
RESEARCH PAPER

Anti-Neuropilin-1 (MNRP1685A): Unexpected Pharmacokinetic
Differences Across Species, from Preclinical Models to Humans

Yan Xin & Shuang Bai & Lisa A. Damico-Beyer & Denise Jin & Wei-Ching Liang & Yan Wu & Frank-Peter Theil & Amita Joshi & Yanmei Lu &

John Lowe & Mauricio Maia & Rainer K. Brachmann & Hong Xiang

Received: 21 December 2011 /Accepted: 14 May 2012 /Published online: 16 June 2012
# Springer Science+Business Media, LLC 2012

ABSTRACT
Purpose To compare the pharmacokinetics (PK) of MNRP1685A,
a human monoclonal antibody (mAb) against neuropilin-1
(NRP1), in mice, rats, monkeys, and cancer patients from a
Phase I study to model with parallel linear and nonlinear
clearances.
Methods Binding characteristics of MNRP1685A in different
species were evaluated using surface plasmon resonance
technology. PK profiles of MNRP1685A after single and/or
multiple doses in different species were analyzed using
population analysis. PK parameters were compared across
species.
Results MNRP1685A binds to NRP1 in all four species tested.
Consistent with the wide expression of NRP1, MNRP1685A
demonstrated pronounced non-linear PK over a wide dose

range. PK profiles are best described by a two-compartment
model with parallel linear and nonlinear clearances. Model-
derived PK parameters suggest similar in-vivo target expression
levels and binding affinity to target across all species tested.
However, compared to typical human/humanized mAbs, non-
specific clearance of MNRP1685A was faster in mice, rats, and
humans (60.3, 19.4, and 8.5 ml/day/kg), but not in monkeys
(3.22 ml/day/kg).
Conclusions Monkey PK properly predicted the target-
mediated clearance of MNRP1685A but underestimated its
non-specific clearance in humans. This unique PK property
warrants further investigation of underlying mechanisms.
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ABBREVIATIONS
ATA anti-therapeutic antibody
CHO cells Chinese hamster ovary cells
CL non-specific clearance
CLd distribution clearance
CV coefficient of variation
ELISA enzyme-linked immunosorbent assay
FC flow cell
FcRn neonatal Fc receptor
HRP horseradish peroxidase
IV intravenous
KD equilibrium dissociation constant
kg kilogram
Km drug concentration at 50 % Vmax

koff off-rate
kon on-rate
LLOQ lower limit of quantitation
mAbs monoclonal antibodies
mg milligram
min minute
ml milliliter
mM millimolar
ng nanogram
nM nanomolar
NRP1 neuropilin-1
PBS phosphate-buffered saline
PK pharmacokinetics
q3w every three weeks
RSE relative standard error of estimation
RU response unit
SD standard deviation
V1 apparent volume of central compartment
V2 peripheral compartment distribution volume
VEGF vascular endothelial growth factor
Vmax maximum drug elimination by nonlinear (or

specific) clearance
μg microgram
μl microliter
σprop proportional residual error
ωCL inter-subject variability on CL
ωKm inter-subject variability on Km
ωV1 inter-subject variability on V1
ωVmax inter-subject variability on Vmax

INTRODUCTION

There has been a rapid increase in our understanding of the
in vivo disposition of therapeutic mAbs, partially due to the
growing interest in developing mAb drugs over the past two
decades. It is generally believed that the PK of therapeutic
mAbs is determined by target-mediated (via specific

antibody-ligand binding) and target-independent (i.e., non-
specific Fc-receptor mediated elimination) mechanisms
(1–3). The rate of elimination of mAbs by target-mediated
clearance is specific for each antibody, and it is dependent
on the nature of the specific target (e.g. expression level and
turnover rate), as well as the binding affinity of the mAb to
the target. The rate of elimination of mAbs by target-
independent clearance is likely dominated by their binding
affinity to the FcRn in a pH-dependent fashion. However,
several other factors are important in determining the dis-
position of mAbs, and these include immunogenicity, the
degree and the nature of glycosylation, the ability to bind to
Fcγ receptors, and the susceptibility to proteolysis (2,4,5).
Despite differences in their pharmacological targets and
patient populations, the target-independent or non-specific
clearance of therapeutic mAbs currently in clinical use are
strikingly similar (1). In addition, for mAbs with typical PK
properties, accumulated knowledge suggests that PK data
from cynomolgus monkeys alone can be successfully scaled
to accurately project human PK profiles within the linear
range, using simplified allometry and Dedrick plots with
fixed exponents (6,7).

