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ABSTRACT

Receptor occupancy assays applied in clinical studies provide insights into pharmacokinetic-
pharmacodynamic relationships for therapeutic antibodies. When measured by different assays, however,
receptor occupancy results can be controversial, as was observed for nivolumab, a monoclonal antibody
targeting programmed cell death 1 (PD-1) receptor. We suggested an explanation of results obtained and
a mechanistic approach based on specific features of the receptor occupancy assays: measurement of the
free or bound receptor, normalized to the baseline or at each time point. The approach was evaluated
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against controversial clinical data on PD-1 receptor occupancy by nivolumab. It was shown that receptor
occupancy measured by different assays might vary substantially if the internalization rate of the bound
receptor is higher than the rate of degradation of the free receptor. Equations proposed in this work can
be applied in quantitative systems pharmacology models to describe target receptor occupancy by

different therapeutic antibodies.

Introduction

Immune checkpoint molecules are one of the most promising
targets for application in the immune-oncology area.'
Engineered monoclonal antibodies (mAbs) are widely used as
agents targeting membrane-bound receptors on the surface of
immune and cancer cells to modulate an immune response. In
this way, mAb-based therapies require a reliable method of
target binding assessment to support decision-making on the
way from preclinical studies toward first in-human trials.
Receptor occupancy (RO) is a direct measure of mAb binding
to a target, which is believed to provide information on the
early pharmacodynamic (PD) efficacy of the therapy.” It is
worth noting that the target engagement does not necessarily
result in a functional effect, and there are a large number of
factors affecting clinical response (e.g., anti-drug antibodies,
immune cell infiltration, exhaustion, tumor mutational bur-
den). RO should be considered an initial step toward the
initiation of the PD effects. By definition RO is a proportion
of total surface receptor occupied by drug, but flow cytometry-
based RO assays vary in performance and are not so straight-
forward for interpretation, which might be challenging in
quantitative systems pharmacology (QSP) studies.’
Nivolumab (Opdivo®) is a human IgG4 mAb that targets
programmed cell death 1 (PD-1) receptor on lymphocytes. PD-
1 receptor is an extensively studied immune checkpoint protein
mainly expressed by activated T cells, which promotes self-
tolerance suppressing T-cell activity.*> PD-1 blocking by nivo-
lumab prevents binding of its natural ligands, PD-L1 and PD-L2,
which results in activation of T cells and restores cell-mediated
effector functions.® Nivolumab’s efficacy was demonstrated in
a number of clinical trials, and the US Food and Drug

Administration has approved it for treatment of various cancers.
including melanoma,” non-small cell lung cancer,” renal cell
carcinoma (RCC),” and classical Hodgkin lymphoma.'”
Nivolumab has a manageable safety profile with a relatively
low frequency of serious adverse events at doses up to 10 mg/
kg.'' Hence, a dose of 240 mg every 2 weeks (Q2W) is recom-
mended as the main treatment regimen, but a 480 mg every
4 weeks (Q4W) extended regimen is also used.'?

Comprehensive analysis of nivolumab clinical data revealed
unexpected and controversial results: Phase 1 study data show
mean trough RO in blood around 70% even at the highest
doses, whereas later study data indicate sustainable RO > 90%
at all dose levels (ClinicalTrials.gov numbers, NCT00730639
and NCT01358721, respectively).'>'* This discrepancy might
raise questions regarding the performance of RO assays and
calls for a correct interpretation of the obtained results. To this
end, we decided to suggest a validated approach for RO
description in terms of QSP modeling and conducted a model-
based analysis of clinical data in an attempt to explain discor-
dant nivolumab RO results.

Results
Simulations of nivolumab pharmacokinetics

The developed model structure (Figure 1) is sufficient to repro-
duce nivolumab pharmacokinetic (PK) profiles and does not
require incorporating non-linear clearance via binding with
the target, since there is no evidence of target-mediated drug
disposition effects at the studied doses. The plasma nivolumab
concentration profiles generated using estimates on PK para-
meters are consistent with observed clinical data'* (Figure S1).
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Figure 1. Scheme of the PK-RO model for mAbs targeting PD-1 receptor. The PK module describes pharmacokinetics utilizing a generic two-compartmental model with
zero-order intravenous (IV) infusion. The PD-1 module describes the dynamics of PD-1 receptors (synthesis, degradation, and internalization) as well as receptor

interactions with mAb at the cellular surface.

