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Abstract

A semimechanistic pharmacokinetic (PK)/receptor occupancy (RO) model was con-
structed to differentiate a next generation anti-NKG2A monoclonal antibody (KSQ
mAb) from monalizumab, an immune checkpoint inhibitor in multiple clinical trials
for the treatment of solid tumors. A three-compartment model incorporating drug PK,
biodistribution, and NKG2A receptor interactions was parameterized using monali-
zumab PK, in vitro affinity measurements for both monalizumab and KSQ mAb, and
receptor burden estimates from the literature. Following calibration against monali-
zumab PK data in patients with rheumatoid arthritis, the model successfully predicted
the published PK and RO observed in gynecological tumors and in patients with

squamous cell carcinoma of the head and neck. Simulations predicted that the KSQ
mAb requires a 10-fold lower dose than monalizumab to achieve a similar RO over a
3-week period following q3w intravenous (i.v.) infusion dosing. A global sensitivity
analysis of the model indicated that the drug-target binding affinity greatly affects the
tumor RO and that an optimal affinity is needed to balance RO with enhanced drug
clearance due to target mediated drug disposition. The model predicted that the KSQ
mADb can be dosed over a less frequent regimen or at lower dose levels than the cur-
rent monalizumab clinical dosing regimen of 10 mg/kg q2w. Either dosing strategy
represents a competitive advantage over the current therapy. The results of this study

demonstrate a key role for mechanistic modeling in identifying optimal drug param-

eters to inform and accelerate progression of mAb to clinical trials.

INTRODUCTION activity by restoring natural killer (NK) and CD8+ T cell cy-
totoxic function.'* NKG2A is encoded by the KLRC1 gene
in humans, and belongs to a family of C-type lectin recep-

tors (the NKG2 family) that are predominantly expressed on

Recent observations suggest that therapeutic inhibition
of NKG2A receptors could promote enhanced antitumor
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the surface of NK cells and a subset of CD8+ cytotoxic T-
lymphocytes (CTL)."** The NKG2 family has seven mem-
bers: NKG2A, B, C, D, E, F, and H, and all NKG2 family
members, with the exception of homodimeric NKG2D, form
disulfide bonded heterodimers with another C-type lectin co-
receptor, CD94.5 NKG2/CD94 heterodimers bind the ligand
HLA-E, a ubiquitously expressed nonclassical MHC-I mol-
ecule, which results in either inhibition or activation of NK
cells and CD8+ CTL by engaging inhibitory receptors, such
as NKG2A/CD94, or activating receptors, such as NKG2C/
CDY4.57° Importantly, it has been observed that HLA-E is
overexpressed by a variety of solid tumors and overexpres-
sion of HLA-E correlates with poor disease prognosis in
ovarian, colorectal, and hepatocellular ca.rcinoma,l""]o’15
presumably due to suppression of the cytotoxic activity of
NK cells and CD8+ CTL.

Monalizumab is a clinical stage monoclonal antibody
(mADb) being investigated as an immune checkpoint inhibi-
tor of NKG2A receptors expressed on both tumor infiltrating
NK and CD8+ CTL for the treatment of gynecological and
squamous cell carcinoma of the head and neck (SCCHN).
NKG2A/CD9%4 is frequently co-expressed with pD-1. 1113
Therefore, anti-NKG2A antibodies, such as monalizumab,
are currently being tested in combination with the anti-
PD-(L)1 antibodies durvalumab and nivolumab. In addition,
a phase II clinical trial with monalizumab in combination
with cetuximab suggested that NKG2A blockade could also
potentially improve the antibody-dependent cellular cyto-
toxicity activity of NK cells. Importantly, in phase II stud-
ies, monalizumab has been dosed via i.v. infusion either at
10 mg/kg or at 750 mg once every 2 weeks (q2w). However,
monalizumab is a “first-in-class” molecule, and a drug with
“best-in-class” properties for improved dosing or efficacy re-
mains unexplored.

