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Abstract

The urokinase plasminogen activator (uPA) system is a proteolytic system comprised of uPA, a cell
surface receptor for uPA (uPAR), and an inhibitor of uPA (PAI-1) and is implicated in many aspects
of tumor growth and metastasis. The uPA system has been identified in nearly all solid tumors
examined to date as well as several hematological malignancies. In adults, transient expression of
the uPA system is observed during wound healing and inflammatory processes while only limited
expression is identified in healthy, quiescent tissue. Members of the uPA system are expressed not
only on cancer cells but also on tumor-associated stromal cells. These factors make the uPA
system an ideal therapeutic target for cancer therapies. To date most therapeutics targeted at the
uPA system have been inhibitors of either the uPA-uPAR interaction or uPA proteolysis but have
not shown robust anti-tumor activity. There is now mounting evidence that uPAR participates in a
complex signaling network central to its role in cancer progression, which provides a basis for the
hypothesis that uPAR may be a marker for cancer stem cells. Several new uPAR-directed therapies
have recently been developed based on this new information. A monoclonal antibody has been
developed that disrupts the interactions of uPAR with signaling partners and is poised to enter the
clinic. In addition, nanoscale drug delivery vehicles targeted to the uPA system using monoclonal
antibodies, without disrupting the normal functioning of the system, are also in development. This
review will highlight some of these new discoveries and the new uPA system-based therapeutic
approaches that have arisen from them.
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Introduction

Over the past twenty years, our work and that of
others has identified the urokinase plasminogen ac-
tivator system (uPA, its receptor uPAR, and a specific
inhibitor of uPA activity PAI-1) as central mediators
of multiple cellular interactions and signaling events

that regulate tumor microenvironments [1-3]. The
uPA system is involved in multiple processes that
contribute to tumor progression (Fig. 1) including
tumor cell survival and growth, migration and inva-
sion, angiogenesis, and co-option of inflammatory
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cells (macrophages, neutrophils) by the tumor [4-6].
The uPA system regulates extracellular proteolysis as
well as intracellular signaling mediated by numerous
effectors such as integrins and receptor tyrosine ki-
nases [7]. In parallel, the expression of components of
the uPA system is regulated at multiple levels. The
complex biology and central role of the uPA system in
tumor progression have led to the hypothesis that
therapeutic targeting of uPA system components
would have robust antitumor effects against a broad
spectrum of cancer types. However, the development
of these agents has been challenging and at times
frustrating. The initial strategy of uPA-targeted cancer
therapies largely focused on the development of small
molecule inhibitors of the enzymatic activity of uPA
[8]. A number of inhibitors were identified but most of
these did not advance beyond pre-clinical develop-
ment due to poor pharmacokinetics, bioavailability,
and stability. The only small molecule uPA inhibitor
(upamostat, Mesupron®, WX-671) advanced to clini-
cal trials was developed by Wilex and several early
studies have been completed in patients with ad-
vanced cancer. Data from phase II trials in patients

A. Proteolysis-focused approaches are limited

with pancreatic cancer and HER-2 negative breast
cancer were presented at the 2010 meeting of the
American Society of Clinical Oncology, but these re-
sults have not yet been published in refereed journals
[9, 10]. Wilex recently reported the final data from the
HER-2 negative breast cancer study on its web site,
and the combination of Mesupron® and capecitabine
met its primary endpoint of improved progression
free survival [11]. The future of the Mesupron pro-
gram has yet to be formally determined, and no addi-
tional clinical trials appear to be planned. Aside from
Mesupron, no other inhibitors of uPA, uPAR or PAI-1
have advanced to the clinic. The lack of clinically
successful uPA inhibitory agents suggests that the
development of these uPA inhibitors may parallel the
difficulties found in the development of ma-
trix-metalloprotease (MMP) inhibitors [12, 13]. The
failure of MMP inhibitors in clinic trials and evidence
that cell-surface associated MMPs are involved in
pro-tumorigenic cell signaling suggest that inhibition
of the proteolytic function of these proteins is not suf-
ficient. Thus, the therapeutic potential of targeting the
uPA proteolytic system remains an open question.
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Figure |. Targeting uPAR for the treatment of MBC. Proteolysis-targeted approaches, shown in red, have not led to robust antitumor effects in
pre-clinical studies. We have focused our therapeutic strategies on targeted delivery of nanoparticles called nanobins using a monoclonal antibody that
targets uPA (ATN-291) and induces rapid internalization of the uPA-uPAR complex.
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In this review, we will describe new diagnostic
and therapeutic approaches targeting the uPA system
that take advantage of new insights into the biology
and structure-function relationship of uPA and uPAR.
These new insights have formed the basis for the de-
velopment of new uPAR antagonists as well as strat-
egies focused on exploiting the biology of the uPA
system for drug delivery. For a comprehensive review
of uPA/uPAR directed cancer therapies we refer the
reader to the following recently published reviews
[1-3]. The selective expression of uPA and uPAR in
tumors makes this system one of the most specific
targets described, a fact that has been underappreci-
ated by many tumor biologists and oncology drug
developers. We will discuss new strategies for tar-
geting the uPA system with a focus on nanotechnol-
ogy for drug delivery and imaging and
uPAR-associated cell signaling. We anticipate several
new uPA- and uPAR-targeted agents entering the
clinic in the next few years based on these emerging
strategies.

