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Technologic advances in molecular biology and biotechnology are
increasingly being used for the development of new tumor-targeting
tracers. In oncology, major progress has recently been achieved
with peptidic and proteinaceous compounds. The development of
new biocompatible molecules relies on the identification and
validation of new target structures in close conjunction with the
application of novel techniques. The identification of lead com-
pounds by these techniques is followed by the screening of various
derivatives of these molecules. Hence, high-throughput methods
that generate vast libraries of epitopes have been applied. These
libraries are screened to identify the few variants that bind with a
high affinity to the target structure. A key feature of this strategy is
the large number of candidate molecules that can be identified.
Further evaluation and optimization of these molecules requires
characterization of structure-function relationships and subsequent
improvement with respect to binding, internalization, and biodis-
tribution through a rational design of corresponding analogs.
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Molecules are the future of nuclear medicine. In oncologic
diseases, surgery and external-beam radiation therapy—the stan-
dard therapeutic regimens—are intrinsically of limited scope, once
tumor spread has occurred. In contrast, molecularly targeted radio-
therapeutics have the potential to achieve cure, under the assump-
tions of ideal conditions. The implementation of novel molecular
entities in clinical practice requires a line of research and develop-
ment that relates the results of basic science to knowledge of phar-
macology, radiochemistry and, finally, medical needs. Researchers
may, of course, learn from the experiences of pharmaceutical com-
panies but should be aware that there are important design and
development differences between pharmaceuticals and radiophar-
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CLINICAL TRANSLATION OF LIGANDS ®

maceuticals. The target for a radiopharmaceutical may not neces-
sarily be causally involved in the development of disease; it may
just be associated with the disease phenotype. Proteins controlling
cellular homeostasis may not be the best choice as a target because
the difference between the normal state and the diseased state may
be only modest. Also, there is no need to restore equilibrium or the
genetic repertoire of cancer cells. Basically, the key goal is to direct
as much radioactivity as possible to the tumor for an extended
period of time to allow the deposition of sufficient energy to kill
cancer cells but not normal tissues. Therefore, carrier molecules that
specifically bind to and transport radionuclides inside tumor cells
and have minimal or reduced affinity for or interaction with normal
tissue are required.

In recent years, researchers also have learned that cancer cells may
not be the only cells that represent or possess potential targets within
the tumor mass; cellular components of the tumor stroma and
microenvironment may also serve as targets. Therefore, nontumor cells
and matricellular proteins can represent potential structures for ligand
development. The process of tracer development can be described as
a chain of consecutive steps starting with defining the clinical need.
The next steps are target identification, target validation, selection
or production of the appropriate tools or target structures, identifica-
tion of possible structural leads, ligand synthesis, in vitro screening
and subsequent radiolabeling of ligands identified by the screening, and
iterative evaluation of in vitro and in vivo biologic characteristics and
behaviors. The outcome of the in vitro and in vivo validation commonly
results in the disqualification of many ligands or the realization of the
need to modulate the structure to enhance affinity or stability. Finally,
an initial proof-of-concept study may be done in patients (Fig. 1).

TARGET IDENTIFICATION AND TARGET VALIDATION

Usually target identification is performed by screening literature
reports based on autopsy studies, genetic linkage studies, genome-
wide association studies, RNA interference studies, proteomics,
forward and reverse genetics, and large-scale datasets from
genomics (/,2). However, there are concerns about the reproduc-
ibility of the published data because analyses by pharmaceutical
companies, such as Bayer and Amgen, and academia did not show
consistency between findings reported even in very highly ranked
journals and in-house data (2-5). The analysis conducted by
Amgen revealed that in only 6 of 57 projects could the findings
reported in the literature be confirmed. The Bayer analysis led to
similar findings, with 14 of 67 projects being confirmed. These data
may explain why the rates of success of phase 2 studies dropped
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FIGURE 1. Process of tracer development from target identification to

proof of concept in patients.

from 28% to 18% in recent years (6). Therefore, uncertainty about
even well-known and established targets remains unless there has
been a proof-of-concept study in patients. Good examples are so-
matostatin receptor ligands and ligands against prostate-specific
membrane antigen (PSMA); for these ligands, peptides and small-
molecule inhibitors were developed by the pharmaceutical industry
and applied in patients before being used as lead structures for tracer
development (7,8). For new and less characterized targets, there
may be no other choice than repetition to confirm the data. Since
analyses in yeast and mammalian cells have shown that messenger
RNA (mRNA) levels are not reliable predictors of corresponding
protein levels (9), gene expression data are insufficient and the need
for verification at the protein level remains.

