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Placental growth factor (PlGF) is a member of the proangiogenic
vascular endothelial growth factor family, which is upregulated in
many tumors. RO5323441, a humanized monoclonal antibody
against PlGF, showed antitumor activity in human tumor xeno-
grafts.We therefore aimed to radiolabel RO5323441 and preclini-
cally validate this tracer to study drug tumor uptake and organ
distribution by PET imaging. 89Zr-RO5323441 was tested for sta-
bility and immunoreactivity in vitro. Methods: The tumor uptake
and organ distribution for 10, 50, and 500 mg of 89Zr-RO5323441
was assessed in mice bearing human PlGF–expressing hepato-
cellular cancer (Huh7) xenografts or human renal cell carcinoma
(ACHN) xenografts without detectable human PlGF expression.
The effect of pretreatment with RO5323441 (20 mg/kg) on 89Zr-
RO5323441 tumor uptake was analyzed in Huh7 xenografts.
111In-IgG served as a control for nonspecific tumor uptake and
organ distribution. Cy5-RO5323441 was injected to study the
intratumor distribution of RO5323441 with fluorescence micros-
copy. Results: 89Zr-RO5323441 showed a time- and dose-de-
pendent tumor accumulation. Uptake in Huh7 xenografts at 10
mg of 89Zr-RO5323441 was 8.2%6 1.7% injected dose (ID)/cm3

at 144 h after injection, and in ACHN xenografts it was 5.5 6 0.3
%ID/cm3 (P 5 0.03). RO5323441 pretreatment of Huh7 xeno-
graft–bearing mice reduced 89Zr-RO5323441 tumor uptake to
the level of nonspecific 111In-IgG uptake. Cy5-RO5323441 was
present in the tumors mainly in the microenvironment. Conclu-
sion: The findings show that RO5323441 tumor uptake is PlGF-
specific and time- and dose-dependent.
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Angiogenesis is a key feature of tumors (1). Inhibition of
angiogenesis by targeting vascular endothelial growth factor
(VEGF) and VEGF receptors (VEGFRs) has emerged as
treatment for various tumor types (2). However, sustained
clinical benefit of angiogenesis inhibitors can be hampered
by compensatory mechanisms such as the upregulation of
proangiogenic factors such as placental growth factor (PlGF)
(2–5). Targeting PlGF could, thus, be a new strategy for tumor
angiogenesis inhibition, complementary to VEGFR inhibi-
tion, andmight circumvent resistance observed during current
antiangiogenic therapies.

PlGF, a VEGF homolog, can be expressed by tumor cells
and is expressed by several other cells (e.g., endothelial and
smooth muscle cells, macrophages, fibroblasts, and leuko-
cytes) in the tumor microenvironment (4). PlGF is present in
low levels in normal tissue. It contributes to the angiogenic
switch in pregnancy, wound healing, ischemic conditions, and
tumor growth (6). PlGF inhibition preclinically slows down
growth and metastasis of various tumors, including those re-
sistant to VEGFR inhibitors, and enhances the efficacy of
chemotherapy and VEGFR inhibitors. Additionally, PlGF in-
hibition reduces angiogenesis, lymphangiogenesis, and tumor
cell motility. Distinct from VEGFR inhibitors, PlGF inhibi-
tion preclinically prevents infiltration of angiogenic macro-
phages and severe tumor hypoxia and, thus, does not initiate
the angiogenic rescue program responsible for resistance to
VEGFR inhibitors (7,8).

These findings led to the clinical development of
RO5323441 (TB-403) (9,10). RO5323441 is a humanized
monoclonal antibody against PlGF-1 and PlGF-2. In a phase
I trial with RO5323441 in cancer patients, stable disease
was observed in 6 of 23 patients at different dose levels. No
dose-limiting toxicities were observed with doses of up to
30 mg/kg administered once every 3 wk. Because no max-
imum-tolerated dose could be defined (11), determination
of the optimal dose for phase II studies was hampered.
Rational dosing might be obtained when tumor and normal
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tissue uptake of the antibody is defined with 89Zr-
RO5323441 PET. The feasibility of this approach for visu-
alization of soluble angiogenic factors was already shown
for the VEGF-A antibody bevacizumab (12–14). The aim
of the current study was therefore to study 89Zr-RO5323441
tumor uptake and organ distribution in human tumor xeno-
graft models with different PlGF expression.

