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Kurzbeschreibung

Das Ziel dieser Diplomarbeit war die Evaluierung von ''In(DOTA-Galacto-RGD2) (DOTA =
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid, Galacto-RGD> = Glu[cyclo[Arg-Gly-
Asp-D-Phe-Lys(SAA-PEG2-(1,2,3-triazole)-1-yl-4-methylamide)]]2, SAA = 7-amino-L-glycero-
L-galacto-2,6-anhydro-7-deoxyheptanamide, and PEG> = 3,6-dioxaoctanoic acid) und
Mn(NOTA-Bz-Galacto-RGD2) (NOTA-Bz = 2-(p-thioureidobenzyl)-1,4,7-triazacyclononane-
1,4,7-triacetic acid) als Radiotracer fiir die Visualisierung von o3 Integrin in Brustkrebs.
DOTA-Galacto-RGD2 und NOTA-Bz-Galacto-RGD> wurden mittles Konjugierung von Galacto-
RGD2 mit 1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid-1-acetate(N-hydroxysuccinimide)
(DOTA-OSu) und 2-(p-thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (SCN-Bz-
NOTA) synthetisiert. DOTA-Galacto-RGD2, and NOTA-Bz-Galacto-RGD> wurden zur
Untersuchung ihrer Affinitét zu ovf3 Integrin in einem Verdringungsassay mit '*’I-echistatin
gebunden an US7MG Glioma Zellen evaluiert. Die Synthese von 'In(DOTA-Galacto-RGD>) and
Mn(NOTA-Bz-Galacto-RGD») war charakterisiert durch eine hohe radiochemische Reinheit
(>95%) und die chemische Stabilitit in Losung war iiber >72 h nach der radioaktiven Markierung
gegeben. 'In(DOTA-Galacto-RGD>) und ""In(NOTA-Bz-Galacto-RGD,) wurden beziiglich
ithrer ,,Tumor-Targeting* Fahigkeit und ihrer Bioverteilung evaluiert. Die Experimente wurden in
athymischen Nacktmausmodellen durchgefiihrt, denen MDA-MB-435 humane Krebszellen
injiziert wurden. Die Ergebnisse wurden mit denen von "In(DOTA-3P-RGD,) (3P-RGD> =
PEG4-E[PEG4-¢(RGDfK)]>; und PEGs = 15-amino-4,7,10,13-tetraoxapentadecanoic acid)
verglichen. Es wurde festgestellt, dass die Aufnahme im Tumorgewebe (6.79 + 0.98, 6.56 + 0.56,
4.17+0.61 and 1.09 £ 0.13 %ID/gnach 1,4, 24 und 72 h p.i) fast gleich zur jenen von ' In(DOTA-

3P-RGDy) (6.17 £ 1.65,5.94 £ 0.84, 3.40 £ 0.50 und 0.99 + 0.20 %ID/g, respectively) im gleichen



Tiermodell war. ''"In(DOTA-Galacto-RGD>) zeigte eine schnellere Clearance aus dem Blut und
aus den Muskeln als ''"In(DOTA-3P-RGD:), was zur Folge hat, dass hdhere Tumor/Blut und
Tumor/Muskel Verhiltnisse erreicht wurden. Hohe Aufnahme in der Leber fiihrten allerdings zu
einem niedrigerem Tumor/Leber Verhiltnis im Vergleich zu "In(DOTA-3P-RGD;). Kein
signifikanter Unterschied wurde in der Aufnahme in der Lunge und im Tumor/Lunge Verhiltnis
festgestellt. Durch planare Gamma Kamera Aufnahmen konnten wir feststellen, dass ''In(DOTA-
Galacto-RGDy), ''In(DOTA-3P-RGD>) und '""'In(NOTA-Galacto-RGD>) als SPECT Radiotracer
fiir die Visualisierung von ayf3 integrin- Brustkrebs so wie potenticlle Metatstasen verwendet
werden konnen.

Obwohl die planaren Aufnahmen von !''"'In(NOTA-Galacto-RGD:) eine Anreicherung des
Radiotracers zeigen, sind die Ergebnisse aus der Biodistribution Studie fiir diesen Radiotracer noch

nicht zufriedenstellend und bediirfen weiterer Optimierung.



Abstract

In this thesis work we evaluated !'"'In(DOTA-Galacto-RGD,) (DOTA =1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracetic acid, Galacto-RGD»> = Glu[cyclo[ Arg-Gly-Asp-D-Phe-
Lys(SAA-PEG2-(1,2,3-triazole)-1-yl-4-methylamide)]]2, SAA = 7-amino-L-glycero-L-galacto-
2,6-anhydro-7-deoxyheptanamide, and PEG2 = 3,6-dioxaoctanoic acid) and '"'In(NOTA-Bz-
Galacto-RGD») (NOTA-Bz = 2-(p-thioureidobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid)
as onf3 integrin-targeted radiotracers for breast tumor imaging. DOTA-Galacto-RGD:> and NOTA-
Bz-Galacto-RGD, were prepared by conjugation of Galacto-RGD, with 1,4,7,10-
tetraazacyclododecane-4,7,10-triacetic acid-1-acetate(N-hydroxysuccinimide) (DOTA-OSu) and
2-(p-thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (SCN-Bz-NOTA),
respectively. DOTA-Galacto-RGD; and NOTA-Bz-Galacto-RGD; were evaluated for their ovf3
integrin binding affinity in a competitive displacement assay using '?’I-echistatin bound to
U87MG glioma cells. The IC50 were 27+2 and 24+4 nM for DOTA-Galacto-RGD; and NOTA-
Bz-Galacto-RGD, respectively. ''In(DOTA-Galacto-RGD>) and !'In(NOTA-Bz-Galacto-RGD:)
were prepared with high radiochemical purity (>95%), and remained stable in solution for >72 h
post-labeling. ''In(DOTA-Galacto-RGD;) and '''In(NOTA-Bz-Galacto-RGD») were evaluated
for their tumor-targeting capability and biodistribution properties in athymic nude mice bearing
MDA-MB-435 human breast tumor xenografts. The results were compared with those of
Mn(DOTA-3P-RGD;) (3P-RGD> = PEG4-E[PEGs-¢(RGDfK)]2; and PEGs4 = 15-amino-
4,7,10,13-tetraoxapentadecanoic acid). It was found that its tumor uptake (6.79 = 0.98, 6.56 +
0.56,4.17+0.61 and 1.09 £ 0.13 %ID/g at 1, 4, 24 and 72 h p.i., respectively) was almost identical
to that of "'In(DOTA-3P-RGD>) (6.17 £ 1.65, 5.94 + 0.84, 3.40 + 0.50 and 0.99 + 0.20 %ID/g,

respectively) in the same animal model. "'In(DOTA-Galacto-RGD) had a faster clearance from



blood and muscle than '"In(DOTA-3P-RGD:), leading to much higher tumor/blood and
tumor/muscle ratios. However, its tumor/liver ratios are lower than those of '''In(DOTA-3P-RGD:)
due to its higher liver uptake. There was no significant difference in their lung uptake and
tumor/lung ratios. Planar imaging data suggest that both !''In(DOTA-Galacto-RGD>),
Mn(DOTA-3P-RGD;) and "''In(NOTA-Galacto-RGD») are all useful as SPECT radiotracers for
imaging o3 integrin-positive breast tumors and related metastases. Despite planar images of
Mn(NOTA-Galacto-RGD>) were promising, its quantified tumor accumulation in the
biodistribution study is significantly lower than the one of ''In(DOTA-Galacto-RGD>). This
questions the suitability of ''In(NOTA-Galacto-RGD:) as a radiotracer for oyB3 integrin-positive

breast tumors and requires optimization in further research.
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“A change of strategy in the world of cancer”

(Robert A. Gaten, Nature, Vol. 459, May 2009)

“Eradicating the large, diverse and adaptive populations found in most cancers presents a
formidable challenge. One centimeter cubed of cancer contains about 109 transformed cells and
weighs about 1 gram, which means there are more cancer cells in 10 grams of tumor than there are
people on Earth. Tumors are complex ecosystems: they include normal cells as well as regions of
low blood flow and oxygen content where cancer cells are relatively protected from the effects of

chemotherapy.”

“The typical goal in cancer therapy, similar to that of antimicrobial treatments, is killing as many
tumor cells as possible under the assumption that this will, at best, cure the disease and, at worst,
keep the patient alive for as long as possible. Indeed, for more than 50 years, oncologists have tried
to find ways to administer ever-larger doses of ever-more cytotoxic therapy. But, just as invasive
species consistently adapt to pesticides, regardless of concentration or cleverness of design, so too
do cancerous cells adapt to therapies. Indeed, the parallels between cancerous cells and invasive
species suggest that the principles for successful cancer therapy might lie not in the magic bullets

of microbiology but in the evolutionary dynamics of applied ecology.”

“Even now, many oncologists agree in principle that therapeutic strategies aimed at controlling
cancer could prove more effective than trying to cure it. But the idea of killing not the maximum
number of tumor cells possible but the fewest necessary will be difficult for both physicians and

patients to accept in practice.”



1. Introduction

1.1 Tumor Imaging in Nuclear Medicine

Several modalities to visualize tumors have been developed throughout the past decades. These
include x-ray computed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), single- photon emission computed tomography (SPECT) and ultrasound.
Keeping track of the development of cancer and verifying the efficiency of the treatment is the
primary purpose of any tumor imaging technique. CT and MRI can characterize a tumor by
observing the changes in its volume. Nuclear medicine tomographic techniques such as PET and
SPECT make it possible to target functional properties such as the micro-vascular characteristics
of a tumor by tracking signaling molecules expressed on tumors and vessels involved in
angiogenesis such as integrin receptors [2]. Other particular features of the tumor like its growth
rate, receptor expression and metabolism could be successfully detected [110-112]. This explains
why PET and SPECT have become the most important imaging modalities in nuclear medicine.

There are two different types of emission computed tomography that can detect the distribution
of a radiolabeled molecule in the human or animal body. SPECT uses gamma-emitting
radionuclides such as *™Tc, '2’I, ’Ga, !''In, while PET makes utilize of p*-emitting radionuclides
such as !'C, I*N, 150, 8F, %Ga. PET detects several pairs of gamma-rays, which are produced
indirectly by a positron that is emitted from the radionuclide injected in the body. More precisely
the system detects two 511-keV photons emitted in opposite directions after annihilation of a
positron and an electron the emitted photons come from many position around the body axis of the
patience. The multitude of collected data allows to create a reconstructed image which shows the

activity in the desired area. In SPECT, the emission systems consist of a gamma-camera with one


http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Radionuclide

to three Nal(T1) detector heads for the acquisition and processing of data (Figure 1). The detector
head rotates around the long axis of the patient at small angle increments (3—10) for 180" or 360°
angular sampling. The data is saved in the computer and used for later reconstruction of the images
of the planes (slices) of interest. SPECT images are captured by a so called gamma camera which
acquires multiple 2D images, so called projections, from many angles around the patient. Through
a computer program, the images are reconstructed by using tomographic reconstruction algorithm,

which provides final 3D image of the distribution of the radioactivity emitted by the radionuclide

[117].
A > 300 keV
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Figure 1- Photon interaction in the Nal(TI) detector (Funtamentals of nuclear Pharmacy, Springer
5t ediction, Gopal B. Saha, 2004)

This way, transverse, sagittal, and coronal images can be obtained from the collected data.

The SPECT scan requires a collimator to find the source of tracer accumulation and reconstruct
the images. In fact, in the SPECT only one single y-rays - instead of two like in the PET — are
detected. This one photon can go in a single direction and needs therefore to be detected with a
collimator. The downside of this system is that the presence of a collimator screens out most of the

produced photons. As a consequence of this, the sensitivity of the SPECT scan is lower.



Despite this, the newest SPECT systems are able to capture the projection of radiotracers coming
from the whole body by using ultrahigh energy collimators with excellent resolution, which can
minimize this problem [117- 118]. Their detection range reaches nano- to picomolar levels and is
comparable to the one of the PET [119-120]. The resolution sensitivity is terms of 30 to 300 keV.
They are cheaper and easier to handle than the one used for the PET, especially because of their
longer half-live. The most utilized isotope is SPECT-scans remains *™Tc because of its convenient
price and excellent radio-physical characteristics. SPECT systems are now widely used not only
for human clinical purposes but also for early stage development of new drugs in small animals
such as rats and mice. The radionuclides utilized for PET tracers have a very short half-life (2
minutes for °O, 20 minutes for ''C and 10 minutes for 'N), which makes the utilization of PET
limited. A PET-scan requires a dedicated PET scanner, a specific cyclotron and a suitable chemical
lab for the proper preparation of radiopharmaceuticals. SPECT is more advantageous when it
comes to the preparation of the desired radionuclides, because its radionuclides have a longer half-
life and are generally less challenging to synthesize. Commonly used y-emitters for SPECT are
9mTe (Emax 141 keV, T1/2, 6.02 h), '°1 (Emax 529 keV, T1/2, 13.0 h) and '''In (Emax 245 keV,
T1/2, 67.2 h) [116]. SPECT imaging is much more widely available and less expensive than PET
imaging. Furthermore, the resolution of microSPECT cameras (<0.5 mm) is even higher than that
of the microPET ones (>1.5 mm) [116].