Critical issues in the development of radiopharmaceuticals involve
either the target or the ligand. Regarding the target, researchers need
to determine what the medical problem is; whether there is a
biologic or biochemical hypothesis; whether there is a known target;
whether upregulation of the target occurs in tumor or in normal
tissue; whether the target is localized in membranes or within cells;
whether the extracellular domain is large enough; whether the target
degrades with shedding and, if so, what is left at the plasma
membrane; and whether internalization or recycling occurs.

The first step is to determine whether it makes sense to engage in
tracer development for a particular target. This step leads to the
identification of a medical need and the corresponding biologic or
biochemical hypothesis that can be related to a target. Several
essential features are needed for triggering the efficient uptake of
radiotracers.
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Upregulation in Tumor Tissue

Once the target is identified, expression levels in tumor and
normal tissue must be defined. If the target is expressed pre-
dominantly in the tumor, heterogeneity may be an issue. Intra-
tumoral heterogeneity may cause treatment failure because of the
presence of divergent phenotypes with different susceptibilities to
a particular therapeutic intervention. In addition, intratumoral
heterogeneity may lead to sampling bias when biopsies are taken
(10). These effects may contribute to the failure observed for RNA
expression or DNA copy number analysis with respect to the pre-
diction of a therapy response (/1,12), but it also may be respon-
sible for the failure of endoradiotherapy (i.e., target-negative cells
may be responsible for tumor regrowth).

Extracellular Localization

The limited success of !!In-capromab pendetide (ProstaScint;
Cytogen Corp.) in the detection of PSMA-positive prostate cancer
originates from the fact that the antibody used binds to the in-
tracellular domain of the target antigen. This fact demonstrates the
importance of gaining knowledge about the localization of the
target (membrane-associated vs. intracellular) and the accessibil-
ity of the targeting molecule. In addition, an extracellular domain
of sufficient size should be available, at least when small mole-
cules or peptides are used. Intracellular proteins or membrane
proteins with intracellularly localized targets, such as tyrosine
kinases, are generally suboptimal. Exceptions are thymidine ki-
nase 1 and hexokinase, whose radiolabeled substrates—3'-deoxy-
3'-fluorothymidine and FDG—are metabolically trapped inside
the cell on uptake via transport molecules. Another intracellular
target with potential is melanin, which has been exploited as a
target for the endoradiotherapeutic treatment of metastatic mela-
noma (/3). For larger molecules, such as antibodies, the plasma
membrane certainly is a considerable obstacle.

No Shedding on Ligand Binding

Another factor that may be easily overlooked is the possibility
of degradation of the target with shedding. Many antibodies with a
high affinity have been developed against mucin 1, but they
recognize epitopes within the highly immunogenic a-chain tandem-
repeat array. However, the mucin 1 a-chain is shed into the peripheral
circulation, where it can form complexes with circulating anti-
bodies—thereby limiting their ability to reach mucin 1-over-
expressing tumor cells—as well as redirect radioactivity to
other, normal organs, such as the liver and reticuloendothelial
system (/4,15). Thus, the critical questions are: What is left at
the plasma membrane? Can it be targeted effectively?

Internalization After Ligand Binding

The final property of antigens primarily applied to therapeutic
applications relates to their trafficking. Internalization followed by
recycling of the target is a favorable property of the target because
it leads to the transport of radioactivity into tumor cells, which can
be used for both diagnosis and endoradiotherapy. Recycling of the
protein allows the target to reappear at the membrane surface,
enabling subsequent ligand interactions.

