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Abstract

Purpose: Met, an oncogene product and receptor tyrosine kinase, is a keystone molecule for
malignant progression in solid human tumors. We are developing Met-directed imaging and
therapeutic agents, including anti-Met monoclonal antibodies (MetSeekTM). In this study, we
compared two antibodies, Met5 and Met3, for nuclear imaging of human and canine Metexpressing tumor xenografts in nude mice.
Experimental Design: Xenografts representing cancers of three different human tissue origins
and metastatic canine prostate cancer were raised s.c. in host athymic nude mice. Animals
were injected i.v. with I-125-Met5 or I-125-Met3, posterior total body gamma camera images
were acquired for several days postinjection, and quantitative region-of-interest activity
analysis was done.
Results: PC-3, SK-LMS-1/HGF, and CNE-2 xenografts imaged with I-125-Met5 were compared
with PC-3, SK-LMS-1/HGF, and DU145 xenografts imaged with I-125-Met3. Nuclear imaging
contrast was qualitatively similar for I-125-Met5 and I-125-Met3 in PC-3 and SK-LMS-1/HGF host
mice. However, by region-of-interest analysis, the set of human tumors imaged with I-125-Met3
exhibited a pattern of rapid initial tumor uptake followed by a continuous decline in activity, whereas the set of human tumors imaged with I-125-Met5 showed slow initial uptake, peak tumorassociated activity at 1 day postinjection, and persistence of activity in xenografts for at least 5
days. GN4 canine prostate cancer xenografts were readily imaged with I-125-Met5.
Conclusions: We conclude that radioiodinated Met3 and Met5 offer qualitatively similar nuclear
images in xenograft-bearing mice, but quantitative considerations indicate that Met5 might be
more useful for radioimmunotherapy. Moreover, canine prostate cancer seems to be a suitable
model for second-stage preclinical evaluation of Met5.

Met, a receptor tyrosine kinase and oncogene product, is a
keystone molecule for the initiation and malignant progression
of solid neoplasms in humans and in experimental animal
models of cancer (1). The myriad sequelae of Met activation,
either following interaction with its native ligand hepatocyte
growth factor/scatter factor (HGF/SF), with surrogate ligands
(2, 3), or through ligand-independent pathways, include cell
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proliferation, migration, differentiation, and survival. In
normal cells, these events are responsible for such phenomena
as the epithelial-to-mesenchymal transformation responsible
for limb muscle and diaphragm formation, and the formation
of ductular glands. In neoplastic cells, these events are
recapitulated as tumor formation, invasion, metastasis, and
the prevention of apoptosis. Indeed, the plasticity involved in
the initial seeding and subsequent growth of tumor metastases—which requires switching cells from an invasive to a
proliferative state—can be accounted for in some experimental
systems by ligand-dependent activation of Met (4).
Virtually any type of solid tumor can express Met and/or its
ligand abnormally (by overabundance, mutation, or dysregulation; see online Table 1 in ref. 1), http://www.vai.org/vari/
metandcancer/index.aspx). The prevalence of abnormal Met
expression is typically higher in metastases than in primary
lesions, and is associated with poor clinical prognosis. In fact,
some highly aggressive human cancers (glioblastoma multiforme, osteosarcoma, and osseous metastases of prostate
cancer) reportedly always exhibit abnormal Met expression.
We have proposed that Met should be exploited as a clinical
marker for distinguishing those cancers most likely to behave
aggressively from less-threatening ones (5).
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Our laboratories are collaboratively developing Met-directed
agents for diagnostic and therapeutic applications, including
monoclonal antibodies (mAb) that interfere with the binding
of HGF/SF to Met (6), geldanamycins (7), RNA interference (8),
and mAbs that recognize the extracellular domain of Met (8).
We have been evaluating the last category, designated
‘‘MetSeekTM’’, for its potential usefulness in radioimmunoscintigraphy and possibly radioimmunotherapy (9 – 12). Our
previous reports have shown that Met3 (also known as 2F6, a
mAb that recognizes a human-specific epitope of Met), either
alone or in combination with a neutralizing mixture of antiHGF/SF mAbs, can be radiolabeled and used to image a variety
of autocrine and paracrine Met-expressing human tumor
xenografts in nude mice with high specificity and with a signal
proportional to Met abundance in the respective parental cell
lines (9, 10).
In this article, we summarize our experience performing
preclinical radioimmunoscintigraphy with Met5 (a mAb that
recognizes an epitope common to the extracellular domains of
human and canine Met), comment on potential advantages of
Met5 over Met3, and propose further preclinical evaluation of Met5.

