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Grappling With Metastatic Risk: Bringing Molecular
Imaging of Met Expression Toward Clinical Use
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Abstract

The availability of a test to assess the likelihood that a given tumor will invade or metastasize would be a

useful development in clinical oncology. We propose that multimodality imaging of tumor expression of Met could serve
as a prototype for metastatic risk stratification (MRS). Met, a receptor protein tyrosine kinase, is expressed by most solid
tumors, and aberrant expression of Met is associated with poor clinical prognosis. We summarize the current status and
predict the future direction of research in four areas of molecular imaging and cancer therapy that exploit Met. J. Cell.
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“The very rich are different from you and
me.”—F. Scott Fitzgerald.

“Yes, they have more money.”—Ernest
Hemingway, in reply.

The American Cancer Society estimates that
1.3 million people in the United States will learn
they have a new cancer in 2002 [American
Cancer Society, 2002]. At the time of diagnosis,
about 40% of them will be told that the cancer
has already spread beyond its site of origin; the
rest will be told it has not. But no person with a
newly discovered cancer thought to be anato-
mically confined will be told how likely it is to
spread in the future, because nobody knows for
sure.

Wouldn’t it be great if we did? Wouldn'’t it be
convenient if every “very malignant” cancer had
more of something—Ilike money—that we could
see and count, so that we could give people who
just learned they have cancer some accurate
odds to consider, and to help them decide what
to do next?

The biomedical imaging community has
already succeeded on this front in the field of
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cardiovascular disease. We routinely assess
myocardial perfusion by noninvasive imaging
methods in conjunction with physical or phar-
macological stress testing, a process known as
“cardiac risk stratification” (CRS). Both ultra-
sonic and nuclear imaging techniques are
widely used for CRS. Both are highly accurate
in the hands (and eyes) of experienced imaging
specialists. Myocardial perfusion imaging
accounts for a large share of the total number
of nuclear imaging and sonographic studies
performed in the United States annually. Every
patient after her or his first cardiac event,
most patients undergoing post-event or post-
intervention periodic surveillance, many pat-
ients planning to undergo elective surgery, and
nearly everyone with a complaint of chest dis-
comfort—of a typically cardiac pattern or not—
can expect to undergo between one and several
noninvasive imaging studies for CRS.

The critical value of assessing myocardial
perfusion as an adjunct to physiologic stress
testing protocols (i.e., exercise on a treadmill
or cycle, or infusion of cardiotropic drugs, in
conjunction with monitoring of vital signs,
electrocardiographic patterns, and signs and
symptoms) is that it permits one to expand a
crude few-point CRS scale (e.g., the Duke score)
based on physiologic test results alone into a
30-fold “gray scale” of CRS. For instance, a
person with a low Duke score and a normal
stress nuclear myocardial perfusion imaging
study is only at 0.3% likelihood of experiencing a
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myocardial infarction or cardiac death within
2 years, compared to a 10% likelihood for a
person with a high Duke score and a highly
abnormal imaging study. Having this noninva-
sive imaging information to supplement clinical
evaluation, a physician can recommend a
suitable protocol for further diagnostic testing,
treatment, and clinical surveillance that is
objectively based on an individual patient’s
needs. Parker has recently reviewed this topic
[Parker, 2001] in an article that readers
unfamiliar with the intricacies of clinical imag-
ing will find enlightening.

Is a parallel achievement possible in the
field of oncology? Can we develop a straightfor-
ward, objective, inexpensive, widely embraced,
and well-reimbursed test for most or all patients
with newly diagnosed, clinically confined can-
cers—a test that would amount to (or contribute
to) “metastatic risk stratification” (MRS)? A
person with a low MRS score would be con-
sidered to have a tumor at low risk of metastatic
or invasive behavior, and could be monitored
and treated conservatively; one with an inter-
mediate MRS score could be treated conserva-
tively but monitored frequently; and one at high
risk by MRS would have an objective basis for
agreeing to and enduring a correspondingly
more aggressive therapy and intensive monitor-
ing protocol. Through MRS, we could objectively
individualize the treatment and monitoring
of patients with cancer in a way that has not
heretofore been thinkable.