Presence of Family Members or Splice Variants with High
Homology at Protein Level

Expression on other family members or splice variants in nontarget
tissues may result in a high background. In these situations, strategies
for avoiding binding to regions with common amino acid sequences
are needed.
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FIGURE 2. Tumor characteristics as basis for selection of targets for
directed therapies of cancers. EGFR = epidermal growth factor recep-
tor; ER = estrogen receptor; Gleevec = imatinib mesylate (Novartis);
Her-2 = human epidermal growth factor 2; MDR = multidrug resistance;
NET = neuroendocrine tumor; SSTR = somatostatin receptor.

IDENTIFICATION OF LIGANDS

Regarding the ligand, researchers need to determine whether it
functions as an enzyme, receptor, or something else; whether it
has a known lead structure; whether it is an antibody, small
molecule, or peptide; whether it is an inhibitor or a substrate; its
affinity and stability; how many receptor molecules are at the
plasma membrane; and its pharmacokinetics, such as whether it
binds to plasma proteins and whether its excretion pathway is
renal or intestinal.

The presence of a target with a known function (such as an
enzyme or a receptor related to the biologic behavior of a tumor)
(Fig. 2) or a known lead structure (likely a natural substrate or
ligand) that defines binding to or interaction with the target is
fortuitous. Somatostatin receptor imaging and therapy can be con-
sidered the paradigm for receptor targeting using peptides. A high
affinity of a peptide for its receptor, accompanied by internaliza-
tion of the receptor—peptide complex, facilitates retention of the
radionuclide in receptor-expressing tumors, whereas the relatively
small size of a peptide facilitates rapid clearance from the blood.

NATURAL PEPTIDES

(Mostly regulatory peptides)

PEPTIDE LIBRARIES

(i.e. Phage or ribosomal scaffold)

Screening Panning

TUMOR SPECIFIC LIGAND

FIGURE 3. Two alternative sources for potential peptide ligands: use
of known tumor-binding peptides and de novo identification of peptides
from random libraries. On radiolabeling, specific ligand is used as mim-
otope binding target of interest.

CLINICAL TRANSLATION OF LIGANDS ®

For PSMA ligands, imaging and endoradiotherapy are done either
with a PSMA-binding antibody or with a radiolabeled small mol-
ecule that is recognized by the enzymatic domain of PSMA (7).
These two examples can be seen as prime examples for rational
design. In rational design, information obtained from the study of
structure—activity relationships and the conformational properties
of peptide structures is used. This approach relies on the identifi-
cation of lead compounds followed by screening of numerous
derivative compounds.

In contrast to rational design, combinatorial chemistry involves
the synthesis of a vast library of possible variants of the molecule
of interest and screening of the whole population to identify the
few variants that show the desired interaction (Fig. 3). The at-
tractive feature of this concept is the generation of a large number
of molecules that can be used for further identification and eval-
vation of binders. For example, the diversity of a hexapeptide
library randomizing the 20 natural amino acids at each position
amounts to a sequence space of 64 million variants. The critical
issue in this process is the development of sensitive and efficient
high-throughput screening techniques that allow the rapid identi-
fication of molecules with the desired properties. This step is
followed by characterization of the structure—activity relation-
ships for the identified compounds. Subsequently, further improve-
ments can be obtained by mutation analysis or rational design of
analogs (16).

Molecular libraries that provide a high degree of structural
diversity may be created by means of chemical or biologic
libraries. Chemical libraries consist of compounds produced by
random or directed synthesis and generally displayed on solid
supports such as activated beads, pins, or batch arrays. Biologic
libraries are developed by use of genetically encoded and expres-
sion systems and usually consist of RNA, DNA, proteins, and
peptides (/7). The recombinant techniques applied are random
mutation, DNA shuffling, and display techniques such as phage-
display, ribosome display, or mRNA display. After the identifica-
tion of lead structures, further improvements can be obtained by
mutation and amplification to create a new pool of diverse mole-
cules for further screening rounds. This iterative process of muta-
tion, selection, and amplification to evolve the best-fit molecule is
known as “directed evolution” (16).

