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ABSTRACT
Multispecific proteins, such as bispecific antibodies (BsAbs), that bind to two different ligands are
becoming increasingly important therapeutic agents. Such BsAbs can exhibit markedly increased target
binding and target residence time when both pharmacophores bind simultaneously to their targets. The
cross-arm binding efficiency (x) describes an increase in apparent affinity when a BsAb binds to the
second target or receptor (R2) following its binding to the first target or receptor (R1) on the same cell. x is
an intrinsic characteristic of a BsAb mostly related to the binding epitopes on R1 and R2. x can have
significant impacts on the binding to R2 for BsAbs targeting two receptors on the same cell. JNJ-61186372,
a BsAb that targets epidermal growth factor receptor (EGFR) and c-Met, was used as the model compound
for establishing a method to characterize x. The x for JNJ-61186372 was successfully determined via
fitting of in vitro cell binding data to a ligand binding model that incorporated x. The model-derived x
value was used to predict the binding of JNJ-61186372 to individual EGFR and c-Met receptors on tumor
cell lines, and the results agreed well with the observed IC50 for EGFR and c-Met phosphorylation
inhibition by JNJ-61186372. Consistent with the model, JNJ-61186372 was shown to be more effective
than the combination therapy of anti-EGFR and anti-c-Met monovalent antibodies at the same dose level
in a mouse xenograft model. Our results showed that x is an important characteristic of BsAbs, and should
be considered for rationale design of BsAbs targeting two membrane bound targets on the same cell.

Abbreviations: BsAbs, bispecific antibodies; c-Met, hepatocyte growth factor receptor; EGFR, epidermal growth fac-
tor receptor; mAbs, monoclonal antibodies; NSCLC, non-small cell lung cancer; pAKT, phosphorylated protein kinase
B; pERK, phosphorylated extracellular signal-regulated kinase

Keywords
Bispecific antibody; c-Met;
cross-arm binding effi-
ciency (x); epidermal
growth factor receptor;
mouse xenograft model;
pharmacokinetic/pharma-
codynamic modeling;
quantitative flow cytome-
try; receptor occupancy

Introduction

Extracellular signal molecules that bind to specific receptors on
the cell surface can affect signaling cascades that initiate
responses in the target cell, such as proliferation,1 migration2 or
apoptosis.3,4 In multicellular organisms, dysregulation of this
receptor-initiated signaling can lead to uncontrolled cell prolif-
eration and cancer.5,6 Monoclonal antibodies (mAbs) and anti-
body-like molecules, which have emerged as the leading class
of protein therapies, build upon the functionally relevant char-
acteristics of natural antibodies, particularly, their highly selec-
tive and strong antigen binding.7,8 The two Fab binding arms
of conventional mAbs are the same and target the same anti-
gen.9 However, the need to inhibit multiple targets, either due
to resistance or the fact that many tumors are driven by multi-
ple growth factor pathways, has led to increased interest in the
development of multispecific therapeutic agents.10 Over 50
molcular formats have been engineered for the creation of bis-
pecific molecules, which attests to the excitement and potential
therapeutic development opportunities offered by these
designs. 11,12 Among them, bispecific antibodies (BsAbs), a
family of engineered antibody derivatives that recognize two
different target antigens (e.g., HER2xHER3,13 HER3xIGF-1R14

and EGFRxHER315 for pathway blockage, or EpCAMxCD316

and CD3xCD19 17 for immune effector cell re-direction), are of
particular interest. BsAbs can be generated by a variety of
approaches.18-21 One promising method is to generate BsAbs
using the controlled Fab-arm exchange (cFAE) process, which
involves combining two parental antibodies that each harbor a
separate mutation in the CH3 domain. Upon a reduction and
oxidation process, favorable heterodimer formation occurs.22

For BsAbs that target two membrane bound receptors
on the same cell, once one arm of the antibody is bound
to the first target (R1), the second arm is restricted to a
narrow region above the plasma membrane (e.g., 100 A

�
),

and is thus concentrated near the cell surface.10 This can
result in a much faster secondary binding event to the sec-
ond receptor (R2), driven by the geometric reach of a cell-
surface tethered antibody (Fig. 1A). 23 10 This acceleration
of the secondary binding event can be different among
various bivalent antibodies, depending on the epitope and
the structural arrangement of the parts on antibody and
antigen that interact. 24,25 Harms et al.26 introduced the
term “cross-arm binding efficiency” (x) to describe this
apparent acceleration of the secondary binding event. x
incorporates the increase of local antibody concentration
and restriction of rotational, torsional, and bending
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freedom that is inherent in the geometry required for
cross-arm binding which is epitope- and IgG format-
dependent. 27 The concept of x is similar to the concept of
avidity, which is commonly referred to as a functional
macroscopic affinity describing the accumulated strength
of multiple affinities summed up from multiple micro-
scopic binding interactions. 25 However, it is not widely
appreciated that avidity can be different among different
bivalent antibodies depending on the epitopes they bind
to. For clarity, we used the term “cross-arm binding effi-
ciency,” or x, throughout our work here. When Harms
et al.26 introduced the concept of x, it was first used to
describe a conventional bivalent mAbs against a single
receptor (epidermal growth factor receptor (EGFR), which