Every dividing cell has the potential to be-
come neoplastic, and every neoplasm has the
potential to become frankly malignant, mani-
fested as the ability to invade and metastasize.
Molecular oncologists have sought and scruti-
nized molecules involved in carcinogenesis and
cancer progression for the last 20 years or so,
and now, armed with the technical capacity
to perform high-throughout gene expression
microarray analysis and proteomic analysis on
thousands of molecules at a time, the process is
accelerating [Huang et al., 2001; Takahashi
etal.,2001; Miller et al., 2003]. We can only hope
that governmental regulators, approval pro-
cesses, and evaluation boards accept and under-
stand the new paradigms that will develop.
There is an ever-growing list of potential
candidate molecules that might play a role in
conferring “very malignant” status, or that
serve as extratumoral indicators of that status,
for every type of cancer that has been inter-

rogated with this technology. We now face the
task of categorizing and making sense of this
mountain of data, confidently hopeful that at
least a few molecules will emerge as useful
markers of and targets for treating very malig-
nant cancers. This is an admirable and impor-
tant endeavor, and we are committed to
pursuing it. On the other hand, certain mole-
cules whose presence and form of expression
give information about metastatic risk were
known before the recent explosion in gene ex-
pression analysis technology. We might already
be able to exploit these molecules for MRS, or at
least as prototypes for the MRS algorithms of
the future. One such example is the molecule
known as Met.

Met, the protein product of the c-met-proto-
oncogene, was discovered in the Vande Woude
laboratory at the National Cancer Institute in
1984 [Cooper et al., 1984; Dean et al., 1985; Iyer
et al., 1990]. Met is a receptor protein tyrosine
kinase of the same family as epidermal growth
factor (EGF) receptors. It acts as the cell surface
membrane receptor for hepatocyte growth fac-
tor/scatter factor (HGF/SF), dimerizing after
binding ligand to form the active kinase. Under
normal conditions, Met is a keystone molecule,
acting on the molecular signaling pathways
responsible for cellular differentiation, motility,
proliferation, organogenesis, angiogenesis, and
apoptosis [Haddad et al., 2001]. In neoplastic
cells, the aberrant expression of Met and HGF/
SF leads to emergence of an invasive/metastatic
phenotype. This conclusion is supported both by
transfection experiments and by retrospective
analysis of many types of human solid tumors,
including cancers originating in the head and
neck, thyroid, lung, breast, stomach, liver, pan-
creas, colon and rectum, kidney, urinary blad-
der, prostate, ovary, uterus, skin, bone, muscle,
and other connective tissues [Stuart et al., 2000;
van der Voort et al., 2000; Haddad et al., 2001].
Both paracrine and autocrine mechanisms of
Met activation by HGF/SF occur in human
neoplasms (Fig. 1). Moreover, activating muta-
tions in Met—either inherited in the germ line
or found in sporadic cancers—have been shown
to contribute to a variety of human cancers
[Schmidt et al., 1997].

Across the spectrum of tumors that have been
investigated, the level of Met-HGF/SF expres-
sion in general correlates inversely with clinical
outcome. This correlation has been examined
in greatest detail for human breast and prostate
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Paracrine

Autocrine

Fig. 1. Paracrine and autocrine activation of Met by hepatocyte growth factor/scatter factor (HGF/SF).
Paracrine activation occurs when Met receptor molecules associated with neoplastic cells bind HGF/SF
ligand produced by nearby stromal mesenchymal cells. Autocrine activation occurs when the same cells as

those expressing the Met receptor also produce ligand.

carcinomas. Met overexpression in breast
tumors is associated with breast cancer pro-
gression [Niemann et al., 1998; Tsarfaty et al.,
1999; Firon et al., 2000], and high HGF/SF
expression also correlates with poor survival in
ductal breast carcinomas [Yamashita et al.,
1994; Ghoussoub et al., 1998]. Tsarfaty et al.
[1999] quantified Met expression in uninvolved
(N) relative to tumor (T) tissue in the same
primary breast carcinoma sections. The overall
Met distribution in this patient group was ~40%
with T <N, ~40% with N=T, and 20% with
T > N. Higher Met expression in tumors than in
normal tissue was associated with poor patient
outcome. Three groups of investigators [Tuck
etal., 1996;Jinetal., 1997; Edakuniet al., 2001]
have examined Met and HGF/SF expression in
benign and malignant breast tissue. They found
that frequently both receptor and ligand are
expressed, and that expression is higher in
breast cancer and carcinomas in situ than in
benign breast tissue. While Met is mainly

