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CONSPECTUS

he oS3~ and asf34-integrins play a key role in angiogenesis, the forma-
tion of new vessels in tissues that lack them. By serving as receptors for a .
variety of extracellular matrix proteins containing an arginine-glycine-aspartic
acid (RGD) sequence, these integrins mediate migration of endothelial cells into
the basement membrane and regulate their growth, survival, and differentia-
tion. Besides being involved in angiogenesis, the o,3;-integrin is also pre-
sented on tumor cells of various origin, where it is involved in the processes that .h ‘

govern metastasis.
Because the o.3;5-integrin is an attractive target for cancer treatment, high-

affinity ligands containing the RGD sequence, for example, cydic pentapeptides, have 4 X . .
been developed. They inhibit angiogenesis, induce endothelial apoptosis, decrease
tumor growth, and reduce invasiveness and spread of metastasis. This develop- G { a . 4
ment finally resulted in qydo(RGDf(NMe)V) (dilengitide), which is a drug for the treat- W o o .
ment of glioblastoma (currently in phase Il dinical trials). Wl L G

With the growing focus on individualized medicine, dinicians would like to g
be able to assess the severity of the disease and monitor therapy for each [*FlGalactRGD

patient. Such measurements would be based on a noninvasive visualization and

quantification the o.,55-integrin expression levels before, during, and after antiangiogenic therapy. A wide spectrum of in vivo imag-
ing probes for the nucear imaging modalities positron emission tomography (PET) and single-photon emission computed tomog-
raphy (SPECT), for optical imaging, and for magnetic resonance imaging (MRI) have been developed with these goals in mind. In
this Account, we describe the synthesis and predinical and dinical assessments of dedicated targeting probes. These molecules ide-
ally accumulate selectively and in high concentrations in o,33-integrin-expressing tissues, have low uptake and retention in non-
target tissues, and are highly stable against in vivo degradation.

['21] qyclo(RGDyV) was the first radiolabeled “imaging analogue” of cilengitide that we evaluated predlinically in detail. Sub-
sequent studies focused on qyclo(RGDfK) and q/clo(RGDyK), which allowed conjugation with various signaling moieties, such as
prosthetic groups, bifunctional chelators (DTPA, DOTA, NOTA, TETA, and TE2A for labeling with """In or '7’Lu for SPECT and Y,
88Ga, or 54Cu for PET), or fluorescent dyes (Cy5.5, cypate). Furthermore, pharmacokinetic modifiers such as carbohydrates, charged
amino acids, or PEG analogues were coupled to the peptide core without significantly affecting the binding affinity. Finally, dimers,
tetramers, octamers, and polymers and decorated quantum dots with several dozens of peptide units were constructed and inves-
tigated. Some of these multimers demonstrated significantly improved affinity (avidity) and targeting effidiency in vivo.

Besides peptidic o,53-integrin ligands, researchers have investigated radiolabeled antibodies such as Abegrin and used molec-
ular modeling to design small peptidomimetics with improved activity, in vivo stability, and subtype selectivity (e.g., '"'In-TA138).
Furthermore, there is an increasing interest in nanoparticles such as nanotubes, quantum dots, or paramagnetic particles coated
with cydic RGD analogues as targeting agents. ["®F|Galacto-RGD, a glycosylated cyclo(RGDfK) analogue, was the first such sub-
stance applied in patients and has been successfully assessed in more than 100 patients so far.

Because of modification with carbohydrates, rapid renal excretion, and inherently low background activity in most regions of
the body, imaging of o35 expression with high tumor/background ratios and high specificity is possible. Other '®F-labeled RGD
analogues recently developed by Siemens and GE Healthcare have entered dlinical trials.
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Introduction

Angiogenesis, the process of formation of new vessels in avas-
cular tissue, plays a key role in a variety of processes such as
embryogenesis, tissue remodeling, the female reproductive
cycle, and wound healing and is also upregulated in a vari-
ety of deseases, for example, rheumatoid arthritis, psoriasis,
restenosis, diabetic retinopathy, and tumor growth, as well as
tumor metastasis. The angiogenic process depends on vascu-
lar endothelial cell migration and invasion, which are regu-
lated by cell adhesion receptors such as integrins."? Their
function ranges from mediating migration of endothelial cells
into the basement membrane to regulation of endothelial cell
growth, survival, and differentiation during angiogenesis.>