Moreover, the simulations show that nivolumab serum con-
centration tends to accumulation at multiple dosing (data not
shown).

Prediction of PD-1 occupancy by nivolumab in peripheral
blood

Figure 2 shows trough RO generated using equation 3 (mea-
surement of the bound receptor with normalization to
a baseline). Simulated trough PD-1 occupancy gradually
increases from 60 to 70% according to nivolumab dose level
0.1 to 10 mg/kg intravenous (IV) Q2W, which is in good
agreement with observed data.'” Simulated PD-1 RO profiles
after a single administration of nivolumab dose 0.3 to 10 mg/kg
demonstrate a peak occupancy around 80-90% at the end of
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Figure 2. Observed and model predicted trough PD-1 occupancy depending on
nivolumab dose level. The trough receptor occupancy in peripheral blood was
assessed at day 56 of treatment at a dose of 0.1 to 10 mg/kg Q2W. Red symbols
represent the clinical data (mean * SD); blue symbols correspond to the model
simulations (median with 95% Cl).

infusion and then sustainable plateau occupancy of 70%, main-
tained over an extended period of time (Figure S2). Long-term
simulations following administration of nivolumab 10 mg/kg
reveal high stability and retention of PD-1 occupancy with an
apparent half-life ~150 days'® (Figure S3). The utilization of
equation 3 for RO simulations provides a concordance between
the model predictions and clinical data from the Phase 1 trial.

Simulations of PD-1 occupancy following multiple admin-
istration of nivolumab 10 mg/kg from different clinical studies
are shown in Figure 3. Despite the similar dose level, there is
a drastic difference in clinical RO profiles, which was captured
by different equations for RO assessment: equation 3 with
receptor normalization to baseline (Figure 3a) and equation 4
with receptor normalization at each time point (Figure 3b).
Indeed, simulations conducted according to equation 4
demonstrate >90% PD-1 occupancy during the dosing interval
and less pronounced RO dose-dependence at the studied doses
0.3, 2, and 10 mg/kg IV Q3W'* (Figure S4). Application of
various equations for RO demonstrates good visual predictive
check and allows the observed heterogeneity of the data to
described without changes in model parameters and structure.

Comparison of RO assessment strategies

To illustrate the proof of concept in practice, the paired com-
parisons of RO assessment equations are presented in Figure 4.
The flat dose 240 mg approved for nivolumab was chosen as
a reference for PD-1 occupancy simulations. The results
obtained from equation 1 and equation 2 (associated with
measurements of free PD-1 receptor) provide mainly overlap-
ping RO profiles with a slightly higher occupancy in equation 1
(Figure 4a), whereas equation 3 and equation 4 (associated
with measurements of bound PD-1 receptor) result in substan-
tially different modes of RO dynamics (Figure 4b), which were
supported by clinical data in the previous section (Figure 3).
Equations 1, 2, and 4 demonstrate almost complete and
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Figure 3. Observed and model predicted profiles of PD-1 occupancy after multiple administration of nivolumab 10 mg/kg. (a) Equation 3 was used to generate the RO
profile with receptor normalization to the baseline level. (b) Equation 4 was used to generate the RO profile with receptor normalization at each time point. Symbols
represent the clinical data (mean =+ SD); solid lines correspond to the model simulations (median with 95% CI).
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Figure 4. Comparison of PD-1 occupancy profiles generated utilizing different strategies of RO assessment. (a) Equation 1 versus equation 2 - free receptor
measurements with normalization to baseline and at each time point, respectively; (b) equation 3 versus equation 4 - bound receptor measurements with
normalization to baseline and at each time point, respectively; (c) equation 1 and equation 3 - free and bound receptor measurements with normalization to baseline,
respectively; (d) equation 2 and equation 4 - free and bound receptor measurements with normalization at each time point, respectively. The simulations were
conducted for a single infusion of nivolumab at a flat dose of 240 mg. Solid lines correspond to the model simulations (median with 95% ClI).

prolonged PD-1 occupancy after infusion with subsequent
decay. Unlike other equations, equation 3 provides a complex
RO profile with a sharp peak during the first day after infusion
followed by a slowly decaying plateau. These differences in RO
description stem from the dynamics of corresponding mole-
cular species, which are used for RO calculation (Figure S5).
Paired comparison of equations 1 versus 3 (associated with
normalization to baseline) and equations 2 versus 4 (associated
with normalization at each time point) follows the similar
trends described above (Figures 4c and 4d). In general,
reported occupancy level and its apparent maintenance depend
on the strategy of RO assessment and increase in raw: equation
3 < equation 4 < equation 2 < equation 1.

