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The urokinase-type plasminogen activator receptor (UPAR) has now firmly established itself as a versatile molecular target
holding promise for the treatment of aggressive malignancies. The copious abundance of uPAR in virtually all human
cancerous tissues versus their healthy counterparts has fostered a gradual shift in the therapeutic landscape targeting this
receptor from function inhibition to cytotoxic approaches to selectively eradicate the uPAR-expressing cells by delivering a
targeted cytotoxic insult.
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| 1. Introduction

Since the initial identification, purification, and sequencing of human UPAR were accomplished around 1990 L&l 3 still-
expanding body of literature documenting uPAR association with cancer has accumulated, and new indications continue
to be uncovered. Through the combination of biochemical analysis via site-directed mutagenesis A and structural
elucidation by crystallography EIRALUILANLS]  detailed knowledge about the UPAR structure—function relationships
governing the interplay with its two cognate ligands, the serine protease uPA and the provisional matrix protein vitronectin
(Vn), was outlined. As the structural and biochemical aspects of uUPAR have been extensively investigated and reviewed in
detail in LAIEIASILGILT  they are only briefly discussed here and summarized in Figure 1, Figure 2 and Figure 3. The
pathophysiological role and expression profile of uPAR shaping its value as a cancer target will be the focus of a more
detailed discussion.
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Figure 1. Graphical representation of the structure of uPA*uPAR complexes on the cell surface. A composite molecular
model representing human uPAR based on the crystal structure solved for uPAR*ATF complexes is displayed in (A) using
the PDB coordinates 2FD6 (8. The molecular shape of uPAR is visualized by a semitransparent surface, while secondary
structure elements are depicted as ribbons. The assembly of the three LU-domains is evident from the color coding,
yellow (DI), blue (DII), and red (DIII). A hypothetical model for the GPI-anchor, tethering uPAR to the cell surface, is shown
as sticks. In (B), the bimolecular complex of uPAR with its natural binding ligand uPA is illustrated using a solid surface
representation for uPAR and a ribbon diagram for the receptor-binding fragment of uPA (ATF) used to crystallize the
complex. The large hydrophobic ligand-binding cavity of uPAR is highlighted by the grey area delimited by the hatched
black line using the following atomic color coding: grey (C), blue (N), red (O), and yellow (S). The inset in the bottom right
corner provides a more detailed illustration of the tight engagement and burial of the tip of the B-hairpin of GFD in uPA
within the deepest region of the central cavity in uPAR. Adapted from [18],
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Figure 2. Graphical representation of the crystal structure of the ternary uPAsuPARe<Vn complex. (A) A composite
molecular model of the ATFeuPAR*SMB complex solved by X-ray crystallography is shown in (A) using the PDB
coordinates 3BTI &, The structure is rotated 90° in the horizontal axis compared to Figure 1, providing a “top view” of
uPAR and moving the cell surface to the back of the picture. As in Figure 1, uPAR is represented in a composite
semitransparent surface and cartoon representation. The bound ligands ATF and SMB (representing uPA and Vn,
respectively) are depicted as ribbons. A detailed view of the molecular binding interface between uPAR and SMB in this
ternary complex is provided in (B). The corresponding hot spot residues in uPAR (R91 and W32) and SMB (F13, D22,
Y27, and Y28) are highlighted and shown as sticks. Adapted from (18],

