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Anticalins are a novel class of biopharmaceuticals, displaying highly

desirable attributes as imaging agents. The anticalin PRS-110 was

rationally engineered to target the oncogene MET with high affinity and

specificity. The aim of this study was to visualize MET expression and
analyze biodistribution of 89Zr-labeled PRS-110 in human tumor–bearing

mice. Methods: 89Zr-PRS-110 was generated. For biodistribution stud-

ies (96 h after injection of tracer) 10 μg of 89Zr-PRS-110 (with 0–490 μg
of unlabeled PRS-110) were injected into BALB/c mice bearing high

MET-expressing H441 non–small cell lung cancer xenografts. Further

characterization with PET imaging was performed at 6, 24, 48, and 96 h

after injection of 50 μg of 89Zr-PRS-110 into mice bearing H441, primary
glioblastoma U87-MG (intermediate MET), or ovarian cancer A2780

(low MET) xenografts. Drug distribution was also analyzed ex vivo using

fluorescently labeled PRS-110. Results: Biodistribution analyses

showed a dose-dependent tumor uptake of 89Zr-PRS-110, with the
highest fractional tumor uptake at 10 μg of 89Zr-PRS-110, with no un-

labeled PRS-110. Small-animal PET imaging supported by biodistribu-

tion data revealed specific tumor uptake of 89Zr-PRS-110 in the MET-

expressing H441 and U87-MG tumors whereas the MET-negative
A2780 tumor model showed a lower uptake similar to a non-MET binder

anticalin control. Tumor uptake increased up to 24 h after tracer injection

and remained high, whereas uptake in other organs decreased over
time. Ex vivo fluorescence revealed intracellular presence of PRS-110.

Conclusion: 89Zr-PRS-110 specifically accumulates in MET-expressing

tumors in a receptor density–dependent manner. PET imaging provides

real-time noninvasive information about PRS-110 distribution and tumor
accumulation in preclinical models.
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The receptor tyrosine kinase MET (also known as hepatocyte
growth factor [HGF] receptor) is of clinical interest as a drug

target because genetic and biochemical data have shown that

MET and its ligand, HGF, have a causal role in essential hallmarks

of cancer (1,2). These include uncontrolled cell survival, growth,

angiogenesis, and metastasis. The overexpression of MET at the

tumor cell membrane and its ligand in the surrounding stroma

occurs in many tumor types (1,2).
This strong rationale for targeting the pathway has led to

multiple clinical trials, which are currently under way to evaluate

the efficacy of MET-targeting agents including monoclonal

antibodies (against the receptor or ligand) and tyrosine kinase

inhibitors (1). Diagnostic methods that help identify a patient pop-

ulation likely to respond to MET therapy are fundamental for

successful trial outcome. Patient selection for ongoing trials is

largely based on evaluation of MET status in biopsy material using

immunohistochemistry or fluorescent in situ hybridization at the

time of enrolment; however, the methods are not capable of

informing fluctuation in expression levels over time. Allied to this

shortcoming, the evaluation of MET involvement in secondary

tumors is often hampered by lack of tissue. An imaging tool

capable of providing real-time data on whole-body MET expres-

sion would aid decision making and identification of patients who

will likely benefit from a MET-targeting agent, thus reducing the

unnecessary administration of ineffective drugs.
Anticalins are a novel class of small biologic therapeutics,

based on the human lipocalin scaffold (3). The human lipocalins

are a family of small-molecular-weight proteins involved in bind-

ing and transporting diverse molecules (small molecules and large

proteins) (3–5). The lipocalins consist of a barrellike structure

made up of 8 b strands connected by 4 loop regions. Anticalins

are rationally engineered to bind with exquisite selectivity and

potency to a single target or specific targets by introducing dis-

crete amino acid substitutions in selected areas of the lipocalin

scaffold. Importantly, anticalins retain the overall fold of lipoca-

lins but exhibit redesigned pharmacologic properties (6). We ra-

tionally engineered PRS-110 (Pieris AG), an anticalin with mono-

valent specificity for MET (binding affinity of 0.6 nmol/L

determined by kinetic exclusion assay) (7), which is based on

the tear lipocalin scaffold. PRS-110 acts as both a full antagonist
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of HGF-evoked MET signaling (half maximal inhibitory concen-
tration [IC50] of 35 nmol/L in HUVEC pMet assay) and also
a ligand-independent inhibitor of MET-driven tumorigenesis.
PRS-110 is being developed as a therapeutic and in this form is
site-specifically conjugated to a branched 40-kDa polyethyleneglycol
(PEG) (2 · 20 kDa PEG) moiety for half-life prolongation (7).
PRS-110 also displays many highly desirable properties as an
imaging agent. As 17-kDa proteins (or bulkier PEG conjugates),
anticalins may have more favorable tumor uptake and penetration
when compared with the much larger IgGs (;150 kDa).
The therapeutic application of anticalins was recently demon-