Designing an antibody to target NKG2A or the immune
system in general remains challenging, and the success rate
of oncology drug development in practice remains the low-
est of all therapeutic areas.'® A major reason is the lack of
a robust framework for preclinical to clinical translation of
oncology drugs to predict efficacy and toxicity.17 This is par-
ticularly true of mAb-based therapeutics. The versatility of
these molecules brings with it an additional level of complex-
ity in understanding their effects; they often rely on intricate
mechanisms of action and concentration response relation-
ships that can be nonintuitive and difficult to predict while
lacking robust early biomarkers of efficacy.

Given such challenges, translational modeling and simu-
lation has become a key tool in oncology research to increase
efficiency and effectiveness in drug discovery and develop-
ment. Modeling and simulation of oncology therapies can
facilitate design, selection, and preclinical to clinical transla-
tion, along with optimization of clinical trials.'® Translational
pharmacokinetic (PK)/pharmacodynamic modeling has been
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON
THE TOPIC?

Affinity is an important parameter to achieve desired
pharmacokinetic/pharmacodynamic properties of
monoclonal antibodies (mAbs) but needs to be op-
timized against other criteria. However, frameworks
for systematically predicting the ideal affinity pa-
rameters are limited.

WHAT QUESTION DID THIS STUDY
ADDRESS?

This study provides (1) a simulation approach to
assess optimal affinities of mAbs while integrating
other factors to analyze competitive advantages and
(2) a framework to identify critical uncertainties and
factors that will most impact lead and clinical devel-
opment candidate selection.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

The study allowed us to identify a range of binding
affinities to NKG2A that provide high tumor cover-
age even at low doses. However, it shows the benefit
of tighter binding to membrane receptors has limits,
as it eventually leads to increased clearance due to
target mediated drug disposition.

HOW MIGHT THIS CHANGE DRUG
DISCOVERY, DEVELOPMENT, AND/OR
THERAPEUTICS?

The study demonstrates how predictive simulations
can drive drug designs by identifying ideal drug
properties that are followed by experiments to se-
lect leads and clinical development candidates that
meet the criteria. This approach allows leveraging
existing knowledge in a systematic manner, reduc-
ing costs and risks.

defined as the integration of in silico, in vitro, and in vivo
preclinical data with mechanism-based models to predict
the effects of new drugs in humans.'®!® These models are
built by assembling a quantitative framework describing the
relationship between the pharmacology of drug action and
downstream biomarker or efficacy responses observed in the
preclinical data. Incorporating PK and physiological data rel-
evant to the human disease or disease biology into the model
enables the prediction of effects in humans.” The resulting
models can be used for simulation of effective doses and reg-
imens in the clinic to enhance chances of success.

A panel of anti-NKG2A antibodies was discovered that
has upward of 500-fold higher specific monovalent affin-
ity for NKG2A compared with monalizumab, and similarly
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enhanced potency in an in vitro antitumor cytotoxicity assay.
To assess the impact of modulating drug properties like affin-
ity for in vivo applications, a semimechanistic pharmacoki-
netic/receptor occupancy (SM-PK/RO) model was developed
that integrates existing clinical data for monalizumab to-
gether with preclinical data of the KSQ anti-NKG2A lead
mAb (KSQ mAb). Our analysis suggests that the increased
affinity of highly selective anti-NKG2A KSQ mAbs may
translate into substantial clinical benefits by lowering the
dose, and/or reducing the dosing frequency while retaining
the saturation of receptor occupancy in tumor tissue needed
to achieve optimal therapeutic antitumor efficacy.

METHODS

Computational model overview and
implementation

An SM-PK/RO model was developed to differentiate a KSQ
mADb from the clinical competitor, monalizumab, for the treat-
ment of cancer (Figure 1). The model consists of three com-
partments: (1) the central compartment, which comprises the
plasma and rapidly perfused tissues; (2) the peripheral compart-
ment, which comprises all nondisease, slowly perfused tissues;
and (3) the tumor compartment. The drug is dosed intrave-
nously to the central compartment and transports to the periph-
eral and tumor compartments. First-order nonspecific clearance
only occurs in the central compartment. In all compartments,
bivalent drug binding to the membrane-bound NKG2A/CD9%4
heterodimer complex on NK and T cells was incorporated.
Avidity was accounted for by using effective affinities of the
drugs for complex. The steady-state target burden is modeled
as a single pool of receptors in each compartment calculated
from the number, fraction expressing, and expression level of
NK and T cells in the compartment. The target synthesis rate
is set by the steady-state concentration of the receptor complex
in each compartment, and the receptor turnover rate, which is

assumed to be the same in all compartments. Drug bound to the
target is degraded intracellularly once internalized.