BIOTECHNOLOGY METHODS FOR IDENTIFICATION OF NEW
LIGANDS: DISPLAY SYSTEMS

Display systems are applied for the selection of molecules
from libraries in which peptides or proteins such as antibodies
(phenotype) are physically linked to their corresponding encoding
sequences (genotype). In addition, these systems can be used to
modify the biophysical properties of the displayed molecules by
evolution through cycles of mutation, selection, and replication. In
principle, two types of display systems are available: cell-based
systems, such as phage display (Fig. 4) or cell surface display, and
cell-free systems, such as ribosome display and mRNA display.

In phage display libraries, peptide, antibody, or other protein
libraries are fused to the carboxy-terminal domain of minor coat
protein III or VII on the surface of a filamentous phage (/6). The
ligand binding to the target is detected using the recombinant
receptor molecules or cell lines. Subsequently, the binding phages
are amplified by infection of bacteria. This approach allows the
selection of clones from large pools of sequences (>10'0 clones)
within weeks. Selection is followed by determination of the amino
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codon ensures that its end is fixed within the
ribosomal tunnel and its last amino acid is
connected to the peptidyl-transfer RNA. The
absence of a stop codon prevents the binding
of release factors, which normally catalyze
the release of the polypeptide from the ribo-
somes. This process leads to the formation
of a protein—ribosome-RNA complex, which
connects the phenotype (peptides, antibodies,
or miniproteins) to the genotype (RNA)
(36-39). The steps of ribosome display are
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construction of a large DNA library encod-
ing peptides, antibodies, or miniproteins
fused in frame to a C-terminal spacer; in
vitro transcription of the library into mRNA;
and in vitro translation. Thereafter, protein—
mRNA-ribosome complexes are exposed to
the target structure. Washing to remove non-
binding molecules leads to enrichment of
i ori binding molecules. The binding molecules
are amplified by reverse transcription-PCR
J/ of the mRNA; this step is followed by the

FIGURE 4. Composition of peptide libraries presented by phage templates. Bacteriophages
constitute prototype of display system in which peptide or protein motif is linked to genetic
information that encodes its sequence. Insertion of random sequences into plasmids of bacte-
riophages allows production of random libraries containing diversity required to rapidly screen
billions of different peptide sequences. Panning process is applied to select motifs that specif-

ically bind tumor-specific targets.

acid sequence displayed on a phage by sequencing of the section
of the phage genome in which the library is fused to the coat
protein. Selection can be done by exposure of the library to recombi-
nant target proteins or cells or even in animals. This approach has
been used in various applications, such as in the mapping and
mimicking of epitopes, the identification of new receptors and
natural ligands, high-affinity antibodies and analogs, the isolation
of specific antigens binding to bioactive compounds, the produc-
tion of novel enzyme inhibitors and DNA-binding proteins, and
the probing of cellular and tissue-specific processes. Phage display
has been successfully applied for the identification of peptides
with a high specificity for target tumor neovasculature or a variety
of human tumor cells (16,18-33).

In vitro selection systems such as ribosome display and mRNA
display represent an alternative to phage display. They are
technically demanding but have two advantages: the ability to
handle very large libraries (10'2-10'3 different sequences or po-
tential molecules) and the possibility of using polymerase chain
reaction (PCR) amplification steps to introduce further diversity
into the system. Such diversity may be used for the evolution of
proteins through iteration of random mutagenesis and selection, a
process known as affinity maturation (/6,34,35). Both ribosome
display and mRNA display have been used to select linear pep-
tides or single-chain antibodies that bind to protein targets with
low picomolar affinities.

Ribosome display is based on the translation of libraries
consisting of mRNA molecules with stoichiometric quantities of
ribosomes. Because the mRNA molecules in the library have no
stop codon, the scanning process for the ribosomes can be
extended to the ends of the mRNA molecules. The corresponding
polypeptide emerges from the ribosomes, and the lack of a stop
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next round of transcription, translation, and
exposure. During the amplification process,
diversity may be further increased with error-
prone PCR. High-affinity binding molecules
are usually obtained after 3—6 panning rounds
(35,38,39).

