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Chapter 1

Introduction

The radical mastectomy for breast cancer, described by William S. Halsted in 
1891, represents a milestone in curative oncological surgery [1]. Believing that 
“cancer was a local disease, growing per continuum to lymph nodes and subsequent 
metastasis”, he advocated grossly mutilating en-bloc resections of affected regions 
in order to achieve curation. Throughout the early 20th century the mindset 
that cancer can be cured if resected radically enough has laid the foundation of 
surgical care. However, with an increased understanding of cancer biology, the 
past century’s technological advancements, and the wish to be less mutilating, 
cancer treatment has altered significantly from the aggressive dissections initially 
perpetuated for all patients [2].

Cancer treatment is now a multidisciplinary approach within which physicians 
have an increasing number of therapies at their disposal. Options include, but are 
not limited to, minimally-invasive/robotic excisions, ablation, irradiation, chemo-
therapy, targeted therapy and immunotherapy. Nonetheless, the cornerstone of 
curation for almost all solid tumors is still surgery, where attaining negative tumor 
margins is fundamental; positive surgical margins (R1/R2, irradical) repeatedly 
translate into worse overall survival [3]. Unlike what Halsted proclaimed though, 
organ-sparing surgeries have proven as effective for the majority of patients as 
extensive anatomical dissections. Another change, compared to Halsted’s era, is 
that surgeons operate in, sometimes quite literally, different landscapes. First of 
all, due to neoadjuvant therapy, operating fields are full of fibrosis, inflammation 
and necrosis, challenging the discernment between malignant and reactive tissue. 
Secondly, with the advent of laparoscopic and robotic procedures, the visual field 
is digitalized and the discriminatory nature of tactile feedback is distorted, if not 
unfeasible.

The emergence of intraoperative imaging
In response to these challenges, intraoperative imaging modalities have entered 
the operating theatre to aid in navigation between malignant and non-malignant 
(i.e. normal, benign or reactive tissue) tissue. These modalities, each with their 
own strengths and weaknesses, can be categorized into conventional, optical, 
nuclear, and endogenous reflectance [4]. One of the most promising techniques 
is the optical imaging technique called fluorescence guided surgery (FGS) as it is 
relatively simple, gives real-time images, results in high contrast and sensitivity, 
and lacks ionizing radiation. FGS camera systems function by emitting a spectrally 
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resolved near-infrared (NIR1) light that subsequently excites the exogenous contrast 
agent (i.e. fluorophore) [4-8]. An excited fluorophore emits photons that are then 
captured by a detector and translated into a digital image and superimposed upon 
white-light images. As a result anatomical or pathophysiological structures ‘light 
up’ on screen, enabling clear identification of the desired tissue [9]. 

Identifying cancerous lesions revolves around creating a large enough contrast 
between malignant and benign tissue using fluorescent contrast agents [8]. Sole 
NIR fluorophores, such as indocyanine green (ICG) or IRDye800CW, generally do 
not sufficiently accumulate in tumours2 [10]. Therefore a fluorophore needs to be 
conjugated to a targeting agent that recognizes a tumor and not surrounding healthy 
tissue. Furthest along in clinical development are the folate receptor targeting 
OTL38 (pafoliacianine; Cytalux) for ovarian cancer, the carcinoembryonic antigen 
targeting SGM-101 for colorectal cancer, and the cathepsin targeting LUM015 for 
breast cancer. Their strength, specific targeting, is also their weakness, either due 
to non-tumoral expression of the target3 or heterogenous intra- and intertumoral 
expression of the target4 [7, 11]. As a result, only a subset of oncological patients 
benefit from the current class of fluorescence agents. For the remaining cancer 
patients there is no suitable fluorescence contrast agent while there is a clinical 
need for tumor margin identification. The current challenge lies in expanding the 
library of available contrast agents and, with this expansion, a desire to identifying 
characteristics of the most optimal target-tracer combination for each patient.

1	 Although almost all current FGS clinical trials currently use NIR (700 - 900 nm) light, the first 
clinical trials demonstrating the concept of fluorescence guided surgery used blue (380 - 500 nm) 
light to visualize brain tumors, colorectal carcinomas and ovarian cancer [5-7]. This change in 
light source is due to the favourable imaging characteristics of NIR light; absorption by biomol-
ecules (i.e. deoxyhemoglobin, oxyhemoglobin, water, and lipids), scattering and tissue autofluo-
rescence are all favorably low with NIR light compared to blue light. Consequently, background 
fluorescence is minimized, resulting in greater contrasts with which to discriminate structures. 
In addition, NIR light emitted by the camera system penetrate deeper into, and out of, tissue, 
resulting in improved imaging depths of up to several millimetres [8]. A more recent develop-
ment has been the utilization of the second NIR window (NIR II; 900 - 1450 nm) with even better 
imaging characteristics, but translation to the clinic is currently limited by the availability of the 
appropriate camera systems [4].

2	 One exception is using ICG for imaging of hepatobiliary tumors. Healthy hepatocytes rapidly 
excrete ICG into the biliary ducts. Hepatocytes located adjacent to the tumor cannot metabolize 
ICG in this manner and as a consequence ICG accumulates in these hepatocytes resulting in a 
fluorescent rim of hepatocytes incapable of metabolizing ICG around the tumor. This phenomon 
is subsequently utilized for intraoperative resection of hepatobiliary tumors [10]. 

3	 Due to folate β expression in macrophages, pafolacianine signal also accumulates in lymph nodes 
with macrophages expressing folate β, resulting in false-positive fluorescence lymph nodes [11]. 

4	 10% of ovarian cancer patients do not have folate receptor expression in their tumors and for 
solid tumors of other origins folate receptor expression is far more limited [7].

1
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This thesis addresses this challenge by firstly confirming the urokinase plas-
minogen activator receptor (uPAR) as a potential target and secondly by evaluating 
the effect of tracer size on FGS using novel uPAR-targeted tracers. Thereafter, by 
combining the current literature and the studies described in this thesis the endgoal 
is to define a clinical framework for uPAR FGS.

The case for using the urokinase plasminogen activator receptor as target
The extracellular matrix (ECM) forms the scaffolding where cells are embedded in, 
guaranteeing the structural integrity of tissues and organs. Tissue maintenance, 
differentiation and proliferation, therefore requires a coordinated response 
between the disintegration and reassembling of the complex network of collagens, 
proteoglycans and glycoproteins that the ECM consists of. The uninhibited cell 
growth and eventual invasiveness that defines all solid cancers implicates that 
pathways involved in ECM remodelling are dysregulated [12]. As such proteins 
involved in tissue remodelling are a promising source of FGS targets that can be 
utilized in a universal nature (i.e. for all solid tumors).

An important regulator of ECM proteolysis and cell signalling, involving process 
like proliferation, differentiation and migration, is the urokinase plasminogen 
activator receptor (uPAR). Initially, its involvement was regarded as rather simple; 
as a receptor for urokinase plasminogen activator (uPA; urokinase), uPAR localized 
the proteolytic cascade initiated by uPA towards the leading edge of cells. The subse-
quent proteolysis creates room for cell migration into the direction where uPAR 
was expressed. Over 35 years later the story is much more complex. uPAR narrowly 
orchestrates cancer aggressiveness managing not only extracellular processes 
such as proteolysis, but also influencing intracellular pathways involved in tumor 
progression through its over 42 interacting proteins [13]. Not surprisingly, down-
regulating uPAR downregulates signaling pathways involved in eight of the ten 
Hallmarks of Cancer [14].

For molecular imaging applications, such as FGS, more important than the targets 
fundamental role in tumor progression is its expression pattern. The ideal target 
has no expression in non-malignant tissue while being overexpressed in malignant 
tissue as such an expression pattern allows for a high tumor-normal signal ratio. 
uPAR expression has been described on neoplastic cells and tumor-associated 
stromal cells, including neo-angiogenic endothelial cells, cancer-associated fibro-
blasts, and tumor-associated macrophages [15]. Furthermore, it is completely absent 
in surrounding non-malignant tissue. This pattern remains an overarching theme 
for virtually every solid malignancy [16]. With such an expression pattern, targeting 
uPAR is, not surprisingly, considered particularly suited for FGS [15]. However, up 
to now, no uPAR targeting tracer has made it to the clinic for FGS and only recently 
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uPAR-targeted positron emission tomography (PET) trials have reported results 
while the clinical potential is evident. 

The case for considering structural variations of tracers
In 2019, Hernot et al. listed 19 different fluorescent tracers that had been or were 
being evaluated clinically for FGS [9]. Remarkebly, these contrast agents differed not 
only in their target but also in their structure; ranging from therapeutic monoclonal 
antibodies repurposed for imaging, to natural occurring ligands conjugated with a 
fluorophore, and from knotted peptides conjugated with a fluorophore to activatable 
tracers that only become fluorescent upon enzymatic cleavage. These differences 
in structure directly translate into differences in distribution, metabolism and 
excretion; characteristics surgeons will need to contemplate as they will influence 
uptake by target tissue and clearing organs, tissue penetration, time before image 
acquisition and imaging contrast [17, 18]. OTL38, for example, consists of a natural 
ligand (folate analogue) conjugated to a NIR fluorescence dye with a molecular 
weight of 1.414 Dalton (Da) while SGM-101 is a chimeric antibody conjugated to a 
NIR fluorescence dye with a molecular weight of approximately 150.000 Da (> 100 
times larger). As a result, OTL38 has a relatively rapid clearance from the plasma 
with imaging windows 2 – 6 hours after administration while SGM-101 has a longer 
terminal half life and has to be administered 2 – 4 days before surgery [11, 19]. While 
a more rapid imaging window seems favorable, reducing molecular weight to increase 
pharmacokinetics can influence imaging outcomes. In a PET study using CD105 
targeting antibodies and derivates, the smaller antibody fragments resulted in earlier 
but lower peak signal [20, 21]. This can potentially reduce contrast. Therefore, when 
designing a targeted agents, its structural characteristics should be carefully selected 
as structural variations can ultimaly make or break the subsequent clinical usability.

Practically, there exists a whole realm of deconstructed, rebuilt and fused 
molecules, where the possibilities are endless. However, generally speaking, they 
can be divided into one of the following categories: antibodies, antibody fragments, 
recombinant protein scaffolds, peptides or small molecules [9]. Antibodies are an 
appealing choice due to their naturally high specificity and affinity. In addition, there 
is extensive experience creating, optimizing and translating antibodies to the clinic 
[22]. The translation for FGS can be rather rapid by labelling already FDA-approved 
(therapeutic) antibodies with fluorescent dyes [9]. However, in addition to their 
extended half-life identified above, their large size limits intra-tumoral penetration 
and diffusion resulting in heterogenous intra-tumoral antibody concentrations and 
consequently effectiveness [23, 24]. As a result, other constructs are being consid-
ered. However, what the optimal characteristics of an adjusted construct are have 
not been clearly defined.

1
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Thesis outline

This thesis aims to expand on the current knowledge of urokinase plasminogen 
activator receptor (uPAR) fluorescence guided surgery (FGS) with the endgoal of 
defining a clinical framework for uPAR molecular imaging. While the overarching 
focus is uPAR, this thesis also attempts to draw more general conclusions for the 
whole field of FGS. To achieve the before-mentioned goals this thesis is divided into 
five parts.

Part I. Introduction
The current chapter, Chapter 1, introduces important background concepts about 
FGS, uPAR, and tracer design so as to set the stage for the work in Parts II – V. The 
chapter ends with a thesis outline.

Part II. uPAR as a tumor target in various tumortypes
In Chapter 2 the expression pattern in both malignant and stromal cells of is 
determined uPAR in pancreas adenocarcinoma and correlated with prognosis of 
patients. In Chapter 3 the immunohistochemical expression of seven promising 
FGS targets, including uPAR, are compared in patients with high-risk cutaneous 
and mucosal squamous cell carcinoma of the head and neck. In addition, a novel 
scoring system is introduced for comparing the appropriateness of targets for FGS. 

Part III. uPAR as target: Beyond cancer imaging
Not only does uPAR play a fundamental role in cancer, it also plays a central role 
in other pathologies. Therefore, in Chapter 4, a side step is made to discuss the 
potential of uPAR imaging in non-neoplastic diseases in order to identify possible 
novel aveneus for molecular imaging.

Part IV. Development of uPAR targeted tracers
Once uPAR has been identified as a potential target a fluorescent tracer needs 
to be designed that targets uPAR. The opportunities and pitfalls of fluorescence 
anti-uPAR tracer design are discussed in Chapter 5. Subsequently, Chapter 6 
presents the results of the preclinical development of a humanized anti-uPAR 
monoclonal antibody. Furthermore the tracers potential for multimodal optical 
and photoacoustic fluorescence imaging for urothelial cell carcinoma patients is 
demonstrated. In Chapter 7, this antibody is cleaved into F(ab’)2 and fab fragments 
and the fluorescent fragments are compared to the original humanized antibody 
in three orthotopic tumor models. 
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Part V. Summary and general discussion
After a summary in chapter 8, the stage is set for the discussion in chapter 9. 
This discussion includes uPAR as a next-generation target, the optimal structural 
characteristics of an uPAR FGS tracer, the translation of uPAR FGS to the clinic and 
the relevance of uPAR molecular imaging in other fields besides oncology. Where 
relevant, the discussion is generalized to the whole field. 

1
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Chapter 2

Abstract 

The urokinase plasminogen activator receptor (uPAR) has been proposed as a 
potential prognostic factor for various malignancies. The aim of this study is to 
assess the prognostic value of uPAR expression in neoplastic and stromal cells of 
pancreatic adenocarcinoma patients. 

Methods & Results: uPAR expression was determined by immunohistochem-
istry in 122 pancreatic ductal adenocarcinomas. Kaplan-Meier and Cox regression 
analyses were used to determine the association with survival. Respectively 66%, 
82% and 62% of pancreatic cancer patients expressed uPAR in neoplastic cells, 
stromal, and in both combined. Multivariate analysis showed a significant inverse 
association between uPAR expression in both neoplastic and stromal cells and 
overall survival. The prognostic impact of uPAR in stromal cells is substantial, but 
not as pronounced as that of uPAR expression in neoplastic cells. 

Conclusion: This study suggests a role for uPAR as a biomarker to single out 
higher risk subgroups of pancreatic cancer patients.
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Prognostic impact of uPAR expression in pancreatic cancer

Introduction

Pancreatic cancer ranks the fourth leading cause of cancer-related death and is 
estimated to be the second leading cause of cancer death by 2020 [1, 2]. Complete 
surgical resection offers the only hope for cure; however, even after successful 
tumor removal, recurrence rates range from 46% to 89% [3-8]. Currently, anatomic 
resectability and carbohydrate antigen 19-9 (CA 19-9) serum levels are the most 
commonly used prognostic factors to select optimal treatment strategies for 
non-metastatic pancreatic cancer patients, but unfortunately with only modest 
impact [9, 10]. Consequently, there is a necessity for novel molecular markers that 
are able to predict biological behavior in order to identify patients requiring more 
aggressive systemic and/or surgical treatment.

Proteolysis via the plasminogen activation cascade is a crucial biological process 
involved in cancer cell invasion and metastasis. The urokinase plasminogen activator 
receptor (uPAR), a glycosyl-phosphatidylinositol-anchored membrane protein, plays 
a dominant role in this cascade by localizing the urokinase plasminogen activator 
(uPA) to the cell membrane [11]. After binding to uPAR, uPA converts the inactive 
zymogen plasminogen into plasmin. This active serine protease subsequently 
activates other proteinases, resulting in the proteolysis of basement membrane 
proteins and extracellular matrix [12]. Considerable evidence indicates that uPAR 
expression in neoplastic cells, as well as stromal cells, is correlated with shortened 
survival in various malignancies, including colorectal, breast, and renal carcinoma 
[13-21].

In pancreatic cancer, uPAR expression has been observed in both tumor and 
surrounding stromal cells. However, it remains unclear which cellular uPAR local-
ization is more immediately involved with tumor behavior and therefore associ-
ated with patient prognosis [15, 22]. In the present immunohistochemistry study, 
performed in a large cohort of patients with pancreatic adenocarcinoma, the expres-
sion pattern of uPAR in both tumor and stromal cells, and its clinical implications 
were evaluated.

Materials and methods

Patient selection
Retrospectively collected, formalin-fixed and paraffin-embedded tissue blocks 
were obtained from the archives of the Pathology Department for 137 patients with 
pancreatic adenocarcinoma, who underwent resection with curative intent during 
the period from 2001 and 2012 at the Leiden University Medical Centre, Leiden, 
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The Netherlands. Only pancreatic adenocarcinoma were included in this study. 
None of the patients in this study received chemotherapy and/or radiation prior to 
surgery. Clinicopathological data were collected from electronic hospital records. 
Differentiation grade was determined according to the guideline of the World 
Health Organization and the TNM-stage was defined according to the American 
Joint Commission on Cancer criteria [23]. All samples were non-identifiable and used 
in accordance to the code for proper secondary use of human tissue as prescribed 
by the Dutch Federation of Medical Scientific Societies. The use of archived human 
tissue conformed to an informed protocol that had been reviewed and approved 
by the institutional review board of the Leiden University Medical Centre, Leiden, 
The Netherlands.

Immunohistochemistry
Tissue microarrays (TMAs) of pancreatic adenocarcinoma were constructed to 
perform uniform and simultaneous immunohistochemical staining’s to limit intra-
assay variation. A single representative block was selected for each patient based 
on hematoxylin-eosin stained sections. From each donor block, triplicate 2.0 mm 
cores were punched from areas with clear histopathological tumor representation 
and transferred to a recipient TMA block using the TMA Master (3DHISTECH, 
Budapest, Hungary). From each completed TMA block, 5-mm sections were sliced. 
The sections were deparaffinized in xylene and rehydrated in serially diluted 
alcohol solutions, followed by demineralized water according to standard protocols. 
Endogenous peroxidase was blocked by incubation in 0.3% hydrogen peroxide in 
phosphate buffered saline (PBS) for 20 min. Antigen retrieval was performed by heat 
induction at 95oC using PT Link (Dako, Glostrup, Denmark) with a low-pH Envision 
FLEX target retrieval solution (citrate buffer pH 6.0, Dako). Immunohistochemical 
staining was performed by incubating tissue microarrays overnight with antibodies 
against uPAR (ATN-615, provided by Prof A.P. Mazar) [24] alpha smooth muscle actin 
(a-SMA) for myofibroblasts (PA5-16697; Thermo Fisher Scientific), and vimentin 
for mesenchymal cells (clone V9, Santa Cruz, USA), all at room temperature. All 
antibodies were used at predetermined optimal dilutions using proper positive and 
negative control tissue: ATN-615 at 1 µg/ml; PA5-16697 at 0.25 µg/ml; V9 at 2 µg/
ml. Control samples were incubated with PBS instead of the primary antibodies. 
The sections were washed with PBS, followed by incubation with Envision anti-
mouse (K4001; Dako) or Envision anti-Rabbit (K4003; Dako), where applicable, for 
30 minutes at room temperature. After additional washing, immunohistochemical 
staining was visualized using 3,3-diaminobenzidine tetrahydrochloride solution 
(Dako) for 5-10 min resulting in brown color, and counterstained with hematoxylin, 
dehydrated and finally mounted in pertex.
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Immunohistochemistry evaluation
All stained sections were scanned and viewed at 200x magnification using the 
Philips Ultra Fast Scanner 1.6 EA (Philips, Eindhoven, The Netherlands). Evaluation 
of the immunohistochemical staining of all molecular targets was performed 
blinded and independently by two observers (SG and HP). In cases of discrepancy 
the two observers resolved the final score in accordance with a pathologist (HM). 
Immunostaining positivity was determined by a combination of staining intensity 
and percentage of tumor cells stained. Immunostaining intensity was scored as 
0 = negative, 1 = weakly positive, 2 = moderately positive, and 3 = strongly positive. 
However, in this relatively small cohort the staining intensity did not contribute 
substantially to the survival analyses. Therefore, in the final analysis percentages 
of uPAR staining in neoplastic cells were dichotomized as low (< 50% moderate/
strong expression) or high (≥ 50% moderate/strong expression) [21]. As described 
in a previous study, the staining results for a-SMA were scored, according to the 
extent of stromal positivity, as low/negative (<50% stroma positive) or high (diffuse 
expression throughout tumor, > 50% stroma positive) [25].