The model was implemented using KroneckerBio ver-
sion 0.5.2.3 (maintained at https://github.com/kronecker-
bio) and simulations and analyses were performed using
MATLAB version 2019a (Mathworks). Parameters for the
model were determined from a combination of preclini-
cal in vitro drug binding data, clinical monalizumab PK
data in rheumatoid arthritis (RA) and patients with cancer,
and target burden estimates from literature. All model pa-
rameters, including literature sources and equations, can
be found in the Supplementary Information. Plots were
constructed using native MATLAB plotting commands or
Gramm.”!

Binding affinity assay

Biosensor analysis using the human antigen was conducted
at 25°C in an HBS-EP+ buffer system (10 mM HEPES pH
7.3, 150 mM NaCl, 3 mM EDTA, and 0.05% Surfactant P20)
using a Biacore 8K optical biosensor docked with a CM5
sensor chip (GE Healthcare). The sample hotel was main-
tained at 10°C. Mouse anti-human IgG capture antibody
(GE Healthcare) was immobilized (4000-6000 RU) to both
flow cells of the sensor chip using standard amine coupling
chemistry. This surface type provided a format for reproduc-
ibly capturing fresh analysis antibody after each regenera-
tion step. Flow cell 2 was used to analyze captured antibody
(50-180 RU), whereas flow cell 1 was used as a reference
flow cell. Antigen concentrations ranging from 60 to 0.7 nM
(threefold dilutions) were prepared in running buffer in sin-
gle cycle kinetics mode. A blank set of buffer injections were
also run and used to assess and subtract system artifacts. The
association (150 s) and dissociation (2500 s) phases were
measured at a flow rate of 30 pl/min. The surface was re-
generated with 3M MgCl, for 30 s, at a flow rate of 30 pl/
min. The data was aligned, double referenced, and fittoa 1:1
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binding model using Biacore Insight Evaluation Software,
version 1.2.

Cytotoxicity in natural killer/tumor cell co-
culture in vitro assays

Primary human natural killer (NK) cells from healthy donor
peripheral blood were isolated by magnetic-activated cell
sorting. Following isolation, NK cells were stained with PE-
conjugated human NKG2A antibody (clone Z199; Beckman
Coulter) and NKG2A+ fraction was isolated by fluorescent
activated cell sorting (FACS). NKG2A + sorted NK cells were
activated in cell culture media (CellGenix GMP SCGM+ 10%
human serum [Sigma] + 1X GlutaMax [Gibco] 4+ 100 pg/ml
rhIL-2 [PeproTech] + 1p g/ml DNasel [StemCell]) and ex-
panded by either 2:1 or 1:1 addition of K562 cells engineered
to overexpress 4-1BBL and membrane-bound human IL-21
every 7 days. The 1e5 NK cells and 1e5 tumor cells (BV173,
B cell lymphoma cell line) were plated per well in a 96-well
round-bottom tissue culture treated plate (E:T ratio = 1:1) in
a final volume of 200 uL in the presence or absence of solu-
ble NKG2A mAbs or isotype controls. After incubation for
24 h at 37°C, 5% CO,, cells were collected by centrifugation,
stained with BUV395-conjugated human CD56 antibody
(BD Biosciences) to allow for NK cell/tumor cell discrimi-
nation by FACS, and analyzed using the LSRFortessa X-20
(BD Biosciences) or FACSymphony (BD Biosciences).

