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A B S T R A C T

Targeted therapeutic and imaging agents are becoming more prevalent, and are used to treat increasingly

smaller segments of the patient population. This has lead to dramatic increases in the costs for clinical

trials. Biomarkers have great potential to reduce the numbers of patients needed to test novel targeted

agents by predicting or identifying non-response early-on and thus enriching the clinical trial population

with patients more likely to respond. Biomarkers are characteristics that are objectively measured and

evaluated as indicators of normal biological processes, pathogenic processes, or pharmacologic responses

to a therapeutic intervention. Biomarkers can be used to predict response to specific therapies, predict

response regardless of therapy, or to monitor response once a therapy has begun. In terms of drug

development, predictive biomarkers have the greatest impact, as they can be used as inclusion criteria for

patient segmentation. Prognostic markers are used routinely in clinical practice but do not provide

direction for the use of targeted therapies. Imaging biomarkers have distinct advantages over those that

require a biopsy sample in that they are ‘‘non-invasive’’ and can be monitored longitudinally at multiple

time points in the same patient. This review will examine the role of functional and molecular imaging in

predicting response to specific therapies; will explore the advantages and disadvantages of targeting

intracellular or extracellular markers; and will discuss the attributes of useful targets and methods for

target identification and validation.
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1. Introduction

In cancer treatment, there is an increasing reliance on
therapeutic agents that are specifically targeted to gene products,
pathways or physiologies. These can be matched, in a personalized
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Box 1. Types of therapy biomarkers.

Response: Used to measure a quantitative change in response

to therapy.

Prognostic: Used to predict patient outcome regardless of

therapy.

Predictive: Used to predict response to a specific therapy.

Box 2. Imaging biomarkers.

Anatomic: RECIST, volumetrics (CT, MRI).

Functional: Dynamic contrast enhanced-MRI, diffusion MRI,

magnetization transfer MRI, and macromolecule contrast.
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fashion, to the presence of that target in an individual patient. It is
axiomatic that targeted agents will impact increasingly smaller
segments of the patient population. This invariably leads to
staggering increases in the cost of clinical trials for drugs with an
intended use by a small fraction of the patient population. In 2002,
the average cost to bring a new drug to market was approximately
$1.8 Billion and, unless there is a paradigm shift, this will increase
with newer, more targeted therapies. The most egregious example
comes from the trials of the receptor tyrosine kinase (RTK)
inhibitor, gefitinib (Iressa) in non-small cell lung cancer (NSCLC).
The response rates to this EGFR inhibitor are around 7% [1–4]. To
get this approved, over 20,000 patients were enrolled and more
than $2 Billion was spent worldwide before it was determined that
the responders bore a specific EGFR polymorphism [5,6]. Thus, if
this trial had been enriched in this population to begin with, it
would have been more efficient and less expensive. Admittedly,
this is hindsight, as it can be argued that the presence of the EGFR
polymorphism could not have been anticipated. However, high-
resolution quantitative CT volume measurements taken 3 weeks
after initiation of gefitinib therapy were capable of discriminating a
population that was highly enriched in patients with the
polymorphism [7]. Thus, without knowledge of the molecular
mechanisms underlying sensitivity or resistance, quantitative
imaging could have been used to enrich a clinical trial population
by excluding non-responding patients early in the trial process.

There is a consensus belief that an appropriate biomarker could
have significantly increased the efficiency of these trials, either by
predicting which patients would respond to RTK inhibition by
either pre-identifying patients who harbored the mutation, or by
monitoring the patients who had an immediate response following
therapy initiation. A biomarker is a ‘‘characteristic that is
objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention.’’ [8]. In the last few years,
biomarkers have been incorporated into, and explicitly used to
affect the course of clinical trials [9].

In therapeutics, biomarkers can be used to predict response to
specific therapies, predict response regardless of therapy, or to
monitor response once a therapy has begun (Box 1). In terms of
drug development, Predictive Biomarkers have the greatest impact,
as they can be used as inclusion criteria for patient segmentation.
In other words, does the patient express the drug target? For
example, if 10% of the patient population is ‘target-positive’, 159
patients would be needed to obtain 90% power, whereas only 37
patients would be needed if the target-positive fraction was 45%.1

Prognostic markers are used routinely in clinical practice but do
not provide direction for the use of targeted therapies. Response
biomarkers, especially for imaging, are finding increased applica-
tion in trials, as described below.

