furthermore, enzymes of the CYP2C family
were also detected in tumor samples in some studies.” 79 In 2009, Fujimura and colleagues
detected CYP3A4 in healthy prostate and prostate cancer tissue and found that prostate cancer
cells had a lower CYP3A4 immunoreactivity score (sum of the proportion of positively stained
cells and staining intensity; 3.6 +2.6) compared to the benign epithelium (4.5:2.1; p<0.0001).
Moreover, this lower immunoreactivity score showed a significant inverse correlation with a higher
Gleason score and a poorer prognosis in patients.® This result was supported by the finding of
a decreased expression of CYP3A4 and CYP3A5 in CRPC cells compared to benign prostate
tissue.”s Physiologically, this could be explained by a reduced conversion of androgens, such as
testosterone into the inactive 6B-hydroxytestosterone (63-OH-T) metabolite, leading to increased
androgen-dependent proliferation. A hypothesis is supported by the association between CYP3A4
and CYP3A5 polymorphisms and haplotypes and prostate cancer risk and aggressiveness.2 & In
conclusion, heterogeneous CYP3A4, CYP3A5, and CYP2C8 expression in neoplasms of the prostate
is observed, possibly contributing to variable treatment response to taxanes, even though the
expression may be decreased in malignant tissue in comparison to healthy tissue.

Non-small cell lung cancer (NSCLC)

RT-PCR analyses have shown that CYP3A4 and CYP3A5 are present in healthy and malignant lung
tissue 5484 8 Yet, results of IHC analyses are less clear, although the CYP3A4 protein is expressed
in about 20% of the observed tissue samples.t®# A more recent study showed that CYP3A4
expression was significantly higher in tumor tissue when compared with normal lung tissue ® These
results, obtained from an online data set on CYP3A4 and CYP3A5 expression, did not contain data
whether the patients received prior chemotherapy or not. Therefore, the study also featured an IHC
analysis of 92 patients, who were included prior to any chemotherapy treatment. In this subset, a
significant higher CYP3A4 expression was observed in comparison with the adjacent healthy tissue.
In addition, CYP3A4 expression was significantly correlated with advanced TNM stages (p=0.013)
and poor histological differentiation (p=0.017), while CYP3A5 was only significantly associated
with histological differentiation. Moreover, an association between high-CYP3A4 or low-CYP3A5
expression and poor survival could be observed.?* CYP2C gene-expression levels were found to
be significantly increased in lung cancer tissue compared to healthy lung tissue° In the study
by Klose et al., CYP2C8 mRNA expression was found to be highly variable, although some older
studies were able to detect CYP2C8 protein or mRNA.848 9t |n conclusion, taxane-metabolizing
enzymes appear to be present in both healthy and malignant lung tissue, and upregulation of these
enzymes may be observed in malignant tissue.

Endometrial cancer

Estrogen itself is an important contributor to the growth and development of endometrial tumors.
Contrary to the effects of progesterone, estrogen stimulates the endometrium to proliferate. A
misbalance in favor of estrogen may, therefore, contribute to the early stages of endometrial cancer
formation.®? The extrahepatic metabolism of estrogen by CYP1Bz1, 1A1, and CYP3A4 is described
above. As in breast cancer, these enzymes may also be present in endometrial tumors and play a
role in local estrogen metabolism. The presence of CYP3A4 and CYP3A5 enzymes in endometrial
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cells seems variable with some studies finding no CYP3A4 and CYP3A5 mRNA, but high expression
of CYP3A7 mRNA in the endometrium and placenta.®3 In contrast to this finding, other studies
found expression of CYP2C, CYP3A4, CYP3A5, and CYP3A7 mMRNA among other CYP enzymes in
normal endometrium tissue.®4 % Another study found that CYP3A4 and CYP3A7 mRNA expression
was low in normal endometrium, but was significantly upregulated in endometrial cancer tissues 5°
Together, this suggests some expression on an mMRNA level of taxane-metabolizing enzymes of
the CYP3A subfamily in healthy endometrium and endometrial cancer, although the small body
of evidence does not allow for any strong conclusions.

Ovarian cancer

As in breast and endometrial cancer, it is thought that estrogen plays a similar role in tumor
initiation and promotion in ovarian cancer.®® CYP enzymes may, therefore, also play a similar role
in ovarian tumors. The presence of CYP2C8 and CYP3A5 mRNA has been reported in ovarian
tissue.54 9t However, mRNA in both studies was collected from the whole gland tissue, whereas
ovarian tumors are mainly of epithelial origin.¥” Downie et al. found that CYP3A5, among other
CYP enzymes, had a significantly greater intensity of IHC staining (p<0.001) in primary ovarian
cancer tissue compared with normal ovary.?® A later study investigated the presence of taxane-
metabolizing enzymes in ovarian cancer and found that CYP3A4 is expressed at very low levels
in ovarian cancer, while CYP3A5 and CYP2C8 were expressed in the majority of ovarian tumors,
regardless of histologic type, stage, or grade® As in endometrium, evidence regarding the
expression of taxane-metabolizing CYP enzymes in the ovaries and in ovarian cancer is limited.
Although the studies available seem to suggest a relatively high expression compared to other
tissues, especially for CYP3A5.

TAXANES AND CYP3A EXPRESSION IN TUMOR CELLS

The hepatic induction of CYP3A enzymes by paclitaxel and to a lesser degree by docetaxel
prompts questions whether a similar mechanism could have an effect on the expression of
CYP3A enzymes in tumors.?? This mechanism may be of clinical relevance during the application
of taxane chemotherapy as it may impact treatment outcome #5253 |n vitro studies have shown
that human prostate cancer (DU-145) and breast cancer (MCF-7) cells lines indeed express a higher
amount of CYP3A4 protein in response to treatment with docetaxel.?0 1 In addition, kezoe and
colleagues found a 2.0-fold increase in CYP3A4 expression in DU-145 xenografts in BNX nude
mice after treatment with docetaxel.®® Fujitaka and colleagues observed an increase in CYP3A4
mMRNA expression in peripheral mononuclear cells from patients with previously untreated lung
cancer after treatment with docetaxel. For CYP2C8, no such increase could be observed.® Similarly,
Deloia et al. investigated gene expression of CYP2C8, CYP3A4, CYP3A5, and ABCBA1 in epithelial
ovarian tumors, and exposed these tumor cells to docetaxel and paclitaxel ex vivo. There was no
apparent correlation between any single gene expressed and taxane disposition, although a strong
correlation between the ratio of CYP3A5:ABCB1 and the clearance of docetaxel was observed.?”
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The presence of CYPs in tumors can similarly be linked to clinical outcomes of docetaxel treatment.
Miyoshi et al. found that CYP3A4 expression in tumors, measured by mRNA and IHC, correlates
with clinical outcomes in breast cancer patients treated with docetaxel. Patients with low CYP3A4
MRNA levels (n=14) exhibited a significantly higher response rate to docetaxel treatment than
those with high CYP3A4 mRNA levels (n=9, 71% vs. 11%, p<0.01).*°* In addition, patients with
CYP3A4-negative tumors (n=15), determined by IHC, showed a significantly higher response rate
to docetaxel treatment than those with CYP3A4-positive tumors (n=16, 67% vs. 19%, p < 0.01).% Later,
breast cancer tissue obtained from a larger trialin 42 patients who underwent docetaxel treatment
as adjuvant chemotherapy after surgery was analyzed for CYP3A4 expression using IHC. The 19
patients with CYP3A4-negative tumors showed a significantly higher response rate to docetaxel
treatment than the 23 patients with CYP3A4-positive tumors (63.2% vs. 26.1%, p < 0.01). Moreover, a
higher clinical benefit rate was observed in CYP3A4-negative tumors (73.7% vs. 26.1%, p < 0.01) as well
as a longer time to progression (8.9 + 5.8 months vs. 5.2 + 4.4 months, p<0.05). These results suggest
that assessing CYP3A4 expression in breast cancer may be a relevant tool to predict the response
of the tumor to docetaxel treatment.’3 In 16 patients with NSCLC receiving docetaxel or docetaxel
and carboplatin for advanced disease, CYP3A4 gene expression in peripheral mononuclear cells
was analyzed. After 24 h, the CYP3A4 expression was significantly increased when compared
to baseline. Treatment with carboplatin monotherapy did not cause any statistically significant
difference in CYP3A4 expression. In the same study, 20 autopsy samples (10 NSCLC +10 control)
from chemotherapy-naive patients were analyzed on the levels of CYP3A4 gene expression.
Although the variability in gene expression was high, there was no significant difference between
healthy and cancerous tissue. In the case of CYP2C8, however, increased expression in tumor
tissue could be observed.®

Despite the small number of patients included in these studies, the evidence presented seems to
indicate that an increase in intratumoral CYP3A4 expression can be observed after treatment with
taxanes. Increased CYP3A4 expression could be inversely correlated to clinical response rates to
these drugs. Together, this suggests that these CYP enzymes are part of a resistance mechanism
in which the in situ metabolism of docetaxel is accelerated, thereby diminishing response to
docetaxel-containing chemotherapy.

CONCOMITANT TREATMENT WITH TAXANES
AND HIV-PROTEASE INHIBITORS

As a notorious group of CYP3A4 inhibitors, it is of great interest to know whether or not HIV-protease
inhibitors (PIs) will have an effect on intratumoral CYP3A4 functionality. Ritonavir, developed as an
HIV P, is one of the most potent inhibitors of CYP3A4 known, although the precise mechanism of
inhibition has yet to be clarified.’+ 15 Ritonavir is used in HIV therapy to boost the concentration of
other drugs with a known CYP3A4-dependent metabolism.°® Its effect on CYP3A4 is irreversible,
and consequently, the reversal of inhibition is dependent on the degradation half-life of CYP3A4,
which is thought to be about 29 h. After cessation of ritonavir treatment, CYP3A4 expression returns
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to baseline after approximately six days.*”1°8 Docetaxel is strongly metabolized by CYP3A4, and
hence, it is hypothesized that concomitant treatment of docetaxel and ritonavir will increase the
antitumor activity of docetaxel.?® Pharmacokinetic parameters of docetaxel such as clearance
and half-life are decreased and increased, respectively, when co-administered with ritonavir.209-1
Several in vivo studies have shown the effect on the tumor response after co-administration
with ritonavir.#® 22 In one study with an immunocompetent, orthotopic Cyp3a~~ mouse model,
the effect of intravenous docetaxel and oral ritonavir on Cyp3a expressing Ki4cre; Brcai™F;
p537F mammary tumors was studied.> The co-treatment led to a decrease in tumor volume
greater than docetaxel treatment alone (70% vs. 30% shrinkage of the initial tumor volume after
3 weeks of treatment). In addition, the median time in which the tumor reached the critical tumor
size (approximately 1500 mms3) was significantly increased when docetaxel and ritonavir were given
together (65.6+8.6 days vs. 53.6 +1.5 days for docetaxel monotherapy). As expected, the plasma
concentration of docetaxel did not show significant differences in the ritonavir co-administered
group. However, the intratumoral docetaxel concentration was significantly higher after g days of
treatment with docetaxel and ritonavir in comparison with docetaxel monotherapy. Furthermore,
the docetaxel metabolite concentrations were lower in the combination treatment group compared
to the group treated with single-agent docetaxel, suggesting that ritonavir specifically inhibited
the intratumoral metabolism of docetaxel .2

Pls do not only interfere with the metabolism of taxanes by direct inhibition of CYP3A4, but could
also amplify their antitumor effects via additional mechanisms. Table 2 summarizes the proposed
synergistic effect of the Pls to docetaxel treatment. Using western blot analysis, it was shown that
ritonavir could potentiate the effect of docetaxel on the activation of caspase-3 and the cleavage
of PARP (which is cleaved as a late event during apoptosis). Ritonavir can inhibit the docetaxel-
induced increase in CYP3A4 mMRNA completely in the mouse androgen-dependent prostate cancer
cells. In vivo docetaxel markedly decreased the growth rate and size of DU145 tumors in male BNX
mice. Ritonavir alone showed no statistical significance either in growth or in weight of the tumors.
Interestingly, the combination of the taxane and the Pl showed an additional statistically significant
decrease in both growth and tumor weights in comparison with the monotherapy of docetaxel.
Histologically, a site composed of necrotic and fibrotic tissue was observed, but no cells of cancerous
origin were detected. Moreover, the organs of the mice were not affected. In addition, ritonavir has
shown to block the DNA-binding activity of nuclear factor-kB (NFkB) in the DU145 cells and in vivo.#®

In various types of cancer including prostate cancer, hyperactivity of the NFkB pathway has been
observed This hyperactivity often results in the development of resistance to several anticancer
drugs such as paclitaxel and docetaxel.9 "2 By decreasing the DNA-binding activity of NFkB, it is
possible that ritonavir surpasses this resistance mechanism of docetaxel and will, therefore, increase
the effectiveness of the docetaxel treatment. In the lung cancer cell line NCI-H460, a decrease
in growth of 39 and 21% was observed when treated with single-agent nelfinavir and docetaxel,
respectively. However, when the cell lines were incubated with nelfinavir prior to docetaxel, a
growth inhibition of 51% was observed. Similar effects were observed in the NCI-H520 cell line,
suggesting that the nelfinavir-induced inhibition of the Akt signaling results in more sensitivity
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to docetaxel treatment.®4 The activation of Akt pathway is described in the literature as being
responsible for the development of resistance, and as a result, tumors are often overexpressing Akt
in these cell populations.®* Moreover, docetaxel resistance is tackled in some studies by inhibiting
the Akt pathway and therefore resensitizing the tumor cells for docetaxel treatment 647 \X hether
ritonavir acts the same way as nelfinavir on NSCLC cells is not studied in the earlier mentioned
article. Yet, there are reports that ritonavir can block the Akt signaling in ovarian cancer and breast
cancer and, thus, can re-sensitize the resistant tumor cells for docetaxel treatment.»8 #9

In summary, the co-treatment of docetaxel with ritonavir enhances the cytotoxic activity of
docetaxel in the tumor and ritonavir could, therefore, potentiate the effect of docetaxel as a
chemotherapeutic agent. Currently, the first phase | and Il trials using an oral formulation of docetaxel
called ModraDoc006 co-administered with ritonavir are underway in mCRPC (NCT03136640) and
metastatic breast cancer (NCT03890744). Earlier trials with this formulation in patients with various
solid tumors have shown promising antitumor activity and highlight the potential of this innovative
way of attenuating CYP activity to boost oral docetaxel bioavailability and to possibly improve
clinical efficacy.i20122

Table 2. Proposed synerqgistic effects of protease inhibitors to docetaxel treatment as examined in in vitro studies.

Cellline Protease inhibitor Proposed effect References
NCI-H460 & Nelfinavir Nelfinavir-induced inhibition of Akt signaling 4
NCI-H520 leading to more sensitivity to docetaxel

DU145 cell line Ritonavir Increased effect of docetaxel on activation of 99

caspase-3 and cleavage of PARP

DU145 cell line Ritonavir Reduced DNA binding activity of NFkB, surpassing %
one resistance mechanism of docetaxel

DU145 cell line Ritonavir Blocked the docetaxel-induced increase in CYP3A4
MRNA, decreasing the metabolism of docetaxel

DISCUSSION

Although evidence remains slightly contradictory and many studies are limited by low sample
sizes, there appears to be relevant expression of taxane-metabolizing enzymes CYP3A4, CYP3A5
and CYP2C8, among other CYP enzymes, in some malignant and non-malignant tissues of the
breast, prostate, lung, endometrium, and ovaries.?o: 32 56 58. 62 63, 66. 67.69-72.76. 77, 79-61, 84, 86-89, 94, 05, 97. 98, 101-103
Individual studies in NSCLC, and breast and ovarian cancer show increased expression in malignant
versus non-malignant tissue® € %, whereas, in prostate cancer, this ratio may be decreased?® &
What is important to note, however, is that mRNA expression does not necessarily correlate with
protein expression, and that protein detection by IHC discloses no information on the functional
status of an enzyme. CYP3A4 appears to be upregulated as a response to docetaxelin a preclinical
setting.*> 9 Moreover, CYP3A4 expression can function as a predictor of the efficacy of docetaxel
chemotherapy.©* 12
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Other than the synergistic mechanisms described above, Pls may contribute to inhibition of tumor
proliferation through intrinsic antitumor effects.’*® Several mechanisms have been described by
which these inhibitors are capable of reducing cancer growth.’?3 For example, in breast cancer
cells, ritonavir has been shown to inhibit heat shock protein 9o (Hspgo) and Akt, thereby inhibiting
the growth of these cells.*® In the androgen-independent prostate cancer cell lines, DU-145 and
PC3, the HIV PIs saquinauvir, ritonavir, and indinavir were effective in inhibiting the proliferation of
these cells in a dose-dependent manner. Ritonavir was most prone to inhibit the proliferation,
showing a 50% decrease in the growth of DU145 (half maximum inhibitory concentration (IC_ )
of 3x10°® mol/L) and PC-3 cells (IC50 of 8x10°® mol/L). However, the studied concentrations are
approximately 1,000-fold higher than the concentrations observed after standard dosage regimens
of ritonavir in humans, raising the question whether the inhibition of proliferation can be observed

in clinical practice 14

Although this review focusses specifically on Pls as a boosting strategy, the effect of other
CYP3A4 inhibitors on the intratumoral concentrations of docetaxel may be an interesting topic for
further study. One such example is cobicistat, specifically developed as a boosting agent, and an
equally potent but more specific inhibitor of CYP3A4 than ritonavir, without inducing properties.
Consequently, it might have fewer unwanted drug-drug interactions.®

Considering the currently available information, in addition to hepatic CYP enzymes, intratumoral
enzymes may play a role in the in situ metabolism of taxane chemotherapy and could, therefore,
present an important factor influencing the outcomes of treatment. In the future, more systematic
analysis of CYP expression in tumors may be a tool by which treatment response may be predicted
or function as a criterion by which patients may be selected for treatment. In conclusion, the
attenuation of CYP enzymes in tumors appears to be an interesting area of research through which
the clinical benefit of anticancer agents may be potentiated.
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ABSTRACT

Background

Although kinase inhibitors (Kls) are generally effective, their use has a large impact on the
current health care budget. Dosing strategies to reduce treatment costs are warranted. Boosting
pharmacokinetic exposure of Kls metabolized by cytochrome P450 (CYP)3A4 with ritonavir might
result in lower doses needed and subsequently reduces treatment costs. This study is a proof-of-
concept study to evaluate if the dose of erlotinib can be reduced by co-administration with ritonavir.

Methods

In this open-label, single-arm study, we compared the pharmacokinetics of monotherapy erlotinib
150 mg once daily (QD) (control arm) with erlotinib 75 mg QD plus ritonavir 200 mg QD (intervention
arm). Complete pharmacokinetic profiles at steady-state were taken up to 24 h after erlotinib intake
for both dosing strategies.

Results

Nine patients were evaluable in this study. For the control arm, the systemic exposure over 24 h,
maximum plasma concentration and minimal plasma concentration of erlotinib were 29.3 pg*h/
mL (coefficient of variation (CV) 58%), 1.84 ug/mL (CV 60%) and 1.00 pg/mL (CV 62%), respectively,
compared with 28.9 pg'h/mL (CV 116%, p = 0.545), 1.68 pug/mL (CV 68%, p = 0.500) and 1.06 pug/mL
(CV 165%, p = 0.150) for the intervention arm. Exposure to the metabolites of erlotinib (OSI-413 and
0OSI-420) was statistically significant lower following erlotinib plus ritonavir dosing. Similar results
regarding safety in both dosing strategies were observed, no grade 3 or higher adverse event was
reported.

Conclusions

Pharmacokinetic exposure at a dose of 75 mg erlotinib when combined with the strong CYP3A4
inhibitor ritonavir is similar to 150 mg erlotinib. Ritonavir-boosting is a promising strategy to reduce
erlotinib treatment costs and provides a rationale for other expensive therapies metabolized by
CYP3A4.
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INTRODUCTION

Identification of oncogenic driver mutations has shifted the treatment paradigm in cancer towards
the use of oral kinase inhibitors (Kls). The last decades, many Kls have been developed for these
driver mutations and certainly more will follow. Since the costs of these drugs have a large
impact on the healthcare budget?, new and efficient dosing strategies are warranted to use Kls as
effectively as possible.

For many Kils, pharmacokinetic exposure at the approved dosing regimen is related to efficacy and/
or toxicity and thus plays an important role in treatment outcome.3 Most of the Kls are metabolized
via the cytochrome P450 (CYP)3A4 enzyme system. Inhibition of this enzyme system can thus
result in higher exposure of the drug and might allow for lower dosages to reduce health care
costs. Erlotinib is a KI which inhibits the epidermal growth factor receptor (EGFR) and has several
indications in e.g. non-small cell lung cancer (NSCLC) and in pancreatic cancer in a dosing regimen
of 150 mg once daily (QD).5 In other tumor types bearing EGFR driver mutations, erlotinib treatment
has been shown to be potentially therapeutic.® 7 Erlotinib is for approximately 70% metabolized
by CYP3A4 and for the remaining part by CYP1A2. OSI-413 and OSI-420 are the O-desmethylated
products of this metabolic route and although these metabolites exhibit some antitumor activity,
in comparison with erlotinib this effect seems limited s

In a previous study, it has been found that ketoconazole, a potent CYP3A4 inhibitor, is able to
increase the area under the plasma concentration-time curve from zero to infinity (AUC_ ) and
maximum concentration (C_ ) of erlotinib by approximately a twofold in healthy volunteers? A
drug, more commonly used to boost the pharmacokinetics of other drugs is ritonavir9* Similar to
ketoconazole, it is a potent CYP3A4 inhibitor associated with relatively low treatment costs, but has
marginal side effects. The aim of this study was to investigate whether it is possible to decrease

the dose of erlotinib when it is co-administered with ritonavir.

METHODS

Study design and patients

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

All patients > 18 years old were eligible for study participation, provided that they were currently

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

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

Day 2 — Day 15:
Erlotinib 75 mg QD
+
Day 8 — Day 15:
Ritonavir 200 mg QD

Patient screening > Day -8 — Day 1:
and inclusion Erlotinib 150 mg QD

Day 1 and Day 15:
Pharmacokinetic sampling

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

Pharmacokinetic sampling and bioanalysis

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

erlotinib, measured as AUC over 24 hours (AUC__, ), C__ and trough concentration (C ;). Secondary

0-24h"" ~'m min’

objectives included the incidence and severity of adverse events in therapy with and without
ritonavir and the effect of ritonavir on the pharmacokinetics of OSI-413 and OSI-420.

Safety

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

Sample size calculation and statistical analysis

The current study was declared successful when the lower boundary of the one-side 95% confidence

interval (CI) of the ratio between the geometric mean in AUC__ of erlotinib with and without ritonavir

0-24h
exceeded 0.5, where 0.5 indicates no effect of ritonavir on the pharmacokinetics of erlotinib given that
the dose in combination with ritonavir was reduced to 50%. For the calculation of the sample size, we
assumed that the concomitant intake with ritonavir would result in 64% increase in erlotinib exposure,
similar to the results of ketoconazole on the erlotinib exposure.? In that same study, an intraindividual
variability between two erlotinib administrations was found to be approximately 57%. Using these
factors, a simulation involving 20,000 trials, showed that 10 patients had to be included in order to obtain
apower of 89.5% (with a one-sided a of 0.05). Overall, slow inclusion of patients was encountered, partly
due to a halted accrual during the COVID-19 pandemic. Therefore, an interim analysis was performed
in October 2021 after inclusion of nine evaluable patients. Assessment of a worst-case scenario for
a potentially tenth patient was assessed on the primary endpoint. In this worst-case scenario, it was
assumed that in this patient, ritonavir did not affect the pharmacokinetics of erlotinib and thus the ratio
between the exposure of erlotinib with and without ritonavir would be equal to 0.5.

Pharmacokinetic parameters were calculated using a non-compartmental analysis. The linear-log

trapezoidal method was used to calculate the AUC C... was defined as the highest measured

0-24h"
concentration over 24 h and C__was calculated as the average concentration of pre-dose and
24 h after erlotinib intake. The statistical analyses and power calculation were performed using R
version 4.1.1 (R-project, Vienna, Austria). When appropriate, paired t-tests or Wilcoxon signed rank

tests were used to determine p-values, a p-value < 0.05 was considered to be statistical significant.

RESULTS

Between August 2019 and September 2021, a total of 13 patients were included in this study. In
four of the participants the second pharmacokinetic sampling was not performed due to disease
progression (n = 2), need for interacting co-medication during the study (n = 1) or discontinuation
due to adverse events (grade 2 rash, n = 1), resulting in a total of nine evaluable patients. In Table 1
the demographic characteristics at baseline of these patients are depicted.
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Table 1. Demographic characteristics of the evaluable patients. Values are presented as number (percentage) or
as median [rangel as appropriate.

n=9
Age, years 59 [52-73]
Gender, male 5 (56%)
Weight (kg) 77.8 154.8 - 117.5]
Height (m) 175 [1.63-1.92]
BSA (m?) 1.08 [1.65-2.41]
WHO PS
[¢] 6 (67%)
1 3(33%)
Tumor type
Pancreatic cancer 3(33%)
NSCLC 2 (22%)
Bile duct cancer 2 (22%)
Bladder cancer 1(11%)
Urethral cancer 1(11%)

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

Pharmacokinetics

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

study. Therefore, the study was closed after inclusion of nine patients.

Following the combination of erlotinib and ritonavir, a statistically significant decrease in AUC
and C__ of OSI-413 and OSI-420 and a statistically significant decrease in C_ = of OSI-420 was
observed. Coefficients of variability (CV%) of the exposure parameters for erlotinib, its metabolites

and ritonavir ranged between 58%-162% for erlotinib alone and 86-443% for erlotinib plus ritonavir.
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Safety

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

Table 2. Geometric means of the pharmacokinetic parameters of erlotinib administered with and without ritonavir.
The ratio of this geometric mean (including their 95% Cl) and corresponding p-values. Geometric means are
reported as geometric mean (CV%).

Erlotinib monotherapy Erlotinib 75 mg QD Ratio of geometric p-value

150 mg QD +ritonavir200 mg QD mean [95% ClI
Erlotinib
AUCO_24h (ug™h/mL) 20.3 (58%) 28.9 (116%) 0.99 [0.58-1.69] 0.545
Ca(Hg/mL) 1.84 (60%) 1.68 (86%) 0.91 [0.55-1.49] 0.500
C.in (Mg/mL) 1.00 (62%) 1.06 (165%) 1.06 [0.59-1.93] 0.150
0Sl-413
AUCO,ZAh(ug‘h/mL) 1.55(120%) 0.823 (174%) 0.5310.34-0.83] 0.020
C.(ng/mb) Q0.0 (107%) 43.7 (134%) 0.48 [0.31-0.76] 0.004
C.in (ng/mL) 49.5 (152%) 20.4 (263%) 0.59 [0.37-0.94] 0.064
OSl-420
AUth (ng’h/mL) 380 (144%) 118 (351%) 0.31[0.15-0.62] 0.027
C,o.(ng/mL) 26.1 (141%) 7.24 (230%) 0.2810.13-0.57] 0.002
C..n(ng/mL) 105 (162%) 4.34 (443%) 0.410.22-0.76] 0.049
Ritonavir
AUC, . (ug'h/mL) o 26.4 (96%) - -
Ca(Hg/mL) ¢} 3.18 (89%) - -
Cin(ug/mL) 0 0.243 (129%) - -

95% Cl: 95% confidence interval, AUC

C,,.x Mmaximal concentration C__ : trough concentration

. area under the concentration-time curve 24 h after erlotinib intake,
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Figure 2. Concentration-time curves of monotherapy erlotinib (in black) and of the combination therapy of erlotinib
and ritonavir (in gray) of A) erlotinib, B) the metabolite OSI-413, C) the metabolite OSI-420 and D) ritonavir. The error
bars depict the standard error of the geometric mean in one direction.

Table 3. Reported treatment-related adverse events following erlotinib alone and following the combination of
erlotinib and ritonavir, according to CTCAE version 5.0.

Erlotinib monotherapy Erlotinib 75 mg QD

150 mg QD +ritonavir 200 mg QD

Diarrhea

CGrade1orz2 2 2
> grade 3 0 0
Skin rash

Grade1or2 3 1
> grade 3 o 0
Nausea

Grade 10r 2 ¢} 2
2 grade 3 o 0
Number of patients experiencing any AE 4 5

AE: adverse events
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Chapter 2.2 | Ritonavir-boosted exposure of kinase inhibitors: an open label, single-arm
pharmacokinetic proof-of-concept trial with erlotinib

DISCUSSION

In this proof-of-concept study, we investigated if lower doses of erlotinib could be administered
when combined with the potent CYP3A4 inhibitor ritonavir. We found that concomitant intake of
75 mg of erlotinib with 200 mg ritonavir resulted in similar steady-state erlotinib exposure in terms
of AUC
halving the dose of erlotinib when concomitantly administrated with a strong CYP3A4 inhibitor.

oaun Crmax @Nd C . -as with monotherapy of 150 mg of erlotinib, supporting the concept of
In the treatment of human immunodeficiency virus, pharmacokinetic-boosting with ritonavir has
already been shown safe and effective. 1 In this study, we showed that ritonavir boosting is also
feasible during erlotinib therapy and, therefore, might be implemented for other Kis as well.

Kls are notorious for their high pharmacokinetic inter- and intrapatient variability, often showing
values up to 80%.7 Since ritonavir is expected to increase the bioavailability of erlotinib by
decreasing the first pass effect due to inhibition of intestinal and liver CYP3A4 activity, the variability
on the pharmacokinetic exposure of erlotinib was expected to decrease following the erlotinib plus
ritonavir treatment. Nonetheless, in this study high CV% were observed for erlotinib, its metabolites
and ritonavir for both dosing strategies. Moreover, there seemed to be a trend in which higher CV%
were found in the exposure parameters after the combination therapy when compared to erlotinib
alone. However, since we included a limited number of patients, conclusions regarding the origin
of this variability cannot be drawn.

Regarding the metabolites of erlotinib, the AUC of OSI-413 and OSI-420 were both statistically
significant decreased following the combination therapy with ritonavir. Since these metabolites are

0-24h

the main product of the enzymatic conversion of erlotinib via CYP3A4, it was to be expected that the
exposure to these metabolites was lowered. However, one needs to assure that lower exposure to
these metabolites does not influence the efficacy of therapy. Due to the low abundance of OSI-413
and OSl-420, it has been reported that their contribution to the antitumor activity is very limited
in comparison with parent erlotinib.5 *® Therefore, the decreased exposure of these metabolites
following the combination therapy with ritonavir is most likely not clinically relevant.

The majority of the currently approved Kls are metabolized via CYP3A4.2° The exposure of many
of these drugs has been shown to be substantially influenced by concomitant intake with highly
potent CYP3A4 inhibitors.4 Consequently, the concomitant intake with ritonavir is often advised to
be avoided. However, the increase in drug exposure can also be used in favor of precision dosing.
While target therapies are becoming more expensive and already cover large parts of health
care budgets?, strategies to reduce these costs need to be implemented to ensure affordable
health care systems. Decreasing the dose or dose frequencies might be one way for cost saving.
The concomitant intake of Kls with ritonavir can therefore be helpful to decrease the costs in
healthcare but maintain the therapeutic exposure of these drugs. The therapeutic potential of
ritonavir might not only be limited to pharmacokinetic boosting of the systemic exposure of drugs.
It has been reported that enhanced intratumoral drug metabolism by an increased expression
of CYP3A4 could play an important role in the development of drug resistance.>® Administration
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of CYP3A4 inhibitors have been found to decrease the intratumoral metabolism of drugs with a
CYP3A4-dependent metabolism.? 22 Additional research should investigate this promising strategy
to overcome resistance mechanisms or inadequate intratumoral drug exposure.

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

Evenin the era of immuno- and personalized therapy, optimal use of old-fashioned chemotherapy
is of utmost importance, also for patients with renal insufficiency or declining renal function.