Tg32 mouse PK assay

Twelve (12) 6-8 week old male B6.Cg-Fcgri™ P Prkdc*™™
Tg(FCGRT)32Dcr] mice (The Jackson Laboratory) were as-
signed into 3 groups with 4 mice per group. Body weights
were measured the day of antibody administration. At O h,
the test articles were administered as i.v. injections at 2 mg/
kg, and at a dose volume of 5 ml/kg. 25 ul blood samples
were collected from each mouse at 1, 2, 4, 7, 14, 21, and
28 days into K;EDTA, processed to plasma, and stored at
—20°C. Serum samples were assessed in triplicate by human
IgG enzyme-linked immunosorbent assay (ELISA) using
each test articles as its own standard to match what was in the
serum being assessed as follows: the human IgG ELISA was

TABLE 1 KSQ mAb and monalizumab drug properties

ASCPT

first piloted to validate both its specificity and sensitivity for
the antibodies; a second pilot ELISA was used to determine
the optimum plasma sample dilution for the day 1 plasma
samples so that antibody concentrations hit near the top of
each standard curve within its linear range; plasma samples
were assessed in triplicate at the optimum dilution using each
test article as its own standard to match what is in the plasma
samples being assessed. PK analysis was performed using
PK Solutions software and half-lives were analyzed starting
at day 7 after test article administration.

SM-PK/RO model assumptions

In the model, the drug is assumed to be eliminated nonspe-
cifically from the central compartment. The KSQ mAb and
monalizumab were assumed to have the same nonspecific
PK parameters, including drug clearance, tissue and tumor
distribution, and compartment volumes. This assumption
was supported by data from a Tg32 mouse model where the
FcRn gene is replaced by the human FcRn counterpart.”
In the Tg32 mouse model, the PK of monalizumab and
the KSQ mAb, neither of which cross-reacts with mouse
NKG2A receptor, show minimal differences and their
time-concentration curves overlay each other (data not
shown). Their respective terminal half-life and systemic
clearance values are shown in Table 1. Limited tumor tis-
sue distribution of monalizumab and KSQ mAb was evalu-
ated in tumor-bearing NSG mice. KSQ mAb exhibited
similar tumor tissue distribution as monalizumab (data not
shown). The bivalency of the drugs was incorporated by
assuming the binding of each arm of the antibody is inde-
pendent with no geometric or allosteric effects. The KSQ
mADb binds specifically to the NKG2A/CD94 heterodimer
complex but not to CD94 in the absence of NKG2A (data
not shown).

To estimate the target burden in each compartment, it was
assumed that only NK and T cells express the target at appre-
ciable levels, the drug has the same affinity for the target com-
plex on both NK and T cells, and that there is no proliferation
of NK and T cells over the time scales presented in this work.
Therefore, the target concentration remains at steady-state.
The soluble ligand for NKG2A (HLA-E), was not considered
in the model because its weak (micromolar) affinity and low

Binding affinity NK cell efficacy ECs, pg/ Plasma PK half-life in Tg32 Plasma CL in Tg32

K;, nM ml mouse, days mouse, ml/h/kg
Monalizumab 48.1+3.1 1.5+0.78 17.1 £2.8 0.218 +0.0133
KSQ mAb 0.058 + 0.007 0.045 +0.02 228 +1.6 0.162 + 0.00353

Abbreviations: CL, clearance; ECs, half-maximal effective concentration; mAb, monoclonal antibody; PK, pharmacokinetic.
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estimated concentrations suggest the fractional occupancy of
HLA-E to NKG2A is less than 0.01% even in the absence of
anti-NKG2A therapies. Soluble NKG2A or receptor shedding
is also not considered due to a lack of evidence supporting high
enough levels to warrant concerns of an antigen sink. Finally,
the internalization of the drug-bound receptor complex was
assumed to occur at the same rate as the free receptor.

