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BACKGROUND AND PURPOSE
Neuropilin-1 (NRP1) is a VEGF receptor that is widely expressed in normal tissues and is involved in tumour angiogenesis.
MNRP1685A is a rodent and primate cross-binding human monoclonal antibody against NRP1 that exhibits inhibition of
tumour growth in NPR1-expressing preclinical models. However, widespread NRP1 expression in normal tissues may affect
MNRP1685A tumour uptake. The objective of this study was to assess MNRP1685A biodistribution in tumour-bearing mice to
understand the relationships between dose, non-tumour tissue uptake and tumour uptake.

EXPERIMENTAL APPROACH
Non-tumour-bearing mice were given unlabelled MNRP1685A at 10 mg·kg-1. Tumour-bearing mice were given 111In-labelled
MNRP1685A along with increasing amounts of unlabelled antibody. Blood and tissues were collected from all animals to
determine drug concentration (unlabelled) or radioactivity level (radiolabelled). Some animals were imaged using single
photon emission computed tomography – X-ray computed tomography.

KEY RESULTS
MNRP1685A displayed faster serum clearance than pertuzumab, indicating that target binding affected MNRP1685A
clearance. I.v. administration of 111In-labelled MNRP1685A to tumour-bearing mice yielded minimal radioactivity in the plasma
and tumour, but high levels in the lungs and liver. Co-administration of unlabelled MNRP1685A with the radiolabelled
antibody was able to competitively block lungs and liver radioactivity uptake in a dose-dependent manner while augmenting
plasma and tumour radioactivity levels.

CONCLUSIONS AND IMPLICATIONS
These results indicate that saturation of non-tumour tissue uptake is required in order to achieve tumour uptake and
acceptable exposure to antibody. Utilization of a rodent and primate cross-binding antibody allows for translation of these
results to clinical settings.

Abbreviations
AUC, area under the antibody serum concentration versus time curve; CL, clearance; CPM, counts per minute; CUB
domain, complement C1r/C1s, Uegf, and Bmf1 domain; DOTA, 1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic
acid; ID, injected dose; MAM domain, Meprin, A5-protein, and protein-tyrosine phosphatase-Mu domain; MTD,
maximum tolerated dose; NRP1, neuropilin-1; PK, pharmacokinetics; SPECT-CT, single photon emission computed
tomography – X-ray computed tomography
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Introduction
Neuropilin-1 (NRP1) is a 130–140 kDa transmembrane
protein with a prominent role in regulating angiogenesis
(Bagri et al., 2009) and contains three structural motifs: (i) an
extracellular structure containing two CUB homology
domains (a1, a2), two coagulation factor V/VIII homology
domains (b1, b2) and a MAM domain (c); (ii) a transmem-
brane domain; and (iii) a short cytoplasmic domain (Soker
et al., 1998). NRP1 acts as a co-receptor for semaphorins and
members of the VEGF family. NRP1 binds to VEGF165 to
enhance its binding to VEGF receptor 2, increasing endothe-
lial cell chemotaxis (Soker et al., 1998; Bielenberg et al., 2006).
Mice with targeted NRP1 deletion have severe defects in vas-
cular remodelling (Bagri et al., 2009). NRP1 is expressed by
vascular endothelial and epithelial cells of numerous normal
adult human tissues, including heart, placenta, breast,
endometrium, kidneys, lungs, liver, pancreas and skeletal
muscle (Soker et al., 1998; Bielenberg et al., 2006). Over-
expression of NRP1 occurs on some tumour cells, including
those of prostate, mammary, bladder, kidney, colon, pancreas,
skin, ovary and lung carcinomas (Bielenberg et al., 2006).

A rodent and primate cross-reactive human IgG1 with
similar binding affinity across species was generated against
the b1b2 domain, VEGF165 binding domain (Mamluk et al.,
2002), of NRP1 that slowed tumour growth in xenograft
models (Liang et al., 2007). This anti-NRP1 antibody,
MNRP1685A, blocked tumour growth in HM7-tumours, a
model with very little tumour epithelial cell NRP1 expression,
but with endothelial cell expression, suggesting that
MNRP1685A mediates its effect through blocking the angio-
genesis necessary to support tumour growth (Liang et al.,
2007). In addition, in select xenograft models, MNRP1685A
therapy coupled with concomitant anti-VEGF treatment
enhanced the effect of slowing tumour growth compared
with that of anti-VEGF treatment alone (Pan et al., 2007),
pointing to MNRP1685A’s promise as a potential anti-tumour
biotherapeutic agent.