Additionally, we conducted the simulations, assuming that
there is no enhanced internalization of bound receptors (i.e.,
the rate constant of internalization equals the rate constant of
degradation of free receptors). As expected, the RO equations
with normalization to baseline and normalization to total at
each time point demonstrated similar results (Figure S6 A, B)
in the framework of free (equations 1 and 2) and bound
(equations 3 and 4) strategies. However, simulations revealed
the difference between free and bound strategies (Figure S6 C,
D), which directly follows from the methodology: the bound
strategy  detects the drug bound to receptors
([mAb-R]+ [R-mAb-R]) instead of bound recep-
tors ([mAb - R| 4+ 2 - [R - mAb - R]).
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Discussion

RO assays applied in clinical studies might provide insights
into PK/PD relationships for drugs targeting immune check-
point receptors. PD-1 is markedly expressed on the surface of
circulating T cells'® and blood sampling makes it available for
further analysis. The first in-human, Phase 1, dose-escalation
study (NCT00730639) reported that PD-1 occupancy after
nivolumab administration appears to be dose-independent
with a mean peak occupancy of 85% immediately after infusion
and a mean plateau occupancy of 72%."* In addition, the study
revealed a long persistent PD-1 occupancy, even when serum
nivolumab levels were below the lower limit of quantification
(<1 ug/mL), which is consistent with a high binding affinity of
nivolumab (Kp ~ 3 nM). In the nivolumab metastatic RCC
study (NCT01358721), RO was assessed using fresh whole
blood specimens and RO profiles were similar across all dose
cohorts (0.3, 2, and 10 mg/kg Q3W). Surprisingly, in contrast
to previous studies, PD-1 occupancy of > 90% was achieved
within one hour post nivolumab administration and remained
near this level throughout the entire treatment cycle.'* These
observations raise speculations of data inconsistency and relia-
bility of dose selection that requires more detailed
consideration.

The reported differences in steady-state RO (70% versus
90%) have been attributed to the use of frozen peripheral
blood mononuclear cells (PBMCs) for the analysis in Phase 1
and freshly isolated PBMCs in metastatic RCC study, respec-
tively. The investigators hypothesized that PD-1 occupancy
analyses of cryopreserved PBMCs may underestimate occu-
pancy on fresh PBMCs."> However, cryopreservation is neces-
sary for the transportation and serial analysis of samples from
clinical studies. Indeed, dimethyl sulfoxide, a common cryo-
preservation agent that infiltrates the cells and affects their
viability, must be removed during the thawing procedure,
which may compromise the assays.'” A recent study on
defrosted samples reported trough PD-1 occupancy of ~99%
on CD8 T cells in cancer patients who received nivolumab
3 mg/kg or flat dose 240/480 mg Q2W or Q4W.'°
Nevertheless, the authors noted that the composition of the
mixture for cryopreservation may affect the percentage of PD-
1-positive T cells. It is still unknown whether these findings
reflect the linkage between experimental manipulations (freez-
ing and thawing) and the results of RO assay.

In this work, we propose another hypothesis that may
explain the previous controversial observations and highlight
some challenges in RO assessment. It is formulated as follows:
the use of different RO assay formats with specific algorithms
of RO calculation may result in different outputs (Figure 5). To
our knowledge, there is only one article that provides informa-
tion on direct comparison of the RO quantification strategies,’
whereas clinical reports are often accompanied by a poor
description of the RO calculation procedure. In hindsight,
utilization of anti-drug antibodies was chosen as the main
strategy for RO quantification in the first clinical trials, since
nivolumab is a human IgG4 antibody that makes it convenient
for detection. This refers to the “bound receptor” format of RO
assay evaluating the amount of antibody attached to the cell
surface. However, the experiment description often does not

provide information on details of calculus, not specifying what
was used as a denominator in RO equation, i.e., the baseline
amount of receptor or the total amount of receptor measured
at each time point. As it was demonstrated earlier for equation
3 and equation 4 (Figure 3), this results in various RO profiles
under similar conditions.