Calibrating to monalizumab PK

To inform monalizumab PK parameters in the model, a
single-dose clinical PK study in patients with RA was digi-
tized using WebPlotDigitizer and then used for model cali-
bration.”* Here, the tumor compartment was excluded and
physiological values for the central and peripheral volumes
were used. Due to target-mediated drug disposition (TMDD)
at low doses, the high-dose monalizumab PK data was used
to determine the nonspecific clearance, distribution half-life,
and partition coefficient parameters. For the low doses that
exhibited TMDD, the turnover rate of the receptor complex,
which was constrained via literature information to be greater
than 4 h,%> was fit to accurately capture the faster clearance.
Additionally, the binding affinity was increased from the ex-
perimentally determined value of 48.1-2.5 nM to account for
avidity and to better predict the PK observed at low doses.
After PK parameters for monalizumab were determined in a
two-compartment model, the tumor compartment was incor-
porated and the model was used to simulate monalizumab PK
in gynecological and patients with SCCHN to assess model
fit to this new clinical data.

Benchmarking to monalizumab receptor
occupancy data

The monalizumab model was benchmarked to clinical RO
data in patients with gynecological cancer”® and patients with
RA. According to the clinical data, dose levels of 1, 4, and
10 mg/kg demonstrated full target saturation over the dosing
regimen (q2w). Clinical RO data from patients with RA also
showed full occupancy for the first 2 weeks at the compara-
ble doses for a single-dose regimen.

Global uncertainty/sensitivity analysis

Latin Hypercube Sampling (LHS)/Partial Rank Correlation
Coefficient (PRCC) was used?’ to assess model parameters
that were most influential in determining NKG2A occu-
pancy at day 21 in the tumor compartment. LHS is a sam-
pling method®® that stratifies parameter samples between
lower and upper bounds. After using LHS to generate

10,000 parameter sets, model simulations were run and
PRCC, which is a measure of the degree of association
between two random variables, was used to correlate each
individual parameter with the RO at day 21 in the tumor
compartment.

RESULTS

Drug property differences between KSQ mAb
and monalizumab

Binding property, potency, and PK in Tg32 mice (2 mg/kg)
data of both antibodies are shown in Table 1. The KSQ mAb
has an 800-times higher binding affinity, 33-times higher NK
cell killing efficacy, and comparable elimination half-life
compared with monalizumab.

Model calibration and benchmarking

The PK of monalizumab and KSQ mAb were calibrated
against single-dose monalizumab PK data in patients with
RA. The results (Figure 2a) demonstrate that the model reca-
pitulates the monalizumab PK data across a range of doses.
TMDD is observed at drug concentrations below a critical
concentration (Cey, 0.078 pg/ml). Cy is calculated as kqy,/
(ko/V), where ki, is the synthesis rate of target NKG2A/
CD9%4 complex, k is the first-order elimination rate, and V-
is the volume of the central compartment.29

Next, the model was used to simulate multidose PK data
in patients with gynecological cancer. The model accurately
recapitulates the clinical observations of concentration at the
end of infusion (C,y) and predose (Cyqygh). Furthermore,
the accumulation ratio (C,,; between cycle 1 and cycle 4) of
1.4-fold to 2-fold observed in the data was also reproduced
in the simulation (Figure 2b). It is observed that at later
timepoints (6 weeks), the model predictions of Cy,q, Were
approximately twofold higher indicating that there might
be other elimination routes that were not considered in the
model. However, these differences are well within the range
of variation seen within a population. Simulations were over-
laid with the PKs of patients with SCCHN for a single dose
and matched the data without requiring additional fitting
(Figure 2c).

Although the measured value of monalizumab binding af-
finity in an in vitro binding assay was 48.1 + 3.1 nM, the PK
profiles indicated that the in vivo binding affinity was more
potent, with an effective K, of 2.5 nM. The effective increase
in affinity of the antibody in vivo is consistent with the ex-
pectation of avidity, because in vitro analyses (Table 1) mea-
sured only monovalent affinity of fraction absorbed and not
the on-cell binding. Functional affinity in vivo can increase
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antibody (mAb) and monalizumab are 25 pM and 2.5 nM, respectively. (b) Contour plots illustrate the NKG2A tumor coverage as a function of a
single dose and binding affinity using q3w and (c) q4w dosing regimens

if an antibody has multivalent binding. Experimentally, it
has been shown that on-cell binding affinity can be several
orders of magnitude greater than the surface plasmon reso-
nance (SPR) measured value due to the accumulated strength
of multiple interactions.*