However, there have been a few reports of mAbs that
have shown unexpectedly fast clearance, with known or
unknown underlying mechanisms. For example, PK of an
anti-amyloid beta antibody demonstrated accelerated clear-
ance in cynomolgus monkeys but not in mice, likely due to
off-target binding to cynomolgus monkey fibrinogen (8). A
humanized antibody against fibroblast growth factor recep-
tor 4 showed fast clearance in mice due to off-target binding
to mouse complement component 3 (9). Small differences in
CDR3 sequence of an antibody against interleukin 21 led to
rapid clearance in mice, rats, and cynomolgus monkeys for
unknown reasons (10). Here we report another interesting
case of a therapeutic mAb with unexpected PK profiles
across species.

The antibody target, NRP1, is a multifunctional receptor
widely expressed on endothelial cells and tumor cells (11)
that contributes to the development of the nervous and
vascular systems. NRP1 was first described as a receptor
that binds semaphorin 3A (Sema 3a), acting with the plexins
to regulate neuronal guidance (12). It was later shown that
NRP1 also binds VEGF to mediate vascular development
(13,14). NRP1 mRNA expression levels are relatively high
in heart and placenta; more moderate in lung, liver, skeletal
muscle, kidney, and pancreas; and relatively low in adult
brain (11,14,15). Expressed in endothelial cells (11,14,15),
NRP1 is a 130–140 kDa transmembrane protein containing
a large extracellular domain (ECD), a single transmembrane
domain, and a short cytoplasmic domain (13). The extrac-
elluar domain has three parts: a1a2 as Sema 3a ligand-
binding domain; b1b2 as VEGF binding domain, and C
(MAM) domain involved in NRP1 dimerization (12,16–18).
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There are four naturally occurring, alternatively spliced
human soluble NRP1 (sNRP1) (19–21). sNRP1 proteins of
64 kDa in mouse, 75 kDa in rat, 90 kDa in monkey,
and 90 and 75 kDa in human serum have been iden-
tified. In addition, the circulating NRP1 ECD with a
molecular weight of 120 kDa might be present in all
these species (22).

MNRP1685A is a phage-derived human mAb that spe-
cifically binds to the b1b2 domain of NRP1 and selectively
blocks VEGF binding to NRP1. It does not affect binding of
semaphorins to NRP1, and therefore it is not expected to
interfere with neuronal guidance (23). Several studies have
shown a role for NRP1 in tumor biology and have indicated
that it participates in the regulation of vascular and/
or tumor cell functions (11). By inhibiting the binding of
VEGF to NRP1, MNRP1685A has been shown to reduce
VEGF165-dependent endothelial cell migration and vessel
sprouting in vitro; to decrease neovascularization and vascu-
lar remodeling in vivo, and to slow tumor growth in several
tumor models, both as a single agent and in combination
with anti-VEGF (23–25). The potential of MNRP1685A to
improve anti-angiogenic cancer therapy led to the testing of
this molecule in Phase I clinical trials, both as a single agent
and in combination with bevacizumab, with or without
paclitaxel.

MNRP1685A binds to mouse, rat, cynomolgus monkey,
and human NRP1 with similar affinity. Thus, its PK prop-
erties were evaluated in those three relevant preclinical
species to understand the impact of target expression on
PK, to predict its PK properties in humans, and to ulti-
mately guide first-in-human study design.

MATERIALS AND METHODS

Dosing Solutions

MNRP1685A was manufactured by Genentech Inc. (South
San Francisco, CA) using CHO cells. MNRP1685A stock
solutions were prepared in PBS for mouse studies, or in
vehicle (20 mM histidine acetate, 240 mM trehalose,
0.02 % polysorbate 20, pH 5.5) for all other studies,
and stored at 2–8°C. MNRP1685A was diluted in PBS
(for mouse studies), vehicles (for rat and monkey stud-
ies), or sterile normal saline (for human study) to desired
nominal concentrations for each dosing level.