The biology of the uPA system

uPA is a three domain serine protease comprised
of a growth factor-like domain (GFD), a kringle do-
main, and a serine protease domain (Fig. 1) [2]. The
proteolytic activity of uPA is highly specific for its
preferred substrate, plasminogen. uPA activation of
plasminogen to plasmin unleashes a promiscuous
cascade of proteolysis wherein plasmin cleaves and
activates a number of substrates including matrix
metalloprotease pro-enzymes (e.g. proMMP-2 and -9)
[14]. These proteases can then degrade components of
the extracellular matrix (ECM) (e.g. fibronectin, vit-
ronectin) and can release latent growth factors that are
bound to glycosaminoglycans in the ECM [15]. This
proteolysis leads to ECM remodeling and triggers cell
signaling events that result in increased cell motility,
invasion and survival [16]. The efficient activation of
plasminogen to plasmin requires the localization of
uPA to the cell surface via its specific receptor, uPAR,
which enhances the catalytic efficiency of this activa-
tion by almost two orders of magnitude [17]. For
many years, therapeutic development targeting the
uPA system was focused on either inhibiting the cat-
alytic activity of uPA directly or blocking the binding
of uPA to uPAR, thereby significantly attenuating the
ability of the system to activate plasminogen to plas-
min [8]. However, in general, these approaches failed
to exhibit significant antitumor effects in pre-clinical
studies and were not advanced to clinical trials.

The last decade has brought about a paradigm
shift in how the uPA system is viewed largely based
on a number of structure-function studies which
demonstrated that uPAR interacts with a number of

cell-surface molecules and thereby alters cell adhesion
and signaling. These interactions are the basis for
many of the new approaches for uPAR-targeted
therapies [8]. The recognition of uPAR as a signaling
receptor was not intuitively obvious because uPAR
has no transmembrane signaling domain. uPAR is a
three-domain protein (D1, D2, D3) that is covalently
attached to the outer layer of the cytoplasmic mem-
brane by a glycosylphosphatidylinositol (GPI) anchor.
Although all three uPAR domains contribute to uPAR
binding to uPA, the D2D3 domains are thought to
primarily control uPAR interactions with other cell
surface proteins. Reports of uPAR interactions with
numerous cell-surface molecules including a variety
of integrins (including o5p1, a3p1, avp3 and avp5)
[18, 19], receptor tyrosine kinases (RTK) such as the
epithelial growth factor receptor (EGFR) and plate-
let-derived growth factor receptor (PDGFR) [20],
G-protein coupled receptors (GPCR) [21], very low
density lipoprotein receptor (VLDLR) family mem-
bers [22] have been reported though there are likely
more proteins interacting with uPAR that have yet to
be identified. The demonstration of these interactions
has often been inferred or indirectly demonstrated by
immunoprecipitation. Direct binding of uPAR to
EGFR, PDGFR, GPCRs, or VLDLR using purified
proteins or cross-linking has not been achieved, un-
like the more well-understood interaction of uPAR
with uPA [23]. This suggests that the interactions of
uPAR are copious and complex and several groups
have hypothesized based on the cumulative uPAR
literature that uPAR actually exists as part of a large,
multi-protein complex called a signalosome that con-
tains integrins, RTKs, caveolin, VLDLR members, and
signaling effectors such as focal adhesion kinase
(FAK), Src, and Akt [24, 25]. The fact that many of the
same proteins that bind to uPAR have also been im-
plicated in tumor progression provides an oppor-
tunity to explore therapeutically targeting these in-
teractions and may be more important than the
uPA-uPAR interaction for the inhibition of tumor
growth and progression [8, 26, 27]. Recent advances in
that regard will be discussed later in this review.

