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Abstract

Urokinase-type plasminogen activator receptor (uPAR)

is a glycosylphosphatidylinositol

(GPl)-anchored protein. Besides regulating proteolysis, uPAR could also activate many intracellular
signaling pathways that promote cell motility, invasion, proliferation, and survival through coop-
erating with transmembrane receptors. uPAR is overexpressed across a variety of tumors and is
associated with cancer invasion and metastasis. In order to meet the demand for a rapid devel-
opment and potential clinical application of anti-cancer therapy based on uPA/uPAR system, it is
desirable to develop non-invasive imaging methods to visualize and quantify uPAR expression in
vivo. In this review, we will discuss recent advances in the development of uPAR-targeted nuclear
imaging and radionuclide therapy agents. The successful development of molecular imaging probes
to visualize uPAR expression in vivo would not only assist preclinical researches on uPAR function,

but also eventually impact patient management.
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Introduction

Molecular imaging is a fast growing research
area involving the development and evaluation of
novel tools, reagents and methods to image specific
molecular pathways in vivo; particularly those that are
key targets in disease processes. Molecular imaging is
rapidly recognized as a tool with the capacity to im-
prove every facet of cancer patient care, such as, as-
sisting early detection and intervention strategies;
facilitating the direction of pharmacological,
cell-based, and genetic therapeutic regimens; and
enhancing the development of emerging theranostics
field. In particular, nuclear medicine (including posi-
tron emission tomography (PET) and single-photon
emission computed tomography (SPECT)) serves as a
highly sensitive technology that is ideally suited for
pre-clinical and clinical imaging of cancer biological
processes non-invasively. The commonly used radi-

onuclides include #mTc, 123/131], 1] (y-emitting iso-
tope for SPECT imaging); 8F, 11C, #Cu, %Ga (posi-
tron-emitting isotope for PET imaging); and Y, 777Lu,
213Bj (for radiation therapy).

This review intends to provide an overview on
recent advances in the development of uPAR-targeted
nuclear imaging and radionuclide therapy. The suc-
cessful development of molecular imaging probes to
visualize uPAR expression in vivo would not only
assist preclinical researches on uPAR function, but
also eventually impact patient management.

Biological function of uPAR

Urokinase-type plasminogen activator receptor
(uPAR) is a glycosylphosphatidylinositol (GPI)-
anchored protein [1]. The receptor binds uroki-
nase-type plasminogen activator (uPA) as well as its
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proenzyme, pro-uPA, in such a manner that the acti-
vation cascade can occur directly on the cell surface.
Activated uPA converts inactive plasminogen into
active plasmin, which degrades various components
of the extracellular matrix. Besides the function of
regulating proteolysis, uPAR could also activate
many intracellular signaling pathways that promote
cell motility, invasion, proliferation and survival
through cooperating with transmembrane receptors
[2, 3]. uPAR is overexpressed across a variety of tu-
mor cell lines and tissues, including breast, ovary,
lung, pancreas, colon, kidney, liver, stomach, endo-
metrium, bone and so on [4-6]. High endogenous level
of uPAR was also found to be associated with cancer
invasion and metastasis [4, 7]. Therefore, uPAR has
become an important target for cancer diagnosis and
therapy.

uPAR targeted radiopharmaceuticals

Radiopharmaceuticals are drugs containing ra-
dionuclides. A target specific radiopharmaceutical
could be constructed by introducing radioactive tag to
a targeting ligand. In many cases, radiometal based
radiopharmaceuticals rely on the introduction of bi-
functional chelators to target binding ligand. In con-
trast, the non-metallic radionuclides were generally
introduced through covalent bond formation. De-
pending on the ligands to be used, uPAR targeted
radiopharmaceuticals could be constructed by intro-
ducing corresponding radioactive tag to uPAR bind-
ing ligands.

|. Peptide-based ligands

There are two main avenues in the search for
peptide-based uPAR ligands. One approach exploits
random selection in a phage display library, whereas
the other relies on synthesizing peptide derivatives
based on uPA, a natural uPAR-binding ligand.

I.I Ligands discovered by Phage display.