After calibrating and comparing the model to three
PK datasets, the model predictions of NKG2A RO were
compared with clinical observations (Figures 2d—f). The
clinical data reports that in patients with RA, at doses

greater than 1 mg/kg, NKG2A receptors in the blood
were fully saturated over the 2-week period following
the initial dose. Model predictions recapitulate this ob-
servation, demonstrating fully saturated RO at those dose
levels (Figure 2d). At monalizumab doses above 0.4 mg/
kg, the model predicts full saturation of NKG2A for the
gynecological and SCCHN patient populations at their re-
spective dosing regimens (no clinical data was available;
Figures 2e,f).
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Identification of best-in-class properties

PK parameters for the KSQ mAb and monalizumab were
assumed to be the same. The only distinguishing parameter
between the two drugs was the binding affinity. A range
of binding affinities and corresponding doses were there-
fore examined that would provide the greatest NKG2A RO
in the tumor 14 days postdose (Figure 3a). Although the
threshold RO needed for therapeutic efficacy is unknown,
monalizumab shows 95% RO or higher at doses greater
than 1 mg/kg (Figures 2d—f). Hence, > 95% RO was used
as the benchmark to compare various doses and dosing
regimens.

At doses greater than 0.1 mg/kg, lowering the K, of the
drug increased the RO. However, at doses lower than 0.1 mg/
kg, the benefit of increased binding affinity was lost, as the
tighter binding resulted in faster clearance of the drug via
TMDD. The model predicts that K, values within the range
of 20-100 pM will provide > 95% RO at 0.1 mg/kg. When
compared with monalizumab, an mAb with 10 to 20-fold
greater binding affinity could achieve equivalent high levels
of RO at one-tenth of the dose.

Due to the higher binding affinity of the KSQ mAb over
monalizumab (KSQ mAb Ky = 25 pM; monalizumab in vivo
Kp = 2.5 nM), it was investigated whether the KSQ mAb could
be dosed less frequently than monalizamab. The relationship be-
tween binding affinity and dose was examined for dosing win-
dows of 21 and 28 days (Figure 3b,c). Simulations predict that a
high affinity mAb can achieve target saturation at g3w and g4w at
a dose of 1 mg/kg. The simulations demonstrate the diminishing
return of increasing the drug-target binding affinity when consid-
ering values below ~ 0.5 nM at a dose of 1 mg/kg. In this regime of
binding affinity values, the model predicts lower Kp, values do not
achieve higher tumor RO at day 21 for a given dose (Figure 3b),
emphasizing a design limit to engineering the binding affinity of
mADs targeting NKG2A. Higher binding affinities in this regime
lead to faster target-mediated clearance, thus providing no further
increase in tumor RO. The diminishing return relationship be-
tween binding affinity and doses near 1 mg/kg is even more prom-
inent when considering tumor RO at day 28 (Figure 3c), where
small decreases in dose results in a biphasic switch from nearly
full tumor coverage to below 90% RO. These results demonstrate
that the KSQ mAbD can achieve NKG2A tumor saturation at doses
lower than that of monalizumab at both q3w and q4w dosing pe-
riods, providing it a competitive advantage.

Summary of differentiation of KSQ mAb from
monalizumab

The KSQ mAb is a highly selective antagonist of the
NKG2A receptor with greater affinity and NK cell po-
tency than monalizumab. In vivo, the KSQ mAb half-life

is comparable to monalizumab in Tg32 mouse models
(Table 1).

To quantitatively compare the expected efficacy of mon-
alizumab and the KSQ mAb at the same dose, simulations
were performed using the relevant parameters for each drug
and the predicted tumor RO examined. The KSQ mAb can be
dosed at 26-fold, 22-fold, and 20-fold lower doses than mon-
alizumab to achieve 99% tumor RO at days 14, 21, and 28,
respectively (Table 2, Figure S1). Lower efficacious doses
for the KSQ mAb present a direct competitive advantage for
the drug over monalizumab.