NRP1 from Different Species

Human, mouse, and cynomolgus monkey NRP1 con-
structs (1-641aa) were cloned into a mammalian expres-
sion vector, expressed in CHO cells, and purified as
secreted recombinant protein containing His-tagged or

Fc-fusion protein. Recombinant rat NRP1/Fc chimera
protein was purchased as lyophilized powder (Catalog
566-N1; R & D Systems; Minneapolis, MN) and re-
suspended in PBS at 200 μg/ml. These materials were
stored at 2–8°C before use.

Surface Plasmon Resonance (BIAcore Technology)
Assay

Human NRP1 was coupled onto three separate FCs,
FC2, FC3, and FC4, of a BIAcore CM5 sensor chip
(BIAcore, Inc., Piscataway, NJ) to achieve RU of ap-
proximately 350. Immobilization was achieved by ran-
dom coupling through amino groups using a protocol
provided by the manufacturer (BIAcore, Inc.). Sensor-
grams were recorded for binding of MNRP1685A to
these surfaces after injection of a series of MNRP1685A
solutions ranging in concentration from 0.2 nM to 50
nM, in 2-fold increments, at a flow rate of 30 μl/min at
25°C. Glycine-HCl (10 mM, pH 1.7) was used to re-
generate the sensor chip between injections. The signal
from the reference FC1 was subtracted from the signals
measured in FC2, FC3, and FC4. Kinetic constants
were calculated by nonlinear regression fitting of the
data according to a 1:1 Langmuir binding model using
BIAcore evaluation software (version 3.2) supplied by
the manufacturer. The same approach was used for
determining binding kinetics and affinity constants of
MNRP1685A to mouse, rat, and cynomolgus monkey
NRP1.

Mouse PK Studies

The PK study in athymic nude nu/nu mice was approved by
the Institutional Animal Care and Use Committee (IACUC)
and conducted at Genentech, Inc. As summarized in Table I,
PK data from 5 single-dose and 4 multiple-dose studies were
pooled together to cover a wide range of dose levels (from 0.5
to 150mg/kg) at various time points post dose, with 1–3 blood
draws per mouse. All studies were conducted in female athy-
mic nude nu/nu mice, with or without tumor, and used IV
administration of MNRP1685A. Group average serum con-
centrations at the same time point (n03mice/time point) were
used for PK analysis.

Rat PK Study

The PK study in Sprague–Dawley rats was approved by the
IACUC and conducted at Genentech, Inc. Three female
Sprague-Dawley rats (Charles River Laboratories, Hollister,
CA) were assigned to each of three dosing groups at 2, 10, or
50 mg/kg. Each group received a single IV bolus dose of
MNRP1685A in the tail vein. Blood samples were collected
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at pre-dose and at various time points post dose, ranging
from 15 min to 28 days.

Monkey PK Studies

The single-dose and multiple-dose PK studies in cynomol-
gus monkeys were approved by the IACUC and conducted
at SNBL USA, Ltd (Everett. WA) and at Charles River
Laboratories (Sparks, NV), respectively.

In the single-dose study, two male and two female
monkeys were assigned to each of the four dosing groups
(0.5, 3, 15, or 50 mg/kg). Each animal received a single IV
bolus dose of MNRP1685A. Blood samples were collected
at pre-dose and at various time points post dose, ranging
from 10 min to 56 days. ATA samples were collected at pre-
dose and at various time points up to 56 days post dose.

In the multiple-dose study, six male and six female
monkeys were assigned to each of three dosing groups (10,
30, and 100 mg/kg). Each animal received nine weekly
doses of MNRP1685A by IV bolus administration. Blood
samples were collected at pre-dose and at various time
points post the 1st, 3rd, 5th, 7th, and 9th (last) doses. ATA
samples were collected prior to the 1st, 5th, and last doses;
as well as 28 and 84 days after the last dose.

Human PK Study

Institutional review boards at each study site approved the
protocol, and all subjects provided written informed con-
sent. Human PK data were collected from a Phase Ia study
in 30 patients with advanced solid malignancies, who re-
ceived IV infusion of MNRP1685A as a single agent q3w, at
doses of 2, 5, 10, 15, 20, 30, and 40 mg/kg (26). Several
serum PK samples were collected during dosing cycle 1, in
addition to multiple peak and trough samples from later
dosing cycles. Multiple pre-dose ATA samples were collect-
ed at different cycles.

