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Bioequivalence of alternative pembrolizumab dosing
regimens: current practice and future perspectives

Immune checkpoint inhibitors (ICIs), including human-
ized anti-programmed cell death protein 1/programmed
death-ligand 1 (anti-PD-1/PD-L1) monoclonal antibodies
(mAbs), such as pembrolizumab, have transformed can-
cer treatment. Pembrolizumab was initially approved as
a three-weekly (Q3W) 2 mg/kg weight-based dose by the
Food and Drug Administration (FDA), which was later
replaced by a 200 mg Q3W fixed-dose, mainly based on
in silico simulations. Later, a fixed 400 mg six-weekly
(Q6W) regimen was approved based on pharmacokinetic
simulations [1].
Due to increasing ICI use and high costs per treat-

ment, increasingly large portions of healthcare budgets
are shifted to ICI treatment. Therefore, it is important to
handle ICIs as efficiently and cost-effectively as possible.
Hence, the Q6W regimen was introduced, lowering the
total amount of ICI administrations per patient and the
strain on healthcare capacity, and improving patient con-
venience. The cost-effectiveness of ICI treatment could be
optimized further by using alternative dosing strategies
(ADS) [1]. Some of these ADS have already been tested for
pembrolizumab in some countries [2, 3].
Recently, the FDA provided bioequivalence guidelines

for ADS, specifically for anti-PD-1/PD-L1 mAbs [4]. These
guidelines support the use of pharmacokinetic-modeling
to simulate steady-state trough concentrations (Ctrough,ss)
and area under the curve (AUC; exposure) to estab-
lish bioequivalence for anti-PD-1/PD-L1 mAbs. In these
guidelines, ADS are considered bioequivalent when both
Ctrough,ss and exposure are at most 20% lower compared to
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the dosing regimenusedwhile establishing efficacy in clin-
ical trials (i.e. the reference dosing regimen). A maximum
of 25% increase in the maximum concentration (Cmax) is
used as the upper boundary, unless adequate clinical evi-
dence shows that increasing the Cmax does not increase
toxicity. For pembrolizumab, incidences of toxicities were
generally consistent across a 2-10 mg/kg dose range in
multiple trials [5].
To verify whether various ADS (Figure 1, Supplemen-

tary Table S1) are bioequivalent following the current FDA
guidelines, we assessed bioequivalence using pharma-
cokinetic modelling. Using pharmacokinetic data from a
real-world cohort, the best performing model was selected
with which bioequivalence was assessed in extrapolations
from this cohort (“extrapolation”) and also from a virtual
(“simulation”) cohort. Details on both cohorts, as well as
modelling procedures, are depicted in the Supplementary
Material and Methods. As a reference, the Q3W 2 mg/kg
dosing regimen was used, as this regimen was used in the
original approval. Results of these analyses are shown in
Figure 1. The simulated ADS for pembrolizumab given
every 3 or 4 weeks (Q3/4W) were bioequivalent accord-
ing to the FDA guidelines. Interestingly, despite meeting
the criteria for exposure, none of the (non-registered) sim-
ulated Q6W ADS were bioequivalent, as the criteria for
Ctrough,ss were not met.
Pharmacokinetic bioequivalence is usually utilized to

ensure equivalent efficacy. However, the applicability of
the thresholds proposed in the FDA guidelines could
be questioned, as it disregards clinical pharmacological
data regarding exposure-response relationships (except for
Cmax). Consequently, the implications of non-adherence
to the bioequivalence criteria are unclear. To explore the
possible implications of non-adherence, we shall exam-
ine arguments in favor of and against the FDA-guidelines
for bioequivalence of anti-PD-1/PD-L1 mAbs in the next
section.
Firstly, the thresholds in these guidelines are derived

from bioequivalence guidelines for small molecules.
However, anti-PD-1/PD-L1 mAbs do not show similar
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F IGURE 1 Bioequivalence point estimates acquired using the model by Li et al. [12] of the investigated dosing regimens compared to the
reference 2 mg/kg dosing regimen at steady-state. This figure illustrates the integration of two dataset: extrapolated real-world cohort data
(depicted as circles) and simulated cohort data based on a virtual cohort (depicted as triangles) (these cohorts are described in the
Supplementary Material and Methods). The solid line represents the reference 2 mg/kg regimen. The dotted line represents the 80%
bioequivalence threshold. †registered dose at both EMA and FDA. Abbreviations: AUC, Area under the curve; Ctrough, steady-state trough
concentration; Q3W, every three weeks; Q4W, every four weeks; Q6W, every six weeks.