detected in epithelial breast cancer cells, HGF/
SF is detected in tumor cells as well as in stro-
mal cell types, implying that HGF/SF contri-
butes to growth and invasiveness of breast
cancer cells by autocrine and paracrine mechan-
isms. This conclusion is also supported by recent
experiments showing increased tumorigenic
and metastatic activity accompanied by reduced
tubule formation of breast cancer cells after
transfection with Met and HGF/SF [Firon et al.,
2000]. There is a growing body of clinical and
experimental evidence that Met also plays a
critical role in the behavior of human prostate
carcinoma. Four independent laboratories have
reported aberrant expression of Met by about
one-half to two-thirds of localized prostate can-
cers, but evidently by all osseous metastases.
This phenomenon suggests that Met provides a
strong mechanism of selection for metastatic
growth in prostate cancer [Humphrey et al.,
1995; Pisters et al., 1995; Watanabe et al., 1999;
Knudsen et al., 2002].
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In lay terms, until or unless something better
comes along, Met might be considered the
poster child of very malignant cancers, a
veritable Beacon of Bad Biological Behavior.
Put another way, it is conceptually useful to
consider these points:

e “Very malignant” cancers express mole-
cules in common, such as Met, that can be
independent of their tissues of origin;

e Met is a process-specific rather than tissue-
specific marker for cancer, an indicator of
tumor destiny rather than of tumor origin.

With these notions in mind, the goal of mole-
cular imaging that exploits Met is to determine
the status of Met expression in a particular
solid tumor in vivo, and armed with that inform-
ation, to design Met-directed therapy that will
alter tumor destiny toward a more favorable
clinical outcome.

We have been developing molecular imaging
tools and approaches to clarify the behavior of

Met at the cellular level, and applying these
approaches to in vivo animal models of human
cancer and to naturally occurring human can-
cers. Our recent and ongoing efforts to exploit
Met as a molecular imaging and therapeutic
target fall into four general areas, with the
status of each summarized below.

Microscopic Molecular Imaging:
Immunohistochemistry, Immunofluorescence,
and Confocal Laser Scanning Microscopy (CLSM)

Our collaborators and we employ conven-
tional immunohistochemical techniques with
commercially available anti-Met polyclonal
antibodies and our repertoire of murine anti-
Met and anti-HGF/SF monoclonal antibodies
(mAbs) to examine the cellular distribution of
Met and its ligand within samples of human
tissues, including samples of surgically resected
human neoplasms [Knudsen et al., 2002; Qian
et al., 2002] (Fig. 2). With the availability
of CLSM, we can analyze immunofluorescent

Fig. 2. Immunofluorescent image of Met and hepatocyte growth factor/scatter factor (HGF/SF) expression
in human nasopharyngeal carcinoma. Met (green) in the neoplastic cells is identified with C-28 polyclonal
rabbit anti-Met antibody followed by FITC-conjugated anti-rabbit antibody. HGF/SF (red) in the surrounding
stroma is identified with a murine anti-HGF/SF mAb followed by rhodamine-conjugated anti-mouse

antibody. (Courtesy of Chao-Nan Qian and Bin Teh.)
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images generated with polyclonal or monoclo-
nal antibodies of known epitopic specificity to
determine to what extent antigen species
colocalize within a given cell. For example, it is
now possible to visualize simultaneously the
distributions of ligand (HGF/SF) and receptor
(Met), as depicted by respective suitably fluoro-
phore-conjugated antibodies, within the same
autocrine cell. In this way, we can determine
either whether different antibodies react with
identical or separate antigens within a cell, or to
what extent different antigens interact at the
subcellular level with each other. We are re-
fining this technique, drawing on advances in
instrumentation and in conjugation methods, to
examine the interactions between individual
molecules of HGF/SF with individual molecules
of Met within a single cell. This molecular
imaging approach is currently invasive, in that
living tissue or cells must be harvested and
preserved before analysis, but we expect in the
near future to extend this technology to exam-
ine the interactions of fluorophore-conjugated
Met and HGF/SF molecules in intact living
organisms, including human tumor xenograft-
bearing mice.