A family of 15-mer linear peptide was obtained
as antagonists of uPA-uPAR interaction through the
selection in a random phage-display library [8]. The
selected lead phage peptide was subjected to affinity
maturation and stabilization by combinatorial chem-
istry [9]. The resulting 9-mer core peptide AE105
(D-Cha-F-s-r-Y-L-W-S) [9] demonstrated specific,
high-affinity binding to human uPAR (K4 = 0.4 nM).
Later on, AE105 and its derivatives, AE120
[(D-Cha-F-s-r-Y-L-W-S),  -BA-K] and  AE170
(K-S-D-Cha-F-s-k-CHg-L-W-5-5-K) have been applied
in a variety of experimental settings [10]. To date,
most uPAR-targeted imaging and therapy studies are
based on AE105 and its corresponding derivatives.

Targeted copper-64 labeled molecules have

shown promising results for diagnostic PET imaging
and radionuclide therapy, due to the favorable nu-
clear characteristics of this isotope (ti2 = 12.7 h, p*
17.4%, Emax = 0.656 MeV, B~ 39%, Emax = 0.573 MeV)
and its availability with high specific activity. In 2007,
Li et al first developed ¢Cu labeled AE105 for nonin-
vasive microPET imaging of uPAR expression [11]. In
that study, uPAR-binding peptide AE105 was conju-
gated with 1,4,7,10-tetraazadodecane-N,N’,N",N""’-
tetraacetic acid (DOTA) (DOTA-AE105, Figure 1) and
labeled with ¢Cu. MicroPET imaging revealed that
64Cu-DOTA-AE105  accumulated  rapidly in
uPAR-positive U87MG human glioblastoma tumors
(10.8 £ 1.5 percentage of injected dose per gram of
tissue (%ID/g) at 4.5 h) but not in uPAR-negative
MDA-MB-435 human breast tumors (1.2 + 0.6 %ID/g
at 4.5 h) (Figure 1). In the presence of excess amount
of unlabeled peptide, the US7MG tumor uptake was
successfully reduced to 3.7 + 1.3 %ID/g at 4.5 hours
post injection (p.i.), which further demonstrated the
receptor specificity of this tracer. A nonbinding vari-
ant of AE105 was also tested, the uptake in US7MG
tumors was 1.7 £0.4,2.2+0.5,and 3.1 £ 0.6 %ID/gat 1,
4.5, and 22 hours p.i.,, which was significantly lower
than that of the original %Cu-DOTA-AE105 (P <
0.005).

In a recent study, Persson et al [12] evaluated
64Cu-DOTA-AE105-NH2 in a quantitative PET study.
The major difference between Cu-DOTA-AE105-
NH2 and #Cu-DOTA-AE105 is the C-terminal ami-
dation. Although it is not validated in the manuscript,
C-terminal amidation would generally make peptide
ends uncharged (compared to standard synthetic
peptides). In vivo stability of the probe could be im-
proved in some extend by increasing the stability to-
ward digestions by aminopeptidases and blocking
activities towards synthetase. In this research, a sig-
nificant correlation between tumor uptake of
64Cu-DOTA-AE105-NH2 and uPAR expression was
found (R2=0.73; P <0.0001) across 3 cancer xenografts
(H727, HT-29, and U87MG) (Figure 2). For uPAR
positive U87MG tumor, tumor uptake was 5.9 *
0.7%ID/g at 45 h p.i., which was lower than the
number reported in the first study [11] (10.8 %
1.5 %ID/g at 4.5 h), although the same cell line was
used. The discrepancy may be related to the basic
properties of the chelated radiopharmaceuticals as
they are two different compounds. 8F-FDG
(2-deoxy-2-18F-fluoro-D-glucose) PET was also per-
formed on U87MG and H727 tumors. As expected, no
difference in tumor uptake was observed in 8F-FDG
PET, which clearly demonstrated that additional in-
formation can be obtained on tumor biology using
64Cu-DOTA-AE105-NH2 PET. Furthermore, primary
tumor uptake of *#Cu-DOTA-AE105-NH2 apparently
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correlates to the efficacy of 5-fluorouracil-based
chemotherapies, illustrating the potentials of using
uPAR PET in a clinical setting to monitor treatment
response. Despite the initial success of these two ex-
amples, both probes demonstrated prominent liver
uptake that could not be blocked by cold AE105 lig-
and. Previously, it has been demonstrated that the
04Cu?* complexes with DOTA, TETA (1,4811-
tetraazacyclotetradecane-N,N',N”,N"”-tetraacetic ac-
id), and their derivatives have limited stability in vivo