Ribosome display libraries have been
used for the selection of peptides binding
to several targets, such as prostate-specific antigen, d-like ligand 4,
streptavidin, and lysozyme, or to identify the main antigenic poly-
peptides of Staphylococcus aureus. The affinity of these peptides
ranged from 7.2 to 140 nM. Similar results have been obtained for
single-chain variable fragments (scFv) using targets such as the
GCN4 leucine zipper, progesterone, and fluorescein. All selected
scFv acquired genetic mutations during the biopanning process. A
comparison of the isolated scFv and their progenitors revealed that
the selected scFv had mutations due to errors introduced by the
activity of DNA polymerase used for the amplification step and
that these mutations led to up to 40-fold improvements in their
affinities for the antigen. The best scFv had affinities in the low
picomolar range and could be further improved by off-rate selec-
tion and error-prone PCR (36).

The strategy for mRNA display is similar to that for ribosome
display: a complex between mRNA and the polypeptide encoded
by the mRNA can be applied for the selection process (37). The
method differs from ribosome display in the covalent nature of the
linkage between the mRNA and the protein in the mRNA—protein
complex, achieved by linking the two molecules through a small
adapter molecule, typically puromycin. The steps include transcrip-
tion of a large DNA library encoding the molecules of interest,
which are free of stop codons, into mRNA; ligation of an adapter
molecule to the 3’ ends; and in vitro translation (/6,37). This pro-
cess results in a peptide bond between the adapter molecule and the
C-terminal amino acid residue in the polypeptide chain. After the
introduction of complementary DNA (cDNA) chains by reverse
transcription for stabilization and easy recovery of the genetic in-
formation, the complementary DNA-mRNA protein library is ex-
posed to the target. Binders are isolated by affinity chromatography
or immunoprecipitation of the target structure. Amplification for the
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next panning cycle is then realized using the complementary
DNA. In general, 4-10 biopanning rounds may be necessary to
select proteins with a nanomolar affinity for a given target. This
process has been used for engineered libraries of linear peptides,
structurally constrained peptides, variable heavy domains of anti-
bodies, and single-chain antibodies. When targets such as an anti—
c-Myc antibody or streptavidin were used, binders with a binding
constant as low as 2.5 nM were found (40).

AFFINITY AND STABILITY OR SCYLLA AND CHARYBDIS: IS
THERE A SOLUTION?

A general problem for linear peptides is their degradation
by peptidases. This degradation inevitably leads to a stability
problem, with a plasma half-life in the range of several minutes
(26-30). Stability may be increased by shortening the peptide after
identification of the essential binding sequence using an alanine
scan, exchange of single amino acids, introduction of p-amino
acids, peptide cyclization, and coupling to chelators such as
DOTA. Although this approach may lead to increased metabolic
stability, these changes frequently cause a decrease in affinity
(29,30,41). Therefore, the strategy of first identifying a linear
peptide with acceptable affinity and then trying to make it stable
while retaining its affinity is a circular approach that will keep a
scientist busy for years.

An instructive case is that of peptide FROP-1 (FROP), which
was identified by biopanning with a linear peptide library against
thyroid carcinoma cells (30). The original peptide showed binding
to follicular thyroid carcinoma as well as anaplastic thyroid car-
cinoma, mammary carcinoma, cervix carcinoma, and prostate car-
cinoma and a low affinity for human umbilical vein endothelial cells
or immortalized keratinocytes. In MCF-7 cells, 78% of the bound
activity was internalized after 10 min of incubation. However, sta-
bility experiments in human serum revealed a degradation product
after 15 min. Further analysis indicated that degradation started with
the cleavage of the N-terminal amino acid (glutamate). Tumor up-
take of the '?’I-labeled peptide increased for 45 min in nude mouse
models, reaching 3.6 percentage injected dose per gram (%ID/g) for
FROS82-2 tumors and 3.8 %ID/g for MCF-7 tumors. To improve
stability, DOTA was coupled to the peptide (42). Despite its excel-
lent tumor-binding capacity, FROP-DOTA had slow binding kinet-
ics. Biodistribution studies showed that the clearance was very fast
and, together with the slow binding kinetics observed in vitro, pre-
vented significant tumor accumulation (Fig. 5). The next step
investigated whether the conjugation of polyethylene glycol to FROP-
DOTA would result in a derivative with a prolonged residence time
in the blood (43). The binding kinetics of pegylated FROP-DOTA