Chapter 3.1 | Optimization of chemotherapy in the era of immunotherapy

OPTIMIZATION OF CHEMOTHERAPY IN THE ERA OF IMMUNOTHERAPY

Evenin the era ofimmunotherapy and personalized medicine, chemotherapy remains a cornerstone
in the treatment of non-small cell lung cancer (NSCLC).* Chemotherapy improves the length and
quality of life of patients with metastatic disease for tumors both with and without oncogenic
drivers. Chemotherapy in combination with checkpoint inhibitors is about to become the most
effective first-line therapy for NSCLC.2 Also in the adjuvant setting, i.e. adding chemotherapy after
surgery, chemotherapy improves survival with an absolute increase of 4% at 5 years.3

The optimal use of chemotherapy is an important factor in optimizing the prognosis for patients.
The fear of, or actual occurrence of, side-effects might interfere with its optimal use. A common
complication of chemotherapy is the development of renal failure. The decline in renal function
can occur as a direct toxic effect of the chemotherapeutic agent, but also patient-related and
other drug-related factors play pivotal roles.* Nephrotoxicity often is a reason of treatment
discontinuation or dose reduction resulting in a suboptimal treatment schedule® The fact that
about 60% of the people with cancer have underlying compromised renal function stresses the
importance of this topic.®

In this issue of the European Respiratory Journal, Visser et al” describe the impact of pemetrexed on
the renal function of patients with NSCLC. Pemetrexed is a therapeutic option for many patients. It
is currently approved for treatment of nonsquamous NSCLC and mesothelioma. The approval for
nonsquamous NSCLC involves first-line therapy in combination with cisplatin, and more recently
in combination with carboplatin and pembrolizumab, as continuation and switch maintenance
treatment and second-line therapy. In mesothelioma, the pemetrexed-cisplatin combination is
the only approved regimen ®

In the currently approved dose of 500 mg/m?, pemetrexed pharmacokinetics are linear. It
is eliminated via the kidneys, with 70%-90% of the administered drug recovered in the urine
within 24 he, it shows a biphasic elimination, and pemetrexed clearance linearly correlates with
creatinine clearance.’*** Systemic exposure is importantly correlated with toxicity and efficacy*
3, with a higher exposure leading to a higher incidence of dose-limiting hematological toxicity.*®
Renal function and dose of pemetrexed are the sole determinants for total systemic exposure.**

14,15

Although nephrotoxicity is not amongst the list of dose-limiting toxicities of pemetrexed?®, it is
commonly encountered. Pemetrexed enters the proximal tubule cells both via the basolateral
and the apical side. Inside the cells pemetrexed is polyglutamylated, which impairs transport
of pemetrexed out of the cell and results in raised intracellular concentrations. The inhibition of
enzymes involved in the folate pathway by pemetrexed, impairing DNA and RNA synthesis of the
tubule cells, further adds to the nephrotoxic effect of pemetrexed.4
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Presently Visser et al” showed in their prospective study, which was performed in a standard hospital
setting, that patients with an estimated glomerular filtration rate (eGFR) of < 90 mL/min prior to the
treatment with pemetrexed were at increased risk to develop acute kidney disease. The authors
were able to confirm this observation in an independent retrospective cohort of NSCLC patients.
Both cohorts also showed that a decrease in renal function during first-line pemetrexed-platinum
treatment predicted for the development of renal disease during maintenance pemetrexed. During
the maintenance treatment, almost 30% of the patients developed a decline in renal function, of
whom 60% had to stop chemotherapy. The authors also noticed a statistically non-significant
relationship between the cumulative dose of pemetrexed and nephrotoxicity.

It is obvious that renal toxicity has more impact on patients with a pre-existing impaired renal
function. Whether this patient population also were more likely to develop significant nephrotoxicity
has already been suggested in other studies. The paper by Visser et al’, however, is the first to show
the predictive properties of baseline reduced eGFR and reduced renal function during therapy
for a (further) reduction in renal function due to pemetrexed. This is in line with a similar French
study which had shown that renal toxicity was the main reason for interruption of treatment with
pemetrexed and bevacizumab.”

The study by Visser et al” has limitations, related to its partially retrospective design, the fact that
the effect of pemetrexed was studied when given in combination with the nephrotoxic agents
carboplatin and cisplatin, the lack of data on concomitant medication, and the relatively small
number of patients. Nonetheless, the study paves the way for new strategies and research ideas
and once again underlines the importance of optimal treatment for all patients, including those

with a renal impairment.

Away to improve care for this friable population might be a change of our standard dosing practice.
The current, standard practice of pemetrexed dosing on body surface area, by which the renal
function is not taken into account, confronts the clinicians with two major problems: 1) a potentially
effective treatment is withheld from patients with an eGFR < 45 mL/min*; and 2) deterioration of
renal function as a result of pemetrexed treatment, leading to adverse effects and cessation of
the treatmen® *¥, might prevent optimal anti-tumor therapy, as is also shown by Visser et al’” This
applies both to those patients with normal renal function and to those patients with a diminished
renal function at the start of therapy.4°

New studies on individualized pemetrexed dosing in patients with NSCLC and mesothelioma
based on their renal function are, therefore, being eagerly awaited, also in the new immunotherapy
era, in which triple combinations of chemotherapy and immunotherapy are about to become
standard of NSCLC care.
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ABSTRACT

Background

Pemetrexed is used for the treatment for non-small cell lung cancer and mesothelioma. Patients
with renal impairment are withheld treatment with this drug as it is unknown what dose is well
tolerated in this population.

Objective
The purpose of our study was to investigate the pharmacokinetics (PK) of pemetrexed in patients
with renal impairment.

Methods

A population PK analysis of pemetrexed was performed using non-linear mixed-effects modelling
with phase | data obtained from the manufacturer. Additionally, the impact of renal function on
pemetrexed PK was assessed with a simulation study using the developed PK model and a
previously developed PK model lacking the phase | data.

Results

The dataset included 548 paired observations of 47 patients, with a wide range of estimated
glomerular filtration rates (eGFR; 14.4-145.6 mL/min). Pemetrexed PK were best described by a
three-compartment model with eGFR (calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) formula) as a linear covariate on renal pemetrexed clearance. Using the
developed model, we found that renal clearance accounts for up to 84% (95% confidence interval
69-98%) of total pemetrexed clearance, whereas the manufacturer previously reported a 50%
contribution of renal clearance.

Conclusion

Renal function is more important for the clearance of pemetrexed than previously thought and this
should be taken into account in patients with renalimpairment. Furthermore, a third compartment
may contribute to prolonged exposure to pemetrexed during drug washout.



Chapter 3.2 | Rethinking the application of pemetrexed for patients with renal impairment:
a pharmacokinetic analysis

INTRODUCTION

Pemetrexed is an antifolate drug used for the chemotherapeutic treatment of non-small cell lung cancer
(NSCLC), mesothelioma and thymoma.*3 A single intravenous dose of 500 mg/m? is administered
every 21 days. Although pemetrexed is excreted in the urine?, dosing recommendations do not include
adjustment for renal function. Due to fatal toxicities in a study of pemetrexed in patients with renal
impairment, pemetrexed is currently contraindicated when the estimated creatinine clearance (CR )
is < 45 mL/min®

Approximately 25% of the lung cancer population hasa CR_ <60 mL/min.? Since itis unclear what the
well tolerated pemetrexed dose is for patients with impaired renal function, a large group is withheld
effective treatment. Understanding the relationship between dose, renal function, pharmacokinetics
(PK), toxicity and treatment outcome is essential to enable treatment in patients with impaired renal
function and to prevent toxicity in patients who are already treated with pemetrexed.

Existing data on the effect of renal dysfunction on pemetrexed PK are conflicting. In phase | studies, the
manufacturer showed that 70-90% of the pemetrexed dose is excreted in the urine as unchanged drug
within 24 h after administration, through both tubular secretion and glomerular filtration.4* However, a
large population PK study by the manufacturer, published by Latz et al. in 2006, in which the PK data of
10 phase |l trials were pooled for analysis, showed that renal elimination contributed only approximately
50% to the clearance of pemetrexed.” Notably, this study and other more recent pemetrexed PK studies
excluded patients with moderate to severe renal dysfunction (CR , <45 mL/min)#9 Thus, extrapolation
of these studies to patients with impaired renal function can be questioned. Therefore, the purpose of
our study was to investigate the PK of pemetrexed in patients with renal impairment.

METHODS

Data

Rich anonymised PK data collected during the renal impairment study by the manufacturer and as
described by Mita et al 5, were obtained from the manufacturer through the Clinical Study Data Request
(CSDR) platform The following patient demographics were collected for each individual: sex, age,
ethnicity, weight, height and serum creatinine. Furthermore, data on pemetrexed dose, infusion rate,
sampling times and pemetrexed plasma concentrations were extracted from the dataset. Patients
included in the study were not allowed to use aspirin or other non-steroidal anti-inflammatory agents
from 2 days before (5 days for longer-acting agents) until 2 days after pemetrexed treatment due to a
possible PK interaction.

Population pharmacokinetic modelling

A population PK analysis was performed using the non-linear mixed-effect modelling software
package NONMEM V74 (Icon plc, Dublin, Ireland). The following proxies for renal function were
tested as continuous covariates for pemetrexed clearance: estimated CR_ (calculated using
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the Cockcroft-Gault formula®) and estimated glomerular filtration rates (eGFR; calculated using
the Modification of Diet in Renal Disease (MDRD)* and Chronic Kidney Disease-Epidemiology
Collaboration (CKD-EPI)?3 formulae). MDRD and CKD-EPI were used as absolute values, and thus
uncorrected for body surface area (BSA). When including renal function as a covariate for clearance,
we estimated both the non-renal contribution to clearance (CL, ) and the renal clearance (CL,).
The renal function estimate (CR., or eGFR) that resulted in the best model fit (decrease in objective
function value [OFVI) and largest decrease in interindividual variability (I1V) was retained in the final
model. Model selection and diagnostics were performed in line with best practice.* A detailed
description of the PK analysis can be found in the electronic supplementary material.

Assessment of the impact of renal function on pemetrexed pharmacokinetics

After model development, we compared the manufacturer's model (published by Latz et al”) and
the model developed herein, on several aspects. First, we assessed the difference in exposure,
using the target area under the concentration-time curve from the start of infusion until infinity
(AUC). In a virtual study, a cohort of 1,000 patients was simulated with NONMEM V7.4 using Monte
Carlo simulations. Age, sex, height and weight were extracted from the National Health and
Nutrition Examination Survey (NHANES) database®, and serum creatinine was randomly drawn
from a normal distribution based on a median (male 110 pmol/L, female 95 pmol/L) with 25%
variability (based on clinical data). These variables were used to calculate CR . Dosing was based
on BSA according to the drug label (500 mg/m3). Subsequently, pemetrexed exposure (AUC) was
simulated for these individuals using the manufacturer's PK model and the model developed
herein. This was performed for a population with a CR, 2 45 mL/min and a population withaCR , <
45 mL/min. To compare exposure between these groups, the geometric means of the AUCs with
the coefficient of variation were calculated.

Second, the disposition of pemetrexed was investigated visually. We simulated one PK curve up
to 96 h after administration, with both models using a systemic pemetrexed clearance of 3 L/h
for a typical individual with impaired renal function (age 40 years, height 180 cm, weight 70 kg,
BSA 1.85 m2). A 3 L/h clearance was chosen as it represents a typical individual with decreased

pemetrexed clearance, for example due to renal impairment.

RESULTS

Dataset characteristics

The final dataset consisted of 47 patients with a total of 548 paired observations of time and plasma
concentrations over a time window of 0-72 h after administration. Table 1 shows the baseline
characteristics of the population. Approximately three-quarters of the population were male
and the median age was 62 years (range 25-79), with a wide range in eGFR (14.4-145.6 mL/min,
calculated using the CKD-EPI).
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Table 1. Baseline characteristics of the population. Values are presented as numbers (percentages) or medians
[ranges], as appropriate.

Total n=47

Sex, male 36 (77%)

Age (years) 62 [25-79]
Weight (kg) 793 1481-124.3]
BSA (m?) 1.95 [1.44-2.47]
CrCL(mL/min) 69.4 [16.8-202.4]
CKD-EPI (mL/min) 734 14.4-145.6]
CKD-EPI =z 45 mL/min 42 (89%)
CKD-EPI < 45 mL/min 5 (11%)
Pemetrexed dose (mg/m?) 500 [150-600]

BSA: body surface area, CKD-EPI: Chronic Kidney Disease-Epidemiology Collaboration formula, CrCL: creatinine
clearance

Population pharmacokinetic model

The PK data were best described by a three-compartment model. Inclusion of renal function
as a covariate for clearance of pemetrexed resulted in significant improvement of the model
(p <0.0001). Inclusion of the eGFR calculated using the CKD-EPI formula® explained approximately
45% of the IV in clearance (reduction from 38.7 to 21.0% 11V in clearance). Of the three tested renal
function formulae, CKD-EPI best explained the observed IIV in clearance. Typical population
values for CL, and CL, (with 95% confidence intervals) were 3.42 L/h (2.80-3.99) and 0.66 L/h
(0.24-1.13). For central volume of distribution (V,) and peripheral volume of distribution (V, and V),
typical values were 6.70 L (5.93-7.53), 8.01 L (7.20-8.95) and 1.23 L (1.02-1.55), respectively.
The detailed results of the base model and covariate models are described in the electronic
supplementary material.

Effect of renal function on pemetrexed pharmacokinetics

The box and whiskers plot in Figure 1 depicts the predicted exposure according to both models
(manufacturer's model and the present model), for two separate groups: CR < 45 mL/min
and CR_ 2 45 mL/min. In their study, Latz et al. concluded that renal elimination contributed
to the clearance of pemetrexed by approximately 50%. This is reflected in Figure 1, where
it can be observed that exposure seems to be in the same order of magnitude regardless
of renal function, with moderate variability (white bars). With our model, developed using
the data of patients with a wide range of renal function, a major impact of renal function on
pemetrexed exposure can be observed from both the increased variability in AUC as well as
the increased exposure in the renal impairment group. We predict that pemetrexed exposure
in patients with renal impairment is approximately 1.7-fold higher than previously postulated
by the manufacturer (see Table 2).
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Figure 1. Box and whiskers plot for simulation exposure using both the present model and the manufacturer's
model, separated for two categories of renal function (CRCL of < 45 and = 45 mL/min, respectively). The box
represents the 25th-75th percentiles with geometric mean, and the whiskers indicate the 2.5th-97.5th percentile.
The dots represent the outliers. CRCL creatinine clearance.

Table 2. Comparison of geometric mean AUCs of the simulated population with both the current model and
the model of the manufacturer, divided in impaired and adequate renal function (CrCl of < 45 and 2> 45 mL/min
respectively).

Group (model/CrCl) Geometric mean AUC (CV%) Ratio
Current < 45 mL/min 415 (38.9) 17
Manufacturer < 45 mL/min 240 (21.9)

Current = 45 mL/min 208 (41.4) 12
Manufacturer = 45 mL/min 172 (29.5)

AUC: area under the concentration-time curve, CrCl: creatinine clearance, CV: coefficient of variation

Figure 2 shows two simulated PK curves, one for each model, using the same systemic clearance
of pemetrexed of 3 L/h. For the present model, the impact of the presence of a third compartment
on the concentration-time curve can be observed, resulting in prolonged higher exposure at
approximately 48 h after drug administration and onwards.
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Figure 2. Two concentration-time curves of pemetrexed using both models with the same systemic pemetrexed
clearance of 3 L/h, to demonstrate the difference in distribution compartments. The black line represents the
curve of the typical individual simulated using the manufacturer's model, and shows two compartments, while
the light-gray line represents the present model, identifying the third compartment > 24 h. AUC area under the
concentration-time curve.

DISCUSSION

This thorough PK analysis of pemetrexed in a population that included patients with impaired
renal function, led to two major findings. First, we found that renal function is more important for
pemetrexed clearance than the 50% contribution previously described by the manufacturer®* The
manufacturer's analysis did not include patients with impaired renal function (CR, < 45 mL/min).
We showed, in a representative population, that CL, accounts for up to 84% of total pemetrexed
clearance, which is in line with the manufacturer's early mass balance studies showing that
70-90% of the administered dose could be recovered in urine# Thus, impaired renal function
has a more pronounced impact on pemetrexed exposure than previously thought. Our second
important finding relates to the disposition of pemetrexed. To date, it has been found that
pemetrexed distributes over two compartments.’° The data used in this analysis included sampling
up to 72 h after administration and this revealed the presence of a third compartment. A third
compartment can suggest the presence of extravascular fluid or a difference in redistributing
tissues. It is unknown what holds true for pemetrexed, but as this is a hydrophilic drug, extravascular
distribution is plausible. However, Dickgreber et al. showed no effect of third space fluid on the PK
and toxicity of pemetrexed.”” This implicates that during drug washout, there can be prolonged
exposure to higher concentrations of pemetrexed than previously thought. The driving mechanism
for pemetrexed toxicity is the subject of discussion. Mita et al. showed no correlation between renal
function (and thus exposure) and non-hematological toxicities.s With regard to hematotoxicity, it
is hypothesized that neutropenia is associated with the total exposure (AUC).%® % Based on this, it
has been suggested that the dose should be adjusted to reach a target based on renal function,
instead of BSA.” 92 AUC-based dosing in a 21-day cycle is also routinely applied for carboplatin,
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where CR_ and the desired AUC are used to calculate the patient's individual dose* It is unknown
whether this hypothesis holds true for pemetrexed, as it is known that for other antifolate drugs,
such as methotrexate, hematological toxicity is threshold-driven.2 For example, in an early phase
| trial, it was shown that prolonged exposure to low concentrations of pemetrexed from daily
administration resulted in severe neutropenia as a dose-limiting toxicity, with a maximum tolerated
dose of only 4 mg/m? for 5 consecutive days without supplementation of vitamin B12 or folic
acid.® The predominant role of time above the threshold concentration in determining toxicity is
supported by the observation that the maximum tolerated dose of pemetrexed administered in a
21-day cycle, also without vitamin supplementation, was markedly higher (600 mg/m?).4 Threshold-
driven toxicity will be an issue, particularly in renalimpairment, as clearance becomes so low that
the pemetrexed plasma concentration exceeds the toxicity threshold for a prolonged period. This
would explain why previous studies with pemetrexed in patients with renal impairment were not
successfuls Currently, the PK determinant for the efficacy of pemetrexed is a topic of discussion.
Dose adjustment to reach an AUC target will probably entail toxicity concerns when there is low
systemic clearance, for example due to renal dysfunction. To allow safe and effective treatment in
renal impairment, innovative interventions are needed to overcome toxicity. For example, rescue
therapy with folinic acid, as widely applied with pemetrexed's structural analogue methotrexate®,
may be a feasible option.

A limitation of this study is that the number of patients with severe renalimpairment (eGFR < 30 mL/
min) was limited due to the toxicity concerns that arose during the conduction of the phase | study.
Nonetheless, as it stands, these data are the only currently available data to elucidate the clinical
PK of pemetrexed in patients with impaired renal function.

CONCLUSION

Overall, we found that the contribution of renal function was greater than previously thought and
that a third compartment may contribute to prolonged exposure during drug washout. Since both
factors may contribute to pemetrexed toxicity, they should be accounted for when developing
dosing strategies for pemetrexed in patients with renal impairment. The present PK model can
be used to further unravel the PK-toxicity relationship of pemetrexed. In parallel, we must think
of innovative strategies to overcome the hematological toxicity of pemetrexed in patients with
impaired renal function, such as rescue therapy with folinic acid.
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SUPPLEMENTAL MATERIAL

Pharmacokinetic analysis detailed methods and results

Base model

Based on previous research and upon visual inspection of the data, two- and three compartment
models were considered to describe the data. Volumes of distribution and base- and
intercompartmental clearances were allometrically scaled to a total body weight of 70 kg, with an
allometric exponent of 1 for all volume parameters and an exponent of 0.75 for flow parameters.
Proportional, additive and combined error models were evaluated to describe residual variability.
The structural model with the lowest objective function value (OFV) and best goodness-of-fit (GOF)
was selected for further covariate analysis. For the residual error, we tested proportional, additive
and combined proportional and additive error models. The final structural model was a three-
compartment linear model with a proportional residual error. Interindividual variability in clearance
and volume of distribution was assumed to be log-normally distributed.

Covariate model

The following measures for renal function were tested as covariates for pemetrexed clearance:
creatinine clearance (CrCl according the Cockcroft-Gault formula (CG), and eGFR according the
MDRD and CKD-EPI formulae. The eGFR normalizes to a body surface area (BSA) of 1.73 m? to allow
for interindividual comparison. As clearance depends on the absolute eGFR, we calculated the
individual eGFR for each individual by multiplying the calculated normalized eGFR by (BSA/1.73),
where BSA is the calculated body surface area of the respective individual using the DuBois &
DuBois formula.! Based on the empirical Bayesian estimates for pemetrexed clearance obtained
from the base model and renal function (CKD-EPI) a linear covariate relationship seemed plausible
(see Figure S1).

Thus, the covariate effect was linearly modelled and normalized to the population median,
assuming the following relationship:

CL = CL,, * (CL, - (renal function / median renal function of the population))

where CL is the total systemic pemetrexed clearance, CL,, is non-renal clearance and CL is
renal clearance. In this equation the non-renal clearance (CL, ) was allometrically scaled. Renal
clearance was not allometrically scaled, as the calculated eGFR or CrCl from serum creatinine
already depend on body surface area or total body weight. The renal function measure that resulted
in the largest decrease in objective function value (OFV) together with the largest decrease in
interindividual variability (IIV) on clearance when tested as covariate in the base model was retained
in the final model. Adding CKD-EPI tot the model resulted in the best fit, resulting in the following
final model for clearance:

CL-CL,, *(CL, (CKD-EPI /75)
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In this formula, 75 is the median CKD-EPI in mL/min of our dataset. Inclusion of CKD-EPI reduced
the IIV on clearance from 38.7 to 21.0% and resulted in a AOFV of -54.27. As parameters were
allometrically scaled, no other size descriptors were tested as possible covariates. The NONMEM
code of the final model can be found at the end of this document.

Model evaluation

During model development, models were assessed using standard goodness-of-fit (GOF) plots.
To support the appropriateness of the final model, a visual predictive check (VPC) was performed.
For the VPC, prediction correction was applied and 500 replicates were simulated to obtain
95% confidence prediction intervals of the 5™ 50" and 95" percentiles, respectively.? Parameter
uncertainty was estimated by means of sampling importance resampling (SIR). 3

Table S1 describes the population estimates of the base model and the tested covariate models.
Figure S2 and S3 show the goodness-of-fit and the VPC for the final model (with CKD-EPI as a
covariate).

To check if the model could adequately assess pemetrexed pharmacokinetics over the range of
eGFR the conditional weighted residuals (CWRES) versus CKD-EPI were assessed. Figure S4 shows
homogenous distribution of the CWRES around 0, indicating no systematic bias.
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Figure S1. eGFR as CKD-EPI versus estimated individual pemetrexed clearances as obtained with the base model.
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Table S1. Population estimates for the base model and the covariate models.

Population estimates [SIR-derived 95% confidence intervals]

Base Cockcroft-Gault MDRD CKD-EPI (final model)
CL(L/h) 37713.38-4201 - - -
CL, o (LN - 0.59 10.09-1.22] 0.75 10.24-1.31] 0.66 [0.24-1.13]
CL...(L/h) - 3.42 [2.67-4.00] 3.41[2.71-4.10] 3.42 [2.80-3.99]
IV, (%) 387[31.8-465]  23.3[19.2-285] 226 [18.2-28.1] 21.0 [17.3-25.0]
A 670 [597-7571  6711595-7.50] 670 [5.84-7561 670 15.93-753]
v, (CV%) 33.6 [25.1-42.5] 32.6 [25.1-40.9] 33.2 [25.6-41.6] 33.2 [26.0-41.4]
Q, (mL/min) 6.56 [5.45-7901 653 [5.42-7.83] 6.56 [5.38-7.80] 656 [5.50-7.69]
v, L) 8.01[7.09-8.92] 8.02 [7.17-8.94] 8.02 [7.07-9.01] 8.01[7.20-8.95]
IV, (CV%) 31.2 [24.9-39.8] 314 [24.9-39.7] 31.8 [25.3-38.6] 319 [25.8-40.5]
Q, (mL/min) 0.04[0.04-0.05]  0.04 [0.04-0.05] 0.04 [0.04-0.05]  0.04 [0.04-0.05]
V3 (L) 1.25 [1.05-1.51] 1.26 [1.05-1.56] 1.24 [1.03-1.55] 1.23 [1.02-1.55]
II\/VB (CV%) 481 130.0-70.3] 497 131.5-75.4] 481130.2-70.4] 46.8 [30.3-72.0]
Correlation (%)
1V, 325 317 332 332
[\ 631 63.0 639 626
1V, 619 65.4 63.1 63.4
Residual prop. error (%) 235 [21.9-25.4] 23.6 [22.1-251] 235 [21.9-25.4] 235 [22.0-25.3]
Objective function value 140257 1356.98 1354.43 13483

(OFV)

CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration, CL: clearance, IIV: intraindividual variability,
MDRD: Modification of Diet in Renal Disease, Q: intercompartmental clearance, SIR: sampling-importance
resampling, V: volume of distribution
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Figure S2. Standard goodness-of-fit plots for the final model of pemetrexed. The upper panels show the population
predicted concentration (PRED) versus conditional weighted residuals (CWRES) and the time after dose (TAD)
versus CWRES, respectively. The CWRES do not indicate model misspecification, as the data is homogenous
distributed with the trendline approximating zero and most of the data lying within a -3 to +3 interval. The
bottom panels visualized the good correlation for the individual predicted and population predicted pemetrexed
concentrations versus the observed concentrations.
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Figure S3. Visual predictive check (VPC) for the final model. The black dots represent the observed concentrations.
The dashed lines represent the 95th - median - 5th percentile of the predictions. The shaded gray areas represent
the corresponding 95% confidence intervals. The majority of the predicted concentrations are in line with the
observed concentrations, indicating sufficient validity of the model.
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Figure S4. The conditional weighted residuals (CWRES) versus CKD-EPI shows homogenous distribution of the
CWRES, with the trendline approximating zero.

NONMEM code final model

$PROB PEMETREXED PK

SINPUT XX

$DATA XX IGNORE=@

$SUBROUTINE ADVAN5

$MODEL COMP=(CENTRAL) COMP=(PERI) COMP=(PERI2)

$PK
ALLOCL=(WT/70)""0.75 'SCALING FOR BASE CLAND Q
ALLOV=(\WT/70) 'SCALING FOR V

CLBASE = THETA(1)"ALLOCL

CLRENAL = THETA(2)

TVCL = CLBASE + (CLRENAL " (CKDEPI/75))
CL = TVCL " EXP(ETA(1)
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V1 = THETA(3)'ALLOV'EXP(ETA(2))
Q = THETA()’ALLOCL

V2 = THETA(5)ALLOV EXP(ETA(3))
Q2 = THETA(B)ALLOCL

V3 = THETAZ)'ALLOV'EXP(ETA(4))

D1-0.16667
S1=Vi
S2-=\V2
S3=V3

K10-CL/V1
K12-Q/V1
K21-Q/V2
K13=Q2/V1
K31=Q2/V3

$ERROR
IPRED = F
Y=F+F"ERR(1)

$THETA

,0.664) ; CL BASE

. 3.42) . CL RENAL
.67) V1

. 6.56) :Q

,8.01) V2

, 0.0415) Q2

,1.23) V3

o O O

o

(o)

$OMEGA

0.0442; 1IV CL

$OMEGA BLOCK(3)
0.110; IIVV1

0.035 0.102; IV V2
0.097 0.095 0.219; IV V3

$SIGMA
0.0553
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ABSTRACT

Objectives

Pemetrexed is a chemotherapeutic drug in the treatment of non-small cell lung cancer and
mesothelioma. Optimized dosing of pemetrexed based on renal function instead of body surface
area (BSA) is hypothesized to reduce pharmacokinetic variability in systemic exposure and could
therefore improve treatment outcomes. In this study, optimized dosing was compared to standard
BSA-based dosing.

Materials and Methods

A multicenter randomized (1:1) controlled trial was performed to assess superiority of optimized
dosing versus BSA-based dosing in patients who were eligible for pemetrexed-based chemotherapy.
The individual exposure to pemetrexed in terms of area under the concentration-time curve (AUC)
was determined during the first cycle of treatment. The fraction of patients attaining to a predefined
typical target-AUC (164 mg'h/L + 25%) was calculated. Safety was monitored during therapy, and
quality of life (QoL) questionnaires were collected at baseline and after 12 weeks of treatment.

Results

Atotal of 81 patients were included, with relatively low variability in estimated creatinine clearance
(median (interquartile range) 95.2 (83.6-111.7) mL/min). Target attainment was not statistically
significant different between both arms (89% vs 84% (p = 0.505)). The AUC of pemetrexed was
similar between the optimized dosing arm (n = 37) and the standard of care arm (n = 44) (155
mg’h/Lvs 160 mg h/L (p = 0.436)). Moreover, no statistically significant differences were observed
in hematological toxicity and QoL.

Conclusion

We found that optimized dosing of pemetrexed in patients with an adequate renal function does
not show added value on the attainment of a pharmacokinetic endpoint, safety, nor QoL compared
to standard of care dosing.
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INTRODUCTION

The multitargeted antifolate pemetrexed is a cytostatic agent and frequently used in the treatment
of non-small cell lung cancer (NSCLC), mesothelioma and thymoma. Pemetrexed is administered
in a dosing regimen of 500 mg/m? every three weeks (Q3W), either alone or in combination with a
platinum agent and/or pembrolizumab.*3 The kidneys mainly facilitate the elimination of pemetrexed;
it was found that renal function has a pivotal contribution to the total clearance and thus systemic
exposure (in terms of the area under the concentration-time curve (AUC).45 Both the efficacy and
toxicity of treatment with pemetrexed have been related to the systemic exposure 57 As the risk
of severe hematological toxicities increases with renal impairment, treatment with pemetrexed is
contra-indicated in patients with a creatinine clearance < 45 mL/min.58 Since the conventional body
surface area (BSA)-based dosing does not take into account renal function, patients are potentially
at increased risk for toxic or sub-therapeutic exposure when applied at the same dose over the full
range of creatinine clearances of > 45 mL/min. In the approved dose of 500 mg/m?, unwanted high
systemic exposure due to pharmacokinetic variability has been linked to an increase in hematological
toxicities.® Furthermore, it has been proven that impaired renal function is a risk factor for pemetrexed-
induced pancytopenia.® In terms of efficacy, it was shown that administration of pemetrexed in
patients with creatinine clearance > 60 mL/min resulted in poorer efficacy outcomes than in patients
with creatinine clearance between 45 and 60 mL/min.*° To overcome this high variability in exposure
to pemetrexed, a dosing strategy based on renal function has been proposed repeatedly.>7 Thus far,
this strategy has never been evaluated in a randomized clinical trial. Therefore, the aim of this study
was to prospectively investigate dosing of pemetrexed based on renal function.

METHODS

Study design and patients

The IMPROVE-II study was a multicenter, open label, randomized (1:1) phase Il trial designed to
compare optimized renal function-based dosing versus standard of care (BSA-based) dosing of
pemetrexed on therapeutic pharmacokinetic target attainment.

The study was approved by the medical ethics committee (Commissie Mensgebonden Onderzoek
Regio Arnhem Nijmegen, Nijmegen, The Netherlands, (Clinicaltrials.gov identifier: NCT03655821))
and written informed consent was obtained for all study participants. All patients with an indication
for pemetrexed-based treatment and a predicted creatinine clearance > 45 mL/min (as assessed
with the Cockcroft-Gault equation™) were eligible to participate in the study. Exclusion criteria were:
creatinine-influencing factors (such as obesity (defined as a body mass index (BMI) > 40 kg/m?2),
limb amputation or use of cimetidine or trimethoprim) and hemostatic problems complicating
blood sampling procedures. At baseline, the following patient demographics and characteristics
were collected: age, sex, ethnicity (to calculate estimated glomerular filtration rate (eGFR)), weight,
height, treatment indication, disease stage, combination therapy and serum creatinine. The total
study period was 12 weeks or four treatment cycles.
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Study objectives and endpoints
The primary objective of this study was to assess whether the optimized dosing of pemetrexed in

patients based on renal function led to a higher proportion of patients attaining to a pharmacokinetic
target than when patients were dosed on BSA. For exploratory purposes, we performed a post-hoc
subgroup analysis, dividing the patients in each treatment group into two groups based on the
median value of creatinine clearance in the study population.

Secondary objectives included the incidence of hematological adverse events, the incidence
of toxicity-related dose reductions, treatment delays (defined as > 3 days delay) and treatment

discontinuation, and the patients’ quality of life during study participation.

Justification of the pharmacokinetic target

A pharmacokinetic target was chosen based on several considerations. Firstly, pemetrexed can be
administered in different treatment modalities. Besides monotherapy, doublet or triple therapy with
platinum agents and/or programmed death protein 1 (PD-1) immunotherapy are all applied. This not
only leads to a wide variety of possible treatment schedules, but possibly also to a partial overlap
in efficacy and toxicity, complicating the identification of individual effects of pemetrexed. Secondly,
the patient group receiving pemetrexed is heterogeneous. Treatment indication, disease stage and
treatment line are all highly variable within the treated population. As large numbers of patients would
be required, a study based on response measures was not considered feasible. Since pemetrexed
exposure has been shown to be a good predictor for efficacy and safety®, a pharmacokinetic endpoint
is the most sensitive and unbiased endpoint for a dose individualization study.

An AUC of 164 mg h/L was previously shown to be a safe and effective target.® In addition, it was
shown that a large proportion of patients (> 90%) receiving pemetrexed in a dose based on their
estimated renal function would reach within 75-125% of this target , while less than three-quarter
of patients receiving a dose based on BSA would fall within this target AUC range 5 ©

Safety
The occurrence of grade Il and grade lll/IV anemia, leukopenia, neutropenia, and thrombocytopenia
(Common Terminology Criteria for Adverse Events (CTCAE v5.0)) were investigated.

Quality of life

The incidence of dose delays and dose reductions was assessed, as these relate directly to toxicity.
Moreover, two validated quality of life questionnaires (the general EORTC QLQ-C30 and the lung
cancer specific EORTC LC13) were taken and scored at baseline and 12 weeks after study treatment
initiation.2

Ireatment

In line with the product label, pemetrexed and concomitant chemo- and/or immunotherapy were
administered in a 21-day treatment cycle. Patients in the standard of care arm received pemetrexed
in the approved dose of 500 mg/m? The optimized renal function-based dose was derived from
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the previously established and validated relationship between creatinine clearance (assessed with
the Cockcroft-Gault equation) and pemetrexed clearance.” Since, dose = AUC clearance, the dose
was calculated with the following equation:

Dose (mg) = 423 + 464" (Creatinine clearance (mL/min) /92.6)

Every cycle, the optimized dose was recalculated based on the most recent creatinine clearance.
Concomitant (chemo)immunotherapy and co-medications were administered following standard
local treatment protocols.

Randomization

Patients were randomly assigned to either the optimized dosing arm or standard of care arm in a
1:1 ratio using an automated system with variable block randomization (block sizes: 4, 6, 8) (Castor
EDC v.14.81).

