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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 pharma-
cokinetic variability and do not add to treatment outcomes. Fortunately, pharmacological knowledge is increasing, provid-
ing 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 limita-
tions 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.
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interindividual variability (IIV) in exposure, efficacy, toler-
ability, 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 toler-
able 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 debatable [3], 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, antie-
pileptics, antidepressants, and immunosuppressants [4—7].
However, its application in oncology is not commonplace
[8], and this is best observed for lung cancer. Lung cancer
is the leading cause of cancer-related deaths worldwide.
In 2020, more than 2 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
[9]. 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 [10]. However, most thera-
peutics are still used in a “one dose fits all” approach. Alto-
gether, dose optimization remains an important but forgotten
part of precision medicine in lung cancer treatment.

In this review, we discuss opportunities for dose optimi-
zation of drugs currently approved by the European Medi-
cines Agency (EMA) for treatment of non-small-cell lung
cancer (NSCLC).

2 Methods of Literature Review

This article is not a systematic review, but a comprehen-
sive 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 pharmacokinet-
ics, 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.

3 General

Overall, dose optimization can be based a priori or a poste-
riori to the first administration of a drug. A priori dose opti-
mizations include the implementation of covariate-specific
dosing, such as organ function (e.g., renal function) or body
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size (e.g., weight or body surface area [BSA]). 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 pos-
teriori 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 ITV and relatively low interoccasional variabil-
ity 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 [11].
For all dose optimization strategies, information regarding
dose—exposure—response relationships at both an individual
and a population level is crucial to ensure sufficient expo-
sure/pharmacodynamic effects during therapy [2, 12, 13].
Table 1 lists the characteristics of all drug-based therapeutic
options and their optimized dosing strategies for the treat-
ment of NSCLC.

4 Small-Molecule Inhibitors
4.1 Where Do We Stand?

In adenocarcinoma, epidermal growth factor receptor
(EGFR) and KRAS®'?C mutations are the most frequently
detected driver mutations [14]. 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 inhib-
itors (SMIs) have been developed to target these driver muta-
tions. Currently, all these SMIs have been developed accord-
ing to the “one dose fits all” paradigm. However, since they
are notoriously subject to high II'V, fixed doses might lead
to under- and/or overexposure [15]. Several reviews have
advocated the implementation of TDM as a tool to minimize
toxicities while maintaining efficacy [11, 16], but this has
not generally been accepted.

4.2 Epidermal Growth Factor Receptor (EGFR)
Inhibitors

Erlotinib and gefitinib are first-generation EGFR SMIs [17].
Acquired resistance due to mutations has fueled the devel-
opment of the second- and third-generation EGFR SMIs
afatinib, dacomitinib, and osimertinib [18-20].
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4.2.1 Dose Individualization of EGFR Small-Molecule
Inhibitors (SMls)

Overall, it has become evident that the approved doses
(Table 1) of EGFR SMIs are higher than necessary for maxi-
mal 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 rela-
tionships for both efficacy as toxicity are similar to those in
the non-frail population).

4.2.1.1 First-Generation EGFR SMIs Erlotinib and gefi-
tinib are both reversible inhibitors of EGFR. An exposure—
response relationship might be expected, since the equilib-
rium 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 [21-
24]. 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 erlo-
tinib 150 mg QD and gefitinib 250 mg QD [24-29]. Unfor-
tunately, 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 toxic than the currently
approved doses, indicating that extrapolation from non-frail
to frail patients would be reasonable until new data arise
[24-29]. Moreover, in lung cancer cell lines, half-maximal
inhibition (ICy,) values for erlotinib have been reported to
be in the order of 10-40 nM [30], which is a concentration
approximately 1000-fold lower than the observed steady-
state concentrations of erlotinib 150 mg QD [31]. 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 ICj, 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 [32], one preclinical study in mice
advocated that lower doses (5—15 mg/kg) of at least gefi-
tinib might result in a more rapid acquired resistance than
higher doses (25-50 mg/kg) [33]. 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 [22, 34]. 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 [24-29, 35].
Reported frequencies of 7-30% of patients discontinuing

treatment because of side effects [36, 37] indicate that treat-
ment may be optimized by the administration of lower doses.