Statistical analysis
All statistical analyses were conducted using SPSS statistical software (version 23.0, 
IBM SPSS Inc, Chicago, USA). Baseline characteristics were reported as frequencies, 
and continuous data were presented as median with interquartile range [IQR] unless 
indicated otherwise. Comparison of the clinical and pathological characteristics of 
the two cohorts were made using the Chi-squared test. Fisher’s exact test was used 
when one of the groups counted less than 5. Disease-free survival (DFS) was defined 
as the time from surgery to the first evidence of local or distant recurrence disease, 
death from any cause or lost to follow-up, whatever came first. Overall Survival (OS) 
was defined as the time from the date of surgery to the date of death or lost to follow-
up. Kaplan-Meier estimates of the survival function, including p-values from the 
log-rank test were used to graphically compare the time-to-event outcomes based 
on uPAR expression and to estimate median OS and DFS. Furthermore, uni- and 
multivariate survival analyses were performed using the Cox proportional hazard 
regression model. Only variables that were significant on univariate analysis were 
included in multivariate analyses. Separate multivariate models were employed, one 
including uPAR expression in neoplastic and stromal cells as different covariates, 
and another incorporating uPAR expression in both neoplastic and stromal cells 
as one covariate. In case the proportional hazard assumption was violated the 
log-rank test was used and subsequently these covariates could not be included in 
the multivariate regression model [26]. Statistical significance was set at p < 0.05.
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Results

Patient and tumor characteristics
Microscopic semi-quantification of uPAR expression in neoplastic and stromal cells 
was successful in 89% (n = 122) of pancreatic adenocarcinoma. Patient and tumor 
characteristics are listed in Table 1. The median age was 65 years (IQR, 60 – 72 
years), 62 (51%) patients were female and 114 (93%) patients were diagnosed with 
pancreatic adenocarcinoma located in the head of the pancreas. Primary tumor 
stage was classified as pT1 in 17 (14%) patients, pT2 in 32 (26%), pT3 in 65 (53%) 
and pT4 in 8 (7%) patients. In addition, the majority of patients had positive nodes 
(n = 93; 76%) and moderately differentiated tumors (n = 41; 45%). Complete surgical 
resection (R0) was possible in 83 (68%) cases and 61 (50%) patients underwent 
adjuvant chemotherapy after surgical resection of the tumor.

Table 1. Characteristics of pancreatic adenocarcinoma patients subdivided by uPAR expression 
in neoplastic and/or stromal cells. 

Characteristics uPAR in neoplastic 
cells

uPAR in stromal 
cells

uPAR in neoplastic 
and stromal cells

Low
(n = 41)

High
(n = 81)

p-value Low
(n = 22)

High
(n = 100)

p-value Low
(n = 47)

High
(n = 75)

p-value

Age, n (%)

 <65 years 17 (42%) 45 (56%) 0.141 7 (32%) 55 (55%) 0.049 19 (40%) 43 (57%) 0.069

 ≥65 years 24 (58%) 36 (44%) 15 (68%) 45 (45%) 28 (60%) 43 (43%)

Sex, n (%)

  Male 20 (49%) 40 (49%) 0.950 11 (50%) 49 (49%) 0.932 21(45%) 39 (52%) 0.431

  Female 21 (51%) 41 (51%) 11 (50%) 51 (51%) 26 (55%) 36 (48%)

Tumor location, n (%)

  Head of pancreas 38 (93%) 76 (94%) 0.549 21 (96%) 93 (93%) 0.662 44 (94%) 70 (93%) 0.585

  Other 3 (7%) 5 (6%) 1 (4%) 7 (7%) 3 (6%) 5 (7%)

pT-stage, n (%)

  pT1 9 (22%) 8 (10%) 0.074 5 (23%) 12 (12%) 0.163 11 (23%) 6 (8%) 0.015

  pT2 14 (34%) 18 (22%) 8 (36%) 24 (24%) 15 (32%) 17 (23%)

  pT3 16 (39%) 49 (61%) 7 (32%) 58 (58%) 17 (36%) 48 (64%)

  pT4 2 (5%) 6 (7%) 2 (9%) 6 (6%) 4 (9%) 4 (5%)

pN-stage, n (%)

  pN0 8 (20%) 21 (26%) 0.432 4 (18%) 25 (25%) 0.496 10 (21%) 19 (25%) 0.608

  pN1 33 (80%) 60 (74%) 18 (82%) 75 (75%) 37 (79%) 56 (75%)
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Characteristics uPAR in neoplastic 
cells

uPAR in stromal 
cells

uPAR in neoplastic 
and stromal cells

Low
(n = 41)

High
(n = 81)

p-value Low
(n = 22)

High
(n = 100)

p-value Low
(n = 47)

High
(n = 75)

p-value

Tumor differentiation, n (%)*

  Well differentiated 7 (22%) 4 (7%) 0.093 3 (18%) 8 (11%) 0.426 7 (20%) 4 (7%) 0.136

  Moderately 
  differentiated

14 (44%) 27 (46%) 9 (53%) 32 (43%) 17 (47%) 24 (44%)

  Poorly 
  differentiated

11 (34%) 28 (47%) 5 (29%) 34 (46%) 12 (33%) 27 (49%)

Adjuvant therapy, n (%)

  Yes 19 (46%) 42 (52%) 0.565 11 (50%) 50 (50%) >0.999 22 (47%) 39 (52%) 0.577

  No 22 (54%) 39 (48%) 11 (50%) 50 (50%) 25 (53%) 36 (48%)

* Tumor differentiation was only available for 75% (n = 91) of the population; significant p-values are bold; n, 
number; uPAR, urokinase plasminogen activator receptor.

uPAR expression
In pancreatic adenocarcinoma, uPAR expression was detected in both neoplastic 
cells and tumor-associated stroma cells, including myofibroblasts and other 
mesenchymal cell, as identified by staining for α-SMA and vimentin (Figures 1 and 
2). uPAR expression was elevated in neoplastic cells in 66% of the cases (n = 81) and 
in tumor-associated cells in 82% (n = 100). A significant correlation (P < 0.001) was 
found between uPAR expression in neoplastic and tumor-associated stromal cells. 
About 62% (n = 75) of the patients with pancreatic adenocarcinoma demonstrated 
uPAR overexpression in both neoplastic and tumor-associated tumor cells.

The uPAR expression in stromal cells was significantly associated (p = 0.049) 
with age < 65 years, whereas uPAR expression in both neoplastic and stromal cells 
correlated (p = 0.015) with more advanced pT-stage. No association was found 
between baseline clinicopathological characteristics and uPAR expression in either 
neoplastic and/or stromal cells (Table 1).

Table 1. Continued.
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Overall survival
At time of analysis, 91% (n = 111) of the study population was deceased. The median 
overall survival in the overall cohort was 17 months (95% CI, 15 – 19 months). 
Using univariate analysis, age, sex, tumor location, pT-stage, tumor differentiation, 
and treatment with adjuvant therapy (log-rank p = 0.382) were not associated with 
overall survival. However, positive lymph nodes, uPAR expression in neoplastic cells 
(median OS, 14 vs. 23 months; Figure 2A), uPAR expression in stromal cells (median 
OS, 16 vs. 21 months; Figure 2C), and uPAR expression in both neoplastic and 
stromal cells (median OS, 13 vs. 24 months; p < 0.001; Figure 2E) were significantly 
predictive for OS (Table 2).

Figure 1. Representative images of pancreatic adenocarcinoma showing low uPAR expression 
in neoplastic epithelial (arrow) and stromal cells (arrow head). (A) Low uPAR expression; (B) 
uPAR expression only in stromal cells; uPAR expression in stromal and neoplastic cells (C, D) 
(200x magnification). uPAR; urokinase plasminogen activator receptor.
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Figure 2. Representative images of immunohistochemical staining’s on consecutive tissue 
sections demonstrating the presence of urokinase plasminogen activator receptor (A, D), 
vimentin (B, E) and alpha smooth muscle actin (C, F) in pancreatic adenocarcinoma (200x 
magnification). Arrows and arrow heads indicate respectively epithelial and stromal cells. The 
insert in A represents the 1000x magnification of the area with arrow and arrow head. 

Table 2. Uni- and multivariate Cox proportional hazard regression analyses for the predictive 
value of uPAR expression on overall survival of pancreatic adenocarcinoma patients.

Covariates Univariate analysis Multivariate analysis
(Model 1)

Multivariate analysis
(Model 2)

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value

Age (≥65 vs. 65 years) 1.11 0.76 – 1.60 0.598

Sex (male vs. female) 1.38 0.95 – 2.00 0.096

pT-stage (pT3-4 vs. pT1-2) 1.46 0.99 – 2.17 0.058

pN-stage (pN1 vs. pN0) 1.86 1.16 – 3.00 0.011 1.96 1.21 – 3.15 0.006 1.92 1.19 – 3.08 0.007

Tumor differentiation*
(well/moderately vs. poorly)

1.24 0.80 – 1.91 0.340

uPAR in neoplastic cells
(high vs. low)

1.93 1.28 – 2.91 0.002 1.83 1.17 – 2.85 0.008

uPAR in stromal cells
(high vs. low)

1.70 1.03 – 2.81 0.036 1.31 0.76 – 2.25 0.334

uPAR in neoplastic and 
stromal cells (high vs. low)

2.27 1.52 – 3.40 <0.001 2.31 1.55 – 3.45 <0.001

*Tumor differentiation was available for 75% (n = 95) of the population; significant p-values are bold; CI, confidence 
interval; HR, hazard ratio; n, number; uPAR, urokinase plasminogen activator receptor. 
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In multivariate analysis, positive lymph nodes and uPAR expression in neoplastic 
cells were independent prognostic factors for OS, but uPAR expression in stromal 
cells did not keep its significance. On separate multivariate analysis, positive 
lymph nodes, and uPAR expression in both neoplastic and stromal cells were also 
significant prognostic factors for OS in pancreatic cancer (Table 2).

Disease-free survival
35% (n = 35) of all patients reported local recurrence, 63% (n = 64) distant 
recurrence, 42% (n = 42) liver metastasis, 22% (n = 22) lung metastasis, and 20% 
(n = 20) local and distant recurrence. uPAR expression in stromal cells (p = 0.018) 
was associated with the development of liver metastases. No correlations between 
uPAR expression and specific types of recurrence were found (Table 3).

Table 3. Recurrence by uPAR expression in pancreatic adenocarcinoma patients.

Characteristics uPAR in neoplastic 
cells

uPAR in stromal cells uPAR in neoplastic 
and stromal cells

Low
(n = 34)

High
(n = 67)

p-value Low
(n = 18)

High
(n = 83)

p-value Low
(n = 40)

High
(n = 61)

p-value

Local recurrence* 13 (38%) 22 (33%) 0.590 7 (39%) 28 (34%) 0.677 17 (43%) 18 (30%) 0.180

Distant recurrence* 18 (53%) 46 (69%) 0.121 10 (56%) 54 (65%) 0.448 21 (53%) 43 (71%) 0.066

Liver metastasis* 10 (29%) 32 (48%) 0.077 3 (17%) 39 (47%) 0.018 11 (28%) 31 (51%) 0.020

Lung metastasis* 7 (21%) 15 (22%) 0.836 5 (28%) 17 (21%) 0.497 9 (23%) 13 (21%) 0.887

Local and distant 
recurrence*

5 (15%) 15 (22%) 0.360 4 (22%) 16 (19%) 0.776 8 (20%) 12 (20%) 0.968

* Recurrence was documented for 83% (n = 101) of the cohort; significant p-values are bold; n, number; uPAR, 
urokinase plasminogen activator receptor.

In univariate analyses, age, sex, tumor location (log-rank p = 0.727), pT-stage, 
tumor differentiation, and receipt of adjuvant therapy (log-rank p = 0.245) did 
not demonstrate predictive value for DFS. However, positive lymph nodes, uPAR 
expression in neoplastic cells (median DFS, 11 vs. 16 months; Figure 2B), and 
uPAR expression in both neoplastic and stromal cells (median DFS, 10 vs. 16 
months; Figure 3F) were significantly associated with poor survival (Table 4). The 
association of uPAR expression in stromal cells with OS did not reach statistical 
significance (median DFS, 11 vs. 15 months; HR, Figure 2D). 

Multivariate analysis showed that positive lymph nodes, uPAR expression in 
neoplastic cells and uPAR expression in both neoplastic and stromal cells were 
independently associated with poor DFS (Table 4).
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Figure 3. Kaplan-Meier curves for overall and disease-free survival for pancreatic adenocarci-
noma patients after surgical treatment, stratified by the status of uPAR expression in neoplastic 
cells (A, B), uPAR expression in stromal cells (C, D), and in both neoplastic and stromal cells (E, 
F). n, number; uPAR; urokinase plasminogen activator receptor.
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Table 4. Uni- and multivariate Cox proportional hazard regression analyses for the predictive 
value of uPAR expression on disease-free survival in pancreatic adenocarcinoma patients.

Covariates Univariate analysis Multivariate analysis
(Model 1)

Multivariate analysis
(Model 2)

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value

Age (≥65 vs. 65 years) 1.03 0.71 – 1.49 0.892

Sex (female vs. male) 1.21 0.83 – 1.76 0.319

pT-stage (pT3-4 vs. pT1-2) 1.01 1.00 – 1.03 0.153

pN-stage (pN1 vs. pN0) 1.86 1.15 – 2.99 0.011 1.95 1.21 – 3.14 0.006 1.91 1.19 – 3.08 0.007

Tumor differentiation*
(well/moderately vs. 
poorly)

1.16 0.75 – 1.80 0.511

uPAR in neoplastic cells
(high vs. low)

1.72 1.15 – 2.58 0.009 1.66 1.06 – 2.58 0.025

uPAR in stromal cells
(high vs. low)

1.58 0.97 – 2.58 0.065 1.26 0.74 – 2.15 0.394

uPAR in neoplastic and 
stromal cells 
(high vs. low)

2.00 1.34 – 2.98 0.001 2.05 1.37 – 3.04 <0.001

* Tumor differentiation was available for 75% (n = 95) of the population; significant p-values are bold; CI, confidence 
interval; HR, hazard ratio; n, number; uPAR, urokinase plasminogen activator receptor

Discussion

Outcomes after resection for pancreatic adenocarcinoma are variable and contingent 
on both the biology of the disease and the efficacy of the treatment. Determination of 
proteins or pathways that increase risk of recurrence and impair survival might be 
helpful to assist with the selection of pancreatic cancer patients who could benefit 
from (neo)adjuvant and targeted therapies. The results of this immunohistochemical 
study reveal a significant inverse correlation between uPAR expression and OS and 
DFS of pancreatic cancer patients. The prognostic impact of uPAR in stromal cells is 
striking, but it is not an independent parameter, like uPAR expression in neoplastic 
cells.

Relatively few studies have analyzed tissue expression of uPAR and its associa-
tion with prognosis in pancreatic cancer [27]. In 1997 Cantero and co-workers were 
the first to report worse survival for patients with high uPAR positive pancreas 
tumors in a small cohort of 30 patients [15]. Although they noticed uPAR staining in 
malignant epithelial cells and stroma cells, they did not correlate these separately 
with survival. More than 10 years later the level of uPAR mRNA was shown not to 
be correlated with prognosis in a small cohort of 25 patients, whereas in another 
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study with 46 patients uPAR mRNA appeared to be the strongest biological prog-
nostic marker [28, 29]. The prognostic association of uPAR with pancreatic cancer 
was further confirmed by the measurement of high levels of soluble uPAR in urine 
of these patients [30]. Our data, in a relatively large cohort of pancreatic cancer 
patients, confirm the association between uPAR and survival. This suggests a role 
for uPAR as a potential independent indicator for the identification of higher risk 
patient subgroups, like has been found for other tumor types, including colorectal, 
breast, and lung cancer [20, 31, 32].

uPAR enhancement on malignant cells can partly be explained by oncogenic 
amplification of the PLAUR gene, as has been identified by Ströbel and co-workers 
in 52% of the cases in a cohort of 50 pancreatic cancer patients [22]. However, uPAR 
up-regulation in neoplastic cells is not dependent solely on gene amplification, as 
uPAR expression is also up-regulated by several oncologic pathways in which tran-
scription factors like AP1 and PEA3/ETS are involved [11]. Furthermore, environ-
mental factors like TNF-α and interleukins can enhance uPAR expression, which 
could partly explain the up-regulation in tumor stromal cells, like myofibroblasts, 
macrophages and endothelial cells [33]. Up-regulation of uPAR in these cells has no 
genetic background and is primarily a response to signals from the cancer cells. The 
association of uPAR up-regulation in stromal cells with survival, as found in this 
study, turned out not to be independent in multivariate analyses, like has been found 
in other tumor types [21, 34-36]. However, in these other tumors the uPAR positive 
stromal cells were often located at the invasive front, which seems not specifically 
the case for uPAR expressing stromal cells in pancreatic cancer.

Just the presence of uPAR on certain cell types does not contribute to the malig-
nancy of a tumor and could not explain a prognostic relevance. As a receptor, uPAR is 
strongly dependent on its interaction with other proteins for its functions [11]. The 
most obvious function of uPAR is the stimulation of proteolysis, which does not exist 
without the presence of plasminogen and uPA, and is otherwise tightly regulated 
by the presence of inhibitors PAI-1 and PAI-2. The chemotactic function of uPAR 
depends on cleavage by uPA, where again the inhibitors play a regulatory role. Also, 
uPAR-mediated intracellular signaling relies on the binding of uPA, vimentin, and 
several integrins as ligands. Because uPAR itself does not contain an intracellular 
domain, these signals are transduced by other, ‘professional’ signaling proteins with 
transmembrane and intracellular domains like tyrosine kinase receptors, g-protein 
coupled receptors, and integrins [37]. All these interactions between uPAR and other 
proteins, plus the shedding of one of the 3 domains by uPA influence the 3-dimen-
sional structure of uPAR. Therefore, it is well established that different anti-uPAR 
antibodies with varying epitope specificity result in different immunohistochemical 
staining patterns [38]. Obviously, part of the discrepancies regarding the prognostic 
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value of uPAR in pancreatic cancer described in the literature may be explained by 
the use of antibodies targeting different domains within the uPAR protein. In the 
present study the extensively validated antibody ATN-615 was used, which detects 
almost all forms of uPAR, probably explaining the abundant presence of uPAR in 
multiple cell types in comparison with some other studies [24].

Another difference with previous studies is the use of a TMA, which might also 
be the biggest limitation of this study. Although the tumor areas were carefully 
selected to represent a complete overview of the tumor, the possibility of discrepant 
patterns of uPAR in comparison with conventional tissue sections is not ruled out. 
However, previous studies in breast cancer demonstrated that analysis of at least 
two cores on the tissue micro array is comparable to the analysis of whole tissue 
sections in >95% of cases [39]. Another restriction of this study is that patients 
with metastatic unresectable disease at time of diagnosis could not be included, 
since these patients rarely have adequate tissue for detailed immunohistochemical 
evaluation. Considering the uPAR distribution in stage and grade, it seems not likely 
that including these patients with expected bad prognosis would have influenced 
the analysis dramatically.

Next to a possible application as prognostic marker, uPAR may also hold 
promise as a selective target for either tumor-specific image-guided surgery or 
targeted-therapy, because of its absence in normal pancreatic tissue and chronic 
pancreatitis [40, 41]. A pre-clinical study has indeed demonstrated the ability of 
uPAR-targeted NIR-dye-labelled theranostic nanoparticles, to visualize residual 
disease in pancreatic xenografts [42]. Furthermore, uPAR-targeted magnetic iron 
oxide nanoparticles carrying gemcitabine were able to overcome the tumor stromal 
barrier and subsequently were able to enhance the efficiency of the drug. This is 
particularly relevant, as high resistance to therapy is a major challenge in pancreatic 
cancer care [43, 44].

Conclusion

In summary, this study demonstrates in a relatively large cohort of pancreatic 
adenocarcinoma patients, that uPAR expression, in particular determined in 
stromal cells as well as in cancerous cells, is predictive for unfavorable OS and DFS. 
Evaluation of uPAR expression, alone or in combination with other predictive factors, 
may improve the identification of patients who could benefit from more aggressive 
treatment. Although the combination of uPAR determination in neoplastic cells and 
stromal cells seemed to have the highest prognostic impact, further studies for 
better understanding of the mechanisms involved are still necessary.
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Abstract 

R0 resection is paramount in cutaneous squamous cell carcinoma (CSCC) and head-
and-neck squamous cell carcinoma (HNSCC). However, in the setting of recurrence, 
immunocompromised patients or non-keratinizing squamous cell carcinoma (SCC) 
with spindled growth pattern, tumor borders are difficult if not impossible to 
determine. Fluorescence-guided surgery (FGS) aids in this differentiation. 