Part of the regulation of uPAR function involves
the internalization of the uPA-PAI-1-uPAR complex,
degradation of uPA-PAI-1, and recycling of unoccu-
pied uPAR to the cell surface. When uPA bound to
uPAR is inactivated by PAI-1, internalization via the
low-density lipoprotein receptor related protein
(LRP), a VLDLR family member, is initiated leading to
endocytosis of the tripartite uPAR-uPA-PAI-1 com-
plex via a clathrin-mediated mechanism. Once inter-
nalized, the uPA-PAI-1 complex dissociates from
uPAR. The uPA-PAI-1 complex is trafficked to the
lysosome for degradation and the unoccupied uPAR
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is recycled to the cell surface [8, 28]. This recycling
likely regulates uPAR signaling as well as cell motili-
ty. The exact order of events and their organization at
the molecular level, including the mechanism by
which internalization of uPAR-uPA-PAI-1 is initiated,
as well how the dissociation of the uPA-PAI-1 com-
plex from uPAR after internalization results in a dif-
ference in subcellular trafficking, remain to be eluci-
dated. We view internalization as an opportunity to
develop new uPA- and uPAR-targeted agents that
selectively deliver therapeutic agents to the inside of
cells within a tumor.

The uPA system in cancer

Expression of uPA and uPAR has been demon-
strated in almost every solid tumor type evaluated to
date, as well as in certain hematologic malignancies
(e.g. myeloma, AML) [3, 29, 30]. These include breast,
prostate, ovarian, renal cell, lung, colon, endometrial,
liver, thyroid, pancreatic and gastric cancers as well as
in gliomas [3, 8, 31-37]. uPA and uPAR expression
often correlates with poor prognosis and is associated
with high-grade and progressive disease including
metastasis. The expression of uPAR falls into two
general categories: tumors where both tumor cells and
tumor-associated (stromal) cells (e.g. angiogenic en-
dothelial cells, fibroblasts, and macrophages) express
uPA and uPAR [31, 32] and tumors in which only the
tumor-associated cells express uPAR [37]. The ex-
pression of uPA and uPAR has prognostic value even
if it is only expressed in the stromal cells, emphasizing
the importance of the tumor stromal cell compartment
to tumor progression [33]. We recently evaluated
uPAR expression in a panel of normal tissues ob-
tained from human adult cadaver donors and ob-
served that uPAR is rarely expressed in normal qui-
escent tissue. In fact, uPAR expression was only re-
producibly observed in histiocytes/ monocytes in that
study [8]. Although selective expression of uPA and
uPAR has been alluded to in many previous studies,
this was the first comprehensive analysis of adult
human tissue and was in contrast to previous studies
in mouse, where uPAR expression as observed in
several tissues albeit in tissues undergoing remodel-
ing.

uPA and uPAR expression is heterogeneous
within tumors, and they are not expressed by all tu-
mor cells. Further, uPA and uPAR expression tends to
be associated with the invasive edge of a tumor, usu-
ally at the tumor-vasculature or tumor-benign tissue
interface [38]. In addition, uPAR expression has been
described in cancer stem cells and this has now been
shown in pancreatic, colon, small cell lung cancer, and
breast cancer [39-42]. We recently evaluated a panel of
tumor sections from patients with Stage IV non-small

cell lung cancer (NSCLC) and observed co-expression
of uPAR with CD44 in a small sub-population of cells,
which we hypothesize may represent the cancer stem
cell population in those tumors (Fig. 2). Functionally,
uPAR positive tumor cells embody many of the
characteristics of a cancer stem cell including re-
sistance to chemotherapy [43], high tumor initiating
potential, self-renewal, and plasticity [44]. Further,
many tumor cell lines that do not express uPAR or
express only low levels of uPAR (e.g. MCF-7, LNCaP)
are poorly tumorigenic in mice. uPA and uPAR ex-
pression regulate and are regulated by the Wnt and
Notch signaling pathways, which are also implicated
in cancer stem cell proliferation [45, 46].