4.2.1.2 Second- and Third-Generation EGFR SMis For the
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
1-5 days in vitro [38]. Afatinib, dacomitinib, and osimerti-
nib all have elimination half-lives > 36 h, are dosed daily,
and display low ICy, values for binding to mutated EGFR
(steady-state trough concentrations are approximately 40- to
150-fold higher than the reported [protein-unbound] ICs,
values) [30, 39-42]. 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 2 weeks led to a delayed onset of tumor growth
when compared with a single dose of osimertinib [43].
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 [40—42],
whereas clear associations were found between exposure (in
terms of area under the plasma concentration—time curve
[AUC], trough concentrations, or average plasma concentra-
tions) and the development of rash and diarrhea [40, 42, 44,
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 [46—49].

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.

4.3 KRASS'?CInhibitors

Currently, no effective SMIs to target the KRAS®/?C muta-
tion are approved by the EMA. However, the FDA recently
granted accelerated approval to sotorasib [50], and this drug
is expected to also receive approval in the EU. Data are cur-
rently 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 [51].
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4.4 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 [52]. Alectinib,
ceritinib, and brigatinib form the second-generation and lorla-
tinib the third-generation ALK SMIs [53-55]. Positive expo-
sure—efficacy relationships have already been observed in the
clinical development studies of most ALK SMIs [56-60]. For
some of these drugs, positive exposure—toxicity relationships
were also found [59, 60] as well as high IIV (ranging from 30 to
60%) in exposure [56-60]. 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 [61], indicating a narrow
therapeutic window for this drug class and showing the potential
for dose individualization by means of TDM. Several (transla-
tional) studies and reviews have already proposed the optimal
target concentrations or doses for the ALK inhibitors [16, 56,
61-64]. Thus, for this class of drugs, implementation of TDM
is necessary to improve treatment outcomes with ALK SMIs.

4.5 B-Raf Proto-Oncogene/Mitogen-Activated
Extracellular Signal-Regulated Kinase Inhibitors

Combination therapy with dabrafenib plus trametinib
has been approved for lung adenocarcinoma harboring
BRAFY®% mutation as oncogenic driver [65]. 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 [66, 67].
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 [68,
69]. Therefore, the use of TDM for trametinib would be a
rational choice. For dabrafenib, no exposure-response rela-
tionship 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 pharmacokinet-
ics and dynamics are dependent on tumor type [70, 71], and
IC- values have been reported as comparable to or higher
for BRAF"*"’E_mutated NSCLC cell lines than for melanoma
cells with the same driver mutation [70, 72—75]. Until expo-
sure—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
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be useful, targeting the predefined threshold of trametinib
in melanoma [67] and the previously described population
geometric mean for dabrafenib [70].

4.6 Neurotrophic Tyrosine Receptor Kinase
Inhibitors

Larotrectinib and entrectinib have been approved for treat-
ment of NSCLC with fusions in the NTRK genes. Entrectinib
also inhibits ROS1 and ALK [76]. A remarkable observa-
tion 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 [77]. Although clues indicate
positive exposure—efficacy relationships, the lack of expo-
sure—response analyses prevents the implementation of
TDM-guided dosing (based on the geometric observed mean
trough concentration), but it could be potentially useful in
case of a treatment-related toxicity or inadequate response.