strated in a phase I trial in patients with solid tumors with
a vascular endothelial growth factor–targeting anticalin antagonist
(PRS-050) (8). The clinical safety and tolerability, clinical
responses, biomarker inhibition, and target engagement were con-
firmed. This particular anticalin displayed a terminal half-life of
6 d, and no antidrug antibody responses were observed for the
duration of the trial after repeated dosing (over 9 mo on therapy)
(8). These results support the utility of the anticalin drug platform
for broad therapeutic and diagnostic applications.
Molecular imaging has permitted the visualization of the organ

distribution of therapeutic antibodies by labeling them with
radionuclides, for example, with 89Zr, which has a half-life of
78.4 h (9–12). In previous studies, we developed the PET radio-
pharmaceuticals 89Zr-labeled bevacizumab to image vascular
endothelial growth factor and 89Zr-trastuzumab to image human epi-
dermal growth factor receptor 2 in tumors. We tested them successfully
preclinically and clinically, demonstrating the potential of clinical an-
tibody imaging using these tracers for tumor detection, treatment mon-
itoring, and drug distribution (9–12). To visualize in vivo MET expres-
sion and study the organ distribution of the anticalin, we generated
a radiolabeled version of the MET-targeting agent (89Zr-PRS-110)
and assessed its specific uptake in different human tumor xenograft
models. The potential application of anticalins as imaging agents
and the utility of radiolabeled PRS-110 are described herein.

MATERIALS AND METHODS

Cell Lines

Cell lines with different levels of MET expressions were used. The

human non–small cell lung cancer cell line H441 and human primary
glioblastoma U87-MG cell line express MET. A2780 is a human

ovarian cancer cell line without detectable MET expression. All cell
lines were obtained from American Type Culture Collection. MET

status of the cell lines was determined by flow cytometry analysis
using the monoclonal antihuman MET-fluorescein antibody (FAB3582F;

R&D Systems) (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). H441 and A2780 cells were cultured

in RPMI 1640 (Invitrogen), supplemented with 10% fetal calf serum
(Bodinco BV) and 2 mM L-glutamine (Invitrogen). U87-MG cells were

cultured in Dulbecco modified Eagle medium–high glucose (Invitrogen),
supplemented with 10% fetal calf serum in gelatin-coated culturing

flasks. All cell lines were grown at 37�C in a fully humidified atmosphere
containing 5% CO2.

Synthesis and Quality Control of Conjugated and

Radiolabeled Anticalins

PRS-110 (57 kDa; 3.8 mg/mL; Pieris AG), the MET-specific
anticalin containing a 40-kDa (2 · 20 kDa PEG; NOF) branched

PEG moiety (7), was allowed to react with deferoxamine-p-SCN
(Macrocyclics) and subsequently loaded with 89Zr in analogy to the

protocol described for antibodies by Vosjan et al. (13). The supple-
mental information provides details of the experiment.

89Zr-PRS-110 Internalization Assay

To determine internalization rates of 89Zr-PRS-110 after binding to
MET, an in vitro assay was performed. H441 cultured cells were

harvested with trypsin and washed and diluted in cold phosphate-
buffered saline containing 0.5% human serum albumin. This proce-

dure is analogous to the one used in flow cytometry and according to
flow cytometry results does not lead to strong release of MET from the

cell surface. Cells (5 · 106) were incubated on ice with 0.1 mg of 89Zr-
PRS-110 for 1.5 h. After cells were washed twice, medium was added

and cells then were incubated at 37�C to allow for internalization.
Internalized and membrane-bound 89Zr-PRS-110 were separated by

5-min incubation with 0.2 M glycine plus 4 M urea buffer (14). Sam-
ples of 89Zr-PRS-110 that was internalized, membrane-bound, or re-

leased in the medium were each measured in the g counter. The
experiment was performed in triplicate.