were even slower than those of FROP-DOTA. Biodistribution studies
of the labeled conjugate in mice bearing human FRO82-2 tumors
revealed a time-dependent increase in uptake of the pegylated peptide
(2.3 %ID/g at 2 h after tracer administration) (43). However, as shown
in Figure 5B, the tumor was barely seen. Therefore, the project was
not continued.

Biomolecules derived from constrained peptides have advantages
over linear peptides because they are more similar in structure to
globular proteins as a result of their smaller loss of entropy on target
binding (/6,44). Binding surfaces for proteins have been engineered
on the faces of helical bundles (a small protein fold composed of
several a-helices) or similar scaffolds (34,44). Some scaffolds, such
as those based on lipocalins, the 10th fibronectin type III domain, or
helical bundles such as Affibody molecules (which are derivatives
of the Z domain of S. aureus protein A), have been successfully
used for the selection of high-affinity binders (45). The fibronectin
type III domain, which has an immunoglobulinlike fold but is
smaller than a heavy chain variable domain, was used to gen-
erate mRNA display libraries in which the diversity was concen-
trated in 3 exposed loops by randomizing 21 residues in these
loops (analogously to antibody complementarity—determining re-
gions). Selection against tumor necrosis factor-a and affinity mat-
uration of the identified ligand with error-prone PCR revealed
Fn3-like domains with affinities of about 20 pM (46). Similar
results were obtained with vascular endothelium growth factor
receptor 2. Furthermore, a library based on the knottin trypsin
inhibitor EETI-II was designed by randomization of the 6 residues
of the trypsin-binding moiety. mRNA display revealed trypsin-
binding peptides with a high homology to wild-type EETI-II (44).

When libraries based on the trypsin inhibitors sunflower trypsin
inhibitor and Min23 were applied, peptides were identified by phage
display as well as ribosome display for DIl4 and o,B¢-integrin (37—
33). The DI14 peptides showed a high affinity, in the range of 4-40 nM,
and a serum stability of up to 10 d. When a membrane proteome
of HNO97 tumor cells (head and neck squamous cell carcinoma)
fractionated by the ProteomeLab PF2D system (Beckman Coulter)
and corresponding HNO97 cells for phage display with a sunflower
trypsin inhibitor library were used, a novel a,[¢-integrin—binding
peptide (SFITGv6) with stability over a period of 24 h, a high
affinity (diffusion constant, 14.8 nM) for «,Bg-integrin, and an
internalization ratio of 37.5% was identified (33). Small-animal
PET imaging and biodistribution studies of mice with HNO97
xenografts showed tumor-specific accumulation of ®8Ga- and
177Lu-labeled DOTA-SFITGv6. Peptide histochemistry revealed
strong and homogeneous binding of biotin-labeled SFITGv6 to
head and neck squamous cell carcinoma and breast cancer— and
lung cancer—derived brain metastases. Finally, initial PET/CT

scans of head and neck squamous cell car-
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cinoma and non-small cell lung cancer
patients showed SFITGv6 accumulation
specifically in tumors and not in inflamma-
tory lesions (Fig. 6).

Affibody molecules, 3-helix-bundle pro-
teins with 58 amino acids derived from the Z
domain of S. aureus protein A, may also be
useful as scaffolds. A phage display library
was generated by random mutagenesis of
residues from the Z domain-binding sur-
face, and binders were isolated for some

FIGURE 5.