Numerous monoclonal antibodies are being developed
against various tumour targets with the goal of suppressing
tumour growth (Sliwkowski et al., 1999; Herbst et al., 2001;
Buchsbaum et al., 2003; Ferrara et al., 2004; Adams and
Weiner, 2005). A thorough understanding of the pharmaco-
kinetics (PK) and biodistribution of such molecules would
inform their clinical development. Fast clearance or non-
linear plasma PK profiles of antibody therapeutics can often
be attributed to target-mediated clearance (Lammerts van
Bueren et al., 2006) and, in such cases, biodistribution data
can identify the tissue in which the target is located (Baxter
et al., 1995; Lobo et al., 2004; Lammerts van Bueren et al.,
2006). Tissue distribution studies can also reveal non-antigen-
dependent, off-target binding, which may also influence
plasma PK (Jain, 1999; Bumbaca et al., 2011). Targets having
widespread non-tumour tissue expression may affect tumour
uptake of a target therapeutic and vice versa. Additionally,
attributes of the antibody such as size, molecular weight and
target affinity (Adams et al., 2001; Minchinton and Tannock,
2006) as well as tumour physiology, including degree of vas-
cularity, antigen density and necrosis (Jain, 1999; Minchin-
ton and Tannock, 2006; Thurber et al., 2008; Tabrizi et al.,
2010) can influence antibody distribution to and within the

tumour, so it is understandable that all tumour-associated
target antigens may not be accessible to the antibody. The
implications of these limitations on therapeutic efficacy
warrant a detailed understanding of the relationship between
antibody PK, biodistribution and tumour uptake.

Although NRP1 has widespread distribution in normal
adult tissues, little is known about the level of expression on
the surface of cells, and therefore, it was unclear how the
NRP1 expression level in normal tissues would affect
MNRP1685A biodistribution to tumour tissue, if at all. Thus,
this work sought to evaluate the biodistribution of
MNRP1685A by exploring the relationship between dose,
non-tumour tissue uptake and tumour uptake to support its
clinical development. First, MNRP1685A serum concentra-
tions were determined in non-tumour-bearing mice and com-
pared with those of pertuzumab, a humanized anti-HER2
antibody that does not cross-react with murine HER2 antigen
and therefore does not have target-mediated clearance in
mice (Adams et al., 2006). Furthermore, pertuzumab and
MNRP1685A use the same consensus frameworks of IgG1 and
have the same molecular weight (150 kDa), making pertu-
zumab a suitable control. This comparison should ascertain
what effect, if any, normal tissue NRP1 expression had on
antibody PK. Subsequently, a biodistribution study was con-
ducted in tumour-bearing mice, with dose escalation of unla-
belled antibody and a fixed dose of radiolabelled antibody.
This competitive binding approach should determine the
degree of saturation in each tissue at each dose, delineating
the relationship between dose, non-tumour tissue uptake and
tumour uptake. In addition, the results were complemented
with non-invasive live animal imaging and ex vivo assays
evaluating blood cell and tumour binding.

Methods

DOTA conjugation and 111In incorporation
Aliquots containing 5 mg of MNRP1685A (Genentech,
South San Francisco, CA, USA) or an IgG1 control antibody
(Genentech) were exchanged from their respective formula-
tion buffers (proprietary) into aqueous 50 mM sodium
borate, pH 8.5 using illustra NAP5™ columns (GE Health-
care Life Sciences, Piscataway, NJ, USA). Exactly 5 molar
equivalents of the N-hydroxysuccinimidyl ester of 1,4,7,10-
tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic acid (DOTA-
NHS) in 0.68 mL of dimethyl formamide was added to
600 mL borate-buffered protein solutions. Reaction mixtures
were gently agitated for 1 h at 37°C. The reaction was ter-
minated by promptly applying the mixtures to NAP5™
columns pre-equilibrated in aqueous 0.3 M ammonium
acetate buffer, pH 7.0.

111In was incorporated into DOTA through the addition of
a 3 mL (30.3 MBq) aliquot of 111InCl (MDS Nordion, Ottawa,
ON, Canada) to a 17 mL aliquot of the ammonium acetate-
buffered DOTA-MNRP1685A (59.4 mg) or DOTA-control anti-
body conjugate (70.2 mg). Reaction mixtures were gently
agitated for 1 h at 37°C. A 5 mL aliquot of 50 mM aqueous
EDTA challenge solution was added, followed by an addi-
tional 75 mL aliquot of aqueous 0.3 M ammonium acetate
buffer, pH 7.0. The mixture was applied to a NAP5 TM column,
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from which the radiolabelled protein eluted in a 500-mL frac-
tion of PBS. The specific activity of [111In]-DOTA-MNRP1685A
and [111In]-DOTA-control antibody were 0.177 and
0.284 MBq·mg-1 respectively. The radiolabelled antibodies
were shown to maintain ~80% antigen binding to their
unmodified counterparts by ELISA and were shown to be
intact by size-exclusion HPLC.