Methods & Results: Potential targets for FGS of CSCC and HNSCC were evaluated. 
Most sections stained intensely for αvβ6 and epidermal growth factor receptor 
(EGFR) on tumor cells. However, normal epithelium stained less for αvβ6 than EGFR. 
Soft tissue and stroma stained negative for both, allowing for clear discrimination 
of the soft tissue margin. Tumor cells weakly expressed urokinase plasminogen 
activator receptor (uPAR) while expression on stromal cells was moderate. Normal 
epithelium rarely expressed uPAR resulting in clear discrimination of superficial 
margins. Tumors did not consistently express integrin β3, carcinoembryonic antigen, 
epithelial cell adhesion molecule and vascular endothelial growth factor A. 

Conclusion: In conclusion, αvβ6 and EGFR allowed for precise discrimination of 
SSC at the, for surgeons, problematic soft-tissue margins. Superficial margins are 
ideally distinguished with uPAR. In the future, FGS in the surgically challenging 
setting of cutaneous and mucosal SCC could benefit from a tailor-made approach, 
with EGFR and αvβ6 as targets.
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Introduction

Cutaneous squamous cell carcinoma (CSCC) accounts for roughly 20% of all skin 
malignancies and unlike the most common skin cancer, basal cell carcinoma, has 
a substantial risk of metastasizing [1]. Furthermore, recurrence rates can exceed 
50% in patients with high risk factors such as head-and-neck localization, perineural 
involvement, or immunosuppression [2-5]. In all these cases, local control by 
achieving tumor free margins is paramount in decreasing the risk for metastasis 
and recurrence [6].

Head-and-neck squamous cell carcinoma (HNSCC) arises from the mucosal epithe-
lium of the oral cavity, nasal cavity, paranasal sinuses and pharynx [7]. By incidence, 
these tumors are the eight most common cancer types worldwide and account for 
more than 400,000 deaths annually [8]. Although the last decades have led to signif-
icant insights into the risk factors, carcinogenesis, and therapeutic possibilities of 
HNSCC, the 5-year mortality rate is still around a devastating 50% [9]. Considering 
that incomplete resection rates are currently at 15-30% and are directly associated 
with poor patient outcomes, a significant gain can be achieved by decreasing positive 
margin rates [10-12].

Margins are tumor-positive in 6.3-12.8% of tumor resections of cutaneous and 
mucosal squamous cell carcinomas (SCC) of the head-and-neck region [13, 14]. Espe-
cially in the setting of recurrence after previous R1 resection or irradiation, immuno-
compromised patients or non-keratinizing SCC with spindled growth pattern, tumor 
borders are difficult if not impossible to determine. In these high-risk cases, irradical 
resection rates can be up to 60% and local recurrence rates as high as 50% [2, 14]. To 
reduce the number of positive resection margins, fluorescence-guided imaging (FGS) 
has been introduced into the operating theaters. FGS grants a unique opportunity to 
visualize tumors and possible (nodal) metastasis using an advanced camera system 
and fluorescently labeled tracers targeting specific membrane-associated proteins 
on cancer cells [15]. Proper identification of tumor-specific targets for molecular 
imaging is key to the success of FGS [16, 17]. For HNSCC the epidermal growth factor 
receptor (EGFR) has been identified as a suitable candidate and various exploratory 
preclinical and clinical trials have indicated the potential of this concept in aiding 
surgeons during head-and-neck tumor removal [18, 19]. However, an appropriate 
study comparing the expression of molecular targets suitable for rapid translation 
towards the clinic in HNSCC and CSSC for the goal of FGS has not yet been undertaken.

Therefore, this study aims to compare the immunohistochemical expression of 
EGFR versus αvβ6, integrin β3, carcinoembryonic antigen (CEA), epithelial cell adhesion 
molecule (EpCAM), urokinase plasminogen activator receptor (uPAR) and vascular 
endothelial growth factor A (VEGF-A) as targets for FGS of high-risk CSCC and HNSCC. 

3
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Materials and methods

Patient and tissue selection
Medical records of patients who underwent surgical resection for confirmed 
squamous cell carcinoma at the department of Otorhinolaryngology and Head & 
Neck Surgery of the Leiden University Medical Center between January 2014 and 
February 2019 were retrospectively reviewed. Patients were sub-grouped based 
on tumor localization (CSCC n = 37, HNSCC n = 19). Clinicopathological data were 
collected to assess the immune status of the patients. Patients with a positive history 
for an organ transplant at least one year before tumor occurrence and subsequent 
use of immune-suppressive medication were considered immune-compromised. 
Patients who did not have a transplant history but used immune-suppressive 
medication in the year before their tumor-associated surgery were regarded as 
possibly immune-compromised. Immune-competent patients had no history of 
transplant or immune-suppressive drug use.

Tissue samples were selected based on the simultaneous presence of tumor 
tissue, surrounding unaffected tissue, and pre-existent normal squamous epithe-
lium. A specialized, experienced pathologist (DC) reviewed the tissue samples before 
inclusion in the study. The local ethics review board (Medische-Ethische Toets-
ingscommissie Leiden Den Haag Delft (METC-LDD)) approved the study protocol 
and research was conducted according to Code Goed Gebruik (Human Tissue and 
Medical Research: Code of conduct for responsible use (2011)) and Code Goed 
Gedrag (Code of Conduct for Medical Research (2004)). Both codes are prescribed 
by the Dutch Federation of Medical Scientific Societies. Informed consent was not 
needed for this study. Samples and data were non-identifiable and used in accor-
dance with the 1964 Helsinki declaration.

Antibodies and reagents
The molecular target selection was based on both the potential of a quick clinical 
translation (EGFR, CEA, EpCAM, VEGF-A) and the potential specificity for squamous 
cell carcinoma (αvβ6, integrin β3 and uPAR). The antibodies and reagents used for the 
immunohistochemical stainings can be found in supplementary table 1.

Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue blocks from the department of Pathology 
of the Leiden University Medical Center were collected and sliced into tissue sections 
of 4 µm. Sections were deparaffinized in xylene and rehydrated via serially diluted 
ethanol solutions. Endogenous peroxide was blocked for 20 minutes with 0.3% 
hydrogen peroxide diluted in demi-water. When appropriate, antigen retrieval 
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was performed as described in supplementary table 1. Subsequently, sections 
were incubated overnight at room temperature with the primary antibody. 
Optimal dilution for each of the primary antibodies was determined beforehand 
on squamous cell tissue (see supplementary table 1). Slides were washed three times 
with phosphate-buffered saline (pH 7.5) before incubating the slides for 30 minutes 
at room temperature with the secondary antibody, followed by another washing 
step. Staining was visualized with 3,3-diaminobenzidine tetrahydrochloride 
solution (Dako, K3468) for 5 minutes at room temperature and counterstained for 
20 seconds with hematoxylin (Klinipath 4085.9002). After dehydration of the slides, 
they were mounted in Pertex (Histolab, 0081EX).

Immunohistochemistry analysis
Stained sections were digitized with the Panoramic Digital Slide Scanner and viewed 
with CaseViewer 2.3 (both from 3D Histech). Evaluation of immunohistochemical 
staining of all tissues occurred independently by two observers after a training 
period by an experienced pathologist. Upon disagreement, observers discussed 
together to reach a consensus. If no agreement could be reached, the pathologist 
determined the final score. Expression of each molecular biomarker was assessed 
for presence on tumor, stromal, and normal squamous epithelial cells based on 
an intensity and percentage score. The intensity was subdivided in four groups 
(0 = none, 1 = weak, 2 = moderate, 3 = intense) and the percentage of cells in five 
groups (0 = 0-5 %, 1 = 6-25%, 2 = 26-50%, 3 = 51-75%, 4 >75%). The final intensity 
and percentage scores were multiplied together to get a total score, resulting in a 
9-point ordinal scale (0, 1, 2, 3, 4, 6, 8, 9, 12).

Whether the biomarker was suitable as a molecular tumor-imaging target was 
assessed by the newly introduced tumor-border score (TBS). Relevant for tumor 
imaging is the difference in expression of the biomarker between cancerous and 
non-cancerous tissue, whether that be normal epithelium, subcutaneous tissue or 
other soft tissue [20]. For the TBS an imaginary line was drawn on the H&E stained 
slide along the tumor border by the pathologist and the difference in intensity 
between the tumor area and non-cancerous tissue (0 = no difference, 1 = slight 
difference, 2 = moderate difference, 3 = large difference) and the percentage of 
border that contained this difference (0 = 0-5 %, 1 = 6-25%, 2 = 26-50%, 3 = 51-75%, 
4 >75%) was scored. These scores were multiplied, resulting in a 9-point ordinal 
scale (0, 1, 2, 3, 4, 6, 8, 9, 12) indicating the usefulness of the molecular target for 
tumor-imaging. Supplementary Figure 1 contains examples.

3
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Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 23.0 (SPSS, IBM 
Corporation). Results were reported as medians followed by the 1st and 3rd quartile 
in brackets. The Kruskal-Wallis one-way ANOVA test with Dunn’s post hoc test and 
Bonferroni correction determined the difference of staining between patients with 
various immune-status. Results of p < 0.05 were considered statistically significant.

Results

Patient characteristics
Tumor tissue from 56 patients, 37 with CSCC and 19 with HNSCC, treated at the 
Department of Otorhinolaryngology and Head & Neck Surgery in the Leiden 
University Medical Center were included in the study and stained for the biomarkers. 
Clinical characteristics of this cohort are included in table 1. Importantly, 25.0% 
(14/56) of patients had involved margins, and 21.5% (12/56) had narrow 
margins (<3 mm). Furthermore 37.8% (14/37) of CSCC patients were immune-
compromised, 18.9% (7/37) potentially immune-compromised, and 43.2% (16/37) 
not immune-compromised. As the compromised patients represent an important 
group of high-risk cases, a sub-group analysis was performed with the three most 
promising biomarkers to determine whether immunosuppression altered biomarker 
expression.

Table 1. Characteristics of high-risk SCC patients subdivided by origin: CSCC vs HNSCC. 

Characteristics Total Population (n = 56) CSCC (n = 37) HNSCC (n = 19)

Age, mean (SD) 70 (11) 72 (10) 67 (11)

Male gender, n (%) 49 (87.5%) 34 (91.9%) 15 (78.9%)

Tumor differentiation, n (%)

Well differentiated 4 (7.1%) 3 (8.1%) 1 (5.3%)

Moderately differentiated 18 (32.1%) 8 (21.6%) 10 (52.6%)

Poorly differentiated 10 (17.9%) 8 (21.6%) 2 (10.5%)

Missing 24 (42.9%) 18 (48.6%) 6 (31.6%)

Primary tumor, n (%)

pT1 31 (55.3%) 22 (59.5%) 9 (47.4)

pT2 11 (19.6%) 10 (27.0%) 1 (5.3%)

pT3 4 (7.1%) 2 (5.4%) 2 (10.5%)

pT4 10 (17.9%) 3 (8.1%) 7 (36.8%)

Regional lymph nodes, n (%)

cN0, pN not assessed 41 (73.2%) 32 (86.5%) 9 (47.4%)
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Table 1. Continued.

Characteristics Total Population (n = 56) CSCC (n = 37) HNSCC (n = 19)

pN0 8 (14.3%) 1 (2.7%) 7 (36.8%)

pN1 2 (3.6%) 1 (2.7%) 1 (5.3%)

pN2 5 (9.0%) 3 (8.1%) 2 (10.5%)

Surgical margin status, n (%)

R0 30 (53.6%) 19 (51.4%) 11 (57.9%)

Narrow 12 (21.4%) 7 (18.9%) 5 (26.3%)

R1 14 (25.0%) 11 (29.7%) 3 (15.8%)

Immune Status, n (%)

Compromised n.a. 14 (37.8%) n.a.

Potentially Compromised n.a. 7 (18.9%) n.a.

Not compromised n.a. 16 (43.2%) n.a.

CSCC, cutaneous squamous cell carcinoma; HNSCC, head-and-neck squamous cell carcinoma; n, number; n.a., not 
applicable; SD, standard deviation; SCC, squamous cell carcinoma.

EGFR immunohistochemical staining
For EGFR, there was intense membranous staining of tumor cells, whereas a rare 
tumor also stained weakly in the tumor stroma cell population and subcutaneous 
tissue. Besides staining within the tumor, normal squamous epithelium and skin 
adnexa also expressed EGFR in similar intensity as found in the tumor (Figure 1A). 
This resulted in the following staining scores for tumor cells, stromal cells and 
normal epithelium: 12 (12, 12), 0 (0, 1), 12 (9, 12) respectively (Figure 1B). 

Figure 1. EGFR expression of SCC of the head-and-neck. (A) HE and EGFR immunohistochemical 
staining showing the results of a typical tumor (left), normal squamous epithelium and skin 
adnexa (middle), and a superficial tumor (right). (B) Graph demonstrating the distribution of 
the immunohistochemical staining scores for tumor cells, stromal cells, normal epithelium and 
TBS. EGFR, epidermal growth factor receptor; HE, hematoxylin & eosin; SCC, squamous cell 
carcinoma; TBS, tumor-border score.

αvβ6 immunohistochemical staining
αvβ6 showed a clear membranous presence and tumor cells were intensely positive 
with no expression in the tumor stroma. There was varied expression in normal 
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squamous tissue that was mostly restricted to the basal membrane. In well-
differentiated tumor areas, only tumor cells of the ‘pearl-like structures’ in contact 
with the stroma stained positive, leaving the core unstained.

Interestingly, an ‘on/off’ phenomenon was seen in CSCC patients, with 13% 
(n = 5) of patients showing no or minimal staining of tumor cells (Figure 2A). Occa-
sionally muscle tissue showed a weak membranous and cytoplasmic staining. The 
resulting staining scores for αvβ6 were 12 (9, 12), 0 (0, 0) and 3 (2, 6) for tumor cells, 
stromal cells and normal epithelium, respectively (Figure 2B).

Figure 2. αvβ6 expression of SCC of the head-and-neck. (A) HE and the corresponding αvβ6 immu-
nohistochemical staining showing the results of a positive tumor (left), negative tumor (middle) 
and normal squamous epithelium. (B) Graph demonstrating the distribution of the immuno-
histochemical staining scores for tumor cells, stromal cells, normal epithelium and TBS. HE, 
hematoxylin & eosin; SCC, squamous cell carcinoma; TBS, tumor-border score.

uPAR immunohistochemical staining
uPAR expression was seen in most tumors but with different staining patterns. 
In 34% (n = 18) of tumors more than half of the tumor cells stained with the 
uPAR antibody and in 64% (n = 34) of cases more than half of the stromal cells 
stained positive (Figure 3A). Stromal cells expressing uPAR were tumor-associated 
macrophages, fibroblasts, and neo-angiogenic endothelium found at the invasive 
margin. Except for two cases, the normal epithelium was consistently negative as 
was the surrounding subcutaneous tissue. One (1/53) case with a diffuse immune-
infiltrate also stained intensely. Median scores were 2 (1, 4), 6 (2, 8) and 0 (0, 0) for 
tumor, stromal and normal tissue, respectively (Figure 3B).

VEGF-A immunohistochemical staining
Tumors weakly expressed VEGF-A with antibody staining in both the tumor as well 
as the stromal compartment. Abundant VEGF-A expression was also seen regularly 
in normal squamous epithelium, blood vessels and muscle tissue, with both a 
membranous and intracellular presence (Figure 4A). The tumor median staining 
score was 3 (2, 4), while that of the stromal and healthy tissue was 1 (0, 2) and 2 
(1, 3), respectively.
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Figure 3. uPAR expression of SCC of the head-and-neck. (A) HE and uPAR immunohistochemical 
staining showing the results of uPAR expression on tumor cells (left), stromal cells (middle) 
and normal squamous epithelium. (B) Graph demonstrating the distribution of the immuno-
histochemical staining scores for tumor cells, stromal cells, normal epithelium and TBS. HE, 
hematoxylin & eosin; SCC, squamous cell carcinoma; TBS, tumor-border score; uPAR, urokinase 
plasminogen activator receptor.

Figure 4. Assessing target expression at the border of SCC using the TBS. (A) Representative 
HE and immunohistochemical stainings at 5x magnification from one single case of the border 
of a SCC with a branching growth pattern. Left of the dotted line is tumor tissue and right 
is surrounding tissue. (B) TBS categorized by location of the tumor (CSCC vs HNSCC) for all 
evaluated targets. CEA, carcinoembryonic antigen; CSSC, cutaneous squamous cell carcinoma; 
EGFR, epidermal growth factor receptor; EpCAM, epithelial cell adhesion molecule; HE, hema-
toxylin & eosin; HNSCC, head-and-neck squamous cell carcinoma; TBS, tumor-border score; 
uPAR, urokinase plasminogen activator receptor; VEGF-A, vascular endothelial growth factor-A.
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Integrin β3 immunohistochemical staining
Integrin β3 expression was mostly absent on tumor cells except for occasional well-
differentiated tumors, where it stained the outer cells weakly. As expected, most of 
the tumor staining was seen on the endothelium, both in and outside of the tumor 
compartment (Figure 4A). This resulted in median staining scores of 0 (0, 2), 3 (2, 3) 
and 0 (0, 0) for tumor, stromal and healthy squamous epithelium tissue, respectively.

EpCAM and CEA immunohistochemical staining
EpCAM and CEA were not consistently expressed on tumor, stromal or normal tissue 
compartments. The median staining scores for CEA were 0 (0, 2), 0 (0, 0) and 0 (0, 
0) for tumor, stromal and normal cells, respectively.

Introducing the tumor-border score (TBS) for evaluation of EGFR as target for 
FGS
The appropriateness of a molecular marker for FGS could be semi-quantitatively 
evaluated by the novel tumor-border score (TBS). By drawing an imaginary line 
between the tumor and surrounding normal tissue and comparing the percentage 
and intensity of cells staining the TBS compares tumor and surrounding 
tissue expression across all margins, whether these are mucosal or soft-tissue 
(Supplementary Figure 1). The TBS method was assessed using EGFR because its 
utility has already been demonstrated in clinical trials. The median TBS was 12 
(8, 12) for all tumors (n = 54) and did not differ, particularly between CSCC and 
HNSCC (Figure 4B). As both tumor cells and healthy squamous epithelium tissue 
scored high for EGFR, superficial tumors with mostly superficial margins resulted 
in a relatively low TBS.

TBS of the other molecular targets
Figure 4A shows images of a representative case of SCC from the head-and-neck 
region stained for all seven evaluated targets and with their respective TBS. Integrin 
β3, CEA and EpCAM were not suitable targets for FGS with TBS of respectively 0 
(0, 3), 0 (0, 0) and 0 (0, 0), as indicated in Figure 4B. VEGF-A presented a low TBS 
with a median score of 2 (1, 3), as expression was also seen in normal epithelium, 
endothelium and muscle tissue. A moderate TBS was achieved with the uPAR 
staining resulting in a median score of 6 (3, 8), mostly because, although uPAR 
expression was present, it rarely stained intensely. Lastly, αvβ6 integrin resulted 
in the highest median TBS of 12 (8, 12), even though 11% (n = 6) of cases did not 
stain positive in the tumor cells resulting in a TBS of 0 for these cases (Figure 4B).
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Target expression in immune-compromised patients
Patients with an immune-compromised status inherently have a higher risk of 
developing cutaneous squamous cell carcinomas [21, 22]. On top of the increased 
incidence these tumors have a more insidious course of disease justifying the need 
for fluorescence-guided resections [23]. Whether the same molecular targets could 
be used for this subset of CSCC patients was assessed by using the results of the 
candidates that proved usable by the TBS scores, i.e. EGFR, αvβ6 and uPAR. There was 
a significant difference in tumor αvβ6 expression between immune status, X2 = 6.362, 
p = 0.042, with a mean rank score of 14.11 for immune-compromised, 22.46 for 
competent and 16.86 for possibly compromised patients. Post hoc testing provided 
evidence that there was a significant difference between the immune-compromised 
and competent patients (p = 0.038, adjusted using the Bonferroni correction). The 
other pairs revealed no significant difference. uPAR and EGFR showed no differences 
across immune status.

Discussion

Considering that incomplete resection rates of high-risk CSCC and HNSCC are 
currently as high as 60%, and are directly associated with poor patient outcomes, 
finding methods to decrease positive margins is of vital importance. FGS with 
targeted fluorescent tracers offers a unique opportunity to provide real-time 
visual feedback on the location of the resection margins and possible presence of 
metastasis without altering the view of the operative field [15]. However, crucial 
for the successful application of fluorescence imaging is the selection of appropriate 
tracers [20]. Ideal tracers will target cell membrane-associated proteins that are 
overexpressed in cancerous and absent in non-cancerous tissue.