A number of targeted therapies have been developed and
approved in recent years, e.g. trastuzumab and lapatinib for
treatment of HER-2 positive metastatic breast cancer [10], and
there are many more currently in development. Hence, biomarkers
have great potential for use as companion diagnostics through the
identification of patients likely to respond to a specific targeted
therapeutic agent.

Serum-based biomarkers are clearly and reasonably a major
focus of discovery, as samples can be readily obtained and tested,
and are therefore generally cost-effective [11,12]. Many putative
blood derived biomarkers have been identified, but few are
currently validated and used routinely in the clinic. The best
example of a validated serum-based biomarker is prostate serum
1 Assuming ‘target-positive’ has a response rate of 70%; a ‘target-negative’ patient

has response rate of 5% and a 5% spontaneous regression rate, the (a = 0.05 with

two-sided Fisher’s Exact test).
antigen (PSA) for prostate cancer. However the utility of PSA has
recently been questioned due to low sensitivity and specificity for
diagnosis [13]. Validation and development of serum–based
biomarkers is therefore of great importance. Most validated
cancer biomarkers in use today are either tumor gene expression
or immunohistochemically based [14–17]. Unfortunately, these
approaches require biopsies and thus are inappropriate to be used
to monitor therapy response. Modern imaging biomarkers have
distinct advantages over these non-serum-based biomarkers in
that they are generally considered to be ‘‘non-invasive’’ and hence,
can be monitored longitudinally at multiple time points in the
same patient.

In this review, we will examine the role of functional and
molecular imaging in predicting response to specific therapies. The
use of imaging biomarkers to monitor response to targeted therapy
has recently been reviewed by us [18].

2. Imaging biomarkers

Response Evaluation Criteria in Solid Tumors (RECIST) are MR or
CT based anatomic unidimensional measurements that are
commonplace in evaluating ‘‘objective response’’ clinical trials
[19,20]. Notably, changes in tumor size following therapy do not
always indicate a better clinical outcome, which is necessary to
qualify these as ‘‘surrogate’’ markers of response [21]. This can be
expected with cytostatic and targeted therapies, so there has been
a push to develop more sensitive imaging biomarkers for
measurement of tumor function or molecular expression patterns.
Some of these approaches are listed in Box 2.

Functional imaging measures physical aspects of tumor
physiology (e.g. perfusion, hypoxia, pH) that may be targets
for therapy. For example, blood flow and vascular permeability
can be measured by dynamic contrast enhanced (DCE-) MRI and
this has increasingly been used as a predictive and response
biomarker for anti-angiogenic therapies [22]. Notably, intratu-
moral heterogeneity of response may be a more powerful
predictor than the average measurement, which is a clear
advantage of imaging that can sample the entire tumor volume
[23]. Diffusion MRI is a measure of cell density, which can also
be prognostic and does change with successful therapy [24]. In
select cases tumor hypoxia can be predicted with Blood-oxygen-
level-dependent (BOLD) MRI, which is sensitive to levels of
deoxyhemoglobin [25]. Hypoxia can also be quantitatively
imaged with PET tracers, such as F-misonidazole [26]. A low
insertion peptide tracer has recently been developed to be
sensitive to tumor pH [27], which can also be used to target
some new nanoparticle based therapies.
Molecular: PET (receptors, metabolites, hypoxia, pH), CT/US/

MR nanoparticles, and MR (spectroscopy, pH, hypoxia,

chemical exchange saturation transfer, hyperpolarization).
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Molecular imaging measures specifically targeted expression
or activity of gene products. These are intimately coupled to
predicting effects of targeted therapies so will be the subject of
the rest of this review. PET is commonly referred to as a
molecular imaging modality, because its sensitivity is orders of
magnitude higher than that of CT or MR. The most common PET
tracer is fluoro-deoxy glucose (FDG), which has been used to
measure the activity of glucose transporters in over a million
patients worldwide [28]. Although development of PET tracers is
not trivial, over 100 are available for research use and thus, are
too many to enumerate here. Readers are pointed to recent
reviews [29,30]. Despite low sensitivity, MR probes for highly
expressed receptors (e.g. HER-2) have been developed [31]. A
unique aspect of MR is the ability to spatially resolve
metabolites with different spectral resonance frequencies, called
magnetic resonance spectroscopic imaging, MRSI. This is
generally limited to cholines, creatine, and lactate, but has
been used effectively to diagnose and prognose breast, prostate
and brain cancers in humans. This has also been recently
reviewed by us [32]. A new technology involves the hyperpo-
larization of MR-active stable nuclei, which can result in 10–
50,000-fold increases in sensitivity and the ability to image
metabolism in vivo [33]. Although early work focused on the
measurement of 13C enriched pyruvate, more recent studies
have been interrogating other 13C labeled substrates, as well as
tracers using other MR active nuclei [34–40].