A powerful characteristic of immunofluores-
cence combined with CLSM is that the fluores-
cence in the images can be quantified at the
microscopic level. With proper controls and
statistical analysis, the relative abundance of
different antigens can be determined within a
single cell, across different histologic regions
(e.g., epithelium vs. stroma), and indeed, when
coupled with tissue array methodology [Rimm
et al., 2001], across multiple different tissue
or tumor samples on a single microscope slide.
The reader is referred to recent references for
examples of how we have applied this technol-
ogy to analyze Met expression in human tissue
samples [Tsarfaty et al., 1999; Qian et al., 2002].

Microscopic imaging may seem a non-flashy
way to perform what is considered “molecular
imaging” in todays scientific news environment,
but we believe it constitutes a sound foundation
for the development of an in vivo molecular
imaging program. We use the results of micro-
scopic molecular imaging to direct new experi-
ments involving in vivo molecular imaging, and
conversely, we validate our in vivo imaging
results with microscopic analysis. We further
believe that wider awareness, acceptance, and
availability of microscopic molecular imaging
analysis of Met within the diagnostic pathology

and clinical oncology communities must be
realized before in vivo imaging of Met expres-
sion can succeed at the clinical level.

Nuclear Molecular Imaging:
Radioimmunoscintigraphy

Radioimmunoscintigraphy is an important
and attractive modality for experimental and
clinical molecular imaging of cancer. One can
raise, characterize, and propagate mAbs reac-
tive against virtually any given protein antigen,
even those present as minor components of
complex protein mixtures or as minor surface
components of whole cells. Established methods
for radiolabeling mAbs in suitable quantity
and of appropriate quality for scintigraphy are
widely available, technically feasible, relatively
inexpensive, and adaptable to virtually any
mADb regardless of its epitopic specificity. New
radiolabeling methods are continually emer-
ging, and many laboratories are evaluating a
wide range of antibody derivatives—from full-
length chimeric and humanized molecules,
to monomeric and multimeric antibody frag-
ments, to immunoconjugates—as potentially
superior imaging and therapeutic agents, with
improved targeting selectivity and more favor-
able biological turnover kinetics [Program and
Abstracts, Ninth Conference on Cancer Ther-
apy with Antibodies and Immunoconjugates,
2002].

Moreover, the reagents, supplies, and equip-
ment required to perform radioimmunoscinti-
graphy in experimental animals and in humans
are commonplace. For decades decommissioned
or refurbished clinical gamma cameras have
proven satisfactory for animal imaging applica-
tions, and they continue to do so. Modified or
custom-built gamma cameras adapted for small
animal imaging are becoming more widely
available, but whether they provide sufficient
improvements in image quality to offset their
higher cost remains to be established.

The major advantage of scintigraphy as a
molecular imaging modality (and not limited to
imaging with antibodies) is that the acquired
images are inherently quantitative. The physics
of gamma radiation and the mathematical
analysis of nuclear images, including correc-
tions for photon attenuation and other artifacts,
are well understood. In animal models as well as
in human studies, we can noninvasively and
accurately measure net accumulation and some
kinetic parameters of radiopharmaceutical
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interactions with target lesions, and the con-
current collection of even a small set of biolo-
gical samples (e.g., blood and excreta) for direct
counting combined with quantitative analysis
of diagnostic images enables us to make useful
dosimetry estimates for therapeutic purposes.

Having established a collection of mAbs re-
active against many epitopes of the Met-HGF/
SF complex, we are now developing animal
models to examine the interactions of radiola-
beled mAbs with human tumor xenografts. We
are evaluating individual clones of anti-Met
mAbs and neutralizing mixtures of anti-HGF/
SF mAbs [Cao et al., 2001] alone and in com-
bination for this purpose, surveying xenografts
of different tissue origins and exhibiting vary-
ing patterns of Met expression (Fig. 3). We
previously published our findings from nuclear
imaging experiments evaluating a radioiodi-
nated mixture of anti-Met and anti-HGF/SF
mADbs in four types of xenografts in mice [Hay
etal.,2002a], and we recently completed a series
of imaging experiments evaluating Met3—anti-
Met mAbs from a single hybridoma clone
(2F6)—for its ability to discriminate among
xenografts exhibiting differing patterns or
levels of Met expression [Hay et al., 2002b].
Key findings from our studies so far can be
summarized as follows.