| 2. Biological Functions of uPAR

From a historical perspective, uPAR was initially identified as a key regulator of extracellular-matrix (ECM) proteolysis, a
fundamental process in the context of cell migration. The high-affinity binding interaction of its bona fide protease ligand
uPA is, indeed, instrumental in focalizing plasminogen-activation and subsequent plasmin-mediated proteolytic activity to
the cell surface of migrating cells at their leading edge, thereby greatly enhancing the efficiency of the system [12[201[21]
The biochemical aspects of this cascade have been extensively reviewed in 28 and schematically illustrated in Figure 3,
which provides a graphical overview of uPAR functional involvement in cancer biology.
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Figure 3. Function and regulation of the urokinase-type plasminogen activator receptor (UPAR) in the biology of cancer.
(a) Through a high binding affinity interaction (Kp ~0.2 nM), the urokinase receptor binds active uPA and its zymogen pro-
uPA, favoring its focused cell-surface activation. Active uPA proteolytically converts the zymogen plasminogen (plg) into
active plasmin (plm), which can reciprocally activate pro-uPA, while remaining protected from its primary plasma
physiological inhibitors, a2-antiplasmin (02-AP). These mutual zymogen activation reactions start a powerful positive
feedback mechanism, resulting in efficient and localized plasmin generation on the cell surface of migrating cancer cells at
their leading edge. The increased cell surface concentration of the reactants involved, respectively, uPA or pro-uPA, by
binding to uPAR, and plasmin and plasminogen, via multiple receptors, strongly accelerate and amplify this reciprocal
activation loop. Once activated, the broad-spectrum protease plasmin mediates the non-specific proteolysis of several
ECM and basement membrane (BM) components, either directly or through the activation of pro-matrix
metalloproteinases (pro-MMPs), thereby promoting cancer cell migration, invasion, and metastasis. Plasmin and MMPs
can also release or activate ECM-bound cancer-related growth factors (GF) contributing to tumor progression and
angiogenesis. Most of these factors then feedback in an autocrine or paracrine fashion to enhance the expression of



different pro-cancer genes, including urokinase plasminogen activating system (uPAS) components, such as uPA and
uPAR, that further supports the proteolytic cascade and thus tumor progression. Besides a2-AP, another important
physiological regulator of uPA-uPAR-induced plg-activation is the serine protease inhibitor (serpin) plasminogen activator
inhibitor 1 (PAI1), which specifically inhibits uPA by forming stable ternary complexes with uPAR-bound uPA, which are
subsequently internalized via the a2-macroglobulin receptor/low-density lipoprotein receptor-related protein 1 (LRP1). (b)
By becoming a part of functional units involving distinct extracellular molecules and membrane co-receptors (e.g., its
second main cognate ligand, the matrix protein Vn, members of the integrin adhesion receptor superfamily, G-protein-
coupled receptors (GPCR), and growth factors receptors (GFR, e.g., EGFR and VEGFR-2, epidermal growth and
vascular endothelial growth factor receptor 2)), uPAR is believed to indirectly choreograph—in a non-proteolytic fashion—
several cancer-associated intracellular signal-transduction pathways regulating other tumor hallmarks, including, among
others, proliferation, survival, migration, invasion, metastasis, angiogenesis, and epithelial-mesenchymal transition
(EMT). The intracellular signaling components are indicated (focal adhesion kinase (FAK), Src, Rac, mitogen-activated
protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), etc.), but the pathways remain speculative. A more
comprehensive list of UPAR putative non-canonical interacting proteins and related signaling consequences is reported in
(2212311241 () Cell surface UPAR may undergo two major post-translational processing events, namely proteolytic cleavage
(in the DI-DII linker region) and shedding (via hydrolysis of the GPI-anchor), resulting in diverse uPAR isoforms, including
SuPAR D1, suPAR DI-D3, suPAR D2-D3, and GPIl-anchored uPAR D2-D3. Created with BioRender.com.

| 3. UPAR: A Potential “Gateway” for Cytotoxic Cancer Therapy

The pathophysiological role and expression of uPAR in most aggressive cancer lesions, the related prognostic value in
many of them, coupled to the apparent lack of overt phenotypes associated with uPAR deficiency, all highlight uPAR as a
potential candidate in targeted cancer therapy.