Nanoparticles themselves deserve special mention as they
can be theragnostic to deliver therapy, as well as imaging
contrast [41,42]. This is a rapidly changing field and a recent
review has identified over 100 different formulations for using
nanoparticles in imaging and therapy [43]. Notably, many of
these agents are responsive, and thus will be activated by
specific cancer expression patterns or environments, such as pH
[44].

3. Intracellular vs. extracellular targets?

In developing imaging agents, as well as targeted therapeutics,
the most important decision is whether the target of the therapy
(or imaging agent) will be intra-or extra-cellular. There are clear
advantages and disadvantages for each location. Intracellular
targets are advantageous in that there are many more available
targets, compared to extracellular targets, and many of these are
the focus of anti-cancer drug discovery efforts. However,
intracellular agents must cross the plasma membrane barrier
either by carrier mediated transport or by passive diffusion. Hence
the design criteria for intracellular agents are much more stringent
in terms of hydrophilicity, chemical nature and size. While
extracellular markers may be limited in number, they have been
successfully targeted by both therapy and imaging. An added
benefit of using cell-surface markers for targeting is that the agent
can act independently of the molecular function of the target, i.e.
the target can act as a landing pad for delivery of an imaging or
therapeutic agent without the necessity for a complete under-
standing of target biology. This allows selection of obscure targets
that were recently identified by the human genome project where
little is yet known about the cellular function. The remainder of
this review will illustrate examples for each type of target, and end
by considering criteria in evaluating what it takes to validate a
target.

4. Intracellular targets

The following examples demonstrate molecular imaging of
intracellular targets using PET, diffusion-weighted MRI and optical
imaging modalities:
4.1. Alpha methyl tryptophan (AMT)

Tryptophan is an essential amino acid required for biosynthesis
of proteins, serotonin, and nicotinamide adenine dinucleotide
(NAD/NADP). Recent studies indicate that tryptophan oxidation via
the enzyme indoleamine 2,3-dioxygenase (IDO) can modulate
immunoresistance of cancers [45,46]. Most human tumors
constitutively express IDO, and IDO products (i.e. kynurenine) in
tumors may also exert a potent immunosuppressive effect by
blocking T-lymphocyte proliferation, thus diminishing T cell
mediated tumor rejection [47–52]. Thus, manipulation of trypto-
phan metabolism via the kynurenine pathway may have important
implications in tumor immunotherapy. Recent studies have
consistently shown expression of IDO in a variety of resected
human extra-cerebral tumors, including lung cancer [53,54],
colorectal cancer [46,55], breast cancer [56], hepatocellular
carcinoma [57], prostate cancer [46], pancreatic carcinoma [46],
and ovarian cancer [58]. Several of these studies demonstrated that
high expression of IDO was associated with a reduced survival
[53,55,58]. These findings suggest that IDO could be a powerful
prognostic marker in a variety of extra-cerebral tumors.

In vivo detection of IDO may facilitate therapeutic measures by
identifying patients likely to benefit and to quantitatively monitor
IDO inhibition in vivo. The positron emission tomography (PET)
radiotracer alpha-[11C]methyl-L-tryptophan (AMT) is metabolized
by IDO to yield kynurenine pathway products. In preliminary PET
studies of children and adults with brain tumors, increased AMT
uptake was found in a variety of human gliomas and even
glioneuronal tumors [59]. AMT PET was abletodifferentiatebetween
tumors and non-cancerous lesions. A peculiar feature of AMT was its
accumulation in both high- and low-gradetumors,but with different
kinetics. A second study investigated AMT PET imaging in ten NSCLC
patients [60]. It found that the majority of those tumors demonstrat-
ed prolonged AMT uptake suggesting increased IDO activity (Fig. 1).