Radioiodination
MNRP1685A and control antibody were radioiodinated with
125I using the indirect iodogen addition method as previously
described (Chizzonite et al., 1991). The radiolabelled proteins
were purified using NAP5TM columns pre-equilibrated in PBS.
The specific activities of [125I]-MNRP1685A and [125I]-control
antibody were 0.132 and 0.123 MBq·mg-1 respectively. The
radiolabelled antibodies were shown to maintain ~90%
antigen binding to their unmodified counterparts by ELISA

and were shown to be intact by size-exclusion HPLC.

PK study
All in vivo protocols, housing, and anaesthesia were approved
by the Institutional Animal Care and Use Committees of
Genentech Laboratory Animal Resources, in compliance with
the Association for Assessment and Accreditation of Labora-
tory Animal Care regulations. Female athymic nude mice
(nu/nu) (n = 3) within the age range of 6–8 weeks (Charles
River Laboratories, Hollister, CA, USA) were given 10 mg·kg-1

MNRP1685A i.v., as a bolus. Serum samples were collected
at 5 min; 1, 4 and 8 h; and 1, 1.5, 2, 3, 4, 7, 10, 14, 21,
and 28 days post dose and analysed by ELISA for antibody
concentration.

The concentration–time data were used to estimate PK
parameters with WinNonlin Enterprise, Version 5.1.1 (Phar-
sight Corporation, Mountain View, CA, USA). A naïve pooled
approach was used to provide one estimate for the treatment
group. Non-compartmental analysis (NCA) [WinNonlin
Model 201; i.v. Bolus input using uniform weighting and
linear trapezoidal (linear interpolation) rule] was used to esti-
mate area under the antibody serum concentration versus
time curve (AUC). Clearance (CL) was calculated using the
following equation: CL = Dose/AUC. The PK results from this
study with MNRP1685A were compared with those obtained
from a separate study conducted with pertuzumab, as previ-
ously described (Adams et al., 2006).

Ex vivo blood cell binding
[125I]-MNRP1685A or [125I]-control antibody with or without
100 mg·mL-1 excess unlabelled antibody was introduced into
human whole blood (Bioreclamation LLC, Hicksville, NY,
USA). Six 0.5 mL aliquots of blood were incubated for 1 h at
37°C. Three of the six aliquots were centrifuged at 12,800¥ g
for 5 min at 4°C to separate the plasma from the cell pellets,
after which the cell pellets were washed with 0.5 mL cold PBS.
To re-calcify the blood, calcium chloride was added to the
remaining three aliquots of whole blood at a final concentra-
tion of 25 mM, immediately inverted and then further incu-
bated at ambient temperature for 30 min until the blood had
completely clotted. The samples were centrifuged as above to
separate serum from the clots, which were washed once with
0.5 mL cold PBS. All samples were counted for radioactivity

on a gamma counter (Wallac 1480 Wizard 3″, EC&G Wallac.
Turku, Finland). The data are presented as the percent of total
radioactivity. Significance was assessed using a one-way
ANOVA followed by the Tukey post test (GraphPad Prism
v5.04, La Jolla, CA, USA).

In vivo biodistribution in tumour
bearing mice
Female mice of the same strain and weight range as the PK
study were inoculated s.c. with 5 x 106 HM7 cells (human
colon carcinoma, ATCC, Manassas, VA, USA) suspended in
HBSS in their right flanks 7 days before receiving the radio-
labelled material. When the tumours were between 100 and
200 mm3, the mice were co-dosed with 7.4 MBq·kg-1 [111In]-
DOTA-MNRP1685A (0.05 mg·kg-1) along with unlabelled
antibody at 0, 0.1, 0.3, 0.5, 1, 2.5, 5, 7.5, 10, 15, 20, 25, 40 or
80 mg·kg-1 via i.v. bolus (multiple studies). At 15 min and 6,
24, 48 and 120 h post dose, blood (processed for plasma),
tumour, lungs, liver, kidneys and muscle (gastrocnemius)
were collected (n = 4). The radioactivity level in each sample
was calculated and expressed as percentage of injected dose
per gram or millilitre of sample (%ID·g-1 or %ID·mL-1). Sig-
nificance was assessed using a one-way ANOVA followed by the
Tukey’s post test (GraphPad Prism). Plasma samples were also
analysed by size-exclusion HPLC.