There is clinical data that supports uPAR as a
mediator of cancer stem cell function. Only a few
CK18+ uPAR+ tumor cells that had disseminated to
bone in gastric cancer patients undergoing curative
resection were sufficient to lead to tumor recurrence
and a poor clinical outcome [47]. Over 90% of patients
that had disseminated CK18+ uPAR- tumor cells in
their bone marrow survived for 5 years whereas the
5-year survival of patients with disseminated CK18+
uPAR+ tumor cells was <30% (Fig. 3).

Autocrine and paracrine regulation of uPA and
uPAR expression is also frequently observed in tumor
and tumor stromal cells by mediators such as EGFR,
IGF-1R, integrins, Akt, ERK, Src and c-Met/HGF. uPA
and uPAR in turn also regulate the expression and
functions of these same pathways. For example, there
is now substantial evidence demonstrating cross-talk
between uPAR and ErbB signaling [48]. How uPA
and uPAR can regulate the function and expression of
such a diverse set of mediators remains an open
question. However, the signalosome hypothesis de-
scribed above would account for these functions and
would have significant implications for therapeutic
development. For example, the interaction and
cross-talk of uPAR with a number of molecules in-
volved in breast cancer progression and metastasis
including EGFR1, HER2, and HER3 has been de-
scribed and uPAR has been demonstrated to mediate
signaling though various signaling effectors impli-
cated in breast cancer progression including
Ras/ERK, Src, integrins/FAK, and Akt [16]. Tumor
co-amplification of the genes for uPAR and HER2 has
also been observed in patients with metastatic breast
cancer (MBC) and predicts poor outcome [49]. In ad-
dition, the expression of uPAR in breast cancer cells
primes these cells to, and may compensate for, the
inhibition of ErbB signaling [50]. Thus, the inhibition
of uPAR signaling may potentiate the effects of ErbB
signaling inhibitors such as erlotonib, lapatanib and
trastuzumab and may overcome resistance to these
agents, which often occurs through feedback regula-
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tion of a downstream signaling mediator in the same  combined with erlotinib [52]. Given the cross-talk
signaling pathway or up-regulation of other ErbB  between uPAR signaling and other signaling path-
family members. Several recent publications of clini-  ways, understanding the way these pathways interact
cal data support this notion in cancer patients where  will be critical to designing rational drug combina-
inhibition of EGFR signaling in metastatic colon can-  tions that can be used with uPAR-targeted therapy.
cer at the level of ligand binding and RTK signaling =~ However, the selective expression of uPAR in tumor
using cetuximab and erlotinib led to significant clini-  tissue suggests that uPAR-targeted therapy may be
cal responses in patients that had failed chemotherapy = well-tolerated as a component of many different types
[51]. In the adjuvant setting in breast cancer, clinical  of drug combinations.

benefit was also observed when trastuzumab was

CD133 | CD34 | CD44 D133 | CDX | CD44 CD133 | CD3 | CD44
WPAR | 0% | 04% | 0.72% WPAR | 0% | 0.2% | 0.06% WPAR | 0% [649% [ 4.13%

Co-localization:

Figure 2. Co-localization of uPAR with previously described cancer stem cell markers CD 133, CD34 and CD44. A multiplex IHC assay was
developed for uPAR, CD133, CD34, and CD44. uPAR immunostaining of Stage IV NSCLC sections was performed using the ATN-658 antibody from
Attenuon using DAB as a chromogen, which produces brown staining. CD133 staining was first optimized using two antibodies. The rabbit polyclonal
antibody from AbCam demonstrated staining in formalin-fixed, paraffin-embedded tissue. Vulcan Red was used as a chromogen, and produced red staining
in antigenic cells. Staining appeared nuclear and cytoplasmic, unlike the expected membrane localization. In order to produce specific staining of endothelia
and rare cells, the antibody had to be used a titer that was high enough to produce week to moderate non-specific nuclear staining, especially around the
edge of tissue. CD34 staining was performed using antibody clone QBEnd/|10, and was localized using BCIP/NBT, a purple chromogen. Staining was
membranous in nature and was localized to endothelia and, in a few specimens, cancer cells. CD44 staining was performed using antibody clone G44-26,
and was localized using Vector SG, a gray chromogen. Staining was membranous and was localized to inflammatory cells and cancer cells. Red-Green-Blue
color images were collected and spectrally unmixed to generate colored images for easier quantitation as described [74]. In the spectrally unmixed images,
uPAR appears blue; CD133: green; CD34: red and CD44: yellow. Panels 1, 2, and 3 are three separate Stage [V NSCLC cases that demonstrate the
co-localization of uPAR with a small percentage of CD34+ and CD44+ tumor cells.
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Figure 3. Disease free survival of 44 curatively resected patients according to uPAR detection on disseminated tumor cells in bone
marrow taken intraopertaively. Upper curve, patients without uPAR evidence on tumor cells. MRT 60.88 + 0.96 months, for 24 cases and 2 events.
Lower curve, patients with uPAR expression on tumor cells. MRT 28.06 + 2.44 months, for 20 cases and 14 events. Used by permission Nature Publishing
Group, license number 2940350215579.
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Exploiting the biology of the uPA system
for targeting

Given the selective expression of uPA and uPAR
by tumor tissue compared to normal tissue and the
broad expression of uPA and uPAR by a variety of
different cancer types, the uPA system is an ideal
target to utilize for drug delivery. Several groups in-
cluding ours have generated various constructs that
target the uPA system for the delivery of anticancer
therapeutics or imaging agents [8, 42, 53]. The inter-
nalization of uPA and uPAR is especially attractive
from a targeting perspective and provides a mecha-
nism to deliver large boluses of cytotoxic drugs or
imaging agents that can selectively accumulate within
a tumor. The expression of uPA and uPAR by tumor
stromal cells will also allow the therapeutic targeting
of this tumor compartment, which we hypothesize
will lead to improved therapeutic effects compared to
targeting the tumor cells alone.

For example, disulfide cyclized peptide derived
from the growth factor domain (GFD) of uPA (amino
acids 19-31)-DOTA conjugates bound to 213-Bi (an
o emitter) were cytotoxic to OV-MZ-6 uPAR ex-
pressing ovarian cancer cells in vitro and localized to
OV-MZ-6 tumors in xenograft models [53]. A recent
study used a uPA GFD mimetic peptide that binds to
human uPAR with high affinity conjugated to DOTA
loaded with ®Cu to image experimental colon cancer
tumors in mice [54]. In addition to the detection of
these experimental tumors, demonstrating the proof
of concept for this approach, this imaging technique
was able to correlate uPAR expression levels with
response to 5-FU and showed that higher uPAR ex-
pression rendered the tumors less sensitive to 5-FU.
This is the first study that suggests that there may be a
threshold effect for uPAR expression in tumor growth
and progression and that the level of uPAR expres-
sion may mediate drug effect. This will be important
to explore further with uPAR targeted therapy in or-
der to understand whether a similar threshold will be
required for response to uPAR targeted therapy sim-
ilar to what has been observed with other cell-surface
tumor targets such as c-MET and HER?2 [55]. Several
groups have also focused on using the amino terminal
fragment of uPA (ATF, which contains the GFD) to
deliver novel therapeutic payloads. The ATF binds to
uPAR with an affinity that is similar to full size uPA
[56] and provides a scaffold for the conjugation of
payloads. Several ATF-toxin fusions have been re-
ported. For example, a fusion protein (ATF-PE) com-
prised of the ATF and the Pseudomonas exotoxin (PE)
retained the binding affinity of wild-type ATF and
was cytotoxic to a number of cell lines in vitro with