The strategy behind tumor imaging is to find a target that would ideally be present in all tumor
stages and also would be possibly common to different types of cancer. Because cancer cells often
change their features during growth stages, this has been challenging. It has been noticed that
angiogenesis is a common characteristic to very many different types of cancer since the growth

of all solid tumors is angiogenesis-dependent. Many receptors and factors play a role within this



complex process. Particularly viable are integrins receptors. Integrins have been detected in all
types of tumors and are there essential for both, the tumor growth and the development of
metastasis [66, 86]. Whenever it comes to targeting the integrin receptors, the ideal imaging
method should allow to visualize and quantify integrin’s expression before, during and after
angiogenesis. Indirect and direct imaging methods have been developed. Direct imaging consists
of labelling the target molecule itself, for example the integrin modulator VEGF, with a radioactive
isotope such as *™Tc and then detecting it. A particular **™Tc radiolabeled VEGF compound was
stable for 1 h and was detected in vivo for that amount of time on blood vessels [114]. The indirect
method is based on labelling the receptor of the target molecule and not the molecule itself. In this
case the most relevant example is the radiolabelling of RGD peptides to target the integrins as
receptors.

The current trend in nuclear medicine is focused on combing different imaging techniques in
order to be able to get more simultaneous information about the tumor’s size, its structure and
function. Combination of PET and CT can provide precise information about the tumor perfusion,
its metabolism and its exact location, while PET together with MRI can increase the regular soft

tissue contrast provided by MRI alone.



1.2. Integrins

1.2.1. Integrins in general

Integrins are part of a family of glycosylated, heterodimeric transmembrane adhesion receptors.
They are responsible for cell—cell and cell-extracellular matrix (ECM) interactions, which include
regulation of the adhesion to the ECM, organization and remodeling of the cytoskeleton, activation
of intracellular signaling pathways, cell proliferation and control over the cell death or survival
[29]. Integrins don not have any kinase activity, but they promote the activation of signaling
pathways by clustering various proteins such as tyrosine kinases, focal adhesion kinase (FAK) and
Src- family kinases [29, 32-33]. They are composed of one o and one B subunit. So far 8 B subunits
and 18 a subunits have been discovered. Each different combination of the two subunits is unique
and has specific binding and signaling characteristics [29]. Both subunits are glycoproteins and
they are fixed in the cell membrane. The extracellular part is composed of the amino terminus and
represents the main part of the peptide chain. The smaller part of the peptide, the C-terminus, is
located in the inner part of the cell. This particular type of conformation allows these receptors to
work in-and-out the cell membrane. The extracellular part of the alpha and beta chains works with
a different mechanisms than the intracellular part. This enables both parts to transmit unique and
differing signaling pathways to the inside or the outside of the cells. Whenever the ECM binds to
the exterior part of the receptor, a signal is transmitted into the intracellular part. This makes it
possible to convert extracellular ligand binding into activation of intracellular processes.
Consequently, the activity of the integrins is regulated from the outside and the extracellular
activity from the inside [29-30].

Based upon their ability of binding or not binding to ECM, integrin receptor determine the

survival of physiological and/or tumor cells [31]. The ECM is a wide network of proteins secreted



by cells throughout their existence. There are two main types of ECM: the basal lamina and the
interstitial matrix [29]. Both differ from each other in their structure and characteristics based on
their location in the human body. Despite this, both have similar effects on the cells. They
influence the migration, the proliferation and the apoptotic death of not only physiological cells
but also cancerous ones [31]. It must be underlined that cells with neoplastic transformation are a
lot less dependent on the extracellular matrix’s adhesion than normal cells, but they still require
integrins for processes like tumor initiation and tumor growth [105-106]. All these effects on the
cells, promoted by the extracellular matrix, can only happen in the presence of activated integrins.
In fact, activated integrins initiate signaling pathways that modify the cytoskeleton so that it can
bind to the extracellular matrix. Aggregates composed of integrins, extracellular matrix proteins
and the cytoskeletal proteins are then built on the inner and outer side of the membrane [29].
Integrins provide a sort of anchorage for the cells on the extracellular matrix that allows them to
proliferate. Activating growth-promoting signaling influenced by ERK or MAPK contribute to
this as well, but growth factors alone are not capable of initiating this pathway [39]. Cell
proliferation could not occur if it was not for the integrins receptors.

Integrins are known to exist in various activation statuses with respectively different
specificity and affinity for ligands. Integrins can often bind more than one ligand and a given
ligand can attach to several integrins. The requirement for integrins to interact with different
extracellular matrix components, is the presence on their surface of the correct amino acid
sequence corresponding to their type. The Arg-Gly-Asp (RGD) sequence has been found on many
matrix proteins including fibrinogen, vitronectin, fibronectin, thrombospondin, osteopontin,
collagen and von Willebrand factor [83] and has been officially identified as a ligand for integrins

such as a3, avPs, and aspi [40-43]. The presence of this sequence on so many relevant molecules



in the human body, makes it an excellent target to track various physiological and pathological
processes. Macromolecular ligands containing the RGD sequence and capable of interacting with

integrin ovf3, have been synthesized to specifically target cancer related processes.

1.2.2. Integrins in cancer

Integrins play an essential role in the growth and development of a tumor. On a physiological
basis they trigger many processes essential for normal cell functions and development. At the
same time they are also directly responsible for pathophysiological mechanisms such as migration,
proliferation and invasion that are basic requirements for the tumor growth [28]. In a cancerous
environment, cells work differently than in a physiological one. In fact, tumor cells tend to lose
those integrins that provide the attachment to the basement membrane. On the other hand integrins,
which promote the tumor growth, are overexpressed during tumor angiogenesis. Integrins can be
divided into two categories; the one promoting tumor growth and the other one preventing that. It
has been found that integrin ax31 and a3 correlate most frequently with tumor suppression, while
integrin owPs, ovPs and osPs are responsible for tumor promotion [31]. Integrins can so directly
control the cell’s lifecycles, by either sustaining cell survival or initiating apoptosis. So called
ligated integrins promote survival signals, while unligated integrins stimulate pro-apoptotic
cascades [72]. Ligated integrins promote cell survival through many mechanisms such as nuclear
factor-kB (nF-xB) signaling [73] and/or p53 inactivation [74]. Unligated integrins are considered
modulators of cell apoptosis [70]. They are involved in a process called integrin-mediated death
(IMD), in which caspase 8 1s recruited and activated by unligated integrins. The activation of the
enzyme caspase 8 mediates the apoptotic cell death [75]. This particular mechanism is a key for
the understanding of the tumor pathogenesis. Stupack et al. proved that the human cells can avoid

IDM by losing caspase 8. They develop resistance to IDM which further supports tumor invasion



and metastasis [76].

In a cancerous environment, the cell cycle is mutated such that neoplastic cells can survive and
grow even without the important requirements such as adhesion to the extracellular matrix [44-
45]. They must undergo a complicated process made of several steps to spread out in the body.
Tumor cells must first leave neighboring cells by destroying the basement membrane and going
through the interstitial stroma [15]. In order for this to happen specific features of the extracellular
must change. Under physiological a cell dissemination would never occur because anytime a cell
would lose adhesion to ECM, it would physiologically die through apoptosis [31]. This process is
called anoikis [71]. Surprisingly tumor cells do escape anoikis [54]. Once tumor cells have broken
through the basement membrane, adherent junction between tumor cells must be separated to allow
cells migration to the blood vessels [58]. Evidence shows that tumor cells must lose E-cadherin,
an essential factor for cell-cell adhesion, in order to disrupt from adherent junctions [29]. This
loss can either be genetically related or promoted by members of the SNAIL/SLUG family of
transcription factors, which are able stop the transcription of the E-cadherin gene [92]. A process
called intravasation begins when tumor cells switch to their migratory phenotype. Integrins are
extremely important during tumor cell migration, because they influence gene expression and the
cytoskeleton in way that it enhances this process. When migrating, tumor cells can enter either
lymphatic or blood vessels. The invasion of blood vessels is more challenging, because it requires
penetration of the basement membrane and destruction the cell-cell junctions. Lymphatic vessels
are a lot easier to penetrate because they either a have basement membrane nor tight junctions [59].
Once tumor cells have reached a blood vessel, they must survive in the bloodstream. They
accomplish this by attaching to platelets [60] or leukocytes [61-62], which protect them from the

immune system and allow them to reach other organs. When tumor cells reach another organ, the



so called extravasation occurs and metastatic cells leave the bloodstream and grow further within
the parenchyma of the target organ. Integrins strongly regulate several processes necessary for the
invasion such as loss of cadtherin-dependent junctions [47], loss of hemidesomosomes and
acquisition of a motile invasive phenotype. The degradation of the basement membrane at the new
tumor site is mainly caused by a protease called MMPs (matrix metalloproteinases). This protease
remodels the extracellular matrix in a way that it makes it permeable to tumor cells [48]. MMPs
are synthesized in an inactive status as pro-enzymes and are converted on site by autoproteolyic
mechanism to their active form, which initiate matrix degradation [29, 51]. Integrin o33 is directly
responsible for recruiting and regulating MMP2 and plasmin.

The fact tumor cells do not die under usually rough conditions in many different foreign
microenvironments is determined by different conditions [31]. This survival is mainly promoted
by the loss of p53, FAK - a cell survival factor in many tumors - or by integrins themselves which
stimulate the expression of BLC2, an anti-apoptotic factor and suppress the BCL2-family protein
BIM, a pro-apoptotic factor [55-57]. Transforming Growth Factor-f related mutations are also
commonly found in carcinomas. In a physiological environment this factor carries out a protective
role because it prevents new forming neoplastic cells from proliferating by activating a cytostatic
program that can stop their proliferation. In most types of carcinomas, a mutation makes them no
longer responsive to TGF-B. In addition to this, in a terminal tumor stadium TGF-f can even

interact with growth factors to further stimulate tumor growth and invasion [29].

1.2.3. Integrin avB3 in tumor angiogenesis

Integrin oPs 1s expressed on the endothelial cells of most malignant tumors [66, 86],

contributing to the growth of many types of cancer such as melanoma, ovarian, breast cancer and



glioblastoma [50, 67-68, 83, 87-88]. The expression of integrin oyf3 is physiologically low on
epithelial cells and mature endothelial cells, but it is higher on activated endothelial cells in the
neovasculature of many tumors such as osteosarcomas, neuroblastomas, glioblastomas,
melanomas and lung carcinomas [84-85]. The omnipresence of integrin ayf3 on most types of
cancers is the reason why it has the greatest potential to be a prognostic tumor indicator [86].

Integrin o3, also called the vitronectin receptor, consists of two subunits: a 125-kDa oy
subunit and a 105-kDa B3 subunit [82]. It interacts with many extracellular molecules such as
fibronectin, fibrinogen, von Willebrand factor, vitronectin, proteolysed forms of collagen, laminin,
fibroblast growth factor-2 (FGF2), metalloproteinase MMP-2, activated PDGF, insulin and the
VEGF receptors [52-53, 13, 83]. The Arg-Gly-Asp (RGD) triple-peptide sequence is essential for
the interaction between integrin o3 and the previously listed extracellular molecules.

Integrin o,P3 affects the tumor development more than any other integrin. It promotes its
growth through several mechanisms that affect basement membrane destruction, adherent
junctions separation, tumor migration and invasion [94, 14]. Interactions between integrins o[
and RTKs as well as urokinase plasminogen activator receptor (uPA) sustain tumor cell migration
[113,115]. Breakdown of the extracellular matrix is also promoted by integrin ay33 which recruits
and activates MMP2 and plasminogen. MMP2 is a particular protease that can only be activated
by binding to integrin oyvf3. Plasminogen must interact with integrin ovf3 to be converted to
plasmin and break down the extracellular matrix [10]. Interactions between integrin oyf3 with
specific growth factor receptors such as insulin- , platelet- derived growth factor- (PDGF),
epidermal growth factor- (EGF) and vascular endothelial growth factor-receptor (VEGF) are also
particularly important to sustain tumor proliferation [34-39]. Immune-precipitated o3 integrin

was found to be in a complex with the insulin-, the PDGF-, or the VEGF receptor [36]. The

10



aggregation of integrin avf3 with these growth factor receptors enables cross talk between them
and is essential for their activation [37]. Particularly important is the interaction between integrin
avPs and VEGF. As a matter of fact, a study performed by Sarmishtha De et al. demonstrated that
integrin o is directly responsible for the expression of VEGF, which is initiated by the clustering
of aP3 integrin [27]. The B3 association with the phosphorylated p66 Shc is the prerequisite for
the whole process to take place. A tumor must have an “activated’ 3 integrin in order to produce
high levels of VEGF, required to sustain its blood vessel’s growth [27]. Integrin oayf3 plays the
role of a modulator between VEGF and its receptors within the process of angiogenesis [26].
Angiogenesis is the physiological process through which new blood vessels form from pre-
existing vessels. The first formed cancerous spot is very small in size and is provided with
nutrients and oxygen from pre-existing blood vessels surrounding the original tumor area. As soon
as it grows beyond 2 mm in diameter, hypoxia starts to occur in the tumor, which together with
inflammation and acidosis induces an overexpression of angiogenesis promoting factors.
Whenever the pro-angiogenic factors become numerally more than the anti-angiogenic ones, a so
called “angiogenic switch” occurs [1]. At this point the tumor “switches” to an accelerated
angiogenic phenotype, allowing itself to grow increasingly faster [2, 11]. Folkman was the first
one to carry out the idea a solid tumor starts out as a dormant not vascularized nodule that is only
capable of expanding if it can build new blood vessels [3]. He hypothesized that the development
of new blood vessels during angiogenesis derives from endothelial cells in pre-existing vessels.
His hypothesis was recently rejected by demonstrating that tumor endothelial cells may also derive
from circulating endothelial precursor cells originating in the bone marrow [4]. A recent study
proved that bone marrow-derived cells are present in endothelial precursor cells in human cancer

[5]. Triggers for neovascularization are many and include hypoxia, changes of the pH, metabolic
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stress and cytokines from inflammatory response [6]. Certain oncogenes such as Src and Ras,
androgen, progesterone and estrogen stimulate the process while tumor suppressor genes such as

p53 down-regulate it [7-10].