Receptor internalization is an important factor for consid-
eration in RO assays. If receptors internalize in vivo upon drug
binding, this may lead to inaccuracy of receptor assessments.
For example, receptor binding may be underestimated if
a fluorescence-labeled secondary antibody is used for detection
since previously bound receptors might be internalized.
Downmodulation of PD-1 expression by ~25% in cancer
patients during the treatment with anti-PD-1 mAbs has been
reported.'®'® The PD-1 pathway has a sophisticated system of
recycling that rescue internalized receptor from degradation
and maintain surface receptors at a certain level.'"” Hence, the
use of equation 3 allows dynamic changes in the number of
bound receptors normalized to the baseline to be monitored: if
PD-1 receptors are completely occupied by an antibody that
induces receptor internalization, decreasing expression below
the baseline level (Figure S5). It is precisely for this reason that
we observe the unusual shape of the RO profile with a transient
peak after infusion followed by a prolonged plateau occupancy.
Thus, measuring the occupancy status along with the expres-
sion level of the receptor provides additional mechanistic
insights into PD efficacy.

In this context, the “free receptor” format of RO assay seems
more robust to modulation of expression by definition: if there
are no free receptors for detection, the RO equation tends to
100% regardless of total receptor amount. However, little is
known about the application of this format to nivolumab studies.
We found only a few cases that illustrate the implementation of
equation 1 and equation 2 in practice.”>*' These results are in
line with model prediction, indicating a high trough PD-1 occu-
pancy of 290% after nivolumab administration.

It was shown earlier that normalization over total receptor
allowed variability of receptor expression to be overcome and
allowed the most accurate measurement of RO.?* This fact is
consistent with model simulations using equation 2 and equa-
tion 4. In terms of mathematics, that means, if both numerator
and denominator in RO equations are simultaneously calcu-
lated at each time point, and the numerator does not exceed
denominator, RO does not exceed 100% in contrast to baseline
normalization (Figure 4). That is why we observe fewer varia-
bility rates in simulations when all receptors are saturated by
the drug.

These observations are not limited to the nivolumab RO.
For instance, we found analogous RO data discrepancies for
two other anti-PD-1 mAbs budigalimab (ABBV-181) and
camrelizumab (SHR-1210). Both drugs were studied at
similar dose levels, have comparable PK profiles and affi-
nities similar to nivolumab. However, the reported occu-
pancy values were significantly different: almost complete
occupancy for budigalimab®  versus ~80% for
camrelizumab.”* For budigalimab, the authors reported
that free strategy with normalization to baseline (equation
1) was used for RO assessment, whereas for camrelizumab,
a bound strategy but no description of the normalization
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Figure 5. Different formats of receptor occupancy assays and equations utilized for occupancy calculation. (a) Scheme reflecting the links between flow cytometry
strategies for RO assessment and corresponding equations for RO calculation. (b) An example of PD-1 occupancy calculations based on raw MFI data, which results in
different occupancy values. The initial table contains MFI values (subtracting background signal) corresponding to the drug bound to receptor and to the total receptor,
respectively. The upper table and graph represent RO values calculated with equation 3, whereas the lower table and graph represent RO values calculated with
equation 4. The results diverge due to different normalization during RO calculations.

Table 1. Overview of the model parameters and their origin.

Parameter [Units] Estimate Inter-individual variability w? Source
Pharmacokinetic module

Ve [L] 3.63 0.123 23
CL [L/h] 0.0094 0.123 23
Vp [L] 2.78 0.258 23
Q [L/h] 0.0321 - 23
Vegw [unitless] 0.597 - 23
CLgy [unitless] 0.566 - 23
PD-1 receptor module

Ksyn ['tem/h] kdeg . PD‘Ibaseline - -
Kdeg [1/h] 0.01402 0.645 27
PD10% e litem] 2213 0.272 18
PD1SPE, . litem] 2639 0.258 18
Kine [1/h] kaeq / EXpression - _
Expression [unitless] 0.752 0.218 16, 18
kot [1/h] 2.7648 - 14
Kdsp [nM] 3.06 - 14
SAcer [UM?] 152 - 28