MATERIALS AND METHODS

Cell Lines
Human hepatocellular carcinoma Huh7 (Health Science Re-

search Resources Bank) with high human PlGF (hPlGF) expression
(hPlGF messenger RNA expression 62-fold higher than HEK293
native) and the human renal cell carcinoma ACHN (American Type
Culture Collection) without detectable hPlGF expression (hPlGF
messenger RNA expression equal to HEK293 native) were cultured
in Dulbecco modified Eagle medium containing glucose (1 g/L)
supplemented with 10% heat-inactivated fetal calf serum (Bodinco
BV) at 37�C in humidified atmosphere containing 5% CO2.

The Abelson murine leukemia virus–induced tumor BALB-c–
derived RAW264.7 murine macrophage cell line (American Type
Culture Collection) was cultured in Dulbecco modified Eagle me-
dium containing glucose (4.5 g/L) supplemented with 10% fetal
calf serum and 1% L-glutamine at 37�C in humidified atmosphere
containing 5% CO2.

Conjugation, 89Zr Labeling, and Quality Control
of 89Zr-RO5323441

RO5323441 was conjugated and labeled as described by Verel
et al. (15). In short, RO5323441 (25 mg/mL; Roche) was first con-
jugated with a 5-fold molar excess of the chelator N-succinyldesfer-
rioxamine-tetrafluorphenol (N-sucDf-TFP; provided by Dr. Guus van
Dongen, VU University Medical Center). N-sucDf-RO5323441 was
purified by ultracentrifugation using a 30-kDa Vivaspin-2 filter (Sar-
torius), diluted in water for injection (2.5 mg/mL), and stored at
220�C. Labeling was performed with 89Zr (IBA) within 24 h before
use. Radiochemical purity was evaluated by size-exclusion high-
performance liquid chromatography using a Superdex 200 10/300
GL column (GE Healthcare) and showed no aggregates, fragments,
free 89Zr, or other impurities (Supplemental Fig. 1A; supplemental
materials are available online only at http://jnm.snmjournals.org).
89Zr-RO5323441 stability was evaluated at 4�C in solvent (0.9%
NaCl) and at 37�C in phosphate-buffered saline (140 mMNaCl,
9 mM Na2HPO4, and 1.3 mM NaH2PO4; pH 7.4) and in human
serum by trichloroacetic acid precipitation. 89Zr-RO5323441 was
highly stable in 0.9% NaCl at 4�C and in phosphate-buffered saline
or human serum at 37�C with less than 5% 89Zr release over 168 h
in all tested conditions. The preservation of immunoreactivity was
tested in a competition assay with unlabeled RO5323441 with
recombinant hPlGF-1 (Peprotech) as the target antigen, according
to the assay previously described (16). The RO5323441 concentra-
tion required for 50% reduction in hPlGF-1 binding of 5 nM 89Zr-
RO5323441 was 5.1 6 1.5 nM RO5323441, showing a fully pre-
served immunoreactivity (Supplemental Fig. 1B). 111In-IgG was
produced as described previously (16).

Generation of Cy5-Labeled RO5323441
Purified RO5323441 was incubated in 100 mM potassium phos-

phate, pH 8.5, with a 5-fold molar excess of Cy5N-hydroxysuccinimide
ester (GE Healthcare Life Sciences) dissolved in dimethyl sulfoxide.

The reaction was stopped after 60 min by the addition of 10 mM
L-lysine, and the surplus of the labeling reagent was removed by di-
alysis against 20 mM histidine, 200 mM sodium chloride, 5% saccha-
rose, pH 6.0. The Cy5 labeling degree was determined at an absorbance
of 280 and 650 nm and was 2.7:1. The specificity of Cy5-labeled
RO5323441 was analyzed by confocal fluorescence microscopy
using recombinant Hek293 cells expressing membrane-tagged
PlGF. Cy5-labeled RO5323441 was bound to the surface of the cells
expressing membrane-anchored PlGF. The specificity was confirmed
by competition with unlabeled RO5323441.