The o,f5- and asf-integrins serve as receptors for a vari-
ety of extracellular matrix proteins with the exposed arginine-
glycine-aspartic acid (RGD) sequence, for example, vitronectin
or fibronectin. Since the a,fs-integrin is expressed on the
tumor cells of certain tumor types (melanoma, glioblastoma,
ovarian, and breast cancer), it represents an attractive target
for cancer therapy.* High-affinity of3s-integrin ligands based
on RGD-peptides inhibit angiogenesis, induce endothelial apo-
ptosis, decrease tumor growth and reduce invasiveness and
spread of metastasis.

A wide spectrum of probes for various imaging modalities,
ranging from nuclear imaging (SPECT (single photon emis-
sion computed tomography) and PET (positron emission
tomography)) over magnetic resonance (MR) and ultrasound
(US) to optical imaging methods (e.g., FMT (fluorescence medi-
ated tomography)), have been investigated to noninvasively
visualize the o,f5-integrin expression status before, during,
and after antiangiogenic therapy. These approaches require
dedicated and chemically modified a,fs-integrin targeting
probes, which optimally fulfill three requirements: high selec-
tive and specific uptake, low accumulation and retention in
nontarget tissues, and high in vivo stability.

Development of such targeting probes therefore focuses on
the choice of an optimal targeting moiety and the pharmaco-
kinetic optimization after modification with a suitable signal
unit, that is, a radionuclide (SPECT/PET), a fluorescent dye
(FMT), or a contrast agent (US, MR).

For peptide receptor mapping, SPECT and PET have the
highest clinical impact, which has prompted intense efforts in
the development of o,33-integrin targeted radiopharmaceuti-
cals.” This class of tracers therefore serves best to illustrate the
various aspects of probe development. Thus, this Account will
focus on the comparative assessment of radiolabeled o,/5-
integrin probes.
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FIGURE 2. An integrin receptor in the fully extended conformation.

INTEGRINS AND THEIR LIGANDS

Integrins. Integrins constitute a family of heterodimeric trans-
membrane cell adhesion receptors (Figure 1), which connect
cells to proteins of the extracellular matrix. Until now, 18 a
and 8 f subunits have been identified. They form 24 het-
erodimers, each with distinct ligand binding properties, able to
perform inside-out and outside-in signaling.*® Each of the o
and  subunits is a type | membrane glycoprotein consisting
of a large extracellular domain, a transmembrane helix, and
a short cytoplasmic tail (Figure 2).” Integrins are often detected
in clusters on cell surfaces, which is, in some cases, required
for their ligand-binding ability.?

The RGD sequence has been identified as an essential
binding motif for seven out of the 24 integrin receptors, for
example, o3 and asps. This has stimulated ongoing research
to define other small peptidic integrin-binding sequences.®'°

Integrin Ligands. The discovery of the RGD sequence as
the essential binding motif was the starting point for the rapid
development of a variety of small-molecule a,f3-integrin
antagonists with successively improving ligand characteris-
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FIGURE 3. Evolution of RGD-containing compounds.

tics and suitable in vivo characteristics for antiangiogenic ther-
apy (Figure 3).

First-generation linear peptides containing the RGD
sequence or disulfide bridged cyclic peptides such as RGD-4C
suffer from low subtype selectivity, from low metabolic stabil-
ity, or from both.""'2 High selectivity (o33 > oupfB3), strongly
enhanced activity, and sufficient metabolic stability have been
observed for the cyclic pentapeptide cyclo(RGDfV), developed
by a screening for the best spatial orientation of the RGD pep-
tide sequence.'® Additional optimization via N-methylation
finally resulted in the cyclic peptide cyclo(RGDf(NMe)V), which
is applied as a drug for the treatment of glioblastoma (cilen-
gitide, clinical phase I11).'* This peptide shows subnanomolar
o, B3-affinity and low nanomolar asf4- and o, fs-affinity. These
three integrins are all involved in angiogenesis; selectivity
toward the platelet integrin o3 is high.