1.2.4. Ligands for a.f3

The omnipresence of integrin oyf33 in so many types of tumors makes it a useful target for
diagnosis and therapy purposes. Studies using oyf3 antagonists such as monoclonal antibodies
(mAbs), cyclic RGD peptide antagonists and peptidomimetics demonstrated that blocking ayf3
induces endothelial cell apoptosis and can prevent further angiogenesis from occurring [86, 89].
These so called anti-angiogenic agents aim to block the development of new blood vessels. As a
consequence of this, the tumor will “starve” because it does not get enough oxygen and
supplements from the blood. Decrease in the activity of integrin o3 correlates with lower tumor
growth in breast cancer xenografts [90-91]. This proves that by antagonizing integrin oyfs,
inhibition of the tumor growth occurs [83].

Among all the synthesized integrin o3 antagonists, peptides have become more popular for
imaging purposes for their several advantages. Their favorable size allows good tumor targeting
and penetration [121]. Their small proportion (MW < 10.000 Da) gives them the advantage of
reaching the tumor cells faster than any other type of antibody. At the same time a fast clearance
due to the small size ensures a fast elimination. This keeps the contact time with human body short,
so minimizing the potential adverse effects. Another advantage in the use of peptides is their easy

synthesis that can simply occur with the help of a conventional peptide synthesizers.
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1.3. Radiopharmaceuticals

Radiopharmaceuticals are so called because they consist of two components: a pharmaceutical
and a radioactive one. These compounds find usually application in nuclear medicine as
intravenous drugs for the therapy and the diagnosis of different diseases. Because they are
administered to humans, they are required - as any other intravenous drug - to be sterile and
pyrogen-free. Furthermore they must meet the basic quality control requirements of any drug.

Based upon how they are utilized, radiopharmaceuticals can be categorized as diagnostic or
therapeutic radiopharmaceuticals.  Diagnostic radiopharmaceuticals are radiolabelled with
gamma-emitting isotopes and can be used for both SPECT and PET. They are injected in low
doses that do not cause a pharmacological effect on the body [77]. They are called diagnostic
radiopharmaceuticals because they contribute to the detection of diseases. If the disease has been
already diagnosed, they can provide information about its status and development. The uptake of
the radiotracer in a certain organ or tissue provides helpful information about its morphologic
structure and physiological function. Part of this category are the '''In- radiolabeled cyclic RGD
dimers used in our experiments. The second group of radiopharmaceuticals is constituted of
therapeutic radiotracers, which carry higher activities of specific radionuclides. Their purpose is
to reach the desired localization and to deliver there the cytotoxic radiation dose. In order to harm
other organs with the least possible amount of radiation, they should have a fast clearance.

There are important parameters that must be considered when developing a
radiopharmaceutical. Its physicochemical characteristics should be similar to the one of the non-
radiolabeled molecule they are linked. The effective half-life, which is influenced by either
biological elimination or the natural physical decay of the radionuclide, should be as short as

possible to avoid excessive radioactive exposure for the patient. At the same time it should to be
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long enough to enable the study or the therapy session to take place. Another characteristic that
ideal radiopharmaceutical should have is a wide, diagnostically useful target-to-non-target activity,
also called target-to-background (T/B). This is essential to ensure a not too high uptake of the
tracer in non-target areas because this could potentially weaken the contrast towards the desired
areas. The non-target-radioactivity can be decreased by fast blood clearance of the tracer. On the
other hand, the target-radioactivity can be increased by either making sure that the radioactive
agent will get to the target as fast as possible or by assuring that its binding rate is fast and its
dissociation rate slow [83]. The stoichiometry and charge of the radioactive agent are also
important physicochemical characteristic of a radiopharmaceutical. The charge has a relevant
impact on the solubility of the radioactive molecule. A partial solubility in water is essential for
the injection of the radiopharmaceutical into the human or animal body. Furthermore, the pH of
the injected solution must be compatible with the one of the blood (7.4). The lipophilic grade of
the compound determinates where the radioactive compound will be accumulated. The availability,
plasma clearance, tissue distribution and most importantly the uptake in the desired organ are
affected by the grade of protein binding to the radiopharmaceutical in the plasma. Transferrin is
the plasma-protein that binds many metallic radionuclides found in radiopharmaceuticals. Metal
chelates in radiopharmaceutical tend to donate their ions to transferrin in plasma because metals
have a very high affinity to this protein. This can have negative consequences for the stability of
the radioactive agent, because in vivo breakdown of the complex can occur leading to
biodistribution of radioactivity. Physicochemical stability of a radiolabeled molecule is one of the
most difficult issues to accomplish, because it is affected by many variables such as temperature,
pH, light and protein binding. Within the development of a new radiopharmaceutical the most

valuable test to verify its efficacy and its stability is the biodistribution study. Such a study includes
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the measurement of the radioactivity in the different organs as well as tissue distribution, plasma
clearance, urinary and fecal excretion after intravenous injection of the radiopharmaceutical. An
important pharmacokinetic parameter that must be considered for receptor targeting agents is the
receptor binding rate, which should be as fast as possible to achieve the highest accumulation at
the target site. The clearance of the compound from the kidneys should be rapid to minimize an
unwanted uptake of the radioactive agent in the gastrointestinal tract.

The development of a radiopharmaceutical starts out with the identification of the target
biomolecule that will carry the radioisotope to the target organ or tissue. Second, a radionuclide
with possibly small influence on the biochemical and pharmacological characteristics of the
original non-radiolabeled-biotarget must be found. It is important to remember that the
radiolabelling is the most challenging step of the radiosynthesis. In fact, if not done correctly, it
could have a negative influence on the binding affinity to the receptor. Finding the right labeling
position, as far away as possible from the binding site, is essential to avoid this problem [78]. It
is essential to find out if the radionuclide can be incorporated into the chosen molecule or not,
because this strongly correlates with the type of radiolabelling to choose.

Once the appropriate radionuclide and target biomolecule are found, a preparation procedure
needs to be developed based upon the physicochemical characteristics of the compound. This
includes a protocol containing all the necessary information about the synthesis of ligand, the
radiolabelling and the stability of the radioactive compound. The preparation should be possibly
simple and easy to reproduce and it should ensure that ideal physicochemical conditions such as
temperature, pH, ionic strength and molar ratios stay unvaried throughout and after the preparation,
in order to guarantee the maximal efficacy of the radiopharmaceutical. Once a successful strategy

is developed, the radioactive compound must first undergo an evaluation in animals. If the toxicity
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does not interfere, a clinical evaluation takes place in humans to test the efficacy of the

radiopharmaceutical.

1.3.1. Radiolabeled peptides and their development

A radiolabelled peptide is composed of three main components: the targeting biomolecule

(BM), the pharmacokinetic modifying linker and radioactive chelate (Figure 2).

PKM | ...
Linker

Figure 2 - The three components of a radiopharmaceutical (Radiolabeled Multimeric Cyclic RGD
Peptides as Integrin o3 Targeted Radiotracers for Tumor Imaging, Shuang Liu, 2006, Molecular
Pharmaceutics, Vol.3 N. 4, pp. 474)

In the case of integrin avf3 radiotracer, the targeting biomolecule is the cyclic RGD peptide. Its
purpose is to lead the radionuclide to the integrin ovf3 on the tumor cells [83]. The targeting
molecule must be identified as first, with either autoradiography or immunohistochemistry. Second,
receptor density needs to be considered in order to obtain a successful targeting. The desired
peptide can then be synthesized based upon the chemical structure of the physiological ligand.
Finally, the radioactive isotope is attached to the compound. A peptide is mostly labeled through
an indirect labeling method, which only requires an already established radiotracer to be bond to

the targeting biomolecule. This method is widely used to label bigger molecules such as peptides

and antibodies. Most peptides used for nuclear medicine purposes are labeled with an indirect
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method, because the larger the molecule, the less influence will the isotope have on its
biocharacteristics.

A commonly used isotope in gamma scintigraphy or single photon emission computed
tomography (SPECT) is the hard lewis acid In**. It has a high charge density and a small ionic
radius. It can form high stability complexes with hard ligands containing nitrogen and oxygen as
donor atoms [160]. ''In has two gamma emissions with the photon energy of relatively 173 and
247 keV. The first """In labeled peptide for clinical purposes was DTPA-octreotide
(diethylenetriaminepentaacetic acid), which was utilized to detect neuroendocrine tumors [92].
Cyclic RGD peptides have also been labeled with !''In, proving that it fulfills all the requirements
an isotope should have for tumor imaging purposes [63, 64]. There are three relevant
radiolabelling approaches for peptides: the integrated, the bifunctional and the hybrid
radiolabelling (Figure 3) [77]. The integrated approach requires part of the receptor-binding-
ligand to be replaced with a metal chelate. Once metal chelation occurred, the whole molecule
becomes the new high affinity receptor ligand. In the bifunctional approach, the procedure is
different. Therefore the radiopharmaceutical required components are combined together: the high
affinity receptor ligand as the targeting biomolecule, a BFC for conjugation of the receptor ligand,
a radiometal for the chelation and a linker for possible pharmacokinetic modification. This
approach is the most commonly used. The majority of the RGD peptides were radiolabeled with
this method. It must be ensured that the radiopharmaceutical is built in a way that the radiometal
chelate is not close to the receptor binding part of the compound. This will avoid any undesired
interaction with the receptor that could potentially compromise the binding affinity [77]. The
chelation of the radiometal is an crucial step in the development of a radiolabeled peptide, because

it can increase the binding affinity of the peptide sequence. Macrocyclic chelators have taken over
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the acyclic ones because of their favorable thermodynamical stability. Their excellent
pharmacokinetics have contributed to the wide utilize of the cyclic polyaminopolycarboylic
ligands such as DOTA and NOTA, particularly in combination with trivalent metals such as In**

[93-96].

X vy

Integrated Approach

Molecule RILCHE \

Bifunctional Approach

Figure 3 - Radiopharmaceutical design (The role of coordination chemistry in the development of
target- specific radiopharmaceuticals, Shuang Liu, Chem. Soc. Review, 2004, 33, p. 447)

DOTA is capable of binding radioactive metal ions in strong coordination complexes of up to eight
dative bonds. This BCA was synthesized for the first time in 1967 by Stetter and Frank [106]. The
excellent kinetic stability of complexes with DOTA makes it the most widely used chelator for
radiopharmceutical use. This is why clinical use of DOTA-peptide conjugates labeled with **Ga
and '""In is nowadays as widely spread as somatostatin conjugates such as DOTA-TOC and
DOTA-TATE [107, 98]. NOTA has a smaller ring structure in comparison to DOTA and only has
3 chelating carboxylate groups and 3 nitrogens. It has 6 coordination sites with metal ions. The
difference between NOTA and DOTA is based on the differing cavity size, which has a big
influence on the thermodynamic stability of the compounds, making ®”/%*Ga-NOTA complexes

about 10 orders higher than that of ®”®Ga-DOTA [81]. NOTA’s downside is its complicated
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coupling process to the peptides, which has only been described in few papers. The easiest way
to attach NOTA is through a multiple step de novo synthesis on solid support [69, 77]. During
such a synthesis, a coupling moiety is introduced at the a-position of a carboxylate arm such as
aspartic acid (NODASA), glutamic acid (NODAGA) or benzyl-isothiocyanate (NODAPA-NCS).

No matter what radiolabelling approach is chosen, the ideal labeling procedure should ensure
a high labelling yield and radiochemical purity. Once the radio-synthesis protocol is optimized, in
vitro evaluation takes places. Binding studies using cells or cell membrane must provide evidence
of a high binding affinity to the tumor cells, while the affinity to non-target tissue such as the
gastrointestinal tract should be as low as possible. In fact, a high tracer uptake in the wrong organ
could be easily misunderstood for a misplaced tumor activity. Peptides are additionally required
to be amenable to chemical/molecular modifications and their ability to attach a chelating agent at
the C- or N-terminus of the peptide is essential. Unfavorable pharmacokinetic characteristics can
be modified with molecular engineering techniques, for example by altering the peptide sequence
during the synthesis or by adding a bio-modifying molecule [122]. The addition of linkers to
combine molecules, the use of spacers to modify the distance or the modification of the amino acid
sequence are simple but widely applied strategies to improve peptide’s chemical and
pharmacokinetic properties. Biological interactions of the radiopharmaceutical also need to be
evaluated in order to avoid unwanted interactions with the radioactive agent in vivo, which could

lead to radiation toxicity.