ICso values as low as 0.3 pM [57]. ATF-PE required
internalization for its cytotoxic activity but this inter-
nalization was not mediated by uPAR alone. Experi-
ments using radiolabeled ATF and ATF-PE demon-
strated a ~2 fold greater internalization of ATF-PE,
compared to ATF alone. In addition, adding unla-
beled ATF as a competitor to the radiolabeled ATF-PE
blocked internalization of ATF-PE, which demon-
strates that ATF played an important role in the tox-
icity of ATF-PE. It is likely that the PE moiety itself
was responsible for the enhanced internalization of
ATF-PE, possibly through interactions with other
lipoprotein receptors (e.g. the ar»-macroglobulin re-
ceptor) [58]. In our hands, free ATF is generally not
endocytosed via uPAR and trafficked to the lysosome
although other mechanisms of internalization, as de-
scribed above, may be possible. An ATF-diphteria
toxin (DTAT) fusion protein has also been described.
Similar to ATF-PE, DTAT retained the binding activ-
ity of wild type ATF and was cytotoxic to U87 glioma
cells in vitro with an ICsp similar to the K;for binding
[39]. DTAT was also evaluated in a sub-cutaneous
U87 model in vivo where treatment with DTAT sig-
nificantly delayed tumor growth, more than doubling
the time it took for tumors to achieve 2000 mm?3 [60].
DTAT also demonstrated activity in a model of meta-
static NSCLC to the brain [61]. Intracerebral infusion
using convection-enhanced delivery in mice with es-
tablished brain metastases significantly prolonged
survival in treated vs control mice (*87 vs 63 days,
p=0.006). In these xenograft studies it should be again
noted that the targeting effects were solely based on
targeting human uPAR on the tumor cells, due the
lack of cross-reactivity of human uPA and mouse
uPAR. Therefore, DTAT would not be expected to
target the tumor stroma in these studies.

More recently, several groups have exploited
ATF-mediated delivery to target various nanoparti-
cles to uPAR and describe ATF-mediated targeting to
tumor cells. Yang et al. describe the conjugation of
iron oxide (IO) nanoparticles to ATF for delivery of
ATF-IO to uPAR expressing breast cancer cells [42].
ATF-IO binds to tumor cells in vitro and localizes to
tumor in vivo. Abdalla et al. have also described
theranostic ATF conjugates containing IO and
noscapine [61]. Cytotoxicity of these conjugates
against prostate cancer cells was observed in the uM
range. Huang et al. have used the ATF to target gold
nanorods in xenograft models though the total tumor
accumulation of these rods was not greatly enhanced
compared to non-targeted nanorods [62]. A notable
result is that more of the targeted nanorods were in-
ternalized by tumor cells compared to tumor macro-
phages, which is consistent with other targeted na-

http://lwww.thno.org



Theranostics 2013, Vol. 3, Issue 7

502

noparticle delivery vehicles [63]. In a report from
Wang and coworkers, a targeting ligand for stealth
liposomes was developed from a linear peptide se-
quence in the GFD; in this system, modest selectivity
was presented [64]. One limitation to all xenograft
and biodistribution studies with uPA and
uPA-binding ligands is the species specificity of the
uPA-uPAR interaction, human uPA has a
100-1000-fold lower binding affinity for mouse uPAR
than human [65]. This has several implications: 1)
treatment response may be underestimated in xeno-
graft models, since mouse stromal uPAR is not af-
fected; 2) the toxicity profile of uPA directed therapies
may not be apparent until tested in humans; and 3)
murine biodistribution studies may not be repre-
sentative of the biodistribution in humans. However,
as described earlier, toxicity concerns are mitigated
since a thorough analysis of cadaveric human tissue
showed a narrow tissue distribution of uPAR [§].
While these reports show the potential of uPA/uPAR
targeting for cancer therapy, to our knowledge no
uPA-targeted nanoparticles have demonstrated ther-
apeutic efficacy in vivo.

Various studies have shown that nanoscale drug
delivery vehicles can increase the therapeutic index of
cytotoxic drugs by altering their pharmacokinetics
and biodistribution [66, 67]. Enhanced tumor accu-
mulation via extravasation of nanoliposomes through
fenestrated tumor vasculature may also lead to pref-
erential accumulation in tumor through an “enhanced
permeability and retention effect” (EPR effect) [68].
We have developed a novel liposomal nanoparticle
drug encapsulation and formulation platform, that we
named the nanobin. The nanobin is based on
nanoliposomes, which have been formulated with
cytotoxic payloads, including arsenic trioxide, cispla-
tin, and doxorubicin [69-71]. We have used two
strategies to modify the surface characteristics and
drug release properties of these particles: PEGylation
to reduce opsonization and a pH-responsive
cross-linked polymer shell. The PEGylated nanobins
retain the reduced opsonization of other PEGylated
nanoliposome formulations, and are fully able to take
advantage of the EPR effect in highly vascularized
tumors. In the second approach, the addition of a
pH-responsive cross-linked polymer cage to the sur-
face of the nanobins helps to improve the stability of
the nanobins, even after freeze-drying. The polymer
cage also increases the drug release rate at low pH,
which could potentially improve the therapeutic effi-
cacy of these nanoparticles in the low-pH of the tumor
microenvironment.