Unfortunately, except facile radioiodination after substi-
tution of p-phenylalanine by p-tyrosine in cyclo(RGDfV),
these cyclopeptides do not possess functionalities that allow
efficient conjugation of alternative signaling units. Thus,
['231]cyclo(RGDyV) was the first radiolabeled o,fs-ligand
evaluated in vivo.'® Substitution of valine by lysine allowed
conjugation with prosthetic groups, chelators, and dyes with-
out significantly affecting binding affinity.'® Use of the cyclo-
(RGDf/yK) core furthermore facilitated optimization of
pharmacokinetics via attachment of pharmacokinetic modifi-
ers (e.g., carbohydrates,'”'® charged amino acids,'® PEG
analogues'?2°) or improved binding characteristics (avidity)
via multimerization.?'*? Besides peptidic ayAs-integrin ligands,
radiolabeled antibodies have been investigated in the con-
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2,5-pyridinedicarboxylic acid
(PDA)

text of immunotherapy of cancers to characterize the phar-
macokinetics of the parent antibodies,?®* and molecular
modeling has been exploited to design peptidomimetics with
improved activity, in vivo stability, and subtype selectivity. For
example, the availability of the X-ray structure of a5 in com-
plex with cilengitide** led the route toward a homology
model of asf1,%> allowing the rational design of peptidomi-
metic integrin ligands with significantly improved subtype
specificity. 2627

Furthermore, the use of nanoparticles such as nanotubes,*®
quantum dots,*® or paramagnetic particles® coated with cyclic
RGD analogues as targeting units is gaining more and more
interest.’

In summary, a variety of o, 55-targeted lead structures have
evolved, and a multitude of labeling and optimization strate-
gies are available for the development of suitable imaging
agents.

Integrin Ligands for in Vivo Imaging

Nuclear Probes. **"Tc-Labeled Compounds. Of all clini-
cally relevant radionuclides, °*"Tc-labeling requires the most
fundamental structural changes, often leading to radioconju-
gates with unpredictable characteristics.

The earliest examples of °"Tc-labeled a,33-integrin tar-
geted compounds are the linear peptide G-RGD-SPC,3? as well
as aP2 (RGD-SC-RGD-SY),? using the cysteine side chain for
complexation of ?°™Tc. Evaluation of the latter peptide in
patients with metastatic melanoma yielded low tumor/back-
ground ratios and poor imaging quality.

Much more stable complexation of 2°™Tc has been
achieved by using small peptides with several donor groups
as chelators, for example, the DKCK sequence of DKCK-cyclo-
(RGDfK).>* This compound showed specific uptake in vivo but
also high renal accumulation and low metabolic stability.
Recently, an RGD-4C-functionalized HPMA polymer was
labeled with °°™Tc via a MA-GG-DPK-chelator. Due to its long
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FIGURE 5. SPECT images of tumor-bearing mice 1, 2, and 4 h p.i. of ~15 MBq of **"Tc(HYNIC-E{E[cyclo(RGDfK)],},)(tricine)(TPPTS).

Reproduced from ref 40. Copyright 2007 American Chemical Society.

plasma half-life, tumor/background ratios suitable for imag-
ing were reached as late as 24—72 h postinjection.

99mTc-labeling of the RGD-4C-derived analogue 2°™Tc-
NC100692,'? which has a PEGylated C-terminus, was
achieved via a diamine—dioxime chelator (see Figure 15). This
compound shows efficient o, 33-integrin targeting and is cur-
rently being evaluated in a clinical trial.>>

The most frequently applied complexation chemistry for
99MTc employs hydrazinonicotinic acid (HYNIC)-coupled pre-
cursor molecules and various coligands, which have signifi-
cant impact on the in vivo performance of 2°"Tc-HYNIC-
labeled biomolecules.>®