Animal Experiments: General

For subcutaneous tumor inoculation, cells were harvested by
trypsinization and suspended in medium. In vivo imaging and ex

vivo experiments were conducted using male nude BALB/c mice
(BALB/cOlaHSD-foxnnu) obtained from Harlan. For H441 xenografts,

mice were subcutaneously injected with 5 · 106 cells in 150 mL of
phosphate-buffered saline. U87-MG or A2780 xenograft models were

established by subcutaneous injection of 5 · 106 cells in 0.3 mL (1:1)
of medium and Matrigel (BD Biosciences). Tumor growth was fol-

lowed with caliper measurements. The tracer injection was performed
3 wk after inoculation for both H441 and U87-MG models and after 2

wk for A2780 xenograft models.

Biodistribution Study: Competition with Unlabeled PRS-110

A biodistribution study with 89Zr-PRS-110 was performed in H441

tumor–bearing mice to evaluate dose-dependent tumor uptake of 10
mg of 89Zr-PRS-110 (1 MBq) in the presence and absence of unla-

beled PRS-110. Four dose groups of a total of 10, 50, 100, and 500 mg
of PRS-110 (10 mg of 89Zr-PRS-110 per group) were included. Each

dose was administered to animals (n 5 4–6) via penile vein injection.
The tracer and the unlabeled dose were injected simultaneously. Ani-

mals were sacrificed 96 h after tracer injection for biodistribution
analysis. Samples and primed standards were counted for radioactivity

in the well-type g counter and corrected for physical decay. Ex vivo
tissue activity is expressed as percentage injected dose per gram of

tissue (%ID/g).

Small-Animal PET Imaging and Biodistribution in Different

Tumor Models

For small-animal PET imaging, mice bearing H441, U87-MG, or

A2780 tumors (n 5 4–6) were scanned at 6, 24, 48, and 96 h after
injection of 50 mg of 89Zr-PRS-110 (5 MBq). Fifty micrograms of
89Zr-PRS-110 could be labeled with 5 MBq of 89Zr, which was
the minimal amount of radioactivity necessary to obtain a sufficient

number of radioactive counts within the imaging time window of
around 1 h for in vivo imaging 96 h after tracer injection. After the

last scan, mice were sacrificed for biodistribution analysis. Average
tumor weight at the end of the experiment was 0.084 6 0.062 g

(H441), 0.580 6 0.230 g (U87-MG), and 0.894 6 0.408 g (A2780).
To discriminate between specific and nonspecific tumor uptake and

biodistribution, the same groups were studied using the negative
control radiotracer 89Zr-Tlc-PEG, at an amount of 50 mg of 89Zr-Tlc-

PEG (5 MBq).
Animals were imaged using a small-animal PET Focus 220 rodent

scanner (CTI Siemens). After image reconstruction, in vivo quantifi-
cation was performed with AMIDE Medical Image Data Examiner

software (version 0.9.1; Stanford University) (15). The data are pre-
sented as the mean standardized uptake value. For region-of-interest

measurements, tumor volumes were drawn on the basis of tumor
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weight measured ex vivo assuming a tissue density of 1 g/mL. For

organ tracer distribution quantification, a region of interest was drawn
in the representative area of the measured organs. For blood-pool

measurements, a representative area in the heart was selected.
The animal experiments were approved by the Institutional Animal

Care and Use Committee of the University of Groningen.

Ex Vivo Analysis

To assess tumor distribution of PRS-110 using a fluorescently

labeled tracer, mice bearing H441 tumors received 100 mg of PRS-
110–800CW. Mice were sacrificed 96 h after tracer injection, and

harvested tumors were paraffin-embedded for further analysis. Fluo-
rescence microscopy analysis of PRS-110 labeled with IRDye 800CW

together with Hoechst staining was determined in tumor sections as
described before (16).

Hematoxylin and eosin staining was performed routinely and used
to analyze tissue viability and morphology. MET immunohistochem-

istry was performed using antibodies detecting human MET
(#ab51067; Abcam). Photographs were acquired by digitalized scan-

ning of slides using the NanoZoomer 2.0-HT multislide scanner
(Hamamatsu), and the slides were analyzed using NanoZoomer Dig-

ital Pathology viewer software (Hamamatsu).