Vc, central compartment; CL, clearance; Vp, peripheral compartments; Q, inter-compartmental clearance; Vcgy
and CLgy, the body weight covariates for central compartment and clearance; Kiy,, PD-1 synthesis rate; kgeg,

rate constant of PD-1 degradation

; PD1

CD4
baseline

and PD1¢P8

baseline’

baseline level of PD-1 at the surface of CD4 and

CD8 T cells, respectively; ki, rate constant of bound PD-1 internalization; Expression, fold change in PD-1
expression during treatment; ko, dissociation rate constant of nivolumab:PD-1 complex; Kdsp, dissociation
constant of nivolumab:PD-1 complex in the solution; SA.y, surface area of the T cell.
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method was reported. Hence, assuming that normalization
to baseline (equation 3) was used for camrelizumab RO
calculation, we may explain the observed difference in
reported RO values.

Another important example follows from clinical data
on the anti-CD47 antibody magrolimab.”> The bound
strategy was used for occupancy assessment, but the nor-
malization way of RO data was not specified. The study
reported approximately 100% CD47 RO on circulating red
blood cells (RBCs) and white blood cells (WBCs).
Interestingly, treatment with magrolimab resulted in
almost complete downregulation of the CD47 receptor
on RBCs, whereas CD47 expression on WBCs remained
nearly constant.”® Summing the results, it becomes clear
that only normalization to the total receptor at each time
point (equation 4) may provide 100% CD47 occupancy
under such specific conditions. That is why it is important
to measure not only the RO, but to track the receptor
expression level as well.

Our work not only demonstrates how to describe RO
in QSP modeling using different output functions based
on RO assays design, but also suggests the possible expla-
nation of controversial experimental results. We believe
that these findings may be extrapolated for other targets
and the development of RO assays to support clinical
studies.

Materials and Methods
Nivolumab pharmacokinetics

A generic two-compartmental model with zero-order IV infu-
sion was used to describe PK. Estimates on PK parameters (with
inter-patient variability) such as volume of distribution in the
central and peripheral compartments (V¢ and Vp, respectively),
inter-compartmental clearance (Q), and clearance from the cen-
tral compartment (CL) were taken from population PK analysis
of nivolumab.”” To describe the effect of body weight, it was
included as a covariate of the central compartment volume and
clearance. The final list of PK parameters is presented in Table 1.

PD-1 receptor dynamics

The modeling of receptor dynamics may be performed in
different ways: single-cell modeling or bulk-phase modeling
in which receptor dynamics is merged with cellular dynamics
and describes the total receptor amount in the compartment.
The single-cell consideration is closer to the principles of flow
cytometry that are used for the analysis of protein expression
and characterization of distinct cell types. The proposed recep-
tor model describes the following processes at the single-cell
level: (1) free receptor synthesis and degradation at the surface
of CD4 and CD8 T cells; (2) two-step binding of bivalent mAb
with membrane-bound PD-1 receptor; and (3) internalization
of all PD-1 bound forms from the cell surface (Figure 1).

The two-step binding process is attributed to the biva-
lent binding properties of mAbs. Indeed, the first step
occurs when mAb from bulk-phase binds PD-1 on the
cell surface, whereas the second step is completely limited

to the cellular surface. It is worth noting that the para-
meters of the mAb-receptor interactions at each step should
be different due to the reduction of dimensionality.”®*™>° It
is unknown whether the formation of ternary complexes
(PD-1:mAb:PD-1) is allowed by the conformation of mAb-
receptor complexes or not, but it is considered as a general
case in the model. A more detailed description of the
difference between the first and second binding events can
be found in the supplementary information.

The PD-1 turnover rate was estimated on the basis of in vivo
data on '’Cé6-leucine administration and subsequent quantifi-
cation of isotope-labeled receptors in peripheral blood mono-
nuclear cells, the reported PD-1 median half-live is
49.5 hours.”" The internalization rate of bound PD-1 should
be substantially higher than the degradation rate that results in
the apparent receptor downmodulation (median fold change
~0.75) during the course of treatment with anti-PD-1
mAbs.'®'® All these processes occur at the cellular membrane,
the surface area of which was estimated based on the spherical
volume of cell.** The full list of parameters related to the PD-1
receptor is presented in Table 1. The results of parameter
sensitivity analysis can be found in Table S1 in the supplemen-
tary information.