Serum Assays

MNRP1685A concentrations in mouse and rat samples
were determined using an ELISA, in which recombinant
murine NRP1 (His-tagged) was used to coat ELISA
plates and capture MNRP1685A. A HRP-labeled goat
F(ab’)2 anti-human IgG Fc conjugate (Jackson Immu-
noResearch Laboratories, Inc.; West Grove, PA) was
used for detection of captured drug. The assay’s LLOQ
in mouse and rat serum was 0.4 ng/ml. The concen-
tration of MNRP1685A in monkey and human serum
samples was also determined using an ELISA in which
recombinant-human NRP1 (His-tagged) was used as the
capture reagent. In the monkey assay, sheep anti-human
IgG (monkey adsorbed) HRP conjugate (The Binding
Site, Inc.; San Diego, CA) was used as the detection
reagent. The assay’s LLOQ was 27.4 ng/ml. In the
validated human assay, MNRP1685A was detected using a
mAb specific to the Genentech IgG framework (mAb 10C4),
labeled with biotin. This step was followed by addition of
Avidin D-HRP conjugate (Vector Laboratories, Inc.; Burlin-
game, CA). The assay’s LLOQ was 75 ng/ml. The inter- and
intra-day CV% values for all the assays were within an accept-
able level of 20%.

The presence of ATA in cynomolgus monkey serum and
human serum was detected using a bridging ELISA. The assay
used MNRP1685A conjugated to biotin and MNRP1685A
conjugated to digoxigenin to capture antibodies directed
against MNRP1685A, with streptavidin coated on ELISA
plates as the capture reagent and mouse anti-Digoxin HRP
(Jackson ImmunoResearch Laboratories, Inc.; West Grove,
PA) as the detection reagent.

Population PK Analysis

MNRP1685A serum concentration-time profiles in all spe-
cies were modeled using a two-compartment model com-
prised of parallel linear and non-linear clearance pathways.

Table I Summary of Mouse PK Studies

Study Dose Regimen Sampling Scheme Tumor-bearing

1 0.65, 10, 100 mg/kg; single dose 15 min to 28 days post dose No

2 10, 100 mg/kg; single dose 15 min to 21 days post dose No

3 10, 40, 120 mg/kg; single dose 4 hr to 14 days post dose Yes

4 40, 80 mg/kg; 3 weekly doses 15 min post dose, 30 min predose Yes

5 5, 10, 20, 40 mg/kg; 3 weekly doses 4 days post last dose Yes

6 2.5, 20, 80 mg/kg; single dose 4 hr to 7 days post dose Yes

A: 28, 32, 55 mg/kg, day 0, 5, 10; A & B: 1 or 2 days post dose Yes
7 B: 48 mg/kg, day 0, 5;

C: 75, 90, 150 mg/kg, single dose C: 1, 7, 12 days post dose

8 5, 10, 20, 40 mg/kg, 9 weekly doses 1, 4, or 5 days post 1st, 2nd, or last dose Yes
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The linear clearance refers to CL through Fc-mediated
elimination. The nonlinear clearance or target-mediated
clearance is driven by the pharmacological target and was
approximated by a Michaelis-Menten equation (3,27),
where Vmax represents the maximum drug elimination by
nonlinear (or specific) clearance and Km indicates the drug
concentration at 50 % Vmax. The differential equations are
shown below:

dA1

dt
¼ �½ð Vmax

Km þ A1
V1

Þ=V1 þ CL
V1

þ CLd

V1
� � A1 þ CLd

V2
� A2

dA2

dt
¼ CLd

V1
� A1 � CLd

V2
� A2

Inter-individual variability on CL, V1, Vmax or Km was
evaluated when appropriate. A proportional error model was
used to describe the residual variability. Concentrations below
LLOQ were censored for model fitting. The model-based
population PK analysis was performed in NONMEM version
VI (ICON Development Solutions, Ellicott City, MD).