Size-exclusion HPLC separation was carried out on a Phe-
nomenex™ BioSep-SEC-S 3000, 300 ¥ 7.8 mm, 5 mm column
(Torrance, CA). The mobile phase was PBS, and the flow rate
was 0.5 mL·min-1 (isocratic) for 30 min. The ChemStation
analogue-to-digital converter was set to 25 000 units per mV,
peak width 2 s, slit 4 nM (Agilent Technologies, Santa Clara,
CA, USA). [111In] was detected with a raytest Ramona 90
(Raytest USA, Inc., Wilmington, NC, USA) in line with a
standard Agilent 1100 HPLC module system. The data were
collected using ChemStation for LC 3D Systems (revision
B.01.03[204]).

Single photon emission computed tomography
– X-ray computed tomography (SPECT-CT)
Non-tumour-bearing mice of the same strain and weight
range as the biodistribution study received an i.v. bolus con-
sisting of [111In]-DOTA-MNRP1685A (3.69 MBq) or [111In]-
DOTA-control antibody (4.03 MBq) in 200 mL of saline (n =
1). Initiation of non-invasive SPECT-CT (Gamma-Medica,
Northridge, CA, USA) imaging was executed 24 h from the
time of tracer injection. Image acquisition times for CT and
SPECT were an average of 2 and 45 min, respectively, with
approximately 20 000 counts per projection (20 s per projec-
tion) for the latter. The SPECT and CT data was transferred to
256 ¥ 256 matrix and fused using AMIRA® graphics software
(TGS, San Diego, CA, USA), allowing the achievement of
simultaneous scintigraphic and anatomic information in all
tomographic scans in the three different spatial axes.

Ex vivo tumour binding
Female mice of the same strain and weight range as the
biodistribution study were inoculated with HM7 cells as
described above. When the tumours were 100–200 mm3, the
mice received an i.v. bolus of unlabelled MNRP1685A at 0, 1, 2,
5, 10, 20 and 40 mg·kg-1. Tumours were collected at 120 h post
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dose (n = 3). Each tumour was placed inside a culture dish and
diced in 2 mL of RPMI-1640/10% FBS/10 mg·mL-1 non-specific
IgG (media). The diced tumours were carefully transferred to
4 mL cryovials. The culture dish was rinsed with 1 mL media
to remove any residual cells, and the rinse was combined with
the rest of the tumour pieces. Samples were gently agitated for
30 min at room temperature to block non-specific binding.
Tumour sections were washed once by centrifugation at 1000¥
g for 3 min at 4°C and re-suspended in fresh media, containing
[125I]-MNRP1685A at 1 ¥ 106 counts per minute (cpm)·mL-1.
Following gentle agitation for 4 h at 4°C to allow for specific
binding of the radiolabelled antibody, the tumour sections
were washed twice by centrifugation, saving both the media
and wash. All fractions were counted for total radioactivity in

a gamma counter. The radioactivity level in each sample was
calculated and expressed as a percentage of total radioactivity
per gram (%Total·g-1).

Results

PK in non-tumour-bearing mice
Following 10 mg·kg-1 i.v. administration to athymic nude
mice, MNRP1685A cleared much faster than pertuzumab
(Figure 1), an IgG1 antibody with no target-mediated clear-
ance in mice. The clearance for MNRP1685A at 10 mg·kg-1

was about 70 mL·day-1·kg-1, whereas that for pertuzumab,
over the dose range 3–90 mg·kg-1 was 5.6–9.2 mL·day-1·kg-1

(Adams et al., 2006).

Ex vivo blood cell binding
The plasma fraction of whole blood contained most of the
radioactivity (~99%), for both MNRP1685A and the isotype-
matched control antibody whether in the absence or pres-
ence of excess unlabelled antibody (Table 1). In the whole
blood samples, processed for serum and blood clot, a majority
of the radioactivity (80–90%) was detected in the serum frac-
tion for both antibodies, regardless of unlabelled antibody
levels, but was generally lower that was detected in the
plasma. The difference in radioactivity between the plasma
and serum fractions is an artefact of the differing ability to
separate the plasma from the cell pellets and the serum from
the blood clots. There was no statistical difference between
MNRP1685A and control antibody plasma (P = 0.465 and
0.308 for the tracer and tracer + unlabelled antibody, respec-
tively) and serum radioactivity levels (P = 0.189 and 0.262 for
the tracer and tracer + unlabelled antibody, respectively).
These data demonstrate minimal or no binding to blood cells.