Pharmacokinetic sampling and bioanalysis

One pharmacokinetic curve was obtained for each patient, and individual exposure was determined
using a previously validated limited sampling schedule (four samples taken at 0.5-1, 1-2, 4-5 and
6-8 hours after the start of pemetrexed infusion)** Samples were analyzed using a validated
bioanalytical assay, as published previously.’s

Statistical analysis
Based on Monte Carlo simulations on a validated pharmacokinetic model®3, we expected that

approximately 60% of the patients would reach therapeutic exposure when pemetrexed was dosed
on BSA compared to 85% of the patients when pemetrexed was dosed based on renal function.
To show the superiority of renal function-based dosing compared to standard of care dosing,
assuming an improvement of attainment of therapeutic exposure from 60% to 85%, a total of
94 patients (47 per treatment arm) were needed to be included to reach a power of 80% with a
significance level of 5% (two-sided). Due to the halted accrual of patients during the COVID-19
pandemic, an unplanned interim analysis was performed in April 2021 after the inclusion of 81
out of 94 patients. Worst- and best-case scenarios for the primary outcome were tested to justify
pre-term analysis. The best-case scenario was defined as the scenario in which all future patients
randomized in the optimized dosing arm would attain the target AUC, while all patients in the
standard-of-care-dosing arm would fall outside this target. Conversely, the worst-case scenario
would represent all upcoming patients in the standard-of-care-dosed arm to reach target AUC,
while optimized dosing would not yield in target attainment.

As pharmacokinetic parameters often follow a log-normal distribution, AUCs per group are
presented as geometric mean. A chi-squared test was performed to test for statistically significant
difference (p-value < 0.05) in the fraction of patients attaining to target between both treatment
arms. Regarding the subgroup analysis, statistically significant differences (p-value < 0.05) in AUC
were assessed using a Mann Whitney U test. A chi-square test was performed to test for statistically
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significant difference (p-value < 0.05) in the fraction of patients that experienced > 1 hematological
toxicity event between groups. Each subcategory of the quality-of-life questionnaire resulted in
a score between 0-100 per patient. Median scores are presented as median (+ standard deviation
(SD)). Change in quality of life was calculated (end of study versus baseline). Results of patients
who were not able to complete both questionnaires were excluded from the dataset. Statistically
significant differences (p-value < 0.05) between the two treatment groups were calculated using a
Mann-Whitney U test. All statistical analyses were performed using the R software package V4.1.0.*®

RESULTS

Patient characteristics and pharmacokinetic analysis

Between March 2019 and April 2021 a total of 81 patients were included in the study, 44 in the
standard-of-care arm and 37 in the optimized dosing arm. The difference in group size was mostly
due to a combination of the block randomization and dropout shortly after randomization (before
start of cycle treatment 1). Moreover, one patient was accidentally treated with a BSA-based dose
while randomized in the optimized dosing arm. The baseline characteristics were comparable
between groups (Table 1). The majority of patients was diagnosed with NSCLC and received
pemetrexed as a part of the first line treatment. Presented in Table 2 is the target attainment
for both groups. The geometric mean AUC's were 159.9 and 154.7 mg'h/L for the BSA and the
optimized dosing group, respectively. Target attainment was not statistically significant different
between both groups (p = 0.505).

The median creatinine clearance in the study population was 95 mL/min, therefore, the subgroup
analysis was based on a creatinine clearance < 95 mL/min and > 95 mL/min. Figure 1 visualizes the
AUC of pemetrexed in both randomization groups when subdivided. As expected, for the standard
of care arm, a statistically significant difference in pemetrexed AUC was observed between the
creatinine clearance subgroups (p = 0.003), whereas this was not observed for the optimized dosing
arm (p = 0.34). Overall a higher percentage of patients in the optimized dosing arm attained to the
target AUC when compared to patient in the standard-of-care dosing arm based on the creatinine
clearance group, albeit not statistically significant. As shown in Table 2, for patients with creatinine
clearance < 95 mL/min dosed on BSA a higher median AUC and greater variability in exposure was
observed compared to patients receiving optimized dose (p = 0.07). This trend was not observed
for patients with creatinine clearance > g5 mL/min.

To justify the pre-term analysis of 81 patients, we calculated the outcomes of a best-case and
worst-case scenario. In case of both scenarios (all remaining patients in the individualized group
(n = 10) on target and all remaining patients in the BSA group off target (n = 3) or vice versa), no
significant difference was observed (p = 0.082 and p = 0.083).
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Table 1. Baseline characteristics and primary outcome measures for the BSA group, optimized dosing group
and the total patient group. Values are presented as numbers (percentages) or medians linterquartile ranges],

as appropriate.

BSA (n = 44) Optimized (n = 37) Total (n = 81)
Diagnosis, n (%)
NSCLC 35 (80%) 27 (73%) 62 (77%)
Mesothelioma 7 (16%) 9 (24%) 16 (20%)
Thymoma 2 (5%) 1(3%) 3(4%)
First-line treatment, n (%) 25 (57%) 21 (54%) 46 (56%)
Age (years) 63 [57-69I 67 159-72] 65 [58-711
Gender, male (%) 16 (36%) 22 (59%) 38 (47%)
BSA (m?) 1.87 [1.71-2.00] 1.95 [1.78-2.00] 1.01 [1.75-2.00]

eGFR (mL/min)

99.3 [84.0-118 4]

03.8 [78.7-101.4]

05.2 [83.6-111.7]

CKD-EPI (mL/min/1.73m?) 94.6 [81.9-100.5] 85.1[80.1-93.5] 00.1[80.9-98.0]
Treatment cycles 4 [4-4] 414-4] 4 [4-4]
Pemetrexed dose per cycle (mg) 950 [850-1,000] 850 [818-885] 885 [825-975]
Concomitant oncological therapy

None 8 (18%) 7 (19%) 15 (19%)
Carboplatin 11 (25%) 12 (32%) 23 (28%)
Carboplatin + pembrolizumab 18 (41%) 11 (30%) 29 (36%)
Cisplatin 4 (9%) 5(14%) 9 (11%)
Cisplatin + pembrolizumab 3(7%) 2 (5%) 7 (9%)

BSA: body surface area, CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration, eGFR: estimated
glomerular filtration rate, NSCLC: non-small cell lung cancer

Table 2. Target attainment and geometric mean AUC for the BSA group and the optimized dosing group in total

and in the subgroup analysis. AUCs are presented median linterquartile ranges].

BSA (n = 44) Optimized (n = 37) p-value

AUC (mg'h/L)

Total 159.9 [145.0-176.0] 154.7 [137.6-171.5] 0.436

> 95 mL/min 154.2 [141.5-163.9] 151.0 [136.8-160.1] 0.908
<95 mL/min 176.3 [156.0-196.7] 163.3 [143.6-172.3] 0.073
Target attainment, n (%)

Total 37 (84.1) 33(89.1) 0.505

> 95 mL/min 23 (88.5%) 15 (93.8%) 0.571
<95 mL/min 14 (77.8%) 18 (85.7%) 0.520

AUC: area under the concentration-time curve, BSA: body surface area
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Figure 1. Boxplots for the AUC per subgroup. The box represents the 25th-75th percentiles with geometric mean,
the whiskers indicate the 2.5th-97.5th percentile and the dots visualize the outlying observation. The target AUC +
its 25% range are depicted by the horizontal dashed lines.

Safety

Table 3 shows the number of patients that experienced 2 1 hematological toxicity event. One
patient in the optimized dosing arm was excluded from this analysis due to incorrect (BSA-based)
dosing from cycle 2 onward. Overall, there were no statistically significant differences between
groups. Grade Il anemia occurred in approximately 40-50% of patients. The incidence of grade
1171V hematological events were relatively low, ranging from 0% to 15.9%. Treatment delays and
dose reductions due to toxicity occurred equally in both groups. Reported reasons other than
hematological toxicity included hypokalemia, diarrhea, vomiting, kidney injury, pericarditis, fatigue,
pneumonia, diverticulitis, and autoimmune reaction.

Quality of life

In total, 58 patients completed the QLQ-C13 questionnaire both at baseline and after 12 weeks
of pemetrexed therapy. The lung cancer specific LC13 questionnaire was filled in by 54 patients.
Within-patient baseline and end of treatment scores were not statistically significant different in any
of the four categories as indicated by the EORTC (functional scale, quality of life, symptom scale
and the specific lung cancer scale). A wide range in change between t = 12 weeks and baseline
questionnaire was observed with the median around zero in both groups. Median changes and
ranges are presented in Table 4. The change in end of treatment versus baseline score was not
statistically significant different between groups.
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Table 3. Fraction of patients experiencing at least (2 1) toxicity event in both groups. Results are presented as
numbers (percentages).

BSA-based (n - 44) Optimized (n - 36) p-value
Anemia
Grade 2 22 (50.0%) 14 (38.9%) 0.32
> Grade 3 1(2.2%) 4 (11.1%) 0.10
Leukopenia
Grade 2 3 (6.8%) 2 (5.5%) 0.82
> Grade 3 0 0 -
Neutropenia
Grade 2 15 (34.1%) 9 (25.0%) 0.38
> Grade 3 7 (15.9%) 4 (11.1%) 0.54
Thrombocytopenia
Grade 2 3(6.8%) 0 -
> Grade 3 1(2.2%) 1(2.8%) 0.89
Cycle delay 13 (20.5%) 9 (25.0%) 0.65
Dose reductions 5(11.4%) 3(8.3%) 0.65

BSA: body surface area

Table 4. The difference [ranges] in end of treatment versus baseline score per subgroup of the EORTC-C13 and
LC13 questionnaires.

Standard of care arm (n - 33)  Individualized-dosing arm (n - 25) p-value

Functional scale -2.2 [-44-44] -2.2[-27-33] 1.0

Quality of life 0 [-50-67] -8.8 [-58-50] 0.37

Symptom scale 0 [-39-47] -1.4 [-17-22] 0.55

Specific lung cancer scale -1.4 [-44-22] -2.8 [-19-19] 0.82
DISCUSSION

In the era of precision medicine, one should also aim to implement precision dosing. In this study
we hypothesized that patients would benefit from optimized dosing of pemetrexed. We found that
an optimized renal function-based pemetrexed dosing did not result in higher pharmacokinetic
target attainment compared to standard of care BSA dosing. Moreover, no significant differences
were observed with regards to safety events and quality of life. With this randomized study, we
were the first to prospectively evaluate a renal function dosing regimen of pemetrexed.
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The target attainment in the optimized dosing group (89.1%) was as expected, while in the BSA-
based dosing group the target attainment (84.1%) was much higher than expected. This is possibly
due to the limited number of patients in the extremes of the renal function range (creatinine
clearance 45-60 mL/min or > 125 mL/min), thus resulting in a limited variation in exposure. This
could also explain why we did not find a statistically significant difference in target attainment
between both groups and only a small variation in administered dose within the optimized dosing
arm. Interestingly, there was a significant difference in AUC in the subgroup analysis within the BSA-
based dosing group when stratified on renal function (p = 0.003). This confirms the strong influence
of renal function on exposure if not taken into account with dosing. Especially in patients with a mild
renalimpairment (creatinine clearance: 45-60 mL/min), dosing based on renal function could serve
a pivotal role in attaining a target systemic exposure. This is reflected in the observed exposure
within the standard dosing group. Patients with a creatinine clearance < 95 mL/min show higher
exposure and greater variability compared to patients with a creatinine clearance > 95 mL/min (p
= 0.07). Although this finding was not statistically significant this trend clearly indicates that patients
with decreased renal function could benefit from this strategy. The limited number of patients
in the extremes of the renal function range also reflects in the low variation in the administered
pemetrexed dose in the optimized dosing group. Moreover, the median administered pemetrexed
dose is lower in the optimized dosing group (850 mg) compared to the BSA-based group (950 mg).
The median dose in the optimized dosing group corresponds with the calculated doses based on
creatinine clearance. Although the median dose is lower, target exposure is attained (164 mg'h/L
+ 25%) and efficacy is thus not compromised.

The large population pharmacokinetic analysis by Latz et al. was used as a premise for the
individualized dosing strategy in this clinical study. In their analysis, they present creatinine
clearance as a covariate for systemic pemetrexed clearance.’® Nowadays, creatinine clearance is
being widely substituted by the estimated glomerular filtration rate (calculated with the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) equation), as this gives a more accurate
prediction of renal function.”” In our recent pharmacokinetic analysis, we found CKD-EPI eGFR
to be a better predictor of pemetrexed pharmacokinetics than creatinine clearance calculated/
estimated by Cockcroft-Gault equation. In addition, in the same analysis we found that renal
function has an even larger impact on the systemic pemetrexed clearance than previously
thought.#® Nonetheless, we expect this would not affect the non-significant outcome difference
in this analysis in patients with adequate renal function. Regarding renal function measures, it
could be argued that creatinine-based equations (thus muscle mass-dependent) are not ideal
in patients with cancer. Cachexia is often observed in patients with lung cancer® , resulting in
seemingly low serum creatinine concentrations and thus overestimation of renal function. When
deploying a renal function-based dosing strategy, this could theoretically lead to overdosing and
thus increased exposure and higher risk for toxicity.

Recently, we found that the hematological toxicity of pemetrexed, in particular neutropenia, is more

likely to be time-above-threshold driven instead of total exposure 2> However, this is particularly
relevant in patients with renal impairment. In patients with adequate renal function, AUC and time
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above threshold are closely related, in contrast to patients with renal impairment.? Our results
indeed show no statistical significant differences in hematological toxicities between both dosing
arms, underlining this hypothesis.

From a patients perspective, quality of life is a valuable study endpoint. It is rather difficult to
assess quality of life in relatively small patient groups (n = 44 and 37, respectively in our study).
For pemetrexed as a single agent, two studies reported that quality of life during pemetrexed
maintenance therapy was similar to placebo.* 2 The scores at baseline and 12 weeks are comparable
to our findings. Quality of life can be negatively influenced by factors such as progression of disease
(non-responders) or severe treatment toxicity. However, in case of partial or complete response to
treatment without toxicity, quality of life can improve. Moreover, our relatively small patient groups
are heterogeneous in terms of diagnosis, disease stage, treatment modality and treatment line.
This is reflected in the wide range in differences between baseline and end of treatment for both
groups we observed.

In conclusion, our study did not support the superiority of renal function-based dosing of
pemetrexed in patients with adequate renal function in terms of pharmacokinetic outcomes.
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ABSTRACT

Purpose

Pemetrexed is a cytotoxic drug used for treatment of lung cancer and mesothelioma. The use of
a low test dosing of cytotoxic drugs may aid in dose individualization without causing harm. The
aim of this proof-of-concept study was to assess if the pharmacokinetics (PK) of a test dose could
predict the pharmacokinetics of a therapeutic pemetrexed dose.

Methods

Ten patients received both a low test dose (100 pg) and a therapeutic dose of pemetrexed
after which plasma concentrations pemetrexed were measured. Pharmacokinetic analysis was
performed by means of non-linear mixed effects modelling. The predictive performances of test
dose clearance and renal function towards a therapeutic dose were assessed.

Results

PK of a pemetrexed test dose was best described by a one-compartment model with linear
elimination. A high variability in the administered dose was observed for the test dose, but not
for the therapeutic dose. A statistically significant correlation between test dose clearance
and therapeutic dose clearance was observed (Spearman's rho: 0.758, p = 0.02). The predictive
performance of test dose clearance was worse than renal function (mean predictive error (+95%
confidence interval (C]): 53.9% (50.1-57.6%) Vs 19.4% (12.4-26.4%) and normalized root-mean square
error (+95% Cl): 57.8% (30.5-85.1%) VS 25.7% (20.3-31.0%).

Conclusion
We show that test dosing of pemetrexed is feasible, however, there seems no added value for a
low test dosing in dose individualization of pemetrexed.
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INTRODUCTION

Pemetrexed is a drug from the class of antifolates, used as first-line treatment option for patients
with non-small cell lung cancer (NSCLC) and mesothelioma in a dose of 500 mg/m? every three
weeks.*2 As with many cytotoxic drugs, dose individualization should be performed to balance the
narrow line between subtherapeutic and toxic exposure 34 With these type of drugs, it is desirable
to administer the right dose from the first dose onwards. The use of body surface area (BSA) to
individualize dosing of anticancer drugs is a matter of frequent debate5 ¢ Alternatives for BSA-
based dosing regimens should thus be explored, especially for drugs that are renally cleared, like
pemetrexed.”*° Moreover, a relationship between the pharmacokinetics (PK) of pemetrexed and
toxicity and response has been described previously*, further underlining the importance of a
PK-guided precision dosing strategy.

One way to investigate the PK of cytotoxic drugs, may be by means of a test dose.*>3 Provided that
extrapolation is possible, a low test dose may be used to safely predict the PK of cytotoxic drugs at
a full dose. To the extent of our knowledge, no test dosing studies have thus far been performed
with pemetrexed. Therefore, we performed a test dosing proof-of-concept study with pemetrexed
and explored the performance of test dosing to predict PK of therapeutic dose pemetrexed.

METHODS

Study design & patients

Patients were included in two sequential prospective open-label studies. In the first study a low
test dose of 100 pug pemetrexed was administered. Within seven days, patients were enrolled in
the second study. In this study, the PK of pemetrexed of a therapeutic dose of pemetrexed was
studied. Both studies were approved by a Medical Ethical Committee, conducted in accordance
with the declaration of Helsinki, and publicly registered (clinicaltrials.gov identifiers NCT03655834
& NCT03655821).

Patients (> 18 years old) who were eligible for pemetrexed-based chemotherapy were included.
Individual data on age, gender, ethnicity, body weight, height, and serum creatinine were available.
After pemetrexed administration, PK blood samples were collected at pre-dose and 0.5-1 h, 1-2 h,
4-5 hand 6-8 h after administration, based on a previously established limited sampling strategy.*
Plasma was isolated and stored at -20 "C until further analysis.

Bioanalysis
Pemetrexed concentrations after the test dose were determined using a reversed phase ultra-

high performance liquid chromatography (UPLC) with tandem mass spectrometry detection. This
method was validated to measure pemetrexed concentrations in the range of 0.06-25.0 pg/L.
Quantification of the pemetrexed plasma concentrations after the therapeutic dose was performed
by means of UPLC coupled with ultraviolet detection validated in the range of 0.25-500 mg/L.*
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Pharmacokinetic analysis

We performed a parametric compartmental PK analysis for pemetrexed after administration
of the low test dose and therapeutic dose, by means of non-linear mixed effects modelling
using the software package NONMEM 7.4.3 (Icon, Ireland). For both PK datasets (test dose and
therapeutic dose) one and two-compartment linear pharmacokinetic models were evaluated.
Interindividual variability (IIV) was assumed to be log-normally distributed. For the residual error,
additive, proportional and combined additive and proportional error models were evaluated.

Extrapolation from test dose to a therapeutic dose

Individual clearance, besides dose, is the main parameter driving the area under the pemetrexed
concentration time curve (AUC).% ¢ Therefore, the individual prediction for clearance was
used to assess the predictive performance from test dose to therapeutic dose, as a surrogate
for AUC. The clearance estimated from the therapeutic dose data, was considered the true
clearance. In a previous PK model, it was shown that estimated glomerular filtration rate (eGFR;
assessed by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)¥) is a strong
predictor for the clearance of a therapeutic dose of pemetrexed.” The predicted pemetrexed
clearance (in L/h) derived from this model is defined in equation 1

Predicted pemetrexed clearance = 0.66 + 3.42 " (eGFR/75) (1

The individual predicted test dose clearance and the individual clearance as predicted with
equation 1 were compared with the true pemetrexed clearance. The correlation between
predicted clearances and true clearance was calculated with the Spearman’s rank correlation
coefficient (Spearman'’s rho).*® Predictive performance in terms of bias and precision was
evaluated based on the mean predictive error (MPE) and normalized root-mean-square error
(NRMSE), with the observed therapeutic clearance as true. The corresponding 95% confidence
intervals (Cl) of MPE and NRMSE were calculated as described by Sheiner et al.? and Faber,
respectively.

Model evaluation

Models were assessed by means of inspection of goodness-of-fit plots, physiological
plausibility, stability of parameter estimates and change in the objective function (OFV) of the
models. A p < 0.05 corresponding to a decrease of 2 3.84 in OFV was considered a statistically
significant model improvement in case of nested models (with one degree of freedom).
Parameter precision was determined by a sampling importance resampling (SIR) procedure

RESULTS

Ten patients were enrolled in the study and a total of 40 pemetrexed plasma concentrations
after the test dose were available. During the therapeutic dose administration, in one patient an
extra sample directly after the therapeutic pemetrexed administration was accidently drawn.
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Therefore, a total of 41 pemetrexed plasma concentrations after a therapeutic dose were
available for analysis. In Table 1, the patient characteristics are presented. The individual eGFR
was similar prior to both doses, with a relative difference ranging from -6.7% to +11.3%.

Table 1. Patient demographics of included patients, values are presented as numbers (percentages) or medians
[ranges], as appropriate.

Total number of patients 10
Gender

Male 2 (20%)
Female 8 (80%)
Age, years 64 [51-72]
Tumor type

NSCLC 5 (50%)
Mesothelioma 4 (40%)
Thymoma 1(10%)
Renal function

Prior to test dose
eGFR (assessed with CKD-EPI) (mL/min) 97 [76-121]
Prior to therapeutic dose

eGFR (assessed with CKD-EPI) (mL/min) 101 [74-127]

Body surface area (m?)? 1.83[1.36-2.29]

Pemetrexed dose

Test dose (ug) 100 [100-100]

Therapeutic dose (mQ) 899 [805-1143]

2 BSA was assessed with the Dubois method.?
CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration, eGFR: estimated glomerular filtration rate

Pharmacokinetic analysis

In Table 2, the parameter estimates and their (SIR-derived) 95% confidence intervals for the models
of both the test dose and the therapeutic dose are presented.

Test dose model

The test dose data were best described by a one-compartment model with linear elimination and a
proportional error model. Extremely high interpatient variability was observed in the test dose data.
Upon inspection of the empirical Bayes estimates for volume of distribution and clearance, a very
high correlation was observed. This was highly indicative for variability in the administered dose as
a consequence of variability in preparation and/or administration of the very low dose. Therefore,
IIV was added on the administered dose which showed a statistically significant improvement of
the model (p << 0.01) as indicated by a drop in OFV of 88.1 points.
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Therapeutic dose model

A two-compartment model with linear elimination and a proportional error model, described the
therapeutic data best.
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Figure 1. Predictive performance of A) test dose clearance on the true therapeutic clearance and B) renal component

of the prediicted clearance (according to the model of de Rouw et al?) on the true therapeutic clearance. MPE; mean
predictive error, NRMSE: normalized root-mean square error. The line of unity is represented by the dashed line.

Extrapolation from test dose to a therapeutic dose

Figure 1 depicts the predictive performance of the test dose model and the earlier described renal
function-based PK model. For both the test dose and the eGFR a statistical significant correlation
between the predicted clearance and the true clearance is observed (Spearman's rho: 0.758 (p =
0.02) and 0.721 (p = 0.02), respectively). The MPE and NRMSE of the predicted test dose clearance
over the true clearance are higher than the predicted renal component of clearance by the model
of de Rouw et al. over the true clearance. Values (including their 95% CI) for the MPE are 53.9% (50.1-
57.6%) versus 7.7% (-0.5-15.8%) and for the NRMSE 57.8% (30.5-85.1%) versus 17.7% (15.2-20.3%). This
indicates that prediction of a therapeutic clearance is better performed by means of measurement
of eGFR compared to the assessment of a test dose clearance.
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Table 2. Parameter estimates and their (SIR-derived) 95% confidence intervals of the base model for test dose and
the base and final model for therapeutic dose.

Test dose base model (n = 10) Therapeutic dose model (n = 10)
CL(L/h) 2.32[1.35-3.36] 5.73 [4.81-6.86]
IV CL(%) 11.3 [5.76-17.0] 23.9 [15.1-35.3]
Scaling factor for test dose Cl - -
Volume of distribution
Central compartment (L) 4.07 [2.44-6.29] 7.28 [4.06-10.1]
Peripheral compartment (L) - 5.39 [3.50-7.14]
Q(L/h) - 4.5311.99-11.4]
F 1° -
IV F (%) 139 [98.6-1761
Proportional error (%) 24.7 [18.8-32.4] 26.7 [22.1-34.8]

@ fixed value.
CL: clearance, F: dose effect, IV: interindividual variability, Q: intercompartmental clearance

DISCUSSION

In this proof-of-concept study we show that pemetrexed PK can be assessed after administration of a
test dose. Furthermore, a significant relationship between the predicted test dose clearance and the
true clearance was found. However, from our analysis it appears that the use of a low test dose does
not outperform renal function to predict pemetrexed clearance.

If complete linearity between PK of a test dose and therapeutic dose exists, one would expect a 1:1 ratio
between PK parameters. For clearance and volume of distribution, these ratios both exceed more than
a twofold. This might hint to non-linear scalability of PK parameters of test dose to the PK parameters
at a therapeutic dose, potentially due to non-linear PK.

Non-linearity of the PK may be attributed to saturation of the organic anion transporter 3 (OAT3), reduced
folate carrier (RFC) and proton-couples folate transporter (RCFT) at the therapeutic dose. Both RFC as
PCFT are important transporters for rapid cellular uptake of pemetrexed?, while OAT3 is extensively
expressed in the kidneys and plays a major role in the active secretion of pemetrexed? For all these
transporters, concentrations at which half of the transporters are bound (Km values) are reported to
lie above the measured pemetrexed concentrations after a test dose administration.?* However, for
a therapeutic dose, > 50% of these transporters are expected to be saturated the first six hours after
pemetrexed administration. Thus, at therapeutic doses the saturation would result in a decreased
cellular uptake as well as less active secretion. In our study, we found elimination rate constants of
test dose and therapeutic dose to be 0.57 h* and 0.45 h* respectively. This indicates that a lower
percentage of pemetrexed is excreted per time unit after a therapeutic dose when compared to a
test dose. Saturation of the above-mentioned transporters might thus be a valid explanation for the
differences in PK parameters between test dose and therapeutic dose.
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We hypothesize that the high apparent variability on the administered test dose illustrates specific
challenges for the reproducibility of the preparation, or administration, of a test dose. For the
robustness and reliability of a PK studly, it is important to accurately know the administered dose.
Although the cause is currently unknown, we hypothesize that small preparation errors, such as
insufficient homogenization of the (stock) solution, may result in variability in the administered dose.
It is important to consider this specific obstacle when starting a test dose studly.

We assessed the feasibility of pemetrexed test dosing and to predict its PK at a therapeutic dose.
We found that the PK of a test dose pemetrexed can be assessed and that the predicted clearance
has a correlation with the therapeutic clearance. Although the feasibility of a test dosing was shown,
our findings do not support the use of low test dosing to individualize dosing of pemetrexed.

136



Chapter 3.4 | Prediction of the pharmacokinetics of pemetrexed with a low test dose:
a proof-of-concept study

REFERENCES

1

10.

11

12.

13.

14.

15.

16.

17.

Planchard D, Popat S, Kerr K, Novello S, Smit EF, Faivre-Finn C, et al. Metastatic non-small cell lung cancer:
ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol. 2018;29(Suppl 4)ivig2-
iv237. https.//doi.org/10.1093/annonc/mdy275.

Baas P, Fennell D, Kerr KM, Van Schil PE, Haas RL, Peters S. Malignant pleural mesothelioma: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol. 2015;26 Suppl 5:v31-39. https://doi.
0rg/10.1093/annonc/mdvi19Q.

Visser S, Koolen SL\W, de Bruijn P, Belderbos HNA, Cornelissen R, Mathijssen RHJ, et al. Pemetrexed
exposure predicts toxicity in advanced non-small-cell lung cancer: A prospective cohort study. Eur J Cancer.
2019;121:64-73. https://doi.org/10.1016/j.ejca.2019.08.012.

Dickgreber NJ, Sorensen JB, Paz-Ares LG, Schytte TK, Latz JE, Schneck KB, et al. Pemetrexed safety and
pharmacokinetics in patients with third-space fluid. Clin Cancer Res. 2010;16(10).2872-2880. https://doi.
0rg/10.1158/1078-0432.Ccr-09-3324.

Felici A, Verweij J, Sparreboom A. Dosing strategies for anticancer drugs: the good, the bad and body-
surface area. Eur J Cancer. 2002;38(13):1677-1684. https.//doi.org/10.1016/S0959-8049(02)00151-X.
Mathijssen RHJ, de Jong FA, Loos WJ, van der Bol JM, Verweij J, Sparreboom A. Flat-fixed dosing versus
body surface area-based dosing of anticancer drugs in adults: Does it make a difference? The Oncologist.
2007;12(8):913-923. https://doi.org/10.1634/theoncologist.12-8-913.

de Rouw N, Boosman RJ, Huitema ADR, Hilbrands LB, Svensson EM, Derijks HJ, et al. Rethinking the
application of pemetrexed for patients with renalimpairment: a pharmacokinetic analysis. Clin Pharmacokinet.
2021;60(5):649-654. https://doi.org/10.1007/540262-020-00972-1.

Latz JE, Chaudhary A, Ghosh A, Johnson RD. Population pharmacokinetic analysis of ten phase Il clinical trials
of pemetrexed in cancer patients. Cancer Chemother Pharmacol. 2006;57(4):401-411. https://doi.org/10.1007/
500280-005-0036-1.

Chen CY, Lin JW, Huang JW, Chen KY, Shih JY, Yu CJ, et al. Estimated creatinine clearance rate Is associated
with the treatment effectiveness and toxicity of pemetrexed as continuation maintenance therapy for
advanced nonsquamous non-small-cell lung cancer. Clin Lung Cancer. 2015;16(6):€131-140. https://doi.
0rg/10.1016/j.cllc.2015.01.001.

Latz JE, Rusthoven JJ, Karlsson MO, Ghosh A, Johnson RD. Clinical application of a semimechanistic-
physiologic population PK/PD model for neutropenia following pemetrexed therapy. Cancer Chemother
Pharmacol. 2006:57(4):427-435. https://doi.org/10.1007/500280-005-0035-2.

Boosman RJ, Dorlo TPC, de Rouw N, Burgers JA, Dingemans A-MC, van den Heuvel MM, et al. Toxicity
of pemetrexed during renal impairment explained—Implications for safe treatment. Int J Cancer.
2021;,149(8):11576-1584. https://doi.org/10.1002/ijc.33721.

Kangarloo SB, Naveed F, Ng ESM, Chaudhry MA, Wu J, Bahlis NJ, et al. Development and Validation of a
Test Dose Strategy for Once-Daily iv. Busulfan: Importance of Fixed Infusion Rate Dosing. Biol Blood Marrow
Transplant. 2012;18(2):295-301. https://doi.org/10.1016/j.bbmt.2011.07.015.

Cano JP, Bruno R, Lena N, Favre R, Iliadis A, Imbert AM. Dosage predictions in high-dose methotrexate
infusions. Part 1. Evaluation of the classic test-dose protocol. Cancer Drug Deliv. 1985;2(4).271-276. https.//
doi.org/10.1089/cdd.1985.2.271.

de Rouw N, Visser S, Koolen SLW, Aerts J, van den Heuvel MM, Derijks HJ, et al. A limited sampling schedule
to estimate individual pharmacokinetics of pemetrexed in patients with varying renal functions. Cancer
Chemother Pharmacol. 2020;85(1):231-235. https://doi.org/10.1007/500280-019-04006-X.

van den Hombergh E, de Rouw N, van den Heuvel M, Croes S, Burger DM, Derijks J, et al. Simple and Rapid
Quantification of the Multi-Enzyme Targeting Antifolate Pemetrexed in Human Plasma. Ther Drug Monit.
2020;42(1).

Ouellet D, Periclou AP, Johnson RD, Woodworth JR, Lalonde RL. Population pharmacokinetics of pemetrexed
disodium (ALIMTA) in patients with cancer. Cancer Chemother Pharmacol. 2000;46(3):227-234. https://doi.
0rg/10.1007/5002800000144.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, Feldman HI, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150(9):604-612. https.//doi.org/10.7326/0003-4819-150-9-
200905050-00006.

137




18.

19.

20.

21

22.

23.

24.

25.

138

Spearman C. The proof and measurement of association between two things. Am J Psychol. 1904;15(1):72-
101,

Sheiner LB, Beal SL. Some suggestions for measuring predictive performance. J Pharmacokinet Biopharm.
1981,9(4):503-512. https://doi.org/10.1007/BF01060893.

Faber NM. Estimating the uncertainty in estimates of root mean square error of prediction: application
to determining the size of an adequate test set in multivariate calibration. Chemometrics and Intelligent
Laboratory Systems. 1999,49(1):79-89. https.//doi.org/10.1016/S0169-7439(99)00027-1.

Dosne AG, Bergstrand M, Karlsson MO. An automated sampling importance resampling procedure
for estimating parameter uncertainty. J Pharmacokinet Pharmacodyn. 2017,44(6).509-520. https://doi.
0rg/10.1007/510928-017-9542-0.

Zhao R, Qiu A, Tsai E, Jansen M, Akabas MH, Goldman ID. The Proton-Coupled Folate Transporter: Impact
on Pemetrexed Transport and on Antifolates Activities Compared with the Reduced Folate Carrier. Mol
Pharmacol. 2008;74(3):854-862. https://doi.org/10.1124/mol.108.045443.

Kurata T, wamoto T, Kawahara Y, Okuda M. Characteristics of Pemetrexed Transport by Renal Basolateral
Organic Anion Transporter hOAT3. Drug Metab Pharmacokinet. 2014;29(2):148-153. https://doi.org/10.2133/
dmpk.DMPK-13-RG-042.