Most experimental strategies explored to date have focused on restraining pericellular uPAR-mediated plasminogen
activation, mostly by interfering with the receptor gene expression and interaction with its bona fine ligand, uPA. These
include monoclonal antibodies, small molecules- and peptide-derived antagonists (recently reviewed in 2), recombinant
uPA-derived fusion proteins, and various gene therapy approaches. However, although promising in a preclinical setting,
none of them have advanced into clinical evaluation. Species-specificity, tumor model limitations, and a rapidly evolving
landscape on the relevant determinants and functions of uPAR to target are the main hurdles to the development of uPAR
antagonists. The later evidence of uPAR putative involvement in signaling cross-talks with other cancer-associated protein
partners has provided an alternative, yet challenging, opportunity to explore therapeutically targeting these interactions
and potentially interfere with uPAR functions downstream of uPA proteolytic activity. However, the potential of this
approach remains an open question, and future studies elucidating the current controversies underlying uPAR signaling,
particularly within in vivo models, will help the field advance.

An in-depth overview of the mentioned approaches, along with the existing challenges hampering their advance into the
clinics, is provided by the following detailed reviews [22](26][27][28][29][30][31][23][14][32][33][34][35][16]

The last decade has brought new avenues in cancer treatment focusing on targeted cytotoxic therapies B8, The
widespread overexpression of uPAR in most malignant tissues as compared to their normal counterparts renders uPAR a
selective and versatile tool for delivering a direct cytotoxic insult to uUPAR expressing cells, leading to their targeted
eradication.

This targeting strategy steadily gains momentum and is showing promise in preclinical studies. Different avenues have
been and are currently being explored, including immunotherapy approaches. The rationale behind them, related
advantages and drawbacks, will be discussed in-depth in the following sections.

In most cases, UPAR targeting is accomplished using monoclonal antibodies, uPA-derived peptides, and a high-affinity
receptor-binding fragment of uPA (ATF;.,35, Which contains the GFD). These ligands provide effective binding scaffolds for
conjugation and targeted delivery of different types of cytotoxic payloads or effectors, including traditional anticancer
agents, cytotoxic products, radioisotopes, photosensitizers, chimeric antigen receptor (CAR) T-cells, oncolytic virus, or
even immunostimulators.

Not only does this approach enhance tumor-specificity, but it also improves intratumoral delivery as uPAR-dependent
internalization provides a gateway for targeted intracellular drug release, thereby optimizing the therapeutic response
while reducing systemic toxicity. Given the intratumoral heterogeneity in uPAR expression, it is important to characterize
this expression pattern when designing an optimal uPAR-targeted cytotoxic insult, as it would strongly impact its



effectiveness. The remarkable stromal expression of uPAR also allows targeting this compartment, which may enhance
the therapeutic efficacy compared to exclusively targeting the tumor cells, especially in tumors expressing uPAR in both
cell types, such as pancreatic cancer, or those lacking a tumor-specific molecular target [ZZ28IBLBASENS9]  |ndeed, while
having an indirect anti-cancer effect by attenuating the tumor-promoting effect of the stroma, cytotoxic targeting of this
compartment may also increase drug-delivery efficiency by breaking down the dense stromal barrier, which severely
hampers tumor perfusion by therapeutic agents, ultimately leading to drug resistance and disease recurrence 49,

In principle, as the tumor stroma predominantly accounts for uPAR expression in most cancer types and patient
subgroups, effective tumor regression and/or eradication would ideally be achieved by implementing combined strategies
with cytotoxins targeting both the cancer cells per se and the surrounding activated tumor stroma. An intriguing option that
is gaining growing interest involves the use of stromal cells, especially tumor-associated macrophages (TAMs) 41142 a5
potential autologous delivery vehicles for a localized tumor bystander effect that would indirectly enhance the killing of
neighboring cancer cells with low or no uUPAR expression. Alternatively, immunosuppressive uPAR-positive TAMs may
also be reprogrammed to restore their immunostimulatory/tumoricidal properties and possibly potentiate immune
checkpoint blockade therapies (anti-PD-1/PD-L1/CTLA-4 antibodies), as already observed for other therapeutic targets 44
(421 Although still in its infancy, uPAR-mediated stromal targeting is now becoming an attractive avenue, holding promise
for the design of combinatorial intervention strategies that may benefit future cancer treatment.
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