Comparison of Observed and Predicted Human PK

In support of the Phase Ia study, MNRP1685A PK parameters
were predicted based on cynomolgus monkey data (including
data from both single dose and multiple dose studies) using the
species time-invariantmethod (28) asmonkeys have been shown
to be a reliable species for prediction of human PK of typical
mAbs (6,7). A scaling exponent of 0.85 for clearance and of 1 for
central compartment volume was used (6). For comparison with
human PK profiles observed in the Phase Ia study, 1000 rounds
ofMonte-Carlo simulations were performed using the projected
human PK parameters at the Phase Ia dosing regimen. The
90% prediction intervals of the MNRP1685A concentration at
each time point were calculated with the simulated data and
then overlaid with observed human data by dose levels.

RESULTS

Affinity of MNRP1685A to NRP1 Across Species

To better understand the disposition of MNRP1685A across
species, the binding affinity of MNRP1685A to NRP1 from

different species was assessed by surface plasmon resonance
analysis (BIAcore technology). The kinetic constant, Kon,
Koff, KD of MNRP1685A for human, cynomolgus monkey,
rat and mouse NRP1 are summarized in Table II.
MNRP1685A binds to NRP1 from human, monkey and
mouse with similar affinity, with KD values ranging between
0.03 and 0.04 nM. However, this is approximately 5- to 7-
fold higher than MNRP1685A’s estimated KD for rat
NRP1.

MNPR1685A Serum Concentration-Time Profiles
in Nonclinical Species

MNRP1685A displayed typical nonlinear kinetics following
single IV administration in mice, rats, and cynomolgus
monkeys, with non-paralleled concentration-time profiles
across all tested dose levels (Fig. 1). In all three species,
MNRP1685A cleared rapidly from the system at low con-
centrations (below ~10 μg/ml), suggesting a dominant role
played by target-mediated clearance below this concentra-
tion. Therefore, further analysis using a semi-mechanism-
based PK model was performed to dissect the role of target-
mediated clearance and non-specific clearance mechanisms
in the PK profile of MNRP1685A. A population modeling
approach was applied to account for inter-individual
variability.

MNRP1685A Population PK Parameters in Nonclinical
Species

A two-compartment model with parallel linear and non-
linear clearance was used to analyze the PK data from
each of the three species. Figure 1 and goodness-of-fit
plots (Supplementary Material) show good model-fitting
of the data. All population PK parameters were estimated
with reasonable precision, with acceptable small relative
standard error of estimation (%RSE) on key PK parameters
(Table III).

For nonlinear (or target-mediated) clearance, the model-
derived parameter Vmax, which reflects target expression,
was similar with estimated values of 759 (±168), 824
(±23.9), and 591 (± 21.6) μg/day/kg in mice, rats, and
monkeys, respectively. The model-derived Km value, which

Table II Binding Kinetic and Affinity Analysis of MNRP1685A Across Species

Analytes Human NRP1 Mouse NRP1 Rat NRP1 Cynomolgus monkey NRP1

kon (10
5 M-1s-1) 42±2 91±10 75±15 53±3

koff (10
-4 s-1) 1.8±0.2 2.7±0.7 15.7±3.8 1.7±0.4

KD (nM) 0.04±0.01 0.03±0.01 0.21±0.03 0.03±0.01

KD 0 equilibrium dissociation constant, calculated as the ratio koff/kon; koff 0 off-rate; kon 0 on-rate. Note: data were fitted with a 1:1 Langmuir binding model
and averaged from three independent studies
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reflects the in-vivo target-molecule binding affinity, was
0.190 μg/ml (~1.3 nM), 0.505 μg/ml (~3.5 nM), and
1.09 μg/ml (~7.5 nM) for mice, rats, and monkeys,
respectively.

Interestingly, the model-derived linear (non-specific)
clearance was higher than that of typical human IgG1 mAbs
(6) in mice (60.3±4.22 ml/day/kg) and rats (19.4±4.56 ml/
day/kg), but not in monkeys (3.22±0.17 ml/day/kg). Sim-
ilarly, CLd, V1 and V2 were consistent with typical IgG1
mAbs in monkeys but high in mice and rats (Table III).