due to the dissociation of #*Cu?* from these bifunc-
tional chelators (BFCs), leading to high retention in
the liver. It would be interesting to conjugate other
stable  chelators, such as NOTA (1,4,7-
triazacyclononane-1,4,7-triacetic acid), cross-bridged
TETA, and sarcophagine agents, to AE105 and com-
pare the liver uptake among these PET imaging
agents. The pharmacokinetic of uPAR PET may also
be improved by using these newly developed chela-
tors.
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Figure |. A, chemical structure of DOTA-conjugated AEI05 peptide (DOTA-D-Cha-F-s-r-Y-L-W-S). B, chemical structure of DOTA-conjugated
AE105-mutant peptide (DOTA-D-Cha-F-s-r-Y-L-E-S, where capitals denote the single letter code for amino acids in the L-configuration, whereas low-
ercase denote D-configurations. Cha is L-cyclohexylalanine). C, decay-corrected whole-body coronal microPET images of athymic female nude mice
bearing US87MG tumors or MDA-MB-435 tumors at |, 4.5, and 22 h p.i. of ~9 MBq #*Cu-DOTA-AE05. D, decay-corrected whole-body coronal microPET
images of athymic female nude mice bearing US87MG tumors at |, 4.5, and 22 h p.i. of ~9 MBq **Cu-DOTA-AEI05,,,. E, decay-corrected whole-body
coronal microPET images of a US87MG tumor-bearing mouse at 4.5 hours after injection of **Cu-DOTA-AEI05 and a blocking dose of AEI05 (15 mg/kg).
Images shown are of 5- or 10-min static scans of a single mouse but are representative for the three mice tested in each group. Tumors are indicated by
arrows. Reproduced with permission from ref. [ 1].
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Figure 2. A, chemical structures of control peptide inactive DOTA-AEI05-NH2 (DOTA-D-Cha-E-s-r-Y-L-E-S) in which two essential amino acids for
uPAR binding (Phe — Glu and Trp — Glu) are substituted as compared to DOTA-AE105-NH2. B, Decay-corrected transverse images of subcutaneously
xenotransplanted US7MG, HT-29, and H727 mice at |, 4.5, and 22 h after injection of **Cu-DOTA-AE|05-NH2. Images shown are static scans of single
mouse, which is representative of 4 mice tested in each group. Arrows indicate tumors. Reproduced with permission from ref. [12].
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Figure 3. Quantitative results based on manually drawn ROI analysis for U87MG tumor (A), liver (B), muscle (C) and blood (D) during the | h dynamic
PET scan. E, Representative 10 min PET images during | h dynamic PET recording. Tumor could clearly be visualized for both labeled peptides (white
arrows indicate tumors), with a clear washout of the tracer over time. Each mouse received 5-7 MBq tracer (approx. 0.5 nmol peptide). Reproduced with

permission from ref. [13].

In addition to 4Cu, AE105 has been labeled with
6Ga for noninvasive PET imaging of uPAR expres-
sion. %Ga decays by 89% through positron emission of
1.92 MeV (maximum energy) and is available from an
in-house %Ge/%Ga generator (%Ge, t1,2=270.8 day),
which renders it independent of an onsite cyclotron.
With a half-life of 68 min, it is suitable for studying the
pharmacokinetics of many peptides. Gallium-68 la-
beled uPAR radiotracers was first reported as
8Ga-DOTA-AE105-NH2 and %Ga-NODAGA (N,
N-di(2-hydroxybenzyl) ethylene-diamine-N,N-
diacetic acid)-AE105-NH2 [13]. The tumor uptake in
U87MG glioblastoma xenograft model was 2.1 %
ID/gand 1.3 % ID/g (30 min p.i.) and 2.0 % ID/g and
1.1 % ID/g (60 min pi.) for
8Ga-NODAGA-AE105-NH; and %Ga-DOTA-AE105-