exposure-response relationships to most small molecules.
Therefore, similar anti-PD-1/PD-L1 mAb pharmacokinet-
ics are probably not necessary to ensure similar efficacy.
For example, no significant differences in efficacy were
observed in a 2-10 mg/kg dose range [5]. Besides, no ade-
quately powered prospective study has validated the FDA
criteria for exposure (nor Ctrough,ss) [5]. This is exempli-
fied during the registration of the pembrolizumab 400 mg
Q6W dosing regimen [5]. The FDA initially rejected this
regimen, as a pharmacokinetic model predicted that 400
mg Q6W was not bioequivalent to the 200 mg Q3W reg-
imen [5]. Nonetheless, conditional approval was granted,
based on a limited descriptive interim analysis (n = 44)
of objective response rates in a non-randomized cohort,
in which the response rates were compared with literature
values [5].
Furthermore, clinical pharmacological data suggests

that approved pembrolizumab doses are higher than
required for maximum efficacy. This may be caused by
a focus on the maximum tolerated dose in phase I tri-
als, instead of the lowest maximally effective dose. For

instance, it was demonstrated that doses ≥ 0.1 mg/kg
result in near-complete (> 95%) receptor occupancy in
blood. Early research with nivolumab showed that max-
imum efficacy is achieved when near-complete receptor
occupancy is reached [1, 6]. Nevertheless, only doses ≥ 2
mg/kg were selected for subsequent trials as simulations
showed that this would result in near-complete intra-
tumoral receptor occupancy after the first administration,
which was considered a surrogate marker for maximum
efficacy [1]. Two hundred mg Q3W results in a geometric
mean of ≥ 10.7 µg/mL after the first dose. Consequently,
the approved doses result in a much higher Ctrough,ss than
required, which suggests that ADS resulting in Ctrough,ss
levels ≥ 10.7 µg/mL (corresponding with a simulated dose
of≥ 0.85mg/kgQ3Wor≥ 2.58mg/kgQ6W, Supplementary
Material and Methods) would also be maximally effective
[7].
It has been reported that lower pembrolizumab expo-

sure is associated with poorer outcomes, suggesting an
exposure-response relationship. The post-hoc analyses of
the Keynote-002 and Keynote-010 studies have shown
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however that worse clinical outcomes are associated with
increased pembrolizumab clearance [8]. These findings
could explain the absence of an exposure-response rela-
tionship, illustrated by similar overall survival, in the 2-10
mg/kg dose range despite substantial variation in Ctrough,ss
(2 mg/kg Q3W (Ctrough,ss range: 1.13-127 µg/mL) [1, 5].
This underlines that bioequivalent exposure is not always
indicative of outcome and could explain the reports of pro-
longed responses after treatment cessation during phase
I-II trials [1].
Clinical evidence from various pembrolizumab trials

in different tumor types also support non-bioequivalent
doses which are lower than the EMA/FDA approved doses
[1]. For instance, a retrospective study in patients with
non-small cell lung cancer (NSCLC) found that adminis-
tration ofQ3W-Q6WADS (n= 604) resulted in comparable
overall survival as standard dosing (n = 1,362) [2]. Fur-
thermore, three small Canadian studies retrospectively
analyzed cohorts of NSCLC patients treated with 2 mg/kg
Q3Wand 4mg/kgQ6W (combined n= 139) and concluded
that 4 mg/kg Q6W was equally effective [3].
However, there is uncertainty in measuring receptor

occupancy in vivo because this is a complex technical
endeavor. Therefore, the intra-tumoral receptor occupancy
studies were performed in silico using in vitro data and
the developed model has never been validated in vivo.
Consequently, its clinical predictive value remains unclear
[6]. Moreover, even at near-complete receptor occupancy,
attained by the 2 mg/kg dosing regimen under the most
optimal conditions, only 15%-50% of patients with solid
tumors respond [5, 9]. This indicates that the effectiveness
of treatment is not solely dependent on receptor occu-
pancy andpharmacokinetic parameters, suggesting amore
complex array of non-pharmacokinetic factors influenc-
ing the response, such as tumor type, tumor mutational
burden, the ability of T-cells to infiltrate and become acti-
vated within tumors, as well as PD-L1 expression and the
expression of certain genomic alterations [10].
Randomized controlled trials (RCTs) are the golden

standard for determining efficacy and safety of ADS. Cur-
rently, multiple studies are being conducted, illustrating
the unmet need for ADS (NCT04913025, NCT04295863,
NCT05692999, and NCT04909684) (detailed descriptions
are depicted in Supplementary Table S2). However,
presently, no adequately powered RCT to assess efficacy
of doses < 2 mg/kg has been completed yet, as this is
time-consuming and expensive.
In conclusion, there are indications that the stipulated

FDA criteria are not reflective of the true exposure-
response relationship of pembrolizumab, thereby under-
lining the potential of ADS to improve cost-effectiveness
of treatment. However, we still do not fully understand
the driving mechanisms of ICI efficacy and the exact

threshold for maximum efficacy remains elusive. Conse-
quently, the implications of implementing ADS that are
not bioequivalent to the reference dosing regimen in daily
practice are not yet fully understood. Nevertheless, lower
doses that deviate from bioequivalence criteria may result
in exposures below the threshold for maximum efficacy,
potentially leading to reduced efficacy. More sophisticated
methods are needed to determine the minimum effec-
tivity threshold in a faster way, and provide adequate
guidance to support ADS for pembrolizumab. For future
dose-optimization studies Tannock et al. [11] suggest mov-
ing away from the requirement for non-inferiority trials.
Additionally, we recommend initiating ADS studies ear-
lier, preferably prior tomarket reimbursement, to facilitate
faster validation and regulatory acceptance of ADS. Until
then, all available pembrolizumab dosing data should be
carefully discussed, balanced, and reviewed.
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