1.3.2. Radiolabeled peptides for integrins o33

The use of peptides to track angiogenesis has become popular since Haubner et al. had created

the first radiolabeled RGD peptide markers to target integrin ayf3. Their tumor affinity,
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particularly the one for melanoma M21 cells was promising [124]. Furthermore, the blockade of
integrin o3 led to apoptosis of activated endothelial cells expressing them [125]. After this
discovery, it was proven that peptides containing the amino acid sequence Arg-Gly-Asp are
specific antagonists for integrin o,f3. Histological tests confirmed this, by providing evidence of
the presence of an interaction between RGD and integrin o33 on tumor cells [122]. RGD tracers
became so a new way to target microvascular density in tumors because, by binding to integrin
avfB3 on endothelial cells of new forming blood vessels, they can track angiogenesis [126]. More
studies demonstrated that through the antagonism to integrin avfB3, RDG peptides are able to inhibit
angiogenesis and stimulate regression of the tumor by slowing down its growth throughout blood
vessels [78, 80, 109]. In order for this to happen, IC50 values should be in the nanomolar range
and the RDG peptide should show a higher selectivity for integrin avf3 over glycoprotein IIb/Illa
(GPIIb/IIIa) [77]. Since Haubner created the first radiolabeled RGD peptide, many others have
been synthesized for both PET and SPECT imaging purposes [127]. The first clinical tests with
RGD tracers in a clinical environment had good results with a tumor to background activity similar
to the one of FDG-PET [128]. The main concern was the fast excretion form the body due to a
fast kidney’s and/or liver’s clearance [129]. In order to avoid this, the affinity between RGD
peptide tracer and the integrin receptors needed to be increased. Several modifications of the
original structure have been were carried out in order to optimize the chemical characteristics and
the pharmacokinetics of the compounds. Cyclic RGD peptides with a significant better integrin
selectivity and a higher chemical stability than the original linear ones were created. Linkers such
as S-S disulfides, thioethers, aromatic rings or heterocycles have been used to achieve cyclisation
[77]. Based on the IC50 value, Aumailley et al. were able to prove that the cyclic pentapeptide

“cyclo(Arg-Gly-Asp-D-Phe-Val)” is a 100 times better inhibitor of cell adhesion to the vitronectin
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than the linear version of the peptide [97]. Several studies have provided evidence that cyclic
peptides have better pharmacological and pharmacokinetic characteristics such as higher binding
affinity and increased selectivity for integrin ovf3 [29]. Other chemical modifications of cyclic
peptides have been evaluated and reviewed [83]. It was proven that the amino acid in position 5
has no significant impact on the integrin ayfB3 binding affinity. Another amino acid in the RGD
peptide sequence gathered particular attention: It was the valine (V) in the cyclic RGD peptide
c¢(RGDfV). This amino acid can be potentially replaced by lysine (K) or glutamic acid (E),
generating new compounds, respectively ¢(RGDfK) and ¢(RGDfE), with no impact on the integrin
avPs binding affinity but rather improved the pharmacokinetics [83]. The addition of a
hydrophobic amino acid in position 4 also seemed helpful in increasing the binding affinity to
integrin ovP3 [29]. Another attempted modification was the conjugation of RGD peptides with
sugar amino acids. These new compounds, called gylcopeptides, showed favorable characteristics
such as increased accumulation in the liver, higher blood levels, uptake and retention in the tumor
when compared to the regular peptides [63]. Decristoforo et al. demonstrated that **™Tc-labeled
RGD peptides derivatized with HYNIC (*’"Tc-HYNIC-RGD) can be excellent tools to gather
integrin ayf3;3 related images [16, 17, 20]. Other modifications were attempted, in order to improve
the chemical and pharmaceutical characteristics of RGD peptides, but cyclization remained the
best improvement that was accomplished, until multimerisation was introduced. So called
multimeric RGD peptides composed of more than one peptide such as dimers, tetramers and
octamers became better targeting biomolecules for integrin o33 radiotracers (Figure 4). The first
9mTe labeled dimers - E[c(RGDfK)]2 - were developed by Rajopadhye et al. for diagnostic
purposes [108]. Poethko et al. carried out the hypothesis that dimers have even higher binding

affinity to integrin o3 and better tumor uptake than monomers. This was demonstrated with the
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RGDfE dimer [c(RGDfE)HEG]2- K-Dpr-[18F]FBOA [152, 99]. A group of cyclic RGDfK
tetramers were prepared by Boturyn et al., who stated that there is a correlation between peptide
multiplicity and a significantly higher integrin o.fs binding affinity and internalization [100].
Another cyclic RGDfK tetramer E[E-[c¢(RGDfK)]2]2 was discovered by Liu et al. as a targeting
biomolecule for SPECT and PET radiotracers detecting integrin ovf33 [101]. The main idea behind
multimeric peptides is that a local higher RGD concentration correlates with higher tumor uptake.
Radiolabeled cyclic RGD dimers accumulate more in the tumor than their monomeric analogues
[8,9, 12, 102]. Moreover, it was demonstrated that tetramers and octamers have a higher tumor
uptake and integrin affinity than their analogs dimers. Multimerisation is a key to improve the
affinity to integrin ayf3. However, multimeric peptides have a higher accumulation in non-target
organs such as liver, lungs and kidneys [104]. The concept of bivalency made it possible to
minimize this problem. Bivalency is based on the distance between two cyclic RGD modifications.
The ability of a multimeric cyclic RGD peptide to develop bivalency is greatly influenced by the
integrin owP3 density on tumor cells and tumor neo-vasculature. If the density is high, the distance
between two neighboring integrin sites will be short. Short distance is a favorable factor for a
multimeric RGD peptide to develop bivalency. On the contrary, if two integrin sites are far part -
for example because of low density due to tumor’s tissue necrosis - it will be difficult for the
peptide to bind to two different integrin sites at the same time. In this case the two RGD peptides
of one compound would need to be further apart in order to bind at the same time to more than one
integrin ayf3. This is more difficult to establish when using a single multimeric peptide [83]. The
bivalency factor carries out its biggest potential in multimeric compounds. Liu et al. explained
that a dimer with only two cyclic modification has just a single possibility to gather the bivalency.

A tetramer with four RGD modifications is more likely to establish bivalency because any two of
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those four modification can be used, based on the distance between the integrin sites. It is

important to underline that not all multimeric peptides can be multivalent. The binding affinity of

peptides that can not establish bivalency, can be improved by the so called concentration factor”.

Figure 4 — Interaction between cyclic RGD peptide dimers and integrin a,bs (Radiolabeled Cyclic
RGD Peptides as Integrin avb3-Targeted Radiotracers: Maximizing Binding Affinity via Bivalency,
Shuang Liu, Review, Bioconjugate Chemistry, 2009, Vol. 20, Number 12, pp. 2205)

The idea behind this, is that a higher local RGD concentration correlates with a greater tumor
uptake [102]. Bivalency is hardly found in dimers because the space between the two
modifications is too short. However, the so called “locally enriched concentration” established by
a dimer, can improve its binding affinity [103]. The local concentration at the integrin aybs site is
increased by the presence of second RGD motif. As a consequence, the binding affinity of the
dimer to that receptor will be higher compared to its analog monomer. An example for this is the
dimer DOTA-P-RGD2, which has the better integrin ayb; binding affinity than its equivalent
monomer DOTA-P-RGD [104].

To conclude, both bivalency and the “locally enriched RGD concentration” provided by

multimerisation are essential to increase the ayf3 binding affinity of RGD peptides.
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2. Evaluation of ""In-Labeled Dimeric Cyclic RGD :

HTp (DOTA-Galacto-RGD2) and "'In (NOTA-Bz-Galacto-RGD2)

Project Aims.

The topic I focused my attention on are radiolabeled cyclic RGD peptide dimers as PET or
SPECT radiotracers for molecular imaging of solid tumors. The aim of this thesis project was the
evaluation of '''In(DOTA-Galacto-RGD) (Figure 7: DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetracetic acid) and ''In(NOTA-Bz-Galacto-RGD:) ( Figure 7: 1,4,7-triazacyclononane-
N,N',N"-triacetic acid) (NOTA-Bz = 2-(p-thioureidobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid) as new integrin ayf3-targeted SPECT radiotracers for breast tumor imaging. We
wanted to compare DOTA, which has been widely used as the bifunctional chelator for ¢*Cu, ®Ga,
%Y, ""Lu and ""In-labeling of peptides and small biomolecules and NOTA, another bifunctional
chelator for **Cu and %®Cu, that has the advantage of having an extremely high solution stability
[143, 144, 145-157]. With this study we aimed to compare and evaluate the tumor uptake and
biodistribution of "In (DOTA-Galacto-RGDz), !'' In (NOTA-Bz-Galacto-RGD:) and
"n(DOTA-3P-RGD>) in the same tumor-bearing animal model.

Whatmore, we wanted to find out what impact the combination of SAA, PEG; and 1,2,3-
triazole groups had on !''In-Galacto-RGD», after positive reviews regarding a reduced
radioactivity accumulation for in normal organs, such as intestines, lungs and spleen for *™Tc-

Galacto-RGD» [142].
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Materials and Experimental Procedure

Materials and Instruments.

All chemical and solvents were purchased from Sigma/Aldrich (St. Louis, MO) and used
without further purification. Biodistribution and planar imaging studies were done using the
athymic nude mice bearing MDA-MB-435 breast tumor xenografts. This animal model has been
already widely used previously showing good evidence at evaluating radiolabeled cyclic RGD
peptides as radiotracers [158-160]. We used MDA-MB-435 breast tumor cell line despite the
controversy related to its identity [161-163]. More recent results provided evidence for that fact

that MDA-MB-435 is a not highly differentiated but aggressive breast tumor cell line [165].

Synthesis of Galacto-RGD: peptides

The synthesis of the galacto-RGD, peptides, their physicochemical characterics, their
purification and HPLC methods took place at Purdue in Dr. Liu Shuang’s lab prior to my arrival
and are accurately explained in the annex. I did not take part of the experiments regarding the

radiochemical synthesis.

HPLC Method for "'In-labeled RGD Dimers.

The radio-HPLC used the LabAlliance HPLC system equipped with a B-ram IN/US
detector (Tampa, FL) and Zorbax Cis column (4.6 mm x 250 mm, 300 A pore size; Agilent

Technologies, Santa Clara, CA). The flow rate was 1 mL/min. The mobile phase was isocratic

for the first 5 min with 90% A (25 mM NH4OAc, pH = 6.8) and 10% B (acetonitrile), followed
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by a gradient mobile phase going from 90% A and 10% B at 5 min to 60% A and 40% B at 20

min.

Tumor Cell Culture.

The U7MG and MDA-MB-435 cell line were obtained from ATCC (American Type
Culture Collection, Manassas, VA). Tumor cells were cultured in the Minimum Essential
Medium, Eagle with Earle’s Balanced Salt Solution (non-essential amino acids sodium
pyruvate), and were supplemented with 10% fetal bovine serum (FBS, ATCC) and 1% penicillin
and streptomycin solution (GIBCO Industries Inc., Langley, OK) at 37 °C in a humidified
atmosphere of 5% CO2 in air. Cells were grown as monolayers and were harvested or split when
they reached 90% confluence to maintain exponential growth. '''InCl; was obtained from
Perkin-Elmer Life Sciences (North Billerica, MA). The NH4OAc buffer for !!'In-labeling was
passed over a Chelex-100 column (1x15 cm) to minimize the trace metal contaminants. To a 2
mL clean Eppendorf tube were added 200 uL of the solution containing DOTA-Galacto-RGD: or
NOTA-Bz-Galacto-RGD> (2.5 mg/mL in 0.1 M NaOAc bufter, pH = 5.0 — 5.5) and 50 — 100 uL.
of ""InCl; solution (0.5 — 1.0 mCi in 0.05 M HCI). The tube was sealed, and then heated in a
boiling water bath for 15 min. A sample of the resulting solution was analyzed by radio-HPLC

(Method 2).
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"In(DOTA-Galacto-RGD,) ''In(NOTA-Galacto-RGD,)

Figure 7. Structure of Galacto-RGD; and its !In complexes: ' In(DOTA-Galacto-RGD,) and
Mn(DOTA-Galacto-RGDy). The 7-amino-L-glyero-L-galacto-2,6-anhydro-7-deoxyheptanamide
(SAA) and 1,2,3-triazole moieties are used to minimize its accumulation in healthy organs, such
as intestines, liver, lungs and spleen.

MTp-Labeling and Dose Preparation.

Doses for biodistribution were made by dissolving the '''In radiotracer in saline to ~30
pCi/mL. For blocking experiment, excess RGD> was dissolved in the dose solution to 7.5 mg/mL.
For planar imaging, doses were prepared by dissolving radiotracer in saline to ~1 mCi/mL. In all
cases, the dose solution was filtered with a 0.20 um Millex-LG filter before being injected into

animals. Each animal was administered with ~0.1 mL of the dose solution.
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In Vitro Whole-Cell Integrin avps Binding Assay.