European Medicine Agency (EMA). Assessment Report of Pemetrexed Actavis. 2015. Accessed on 16 Mar
2021,

Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and weight be known.
1016. Nutrition. 1989;5(5):303-311.









Is age just a number?
A population
pharmacokinetic
study of gemcitabine

Cancer Chemother Pharmacol. 2022 [Epub ahead of print]

Reneé J. Boosman
Marie-Rose B.S. Crombag
Nielka P. van Erp
Jos H. Beijnen
Neeltje Steeghs
Alwin D.R. Huitema

Author's contribution: R.J. Boosman contributed to the design of this study, per-
formed the data management, conducted the data analysis, wrote the first draft of
the manuscript and edited the contribution of the co-authors on this manuscript.



ABSTRACT

Purpose

Pharmacokinetic exposure to gemcitabine and its metabolite, 2'2-difluorodeoxyuridine (dFdU),
might be altered in elderly compared to their younger counterparts. It is unknown if age-based
dose adjustments are necessary to reduce the development of treatment-induced adverse events.
The aim of this study was to assess the impact of age on the pharmacokinetics of gemcitabine
and dFdU.

Methods

Pharmacokinetic sampling following a flexible limited-sampling strategy was performed in patients
> 70 years after gemcitabine infusion. The data was supplemented with pharmacokinetic data in
patients included in four previously conducted clinical trials. Nonlinear mixed-effects modelling
was performed on the pooled dataset to assess the impact of age on the pharmacokinetics of
gemcitabine and dFdU.

Results

In total, pharmacokinetic data was available of 197 patients, of whom 83 patients were aged > 70
years (42%). A two-compartment model for both gemcitabine and dFdU with linear clearances from
the central compartments described the data best. Age, tested as continuous and categorical (< 70
years versus = 70 years) covariate, did not statistically affect the pharmacokinetics of gemcitabine
and dFdU.

Conclusion

Age was not of influence on the pharmacokinetics of gemcitabine or its metabolite, dFdU. Age-
related dose adjustments for gemcitabine based on pharmacokinetic considerations are not
recommended.
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INTRODUCTION

Age is animportant, yet unchangeable risk factor for the development of many cancer types. Currently,
the median age at diagnosis of cancer is 66 years old:* Nonetheless, elderly have been notoriously
underrepresented in clinical trials2 3 Pharmacokinetics in this subgroup might be different due to the
gradual, age-related decrease in organ function or enzyme system activity, altered body composition,
and/or the presence of comorbidities For many cytostatic agents there is a thin line between efficacy
and toxicity and these parameters are often related to pharmacokinetic exposure. Thus, in case of
alterations in pharmacokinetic exposure, treatment outcomes might be influenced.

Gemcitabine is a cytostatic agent used in the treatment of non-small cell lung cancer (NSCLC), bladder
cancer, pancreatic cancer, breast cancer and ovarian cancer as monotherapy or in combination with a
platinum-based agent or paclitaxels After administration, active transport by the human equilibrative
nucleoside transporters (hENTSs) into the celland subsequent phosphorylation mediates the antitumor
activity of gemcitabine. Moreover, both intracellular and extracellular gemcitabine is metabolized by
cytidine deaminase (CDA) into 2'2-difluorodeoxyuridine (dFdU)8 It is thought that dFdU also plays a
role in both the activity and the toxicity of treatment” Currently, gemcitabine is administered in a dosing
regimen of 1,000-1,250 mg/mz, with dose reductions only performed in case of toxicitys However,
since it is a hydrophilic drug and elderly patients often have a decreased total body water, plasma
volume and intra- and extracellular body fluid?, it is to be expected that the volume of distribution
of gemcitabine decreases with age, which might result in higher concentrations of gemcitabine. In
addition, the expression of enzymes (such as hENT and CDA) might be altered in the elderly. The
efficacy (and toxicity) of gemcitabine is dependent on the (de)activation of gemcitabine and it has been
shown that changes in pharmacokinetics of gemcitabine, e.g. in case of prolonged infusion times, can
yield severe toxicities.? Although contradictive results exist, it has been reported that elderly patients
experience more grade 3/4 adverse events after gemcitabine administration.® Therefore, it appeared
pivotal to elucidate if the gemcitabine and/or dFdU exposure in elderly is increased. Hence, the aim of
this study was to determine the impact of age on the exposure of gemcitabine and its metabolite dFdU.

METHODS

Study and patients
A dataset was composed from both prospectively as retrospectively collected data. In the

prospective observational study, elderly patients (> 70 years old) who were eligible and planned
for treatment with gemcitabine, willing and able to undergo blood sampling, and willing and able
to give informed consent for study participation were included. This study was open between
September 2012 and September 2021 in the Antoni van Leeuwenhoek hospital (Amsterdam,
The Netherlands), the Slotervaart hospital (Amsterdam, The Netherlands) and the Radboudumc
(Nijmegen, The Netherlands). This study was performed in accordance with the Declaration of
Helsinki and was approved by the Medical Ethical Committee of the Slotervaart hospital, The
Netherlands (file identifier: NL39647.048.12).
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Data and pharmacokinetic sampling

During this study, blood samples were taken in a flexible sampling scheme, with the first sample
taken at the end of the gemcitabine infusion. Additional blood samples were allowed, based
on the willingness and venous access of the study participants. A minimum of one sample and
a maximum of ten blood samples were required. Tetrahydrouridine was added to gemcitabine
samples within five minutes after sampling to stop cytidine deaminase dependent metabolism
of gemcitabine into dFdU.** Samples were centrifuged immediately at 1,500 x g for five minute
at 4 °C, plasma was collected and stored at -20 °C until bioanalysis. Both gemcitabine and
dFdU concentrations were determined with a previously validated bioanalytical assay using
high-performance liquid chromatography with tandem mass spectrometry.’? The lower limits
of quantification (LLOQ) for gemcitabine and dFdU in this analysis were 0.5 ng/mL and 5.0 ng/
mL, respectively.’? This data was enriched with retrospective data from previous clinical trials
studying the pharmacokinetics of gemcitabine and dFdU that were conducted at the Antoni
van Leeuwenhoek hospital.® 3% Baseline characteristics such as age, body weight, height,
ethnicity and serum creatinine concentration on the day of gemcitabine administration were
collected. In addition, data regarding the gemcitabine infusion such as dose, infusion duration
and pharmacokinetic sampling times were available. It has been reported that an extended
infusion time of gemcitabine has a substantial influence on pharmacokinetics of gemcitabine *®
Therefore, samples drawn after a gemcitabine infusion extending more than one hour were
excluded in this analysis.

Population pharmacokinetic model

Structural model

Nonlinear mixed effect modelling was used to perform the population pharmacokinetic analysis.
One-, two-and three-compartment models for gemcitabine and dFdU with linear clearance from
the central compartment of dFdU were considered to describe the structural model. The fraction
(fm) of gemcitabine converted to dFdU is unknown and, therefore, pharmacokinetic parameters
for dFdU were estimated relative to the fm converted.

Statistical model
Interindividual variability (IIV) was modelled by an exponential model as expressed in equation 1.

P, = Pyop * el (1)

Where P, is the individual parameter estimate, Ppo'D is the population parameter estimate, and n, is

the IIV with a mean of zero and a variance of w2

The unexplained, residual variability of gemcitabine and dFdU was modelled using equation 2:

Cobs,ij = Cpreaij * (14 &) + €qjij @
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Where C is the observed concentration, C

obs,ij

measj 1S the predicted concentration, g is the
proportionalerrorand e, is the additive error. Both proportional and additive errors have a mean of
zero and a variance of o2 Concentrations of gemcitabine or dFdU below the LLOQ, were discarded

from the analysis.

Covariate analysis
In previous analyses, body composition was identified as a significant covariate for the

pharmacokinetic of gemcitabine and dFdU.* In the same studies, creatinine clearance (assessed
with the Cockcroft-Gault equation®®) and gender have been reported to influence the clearance of
dFdU (CL
covariates for the volume of distribution of the central compartment of dFdU (Vc

a7 8 Inaddition, treatment indication (NSCLC) and gender were identified as significant

a7 To assess
if a potentialimpact of age on the model can be ascribed to the influence of these covariates, they
were introduced to the base model. Allometric scaling was performed for volume of distribution
and (intercompartmental) clearances in relation to a total body weight of 70 kg. The allometric
exponents for volume of distribution (of both the central (Vc) and peripheral compartments (Vp))
were set to 1.0 and for intercompartmental clearances (Q) and clearances (CD a value of 0.75 was
implemented. For creatinine clearance as covariate on gemcitabine and dFdU clearance, renaland
non-renal clearance were estimated separately. Creatinine clearance was tested as standardized
creatinine clearance (based on a median weight of 70 kg and corresponding median creatinine

clearance of 100 mL/min) on the renal contribution of the total clearance.

To study the effect of age on the exposure of gemcitabine and its metabolite, age was evaluated
as covariate in both the base and covariate pharmacokinetic model. Age was tested as continuous
covariate and as categorical covariate, with the population divided in two subgroups: patients < 70
years old (0) and patients > 70 years old (1). Age as continuous covariate was standardized on the
median value of the study population, following equation 3:

covariate Ocov

Pi = Pp"p * median(covariate) 3
In which ‘covariate' is the individual covariate value, ‘median(covariate)' is the (median) typical

population value for this covariate and 0_ is the relative change in population parameter.

Treatment indication, gender and age as categorical variables were tested following equation 4:

covariate

P = Byop * Ocov (4)

In case of missing data, the median value of the study population was imputed. Uncertainty in

these imputations were accounted for by the addition of IV following the exponential model (as
in equation 1).
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The impact of age on the concentration-time curves of both gemcitabine and dFdU was assessed
by means of simulation from the final covariate model. For this purpose, typical patients (male, 70
kg) aged < 70 years and 2 70 years, receiving a 30 minute gemcitabine infusion of 1,250 mg/m?
were simulated. Typical concentrations of gemcitabine and dFdU were assessed up to five hours
after the start of the gemcitabine infusion.

Model evaluation

Goodness-of-fit (GOF) plots and a visual predictive check (VPC) with n = 1,000 were used to
assess model fit. In addition, models were evaluated on their physiological plausibility, stability
of parameter estimate and the change in objective function value (OFV). Statistical significance
was defined as a p-value < 0.01, which corresponds to a decrease in OFV of 6.63 points (in case of
nested models). Sampling importance resampling (SIR) calculation was performed to determine
the uncertainty in parameter precision.®

Software

Data handling and graphical evaluations of the data were performed using R (version 4.1.0).
Nonlinear mixed effect modelling was performed by means of NONMEM (version 7.5, ICON
Development Solutions, LLC, Ellicott City, MD, USA). Pirana (version 3.0.0) provided the interface
for the modelling output.

RESULTS

The dataset contained a total of 789 gemcitabine concentrations and 789 dFdU concentrations
from a total of 197 patients treated with gemcitabine. For gemcitabine, there were 41 samples
which yielded concentrations below the LLOQ. These concentrations were discarded from the
analysis, resulting in a total of 748 gemcitabine concentrations used for this analysis. For dFdU,
none of the measured samples were below the LLOQ. The baseline and treatment characteristics
of the included patients are depicted in Table 1. Overall, 83 patients aged = 70 years (42%) were
included, of whom 80 patients were prospectively included. The elderly subgroup consisted of
more male patients, generally had a higher body weight and lower creatinine clearance, and
received gemcitabine for other tumor types than their younger counterparts. Moreover, all patient
< 70 years were included in clinical trials studying combination therapies, therefore, these patients
received lower doses of gemcitabine in comparison with the patients = 70 years. In Figure 1, the
concentration-time curves of gemcitabine and dFdU for both age groups are illustrated. Information
regarding weight and/or height was not available for 16 patients (8.1%) and serum creatinine
concentrations were not taken prior to the gemcitabine administration in seven patients (3.5%). As
a result, for 16 patients BSA and for 16 patients creatinine clearance could not be calculated, in
total 15 patients missed information regarding both BSA and creatinine clearance. The majority of
patients with missing data were aged < 70 years (94% for BSA and 88% for creatinine clearance).
For none of the patients, age and gender were missing.
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Table 1. Baseline characteristics and pharmacokinetic information of the included patients. Values are represented
as median [rangel or numbers (percentage) as appropriate.

< 70 years 2 70 years p-value Total
No. of patients 114 83 197
Age [rangel (years) 55 [27-69I 74 [70-85] 66 [27-85]
Gender, male (%) 44 (38.6%) 57 (68.7%) << 0.01 101 (51.3%)
Body weight [rangel (kg) 72 [46-121] 77 52-104] 0.02 74 [46-121]
BSA [rangel (m?) 1.81[1.47-2.44] 192 [1.54-2.27] 0.001 1.87 [1.47-2.44]

Creatinine clearance [rangel (mL/min) 92.8143.3-205.4] 64.8[32.3-130.9] << 0.01 76.7 132.3-205.4]

Gemcitabine dose [rangel (mg/m?) 735 [297-1318] 1,000 [481-1269] << 0.01 974 [297-1318]

No. of samples

Gemcitabine

Total 612 136 748

Per patient Irangel 5 [2-71 1[1-6] << 0.01 5 [1-71
dFdU

Total 652 137 789

Per patient [rangel 6 [4-71 1[1-6] << 0.01 5 [1-71
Tumor type
NSCLC (%) 43 (37.8%) 16 (19.3%) 59 (29.9%)
Bladder cancer (%) 1(0.9%) 36 (43.4%) ool 37 (18.8%)
Mamma cancer (%) 30 (26.3%) 3(3.6%) 33 (16.8%)
Ovarian cancer (%) 17 (14.9% 8(9.6%) 25 (12.7%)
Other (%) 16 (14.0%) 20 (24.1%) 36 (18.3%)
Unknown (%) 7 (6.1%) o] 7 (3.6%)

BSA: body surface area, dFdU: 2'2-difluorodeoxyuridine, NSCLC: non-small cell lung cancer

Population pharmacokinetic modelling

The pharmacokinetics of both gemcitabine and dFdU was best described by a two-compartment
model with linear clearance from the central compartment. The parameter estimates of the base
model of parent and metabolite are reported in Table 2.

Impact of age

As shown in Figure 1, for patients = 70 years old, limited samples were drawn at the end of the
/fm could not be identified.
The evaluation of age as a continuous covariate on the base model did not yield any statistically

distribution phase. Therefore, the effect of age on Vp ., ,/fm and Q .,
significant effects on the parameters. However, as shown in Table 2, inclusion of age as categorical

covariate resulted in a statistically significant increase in V¢ of 42% (95% confidence interval

gemcitabine

(CI)): 16-73%, p = 0.001) for patients = 70 years when compared to their younger counterparts. A
decrease in IIV of this parameter of approximately 2% was found.
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Figure 1. Concentration-time curves of A) gemcitabine in patients < 70 years old, B) gemcitabine in patients > 70
years old, C) dFdU in patients < 70 years old and D) dFdU in patients > 70 years old. Concentrations of gemcitabine
and dFdU are presented on a logarithmic scale.

As indicated, allometric scaling, creatinine clearance, tumor type and gender were all introduced
as covariates and again, the effect of age on the model was assessed. Patients = 70 years were
of 20% (95% ClI: -3.5-46%, p =
0.117), and a drop in IV on this parameter of 1.0% was observed. This indicates that the difference in

found to have a non-statistically significant increase of Vc

gemcitabine

VC,matanine PETWEEN elderly and non-elderly can at least be partly ascribed to previously identified
factors other than age. In Figure 2, the VPCs for both gemcitabine and dFdU in this final covariate
model are shown. Overall, the observed concentrations of gemcitabine and dFdU are in line with
the predicted concentrations, indicating sufficient validity for both the parent and the metabolite. In
Figure 3, the results of the simulations are depicted. In general, similar concentration-time curves

of both gemcitabine and dFdU in patients < 70 years and 2 70 years can be observed.
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Table 2. Population pharmacokinetic parameter estimates for gemcitabine of the base model (with and without
age as covariate) and of the covariate model (with and without age as covariate). Values are presented as:
parameter estimate [sampling-importance-resampling (SIR)-derived 95% confidence intervall.

Base model Base model Covariate model Covariate model
+age +age

c, ... (L/h) 224 [211-242] 224 [210-239] 219 [206-235] 220 [207-235]
VC,ciatine (1) 479142.9-5301  434139.6-478]  46.2141.9-50.61 439 [39.5-49.4]
Effect of age® 142 [116-173] 1.20 [0.965-1.46]
Ve, ... (L) 76.3162.6-90.71 73.1[58.8-80.6] 76.4163.9-91.4] 75.1164.7-90.71
Q. ... (L/h 7.28 [6.44-8.19] 7.09 [6.01-8.16]  7.25[6.33-8.20] 714 [6.40-8.06]
CL .o/ fm(L/h) 6.20[5.83-6.62] 6.20 [5.79-6.66]
CL g non-rena 7 FM (L/D) 7.0316.36-7.72] 7.02 [6.26-7.90]
CL gy rena 7 fM (ML) 0.09 [0.07-0.11] 0.09 [0.07-0.11]
Effect of gender 0.809 [0.722-0.909]  0.810 [0.705-0.932]
VE g/ fm (L) 271 125.0-29.4] 26.6 [24.2-28.8] 287 [26.0-31.5] 28.2[25.7-30.7]
Effect of NSCLC 1.01[0.889-1.14] 1.02 [0.917-1.13]
Effect of gender 0.813 [0.722-0.901] 0.821[0.730-0.916]
VP gego/ fm (L 597 [55.4-64.01 597 156.1-64.4] 5851[54.7-62.8] 58.4 54.3-62.01
Q. ,/fm(L/h) 275 [23.6-32.0] 27.3123.5-32.1] 26.6 [23.0-31.3] 26.7 [23.1-31.4]
Interindividual variability
Clermeiabine 3741321-4131  3681314-402]  36.81313-397] 36.3[30.9-39.9!

C gemcitabine 62.0 [50.5-64.01 59.6[40.4-6271 63.3[51.8-65.8] 62.3 [50.9-65.0]
VPyemcitabine 27514.88-4971  29219.81-5201  24.8[11.2-34.6] 24.8 [10.4-36.6]

 ermcitabine 323 [22.2-40.5] 33.8 [23.3-41.1] 321 [21.0-39.6] 32.0 [21.5-40.2]
CL e, /fm 3311273-378I 331[276-3741  30.31257-336] 30.3[25.6-33.3
VC o/ fMm 41.4 [34.6-45.5] 41.1[34.4-45.3] 357 [30.1-40.1] 36.2 [30.6-40.2]
VP e,/ fM 32.4 [25.3-38.5] 324 [25.4-39.1] 26.2 [20.5-21.1] 26.1[19.8-32.3]
Imputed weight® 231 [13.8-30.0] 231 [13.2-32.3]
Imputed CrCL® 32.4 [10.5-49.7] 32.4 [10.6-44.1]
Residual variability
Prop. error gemcitabine 435138.3-453]1  4361[385-4511  43.21[38.8-44.1] 433[39.4-43.9]
Prop. error dFdU 20.4 (18.8-21.5] 20.3[18.8-21.6] 20.3 [19.0-21.1] 20.3 [19.0-21.2]

2 as categorical covariate. ® in case of missing data (n = 15).

Cl . clearance of gemcitabine, Vc

gemcitabine’

gemcitabine, Vp

'gemcitabine’

intercompartmental clearance of gemcitabine, CL

dFdU’

: volume of distribution of the central compartment of

gemcitabine’

volume of distribution of the peripheral compartment of gemcitabine, Q
/fm: apparent clearance of dFdU, Vc

gemcitabine’

/fm: apparent

dFdU’

volume of distribution of the central compartment of dFdU, NSCLC: non-small cell lung cancer, Vp, ., /fm:

apparent volume of distribution of the peripheral compartment of dFdU, Q

dFdyU

clearance of dFdU, CrCl: creatinine clearance, Prop. error: proportional residual error

/fm:apparent intercompartmental
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Figure 2. Visual predictive check of the covariate model (with age) with n = 1,000. A) for gemcitabine and B) for
dFdU. Concentrations of gemcitabine and dFdU are presented on a logarithmic scale. The dashed black lines
represent the 5, 50" and 95" percentile of the observed concentrations. The 95% confidence intervals of these
percentiles are presented by the gray areas.
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Figure 3. Simulated concentration-time curves of the covariate model including age, for gemcitabine (A) and dFdU
(B). The typical curve for patients < 70 years (gray line) and > 70 years (black line) are depicted.
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DISCUSSION

In this population pharmacokinetic analysis of gemcitabine and dFdU, a non-significant 20% higher

C gomcitabine in patients 2 70 years old was found. The resulting concentration-time curves of the
typical patient only differ marginally and indicate a similar exposure of gemcitabine and dFdU in
both age groups. Altogether, the effect of age is considered to have no clinical relevance on the

pharmacokinetic exposure of gemcitabine.

Gemcitabine is a hydrophilic drug, indicating that its Vc is limited to the total body water of the patient.

Indeed, our observed values for Vc correspond to reported values for total body water?* 2

gemcitabine
In elderly, a decrease in total body water has been observed, hence, we expected a decrease in
Ve with increasing age.® Surprisingly, in the base model, we found that patients = 70 years

emcitabine
hagd anincrease inVe ... This statistically significant effect vanished with the introduction of
known covariates (such as allometric scaling) on the pharmacokinetics of gemcitabine and dFdU.
In the cohort with patients = 70 years, a statistically significant higher body weight was observed
when compared to patients < 70 years. Since total body water is closely related to the total body
weight of a person, this might indicate that the initial observed effect of age on Ve ... was

confounded by this covariate 22

Although solid knowledge is lacking, it has been postulated that the expression of hENT is a predictor
for efficacy of gemcitabine.® 24 Moreover, altered pharmacokinetics of gemcitabine have been
associated with the safety of therapy.° Since age-related degradation of enzyme complexes have
been described, hENT might be less functional in the elderly population, potentially jeopardizing
the safety and efficacy of gemcitabine therapy.25:2° Activity of hENT might be reflected in the Q of
both gemcitabine and dFdU as this may be the rate limiting step in the distribution between the
central and peripheral compartment.? Therefore, we assessed the impact of age on Q of both
gemcitabine and dFdU. Vp and Q are parameters which can only be derived from pharmacokinetic
curves including the terminal distribution phase and can, therefore, be difficult to assess using a
limited sampling strategy. Gemcitabine is a drug with a rapid distribution and elimination, and
therefore, samples drawn even shortly after infusion are informative for this distribution part. In this
study, we found that age had no statistically significant effect on Vp and Q of gemcitabine. Since
both dFdU and gemcitabine are transported by hENT#, we expect that the absent effect of age
on Vp and Q of gemcitabine can be extrapolated to dFdU.

To our knowledge, this is the first study to prospectively evaluate the impact of age on the
parent-metabolite pharmacokinetics of gemcitabine. Nonetheless, the effect of age on the
pharmacodynamics of this chemotherapeutic agent has been previously described. In pancreatic
cancer patients, it has been shown that therapy with gemcitabine and nanoparticle albumin-bound
paclitaxel in elderly patients (2 70 years old) has no influence on the efficacy when compared to
non-elderly patients (< 70 years), while it has been reported that elderly patients experienced a
statistically significant increase in grade 3 or 4 neutropenia.*® Other studies confirmed the increase
in hematological toxicity in elderly?, although contradicting studies also have been reported 203
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Our study revealed that implementation of age-based dosing based on pharmacokinetic
considerations is not rational. It is likely, that the reported increase in hematological toxicities can
be ascribed to exposure-unrelated sensitivity which may come from a lower recovery capacity for
hematological parameters or the age-related diminishing of the bone marrow reserve 3

In our study we used a threshold of 70 years to classify patients in the non-elderly and elderly
study cohort based on earlier literature stating that patients 2 70 years have an increased risk of
chemotherapeutic-induced hematological toxicities.?* However, it has been reported that frailty
is a better predictor for the development of toxicities and age is merely a surrogate marker for
frailty.3® In our study, we did not classify patients based on their frailty score, however, to include
frail patients, we kept the inclusion criteria as broad as possible. Obviously, still a selection bias
will be introduced, since, only patients who were considered fit for therapy were included in the
analysis. However, since our goal was to assess if the current dosing in gemcitabine-receiving
elderly population needs to be adjusted, we feel that the use of age to divide the population is
justified.

In summary, this study shows no age-related effects on the pharmacokinetics of gemcitabine and
does not justify the need for dose adjustments based on pharmacokinetic considerations in elderly.
Therefore, dosing according to the drug labelis recommended for the current elderly population,
qualified for gemcitabine therapy.
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ABSTRACT

Introduction

Osimertinib, an irreversible inhibitor of the epidermal growth factor receptor (EGFR) is an important
drug in the treatment of EGFR-mutation positive non-small cell lung cancer (NSCLC). Clinical trials
with osimertinib could not demonstrate an exposure-efficacy relationship, while a relationship
between exposure and toxicity has been found. In this study, we report the exposure-response
relationships of osimertinib in a real-Llife setting.

Methods
A retrospective observational cohort study was performed, including all patients receiving 40-80
mg osimertinib as second-Lline therapy and from whom pharmacokinetic samples were collected

during routine care. Trough plasma concentrations (C ) were estimated and used as a measure

min,pred

of osimertinib exposure. A previously defined exploratory pharmacokinetic threshold of 166 pg/L
was taken to explore the exposure-efficacy relationship.

Results

A total of 145 NSCLC patients and 513 osimertinib plasma concentration samples were included.
Median progression free survival (PFS) was 13.3 (95% confidence interval (Cl): 10.3-19.1) months and
9.3 (95% Cl: 7.2-11.1) months for patients with Cmmed <166 pg/Land C
(p = 0.03). In the multivariate analysis, a C <166 pg/L resulted in a non-statistically significant

2166 ug/L, respectively

min,pred

min,pred

hazard ratio of 0.65 (95% Cl: 0.42-1.02; p = 0.06). Presence of a EGFR driver-mutation other than the
exon 19 del or L858R mutations, led to a shorter PFS with a hazard ratio of 2.46 (95% Cl: 1.20-5.03;
p = 0.01). No relationship between exposure and toxicity was observed (p = 0.91).

Conclusion

In our real-life cohort, no exposure-response relationship was observed for osimertinib in the
current dosing scheme. The feasibility of a standard lower fixed dosing of osimertinib in clinical
practice should be studied prospectively.
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INTRODUCTION

Mutations in the epidermal growth factor receptor (EGFR) are frequently observed to be an
oncogenic driver for the development of non-small cell lung cancer (NSCLC).* 2 Several tyrosine
kinase inhibitors targeting the intracellular domain of the receptor have shown to result in a significant
improvement in progression free survival (PFS) and overall survival (0S).#4 The development of
secondary driver mutations, most commonly the T790M mutation, drove the development of the
third generation EGFR TKI of which osimertinib is currently approved by the EMAS Osimertinib is
mutant-selective TKI, having higher affinity for EGFR-mutant tyrosine kinase and less affinity for
the wild type variant. Presently, based on the FLAURA trial, osimertinib is the preferred first line
treatment option in patients with EGFR mutation positive (EGFRm+) NSCLC.®

Osimertinib is dosed in a fixed oral dose of 80 mg once daily (QD)57 It is reported that the between-
subject variability in pharmacokinetic (PK) exposure of osimertinib is high, ranging from 20-78%in a
clinical trial population.” Furthermore, the exposure of osimertinib was not associated with efficacy,
nevertheless a relationship between exposure and the development of toxicity was observed?
In addition, it is becoming increasingly evident that sarcopenia is an important predictor for both
drug exposure and treatment outcome.2*° In general, patients in clinical practice tend to be more
heterogeneous when compared to a standardized clinical trial population.** This urges confirmation
of the observed treatment outcomes in a real-world setting, which has not yet been performed.
Therefore, we set out to investigate the exposure-efficacy, exposure-toxicity and muscle mass-
response relationships for patients receiving osimertinib in a real-life setting.

METHODS

Patients

A retrospective observational study was performed. Between January 2016 and November 2019
patients receiving osimertinib treatment starting at 40-80 mg QD in the Antoni van Leeuwenhoek
Hospital (Amsterdam, The Netherlands) and of whom osimertinib plasma samples were drawn for
routine care were included. Data on patient characteristics, including demographic characteristics,
prior treatment lines, tumor characteristics, osimertinib dose, treatment toxicity and PFS were
retrospectively collected from patient records. At treatment initiation, radiological imaging was
performed twice every six weeks, followed by every 12 weeks.

Objectives

The primary objective of the study was to investigate whether the exposure to osimertinib in
patients with NSCLC is related to efficacy. The secondary objectives were to study the relationship
between osimertinib exposure and toxicity and the influence of (baseline) covariates on the
efficacy of osimertinib. Covariates tested included gender, age, body mass index (BMI), World
Health Organization Performance Status (WHO PS), primary EGFR driver mutation, smoking status
(never (0-100 cigarettes)/ever (stopped > 100 cigarettes)/current (> 100 cigarettes)®), the number
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of previous lines of treatment, and sarcopenia. The endpoint for efficacy was defined as the PFS
for osimertinib-treated patients. A predefined, exploratory pharmacokinetic threshold (based on
the geometric mean reported by the Food and Drug Administration (FDA)) of 166 ug/L was used
for the exposure-efficacy analyses.” 3

Calculation of osimertinib trough concentrations

As routine measurement, osimertinib plasma samples were collected during patient visits to the
outpatient clinic of the Antoni van Leeuwenhoek hospital. To calculate the time after osimertinib
dose (TAD), the date and time of both the previous osimertinib intake and the blood sampling
were recorded. Osimertinib plasma concentrations were determined using a validated liquid
chromatography-tandem mass spectrometry assay.* Predicted trough concentrations (C )

min,pred

of osimertinib were approximated using the log-linear calculation using an earlier proposed

algorithm?;
24-TAD
— 2
Cmin,pred - Cmeasured * 0.5 1/2
Where C is the measured plasma concentration of osimertinib and t , is the average
measured 1/2

elimination half-life of osimertinib (48 hours?). Samples were excluded from the analysis if they
were drawn: 1) before steady-state concentration of osimertinib was reached (240 hours after start
of osimertinib therapy), 2) with a TAD exceeding the half-life of osimertinib or 3) during osimertinib
therapy beyond disease progression.

Exposure-efficacy and -toxicity analysis

Efficacy of treatment in patients with a median C < 166 pg/L was compared to efficacy in

min,pred

patients with a median C above this threshold. Patients who did not show progression prior

min,pred
to the final pharmacodynamic cut-off date, were censored. Covariates were included based upon
univariable Cox regression analyses. Toxicity analysis was performed by comparing the median
Cmpre ., between patients with and without clinically relevant toxicities. These toxicities were defined

as toxicities, which led to dose reductions, treatment interruptions or treatment discontinuations
(at the discretion of the treating physician).

Measurement of sarcopenia

Indices for skeletal muscle mass and sarcopenia were calculated based on computed tomography
(CT)-scans of the third lumbar vertebrae (L3). Slice selection, segmentation and quantification of the
adipose and muscle tissue was performed using Quantib Body Composition version 0.2.1 (Quantib
BV, Rotterdam, The Netherlands)® A threshold of > -15 Hounsfield units (HU) was set to exclude
for intramuscular fat. Individual scans at baseline of therapy were reviewed on completeness and
if necessary manually corrected. For diagnosing sarcopenia, the skeletal muscle mass index (SMI)
was calculated as the sum of the delineated areas of the abdominal, psoas and erector spinae
muscles divided by the squared height of the individual patient. Based on the findings of Martin et
al. in patients with cancer, the following cut-off values for sarcopenia were used:
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Males and BMI = 25 kg/m? SMI < 53.0 cm?/m?
Males and BMI < 25 kg/m?2 SMI < 43.0 cm2/m?
Females: SMI < 41.0 cm?/m?

The influence of sarcopenia on the efficacy, toxicity and pharmacokinetics of osimertinib was

examined.

Statistical analysis
Statistical significant differences between the patient characteristics in both groups were

assessed with a Chi-squared test, Fisher exact test or t-test when appropriate, a p-value < 0.05
was considered to be statistical significant. Statistical analyses were performed using R version
3.4.3 (R-project, Vienna, Austria).

Ethics
The institutional review board authorized this study on July 19, 2019. The need for a written informed
consent was waived as all data were collected as part of routine clinical care.

RESULTS

A total of 145 patients treated with osimertinib between 2016 and 2019 were included. Table 1
provides an overview of the baseline characteristics. A total of 513 osimertinib plasma concentrations
were available, with a median of three samples per patient (range: 1-18 samples). The median
trough concentration in the total patient population was 211 ug/L (range: 74.5-826 ug/L). Overall,
34 patients (23.4%) had a median C
performance status than patients with C

< 166 pg/L. These patients were found to have a better

min,pred

minprea 2 166 MG/ L (D = 0.034). No other statistically significant
differences were observed in the baseline characteristics of the included patients. An intrapatient
pharmacokinetic variability of 20.8% and an interpatient variability of 37.5% were calculated for the

standard dose of 80 mg osimertinib QD.

Exposure-efficacy analysis
On the final pharmacodynamic data cut-off date (September 1, 2021) 21 patients were still on

treatment with osimertinib, of which 14 patients were treated beyond progression. The median
follow-up time was 21 months (range: 2.3-80 months), with a median treatment time of 16 months
(range 1.4-80 months). Progression occurred in 135 (93.1%) patients with a median PFS of 10.2
months (range: 1.3 -64.6 months). In total, 31 patients (91.2%) in the cohort witha C < 166
pg/L and 104 patients (93.7%) in the cohort with a median C

progressed during osimertinib therapy. The Kaplan-Meier curve for the PFS is depicted in Figure
1. The median PFS in the Cmpred < 166 pg/L was 13.3 months (95% Cl: 10.3-19.1 months), while a
median PFS of 9.3 months (95% Cl: 7.2-11.1 months) was observed for the Cmpred > 166 ug/L (p =
0.03). Table 2 and 3 show the univariable and multivariable Cox regression analysis on the PFS,

> 166 pg/L were found to have

min.pred

respectively. The presence of brain metastases prior to osimertinib therapy, the primary EGFR
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mutation and the number of previous lines of treatment were found to result in a statistically

significant higher hazard ratio. In the multivariable analysis, a C 2166 pg/L was not statistically

min,pred
significant associated with a lower PFS and only a driver mutation other than the exon 19del and
exon 21L.858R is found to be of statistically significant influence on the PFS with a hazard ratio of

2.458 (95% Cl: 1.202-5.028).