4.2. Misonidazoles

One of the more exciting probes in this arena is 18F-
misonidazole, F-MISO [61]. As with other 2-nitroimidazoles, F-
MISO is specifically targeted to viable hypoxic cells through the
action of one-electron reductases, such as cytochrome P450
reductase. In the absence of molecular oxygen, a highly reactive
hydroxylamine is formed which covalently attaches to cellular
proteins [62]. Hence, this tracer can be used to identify hypoxic
tumor regions, which are negatively prognostic for radiotherapy
and can be positive predictors of response to hypoxia activated
prodrugs, such as tirapazamine or TH-302 [63].

4.3. Diffusion MRI

Diffusion weighted MRI is used to calculate the apparent
diffusion coefficient (ADC) of water inside the tissue being imaged.
Increased water mobility is associated with decreased cellularity
within the tissue and, thus, increased ADC values. DW-MRI is being
evaluated as method for diagnosis, grading and staging and of a
number of cancers. Recent reviews outline the efficacy and use of
DW-MRI for characterization of breast cancer [64] and head and
neck cancers [65]. ADC is being evaluated as a prognostic indicator
and as a predictor of therapeutic efficacy. For pancreatic cancer,
lower ADC values were predictive of tumor progression, poor
prognosis, in patients imaged 3 or 6 months after treatment [66].
For glioblastoma multiforme (GBM), it was hypothesized that
bevacizumab treatment would be most effective for highly
necrotic tumors. Analysis of recurrent GBM tumors demonstrated
that tumor ADC can be used to predict the efficacy of bevacizumab
treatment prior to initiation of therapy [67].



Fig. 2. In vivo chemiluminescence imaging of a dual expression system in mouse

bone metastases, with RLUC expression (left panels), under control of the

constitutive CMV promoter, representing tumor burden and FLUC expression

(right panels), under control of the multiple SMAD binding element (SBE) promoter

which is activated by the TGF-b receptor mediated pathway. Note that when the

TGF-b pathway is off (top panels) the FLUC signal (top right, arrow) is greatly

reduced relative to the corresponding RLUC expression (top left, arrow) which is

representative of the tumor burden; and that when the TGF-b pathway is on

(bottom panels) the FLUC signal (bottom right, arrows) is comparable to the

corresponding RLUC expression (bottom left, arrows). Adapted by permission from

Macmillan Publishers Ltd: Nature Medicine, Korpal M, Yan J, Lu X, Xu S, Lerit DA,

Kang Y. Imaging transforming growth factor-beta signaling dynamics and

therapeutic response in breast cancer bone metastasis. Nat Med 2009;15:960–6.

Fig. 1. Images of AMT tracer uptake between 40 and 60 min after injection (left) in patient with multiple local NSCLC metastases. Images show high accumulation in tumor

tissue and excellent contrast between tumor and lung tissue. ROIs were defined for tumor nodules (white arrows) and lung tissue (black arrows). Corresponding tumor time–

activity curve (right) indicates rapid initial uptake of AMT, followed by slight decrease at late time points. Curve fit applying reduced compartmental model (k4 5 0) is shown

as solid line, and full compartmental model is displayed as broken line. In addition, 2-compartmental model fit is shown for lung tissue. Reprinted by permission of the Society

of Nuclear medicine from: Juhasz C, Muzik O, Lu X, et al. Quantification of Tryptophan Transport and Metabolism in Lung Tumors Using PET. J Nucl Med 2009;50(3):356–63.
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4.4. Reporter genes

Although only useful for pre-clinical studies at this time, a
multitude of reporter-constructs are commercially available for
imaging activation of specific pathways. Cellular signaling is
detected by expression of luciferase or fluorescence protein, e.g.
GFP, under the control of a promoter sequence that is activated by a
transcription factor associated with the signaling pathway of
interest. Bioluminescence in cells carrying these reporter con-
structs is related to activation of the pathway being studied. While
these constructs are commonly used in cell-based assays,
xenografts have been used to study the effect of modulating
signaling pathways in vivo. Recently, the dependence of TGF-b-
SMAD signaling on growth of osteolytic bone metastases was
studied in vivo using a dual reporter system in mice [68]. Cells used
to form the bone metastases constitutively expressed Renilla
luciferase (RLUC) to determine tumor burden, and expressed firefly
luciferase (FLUC) upon activation of the TGF-b pathway. Lumines-
cence originating from the two luciferases can be distinguished by
their respective peak emission wavelengths. Administration of
TGF-b and inhibitors was used to study pathway activation and
pathway dependent tumor growth (Fig. 2). Infrared fluorescent
protein (IFP) was recently expressed in mammalian cells with
excitation and emission maxima of 684 and 708 nm, respectively
[69]. Because these wavelengths penetrate tissue with minimal
autofluorescence, reporter constructs using IFP may allow for the
in vivo study of pathways in small animals without the need for
injection of the luciferase substrate luciferin.