characterized the monovalent interaction between one
binding moiety followed by the bivalent interaction with
the same receptor. It was later also used to characterize
the bivalent binding ability of HER2 and HER3 scFv anti-
body fragments joined by a human serum albumin
linker.27 The results indicated that x can have a significant
effect on the binding to R2, i.e., the receptor that the sec-
ond arm of a bivalent antibody binds after the first arm
has already bound its target. 27 Importantly, it has also
been demonstrated that, for conventional bivalent mAbs
targeting EGFR, x can be determined from in vitro cell
binding data with an array of EGFR-expressing cell lines
using a mathematical model integrating cross-arm binding
reaction between antibody and receptor. 26

Here, we applied the concept of x to characterize the
interactions between JNJ-61186372, an anti-EGFR x c-Met
BsAb, to their binding targets. JNJ-61186372 prevents bind-
ing of EGF and HGF to their respective receptors, EGFR
and c-Met. In this study, the “cross-arm binding efficiency”
(x) of JNJ-61186372 was determined via fitting of in vitro
flow cytometry data to a ligand binding model that incorpo-
rated x. The model-derived x value was verified by compar-
ing model-predicted receptor binding to respective receptor
phosphorylation inhibition. The effect of x on EGFR/c-Met
binding and tumor growth inhibition were further assessed
in a mouse xenograft model.

Results

Step 1: Determination of the monovalent binding affinities
of JNJ-61186372 to EGFR and c-Met on cell surfaces

To enable the estimation of x, the monovalent binding affinities
for JNJ-61186372 to cell surface EGFR and c-Met receptors
were first determined.

The monovalent binding affinities of JNJ-61186372 and its
EGFR and c-Met monovalent parent (gp120 x EGFR and gp120
x c-Met) to the purified EGFR and c-Met extracellular domains
(ECD) had been determined by surface plasmon resonance using
ProteOn.28,29 The monovalent EGFR and c-Met binding affinity
values for JNJ-61186372 were comparable to that of its monova-
lent parent gp120 x EGFR BsAb and gp120 £ c-Met BsAb
(kon,EGFR D 0.028 nM¡1 min¡1; koff,EGFR D 0.039 min¡1 and kon,
c-Met D 0.040 nM¡1 min¡1; koff,c-Met D 0.0028 min¡1, respec-
tively).29 In these antibody constructs, the “null binding arm,”
making the antibody monovalent against EGFR or c-Met recep-
tors, is made with an arm binding to gp120, an epitope that is
not present on the cells we used.

To examine whether the affinity values with purified
proteins are similar to those with cell-surface EGF and
c-Met receptors, the binding curves for gp120 £ EGFR
and gp120 £ c-Met to multiple non-small cell lung can-
cer (NSCLC) cell lines with known EGFR and c-Met
densities were simulated using these kon and koff values.
To account for the variability between experiments, the
binding of mAbs at each drug concentration was
described by the fraction of maximal binding, which was
calculated by dividing the observed median fluorescence

Figure 1. (A) Schematic representation of the cross-arm binding efficiency (x), (B)
the ligand-binding model structure for JNJ-61186372, an EGFR x c-Met bispecific
antibody.
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intensity (MFI) by the MFI value at plateau in the same
experiment.

The simulated binding curves for EGFR and c-Met
monovalent parent were compared against the observed
curves. For c-Met, using the kon and koff values determined
by ProteOn, the simulated curve agreed reasonably well
with the curve determined by flow cytometry, while for
EGFR, the simulated and observed curves showed greater
disparities (data not shown). This suggested that the affin-
ity for c-Met determined using purified protein is reason-
ably close to the binding affinity to the cell surface
receptor. Therefore, the kon and koff values for c-Met were
fixed at the ProteOn-determined values in subsequent
model fitting. For EGFR, kon was also fixed at the Pro-
teOn-determined value while koff was estimated by model
fitting.

The next step was to simultaneously fit the cell-bind-
ing data of the gp120 x EGFR and gp120 x c-Met BsAbs
to 8 NSCLC cell lines with known EGFR and c-Met cell
densities (Table 1). Cell density was set as a model input
parameter. Although this parameter was kept the same
for EGFR and c-Met binding to the same cell line as they
were measured in the same experiment, cell density val-
ues were allowed to float among the different cell lines. A
ligand binding model simultaneously fitted the cell-bind-
ing data of gp120 x EGFR and gp120 x c-Met BsAb to
the 8 NSCLC cell lines with varying EGFR/c-Met densi-
ties. This model estimated the single monovalent binding
affinity to cell-surface EGFR, as well as the cell densities
of all 8 cell lines. The observed fraction of maximum
binding over BsAb concentration profiles for all 8 cell
lines, as well as the model fitting results were shown in
Fig. 2.