=+  Median Cy,, > 166 ug/L
Median C,i, < 166 pg/L

e
b
3

Median PFS: 9.3 vs. 13.3 months

(Univariate analysis: p = 0.03, log-rank)
050t --------R--- q
(Multivariate analysis: p = 0.06, log-rank)

Progression-free survival probability

o
N
a

0.00 v v v v - v
0 10 20 30 40 50 60
Time (months)

Number at risk
- 111 51 23 15 4 2 0

Figure 1. Kaplan-Meier curve of PFS in patients treated with osimertinib in patients with median C . below the
population median of 166 ug/L (gray line) and in patients with a median osimertinib C_ prec 2 166 ug/L (black
line). The dotted line represents the median PFS (in months). C . - trough plasma concentration; PFS: progression

free survival.
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Table 1. Baseline characteristics of the study population. Values are presented as numbers (percentages) or

medians [ranges], as appropriate.

MedianC_, ., MedianC  __ ~ p-value Total(n-145)

<166ng/mL 2166ng/mL

(n=34) (n=111)
Gender, male 11 (32.4%) 26 (23.4%) 0.412 37 (25.5%)
Age at treatment initiation (years) 61 [31-88] 66 [42-86] 0.082 64 [31-88]
Primary EGFR mutation
Exon 19 del 21 (61.8%) 61 (55.0%) 82 (56.6%)
Exon 19 del + other 0 2 (1.8%) 0.075 2 (1.4%)
Exon 21 L858R 11 (32.4%) 37 (33.3%) 48 (33.1%)
Exon 21 L858R + other 0 1(0.9%) 1(0.7%)
Other 0 10 (9.0%) 10 (6.9%)
Unknown 2 (5.9%) ¢} 2 (1.4%)
Smoking status
Never smoked 17 (50.0%) 77 (69.4%) 04 (64.8%)
Current or former smoker 17 (50.0%) 33 (29.7%) 0066 50 (34.5%)
Unknown 1(0.9%) 1(0.7%)
BMI (kg/m?) 24.2 110.8-40.5] 24.2 117.9-37.31 0.519 24.2 [17.9-40.5]
Tumor stage
Illa 3(8.8%) 5(4.5%) 8 (5.5%)
Il 1(29%) 5(45%) 0595 g%
IV 30 (88.2%) 101 (91.0%) 131 (90.3%)
Central nervous system metastasis at
osimertinib treatment initiation, yes 7 (20.6%) 38 (34.2%) 0.242 45 (31.0%)
Previous lines of therapy
1 18 (52.9%) 55 (49.5%) 0.706 73 (50.3%)
>1 16 (47.1%) 56 (50.5%) 72 (49.7%)
Osimertinib dose
40 mg QD 0 1(0.9%) 0.766 1(0.7%)
80 mg QD 34 (100%) 110 (99.1%) 144 (99.3%)
WHO performance status
0 20 (58.8%) 45 (40.5%) 65 (44.8%)
1 14 (41.2%) 48 (432%) 0034 G2 (s28%
2 0 16 (14.4%) 16 (11.0%)
3 0 2(1.8%) 2 (1.4%)

BMI: body-mass index, C_ . predicted osimertinib trough concentration, EGFR: epidermal growth factor

receptor, QD: once daily, WHO: World Health Organization
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Table 2. Univariable Cox regression analysis on PFS.

Variable Hazard ratio 95% confidence interval p-value
Gender, female 0.709 0.478-1.051 0.087
Age 0.995 0.981-1.010 0.501
Smoking status, never 0.854 0.598-1.221 0.387
BMI 0.984 0.939-1.032 0.508
Stage, IV 1.023 0.563-1.859 0.941
Brain metastases, yes 1474 1.019-2.132 0.039

Primary EGFR mutation (relative to exon 19 del)

Exon 21L.858R 1292 0.892-1.870 0176
Other 4.129 2.072-8.227 0.00005
Exon 19 del + other 0.682 0.164-2.837 0.599
Exon 21 L858R + other 4189 0.569-30.83 0.160
Unknown 0.281 0.039-2.057 0.212
WHO performance status 1185 0.937-1.501 0.157
No. of previous lines of treatment 1180 1.025-1.358 0.021

Median osimertinib C__

‘min,pred

<166 pg/L 0629 0.414-0.955 0.030

BMI: body-mass index, C .  predicted osimertinib trough concentration, EGFR: epidermal growth factor
receptor, QD: once daily, WHO: World Health Organization

Table 3. Multivariable Cox regression analysis on PFS.

Variable Hazard ratio 95% confidence interval p-value
Gender, female 0.713 0.458-1.109 0.133
Mutation, other 2.458 1.202-5.028 0.014
Brain metastasis 1417 0.960-2.093 0.079
No. of previous lines 1162 0.098-1.353 0.053
Median osimertinibC . <166 pg/L 0.652 0.417-1.019 0.060

C inpreat Predicted osimertinib trough concentration

Exposure-toxicity analysis

In total, 33 patients experienced a clinically relevant toxicity during osimertinib treatment. The
development of these toxicities led to dose reductions (n = 25), treatment interruptions (n = 13)
and/or treatment discontinuation (n = 4). Toxicities included gastrointestinal disorders (n = 12),
skin disorders (n = 9), fatigue (n = 3), decrease in renal function (n = 4), muscle pain/weakness
(n = 3), ocular toxicities (n = 3), pneumonitis (n = 2), increase in liver enzymes (ALAT/ASAT) (n = 2),
cardiac toxicity (n = 2) and paronychia (n = 1). In 24 patients, these toxicities were observed after the

collection of 2 1 PK sample. The median osimertinib C of these patients before the observation

min,pred

of these toxicities was 207 ug/L (range: 121-433 ug/L) compared to 213 pug/L (range: 96.9-826 pg/L)
in patients who did not experience any clinically relevant toxicity (p = 0.909).
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Measurement of sarcopenia

Complete CT-scans including the L3 area were available for 122 (84.1%) patients. The median
time between CT-scan and start of osimertinib therapy was 29.0 (+ 42.3) days. Sarcopenia was
present in 93 patients (76.2%). In Figure 2, the Kaplan-Meier curve in relation to the PFS in these
patients is depicted. No statistically significant difference in PFS between patients with and without
sarcopenia was observed (median PFS: 10.3 (95% Cl: 8.7-13.0) months vs 7.8 (95% Cl: 4.9-14.2) months,
respectively, p = 0.129). Moreover, no relationship between the pharmacokinetics of osimertinib
and the sarcopenia status (p = 0.868) was found. Regarding toxicity, patients who were rendered to
have sarcopenia, were not prone to more clinically relevant toxicity compared to patients without
sarcopenia (p = 0.720).

=+ No sarcopenia
-+ Sarcopenia

e
3
a

Median PFS: 7.8 vs. 10.3 months
(p = 0.1, log-rank)

0.50

Progression-free survival probability
S
o

[

20 30 40 50 60
Time (months)

-

Number at risk
- 29 12 6 3 0 0 0
== O3 49 21 14 7

(6}
-

Figure 2. Kaplan-Meier curve of PFS in patients with (gray line) and without sarcopenia (black line). The dotted line
represents the median PFS (in months). PFS: progression free survival.
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DISCUSSION

In this retrospective cohort, we studied the influence of pharmacokinetic exposure of osimertinib on
the response and toxicity in daily clinical practice. We found that patients with a median osimertinib

plasma C < 166 ug/L had a numerically longer median PFS compared to patients with a

min,pred
Cmmpred > 166ppg/L (13.3 vs 9.3 months, respectively). In the multivariate analysis, this trend was not
observed to be statistically significant indicating that other well-known prognostic factor contribute
to this difference. Moreover, exposure to osimertinib was not statistically significantly related to
the development of clinically relevant toxicities. In addition, no statistical significant relationships
between sarcopenia index and exposure or toxicities were observed. Overall, this implies that

osimertinib is a drug with a broad therapeutic range.

The absence of a positive exposure-efficacy relationship in the current dosing regimen is in line
with the pharmacological characteristics found for the irreversible EGFR TKis. In vitro data showed
that the turnover time for complete renewal of the EGFR protein is approximately 25-140 hours.*®
Moreover, only low (in vitro) half maximal inhibitory concentrations of approximately 1.5-6.5 ug/L
have been found for binding of osimertinib to mutated EGFR and osimertinib has a long elimination
half-life of 48 hours.”  All these factors taken together suggest that antitumor activity might
continue even after the drug is totally cleared from the systemic circulation. Therefore, plasma
concentrations would be less informative for efficacy of therapy. Moreover, if no exposure-efficacy
relationship is observed in the approved dosing regimen, this might indicate that the current dose
of osimertinib can be reduced. Indeed, in the phase | dose-escalation study of osimertinib and in
a small retrospective study, it has been found that treatment with 40 mg QD results in a similar
antitumor efficacy as for 80 mg of osimertinib.20-2

In our study, a trend was observed where patients with low exposure to osimertinib have a higher
PFS. This non-statistically significant effect between exposure and efficacy might be due to a
confounding effect. It has been described that the apparent (CYP-mediated) clearance of drugs can
be reduced in case of cancer-induced inflammation.2? This inflammation may thus independently
be related to both lower osimertinib clearance and a poor treatment outcome. In accordance with
this, we found that patients with low exposure had more favorable prognostic markers (e.g. better
WHO PS and driver mutations more sensitive to osimertinib) than patients with higher osimertinib
exposure,

To our knowledge, this is the first study to assess the relationship between osimertinib exposure
and efficacy in a real-life cohort. We found that patients harboring primary EGFR mutations other
than exon 19 del and exon 21 L858R have an increased hazard ratio for progression on osimertinib
therapy. This observation is in line with study results, reporting lower antitumor activity for
osimertinib (and other EGFR TKIs) in other primary EGFR mutations242® Although the observational
group with other primary EGFR mutations is small (n = 10), we found a statistically significant shorter
PFS, indicating that osimertinib indeed is less effective for these driver mutations.
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Approximately 22.8% of patients developed a clinically relevant toxicity. Patients who experienced
these toxicities were exposed to similar osimertinib plasma concentrations and a statistically
significant relationship could not be distinguished. In a previous analysis, a trend was found in
which higher systemic exposure to osimertinib (in terms of the area under the concentration-effect
curve (AUC)) was associated with an increase in the development of rash and diarrhea (p-value not
reported).t Moreover, a statistically significant relationship between osimertinib exposure and QTc
prolongation was found by these authors. Unfortunately, we could not confirm these results since
electrocardiogram assessments were not routinely made for all patients during osimertinib therapy.

In earlier studies, it was found that sarcopenia in NSCLC patients is associated with poorer treatment
outcome* This effect was not found in our study, as we did not find a statistically significant effect
of the presence of sarcopenia on the PFS in our study population.

Although log-linear extrapolation is an easy-to-implement method to calculate drug C_ .
it assumes that the measured concentrations come from blood samples drawn after peak
plasma concentrations are reached. Since the t__ of osimertinib is six hours, this method might

underpredict the plasma C for samples drawn within the absorption phase of osimertinib.

min,pred

However, since the ratio between peak and C for osimertinib is reported to be only 1.6-fold’,

min pred
we assume that log-linear extrapolation is approToriate for this drug even for samples taken before
the t__# Another limitation of this study is that a maximum of one sample per dosing interval
was drawn. Therefore, the effect of other pharmacokinetic parameters, such as AUC, on efficacy
and toxicity could not be investigated. Last, in this study we did not take into account the effect
of the metabolite concentrations of osimertinib. AZ7550 and AZ5104 are both potent inhibitors of
EGFR and their pharmacokinetic exposure could thus influence efficacy and safety outcomes.®
Nonetheless, it has been reported that plasma levels of these drugs are less than 10% of the total

drug exposure in the systemic circulation and it may be assumed that their role is limited.”

In conclusion, this study demonstrates that osimertinib has a wide therapeutic window and that the
pharmacokinetic exposure of this drug is not related to efficacy or toxicity. Therefore, therapeutic
drug monitoring based on plasma concentrations of osimertinib is not recommended. Prospective
studies should explore if lower doses of osimertinib (e.g. 40 mg QD) are sufficient to maintain
efficacy.
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ABSTRACT

Pemetrexed is an important component of first line treatment in patients with non-squamous non-
small cell lung cancer. However, a limitation is the contraindication in patients with renalimpairment
due to hematological toxicity. Currently, it is unknown how to safely dose pemetrexed in these
patients. The aim of our study was to elucidate the relationship between pemetrexed exposure and
toxicity to support the development of a safe dosing regimen in patients with renal impairment. A
population pharmacokinetic/pharmacodynamic analysis was performed based on phase Il study
results in three patients with renal dysfunction, supplemented with data from 106 patients in
early clinical studies. Findings were externally validated with data of different pemetrexed dosing
regimens. Alternative dosing regimens were evaluated using the developed model. We found that
pemetrexed toxicity was driven by the time above a toxicity threshold concentration. The threshold
for vitamin-supplemented patients was 0.110 mg/mL (95% Cl: 0.092-0.146 mg/mlL). It was observed
that in patients with renal impairment (estimated glomerular filtration rate (€GFR): < 45 mL/min)
the approved dose of 500 mg/m? would yield a high probability of severe neutropenia in the
range of 51.0% to 92.6%. A pemetrexed dose of 20 mg for patients (€GFR: 20 mL/min) is shown to
be neutropenic-equivalent to the approved dose in patients with adequate renal function (eGFR:
90 mL/min), but would result in an approximately 13-fold lower area under the concentration-
time curve. The pemetrexed exposure-toxicity relationship is explained by a toxicity threshold and
substantially different from previously thought. Without prophylaxis for toxicity, it is unlikely that a
therapeutic dose can be safely administered to patients with renal impairment.
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INTRODUCTION

Pemetrexed is a folate analogue and a cornerstone in the treatment of non-squamous non-small
cell lung cancer (NSCLC), mesothelioma and thymoma3 Despite renal function being the main
determinant of systemic exposure of pemetrexed, the approved dose is based on body surface
area (BSA; 500 mg/m? every 21 days). Although pemetrexed treatment is generally well tolerated in
patients with adequate renal function, the principle toxicity related to its exposure is myelosuppression,
which predominantly presents as neutropenia.* ® Since the introduction of vitamin B11 and B12
supplementation during the treatment of pemetrexed, the incidence of severe hematological
toxicities decreased, although neutropenia remains frequently observed during treatment.® In an
early phase | study, BSA-based dosing (150 mg/m?2Q3W) in a non-vitamin supplemented patient
with renal impairment led to severe toxicities, including grade 4 neutropenia and, subsequently,
pemetrexed toxicity-related death.” Consequently, a creatinine clearance (CrCl < 45 mL/min became
a contraindication in the pemetrexed label. Since lung cancer and mesothelioma are often diagnosed
in elderly patients and age is correlated with a decline in renal function, a considerable proportion of
patients is likely withheld effective treatment with pemetrexed.® ¢

The quest to optimize pemetrexed treatment continued and Latz et al. suggested a linear
relationship between pemetrexed plasma concentration and inhibition of the proliferation rate
of neutrophils at the approved 500 mg/m? dose level® It was postulated that a dose adjusted
to renal function to target a predefined pharmacokinetic (PK)-based cumulative area under the
concentration-time curve (AUC) of 164 mg'h/L would prevent toxicity while maintaining efficacy.*
Additionally, their results indicated that the efficacy and toxicity of pemetrexed are considered to
be linearly related to its systemic exposure s *° Therefore, we recently studied this hypothesis in
patients with renal impairment aimed at attaining a similar AUC as in patients with adequate renal
function in a phase Il study. However, our study was halted prematurely as patients unexpectedly
developed severe myelotoxicity, despite a presumably nontoxic systemic exposure. This indicated
that the exposure-toxicity relationship in patients with impaired renal function was different from
previously suggested. To allow safe dosing of pemetrexed in patients with impaired renal function,
it is pivotal to unravel this relationship. The aim of our study was to elucidate the relationship
between pemetrexed exposure and toxicity to support the development of a safe dosing regimen
in patients with renal impairment.

METHODS

Data

For the primary analysis of the pemetrexed exposure-neutropenia relationship, a dataset
was composed from two sources. Pemetrexed PK and absolute neutrophil count (ANC)
pharmacodynamic (PD) data of a phase | dose-finding study (ClinicalTrials.gov NCTo0003706)
were kindly provided by Eli Lilly.” 2 In this study, patients with varying renal functions were dose-
escalated from a starting dose of pemetrexed of 150 to 500 mg/m? every 21 days depending
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on their renal function to a maximum of 600 mg/m?. Individual data on age, gender, ethnicity,
body weight, vitamin B11 and B12 supplementation, serum creatinine and ANCs were available,
as well as pemetrexed-dosing related information such as dose, infusion rates, sampling times
and plasma concentrations. These data were extended with the results of our single-arm phase Il
pharmacokinetic and safety study (NCT03656549). In our study, patients with a creatinine clearance
< 45 mL/min were dosed based on creatinine clearance to attain a similar cumulative AUC as in
patients with adequate renal function (164 mg*h/L + 25%).1 3 ANCs were collected just before
administration of pemetrexed at each 21-day cycle and at day 14. The estimated glomerular filtration
rate (eGFR) based on the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI*) and the
CrCl based on the Cockcroft-Gault equation® were calculated for the individual patients. None of
the patients in the dataset received other anticancer drugs, like cisplatin or carboplatin. A detailed
description of the methods and results of this phase Il study is included as supplementary data.

For the externalvalidation of the hypothesized relationship, data of patients treated with pemetrexed
at the maximum tolerated dose (MTD) in the early phase | studies by McDonald et al. and Rinaldi
et al. were used.***® The demographic and pharmacokinetic data of the study by McDonald et al.
were provided by Eli Lilly, including age, gender, body weight and serum creatinine, as well as
pemetrexed dose, infusion rates, sampling times and plasma concentrations. For the studies by
Rinaldi et al, the methods are described in the supplementary material.

Pharmacokinetic-pharmacodynamic analysis

The population PK/PD analysis of pemetrexed was performed by means of nonlinear mixed effects
modeling. The pharmacokinetics were described using a previously developed model, based on
the available pemetrexed pharmacokinetic data of the same dataset in patients with varying renal
function.® Awell-established semimechanistic model describing the interplay between circulating
neutrophils and plasma concentrations of pemetrexed served as the basis for the analysis.5 12
For the analysis the drug effect of pemetrexed on the proliferation of the neutrophils was modeled
either as a linear relationship between drug concentration and neutrophil proliferation rate or as a
time-above-threshold relationship. The development and evaluation of this analysis is described
in detail in the supplementary material.

External validation

To externally evaluate our final model, we performed clinical trial simulations. We compared the
predicted frequencies of neutropenia for various dosing regimens. Monte Carlo simulations (n =
1,000 trials) were performed of the trials with the established MTD in the early phase | studies¢-®
for the following dosing regimens: 4 mg/m?/day for five consecutive days every three weeks, 40
mg/m?/week for four consecutive weeks, every six weeks and 600 mg/m? ever three weeks, that
were performed without prophylactic vitamin supplementation. The ANCs were simulated on day
8 and day 15, as reported for these dosing regimens. Neutropenia was graded according to the
National Cancer Institute Common Terminology Criteria (CTCAE) version 4.03 (with a lower limit
of normal ANC of 2.0"109/L).2 The relative frequency of model-predicted neutropenia per patient
was calculated over the total of these 1,000 trial simulations. The distribution of the predicted
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number of neutropenic patients per trial associated to this relative frequency was visualized for
both relationships and compared with the actual observed frequencies for each dosing regimen.
Further details of this external validation are described in the supplementary material.

Evaluation of the relationship between renal function and development of neutropenia

We assessed the probability for the development of > grade 3 neutropenia after pemetrexed
administration in the approved dose across different renal function groups. For this purpose,
patients with varying renal functions (eGFR of 5, 10, 15, 20, 25, 30, 35, 40, 45, 60, 75 and 90 mL/min)
were simulated (n = 1,000) after receiving a single 500 mg/m? pemetrexed dose for each eGFR. The
probability to develop a zgrade 3 neutropenia was calculated for patients with and without vitamin
supplementation. The details of the simulations are described in the supplementary material.

In addition, we assessed the typical ANC curves for vitamin-supplemented patients. Typical
patients with adequate renal function (eGFR: 90 mL/min) and decreased renal function (eGFR:
20 mL/min) after a pemetrexed dose of 500 mg/m? were simulated. Next, we calculated the
pemetrexed dose to be administered to a patient with an impaired renal function (€GFR: 20 mL/
min) to harbor a similar neutropenic response as a patient dosed with 500 mg/m?pemetrexed with
an eGFR of 90 mL/min. The corresponding AUC for this dose was calculated.

RESULTS

Data

In addition to the three patients from our own phase Il study, data of 106 patients were obtained.
The final dataset thus consisted of 109 patients with known demographic characteristics, vitamin
supplementation status and pemetrexed-dose related information. The baseline characteristics of
the population are summarized in Table 1. A total of 566 pemetrexed plasma concentrations and
1,513 ANCs at different time points were available for analysis. A wide range in eGFR (calculated
using the CKD-EPI equation) of 8.4-154.9 mL/min was observed. Overall, eight patients had a renal
function for which pemetrexed is currently contraindicated. In addition, about three-quarters of the
patients received vitamin B11 and B12 supplementation.

Pharmacokinetic-pharmacodynamic analysis

The model of Latz et al. describing a linear exposure-toxicity relationship*® was used as a starting point
of our analysis. As an alternative model we hypothesized a relationship in which the development of
neutropenia after pemetrexed administration is driven by the time above a threshold concentration
of pemetrexed. This threshold model was based on the analogy between pemetrexed and
methotrexate that also exhibits threshold-driven toxicity.?? This hypothesis was also driven by the
fact that early clinical studies suggested the presence of a threshold-driven toxicity, revealing an
MTD for a daily pemetrexed dose of 4 mg/m?2, compared to a much higher MTD of 600 mg/m?when
pemetrexed was administered in a 21-day cycle**® The threshold model characterized the pooled
ANC dataset better than the linear exposure-response relationship as observed by a decrease in
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Akaike Information Criterion of 33.6 points between both models. However, the goodness-of-fit plots
(supplementary data Figures S2 and S3) did not show any relevant improvement between both
models. Therefore, external validation was performed for both models (see paragraph “External
validation”). Typical values for maximum inhibitory effect (E__ ) and the threshold concentration were
1.16 (95% confidence interval (CI): 0.96-1.37) and 0.030 mg/L (95% Cl: 0.017-0.047 mg/L). Vitamin
supplementation increased the threshold concentration to 0.110 mg/L (95% Cl: 0.092-0.146 mg/L).

A detailed description of both models can be found in the supplemental material.

Table 1. Baseline characteristics of the population used for the PK/PD modelling. Values are presented as numbers
(percentages) or medians [ranges], as appropriate.

Value
Number of patients 109
Gender, male 75 (68.8%)
Age (years) 62 [25-80]
Weight (kg) 74.4 1475-127.2]
BSA (mg/m3) 1.90 [1.44-2.60]
eGFR (calculated with CKD-EPI; mL/min) 97.2 [8.4-154.9]
Received vitamin supplementation 78 (71.6%)
Pemetrexed dose (mg/m?) 500 [129.5-613.4]

BSA: body surface area, CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration, eGFR: estimated
glomerular filtration rate

External validation

The predictive performance of both the linear and threshold-driven neutropenia relationship for
the outcomes of the phase | studies in pemetrexed is depicted in Figure 1. The observed frequency
of any grade of neutropenia as found in the phase | pemetrexed studies is marked by a dashed
vertical gray line in the panels. For the 600 mg/m? every 21 days both relationships predicted
similar frequencies of neutropenic events. However, for low dose pemetrexed (4 mg/m?/day and
40 mg/m?/week), the linear exposure-toxicity relationship underpredicted frequencies of any
grade of neutropenia to occur, with a maximum of two out of six patients. In contrast, the threshold
relationship predicts higher frequencies in these dosing regimens, which is in line in what has
been observed in the clinical studies. The predicted frequencies per grade of neutropenia can be
found in the supplemental materials (Figure S5-S7). Thus, a linear relationship between neutrophil
proliferation and plasma concentrations as previously suggested by Latz et al. seemed incapable
of predicting neutropenia in patients with prolonged exposure to low plasma concentrations of
pemetrexed, as is the case in patients with daily dosing or patients with renal impairment.

Evaluation of the relationship between renal function and development of neutropenia

Figure 2 illustrates the probability to develop 2 grade 3 neutropenia after a single BSA-based
pemetrexed dose of 500 mg/m? in patients with varying renal function. In patients with adequate
renal function (eGFR: 45-90 mL/min) the probabilities range from 18.7% to 45.9% in the vitamin-
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supplemented group and between 34.3% and 69.9% in the non-supplemented group. As observed,
in vitamin-supplemented patients with impaired renal function, it is predicted that more than half
of the patients develop 2grade 3 neutropenia, probabilities range from 51.0% for an eGFR of 40
mL/min to 92.6% in patients with an eGFR of 5 mL/min.
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Figure 1. Model-predicted frequencies of = grade 1 of neutropenia observed in the simulations of the phase | studies
according to the linear exposure-toxicity relationship (left panel) or the threshold relationship (right panel). A, after
pemetrexed 4 mg/m?/day for five consecutive days every 21 days. B, after pemetrexed 40 mg/m?/week for four
consecutive weeks every six weeks. C, after pemetrexed 600 mg/m? every 21 days. The y-axis represents the
relative frequency of trials in which the predicted frequency of neutropenia was found. The dashed line represents
the actual observed frequency.

In Figure 3A-C, the predicted neutropenic responses after pemetrexed treatment in a typical
vitamin-supplemented patient are depicted for a threshold-driven relationship. For patients with
an adequate renal function (€GFR: 90 mL/min), the approved dose of pemetrexed will result in a
predicted ANC nadir of 2.2"109/L (see Figure 3A). Moreover, in a typical patient with a decreased
renal function (€GFR 20 mL/min) the approved dose will result in grade 4 neutropenia (Figure 3B).
Figure 3C illustrates the typical ANC values predicted based upon the threshold relationship for a
patient with eGFR 90 mL/min dosed with 1,000 mg (corresponding to 500 mg/m?) pemetrexed
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and a patient with eGFR 20 mL/min dosed with 20 mg of pemetrexed. Note that the curves overlap
and therefore, a dose of 20 mg in a patient with impaired renal function is likely as safe as the
approved dose in patient with adequate renal function. The calculated pemetrexed AUC of this
20 mg dose with an eGFR of 20 mL/min was 12.7 mg*h/L. This indicates that the dose has to be
reduced almost a 50-fold for a neutropenia-equivalent dose, resulting in an approximately 13-fold
lower AUC in patients with renal impairment compared to patients with adequate renal function.

100
== with vitamin supplementation
without vitamin supplementation

75

50

Probability of = grade 3 neutropenia (%)

25

25 50 75
eGFR (mL/min)

Figure 2. Probability to develop = grade 3 neutropenia in patients with varying renal functions dosed with 500
mg/m? pemetrexed, with vitamin supplementation (black line) or without vitamin supplementation (gray line).
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Figure 3. Typical absolute neutrophil count curves for vitamin-supplemented patients according to the model with
a threshold-driven exposure-toxicity relationship. A, in a patient with an eGFR of 90 mL/min after a pemetrexed
dose of 500 mg/m?. B, In a patient with an eGFR of 20 mL/min after a 500 mg/m?. C, in a patient with an eGFR of
90 mL/min after a pemetrexed dose of 500 mg/m? (gray line) and in a patient with an eGFR of 20 mL/min after
a pemetrexed dose of 20 mg (black line), note that the curves overlap substantially. The dashed horizontal lines

represent the windows for the CTCAE grade 1-grade 4 neutropenia.
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DISCUSSION

We performed an in-depth analysis of the exposure-toxicity relation of pemetrexed based on
pharmacokinetic and ANC data collected from early clinical studies and from our failed renal
impairment study. We showed that a threshold-driven toxicity predicts the development of
neutropenia and that the previously suggested linear exposure-toxicity relationship is an
inappropriate predictor for pemetrexed toxicity in case of long-term exposure to low pemetrexed
plasma concentrations, for example, in daily dosing or in case of renal impairment. The clinical
implication of our findings is that the therapeutic efficacy of a safe dose in patients with impaired
renal can be questioned.

Initially, in an early phase | study, a reduced BSA-based pemetrexed dosing in a vitamin
unsupplemented patient with renalimpairment led to a systemic exposure of 360 mg*h/L and fatal
toxicities” This is an exposure twice as high as in patients with adequate renal function dosed with
the approved dose of pemetrexed. This underlines that dosing in patients with renal impairment
is not as straightforward as initially thought.

Other early phase | studies of pemetrexed already showed that prolonged yet low exposure to
pemetrexed resulted in severe neutropenia.’**® To elaborate, the MTDs in the daily and weekly
dose schedule in non-vitamin-supplemented patients with adequate renal function were 4
mg/m? and 40 mg/m? respectively and, thus, markedly lower than the MTD of 600 mg/m?
found for pemetrexed in a 21-day cycle. The external validation showed that both the linear
and the threshold-driven exposure-toxicity relationship are capable to predict neutropenia
in the standard three-weekly dosing schedule. However, only the threshold relationship can
accurately predict the development of neutropenia after a prolonged low pemetrexed exposure.
Pemetrexed is predominantly cleared by the kidneys, thus patients with renal dysfunction are
also exposed to pemetrexed for a prolonged period of time. This suggests that a threshold
relationship is capable to predict neutropenic responses in patients with impaired renal function,
while a linear exposure-toxicity relationship is not able to capture these responses accurately
in this patient group. For methotrexate, another antifolate, structurally similar to pemetrexed, a
toxicity threshold was previously identified in patients receiving high-dose treatment??, further
supporting the plausibility that pemetrexed-induced neutropenia is also dependent on such a
threshold-driven relationship. This finding may explain recent findings by Kwok and colleagues?,
who found that presence of third space fluid during treatment with pemetrexed is a significant
risk factor for this toxicity. Presence of third space fluid may result in an increase of a peripheral
compartment volume, resulting in a prolonged terminal elimination half-life and, thus, a risk
factor for development of toxicity.

The typical pemetrexed threshold concentration identified in our study was 0.030 mg/L for vitamin-
unsupplemented patients and 0.110 mg/L for vitamin-supplemented patients. In antiproliferative
assays in CCRF-CEM cell lines, Taylor et al. and Shih et al. showed 0.007 mg/L and 0.011 mg/L
pemetrexed respectively to be the concentration in which half of the maximum inhibitory effect
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occurred .22 \When corrected for the approximately 81% plasma protein binding of pemetrexed?®
this would translate to values of 0.036 mg/L and 0.057 mg/L respectively, which is in the same
order of magnitude as found in our studly.

Vogelzang et al. showed that 26.3% of patients supplemented with vitamin B11 and B12 during
pemetrexed treatment developed grade 3/4 neutropenia versus 37.5% in the unsupplemented
group of patients with adequate renal function.® This is in line with the results of our model-based
predicted frequency for a typical patient with adequate renal function (Figure 2). Moreover, we
show that vitamin-supplementation increases the threshold concentration. This is also suggested
by an early study in mice showing that lethality as a consequence of toxicity occurs at lower
concentrations in the folate-deficient species.? Although nowadays vitamin supplementation
is standard of care during treatment, does not alter the efficacy of pemetrexed® and reduces
the occurrence of severe side effects, there remains a high incidence of neutropenia during
pemetrexed treatment, especially in the renally impaired patients4, underlining the unmet need
of a safe and effective dosing regimen for this patient group.

