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Abstract

Immune checkpoint inhibitors block the interaction between a receptor on one cell
and its ligand on another cell, thus preventing the transduction of an immunosup-
pressive signal. While inhibition of the receptor-ligand interaction is key to the
pharmacological activity of these drugs, it can be technically challenging to meas-
ure these intercellular interactions directly. Instead, target engagement (or receptor
occupancy) is commonly measured, but may not always be an accurate predictor
of receptor-ligand inhibition, and can be misleading when used to inform clinical
dose projections for this class of drugs. In this study, a mathematical model explic-
itly representing the intercellular receptor-ligand interaction is used to compare
dose prediction based on target engagement or receptor-ligand inhibition for two
checkpoint inhibitors, atezolizumab and magrolimab. For atezolizumab, there is
little difference between target engagement and receptor-ligand inhibition, but for
magrolimab, the model predicts that receptor-ligand inhibition is significantly less
than target engagement. The key variables explaining the difference between these
two drugs are the relative concentrations of the target receptors and their ligands.
Drug-target affinity and receptor-ligand affinity can also have divergent effects on
target engagement and inhibition. These results suggest that it is important to con-
sider ligand-receptor inhibition in addition to target engagement and demonstrate
the impact of using modeling for efficacious dose estimation.

INTRODUCTION

Target engagement, also referred to as “receptor occu-
pancy,” is defined as the percent of all target receptor bound
by a drug. It is a commonly measured experimental read-
out for monoclonal antibody drugs with membrane protein

targets." However, for antibodies that act by blocking the
interaction of a receptor with a cognate ligand, target en-
gagement may not accurately reflect the degree of inhi-
bition of the receptor-ligand interaction. In these cases,
receptor-ligand inhibition (referred to herein as “inhibi-
tion”) is one step further downstream of target engagement
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in the drug's mechanism of action and thus is often a more
accurate metric for assessing the desired pharmacology.
Instead, inhibition can be more challenging to measure di-
rectly in vivo than target engagement, and is less frequently
assessed in drug development programs. Therefore, it is
important to understand under which circumstances target
engagement can be considered a good surrogate metric for
inhibition for the purposes of dose selection.

One class of drugs that act by inhibiting receptor-ligand
interactions are the immune checkpoint inhibitors. Immune
checkpoints are proteins expressed by cells that modulate
the strength of the immune response. They are expressed
as part of the system to identify “self” vs. “non-self” and
prevent the immune system from attacking cells of its host.
Immune checkpoints are upregulated in some cancers, al-
lowing cancerous cells to evade immune surveillance. When
a receptor on the surface of one cell interacts with a ligand
on the surface of another cell, downstream signals are trig-
gered that inhibit the immune cells' activity. Checkpoint
inhibitors block the interaction of receptor and ligand and
thereby prevent inhibition of the immune cell activity.

Two examples of immune checkpoint inhibitors are
atezolizumab and magrolimab. Atezolizumab is an anti-
PD-L1 monoclonal antibody that blocks the interaction
of PD-L1 with its binding partner, PD-1. By inhibiting the
PD-1:PD-L1 checkpoint, atezolizumab promotes T-cell ac-
tivation and antitumor activity. Another drug that works
by blocking receptor-ligand interactions is the anti-CD47
antibody, Magrolimab, currently in phase III clinical trials.
This drug inhibits the interaction of CD47 with its ligand,
SIRPa, on macrophages and thus increases the antibody-
dependent cellular phagocytosis of cancer cells.

Here, a mechanistic mathematical model of an anti-
body targeting a membrane receptor with a membrane li-
gand is used to predict target engagement and inhibition,
and subsequently to compare whether they have similar
dose response. Several properties related to the drug and
the receptor-ligand pair can impact whether or not target
engagement can be considered a close surrogate for inhi-
bition. Using model simulations, we demonstrate that the
drug-target binding affinity, the receptor-ligand binding
affinity, and relative concentrations of receptor and ligand
expression can all contribute to the discrepancy between en-
gagement and inhibition. Mathematical models that take all
of these factors into account can be a useful tool to improve
dose estimates by predicting the ability of a drug to effec-
tively compete with a ligand for binding to its target receptor.

KEY QUESTION

The overall aim of this work is to compare the impact
on dose prediction when using target engagement vs.

inhibition as criteria for assessing checkpoint inhibition.
The key questions of this case report are as follows: (1)
whether defining the appropriate criteria for projecting
effective dose can significantly impact the estimated dose
and (2) what factors govern when target engagement
differs from receptor-ligand inhibition.