NH», respectively (Figure 3). Although both
68Ga-based tracers could be used for tumor imaging,
8Ga-DOTA-AE105-NH, demonstrated significantly
lower Tumor/Muscle ratio (7.4) than that of
64Cu-DOTA-AE105-NH; (15.9) at 60 min p.i. (P <0.05).
The same pattern was found when comparing tumor
to blood, liver or kidney ratios. Although these
68Ga-tracers were developed as close analogs of
64Cu-DOTA-AE105, their absolute tumor uptake was
significantly reduced. Apparently, both tumor uptake
and tumor-to-background ratios need to be improved
when developing %Ga-based tracers for uPAR tar-
geted imaging in the future.

SPECT agents were also developed for uPAR
imaging in wvivo. In 2009, a dimeric peptide
[(NAc-dD-CHA-F-dS-dR-Y-L-W-S-fAla),-K-K] (most
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closely related to AE120, named as AE120 analogue)
was conjugated with DOTA chelator and labeled with
M[n [14]. The ICsp-value of (NAc-dD-CHA-F-
dS-dR-Y-L-W-S-BAla),-K-K(DOTA)-NH; (AE120 an-
alogue-DOTA) was 240 nM, which was higher than
that of DOTA-AE105 (ICso= 130 nM) [11]. AE120 an-
alogue-DOTA is  structurally different from
DOTA-AE105 and related peptide [9] in being
N-terminally acetylated and C-terminally amidated;
the appended DOTA moiety at C-terminal in the
branching lysine residue; and the chirality of the
N-terminal aspartate residue [14]. These structural
differences could lead to the limited free conforma-
tional space in the region of the corresponding uPAR
complex. The ICso-value of AE120 analogue was not
get at the same time in this study. Therefore, it is not
clear whether DOTA conjugation would affect this
peptide’s binding affinity.

Biodistribution data was collected at 1, 4 and 24
h pi of ™In-DOTA-AE120 analogue on
MDA-MB-231 human breast tumor-bearing mice. It
was shown that the elimination of the ™In-labeled
AE120 analogue from the blood pool was rapid, with
0.12 £ 0.06 % ID/g remaining in blood at 4 h p.i. Tu-
mor uptake at this time point was 0.53 £ 0.11 %ID/g;
and tumor-to-blood and tumor-to-muscle ratios were
4.2 and 9.4, respectively. "1 In-DOTA- AE120 analogue
cleared through both liver and kidney. Liver and
kidney retention was higher than '?I-labeled ATF
(Amino-terminal fragment of uPA). In vivo biodistri-
bution data of MIn-DOTA-AE120 analogue and
15]-ATF was shown in Table 1 and Table 2. The com-
parison of these two tracers is discussed in the fol-
lowing Section 1.2.

Table 1. In vivo biodistribution of (NAc-dD-CHA-F-dS-
dR-Y-LW-§-Ala)2-K-K(''In-DOTA)-NH: (Test) at |, 4, and 24 h
p.i. and scrambled negative control peptide (NAc-dD-W-dS-
L-Y-dR-F-S-CHA-Ala)2-K-K(''In-DOTA)-NH: (control) at 4 h p.i.
in SCID mice bearing MDA-MB-231| human breast cancer tumor
xenografts (n = 3, mean % ID/g £ SD). Reproduced with permis-
sion from ref. [14].

Table 2. In vivo biodistribution (n = 3, mean %ID/g + SD) of
125]-ATF in SCID mice bearing MDA-MB-23 1 human breast cancer
tumor xenografts at |, 4, and 24 h p.i.. Reproduced with permis-
sion from ref. [14].