4.7 Where Should We Go?

Generally speaking, it is critical for the relationship between
exposure and response to therapy to be elucidated to opti-
mize the dosing strategy for these drugs. One important fac-
tor is the nature of the exposure metric used in these analy-
ses. 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 stud-
ies to evaluate whether (fixed) lower doses of these drugs
have similar efficacy outcomes and less toxicity. All ALK
inhibitors show positive exposure—efficacy relationships
and high IIV 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 popula-
tion 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 [78]. Therefore, until the target trough concentra-
tions 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 superior-
ity of TDM-guided dosing for these drugs. Dose modifica-
tions 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.
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5 Cytotoxic Agents
5.1 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 ther-
apy consist of a platinum-based agent (cisplatin or carbopl-
atin) 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 fac-
tor for treatment outcomes with almost all cytotoxic agents
(cisplatin, taxanes, gemcitabine, and vinorelbine) used in the
treatment of NSCLC [79, 80]. Since TDM should only be
considered to be beneficial if no biomarkers for drug effect
are present (see Sect. 3), and since II'V in pharmacodynamic
parameters are expected to be minimalized with toxicity-
guided dosing [81], dosing on neutrophils is assumed to be
superior to TDM. The specifics of this toxicity-guided dos-
ing have been described previously [82]. 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 sum-
marized in Table 1). As a consequence, these patients may
be receiving a subtherapeutic dose.

5.2 Platinum-Based Agents

Both cisplatin and carboplatin are cleared by the kidneys.
The hydrolyzed active platinum metabolites bind irrevers-
ibly to proteins, so elimination is also dependent on protein
turnover, which forms a non-renal elimination pathway [83,
84]. 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 [83].

5.2.1 Dose Individualization of Cisplatin

The AUC of unbound cisplatin has been observed to be
statistically significantly related to response status during
therapy [85]. Moreover, total and free platinum peak concen-
trations have been related to a deterioration of renal function
[86—88]. Controversially, the incidence of nephrotoxicity
was observed not to be altered by the infusion rate of cispl-
atin [89]. Currently, dosing of cisplatin is, like many cyto-
toxic agents, based on BSA. However, it has been shown that
44% of the IIV in cisplatin clearance can be explained by

BSA [90]. Until now, no better predictors for the clearance
of cisplatin have been found, so BSA-based dosing remains
the recommended dosing strategy.

5.2.2 Dose Individualization of Carboplatin

As for cisplatin, the approved dosing of carboplatin is based
on BSA, and systemic exposure has been related to its effi-
cacy and toxicity [91, 92].

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 [93].
Glomerular filtration rate (GFR) has been generally consid-
ered to be the optimal measure for renal function. However,
methods to measure this parameter are often inconvenient
and time consuming [94]. 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 CrCl is often an overestimation of the GFR
[95]. As carboplatin does not undergo active secretion,
whether CrCl is 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) [96]. In addition, 24-h collection of urine to
calculate the CrCl has also proven to be an inaccurate base
for carboplatin dosing [97]. 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 car-
boplatin exposure as serum creatinine-based dosing [96].
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 [98]. 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 [99]. Major
steps toward reaching target carboplatin exposure, especially
in patients with systemic inflammation, could be made by
including inflammatory markers in the dose calculation
[100]. However, this dosing regimen needs prospective
evaluation in a large patient cohort before implementation in
clinical practice. Since a priori and a posterior dose optimi-
zation strategies could be synergistic, one might also argue
for the additional implementation 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 [101-103]. 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
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be employed on indication. If cystatin C is not available, a
fixed carboplatin dose of 695 mg every 3 weeks (Q3W) in
patients with CrCl >50 mL/min could be recommended.

5.3 Pemetrexed

Pemetrexed is an antifolate agent that inhibits enzymes (includ-
ing thymidylate synthase [TS]) in the folate pathway and, con-
sequently, the formation of DNA precursors. Upon administra-
tion, pemetrexed is effectively transported intracellularly and
polyglutamated [104]. 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 [105]. Measurement of the intracellular polyglutamated
forms of pemetrexed thus would be an ideal marker for its
pharmacological effects. However, the development of an ana-
lytic method has proven to be challenging [106]. Although it
is unclear how well the polyglutamylated forms of pemetrexed
correlate to pemetrexed plasma concentrations, a plasma expo-
sure—toxicity relationship has been well-established in a gener-
ally broad range of doses (126-1362 mg) [107-109]. In addi-
tion, doses of pemetrexed 900—1000 mg/m? did not improve
efficacy of treatment compared with standard dosing of 500 mg/
m? Q3W [110]. Based on differences in doses, dose frequencies,
and efficacy in the early clinical trial [111-113], and based on
the analogy of methotrexate [114], it is expected that the expo-
sure—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; how-
ever, trials to study this lower dose might not be ethical. Pem-
etrexed is mainly excreted by the kidneys, and renal function
contributes substantially to total pemetrexed clearance [115,
116]. These results suggest that inclusion of renal function in a
dosing algorithm for pemetrexed could result in less ITV in pem-
etrexed 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 addi-
tion, 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 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.