The koff value for monovalent EGFR binding determined
by flow cytometry in the cell binding assay was estimated
to be 4.23-fold of the in vitro koff,EGFR based on ProteOn.29

The model-derived cell densities, based on model estimated
EGFR baseline receptor concentrations (Table 2) for all 8
cell lines were 4.9- to 19.6- fold (mean § SD D 10.6 § 6.1)
of the cell densities pre-specified (1£106/mL) in the flow
cytometry experiment protocol (Table 1). Of note, the cell
densities were not measured vigorously at the time of
experiment, as it was not regarded as an important variable
then. In addition, the model-estimated “cell-density” can
also be understood as a semi-empirical parameter that
accounted for the potential inaccuracies in not only the cell

counts, but also in receptor density determination, heteroge-
neous nature of cell populations, and various model
approximations.

Step 2: Determination of x for JNJ-61186372

Binding of JNJ-61186372 was characterized together with
that of the gp120 x EGFR and gp120 x c-Met BsAbs in the
same set of experiments. Since the cell surface binding of
JNJ-61186372 is driven by its monovalent EGFR/c-Met
binding affinities and x, x was estimated from JNJ-
61186372 binding curves using the monovalent EGFR/c-
Met binding affinities and the cell density values determined
in Step 1.

A sensitivity analysis showed that the shape of the JNJ-
61186372 binding curves is most sensitive to the change of
x when EGFR and c-Met densities are similar (data not
shown). Therefore, data from the 3 cell lines with the most
similar levels of EGFR and c-Met (HCC4006, H1975 and
H1993) were used for the determination of x. Using the
model-estimated monovalent binding affinities to cell-sur-
face EGFR, c-Met and model-estimated cell densities for
these 3 cell lines, the x for JNJ-61186372 was estimated to
be 104 (relative standard error% D 37%) via simultaneously
fitting of the JNJ-61186372 binding data (Fig. 3). The simu-
lated JNJ-61186372 binding curves also agreed well with the
observed data for the other 5 cell lines, using the model-
estimated x, and the monovalent EGFR/c-Met binding
affinities and the cell density values determined in Step 1
(data not shown).

Step 3: Verification of x value for JNJ-61186372

Model-predicted EGFR/c-Met binding vs. observed EGFR/c-
MET phosphorylation inhibition by JNJ-61186372
in cell lines
When JNJ-61186372 binds to cell lines expressing both
EGFR and c-Met, the observed binding curve is a mixture
of EGFR or c-Met binding events. Using the model-esti-
mated x ( D 104) for JNJ-61186372, the binding curves
for JNJ-61186372 to individual EGFR and c-Met can now
be simulated. The results for H1993 and H292, the 2
NSCLC cell lines where phosphorylation of both EGFR
and c-Met had been investigated, are shown in Fig. 4A.
Inhibition of ligand-induced phosphorylation of both
EGFR and c-Met was identified as an important mecha-
nism of action that contributes to the anti-tumor activity
of JNJ-61186372. 28 The IC50 values for EGFR and c-Met
phosphorylation inhibition by JNJ-61186372 for H1993
and H292 had been determined. 29 The concentrations of
JNJ-61186372 that were required to occupy 50% of EGFR
or c-Met were plotted against the concentrations of JNJ-
61186372 that inhibited 50% of pEGFR and pMet in
Fig. 4B. Not surprisingly, the observed IC50 values for c-
Met phosphorylation inhibition by JNJ-61186372 was
about 9-fold higher for H1993 (7.8 nM) compared with
H292 (0.86 nM), in line with the over 9-fold higher c-Met
density value in H1993 (5.61 £ 105) compared with H292
(6.12 £ 104) (Fig. 4B). However, it is interesting to note

Table 1. EGFR and c-Met receptor densities and model derived cell densities of the
8 NSCLC cell lines used in flow cytometry staining.

Cell line c-Met receptor # EGF receptor #
Model estimated

cell density

H1993 5.61 £ 105 3.25 £ 105 5.43£ 106

SNU-5 4.93 £ 105 1.11 £ 105 4.94£ 106

H3255 1.34 £ 105 8.23 £ 105 1.59£ 107

H1975 8.61 £ 104 6.32 £ 104 1.79£ 107

H292 6.12 £ 104 3.57 £ 105 5.73£ 106

HCC4006 5.69 £ 104 9.09 £ 104 1.96£ 107

H1650 5.68 £ 104 1.21 £ 105 7.53£ 106

SKMES-1 4.60 £ 104 1.67 £ 105 7.89£ 106
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the »8-fold lower IC50 values for EGFR phosphorylation
inhibition by JNJ-61186372 in the H1993 cell line
(3.8 nM) compared with that in the H292 cell line
(29 nM), despite their similar EGF receptor densities (3.25
£ 105 and 3.57 £ 105, respectively) was observed
(Fig. 4B). It suggested that the c-Met arm binding served
as an anchor to facilitate EGFR binding, and higher c-Met
density in H1993 can lead to lower EC50 values for EGFR

binding and thus lower IC50 values for EGFR phosphoryla-
tion inhibition by JNJ-61186372, i.e. an apparent impact
of x.