Untargeted nanobins (NB) containing arsenic
trioxide packaged with nickel [NB(Ni,As)] tested in

the MDA-MB-231 orthotopic breast cancer model ex-
hibited improved pharmacokinetics, increased toler-
ability, and greater antitumor effects in vivo compared
to free drug [69]. Nanobins encapsulating arsenic tri-
oxide packaged with cisplatin [NB(Pt,As)] have also
been developed and also show activity in the
MDA-MB-231 model. In addition, doxorubicin (DXR)
encapsulated in the polymer-coated nanobin
[PCN(DXR)] demonstrated increased antitumor ac-
tivity in this model [72]. Further, cisplatin-conjugated
PCN(DXR) [Pt-PCN(DXR)], which can be modified to
deliver different cisplatin:DXR ratios, is highly syner-
gistic compared to the combination of free cisplatin
and free DXR when tested against multiple tumor cell
lines in vitro including MDA-MB-231 [73]. The ob-
served synergistic activity of DXR and cisplatin
against the cisplatin-resistant breast cancer cell line
MDA-MB-231 emphasizes another potential ad-
vantage of nanoparticle drug delivery, namely the
ability to circumvent certain drug resistance mecha-
nisms such as MDR1-dependent drug efflux, which
may not recognize encapsulated drugs. These prop-
erties have led us to hypothesize that uPA- or
uPAR-targeted nanobins that can be internalized into
tumor and tumor-associated cells could have even
greater therapeutic efficacy. We have developed a
panel of uPA-targeted monoclonals as well as a panel
of uPAR targeted monoclonals (Table 1), several of
which are internalized. The majority of our current
work has focused on the uPA-targeted monoclonal
antibody, ATN-291. ATN-291 binds to the kringle
domain of uPA and can bind to uPA even if it is al-
ready bound to uPAR. Although the internalization
mediated by uPAR depends on the presence of both
uPA and its inhibitor, PAI-1, in most cell lines evalu-
ated [28], ATN-291 appears to trigger internalization
when it binds to uPA irrespective of whether PAI-1 is
present.

NB and PCN have now been conjugated to
ATN-291 to generate uPA-targeted NB and PCN
conjugates. We hypothesize that directed uptake of
ATN-291-NB/PCN by uPA/uPAR-expressing tumors
will allow targeting of metastatic lesions and further
improve the antitumor efficacy and tolerability of the
NB- and PCN-encapsulated chemotherapeutic agents.
We predict that ATN-291-dependent endocyto-
sis-mediated drug delivery will circumvent the MDR1
drug resistance efflux pump, allowing the delivery of
chemotherapy to tumors that exhibit MDR-dependent
drug resistance. Currently, we are evaluating
ATN-291-NB and ATN-291-PCN containing various
therapeutic payloads in several xenograft models and
plan to identify at least one clinical candidate to move
forward into pre-clinical development in the near
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future. We have observed the binding and internali-
zation of ATN-291-NB(calcein) conjugates in a variety
of tumor cell lines that express uPA in vitro (Fig. 4),
whereas no binding or internalization has been ob-
served in cell lines that are either uPA or uPAR null.
Moving forward, several questions remain to be
answered. First, it is not clear whether interrupting
uPAR signaling will contribute positively to the de-

must be shown whether interrupting uPAR signaling
will improve patient outcomes any more than directly
inhibiting uPA-uPAR binding. Finally, there is no
clear indication if targeting nanoparticles to the
uPA-uPAR system will perturb this signaling. These
questions must be answered conclusively to fully
understand the utility of uPA-uPAR for nanoparticle
targeting.