o Met-expressing tumor xenografts in nude
mice can be visualized as early as 1 h
following injection of radiolabeled anti-
Met or/and anti-HGF/SF mAbs, with
peak image contrast (activity in tumor vs.
whole body) occurring at about 3 days
postinjection;

o Met-expressing tumor xenografts exhibit a
wide range of radiolabeled mAb initial
uptake, from ~5 to 20% of the estimated
injected activity (%IA), with tumor-asso-
ciated radioactivity constituting from ~ 10
to 40% of total body activity at peak image
contrast;

e Theturnover of radiolabeled mAbs appears
to be substantially more rapid in tumor
xenografts exhibiting higher initial uptake
values.

While continuing to conduct nuclear imaging
experiments, we are using microscopic imaging
techniques combined with immunochemical
and biochemical analyses to understand the
molecular bases for these phenomena, e.g., to
determine the relative contributions of such

Fig. 3. Radioimmunoscintigraphy of human leiomyosarcoma
xenograft in a nude mouse. A tumor xenograft was induced in a
nude mouse by subcutaneous injection of SK-LMS-1 cells
(autocrine for Met-hepatocyte growth factor/scatter factor
(HGF/SF)) into the posterior aspect of the right thigh. The animal
was injected intravenously with I-125-Met3, an anti-Met mAb,
and imaged with a Biospace y Imager 1 h later. The arrow
indicates the position of the xenograft. (Courtesy of Jon McKown,
IN/US Systems.)

parameters as total cellular Met levels, surface
access of Met to mAbs, the state of Met activ-
ation, and rates of receptor turnover, to the im-
aging characteristics of Met-expressing tumors
in vivo.

“Provocative’”’ Functional Molecular Imaging:
Assessing Tumor Physiology by Magnetic
Resonance Imaging (MRI) and Ultrasonography

Both MRI and ultrasonography—tradition-
ally considered “anatomic” or “structural” imag-
ing modalities—may also be used effectively as
functional molecular imaging tools. The most
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powerful advantage of these modalities as ap-
plied to small animal imaging is their excellent
spatial and temporal resolution. When com-
bined with “provocative” testing (analogous to
CRS by stress echocardiography), both MRI and
ultrasonography offer rapid and accurate non-
invasive measurements of short-term changes
in tumor physiology following activation of
Met. Using MRI, for example, one can evaluate
changes in the pattern of blood flow and in
regional blood oxygen levels that occur near and
within a tumor or normal tissue following delib-
erate physiologic provocation, e.g., an intrave-
nous bolus injection of HGF/SF. In parallel, one
can use Doppler ultrasonography to quantify
changes in blood flow velocity near and within a
Met-expressing tumor under stimulated and
non-stimulated conditions. Once these para-
meters are understood, biochemical or pharma-
cologic agents that either mimic or block the
interaction of HGF/SF with Met or that inter-
fere with the intracellular sequelae of Met
activation could be administered in vivo, and
their effects monitored accurately and noninva-
sively. Moreover, with these tools, one can
monitor changes in tumor physiologic respon-
siveness longitudinally in the same animal, e.g.,
changes that are dependent on tumor growth or

Fig. 4. Noninvasive imaging of increased tumor blood flow
following activation of Met. A mouse bearing a DA3 breast tumor
(exhibiting paracrine activation of Met by hepatocyte growth
factor/scatter factor (HGF/SF)) was injected intravenously with
saline, followed by human HGF/SF. Color Doppler ultrasound

angiogenesis or that occur in response to tumor
therapy. Both imaging modalities offer the ad-
ditional advantage of precise tumor size deter-
mination, and may be used serially to monitor
rates of tumor growth and rates of change in
tumor dimensions in response to therapy.

As an example of the utility of this approach,
we recently published the results of a collabora-
tive study using MRI and ultrasonography as
functional molecular imaging tools to study the
physiological consequences of Met activation in
mice bearing paracrine Met-expressing mam-
mary adenocarcinomas [Shaharabany et al.,
2001] (Fig. 4). The activation of Met in vivo by
bolus intravenous injections of human HGF/SF
alters the hemodynamics of both malignant and
normal Met-expressing tissues. Tumors and
organs expressing high levels of Met show the
greatest changes in blood oxygenation levels as
measured by blood oxygenation level-depen-
dent MRI (BOLD-MRI). Following HGF/SF
injection, Met-expressing tumors show up to a
30% change in signal by BOLD-MRI in dose-
dependent fashion, while no significant differ-
ence is observed in tumors or organs that do
not express Met. As assessed by color Doppler
ultrasonic imaging, dramatic changes in the
pattern of regional blood flow are visualized in

15 min.