A limitation of our study is that, although based on a large database, only data from a limited
number of patients with renal impairment were available. Nonetheless, the external validation
confirmed its predictive capability across different dosing regimens and renal functions and this
is the largest study thus far with an integrated analysis of the data from two prospective renal
impairment studies with pemetrexed. Another limitation may be that none of the patients in our
analysis concomitantly used other anticancer drugs, like carboplatin or cisplatin. Although this
enabled an unclouded assessment of the neutropenic effects of pemetrexed, it should be noted
that pemetrexed is often combined with these drugs. As these platinum-based anticancer agents
may also cause myelotoxicity it is likely that the probability of toxicity in combination with these
drugs is even higher?®

Since we now know that potentially subtherapeutic pemetrexed doses in patients with renal
impairment can still result in severe neutropenia, we strongly recommend against administration
of pemetrexed in this patient group. A pemetrexed dose leading to an equivalent neutropenic
response in patients with renal dysfunction is considerably lower and leads to a substantial (13-
fold) lower AUC than after a pemetrexed dose of 500 mg/m? for a patient with adequate renal
function. Whether the AUC of a pemetrexed dose is the determinant for antitumor efficacy, is
currently unknown. The early phase | studies showed that administration of 600 mg/m?2 Q3W
superior efficacy of pemetrexed, but similar neutropenic response compared to the 4 mg/m2/
day for five consecutive days Q3W and the 40 mg/m2/week for four consecutive weeks every
six weeks dosing regimens.**® This suggests that exposure-response and exposure-toxicity
relationships for pemetrexed have different pharmacokinetic drivers. Moreover, for the structural
analogue methotrexate a relationship between AUC and efficacy in the treatment of primary
central nervous system lymphoma has been observed, while toxicity is explained by a time-
above-threshold concentration.?2° We currently assume that AUC is a better predictor for efficacy
than the time-above-threshold concentration, and we hypothesize that the efficacy of treatment
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with pemetrexed at a substantial lower exposure than found for the approved dose might be
compromised. For methotrexate, administration of folinic acid 24-36 hours after start is used to
“rescue” nonmalignant cells. Folinic acid, not to be confused with folic acid (vitamin B11), has
been shown to be capable to completely reverse pemetrexed-induced cytotoxicity in human
tumor cell lines.?” Moreover, folinic acid has been shown to be able to revert the clinical signs of
toxicity and hematological alterations induced by a potentially lethal pemetrexed dose in dogs.®
Currently, in the drug label of pemetrexed, use of high dose folinic acid rescue for management
of pemetrexed overdose is proposed.® It may be argued that standard folinic acid rescue (e.g. 30
mg three time daily routinely started 24 hours after administration of pemetrexed, with sufficient
wash-out before administration of the next pemetrexed dose) may have the potential to allow safe
dosing of pemetrexed in renally impaired patients. Other prophylactic strategies worth studying
include the use of prophylactic granulocyte colony-stimulating factor (G-CSF), which is already
used as standard of care to reduce the severity of chemotherapy-induced neutropenia3* 3 or
glucarpidase, an enzyme that can inactivate methotrexate and, based on in vitro experiments,
shows similar activity for pemetrexed.3 3 The efficacy and safety of all these strategies should be
evaluated in a prospective study to enable pemetrexed treatment at a therapeutic dose in patients
with impaired renal function.

In summary, we show that pemetrexed-induced neutropenia is likely driven by the time above
a threshold pemetrexed concentration and this has caused previous studies of pemetrexed in
patients with impaired renal function to fail. To enable therapeutic dosing of pemetrexed in patients
with impaired renal function without toxicity, further investigations on prophylactic treatments are
essential.
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SUPPLEMENTAL MATERIAL

Current phase Il study
Study methods
Based on the findings of Latz et al! we initiated a single arm phase Il pharmacokinetic and

safety study using a Simon two-stage design? in patients with a creatinine clearance < 45 mL/
min (NCT03656549). Dosing of pemetrexed was based on creatinine clearance to attain a similar
cumulative AUC as in patients with adequate renal function (164 mg h/L + 25%), since it was
postulated that dosing to this target would result in a safe and effective treatment based on
the previously established linear relationship between pemetrexed exposure and inhibition of
neutrophil proliferation.34 The dose in the first cycle was based on measured creatinine clearance
and, as a safety measure, administered as 50% of the calculated dose. If this dose was deemed
tolerable (< 3 grade neurotoxicity and based on the discretion and professional judgement of the
treating physician) an intra-patient dose escalation was performed from the second dose onward.
The dose in cycle 2 was based on the individual observed pemetrexed pharmacokinetics in the
first cycle® and a recent (< 1 week pre-dose) estimation of creatinine clearance. Dosing in every
subsequent cycle was adjusted in case of changing renal function and based on tolerability to
pemetrexed in prior cycles. The main study endpoint was the fraction of patients who attained
therapeutic exposure, defined as the target AUC of 164 mg h/L + 25%. Patients with a creatinine
clearance < 45 mL/min who were eligible for treatment with pemetrexed and had Eastern
Cooperative Oncology Group (ECOG) score of 0-2 were allowed to be included in the study. Patients
with contra-indications for pemetrexed (except impaired renal function), co-medication with an
influence on the pharmacokinetics of pemetrexed or patient related factors which can lead to
inaccurate predications of renal function (e.g. obesity or limb amputation) were excluded. A total
of 23 patients were planned to be included, with the first stage interim analysis after the first nine
patients, this would yield a type | error of 0.05 and a power of 0.8.

Study results

In Apriland May of 2019, three patients with renal dysfunction were included in our phase Il study.
Table S1 shows the patient characteristics of these patients, the measured ANC nadir after the
pemetrexed dose and the calculated area under the concentration-time curve Although patient
1 (eGFR: 358 mL/min) developed a grade 3 neutropenia and a grade 1 papulopustular rash after
the cycle 1 dose (302.5 mg), treatment was tolerated well and the adverse events were resolved
before the next cycle. Patient 1 subsequently received 100% of the calculated dose (610 mg) in
cycle 2 according to the study protocol. The patient again developed a grade 3 neutropenia and
pemetrexed treatment was discontinued. Patient 2 and 3 (€GFR 34.6 and 8.4 mL/min, respectively)
started pemetrexed treatment simultaneously and both developed general malaise and skin
rash. The study was immediately put on hold due to the development of a severe pancytopenia
including a grade 4 neutropenia in patient 3 after a 250 mg dose.
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Pharmacokinetic-pharmacodynamic analysis

General
The pharmacokinetic-pharmacodynamic analysis was performed by means of non-linear mixed
effects modelling with the software package NONMEM 7.4.3 (Icon, Ireland).

Structural model

The base model for the development of the pemetrexed-induced neutropenic response was
based on the model by Friberg et al.® and consisted of one progenitor compartment, three transit
compartment and one observation compartment of circulating neutrophils with feedback to the
progenitor compartment. The effect of pemetrexed on neutrophils was modelled as the function
Edrug on the progenitor compartment. Equation 1 and 2 represent the function Edrug as a linear

function (for the model with the linear exposure-toxicity relationship) or as an E__ model (for the
threshold model) respectively.

Egrug =1 —=DS * Cpmx @

Emax * Cpmx”
ICs50Y + Cpmx”

Egrug = (2
In these equations, DS is the dose stimulus of pemetrexed (in L/mg)and C_ | is the concentration

of pemetrexed (in mg/L). E__ is the maximal inhibitory effect of pemetrexed on the neutrophils.

v is the hill coefficient and IC, is the pemetrexed concentration at which half of the maximum
inhibitory effect on the neutrophils occurs and further called the threshold concentration. Since
for methotrexate, a structural analogue of pemetrexed, it is known that concentrations around the
threshold concentration greatly change the observed toxicity, we fixed the value for y on a high

value of 207

Pharmacokinetic (PK) parameters were fixed accordingly to values previously reported.® Next to DS,
E . and IC, , parameters evaluated in the pharmacodynamic (PD) model were baseline absolute
neutrophil count (baseline ANC), mean transit time (MTT; time from progenitor compartment to
circulation compartment) and the feedback parameter. For MTT, our model did not identify a
physiological plausible value, therefore this parameter was fixed to the value observed in the
model with the linear exposure-toxicity relationship. The NONMEM code for the final threshold-
driven model can be found at the end of this document. A schematic representation of the
pharmacokinetic-pharmacodynamic model is shown in Figure S1, including the differential

equations describing pemetrexed pharmacodynamic effects on the ANC.

Covariate model

The effect of vitamin supplementation on the neutropenic response was the only covariate
tested for the models. Based on the results of Worzalla et al., showing vitamin supplementation
results in similar toxicity at higher pemetrexed concentrations rather than decreasing the effect
of pemetrexed's toxicity-related deaths, our model featured vitamin supplementation as binary
covariate on the threshold concentration (IC_).°
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Statistical model
Interindividual variability (V) was evaluated for the pharmacodynamic parameters with the use of
the exponential model, as shown in equation 3.

Py = B, xexp (1) ()

Where P is the individual estimated parameter, P is the typical or population estimated parameter
and n, is individual estimated value for the IIV. n follows a normal distribution with a mean value
of zero and a variance of w? The covariance-variance matrix was used to identify covariance and
subsequently correlations between individual random effects were derived. E__ and IC,, are
correlated parameters, therefore IIV is only estimated on the E__ . Since, the initial estimate for
MTT is fixed to the value found in the model with a linear exposure-toxicity relationship, the initial
estimate for the IV on this parameter is also fixed to the value found in the model with a linear
exposure-toxicity relationship.

Initially, the difference between observed ANCs and the model-predicted ANCs was accounted
for with a combined proportional and additive error model as shown in equation 4.

Cobs,ij = Cpreaij * (14 &47) + €qjij @

Where Cobs,jis the observed ANC, C__, is the predicted ANC, € _;is the proportional errorand e

ij

is the additive error. Both proportional and additive errors have a mean of zero and a variance of o2.

Based on the estimates of this error model, it was observed that the use of only a proportional error
model would be sufficient to describe the pharmacodynamic model.

Model evaluation

Models were assessed on several goodness of fit (GOF) plots such as predicted population ANC
and predicted individual ANC versus observed ANC, conditional weighted residuals (CWRES)
versus predicted population ANC and time after dose of pemetrexed. Furthermore, the models
were assessed on physiological plausibility, stability of parameter estimates and change in
objective function (OFV). A p < 0.05 corresponding to a decrease of 3.84 in OFV was considered
significant modelimprovement in case of nested models (degree of freedom = 1). Since the model
with a linear exposure-toxicity relationship and the threshold model are not hierarchical models,
the Akaike information criterion (AIC) was used to compare both models.*® The uncertainty in
parameter precision of the final models were determined by a sampling importance resampling
(SIR) procedure.*

Table S2 describes the population estimates of the model with a linear exposure-toxicity
relationship and the model with a threshold-driven exposure-toxicity relationship. The threshold
model shows physiological plausible parameter estimates. When compared with the model with
a linear exposure-toxicity relationship a drop in AIC of 33.6 points is observed. Figure S2 and S3
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show the goodness-of-fit plots for the model with a linear exposure-toxicity relationship and the
threshold model, respectively. Since, for both models, only a small proportion of the datapoints
are lying outside the -3 and +3 interval for the CWRES and the data is homogeneously distributed
around the unity line, little model misspecification is observed. The visual predictive check for the
threshold modelis illustrated in Figure S4. The predicted ANCs are overallin line with the observed
ANCs, especially at the nadirs of the ANCs, indicating sufficient validity for both models.

External validation

For the external validation data from the early phase | studies by McDonald et al. and Rinaldi
et al*>*4 were used. The number of patients included on the dose level deemed the maximum
tolerated dose (MTD) in these studies were six patients at 4 mg/m?/day for 5 days every 21 days®,
six patients at 40 mg/m2/week for 4 weeks every 6 weeks® and 20 patients at 600 mg/m? every
21 days.* For the study by McDonald et al. we obtained demographic and pharmacokinetic data
from the pemetrexed dosing in four out of six patients. For the studies by Rinaldi et al, all of the
study participants were assumed to be male of Caucasian origin with a weight of 70 kg and a BSA
of 1.73 m2. In the absence of reported serum creatinine values, we assumed the eGFR based on the
CKD-EPI to be 80 mL/min. We performed a posthoc analysis on these four patients in our previous
developed PK model for pemetrexed?® to obtain PK parameters most fitting to the individual data.
The PK parameters for the remaining two patients as well as the patients in the studies by Rinaldi
et al. were randomly drawn from a normal distribution based on the found parameters (typical
values and interindividual variation) in the PK model. The number of patients on the dose levels
were simulated a 1,000 times in the model with a linear exposure-toxicity relationship and the
threshold-driven model. Neutropenia in the phase | studies was graded based on the ANCs on day
8 and day 15 of the study, therefore we simulated the ANCs of the patients on these time points.
The lowest predicted ANC was used to determine the predicted grade of neutropenia. Figure S5-S7
illustrate the histograms per predicted grade of neutropenia of the simulations.

Evaluation of the relationship between renal function and development of neutropenia

For the simulations in which we assessed the typical ANC curves in patients and for the simulation
illustrating the frequency of neutropenia across different renal functions, we assumed patients
with a weight of 75 kg and a BSA of 2.0 m?. For the typical curves, the population predicted ANC
was estimated every hour for 800 hours. For the assessment of > 3 neutropenia across different
renal functions after a 500 mg/m?2 pemetrexed dose, a total of 12 patients with different eGFR were
simulated with a value of 5, 10, 15, 20, 25, 30, 35, 40, 45, 60, 75 and 90 mL/min. These patients were
simulated a 1,000 times with and without vitamin supplementation. ANCs were followed every hour
for 800 hours after the pemetrexed dose, the lowest found ANC was translated to the predicted
grade of neutropenia.
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Table S1. Patient characteristics and neutropenic response of the individual patients in our phase Il study with
inadequate renal function and a pemetrexed dose based on their renal function.

Patient Age Gender Dose (mg) eGFR (calculated Cumulative AUC  Absolute
(years) with CKD-EPI; (mg’h/L) neutrophil count
mL/min) (% of target AUC)  nadir ("109/L)
1 79 \Y Cycle 1: 3025 35.8 (both cycles) 79.0 (48.2) 0.5 (after cycle 1)
Cycle 2: 610 171.8 (104.8) 0.6 (after cycle 2)
2 77 M 300 34.6 108.3 (66.0) 19
3 69 \Y 250 8.4 93.8 (57.2) 01

AUC: area under the concentration-time curve, CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration,
eGFR: estimated glomerular filtration rate

Table Sz. Population estimates for the parameters in the model with a linear exposure-toxicity relationship and

a threshold-driven relationship.

Parameter

Population estimate [SIR-derived 95% confidence intervall

Linear relationship

Threshold relationship

Baseline ANC (10°/L) 543 [4.97-5.83] 5.30 [4.92-575]
11V (%) 37.5[31.6-44.1] 37.1131.9-43.3!
MTT (h) 103 195.5-109.8] 103 FIX

VSon MTT 0.96 [0.906-1.028]

11V (%) 190.0 [15.4-237] 19.0 FIX

Dose stimulus (L/mg) 0.225 [0.189-0.268]

VS on dose stimulus 0.691 [0.583-0.813]

11V (%) 547 [44.9-65.2]

E, . 116 [0.96-1.371
11V (%) 54.3 [44.9-66.2]
IC,, (mg/L) 0.0310.017-0.047]
VS on IC50 3.66 [2.74-4.31]
Gamma 20 FIX

Feedback parameter

1V (%)

0.166 [0.149-0.183]

27.2[20.8-3271

0.171[0.155-0.186]

29.0 [21.3-34.9]

Proportional residual error

0.127 [0.118-0.136]

0.124 [0.114-0.136]

Objective function

4670.8

46411

AIC

4690.8

4657.2

ANC: absolute neutrophil count, AIC: Akaike Information Criteria, FIX: value is fixed, IIV: intraindividual variability,

VS: vitamin B11 and B12 supplementation, MTT: mean transit time
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Figure S1. Schematic representation of the pharmacokinetic-pharmacodynamic model including the differential
equations describing pemetrexed pharmacodynamic effects on the ANC. Cl, total clearance; Q1 and Q2,
intercompartmental clearances. ANC, absolute neutrophil count; ANC,, ANC at baseline; FP, feedback parameter,
k.- first-order rate constant of proliferation; k,,, first-order rate constant of transit compartments; k., first-order
rate constant of circulating neutrophils; E . inhibitory effect of pemetrexed on the neutrophils; DS, dose stimulus;
C, - Pemetrexed plasma concentration; E, . maximal inhibitory effect of pemetrexed on neutrophils; y, hill

pemetrexed threshold concentration; Prog, T1, T2, T3, Circ, ANC in progenitor compartment, transit

coefficient; IC,,
compartment 1-3 and circulation compartment, respectively.
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Figure S2. Standard goodness-of-fit plots for the model with a linear exposure-toxicity relationship. A) Population
predicted ANC versus observed ANC. B) Individual predicted ANC versus observed ANC. C) Population predicted
ANC versus conditional weighted residuals. D) Time after pemetrexed dose versus conditional weighted residuals.
The solid black line represents the unity line, the loess line is represented by the dashed black line with a 95%
Cl illustrated in gray. Figure S2A and 2B show the acceptable correlation between the observed ANCs and the
population and individual predicted ANCs. Since the data in Figure S2C and S2D is homogenous distributed with
the unity line and lies mostly within the -3 and +3 interval, model misspecification is not indicated.
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and lies mostly within the -3 and +3 interval, model misspecification is not indicated.
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Figure S4. Visual predictive check for the threshold model. Observed ANCs are represented by the black points.
The dashed lines represent the 5th, 50th and g9sth percentile of the observed ANCs. The 95% confidence intervals
for these percentiles are represented by the shaded gray areas.
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Figure S5. Frequencies of neutropenia found for the simulation of the study of McDonald et al. (1998)% in patients
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in literature.
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Final PKPD - NONMEM code
$PROBLEM PKPD

SINPUT XX

$DATA XX IGNORE=-@
$SUBROUTINES ADVAN13 TOL=9

$MODEL

. --- PK

COMP=(CENTRAL) ;1 CENTRAL DOSING AND OBSERVATION COMPARTMENT
COMP=(PERI) . 2 PERIPHERAL PK

COMP=(PERI2) ; 3 PERIPHERAL PK

,---PD

COMP=(PROL) . 4 PROLIFERATION COMPARTMENT

(

COMP=(TRANS1) ;5 TRANSIT COMPARTMENT

COMP=(TRANS2) ;6 TRANSIT COMPARTMENT

COMP=(TRANS3) ;7 TRANSIT COMPARTMENT
(

COMP=(ANC) : 8 NEUTROPHIL OBSERVATION COMPARTMENT
$ABBREV PROTECT

$PK

ALLOCL=(WT/70)""0.75 'SCALING FOR base CL & Q
ALLOV=(\WT/70) 'SCALING FOR V

CLBASE = THETA(1) " ALLOCL

CLRENAL = THETA(2)

TVCL = CLBASE + (CLRENAL " (CKDEPI/75))
CL=TVCL " EXP(ETA(1)

V1 = THETAQR)'ALLOV'EXP(ETA(2)
Q = THETA()'ALLOCL

V2 = THETA(5)ALLOV EXP(ETA(3))
Q2 = THETA(B)'ALLOCL

V3 = THETAZ)ALLOV EXP(ETA(4)

D1-0.16667
S1=V1
S2=V2
S3-V3
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K10-CL/V1
K12-Q/V1
K21-Q/V2
K13=Q2/V1
K31=Q2/V3

--- BAS
BASINT-THETA(8)
BAS-=BASINT " EXP(ETA(5)  ; BASELINE NEUTROPHILS 1079/L

[--- MTT
TVMTT- THETA(Q)
MTT-TVMTT'EXP(ETA®G)  : MEAN TRANSIT TIME

. --- DRUG EFFECT
EMAX = THETA(10) " EXP(ETA(7)

IC50 = THETA(11) (THETA(14)"VIT)

GAMMA = THETA(12)

i ---FP
FP=THETA(13)"EXP(ETA(8))

;=== MASS TRANSIT
KTR=4/MTT

F4-BAS
F5=-BAS
F6-BAS
F7-BAS
F8=BAS

DADT(1)=-K10"A(1)-K12"A(1)-K13"A(1)+K21"A(2)+K31°A(3)
DADT(2)=-K21"A(2)+K12"A(1)
DADT(3)=-K31°A(3)+K13 A1)

C1-AQ1)/V1
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;---PD

DRUG = 1-(EMAX'(C1"GAMMA)/((IC50"" GAMMA)+(C1”"GAMMA)))

FEEDB=(BAS/A(8))"FP
KPROL=KTR
KCIRC=KTR

DADT(4)=-KTR'A(4)*KPROL'A(4)'DRUG'FEEDB  ; PROLIFERATION COMPARTMENT

DADT(5)=-KTR'A(5*KTRA(4)
DADT(6)--KTR'ABI*KTRA(5)
DADT(7)=-KTR'A(7)+KTRA(6)
DADT(8)=-KCIRC'AB)+KTRA(7) ;ANC

$ERROR

CC-A1)/V1

A4=Al4)

A5=A(5)

AB=A(6)

A7=-A(7)

A8=A(8)
IF(CMT.EQ1)THEN
IPRED = CC
Y=IPRED+IPRED"ERR(1)
ENDIF
IFICMT.EQ.8)THEN
IPRED = A8
Y=IPRED+IPRED"ERR(2)
ENDIF

$THETA

,--- PK

0.66 FIX ;1 CLBASE
342 FIX ;2 CLRENAL
670 FIX ;3V1

656 FIX ;4Q
8.01FIX ;5V2

004 FIX ;6Q2

123 FIX ;7V3

. TRANSIT COMPARTMENT
. TRANSIT COMPARTMENT
. TRANSIT COMPARTMENT

. PKERROR MODEL

 PD ERROR MODEL
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(0,53) ;8BASINT
103 FIX ;9TVMTT
(0,116) ;10 EMAX
(0,0.03) ;111Cs50

20 FIX ;12 GAMMA
(0,0171) ;13FP
(0,3.66) ;14 VSonICs0

$OMEGA

;---PK

0.0441 FIX

$SOMEGA BLOCK(3)
0.110 FIX

0.035 0.102 FIX
0.098 0.095 0.219 FIX
$OMEGA

,---PD

0138 51V BAS
0.0361 FIX VB IVMTT

IV CL

VIV V1
HIVAY
L 1IVV3

0.295 ;7 IV EMAX

0.0839 ;8 1IVFP

$SIGMA
- PK

0.0552 FIX . PROP ERR PK

0.124 . PROP ERR PD
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ABSTRACT

Introduction

Pemetrexed is a pharmacotherapeutic cornerstone in the treatment of non-small cell lung cancer.
As it is primarily eliminated by renal excretion, adequate renal function is essential to prevent toxic
exposure. There is growing evidence for the nephrotoxic potential of pemetrexed, which even
becomes a greater issue now combined immuno-chemotherapy prolongs survival. Therefore,
the aim of this study was to describe the incidence of nephrotoxicity and related treatment
consequences during pemetrexed-based treatment.

Methods

A retrospective cohort study was conducted in the Jeroen Bosch Hospital, Den Bosch, The
Netherlands. All patients that received at least 1 cycle of pemetrexed based therapy were included
in the dataset. The primary outcome was defined as a > 25% reduction in eGFR. Additionally, the
treatment consequences of decreased renal function were assessed. Logistic regression was used
to identify risk factors for nephrotoxicity during treatment with pemetrexed.

Results

Of the 359 patients included in this analysis, 21% patients had a clinically relevant decline in
renal function after treatment and 8.1% of patients discontinued treatment due to nephrotoxicity.
Cumulative dose (= 10 cycles of pemetrexed based therapy) was identified as a risk factor for the
primary outcome measure (adjusted OR 5.66 (Cl 1.73-18.54)).

Conclusion

This study shows that patients on pemetrexed-based treatment are at risk of developing renal
impairment. Risk significantly increases with prolonged treatment. Renal impairment is expected
to become an even greater issue now that pemetrexed-based immuno-chemotherapy results in
longer survival and thus longer treatment duration.
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INTRODUCTION

Pemetrexed is widely used as an anti-folate cytostatic agent for the treatment of non-small cell
lung cancer (NSCLC), mesothelioma and thymoma.*> Dependent on treatment indication, therapy
generally exists of four cycles of induction therapy with pemetrexed and a platinum-agent, which
can be combined with the recently approved programmed death-ligand 1 (PD-L1) targeting
monoclonal antibody pembrolizumab.t Pemetrexed - and, if applicable, pembrolizumab - can be
continued as maintenance treatment following the induction period.>®

Pemetrexed is primarily eliminated by renal excretion, with 70-90% of the dose recovered as the
unchanged drug in urine within the first 24 hours after administration.#” Previous studies showed
that pemetrexed pharmacokinetics are linearly correlated with creatinine clearance® ¢ Thus, to
prevent high exposure, an adequate renal function is essential. Decreased creatinine clearance
and higher exposure were shown to be associated with more severe hematologic toxicity.® 113
Due to these safety issues and based on the study of Mita et al (2006), pemetrexed is currently
contraindicated in patients with a creatinine clearance < 45 mL/min.4

Cancer patients are already at increased risk of developing renal insufficiency, possibly due to
volume depletion, advanced age of patients and the use of potentially nephrotoxic anti-cancer
therapy.’s*” For treatment in non-small cell lung cancer, the most common nephrotoxic anti-cancer
drugs are platinum-agents, and possibly also the checkpoint-inhibitors.7-? In addition, there is now
accumulating evidence for the nephrotoxic potential of pemetrexed itself. Several case reports
describe incidents of (sub)acute kidney injury during or after pemetrexed therapy.?># In the
PARAMOUNT study, during pemetrexed maintenance, 7.8% of patients developed renalimpairment
(versus 2.3% in the placebo group) and 4% of patients discontinued therapy due to nephrotoxicity.3°
However, as with many registration studies, this represents only the incidence in a specific trial
population. The available literature describing renal complications during pemetrexed therapy in
daily practice consists mainly focusses on acute kidney injury.

The development of renal toxicity is potentially a major limitation for safe, long-term pemetrexed
treatment because according to current recommendation pemetrexed dosing has to be terminated
when CrCl falls below 45 mL/min. This is highly undesirable for all patients with positive clinical
response to pemetrexed, but in particular to patients treated with pemetrexed-based immuno-
chemotherapy who demonstrate longer survival and thus longer treatment durations.® Therefore,
there is an urgent need for better knowledge on preventing and managing of pemetrexed-
associated renal toxicity.

The aim of this study was to describe the incidence of nephrotoxicity and related treatment

consequences during pemetrexed-based therapy. The secondary objective was to identify risk
factors for the decrease in renal function.
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METHODS

Study design and population

This retrospective cohort study was performed in the Jeroen Bosch Hospital, Den Bosch, The
Netherlands and approved by the local medical research ethics committee. The medical ethics
committee waived the necessity of acquiring informed consent. Through a system search in the
hospital information systems (HiX, Chipsoft, version 6.1 and Centrasys, CSC, version 6.30.0.50-4.1)
all consecutive patients who received at least 1 cycle of pemetrexed between January 15t 2014 and
February 1t 2019 were identified.

Data collection

All data used in this study were collected as part of routine care. For each patient the following
patient demographics were obtained: Sex, ethnicity, age, weight and length at baseline, diagnosis,
pre-treatment, number of neutropenic events and comorbidities and comedication affecting renal
function (see appendix for details). Length and weight were used to calculate Body Surface Area
(BSA, according to Du Bois and Du Bois' formula®) and Body Mass Index (BMI).

Regarding pemetrexed-based therapy, dates of the initial cycle (defined as baseline) and the last
cycle of pemetrexed-based therapy were collected. In addition, pemetrexed dose and concomitant
chemo- and/orimmunotherapy at baseline, total number of cycles pemetrexed, and the date and
reason of discontinuation of treatment were obtained. For patients still on treatment during data
analysis, their last cycle before May 13" 2019 was considered as last cycle of therapy for analysis.

For the assessment of renal function, serum creatinine was used. Measurements of serum
creatinine (umol/L) at baseline and at the end of therapy were collected. The cut-off date for the
measurements at baseline was a maximum of 28 days prior to the initial chemotherapy cycle, or -
only if not available - a maximum of 7 days after the initial chemotherapy cycle. The cut-off dates for
the measurements at the end of therapy were a maximum of 28 days after the last cycle, or - only
if not available - a maximum of 7 days prior to the last cycle. The estimated glomerular filtration
rate (eGFR) (mL/min/1.73m?) was calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation (CKD-EPI)32 Additionally, the occurrence of acute kidney injury (AKI) during
therapy (as a reported diagnosis in the patient file by the physician) was investigated.

Outcome

The primary outcome was defined as a 2 25% reduction in eGFR (in accordance with the Kidney
Disease: Improving Global Outcomes (KDIGO) clinical practice guidelines®). The relative change in
eGFR from baseline (bs) to end of therapy (eot) was calculated for each patient as:

(eGFRbs — eGFReot)
eGFRbs

* 100%
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To assess the treatment consequences of decreased renal function in patients with pemetrexed-
based treatment, the incidence of treatment discontinuation due to nephrotoxicity and combined
nephrotoxicity and hematologic toxicity was investigated. The secondary outcome was the
identification of potential risk factors for nephrotoxicity during pemetrexed-based treatment.

Statistical analysis
Descriptive statistics were used to calculate the primary outcome measures. To identify risk factors

for the development of renal impairment during pemetrexed-based therapy, the sample set was
divided in cases (patients with = 25% reduction in renal function) and non-cases. For both cases
and controls, the prevalence of each variable was determined. All variables were expressed as
categorical data. Within a variable, categories were divided based on equal group sizes. Multivariate
logistic regression was used to calculate odds ratios for the various risk factors. The tested variables
included: sex, age, body mass index (BMI), number of comorbidities and comedications affecting
renal function, smoking status, pre-treatment, concomitant induction therapy and total number
of cycles. Based on the first analysis, age and gender were included as potential confounding
factors, resulting in adjusted odds ratios for all tested variables. A Bonferroni correction was
applied to correct for multiple testing, resulting in an adjusted p-value for significance of p = 0.005.
Accordingly, odds ratios were calculated with 99.5% confidence intervals (CI). All statistical analyses
were performed using SPSS version 22.0 (IBM, Armonk, NY, USA). As an exploratory objective, the
incidence of neutropenic events in both the cases and non-cases was calculated. A Fisher's exact
test was applied to assess for significant difference.

RESULTS

Patient demographics

The system search identified 386 patients who received at least one cycle of pemetrexed between
January 1%t 2014 and February 1t 2019. Due to missing data regarding pemetrexed therapy and/or
serum creatinine measurements, 27 patients were excluded. The final analysis dataset consisted
of 359 patients.

In Table 1 the baseline characteristics are presented. Gender was well balanced within the study
population (54% male). The median age was 65 years. Approximately half of patients had a baseline
eGFR of > 90 mL/min/1.73m?(53%). The majority of patients was diagnosed with stage IV NSCLC
(69%) and was treatment-naive (73%). The number of received pemetrexed-based cycles had a
wide range of 1-103, with a median of 4 cycles and median follow-up time of 3 months.
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Table 1. patient demographics and results of risk factor analysis for development of renal impairment during
pemetrexed-based treatment.

Parameter Totaln (%) Casesn (%) Controlsn(%) OR adjusted p-value
359 (100) 74 (21) 285 (79) [99.5% Cll (< 0.005 =
significant)
Sex
Male 195 (54) 33 (45) 162 (57) Reference
Female 164 (46) 41 (55) 123 (43) 1.68 [0.79-3.59] 0.056

Age (mean: 64.9, range 32-86 years)

0-60 years 104 (29) 17 (23) 87 (31) Reference
61-69 years 135 (38) 39 (53) 06 (34) 2.15[0.86-5.41] 0.020
> 70 years 120 (33) 18 (24) 102 (36) 1.02 [0.35-2.92] 0.967

Baseline eGFR (CKD-EPI)

> 90 mL/min/1.73m? 189 (53) 35 (47) 154 (54) Reference

<90 mL/min/173m? 170 (47) 39 (53) 131 (46) 1.35 10.59-3.09] 0.305
BMI

<25 kg/m? 185 (52) 32 (43) 153 (54) Reference

25-30 kg/m? 130 (36) 29 (39) 101 (35) 143 [0.63-3.24] 0.224
> 30 kg/m? 44 (12) 13 (18) 31 (11) 1.86 [0.63-5.52] 0.109
Diagnosis

Mesothelioma 27 (75) 3(11) 24 (8.4) Reference

NSCLC stage I-lll 84 (23) 13 (18) 71(25) 1.35 10.19-9.55] 0.666
NSCLC stage IV 246 (69) 57(77) 189 (66) 2.35 [0.38-14.50] 0.188
Other 2(0.6) 1(1.4) 1(0.4) n/a n/a

Pre-treatment
No pretreatment 261(73) 56 (76) 205 (72) Reference
Pretreatment 98 (27) 18 (24) 80 (28) 0.8110.35-1.90] 0.483

Smoking status

Never 20 (5.6) 227 18 (6.3) Reference

Past 129 (36) 31(42) 08 (34) 3.00[0.34-26.60] 0157
Current (< 20 cigarettes/day) 120 (33) 22 (30) 08 (34) 214 10.24-19.38] 0.335
Current (2 20 cigarettes/day) 68 (19) 16 (22) 52 (18) 2.97 10.31-28.41] 0177
Not known 22(6.1) 3(4.1) 19 (6.7) 1.61[0.10-24.83] n/a

Number of comorbidities

None 80 (22) 12 (16) 68 (24) Reference

One 116 (32) 23(31) 03(33) 153 [0.50-4.62] 0.284
Two 107 (30) 24 (32) 83 (29) 1.8110.60-5.52] 0.134
Three or more 56 (16) 15 (20) 41 (14) 2.32[0.67-8.08] 0.058
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Table 1. Continued.

Parameter Totaln (%) Casesn (%) Controlsn (%) OR adjusted p-value
359 (100) 74 (21) 285 (79) 199.5% ClI (< 0.005 =
significant)

Number of comedications

None 152 (42) 27 (37) 125 (44) Reference 0.658
One 128 (36) 25 (34) 103 (36) 115 [0.48-2.73] 0.085
Two or more 79 (22) 22 (30) 57 (20) 177 [0.70-4.51]

Concomitant induction therapy

No induction therapy 22 (6.1 5(6.8) 17 (6.0) Reference

Cisplatin 123 (34) 25 (34) 08 (34) 0.90 10.19-4.32] 0.847
Carboplatin 179 (50) 35(47) 144 (51) 0.85[0.18-4.00] 0.775
Other 35(97) 9 (12) 26(0.1) n/a n/a

Total number of cycles (median 4; range 1-103)

1-2 79 (22) 10 (14) 69 (24) Reference

3-4 144 (40) 18 (24) 126 (44) 0.96 10.29-3.15] 0.921
5-9 68 (19) 15 (20) 53(19) 1.98 [0.56-6.96] 0.130
210 68 (19) 31(42) 37 (13) 5.66 [1.73-18.54] < 0.001

Cl: confidence interval, BMI: body mass index, CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration
equation, eGFR: estimated glomerular filtration rate, NSCLC: non-small cell lung cancer, OR: odds ratio

Decrease in renal function and treatment consequences
The mean eGFR (CKD-EPI) at baseline was 87.8 + 154 mL/min/1.73m?2 In total, 21% of the patients (74 out

of 359) had a clinically relevant decrease in eGFR of 2 25% from baseline to end of treatment. The mean
absolute change of eGFR over treatment time was a decrease of 8.6 mL/min/173m? (mean eGFR at the
end of therapy was 79.2 + 22.5 mL/min/1.73m?). This corresponds with a mean relative change of eGFR
during therapy of -9.6%. As reported in the patient files by the physician, only 1.9% of patients had AKI.