Materials and Methods
Reagents. I-125 was purchased as NaI [480-630 MBq (13-17 mCi)/
Ag iodine] from Amersham Corp. (Arlington Heights, IL). All other
reagents were of the best commercial grade available.
Cell lines and tumor induction. All parental cell lines used for
xenograft induction were maintained in DMEM containing 10% fetal
bovine serum. Data are presented here for xenografts derived from the
stable lines SK-LMS-1/HGF (human leiomyosarcoma cell line autocrine for human Met and human HGF/SF; refs. 10, 13), PC-3 and
DU145 (paracrine Met-expressing human prostate carcinoma cell
lines; refs. 8, 10, 14), CNE-2 (poorly differentiated paracrine Metexpressing human nasopharyngeal carcinoma cell line; ref. 15), and
GN4 (Met-expressing canine prostate cancer cell line established from
pulmonary metastasis; ref. 16).
Female athymic nude (nu/nu) mice at about 6 weeks of age received
s.c. injections of parental cell line suspensions in the posterior aspect of
their right thighs. Each mouse received between 2  105 and 5  105
cells. Tumors developed for 2 to 6 weeks, reaching >0.5 cm in greatest
dimension by external caliper measurement before imaging. Mice were
housed in small groups and given ad libitum access to mouse chow and
drinking water under conditions approved by the institutional animal
care committees.
Preparation and characterization of monoclonal antibodies. A panel
of full-length murine mAbs against the extracellular domain of human
Met was produced and screened for reactivity as previously described
(9). Antibodies from clone 2F6 were subsequently designated ‘‘Met3’’
(10). The mAb Met5 was produced and screened concurrently with
Met3. Met3 recognizes an epitope present on human but not canine
Met, whereas Met5 recognizes an epitope common to the extracellular
domains of human and canine Met. The irrelevant, negative-control
mAb LF7 was raised against the purified lethal factor subunit of
Bacillus anthracis lethal toxin. Met3 is of antibody type IgG2b, Met5 of
type IgG1, and LF7 of type IgG1.
For nuclear imaging experiments, IgG fractions were purified from
Met5, Met3, and LF7 hybridoma cell line supernatant fractions by
protein G affinity chromatography and adjusted to a final concentration
of 2 mg/mL in 0.25 mol/L sodium phosphate buffer (pH 6.8-7.0). The
purified IgG fractions were stored frozen in small aliquots (25-50 Ag)
and thawed just prior to radioiodination.
Radioiodination and injection of monoclonal antibodies. Met5, Met3,
and LF7 were radioiodinated by the procedure described previously (9).
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Briefly, to 25 Ag of mAb in 0.1 mL of 0.25 mol/L sodium phosphate
(pH 6.8) was added 74 MBq (2.0 mCi; 0.02 mL) of I-125 as sodium
iodide and 20 nmol (0.01 mL) of chloramine T. The reactants were
mixed and agitated gently for 90 seconds at room temperature. The
reaction was quenched by the addition of 42 nmol (0.02 mL) of
sodium metabisulfite. I-125-mAb was separated from nonreacted I-125
by ion exchange on a small column of Bio-Rad (Hercules, CA) AG 1 X8
resin (50-100 mesh).
Radiolabeling efficiency was determined in a Beckman Gamma 8000
counter, and the proportion of protein-bound I-125 in the final product
was assessed by chromatography on ITLC-SG strips (Pall Corp., East
Hills, NY) developed in 80% aqueous methanol. Assuming complete
recovery of mAb from the labeling mixture, radiolabeling efficiency was
>60%, and protein-bound radioactivity accounted for >90% of total
activity in the final product.
To minimize loss of immunoreactivity or binding affinity resulting
from radioiodination, we employ chloramine T reaction conditions
that bind only one atom of radioiodine per molecule of protein;
store radioiodinated protein at 4jC until use; and inject radiolabeled
proteins into animals within 24 hours of labeling. Although we have
no direct in vitro measurements of immunoreactivity or binding
affinity of I-125-MetSeek, preliminary studies using a novel radiometallabeled Met3 immunoconjugate that exhibits preserved immunoreactivity in vitro yield scintigrams comparable to those generated
with I-125-Met3,5 indicating that the method of radioiodination
used here does not significantly alter the binding characteristics of
MetSeek mAbs.
Imaging procedures and analysis. Animals were imaged and
scintigrams were analyzed by previously established methods (9, 10,
17, 18). In brief, each mouse received I-125-labeled Met5, Met3, or
LF7, 50 to 100 ACi (1.8-3.7 MBq), representing 1.2 to 2.5 Ag of
protein, in f50 AL i.v. by tail vein injection under light inhalation
anesthesia. Just prior to each imaging session, each mouse was given
up to 13 mg/kg xylazine and 87 mg/kg ketamine s.c. in the
interscapular region.
Posterior whole-body gamma camera images of each mouse were
acquired beginning at 1 to 2 hours following I-125-labeled mAb
injection and again at 1, 3, and 5 to 7 days postinjection. Sedated mice
were placed singly or in pairs on top of an inverted camera head with a
protective layer over the collimator, and taped to the layer to maintain
optimum limb extension. Images of I-125 activity were acquired on a
Siemens LEM Plus mobile camera with a low-energy, high-sensitivity
collimator. Acquisitions were obtained over a period of 15 minutes,
during which we collected between 2  105 and 3  106 counts per
total body image.
Relative activity was determined by computer-assisted region-ofinterest analysis for each tumor, for total body, and for appropriate
background regions at each imaging time point. Regional counts are
converted to activity (in microcuries) by interpolation, using a standard
curve generated by imaging diluted samples of known activity under
similar geometry for the particular camera, radionuclide, and acquisition settings employed for the animal imaging protocol. In order to
compensate for the potentially high variability (F10%) in the small
injectate volumes used for these experiments, we assume that the total
body activity measured for an individual host mouse at the earliest
imaging time point (1-2 hours postinjection, when total body clearance
of full-length mAbs is still negligible) more closely approximates the
actual injected activity received by that mouse than does the ‘‘nominal
injected activity’’ attributed to a presumed injectate volume. We
designate this variable ‘‘estimated injected activity,’’ and therefore set
total body activity at the earliest imaging time point = 100% estimated
injected activity. All region-of-interest counting values for tumorassociated radioactivity are corrected for background and physical
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decay, normalized to this variable for each individual host mouse, and
expressed as ‘‘the percentage of estimated injected activity.’’ Graphical
and statistical analysis of the converted data used the program Excel
(Microsoft).