Integrin B3 binding affinity of DOTA-Galacto-RGD; and NOTA-Bz-Galacto-RGD> was
determined in a whole-cell displacement assay and compared to that of DOTA-3P-RGD> (3P-
RGD> = PEG2-E[PEG4-¢c(RGDfK)]»; and PEGs = 15-amino-4,7,10,13-tetraoxapentadecanoic
acid). !%I-echistatin (Perkin Elmer, Branford, CT) as the integrin-specific radio-ligand [2, 3, 9]
for the cellular competitive displacement assay. The U87MG cell line was obtained from ATCC
(American Type Culture Collection, Manassas, VA). Filter multiscreen DV plates (Millipore,
Billerica, MA) were seeded with 1x10° U87MG human glioma cells in the binding buffer (20 mM
Tris, 150 mM NaCl, 2 mM CaCl;, 1 mM MnCl12, 1 mM MgCI2, 0.1% (wt/vol) bovine serum
albumin (BSA); and pH 7.4) and '®I-echistatin (0.75 — 1.0 kBq) in the presence of increasing
concentrations of cyclic RGD peptide conjugates, incubated for 2 h at room temperature. After
removing unbound '*I-echistatin, the hydrophilic PVDF filters were washed 3x with the binding
buffer, and then collected. Radioactivity was determined using a Perkin Elmer Wizard — 1480 vy -
counter (Shelton, CT). Experiments were carried out twice with triplicates. 1C50 values were
calculated by nonlinear curve fitting experimental data using GraphPad PrismTM (GraphPad Prim

5.0, San Diego, CA) and were reported as an average plus/minus standard deviation.

NOTA-Galacto-RGD; Y = 16.44 + 81.61/(1+10%+7:623)
DOTA-Galacto-RGD- Y = 25.39 + 65.06/(1+10%*7573)
DOTA-3P-RGD: Y = 26.89 +65.21/(1+10%*7-541)
DOTA-3P-RGK:; Y = 22.49 + 68.69/(1+10%*+6224)
¢(RGDfK) Y = 17.45 +79.56/(1+10%+6-383)

Animal Model.

Biodistribution and imaging studies were performed using the athymic nude mice bearing
U87MG human glioma xenografts in compliance with NIH animal experiment guidelines

(Principles of Laboratory Animal Care, NIH Publication No. 86-23, revised 1985). The animal
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protocol has been approved by the Purdue University Animal Care and Use Committee. Female
athymic nu/nu mice were purchased from Harlan (Indianapolis, IN) at 4 — 5 weeks of age. Each
mouse was implanted subcutaneously with 5 x 10® MDA-MB-435 cells into the fat pad. Four
weeks after inoculation, tumor size was 0.1 — 0.4 g, and animals were used for biodistribution and

imaging studies.

Biodistribution Protocol.

Sixteen to twenty tumor-bearing mice (20 — 25 g) were randomly divided into five groups
into the 1h group, the 4h group, the 24h group, the 72h group and the RGD blocking group. Each
tumor-bearing mouse was administered with ~3 pCi of the '''In radiotracer by tail vein injection.
The injected dose for each mouse was calculated by mean counts per gram considering the weight
difference of each syringe (injected for mice) before and after 0.1 mL *!In-NOTA-Bz-Galacto-
RGD: was injected. Animals (4 — 5) were sacrificed by sodium pentobarbital overdose (~200
mg/kg) at 1, 4, 24 and 72 h post-injection (p.i.). Blood samples were withdrawn from the heart of
tumor-bearing mice. The tumor and normal organs (brain, eyes, heart, spleen, lungs, liver, kidneys,
muscle and intestine) were harvested, washed with saline, dried with absorbent tissue, weighed,
and counted on a Perkin Elmer Wizard — 1480 y -counter (Shelton, CT). The organ uptake was
calculated as the percentage of injected dose per gram of organ mass (%ID/g) or the percentage of
injected dose per organ (%ID/organ). After the injection, the radioactivity in the syringe and on
the gauze were measured and subtracted from the total radioactivity injected previously in order
to have the most precise and accurate results.

For the blocking experiment, five tumor-bearing athymic nude mice (20 — 25 g) were used, and

each animal was administered with ~3 pCi of "In(DOTA-6P-RGDs) along with ~350 pg (~14
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mg/kg) of RGD>. Such a high dose of RGD» was used to make sure that the a,f33 integrin binding
was completely blocked. At 1 h p.i., all five tumor-bearing animals were sacrificed for organ
biodistribution. Biodistribution data (%ID/g) and target-to-background (T/B) ratios are reported
as an average plus/minus standard deviation based on the results from 4 — 5 tumor-bearing mice at
each time point. Comparison between two radiotracers was made using the one-way ANOVA test

(GraphPad Prim 5.0, San Diego, CA). The level of significance was set at p < 0.05.

Planar Imaging.

Animals bearing MDA-MB-435 breast cancer xenografts were used for planar imaging
with "In(DOTA-Galacto-RGD;) and '"'In(DOTA-3P-RGD;). Tumor-bearing mice were
anesthetized with intraperitoneal injection of Ketamine (40 — 100 mg/kg) and Xylazine (2 — 5
mg/kg). Each animal was administered with ~100 puCi of 111In radiotracer. Animals were placed
on a single head gamma camera (Diagnostic Services Inc., NJ) equipped with a parallel-hole,
medium-energy, and high-resolution collimator. Static images were acquired at 1, 4 and 24 h p.i.
and stored digitally in a 128 x 128 matrix. The acquisition count limits were set at 500 K. For the
blocking experiment with '""In(DOTA-Galacto-RGD.), RGD> (~14 mg/kg or ~350 pg per 25 g
tumor-bearing mouse) was co-injected as the blocking agent. After planar imaging, animals were

euthanized by sodium pentobarbital overdose (100 — 200 mg/kg).

Tumor Tissue Immunohistochemistry.
Tumors were harvested, were snap-frozen in the OCT (optical cutting temperature) solution
(Sakara, Torrance, CA), and cut into slices (5 um). After drying at room temperature, the slides

were fixed with ice-cold acetone, and dried in the air for 20 min at room temperature. The sections
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were blocked with 10% goat serum for 30 min at room temperature, and then were incubated with
the hamster anti-integrin 33 antibody (1:100, BD Biosciences, San Jose, CA) and rat anti-CD31
antibody (1:100, BD Biosciences) for 1 h at room temperature. After incubating with the Cy3-
conjugated goat anti-hamster and FITC-conjugated (fluorescein isothiocyanate) goat anti-rat
secondary antibodies (1:100, Jackson ImmunoResearch Inc., West Grove, PA) and washing with
PBS buffer, the fluorescence was visualized with a Nikon microscope. All pictures were taken
under 200x magnification with the same exposure time. The specificity of the antibody was

assessed by incubating the negative control only with the secondary antibody.

Cellular Immunostaining.

MDA-MB-435 human breast cells were seeded into 8-well chamber slides (BD
Biosciences, Franklin Lakes, NJ), and were allowed to attach and spread for >24 h. Tumor cells
were then fixed in -20 °C methanol for 5 min and rinsed with PBS. Cells were incubated in 5%
BSA for 30 min to block nonspecific binding, and then incubated with rabbit anti-human and
murine integrin B3 antibody followed by incubation with Alexa Fluor 594 conjugated goat anti-
rabbit IgG (Santa Cruz, CA). After washing with PBS, the slides were mounted with Dapi-
Fluoromount-G (SouthernBiotech, Birmingham, AL). The fluorescence was visualized with a
Nikon fluorescence microscope (Nikon Instruments, Melville, NY). The same experiment was
repeated three times independently. By incubating the negative control only with the secondary

antibody, the specificity of the antibody was assessed.
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3. Results

Radiochemistry.

Mn(DOTA-Galacto-RGD2) and "'In(NOTA-Galacto-RGD,) were prepared from the
reaction of '"InCl; with DOTA-Galacto-RGD2 and NOTA-Galacto-RGD:, respectively, in
NH4OAc buffer (100 mM, pH = 5.5). Radiolabeling was completed by heating the reaction
mixture at 100 °C for ~15 min. Radiochemical purity was >95% with a specific activity of > 40
mCi/umol. "™In(DOTA-Galacto-RGD>) and 'In(NOTA-Galacto-RGD>) remained stable for

more than 72 h in the kit reaction matrix or in the presence of 5 mM EDTA.

Integrin ovp3 Binding Affinity.
Figure 5 shows displacement curves of '*’I-echistatin bound to U§7MG glioma cells in the
presence of cyclic RGD peptide conjugates. The IC50 values were calculated to be 24+4, 2742,

29+4, 596+48 and 414+36 nM for NOTA-Galacto-RGD,, DOTA-Galacto-RGD,, DOTA-3P-

RGD;, DOTA-Galacto-RGK> and c(RGDfK), respectively. We so performed a total of 5
experiments by using c(RGDfK) as standard for the in vitro displacement assay. 3P-RGK; was
the non-sense peptide to demonstrate the RGD-specificity of NOTA-Galacto-RGD2, DOTA-
Galacto-RGD> and DOTA-3P-RGDa>. The IC50 value of ¢(RGDyK) was almost identical to that
obtained in the same in vitro assay [2,3]. The integrin o,f3 binding affinity of NOTA-Galacto-
RGD3, DOTA-Galacto-RGD> and DOTA-3P-RGD: was comparable within experimental errors in

the same displacement assay.
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Figure 8. The competitive displacement curves of '*I-echistatin bound to US7MG human glioma
cells in the presence of cyclic RGD peptide conjugates. The ICso values were obtained from the
curve fitting, and were calculated to be 2444, 27+2, 2944, 596+48 and 414+£36 nM for NOTA-

Galacto-RGD>, DOTA-Galacto-RGD,, DOTA-3P-RGD», DOTA-Galacto-RGK> and ¢(RGDfK),
respectively. c(RGDfK) was used as a standard for the in vitro competitive displacement assay.
Biodistribution.

Figure 9 below lists biodistribution data of '''In (DOTA-Galacto-RGD3) in athymic nude mice
bearing MDA-MB-435 breast cancer xenografts at 1, 4, 24 and 72 h p.i. The ANOVA test was
used for this purpose (GraphPad Prim 5.0, San Diego, CA). The level of significance was set at p
<0.05. In order to gather coherent results, biodistribution data of "''In(DOTA-3P-RGD;) was also
obtained in the same animal model (Table 1). As illustrated, the tumor uptake of '''In(DOTA-
Galacto-RGD3) (6.79 +0.98, 6.56 + 0.56, 4.17 = 0.61 and 1.09 £0.13 %ID/g at 1, 4,24 and 72 h

p.i., respectively) was almost identical to that of "''In(DOTA-3P-RGD>) (6.79 £ 0.98, 6.56 = 0.56,
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4.17+0.61 and 1.09 £0.13 %ID/g at 1, 4, 24 and 72 h p.i., respectively) over the 72 h study period.
There was no significant difference in their lung uptake (Tables 1 and 3) and tumor/lung ratios.
Mn(DOTA-Galacto-RGD>) had a faster clearance from blood and muscle (Tables 1 and 3). As a
result, the tumor/blood and tumor/muscle ratios of !!'In(DOTA-Galacto-RGD>) were significantly
higher than those of "'In(DOTA-3P-RGD,). However, its tumor/liver ratios (Figure 9) were
significantly lower than that for !''In (DOTA-3P-RGD) at all four time points.

Figure 10 compares biodistribution data of '''In(DOTA-Galacto-RGD:) and "' In(NOTA-Galacto-
RGDy) in athymic nude mice bearing MDA-MB-435 breast cancer xenografts at 1, 4, 24 and 72 h
p.i. The tumor uptake of "In(DOTA-Galacto-RGD;) (6.79 £ 0.98, 6.56 + 0.56, 4.17 £ 0.61 and
1.09 £ 0.13 %ID/g at 1, 4, 24 and 72 h p.i., respectively) was significantly higher than the one of
Mn(NOTA-Galacto-RGDy) (2.76+ 0.47, 1.70 £ 0.03, 0.79 + 0.19, 0.34 £ 0.12%ID/g at 1, 4, 24
and 72 h p.i., respectively) over the 72 h study period. Tumor/blood, tumor/muscle, tumor/lung
and tumor/liver ratios of '""In(NOTA-Galacto-RGD>) were significantly lower than ''In(DOTA-
Galacto-RGD,). The only parameter where '''In(DOTA-Galacto-RGD») performed better than

n(DOTA-Galacto-RGD»), was the blood uptake at 1h point.
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Figure 9. . Direct comparison of tumor uptake (% ID/g) and selected tumor/background ratios
between '''In(DOTA-Galacto-RGD,) (n=4) and !''In(DOTA-3P-RGD>) (n=5) in athymic nude
mice bearing MDA-MB-435 human breast cancer xenografts.
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Figure 10. Direct comparison of tumor uptake (% ID/g) and selected tumor/background ratios
between "'In(DOTA-Galacto-RGD,) (n=4) and '"In(NOTA-Galacto-RGD») (n=4) in athymic
nude mice bearing MDA-MB-435 human breast cancer xenografts.

36



Planar Imaging.

H1h-DOTA-Galacto-RGD:

Mn-NOTA-Galacto-RGD:

Mp-3P-RGD2

Figure 11. Whole-body planar images of a tumor-bearing mouse administered with 100 nCi of
Mn(DOTA-Galacto-RGDz), 120 pCi of "In(NOTA-Bz-Galacto-RGD2) and 100 uCi of
Hn(DOTA-3P-RGD>).
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Figure 11 shows whole-body planar images of the tumor-bearing mice administered with 100
— 120 pCi of MIn(DOTA-Galacto-RGDy), ''In(NOTA-Bz-Galacto-RGD>) (B) and '''In(DOTA-
3P-RGD») (C) at 4 and 24 h p.i.
Breast tumors were all clearly visualized with excellent contrast for all three radiotracers. No
significant radioactivity enrichment was detected in blood, lungs and muscle. By 24 h, the
radioactivity accumulation was detected only in tumors, liver and intestines, which was in
agreement with biodistribution data (Tables 1 — 3). Therefore, it is reasonable to believe that
Mn(DOTA-Galacto-RGD»), 'In(NOTA-Bz-Galacto-RGD:) and 'In(DOTA-3P-RGDy) are all

useful for imaging xenografted MDA-MB-435 breast tumors.