Receptor occupancy assessment

RO assays are based on ex vivo flow cytometry analysis that
allows measurement of the level of target engagement in the
patient’s sample. Briefly, as described below, RO assays include
several formats depending on experimental design and
performance.’

The “free receptor” format evaluates the amount of receptor
which is not occupied by drug using either fluorescently
labeled drug or competitive antibody (Figure 5a). RO is defined
as follows RO% = 100 - %Free. To establish the reference
point, the format requires the measurement of the predose
level of the receptor (equation 1) or the total receptor during
the time course of treatment (equation 2). Assessment of total
receptor expression may be performed using the noncompeti-
tive antibody or the excess of labeled drug that saturates
receptor.

“Bound receptor” format evaluates the amount of drug
bound directly to the receptor using the fluorescently labeled
anti-drug antibodies (Figure 5a). In this case, RO corresponds
to the %Bound. As well as in the free format assay, experi-
mental data may be normalized to the predose level of the
receptor (equation 3) or the total receptor at each time point
during the treatment (equation 4).

Therefore, experimental design dictates the formulation of
equations for RO calculation and requires the analogous
expression in terms of the model:

Rfree [R]
RO% =100- | 1 ——-50 :100-(1—W (1)
free baseline



R
RO% = 100 - (1 _ f’“)

total

=100-(1- [R] -
[R] + [mAb-R| +2-[R-mAb - R]
RO% = 100 - Rer’;’;i —100- ([mAb R} + [R-mAb - R])
fotul [R} baseline
(3)
RO% = 100 - (M
total

B [mAb - R + [R - mAb - R]
= 100- ([R] + [mAb - R] +2 - [R-mAb-R]> @

where [R] is the amount of free receptor, sum [mAb- R] +
[R - mAb - R] denotes the amount of drug bound to the recep-
tor, Rygeline is the predose amount of receptor, and sum [R] +
[mAb - R| 4+ 2 - [R - mAb - R] denotes the actual amount of total
receptor taking into account the stoichiometry of formed anti-
body-receptor complexes.

It is important to note that there are background signals related
to the nonspecific binding and/or autofluorescence which should
be subtracted from both the numerator and denominator of the
equations.'® The contribution of nonspecific signals is out of the
scope of our research and is considered to be negligible.

In clinical studies, RO is often assessed on the basis of the
percentage of cells harboring receptors instead of mean fluor-
escence intensity (MFI), which is believed to be directly pro-
portional to the number of receptors at the cell surface. Indeed,
the percentage of positive cells is linked to some extent with the
number of molecules per cell, but the exact relationship is
unknown.> Hence, it was assumed that these RO calculations
based on MFI and % PD-1(+) cells result in similar values.

Parameter variability implementation

To implement the inter-patient variability in the model, several
parameters sets (corresponds to a number of virtual patients,
N = 100) were generated using the information on parameters
distribution (Table 1). We conducted the simulations for each
parameter set and then presented results as 2.5-th, 50-th, and
97.5-th percentiles. The general rule of parameter variation
may be expressed as follows:

EW; ) 5)

where ; is the estimated parameter value for i-th individual,
rer is an estimate of the typical population value of the
parameter, 7,~N(0,w}) is a normally distributed random
variable with zero mean and variance related to the gpgr
parameter, BW; is the body weight of i-th individual,
BWhggr is the reference body weight in the population, and
gw represents the body weight covariate (related only to
nivolumab PK parameters Vc and CL).*’
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Modeling software

The model was developed using the Heta compiler.** Heta
compiler is a tool for the development of QSP platforms that
allows storing models in different formats (e.g., XLSX or Heta
language code) and exporting them into different formats
including SBML, SLV, mrgsolve, Simbio, and Matlab. The
fully annotated model equations and parameters are presented
in XLSX file, which may be converted into the desired format
(Supplementary Material). The simulations were performed
using DBSolve Optimum software package.”

Abbreviations

mAbs: monoclonal antibodies; MFI: mean or median fluorescence inten-
sity; PBMCs: peripheral blood mononuclear cells; PD-1: programmed cell
death 1 receptor; PD: pharmacodynamics; PK: pharmacokinetics; QSP:
quantitative systems pharmacology; RBCs: red blood cells; RCC: renal cell
carcinoma; RO: receptor occupancy; WBCs: white blood cells.
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