MNRP1685A PK in Humans

MNRP1685A PK was evaluated in cancer patients at doses
of 2–40 mg/kg q3w with IV infusion. As expected from the
target biology, MNRP1685A demonstrated strong nonline-
ar PK in humans at lower doses. At doses above 10 mg/kg,
the mean serum concentration-time profiles by dose levels
were approximately parallel to each other within q3w dos-
ing interval, suggesting that the saturation of the target-
mediated clearance was approached (Fig. 2a). However,

the observed human concentrations were outside of the
90 % prediction interval projected based on cynomolgus
monkey data (Fig. 2b).

As in preclinical species, the concentration-time pro-
files in human were adequately described by the same
two-compartment model with parallel linear and nonlin-
ear clearance [Table III and goodness-of-fit plots (Sup-
plementary Material)]. The estimated target-mediated
clearance parameters Vmax and Km in humans were
~429 μg/day/kg and 1.35 μg/ml, respectively, for a
typical patient (with body weight of 75.5 kg). These values
were close to the predicted values of 372 μg/day/kg (Vmax)
and 1.05 μg/ml (Km) based on cynomolgus monkey PK data.
Surprisingly, the non-specific clearance in humans appeared
to be over 4-fold faster than the predicted (8.53 versus 2.0 ml/
day/kg). This was also faster than the non-specific clearance
reported for other IgG1 mAbs such as bevacizumab against
VEGF (2.8 ml/day/kg) (29), trastuzumab against Her2
(3.2 ml/day/kg) (30), or pertuzumab against Her2 (3.1 ml/
day/kg) (31) at their respective therapeutic doses. The distri-
bution parameters V1, V2 and CLd were also higher than
cynomolgus monkey-based predictions.
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Fig. 1 Observed (open symbols) and model predicted (lines) MNRP1685A concentration-time profiles in mice, rats, and cynomolgus monkeys. (a)
represents mice receiving a single dose of MNRP1685A at 0.65, 10, and 100 mg/kg (black, pink, and blue, respectively). (b) represents rats receiving a single
dose of MNRP1685A at 2, 10, and 50 mg/kg (black, pink, and blue, respectively). (c) represents cynomolgus monkeys receiving a single dose of
MNRP1685A at 0.5, 3, 15, and 50 mg/kg (black, green, blue, and red, respectively). (d) represents monkeys receiving multiple doses of MNRP1685A at
10, 30, and 100 mg/kg (black, pink, and blue, respectively).
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The Impact of ATAs on PK

The target-mediated clearance could be confounded by
clearance mediated by ATA (2). In monkeys, the ATA
incidence was 69 % (11/16) and 19 % (7/36) after single-
and multiple-dose administration, respectively. The timing
of ATA onset after MNRP1685A administration ranged
from 21 to 56 days (single-dose study) and 28 to 140 days

(multiple-dose study). In the single-dose study, ATA-positive
animals had PK profiles similar to ATA-negative animals,
with comparable estimated non-specific clearance (data not
shown). In the multiple-dose study, since lower PK exposure
correlated with the presence of ATA, drug concentration
measurements outside of 5 standard deviations from the
mean in positive ATA samples were excluded from
model fitting (3.7 % of total data records). Therefore,
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Fig. 2 Observed mean concentration-time profiles of MNRP1685A in human and comparison with cyno-based prediction. (a) corresponds to the
observed human mean concentration-time profiles (Cycle 1) by dose (n03 for 2, 5, 10, 30, and 40 mg/kg; n06 for 10 and 15 mg/kg). (b) corresponds to
the observed human concentrations (open circles) versus 90% prediction interval (dotted lines) based on cynomolgus monkey data.

Table III Population PK Parameter Estimates for MNRP1685A

Parameters (unit) Point Estimate (%RSE)a

Mouse Rat Cyno Human_predicted b Human_observed c

Vmax (μg/day/kg) 759 (22.1) 824 (2.90) 591 (3.65) 372 (3.41) 429 (15.9)

Km (μg/ml) 0.190 (23.6) 0.505 (131) 1.09 (4.87) 1.05 (22.4) 1.35 (45.2)

CL (ml/day/kg) 60.3 (7.00) 19.4 (23.5) 3.22 (5.28) 2.00 (4.86) 8.53 (17.2)

V1 (ml/kg) 62.1 (8.58) 50.1 (29.9) 37.8 (3.52) 37.9 (2.93) 51.0 (9.07)

CLd (ml/day/kg) 62.6 (11.3) 56.1 (57.8) 12.4 (3.37) 7.72 (9.39) 19.6 (14.3)