Uncertainty/sensitivity analysis

Some model parameters are uncertain due to biological
noise or patient-to-patient variability. Therefore, a sensi-
tivity analysis was performed to identify the most influ-
ential parameters in controlling model output. A global
sensitivity analysis of the model combining a parameter
sampling technique (LHS) with a correlation coefficient
(PRCC) was used to identify parameters that impact tumor
RO at day 21 (Table S1).

From the list of sensitive parameters in Table S1, the most
uncertain parameters are the turnover of the mAb-receptor
complex, which is assumed to be the same as the turnover rate
of the free receptor, and the perfusion coefficient of the drug
into the tumor. The turnover rate was guided by literature mea-
surements of the half-life of free NGK2A? rather than direct
measurements, and was consistent with the measured internal-
ization data of BMS986315, an anti-NKG2A mAb developed
by Bristol-Myers Squibb. Approximately 40% BMS986315-
receptor complexes were internalized when incubating with
NKG2A-expressing cells at 37°C for 20 h.*! The perfusion co-
efficient into the tumor was estimated by examining the drug
concentration in the tumor and in the blood using a mouse
model (data not shown), but not in humans. All other influen-
tial parameters from Table S1 are less uncertain because they
were fit to multiple datasets of patients with cancer.

A local sensitivity analysis was performed on the two un-
certain parameters, the NKG2A turnover rate and the perfu-
sion coefficient of the drug into the tumor, to further examine
their impact on model predictions. First, the NKG2A half-life

TABLE 2 Dose needed for 99% tumor RO

Day
Day 14 Day 21 28
KSQ mAb, mg/kg 0.15 0.2 0.25
Monalizumab, mg/kg 4.0 4.5 5
Fold advantage 26 22 20

Abbreviations: mAb, monoclonal antibody; RO, receptor occupancy.
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was varied from the nominal value of 13 h by one log (1.3—
130 h). Although the PK of the drug is affected at all 3 doses
by the NKG2A half-life, the RO in the tumor is only affected at
doses 0.3 mg/kg and below (Figure 4a,b). Despite uncertainty
in the exact value of the NKG2A half-life, and poor expected
tumor coverage of the KSQ mAb if the value approaches 1.3 h,
literature data show strong evidence that the lower bound for
the NKG2A turnover rate is greater than 4 h?* and could be
longer than 20 h, adding confidence to our model predictions.

Second, the effect of the tumor partition coefficient on
tumor RO was considered. Simulations predict that increas-
ing the partition coefficient lowers the dose at which receptor
saturation occurs (Figure 5). Additionally, at doses greater
than 0.3 mg/kg, the model predicts full tumor saturation
regardless of the tumor partition coefficient. At a low dose
of 0.15 mg/kg, at which a 26-fold lower dose was shown to
achieve the same tumor RO as monalizumab (Table 2), the
tumor partition coefficient would need to fall substantially
(~50%) from its nominal value to decrease the tumor RO at
day 21, lessening the concern of uncertainty in the parameter
value affecting final model predictions.

DISCUSSION

One of the key attributes of therapeutic monoclonal antibod-
ies is their high binding affinity and specificity. However, the

ASCPT

binding affinity required for clinical benefit depends upon
the therapeutic indication, disease biology, and the proper-
ties of the mAD binding to its target, including the impact of
target mediated drug disposition on PK. To determine the op-
timal affinity of an NKG2A mAD antagonist in solid tumors,
a three compartment SM-PK/RO model was developed. The
model was calibrated and benchmarked to publicly available
clinical PK and binding data for monalizumab in patients
with RA, gynecological cancer, and SCCHN. By simulating
the impact of increased affinity on RO, a tradeoff between
drug affinity and TMDD was observed, beyond which fur-
ther increases in binding affinity not only conferred no addi-
tional benefit but reduced the RO due to increased clearance
via TMDD. Thus, the simulations predicted an optimal bind-
ing affinity range that provides a competitive advantage in
terms of the drug dose and frequency of dosing.