ANALYSIS PLAN AND KEY
ASSUMPTIONS

In this case study, all modeling simulations were run
using the “Monospecific Anti-Receptor with Membrane
Ligand Competitor (4-Compartment) with Avidity”
model in Applied BioMath Assess™ software. A diagram
of the model is shown in Figure 1. It is a mechanistic phar-
macokinetic/pharmacodynamic (PK/PD) model of a drug
binding to a membrane-bound receptor on the surface of
one cell and blocking binding to a membrane-bound ligand
on the surface of another cell. In this model, “receptor” is
defined as the drug target and “ligand” is the drug target's
cognate binding partner. The drug has bivalent binding
to the target. The default model includes central, periph-
eral, disease, and tox compartments, each with a soluble
and a membrane sub-compartment. For this work, the tox
compartment was turned off by setting the drug partition
coefficient (Pdist) to the tox compartment to 0. This model
allows us to explore engagement and inhibition effects at
the site-of-action (i.e., tumor). The model includes inter-
compartmental transport of drug, drug binding to target,
drug clearance, and receptor synthesis and degradation.

Other key assumptions of the model included as fol-
lows: (a) species are well-mixed in their respective sol-
uble and membrane compartments; (b) receptor-bound
antibodies internalize with receptors at the same first-
order rate as internalization of unbound receptors; and
(c) there is no transport of membrane receptors or mem-
brane ligands between compartments, and therefore,
no cellular trafficking represented in the model. More
information about the model can be found in the sup-
plemental text.

The model is parameterized for magrolimab and
atezolizumab using published non-clinical data for each
drug and its respective target and cognate binding partner,
including receptor and ligand concentrations, binding
affinities, and other drug-specific parameters. The only
clinical data used to parameterize the model were the re-
ported linear elimination half-lives for magrolimab® and
atezolizumab.? Unknown parameters were set to standard
values for monoclonal antibodies.*® Complete parameter
tables for both models are found in Table S1, with target
burden calculations for CD47, SIRPa, PD-L1, and PD-1 in
Tables S2-S5, respectively.
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FIGURE 1 Model diagram. After administration in the central compartment, the antibody can distribute to the peripheral, and disease

compartments. Elimination occurs in all compartments. The antibody can bind bivalently to membrane and soluble receptors. Synthesis,

internalization, and avid binding of target receptor to ligand are also captured in every compartment. Figure created with BioRender.com.

Dose estimates are performed by calculating the dose
level predicted to achieve 95% target engagement or recep-
tor-ligand inhibition at trough in the tumor compartment
following seven IV doses at a specified dosing interval.
Dose estimates for target engagement and inhibition are
compared with one another to determine the extent to
which differences between the two metrics impact dose
estimates. The dose estimates presented herein assume
that toxicity is not dose-limiting.

Two-dimensional (2D) scans of model parameters are
performed by varying values of two specified parameters
while holding the values for other parameters constant.
Parameter values for magrolimab were used as nominal
values. The color of the heatmap represents engagement
or inhibition (as indicated) at trough in the tumor com-
partment following seven IV doses at the specified dosing
interval.

RESULTS

Model-simulated PK was consistent with clinical ob-
servations for magrolimab and atezolizumab, with
non-linearity in both PK profiles indicative of target-
mediated drug disposition (Figure S1). Linear PK ranges
for magrolimab and atezolizumab were >10mg/kg QW
and >0.5mg/kg Q3W, respectively, in alignment with
published findings.>* The ability of the models to cap-
ture these clinical data supports the reliability of the
model parameterizations with respect to target burden
and binding affinity.

Model-predicted dose-responses of target engagement
and receptor-ligand inhibition in a solid tumor are shown
in Figure 2, for atezolizumab (left) and magrolimab
(right). When parameterized for atezolizumab, the model
predicts a dose of 0.72mg/kg dosed Q3W IV will result in
95% target engagement in the tumor. The dose to achieve
95% inhibition of receptor-ligand complex formation is
1.78 mg/kg. Both predicted doses fall within 0.3-3 mg/kg;
the range of doses estimated to reach 95% tumor target
engagement from preclinical and clinical data from vari-
ous publications.3’7 In this case, the two metrics track rel-
atively closely together, and thus, the metric used does not
substantially impact dose projections.

In contrast to atezolizumab, the magrolimab model
predicts there is a significant discrepancy between pre-
dicted target engagement and inhibition of receptor-li-
gand complex formation over a wide range of doses. For
magrolimab, the dose projected to achieve 95% target en-
gagement in the tumor is 8.05mg/kg QW, but 95% inhibi-
tion is not achievable at doses up to 50 mg/kg. The clinical
maintenance dose of magrolimab is 30 mg/kg QW, which
our model predicts should achieve 99.7% target engage-
ment in the tumor, but only 84.8% inhibition of complex
formation. Given that the antitumor activity of magro-
limab is thought to require preventing the interaction of
CD47 and SIRPa, inhibition is likely the more relevant
pharmacologic metric. These results suggest that insuf-
ficient receptor-ligand inhibition, among other factors,
may contribute to the limited monotherapeutic efficacy
observed for magrolimab in solid tumors,” in spite of near
saturation of target engagement.
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FIGURE 2 Dose response curves and predicted doses for atezolizumab and magrolimab based on target engagement versus receptor—

ligand inhibition. Blue circles and red squares indicate target engagement and receptor-ligand inhibition dose response curves, respectively.
Dotted lines indicate model-predicted doses required for 95% target engagement (blue) or receptor-ligand inhibition (red).