5. Extracellular targets

As mentioned above, the design criteria for extracellular
targeted agents are significantly less stringent than those for
intracellular targets. However, there are significant sequelae to
large hydrophilic agents that must be considered. First the ADME
(absorption, distribution, metabolism and excretion) pharmacoki-
netics can be complex, especially for large extracellular agents.
Particles up to 100 nm can extravasate from neovasculature and
can thus be retained in tumors by Enhanced Permeability and
Retention (EPR), even without targeting [70,71]. They may also
have very long plasma half-lives if they are too large (>50 kDa) for
renal clearance and are not substrates for reticuloendothelial (RES)
clearance. This can have significance to imaging agents, which rely
on clearance to increase conspicuity and can have off target
toxicities if the pharmacokinetic AUC is large, such as gadolinium-
induced nephrogenic systemic fibrosis, NSF [42,72]. Although
there is a temptation to combine imaging and therapeutic agents to
target receptors, this may not always be appropriate as therapeu-
tics are often antagonists with very high affinities, yet imaging
agents are often better as agonists, as they can induce receptor
recycling and hence, amplification of signal [73]. The following are
examples of ligands, antibodies, nanoparticles and substrates that
have been successfully used to target extracellular proteins.

5.1. Ligands

Small molecule ligands for receptors have significant advan-
tages over larger agents, in terms of more rapid clearance, and



Fig. 3. Liver metastases from pancreatic insulinoma before and after radiolabeled

therapy targeting the somatostatin receptor (SSTR2). (A) SSTR2 targeted molecular

imaging agent (OctreoScan) imaging prior to treatment, arrows indicate areas of

signal related to the agent; (B) CT prior to treatment, arrows indicate liver metastases;

and (C) CT image showing reduction in liver lesions 8 months post-therapy, arrows

indicate location of reduced metastases. With kind permission from Springer

Science+Business Media: Bodei L, Cremonesi M, Soboli S, Grana C, Bartolomei M,

Roccca P, et al. Receptor-mediated radionuclide therapy with 90Y-DOTATOC in

association with amino acid infusion: a phase I study. Eur J Nucl Med 30;2003:207–16.
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higher tumor-to-background values due to lower EPR effect.
Illustrative examples include peptide and peptidomimetic ligands
for integrins, and receptors for somatostatin and folic acid.
Integrins are hetero bivalent cell surface receptors that mediate
cell–cell and cell–matrix interactions [74]. Notably, integrins of
different classes are known to be aberrantly expressed in growing
cancers. For example, avb3 and avb5 integrins are expressed in
angiogenic vasculature, which occurs in tumors and in wound
healing. With the discovery that an arginine-glycine-aspartate
(RGD) motif will selectively target avb3 and avb5, this motif has
been used in numerous platforms (e.g. PET, MR, optical) to image
angiogenesis in vivo [75–79] and to mediate the delivery of
therapeutic agents [80,81]. Recently, non-peptide ligands for avb3
and avb5 have been developed and these have been incorporated
into optical dyes that are commercially available [82]. Additionally,
the somatostatin receptor, SSTR2, is known to be over-expressed in
a number of neuroendocrine tumors. Radiolabeled ligands for
SSTR2 are readily available and are used in patients both for in vivo
molecular diagnosis but also for delivery of radiotherapy (Fig. 3)
[83]. Similarly, the folic acid receptor is known to be upregulated in
a number of cancers, and has also been developed as a target for
multimodal imaging agents [44,84–86].

5.2. Antibodies

Over the past decade, antibodies have been developed to
successfully target cancers. Antibodies can work by inhibiting their
targets or for delivery of radiotherapy. Examples include bevacizu-
mab (a.k.a. avastin) inhibits VEGF, trastuzumab (a.k.a. herceptin)
inhibits Her-2/neu and rituximab (a.k.a. rituxan) inhibits CD20+
cells. These can also be modified to carry therapy, such as
radiotherapy, in the case of anti-CD20 with Bexxar. Examples of
the latter include anti-CD20 and Her-2/neu antibodies.