Animal Studies
All invasive procedures and imaging in animal experiments

were performed with isoflurane inhalation anesthesia (induction,
5%; maintenance, 2%). Tumor cells were harvested by trypsinization,
resuspended in culture medium and Matrigel (BD Biosciences), and
inoculated subcutaneously (5 · 106 per mouse) in 6- to 8-wk-old
male athymic nude mice (BALB-c/Ola HSD-fox nude; Harlan). Each
subgroup consisted of 4 mice. Tumor growth was assessed 2 times
per week with caliper measurement. When tumors measured 6–8 mm
in diameter (;0.3 cm3), in vivo imaging studies were started using
a small-animal PET Focus 220 rodent scanner (CTI Siemens).

Huh7 xenograft–bearing mice were coinjected in the penile
vein with 10, 50, or 500 mg of 89Zr-RO5323441 (5 MBq) and
corresponding protein doses of 111In-IgG (1 MBq). Coinjection
with 111In-IgG provides insight into behavior of an intraanimal
nonspecific control for RO5323441 tumor uptake and organ dis-
tribution, improves the statistical power, and reduces animal num-
bers. ACHN xenograft–bearing mice and non–tumor-bearing mice
were coinjected with 89Zr-RO5323441 (10 mg; 5 MBq) and 111In-
IgG (10 mg; 1 MBq). In the pretreated group, mice were injected
intraperitoneally with RO5323441 (20 mg/kg) 2 d before 89Zr-
RO5323441 injection (10 mg; 5 MBq). Animals were imaged at
24, 72, and 144 h after injection, followed by ex vivo biodistribu-
tion analysis as described previously (16).

For microscopic analysis of tumor localization of RO5323441,
Huh7 and ACHN xenograft–bearing mice were injected intrave-
nously with 50 mg of Cy5-RO5323441, followed by tumor exci-
sion at 24 h after injection. In vivo stability of Cy5-RO5323441
was confirmed by near-infrared fluorescence imaging, which in-
dicated accumulation in Colo205 tumors over 48 h without spe-
cific accumulation in the liver or kidneys.

All animal experiments were approved by the animal experi-
ments committee of the University of Groningen.

Tumor Tissue Analyses
Tumors were kept on ice during biodistribution analysis and

subsequently processed for histology and fluorescence micros-
copy. Hematoxylin and eosin staining was performed on formalin-
fixed, paraffin-embedded tumors to assess tumor morphology. For
fluorescence microscopy, tumor slides were stained for cell nuclei
with Hoechst 33258 (Invitrogen). Macrophages were visualized by
a 2-step staining with goat-antimouse CD68 (Santa Cruz) and
donkey-antigoatIgG-Alexa488 (Invitrogen). Slides were analyzed
with a Leica DM6000B microscope, and images were captured
with a DFC360FX camera (Leica) and processed with LAS-AF2
software (Leica).

Fresh-frozen tumors were lysed and analyzed for hPlGF and
murine PlGF (mPlGF) protein levels using an enzyme-linked
immunosorbent assay (ELISA; R&D Systems) according to the
manufacturer’s protocol.
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89Zr-RO5323441 Cell-Binding Studies
Binding of 89Zr-RO5323441 to the human Huh7 and ACHN

cell lines and the murine RAW264.7 macrophage tumor cell line
was studied in the presence or absence of hPlGF-1 (Peprotech) or
mPlGF-2 (R&D Systems). 89Zr-RO5323441 (0.22 nM; 10 kBq)
was incubated for 24 h at 37�C with 1 · 106 cells per well. During
incubation, PlGF (human or murine) was absent or added in
a 10:1, 1:1, and 1:10 molar ratio with RO5323441. An Fc receptor
blocking reagent (20 mL; no. 130-059-901 [MiltenyiBiotec]) was
used to block the Fcg receptors (FcgR) in RAW264.7. After in-
cubation, cells were washed before harvesting, and the cell-bound
89Zr was measured in a well-type g-counter (LKB Wallac). All
conditions were tested in 3 independent experiments.