Results
Figure 1 shows serial total body gamma camera images of
individual mice bearing Met-expressing human cancer xenografts from diverse tissue origins, between 1 hour and 5 days
following i.v. injection of I-125-Met5. Asymmetrical distribution of hind limb activity is suggested in the PC-3 and CNE-2
xenograft hosts at the earliest imaging session, with focal
accumulation evident at 1 hour postinjection only in the SKLMS-1/HGF host. Tumor-associated radioactivity as a function
of total body activity is prominent in all three xenograft hosts
by 1 day postinjection, and activity in the tumors persists
through the final imaging session. In qualitative terms, these
scintigrams are comparable to those we previously obtained
with I-125-Met3 (see Fig. 3 of ref. 10), and superimposable
plots of ‘‘image contrast’’ (expressed as tumor/total body
activity ratios over time) for I-125-Met3 and I-125-Met5 were
obtained for both SK-LMS-1/HGF hosts (highest ratio 0.146 F
0.097 for Met5 versus 0.168 F 0.076 for Met3; see Fig. 5 of
ref. 10) and PC-3 hosts (highest ratio 0.086 F 0.043 for Met5
versus 0.101 F 0.045 for Met3).
Figure 2 shows graphical results of quantitative image regionof-interest analysis, expressed as the percentage of estimated
injected activity associated with xenografts of differing tissue

origin as a function of time postinjection. As we previously
reported (10), each xenograft host group injected with I-125Met3 (open symbols) exhibited the highest mean value for this
function at the earliest imaging session, with respective values
of 7.2 F 2.2%, and 5.4 F 2.6% of the estimated injected
activity for SK-LMS-1/HGF and PC-3 (these two plots are
reproduced from ref. 9), and declined continuously thereafter.
The time-activity plots for xenograft-associated activity in
DU145 hosts and PC-3 hosts injected with I-125-Met3 were
superimposable.
In comparison, by region-of-interest analysis, each host
group injected with I-125-Met5 (Fig. 2, solid symbols)
exhibited the highest mean value for percentage of estimated
injected activity associated with xenografts at 1 day postinjection, with respective values of 7.5 F 3.4%, 13.3 F 7.6%, and
12.3 F 4.3% of the estimated injected activity for PC-3, SKLMS-1/HGF, and CNE-2, and with activity persisting in the
xenografts at 6% to 10% of estimated injected activity through
the final imaging session.
For hosts injected with the irrelevant antibody I-125-LF7
(plotted with asterisks), mean activity in SK-LMS-1/HGF
xenografts accounted for <3% of estimated injected activity
and <4% of total body activity at any time postinjection.
In order to reinforce our empirical basis for conducting
second-stage preclinical evaluation of new Met-directed diagnostic and therapeutic agents in dogs with spontaneous cancers
(see Discussion), we have used Met5 to image mice bearing
tumor xenografts derived from previously established canine
prostate cancer cell lines (16). Figure 3 displays serial I-125-Met5