5.3. Substrates

Enzymes can also be used to activate contrast agents. This has
distinct advantages in that there can be tremendous amplification
of signals in a localized area. There are many fine examples of this
approach, including MRI of myeloperoxidase [87,88] or hyaluroni-
dase [89], as well as protease activation of optical agents, which are
commercially available [82,90].

6. What makes a ‘‘good’’ target?

Ideally a cellular marker for targeted imaging or therapy is
expressed in the target tissue of a given pathology, but is not
expressed in any other normal, unaffected tissue. In this case a drug
could be conjugated to a ligand or substrate specific for the marker,
administered systemically and be readily localized at high
concentration to the affected tissue, while maintaining low systemic
concentrations and, hence, low off-target toxicities. In effect
increasing the therapeutic window, where tolerable systemic
dosages of the drug result in highly elevated and effective levels
at the target site. Similarly in the case of an imaging agent, although
there may be low toxicity associated with the agent, ideal targets are
not expressed in normal tissues in order to avoid false-positive and
confounding image results. Unfortunately very few, if any, cellular
markers have been identified that have this property of non-
expression in unaffected tissues. Because of this, it is important to
evaluate target expression in unaffected tissues while considering
the intended use of the agent to be developed. For example, an
imaging agent designed to distinguish a primary pancreatic tumor
for the purpose of intra-operative surgical guidance by determining
tumor margins (Fig. 4) [91], should be highly and broadly expressed
amongst all pancreatic tumor types, but not expressed in normal
pancreas. Other than that, expression in other tissues may be
tolerable as long as there are no serious associated toxicities or
difficulty in distinguishing a lesion due to expression in a tissue of
close proximity. To avoid toxicity, it is best if markers are not
expressed in vital organs or organs involved in clearance, e.g. heart,
lung, liver and kidney. Such an imaging agent may also be used for
molecular characterization of the disease, as markers may be related
to specific prognoses and may be associated with effectiveness of a
specific therapeutic regimen.

6.1. Target identification

Many targets are reported in the literature as being specific for
various pathologies. It is important to understand how a target was
identified and whether or not expression in normal tissues was



Fig. 4. Intravital imaging of pancreatic cancer following orthotopic implantation in

mouse pancreas using a tumor targeted agent, fluorophore conjugated CA19-9

antibody. CA19-19 is a carbohydrate tumor-associated antigen found in up to 94% of

pancreatic adenocarcinomas. (A) Brightfield image of CA 19-9 treated subject and

(C) fluorescence image of treated subject with bright tumor associated fluorescence.

With kind permission from Springer Science+Business Media: McElroy M, Kaushal

S, Luiken GA, Talamini MA, Moossa AR, Hoffman RM, et al. Imaging of Primary and

Metastatic Pancreatic Cancer Using a Fluorophore-Conjugated Anti-CA19-9

Antibody for Surgical Navigation. World J Surg 2008;32:1057–66..
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also considered in the study. In the case of cancer, few targets have
been identified that cover all types of cancer from a given site of
origin, e.g. breast or pancreas. Hence, it is important that a large
number of samples are used for screening that represent the full
range of disease types. Understanding the coverage of a target
amongst the disease subtypes, can allow for development of a
cocktail of agents that cover the entire range of disease and can
provide for the molecular characterization of disease subtype in an
individual patient.

Gene expression profiling of DNA microarray data generated
from patient and normal ‘‘unaffected’’ tissue samples is an effective
approach for target identification. DNA microarray is an estab-
lished and relatively inexpensive technology with high-through-
put capability for determination of mRNA expression in virtually
every gene in the human genome. Expression of mRNA is a
prerequisite for protein expression, but due to post-transcriptional
and post-translational processing, detection of mRNA expression
does not necessarily correlate with the presence of the corre-
sponding protein product. Therefore, once a target is identified as
being expressed as mRNA, it is essential that protein expression be
validated. Alternatively, proteomics methods are being developed
that can determine protein expression in tissue samples with high-
throughput [92]. Proteomics allows for the immediate and
quantitative determination of target protein.