Organ 1h 4h 24h 24 h (blocked)
blood 775+1.00 341+086 026+0.06 0.60+0.69
heart 256+0.12 119+£016 0.08+0.02 0.06 +0.01
lung 5394035 267+£051 016+0.05 0.17+0.02
liver 301+045 1.81+£042 025006 0.23+0.02
spleen 292+039 1.72+£035 0.09+0.02 0.10+0.03
intestines  3.27+0.40 253+0.28 0.16+0.03 0.13+0.02
kidney 16.72+159 4.65+084 0.88+021 0.81+0.09
muscle 121+0.08 061+£010 0.03+0.01 0.02+0.01
bone 155+0.13 087+011 0.04+0.01 0.03+0.001
pancreas  3.98x0.77 218%0.65 0.06+0.03 0.05+0.01
tumor 460+0.63 3.09+029 029+0.06 0.19+0.05

Organ Test1h Test4 h Control4h  Test24h
blood 285+057 0.12+0.06 0.15+0.04 0.07 £ 0.02
heart 0.93 £0.22 016+0.02 0.55%0.08 0.10 £ 0.03
lung 2.58 +0.51 042+018 0.32+0.06 0.32 £0.05
liver 7.97 £0.70 552+095 13.44+157 4.06+0.34
spleen 0.72+0.18 039+034 037%0.09 0.41 £0.04
intestines  1.07 + 0.06 1.74 £1.09 1.71+£0.38 0.23 £ 0.07
kidney 19.09+097 13.27+2.61 13.19+3.18 10.23+2.29
muscle 0.30 £ 0.08 0.06 £0.02 0.12+0.02 0.03 £0.01
bone 049 £0.22 0.06 £ 0.04 0.09 £0.02 0.06 £ 0.05
pancreas  0.83 +0.26 0.15+0.07 0.25+0.03 0.07 £0.06
tumor 1.48+0.28 0.53 £0.11 0.36 £ 0.05 0.23 £0.07

Sebastian et al synthesized a pseu-
do-symmetrical covalent dimer of AE105 (P-P4D)
with high affinity to uPAR [15]. The spacer
Kb-G-5-G-G was used to link two AE105 motifs.
P-P4D was conjugated with DOTA and labeled with
23Bj with the aim to perform a-emitter therapy for
advanced ovarian cancer. Chemical structure of
DOTA-P-P4D was shown in Figure 4. Organ distribu-
tion studies of 23Bi-P-P4D showed that tumor uptake
were 9+0.9%, 4.8 +1.5% and 2.2 £ 0.4% ID/g at 20, 45
and 90 min respectively after intraperitoneal (i.p.)
administration of the tracer in peritoneal disseminat-
ed OV-MZ-6 human ovarian tumor model. Although
213Bi is a -emitter for therapy, no therapeutic efficacy
studies were carried out in this report. Moreover, the
pharmacokinetic changes caused by i.p. injection were
unknown as above imaging probes were evaluated
after intravenous (i.v.) injection instead of i.p.

HZNQLN/\B/N\)LN/\J; \)Lm

HOZC NH ZN\)L \)J\N AE105
Hg PR e
HO,C & JAQ/
oo DOTA-P-P4D

Figure 4. Chemical structures of a pseudo-symmetrical covalent dimer of
AEI05 conjugated with DOTA (DOTA-P-P4D).

uPAR-targeted radionuclide therapeutic inter-
vention was evaluated by Persson et al [16]. In their
report, uPAR-positive HT-29 xenografts were treated
twice with 77Lu-DOTA-AE105-NH; through tail vein
injection. 177Lu-DOTA-AE105nu-NH> (non-binding
analog) and vehicle were used as controls. First
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treatment was administrated on day 1 with a dose of
(184 = 31 MBq) and (199 + 43 MBq) for
177Lu-DOTA-AE105-NH; and 177Lu-DOTA-
AE105mu-NH», respectively. Second treatment was
administrated on day 7 with a dose of (28.3 £ 2.2 MBq)
and (26.7 + 5.8 MBq) for 77Lu-DOTA-AE105-NH; and
177Lu-DOTA-AE105mu-NH,, respectively. A signifi-
cant difference in tumor size was observed (n = 12) at
day 6 (P = 0.04) and day 8 (P = 0.002) after receiving
177Lu-DOTA-AE105-NH;, compared with the control
groups. However, at day 14, the average tumor sizes
were 287 + 44 mm?3, 286 + 32 mm? and 218+22 mm?3 for
vehicle controls, 177Lu-DOTA-AE105,.+NH, and
177Lu-DOTA-AE105-NHy, respectively (Figure 5). The
tumor size different is not significant (P = 0.09) (Fig-
ure 5). Apparently, the treatment conditions need to
be further optimized in order to demonstrate that
uPAR could be a valid target for radionuclide thera-

py-

A Vehicle control
m  "7Lu-DOTA-AE105mut-NH2 (control)