Decrease in renal function can eventually lead to cessation of effective therapy. In our cohort
8.1% of patients discontinued treatment due to nephrotoxicity. In approximately one-third of these
patients, nephrotoxicity was accompanied with hematotoxicity. From the patients with a clinically
relevant decline in renal function (cases), 35.1% experienced = 1 neutropenic event, compared to
13.7% in the controls (p < 0.001).

Risk factors for the development of renal impairment

Table 1 summarizes the results of the analysed risk factors. The cumulative dose of pemetrexed
(2 10 cycles) was a significant risk factor (adjusted OR 5.66 (1.73-18.54), p-value < 0.001). Figure 1
visualizes the number of cycles versus the relative change in eGFR. The graph shows a relation
between the treatment duration and decrease in renal function. No significant effect was observed
for the other tested variables.

211




100

=
E 0 T T T 1
% 20 . 30 40 « 50
< x

-50—;

-754.

-100-

Total no. of cycles

Figure 1. Total number of cycles versus relative change in eGFR n.b.: for clarity, the datapoint of 103 cycles is not
visualized in the graph.

DISCUSSION

To our knowledge this is the first study to investigate both the incidence and a broad panel of
associated risk factors for renalimpairment during pemetrexed-based therapy in a relatively large
population in every day clinical practice. It confirms the nephrotoxic potential of pemetrexed. We
demonstrated that, in clinical practice, approximately one-fifth of patients on pemetrexed-based
therapy have a clinically relevant decline in eGFR. Additionally, around 8% of patients had to cease
treatment due to nephrotoxicity. The risk of renal impairment increases with longer treatment
duration (> 10 cycles of pemetrexed-based treatment: adjusted OR 5.66 (1.73-18.54)) and is
associated with an increased risk on hematotoxicity.

In the PARAMOUNT study (a phase Ill study of maintenance treatment with pemetrexed versus
placebo), the investigators reported an incidence of 7.8% for renal toxicities and 4% of treatment
discontinuation due to renal toxicity.3* 3 Interestingly, the researchers also suggest the potential
risk for a cumulative effect of pemetrexed on renal toxicity.3 The incidence in our patient cohort is
three times greater. Our patient population representing clinical practice has, when compared to
the trial population, probably more heterogeneous performance score and more comorbidities and
comedication affecting renal function. It is suggested that a physiologic decline in renal function
in adults > 65 years is 0.75 mL/min per year.3® In our cohort, the difference between mean eGFR
at baseline and end of treatment was 8.6 mL/min/1.73m?2 over a median follow-up time of three
months. In the PARAMOUNT study, no effect on renal function was observed in the placebo group
refuting the suggestion that the occurrence of clinically relevant decline in renal function might
reflect the natural course. Therefore, the observed decline in renal function in our cohort can
be attributable to treatment. In addition, it is generally known that cancer patients frequently
suffer from sarcopenia, which may lead to overestimation of renal function¥ and thus, the actual
prevalence of renal impairment may be even higher.
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Visser et al. (2018) recently investigated the occurrence of renal impairment during pemetrexed
maintenance therapy in clinical practice prospectively.?® In their cohorts, 15-20% of patients ceased
treatment due to nephrotoxicity, versus 8.1% in our study. Additionally, they report a very high
incidence of AKl of 29.5% in their primary cohort, compared to approximately 2% in our population.3®
An explanation for these discrepancies is the possibility of underreporting in our study, as we only
collected the AKI diagnoses that were reported by the physicians in the patient files. Our main
objective focussed on gradual decline of renal function rather than acute injury.

As it stands, risk factors for pemetrexed-related nephrotoxicity have not been extensively studied.
Visser et al. included a set of treatment-related factors associated with AKI and found baseline
eGFR to be an important determinant. This finding was not confirmed in our study. In line with the
findings of Langer et al. (2017) and Middleton et al. (2018), we also found an increasing risk of renal
impairment with longer exposure to pemetrexed-based treatment.3s 3 A significant effect was
observed in the patient group that received > 10 cycles pemetrexed. The number of patients in this
group was relatively small(n = 68), which is reflected in de large confidence interval. Nevertheless,
there was a clear trend with increasing number of cycles, indicating an actual effect rather that a
coincidental finding.

In our cohort, use of cisplatin in induction therapy was not associated with increased risk of renal
impairment, despite its nephrotoxic potential. Extensive pre- and post-hydration schedules and
administration of diuretics are nowadays used to minimize cisplatin nephrotoxicity, which may
explain why cisplatin coadministration does not pose an additional risk. Another risk factor for
nephrotoxicity is the use of radiocontrast agents.+ Unfortunately, data on use of contrast was not
available in the dataset. Theoretically, the amount of CT scans increases proportionally with the
amount of cycles and are therefore difficult to distinguish. In the general population with normal
renal function at baseline, the incidence of contrast-induced nephropathy is estimated to be low
(1-2%)*, much lower that the incidence of nephrotoxicity in this study. Additionally, both cisplatin
and radiocontrast are mainly associated with acute nephrotoxicity rather than chronic decline of
renal function.’®2t 4.4t Altogether, the significant effect of cumulative dose implies a possible causal
relationship between pemetrexed and renal impairment.

Afew limitations of the present study have to be taken into consideration. First, it was a retrospective
study with its flaws. Not all data might have been captured by the electronic patient file. Despite
this design we were able to confirm the findings of previous studies. Secondly, whereas the
combination of pembrolizumab with a pemetrexed and platinum has now become the preferred
first line treatment the number of patients with this combination in the study is very limited. It
is expected that the number of cycles of pemetrexed per patients will increase because of the
increased disease control because of combined chemoimmunotherapy.® Besides, the checkpoint-
inhibitors also have nephrotoxic potential,®® 2° but this mainly manifests as acute kidney injury.
In the KEYNOTE-189 trial, acute kidney injury occurred more frequently in the pembrolizumab-
combination group than in the placebo-combination group (5.2% vs. 0.5%).° Nevertheless,
combining immunotherapy with chemotherapy may increase the risk for long term nephrotoxicity
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as both agents have nephrotoxic potential and because patients have longer treatment duration,
but we do not have data to support this synergistic toxicity. Thirdly, for assessing renal function,
we calculated eGFR according to the CKD-EPI equation, which is not validated for eGFR > 9o
mL/min. This could have led to incorrect calculation of the relative change of eGFR and thus, to
misclassification of cases and controls. In order to assess the impact of using the CKD-EPI, a second
analysis was performed using absolute serum creatinine (results not shown). This analysis yielded
similar results on both the primary outcome and the risk factor analysis, indicating that inaccuracies
in the calculation of eGFR had no significant impact on our conclusions.

One may argue that pemetrexed excretion interferes with creatinine clearance, as both are
partially eliminated by active tubular secretion. The organic anion transporter 3 (OAT3) is involved
in pemetrexed elimination, while organic cation transporter 2 (OCT2) is responsible for the active
secretion of creatinine.*# However, OAT3 was also shown to be involved in creatinine excretion in
mice.* Nevertheless, we consider the possible effects of pemetrexed on creatinine secretion not
relevant for our analysis as end of treatment serum creatinine measurements were not performed
within 24 hours of pemetrexed administration. Pemetrexed has a relatively short half-life (3.5 hours),
whereas up to 90% is excreted within the first 24 hours.®

In conclusion, this study shows that patients on pemetrexed-based treatment are at risk of
developing clinically relevant renal impairment. Risk significantly increases with prolonged
treatment, which suggests the cumulative dose of pemetrexed may be an important risk factor for
the development of nephrotoxicity. Renalimpairment is expected to become an even greater issue
now that pemetrexed-based immuno-chemotherapy results in longer survival and thus longer
treatment duration. Our data call for innovative interventions to allow safe and effective long-term
treatment with pemetrexed. Also, further research is needed to investigate the incidence of renal
impairment in patients using both pembrolizumab and pemetrexed, as well as the reversibility of
renal impairment after discontinuing pemetrexed therapy.

214



Chapter 43 | Cumulative pemetrexed dose increases the risk of nephrotoxicity

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Baldwin CM, Perry CM. Pemetrexed: a review of its use in the management of advanced non-squamous
non-small cell lung cancer. Drugs. 2009;69(16):2279-2302. https://doi.org/10.2165/11202640-000000000-
00000.

Hazarika M, White RM, Jr, Booth BP, Wang YC, Ham DY, Liang CY, et al. Pemetrexed in malignant pleural
mesothelioma. Clin Cancer Res. 2005,11(3):982-992.

Paz-Ares LG, de Marinis F, Dediu M, Thomas M, Pujol JL, Bidoli P, et al. PARAMOUNT: Final overall survival
results of the phase Il study of maintenance pemetrexed versus placebo immediately after induction
treatment with pemetrexed plus cisplatin for advanced nonsquamous non-small-cell lung cancer. J Clin
Oncol. 2013;31(23):2895-2902. https.//doi.org/10.1200/jco.2012.47.1102.

European Medicines Agency. Alimta: EPAR-Product information. 2017.

Gubens MA. Treatment updates in advanced thymoma and thymic carcinoma. Curr Treat Options Oncol.
2012;13(4):527-534. https://doi.org/10.1007/511864-012-0211-7.

Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al. Pembrolizumab plus
chemotherapy in metastatic non-small-cell lung cancer. N EnglJ Med. 2018;378(22).2078-2092. https://doi.
0rg/10.1056/NEJM0a1801005.

Rinaldi DA, Kuhn JG, Burris HA, Dorr FA, Rodriguez G, Eckhardt SG, et al. A phase | evaluation of multitargeted
antifolate (MTA, LY231514), administered every 21 days, utilizing the modified continual reassessment
method for dose escalation. Cancer Chemother Pharmacol. 1999;44(5).372-380. https.//doi.org/10.1007/
5002800050992.

Latz JE, Chaudhary A, Ghosh A, Johnson RD. Population pharmacokinetic analysis of ten phase Il clinical trials
of pemetrexed in cancer patients. Cancer Chemother Pharmacol. 2006;57(4):401-411. https://doi.org/10.1007/
500280-005-0036-1.

Ouellet D, Periclou AP, Johnson RD, Woodworth JR, Lalonde RL. Population pharmacokinetics of pemetrexed
disodium (ALIMTA) in patients with cancer. Cancer Chemother Pharmacol. 2000;46(3):227-234. https.//doi.
0rg/10.1007/5002800000144.

Ando Y, Hayashi T, Ujita M, Murai S, Ohta H, Ito K, et al. Effect of renal function on pemetrexed-induced
haematotoxicity. Cancer Chemother Pharmacol. 2016;78(1):183-189. https://doi.org/10.1007/500280-016-
3078-7.

Latz J, Adachi S, Symanowski J, Nakagawa K, Tamura T, Hanna N, et al. PD4-3-4: Correlation of
pemetrexed (PEM) NSCLC exposure-response relationships (ERRs) to clinical study results from western
and Japanese patient populations. J Thorac Oncol. 2007,2(8):S455-S456. https://doi.org/10.1097/01.
JTO.0000283390.06980.49.

Latz JE, Karlsson MO, Rusthoven JJ, Ghosh A, Johnson RD. A semimechanistic-physiologic population
pharmacokinetic/pharmacodynamic model for neutropenia following pemetrexed therapy. Cancer
Chemother Pharmacol. 2006;57(4):412-426. https://doi.org/10.1007/500280-005-0077-5.

Latz JE, Rusthoven JJ, Karlsson MO, Ghosh A, Johnson RD. Clinical application of a semimechanistic-
physiologic population PK/PD model for neutropenia following pemetrexed therapy. Cancer Chemother
Pharmacol. 2006;57(4):427-435. https://doi.org/10.1007/500280-005-0035-2.

Mita AC, Sweeney CJ, Baker SD, Goetz A, Hammond LA, Patnaik A, et al. Phase | and pharmacokinetic study
of pemetrexed administered every 3 weeks to advanced cancer patients with normal and impaired renal
function. J Clin Oncol. 2006;24(4):552-562. https.//doi.0rg/10.1200/jc0.2004.00.9720.

Christiansen CF, Johansen MB, Langeberg WJ, Fryzek JP, Serensen HT. Incidence of acute kidney injury in
cancer patients: a Danish population-based cohort study. Eur J Intern Med. 2011,22(4):399-406. https://doi.
0rg/10.1016/j.€jim.2011.05.005.

Launay-Vacher V, Etessami R, Janus N, Spano JP, Ray-Coquard |, Oudard S, et al. Lung cancer and renal
insufficiency: prevalence and anticancer drug issues. Lung. 2009;187(1).69-74. https://doi.org/10.1007/
500408-008-9123-5.

Perazella MA. Onco-nephrology: Renal toxicities of chemotherapeutic agents. Clin J Am Soc Nephrol.
2012;7(10):1713-1721. https://doi.org/10.2215/cjn.02780312.

Cortazar FB, Marrone KA, Troxell ML, Ralto KM, Hoenig MP, Brahmer JR, et al. Clinicopathological features
of acute kidney injury associated with immune checkpoint inhibitors. Kidney Int. 2016;90(3).638-647. https.//
doi.org/10.1016/j.kint.2016.04.008.

215




19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

216

Goldstein RS, Mayor GH. Minireview. The nephrotoxicity of cisplatin. Life Sci. 1983;32(7):685-690. https://doi.
0rg/10.1016/0024-3205(83)90299-0.

Perazella MA, Shirali AC. Nephrotoxicity of cancer immunotherapies: Past, present and future. J Am Soc
Nephrol. 2018;29(8).2039-2052. https://doi.org/10.1681/asn.2018050488.

Safirstein R, Winston J, Goldstein M, Moel D, Dikman S, Guttenplan J. Cisplatin nephrotoxicity. Am J Kidney
Dis. 1986;8(5):356-367. https://doi.org/10.1016/50272-6386(86)80111-1.

Assayag M, Rouvier P, Gauthier M, Costel G, Cluzel P, Mercadal L, et al. Renal failure during chemotherapy:
renal biopsy for assessing subacute nephrotoxicity of pemetrexed. BMC Cancer. 2017;17(1):770. https.//doi.
0rg/10.1186/512885-017-3705-7.

Chauvet S, Courbebaisse M, Ronco P, Plaisier E. Pemetrexed-induced acute kidney injury leading to chronic
kidney disease. Clin Nephrol. 2014;82(6).402-406. https://doi.org/10.5414/cn107921.

Fung E, Anand S, Bhalla V. Pemetrexed-induced nephrogenic diabetes insipidus. Am J Kidney Dis.
2016,68(4):628-632. https://doi.org/10.1053/j.ajkd.2016.04.016.

Glezerman IG, Pietanza MC, Miller V, Seshan SV. Kidney tubular toxicity of maintenance pemetrexed therapy.
Am J Kidney Dis. 2011;58(5):817-820. https://doi.org/10.1053/j.ajkd.2011.04.030.

Michels J, Spano JP, Brocheriou |, Deray G, Khayat D, Izzedine H. Acute tubular necrosis and interstitial
nephritis during pemetrexed therapy. Case Rep Oncol. 2009;2(1):53-56. https://doi.org/10.1159/000208377.
Sbitti Y, Chahdi H, Slimani K, Debbagh A, Mokhlis A, Albouzidi A, et al. Renal damage induced by pemetrexed
causing drug discontinuation: a case report and review of the literature. J Med Case Rep. 2017,11(1):182.
https://doi.org/10.1186/513256-017-1348-6.

Vootukuru V, Liew YP, Nally JV, Jr. Pemetrexed-induced acute renal failure, nephrogenic diabetes insipidus,
and renal tubular acidosis in a patient with non-small cell lung cancer. Med Oncol. 2006;23(3).419-422.
https://doi.org/10.1385/mo:23:3:419.

Zattera T, Londrino F, Trezzi M, Palumbo R, Granata A, Tatangelo P, et al. Pemetrexed-induced acute
kidney failure following irreversible renal damage: two case reports and literature review. J Nephropathol.
2017,6(2):43-48. https://doi.org/10.15171/jnp.2017.07.

Gridelli C, de Marinis F, Thomas M, Prabhash K, El Kouri C, Blackhall F, et al. Final efficacy and safety results
of pemetrexed continuation maintenance therapy in the elderly from the PARAMOUNT phase Il study. J
Thorac Oncol. 2014,9(7):991-997. https://doi.org/10.1097/jt0.0000000000000207.

Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and weight be known.
1916. Nutrition. 1989;5(5):303-311; discussion 312-303.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd, Feldman Hl, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150(9):604-612. https.//doi.org/10.7326/0003-4819-150-9-
200905050-00006.

Kidney Disease: Improving Global Outcomes. Clinical practice guideline for the evaluation and management
of chronic kidney disease. Kidney Int Suppl. 2013;3(1):1-150.

PujolJL, Paz-Ares L, de Marinis F, Dediu M, Thomas M, Bidoli P, et al. Long-term and low-grade safety results
of a phase Il study (PARAMOUNT): maintenance pemetrexed plus best supportive care versus placebo plus
best supportive care immediately after induction treatment with pemetrexed plus cisplatin for advanced
nonsquamous non-small-cell lung cancer. Clin Lung Cancer. 2014;15(6):418-425. https://doi.org/10.1016/j.
cllc.2014.06.007.

Middleton G, Gridelli C, De Marinis F, Pujol JL, Reck M, Ramlau R, et al. Evaluation of changes in renal
function in PARAMOUNT: a phase Ill study of maintenance pemetrexed plus best supportive care versus
placebo plus best supportive care after induction treatment with pemetrexed plus cisplatin for advanced
nonsquamous non-small-cell lung cancer. Curr Med Res Opin. 2018;34(5):865-871. https://doi.org/10.1080
/03007995.2018.1439462.

Hommos MS, Glassock RJ, Rule AD. Structuraland functional changes in human kidneys with healthy aging.
JAm Soc Nephrol. 2017,28(10):2838-2844. https://doi.org/10.1681/asn.2017040421.

Stevens LA, Coresh J, Greene T, Levey AS. Assessing kidney function-measured and estimated glomerular
filtration rate. N EnglJ Med. 2006;354(23):2473-2483. https://doi.org/10.1056/NEJMra054415.

Visser S, Huisbrink J, van 't Veer NE, van Toor JJ, van Boxem AJM, van Walree NC, et al. Renal impairment
during pemetrexed maintenance in patients with advanced nonsmall cell lung cancer: a cohort study. Eur
Respir J. 2018;52(4). https://doi.org/10.1183/13993003.00884-2018.



39.

40.

41.

42.

43.

44.

45.

Chapter 43 | Cumulative pemetrexed dose increases the risk of nephrotoxicity

Langer CJ, Paz-Ares LG, Wozniak AJ, Gridelli C, de Marinis F, Pujol JL, et al. Safety analyses of pemetrexed-
cisplatin and pemetrexed maintenance therapies in patients with advanced non-squamous NSCLC:
retrospective analyses from 2 phase Il studies. Clin Lung Cancer. 2017,18(5).489-496. https:.//doi.
0rg/10.1016/j.cllc.2017.04.003.

Kidney Disease: Improving Global Outcomes. Clinical practice guideline for acute kidney injury. Kidney Int
Suppl. 2012;2(1):1-138.

Stark JJ, Howel SB. Nephrotoxicity of cis-platinum (1) dichlorodiammine. Clin Pharmacol Ther. 1978,23(4).461-
466. https://doi.org/10.1002/cpt1978234461.

lkemura K, Hamada'Y, Kaya C, Enokiya T, Muraki Y, Nakahara H, et al. Lansoprazole exacerbates pemetrexed-
mediated hematologic toxicity by competitive inhibition of renal basolateral human organic anion transporter
3. Drug Metab Dispos. 2016;44(10):1543-1549. https.//doi.org/10.1124/dmd.116.070722.

Kurata T, Iwamoto T, Kawahara Y, Okuda M. Characteristics of pemetrexed transport by renal basolateral
organic anion transporter hOAT3. Drug Metab Pharmacokinet. 2014;29(2):148-153. https.//doi.org/10.2133/
dmpk.dmpk-13-rg-042.

Ciarimboli G, Lancaster CS, Schlatter E, Franke RM, SprowlJA, Pavenstadt H, et al. Proximal tubular secretion
of creatinine by organic cation transporter OCT2 in cancer patients. Clin Cancer Res. 2012;18(4):1101-1108.
https://doi.org/10.1158/1078-0432.Ccr-11-2503.

Vallon V, Eraly SA, Rao SR, Gerasimova M, Rose M, Nagle M, et al. A role for the organic anion transporter
OAT3 in renal creatinine secretion in mice. Am J Physiol Renal Physiol. 2012;302(10):F1293-1299. https://doi.
0org/10.1152/ajprenal.00013.2012.

217




SUPPLEMENTAL MATERIAL

Appendix A
Comedications affecting renal function (C.A. Naughton 2008)

Vancomycine

Aminoglycosides

Ciprofloxacine

Sulphonamides

Cotrimoxazol

NSAIDs (chronic use)

Herpes antivirals ((valaciclovir, (vallganciclovir, foscarnet)
Calcineurin inhibitors (tacrolimus, ciclosporin, pimecrolimus)
Antidiuretics (thiazides, triamterene, loop diuretics)
RAAS-inhibitors (ACE-inhibitors + ARB)

Methotrexate

Lithium

HIV antivirals (tenofovir + protease inhibitors)
Bisphosphonates iv

Amphotericin B (conventional and liposomal)

Allopurinol

Comorbidities:
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Hypertension
Heart failure
Other CVD
Diabetes

Gout
COPD/asthma
Liver disease
Obesity

Prior renal disease
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Appendices | Conclusions and future perspective

CONCLUSIONS AND FUTURE PERSPECTIVES

Cancer drug dose optimization remains an important, yet often neglected part in current treatment
paradigms. This thesis focuses on some of the gaps in knowledge regarding this frequently
forgotten part of precision medicine in the treatment of non-small cell lung cancer (NSCLC). Several

considerations, as outlined in Table 1 should be taken into account with regard to these approaches.

In Figure 1 the steps and approaches of dose optimizations are illustrated, it is indicated how each

chapter in this thesis is related to them.

Table 1. Key points to consider for dose optimizations.

Knowledge regarding the therapeutic window
There is often a delicate balance between efficacy and toxicity during therapy. Development of tools to
obtain knowledge regarding the narrow therapeutic window is challenging.

Factors influencing or predicting exposure
Dosing based on covariates or derived from pharmacokinetic measurement are promising strategies to
enhance the proportion of patients dosed within the therapeutic range.

Toxicity of anticancer drugs

The development of toxicity during therapy is multifactorial, sometimes additional strategies are necessary

to ensure safe dosing.

Chapter1 —»

% Effect

Therapeutic effect Toxic effect

Chapter4.2,4.3

—> Chapter 4.1
Therapeuticjwindow

!

Pharmacokinetic exposure ~«——————— Chapter2.2,3.2-3.5

l

Dose optimizations |

@ @ &

Improving
efficacy

—

Chapter
2.1,4.1

Reducing Reducing Enhancing

toxicity financial burden quality of life

Chapter Chapter Chapter
3.1-3.5,4.1-43 2.2,41 33

Figure 1. Graphical representation of the dose optimization steps and approaches as described in this thesis.
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KNOWLEDGE REGARDING THE THERAPEUTIC WINDOW

For most anticancer drugs, exposure has been related to both efficacy and toxicity of treatment'3,
thus the final goal in the clinical pharmacology of these drugs is to find that dose that balances
between these parameters. Once knowledge regarding the width of this therapeutic window has
been obtained, efforts can be made to ensure individuals are dosed within the therapeutic range.
However, as highlighted in Chapter 1, for most drugs approved for the treatment of NSCLC, solid
knowledge regarding this therapeutic window is lacking or ignored for dose optimizations.

For chemotherapeutic agents, a body surface area (BSA)-based dosing strategy is generally
applied. However, this dosing strategy might be of limited value to attain a therapeutic range in the
population. Especially for chemotherapeutic agents it is important to administer the right dose from
the first dose onwards and, therefore, more accurate predictors for drug exposure are warranted.
For carboplatin, a drug with an extensive renal clearance, inclusion of renal function measures in
the dosing approach has been found to significantly decrease the variability in exposure of this
drug?, and currently this predictor is used for dosing purposes.

For pemetrexed, it is assumed that efficacy is related to its exposure (partly based on its analogy
with methotrexate). Renal function acts as important determinant for the systemic exposure to this
drug. Nonetheless, dose optimization based on renal function is not readily performed. Chapter
3.3 describes a prospective study, in which we compared a renal-based dosing of pemetrexed
to the standard-of-care (BSA-based) dosing in patients with adequate renal function (estimated
glomerular filtration rate (eGFR) > 45 mL/min). We showed a (non-statistical significant) trend
between decreased renal function and increased exposure to pemetrexed using BSA-based
dosing. Unfortunately, the study included few patients with a renal function below or above average
(eGFR: 45-60 mL/min and > 120 mL/min, respectively) and thus, we added limited knowledge
regarding the exposure to pemetrexed in these subpopulations. On the other hand, the results
of our study indicated that for most patients with an adequate renal function, the current BSA-
based dosing might be non-inferior to renal function based dosing with regard to pharmacokinetic
exposure. For patients with an inadequate renal function (€GFR < 45 mL/min), however, we found
that extrapolation of the approved dose might not be as straightforward as was initially thought
and even cautious approaches might result in unwanted adverse effects (Chapter 4.2).

A few decades ago, chemotherapeutic agents were the only drugs available for treatment of
cancer. Consequently, when the era of oral targeted therapies and immunotherapy commenced,
clinical trial programs retained their dose-finding methods by dosing on the maximum tolerated
dose. Currently, concerns have been raised for the ways these clinical trials are designed for these
new drugs.® For example, flat exposure-response curves have been observed for most of the
programmed cell death protein 1 (PD-1) and programmed cell death-ligand 1 (PD-L1) inhibitors in
their current fixed dosing scheme.® Therefore, decreasing the dose might not influence efficacy or
toxicity of therapy, however, lower fixed doses will substantially reduce the high healthcare costs
associated with these drugs.” In addition, this knowledge might allow for a prolongation of the
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dosing interval, reducing infusion-related costs and increasing quality of life by offering additional
flexibility for patients.® Similarly, we showed in Chapter 4.1 that the exposure to osimertinib in
terms of trough concentrations is not related to efficacy in clinical practice at the approved dose.
This has also been found in a previous study, assessing the exposure-response relationship in a
clinical trial population.? For other oral tyrosine kinase inhibitors (TKIs) in this mutant epidermal
growth factor receptor (EGFR)-targeting drug class, exposure-efficacy relationships are often
absent in the current dosing schedule, while exposure-toxicity relationships are present** This
shows that EGFR inhibitors are currently dosed on the plateau of the exposure-efficacy curve and
thus reduction in the approved dose might maintain efficacy while decreasing adverse events.

Generally speaking, the quest to obtain knowledge regarding the therapeutic window for
anticancer drugs, is not always as straightforward as it seems. Tools to make predictions regarding
the subgroups (e.g. patients with a higher or lower than average drug exposure) should be further
explored. For instance, comparing the pharmacokinetics and pharmacodynamics of drugs within
the same drug class could be valuable to manage the expectation regarding efficacy and toxicity.

FACTORS INFLUENCING OR PREDICTING EXPOSURE

As highlighted in Chapter 1, the current dosing strategies for the SMlis and cytotoxic agents approved
for treatment of NSCLC do not contribute to the fine balance between maximal efficacy and minimum
toxicity for the individual patient. Therefore, it is necessary to find predictors for drug exposure,
which can be used for dose optimizations. These predictors can be divided into two potentially
synergistic approaches. On the one side, covariate-based dosing could be implemented with regard

to patient characteristics including renal function (Chapter 3.1-3.3), age (Chapter 3.5), weight and/
or co-medications (Chapter 2.2). On the other hand, PK-guided dosing in terms of therapeutic drug
monitoring (TDM) or implementation of a test dose (Chapter 3.4) might prove helpful.

Covariate-based dosing

Patients with renal impairment, elderly patients and patients with interacting co-medications
are often excluded from clinical trials. However, these patients do reflect the general NSCLC
population, thus, studies to assess the effects of these factors are warranted. In Chapter 3.2, we
found for pemetrexed, that the implementation of renal function is able to reduce the interindividual
variability in clearance of this drug. This effect is even more pronounced than found in earlier
studies.B Since it has been postulated that exposure is related to both efficacy and toxicity (Chapter
1), dosing on renal function proves a promising dose optimization strategy for pemetrexed.
Prospective trials should elucidate whether renal-function based dosing is indeed as effective
and less toxic for patients with an above or below average renal function.

For elderly patients, it has been found that age-dependent physiological alterations might

influence pharmacokinetic parameters. Dependent on drug characteristics, this may lead to sub-
or supratherapeutic drug exposure. In Chapter 3.5, we investigated whether age has a statistical
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significant and clinical relevant influence on pharmacokinetics of the hydrophilic drug gemcitabine.
Our trial did not find that age should be included as covariate contributing to dose optimization
of gemcitabine. However, this cannot be generally extrapolated for other drugs and, therefore,
pharmacokinetic studies in the elderly population remain a necessity.*

Many cancer patients suffer from co-morbidities, for which co-medication is administered. Drug-
drug interactions with anticancer drugs can result in an increase or decrease of systemic exposure
and thus might affect treatment outcome. However, interacting medication might also be used
to boost the exposure of the drug. In Chapter 2.2, we showed the feasibility of a pharmacokinetic
boosting agent (such as ritonavir) to increase the exposure to TKis. Due to the rapid development
of new TKis, it is expected that the impact of TKI-treatment on the health care budget will quickly
increase. Decreasing the dose and adding an affordable boosting drug, is an option to control drug
cost. Since it is expected that the interpatient variability in CYP3A4 expression during inhibition
is lowered, concomitant intake could also prove to be beneficial to reduce the pharmacokinetic
variability of the boosted drug. In addition, in Chapter 2.1, we postulated that these combination
strategies might not only be beneficial to increase systemic exposure, but might ameliorate tumor
exposure of taxane-based chemotherapeutics by avoiding resistance mechanisms. In addition,
some of these boosting agents might even have slight antitumor efficacy on its own.*s Currently, the
exact mechanisms of these synergistic effects are not fully known and should be further elucidated.

PK-guided dosing
Another way to predict exposure is by measurement of drug concentrations and subsequent dose

adaptation. This strategy might allow for partial eradication of (un)known factors influencing the
variability of drug exposure. TDM in oncology is able to reduce interindividual variability and is
a promising tool to find the optimal, individual dose for many drugs.*®* Among other criteria, the
presence of an exposure-response relationship and high interindividual variability in exposure
to the drug are crucial factors favoring implementation of TDM.”” However, in their approved
dosing, clinically relevant exposure-response relationships were not present for all drugs currently
nominated for TDM (Chapter 4.1). The combination of a tailored lower doses and the implementation
of TDM could be of value for such cases, especially if lower doses are cost-effective.

The best way to explore the pharmacokinetics of a drug in an individual is by administration of
that drug. However, with regard to safety of the drug, a therapeutic dose might not always be
suited for study purposes. Consequently, the pharmacokinetics of low test doses have frequently
been reported to be a predictor of the pharmacokinetics of a therapeutic dose.®* Therefore, we
performed a proof-of-concept study to demonstrate the predictive performance of a test dose
(Chapter 3.4). Although, we showed that a low test dose of pemetrexed is able to predict the
pharmacokinetics of a therapeutic dose, we also found that renal function is superior in predicting
the clearance of pemetrexed. Therefore, the highly invasive method (which might affect the quality-
of-life) of administration of a test dose to optimize dosing for pemetrexed is not preferred.
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Altogether, knowledge regarding factors which play major roles in the interindividual variability in
exposure to drugs is essential. Dosing drugs with regard to these factors might allow to improve
dosing inside the narrow therapeutic window of most drugs.

TOXICITY OF ANTICANCER DRUGS

Toxicity of anticancer therapy is a major concern causing dose reductions, treatment delay or
treatment discontinuations. In Chapter 4.2, we unraveled the relationship between the exposure to
pemetrexed and neutropenia. We found that the time-above-threshold concentration of pemetrexed
is driving the development of neutropenia. For methotrexate, a structural analogue to pemetrexed,
this effect has already been observed® As mentioned above, an adequate renal function will result
in a sufficient clearance of pemetrexed, and thus, the exposure to pemetrexed (in terms of area
under the concentration-time curve), might be a surrogate marker for the time-above-threshold
concentration. However, this relationship might be distorted in case of decreased clearance of
pemetrexed. As a result, we observed that an extremely lower dose was neutropenia-equivalent
in this patient group when compared to patients with an adequate renal function. The prospective
evaluation of prophylactic strategies (such as folinic acid or pegfilgrastim, which are used to prevent
hematological toxicities to occur during methotrexate treatment® 2?) should be performed.