The selected lead KSQ mAb with an ~ 100-fold tighter
effective binding affinity to NKG2A than monalizumab
was examined using the model. With limited data, and
assuming similar linear PK properties as monalizumab,
the increased affinity is predicted to lower the dose
needed to maintain comparable RO in the tumor by 20-
fold. This advantage persisted over the dosing regimens
ranging from q2w to q4w. However, simulations showed
that additional benefit of further increasing the bind-
ing affinity is limited due to tradeoffs with TMDD. In
other words, the simulations suggest the KSQ molecule
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FIGURE 4 Local sensitivity analysis on the effect of the NKG2A half-life on pharmacokinetic (PK) and tumor receptor occupancy (RO) in the
model. (a) PK and (b) tumor RO model predictions for 0.1, 0.3, and 1 mg/kg doses at different values for the NKG2A half-life
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FIGURE 5 The effect of the tumor perfusion coefficient and
dose on tumor receptor occupancy (RO) at day 21. The dotted line
represents the nominal tumor perfusion coefficient value of 0.55

is well-positioned in the optimal affinity landscape, bal-
ancing the tradeoff between increased target coverage
and increased target-mediated clearance. Analysis of the
sensitivity of the model predictions to the most uncertain
model parameters seems to indicate that at relevant doses
and parameter value ranges, the predictions are largely
unaffected, suggesting that the competitive advantage of
the KSQ mAbD is not impacted by the parameters with the
most uncertainty.

The need for optimizing affinity of mAbs has become in-
creasingly evident. For some targets, like anti-TNF mAbs for
the treatment of auto-immune disorders, affinities to soluble
TNF-a in the picomolar range are required.32 However, tighter
binding is not always advantageous, and for many mAbs that
bind to membrane receptors, increased receptor coverage may
be offset by increased clearance due to TMDD, just as was
predicted with KSQ mAb in this study. For example, Leong
et al. described the properties of a series of anti-CD3/anti-
CLL1 bispecific Abs with a high affinity anti-CLL1 arm and
a range of affinities on anti-CD3 arm.”® The higher affinity
CD3 arms were up to 100-fold more potent in vitro, but all
of the affinity variants had comparable potency in vivo due
to the rapid clearance of the high affinity CD3 arms, driven
by CD3 on circulating T cells acting as a sink for the drug.
Similarly, the recommended dose of anti-PD1 checkpoint in-
hibitors nivolumab and pembrolizumab, appears to be inde-
pendent of binding affinity. Nivolumab has an anti-PD1 K, of
3.06 nM, whereas pembrolizumab has a K, of 29 pM. Despite
100-fold difference in affinity, both drugs are administered at
~ 3 mg/kg in the clinic.** Mathematical modeling was used
to show that pembrolizumab has more rapid clearance due to
TMDD than nivolumab, and this offsets its increased potency,

leading to a similar dosing requirement in the clinic.®® Our
model predictions regarding the diminishing return of an
increased binding affinity for anti-NKG2A mAbs supports
these claims regarding the complex relationship between dose
and binding affinity.

The utility of using models to systematically assess the
effect of affinity, has benefits at multiple points in a drug
discovery program. During lead-selection, models can be
used to identify mission-critical gaps in knowledge and
focus key experiments, reducing time and cost. In this study,
a global sensitivity analysis followed by a local analysis on
the model parameters shows that the predicted competi-
tive advantage is fairly insensitive to most of the parameter
values, especially the uncertain ones, over a physiological
range, thus providing support to the assertion that the pre-
dictions are robust. These results help focus the selection of
critical experiments needed to confirm the simulation pre-
dictions (e.g., receptor half-life and distribution into tumor)
and frame expectations for experimental results. To enable
selection of the optimal affinity for a monoclonal antibody,
mechanistic modeling and simulation can be used to deter-
mine the balance among potency, TMDD, efficacy, safety,
as well as examining the competitive advantages of pursu-
ing such properties early in a program as part of clinical
development candidate selection criteria.
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