With these characteristics in mind, we evaluated seven molecular imaging 
tracers that are currently in various stages of clinical translation for their potential 
as suitable molecular targets for FGS of SSC of the head-and-neck region. Our results 
show that EGFR, αvβ6 and uPAR are promising targets. Importantly, our data, 
including a wide variety of patients and settings, underline that a one-size-fits-all 
approach is not feasible: EGFR allowed clear delineation between CSCC or HNSCC and 
surrounding tissue, except in areas where normal squamous epithelium, glands and 
adnexa where in proximity to the tumor, and αvβ6 showed intense tumor expression 
with minimal staining in the basal layer of the dermis but also exhibited an ‘on/off’ 
phenomenon [24-30]. Lastly, uPAR showed tumor-specific heterogeneous staining 
patterns in both tumor and stromal cells [20, 30-32].

3
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Considering these results, in the future, a three-tiered approach can be visual-
ized to determine whether FGS is indicated and what tracer should be ideally used 
(Figure 5A). Initially, HNSCC and CSCC should be differentiated. For HNSCC αvβ6 is 
preferred over EGFR due to its lower expression in normal squamous epithelium. 
For cutaneous lesions, a further distinction should be made between cases of high 
and low metastatic risk. With low-risk tumors, FGS is not mandatory while the 
biopsies of high-risk patients should be stained immunohistochemically for αvβ6 
after which the most appropriate tracer can be used. As expression was homoge-
neously positive in the whole tumor for both markers, false-positives or false-nega-
tives in tumor biopsies due to tumor heterogeneity should not be a problem. In αvβ6 

negative cases where superficial margins are possibly tumor-positive, surgeons can 
opt for uPAR-targeting tracers (Figure 5B). 

Figure 5. (A) Proposed algorithm to decide what target to use during FGS of squamous cell 
carcinoma of the head-and-neck region. (B) Illustrations depicting, based on the immunohis-
tochemical results, where fluorescence would be expected during FGS using EGFR-, αvβ6- or 
uPAR-based probes. Dark green represents more fluorescence than light green. CSCC, cutaneous 
squamous cell carcinoma; EGFR, epidermal growth factor receptor; FGS, fluorescence-guided 
surgery; HNSCC, head-and-neck squamous cell carcinoma; IHC, immunohistochemistry; SCC, 
squamous cell carcinoma; uPAR, urokinase plasminogen activator receptor. * as determined by 
the NCCN or AJCC criteria for high-risk CSCC.

Expression of EGFR in normal squamous epithelium could lead to aggregation of 
tracer and subsequent fluorescence in the mucosa or skin. To circumvent this effect, 
preloading with unlabeled tracer has been performed in oral cancer clinical trials 
evaluating cetuximab and panitumumab based FGS [18, 33, 34]. However, recent 
studies have shown that off-target fluorescence still occurred after preloading 
and no difference in tumor-to-background ratios and mean fluorescent intensities 
between no loading and preloading cohorts exist [35, 36]. Consequently, the 
expression of EGFR in the normal squamous epithelium is a limiting factor, especially 
in superficial growing tumors.

Our data showed a puzzling disadvantage of αvβ6 as a target for FGS of CSCC, 
because of an ‘on/off’ phenomenon in the immunohistochemical staining. In 13% 
of cases, immunohistochemical staining was completely negative. A compromised 
immune status seemed to be associated with lower αvβ6 tumor expression. This is 
important as immune-suppressed patients represent a high-risk group for aggres-
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sive tumors and consequently challenging resections [21-23]. An explanation for 
the ‘on/off’ phenomenon remains to be elucidated. Mechanistically αvβ6 has been 
implicated in tumor genesis as direct upstream regulators of matrix metalloprotein-
ases and transforming growth factor-β (TGF-β), where the latter plays a vital role in 
the immune evasion of cancer cells [37, 38]. Theoretically, one could speculate that 
immune evasion is not an essential hallmark of cancer in immune-compromised 
patients and consequently αvβ6 regulating TGF-β loses its significance in tumor 
genesis. Nonetheless, whether our observations in a small cohort of patients and 
the pathway-related mechanisms are essential for specific subgroups of patients 
should be tested and confirmed in larger groups. While fluorescence-based clinical 
studies are currently being set up, an early PET/CT study demonstrated that the 
αvβ6 targeting tracer 68Ga-DOTA-SFITGv6 was more specific than 18F-FDG for the 
detection of cancerous lesions [39].

A disadvantage of uPAR encountered in this study appears to be the intensity of 
the immunohistochemical staining for uPAR, which was considerably less than for 
EGFR and αvβ6. This can probably be explained by the relatively low copy numbers 
of uPAR per cell even if more cells than the malignant tumor cells are targeted [40]. 
Furthermore, the low intensity might be a drawback of using the immunohistochem-
ical staining technique and might not be an issue for in vivo imaging. In fact, first 
in-human clinical trials with the uPAR AE-105 PET tracer have demonstrated the 
capability to identify primary and metastatic lesions of various tumor types, and 
currently 7 clinical trials, including one with HNSCC, are running to further assess 
the potential of uPAR-imaging [41, 42]. Regarding fluorescence molecular imaging, 
various groups have published advanced preclinical studies and clinical trials should 
be following soon [31, 43]. Ultimately, the advantage of performing fluorescent guided 
surgery with a uPAR targeting tracer, as opposed to EGFR or αvβ6 is the non-existent 
expression in normal tissue and the uPAR expression in stromal cells. Therefore, 
performing FGS with a uPAR targeting tracer will automatically also result in fluo-
rescent stromal cells and consequently removal of stroma by the surgeon. 

Limitations of this study include the semi-quantitative evaluation of targets and 
comparison of them. However, these are inherent to immunohistochemical methods 
[44]. Pivotal is the choice of primary antibodies. In this study, only antibodies were 
used that interacted with extracellular epitopes close to the binding-domain of the 
clinical tracers. Although clinical trials will need to confirm the binding character-
istics of the appropriate tracers, these antibodies give a fair indication of whether 
the extracellular domain of the target is present. Interpretation is further limited by 
the small sample size, especially for subgroup analyses. But even with large cohorts 
and validated antibodies, staining results can vary depending on the representative 
tumor specimen and scoring method chosen [45].
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For this study, the novel scoring method TBS was introduced, adapted to the 
purpose of evaluating targets for FGS. The TBS, using specimens that contain both 
tumor and surrounding tissue, evaluates the staining difference between the tumor 
border and surrounding tissue, allowing precise evaluation of whether a target is 
suitable for FGS. Often the expression between tumor and healthy cells is compared 
by comparing the tumor staining with its healthy counterpart and not the normal 
tissue surrounding the tumor. However, this does not account for the expression of 
the markers in the surgical, more troublesome, soft-tissue margins [46]. Another 
scoring method to evaluate markers for molecular imaging that has been used in 
the literature is the Target Selection Criteria (TASC) scoring system. In this score, 
targets are scored based on seven characteristics. However, the importance of 
certain criteria of the TASC score, for example, internalization of the probe, are 
questionable while other criteria, such as T/N of greater than 10, are challenging to 
measure [47]. All-in-all the TBS allows an alternative assessment for the suitability 
of a marker for FGS.

Conclusion

In conclusion, αvβ6 and EGFR allowed for precise discrimination of SSC at the often 
more problematic soft-tissue margins in CSCC and HNSCC. When superficial margins 
are at risk for irradical resection due to difficult clinical tumor delineation, uPAR is a 
promising target. In the future, FGS in the surgically challenging setting of high-risk 
CSCC and HNSCC could benefit from a tailor-made approach, with EGFR and αvβ6 
as promising targets. 
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Abstract 

The urokinase plasminogen activator receptor (uPAR) plays a multifaceted role in 
almost any process where migration of cells and tissue-remodeling is involved such 
as inflammation, but also in diseases as arthritis and cancer. Normally, uPAR, is 
absent in healthy tissues. By its carefully orchestrated interaction with the protease 
urokinase-plasminogen activator and its inhibitor (plasminogen activator inhibitor-
1), uPAR localizes a cascade of proteolytic activities, enabling (patho-)physiologic 
cell migration. Moreover, via the interaction with a broad range of cell membrane 
proteins, like vitronectin and various integrins, uPAR plays a significant, but not yet 
completely understood, role in differentiation and proliferation of cells, affecting 
also disease progression. The implications of these processes, either for diagnostics 
or therapeutics, have received much attention in oncology, but only limited beyond. 
Nonetheless, the role of uPAR in different diseases provides ample opportunity to 
exploit new applications for targeting. Especially in the fields of oncology, cardiology, 
rheumatology, neurology and infectious diseases, uPAR-targeted molecular imaging 
could offer insights for new directions in diagnosis, surveillance or treatment 
options.
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Introduction

Tissue remodeling is pivotal in embryonic development, tissue repair, and numerous 
pathologies. Temporary degradation of the extracellular matrix (ECM) is a delicate 
process requiring the careful coordination of proteases, receptors and cell-
signaling molecules where over-degradation can result in osteoarthritis, osteolysis, 
cardiomyopathy and invasion/metastasis of tumor cells, and where over-production 
of the ECM often leads to fibrosis [1]. It seems conceivable that monitoring of the 
process of matrix remodeling offers possibilities for diagnosis, surveillance, and 
possibly even treatment of the associated diseases. For clinical applications, such 
as biomedical imaging or therapy, a cell-associated target protein with a central 
role within the ECM remodeling process, but with limited expression in healthy 
tissue, would be helpful in identifying patient groups requiring more intensive 
monitoring or therapy. Furthermore, molecular imaging enables real-time imaging 
of pathophysiology, providing novel insights into disease processes that cannot 
be gathered with current techniques such as post-mortem tissue analysis or with 
animal models [2, 3]. 

Inherent to its nature, molecular imaging is fundamentally dependent on identi-
fying appropriate targets that are informative about the underlying pathophysiology 
of the process studied [4]. As targeting different epitopes on the same protein may 
influence the ability to image specific processes, formal description of the epitope is 
crucial. Important to realize is that differing epitopes on the same protein can alter 
the results and consequently, describing the epitope of interest is just as crucial [5, 
6]. Therefore, a key competence of targeted imaging is designing the best performing 
probe for the imaging modality of choice. The choices to be made are extensive and 
have already been covered in reviews elsewhere [7-9]. 

The urokinase plasminogen activator receptor (uPAR) holds a central position in 
ECM proteolysis, but, next to the proteolytic role, uPAR is also involved in cell-cell 
and cell-ECM interactions, regulating cell signaling and hereby controlling cell prolif-
eration, differentiation and migration [10]. uPAR is normally hardly found in healthy 
tissue, but it is present in virtually all human malignancies, associated with disease 
aggressiveness, allowing tumors to escape their original boundaries [11, 12]. As 
a result, the field of uPAR-based oncological imaging is progressing rapidly and, 
not surprisingly, various positron-emission tomography (PET)-based molecular 
imaging clinical trials are currently being conducted for diagnosing aggressive 
cancers and determining cancer aggressiveness (NCT02755675, NCT02945826, 
and NCT03307460) [13, 14]. 

The last two decades have revealed that uPAR is not only a central orchestrator 
in oncology but also in processes ranging from neurology to auto-immune diseases 
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[15, 16]. Likewise, by unravelling the various (patho-)physiological processes uPAR 
contributes to, novel opportunities to diagnose, treat or monitor diseases have been 
revealed. The current review aims to identify non-neoplastic diseases where uPAR 
is of pathophysiological relevance and elaborate on the molecular imaging oppor-
tunities this provides.

The urokinase plasminogen activator receptor: a central 
player in an extensive interactome

In 1985 uPAR was first identified on monocytes as the cell membrane-receptor of 
the urokinase plasminogen activator (uPA) [17, 18]. In the following 35 years uPAR 
has been identified, although often only expressed transiently, on, amongst others, 
fibroblasts, endothelial cells, epithelial cells, and neurons [11, 19]. Rather than being 
cell-specific, uPAR expression should be considered as process-specific with all 
cells being able to express uPAR, but only doing this at very specific events, such as 
the cell extravasation and migration observed during wound healing (Figure 1A). 
Consequently, most cells at rest have no uPAR on their cell membrane [11]. A closer 
look at uPAR-expressing cells reveals that uPAR is implicated in multiple processes 
where the balance of this determines the end result (Figure 1B).

To understand how uPAR can play such a diverse and central role, a careful exam-
ination of its structure needs to be made. uPAR is a 283 amino acid glycosylphospha-
tidylinositol (GPI)-anchored membrane protein consisting of three domains (D1-D3) 
linked by two flexible hinges (Figure 1C) [20]. These three domains form a concave 
surface where uPA can bind [21]. Subsequently, uPAR mediates its other, non-proteo-
lytic related effects via protein interactions on the outer surface. D1 and the hinge 
region between D1-D2 are vital for uPAR-vitronectin interactions, whereas various 
epitopes on D2-D3 interact with integrins, G protein-coupled receptors (GPCRs) and 
receptor tyrosine kinases like epidermal growth factor receptor, platelet-derived 
growth factor receptor, and insulin-like growth factor 1 receptor [22, 23]. With 
over 42 interacting proteins described, uPAR forms a central orchestrator of cell 
proliferation, differentiation, migration and survival [10, 22].

Classically, the function of uPAR is fairly straightforward. Without intracellular 
or transmembrane domains, uPAR primarily functions as a receptor for (pro-)uPA 
(Figure 1D) [24]. uPA is a serine protease that catalyzes the activation of the ubiqui-
tously present plasminogen into plasmin. Active plasmin degrades ECM-proteins by 
itself or via activation of latent matrix metalloproteases (MMPs) [25]. Localization 
of both the inactive form, pro-uPA, and active uPA to the cell surface, allows cells to 
focus extracellular matrix degradation towards the leading edge of the cell [26, 27]. 
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Figure 1. Overview of uPAR. (A) While usually quiescent in normal tissue, uPAR expression is 
observed transiently and locally during specific cellular processes such as extravasation and 
migration by wound healing. (B) At a cellular level, uPAR interacts in a multitude of pathways 
where the balance of each dictates the end result. (C) uPAR itself is a three domain extracellular 
structure linked to the plasma membrane by a GPI anchor. (D) Classically uPAR functions as 
receptor for urokinase plasminogen activator (uPA) which subsequently breaks down the ECM 
via plasminogen activation. (E) Intracellular signaling occurs via other receptors including 
vitronectin and integrins and can be uPA dependent and independent. (F) Internalization and 
recycling of uPAR occurs after a uPAR/uPA/PAI-1/LRP-1 complex has formed, which results in 
the degradation of uPA and PAI-1 and the recycling of uPAR and LRP-1. (G) uPAR can be cleaved at 
the GPI-anchor and between D1 and D2 resulting in various isoforms of soluble uPAR which can 
be quantified in the blood. (H) After cleavage of D1, uPAR D2-D3 induces chemotaxis by inter-
acting with FPRL1. D, domain; ECM, extracellular matrix; FPRL1, formyl peptide receptor-like 
1; GPI, glycosylphosphatidylinositol; LRP-1, LDL receptor-related protein 1; PAI-1, plasminogen 
activator inhibitor 1; uPA, urokinase plasminogen activator; uPAR, urokinase plasminogen 
activator receptor.
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However, this classic view of uPAR does not justify the many subtleties present in 
the uPAR interactome. For instance, the distinct central binding cavity of uPAR and 
the flexible hinges result in a conformational change after uPA binding that alters 
the vitronectin binding site, enhancing uPAR-vitronectin interaction on the outer 
surface of uPAR [23, 28-30]. Vice versa, vitronectin binding to uPAR influences the 
affinity for uPA [31]. Another subtlety of uPAR characteristics lies in the GPI-an-
choring to the cell, which influences distribution of uPAR towards lipid rafts and 
subsequently promotes specific protein-protein interactions [32-34]. Furthermore, 
GPI-anchorage allows a rapid removal from the cell membrane, allowing a quick 
turnover and response time.

The intracellular signaling pathway initiated by uPAR, either enabled by uPA, 
with or without vitronectin, is still not entirely understood (Figure 1E) [35-39]. 
On neutrophils and macrophages, CD11b/CD18 (MAC1, complement receptor 3 or 
αMβ2) colocalizes with uPAR and is essential for adhesion, migration and phago-
cytosis [40-47]. In combination with the β1 integrin subunit, uPAR promotes 
differentiation, proliferation, adhesion, of epithelial and other cells and stimulates 
expression of uPA, uPAR and MMPs, promoting extracellular proteolysis [38, 48-54]. 
Furthermore, β3-uPAR-mediated signaling enhances cell motility and invasion, 
while β6-uPAR interaction stimulates proliferation and cell differentiation [55-58].

Finally, recycling and cleavage of uPAR play an important role in cell functioning 
(Figure 1F). Plasminogen activator inhibitor-1 (PAI-1) and uPA are internalized 
for degradation via uPAR and lipoprotein receptor-related protein 1 interaction 
(LRP1) [59-61]. uPAR and LRP1 are recycled to the cell membrane ready for new 
interactions [62]. Cleavage of uPAR can occur at two sites: (I) within the GPI-anchor 
by lipases, resulting in soluble uPAR (suPAR) and (II) between D1 and D2 resulting 
in cleaved uPAR (soluble D1 and soluble or membrane-bound D2-D3) (Figure 1G) 
[63]. The exact function of full length suPAR is unclear but suPAR might function 
as a scavenger protein for uPA, consequently competitively inhibiting cell surface 
proteolysis [64, 65]. Cleavage of D1 unveils an amino acid sequence (amino acids: 
88-92) on D2-D3 that is unable to interact with integrins but interacts with GPCR 
formyl peptide receptor-like 1 (FPRL1), prompting migration (Figure 1H) [66]. 
When cleaved, the same D2-D3 epitope induces chemotaxis in FPRL1-expressing 
cells [67, 68]. 
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uPAR in cardiovascular disease: determining plaque 
instability in atherosclerosis

Although significant improvements have been made in the management of 
cardiovascular disease it is still a leading cause of death worldwide [69]. The current 
state-of-art diagnostic techniques, such as angiography or perfusion imaging, 
can accurately identify stenosis location and luminal occlusion in order to guide 
revascularization, however, fail to determine risk of rupture [70, 71]. Identifying 
these patients is the next challenging frontier in cardiovascular disease research: 
more than 50% of patients who die suddenly have no evident clinical symptoms and 
autopsy studies indicate that the majority of myocardial infarctions are caused by 
non-flow limiting lesions [72-74]. Based on its mechanistic role, molecular imaging 
of uPAR expression status might be an alternative and more targeted tool to improve 
the recognition of atherosclerotic plaques and the risk of rupture.

Atherosclerosis is the formation of intimal plaques consisting of two interacting 
regions: a central core covered by a fibrous cap. Cholesterol filled monocyte-de-
rived macrophage-foam cells form the core whereas the cap consists of vascular 
smooth muscle cells (VSMCs), that have been recruited from the media [75-77]. In 
both regions of the plaques the urokinase plasminogen activation axis (uPA/uPAR/
PAI-1 axis) has been shown pivotal for development and progression of the disease. 
Monocyte adherence and recruitment towards lesion sites are dependent on uPAR 
expression, and upon arrival in the lesion, uPA interaction with uPAR has been impli-
cated in the differentiation of monocytes to macrophages, and cholesterol biosyn-
thesis and subsequent lipid uptake (Figure 2A-B) [78-83]. In response to vascular 
injury, VSMCs undergo a change from a physiological contractile phenotype to the 
pathological synthetic phenotype, allowing them to migrate, proliferate and produce 
extracellular matrix, as found in the caps of atherosclerotic plaques. This process 
is stimulated by intimal macrophages-derived uPA binding to the uPAR present on 
VSMCs (Figure 2C) [84-93]. Furthermore, uPAR expression up-regulates the calci-
fication of these lesions, although the consequences for plaque stability remain to 
be clarified [94, 95]. Overall, many in vitro mechanistic studies demonstrate the 
enhanced presence and pivotal role of uPAR in atherogenesis and , negative (inward) 
remodeling [78, 92, 96]. These data are supported by various immunohistochemical 
studies on patients, which have clearly localized uPAR overexpression to atheroscle-
rosis: while normal arterial tissue is negative for uPAR, intensely positive stained 
lymphocytes, macrophages, and intimal smooth muscle cells are found in athero-
sclerotic lesions and atheroma’s [93, 97-101]. Likewise, the overexpression of uPAR 
is confirmed in gene analysis with a 1.5 fold higher uPAR expression in endarter-
ectomies [99]. The level of uPAR overexpression has been associated with disease 
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severity and localized uPAR expression is indicative for areas at risk for rupture 
(Figure 2D) [98, 99, 102]. 