Biodistribution in tumour-bearing mice
The tumour-bearing mice received tracer amounts of [111In]-
DOTA-MNRP1685A along with 0, 5, 10, 20, 40 and 80 mg·kg-1

Figure 1
Serum PK of MNRP1685A and pertuzumab. Serum concentration
versus time profile of MNRP1685A following i.v. administration at
10 mg·kg-1 in athymic nude mice. Pertuzumab was administered at
30 mg·kg-1 in the same mouse strain and the serum concentration
versus time profile presented in the figure was normalized to a
10 mg·kg-1 dose based on its linear PK profile (Adams et al., 2006).

Table 1
Percent recovery of [125I]-MNRP1685A or [125I]-control IgG1 � unlabelled antibody following incubation in human whole blood (average � SD)

Matrix Antibody [125I]-antibody

[125I]-antibody +
100 mg·mL-1 unlabelled
antibody

Plasma MNRP1685A 99.1 � 0.200 98.9 � 0.200

Control IgG1 99.9 � 0.0360 99.9 � 0.220

Cell pellet MNRP1685A 0.900 � 0.200 1.10 � 0.200

Control IgG1 0.0853 � 0.0360 0.0949 � 0.0220

Serum MNRP1685A 86.5 � 6.30 83.5 � 7.60

Control IgG1 92.6 � 2.03 90.1 � 4.30

Blood clot MNRP1685A 13.5 � 6.30 16.5 � 7.60

Control IgG1 7.43 � 2.03 9.92 � 4.30

There were no statistically significant differences between the MNRP1685A radioactivity levels and those of the control antibody or between
the tracer radioactivity levels and those of the tracer + unlabelled antibody (P > 0.05).
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unlabelled MNRP1685A. For all dose groups, the plasma
radioactivity levels decreased in a biphasic manner, with a
rapid decrease in radioactivity during the first 6 h of the study
and a more gradual decrease for the remainder of the study
(Figure 2A). Only a single peak corresponding to the reten-
tion time of the intact MNRP1685A was detected by size-
exclusion HPLC, and it decreased over time (Figure 2B). The
plasma fraction of whole blood contained a majority of the
radioactivity, with 99% of the injected dose compared to 1%
in the cell pellet (Figure 2C).

Animals receiving only the tracer had lower plasma radio-
activity levels than those that received both tracer and unla-
belled antibody (Figure 2A). During the first 24 h of the study,
radioactivity levels among the dose groups receiving tracer
and unlabelled antibody overlapped. Beyond 24 h, the
plasma radioactivity, in terms of %ID·mL-1, from the
5 mg·kg-1 dose group decreased significantly more than
the groups given 20, 40 or 80 mg·kg-1 (P < 0.05), and that of
the 10 mg·kg-1 dose decreased significantly more than the
groups given 40 or 80 mg·kg-1 (P < 0.05). There was no sta-
tistical difference amongst the groups given 20, 40 or
80 mg·kg-1 (P > 0.05).

At 24 h post-tracer dose, the lungs and liver comprised
the majority of radioactivity per gram of tissue (Figure 3A).
The kidneys had the next highest amount of radioactivity,
followed by the tumour and then muscle. When the tracer
was administered with 5 mg·kg-1 unlabelled antibody, radio-
activity in the lungs and liver dramatically decreased, while
that in the tumour and blood increased. As the amount of
unlabelled MNRP1685A was increased, the radioactivity in
the lungs and kidneys continued to decrease. The muscle
radioactivity levels remained relatively constant as the
amount of antibody increased.

In the tumour, the radioactivity levels for all groups
peaked between the 6 and 24 h time points and then
decreased for the remainder of the 120 h study (Figure 3B).
The tumour radioactivity levels of the animals receiving only
tracer were much lower than those that were dosed with the
tracer combined with unlabelled antibody. Overall, the
groups dosed with both tracer and unlabelled antibody had
similar radioactivity levels. Although not statistically signifi-
cant, aside from the 5 mg·kg-1 dose groups, there appeared to
be a dose-dependent decrease in tumour radioactivity levels
(P > 0.05). At 24 h post dose, except for the tracer dose, there

Figure 2
In vivo radioactive plasma and whole blood characterization following i.v. administration of [111In]-DOTA-MNRP1685A at 7.4 MBq·kg-1