V2 (ml/kg) 54.5 (14.0) 61.7 (42.3) 27.4 (2.47) 27.4 (3.54) 79.1 (11.9)

ωVmax, % 34.1 (56.5) NA 11.0 (62.5) 9.74 (42.2) NA

ωKm, % NA NA NA NA 131 (54.2)

ωCL, % 18.6 (38.7) NA 27.9 (24.7) 26.4 (27.0) 35.8 (58.1)

ωV1, % NA NA 17.2 (33.8) 17.1 (23.4) 23.7 (68.8)

σprop, % 29.0 (21.8) 28.7 (30.9) 12.7 (5.77) 13.3 (14.5) 24.3 (5.06)

a. %RSE 0 percent of relative standard error of estimation

b. Predicted based on cynomolgus monkey PK data

c. Adapted from(1), PK parameters normalized by median body weight (75.5 kg) of patients

Cyno 0 cynomolgus monkeys; CL 0 linear (or non-specific) clearance; Vmax 0 maximum drug elimination by nonlinear (or specific) clearance; CLd 0
distribution clearance; V1 0 apparent volume of central compartment; V2 0 peripheral compartment distribution volume; Km 0 drug concentration at 50 %
Vmax (μg/mL); ωVmax 0 inter-subject variability on Vmax; ωKm 0 inter-subject variability on Km; ωCL 0 inter-subject variability on CL; ωV1 0 inter-subject
variability on V1; σprop 0 proportional residual error; NA 0 not available
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the observed fast clearance in cynomolgus monkeys at
serum concentrations ≤10 μg/ml appears to be truly via
target-mediated clearance.

The immunogenicity response was not expected in the
immune-deficient athymic nude mice. Although ATA was
not tested in rats, the PK profile did not demonstrate the
typical ATA-mediated clearance commonly observed in
rats. In humans, none of the patients tested positive for
ATA, suggesting that target-mediated clearance was the
main driver for the observed fast clearance at lower doses.

DISCUSSION

The current study evaluated MNRP1685A PK in mice, rats,
cynomolgus monkeys, and humans. Consistent with the
wide expression of target NRP1, MNRP1685A demonstrat-
ed strong target-mediated clearance in all species tested,
resulting in pronounced non-linear PK over a wide range
of doses. The concentration-time profiles are best described
by a two-compartment model with parallel linear and non-
linear clearances.

The nonlinear clearance is driven by the amount of
pharmacological target in the body and often refers to
target-mediated clearance. The main characteristic of
target-mediated clearance is that the dose-normalized
concentration-time profiles are not superimposable, as illus-
trated in Figs. 1 and 2a for MNRP1685A. This pronounced
nonlinear PK property of MNRP1865A is consistent with
saturable binding sites in lungs, liver, and kidneys, as ob-
served in mouse tissue distribution studies (32).

In the population PK analysis, the model-derived PK
parameter Vmax suggests that the in-vivo target expression
levels are similar in mice, rats, cynomolgus monkeys, and
humans. This is supported by a tissue cross-reactivity study
with MNRP1685A, in which the specific staining of NRP1
was shown to be similar in cynomolgus monkey and human

tissues (data not shown). In another study, the baseline
circulating NRP1 was found to be comparable in cynomol-
gus monkeys and humans (22). However, rat is qualitatively
and quantitatively different from the other species, since the
specific staining of MNRP1685A to NRP1 in rat is lighter
than that in cynomolgus monkeys and humans (data not
shown) and the baseline circulating NRP1 is lower in rat
than in the other three species (22). Of note, the model-
derived Km value is much higher than in vitro KD for all
species. This discrepancy may be explained, based on recent
publication, that in vivo Km is the sum of KD and the ratio of
the internalization rate constant (kint) and kon (27).