Figure 2. uPAR in atherosclerosis. (A) Monocyte extravasation across the endothelium lesions 
is dependent on uPAR. (B) Upon interaction with uPA these monocytes differentiate into macro-
phages, eventually resulting in cholesterol filled monocyte-derived macrophages. (C) uPA 
released from macrophages interacts with uPAR on synthetic smooth muscle cells stimulating 
their migration. (D) Localized uPAR overexpression in an atherosclerotic plaque increases the 
risk of rupture. uPAR is represented by the red 3-domain structure as described in figure 1 on 
the cell membrane of uPAR expressing cells and uPA by the green structure in the extracellular 
matrix and bound to uPAR. SMC, smooth muscle cell; uPA, urokinase plasminogen activator; 
uPAR, urokinase plasminogen activator receptor. 

As uPAR has been implicated in the pathophysiology of atherosclerosis, various 
studies have attempted to improve disease outcomes by targeting of uPAR to 
block its function. Viral and non-viral expression vectors, encoding constructs 
consisting of ATF (the amino-terminal fragment of urokinase with high affinity 
for uPAR) in combination with inhibitors of the plasminogen pathway like BPTI 
(bovine pancreas trypsin inhibitor) or of matrix metalloproteinases like TIMP1 
(tissue inhibitor of matrix metalloproteinases 1), successfully inhibited neointimal 
formation, VSMC migration, and vein graft thickening in rodent models and human 
saphenous vein cultures [103-106]. Eventually, a construct consisting of all three 
of these proteins has been shown to lead to the strongest reduction in vein graft 
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thickening in hypercholesterolemic mice [107]. While these preclinical studies show 
evident potential of uPAR as target for atherosclerosis targeting, the concept has 
not yet been progressed towards a clinical application for therapy nor for diagnostic 
monitoring via molecular targeted imaging.

uPAR in auto-immune disease: imaging disease activity in 
rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease with a lifetime risk 
of 3.6% for women and 1.7% for men [108]. Anatomical imaging techniques, such 
as conventional radiology, ultrasound and magnetic resonance imaging, along 
with clinical criteria, are the standard to diagnose and monitor RA [109]. These 
modalities are able to identify RA as soon as 6-8 weeks after arthritis onset and 
sometimes even before the first clinical symptoms [110, 111]. Current research 
efforts lie in patient stratification according to disease severity and identifying 
responders to expensive novel biologicals [111]. Targeted molecular imaging might 
offer a solution for the current goals of identifying aggressive disease and treatment 
potential, providing a more reliable prognosis, evaluating/comparing new therapies 
and provide new insights in the pathophysiology of RA [110, 112]. 

As RA progresses, the initially sparsely populated articular region becomes infil-
trated with immune cells, neutrophils and monocytes/macrophages, fibroblast-like 
synoviocytes (FLS), and osteoclasts [113, 114]. The interaction of these cells directly 
with each other and via cytokines has many similarities with locally-invasive malig-
nancies, leading to chronic inflammation, and tissue invasion, remodeling and 
destruction [113, 115]. In the RA microenvironment, FLS acquire the tumor-like 
characteristic of being able to escape growth limits, enhance migration and invasion 
and to prompt angiogenesis [16]. The similarities between RA and cancer has led to 
the identification of commonly activated pathways with one being centered around 
uPAR. 

RA manifestation in joints is defined by persistent synovial inflammation, where 
leukocytes from the innate and adaptive immune system infiltrate the synovial 
compartment and interact with present synoviocytes [116]. To support the influx, 
adhesion, and migration of cells into the synovial compartment, endothelial cells 
overexpress uPAR (Figure 3A) [45, 117, 118]. However, uPAR expression is limited 
to endothelial cells. Neutrophils stimulate the inflammatory process through 
secretion of uPA and domain 2-3 of uPAR, whereby the latter probably functions as 
a chemoattractant for other formyl peptide receptor expressing leukocytes (Figure 
3B) [114, 118, 119]. The secreted uPA interacts in autocrine and paracrine fashion 
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with uPAR on neutrophils, FLS, macrophages, and chondrocytes, enhancing the 
invasive and proliferative properties of these cells (Figure 3C-D) [16, 115, 120-131]. 
The importance of uPAR has been confirmed by studies where knockdown of uPAR 
in FLS inhibited proliferation, migration and invasion in vitro [16]. Furthermore, 
compared to their wildtype littermates, PLAUR -/- mice show significant reduction 
of arthritis incidence and severity in a collagen-induced arthritis model [132]. 
However, an earlier study suggested that uPAR is not essential for RA development 
[133]. Induction of arthritis by intra-articular uPA injection is not dependent on the 
uPAR-binding fragment of uPA. Furthermore, the arthritis incidence is similar in 
PLAUR -/- mice and their genetic counterparts after uPA injection [133]. While this 
model results in joints with morphological features of arthritis, the question can 
be beckoned if intra-articular injection of uPA accurately reflects the etiology and 
progression of RA in humans.

Figure 3. uPAR in rheumatoid arthritis. (A) uPAR on neo-angiogenic endothelium support the 
influx of inflammatory cells. (B) Neutrophils secrete uPA and uPAR-D2/3 further escalating 
the inflammation. (C) The uPA interacts via autocrine and paracrine methods with neutrophils, 
fibroblast-like synoviocytes, macrophages and chondrocytes, activating invasive and prolif-
erative pathways in these cells. (D) uPAR on osteoclasts promotes bone destruction. uPAR is 
represented by the red 3-domain structure as described in figure 1 on the cell membrane of uPAR 
expressing cells and uPA by the green structure in the extracellular matrix and bound to uPAR. D, 
domain; uPA, urokinase plasminogen activator; uPAR, urokinase plasminogen activator receptor. 
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Besides influencing the inflammatory stage of RA, uPAR also attenuates the bone 
destruction occurring in late stage RA disease. Osteoclast differentiation, the 
subsequent bone destruction and bone mineral density (BMD), is significantly 
decreased in uPAR knockout mice and stimulated by uPAR overexpression [134]. 
With this knowledge in mind, loss of BMD has been successfully inhibited in a 
lipopolysaccharide-induced bone destruction mouse model using the uPAR targeting 
peptide (Ȧ6) [135].

The therapeutic possibilities by targeting uPAR in vivo have been investigated 
using uPAR antisense treatment and adenovirus-mediated gene transfer of the amino 
terminal fragment of uPA fused to human serum albumin. Both inhibit cartilage 
invasion while the latter also decreases both the incidence and severity of the disease 
[115, 136, 137]. However, blocking uPAR using the anti-uPAR monoclonal antibody 
mR1 in collagen-induced and delayed-type hypersensitivity arthritis models has no 
effect on RA progression [118]. This discrepancy can partly be explained by differ-
ence in methods (antisense vs. adenovirus vs. monoclonal antibody administration), 
targeting uPA vs. uPAR, and by the differences in models used.

While preclinical in vivo research is still inconclusive, several studies with clin-
ically used agents have demonstrated that various treatment options for RA reach 
their effect by targeting the urokinase plasminogen activation pathway. Tenoxicam, 
a non-steroidal anti-inflammatory drug, has been shown to downregulate monocyte 
uPAR expression and hyaluronic acid treatment decreases the immunostaining for 
uPAR expression on FLS [122, 123]. Furthermore, the widely used corticosteroid 
deflazacort also modulates the urokinase pathway by inducing PAI-1 and inhibiting 
uPA and uPAR expression in RA FLS but not in healthy cells [138]. Physiologically, 
proliferation and invasion of RA FLS are inhibited by deflazacort. In addition, soluble 
uPAR levels correlate with response to biologicals such as the tumor necrosis factor 
(TNF)-inhibitor adalimumab [139].

All-in-all there is substantial evidence for the role of uPA/uPAR/PAI-1 axis in 
RA development and progression. Although future studies will need to confirm 
this, targeting uPAR for imaging purposes has the potential of providing relevant 
information on disease activity, prognosis and treatment effect [140].

Central nervous system pathology: Unravelling 
pathophysiology of degenerative disease

The nervous system, with the brain as its helm, is the most complex and pivotal 
system of the human body. Therefore, neurodegenerative disorders, such as 
Alzheimer’s disease (AD) and Creutzfeld-Jakob disease (CJD), auto-immune diseases, 
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such as multiple sclerosis (MS), and infectious diseases, such as cerebral malaria 
(CM) and acquired immunodeficiency syndrome dementia complex (ADC), have 
disastrous consequences for patients. The emergence of molecular imaging has 
enabled more in-depth research into these pathologies as well as possibilities for 
diagnosis and monitoring of disease before clinical features occur [141-144].

While uPAR expression is very low, if not absent, in the adult brain, it plays a 
pivotal role in the developing brain (Figure 4A) [15, 145]. In the early brain binding 
of uPA to uPAR stimulated neuritogenesis, neuronal migration, and differentiation 
via both proteolytic and nonproteolytic pathways resulting in axonal growth and 
branching of both the central and peripheral nerves [146-150]. The uPA/uPAR axis 
is of such importance that dysregulation has been implicated with epilepsy, schizo-
phrenia and autism. PLAUR, the gene encoding uPAR, and its promotor have been 
found to be upregulated in autistic patients [151, 152]. Furthermore, in rats uPAR 
expression was increased in interneurons after spontaneous seizures [153]. On the 
other hand, uPAR -/- mice were more susceptible to seizures, increased anxiety and 
altered social behavior; all characteristics of epilepsy, schizophrenia and autism 
[154, 155]. The discovery that uPAR functions as a receptor for SRPX2, an important 
regulator of synapse formation, and that both are co-located both spatially and 
temporally in the developing brain, further implicates uPAR’s role in the (patho)
physiology of the nervous system. Although the actual function of SRPX2 remains 
to be elucidated, the Y72S mutation in SRPX2 leads to an almost six-fold increased 
affinity for uPAR, and clinically manifests in seizures, speech deficit, and mental 
retardation [156, 157].

Figure 4. uPAR in degenerative nervous system disorders. (A) uPAR expression is practically 
absent in the healthy human brain. In Alzheimer’s disease uPAR expression is found on (B) 
cortical neurons, (C) activated microglial cells after exposure to the amyloid plaques and (D) 
in the vascular wall promoting uPA activation, subsequent extracellular matrix breakdown 
and corresponding spontaneous hemorrhages. In multiple sclerosis uPAR (E) is expressed on 
inflammatory cells and activated microglial cells promoting local damage. (F) Furthermore, 
uPAR expression on dendritic cells influences subsequent T-cell differentiation. uPAR is repre-
sented by the red 3-domain structure as described in figure 1 on the cell membrane of uPAR 
expressing cells and uPA by the green structure in the extracellular matrix and bound to uPAR. 
uPA, urokinase plasminogen activator; uPAR, urokinase plasminogen activator receptor. 
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Various neurodegenerative diseases present with enhanced uPAR expression. 
AD is the leading cause of dementia and can be characterized pathologically as 
intracellular tangles and extracellular deposition of amyloid β creating senile 
plaques [158, 159]. uPAR expression has been found in both the cortical neurons 
and the vascular wall of AD patients (Figure 4B) [19, 160-162]. Interestingly, the 
cerebellum, a region of the brain that is usually not affected by AD, is negative 
for uPAR in these patients [162]. Corresponding in vitro studies demonstrate that 
microglia upregulate uPAR mRNA and protein after exposure to aggregated amyloid 
β (Figure 4C) [161, 162]. Furthermore, uPA and plasminogen activity is increased, 
which could lead to the vulnerability of the cerebral vessel wall due to extracellular 
matrix breakdown and corresponding spontaneous hemorrhages observed in AD 
(Figure 4D) [161]. In CJD, another fatal degenerative disease with a mean survival of 
7.3+/-0.2 months after clinical onset, significantly more neurons, primarily focused 
in cortical layer 3-5, express uPAR, where the expression has been associated with 
damaged neurons as seen by chromatin condensation, hypertrophic swelling and 
degeneration [160, 163]. Microglial cells, but not astrocytes, also express uPAR [160].

MS is an autoimmune disease where an immune response is mounted against the 
central nervous system by autoreactive lymphocytes resulting in lesions that are 
characterized by inflammation, demyelination, and degeneration of neurons [164]. 
While autopsy material from healthy brains exhibits almost no uPAR expression, 
uPAR gene and protein expression is significantly elevated on MS microvessels, 
mononuclear cells, macrophages, pericytes and smooth muscle cells [165-169]. 
Microglial cells, cultured from an MS patient, show an activated morphology in 
combination with high levels of uPAR, whereas control microglial cells from normal 
brain tissue express little to no uPAR mRNA and protein. After in vitro activation 
these normal microglia present a spindle-shape morphology and express uPAR 
[170]. In an animal model of experimental autoimmune encephalomyelitis (EAE), 
elevated uPAR expression is detected in the inflammatory lesions by both immune 
and microglial cells (Figure 4E) and increased uPA activity at the dorsal horn and 
central spinal cord [171, 172]. EAE in uPAR -/- mice is characterized by a delayed 
onset, chronicity, persisting inflammatory cuffs with increased levels of uPA and 
more extensive demyelination. The dysregulated adhesion and migration of inflam-
matory cells in uPAR -/- mice explains the delayed onset while the inability to recycle 
uPA via uPAR reflects the increased neuronal damage [173]. In a later study uPAR 
-/- mice with EAE are shown to exhibit more severe disease with a two-fold increase 
in microglial activation and increased infiltration of mononuclear cells but reduced 
immune response, rendering the mouse incapable of recovery [174]. The recently 
revealed crosstalk between the coagulation pathway (coagulation factor XII, FXII) 
and immunity in MS underlines the role of uPAR in this disease. uPAR on dendritic 
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cells (Figure 4F) is responsible for the immune modulatory function of FXII, tipping 
the balance of T-cell differentiation towards the TH17 phenotype, as a signal receiver 
and relaying the message, via CD11b integrin, intracellularly [175]. All-in-all, there 
is initial evidence that uPAR plays a fundamental role in MS, but whether uPAR 
expression is protective or destructive remains to be elucidated and, considering 
uPAR’s multifaceted aspects, could actually be both.

Various infectious diseases can have drastic neurological manifestations. ADC 
is one of the most severe consequences of human immunodeficiency virus 1 (HIV-1) 
infection [176]. The lesions showed membranous uPAR expression in immunohis-
tochemical staining’s that colocalized with HIV-1 p24 antigen in both macrophages, 
microglial and multinucleated giant cells [177, 178]. Not coincidentally, soluble 
uPAR levels are a strong independent predictor for HIV-1 infection survival [179]. 
While combination antiretroviral therapy has successfully dropped the incidence 
of ADC from 20% to 5%, milder forms of HIV-associated neurocognitive disorder 
still occur with an incidence of 20-50% [176]. No study has evaluated uPAR in these 
cases. Plasmodium falciparum is another infectious agent that can lead to severe 
neurologic impairment with persistent neurocognitive deficits characterized as CM 
[180]. In post-mortem specimens of patients with CM uPAR expression, detected by 
immunohistochemical staining, of microglia, reactive astrocytes and endothelial 
cells is limited to areas with microvasculature containing parasitized erythrocytes, 
petechial bleedings and Dürck’s granulomas [181]. In the mouse model of CM, known 
as severe malaria (SM) as the syndrome in mice is not limited to the brain, uPAR 
deficiency has profound effect on thrombocytopenia. Platelet trapping, which is a 
reliable predictor of forthcoming death, does not occur in uPAR -/- mice [182]. The 
current theory holds that platelets form an adhesive surface in microvascular beds 
for parasitized erythrocytes in the cerebrum and consequently play a pivotal role 
in the development of CM [183].

While in most neurological disease processes there is no clear indication whether 
uPAR expression is protective or destructive, the evidence currently accumulated 
suggests a critical role for uPAR in the pathophysiology of AD, MS, ADC and MC. 
Grossly, aberrant uPAR expression is linked to an altered immune-phenotype, 
consequently altering the progressing of the disease. In addition to the post-mortem 
pathology and animal models we are dependent on for research, an uPAR targeting 
tracer may enable in vivo imaging of the various pathophysiological processes going 
on in real-time and consequently enrich our understanding of these disease. This 
knowledge can potentially be used to dictate treatment and monitor disease based 
on uPAR signaling. 
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Inflammatory bowel disease: imaging macrophage 
polarization

Inflammatory bowel disease (IBD) is an umbrella term consisting of chronic relapsing 
inflammatory disorders of the intestinal tract. Ulcerative colitis (UC) characterizes 
itself as inflammation of the mucosal layer of the colon while Crohn’s disease (CD) 
displays transmural inflammation of any part of the gastrointestinal tract ranging 
from the mouth to the anus [184]. The current gold standard for diagnosis and 
surveillance of IBD is endoscopy and x-ray exams, but these techniques are limited 
by their invasiveness and patient tolerance. Molecular imaging might provide an 
opportunity for accurate non-invasive or endoscopic specification of IBD presence, 
transmural and extra-intestinal tissue involvement, and specific inflammatory 
profile [185-188]. While the etiology of IBD has not been fully elucidated yet, genetic, 
environmental and immune factors have all been implicated.

The impaired immune response leads to extensive tissue remodeling and degra-
dation in which the plasminogen activation cascade, including various MMPs and 
localized by uPAR, plays a major role [189-192]. Patients with active IBD have 
increased uPAR specific for macrophages at active lesions. Interestingly, uPAR D1-D3 
is downregulated while uPAR D2-D3 is increased. In, two different IBD mice models, 
uPAR expression has shown specific for CX3CR1

+ macrophages and mirrored disease 
onset [193]. This subset of macrophages has an anti-inflammatory phenotype [194]. 
Therefore, knocking out uPAR exaggerates disease by amplifying the release of pro-in-
flammatory cytokines and altering polarization of macrophages. Low expression of 
uPAR D1-D3 and high expression of uPAR D2-3 by IBD patients can consequently lead 
to increased inflammation and disrupted bacterial removal (Figure 5A-B) [193]. 

The therapeutic potential that targeting macrophages, and in extension uPAR, 
brings has not been unnoticed [195]. A cyclic peptide based of amino acids 88-92 of 
uPAR, [SRSRY], competed with uPAR for binding to FPRL1 but exerted an opposite 
effect: inhibiting migration as opposed to promoting it [196]. In vivo, [SRSRY] altered 
macrophage polarization and migration in colitis mice models and as such atten-
uated disease severity [197]. By competing with the migration sensitive epitope 
that becomes available after uPAR cleavage, [SRSRY] diminishes the destructive 
potential of uPAR D2-D3. While the research is still in its infancy, there is potential to 
determine macrophage polarization and disease progression by molecular imaging 
of uPAR. Determining the right epitope to direct the uPAR targeting moiety to, will 
be crucial for correct implementation and interpretation of uPAR-targeted molecular 
imaging in IBD as well as for other applications. If addressed well, uPAR imaging has 
the potential to non-invasively diagnose IBD by identifying aberrant macrophage 
polarization and subsequently be used to monitor disease activity.

4
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Figure 5. uPAR in inflammatory bowel disease. (A) Macrophage uPAR D1-D3 expression plays 
a significant role in bacterial removal while (B) in inflammatory bowel disease macrophage 
differentiation is altered with as consequence an increase in uPAR D2-D3 expression and inade-
quate microbial maintenance. uPAR is represented by the red 3-domain structure as described 
in figure 1 on the cell membrane of uPAR expressing cells. D, domain; uPAR, urokinase plas-
minogen activator receptor. 

uPAR imaging

uPAR has been targeted for molecular imaging according by various approaches, 
each with its own advantages and disadvantages (Table 1, Figure 6A). The first 
peptides targeting uPAR were ligand-based, utilizing the growth-factor domain of 
urokinase [198]. Targeting this natural interaction between uPA and uPAR with ATF 
or ATF-like constructs has been employed for magnetic-resonance imaging, near-
infrared imaging, photo-acoustic imaging and nuclear-imaging [199-205]. With a 
molecular weight of 18.5 kilodalton, ATF is cleared rapidly by the kidneys resulting 
in quick imaging times (30 minutes to 2 hours) but also minimizing the time 
available to get sufficient contrast [206]. Conjugating ATF to nanoparticles (NPs) 
enhances blood circulation times resulting in optimal imaging times around 24-48 
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hours after injection in vivo [199, 200, 203, 205]. Another advantage of ATF-NPs is 
their internalization, potentially increasing contrast [200, 201, 205]. Nonetheless, 
whether conjugated to a NP or not, uPAR targeting efficiency with ATF is dependent 
on the absence of endogenous urokinase on the majority of uPAR copies present and 
markedly reduced in models with high uPA expression [5, 202]. 