Statistical Analysis

Data are presented as mean 6 SD. The group size used for in vivo
studies was 4–6 animals per group. Statistical analyses were per-

formed using the Mann–Whitney test (GraphPad 5.00). A P value

of 0.05 or less was considered significant.

RESULTS

Synthesis and Quality Control of Conjugated and

Radiolabeled 89Zr-PRS-110
89Zr-PRS-110 was generated by chemical conjugation with

deferoxamine-p-SCN and subsequent loading with 89Zr, as de-
scribed in detail in the supplemental results. For products obtained
with different ratios of PRS-110 and deferoxamine-p-SCN, we
analyzed aggregation tendency and radiochemical purity by size-
exclusion high-performance liquid chromatography and a tri-
chloroacetic acid precipitation assay. The latter assay was also
used to assess the stable attachment of the radiolabel to the anti-
calins over time in 0.9% NaCl at 4�C and in human serum at 37�C.
PRS-110 labeled at a ratio of 1:5 or 1:10 allowed for a specific
activity of 100 MBq/mg at a radiochemical purity greater than 95%
without purification, while being stable for up to 1 wk in 0.9% NaCl
at 4�C and in human serum at 37�C. A nonbinding control tracer,
89Zr-Tlc-PEG, was generated in an analogous fashion.

89Zr-PRS-110 Internalization Assay

Internalization studies were performed with 89Zr-PRS-110 to
determine the fate of the tracer on binding to MET. In vitro anal-
ysis using MET-positive H441 cells (Supplemental Fig. 1) showed
that 89Zr-PRS-110 was rapidly internalized (Fig. 1). The internal-
ized fraction increased over the first 3 h of incubation and stabi-
lized thereafter up to 24 h. There is already a fraction of around
10% 89Zr-PRS-110 internalized at the start of the experiment,
which we attributed to rapid uptake during handling of the cells.
Cell surface–bound 89Zr-PRS-110 decreased concomitantly dur-
ing this period. The radioactivity in the supernatant was relatively
constant over the course of the experiment. The presence of free
89Zr-PRS-110 in the supernatant could have different causes, such
as a saturation of MET at the cell surface or MET receptor shed
from the cells, which can bind free 89Zr-PRS-110. Also, at the
nanomolar concentration of 89Zr-PRS-110 used in this experiment,

a fraction of 89Zr-PRS-110 is expected to be not bound to its target
at binding equilibrium.

Biodistribution Study: Competition with Unlabeled PRS-110

To assess the biodistribution of 89Zr-PRS-110 in tumor-bearing
mice, we injected 10 mg of 89Zr-PRS-110 into mice bearing H441
xenografts and determined the uptake of the tracer in different
organs 96 h after injection. This time point was chosen on the
basis of experience with 89Zr-antibody imaging, for which the
optimal time for imaging was 72–144 h after antibody tracer in-
jection (9,11). Three additional groups were investigated, for
which 10 mg of 89Zr-PRS-110 was mixed with additional unla-
beled PRS-110 to reach the final total doses of 50, 100, and 500
mg. The highest fractional tumor uptake was observed in the 10-
mg dose group (Fig. 2). The %ID/g tumor uptake decreased with

FIGURE 1. Membrane binding and internalization of 89Zr-PRS-110 af-

ter binding MET on H441 cells. Cell surface (acid buffer), intracellular,

and supernatant fraction radioactivity, expressed as percentage of total

activity. Data were obtained in 3 independent experiments.

89ZR-LABELED ANTICALIN TARGETING MET • Terwisscha van Scheltinga et al. 667



increasing doses of unlabeled PRS-110, from 7.5 6 3.4 %ID/g at
10 mg, 5.9 6 1.1 %ID/g at 50 mg, and 4.9 6 0.5 %ID/g at 100 mg
to 2.9 6 0.9 %ID/g at 500 mg. Although the difference in tumor
uptake after injection of the 3 lower doses was not statistically
significant, the overall trend was consistent with the interpretation
that increasing doses of unlabeled PRS-110 lead to saturation of
the tumor and to specific blockade of 89Zr-PRS-110 uptake and
that tumor uptake was therefore MET-driven. The uptake in the
spleen, but also in the lung, liver, and kidney, was increased in the
doses exceeding 10 mg. Although there was no visible dose de-
pendency, the data are consistent with increased nonspecific ex-
posure to 89Zr-PRS-110 when the tumor was saturated.