CLINICAL TRANSLATION OF LIGANDS ®

(A) Kinetics of binding of FROP-DOTA and pegylated FROP-DOTA (PEG-FROP-
DOTA) in FRO82-2 cells. (B) Small-animal PET of FRO82-2 tumor-bearing mouse.

targets, including human insulin, HIV type
1 gpl120, human apolipoprotein A-I, and
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classic rules of drug development. Future
efforts must be focused on strategies that
will allow researchers to close the gap be-
tween drugs with a molecular mass of less
than 500 Da—corresponding to the tradi-
tional understanding of what constitutes a
drug—and newer, proteinaceous drug candi-
dates.

Finally, researchers developing radio-
tracers must consider the fact that current,
highly efficient biotechnology techniques
increasingly are leading to the identification
of target molecules with a low abundance.
As a consequence, strategies that enable
high drug load ratios, such as conjugation
of multivalent chelator complexes, must be
developed (49).

CONCLUSION

Advances in understanding of the bi-
ology of tumors stimulates the develop-

FIGURE 6.

patient with lung cancer. Tumor can be seen in left upper lung.

human epidermal growth factor 2 (HER2) (44,47). Initial studies
with an anti-HER?2 Affibody (ZHER2:342) revealed selective uptake
in HER2-expressing tumors, with excellent image contrast. How-
ever, the small size (7 kDa) of the molecule caused rapid glomerular
filtration and high kidney uptake. Therefore, a dimeric Affibody
was fused to albumin, and this construct reduced renal uptake by
a factor of 25. Treatment of a tumor that had high HER2 expression
(SKOV-3) with 17 or 22 MBq of a !7"Lu-labeled compound [!7Lu-
CHX-A''-DTPA-ABD-(ZHER2:342),] completely prevented the
growth of the tumor. Even in xenografts with low HER?2 expression
(LS174T), therapy with this molecule caused a small but significant
increase in survival (48).

RATIONAL DESIGN: TRANSFORMATION INTO RADIOTRACERS

For clinical applications, the identification of novel binders
must be pursued through appropriate modifications. The aim of
such modifications is multifold. First, the targeting molecule must
be linked to a radionuclide of interest. Although proteins can be
readily labeled with radionuclides of iodine for preliminary
examinations, small molecules require sophisticated methods for
the incorporation of a radionuclide such as ''C or !8F. These
isotopes can be applied without extensive modification of the
properties of the molecule to be labeled. Once the applicability
of the potential radioligand has been proven, routine labeling
strategies must be established. In this respect, folded peptides have
strong advantages over linear peptides because their linkage to
complex chelating agents will not have destructive effects on
stable molecules. As mentioned earlier, somatostatin receptor—
binding molecules were the prototypes of peptide radiopharma-
ceuticals. Their development took advantage of the efforts of
Sandoz in a large program started to develop peptide hormone
therapeutics. At present, drug development is confronted with
the broad availability of large molecules that do not fulfill the
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(A) Small-animal PET showing tumor, kidneys, and bladder after administration of
88Ga-labeled SFITGv6 in tumor-bearing mouse. (B) Transaxial, coronal, and sagittal slices from

ment of new molecules for the targeted
therapy of cancer. The potential targets can
be cloned and thereby made available as
potential diagnostic or drug discovery tar-
gets for further structural exploration. Gen-
erally, there are two sources of potential
peptide ligands—the most straightforward being peptides previ-
ously known to bind to receptors expressed on tumor cells. How-
ever, such peptides have been the focus of research for many
years, and the chances of identifying a stellar binder seem to be
fading. The second option—the de novo identification of peptides
from libraries—provides access to peptide sequences beyond the
overworked pool of known tumor-binding peptides. In this pro-
cess, target selection and validation are the most critical compo-
nents. Biotechnology methods offer researchers a large number
and variety of sequences or chemical structures to be considered
as biomolecules applicable for diagnosis and treatment. Further-
more, novel scaffold structures that may improve the affinity and
stability of binding molecules can be applied. Tracers based on
these new molecular entities represent promising opportunities for
the establishment of new diagnostic and therapeutic procedures.
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