Combination treatment regimens (such as chemo-immunotherapy; as pointed out in Chapter 3.1)
are becoming more standard of therapy and have shown to improve survival.?3 24 Since this will
inevitably lead to an increase in the number of cycles of chemotherapy, we need to prevent the
introduction of a downward spiralin which the development of long-term adverse events will affect
treatment efficacy (Chapter 4.3).

FINAL REMARKS

Currently, the dosing guidelines in drug labels are often outdated and based on the limited research
available during development. As a result, they often miss crucial dose adaptions for the general
population or a fraction of these patients (e.g. patients with a decreased renal function or elderly).
However, absence of solid evidence cannot simply lead to holding back effective therapies from
those with characteristics outside the general population. For some drugs, justification of dose
adaptations in clinical practice can already be substantiated by the strings of evidence found in
the broad range of post-approval studies. This thesis focuses on different approaches for dose
optimizations in the treatment of NSCLC and gives a foundation for further research. Introduction
of a more extensive exploration of pharmacokinetic and pharmacodynamics relationships in
clinical drug development programs should improve dose optimizations for drugs to come. In
addition, we need to identify factors influencing efficacy, toxicity and quality of life and economic
consequences of dosing strategies for the currently approved drugs. Only when these factors for
dose optimizations are addressed, the full potential of precision medicine can be realized.
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SUMMARY

In the current era of precision medicine in oncology, the tailoring of treatment of patients on the
(molecular) characteristics of the tumor is widely performed. However, for many drugs, the full
spectrum of precision medicine is not yet implemented in routine practice. The doses of drugs are
stillmostly based on the one-size-fits-all dosing approach. Nonetheless, the clinical pharmacology
of these drugs suggests and warrants for the optimization of the current strategies. With the high
incidence of non-small cell lung cancer (NSCLC), even minor improvements in the current dosing
of the therapeutic options for this indication could have a high impact on the efficacy, toxicity
and costs of treatment and the quality of life. In this thesis, parts of the knowledge gaps on dose
optimizations for several therapeutic options of NSCLC are elucidated.

The aim of Part I, Chapter 1 was to discuss the rationale of dose optimizations for the small-
molecule inhibitors (SMIs), cytostatic agents and monoclonal antibodies in the treatment of NSCLC.
For many of these therapeutic options, pharmacological knowledge becomes more abundant and
often support the added value for dose optimizations with regard to treatment efficacy, toxicity,
prescriber convenience and costs.

Part Il described the rationale and impact of inhibition of the metabolic enzymes of SMis and
cytostatic agents.

In Chapter 2.1, the intratumoral expression of cytochrome P450 (CYP) 3A4, 3A5 and 2C8 in solid
tumors was discussed. Although published data was conflicting, a trend towards higher CYP3A4
expression was observed in malignant tissue. As a result, it was advocated that higher CYP3A4
expression was associated with worse treatment outcomes after taxane therapy. Moreover, it was
also shown that these therapies could induce intratumoral CYP3A4 expression during treatment.
Concomitant intake of a CYP3A4 inhibitor (for example ritonavir) has been shown to decrease this
potential resistance mechanism. In addition, it has been found that these inhibitors might yield
additional antitumor efficacy by itself. These findings suggested a promising role for intratumoral
CYP3A4 inhibition to counteract resistance mechanisms of therapies.

Chapter 2.2 focused on the feasibility of the concomitant intake of SMls and ritonavir. Erlotinib
was set as an example-SMI in this open-label, single-arm, cross-over study. For the analysis,
pharmacokinetic samples were drawn in nine patients during steady-state at 150 mg once daily
(QD) erlotinib (control arm) and during steady-state at 75 mg QD erlotinib and 200 mg QD ritonavir
(intervention arm). Exposure parameters for both dosing strategies were similar with a relative
geometric mean of the systemic exposure over 24 h maximum plasma concentrations and trough
concentrations of the intervention arm compared to the controlarm of 99% (95% confidence interval
(C): 58-169%), 91% (95% Cl: 55-149%) and 106% (95% Cl: 59-193%), respectively. The findings of this
study could serve as an example for other (expensive) therapies metabolized by CYP3A4.
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Predictors of pharmacokinetics of the therapeutic options for NSCLC were described and evaluated
in Part lll. Both covariate-based as pharmacokinetically-guided dose optimizations were described
in this part.

Although renal function is an important determinant for the systemic exposure of pemetrexed,
dose individualization based on this parameter is not readily performed. In Chapter 3.1, the current
position of the pemetrexed dosing paradigm was sketched. A contraindication for treatment exists
for patients with a moderate to severe decreased renal function. Since pemetrexed itself might
result in a deterioration of renal function, effective therapy is often withheld for patients crossing the
renal function threshold. In general, individualized dosing of pemetrexed based on renal function
could be of added value to maintain effective therapy while minimalizing the toxicities.

Moreover, in Chapter 3.2, the impact of renal function on the exposure of pemetrexed was assessed
in a pharmacokinetic analysis. The pharmacokinetic data of 47 patients was best described by a
three-compartment model with the estimated glomerular filtration rate (eGFR, assessed with the
Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) equation)) as a linear covariate on
the clearance of pemetrexed. It was observed that renal function contributed more to the clearance
of pemetrexed than initially thought (84% versus 50%). This finding highlighted the importance of
the individual renal function on the pharmacokinetics of pemetrexed.

A multicenter randomized controlled trial was conducted and described in Chapter 3.3. In this study
the superiority of an optimized, renal function-based dosing of pemetrexed was compared to the
conventional body surface area (BSA)-based dosing in patients with an adequate renal function
(eGFR > 45 mL/min). The individual exposure to pemetrexed was calculated and compared with a
predefined pharmacokinetic target of 164 mg*h/L (+ 25%). In total, 37 patients were dosed following
the optimized dosing strategy and 44 patients with the conventional BSA-based dosing. The results
showed that 89% of patients in the optimized dosing arm and 84% of patients in the BSA-based
dosing arm attained this target (p = 0.436). The study concluded that the optimized dosing of
pemetrexed does not yield an added value on the attainment of a pharmacokinetic endpoint,
safety or quality of life in comparison with the conventional dosing strategy.

In addition to individualized dosing based on patient covariates, it has been postulated that
pharmacokinetically-guided dosing based on a test dose could serve as a predictor for the
pharmacokinetics of a therapeutic dose. Therefore, Chapter 3.4 described a proof-of-concept
study in ten patients in which we investigated the feasibility of a low test dose of pemetrexed to
predict the pharmacokinetics of a therapeutic dose. The study showed that there is a statistical
significant relationship between the clearance of the test dose and the clearance of a full dose
of pemetrexed (Spearman’s rho: 0.758, p = 0.02). However, from our results it may be debated
that renal function is a more precise and accurate predictor of pemetrexed clearance, therefore
questioning the use of microdosing to perform dose individualization.
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The impact of older age on the pharmacokinetic exposure of gemcitabine and its metabolite,
2'2-difluorodeoxyuridine (dFdU) was described in Chapter 3.5. In this pharmacokinetic study, age
was handled both as continuous and categorical (< 70 years versus 2 70 years) covariate. In addition,
allometric scaling, gender, renal function and treatment indication were included as covariates
based on previous analyses. This study indicated that elderly patients have a statistically non-
significant 20% increase in the volume of distribution of the central compartment of gemcitabine.
This effect was not considered to be clinically relevant and, therefore, this study concluded that
dose adaption in elderly based on pharmacokinetic considerations should not be performed.

Part IV addressed the relationships between exposure to drugs and the efficacy and/or toxicity
of the therapy.

Chapter 4.1 focused on the exposure-response analysis of osimertinib in epidermal growth factor
receptor (EGFR)-mutated NSCLC. This study included a total of 145 NSCLC patients and a combined
number of 513 osimertinib plasma concentration samples. The exposure-efficacy relationship was
explored using a previously defined exploratory pharmacokinetic threshold of 166 ug/L. The
exposure to osimertinib was not statistically significant associated with progression-free survival
(PFS) with a hazard ratio of 0.65 (95% Cl: 0.42-1.02; p = 0.06). This trend in the relationship between
higher osimertinib exposure and shorter PFS was explained by the presence of worse prognostic
markers for the patient group with higher osimertinib exposure, compared to the group of patients
with lower osimertinib exposure. Only the presence of a oncogenic driver mutation, other than the
exon 19 del or L858R mutation was found to statistically significant decrease the PFS with a hazard
ratio of 2.46 (95% Cl: 1.20-5.03; p = 0.01). No relationship between osimertinib exposure and toxicity
was observed. This study indicated that plasma concentrations of osimertinib is not a predictor for
treatment outcome. Moreover, it postulated that lower doses of osimertinib might potentially be
equivalently effective compared to the current approved dosing.

Patients with renal dysfunction, treated with pemetrexed, are more prone for the development
of hematological toxicities. In an earlier study, a linear relationship between the exposure to
pemetrexed and the inhibition of the proliferation rate of neutrophils has been described. Based
on these findings, we studied a renal function-based dosing strategy in patients with impaired
renal function. However, because of unexpected toxicities in these patients, the study was
prematurely halted. Chapter 4.2 described the analysis of the pemetrexed exposure-neutropenia
relationship. This pharmacokinetic analysis was based on the data of the halted clinical study (n
= 3) and supplemented with data from a phase | study (n = 106). In our study, we found that the
development of neutropenia during treatment with pemetrexed is most likely driven by a threshold
toxicity concentration relationship. This found exposure-toxicity relationship is different than the
earlier assumed (linear) relationship. The observed threshold concentration for patients in the
current clinical practice was 0.11 mg/mL. Moreover, this study also indicated that a neutropenia
equivalent dose in patients with renal dysfunction is substantially lower than the current approved
dose. Therefore, we postulated that the approved dose of pemetrexed in patients with impaired
renal function could only be given when combined with prophylactic strategies for toxicity.
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In Chapter 4.3, the relationship between pemetrexed exposure and the development of
nephrotoxicity is described. In this retrospective analysis, 359 patients were included. In total 21%
of the patients had a clinically relevant decline of their renal function and 8.1% of the patients
were forced to discontinue pemetrexed treatment due to nephrotoxicity. The cumulative dose
of pemetrexed (z 10 cycles of therapy) was identified as risk factor for nephrotoxicity (adjusted
odds ratio: 5.66 (95% Cl: 1.73-18.54)). This study showed the risks of prolonged treatment with
pemetrexed, which becomes more important since combination therapies with pemetrexed are

becoming standard of care.

In conclusion, this thesis described several studies, which aimed to improve the dosing strategies
for the treatment of NSCLC. It was concluded that for many drugs a rationale for dose optimization
is present. The landscape of the therapeutic window should first be assessed, followed by the
identification of predictors for the systemic exposure of the drug. Finally, based on this information,
efforts could be made to ensure that the individual patient is dosed the most optimal dosing
with regard to efficacy, toxicity, quality of life and financial burden. Implementation of these
considerations might prove valuable in the quest to optimize precision medicine in clinical practice.
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NEDERLANDSE SAMENVATTING

In het huidige tijdperk van de precisiegeneeskunde in de oncologie worden patiénten al vaak op
maat behandeld op basis van de (moleculaire) karakteristieken van de tumor. Echter, hiermee
wordt niet de volle potentie van de precisiegeneeskunde benut in de huidige klinische praktijk.
Geneesmiddelen worden namelijk vaak nog gedoseerd in een dosering die voor iedere patiént
hetzelfde is. Desalniettemin wijst de klinische farmacologie van veel anti-kankergeneesmiddelen
erop dat de huidige doseerstrategieén geoptimaliseerd kunnen worden. Mede omdat niet-
kleincellig longkanker (NSCLC) veel voorkomt, zullen kleine veranderingen in de huidige
doseerstrategieén een grote impact kunnen hebben op de effectiviteit, toxiciteit en kosten van de
behandeling en de kwaliteit van leven van de individuele patiént. In dit proefschrift worden enkele
hiaten in kennis met betrekking tot het optimaliseren van de doseerstrategieén van de behandeling
van NSCLC besproken.

Het doel van Deel 1, Hoofdstuk 1 was om de rationale achter de optimalisatie van de doseringen
van de verschillende geneesmiddelen bij de behandeling van NSCLC (orale doelgerichte
therapieén, klassieke chemotherapieén en monoclonale antilichamen) te bespreken. Voor vele
van deze behandelopties is er al veel kennis beschikbaar en daarmee wordt het steeds duidelijker
dat het optimaliseren van de doseringen bij kan dragen aan de effectiviteit en de toxiciteit en kosten
van deze behandelingen kan verminderen.

Deel 2 beschreef de rationale achter en het effect van het remmen van metaboliserende enzymen
van de orale doelgerichte therapieén en chemotherapie.

In Hoofdstuk 2.1 werd de intratumorale expressie van de cytochroom P450 (CYP) 3A4, 3A5 en 2C8
enzymen besproken. In de literatuur werden verschillende resultaten gevonden, maar over het
algemeen lijkt de CYP3A4 expressie verhoogd te zijn in tumorweefsel ten opzichte van het gezonde
weefsel. Een hogere CYP3A4 expressie leek ook geassocieerd te zijn met slechtere uitkomsten
van therapieén met taxanen. Daarnaast leken de taxanen zelf een verhogend effect te hebben op
de CYP3A4 expressie. Gelijktijdige inname van een CYP3A4-remmer (bijvoorbeeld ritonavir) zou
dus een belangrijke rol kunnen spelen om dit potentiéle resistentiemechanisme te ondervangen.
Daarnaast werd gevonden dat deze CYP3A4-remmers ook nog via andere mechanismen de groei
van de tumor kunnen verminderen. Kortom, deze bevindingen lieten zien dat de remming van
intratumorale CYP3A4 waardevol kan zijn om resistentiemechanismen te doorbreken.

Hoofdstuk 2.2 richtte zich op de gelijktijdige inname van orale doelgerichte therapieén en
ritonavir. In deze studie werd erlotinib als een voorbeeld voor de orale doelgerichte therapieén
gebruikt. Bij negen patiénten werd bloed afgenomen op twee tijdstippen: na inname van 150
mg iedere dag (QD) erlotinib (controle dosering) en na inname van 75 mg QD erlotinib en 200
mg QD ritonavir (interventie dosering). De blootstellingsparameters van beide doseerstrategieén
was nagenoeg gelijk met een relatief geometrisch gemiddelde van de oppervlakte onder de
plasmaconcentratie-tijd curve (AUC) over 24 uur, de topspiegel en de dalspiegel van 99%, 91% en
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106%, respectievelijk. Deze resultaten suggereerden dat het verhogen van de blootstelling met
ritonavir een veelbelovende strategie is om de dosering van erlotinib en daarmee de kosten van
de therapie te verlagen. Deze strategie zou wellicht ook geimplementeerd kunnen worden voor
andere dure therapieén die via CYP3A4 gemetaboliseerd worden.

Voorspellers van de farmacokinetiek van de behandelopties voor NSCLC werden beschreven en
geévalueerd in Deel lll. Zowel covariaat-gebaseerde als farmacokinetiek-geleide optimalisaties
van de doseringen werden hier onderzocht.

Alhoewel de nierfunctie een belangrijke determinant is voor de systemische blootstelling van
pemetrexed, wordt een individualisering op basis van deze parameter nog niet uitgevoerd. In
Hoofdstuk 3.1 werd de huidige doseerstrategie van pemetrexed geschetst. Op dit moment bestaat
er een contra-indicatie voor behandeling van patiénten met een matige tot slechte nierfunctie.
Gezien pemetrexed zelf ook een negatief effect op de nierfunctie heeft, wordt effectieve therapie
vaak onthouden voor patiénten die tijdens therapie een vermindering in de nierfunctie ondervinden.
Samengevat, kan een geindividualiseerde dosering op basis van de nierfunctie van toegevoegde
waarde zijn om deze effectieve therapeutische optie te behouden en de kans op bijwerkingen te

verminderen.

In Hoofdstuk 3.2 werd het effect van de nierfunctie op de blootstelling aan pemetrexed in een
farmacokinetische analyse onderzocht. De farmacokinetische data van 47 patiénten werd het best
beschreven door een drie-compartiment model met de geschatte glomerulaire filtratie snelheid
(eGFR, bepaald met de Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) formule)
als een lineaire covariaat op de klaring van pemetrexed. Het effect van nierfunctie op de klaring
van pemetrexed was hoger dan aanvankelijk gedacht (84% versus 50%). Met deze bevinding werd
het belang van de individuele nierfunctie op de farmacokinetiek van pemetrexed onderstreept.

Een gerandomiseerde studie in meerdere ziekenhuizen in Nederland werd uitgevoerd en
beschreven in Hoofdstuk 3.3. In dit onderzoek werd de meerwaarde van een geoptimaliseerde,
op nierfunctie-gebaseerde dosering met pemetrexed ten opzichte van de conventionele
lichaamsoppervlakte (BSA)-gebaseerde dosering onderzocht in patiénten met een adequate
nierfunctie (> 45 mL/min). De blootstelling aan pemetrexed werd per patiént berekend en
vergeleken met een eerder vastgestelde streefwaarde voor de farmacokinetische blootstelling van
164 mg'h/L (+ 25%). In totaal werden er 37 patiénten gedoseerd met de geoptimaliseerde dosering
en 44 patiénten geincludeerd in de BSA-gebaseerde doseringsarm. In de geoptimaliseerde arm
was de blootstelling pemetrexed in 89% van de patiénten binnen het farmacokinetische target en
in de BSA-gebaseerde doseringsarm was dit 84% (p = 0.436). Een geoptimaliseerde dosering op
basis van nierfunctie in patiénten met een adequate nierfunctie had geen toegevoegde waarde op
basis van een farmacokinetisch eindpunt, op veiligheid of op de kwaliteit van leven in vergelijking
met de conventionele doseerstrategie.
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Naast het doseren op basis van individuele covariaten zou de dosering ook geoptimaliseerd kunnen
worden op basis van de farmacokinetiek van het middel in de individuele patiént. Hierbij zou een
testdosering toegediend kunnen worden die als voorspeller voor een therapeutische dosering
fungeert. In Hoofdstuk 3.4 werd dit in tien patiénten geévalueerd, waarbij de farmacokinetiek
van een zeer lage test dosis werd vergeleken met de farmacokinetiek van pemetrexed na een
therapeutische dosering. De studie liet een statistisch significante relatie zien tussen de klaring van
de test dosis en de klaring van de volledige dosering van pemetrexed (Spearman’s rho: 0.758, p =
0.02). Desalniettemin, bleek nierfunctie een betere voorspeller te zijn van de farmacokinetiek van
pemetrexed. Gezien deze strategie minder invasief is voor de patiént, verdient deze de voorkeur
boven de toediening van de test dosis.

Het effect van een oudere leeftijd op de farmacokinetische blootstelling van gemcitabine en
haar metaboliet, 2'2-difluorodeoxyuridine (dFdU) werd beschreven in Hoofdstuk 3.5. In deze
farmacokinetische studie werd leeftijd zowel als continue als categorische (< 70 jaar versus 2 70
Jjaar) covariaat onderzocht. Allometrische schaling, geslacht, nierfunctie en tumortype werden -
gebaseerd op voorgaande analyses- ook geincludeerd als covariaat. De studie liet een niet-statistisch
significante toename van 20% zien van het verdelingsvolume van het centrale compartiment van
gemcitabine in ouderen. Dit effect was niet klinisch relevant en dosisaanpassingen op basis van
farmacokinetische redenen zijn daarom niet nodig in de oudere populatie.

Deel IV richtte zich op de relatie tussen blootstelling aan geneesmiddelen en de effectiviteit en/
of toxiciteit van de behandeling.

Hoofdstuk 4.1 richtte zich op de blootstelling-respons relatie van osimertinib in epidermal growth
factor receptor (EGFR)-gemuteerde NSCLC. In deze studie werden in totaal 145 patiénten met
NSCLC geincludeerd, waarbij een gecombineerd aantal van 513 osimertinib plasmaconcentraties
gemeten waren. De blootstellings-effectiviteit relatie werd onderzocht met behulp van een vooraf
vastgestelde farmacokinetische streefwaarde van 166 pg/L. De blootstelling van osimertinib was
niet statistisch significant gerelateerd met de progressie-vrije overleving (PFS) met een hazard
ratio van 0,65 (95% betrouwbaarheidsinterval (Bl): 0,42-1,02; p = 0.06). De trend in de relatie
tussen de hogere osimertinib blootstelling en een verminderde PFS kon verklaard worden door
de aanwezigheid van slechtere prognostische markers in de groep met hogere blootstelling in
vergelijking met de groep met een lagere osimertinib blootstelling. De aanwezigheid van een
oorzakelijke mutatie in een oncogen, anders dan de exon 19 deletie of L858R mutatie, werd
geassocieerd met een statistisch significante vermindering van de PFS met een hazard ratio van 2,45
(95% Bl: 1,20-5,03; p = 0.01). Er werd geen relatie gevonden tussen de blootstelling aan osimertinib
en de klinisch relevante bijwerkingen. De studie suggereerde dat de plasmaconcentraties van
osimertinib geen voorspeller is voor de behandeluitkomsten. Bovendien zou het toedienen van
lagere doseringen van osimertinib even effectief kunnen zijn als de huidige doseringen.
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Het is bekend dat patiénten met een verminderde nierfunctie, die behandeld worden met
pemetrexed, meer risico lopen op de ontwikkeling van hematologische bijwerkingen. In een
eerdere studie werd een lineaire relatie gevonden tussen de blootstelling aan pemetrexed en
de remming van de proliferatie van neutrofielen. Op basis van deze bevindingen hebben wij
vervolgens een nierfunctie-gebaseerde doseringsstrategie onderzocht in patiénten met een
verminderde nierfunctie. Helaas werden er bij deze doseerstrategie veel onverwachte bijwerkingen
gezien en werd deze studie gepauzeerd. In Hoofdstuk 4.2 werd de analyse van de pemetrexed
blootstelling-neutropenie relatie beschreven. Deze farmacokinetische analyse werd gebaseerd
op onze vroegtijdig stopgezette studie (n = 3) en aangevuld met data van een fase | studie (n -
106). Onze studie liet zien dat neutropenie hoogstwaarschijnlijk gedreven wordt door een toxiciteit
drempelwaarde concentratie. Deze relatie is dus wezenlijk anders dan de eerder beschreven lineaire
relatie. Voor patiénten in de huidige klinische praktijk werd een drempelwaarde concentratie van
0,11 mg/mL pemetrexed gevonden. Daarnaast voorspelde deze studie dat een dosering die tot
eenzelfde neutropene response leidt in patiénten met een verminderde nierfunctie substantieel
lager is dan de geregistreerde dosering. Toediening van de geregistreerde dosering pemetrexed in
patiénten met een verminderde nierfunctie zal alleen mogelijk zijn als deze gecombineerd wordt
met profylactische strategieén tegen de hematologische bijwerkingen.

In Hoofstuk 4.3 werd de relatie tussen de blootstelling aan pemetrexed en de ontwikkeling van
nierschade beschreven. In deze retrospectieve studie werden 359 patiénten geincludeerd. In totaal
werd bij 21% van deze patiénten een klinisch relevante vermindering van de nierfunctie gevonden
en moest de therapie gestopt worden bij 8,1% van de patiénten doordat hun nierfunctie te ver
achteruitgegaan was. Een cumulatieve dosering van pemetrexed (> 10 cycli) werd geidentificeerd
als een risicofactor voor nierschade (adjusted odds ratio van 5,66 (95% BI: 1,73-18,54)). De studie
liet zien dat herhaalde blootstelling aan pemetrexed risicovol is. Dit is vooral belangrijk omdat
pemetrexed steeds vaker en langer gebruikt wordt als combinatietherapie bij de behandeling
van NSCLC.

Samenvattend, beschrijft dit proefschrift verscheidene studies die zich richten op de verbetering
van doseerstrategieén bij de behandeling van NSCLC. Voor vele van de geneesmiddelen is een
rationale voor deze optimalisatie aanwezig. Eerst dient het speelveld voor de optimalisaties volledig
in kaart gebracht te worden door het therapeutische venster van de individuele therapieén vast te
stellen. Daarna kunnen voorspellers voor de blootstelling en de uitkomsten van de behandelingen
onderzocht worden. Ten slotte, als deze informatie bekend is, kunnen de daaruit volgende dosis
optimalisaties geimplementeerd worden om een optimale balans in effectiviteit, toxiciteit, kwaliteit

van leven en kosten te vinden.
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DANKWOORD

Bijna vier jaar geleden begon het avontuur in het AvL, waarvan dit proefschrift het resultaat is. In
die periode heb ik ontzettend veel geleerd, gelachen en een ontzettend fijne tijd gehad. Eén van
de eerste dingen die ik leerde was dat je onderzoek nooit alleen doet. Zonder de hulp en inzet
van velen was het onderzoek niet geworden wat het nu is. Ik wil daarbij een aantal mensen in het

bijzonder benoemen.

Allereerst wil ik alle patiénten bedanken die mee hebben gedaan aan de klinische studies die
beschreven zijn in dit proefschrift. Het is bewonderingswaardig hoe veel van hen met altruistische
motieven bij wilden dragen aan de wetenschap om hun medemens te helpen. Zonder hen was
het onmogelijk geweest om deze onderzoeken uit te voeren.

Alwin, ik kan mij geen betere promotor voorstellen. Je bent een inspiratiebron die problemen op
een gestructureerde manier aanpakt en bijna altijd wel een idee heeft om tot een verbetering te
komen. Ik ben je super dankbaar voor de kansen die je mij hebt gegeven, dat je in mij geloofde en
daarbij ook als mentor wilde optreden. Jouw enthousiasme werkte veelal aanstekelijk en leidde
er vaak toe dat ik vol frisse moed weer jouw kantoor verliet.

Rob, ik heb er super veel respect voor hoe jij alle ballen in de lucht kan houden. Jouw razendsnelle
feedback, waarin jij zelfs kritischer was dan Alwin (ja, het bestaat echt), hebben het niveau van de
manuscripten zeker naar een hoger niveau getild. Nikki en ik hebben jou wel vaker dan eens de
bijnaam ‘word-wizard' gegeven en dat is niet voor niets. Jij hebt het vermogen om mensen op de
juiste manier te enthousiasmeren voor het doen van onderzoek. Ik ben jou dankbaar dat jij dit effect
ook op mij hebt gehad, mede dankzij jou kijk ik terug op een ontzettend leerzame ervaring die ik
voor geen goud wilde missen.

Neeltje, als enige arts in mijn promotieteam zorgde jij ervoor dat de kliniek en het onderzoek
met elkaar verweven werden. Ook al was jouw agenda altijd bomvol, jij maakte altijd tijd voor mij
vrij als ik eventjes wilde sparren. Bedankt voor de goede begeleiding en alle inzichten die jij hebt
geboden de afgelopen jaren.

Jos, jouw commentaar op manuscripten zorgde er altijd weer voor dat een eventuele tunnelvisie
doorbroken werd. Met jouw kritische oog wist jij feilloos de zwakke punten te vinden en aanwijzingen
te geven hoe dit verbeterd kon worden. Bedankt voor het vertrouwen dat jij vanaf de start van het
onderzoek in mij had.

Beste leden van de leescommissie, ik wil jullie bedanken voor het lezen en beoordelen van mijn
proefschrift.
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Frans, jij maakte het voor mij mogelijk om de opleiding tot klinisch farmacoloog naast mijn
onderzoek te doen. In de afgelopen vier jaar heb ik gezien hoe jij deze opleiding opnieuw hebt
ingericht en hoe dit heeft geleid tot een ontzettend fijn leerklimaat. Dank voor al jouw goede
zorgen!

Sjaak, als lokale hoofdonderzoeker op de IMPROVE studie in het AvL, verdien jij toch een
apart plekje in mijn dankwoord. Ik kon altijd bij jou terecht voor vragen, super bedankt voor de
goede en nauwe samenwerking. Ook wil ik alle andere (long)oncologen bedanken voor de fijne
samenwerking en jullie inzet voor alle studies.

Hilde, Niels, Bas en alle andere analisten, zonder jullie was mijn proefschrift nooit op tijd
afgekomen. Dank jullie wel dat jullie altijd voor mij klaar stonden, voor de sparmomentjes met
betrekking tot de TDM en de welwillendheid om mijn samples zo snel te meten.

Ook zou ik graag de coauteurs van alle stukken willen bedanken voor hun kritische feedback
en alle leuke discussies met betrekking tot de resultaten. Daarnaast ben ik ook dankbaar voor
iedereen die op een andere manier heeft bijgedragen aan het onderzoek. In het bijzonder
Marianne, voor al jouw hulp bij alle longkanker studies. Carla, voor jouw ondersteuning als CRA.
Het Trialbureau voor de administratieve ondersteuning. De planning farmacologie voor het altijd
mee willen denken met betrekking tot de planning van de individuele patiént. De verpleegkundig
specialisten, researchverpleegkundigen en kinetiekverpleegkundige van de Clinical Trial Unit en
de verpleegkundigen van de dagbehandeling voor de prettige samenwerking de afgelopen jaren.

Nikki, zonder jou was het team niet compleet. |k sta nog steeds versteld van jouw efficiéntie,
intelligentie en het feit dat je jouw promotietraject tegelijkertijd met jouw opleiding tot
ziekenhuisapotheker hebt volbracht. In de afgelopen jaren hebben wij een hechte band
opgebouwd, waarbij we naast werk-gerelateerde adviezen ook prive situaties konden bespreken.
Super bedankt voor alles!

Kimberley, ik ben super blij dat wij elkaar in het AvL hebben ontmoet, in de afgelopen jaren heb je
mij geleerd dat er meer is dan alleen maar werk. Ik ben dankbaar dat wij vrienden geworden zijn
en hoop jou en de kattenbende nog vaak te zien! Daarnaast wil ik je ook ontzettende bedanken
dat je als paranimf naast mij wil staan tijdens mijn verdediging.

Laura, dankjewel dat jij mij wil bijstaan als paranimf. Ook onze vriendschap vindt zijn oorsprong in het
AvVL. Ik heb je leren kennen als een ontzettend goede apotheker met veel doorzettingsvermogen.
Ik weet zeker dat jij heel binnenkort een opleidingsplek tot ziekenhuisapotheker bemachtigt en
wens je nu alvast heel veel plezier.

Lisa, dankjewel dat jij zo af en toe mijn klankbord wilde zijn in de vroege ochtenden en tijdens

de thee/koffie momenten, jouw manier van denken leidde altijd tot nieuwe inzichten. Ik ben
ontzettend blij dat wij vrienden zijn geworden!
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(Oud)-kamergenootjes, Kimberley, Laura, Marit, Steffie, Willeke, Alaa en Pia; door jullie ging ik
altijd met heel veel plezier naar het AvL. De sfeer in onze James Bond' kamer (maar ook op de
kamer-etentjes) was altijd superfijn, dank voor dit alles!

Alle OIO’s van H3, bedankt voor de borrels, goede gesprekken, OlO-weekenden en Renesse
retreats. De afgelopen jaren konden we helaas niet veel sociale activiteiten plannen, maar hopelijk
halen we dit snel weer in.

Ook alle vrienden en familie wil ik bedanken voor hun steun tijdens de afgelopen vier jaar. In het
bijzonder de Farmacie Hulplijn: Zizi, Nathalie, Laura, Iris en Hans; we zien elkaar nu veel minder
dan tijdens de colleges en practica van de studie. Toch kan ik altijd bij jullie terecht voor een goed
gesprek en ben ik dankbaar voor de welkome afleiding tijdens mijn PhD-traject. [k heb genoten
van onze escape rooms, etentjes, borrels, dubbel dates, wandelingen en kano-avonturen. Jia Shu
en Sinja, ook jullie wil ik ontzettend bedanken. Ook al wonen we niet meer samen, ik ben super
blij dat we elkaar nog wekelijks spreken en zo een goede band hebben.

Papa en Mama, bedankt voor jullie onvoonwaardelijke steun. Ook al staan er veel moeilijke woorden
in de samenvattingen van de artikelen, jullie deden altijd je best om het te begrijpen. Ik ben er trots
op dat ik zulke lieve ouders heb die zoveel voor mij over hebben. Daphne en Jasper, dank jullie
wel voor jullie aanmoedigende woorden de afgelopen jaren.

Hey Goes (alias Stefan), ik weet dat jij al eens hebt gezegd dat ik jou niet hoef te bedanken omdat
Jij niet hebt bijgedragen aan mijn proefschrift. Wat mij betreft is dat maar gedeeltelijk waar. Jouw
enthousiasme, humor, onvoorwaardelijke steun en vermogen om mij echt gehoord te laten voelen
hebben mij ontzettend geholpen met de laatste loodjes. Heel erg bedankt voor al jouw hulp en
op naar ons volgende avontuur!
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CURRICULUM VITAE

René Boosman was born on July 23rd, 1994 in Assen, The Netherlands. After his high school
graduation from the dr. Nassau College in Assen, he started the study Pharmacy at the University
of Groningen in 2012. As part of his Masters' program, he performed a scientific internship at the
department of Hepatology and Gastroentrology of the Essen University Hospitalin Essen, Germany,
focusing on the effects of thyroid hormone on the fibrotic responses of hepatic stellate cells.
After his summa cum laude graduation in 2018, he started his PhD research at the department
of Pharmacy & Pharmacology of the Netherlands Cancer Institute - Antoni van Leeuwenhoek
Hospital, under the supervision of prof. dr. Alwin Huitema, prof. dr. Jos Beijnen, dr. Rob ter Heine and
dr. Neeltje Steeghs. This PhD mainly focused on the dose optimizations of the therapeutic options
used in the treatment of non-small cell lung cancer. During his PhD, he also trained as a clinical
pharmacologist. As of January 2022, he started as a resident in the Onze Lieve Vrouwe Gasthuis
(OLVG hospital) in Amsterdam, to become a hospital pharmacist.
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