5.4 Taxanes
The taxanes are currently dosed based on BSA with-

out exception. High II'V in exposure to taxanes has been
observed [90, 117-119], which may partly play a role in the
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unpredictability of treatment response and the development
of toxicities.

5.4.1 Dose Individualization of Docetaxel

Results from studies of docetaxel AUC and time to progression
in solid tumors (including NSCLC) have been contradictory
[117, 120, 121]. Regarding toxicity—response relationships, it
has been observed that the exposure to docetaxel is a predic-
tor of severe toxicity, especially neutropenia, during the first
course of treatment [122—124]. In addition, neutrophil counts
are also associated with the toxicity and efficacy of docetaxel
[79, 125, 126]. 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 [126].
However, as yet, no easily implemented dose individualization
methods have been revealed. Neutropenia has particular poten-
tial as a prognostic marker for efficacy but cannot be imple-
mented without solid knowledge of the efficacy and safety of
toxicity-guided dosing [82].

5.4.2 Dose Individualization of Paclitaxel

The time above a certain paclitaxel plasma concentration is
related to clinical efficacy [127, 128] and the development
of the primary adverse events, neutropenia [127, 129, 130]
and polyneuropathy [131, 132]. Two large randomized stud-
ies in patients with NSCLC assessed the feasibility of TDM
of the time above a paclitaxel toxicity threshold concentra-
tion 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 ug/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 [133, 134]. This pharmacokinetic-guided dosing of
paclitaxel has been shown to be feasible and can be based on
a single sample 24 h after administration [135]. 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.

5.4.3 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 > 50% decrease in neutrophils [118]. Fur-
thermore, in patients with NSCLC, weekly 100 mg/m? was
more effective and less toxic than 300 mg/m2 Q3W [136].
Although clinical study results are scarce, the available
data regarding TDM-guided or neutrophil-guided dosing
provide a valuable starting point for dose optimization of
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nab-paclitaxel. More studies are required to assess the fea-
sibility of these strategies.

5.5 Gemcitabine

After administration, gemcitabine is rapidly transported
intracellularly and subsequently phosphorylated, with the
most important and rate-limiting enzyme being deoxycy-
tidine kinase (dCK) [137]. 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 pharma-
cological effect [137].

Decreasing the infusion rate and/or lowering the gem-
citabine 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/m?/min)
and the fixed infusion duration (30 min). However, the fixed
dosing rate was associated with more toxicity [138]. 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? over
6 h showed efficacy similar to that with 1000 mg/m? over
30 min [139]. Studies to test this prolonged infusion dura-
tion 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 [140, 141]. Whether 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 [142].

5.6 Vinorelbine

Vinorelbine is a vinca alkaloid that binds to p-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 [143]. 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 [144]. In con-
trast, in patients with metastatic breast cancer, fixed dosing

of vinorelbine (and capecitabine) could be an alternative,
safe, and effective dosing strategy [145]. 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.

5.7 Where Should We Go?

For many of the cytotoxic drugs, neutropenia is postu-
lated to be a prognostic factor for treatment outcome. This
has been assessed retrospectively for at least treatment
regimens containing cisplatin [79], docetaxel [79, 125],
nab-paclitaxel [146], gemcitabine [79, 125, 146], and/or
vinorelbine [79]. Prospective studies are necessary to eval-
uate whether dosing toward a certain neutrophil count is
feasible and enhances treatment outcomes. For carboplatin
and pemetrexed, AUC-based dosing using renal function
appears to be more rational to predict exposure to these
agents. In the absence of reliable markers for renal func-
tion, 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.