livery of anti-tumor drugs to cancer cells. Second, it

Table |. Description and characterization of a novel panel of uPA and uPAR targeted monoclonal antibodies with therapeutic po-
tential. A panel of uPA and uPAR targeted antibodies with different epitope specificities has been developed. The biological and targeting activity of this
panel is presently being evaluated in our laboratory. We hypothesize that the different epitope specificities and targeting either uPA or uPAR will allow us
to dissect some of the basic biology of this system as well as identify antibodies that may not affect the biology of uPA/uPAR but may have utility as targeting
agents. For example, ATN-292 inhibits the binding of uPA to uPAR by binding to the GFD of uPA but is not internalized. ATN-291 binds to the kringle
domain of uPA, can bind to uPA when it is bound to uPAR and is internalized. Various targeting studies using ATN-291| are ongoing. ATN-616 and ATN-617
block the binding of uPA to uPAR but have little antitumor activity as monotherapies. ATN-615 and ATN-658 do not block the binding of uPA to uPAR and
can bind to uPAR even when uPA is bound. Both of these antibodies are also internalized. The epitope for ATN-615 has been described [23] and the
antitumor activity of ATN-658 in multiple tumor models has also been published [34, 75-77]. ATN-615 and ATN-658 are also being evaluated as targeting
agents in our laboratory.

Clone # Antibody# Specificity Isotype Kd, nM (ELISA) Kd, nM (HeLa)
ATF-392 ATN-291 uPA (Kringle) IgGl « 0.3 N.A.
ATF-1091 ATN-292 uPA (GFD) 1gG1 « 0.5 N.A.

234E-33 ATN-615 D2D3 IgGl « 2 1.3

234E-151 ATN-658 D2D3 IgGl « 1 5.4

234E-174 ATN-616 D2D3 IgG1 « 5 0.6

234E-180 ATN-617 D2D3 IgGl « 29 1.3

Alexa,, -ATN-291

107 0° 0* 10 10' 107 10°

NB(Calcein)
Calcein >

Figure 4. Internalization of ATN-291-NB(Calcein) by cells. Uptake experiments of ATN-291-NB(Calcein) in uPA positive PC3 prostate cancer
cells and as determined by flow cytometry. Red dots represent untreated cells, while blue dots represent NB(Calcein), or ATN-291-NB(Calcein). The
fluorescence intensity of the calcein fluorescence is plotted on the x-axis and the fluorescence intensity of the Alexay; is plotted on the y-axis. With
increasing uptake the distribution of the blue dots will shift right on the x-axis and up the y-axis. MDA-MB-435 uPA-negative breast cancer cells did not
show uptake (data not shown).

have been described and are advancing toward the
clinic. The next few years should see several new uPA
and uPAR targeted agents enter clinical trials where
the importance and potential of the uPA system in
tumor progression will finally be explored.

Conclusion

The uPA system remains an attractive target for
the treatment of cancer that has not yet been exten-
sively explored in the clinic. Recent advances in the
understanding of uPA and uPAR structure-function

and biology have now provided a basis for the de- Abbreviations

velopment of new therapeutics targeting this system.
Several new molecules that target uPAR directly or
utilize the uPA system to deliver therapeutic payloads

uPA: urokinase plasminogen activator; uPAR:
urokinase plasminogen activator receptor; PAI-1:
plasminogen activator inhibitor -1; GFD: growth fac-

http://lwww.thno.org



Theranostics 2013, Vol. 3, Issue 7

504

tor domain; ECM: extracellular matrix; GAG: gly-
cosaminoglycans; RTK: receptor tyrosine kinase;
EGFR: epidermal growth factor receptor; PDGFR:
platelet derived growth factor receptor; GPCR:
G-protein coupled receptor; VLDL: very low density
lipoprotein; VLDR: very low density lipoprotein re-
ceptor; FAK: focal adhesion kinase; AML: acute mye-
loid leukemia; IGF-1R: insulin like growth factor re-
ceptor 1; MBC: metastatic breast cancer; DOTA:
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; 5-FU: fluorouracil; ATF: amino terminal frag-
ment; PE: Pseudomonas exotoxin; DTAT: a fusion
protein of the amino-terminal fragment of uPA and
diphtheria toxin; NSCLC: non-small cell lung cancer;
IO: Iron oxide; NB(Ni,As): nanobins encapsulating
arsenic trioxide stabilized by nickel ions; NB(Pt,As):
nanobins co-encapsulating cisplatin and arsenic tri-
oxide; PCN: polymer caged nanobins; DXR: doxoru-
bicin; MDR1: multidrug resistance protein 1.
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