The results showed that the model-simulated EC50 value of
EGFR/c-Met binding based on the estimated x agreed well
with the observed IC50 value of pEGFR and pMet inhibition
(p D phosphorylation) (Fig. 4B), which provided confidence to
our model-estimated x value for JNJ-61186372.

Figure 2. Simultaneous fitting of the EGFR and c-Met monovalent parent (gp120 x EGFR Ab and gp120 x c-Met Ab) binding data to 8 NSCLC cell lines, model fitting (line)
vs. observed data (symbols).
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Evaluation of the in vivo role of x on tumor growth
inhibition of JNJ-61186372 in a mouse xenograft model
The in vivo EGFR/c-Met receptor occupancy for the H1975/
HGF mouse xenograft model across a wide range of JNJ-
61186372 and a combination of EGFR/c-Met monospecific
mAb concentrations were simulated (Fig. 5). For JNJ-
61186372, x was set to be 104, and, for the combination of
single monovalent antibodies, x was set to be 0. The EGFR and
c-Met receptor densities in the H1975/HGF cell line were
used to estimate the in vivo receptor occupancies for EGFR and
c-Met.

Following 10 mg/kg twice weekly intraperitoneal (i.p.) dos-
ing for 3 weeks, the antibody serum concentrations at 15 days
post the last dose were expected to be between 200 and 600 nM
(data not shown). Considering the anticipated lower antibody
concentration in tumors (»6% of serum levels based on an in-
house dataset), the EGF receptor occupancy could be signifi-
cantly lower for the monovalent mAb combination than
JNJ-61186372 following the 10 mg/kg twice weekly i.p. dosing.
The slightly higher expression of c-Met and »20-fold higher c-
Met binding affinity make c-Met the anchoring receptor for
JNJ-61186372 binding. Therefore, the c-Met binding profiles of
JNJ-61186372 and the gp120 x c-Met BsAb in the combination
therapy are expected to be similar. The actual receptor occu-
pancy values in vivo will be impacted by other factors such as
tumor heterogeneity, antibody distribution and receptor inter-
nalization rate, but the simulation results in Fig. 5 clearly sug-
gested that, following 10 mg/kg twice a week (BIW) i.p. dosing,

JNJ-61186372 could be more effective than the combination
therapy of anti-EGFR and anti-c-Met monovalent antibodies in
a H1975/HGF mouse xenograft model.

Figure 3. Estimation of the x value of JNJ-61186372 by simultaneously fitting the
ligand-binding model to JNJ-61186372 binding data to 3 NSCLC cell lines with sim-
ilar EGFR and c-Met receptor densities.

Table 2. Model input parameter and model-estimated parameter values.

Parameters Estimate
Relative standard

error%

kON1 (1/nM/min) for EGFR monovalent binding 0.0276� N/A
kOFF1 (1/min) for EGFR monovalent binding 0.166 3.80%
VMEDIA (L) 0.000175� N/A
kON2 (1/nM/min) for c-Met monovalent binding 0.0398� N/A
kOFF2 (1/min) for c-Met monovalent binding 0.0028� N/A
EGFR baseline conc. (nM) H3255 10.8 6.90%
EGFR baseline conc. (nM) HCC4006 0.909 7.50%
EGFR baseline conc. (nM) H292 1.99 6.30%
EGFR baseline conc. (nM) H1993 1.75 9%
EGFR baseline conc. (nM) SKMES-1 1.31 6.10%
EGFR baseline conc. (nM) SNU-5 0.558 8.70%
EGFR baseline conc. (nM) H1650 0.729 4.80%
EGFR baseline conc. (nM) H1975 1.12 10.40%
c-Met baseline conc. (nM) for H3255 1.918# N/A
c-Met baseline conc. (nM) for HCC4006 1.113# N/A
c-Met baseline conc. (nM) H292 0.348# N/A
c-Met baseline conc. (nM) H1993 2.908# N/A
c-Met baseline conc. (nM) SKMES-1 0.352# N/A
c-Met baseline conc. (nM) SNU-5 2.363# N/A
c-Met baseline conc. (nM) H1650 0.422# N/A
c-Met baseline conc. (nM) H1975 1.544# N/A
cross-arm binding efficiency (x)� 104 37%

�Fixed values in the “Step 1: Determination of the monovalent binding affinities of
JNJ-61186372 to EGFR and c-Met on cell surfaces” estimation process based on
ProteOn data.