(0.05 mg·kg-1) along with 0, 5, 10, 20, 40, and 80 mg·kg-1 unlabelled MNRP1685A to female athymic nude HM7-tumour-bearing mice (n = 4).
(A) Plasma radioactivity levels represented as percentage of injected dose per millilitre of plasma (%ID·mL-1). (B) Representative size-exclusion
HPLC radiochromatograms of the plasma samples. (C) Whole blood, plasma and cell pellet radioactivity levels represented as %ID.
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was no difference in tumour : plasma ratios between the dose
groups (P > 0.05; Figure 3C). The dose groups higher than
5 mg·kg-1 had similar tumour : plasma ratios at 48 h post
dose (P > 0.05) and at the 120 h time point, there was no
difference among the 20, 40 and 80 mg·kg-1 dose groups
(P > 0.05). In a separate study, when the radiolabelled anti-
body was co-dosed with 0, 0.1, 0.3, 0.5, 1, 2.5, 5, 7.5, 10, 15
and 25 mg·kg-1 unlabelled antibody, at 24 h post dose, a
dose-dependent increase in radioactivity was observed in
the tumours up to about 2.5–5 mg·kg-1, after which the
radioactivity appeared to reach a plateau (Figure 3D). The
tumour : plasma ratios also increased with dose before reach-
ing a plateau starting with the 2.5 mg·kg-1 dose.

SPECT-CT imaging
Qualitatively, the radioactivity in the [111In]-DOTA-
MNRP1685A dosed mouse was more localized in the lungs

and liver, while that of the [111In]-DOTA-control antibody-
dosed mouse was more diffuse throughout the animal, con-
sistent with presence in the blood pool (Figure 4).

Ex vivo tumour binding
In general, at the 120 h time point, the radioactivity associ-
ated with the tumours decreased as the amount of unlabelled
antibody dose increased, with tumour binding reaching a
plateau at the 10 mg·kg-1 dose (Figure 5). This indicates that
saturation of antibody uptake in the tumour was reached
with a minimal dose of 10 mg kg-1.

Discussion and conclusions

This work assessed the biodistribution of MNRP1685A to
understand the relationship between dose, non-tumour
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tissue uptake and tumour uptake. First, plasma concentra-
tions of MNRP1685A were determined in non-tumour-
bearing mice to ascertain the effect, if any, on antibody PK of
NRP1 expression in normal tissue. Then, MNRP1685A biodis-
tribution was evaluated in tumour-bearing mice utilizing a
fixed radiolabelled antibody dose along with increasing
amounts of unlabelled antibody. This competitive binding
approach should determine the degree of saturation in each
tissue at each dose.

MNRP1685A displayed fast serum clearance in mice com-
pared with that of pertuzumab (Figure 1), an antibody
without target-mediated clearance in mice, suggesting that
widespread NRP1 expression in non-tumour tissues was likely
to affect antibody clearance. Both an ex vivo blood cell

binding assay (Table 1) and in vivo whole blood fractionation
(Figure 2C) indicated that there was little or no binding of
MNRP1685A to either human or mouse blood cells respec-
tively. These data suggest that blood cell binding is not
responsible for the apparent fast clearance of the antibody.
Furthermore, no evidence of antibody degradation, aggrega-
tion or complex formation in plasma was detected by size-
exclusion HPLC that could have affected the antibody
clearance rate (Figure 2B). However, target-mediated distribu-
tion to the lungs, liver and kidneys was likely to contribute,
in part, to the rapid plasma clearance of MNRP1685A
(Figure 3A). At the tracer dose, 5- to 10-fold less control IgG1
was detected in the liver and lungs, respectively, supporting
the specificity of MNRP1685A distribution to these tissues
(Figure S1). SPECT-CT imaging also confirmed the specific
localization of MNRP1685A in the lungs and liver, in contrast
to the more diffuse distribution of the control antibody
(Figure 4). Increasing the antibody dose from tracer to
5 mg·kg-1 prompted a marked decrease in radioactivity in the
lungs and liver (Figure 3A). A further decrease was noted in
the lungs and kidneys as the MNRP1685A dose increased. As
target-mediated biodistribution did not account for the fast
plasma clearance of the antibody at higher doses of
MNRP1685A, further investigation is warranted to determine
other contributing factors. As NRP1 is a vascular target
expressed in several adult non-tumour tissues (Bielenberg
et al., 2006), the lungs and liver appear to be acting as anti-
genic sinks for MNRP1685A. Given that the lungs, with 235 �

111 mL blood per gram of tissue, and the liver, with 42.0 �

7.71 mL·g-1 (Boswell et al., 2010) are much more perfused rela-
tive to the tumour (~20 mL·g-1; in-house data), MNRP1685A
would have more opportunity to bind to its target in these
well perfused tissues, thereby decreasing observed levels in
the tumour. Alternatively, the NRP1 expression level in these
tissues may be higher than that of the tumour. Whatever the
explanation, a sufficiently high dose of MNRP1685A was

Figure 4
SPECT-CT images of [111In]-DOTA-MNRP1685A (3.69 MBq; 25 mg)
and [111In]-DOTA-control antibody dosed mice (4.03 MBq; 27 mg).
Twenty-four-hour post-dose reconstructed three-dimensional
volume rendered SPECT-CT fusion images of [111In]-DOTA-
MNRP1685A (A) and [111In]-DOTA-control antibody (D) respectively
(n = 1). False-coloured SPECT images in arbitrary uptake units are
fused onto the X-ray CT images. The three-dimensional volume
rendered SPECT image without the CT image for [111In]-DOTA-
MNRP1685A and [111In]-DOTA-control antibody are shown in panels
B and E respectively. The two-dimensional coronal view of SPECT-CT
fusion image for [111In]-DOTA-MNRP1685A and [111In]-DOTA-control
antibody are shown in panels C and F respectively.

Figure 5
Radioactivity associated with the tumours following ex vivo incuba-
tion with [125I]-MNRP1685A. HM7-tumour-bearing mice were given
i.v. 0, 1, 2, 5, 10, 20 or 40 mg·kg-1 unlabelled MNRP1685A 120-h
before tumour harvest (n = 3). The radioactivity is represented as
percentage of total per gram of tissue (%Total·g-1).
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required to satisfy the lungs and liver uptake, making the
antibody available for tumour uptake. This phenomenon of a
normal tissue antigenic sink has previously been observed in
non-Hodgkin’s lymphoma patients in whom anti-CD20 anti-
bodies cleared quickly from blood at low protein doses due to
specific splenic uptake (Kaminski et al., 1993; Press et al.,
1993). Higher doses elevated circulating antibody levels,
leading to enhanced tumour antibody concentrations. The
benefit of utilizing a rodent and primate cross-reactive anti-
body in our study allowed us to demonstrate this sink effect
preclinically and use this information to guide the clinical
development of MNRP1685A.

Although normal tissues were identified as antigenic sinks
for MNRP1685A, this antibody was well tolerated in preclini-
cal toxicology studies conducted in rat and cynomolgus
monkeys, with no gross or microscopic pathology observed
after up to nine weekly doses at 100 mg·kg-1 (de Zafra et al.,
2010). MNRP1685A was also well tolerated in a phase IA
single-agent dose escalation study up to a 30 mg·kg-1 dose
every 3 weeks (Weekes et al., 2010). The most frequently
reported drug-related adverse events were grade 1 and 2 acute
infusion site reactions, which were controlled by premedica-
tion with dexamethasone.

The xenograft model used in this analysis, HM7cells, is a
model with very low NRP1 expression on tumour epithelial
cells, but with vascular endothelial cell expression (Liang
et al., 2007), and was chosen precisely for that characteristic
as the desired mechanism of action of MNRP1685A is anti-
angiogenesis. Initial studies with the antibody indicated that
at unlabelled antibody doses lower than 5 mg·kg-1, there
was a dose-dependent increase in tumour radioactivity
(Figure 3D), and this increase was not simply due to
increased blood radioactivity levels but was due to specific
binding of the antibody in the tumour, as observed by the
high tumour : plasma radioactivity ratios at these lower
doses. The tumour : plasma ratio, a specificity ratio relating
specific binding in the tumour to unbound antibody in
plasma (Fujimori et al., 1989; 1990; Thurber et al., 2008), was
calculated with the purpose of comparing the relative
tumour exposures at each dose. Conceptually, a plateau in
tumour : plasma ratio versus dose indicates that no addi-
tional specific binding at higher doses occurred and there-
fore no additional benefit of those higher doses (Fujimori
et al., 1989). Based on the results of the initial study, doses of
5–80 mg·kg-1 were chosen to determine how long this expo-
sure could be maintained as no statistically significant dif-
ferences in tumour radioactivity levels were observed over
time (Figure 3B), probably due to contributions from both
receptor-bound and unbound radiolabelled antibody in the
tumour interstitium. At 24 h post dose, doses �5 mg·kg-1

had similar tumour : plasma ratios; however, doses �10 and
�20 mg·kg-1 had similar tumour : plasma ratios at 48 and
120 h post dose, respectively (Figure 3C), illustrating that
different doses maximize specific binding for different
lengths of time. Avoiding a change in MNRP1685A
tumour : plasma ratio for a given duration requires a dose
that not only satisfies uptake in non-tumour antigenic tissue
sinks but also overcomes antibody clearance in the tumour
during that time period. The 20 mg·kg-1 dose appeared to be
the lowest dose that maximized tumour exposure for the
5 day study.