Statistical Analysis
Data are presented as mean 6 SD. For statistical analysis,

GraphPad Prism (version 4.00 for Windows; GraphPad Software)
was used. Statistical analysis was performed using the 2-tailed
unpaired t test. A P value of less than 0.05 was considered
significant.

RESULTS

89Zr-RO5323441 Uptake in hPlGF-Expressing
Huh7 Xenografts

In Huh7 tumors, 89Zr-RO5323441 uptake was seen at all
dose cohorts, and uptake increased over time, indicating
specific tumor uptake. The 144-h scan for the 10-mg 89Zr-
RO5323441 dose cohort showed the best tumor visualization,
with a higher tumor-to-background ratio than the 50- and
500-mg 89Zr-RO5323441 dose cohorts (½Fig: 1� Fig. 1A).
Quantification of the 89Zr-RO5323441 presence in the

small-animal PET scans showed that 89Zr-RO5323441
blood-pool levels were similar for the 3 dose cohorts, with
a decrease between 24 and 144 h (Fig. 1B). 89Zr-RO5323441
tumor uptake increased over time at all protein dose cohorts;
the highest percentage injected dose per centimeter cubed
(%ID/cm3) in tumors occurred in the 10-mg cohort at 144 h.

For the 50- and 500-mg cohorts, maximal tumor uptake was
observed at 72 h and remained the same at 144 h (Fig. 1C). The
absolute 89Zr-RO5323441 tumor uptake levels were 0.86 0.2,
3.1 6 0.2, and 27.4 6 3.98 mg/cm3 for, respectively, the
10-, 50-, and 500-mg injected dose cohorts. For 89Zr-
RO5323441, the quantified small-animal PET data show a
non–dose-dependent blood clearance and a time- and dose-
dependent tumor uptake.

Ex vivo biodistribution analysis in Huh7 xenograft–bearing
mice confirmed a normal IgG distribution of 89Zr-RO5323441
in nontumor organs. This distribution was hardly RO5323441
protein dose-dependent. In contrast, relative 89Zr-RO5323441
tumor uptake showed a clear RO5323441 dose-dependent
decrease in %ID per gram (%ID/g) of tumor ( ½Fig: 2�Fig. 2A). In
the 10-mg cohort, 89Zr-RO5323441 tumor uptake was, re-
spectively, 72% (P5 0.016) and 109% (P5 0.023) higher
than 111In-IgG at 72 and 144 h after tracer injection (Fig. 2B).
At 144 h, tumor uptake of 89Zr-RO5323441 in the 50-mg
cohort was 91% (P5 0.0041) and in the 500-mg 79% (P5
0.0004) higher than for 111In-IgG (Figs. 2C and 2D). These
biodistribution data confirm the time- and dose-dependent
89Zr-RO5323441 tumor uptake in Huh7 xenografts observed
with the small-animal PET quantification.

On the basis of the high tumor-to-nontumor contrast on
small-animal PET images, the tumor accumulation over
time shown by small-animal PET scan quantification and
biodistribution data, and the high ratio with 111In-IgG ob-
served in our biodistribution analysis, 10 mg was chosen as
the 89Zr-RO5323441 protein dose for further experiments.

89Zr-RO5323441 Biodistribution in Non–
Tumor-Bearing Mice

For non–tumor-bearing mice, organ distribution of 10 mg
of 89Zr-RO5323441 was similar to that of 111In-IgG (Sup-
plemental Fig. 2). There was no specific accumulation of

FIGURE 2. (A) 89Zr-RO5323441 biodistribution in Huh7 xenografts
at 144 h after tracer injection in all 3 dose cohorts. (B–D) 89Zr-

RO5323441 and 111In-IgG tumor uptake of 10- (B), 50- (C), and

500-mg (D) cohorts.

RGB

FIGURE 1. (A) Representative small-animal PET examples of
Huh7 xenografts injected with 10, 50, or 500 mg of 89Zr-

RO5323441 and scanned at 24, 72, and 144 h after tracer injection.