Fig. 1. Met5 scintigrams of mice bearing human tumor
xenografts. The indicated Met-expressing human
cancer cell lines were injected s.c. in the posterior
aspect of the right thighs of female athymic nude mice
to induce xenografts. Host animals underwent
radioimmunoscintigraphy with I-125-Met5 (50-100
ACi given i.v.) when their tumors reached >0.5 cm in
greatest dimension. A composite of serial posterior
whole body scintigrams for individual animals bearing
tumors as indicated on the left is shown, from 1hour to
5 days postinjection. The craniadmost focus of activity
in 1- to 5-day postinjection images represents
liberated radioiodide uptake by the thyroid.
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prostate cancer cells (16), which are very sensitive to smallinterfering RNA constructs that target Met (8), exhibit a similar
pattern and magnitude of I-125-Met5 uptake and retention
(data not shown).
Animals injected with I-125-Met3 as a negative control agent
showed a value of 11.0 F 8.6% estimated injected activity in
tumors at 1 day postinjection; however, we consider this an
unreliable measurement, given its disproportionately high SD
compared with the other data points. Calculated Met5/Met3
activity ratios in GN4 tumors were 2.8 and 2.9, respectively, at 3
and 5 days postinjection.

Discussion

Fig. 2. Region-of-interest analysis of Met5 and Met3 scintigrams. Serial
scintigrams for each host animal were evaluated by quantitative region-of-interest
analysis. The graph depicts the percentage of estimated injected activity associated
with the tumor xenografts as a function of time postinjection. Mean values
(F 1SD) are shown at each time point postinjection for each xenograft host group
(n = 3-5 animals/group). Solid symbols, host groups injected with I-125-Met5;
open symbols, host groups injected with I-125-Met3; asterisks, SK-LMS-1/HGF
host group injected with the irrelevant antibody I-125-LF7. The plots for PC-3 and
SK-LMS-1/HGF host groups injected with I-125-Met3 are reproduced from
Hay et al. (9).

scintigrams obtained from a single mouse bearing a GN4
xenograft, which exhibit a qualitative pattern similar to that
seen with the CNE-2 host in Fig. 1.
Figure 4 displays the results of region-of-interest analysis of
scintigrams obtained from GN4 host mice injected with either
I-125-Met5 (which recognizes an epitope common to human
and canine Met) or I-125-Met3 (which recognizes human but
not canine Met). Just as we observed with Met-expressing
human tumor xenografts imaged with Met5 (Fig. 2), the GN4
host group injected with I-125-Met5 exhibited the highest
mean value for percentage of estimated injected activity
associated with tumors at 1 day postinjection, reaching 16.8
F 4.8% of the estimated injected activity. By visual analysis,
image contrast increased during the experiment; and by regionof-interest analysis, GN4-associated radioactivity following
injection of host mice with I-125-Met5 accounted for mean
values of 19.6%, 22.1%, and 24.2% of total body activity,
respectively, at 1, 3, and 5 days postinjection. Preliminary
results suggest that xenografts derived from TR6LM canine

With this and our previous reports (9, 10), we have
established that two full-length murine anti-Met mAbs
(MetSeekTM), designated Met5 and Met3, are useful for
preclinical radioimmunoscintigraphy of human tumor xenografts. Radioiodinated Met5 and Met3 generate qualitatively
comparable nuclear images in this mouse model, with nearly
identical peak image contrast observed in two tumor types
(cf. Fig. 1 of this article and of ref. 9). However, by
quantitative region-of-interest analysis, the time-activity curves
of tumor activity exhibit two distinct patterns (Fig. 2). A
‘‘Met3’’ pattern is characterized by rapid initial tumor uptake
of radiolabeled anti-Met mAb and followed by continuous
decline of activity, so that the greatest fraction of injected
activity is found in the tumors at the earliest imaging
time point, typically 1 to 2 hours postinjection. A ‘‘Met5’’
pattern, in contrast, is characterized by slow initial tumor
uptake of anti-Met mAb, peaking at 1 day postinjection and
followed by the persistence of tumor-associated radioactivity
for several days.
How these detailed quantitative differences are manifested
at the molecular level (e.g., Met receptor turnover, surface
availability) is not known. Regardless of its molecular basis,
the difference between Met3 and Met5 patterns of mAb
uptake and retention in vivo carries potentially important
clinical implications: Because radiation exposure of a tumor
is related to the integral of the time-activity curve, as a first
approximation Met5 would seem to be more effective than
Met3 for radioimmunotherapy, whereas Met3 might permit a
more rapid diagnostic imaging protocol with lower patient
exposure risk.