Figure 6. Targeting uPAR for molecular imaging. (A) Representation of binding domains of the 
uPAR imaging agents currently under development, their classification and suitable imaging 
modality. (B) Positive primary lesion with uPAR PET in human prostate cancer after injection 
of 64Cu-DOTA-AE105. Images adapted from Skovgaard et al. (218) and used under the terms of 
the Creative Commons CC BY license. (C) NIR optical imaging of orthotopic colon cancer with 
hybrid ATN-658. CT, computed tomography; MRI, magnetic resonance imaging; NIR, near-in-
frared; PET, positron-emission tomography; uPAR, urokinase plasminogen activator receptor. 

An alternative uses a 9-mer peptide which has led to the first uPAR PET clinical 
trials. This peptide, AE105, is the refined version of a 15-mer peptide identified by 
a phage display with uPAR-transfected cell lines and binds uPAR at the uPA-binding 
site in a species specific manner, like ATF [207, 208]. While AE105 has also been 
conjugated with (radio)-labels for single-photon emission computed tomography 
(SPECT) and near-infrared fluorescence (NIRF) in preclinical oncology studies, this 
section will focus on positron-emission tomography as AE105 PET is further along 
the clinical pipeline [209-216]. Initially, AE105 has been conjugated with the metal 
chelator DOTA and subsequently labelled with 64Cu. 64Cu-DOTA-AE105 specifically 
targets uPAR positive lesions in preclinical studies with signal corresponding to 
uPAR expression levels and epitope availability, but also resulted in high non-specific 
liver-uptake [217, 218]. Alternative 64Cu, 68Ga and 18F tracer-chelator combinations 
decrease non-specific uptake but at the cost of lower tumor specific signal [219]. 
Phase I clinical trials with 64Cu-DOTA-AE105 have shown no adverse events or 
detectable pharmacological effects related to the tracer. Furthermore all primary 
tumors (bladder, breast and prostate) and the majority of metastasis are identifiable 
between 1 and 24 hours after administration (Figure 6B). In this study, two liver 
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metastasis have not been visualized due to high background signal [13]. In addition, 
the feasibility of measuring mean 64Cu-DOTA-AE105 uptake in the arterial beds of 
these patients in order to non-invasively identify atherogenic lesions have been 
retrospectively evaluated [220]. While activated macrophages have higher uPAR 
expression clear imaging capability of atherosclerosis has yet to be demonstrated 
with this tracer. The possibility to scan at early time points and the independence of 
68Ga on an on-site cyclotron prompted to phase I trials of 68Ga-NOTA-AE105 [13, 14, 
219]. 68Ga-Nota-AE105 resulted in decreased liver signal and specifically identified 
both primary tumors and one metastasis missed in the standard work-up [14]. 
While initial clinical trials results are promising, allowing for rapid identification 
of cancerous lesions, endogenous uPA expression could present the biggest limiting 
factor of AE105 molecular imaging, especially in diseases where the expression of 
uPA is likely to be increased and paramount for outcomes [5, 221].

Another approach utilizes monoclonal antibodies to target uPAR. Both anti-
bodies 2G10 and 3C6 are identified from a human fragment of the antigen binding 
(Fab) phage display library to have high affinities for uPAR. Consequently these 
are expressed as recombinant IgG’s using the trastuzumab Fc domain [222]. 2G10 
competes with uPA for uPAR binding while 3C6 prevents β1 integrin association 
with uPAR [223]. In human xenograft breast cancer models, 2G10 shows higher 
tumor uptake with NIRF and SPECT/CT than 3C6, probably due to higher epitope 
availability for 2G10 [222, 224].

Another thoroughly and extensively studied anti-uPAR antibody is ATN658. 
ATN658 was raised against a soluble D2-D3 uPAR fragment and recognizes domain 
3 of uPAR, close to the C-terminus at amino acids 268-275 [47, 225]. ATN658 enables 
and anti-tumor effect by impairing α5β1 integrin adhesion to the ECM and is not 
effected by uPA or vitronectin interaction with uPAR [47, 226, 227]. In colorectal 
and oral xenograft cancer models NIRF and SPECT hybrid-labelled ATN658, accu-
rately localized lesions as small as 1-2 mm in size in a range from 24 to 72 hours 
post-injection (Figure 6C) [228, 229]. ATN658 has been humanized and is awaiting 
clinical translation for NIRF-imaging [227]. 

A thorough assessment of the uPAR targeting agents reveals crucial differences 
in modalities, biodistributions, imaging windows, epitopes targeted and production 
methods. Therefore, a one-size-fits-all solution to target all types of diseases where 
uPAR is involved is probably not feasible, like for most, if not all, molecular targets 
[5]. For instance, peptides may find their utility in more acute situations such as 
atherosclerosis imaging. Antibodies seem more ideal for abdominal imaging where 
the high non-specific background of kidneys can be a hindrance or in more elective 
settings where a large imaging window is desired. Not only will selecting an optimal 
agent be challenging, also designing and selecting preclinical animal models that 

169856_Baart-BNW V02.indd   78169856_Baart-BNW V02.indd   78 23-10-2023   11:1723-10-2023   11:17



79

Molecular imaging of uPAR beyond cancer

take the species specificity of the imaging agents into account, since most tracers 
designed for clinical applications have high affinities for human uPAR but no or 
reduced affinities for mouse uPAR [202, 208, 222, 225].

Conclusion

uPAR is a central unit in regulating ECM proteolysis, migration, differentiation and 
proliferation and hereby implicated in a range of inflammatory-related diseases, 
often holding pivotal roles and tipping the balance towards disease aggravation. 
Even though uPAR is almost completely absent in normal tissue, it will likely 
not be an appropriate target for the diagnosis of diseases, due to the common 
pathophysiological role. However, when it comes to visualization of diagnosed 
disease lesions, whether it be plaques that are about to rupture or aggravation of 
RA or IBD, uPAR plays a central pathophysiological role prompting its usefulness as 
a molecular imaging target. Furthermore, molecular imaging of uPAR can unravel 
the complex pathophysiological processes occurring, increasing our understanding 
of the disease and consequently allowing the development of novel therapies; 
ultimately improving patient outcomes. 
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According to two recently published preclinical studies, targeted multimodal 
imaging via uPAR (urokinase plasminogen activator receptor) could be the next step 
in achieving more balanced radical resections in head-and-neck cancer surgery [1, 2]. 
Multimodal imaging, using a single targeting agent conjugated with a radionuclide as 
well as a near infrared (NIR) fluorescent dye, is able to provide essential information 
before (radionuclide, PET/SPECT) and during (NIR fluorescence imaging) surgery, 
allowing sharp delineation between tumor and surrounding tissue. Sharp assessment 
is especially crucial in head-and-neck cancer surgery, where sparing of healthy tissue 
can prevent functional loss and improve cosmetic outcome [3]. The expression of 
uPAR, a key player in tumor cell adhesion, proliferation and migration, in tumor 
tissue and its absence in normal tissue allows for sub-millimeter delineation of tumor 
edges and casts it as a robust target for imaging.

Both studies use uPAR recognizing agents with comparable multimodal labels 
in similar models but differ in the targeting vehicle: a smart peptide (AE105, 1 
kDa) versus a monoclonal antibody (ATN-658, 150 kDa) (Figure 1). The nonamer 
peptide AE105 has been optimized from a 15-mer variant, identified from a random-
phage display library. It has a high affinity for the third domain (D3) of uPAR in the 
uPA-binding cavity [4]. Due to its small size, the imaging timeframes of AE105 are 
relatively short, generally within several hours [5, 6]. The monoclonal antibody 
ATN-658 is a mouse IgG antibody (humanized version: huATN-658), exhibiting 
relatively long serum half-lives (15-20 hours) and showing imaging timeframes up 
to days [7, 8]. The longer time frame of antibodies are caused by the larger size 
rendering them well-suited for multimodal clinical applications, where preoperative 
PET or SPECT imaging and intraoperative NIR fluorescent imaging presumably take 
place over a couple of days. In the presented study, AE105 was conjugated separately 
with each label and administered consecutively. ATN-658 was conjugated with a 
hybrid label and administered once. For hybrid conjugation the compromise has 
to be made that none of the labels can be fully optimized, whereas administering 
multiple labels consecutively can result in in vivo competition and allergic reactions. 
The generally observed and size related hepatic clearance of antibodies is disadvan-
tageous for the detection of liver metastasis, but is not relevant for head and neck 
cancer liver [8]. Next to size, the in vivo behavior of imaging agents dependents on 
other physical characteristics like affinity, lipo- or hydrophilicity and net charge, 
which are influenced by the conjugated dyes and chelators used for radiolabeling, 
especially with small peptides.

Both AE105 and ATN-658 have been designed for anti-tumor activity but achieve 
this differently (Figure 1). AE105 is a competitive inhibitor of uPA binding to uPAR 
[4]. On the other hand, ATN-658’s anti-tumor activity is independent of the uPA-uPAR 
interaction and is attributed to its antagonistic effects on integrin-uPAR interactions 
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possibly leading to disruption of the uPAR signalosome [7]. Since AE105 is incapable 
of displacing formed uPA-uPAR complexes, it is unable to target occupied uPAR [4]. 
Consequently, for imaging applications the signal intensity of tumors targeted with 
AE105 constructs will additionally depend on the degree of uPAR saturation by uPA. 
ATN-658 binding is not affected by uPAR-occupancy with uPA, possibly leading to 
a stronger signal and perhaps more relevant signal.

Figure 1. Differences between ATN-658 and AE105 uPAR-targeting strategies. D1, domain one; 
D2, domain two; D3, domain three; uPA, urokinase plasminogen activator; uPAR urokinase 
plasminogen activator receptor. 

Given that AE105 and ATN-658 are different targeting agents, their production 
and clinical translation diverge significantly. Antibodies are generally produced 
in mammalian cells, while peptides are synthesized using non-biological systems, 
leading to favorable safety profiles and lower costs. However, antibodies are known 
to possess superior binding characteristics as they exhibit high specificity and long 
half-life times, are stable and show sufficient tumor penetration. Comparison of 
both concepts is difficult in animal models. Although ATN658 and AE105 both show 
encouraging results, the real value of uPAR targeted multimodal imaging will come 
from the first clinical trials and associated follow-up studies, that are expected 
to be performed within the next few years. The first phase 1 trials have recently 
been published for AE105 [4,5] and therapeutic trials are expected to begin for 
the humanized version of ATN-658 in early 2018. Only then will we know whether 
patients really benefit from enhanced imaging techniques, either by improved 
quality of life or increased survival. Until then, basic science and preclinical 
research should further widen our understanding of uPAR targeting and explore 
the possibilities for clinical applications. Possibly, targeting agents with different 
characteristics might be needed in the clinic: peptides may be more amenable as 
single labelled agents in acute situations for direct imaging, whereas antibodies 
may be useful for more elective applications like oncologic surgery, where both 
pre-operative imaging as well as intraoperative guidance is desired.
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Abstract 

With a 5-year recurrence rate of 30-78%, urothelial cell carcinoma (UCC) rates 
amongst the highest of all solid malignancies. Consequently, after transurethral 
resection patients are subjugated to life-long endoscopic surveillance. A multimodal 
near-infrared (NIR) fluorescence based imaging strategy can improve diagnosis, 
resection, and surveillance, hence increasing quality of life. 

Methods & Results: Per immunohistochemistry, UCCs show prominent uPAR 
expression at the tumor-stroma interface and EpCAM on epithelial cells. uPAR and 
EpCAM are expressed by 6/7 and 4/7 UCC cell lines, respectively. In vitro, MNPR-101-
IRDye800CW has a picomolar affinity for domain 2-3 of uPAR. In vivo fluorescence 
imaging with MNPR-101-IRDye800CW, specifically delineates both subcutaneous 
and orthotopic human UM-UC-3luc2 tumors with TBRs reaching as high as 6.8, 
differing significantly from the isotype controls Infliximab-IRDye800CW and Ritux-
imab-IRDye800CW (p < 0.0001). Photoacoustic 3D in depth imaging confirms the 
homogenous distribution of MNPR-101-IRDye800CW through the tumor.

Conclusion: MNPR-101-IRDye800CW is suitable for multimodal imaging of UCC, 
awaiting clinical translation.
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Introduction

Despite advances in detection, treatment, and surveillance of urothelial cell 
carcinoma (UCC) there has been no major improvement in overall prognosis over 
the past 30 years, with nearly 200,000 patients still succumbing annually [1, 2]. 
Clinically, UCC represents two sequential entities: non-muscle invasive bladder 
cancer (NMIBC), where malignant cells are constrained to the epithelial layer, and 
muscle-invasive bladder cancer (MIBC) wherein the tumor invades surrounding 
subepithelial tissue [3]. The majority of UCC cases (75-85%) are NMIBC and are 
marked by a high 5-year recurrence rate of 30-78% and 7-40% chance of progression 
to MIBC disease after transurethral resection (TUR). Therefore, NMIBC requires 
intensive surveillance via cystoscopy [4, 5]. Once UCC progresses, definitive therapy, 
defined as radical cystectomy with or without (neo) adjuvant therapy, is indicated 
[3]. Hereof, 6.3% show involved margins with significantly reduced recurrence-
free and cancer specific survival [6]. Consequentially, UCC causes a high burden of 
disease, where patients could benefit from improved TUR and tumor free resection 
margins.

Real-time intraoperative guidance with near-infrared (NIR) fluorescence tracers 
has the potential to function as an extra sense, not only informing surgeons about 
tumor localization during resection, but also about the degree of disease-aggres-
siveness [7]. Fundamental for successful imaging is the identification of appro-
priate cancer-specific targets [8]. Ideally, a single target overexpressed in all 
patients (across multiple tumor types) is identified. Currently no such target exists. 
Epithelial cell adhesion molecule (EpCAM) is one of the most promising pan-tumor 
targets, found to be over-expressed in most solid tumor types and is clinically 
being evaluated in NIR imaging studies (NL7363). UCC’s, however, do not univer-
sally express EpCAM; 56% of UCCs are EpCAM negative and the overexpression 
rate compared to healthy tissue is 27% [9]. Hence, EpCAM-based tracers will not 
be applicable for all UCC patients, requiring the search for alternative targets with 
complementary expression patterns. 

An alternative candidate for UCC targeting is the urokinase plasminogen 
activator receptor (uPAR). uPAR narrowly orchestrates various tumor specific 
processes, including cell differentiation, proliferation, and migration, but is barely 
present in healthy tissues. Immunohistochemical localization of uPAR on 186 human 
UCC specimen revealed expression of this receptor in 96% of the tumors, particu-
larly at the invasive front, irrespective of grade and stage, while being completely 
absent in normal bladder [10]. Such a pattern is ideal for molecular imaging [11]. 
Recent preclinical studies confirmed the applicability of mouse anti-uPAR antibodies 
conjugated to the fluorophore ZW800-1 for optical imaging of oral and colorectal 
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cancer [12, 13]. However, the use of an alternative fluorophore, IRDye800CW (800F), 
offers the possibility of imaging via NIR light, as well as via photoacoustic (PA) 
imaging [8, 14]. PA imaging utilizes the contrast of optical imaging with the spatial 
resolution of ultrasound, enabling a tissue penetration depth of several centime-
ters [14, 15]. In the clinic, a bimodal tracer, capable of both optical NIR- and PA-im-
aging, can be utilized during non-invasive (trans-abdominal) surveillance, TURs 
and radical cystectomies. 

In this study we developed a humanized NIR molecular imaging tracer for simul-
taneous fluorescence and PA-imaging to facilitate resection of human UCC in a clin-
ically relevant mouse model. 

Materials and methods

Human samples and immunohistochemistry
Formalin-fixed, paraffin-embedded tissue blocks of fourteen patients who 
underwent cystectomy or TUR for UCC were collected from the Department of 
Pathology of the Leiden University Medical Centre (LUMC). Sections of 4 µm were 
stained according to standard immunohistochemical methods as described in 
Appendix A. Sections were digitalized using the Panoramic Digital Slide Scanner, 
viewed with Caseviewer 2.3 (both 3D Histech, Hungary) and scored for percentage 
of positive cells and staining intensity with the total-immunostaining score (TIS). 
TIS > 4 was defined as overexpression [16]. The LUMC ethics review board approved 
the study protocol (B20.030). Samples and data were non-identifiable and used in 
accordance with the 1964 Helsinki declaration.

In silico analysis of gene expression in a TCGA dataset
The freely available raw TCGA (The Cancer Genome Atlas) transcriptome database, 
consisting of bladder urothelial carcinoma samples (http://www.cbioportal.org/
study?id=blca_tcga) was used to determine the correlation between the gene 
expression of EpCAM and uPAR/PLAUR in a mostly non-chemo treated MIBC cohort 
of 408 patients.

Cells
Suppliers and culture conditions of the UCC cell lines UM-UC-3, J82, T24, RT112, 
RT4, HT-1197 and HT-1376, and the transfected cell lines HEK EV (empty vector), 
HEK uPAR wildtype (WT) and the cleaved isoform HEK uPAR D2-3 are described 
in Appendix B. Further characterization of the UCC cells according to patient 
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characteristics and molecular profile can be found in Appendix C.1-2. Cell lines were 
routinely tested for mycoplasma. 

Antibodies
ATN658 is an extensively validated mouse monoclonal antibody of the IgG1 κ isotype 
targeting domain 3 of uPAR [12, 13]. MNPR-101 (formerly known as huATN658) is 
the humanized variant. Both antibodies are not cross-reactive with mouse uPAR 
[17]. Rituximab and Infliximab (Remicade®) are clinical grade chimeric human-
mouse antibodies, consisting of the glycosylated human IgG1 κ isotype constant 
domain, targeting CD20 and tumor necrosis factor-α (TNFα), respectively. 

Surface Plasmon Resonance
Binding of ATN658 and MNPR-101(-800F) to recombinant human uPAR (10925-
H08H, Sinobiological, China) was measured by surface plasmon resonance on a 
Biacore T200 instrument (GE Healthcare, USA) at 25°C. uPAR was immobilized on 
a NiHC 1500M chip (Xantec, Germany) and the interaction was measured at 2.5, 5, 
10, 20, and 40 nM with four separate single-cycle kinetic experiments.

Cell-based assays
Quantitative flow cytometry using Qifi-kit (Agilent Technologies, USA) was 
performed according to suppliers instructions. Confluent chamber slides were 
incubated with primary antibodies, stained with FITC-labelled secondary antibodies 
and DAPI, and imaged with a DM500 B microscope (Leica Microsystems, Germany). 
Binding of serially diluted fluorescence antibodies to cell-based plate assays were 
determined using the Odyssey CLx Imaging System (LI-COR Biosciences, USA). For 
detailed descriptions of these assays see the Appendix D.

Animal Models
The Dutch Central Commission for Animal Experimentation approved all animal 
experiments (AVD1160020172925). Experiments were performed in accordance 
with the code of practice ‘Dierproeven In Het Kankeronderzoek”. Each experimental 
group consisted of three-to-four 6 - 10-week-old female BALB/c-Nude mice (CAnN.
Cg-Foxn1nu/Crl, Charles River laboratories, France). Subcutaneous tumor models 
were induced by subcutaneous injection of 0.5 x 106 UM-UC-3luc2 cells (Appendix 
D). For the preclinical orthotopic xenograft model, luciferase-expressing UM-U3-luc2 
cells were inoculated into the bladder as previously described [18]. 

6
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In vivo NIRF imaging
Anesthetized (1.5 – 4% isoflurane; Teva Pharmachemie BV, The Netherlands) 
mice were imaged with The Pearl Trilogy Small Animal Imaging System (LI-COR 
Biosciences, USA) and Artemis (Quest Medical Imaging, The Netherlands) 1 – 7 days 
after intravenous tracer injection. After sacrifice, tumors were resected, stained and 
scanned for 800 nm fluorescence using the Odyssey CLx Imaging System (LI-COR 
Biosciences, USA).