6 Monoclonal Antibodies

6.1 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 recep-
tor (VEGFR) inhibitors, bevacizumab and ramucirumab.
The immune-checkpoint inhibitors include antibodies target-
ing 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 regi-
mens 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.

6.2 Programmed Cell Death-Ligand 1 Antibodies
6.2.1 Exposure-Response Analyses
As target saturation is maximal at the current dosing of

PD-(L)1 mAbs [147-151], it is obvious that flat expo-
sure—response relationships are found. However, these
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relationships are further complicated by the dynamic rela-
tionships between baseline factors, exposure, and disease
progression. For example, tumor shrinkage may influence
cachexia and thus clearance of mAbs, altering exposure to
the mAbs [152-154]. 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 treat-
ment outcome than is exposure [154—158]. 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 [159]. However, if clearance is merely
a parameter to distinguish between responders and nonre-
sponders, these dose adaptations should not be performed.

6.2.2 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. How-
ever, implementation of fixed doses is not yet common in
clinical practice [160], or—when implemented—the fixed
doses are supratherapeutic. The latter also becomes evident
because no exposure—response or dose—response relation-
ships 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
dose. Although NSCLC is often accompanied with weight
loss [161, 162], 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 [163]. 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 [164]. This indicates
that lower doses of PD-L(1) antibodies could be adminis-
tered, potentially saving millions per year in healthcare
[165]. 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 progres-
sion occurs. Although data on the optimal treatment dura-
tions 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) [166—-169].
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6.3 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 [170,
171]: a 10 mg/kg Q3W dose showed increased overall
survival and toxicity when compared with the approved
3 mg/kg Q3W dose [172, 173]. For NSCLC, the currently
approved ipilimumab dose is 1 mg/kg Q6W in combina-
tion with nivolumab 3 mg/kg Q3W and results in fewer
adverse events than alternative ipilimumab regimens [174].
In case of toxicity, dosing is often temporarily halted or
even discontinued [175]. Currently, nothing would indicate
that the exposure—toxicity relationship would be different
for NSCLC. Thus, if a positive exposure—efficacy relation-
ship 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 pos-
sibility of administering the preparation to another patient in
case of treatment discontinuation, will contribute to health-
care cost savings [160].

6.4 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 pharma-
cokinetics of these drugs. Hendrikx et al. [160] advocated
the use of fixed dosing of mAbs when the effect of body
weight on the clearance and volume of distribution was min-
imal [160]. 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
[176]. Based on the limited data available, no further optimi-
zation 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 [177]. Positive expo-
sure—efficacy and exposure—toxicity relationships in doses
of 7.5-15 mg/kg Q3W have been observed [178]. Therefore,
it is time to implement fixed dosing of bevacizumab in the
treatment of NSCLC at a dose of 600-800 mg Q3W.

6.5 Where Should We Go?

Currently, the dosing regimens for mAbs are effective
and show a flat exposure—toxicity relationship in a large
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proportion of patients. This indicates that additional pre-
cision dosing strategies might not be necessary. For ipili-
mumab, the feasibility of tolerability-guided dosing should
be studied before this strategy is implemented. Costs asso-
ciated 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 is important to
ensure that these drugs are dosed on the plateau of the expo-
sure—efficacy curve on an individual basis. Since pharma-
cokinetic variability is generally low to moderate for these
drugs [159, 176, 177], 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
mADbs, and additional research is warranted to evaluate the
number of courses of treatment patients should receive for
optimal outcomes.

7 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 imple-
menting precision dosing also exist. Individualization, espe-
cially based on laboratory tests such the monitoring of drug
concentrations, is subject to time, logistics, and availability
of personnel [179]. 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 imple-
mentation of this knowledge. However, suboptimal dosing
remains highly undesirable, and the urge to implement pre-
cision 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 benefi-
cial for other factors, such as prescriber/pharmacy conven-
ience 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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