4 " u-DOTA-AE105-NH2
3501

300+
250
200+

1504

Tumor size (mm?3)

100

Day

Figure 5. Mean tumor volume in animals after 2 doses of
'77Lu-DOTA-AE105-NH,, control peptide '’Lu-DOTA-AEI05,,,.-NH, or
vehicle on day 0 and day 7. A significant effect of '’Lu-DOTA-AEI05 on
tumor volume was found on day 6 (P <0.05) and day 8 (P <0.01) compared
with control groups. No significant differences in tumor volumes were
found at the end of study day 14. Mean tumor volume was calculated by
manual drawing of tumor lesions on CT images. Results presented as
mean*SEM, n = 12 tumor/group. Reproduced with permission from ref.

[16].

1.2 Ligands based on uPA fragment

uPAR targeted peptide ligands were also con-
structed on the basis of uPA, the natural ligand of
uPAR. The high affinity of uPA for uPAR is primarily
governed by B-hairpin in NHx-terminal growth fac-
tor-like domain (GFD, residues 1-44) [17, 18]. Ami-
no-terminal fragment (ATF) of uPA, containing the
first 135 amino acids including GFD, was developed
in 1987 as the first uPAR targeting peptide [19]. ATF
has high affinity for uPAR and competes with uPA,

reducing the endogenous enzymatic activity [18, 20,
21]. ATF has been applied to uPAR-targeted magnetic
resonance imaging (MRI), near-infrared (NIR) imag-
ing and drug delivery [22-24]. The biodistribution of
ATF was studied on SCID mice bearing MDA-MB-231
human breast cancer tumor xenografts using I la-
beled ATF [14]. This study also compared the biodis-
tribution of I-ATF with that of "In-DOTA-AE120
analogue (see Table 1 and Table 2). Overall, '%I-ATF
showed higher tumor uptake (3.09 £0.29 %ID/gat4h
pi.) and slower elimination from the blood pool.
Tumor-to-blood and tumor-to-muscle ratios at 4 h p.i.
were 0.9 and 5 for 1%[-ATF, respectively, which were
lower than that of ™In-DOTA-AE120 analogue.
Binding affinity of 1%I-ATF to MDA-MB-231 cells is
increased when they have either had endogenous uPA
removed by acid stripping, or have had endogenous
expression of uPA reduced by the application of spe-
cific siRNA [14]. This result suggested that autocrine
saturation could be responsible for reduced tumor
uptake in vivo. Unfortunately, the influence of uPAR
occupancy by endogenous uPA on the tumor uptake
of the AE120 analogue, which is an antagonist of the
uPA-uPAR interaction, was not carried out.

Based on GFD of uPA, a number of related pep-
tide ligands for uPAR were further designed, such as
uPAD®31  [25], cyclo?®3 uPA 1931 [25], cy-
clo1931D-CysNUP A3 [26],  cyclo2l PICys1L29)lyPA21-30
[27], cyclo22ID-Cys@NCys@)uPA2I30  [27], cy-
clo21 2ID-Cys@UNIe@3)Cys@)IuPA2I%0 [27]. Among these
ligands, cyclo?!,29[D-Cys@1)Cys(29)] yPA21-30 [27] is the lead
compound that displays an ICso of 40 nM for the
uPA-uPAR interaction. In the meanwhile, cy-
clo2129ID-Cys(2)NIe@3)Cys@)luPA2130  synthesized  from
systematic point mutations, can still binds to uPAR
but is resistant to proteolytic cleavage[27].

Andrea et al [28] evaluated a series of single
amino acid chelate (SAAC) for their ability to incor-
porate #mTc into peptides. They applied the lead
SAAC to synthesize 9mTc-labeled cy-
clo1931P-Cys(19lyPA19-31, - Unfortunately, the ligand’s
binding affinity towards uPAR decreased 30-fold after
conjugation with the SAAC. SPECT scanning studies
were not carried out to validate its applicability as a
radiotracer for uPAR imaging.