Small-Animal PET Imaging and Biodistribution in Different

Tumor Models

To assess whether 89Zr-PRS-110 facilitates PET imaging of
MET-positive tumors in vivo, small-animal PET imaging was per-
formed in subcutaneously xenografted mice. In this experiment,
mice bearing strongly (H441) and weakly MET-positive xeno-
grafts (U87-MG) were investigated, with non–MET-expressing
xenografts (A2780) used as a negative control. The expected rel-
ative expression of MET in the cell lines was corroborated by flow
cytometry (Supplemental Fig. 1) and by immunohistochemistry of
ex vivo xenografts (Fig. 3). Because nonspecific tumor uptake is
known to be strongly dependent on the tumor model (17), we also
used a negative control for the tracer molecule, the non–MET-
binding 89Zr-Tlc-PEG. Although the biodistribution experiment
performed with different total PRS-110 concentrations showed
signs of saturation already at the 50-mg dose, imaging experiments
were performed with 50 mg of 89Zr-PRS-110 and 89Zr-Tlc-PEG.
With this dose, sufficient radioactivity could be injected to obtain
high-quality images up to the latest time point investigated, 96 h.
After PET scanning, mice were sacrificed for ex vivo biodistribu-
tion analysis.
Figure 4A shows a representative image time series of a xeno-

graft mouse bearing a H441 tumor, which was injected with 50 mg
of 89Zr-PRS-110. Averaged quantitative small-animal PET data
for the group of 5 mice studied for the blood pool, liver, spleen,
kidney, and tumor uptake are provided in Figure 4B. The data
reveal a strong tumor-specific uptake of 89Zr-PRS-110, which
increases between 6 and 24 h (P , 0.05), with sufficient contrast

to allow clear imaging of the tumor. There
was no significant difference in tumor up-
take between 24, 48, and 96 h after tracer
injection, whereas blood-pool activity de-
creased between all measured time points
(P , 0.05). After 24 h, nontarget tissue up-
take also decreased, resulting in increased
tumor-to-organ ratios at 96 h after tracer in-
jection.
Figure 5 provides a comprehensive over-

view of the experiments at 96 h after in-
jection of 89Zr-PRS-110 and the control
89Zr-Tlc-PEG as tracer molecules, performed
with different tumor xenograft models.
Background nonspecific tumor uptake of
89Zr-Tlc-PEG could be seen in all tumor
models. However, the PET imaging data
for the H441 xenografts (Fig. 5A) show a sig-
nificantly higher uptake in the 89Zr-PRS-110
group versus the 89Zr-Tlc-PEG group, in

line with the ex vivo biodistribution data (5.9 vs. 3.9 %ID/g). In
the U87-MG tumor model, both PET imaging and ex vivo biodis-
tribution data show that the difference between the 89Zr-PRS-110
group and the 89Zr-Tlc-PEG group was much less pronounced
(1.8 vs. 1.2 %ID/g) but still statistically significant (P , 0.05).
In the A2780 (MET-negative) model, both 89Zr-PRS-110 and
89Zr-Tlc-PEG are taken up to a similar extent, with ex vivo data
showing that the 89Zr-PRS-110 uptake was lower than that of the
control 89Zr-Tlc-PEG group (1.7 vs. 2.5 %ID/g; not significant).
Maximum-intensity projections of the 89Zr-PRS-110 tracer distribu-
tion are shown in Supplemental Figure 3. Overall, there is a signif-
icant correlation between ex vivo biodistribution and small-animal
PET data quantification (R2 5 0,812; P , 0.05), indicating the
similarity between both measurements of tracer distribution and
the validity of the results. This correlation is in agreement with
previous results using 89Zr-radiolabeled bevacizumab (18). Apart
from tumor uptake, the uptake of 89Zr-PRS-110 and 89Zr-Tlc-
PEG in various organs was comparable (Supplemental Table 2),
with the exception of lung uptake: 89Zr-PRS-110 uptake was higher
than 89Zr-Tlc-PEG uptake in the MET-positive H441 (5.8 vs. 2.0 %

FIGURE 2. Biodistribution of 89Zr-PRS-110 at 96 h as determined by ex vivo analysis. Four dose

groups of 10, 50, 100, and 500 μg of PRS-110 (with 10 μg of 89Zr-PRS-110 per group) were

included in dose-escalation biodistribution in H441 human tumor–bearing mice (4–6 mice per

group). Data are expressed as %ID/g.