Among the HYNIC-conjugated a,f5-integrin ligands, the
dimeric HYNIC-E[cyclo(RGDfK)], has been most extensively
studied and shows a 10-fold increased receptor affinity com-
pared with the monomeric analogue, which is reflected in an
increased tumor accumulation and retention in vivo.?” Both
variation of the coligand (trisodium triphenylphosphine-
3,3’,3”-trisulfonate (TPPTS) versus 2,5-pyridinedicarboxylic
acid (PDA); Figure 4), and alternative introduction of an anionic
linker between HYNIC and the peptide core in 2°™Tc(HYNIC-
E[cyclo(RGDfK)],)(tricine)(TPPTS) led to markedly increased
tumor/kidney and tumot/liver ratios.3®3° Enhanced o,f3s-in-
tegrin-mediated tumor uptake was also observed for tet-
rameric %" Tc(HYNIC-E{E[cyclo(RGDfK)],})(tricine)(TPPTS), while
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FIGURE 6. Structures of the bidentate 9°™Tc(CO);(H,O)His complex
and the tridentate PADA complex.

activity concentrations in blood and liver remained unchanged
(Figure 5). Renal acitivity levels, however, also increased.*°

Due to the availability of a kit formulation (IsoLink,
Mallinckrodt), another ®°™Tc-labeling strategy has gained con-
siderable impact. Buffered pertechnetate eluted from the
99Mo/*°"Tc-radionuclide generator is reduced to the
[9*MTc(CO)3(H20)s]* aqua ion by sodium boranocarbonate and
subsequently complexed with bidentate (e.g., histidine) or tri-
dentate (e.g., N,N-picolylamine diacetic acid (PADA)) chela-
tors (Figure 6).

In a first study, linear and cyclic **"Tc-RGDfK-His and **"Tc-
RGDfK-PADA analogues exhibited considerable hepatic and
intestinal accumulation, challenging their applicability for in
vivo imaging studies.*’ Recently, four cyclo(RGDfK) moieties
were grafted to a cyclic octapeptide (RAFT-RGD) and labeled
with [?*™"Tc(CO)3(H,0)s] " via histidine.?? Although this tetramer
showed increased tumor accumulation, tumor/organ ratios
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were <1 for almost all organs. Another attempt to improve
pharmacokinetic properties of **™Tc(CO)s-labeled RGD ana-
logues resulted in an Asp-glucosamino-derivative of cyclo-
(RGDfK) using N-bis-carboxymethyiglycine as chelator.*?
Again, uptake in liver, intestines, and kidney was higher than
tumor uptake.

Generally, ®™Tc(CO)s-labeled peptides show protein bind-
ing and hepatobiliary clearance. This has also been illustrated
by a comparative study involving cyclo(RGDyK)-analogues
labeled with °°™Tc via four different strategies, which showed
fundamentally different pharmacokinetic profiles.** Therefore,
care must be taken in choosing the appropriate **"Tc-label-
ing strategy. Subsequent optimization with respect to bind-
ing affinity and excretion profile, as exemplified by
99MT(HYNIC-E[cyclo(RGDfK)],) (see above), seems unavoidable.

Radiometalated Compounds. For radiometalation of
of3-integrin ligands, chelators such as DTPA (diethylenetri-
aminepentaacetic acid) or DOTA (1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid), both of which form complexes
with a variety of clinically relevant radiometals ('''In (SPECT),
77Lu (pretherapy dosimetry); %8Ga, 54Cu, 8%Y (PET)) have been
conjugated to RGD peptides (Figure 7).

As described for the *°™Tc-labeled analogues, initial stud-
ies were conducted using DTPA- and DOTA-cyclo(RGDf/yK)
derivatives, which were then further optimized using various
strategies.***>

In a recent study, cyclo(RGDfK(DOTA)), labeled with ''In
and %8Ga, was evaluated in M21-melanoma bearing mice.*®
The %8Ga-labeled analogue showed higher activity concentra-
tions in all organs compared with ['''In]DOTA-RGD, especially
in blood and tumor. This resulted in slightly increased tumor/
organ ratios for [°®Ga]DOTA-RGD despite high plasma pro-
tein binding. This example highlights the impact of
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radionuclide chelation properties on the biodistribution of oth-
erwise identical tracer molecules.