(B and C) Small-animal PET quantification of 89Zr-RO5323441

blood-pool activity (B) and tumor uptake (C).

RGB
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89Zr-RO5323441 over time in most nontumor organs, ex-
cept for the liver (126% from 24 to 144 h after injection;
P 5 0.027), and a nonsignificant trend in bone. Liver and
bone uptake were possibly the result from binding to scav-
enging receptors in the liver or could indicate in vivo tracer
metabolism to 89Zr-labeled antibody fragments and release
of free 89Zr, which could accumulate in bone. Organ distri-
bution of 89Zr-RO5323441 was similar in non–tumor- and
tumor-bearing mice.

RO5323441 Pretreatment Reduces 89Zr-RO5323441
Uptake in Huh7 Tumors

Small-animal PET quantification showed that a 20 mg/kg
pretreatment of RO5323441 reduced the tumor uptake of
10 mg of 89Zr-RO5323441 by 33% (P 5 0.026) (½Fig: 3� Fig. 3A).
89Zr-RO5323441 tumor uptake in RO5323441-pretreated
mice was comparable to the tumor uptake in the 500-mg
89Zr-RO5323441 dose cohort. Biodistribution data showed
that pretreatment with RO5323441 in Huh7 xenografts re-
duced 89Zr-RO5323441 tumor uptake to background lev-
els—that is, not higher than 111In-IgG (Fig. 3B)—confirming
the small-animal PET quantification data. Biodistribution of
89Zr-RO5323441 in nontumor organs was not influenced by
RO5323441 pretreatment (data not shown).

89Zr-RO5323441 Uptake in ACHN Tumors That Do Not
Express hPlGF

Small-animal PET scans showed that 89Zr-RO5323441 tu-
mor uptake inACHN tumorswas 33% lower (P5 0.021) than
in Huh7 tumors at 144 h after injection (½Fig: 4� Fig. 4A). Biodistri-
bution results revealed that 89Zr-RO5323441 uptake in ACHN
tumors was comparable to 111In-IgG uptake. The ratio of
89Zr-RO5323441 to 111In-IgG in Huh7 tumors was higher
than the ratio in ACHN tumors at all time points: 46% at 24 h
(P 5 0.0003), 61% at 72 h (P 5 0.023), and 89% at 144 h
(P5 0.0005) after tracer injection (Fig. 4B). These results
indicate PlGF tumor level specific uptake in Huh7 tumors.

Ex Vivo Analysis of Huh7 and ACHN Tumors

Tumor histology of Huh7 and ACHN xenografts obtained
from the 10-µg 89Zr-RO5323441 cohorts at 24, 72, and 144 h
after injection showed areas of tumor cells, stromal cells,

vasculature, and some necrotic areas ( ½Fig: 5�Fig. 5A shows repre-
sentative hematoxylin and eosin staining).

Fluorescence microscopy revealed that in Huh7 tumors,
Cy5-RO5323441 accumulated in areas of tumor cells and in
necrotic regions, vasculature, and the surrounding connective
tissue (Fig. 5A). In ACHN tumors, Cy5-RO5323441 accumu-
lated only in the surrounding connective tissue, necrotic re-
gions, and vasculature but not in the areas of tumor cells.
Costaining of the Huh7 tumor slides with an anti-CD68 anti-
body to visualizemacrophages indicated that Cy5-RO5323441
was present in the CD68-positive regions and in the vascula-
ture (Fig. 5B).

hPlGF protein levels measured with ELISA were 153 6
62 pg/mg of protein in Huh7 xenografts and nondetectable
in ACHN xenograft tissue. Murine PlGF levels were 253 6
177 pg/mg of protein in Huh7 and 1,063 6 207 pg/mg of
protein in ACHN xenograft tissue.

89Zr-RO5323441 Binding to RAW264.7 Macrophages

To further study the mechanism by which cells, such
as macrophages, that are in a microenvironment might
be involved in RO5323441 tumor uptake, we studied the

FIGURE 3. Influence of RO5323441 pretreatment on 89Zr-

RO5323441 tumor uptake in Huh7 xenografts quantified from

small-animal PET data (A) and biodistribution data at 144 h after

tracer injection (B).