We hypothesized that receptor and ligand concentra-
tions may play a role in differentiating atezolizumab and
magrolimab, given that atezolizumab's target receptor,
PD-L1, is expressed at approximately the same level as
the competitor ligand PD-1, while magrolimab's target re-
ceptor, CD47, is expressed over 100x more than the com-
peting ligand SIRPa (Table S1). To test this hypothesis,
target engagement and receptor-ligand inhibition were
simulated for various receptor and ligand concentrations
in the tumor compartment, using parameters for magro-
limab as the nominal condition at a dose of 10 mg/kg QW.
The results are shown on a 2D contour plot in Figure 3.
This analysis reveals conditions where differences would
be expected between inhibition of the receptor-ligand in-
teraction and target engagement. The gray cross indicates
where CD47 and SIRPa expression levels lay on this sur-
face, and the pink X shows the expression levels of PD-
L1 and PD-1. The high expression level of CD47 over its
ligand SIRPa as compared to similar expression of PD-L1
relative to its ligand PD-1 is the key reason in explaining
why inhibition is significantly less than engagement for
magrolimab but not for atezolizumab. Notably, changing

tumor burden without changing relative receptor-ligand
concentrations has no impact on either predicted target
engagement or inhibition for either drug (Figure S2).

To investigate how magrolimab's design parameters
impact the dose required to achieve high inhibition, vari-
ous binding affinities and doses were simulated, as shown
in Figure 4. The experimentally measured Ky, of magro-
limab for CD47, 8nM,? achieves 84.8% inhibition of the
complex formation in the tumor at the clinical dose of
30mg/kg. Scanning different drug affinities, we find that
a Kp of 1nM or less would achieve >95% inhibition in the
tumor at doses around 15mg/kg, half of the clinical dose.
However, increasing the affinity beyond ~0.5nM does not
further reduce the dose achieving >95% inhibition. For
magrolimab, the model predicts a tighter binding affinity
could have helped lower the efficacious dose.

The effective affinity between ligand and receptor also
plays a role in determining whether engagement differs
from inhibition. In Figure S3, the magrolimab model is
used to simulate various combinations of receptor-li-
gand and drug-target affinities and show their impact
on engagement and inhibition. In this case, inhibition
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is increased by either increasing drug-target affinity
or decreasing receptor-ligand affinity (Figure S3A),
while target engagement is increased by increasing
drug-target affinity only (Figure S3B). Consequently,
the largest differences between target engagement and
inhibition are observed at strong receptor-ligand affini-
ties and weak drug-target affinities. These observations
can be explained in terms of relative receptor and ligand
expression. For magrolimab, there is a large excess of
target receptor (CD47) over ligand (SIRPx) in the tumor.
Therefore, even when target engagement is very high,
there is enough non-drug-bound receptor remaining to
drive significant receptor-ligand binding if the recep-
tor-ligand affinity is strong enough.

IMPACT ASSESSMENT

While target engagement has been a common end point
measured clinically and predicted by mathematical models,
our modeling suggests that target engagement may not
always be equivalent to receptor-ligand inhibition. The
magrolimab simulations reveal that the high ratio of
receptor to ligand concentrations can cause a disconnect
between engagement and inhibition. This is because
the degree of receptor-ligand interaction is determined
by the free receptor and free ligand concentrations
relative to their binding affinity. In cases where the target
concentration is well above the binding affinity, extremely
high target engagement may be required to lower free target
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formation. This is an important consideration when setting
target engagement criteria for dose estimation. This also
highlights the utility of models that explicitly represent the
receptor-ligand interaction for dose estimation.

Models can be used prior to having clinical or even pre-
clinical data available to assess the feasibility of a therapeu-
tic strategy.’ They can provide early and reasonably accurate
estimates of effective doses for checkpoint inhibitors, as
demonstrated in our simulations of atezolizumab and mag-
rolimab. In particular, for checkpoint inhibitors, models
can reveal whether target engagement is likely to be a good
surrogate for receptor-ligand inhibition and help determine
what drug or target properties are most important in this de-
termination. The analysis shown herein can also be applied
to other inhibitors that target receptors with competitive
membrane ligands, where model-informed drug design and
target selection principles can be used to identify potential
liabilities early in development.

For certain checkpoint inhibitors, receptor-ligand in-
hibition can be substantially lower than target engage-
ment at a given dose, which can reduce the reliability
of dose selection strategies based on target engagement.
Using computational models, we can simulate both in-
hibition and engagement. For atezolizumab, inhibition
and engagement are similar, but for magrolimab, recep-
tor-ligand inhibition is notably less than target engage-
ment over a wide range of dose levels. We investigated
the cause of the differences between atezolizumab and
magrolimab and found that larger tumor concentration
of CD47 relative to its ligand SIRP« is the main cause for
this difference. We also determined that a tighter affin-
ity could have reduced the dose needed to achieve high
receptor-ligand inhibition for magrolimab. The pre-
sented model can make feasibility assessments for check-
point inhibitors or other therapies based on inhibition
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and/or target engagement by modeling receptor-ligand
interactions.
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