The choice of the binding sequence, that is, cyclo(RGDyK)
vs cyclo(RGDAK) also has substantial influence on ligand phar-
macokinetics. In vivo comparison of two dimers, [¢*Cul[DOTA—
E[cyclo(RGDfK)]> and [5*Cu]DOTA—E[cyclo(RGDyK)],, showed
significantly higher tumor accumulation of the b-tyrosine
derivative compared with the p-phenylalanine analogue, along
with a decreased liver uptake.*”

Pharmacokinetic modifiers such as additional charged
amino acids or large hydrophilic polymers have been intro-
duced to reduce nonspecific tracer accumulation. In the case
of dimeric [""'In]DTPA—E—E|[cyclo(RGDfK)],, the glutamic acid
spacers lead to significantly increased tumor/kidney and
tumor/liver ratios without reducing tumor uptake,*® and in the
case of monomeric [**Cu]DOTA-PEG(3400)—cyclo(RGDyK),
modification with the PEG polymer (3400 Da) occasioned a
decrease in hepatic and intestinal tracer accumulation with-
out affecting tumor uptake.'®

As described, multimerization of cyclo(RGDf/yK) units may
be used as a tool to enhance receptor affinity and avidity. For
example, tetrameric [*Cu]DOTA—E{E[cyclo(RGDyK)],}, exhib-
its a 3-fold increased receptor affinity compared with the cor-
responding dimer and a doubling of tumor accumulation,
accompanied by an increased activity accumulation in the
excretion organs.*® This trend is further continued in the tran-
sition from the tetrameric to the octameric compound.>®

The same has been observed in studies with correspond-
ing ['""In]DOTA and [*®Ga]NOTA analogues.>'>% Whether this
challenges the concept of multimerization beyond dimeriza-
tion or simply reflects increased specific binding to other inte-
grin subtypes has not been evaluated in detail so far.
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FIGURE 7. Bifunctional radiometal chelating systems.
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FIGURE 9. Scintigraphic images of '""'In-TA138 (2 h p.i. of ~50 uCi/
mouse) in a c-neu oncomouse mammary adenocarcinoma model.34

Especially in the case of ®*Cu-labeled compounds, the
choice of the chelator may influence the biodistribution pat-
tern. It is well-known, that DOTA and TETA complexes of 64Cu
are susceptible to in vivo transchelation in the liver, leading to
hepatic activity accumulation and retention. Cross-bridged
chelators such as CB-TE2A form more stable 64Cu complexes,
leading to decreased liver retention of [¢4Cu]CB-TE2A—
cyclo(RGDyK) compared with the DOTA derivative.>3

Besides radiometalated RGD peptides, '"'In-labeled small-
molecule ligands have also been described (Figure 8).274>>4

Among these, '''In-TA138 showed the most favorable
pharmacokinetics and excellent imaging quality as early as
2 h postinjection (Figure 9).

Furthermore, Abegrin, a humanized mAb against human
oB3-integrin, which is currently being investigated in clinical
trials for cancer therapy, has been labeled with 64Cu and eval-
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uated.?® The %*Cu-DOTA conjugate seems to be well suited for
characterization of the pharmacokinetics, tumor targeting effi-
ciency, dose estimation, and suitable dose interval of Abegrin.

Radiohalogenated Compounds. Radioiodinated cyclo-
(RGDyV) and cyclo(RGDfY) were the first radiolabeled o.f3s-
ligands for noninvasive investigation of angiogenesis in
vivo.'® To reduce unspecific binding of ['l]cyclo(RGDyV), the
more hydrophilic ['23l]gluco-RGD, a cyclo(RGDyK) analogue
derivatized with a sugar—amino acid was developed, result-
ing in superior imaging of a,3s-expression in vivo.'”

Since PET is the imaging methodology of choice, an anal-
ogous '8F-labeled compound, ['®F]galacto-RGD was devel-
oped.'® This derivative shows pharmacokinetics comparable
to ['23l]gluco-RGD but increased tumor uptake, yielding high-
contrast PET images. Consequently, ['8F]galacto-RGD has been
successfully applied for clinical imaging of o,fs-integrin
expression.

Other monomeric '®F-labeled RGD-peptides have been syn-
thesized using direct radiofluorination,>> acylation with suc-
cinimidyI-4-['8F|fluorobenzoate®® or hydrazone formation
between 4-['®F|fluorobenzaldehyde and HYNIC-cyclo(RGDyK)
(Figure 10).>” None, however, show a comparably favorable
biodistribution pattern as ['®F|galacto-RGD.