It is worth noting that for molecules with nonlinear PK,
target-mediated clearance always contributes to the total
clearance, even at high concentrations. However, the extent
of target-mediated clearance depends on the abundance of
the target (reflected on Vmax value). As shown in Fig. 3,
MNRP1685A, panitumumab (a fully human monoclonal
IgG2 which targets a widely expressed epidermal growth
factor receptor (33)), and sibrotuzumab (a humanized
monoclonal mAb which targets the less widely distributed
fibroblast activation protein (34)) have different nonlinear
PK profiles resulting from different target expression levels.
NRP1 is expressed at high levels in a wide variety of tissues
(11), thus even at 134 μg/ml of MNRP1685A (~99 % satu-
ration of target-mediated clearance), the linear clearance only
accounts for 67 % of total clearance of MNRP1685A in
humans. Similarly, panitumumab showed only 50 % contri-
bution of non-specific clearance at 99 % saturation of target-
mediated clearance (43 μg/ml). In contrast, for sibrotuzumab,
the target-mediated clearance is less significant, thus when
target binding is 99 % saturated, the linear clearance plays a
dominant role (94 % of total clearance) for this mAb.

Due to the uncertainty and inherent biological variability
associated with target characteristics, it is commonly ac-
knowledged that scaling of target-mediated clearance of
mAbs is difficult (6). However, this was not the case for
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Fig. 3 Examples of dependence of clearance on concentration in humans. The blue solid lines represent total CL. The short dashed lines represent
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MNRP1865A. Although NRP1 expression was reported to
be increased by 2- to 3-fold in high-grade dysplasia, invasive
cancers, and metastases of the human gastrointestinal tract
(35), the difference of antigen load amongst Phase I patients
was mostly due to inter-subject variability (Table III) and
might not be significant enough to affect predictability of
target-medicated clearance of MNRP1685A in humans
based on cynomolgus monkey data.

Surprisingly, in the present study, MNRP1685A showed
faster non-specific clearance in mice, rats, and humans,
although it has the same human IgG1κ backbone and bio-
chemical characteristics (such as glycosylation, percentage of
aggregation, etc.) as trastuzumab, bevacizumab, and pertuzu-
mab, and was expected to show similar non-specific clearance
to those mAbs. We also observed that monkey PK data
properly predictedMNRP1685A’s target-mediated clearance,
but underestimated its non-specific clearance in humans, with
a 4-fold difference between the observed (8.53 mL/day/kg)
and the predicted (2.0 ml/day/kg) values. To our knowledge,
this is the first reported case in which cynomolgus monkey is
found to be a poor predictive species of human PK for a
human IgG1 mAb with binding to target across species.

Although the causative mechanism for this observation is
not clear, there have been studies aimed at better under-
standing the reasons for the unexpected cross-species differ-
ence in non-specific clearance of MNRP1685A. One
interesting finding has been that MNRP1685A has a slower
elution time on size-exclusion chromatography than mAbs
with typical nonspecific clearance, suggesting unique char-
acteristics of MNRP1685A in its conformational structure,
which may contribute to off-target binding in mice, rats, and
humans (data not shown). In addition, MNRP1685A was
found to induce platelet reduction in patients but not in
monkeys (36). Further in vitro studies demonstrated CD32
(FcγRIIa)-dependent and -independent MNRP1685A bind-
ing to human platelets (36). Whether there is differential
platelet binding in humans and monkeys and whether it can
account for the faster non-specific clearance observed in
patients is still under investigation. Based on currently avail-
able data, we speculate that the unexpected PK profile of
MNRP1685A is likely due to unsaturable off-target binding.

Our experience with MNRP1685A provides significant
insights into selection considerations for future drug candi-
dates. If the non-specific clearance in any of the preclinical
species is different from typical IgG1 mAbs, it may indicate
a potential PK risk for that molecule. Two recent studies
have described interesting findings related to off-target bind-
ing of mAbs (8,9). In both cases, off-target binding resulted
in faster than expected elimination in a particular species.
When off-target clearance is suspected in preclinical species,
preclinical PK data may offer less predictive value for hu-
man PK properties. Furthermore, fast clearance due to off-
target binding may result in the need for significantly higher

clinical doses to achieve the desired drug exposure. Off-
target binding not only poses challenges to predicting hu-
man PK, but may also lead to potential safety risks. In some
situations, it may be difficult to differentiate safety issues
associated with specific-target binding and off-target bind-
ing, which may result in premature termination of a pro-
gram pursuing a potentially valuable target. Therefore,
careful evaluation of abnormal PK profiles observed in
preclinical species can be used as a valuable component of
clinical risk assessment and drug candidate selection in
recombinant mAb therapeutic programs.
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