# For each cell line, the “c-Met baseline receptor concentration” is specified as
“EGFR baseline receptor conc. £ the ratio between c-Met and EGFR receptor
numbers per cell” in the differential equations. Values shown in table for c-Met
baseline receptor concentrations were computed based on model estimated
EGFR baseline receptor concentrations.

�Parameter estimate based on “Step 2: Determination of x for JNJ-61186372”.
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To test the hypothesis, JNJ-61186372 (10 mg/kg, dosing D
BIW £ 3 weeks) and the combination therapy of anti-EGFR
and anti-c-Met monovalent antibodies, each at 10 mg/kg, were
evaluated in a mouse H1975/HGF xenograft model. Inhibition
of both EGFR and c-Met pathways are important for this xeno-
graft model because either anti-EGFR or anti-c-Met treatment
alone can only partially inhibit the tumor growth (unpublished
data). As shown in Fig. 6, JNJ-61186372 was significantly more
effective than the combination therapy of anti-EGFR and anti-
c-Met monovalent mAbs. The geometric mean and median
tumor volumes in the JNJ-61186372 treated group were consis-
tently lower than those in the combination group throughout
the study duration. On the last study day for the combination
group (day 36), the tumor volumes in the JNJ-61186372-treated

group were»90% smaller than those in the monovalent combi-
nation treatment groups.

Discussions

Due to the complexity and heterogeneity of many diseases,
simultaneous engagement of multiple mechanisms of actions
and interference with multiple pathogenic pathways may
strengthen therapeutic potential.30 Bi- or multi-specific anti-
bodies capable of blocking multiple growth and survival path-
ways have a potential to better meet the challenge of blocking
cancer growth, and indeed many of them are advancing in clin-
ical development.31,32 Given the roles of membrane-bound
receptors in the stimulus recognition and upstream regulation
of cell signaling, mechanism-based mathematical models that
facilitate the understanding of the binding and inhibition of
such receptors can play a critical role in the rational design and
development of novel therapeutic strategies. 33,34

Here, we characterized cross-arm binding efficiency (x), the
increase in apparent affinity when a bivalent antibody binds to
the second target (R2) following its binding to the first receptor
(R1) on the same cell, for JNJ-61186372, an EGFR x c-Met
BsAb. The x for JNJ-61186372, was successfully determined via
fitting of in vitro flow cytometry data to a ligand-binding model
that incorporated x via a step-wise approach. The model-
derived x value was used to predict the binding of
JNJ-61186372 to individual EGFR and c-Met receptors, and the
results agreed well with the observed IC50 values for EGFR and
c-Met phosphorylation inhibition in two NSCLC cell lines.
Among the two cell lines examined, H1993 and H292, the IC50

value differences for c-Met phosphorylation inhibition by JNJ-
61186372 is consistent with their difference in receptor densi-
ties. A prominent difference in the IC50 value for EGFR phos-
phorylation inhibition by JNJ-61186372 was observed despite
the similar levels of EGFR densities between H1993 and
H292.29 The magnitude of IC50 shift corroborates with the
anchoring effect of c-Met quantified using the model-estimated
x value (Fig. 4B). These results provided confidence for the
model-estimated x for JNJ-61186372.

Figure 4. (A) Model-predicted binding of JNJ-61186372 to EGFR and c-Met, respectively, on H1993 and H292; (B) Correlation between the model-predicted EC50 for EGFR
and c-Met binding and the observed IC50 values for EGFR and c-Met phosphorylation inhibition in H1993 and H292 cell lines.

Figure 5. Simulated profiles of the free fraction of EGFR and c-Met in the H1975/
HGF mouse xenograft model for JNJ-61186372 and the combination of both
monovalent parent antibodies (gp120 x EGFR AbC B21M x c-Met Ab).

556 S. ZHENG ET AL.



The pharmacological role of x for JNJ-61186372 on down-
stream signaling was further demonstrated by showing that
JNJ-61186372 is more efficacious than the combination therapy
of anti-EGFR and anti-c-Met monovalent antibodies in the
H1975/HGF xenograft mouse model, where both EGFR/c-Met
are involved in tumor growth/survival. Our simulations sug-
gested that, as the drug concentrations declined after dosing,
the EGFR target occupancy in the monotherapy combination
group could be significantly lower compared to the JNJ-
61186372 group, especially in the tumor compartment (Fig. 5).
On the other hand, the simulated c-Met target occupancy was
only slightly higher in the JNJ-61186372 treatment group com-
pared with that in the monotherapy combination group mostly
due to much higher monovalent affinity of the c-Met arm. This
result is also consistent with our previous observation that JNJ-
61186372 is more potent in inhibiting the phosphorylation of
ERK (55-65-fold lower IC50 value), a downstream effector of c-
Met and EGFR, than the combination of anti-EGFR/c-Met
monovalent antibodies in H1975 cell-based assays in the pres-
ence of HGF.35