Photoacoustic imaging
Anesthetized mice were immobilized on the preheated imaging table of the Vevo 
3100 Imaging System (FUJIFILM VisualSonics, Canada) and covered with ultrasound 
gel. The Vevo 3100 Imaging System was equipped with a Vevo LAZR-X cart, a Vevo 
LAZRTight Enclosure, and a Vevo Imaging Station. For ultrasound and PA imaging, 
the MX550D transducer (25-55 MHz; Axial Resolution: 40 μm; excitation 780 nm) 
was used. 

Image analyses and statistics
Tumor-to-background ratios (TBRs) were measured by drawing regions of interest 
around the tumor and the surrounding tissue, and dividing the mean fluorescence 
intensities (MFIs). In the orthotopic model, either fat or the cecum were used as 
background to determine tumor-to-organ ratios (TOR). For respective software see 
Appendix D. Means, reported with standard deviations, were compared by two-way 
repeated measurement ANOVA with GraphPad Prism 8 (GraphPad Software, USA). 
Correlations are calculated according to Pearson and indicated by R2. Significance 
levels are < 0.05. 

Results

EpCAM and uPAR are complementary targets for UCC
The IHC expression profiles of EpCAM and uPAR in UCC specimens were compared, as 
shown in Figure 1A. Staining for EpCAM, when present, was homogenous throughout 
the tumor, resulting in a moderate to intense membrane staining of malignant 
cells. However, one-third of cases had no EpCAM expression. uPAR staining was 
most prominent at the tumor-stroma interface localizing towards cancer cells 
and tumor-associated stromal cells, including macrophages (CD68 positive) and 
cancer associated fibroblasts (αSMA positive) (Figure 1B). Staining was moderate to 
strong in intensity at the cell membranes. Approximately two-thirds of tumor over-
expressed uPAR. EpCAM expression did not correlate with either epithelial uPAR 
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(R2 = 0.20, p = 0.30) or stromal uPAR (R2 = 0.21, p = 0.30), see also Appendix E. All in 
all, 79% of patients overexpressed one or both targets. Expression patterns matched 
those seen in literature (Appendix F). In addition, mRNA expression levels of PLAUR 
and EpCAM on UCC tumor cells was independent of each other and confirmed their 
complementary nature (p = 0.0059, Appendix G). 

Figure 1. UCC expression of uPAR and EpCAM. (A) Consecutive sections of a UCC case showing 
absent to weak EpCAM immunohistochemistry staining at the tumor borders and intense 
staining for uPAR in both tumor cells and tumor-associated stroma. (B) uPAR positive stroma 
cells are, amongst others, CD68 positive macrophages and αSMA positive cancer-associated 
fibroblasts. Black line = 1000 µm. Black box = insert. EpCAM, epithelial cell adhesion molecule; 
HE, hematoxylin & eosin; UCC, urothelial cell carcinoma; uPAR, urokinase plasminogen activator 
receptor; αSMA, α-smooth muscle actin.

Using a panel of UCC cell lines, spanning the clinical range from NMIBC to MIBC, we 
assessed the number of copies for uPAR and EpCAM per cell. Six out of seven cell lines 
expressed uPAR, ranging from 7,000 – 84,000 copies per cell (Table 1). For EpCAM 
4/7 cell lines were positive, ranging from 60,000 - 226,000. In summary, each cell 
line expressed either uPAR, EpCAM or both, with T24 as possibly problematic cell 
line, depending on only 7,000 uPAR copies and none for EpCAM.

Table 1. Number of uPAR and EpCAM receptors per cell on UCC cell lines. 

Cell line uPAR EpCAM

UM-UC-3luc2 20,000 n.d.

J82 84,000 n.d.

T24 7,000 n.d.

RT112 25,000 139,000

RT4 n.d. 226,000

HT-1197 17,000 194,000

HT-1376 7,000 64,000

EpCAM, epithelial cell adhesion molecular; n.d., not detectable, below detection limit; UCC, urothelial cell carcinoma; 
uPAR, urokinase plasminogen activator receptor.

6
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MNPR-101 targets domain 2-3 of uPAR with nanomolar affinities
Ideally, tracers for molecular imaging have a high affinity for all tumor-associated 
isoforms of the target. Humanization of ATN658 into MNPR-101 did not alter the 
affinity for recombinant uPAR with a KD for ATN658 of 0.5 x 10-9 M (Ka 1.6 x 105 M-s 

s-1; Kd 7.0 x 10-5 s-1) and MNPR-101 having a KD of 0.2 x 10-9 M (Ka 3.6 x 105 M-1 s-1; Kd 
7.8 x 10-5 s-1). MNPR-101 binding was specific for the cell membranes of uPAR WT 
and D2-3 HEK cells but not HEK EV cells (Figure 2A-B).

Figure 2. In vitro validation of MNPR-101. (A) MNPR-101 binding per flow cytometry to EV, WT 
and cleaved D2-3 transfected HEK cell lines. (B) Upon immunofluorescence microscopy binding 
could be seen to localize towards the cell membranes of WT and cleaved D2-3 transfected HEK 
cells but not EV transfected HEK cells. Green is MNPR-101 signal and grey/blue is a nuclear 
staining. Bar = 50 µm. (C) After conjugation to a near-infrared fluorescence dye, MNPR-101-
800F demonstrated a concentration-dependent 800 nm signal increase on uPAR transfected 
HEK cells as measured using the Odyssey CLx. Au, arbitrary unit; Conj, conjugate; D2-3, domain 
2-3; EV, empty vector; HEK, human embryonic kidney; MFI, mean fluorescence intensity; uPAR, 
urokinase plasminogen activator receptor; WT, wildtype.

MNPR-101 was conjugated with 800F at a 1.1-1.5 labelling-ratio, and was checked for 
unconjugated dye, as confirmed by respectively MALDI-TOF analysis and SDS-PAGE 
scanning. Conjugation did not substantially affect the affinity of MNPR-101-800F 
for uPAR (KD 0.3 x 10-9 M; Ka 6.1 x 105 M-1 s-1; Kd 1.5 x 10-5 s-1). A dose-dependent 
increase of 800 nm signal on cell-based plated assays with HEK uPAR WT and uPAR 
D2-3 cells, and constant low signal with HEK EV cells confirmed binding capacity 
(Figure 2C).

NIR Image-guided surgery of UCC with MNPR-101-800F
Fluorescence tracers can accumulate in tumors due to nonspecific effects such as 
the enhanced-permeability and retention effect or blood pooling. In order to account 
for this effect, two non-cancer related humanized monoclonal antibodies were 
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used as non-specific controls. In vitro, MNPR-101 but not Infliximab (anti-TNFα) or 
Rituximab (anti-CD20) bound UM-UC-3luc2 cells (Figure 3A). 

Figure 3. NIR fluorescence imaging with MNPR-101-800F. (A) Flow cytometry of MNPR-101, 
Infliximab and Rituximab of UCC UM-UC-3luc2 cells. (B) In vivo tumor MFIs determined using 
the Pearl imaging system and (C) TBRs determined by the Artemis imaging system after intra-
venous injection of 0.33, 1 and 3 nmol MNPR-101-800F in subcutaneous UM-UC-3luc2 tumor-
bearing mice. D) In vivo TBRs determined by the Artemis imaging system after intravenous 
injection of 1 nmol MNPR-101-800F, Infliximab-800F or Rituximab-800F. (E) NIR-images of 
subcutaneous UM-UC-3luc2-bearing mice four days after administration of MNPR-101-800F, 
Infliximab-800F and Rituximab-800F. NIR images were taken with the clinical Artemis 
NIR-camera. A representative tumor (T) and background (B) ROI is shown. Au, arbitrary unit; 
Conj, conjugate; d, day; h, hour; MFI, mean fluorescence intensity; NIR, near-infrared; nmol, 
nanomole; TBR, tumor-to-background ratio. 

The in vivo tumor recognition potential was subsequently assessed in mice bearing 
UM-UC-3luc2 subcutaneous tumors. Total mouse tumor burden did not differ 
significantly between experimental groups (p = 0.6581). After intravenous injection 
of 0.33 nmol, 1 nmol and 3 nmol MNPR-101-800F, mice were imaged daily with the 
preclinical Pearl and clinical Artemis imaging systems. Tumor MFI corresponded 
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with the injected dose (p < 0.0001, Figure 3B). TBRs did not differ significantly 
between dose groups with sufficient TBRs 3-7 days after imaging (Figure 3C) and 
a TBR max of 2.9 five days after injection of 1 nmol MNPR-101-800F. 

As specificity controls, subcutaneous UM-UC-3luc2-bearing mice were injected 
intravenously with 1 nmol Infliximab-800F or Rituximab-800F. TBRs differed 
significantly between MNPR-101-800F and the controls across all time points except 
for 4 hours post injection (p < 0.0001, Figure 3D). In contrast to Infliximab-800F or 
Rituximab-800F, tumors were readily visualized with the clinical Artemis system 
starting 3 days after MNPR-101-800F injection (Figure 3D-E). 

Intravesical injection of bioluminescent UM-UC-3luc2 cells into the murine 
bladder represents a preclinical orthotopic UCC model that allows optical imaging 
of cancer growth in real time [18]. Three weeks post tumor inoculation 1 nmol 

MNPR-101-800F and Rituximab-800F were injected intravenously and imaged 
three days later. Tumors where highly fluorescent after MNPR-101-800F injection 
matching bioluminescence signal and allowing image-guided resection (Figure 
4A, Appendix H). Importantly, post-mortem histology, fluorescence scanning and 
immunohistochemistry confirmed tumor cell specificity of MNPR-101-800F and only 
non-specific signal with Rituximab-800F (Figure 4B). MNPR-101-800F exhibited 
an average tumor-to-fat ratio of 2.6 (range: 2.3 – 3.2) and tumor-to-caecum ratios 
of 5.8 (range: 5.3 – 6.8) (Figure 4C). The tumor-to-fat ratio and tumor-to-caecum 
ratio for Rituximab-800F were 1.3 and 3.2, respectively. On post-mortem biodis-
tribution analysis of MNPR-101-800F, the majority of the fluorescence was seen in 
the tumor followed by the metabolizing organs (Figure 4D). The CD20 targeting 
Rituximab-800F preferentially localized towards the liver and kidneys.

Photoacoustic imaging of UCC with MNPR-101-800F
The multi-modal imaging potential of MNPR-101-800F was investigated by 
PA-imaging. Subcutaneous UM-UC-3luc2 tumor-bearing mice were injected 
intravenously with 3 nmol MNPR-101-800F and imaged three days post-injection. 
High intensity signal was evident throughout the tumor and the skin while signal 
in surrounding structures remained minimal (Figure 5A). Nonspecific signal was 
noticed in the skin of PBS-injected negative control mice (Figure 5B).
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Figure 4. uPAR NIR-guided surgery in a preclinical orthotopic UCC xenograft model. (A) Biolu-
minescence imaging and NIR image-guided resection with the clinical Artemis NIR camera three 
days after 1 nmol injection of MNPR-101-800F or Rituximab-800F. (B) Post-mortem histological, 
fluorescence scanning (Odyssey) and uPAR immunolocalization of resected orthotopic tumors 
(C) In vivo signal-to-background ratios measured during image-guided resection with the 
clinical Artemis NIR camera and (D) post-mortem whole-body biodistribution determined using 
the Pearl. Ce, cecum; F, fat; HE, hematoxylin & eosin, NIR, near-infrared; nmol, nanomole; TOR, 
tumor-to-organ ratio; UCC, urothelial cell carcinoma; uPAR, urokinase plasminogen activator 
receptor.
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Figure 5. Photoacoustic imaging of subcutaneously implanted UM-UC-3luc2 tumours in vivo. 
(A) MNPR-101-800F. (B) Negative control. Area between the yellow dotted lines represent the 
focus area of the photoacoustic probe. B, brightness; PA, photo-acoustic.

Discussion

The recurring nature of UCCs and the tendency to progress are a significant burden 
for patients and health services [19, 20]. Consequently, every effort should be made 
to improve therapy. Here we implemented a novel approach that may facilitate and 
improve UCC detection and resection rates by intraoperative multi-modal guidance 
utilizing MNPR-101-800F.

The additional value of exogenous contrast agents during cystoscopy has already 
been demonstrated with 5-aminolevulinic acid (5-ALA) and its fluorescence metab-
olite protoporphyrin IX (PpIX) [21]. Using 5-ALA, 7-30% more UCCs were detected, 
residual tumor rate reduced by 20% and cancer-free survival increased. However, 
the fluorescence properties of PpIX (excitation 375-440 nm, emission 635, 704 nm) 
are poor regarding penetration depth, tissue absorption and scattering, and tissue 
autofluorescence and not adapted to most clinically used NIR imaging systems 
[22]. The favorable imaging characteristics of NIR-fluorophores pave the way for 
improved real-time NIR fluorescence guided resection of UCC.

To date, no single tracer is suitable for intraoperative guidance of all UCC 
specimens. As a result, a tracer library should be developed from which a surgeon 
can select the most suitable tracer [8]. Ideally, these tracers visualize unique charac-
teristics of UCC which distinguishes the tumor from adjacent normal tissue. In case 
of uPAR and EpCAM, these membrane receptors have complementary expression 
patterns during the complex multistep process of switching from a sessile to an 
invasive cancer cell [23, 24]. In addition to uPAR targeting, we show our recently 
introduced EpCAM-targeting tracer, which is currently being evaluated on patients 
with gastrointestinal cancer, could also be used for UCC (NL7363) [25]. Other 
potential combinations encompass EGFR, HER2 and/or matrix-metalloproteases, 
some of which are currently being investigated in clinical studies with other tumor 
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types [8]. Release of these membrane proteins into the urine provide a possible 
surrogate biomarker for their respective tumor expression and provides a simple 
non-invasive method for tracer selection. While both uPAR and EpCAM are elevated 
in urine from UCC patients, the correlation with cellular expression has not yet been 
evaluated [26-29]. 

Although NIR-imaging has superior resolution, it is less suitable for imaging of 
lesions deeper than 1 cm [8]. PA, on the other hand, provides molecular contrast of 
up to 12 cm deep without compromising on the submillimeter spatial resolution. 
As a result, PA has been utilized for in vivo imaging of organelles to organs, and has 
been incorporated in imaging platforms for transvaginal imaging of ovarian cancer 
and transrectal imaging of prostate cancer [30-32]. In the case of UCC, improved 
imaging depth allows the visualization of deeper layers of the bladder, including the 
muscularis propria and per-vesical fat, informing urologists of possible advanced 
T-stage disease during cystoscopy and the need of the more aggressive (partial) 
cystectomy [33, 34]. 

We investigated whether NIR fluorescence-imaging could be performed in combi-
nation with PA, by utilizing a contrast agent with a reasonable extinction coefficient 
and relatively low quantum yield (for PA-imaging a large non-fluorescence relax-
ation is desired), such as 800F (Ɛ = 2.4x105; Φ =0.034) [14]. In a proof-of-principle 
study, Tummers et al. imaged pancreatic cancer ex vivo using both fluorescence 
and PA-imaging modalities [35]. Similarly, the development of liver metastases in 
vivo was monitored bimodally using a single αvβ3 integrin targeting contrast agent, 
Angiostamp800 [36]. Our results show the feasibility of imaging through superficial 
structures such as the skin.

uPAR bimodal imaging is not limited to MNPR-101-800F. Its precursor, ATN-658 
was previously dual labelled for SPECT and NIR imaging using the hybrid 111ln 
and ZW800-1 label for imaging of locoregional oral and colorectal cancer. While 
procuring TBRs of 5.0 ± 1.3 and being able to visualize 1-2 millimeter sized lesions, 
the tracer is less suitable for PA imaging due to ZW800-1 quantum yield (Ɛ = 2.5x105; 
Φ = 0.150) [12, 13, 37]. Another option is the uPAR targeting peptide AE105-Glu-
Glu-ICG which has successfully identified multiple tumor types in various preclin-
ical models with TBRs up to 3.5 ± 0.2 [38, 39]. Its fluorophore, indocyanine green 
(ICG) has a similar extinction coefficient and quantum yield as 800F (Ɛ = 2.7x105; 
Φ = 0.027) and has been used for previously for PA imaging [14]. Peptides generally 
clear rapidly from the circulation via the kidneys, which could be a limiting factor 
for bimodal imaging of UCC [40]. 
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Conclusion

uPAR and EpCAM are complementary targets for NIR imaging of UCC that are 
indicative of separate tumor differentiation states. MNPR-101-800F targets uPAR 
and allows for simultaneous NIR and PA guidance. If confirmed in a clinical setting, 
such assistance can result in a paradigm shift, altering how urologists survey and 
treat UCC, thus potentially improving patient outcomes.
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Abstract 

Radical resection is paramount for curative oncological surgery. Fluorescence guided 
surgery (FGS) aids in intraoperative identification of tumor-positive resection 
margins. This study aims to assess the feasibility of urokinase plasminogen activator 
receptor (uPAR) targeting antibody fragments for FGS in a direct comparison with 
their parent IgG in various relevant in vivo models. 

Methods & Results: Humanized anti-uPAR monoclonal antibody MNPR-101 
(uIgG) was proteolytically digested into F(ab’)2 and Fab fragments named uFab2 
and uFab. Unconjugated and IRDye800CW (F) conjugated uIgG, uFab2 and uFab 
specifically recognized uPAR in the nanomolar range as determined by surface 
plasmon resonance and cell assays. Subcutaneous HT-29 human colon tumors 
were clearly identifiable with tumor-to-background ratios (TBRs) > 2 after 72 
hours for uIgG-800F and 24 hours for uFab2-800F and uFab-800F. For the latter 
two, mean fluorescence intensities (MFIs) dipped below predetermined threshold 
after 72 hours and 36 hours, respectively. Tumors were easily identified in the 
pancreatic ductal adenocarcinoma (BxPc-3-luc2), head-and-neck squamous cell 
carcinoma (OSC-19-luc2-GFP), and peritoneal carcinomatosis (HT29-luc2) orthot-
opic models with uIgG-800F consistently having the highest MFIs and uFab2-800F 
and uFab-800F having similar values. In biodistribution studies, kidney and liver 
fluorescence approached tumor fluorescence after uIgG-800F administration and 
surpassed tumor fluorescence after uFab2-800F or uFab-800F administration, 
resulting in interference in the abdominal orthotopic mouse models.

Conclusion: In a side-by-side comparison, FGS with uPAR targeting antibody 
fragments compared with the parent IgG resulted in earlier tumor visualization at 
the expense of peak fluorescence intensity.
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Introduction

Cancer incidence is on the rise with one in five-to-six people awaiting a cancer 
diagnosis and one in eight-to-ten people eventually succumbing to the disease [1]. 
Despite recent advances in treatment, surgical resection remains the corner stone 
of curative therapy [1, 2]. The primary aim of oncological surgery is to achieve local 
control by radical resection (i.e. R0, tumor-negative margins), as tumor-positive 
margins negatively influence disease-free and overall survival [3-5]. As a result, 
correctly discerning malignant from benign tissue during surgery is fundamental 
for resection.

Surgeons can utilize intraoperative imaging techniques to aid in this differ-
entiation. A relatively novel technology, fluorescence-guided surgery (FGS), uses 
advanced camera systems to capture near-infrared (NIR) fluorescence emitted 
by contrast agents, targeting for example ureters, nerves or tumors. FGS has the 
advantage that it is real-time, has a high contrast and sensitivity, does not utilize 
ionizing radiation, and is easy-to-use [6, 7]. For oncological FGS the crux lies in 
developing fluorescent tracers that specifically target proteins which are present 
in malignant cells and absent or quiet in surrounding tissue. A promising target for 
imaging of disease, including various types of cancer, is the urokinase plasminogen 
activator receptor (uPAR) [8, 9].

uPAR is a three-domain cell membrane bound receptor that plays a pivotal role 
in growth factor activation and extracellular matrix remodeling, stimulating prolif-
eration, differentiation, and migration of cells. Its presence in cancer correlates with 
prognostic outcome variables such as metastatic disease and reduced overall- and 
disease-free survival. Furthermore, immunohistochemical studies have revealed 
absent to low levels of uPAR expression in healthy homeostatic tissue whereas at 
the interface between tumor and healthy tissue uPAR is highly overexpressed on 
both tumor and tumor-associated stromal cells [8-12]. Such a pattern is ideal for 
imaging and, not surprisingly, a PET tracer is currently undergoing extensive clinical 
trials in order to image ‘cancer aggressiveness’ and subsequently aid in tailoring 
treatment options to disease biology [13].