RGB

FIGURE 4. 89Zr-RO5323441 uptake in ACHN and Huh7 tumors as
assessed by small-animal PET (A) and biodistribution (B).

RGB

FIGURE 5. (A) Representative examples of Huh7 and ACHN his-
tology, as assessed by hematoxylin and eosin (H&E) staining, and

Cy5-RO5323441 microscopic tumor distribution, as assessed by

fluorescence microscopy. (B) 89Zr-RO5323441 binding to RAW264.7

macrophages after 24 h incubation with hPlGF or mPlGF and an Fc
receptor blocking reagent (aFcR). (C) Hoechst staining visualizes cell

nuclei. Costaining of Huh7 tumor with anti-CD68 antibody to visualize

macrophages.

RGB
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uptake of 89Zr-RO5323441 by RAW264.7 murine tumor
macrophages in vitro. The binding of 89Zr-RO5323441 to
RAW264.7 concentration dependently increased in the pres-
ence of hPlGF, with a 6.4-fold increase (P5 0.0018) at a 10-
fold molar excess of hPlGF (Fig. 5C). The hPlGF-induced
macrophage binding of 89Zr-RO5323441 was completely
blocked by coincubation with a Fc receptor blocking re-
agent. mPlGF was not able to induce binding of 89Zr-
RO5323441 to RAW264.7 macrophages, indicating the
higher affinity of RO5323441 for hPlGF.
The binding of 89Zr-RO5323441 to Huh7 cells was

2-fold higher than binding to ACHN cells (P 5 0.0030,
Supplemental Fig. 3), possibly due to the autocrine produc-
tion of heparin-binding hPLGF by Huh7. 89Zr-RO5323441
binding to Huh7 and ACHN was not affected by the non–
heparin-binding hPlGF-1 isoform. The addition of mPlGF,
which also binds heparin, induced a slight increase in both
cell lines (1.6- and 1.9-fold, respectively).

DISCUSSION

In this study, we determined 89Zr-RO5323441 tumor up-
take and organ distribution in human tumor–bearing mice.
We used 3 different tracer doses and 3 different imaging and
biodistribution time points, 2 tumor models with different
target expression levels, an unspecific IgG control, and
a RO5323441 pretreatment dose. All together, these data
showed that 89Zr-RO5323441 tumor uptake was time-, dose-,
and PlGF-dependent, supporting the feasibility of implement-
ing the use 89Zr-RO5323441 with PET scanning for clinical
studies.
Because this is the first study, to our knowledge, on in vivo

visualization of PlGF, the best possible comparison is with
results obtained with 89Zr-labeled bevacizumab. For optimal
comparison, the antibody tracer dose should be considered.
89Zr-bevacizumab showed a SKOV-3 tumor uptake of 6.86
1.8 %ID/g with 100 mg of antibody (12), which is similar for
89Zr-RO5323441 tumor uptake. Higher levels of 89Zr-
RO5323441 tumor uptake, expressed at %ID/g, might have
been obtained when lower antibody doses would have been
used. 111In-bevacizumab biodistribution studies showed
uptake levels of up to 25 %ID/g for a 1-mg bevacizumab
dose (17). In the present study, we used 10 mg of 89Zr-
RO5323441 because this was the lowest dose that allowed
sufficient counts for PET quantification at 6 d after injec-
tion. It would have been possible to perform a biodistribu-
tion-only experiment with a lower dose (e.g., 1 µg), and
this would likely have resulted in a higher tumor uptake
when expressed as %ID/g. However, ex vivo biodistribu-
tion studies are nonsequential and not translational, and we
aimed to validate 89Zr-RO5323441 as an imaging tool.
Overall, 89Zr-RO5323441 PlGF PET preclinical perfor-
mance is comparable to that of 89Zr-bevacizumab VEGF PET.
Fluorescence-labeled RO5323441was present in the tumor