Given that x is an important characteristic of BsAbs target-
ing two different membrane bound targets on the same cell, it
is of little doubt that x should be considered for rational design
of such antibodies. The challenge is that even though x is

believed to be mostly related to the binding epitopes on R1 and
R2 for a bivalent antibody, it cannot be predicted a priori. We
demonstrated here that as for conventional mAbs, x for BsAbs
can be determined from in vitro experimental data. The
observed cell-binding curve of an antibody is the result of a
mixture of monovalently and bivalently bound species. At low
concentrations, cell binding is dominated by bivalent binding
of antibody molecules to both receptors, whereas the monova-
lent binding would increase as the concentrations of antibody
increase. As shown in Fig. 3, this transition of predominantly
bivalent binding to the increasing contribution of monovalent
binding, resulted in a unique “shoulder” shape when the frac-
tion maximal binding was plotted against BsAb concentration,
and this “shoulder” is driven by the cell surface receptor densi-
ties, monovalent binding affinities of the antibodies and the x

value. For JNJ-61186372, the BsAb concentration where the
“shoulder” occurs is higher for H1993 (»5 nM) with high
receptor density compared with that for HCC4006 and H1975
(<2 nM) with low receptor densities. This observation is con-
sistent with the findings by Harms et al. 26 where the observed
“shoulder” concentration for anti-EGFR bivalent mAbs
increases (e.g., 0.1 nM to above 2 nM) with increasing EGFR
density values (5.8 £ 104, 3.6 £ 105 and 2 £ 106 receptors/cell).
Model simulation showed that the “shoulder” would be more
apparent when the 2 receptor density values are similar across
a wide range of hypothetical x values. Indeed, we successfully
estimated x for JNJ-61186372 using cell binding data from 3
cell lines with similar EGFR and c-Met receptor density values.

Additional model simulation was conducted to identify sce-
narios where x would have more of an effect on R2 (e.g.,, the
non-anchoring receptor) binding. The results showed that the
effect of x on R2 binding is more apparent when: 1) the
monovalent binding affinity of the BsAb to R2 is lower; 2) the
receptor density for R2 is lower; 3) the relative difference in
binding affinities between R1 and R2 is bigger; and 4) the rela-
tive difference in receptor densities between R1 (e.g., the
anchoring receptor) and R2 is bigger. The simulation results
for the first 2 scenarios are shown in Figs. 7A and B, respec-
tively. Note that in contrast to the binding curve shape
change, which is more sensitive to x when R1 and R2 densi-
ties are similar, x would lead to bigger shift in R2 binding
when the relative difference in receptor densities between R1
and R2 is bigger. Harms et al. 27 previously reported that con-
ventional bivalent mAbs targeting different epitopes on the

Figure 7. Model simulation to show the effect of x on the binding of a bispecific antibody (BsAb) to receptors (A) x has more significant effect on the binding of a BsAb
to the second receptor (R2), than the anchor receptor (R1, which is assumed to have 10-fold higher abundance and 10-fold higher affinity); (B) The effect of x on R2 bind-
ing is more apparent when the R2 baseline density is lower (R1 is assumed to have 10-fold higher affinity).

Figure 6. Tumor growth inhibition profiles by JNJ-61186372 (10mg/kg) and the
combination therapy of both monovalent antibodies (10mg/kgC10mg/kg) in a
H1975/HGF mouse xenograft model (Dosing D BIW £ 3 weeks) �P < 0.05, #P <

0.1 based on a 2-tailed t-test for each studied day.
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same receptor can demonstrate different x, such that the
parameter x can differ by several orders of magnitude (x
»102–105). The x for JNJ-61186372 between the EGFR and c-
Met arm seems to be in the lower range of the x values
reported for conventional mAbs. Both monovalent target
binding affinity and cross-arm binding efficiency x are engi-
neerable properties of a mAb.36,37 Although we cannot yet
predict x a priori, we can quantitatively evaluate x and use it
for candidate selection. Other bispecific entities in which the
two targeting binding units are connected by a flexible linker
may be engineered more easily compared with a rigid format
of an IgG like BsAb to obtain enhanced cross-arm binding, as
was demonstrated by the candidate selection for MM-141, a
tetravalent bispecific antibody antagonist of IGF-IR and
HER3. 27

In summary, kinetic computational models that capture
protein-protein interactions using mass action kinetics are
a valuable tool for understanding the binding properties
of antibodies to their targets. This simple parameteriza-
tion of antibody cross-arm binding allows the model to
successfully describe and predict antibody binding curves
across a wide variety of experimental conditions, includ-
ing variations in target receptor densities and target-bind-
ing affinities. Our results showed that x is an important
characteristic of BsAb that can be determined from in
vitro cell binding data. It should be considered for ratio-
nal design of BsAbs targeting two membrane bound tar-
gets on the same cell. In addition, insights from our work
can help to predict the effect of antibody properties such
as affinity and x on drug potency. More thorough exami-
nation of the structure–activity relationships, and likely
more sophisticated network models, however, will be
required to fully understand the link between cell surface
receptor binding, downstream signaling events and the
therapeutic outcomes of antibodies targeting cell surface
receptors.