6.2. Target validation

Prior to undertaking the significant effort and expense of
developing a targeted agent, it is necessary that expression and
sub-cellular localization of the target protein be evaluated for
expression amongst a broad range of diseased and unaffected
tissues. Targets with a known ligand or substrate, or known
structure activity relationships (SAR) are given priority as this will
aid in ligand and agent development following validation.
Differential expression, expression levels, and breadth of coverage
amongst subtypes of the disease may also be considered when
ranking identified targets for further validation. As most potential
targets are expressed in a subset of normal, unaffected tissues, it is
critical that the expression profile of each target be fully validated
in a wide range, if not all, of normal tissues. As discussed above, this
is necessary to select targets that are appropriate for a given
imaging or therapeutic application. If target expression is not
identified via a large-scale proteomics screen as described above,
e.g. by mRNA expression profiling or otherwise, validation of
protein expression may be performed via mass spectrometry-
based proteomics using cell lines or tissue biopsy samples, or using
immunohistochemistry (IHC) of diseased and unaffected tissues in
tissue microarrays. IHC requires the availability of a highly specific
antibody for the target, but, in the case of cancer, provides the
added benefit of distinguishing expression in tumor cells, vs.
infiltrating vascular or immune system cells, different cell types
within a given normal tissue, or normal cells adjacent to the
pathology. In some cases, IHC can distinguish sub-cellular
localization, e.g. cell-surface vs. cytoplasmic or nuclear staining.

It is best if multiple validations are performed, e.g. for cancer
targets, validation in established tumor cell lines allows for their
use in pre-clinical evaluation of targeted agents by whole cell
assays, or by generation of orthotopic tumor xenografts in small
animals for in vivo testing. Additional validations include the use of
publicly available data, such as in the Gene Expression Omnibus
(GEO) repository (http://www.ncbi.nlm.nih.gov/projects/geo/
index.cgi) for mRNA expression, or at the Human Protein Atlas
(http://www.proteinatlas.org) for IHC protein expression, and in
the scientific literature. These validations are a useful adjunct to
the direct validation of protein expression in patient samples by
IHC or proteomics.

6.3. Tissue vs. cell lines

Although determining expression in established cell lines is
recommended for tertiary validations, the use of tissue samples for
the initial target identification screen and initial validation of protein
expression is superior to identification of targets solely from
established tumor lines. Cell lines are cultured in artificial conditions
that do not fully recapitulate the expression patterns found in the
tumor microenvironment, e.g. gene expression can be regionally
altered or induced by microenvironmental conditions within a
tumor such as hypoxia and pH, as is seen with regional expression of
hypoxia response genes [93]. However, using tumor tissues involves
the analysis of a mixture of cell types, tumor and host, and may have

http://www.ncbi.nlm.nih.gov/projects/geo/index.cgi
http://www.ncbi.nlm.nih.gov/projects/geo/index.cgi
http://www.proteinatlas.org/
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a confounding effect on the analysis, e.g. tumor vasculature, or, in the
case of pancreatic cancer, the tumor microenvironment includes a
pronounced stromal component [94,95]. This effect can be reduced
by micro- or macro-dissection of the tissue fortifying for cancer cells.
However, targeting the tumor stroma may have a therapeutic
advantage [96] and should be considered during agent design, as
stromal interactions may potentially influence the efficacy of a
targeted agent. Care should also be taken when using xenograft
tumor tissue as a surrogate for patient tissue, as the microeviron-
mental makeup of xenografts likely does not reflect the correspond-
ing microenvironment in a patient tumor.

7. Conclusion

Molecular imaging and therapeutic agents are being developed
for intracellular and extracellular targets. These new agents are
useful for molecular characterization of disease, and may be used as
predictive biomarkers for therapeutic response, as diagnostic
determiners of disease state, and as prognostic indicators of patient
outcomes. Such agents hold great promise for reducing the cost of
specialized drug development and for improving patient outcomes
by directing therapy and non-invasively providing diagnoses.
Understanding the expression profile of a putative target protein
in a broad range of affected and unaffected tissues is essential for
development of targeted imaging and therapeutic agents. Ideal
targets that exhibit high expression in a broad range of a given
pathology but low or non-expression in unaffected tissues are
scarce. However, markers may be identified that are useful for
targeting sub-populations of disease, and may be used for the
molecular characterization of disease and as predictive or prognostic
indicators. Also, while considering the intended use of the agent to
be developed, target expression in some normal, unaffected tissues
may be tolerated if expression is relatively lower than in disease, or if
the expression is not in a vital tissue associated with clearance or
toxicity, or is not proximal to the organ site of interest for imaging.
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