In order to confirm the effect of dose on tumour exposure
observed in vivo, an ex vivo tumour binding assay was
employed to assess the binding of radiolabelled antibody to
unoccupied receptors in the tumour ex vivo, thereby remov-
ing the limitations present in the in vivo system. Such limi-
tations in the tumour are the degree of vascularity,
permeability of the vessel walls, heterogeneity of blood flow
rate, antigen density, interstitial fluid pressure and necrosis
(Jain, 1999; Minchinton and Tannock, 2006; Thurber et al.,
2008; Tabrizi et al., 2010). Additionally, antibody target
binding affinity, molecular charge, molecular weight and PK
could further limit penetration of the tumour by the anti-
body (Fujimori et al., 1989; 1990; Adams et al., 2001;
Minchinton and Tannock, 2006; Dennis et al., 2007). There
was a dose-dependent decrease in radioactivity in the assay
(Figure 5) with maximum exposure reached with the
10 mg·kg-1 dose, indicating that there were fewer unoccupied
receptors at the higher doses. This is consistent with the trend
observed in vivo. The fact that maximum binding was
observed at the 10 mg·kg-1 dose rather than the 20 mg·kg-1

dose is most likely an artefact of the tumour processing,
potentially making more receptors available ex vivo than the
antibody can reach in vivo.

The characterization of the relationship between tumour
uptake and MNRP1685A dose provided additional informa-
tion for clinical development. It is well established in the field
of oncology therapeutics that finding a balance between effi-
cacy and toxicity is crucial for selecting the optimal phase II
clinical dose and regimen (Wolf et al., 2004; Jain et al., 2010;
Rubin and Anderson, 2010). Traditionally, the phase I
maximum tolerated dose (MTD) determines the phase II dose
(Jain et al., 2010; Rubin and Anderson, 2010), but this may
not necessarily be the best dose. It is possible, especially for
targeted therapeutics, that a dose lower than the MTD results
in the maximum biological effect, and so dosing at the MTD
serves to increase toxicity while not improving efficacy (Wolf
et al., 2004; Jain et al., 2010; Rubin and Anderson, 2010).
Additionally, it has been suggested that phase II doses should
be based on the minimum effective dose (Haines, 2008) or
optimum biological dose (Wolf et al., 2004). Theoretically,
the dose that maintained saturating levels in the tumour for
the desired dosing interval should be the highest dose that
would need to be administered, assuming equivalent efficacy
at all doses. However, there are challenges in using preclinical
data to help predict clinical success, such as potential differ-
ences among animals and humans in terms of antibody dis-
position, tumour growth and/or physiology (Morgan, 2001;
Kerbel, 2003; Bleeker et al., 2008). Nevertheless, some positive
correlations have been found between preclinical efficacy in
xenografts and clinical efficacy in human tumours (Boven
et al., 1992; Johnson et al., 2001; Kerbel, 2003; Peterson and
Houghton, 2004). As such, understanding antibody absorp-
tion, distribution and clearance in a preclinical model aids in
predicting the optimal dose and regimen for patients
(Morgan, 2001; Bleeker et al., 2008). For instance, Luo and
colleagues showed that mouse plasma concentrations of
cetuximab were fairly comparable with the concentrations in
patients at the dose they identified to be the highest needed
to achieve maximum efficacy (Luo et al., 2005). The data from
our study was translated into a clinically relevant dose by
determining the trough plasma concentration at 5 days and
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identifying the dose and regimen from the phase I clinical
trial that maintains the plasma concentrations (based on
inter-species scaling) at or above this level (11 mg·kg-1 every
other week or 18 mg·kg-1 every 3 weeks). These results were
corroborated with other preclinical and clinical data (data
not shown).

In conclusion, this work has demonstrated that wide-
spread expression of NRP1 in non-tumour tissue did limit
distribution of MNRP1685A to tumour tissue, in a dose-
dependent manner, because of the influence of non-tumour
tissue antigenic sinks. The use of a rodent and primate cross-
binding antibody allowed for the translation of these findings
from the preclinical to clinical setting, indicating that a
higher than expected clinical dose would need to be admin-
istered to achieve acceptable tumour exposure.
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