A5 i
45 mn.

measurements (Accuson, Sequoia) were performed before HGF/
SF injection and at 5, 15, 25, 35, and 45 min afterward. Blood
vessels are depicted as blue and red spots; yellow and green
colors represent regions of higher blood flow velocity.
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and near tumors following HGF/SF adminis-
tration, with a marked reduction in peripheral
blood flow and a concurrent enhancement of
central blood flow within the tumors. These
hemodynamic changes are evident within a few
minutes after HGF/SF infusion.

Met-Directed Forms of Cancer Therapy

The ultimate purpose of the diagnostic mole-
cular imaging tests outlined above, whether
noninvasive or invasive, is to determine appro-
priate therapy. Once a tumor has been found to
express high levels of Met, an obvious form of
therapy is to use biological or chemical agents
that inhibit formation or activity of the Met-
HGF/SF receptor-ligand complex. For example,
we have recently reported that mixtures of
monoclonal antibodies directed against HGF/
SF are able to inhibit or arrest the growth of
Met-expressing tumor cells in vitro and of homo-
logous xenografts in vivo [Cao et al., 2001]. This
dramatic finding opens the door for us also to
consider radioimmunotherapy with suitably
radiolabeled anti-Met mAbs, as well as Met-
directed therapy with geldanamycin [Webb
et al., 2000] or with selective inhibitors of down-
stream responders to Met activation [Haddad
et al., 2001; Koo et al., 2002].

For the near future, we are committed to
exploring different approaches and optimizing
protocols for imaging Met abundance and phy-
siologic responsiveness in animal models of
human cancer, including murine and canine
models of spontaneously occurring Met-expres-
sing cancers. Concurrently, we are validating
our noninvasive molecular imaging findings by
quantitative biochemical methods and by ana-
lytical microscopy. Finally, we will continue to
analyze human cancer tissue specimens by
state-of-the-art analytical microscopic methods
to develop a more complete understanding of
the relationships between Met expression and
clinical factors.

Before these molecular imaging approaches
will become clinically useful on a broad scale,
there are three major hurdles to surmount:

e We need to increase the awareness and
acceptance of Met as a molecule deserving
of scrutiny among practicing oncologists
and pathologists. In addition to our con-
tinued efforts to validate this notion ex-
perimentally and by retrospective and
prospective analysis of human tissue speci-

mens, this will require a concerted public
relations drive at the national and inter-
national levels on behalf of scientists work-
ing in the area.

e We must bring our preclinical noninvasive
imaging studies to a level of completeness
that will satisfy local and federal regula-
tory bodies to approve these combinations
of reagents and modalities for early clinical
testing.

e In close collaboration with our clinical
colleagues, we must develop rational and
practical algorithms for utilizing molecular
imaging of Met in the clinical setting.

In principle, we propose that every solid
human tumor that is biopsied or excised should
be interrogated routinely by immunohisto-
chemistry to characterize its Met-expression
status. All patients with Met-positive tumors
could then undergo a Met-directed nuclear
imaging study to disclose residual or clinically
occult lesions and assess their abundance of
Met, or to document that none are evident. Any
patient with residual or newly disclosed lesions
could be evaluated by provocative diagnostic
MRI and/or ultrasonography to determine the
physiologic responsiveness of their tumors, and
an appropriate therapy regimen (chemother-
apy, immunotherapy, radioimmunotherapy)
could then be devised. Finally, either provoca-
tive functional imaging or Met-directed nuclear
imaging could be used to monitor changes in
Met abundance and activity in response to
therapy.

We are perhaps 3-5 years away from per-
forming noninvasive Met-directed imaging in
humans with cancer, yet our progress so far
in animal models is most encouraging. If we can
confirm, as all our preclinical studies suggest,
that the “very malignant” indeed have more of
Met in terms of abundance or provocable acti-
vity, the concept of using Met as a reliable
clinical indicator of metastatic risk could be-
come reality.
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