microenvironment at 24 h after injection. Our mouse models
were engrafted with human Huh7 and ACHN tumors, and
therefore the microenvironment of these human tumor

xenografts consisted of human tumor cells andmurine stroma.
This microenvironment, as shown with ELISA, contained
both hPlGF and mPlGF. RO5323441 binds both hPlGF and
mPlGF, with a Biacorekoff rate of 80 and 35min, respectively,
indicating a more tight binding to hPlGF than mPlGF (data
not shown). Additionally, RO5323441 binding experiments
with RAW264.7 cells support the higher affinity for binding
to hPlGF. This higher affinity explains the PlGF-specific up-
take of 89Zr-RO5323441 in the hPlGF-overexpressing Huh7
tumors. As expected, binding of 89Zr-RO5323441 to Huh7 and
ACHN tumor cells in vitro was low. mPlGF induced a small
increase in 89Zr-RO5323441 binding to Huh7 and ACHN cells.
One explanation could be that we used hPlGF isoform 1 as
hPlGF and mPlGF isoform 2 as mPlGF, because mice only
express this isoform. One of the differences between PlGF1
and PlGF2 is that PlGF1 lacks a heparin-binding domain, which
is necessary for binding to the neuropilin-1 coreceptor (18).
mPlGF2 therefore could have been bound to Huh7 and ACHN
cells via heparin, allowing binding of 89Zr-RO5323441.

The in vitro experiments with RAW264.7 macrophages
suggest that 89Zr-RO5323441 forms immune complexes
preferably with hPlGF. The 89Zr-RO5323441 and hPlGF
complex in turn binds to the Fcg receptors on macro-
phages, followed by phagocytosis of the immune complex;
this is especially supported by the finding that 89Zr-
RO5323441 itself shows little interaction with macro-
phages. Only in the presence of hPlGF is there hPlGF
concentration–dependent 89Zr-RO5323441 binding. Be-
cause hPlGF is the target of RO5323441, competition of
RO5323441 binding would intuitively be expected when
hPlGF is added and thus decreased cellular binding. How-
ever, our results and those of others (19) provide evidence
for the Fcg receptor–mediated macrophage uptake of IgG
immune complexes, such as the complex of RO5323441
with hPlGF. This evidence can be explained by the fact that
macrophages express Fcg receptor subtypes II and III
(FcgRII and FcgRIII), which have a low affinity for mono-
meric IgG. However, FcgRII and FcgRIII interact with high
avidity with IgG immune complexes, with consequential
selective phagocytosis of IgG immune complexes (19).
The relevance of Fcg receptor interactions of antibody–
antigen immune complexes in the tumor accumulation of
soluble antigen-targeted antibodies such as RO5323441 is
not exactly clear yet. Our Cy5-RO5323441 ex vivo data
and 89Zr-RO5323441 in vitro data, however, indicate that
PlGF-specific tumor uptake of RO5323441 might be mod-
ulated by macrophages. The Fcg receptor–mediated uptake
of antibody–antigen complexes is rather generic. It is
therefore unlikely that this mechanism is specific for the
RO5323441–PlGF complex. Tumor uptake of other solu-
ble antigen-targeted antibodies such as the VEGF-A anti-
body bevacizumab might therefore also be dependent
on immune complex formation. Bevacizumab–VEGF-
A165 immune complexes can interact with platelets via
FcgRIIA, potentially playing a role in the thrombotic events
often seen during bevacizumab therapy (20).