FIGURE 3. Ex vivo tumor analysis of PRS-110 distribution 96 h after

tracer injection in H441 tumor visualized by fluorescence microscopy.

Green is from IRDye 800CW conjugated to PRS-110, and nuclei (in red)

are visualized. In background, tumor structure is visible. MET status of

H441, U87-MG, and A2780 was determined by immunohistochemistry,

and representative picture is included.
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ID/g; P , 0.05) and U87-MG (4.0 vs. 1.7 %ID/g; P , 0.05)
xenografts, whereas it was similar in the MET-negative A2870
xenograft (1.4 vs. 1.9 %ID/g).

Ex Vivo Analysis

To assess whether the differential MET expression of the
individual tumor cell lines used translates to the xenografted
tumors, we performed immunohistochemistry of tumor sections.
In agreement with flow cytometry results (Supplemental Fig. 1),

xenografts from the small-animal PET
imaging studies revealed stronger expres-
sion in H441 cells than U87-MG cells,
with no detectable expression in A2780
tumors (Fig. 3). To assess intracellular up-
take of PRS-110 in H441 xenograft
tumors, we performed a biodistribution ex-
periment with PRS-110 labeled with the
fluorescent IRDye 800CW. Fluorescence
microscopy analysis of tumor slices
revealed a heterogeneous fluorescence sig-
nal of PRS-110 labeled with IRDye
800CW, which was visible both intracellu-
larly and at the cell surface (Fig. 3).

DISCUSSION

In this study, we present a new type of
molecularly targeted radiopharmaceutical,
a 89Zr-labeled anticalin. The development
and quality control of 89Zr-PRS-110 pro-
vided results similar to those previously
seen for 89Zr labeling of non-anti-MET
antibodies (19), underscoring the compati-
bility of anticalins with standard labeling
protocols and facilitating their application
as radiotracers.
To characterize the suitability of 89Zr-

PRS-110 as an imaging agent, we first used
a radioactive internalization assay. Inter-
nalization is a prerequisite for the delivery
and accumulation of the residualizing ra-
diolabel 89Zr within the cells. We found

that the tracer is taken up by MET-positive tumor (H441) cells
in vitro, despite 89Zr-PRS-110 being a monomeric and therefore
non-MET-receptor–activating binder. Similar recent experiments
using fluorescently labeled PRS-110 and flow cytometry are in
line with this result (7).
We then performed biodistribution and small-animal PET

imaging experiments in xenograft mice bearing MET-positive
and MET-negative tumors. As a control for 89Zr-PRS-110 speci-
ficity, tumor uptake was also assessed with 89Zr-Tlc-PEG, which

does not bind to MET but is otherwise
similar to PRS-110. In MET-expressing tu-
mor models H441 and U87-MG, we found
tumor uptake to be significantly higher for
89Zr-PRS-110 than for the nontargeted
control 89Zr-Tlc-PEG. The MET-negative
A2780 tumors led to a lower uptake (not
significant) of 89Zr-PRS-110 than 89Zr-Tlc-
PEG, confirming that 89Zr-PRS-110 uptake
in the MET-positive tumor xenografts was
MET-driven. The difference between spe-
cific and nonspecific uptake was higher in
H441 cells (2.0 %ID/g) than U87-MG cells
(0.6 %ID/g), as shown by both biodistribu-
tion and imaging results. This difference
agrees with the MET status of the tumor
cell lines used and indicates that 89Zr-PRS-
110 is capable of reporting on the relative
MET status of imaged tumors. Further ev-

FIGURE 4. 89Zr-PRS-110 small-animal PET imaging of H441-bearing mice. (A) Representative

transversal and coronal small-animal PET images are shown at 6, 24, 48, and 96 h after tracer

injection. (B) Small-animal PET data quantification was performed for blood pool, liver, spleen,

kidney, and tumor uptake in all mice (4–6 mice per group). Data are expressed as mean stan-

dardized uptake value (SUVmean).