Tumor Tissue Immunohistochemistry and Cellular Inmunostaining

We also examined integrin o33 expression patterns of MDA-MB-435 cells and the xenografted
MDA-MB-435 breast tumor (Figure 12). It was found that integrin .3 was expressed mainly on
MDA-MB-435 cells with a low expression level of integrin avf33 on tumor neovasculature. The
MDA-MB-435 tumor cells contributed to a major part of integrin o33 expression and the tumor
uptake of !'In-labeled cyclic RGD peptides. We also found that integrin o,f3 expression on MDA-
MB-435 tumors was lower than that reported for the xenografted US7MG glioma which is
consistent with the significantly lower uptake of '''In(DOTA-3P-RGD>) in MDA-MB-435 breast
tumor than US7MG glioma over 72 h study period [170]. Negative control was incubated only
with the secondary antibody. This is essential to guarantee specific, reliable coloring, In fact, the
cell could not stain if incubated alone with the secondary antibody. The color in the picture

indicates so the present of the antigen that was be recognized specifically by the first antibody.
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Integrin a3 Integrin 33

Figurel2. Selected microscopic images (Magnification: 200x) of MDA-MB-435 cells stained
with anti-integrin o3 (green) and anti-integrin B3 (red) antibodies. After fixation, cells were
washed with PBS, and incubated with Alexa Fluor 488-conjugated mouse anti-human integrin o,
antibody LM609 for 1 h, or with rabbit anti-human integrin 3 antibody followed by incubation
with Alexa Fluor 594 conjugated goat anti-rabbit 1gG. The blue color indicates the nuclei (DAPI).

Tumor Tissue Histochemistry

Integrin B3 CD31 Overlay

Figure 13. Selected microscopic fluorescence images the tumor slice stained with anti-integrin 33
(red color) or anti-CD31 (green color) antibody. After fixation, the tissues were incubated with
hamster anti-integrin B3 and rat anti-CD31 antibodies for 1 h followed by incubation with Cy3-
conjugated goat anti-hamster and FITC-conjugated goat anti-rat secondary antibodies. Yellow
color (red integrin B3 merged with green CD31) indicates the presence of integrin a,f3 on tumor
neo-vasculature.
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Integrin avbs Specificity.

In order to demonstrate the integrin avB3 specificity of '''In radiotracers, we carried out
two blocking experiments. In the first experiment, ''In (DOTA-Galacto-RGD>) was used as
radiotracer and RGD; as blocking agent (~14 mg/kg or ~350 pg per tumor-bearing mouse). Figure
13 shows whole-body planar images of the tumor-bearing mice administered with ~120 puCi of
Hn (DOTA-Galacto-RGD3) in the absence/presence of excess RGD; (350 pg/mouse or 14 mg/kg).
In the absence of excess RGD», tumor was clearly visualized. In the presence of excess RGD>,
radioactivity accumulation in the breast tumor was almost invisible. In the second experiment, we
obtained 60-min biodistribution data of '''In(DOTA-3P-RGD>) (Table 6) in the athymic nude mice
(n = 5) bearing MDA-MB-435 breast cancer xenografts in the absence/presence of RGD> (350
pg/mouse or 14 mg/kg). Co-injection of excess RGDxz significantly blocked its tumor uptake (0.88
+ 0.08 %ID/g with RGD2 vs. 6.17 £ 1.56 %ID/g without RGD;). The normal organ uptake was
also blocked by co-injection of excess RGD,. For example, the uptake of ''In(DOTA-Galacto-
RGD») in intestine, lungs and spleen was 4.08 + 1.44, 1.58 + 0.26, and 1.44 + 0.20 %ID/g,
respectively, without RGD», while its uptake in the same organs was 1.63 = 0.31, 0.37 = 0.05, and

0.21 £0.07 %ID/g, respectively, in the presence of excess RGDa.

No RGD; RGD; Blocking

Figure 13. Whole-body planar images of tumor-bearing mice administered with ~100 pCi of
Mn (DOTA-Galacto-RGD) at 4 h p.i. without (left) /with (right) co-injection of RGD; (350
pHg/mouse or 14 mg/kg). The arrow points to the visualized (left) and hidden (right) tumor.
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These results clearly demonstrated that the uptake of '''In(DOTA-Galacto-RGD>) in
tumors and some normal organs is indeed integrin o,B3-specific.
1n (DOTA-3P-RGK?) was prepared to illustrate the RGD-specificity of 1*1In-labeled cyclic
RGD peptides. The arrow indicates the presence of the visible tumor in the left image acquired
after injection of 1**In (DOTA-Galacto-RGD>). In the right image, acquire after co-injection of
RGD: and radiotracer, the tumor can no longer be detected. The main activity is to see in the

bladder, which implies a high renal excretion.

RGD Specificity.
To demonstrate the RGD-specificity of !!'In cyclic RGD peptides, we obtained the 60 min

biodistribution data of ''In(DOTA-3P-RGK>).

10 4 m| "In(DOTA-3P-RGD>)
Sy @| "1In(DOTA-3P-RGD2)/RGD>
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Figure 14. Comparison of biodistribution data of '''In(DOTA-3P-RGD>) and '''In(DOTA-3P-
RGK?) at 60 min p.i. in athymic nude mice (n = 5) bearing MDA-MB-435 breast tumor
xenografts with/without co-injection of E[c(RGDfK)]> (RGD2: 350 pg/mouse or 14 mg/kg).
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3P-RGK; has identical composition as 3P-RGD», but its amino acid sequence was scrambled.
Because of very low integrin o3 affinity of DOTA-3P-RGK> (IC50 = 715 £+ 45 nM against
1251-c(RGDyK) bound to US7MG glioma cells) '''In(DOTA-3P-RGK>) had significantly lower
(p < 0.01) uptake than "'"In(DOTA-3P-RGD2) in both breast tumors and integrin a,f3-positive
normal organs, particularly intestine, liver, lungs and spleen (Figure 14). Despite this the '''In-
labeled cyclic RGD peptides are RGD-specific. Blocking experiments were used to demonstrate
o3 specificity. In(DOTA-3P-RGK2>) was used to illustrate the RGD-specificity of '!!In
radiotracers. When blocked with the 14 mg/kg RGD., the uptake of the !''In(DOTA-3P-RGD>)
in the blood, eye, heart, intestine, kidney, liver, lung, muscle, spleen was decreased significantly
(Figure 14, P <0.05, one-way ANOVA, Newman-Keuls Test), while the uptake in the tumor was
decreased highly significantly (P < 0.01). Compared with ''In(DOTA-3P-RGD.), the
biodistribution data of '''In(DOTA-3P-RGK>) demonstrated a significantly lower accumulation
of the radiotracer in the intestine, liver and spleen (P < 0.05). The tumor uptake of '''In(DOTA-

3P-RGD;) was also significantly much lower than ''In(DOTA-3P-RGD>) (P < 0.01).

42



4. Discussion

In this study, we evaluated "'In(DOTA-Galacto-RGD.), "'In(NOTA-Galacto-RGD;) and
n(DOTA-3P-RGD>) as integrin a.fs-targeted radiotracers for breast tumor imaging. The results
from an in vitro displacement assay showed that replacing PEG4 groups in 3P-RGD; with a pair
of SAA, 1,2,3-triazole and PEG> moieties had no significant change in integrin o,f3 binding
affinity (Figure 8) with IC50 of 24+4 nM for DOTA-Galacto-RGD, 27+2 nM for DOTA-Galacto-
RGD>, and 29+4 nM for DOTA-3P-RGDs. This explains why 'In(DOTA-Galacto-RGD>) and
Mn(DOTA-3P-RGD;) shared almost identical tumor uptake over the 72 h period (Figure 9A).
Planar imaging results suggest that '''In(DOTA-Galacto-RGD>), !'In(NOTA-Galacto-RGD>) and
Mn(DOTA-3P-RGD) are all good SPECT radiotracers with a long tumor retention. The integrin
owPs specificity of '''In(DOTA-Galacto-RGD») was clearly demonstrated by blocking experiments
(Figure 13). The RGD specificity was illustrated by comparing biodistribution characteristics of
Mn(DOTA-3P-RGD2) and '""'In(DOTA-3P-RGK?) in the same tumor-bearing animal model
(Figure 14). The relatively low integrin o33 expression level on MDA-MB-435 breast tumors was
compared with that one on US7MG glioma and it was consistent by showing a lower uptake of
Hn(DOTA-3P-RGD;) in MDA-MB-435 breast tumor than U87MG glioma over 72 h study
period [136, 138].

According to the results we believe that 'In(DOTA-Galacto-RGD;), ""'In(NOTA-
Galacto-RGD;) and '''In(DOTA-3P-RGD2) are all suitable SPECT radiotracers for breast cancer
imaging and they can all be successfully used for noninvasive monitoring of the tumor integrin
owPs expression. The difference between !!'In(DOTA-Galacto-RGD>) and !''In(DOTA-3P-RGD»)
is that the two PEG4 groups between two cyclic RGD moieties in 3P-RGD> are replaced with a

pair of SAA, 1,2,3-triazole and PEG, moieties. Even though ''In(DOTA-Galacto-RGD;) and
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Mn(DOTA-3P-RGD;) share very similar biodistribution characteristics (tables 1 and 2),
Mn(DOTA-Galacto-RGD>) had as hoped a faster washout from blood and muscle than
n(DOTA-3P-RGD») (Figure 9A). On the other side its tumor/liver ratios are disadvantageous
because they are lower than those of '''In(DOTA-3P-RGD;) (Figure 9A). For diagnostic
radiotracers, the contrast between targeted organ (such as tumor) and surrounding tissues is
critically important. As long as the linker between cyclic RGD moieties is long enough to maintain
the bivalency, incorporation of more hydrophilic groups (such as SAA and 1,2,3-triazole) is a
viable approach to improve radiotracer excretion kinetics from normal organs, such as blood, liver,
lungs and muscle. This conclusion is completely consistent with the published results for [!®F]-
Galacto-RGD and '8F-RGD-KS5 [165, 166, 167-169]. Reduction of radioactivity accumulation in
the blood and muscle is important to maximize the T/B ratios of radiotracers.

It seems that metal chelates (!"'In(DOTA) vs. [**™Tc(HYNIC)(tricine)(TPPTS)]) also have
significant effects on biodistribution properties of their radiotracers. For example, ''In(DOTA-
Galacto-RGD:) has lower uptake than **™Tc-Galacto-RGD in most normal organs except liver and
spleen [142]. This difference is likely to be caused by the negatively charged TPPTS, which may
interact with positively charged proteins, such as albumin, as shown by higher blood radioactivity
accumulation for *™Tc-Galacto-RGD; than that of '''In(DOTA-Galacto-RGD,). '''In(DOTA) is
neutral and highly hydrophilic and has as such a faster excretion, lower background radioactivity
and higher T/B ratios for ''In(DOTA-Galacto-RGD>). The high-tumor uptake of the compound
can be demonstrated by comparing biodistribution data with the one of previously studied RGD
such as “™(HYNIC)-RGD. ''In(DOTA-Galacto-RGD>) has a tumor uptake of 6.79+ 0.98 after
1h and 6.56 £ 0.56 after 4h while ™(HYNIC)-RGD has an uptake of 2.73+0.26 after 1h and

2.06+0.37 after 4h [171]. Despite the differences in animal and tumor models between the two
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studies that must be taken in consideration, the tumor uptake of '''In-DOTA-Galacto-RGD: looks
promising.