Materials and methods

Materials

Human IgG1 BsAbs (JNJ-61186372 (EGFR x cMet), gp120 x c-
Met Ab, gp120 x EGFR Ab, B21M x c-Met), were produced by
Janssen R&D, LLC (Spring House, PA) using the method
reported by Labrijn et al. 22 The anti-human immunodeficiency
virus (gp120) and anti-respiratory syncytial virus (B21M) Fab
arms do not recognize any known target on the tumor cell lines
and serve as the ‘inert’ arms.

The NSCLC cell lines used in this study, including H292,
SKMES-1, H1975, H3255, H1650, HCC4006, H1993, and
SNU-5, were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA) and cultured as
recommended by ATCC.

Flow cytometry staining and determination of cell-surface
receptor density

The cell-surface density of EGFR and c-Met in a panel of
NSCLC tumor cell lines was determined using flow cytometry

and QuantiBRITETM PE Beads as described previously.38

Parental bivalent EGFR and c-Met antibodies and their corre-
sponding monovalent BsAbs with ‘inert’ arms were conjugated
to R-phycoerythrin (R-PE)39 and used for receptor quantitation
studies. Briefly, cells were resuspended and kept at 4�C to pre-
vent receptor internalization. Cells were incubated on ice for
1 h with serial dilutions of R-PE-labeled antibodies. Cells were
washed and resuspended in stain buffer containing 1:50 diluted
DRAQ7 live/dead stain. Samples were read on either a BD
FACSCalibur with the nonspecific bindings being subtracted
using a PE-labeled isotype-matching control Ab (BD Bioscien-
ces, San Jose, CA) or Miltenyi MACSQuant flow cytometer
(Miltenyi Biotec, Auburn, CA).

Receptor density values are reported as the antibody binding
capacity (ABC). ABC values were derived from standard curves
generated with QuantiBRITETM PE Beads (BD Biosciences). 29

ABC values presented in Table 1 are the specific antibody bind-
ing capacity (sABC) calculated by subtracting the ABC values
from an isotype matched control from the ABC of the EGFR or
c-Met mAbs.

EGFR and c-Met phosphorylation assays

The inhibition of ligand-induced receptor phosphorylation
by JNJ-61186372 in NSCLC tumor cell lines was character-
ized using Phospho-Met (Tyr1349) and Phospho-EGFR
(Tyr1173) Assay Whole Cell Lysate Kit (Meso Scale Dis-
covery). Details of the assay were described elsewhere. 29

In brief, following serum starvation, H1993 and H292 cells
were incubated for 1 h with antibody in 50 mL of starva-
tion media. Either 50 ng/mL EGF or 100 ng/mL HGF was
then added to antibody-treated and control wells. Cells
were incubated for 15 min, then treatment was removed
and cells were lysed in lysis buffer. The lysates were trans-
ferred to pre-coated, pre-blocked MSD 96-well MultiArray
plates for Phospho-Met and Phospho-EGFR detection.
IC50 values were calculated in GraphPad Prism 6, and data
from multiple experiments were used to calculate mean
IC50 § SEM.

Xenograft mouse study

The in vivo effect of different treatments was evaluated in
female nude mice implanted with human lung H1975 tumor
cells engineered to express human HGF (H1975/HGF).40 It is
known that both EGFR and c-Met pathways are involved in
tumor growth in the H1975/HGF xenograft model. 41 Once
tumors reached a mean size of 180-185 mm3, animals were
dosed with either PBS vehicle control, JNJ-61186372, or a com-
bination of anti-EGFR and anti-c-Met monovalent antibodies
(10 mg/kg, BIW £ 3 weeks, n D 8 animals/group). Tumor vol-
umes were measured twice weekly during dosing and after
treatment. Mice were sacrificed when their tumor volume
exceeded 1500 mm3.