FIGURE 5. 89Zr-PRS-110 small-animal PET imaging of H441- (A), U87-MG- (B), and A2780-

bearing mice (C). Representative transversal and coronal small-animal PET images are shown in

the upper panel at 96 h after tracer injection of 89Zr-PRS-110 for MET-driven tumor uptake and
89Zr-Tlc-PEG for nonspecific tumor uptake. Ex vivo tumor uptake of 89Zr-PRS-110 and 89Zr-Tlc-

PEG is shown in the lower panel. To compare specific tumor uptake between tumor models,

tumor-to-blood ratios are provided (4–6 mice per group).
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idence for MET dependence was provided by the PRS-110 con-
centration dependence of H441 tumor uptake of 89Zr-PRS-110. An
excess of PRS-110 reduced the tumor uptake by a factor of 2.6
because of saturation of the MET receptor. In the case of MET-
driven tumor uptake, one would expect a similar result for 89Zr-
PRS-110 at tumor-saturating amounts of total PRS-110, compared
with the negative control 89Zr-Tlc-PEG in the same tumor model;
this is indeed the case. In the initial biodistribution experiment, the
tumor uptake of 10 mg of 89Zr-PRS-110 in the presence of 490 mg
of unlabeled PRS-110 was 2.93 6 0.89 %ID/g, whereas 50 mg of
89Zr-Tlc-PEG in the same tumor model led to a tumor uptake of
3.90 6 0.84 %ID/g. In the MET-positive H441 and U87-MG
tumors, we found uptake of 89Zr-PRS-110 in the lung, which
occurred neither in the MET-negative A2780 tumor with 89Zr-
PRS-110 nor in any of the 3 xenografts with the negative control
89Zr-Tlc-PEG. The lack of uptake in the absence of MET and for
the nonbinding control suggests a MET-driven mechanism of up-
take in the lung (possibly metastasis), which warrants further in-
vestigation.
Imaging of H441 tumor–bearing mice revealed that tumor up-

take was near its maximum 24 h after tracer injection and
remained nearly constant up to 96 h. In agreement with the
half-life of PRS-110 in mice (30 h) (7), the nonspecific activity
in the blood and other organs decreased over time, leading to
further increasing tumor-to-organ ratios. This increase of tumor-
to-organ ratios indicates internalization and retention of the accu-
mulated 89Zr in the tumor in vivo, in line with our in vitro studies.
Intracellular uptake in vivo was further confirmed by a biodistri-
bution experiment using fluorescently labeled PRS-110 and ex
vivo fluorescence microscopy analysis of paraffin-embedded tu-
mor slices.
For this new radiopharmaceutical, the optimal time point for

clinical imaging will need to be determined in a phase I clinical
imaging study. On the basis of the current preclinical findings, it is
anticipated that the optimal time point for tumor imaging in
a clinical setting may be within 48–96 h after tracer injection. This
assumption is based on experiences with antibody imaging of
89Zr-bevacizumab and 89Zr-trastuzumab, for which the optimal
time point of scanning in preclinical models—between 72 and
144 h (9,11)—translates to optimal clinical antibody imaging 96
h after tracer injection (10,12). 89Zr-PRS-110 may therefore allow
earlier imaging than conventional antibodies. Further studies are
warranted to clarify the optimal balance between tracer half-life,
radioactive PET isotope half-life, and imaging capability, which
could exploit the straightforward tuning of the half-life of PRS-
110 via a changed PEG moiety.
The preclinical evaluation of the radiolabeled MET anticalin,

89Zr-PRS-110, shows that it can be used for noninvasive PET
imaging to determine MET status in vivo and to monitor tumor-
to-organ distribution of PRS-110. However, nonspecific uptake of
89Zr-PRS-110 in MET-negative tumors, and of 89Zr-Tlc-PEG in
MET-positive tumors, was observed. This effect is also evident for
antibody-based imaging molecules (9,11,17) and is generally con-
sidered to be caused by the enhanced permeability and retention
effect (17). The clinical application of 89Zr-PRS-110 will there-
fore require a protocol suitable for correction of nonspecific up-
take. In analogy to the blocking experiment described in the pres-
ent work, this correction could be enabled by imaging before
and during treatment with the nonlabeled drug, an approach
we are currently investigating in clinical imaging trials with
antibody-based tracers (clinicaltrials.gov ID NCT01482377 and