Fig. 3. Serial Met5 scintigrams of a mouse bearing a
GN4 canine prostate cancer xenograft. GN4 cells
were injected s.c. in the posterior aspect of the right
thighs of five female athymic nude mice to induce
tumor xenografts. Host animals underwent
radioimmunoscintigraphy with I-125-Met5 (78 ACi
given i.v.) when their tumors reached >0.5 cm in greatest
dimension. Serial posterior whole body scintigrams for
a single host animal are shown, from1hour to 5 days
postinjection.
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Fig. 4. Region-of-interest analysis of Met5 and Met3 scintigrams from GN4
xenograft-bearing mice. Mice bearing GN4 xenografts were injected with
I-125-Met5 as described in the legend to Fig. 3, and an additional five mice bearing
GN4 xenografts were injected with I-125-Met3 (109 ACi given i.v.). Serial
scintigrams for each host animal were evaluated by quantitative region-of-interest
analysis. The graph depicts the percentage of estimated injected activity associated
with the tumor xenografts as a function of time postinjection. Mean values (F 1SD)
are shown at each time point postinjection for each xenograft host group (n = 5
animals/group).

Although our findings constitute satisfactory proof-of-principle for the use of MetSeekTM in nuclear imaging studies, the
heterotopic xenograft-bearing mouse model we have used here
poses particular barriers to a more sophisticated evaluation of
new Met-directed diagnostic and therapeutic agents. First,
paracrine Met-expressing human tumor xenografts, such as
PC-3 and DU145, do not flourish in standard strains of nude or
severe combined immunodeficiency mice, because murine
HGF/SF does not interact appreciably with human Met.
However, with our laboratories’ recent development of an
immunocompromised mouse strain transgenic for human
HGF/SF (19), and improved techniques for generating orthotopic and metastatic xenografts (20), we expect that more
robust tumor growth and easier generation of metastatic lesions
will follow.
Secondly, the development of new murine systems notwithstanding, none of our MetSeekTM reagents recognizes the
murine Met expressed by normal tissues. Thus, we cannot
conduct a meaningful biodistribution analysis of radiolabeled

anti-Met mAbs in mice as the next logical step in seeking
regulatory approval for human clinical use.
We have therefore turned to canine cancer as a valuable
second-stage preclinical model for agent evaluation. Canine
prostate cancer has many similarities to human prostate cancer,
including the development of high-grade intraepithelial neoplasia (21) and progression to invasive prostate carcinoma (22).
One of our laboratories has conducted an extensive analysis of
the clinical and pathologic features of canine prostate carcinoma
(23), as well as a detailed study of pet dogs in which
spontaneous cancers first presented as bony metastases (24),
and collaboratively established stable cultured canine prostate
carcinoma cell lines (16). We have recently shown that some of
these lines overexpress Met, and that at least one is sensitive to
small-interfering RNA constructs that target Met (8).
With our additional demonstration in this report that xenografts induced by GN4 (a canine prostate cancer cell line
derived from a pulmonary metastasis) can be imaged with
radiolabeled Met5 in a fashion similar to human cancer
xenografts in the same model—and with better imaging signals
than the Met-expressing human prostate cancer xenografts—we
now have a solid empirical basis for proceeding to Met-directed
imaging, biodistribution, and therapeutic studies in living dogs
with cancer. We note that an exciting precedent for this
approach has been established by Anidjar et al. (25), who used
an I-131-labeled mAb reactive with human prostate-specific
membrane antigen to image a canine prostate cancer allograft
in an immunodeficient dog.
Finally, because both Met3 and Met5 activate Met in tumor cell
lines in vitro, and because Met activation by naturally occurring
ligand can result in dramatic changes in Met expression and in
cell surface exposure, it would be difficult to use radioimmunoscintigraphy with full-length mAbs to obtain better than a
relative approximation of Met abundance in vivo, as we have
previously described for Met3 (10). Therefore, we have recently
begun evaluating monovalent anti-Met constructs that neither
activate nor inhibit Met as alternate quantitative imaging probes,
including a new human anti-Met Fab described elsewhere (26).
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