Model structure for BsAb-receptor interactions

The dual targeting ligand-receptor binding model (Fig. 1b) was
described using the following ordinary differential equations
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(ODEs):

dA 1ð Þ
dt

D ¡ kON1
�A 1ð Þ�A 2ð Þ C kOFF1

�A 4ð Þ�VMEDIA ¡
kON2

�A 1ð Þ�A 3ð ÞC kOFF2
�A 5ð Þ�VMEDIA;

½A 1ð Þ; free BsAb amount�
(Eq:1)

dA 2ð Þ
dt

D kOFF1
�A 4ð ÞC kU1

�A 6ð Þ¡
kON1

�A 2ð Þ�A 1ð Þ=VMEDIA ¡x�kON1
�A 2ð Þ�A 5ð Þ;

½A 2ð Þ;R1 free concentration�
(Eq:2)

dA 3ð Þ
dt

D kOFF2
�A 5ð Þ C kU2

�A 6ð Þ¡
kON2

�A 3ð Þ�A 1ð Þ=VMEDIA ¡x�kON2
�A 3ð Þ�A 4ð Þ;

½A 3ð Þ;R2 free concentration�
(Eq:3)

dA 4ð Þ
dt

D kON1
�A 2ð Þ�A 1ð Þ=VMEDIA C kU2

�A 6ð Þ¡
kOFF1

�A 4ð Þ¡x�kON2
�A 4ð Þ�A 3ð Þ;

½A 4ð Þ;R1¡ BsAb complex concentration complex 1ð Þ�
(Eq:4)

dA 5ð Þ
dt

D kON2
�A 3ð Þ�A 1ð Þ=VMEDIA C kU1

�A 6ð Þ¡
kOFF2

�A 5ð Þ¡x�kON1
�A 5ð Þ�A 2ð Þ;

½A 5ð Þ;R2¡ BsAb complex concentration complex 2ð Þ�
(Eq:5)

dA 6ð Þ
dt

Dx�kON1
� �A 2ð Þ�A 5ð ÞCx�kON2

�A 3ð Þ�A 4ð Þ¡
kU1 C kU2ð Þ�A 6ð Þ;
½A 6ð Þ;R1¡BsAb¡R2 complex concentration complex 3ð Þ�

(Eq:6)

The parameters in the above equations are defined as the
following:

kON1: the on rate for the monovalent binding of the BsAb
to R1

kOFF1: the off rate for the monovalent binding of the BsAb
to R1

kON2: the on rate for the monovalent binding of the BsAb
to R2

kOFF2: the off rate for the monovalent binding of the BsAb
to R2

x�kON1: the on rate for R2-BsAb binding to R1, forming R2-
BsAb-R1

x�kON2: the on rate for R1-BsAb binding to R2, forming R1-
BsAb-R2

kU1: the off rate for R2-BsAb to disassociate from R2-
BsAb-R1, which was set to be the same as KOFF1

kU2: the off rate for R1-BsAb to disassociate from R1-
BsAb-R2, which was set to be the same as KOFF2

VMEDIA: the volume of media in the in vitro cell binding
experiment

Since the differences in x for different Abs is believed to be driven
by the binding epitopes on both R1 and R2, i.e., steric hindrance for
the two arms of an antibody to bind to targets simultaneously, the

same x was used regardless of which arm of the antibody binds the
target first. The experiment data did not support implementing 2 x
values for R1 and R2 either. Similarly, it is not possible to separate
the impact of x on kon or koff from the experimental data, x was
only applied to kon of the second binding event, where theoretically
the impact of x should be most apparent. The initial values of A(2)
and A(3) are the baseline receptor concentrations (nM) of EGFR
and c-Met for each cell line, respectively, and the initial values of A
(1), A(4), A(5) and A(6) all equal to 0.
No internalization of receptor complex was confirmed by con-
ducting the in vitro cell binding experiments at 4�C, and thus
no such process was incorporated in the current model.
The target (receptor), i.e., target (receptor) accessible to BsAb
binding, concentration was calculated as

Target concentration nMð ÞD
Target number #ð Þper cell � Target cell density #per Lð Þ�109

6:023�1023
(Eq:7)

42The in vitro target cell density was obtained by dividing the
total number of target-carrying cells by the media volume (L)
and was assumed to remain the same throughout the experi-
ment. The receptors are assumed to be uniformly distributed in
the media. 43 For the monovalent monospecific mAbs of each
receptor, the full model was simplified to the ligand-receptor
binding model without the inclusion of x.
Model fitting and simulations were performed in NONMEM� (v
7.2.0, ICONDevelopment Solutions) with PsN (v 3.6.2) and Pirana
(v 2.8.2). First-order conditional estimation with interaction
(FOCEI) method was used. ADVAN13 and TOL D 6 were used
for SUBROUTINE while NSIG D 3 and SIGL D 6 were imple-
mented in ESTIMATION. The objective function value computed
by NONMEM� was used in a log-likelihood ratio test for the com-
parison of hierarchical models. The addition of a structural or vari-
ance parameter was considered statistically significant when the
objective function value dropped by at least 3.84 (p < 0.05 for 1
degree of freedom). Successful minimization, completion of the
covariance step, goodness-of-fit plots, etc. were used to evaluate
model performance. Additional data fitting (e.g.,, IC50 of receptor
phosphorylation inhibition) and visualization were performed in
GraphPad Prism 6 (GraphPad Software).
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