It has been demonstrated that many normal organs (particularly intestine, liver, lung,
kidneys and spleen) are integrin ayf33-positive [138]. This is consistent with the reduced uptake of
Mn(DOTA-3P-RGD>) in these organs (Figure 14) in the presence of excess RGD». However, this
does not mean that the radioactivity accumulation in these organs is only based on integrin owfs3-
binding. Other chemical and non specific binding components play a significant role as well. This
is confirmed by the fact that replacing a bulky and negatively charged
[*"Tc(HYNIC)(tricine)(TPPTS)]) with a smaller and highly hydrophilic '''In(DOTA) resulted in
lower background radioactivity and higher tumor-to-background ratios for "'In(DOTA-Galacto-
RGD2). "n(DOTA-3P-RGK>) has very low integrin oyf3 binding affinity (IC50 = 715.8 £45.1
nM) but it still shows a significant uptake in intestine, lung, kidneys and spleen [139] (Figure 14).
Co-administration of RGD> reduced the uptake of ''In(DOTA-3P-RGD;) in intestine, liver and
lungs by only 60 — 70% of its origin value. The remaining portions of radioactivity accumulation

in these organs are most likely due to non-specific binding of '''In radiotracers.
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5. Conclusion

In this study, we found that the integrin o,f3 affinity of DOTA-Galacto-RGD> was almost
identical to the one of DOTA-3P-RGDs. MIn(DOTA-Galacto-RGD;) and ''In(DOTA-3P-RGD.)
shared a similar tumor uptake over 72 h period. We demonstrated that their tumor-uptake is
integrin a,P3 and RGD specific. Even though '''In(DOTA-Galacto-RGD:>) has a positive faster
washout from blood and muscle than '"In(DOTA-3P-RGD>) due to the introduction of the
hydrophilic linkers, its tumor/liver ratios are not promising since they are much lower than those
of "'In(DOTA-3P-RGD>). Planar imaging data suggest that "'In(DOTA-Galacto-RGD>) and
Mn(NOTA-Bz-Galacto-RGD») are all suitable SPECT radiotracers for imaging integrin oyps-
positive breast tumors and related metastases. We proved this by comparing their planar images
with the one of '''In(DOTA-3P-RGD2), a previously studied, excellent integrin oyB3 radiotracer.
The result of biodistribution studies are not compatible with the one from the planar images. In
fact, in our bidistribution studies the tumor uptake of '''In(NOTA-Bz-Galacto-RGD,) was
significantly lower than the one of !''In(DOTA-Galacto-RGD>). From the overall results, we were
not able to prove that !''In(NOTA-Bz-Galacto-RGD) is an efficient radiotracer for clinical use in
cancer diagnosis yet. We chose to use NOTA as a chelator together with the !''In even though this
is quite unusual. Compared with DOTA, NOTA have the advantage that the labeling can be
performed at room temperature. We aimed to produce '''In-NOTA-RGD peptides as an
intermediate step in the development of '®F-NOTA-RGD-peptides, which would have a promising
clinical impact since the isotope '8F is nowadays one of most utilized. The time at Purdue
University was not long enough for me to work on ''In(NOTA-Bz-Galacto-RGD;) but further
research must be carried out. A labeling with a different isotope such as *Ga could be a further

strategic approach. In fact, NOTA is well known for its high chemical stability in complexes with
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8Ga or ®Cu [172]. Moreover, gallium-NOTA complex [173, 174] have a high symmetry
octahedral coordination geometry and an excellent thermodynamic stability as compared to

gallium-DOTA complex [175].
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6. Tables

Table 1. Biodistribution data and tumor-to-background ratios of !''In(DOTA-Galacto-RGDy) in
athymic nude mice (n = 4) bearing MDA-MB-435 breast cancer xenografts. The tumor uptake
was expressed as an average plus/minus the standard deviation.

Organ 1h 4h 24h 72 h

Blood 0.22 +0.04 0.02 +0.01 0.01 +£0.00 0.01 + 0.000
Brain 0.09 £0.02 0.11 + 0.02 0.13+£0.07 0.05 + 0.02
Eyes 0.45+0.08 0.59 +0.27 0.39 £ 0.07 0.12 + 0.03
Heart 0.77 £ 0.09 0.58 +0.22 0.35+0.05 0.18 + 0.09
Intestine 3.13+0.34 2.36 + 0.36 1.88 +0.33 0.96 + 0.15
Kidneys 4.65 £ 0.89 3.13+0.28 3.06 £0.28 1.44 +0.23
Liver 3.01+0.36 2.29+0.20 2.58 +0.42 1.20+0.13
Lungs 1.61+0.33 1.23+0.54 0.65+0.12 0.23+0.11
Muscle 0.45+0.13 0.26 £ 0.05 0.15+0.04 0.08 £0.03
Spleen 1.77+£0.14 147 +£0.49 1.34+0.31 0.67 £0.15
Tumor 6.79+ 0.98 6.56 = 0.56 417 +0.61 1.09+0.13
Tumor/Blood 31.62+5.18 336.87 £ 55.98 307.61 £53.58 144.04 £ 15.60
Tumor/Liver 2.31+£0.50 2.87 £0.22 1.64+0.24 0.93+0.19
Tumor/Lung 450+ 1.62 6.15+1.98 6.56 £1.13 6.13+3.28
Tumor/Muscle | 16.44 £5.20 25.95+4.76 39.46 + 3.93 15.06 £ 7.25
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Table 2. Selected biodistribution data of !''In(DOTA-3P-RGD>) in the athymic nude mice (n =5)
bearing MDA-MB-435 breast cancer xenografts. The tumor uptake was expressed as an average
plus/minus the standard deviation from 5 tumor-bearing animals.

%ID/gram lh 4h 24 h 72 h

Blood 0.42+0.19 0.09+0.01 0.06 = 0.03 0.02 +0.00
Brain 0.08 £ 0.02 0.06 +£0.01 0.04 £0.01 0.02 +0.00
Eyes 0.61 +£0.12 0.44 + 0.07 0.27+0.03 0.14+0.01
Heart 0.51 +£0.08 0.31+0.08 0.23 £0.07 0.08 = 0.00
Intestine 4.08 + 1.44 3.32+0.79 3.15+1.71 0.92+£0.45
Kidneys 433+1.14 2.61 +£0.48 1.84 +£0.47 0.72 £ 0.05
Liver 1.82+0.26 1.50 +£0.32 0.70+0.13 0.20 +0.04
Lungs 1.58 +0.26 0.92+0.11 0.56+0.14 0.16 £0.03
Muscle 0.62 +0.02 0.48 +£0.22 0.32+0.03 0.14+0.03
Spleen 1.44+0.20 1.10+0.27 0.84 +0.02 0.35+0.10
MDA-MB-435 6.17 £ 1.56 594 +0.84 3.40+0.50 0.99 +0.20
Tumor/Blood 12.25+3.13 63.66+8.14 | 67.52+30.85 |51.25+9.02
Tumor /Liver 3.00+1.18 4.03 +0.72 4.71 +0.47 5.10+0.95
Tumor /Lung 3.54 +1.57 6.47 £0.67 5.82+0.26 6.46 = 1.87
Tumor /Muscle 8.73 +£3.84 13.75+4.55 | 1031+0.84 7.64 £2.83
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Table 3. Biodistribution data and tumor-to-background ratios of '''In(NOTA-Bz-Galacto-RGD;)
in athymic nude mice (n = 4) bearing MDA-MB-435 breast cancer xenografts. The tumor uptake
was expressed as an average plus/minus the standard deviation.

Organ 1h 4h 24h 72h

Blood 0.38 £0.03 0.07 £0.01 0.01+£0.00 0.01 +£0.000
Brain 0.08 £0.01 0.06 £ 0.04 0.02+0.01 0.01 +£0.000
Eyes 0.78 £0.21 0.20£0.04 0.15+0.08 0.06 + 0.06
Heart 0.64 +£0.10 0.22+£0.03 0.15+0.02 0.09 +0.06
Intestine 215+0.34 0.76 £ 0.07 0.48 £0.08 0.22 +£0.09
Kidneys 10.95 £ 0.85 6.89 £ 0.55 4.48 + 0.46 1.70 £ 0.89
Liver 1.72+0.21 1.23+£0.08 0.91+0.12 0.41+0.20
Lungs 1.64 £0.16 0.56 + 0.05 0.35+0.01 0.13+0.08
Muscle 0.36+ 0.04 0.17+£0.04 0.10+£0.03 0.02+0.01
Spleen 1.04 £0.22 0.69 +0.09 0.52+0.11 0.41+0.29
Tumor 2.76+ 0.47 1.70 £ 0.03 0.79+0.19 0.34+0.12
Tumor/Blood 7.34+ 1.47 26.38 £ 3.42 59.56 +18.55 47.30 +8.97
Tumor/Liver 1.61+£0.25 1.39 £0.07 0.87+0.16 0.98 +0.40
Tumor/Lung 1.70£0.32 3.04+0.22 2.30 £0.56 4.38 +3.48
Tumor/Muscle 7.88£1.94 10.88+2.68 8.27+1.42 19.58 +7.94
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Table 4. The body weight of atymic nude mice after injection of tumor cells measured by electric

balance. (g)
Mouse ¢ 7 8 10 1 13 14 15
nr./days
1 20.4 19.8 19.6 19.7 194 20.0 204 20.5
2 22.5 22.5 22.6 244 224 22.8 22.8 22.8
3 22.5 22.2 22.3 21.6 234 22.5 22.1 22.6
4 20.6 20.6 20.7 20.7 19.0 20.5 20.6 20.9
5 24.3 22.9 22.9 23.7 23.7 24.5 24.2 24.6
6 21.1 20.8 20.6 214 21.0 214 21.2 21.7
7 22.3 22.3 22.5 22.1 22.1 22.9 22.7 23.2
8 22.6 22.2 21.6 224 224 22.8 22.8 23.3
9 214 21.9 21.7 21.8 21.2 21.6 21.9 22.2
10 21.7 20.1 22.3 21.3 214 22.0 21.5 21.9
11 19.9 21.5 20.5 19.5 19.3 20.1 19.5 204
12 23.1 23.1 23.3 23.1 20.6 22.8 22.5 23.3
13 21.3 21.3 20.6 20.1 20.3 20.5 20.9 20.7
14 25.8 25.4 25.4 25.5 25.2 25.8 25.3 26.0
15 20.9 20.5 20.3 20.6 22.9 20.9 20.0 21.3
16 21.1 21.3 21.0 21.2 21.0 21.5 21.5 21.8
17 23.5 23.0 23.8 24.5 24.3 24.7 24.3 25.0
mean 22.1 21.8 219 22.0 21.7 22.2 22.0 22.5
sd 1.5 1.3 1.4 1.7 1.7 1.6 1.5 1.6
30-
251
- 204
=
2
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3
8 104
51
4 8 10 12 14 16

Day after MDA-435 inplanted
Figure 1. The body weight of the mice bearing MDA-MB-435 at different days after implanted.
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Table 5. The tumor volume measured by electric caliper. (mm?3)

6 7 8 10 11 13 14 15
1 1698 2848 4675 6422 9130  133.02 141.89 142.46
2 18.18  27.05 39.13 6623  111.01 124.65 144.86 174.94
3 1837 1606  16.62 2444 2899  124.62 29331 344.85
4 1470 1759 22.80 4824 5380 69.74 12629 162.45
5 10.15  15.61  22.11 4058  68.42  133.87 15572 187.66
6 1573 19.19  16.64 3697 61.82 14933 14726 190.09
7 6.56 13.94  17.16 4442  40.17 92.82 9450  132.81
8 1597 1470 3986 7374  50.77 11098 118.33  126.49
9 12.87 11.88 10.68 1887 1562 3792 3738 3321
10 4278  52.89 6897 14476 13588 211.88 226.74 297.51
11 19.54  17.13 2418 4574 4881 9330 10522 125.42
12 23.19 2174 2805 5332 3616 8212 12582 152.72
13 2883 1634 2635 3006 5661 97.07 7600  99.54
14 11.04 1312 952 2179  41.04  107.39  200.76  193.06
15 1610 1251  17.87 4393 4642 5583 7098  92.00
16 4655 4080 6052  91.56  94.02  144.05 182.66 229.43
17 8.99 33.92 4052 5463  71.10 10832 308.80 329.02
mean 19.2 21.9 29.9 53.1 61.9 1104 1504 1773
sd 10.6 11.0 16.5 29.5 30.0 39.0 71.6 81.2
300
250
e 2004
£
@ 150
£
j=
S 100
50-
0 .
4 16

implant

Day after MDA-435 inplanted
Figure 2. The growth curve of the tumor in mice bearing MDA-MB-435 at different days after
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7. Annex

Materials and instruments used for the preparation of the Galacto-RGD: Peptides.
Chemicals and solvents were purchased from Sigma/Aldrich (St. Louis, MO), and used without
further purification. DOTA-OSu (1,4,7,10-tetraazacyclododecane-4,7,10-triacetic  acid-1-
acetate(N-hydroxysuccinimide)) and SCN-Bz-NOTA (2-(p-thiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid) were purchased from Macrocyclics (Dallas, TX).
E[c(RGDfK)]> (RGD>), DOTA-3P-RGD>, DOTA-3P-RGKo>, and Glu[cyclo[Arg-Gly-Asp-D-Phe-
Lys(SAA-PEG2-(1,2,3-triazole)-1-yl-4-methylamide)]].  (Galacto-RGD;)  were  prepared
according to the procedures described in our previous reports [7,10]. The MALDI (matrix assisted
laser desorption ionizations) mass spectral data were collected using an Applied Biosystems
Voyager DE PRO mass spectrometer (Framingham, MA), the Department of Chemistry, Purdue
University. The Boc-protected glutamic acid was purchased from Senn Chemicals (San Diego,
CA), and 8-azido-3,6-dioxaoctanoic acid (N3-PEG2-OH) was from Peptides International Inc.
(Louisville, KY). The protected peptide [cyclo[Arg(Pbf)-Gly-Asp(OrBu)-D-Phe-Lys(SAA)]]
(Galacto-RGD) was prepared using the procedure reported in the literature. Sodium succinimidyl
6-(2-(2-sulfonatobenzaldehyde)hydrazono)nicotinate (HYNIC-OSu) was prepared according to
the literature method. [*"Tc (HYNIC-3P-RGD»)(tricine)(TPPTS)] (*™Tc-3P-RGD;) was
prepared using the procedure described in our previous reports [3,12] Na®™TcO4 was obtained
from Cardinal HealthCare® (Chicago, IL).  Melting point was determined on a Buchi B-540
melting point apparatus and was uncorrected. Optical rotation was determined on a DIP-370
polarimeter (Jasco, Easton, MD). Thin layer chromatography was performed using Merck F2s4
silica gel plates (EMD, Darmstadt, Germany). NMR spectra were recorded with a Varian Unity

500 Plus spectrometer (Palo Alto, CA) in DMSO-ds.
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HPLC Method for Cyclic Galacto RGD peptides.