NCT01832116). In the clinical setting, tumor signals of 89Zr-
PRS-110 may be influenced by HGF produced by paracrine or
autocrine routes due to competition of HGF and PRS-110 for their
target, MET. In the current preclinical study, PRS-110 was com-
peting only with human HGF produced by human tumor cells for
the binding to MET because murine HGF does not cross-react
with human MET (20). However, we still expect significant spe-
cific uptake, because PRS-110 has higher affinity for MET than
HGF (7,21,22).
Previous preclinical studies have also assessed MET-targeted

imaging agents and demonstrated potential utility. With SPECT
imaging, human U87-MG tumor–bearing mice could be visualized
with 125I-labeled MET-binding peptides (23). Moreover, 125I-la-
beled Met3 and Met5 antibodies were tested in a panel of human
and canine cancer xenografts and showed qualitatively similar
SPECT images in mice (24). These tumor visualization results
became more explicit using the residualizing (intracellularly
retained) radionuclide 89Zr for PET imaging. PET imaging experi-
ments with the monoclonal antibody DN30, labeled with 89Zr or
124I, showed that 89Zr-DN30 tumor uptake was much higher than
iodine-labeled DN30 in GLT-16 and FaDu xenograft models, in-
dicating internalization of DN30 and residualization of 89Zr (25).
Onartuzumab (MetMAb), a one-armed antibody with ligand-
dependent activity, labeled with 76Br or 89Zr (76Br-MetMAb and
89Zr-Df-MetMAb) showed specific uptake and slow clearance of
both tracers in imaging and biodistribution studies in tumor xen-
ografts (19). As observed with other antibodies, maximal tumor
accumulation took up to 120 h for 89Zr-Df-MetMAb.

89Zr-Df-MetMAb and 89Zr-PRS-110 share the advantage of be-
ing monovalent and non–MET-activating radiotracers. We can
compare the utility of both molecules in imaging using the biodis-
tribution data obtained for the highly MET-expressing tumors used
in both studies (MKN-45 vs. H441). With 89Zr-PRS-110, the abso-
lute tumor uptake (7.5 %ID/g) at 96 h after 10 mg of tracer injection
was significantly lower than for 89Zr-Df-MetMAb (;19 %ID/g).
However, the ratios of tumor to blood (4.4 vs. ;3), tumor to liver
(2.5 vs. ;3), and tumor to muscle (29:1 vs. 27:1, the latter at 5 d
after injection) were comparable for PRS-110 and labeled Met-
MAb. The relative nonspecific uptake—as determined in a blocking
experiment—was higher for 89Zr-PRS-110 than 89Zr-Df-MetMAb
(39% vs. 26%) but still in a comparable range. Although a direct
comparison is complicated by the different tumor models used and
a variation in techniques, the data indicate a similar performance
of 89Zr-PRS-110 and 89Zr-Df-MetMAb in highly MET-positive
xenografts.
Multiple drug-development programs are focused on targeting

the HGF–MET pathway in human cancer. Currently, several MET-
focused trials are stratifying patients based on immunohistochem-
istry (26,27), which has proven useful for onartuzumab. In a ran-
domized phase II study assessing the combination of onartuzumab
with erlotinib, progression-free survival and overall survival im-
proved in non–small cell lung cancer patients with tumors over-
expressing MET (based on immunohistochemistry) (26). A major
drawback of immunohistochemistry is the fact that tumor tissue is
required, and the information provided is limited to the biopsied
part of the tumor lesions analyzed. The plasticity of MET expres-
sion, potential heterogeneity at different tumor sites, and subjec-
tive nature of immunohistochemistry scoring further supports the
notion that an imaging agent capable of real-time MET monitor-
ing may be a useful tool (28,29). To select patients up front, stratify
patient populations, and inform dosing regimens, molecular imaging
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with MET-targeting tracers could give information of whole-body
MET status in all lesions. The evaluation of 89Zr-PRS-110 pre-
sented in this work indicates that it is feasible to assess MET status
of the tumor, with a correlation between-signal intensity and re-
ceptor expression. Therefore, molecular imaging with 89Zr-PRS-
110 could support the selection of patients for MET-targeting
drugs and inform treatment decisions in the future.

CONCLUSION

In different preclinical models, 89Zr-PRS-110 small-animal PET
was shown to image and inform about in vivo MET tumor status.
89Zr-PRS-110 is a novel radiopharmaceutical that has potential util-
ity in the selection and monitoring of patients for MET therapy.
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