Significant improvement was achieved by developing mul-
timeric cyclo(RGDfE) analogues, which were radiofluorinated
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via chemoselective one-step ligation of the aminooxy-func-
tionalized peptide construct with 4-['8Fifluorobenzaldehyde via
oxime formation (Figure 11).2">8

The affinity of cyclo(RGDfE)HEG-Dpr—["8F]FBOA vs (cyclo-
(RGDfE)HEG),-K-Dpr—["8F]FBOA vs ((cyclo(RGDfE)HEG),-K)»-K-
Dpr-['8F]FBOA for the a,fs-integrin increased by a factor of
~10 with each multimerization step (Figure 12), leading to
improved tumor accumulation in the series tetramer > dimer
> monomer (Figure 13).2' Improvement in tracer stability was

o]
HN

fﬁ

\_.J.L .

g HN——

o
((c(RGDfE)HEG),-K),-K-Dpr-['*F]FBOA

FIGURE 12. Structure of ((cyclo(RGDfE)JHEG)>-K)>-K-Dpr—['8FIFBOA and its
and a tetramer containing three knockout sequences (RADfE).
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achieved by replacing the -lysine tree used for multimeriza-
tion by the corresponding p-lysine analogues.>®

['8F]FB-E(cyclo(RGDyK)), and ['8F]FB-E-[E(cyclo(RGDyK))al2
were synthesized using a conventional '8F-acylation strate-
gy.®° Tumor uptake increased in the order tetramer > dimer
> monomer; tumor/organ ratios, however, were substantially
lower than those found for the ['8FJFBOA multimers. In one
study, kidney accumulation of ["8F]FB-E(cyclo(RGDyK)), was sig-
nificantly reduced by the introduction of a mini-PEG spacer
between the prosthetic group and the peptide; tumor uptake
remained unaffected.®’

Recently, the E(cyclo(RGDyK)), analogue was radiofluori-
nated using click-chemistry.®? This compound showed dete-
riorated pharmacokinetics compared with ['8F]FB-E(cyclo-
(RGDyK)), due to reduced tumor accumulation.

Optical Probes. Near infrared fluorescence (NIRF) optical
imaging is gaining increasing importance as a powerful tech-
nology for the preclinical study of diseases at the molecular
level or for intraoperative endoscopic fluorescence imaging.
Blood and tissue absorbance as well as autofluorescence are
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oyS3-affinity compared with the respective monomeric analogue
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RGD-Tetramer
Blocked
+ 18 mg c(RGDfV)/kg

n.c.a.

ECAT Exact HR*, 90 min p.i.

RGD-Dimer

n.c.a.

RGD-Monomer

n.c.a.

FIGURE 13. PET images of nude mice bearing M21 (high o,/35-integrin expression) and M21L melanomas (low o,/;-integrin expression) 90
min p.i. of (cyclo(RGDfE)HEG),-K),-K-Dpr-['8FIFBOA and its dimeric and monomeric analogues.

minimal in the NIR window (650—900 nm), leading to effi-
cient photon penetration into tissue (theoretical maximum,
7—14 cm) with low scattering.®3

Both the availability of a variety of suitable NIR dyes, allow-
ing easy coupling to targeting molecules,®* and the develop-
ment of fluorescence-mediated tomography (FMT), which is
capable of resolving of fluorescence signatures quantitatively
and three-dimensionally,®> have prompted the development
of several integrin-targeted NIR probes.

The first fluorescent o,S3-integrin ligands applied for in vivo
optical imaging were cyclo(RGDfK)—Cy5.5 and cyclo(RGDyK)—
Cy5.5, both yielding high contrast images of mice bearing
subcutaneous human xenografts.®%-67

In the only FMT study performed so far, a disulfide bridged
RGD peptide (cyclo[CRGDC]GK—Cy5.5) was used as the fluo-
rescent probe, showing high and specific accumulation in M21
melanoma xenografts.®®