89Zr-RO5323441 PlGF PET • Oude Munnink et al. 5

jnm112086-pm n 4/26/13



Conflicting opinions exist on the significance of PlGF as
a target for treatment in oncology (21). In preclinical mod-
els, PlGF plays a role in resistance to antiangiogenic ther-
apies. PlGF inhibition showed antitumor activity in tumor
models resistant to VEGFR inhibitors (7). Additionally,
elevated serum levels of PlGF were reported in patients after
antiangiogenic therapy with bevacizumab or sunitinib
(22–24). In a preclinical study with the VEGF- and PlGF-
neutralizing decoy receptor sFLT01, increased serum PlGF
levels reflected a systemic host response instead of a tumor
response. In addition, circulating PlGF was upregulated in
mice with responding as well as progressing tumors (25).
These findings suggest limited potential and utility of serum
PlGF as a biomarker for antiangiogenic therapies. 89Zr-
RO5323441 tumor uptake was found to be PlGF-dependent.
Therefore, 89Zr-RO5323441 PET imaging might well be
superior to measuring circulating PlGF levels to monitor
PlGF tumor expression during antiangiogenic treatment.
When the angiogenic rescue program is activated in the
tumor, this will coincide with a local PlGF upregulation in
the tumor microenvironment and an increased 89Zr-
RO5323441 uptake and possibly support the rationale for
combining RO5323441 with VEGFR inhibitors. The vas-
culature normalization effect of bevacizumab can hamper
the tumor penetration of simultaneously injected large
molecules (e.g., antibodies such as RO5323441) (26).
PlGF PET with 89Zr-RO5323441 might therefore also be
of value in the optimization of scheduling combined anti-
angiogenic treatments.
The therapeutic potential of PlGF inhibition recently has

drawn additional attention. In contrast to the initially
published antitumor effects of an anti-PlGF antibody, other
PlGF-neutralizing antibodies had no significant effect on
tumor growth and angiogenesis in several preclinical tumor
models (27). There is no unifying explanation for these
conflicting results; however, differences in physicochemical
properties, posttranslational modifications, or other altera-
tions may have influenced the efficacy of the different PlGF
antibodies (8). Moreover, it was found that a functional
VEGFR-1 in tumor cells is required for an antitumor effect
of anti-PlGF antibodies (28). It is as of yet unclear how the
antibody dose affects the efficacy (9). In the clinical phase I
dose-escalation studies with RO5323441, no dose-limiting
toxicities were found with doses of up to 30 mg/kg (10,11).
It is possible that the maximum effective dose was already
reached with optimal target saturation of its target. Insight
in biodistribution of RO5323441 by quantification of 89Zr-
RO5323441 tumor uptake may offer an interesting support
for this dosing dilemma by serving as readout for target
saturation by different doses of RO5323441. Our results
showed that a 20 mg/kg dose of RO5323441 reduced the
human tumor uptake of the 89Zr-RO5323441 tracer dose in
mice to background 111In-IgG levels. These results likely
reflect PlGF saturation by the treatment dose but could
also be a consequence of RO5323441-induced vessel nor-
malization. Vessel normalization, which is now widely

acknowledged for bevacizumab, also occurs after PlGF
inhibition (8,29). Dynamic contrast-enhanced MR imag-
ing to monitor changes in tumor perfusion in the clinical
evaluation of 89Zr-RO5323441 and RO5323441 could po-
tentially be used to distinguish PlGF saturation effects
and vessel normalization.

CONCLUSION

The performance of 89Zr-RO5323441 PET for PlGF de-
tection is of interest because 89Zr-bevacizumab and 111In-
bevacizumab have already proven to be valuable VEGF-A
imaging tracers in clinical studies. The 89Zr-bevacizumab
uptake in tumor lesions in renal cell cancer and melanoma
patients is beyond even the expectations based on preclin-
ical results (13,14). Given the extensive similarity between
VEGF-A and PlGF, an enhanced 89Zr-RO5323441 tumor-
to-background ratio versus findings in the xenograft model
is expected also in the human setting. Because in the human
setting both tumor cell– and stromal cell–derived PlGF are
of human origin and will thus be recognized by 89Zr-
RO5323441, it is possible that our preclinical findings with
89Zr-RO5323441 PET underestimate the tumor uptake that
will be seen in cancer patients. In addition, the antibody
tracer dose of 10 µg in a mouse of 25 g versus a typical
dose of 5 mg in a human of 70 kg favors the antibody–
antigen ratio in humans. To determine RO5323441 human
tumor uptake and how this is affected by bevacizumab, we
will quantify the tumor uptake of RO5323441 by serial
89Zr-RO5323441 PET scans in patients with recurrent glio-
blastoma (EudraCT no. 2011-004974-27).
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