In addition, it was reported that cyclo’3 uPA
1931 elicited mitogenic effect upon binding to the
ovarian cancer cells OV-MG-6 [29]. The biological
effects of this kind of cyclic peptide mimetics are ex-
pected to be thoroughly studied before being used for
uPAR-targeted nuclear imaging and therapy. In addi-
tion to uPA, uPAR was found to bind the somatome-
din B (SMB) domain of vitronectin [30, 31]. Rationally,
peptides mimic the somatomedin B (SMB) domain
may be potential ligands for uPAR as well.
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2. Protein and Antibody-based ligands

The half-life of peptide ligands is generally short
due to its small molecular weight and stability. To
improve the pharmaceutical property, ATF of uPA
has been fused of human serum albumin (ATF-HSA)
[32]. Similarly, engineered antibodies targeting hu-
man uPAR were developed through fusing ATF or
GFD of uPA to Fc portion of human IgG [33]. These
hybrid molecules could dramatically blocks tumor
growth by disrupting uPA/uPAR interaction. To date,
no imaging study based on these molecules has been
reported.

A Large number of anti-uPAR antibodies against
various epitopes have been developed [34-36]. Rab-
bani et al [37] developed a polyclonal antibody
against rat uPAR (ruPAR). To study the
bio-distribution of this anti-ruPAR Ab, this antibody
was labeled with %I and injected into the Mat
B-III-uPAR rat breast tumor metastases model via tail
vein. Significantly higher levels of anti-ruPAR Ab
were observed in primary tumors and in tissues
commonly affected by tumor metastases (liver, spleen,
lungs, and lymph nodes) as compared with normal
IgG at 12 h p.i.. The ®I-Anti-ruPAR Ab uptake in
primary tumor and blood were about 0.75 and
0.9 %ID/g respectively. Compared to peptide-based
probes, this antibody-based probe showed longer
circulation. As the antibody based probe is closely
related to the potential immuno- or radioimmuno-
therapies, an antibody based imaging probe would be
ideal for patient stratification and screening.

Epitope-specific monoclonal antibodies against
human uPAR would be superior for pre-clinical study.
Another antibody, ATN-658 [35], is in line with this
criteria. ATN-658 could bind to domains 3 (D3) of
uPAR with high affinity (Kd ~ 1 nM) [35]. It is specific
for human uPAR and does not cross-react with mouse
uPAR [35]. In human cancer xenograft models,
ATN-658 could inhibit uPAR-positive cancer invasion,
migration, growth and metastasis [35, 38, 39].
ATN-658 was also humanized (huATN-658) and is

OCH,

expected to enter a phase I clinical cancer study [39].
ATN-658 did not interfere with uPA/uPAR binding,
and could bind to uPAR even when uPA was also
bound to the receptor, which would make it suitable
for monitoring therapies focused on uPAR suppres-
sion [35]. Recently, 12 unique human Fabs that bind
human uPAR were identified through a highly di-
verse and naive human fragment of the antigen
binding (Fab) phage display library [36]. Among them,
two Fabs (2E9 and 2G10) could compete with uPA for
uPAR binding and one Fab (3C6) competes asf: in-
tegrin for uPAR binding [36]. Both ATN-658 and these
Fabs are suitable for uPAR-targeted imaging and
therapy. Dullin et al [40] used Cyb5.5-labeled
uPAR-specific monoclonal antibody to visualize
mammary carcinomas in an orthotopic mouse model
in vivo, showing tumor specificity compared to the
control antibody. The major disadvantage of optical
imaging is the limited depth penetration and intense
light scattering, which allows only for demarcation of
superficial tumors and tissues accessible by endos-
copy, as well as intraoperative imaging [41]. To obtain
quantitative information about tumor targeting and
distribution patterns of this imaging agent, PET or
SPECT will be required for further studies.