Other fluorescent peptidic probes with selectivity for only
the as- or the Bs-integrin subunit, for example, have also been
developed. The as-binding analogues Cy5.5—0A02 (cyclo-
(CGHCIitGPQU)) and Cy5.5—LXY1 (cyclo(cdGLG-hydroxyproline-
Nc)) show rapid washout from tumor, which can be
circumvented by using a peptide—biotin—streptavidin—Cy5.5
construct with longer circulation time.®®7° The fluorescent
ligand Cyp-GRD (cypate-GRDSPK) lacks the RGD sequence but
surprisingly shows highly specific uptake into o,fs-integrin
expressing tumors.”! Experiments performed in Bs-knockout
cells revealed that cellular uptake of Cyp-GRD was mediated
exclusively by the 8s-subunit.”2
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A newly developed alternative to the use of dye-labeled
ligands are semiconductor quantum dots (QDs).?° QDs have
excellent and tunable fluorescence characteristics and may
easily be coated with targeting vectors such as small pep-
tides and other functionalities. The use of QDs, either as a
mono- (Ol) or a dual-function probe (OI/PET), coated with up
to 90 c(RGDyK) units per QD, has been reported
recently’>”* Despite excellent in vitro binding affinity,
tumor accumulation of these probes was moderate, dem-
onstrating limited extravasation of these nanoparticles. Con-
sequently, QDs may allow exclusive targeting of vascular
oyf3-integrin expression.

MR Probes. Magnetic resonance imaging relies on the
accelerated relaxation of the water protons in the surround-
ing tissue of a receptor ligand coupled with paramagnetic met-
als like Gd3*. With an a,s-ligand, only the surrounding tissue
of the integrin receptor will be detected, with a higher spatial
resolution than that for nuclear imaging techniques.”> For
example, RGD-coated nanoparticles have already been
applied for this new technique.?® For a recent review about
MRI, see ref 76.

Clinical Experience

So far, successful transition into a clinical setting has only
been achieved with radiolabeled o,f5-targeted probes.
Among these, ['®F]galacto-RGD, a glycosylated cyclo(RGDfK)
analogue, was the first substance applied in patients, allow-
ing imaging of of3-expression in vivo with good tumor/
background ratios due to its rapid renal excretion and
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['®F]Galacto-RGD

FIGURE 14. ['®F]Galacto-RGD PET of a patient with a bronchial carcinoid
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FIGURE 15. Structure of NC100692."2

inherently low background activity in most regions of the
body.”””8 The tumor uptake of ['®F]galacto-RGD correlates
well with of3-expression levels in tumors of various ori-
gin (Figure 14), as demonstrated by the correlation of
tumor/blood ratios (calculated from standardized uptake
values) with the immunohistochemical staining as well as
microvessel density in excised tumor specimens.

Recently, another '®F-labeled RGD analogue was developed
by Siemens and is now entering a clinical study.”® Radiofluori-
nation of '8F-RGD-K5 is performed using click chemistry. So far,
no patient data on the performance of this tracer are available.

Furthermore, two compounds introduced by GE Health-
care have entered clinical studies, a ™ Tc-labeled RGD-con-
taining compound, °°™Tc-NC100692 (Figure 15), and an
8F-labeled analog, '8F-AH111585, both sharing the same

doubly cyclized peptide backbone based on RGD-4C and a
PEGylated C-terminus. To allow labeling with °™Tc and '®F,
respectively, either a diamine—dioxime chelator or an ami-
nooxy functionality were coupled to the Lys' side chain.

Both the SPECT and the PET tracer have so far been exclu-
sively evaluated in breast cancer patients.?>2° In patient
images, both compounds show significantly higher back-
ground activity compared with ['®F|galacto-RGD, especially in
liver. However, a more detailed assessment in a larger cohort
of patients will be necessary for a valid comparison with the
current “gold standard” ['8F|galacto-RGD.

Conclusion

The data summarized in this Account indicate that quantifica-
tion of integrin expression in vivo using powerful molecular
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probes for tumor imaging and detection of neoangiogenesis
is still an active field of research.

Future developments will aim toward the evaluation of the
potential of other integrins, for example, the o8¢, aaf1-,
asfq-, and o,fs-integrins, as potential targets for imaging
angiogenic processes, not only in the context of tumor biol-
ogy but also in other diseases such as myocardial infarction,
stroke, atherosclerosis, peripheral artery disease, or chronic
inflammation. It can be assumed that these efforts will possi-
bly lead to valuable methods for monitoring of individual-
ized therapies in the near future.
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