HPLC Method 1 used a semi-prep LabAlliance HPLC system (Scientific Systems, Inc.,
State College, PA) equipped with a UV/vis detector (A=220 nm) and Zorbax C18 column (9.4 mm
x 250 mm, 100 A pore size; Agilent Technologies, Santa Clara, CA). The flow rate was 2.5
mL/min with a mobile phase being 90% A and 10% B at 0 min to 85%A and 15% B at 5 min, and
to 75%A and 25% B at 20 min. Radio-HPLC (Method 2) used the Agilent HP-1100 HPLC system
(Agilent Technologies, Santa Clara, CA) equipped with a B-ram IN/US detector (Tampa, FL) and
Zorbax C18 column (4.6 mm x 250 mm, 300 A pore size; Agilent Technologies, Santa Clara, CA).
The flow rate was 1 mL/min. The gradient mobile phase started with 90% A (25 mM NH40Ac,
pH = 6.8) and 10% B (acetonitrile) to 85% A and 15% B at 5 min, followed by a gradient mobile

phase going from 15% B at 5 min to 20% B at 20 min and to 60% B at 25 min.

Preparation of Boc-L-Glutamic Acid Bis-Propargyl Amide (1)

To a solution of Boc-glutamic acid (2.47 g, 10 mmol) and propargylamine hydrochloride
(2.11 g, 23 mmol) in DMF (30 mL) were added diphenylphosphoryl azide (DPPA: 5.2 mL, 24
mmol) and triethylamine (Et3N, 3.2 mL, 23 mmol) at 0 °C under vigorous stirring. The reaction
was allowed to proceed overnight at 0 °C. The pH value of the reaction mixture was kept at 7 ~
8 with EtsN. The reaction mixture was taken into EtOAc (500 mL) and washed with 0.2 N HCl
(2 x 200 mL), brine (100 mL), saturated NaHCO3 solution (3 x 200 mL), and brine (2 x 100 mL).
After drying over NaxSQO4, EtOAc was removed to yield 4.16 g of crude product, which upon
trituration with hot isopropyl ether afforded a white solid (2.66 g, 82.9 %). Rf

(EtOAc/Hexane/AcOH 2:1:0.01) = 0.20, melting point 146.2-146.5°C, [a] p*° 10.4° (c =1,
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CHCl3). ESI-MS: m/z =344.2 [M + Na]"; 322.2 [M + H]*. 'H NMR (DMSO-ds, chemical shift &
in ppm, and atom labels according to the structure below): 6 8.25 [1H, bt, J=5.6 Hz, N(1a)-H], 8.24
[1H, bt, J=5.6 Hz, N(5a)-H], 6.88 [1H, d, J= 8.0 Hz, N(2a)-H], 3.87 [1H, m, C(2)-H], 3.85 [2H,
dd, J=5.6 Hz, J=2.3 Hz, C(1b)-Hz], 3.82 [2H, dd, J=5.6 Hz, J=2.6 Hz, C(5b)-Hz], 3.10 [1H, t,
J=2.3 Hz, C(1d)-H], 3.08 [1H, t, J=2.6 Hz, C(5d)-H], 2.10 [2H, m, C(4)-H2], 1.82 [1H, m, C(3)-
H], 1.67 [1H, m, C(3)- Hz], and 1.37 [9H, s, C(2¢)-H3]. '*C NMR (DMSO-ds, chemical shift § in
ppm): 171.5 (C-1), 171.2 (C-5), 155.2 (C-2b), 81.2 (C-1c), 81.1 (C-5c¢), 78.1 (C-2d), 73.0 (C-5d),
72.9 (C-1d), 53.8 (C-2), 31.6 (C-4), 28.2 (C-2e), 27.9 (C-1b), 27.8 (C3 and C-5b). Anal.

Calculated for C16H23N304: C, 59.80; H, 7.21; N, 13.08. Found: C, 59.78; H, 7.19; N, 13.00.

H
H
o) N\%j
a
5p 5¢c
O H
H
)J\Za N Z 1
1a
Ze O 2b N 1C
2d 2c H o 1b

Figure 1. Boc-L-Glutamic Acid Bis-Propargyl Amide

Preparation of Cyclo[Arg(Pbf)-Gly-Asp(O7Bu)-D-Phe-Lys(SAA-PEG2-N3)]
To a solution of cyclo[ Arg(Pbf)-Gly-Asp(OzBu)-D-Phe-Lys(SAA)] (1.10 g, 1.0 mmol) and N3-
PEG>-OH (0.28 g, 1.48 mmol) in DMF (15 mL) was added DPPA (0.43 mL, 2.0 mmol) at 0 °C

with stirring, followed by the addition of EtsN (0.21 mL, 1.51 mmol). The reaction mixture was
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kept at 0 °C for 25 h, with occasional adjustments of the pH (7 — 8), with EtzN. After the
reaction, the mixture was diluted with 0.4 N HCI (100 mL) and extracted with EtOAc (3 x 300
mL). The combined organic extracts were concentrated. The precipitated product was collected
by filtration, washed with cold Et>,0, and dried in vacuo to afford 0.81 g of 2 in 63.7 % yield as a

colorless solid. ESI-MS: m/z = 945.55 [M + H]" (M = 945.43 calcd. for [C40Hs9N13014]).

Preparation of  Boc-Glu[cyclo[Arg(Pbf)-Gly-Asp(O7Bu)-D-Phe-Lys(SAA-PEG2-(1,2,3-

triazole)-1-yl-4-methylamide)]]:

To a stirred solution of 1 (94 mg, 0.29 mmol) and 2 (750 mg, 0.59 mmol) in a mixture of
H>0 (2.9 mL) and #~BuOH (5.8 mL) were added 1.73 mL of 0.2 M CuSO45H20 and 1.73 mL of
0.5 M sodium ascorbate solution at room temperature. The mixture was stirred for 70 min, then
diluted with 60 mL 1-BuOH and 40 mL H>O. The organic layer was washed with H2O (2 x 30
mL) and concentrated under reduced pressure. Addition of Et2O resulted in a precipitate, which
was collected by filtration, washed with Et,O, and dried to give 760 mg of 3. The yield was 91.5 %.

ESI-MS: m/z = 2249.05 [M+H]* (M = 2249.05 calcd. for [CosH145N29O34]).

Preparation of H-Glu[cyclo[Arg-Gly-Asp-D-Phe-Lys(SAA-PEG2-(1,2,3-triazole)-1-yl-4-

methylamide)]]2 (Galacto-RGD>).

The protected Galacto-RGD: (750 mg, 0.26 mmol) was dissolved in 20 mL of a solution
TFA/TIPS/H>0 (95/2.5/2.5, v/v/v) at room temperature. After 2 h, the reaction mixture was

concentrated under reduced pressure. Crude Galacto-RGD» was precipitated with cold EtO,
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collected by centrifugation, washed with Et,0 (3 x 30 mL), and dried in vacuo to give 690 mg of
white solid, which was purified by RP-HPLC (Method 1) to yield Galacto-RGD> (105 mg,
16.2 %) as a TFA salt. The HPLC purity was 99.3 %. ESI-MS: m/z =2149.12 [M+H]" (M =

2149.05 calcd. for [Co1H137N20034]).

Preparation of DOTA-Galacto-RGD2.

Galacto-RGDz (6.5 mg, 3 pmol) and DOTA-OSu (7.5 mg, ~11.0 pmol) were dissolved in
2 mL of dimethylformamide (DMF). After addition of excess diisopropylethylamine (DIEA: 50
pumol), the reaction mixture was stirred for 5 days at room temperature. After addition of water (2
mL), the pH value was adjusted to 3 — 4 with neat TFA. The resulting solution was subjected to
HPLC-purification (Method 1). The fraction at ~18 min was collected. Lyophilization of collected
fractions afforded DOTA-Galacto-RGD>. The yield was 4.3 mg (~40%). MALDI-MS (positive

mode): m/z =2532.45 for [M + H]" (M = 2534.18 calculated for [Ci07H164N33039]").

Preparation of DOTA-Galacto-RGD2.

Galacto-RGD> (6.5 mg, 3 umol) and DOTA-OSu (7.5 mg, ~11.0 umol) were dissolved in
2 mL of dimethylformamide (DMF). After addition of excess diisopropylethylamine (DIEA: 50
umol), the reaction mixture was stirred for 5 days at room temperature. After addition of water (2
mL), the pH value was adjusted to 3 — 4 with neat TFA. The resulting solution was subjected to
HPLC-purification (Method 1). The fraction at ~18 min was collected. Lyophilization of collected
fractions afforded DOTA-Galacto-RGD». The yield was 4.3 mg (~40%). MALDI-MS (positive

mode): m/z =2532.45 for [M + H]" (M = 2534.18 calculated for [C107H164N33039]").
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Figure 2. Syntheses of Galacto-RGD»

Preparation of NOTA-Galacto-RGD2.

Galacto-RGD» (6.5 mg, 3 umol) and NOTA-Bz-SCN (trichloride salt: 7.5 mg, ~11.0 pmol)
were dissolved in 2 mL of anhydrous dimethylformamide (DMF). After addition of excess DIEA
(50 umol), the reaction mixture was stirred for 6 days at room temperature. After addition of water
(2 mL), the pH value was adjusted to 3 — 4 with neat TFA. The resulting solution was subjected

to HPLC-purification (Method 1). The fraction at ~17 min was collected. Lyophilization of
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collected fractions afforded NOTA-Galacto-RGD». The yield was 5.6 mg (~40%). MALDI-MS

(positive mode): m/z =2598.75 for [M + H]" (M = 2598.16 calculated for [C111H164N33033S]".

Result of Synthesis of DOTA-Galacto-RGD:.

DOTA-Galacto-RGD; and NOTA-Galacto-RGD»> were prepared by reacting DOTA-OSu
and NOTA-Bz-NCS, respectively, with Galacto-RGD> in the presence of excess DIEA.
Completion of conjugation reactions took ~3 days at room temperature. The reaction rate was
faster than that between HYNIC-OSu and Galacto-RGD2 most likely because of higher reactivity
of DOTA-OSu and NOTA-Bz-NCS as compared with HYNIC-OSu [16]. DOTA-Galacto-RGD>
and NOTA-Galacto-RGD, were purified by semi-prep HPLC. The MALDI-MS data was

consistent with their proposed compositions.
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SRC
RAS
HIF-1
HRE
VEGF
CAIX
PDGF
TGF-a
FH-1
KDR
FLK-1
bFGF
ECM
FAK
ILK
MAPK
ERK
EGF
TCF
RDG
IMD

TGF-B

7. List of abbreviations

Proto-Oncogene Tyrosine Kinase
Rat Sarcoma

Hypoxia Inducible Factor 1
Hypoxia Response Factor

Vascular Endothelial Growth factor
Carbonic Anhydrase IX

Platel Derived Growth Factor
Transforming Growth Factor-a
Fumarate Hydratase-1

Kinase Insert Domain Receptor
Tyrosine Kinase Receptor for VEGF
Basic Fibroblast Factor
extracellular matrix

focal adhesion kinase
integrin-linked kinase

mitogen activated protein kinase
extracellular-signal-regulated-kinase
epidermal growth factor

ternary complex factor
Arginin-Glycine-Aspartic Acid sequence
integrin mediated death

transforming growth factor-f3
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FGF2

uPA

RTK

CT

MRI

PET

SPECT

FDG

BM

BFC

DTPA

DOTA

NOTA

NODASA

NODAGA

NODAPA-NCS

SAA

PEG2

HYNIC

NOTA-bz

3P-RGD

PEG4

DOTA-OSu

fibroblast growth factor 2

urokinase plasminogen activator

Receptor Tyrosine Kinase

Computed Tomography

Magnetic Resonanse Imaging

Positron Emission Tomatography

Single Photon Emission Chromatography
Flurodesoxyglucose

Biomolecule

Biofunctional chelator

Diethylenetriaminepentaacetic acid
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
1,4,7-triazacyclononane-N,N',N"-triacetic acid

NOTA with aspartic acid

NOTA with glutamic acid

NOTA with benzyl-isothiocyanate
7-amino-L-glycero-L-galacto-2,6-anhydro-7-deoxyheptanamide
6-dioxaoctanoic acid

6-hydrazinonicotinyl
2-(p-thioureidobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid
PEG4-E[PEG4-c(RGDfK)]2

PEG4 = 15-amino-4,7,10,13-tetraoxapentadecanoic acid

1,4,7,10-tetraazacyclododecane-4,7,10-triaceticacid-1-acetate(N-
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hydroxysuccinimide)

SCN-Bz-NOTA 2-(p-thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid

MALDI matrix assisted laser desorption ionizations
DMF dimethylformamide

DIEA diisopropylethylamine

1C50 half maximal inhibitory concentration
FITC fluorescein isothiocyanate

EDTA Ethylenediaminetetraacetic acid

%ID/gr % Injected Dose per Gram Tissue (Unit used for Biodistribution)
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