3. Small molecule ligands

Small molecule ligands binding to uPAR are ra-
ther limited. N-substituted glycine-based pep-
tidomimetics [42], O-substituted hydroxycumara-
nones [43], oligothiophenes [44], porphyrin deriva-
tives [45], suramin [46], and amino-biphenyl-based
peptidomimetics [47] have been reported to inhibit
uPA-uPAR interaction (Figure 6). As these small
molecules would be very sensitive to modifications,
18F and "'C labeling might be preferred because the
structure of imaging probes may vary slightly com-
pared with the small molecule ligands or inhibitors.
Nonetheless, in vivo nuclear imaging studies based on
these small molecules are relatively challenging and
less studied.
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Figure 6. Chemical structures of small molecule ligands to uPAR. A, N-substituted glycine-based peptidomimetics [42]; B, O-substituted hydroxycu-
maranones [43]; C, aminobiphenyl-based peptidomimetics [47]. D, E, Chemical structures of non-protein inhibitors of the uPA*uPAR interaction.
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Summary

uPAR is overexpressed across a variety of tu-
mors and is associated with cancer invasion and me-
tastasis. In order to meet the demand for a rapid de-
velopment and potential clinical application of an-
ti-cancer therapy based on uPA/uPAR system, vari-
ous molecular imaging probes have been successfully
developed to visualize uPAR expression in vivo. De-
spite the recent progress on uPAR targeted imaging,
this field is less studied compared with other well
established systems, such as integrin a.ps receptor
and the corresponding RGD ligands. In fact, several
aspects need to be considered in order to develop a
valid imaging probe for uPAR.

First, in many cancers, uPAR up-regulation co-
incides with a rise in uPA [4]. Therefore, it is highly
possible that majority of uPAR in tumors may be oc-
cupied with uPA, which would make it rather chal-
lenging if the imaging probe binds to the same site of
uPAR as uPA. Unfortunately, detailed information
about uPAR occupancy in tumors is not available.
Additional information on this aspect will provide
important guidance on the design of uPAR targeted
imaging probes. Nonetheless, ligands, such as
ATN-658 [35], that do not interfere with uPA-uPAR
binding, may be advantageous for uPAR-targeted
imaging in this aspect. Second, the binding affinity of
imaging probes should be carefully studied after
modifying the high binding affinity ligands. In fact,
several studies have indicated that binding affinity
towards uPAR could be reduced dramatically after
conjugation with various chelates [14, 28]. Therefore,
detailed knowledge on the molecule structure of
uPAR and its ligands will provide key information on
developing uPAR targeted ligands for both imaging
and therapy purpose. Third, for uPAR targeted im-
aging, proper ligands should be chosen according to
disease types of interest. Generally, the use of small
hydrophilic peptides would be a specific problem for
kidney tumors in term of background. In fact, kidney
also displays a high baseline expression of uPAR [48,
49]. Kidney uptake of different uPAR-targeting radi-
opharmaceuticals varied dramatically depending on
their chemical characteristics. For example, kidney
uptake was 4.9 %ID/g and 19.09 %ID/g for
64Cu-DOTA-AE105 [11] and #Cu-DOTA-AE120 ana-
logue [14] respectively at 1 h p.i., compared with
31.9 %ID/g for 213Bi-P-P4D [15] at 90 min p.i.. There-
fore, nephrotoxicity should be considered during the
application of radio-labeled ligands that are mainly
metabolized through kidney. To reduce the kidney
uptake of radiopeptides, various compounds are
currently being explored including spironolactone
[50], probenecid [51] and the plasma expander

gelofusine [52]. A study on uPAR-targeted a-emitter
therapy has demonstrated that kidney uptake of
23Bi-P-PAD was reduced from 319 %ID/g to
18.28 %ID/ g at 90 min p.i. through the administration
of gelofusine [15]. At last, uPAR binding ligands have
species selectivity. For example, AE105 has extreme
selectivity toward human uPAR compared to mouse,
and hamster uPAR [9]. Even within primates, several
species are actually insensitive to AE105 [53]. uPAR
expression is not confined to the tumor cells. uPAR
expression is also found on several tumor-associated
cell types, including macrophages, mast cells, endo-
thelial cells, NK cells and fibroblasts [54, 55]. This may
cause problems when using nude mouse bearing
human tumor xenograft for research. Accurate evalu-
ation of uPAR expression profiles and therapeutic
efficiency can’t be accomplished when the ligands
only bind to human uPAR. Ligands that can bind to
both human and mouse uPAR are better choice for
these kinds of research.
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