As uPAR expression is highest at the tumor borders, our group has primarily 
focused on developing uPAR targeted FGS tracers. We have successfully targeted 
uPAR for FGS in various in vivo human cancer models using a mouse monoclonal 
antibody and more recently with MNPR-101, a first-in-class humanized monoclonal 
antibody targeting domain three of uPAR [14-16]. This domain is ideal as recognition 
is independent of the often simultaneously upregulated uPAR-ligands urokinase and 
vitronectin, and remains membrane-bound when uPAR is cleaved [9]. 
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The relatively large size of antibodies (≈ 150 kiloDalton (kDa)), however, might 
limit extravasation and the interaction of their crystallizable fragment (Fc) with the 
neonatal Fc receptor on endothelial cells results in an extended half-life, decreasing 
tissue penetration and delaying the optimal imaging window [17, 18]. As a conse-
quence, there is often a delay of four to six days after administration before patients 
can be imaged with optimal results [19]. Reducing molecular size, the dominant 
variable in determining extravasation (distribution) and clearance, shortens 
imaging times and improves tumor penetration [20]. Clinically, these advantages 
should result in improved tumor fluorescence and contrast at earlier time points 
resulting in better visualization for surgeons and more rapid surgery, also allowing 
surgeons to utilize fluorescence in (semi-) acute settings [21]. As a result, shortening 
the imaging window is often presented as the holy grail of FGS when introducing 
novel small sized fluorescent tracers. Tumor specificity, tumor-to-background ratio 
(TBR) and tumor mean fluorescence intensity (MFI), however, are of equal impor-
tance. Positron emission tomography (PET) studies have for instance illustrated that 
antigen-binding fragments (Fab) and F(ab’)2 lead to much faster tumor targeting, but 
also a nearly two to three-fold lower peak uptake compared to the parent antibody 
[22, 23]. Whether this is also true for FGS remains to be elucidated. The current 
study aims to determine how uPAR targeting Fab and F(ab’)2 compare to their parent 
full-sized antibody (MNPR-101) in FGS of orthotopic PDAC, HNSSC and peritoneal 
carcinomatosis CRC models.

Materials and methods

Generation of Fab and F(ab’)2 from MNPR-101
MNPR-101, a humanized antibody targeting uPAR, was enzymatically fragmented 
into Fab and F(ab’)2 by respectively GingisKHAN and FabRICATOR kits, following the 
protocols of the manufacturer (Genovis AB, Lund, Sweden). The full-sized antibody 
and the generated fragments are further indicated as uIgG, uFab2 and uFab. Tracers 
(full-sized antibody and fragments) were conjugated with IRDye 800CW-NHS 
ester (from here on 800F; LI-COR biotechnology, Lincoln, USA) according to the 
manufacturer and as published before [16]. Digestion and conjugation results 
were evaluated using SDS-PAGE on pre-casted 4 - 20% gels (Criterion, Bio-Rad 
laboratories, Veenendaal, the Netherlands). Proteins on gels were stained with 
Coomassie brilliant blue G-250 (Bio-Rad laboratories, Veenendaal, the Netherlands) 
and fluorescence of 800F was determined using an Odyssey imager (LI-COR 
biotechnology, Lincoln, USA). Degrees of labeling were calculated and verified by 
MALDI-TOF mass spectrometry as described previously [24]. 
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Surface plasmon resonance of antibody fragments
All surface plasmon resonance (SPR) experiments were performed on a Biacore 
T200 (GE Healthcare Life Sciences, Uppsala, Sweden) using a NiHC1500M sensor 
chip (Xantec Bioanalytics, Düsseldorf, Germany) as described previously (See ESM 
for details) [16]. 

Cells and culture conditions
Culture conditions of human embryonic kidney empty vector (HEK EV), HEK uPAR 
wildtype (HEK uPAR WT), HEK uPAR D2-D3 isoform (HEK uPAR D2-3), OSC-19-
luc2-GFP, BxPC-3-luc2 and HT-29-luc2 cells are described in the ESM file. 

Flow cytometry and cell-based plate assays
For flow cytometry cells were incubated in succession with primary antibody 
(-fragment), secondary anti-human IgG Fab fragment antibody (clone 4A11; ab771, 
Abcam, Cambridge, UK) and anti-mouse 488 antibody (A21121, Life Technologies, 
California, USA) using a standard flow cytometry protocol and measured on a 
LSRII flow cytometer (BD Biosciences, California, USA). Binding of serially diluted 
800F labeled antibodies to cells cultured in 96-wells plates were determined 
using the Odyssey and fluorescence was corrected for cell density with a ToPro-3 
iodide nuclear staining (T3605, Invitrogen, California, USA). The CD52-targeting 
humanized antibody Alemtuzumab coupled to 800F functioned as a conjugate 
control. For detailed methods see ESM. 

In vivo tumor models
All in vivo experiments were approved by the Dutch Central Commission for Animal 
Experimentation (AVD1160020172925) and performed in accordance with the code 
of practice “Dierproeven In Het Kankeronderzoek”. 6 – 10 week old female BALB/c-
Nude mice (CAnN.Cg-Foxn1nu/Crl, Charles River Laboratories, Massachusetts, USA) 
were inoculated with tumor cells and randomized into experimental groups once 
tumors had reached predetermined sizes by digital caliper or bioluminescence using 
the IVIS® Spectrum Preclinical In Vivo Imaging System (Spectrum, PerkinElmer, 
Massachusetts, USA) (for details see ESM). Subcutaneous tumors were induced by 
subcutaneous injection of 500,000 HT-29 cells. Orthotopic OSC-19-luc2-GFP HNSCC, 
BxPC-3-luc2 PDAC, and HT-29-luc2 CRC peritoneal carcinomatosis models were 
induced as previously published [15, 25, 26].

Fluorescence imaging systems
Fluorescence images were acquired using the preclinical Pearl Trilogy Small Animal 
Imaging System (Pearl; LI-COR biotechnology, Lincoln, USA) and the Artemis clinical 
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system (Quest Medical Imaging, Middenmeer, the Netherlands). Pearl images were 
analyzed with Image Studio 5.2 (LI-COR biotechnology, Lincoln, USA). Frames from 
Artemis recordings, taken with standardized exposure times, were captured with 
Spectrum Capture Suite 1.4.3 (Quest Medical Imaging, Middenmeer, the Netherlands) 
and analyzed with Fiji Image-J [27].

Fluorescence imaging
100 µL of fluorescent tracer was administered intravenously at equal number of 
antigen binding sites, respectively 1 nmol for uIgG-800F and uFab2-800F, and 2 
nmol for uFab-800F. Subcutaneous models were imaged at 1, 2, 4, 12, 24, 36, 48, 72, 
96, and 120 hours while orthotopic models were imaged at the optimal imaging 
window after tumor exposure. Optimal time-points were selected based on TBR- 
and MFI- cut-offs, literature and visual interpretation. Outcome measures included 
TBR, MFI and Artemis exposure times (see ESM for details). 

Post-mortem histological analysis
Tumors were resected with surrounding normal tissue, embedded in paraffin, 
sectioned, and scanned for 800 nm fluorescence using the Odyssey. After scanning, 
sections were stained for hematoxylin and eosin and digitalized with the Panoramic 
Digital slide Scanner and CaseViewer 2.3 (both 3D Histech, Budapest, Hungary). 
Overlays were created with Adobe Photoshop CC 2018 (Adobe Systems, California, 
USA). 

Image analysis and statistics
TBRs were calculated by dividing the tumor MFI with background MFI measured 
using the Pearl. For subcutaneous models the background region-of-interest was 
the area next to the tumor equidistant 

from metabolizing organs. For the SSC, PDAC, CRC peritoneal carcinomatosis 
models the background regions-of-interest were muscle, spleen and peritoneum, 
respectively. Means were reported with standard deviations and compared using 
two-way ANOVA with GraphPad Prism 8 (GraphPad Software, California, USA). A 
p-value < 0.05 was considered statistically significant.

Results

In vitro characterization of uIgG, uFab2 and uFab
MNPR-101 (150-155 kDa) was enzymatically digested and purified resulting in a 
100 - 110 kDa uFab2-800F and 50 - 55 kDa uFab (Figure 1A). SPR determined the 
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KD of uIgG, uFab2 and uFab for recombinant uPAR to be 2.19 x 10-10 ± 2.41 x10-11 M, 
5.61 x 10-10 ± 1.61 x 10-11 M and 8.66 x 10-10 ± 4.17 x 10-10 M, respectively (Table 1, for 
sensograms see ESM file, suppl. fig. 1). Affinities did not differ significantly from 
each other (p = 0.59). Ka and Kd values of all tracers can be found in Suppl. Table 1 
(see ESM). Flow cytometry confirmed specificity for uPAR by showing a right shift 
in signal when uIgG, uFab2 and uFab were incubated with HEK uPAR WT cells, HEK 
uPAR D2-3 cells but not with HEK EV cells (Figure 1B).

Figure 1. In vitro validation of proteolytic cleavage and fluorescent conjugation of uIgG, uFab2 
and uFab. (A) Fluorescent signal on SDS-PAGE gel at respectively 150-155 kDa, 100-110 kDa, 
50-55kDa and <10 kDa for uIgG-800F, uFab2-800F, uFab-800F and 800F. The latter represents 
free IRDye800CW dye, indicating the purity of the conjugations in the other lanes. (B) Flow 
cytometry histograms demonstrating retained binding of uFab2 and uFab to wildtype uPAR 
(left) and the D2-D3 isotype (middle) after proteolytic cleavage of uIgG into the antibody 
fragments. Specificity is furthermore confirmed using empty vector transfected HEK cells 
(right) and a conjugate control as controls. (C) Cell-based plate-assays showing dose-dependent 
binding of uIgG-800F, uFab2-800F, uFab-800F and conjugate control to uPAR positive HEK WT 
cells (left), uPAR D2-3 isotype positive HEK cells (middle) and uPAR negative EV cells (right). 
Au, arbitrary units; D2-3, domain 2-3; EV, empty vector; HEK, human embryonic kidney; MFI, 
mean fluorescent intensity; MW, molecular weight. uPAR, urokinase plasminogen activator 
receptor; WT, wild-type.

The calculated fluorescence labeling with 800F was comparable for uIgG, uFab2 
and uFab, and the KD did not differ significantly after labeling (uIgG vs. uIgG-800F 
p = 0.47; uFab2 vs. uFab2-800F p = 0.53; uFab vs. uFab-800F p = 0.32; Table 1). Cell-
based plate assays showed a dose-dependent increase of the MFI on HEK uPAR WT 
cells and the HEK uPAR D2-3 cells, but not on HEK EV control cells (Figure 1C).

7
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Table 1. Comparison of uIgG, uFab2 and uFab characteristics.

Tracer Targeting 
Domain 
(Aa uPAR)

MW (kDa) Valency KD (M) Label Degree of 
labelling

KD after 
conjugation 
(M)

Pre/post 
labelling KD 
difference 
(T-test; p)

uIgG 268-275 150 - 155 2 2.19x10-10 ± 2.41-11 800F 0.9 2.56x10-10 ± 4.71-11  0.47

uFab2 268-275 100 - 110 2 5.61x10-10 ± 1.61-10 800F 0.9 3.84x10-10 ± 1.51-10 0.53

uFab 268-275 50 - 55 1 8.66x10-10 ± 4.17-10 800F 1.2 1.43x10-9 ± 2.66-10 0.32

Aa, amino acids; M, molar; MW, molecular weight

Serial imaging of subcutaneous HT-29 tumors with uIgG-800F, uFab2-800F and 
uFab-800F

Imaging of subcutaneous HT-29 tumors in mice demonstrated tumor specificity 
and identified the imaging window of 1 nmol uIgG-800F, 1 nmol uFab2-800F and 2 
nmol uFab-800F. Tumor accumulation of the full-sized antibody uIgG-800F could 
be seen as early as 1 hour after administration, but TBRs did not surpass two, an 
arbitrary cut-off point deemed suitable for NIR imaging, until 72 hours, due to rela-
tively high background fluorescence at earlier time points [28]. The antibody 

fragments uFab2-800F and uFab-800F accumulated more rapidly in tumors, 
with surpassing two after 24 hours (Figure 2A; for serial images see Suppl. Fig. 2, 
see ESM). 

Tumor fluorescence consistently remained above 0.1 arbitrary units (a.u.) 
with uIgG-800F, but dipped below it after 72 hours with uFab2-800F and 36 hours 
with Fab-800F (MFI uIgG-800F 120 hours = 0.156 ± 0.016 au; MFI uFab2-800F 72 
hours = 0.103 ± 0.017 au; MFI uFab-800F 36 hours = 0.213 ± 0.050 au; Figure 2A). 
During the imaging windows 72 – 120 hours, 24 – 72 hours, and 24 – 36 hours 
subcutaneous tumors were clearly identifiable with the clinical Artemis camera 
after uIgG-800F, uFab2-800F or uFab-800F administration, respectively (Figure 2B). 
Extra-tumoral uIgG-800F accumulation was not visible. At all time-points kidney 
fluorescence could be seen through the skin after uFAb2-800F and uFab-800F 
injection with kidney fluorescence surpassing tumor fluorescence (Figure 2B-C). 

Fluorescence imaging of orthotopic tumor models with uIgG-800F, uFab2-800F, 
and uFab-800F
Using three orthotopic cancer models, BxPC-3 PDAC, OSC-19 tongue SCC and 
HT-29 CRC peritoneal carcinomatosis, FGS potential of uIgG-800F, uFab2-800F, 
and uFab-800F was compared. MFI of 1 nmol uIgG-800F, 1 nmol uFab2-800F and 
2 nmol uFab-800F in 100 µL solution was 2.08 ± 0.38, 2.47 ± 0.44 and 4.1 ± 0.77 
au, respectively. Tumor burdens, measured by bioluminescence, did not differ 
significantly between tracers at the time of injection (p = 0.72 for BxPC-3-luc2; 
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p = 0.72 for OSC-19-luc2-GFP; p = 0.31 for HT29-luc2; Suppl. Fig. 3, see ESM). Tumors 
were imaged at 96 hours for uIgG-800F, 48 hours for uFab2-800F and 36 hours for 
Fab-800F after tracer administration.

Figure 2. In vivo serial imaging of uIgG-800F, uFab2-800F and uFab-800F in subcutaneous 
HT-29 tumor bearing mice. (A) TBR and MFI measured using the Pearl over time after injection 
of 1 nmol uIgG-800F, 1 nmol uFab2-800F and 2 nmol uFab-800F. (B) Merge and 800 nm images 
taken with the Artemis clinical camera demonstrating real-time tumor imaging at 96 hrs for 
uIgG-800F, 48 hrs for uFab2-800F and 36 hrs for uFab-800F. These time-slots are shown as they 
fall within the optimal imaging window for each of the tracers. For images at other time periods 
see Supplementary Fig. 2 (ESM). Tumor and kidney fluorescence are identified with yellow and 
red arrows, respectively. (C) Transcutaneous kidney fluorescence over time after uFab2-800F 
and uFab-800F administration. Au, arbitrary units; hrs, hours MFI, mean fluorescence intensity; 
nm, nanometer; NIR, near-infrared; TBR, tumor-to-background ratio; T, time.

Fluorescence clearly accumulated in abdominal PDAC BxPC-3-luc2 tumors 
after intravenous injection of the various tracers. In particular with uFab-800F, 
transcutaneous kidney and liver fluorescence interfered with optimal tumor 
imaging (Figure 3A). TBRs were 2.5 ± 0.4 for uIgG-800F, 3.3 ± 1.2 for uFab2-800F 
and 2.3 ± 1.0 for uFab-800F. TBRs did not differ between all 3 tracers (p = 0.58; 
Figure 3B). Tumor MFI did not differ significantly but tumors could be visualized 
with shorter exposure times after uIgG-800F injection as opposed to uFab2-800F 
or uFab-800F (p = 0.32; Multiple comparisons, uIgG-800F vs. uFab2-800F p = 0.32, 
uIgG-800F vs. uFab-800F p = 0.46, uFab2-800F vs. uFab-800F p = 0.95; Figure 3C).
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Figure 3. In vivo fluorescence imaging of orthotopic BxPC-3 pancreas adenocarcinomas with 
uIgG-800F, uFab2-800F and uFab-800F during the optimal time period. (A) NIR-images of 
orthotopic BxPC-3 pancreas adenocarcinomas taken with the Artemis clinical camera 96 hrs 
are uIgG-800F (left panel), 48 hrs are uFab2-800F (middle panel) and 36 hrs after uFab-800F 
(left panel) administration. Tumors are identified with a yellow arrow and kidney fluores-
cence, when present, with a red arrow. Note the lower exposure time needed after uIgG-800F 
administration reflecting a higher MFI. (B) TBRs and (C) tumor MFIs measured using the Pearl 
do not differ significantly between uIgG-800F, uFab2-800F and uFab-800F at respectively 96 
hrs, 48 hrs and 36 hrs after injection. Au, arbitrary units; exp, exposure; hrs, hours; MFI, mean 
fluorescence intensity; NIR, near-infrared; nmol, nanomole; ns, not significant; T, time; TBR, 
tumor-to-background ratio.

After intravenous injection of uIgG-800F, uFab2-800F, or uFab-800F OSC-19-
luc2-GFP superficial squamous tongue tumors were easily identified with the 
Artemis clinical system. Shorter exposure times were needed after injection of 
uIgG-800F as opposed to uFab2-800F or uFab-800F (Figure 4A). TBRs of 2.8 ± 0.5, 
3.6 ± 0.6 and 3.2 ± 0.4 were achieved for uIgG-800F, uFab2-800F and uFab-800F, 
respectively. TBRs did not differ significantly between tracers (p = 0.33; Figure 
4B). MFI, however, did differ significantly with uIgG-800F having superior absolute 
fluorescence (p = 0.01; Multiple comparisons, uIgG-800F vs. uFab2-800F p = 0.02, 
uIgG-800F vs. uFab-800F p = 0.03, uFab2-800F vs. uFab-800F p = 0.88; Figure 4C).

Figure 4. In vivo fluorescence imaging of uIgG-800F, uFab2-800F and uFab-800Fduring the 
optimal imaging window in orthotopic squamous cell OSC-19 tongue tumors. (A) NIR-images 
taken with the Artemis clinical camera of orthotopic OSC-19 tongue tumors 96 hrs after uIgG-
800F, 48 hrs after uFab2-800F and 36 hrs after uFab-800F administration. Tumors are iden-
tified with a yellow arrow. Note the lower exposure time needed to visualize the tumor after 
uIgG-800F administration compared to uFab2-800F and uFab-800F. (B) TBRs and (C) tumor 
MFIs measured using the Pearl for uIgG-800F, uFab2-800F and uFab-800F at respectively 96, 
48 and 36 hrs after administration demonstrating similar TBRs between the groups but a 
higher MFI for uIgG-800F. Au, arbitrary units; exp, exposure; hrs, hours; MFI, mean fluores-
cence intensity; NIR, near-infrared; nmol, nanomole; ns, not significant; T, time; TBR, tumor-
to-background ratio.
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Fluorescence detection of small lesions was studied using a HT-29 CRC peritoneal 
carcinomatosis model. Average lesion diameters were 3.2 ± 0.8 mm, 3.7 ± 1.2 mm 
and 4.7 ± 0.6 mm for uIgG-800F, uFab2-800F or uFab-800F (p = 0.18). Similarly to 
the OSC-19-luc2-GFP tongue tumors and the BxPc-3-luc2 PDAC tumors, FGS with the 
Artemis clinical system was performed with lower exposure times in the uIgG-800F 
groups compared to the other two groups (Figure 5A). TBRs, after uIgG-800F, uFab2-
800F or uFab-800F administration were 5.8 ± 2.5, 4.9 ± 1.1 and 5.4 ± 0.8, respectively, 
and did not differ significantly between tracer groups (p = 0.81; Figure 5B). Lesion 
MFI approached statistically significant difference with IgG-800F being superior 
(p = 0.07; Multiple comparisons, uIgG-800F vs. uFab2-800F p = 0.09, uIgG-800F vs. 
uFab-800F p = 0.14, uFab2-800F vs. uFab-800F p = 0.99; Figure 5C). 

Figure 5. In vivo fluorescence imaging of small lesions with uIgG-800F, uFab2-800F and 
uFab-800F at the optimal imaging window using an orthotopic HT-29 colorectal cancer peri-
toneal carcinomatosis model. (A) NIR-images taken with the Artemis clinical camera of the 
peritoneum containing HT-29 lesions 96 hrs are uIgG-800F, 48 hrs after uFab2-800F and 36 hrs 
after uFab-800F administration. Tumors are identified with the yellow arrow. Note the differing 
exposure times needed to create similar images reflecting the differing MFI achieved with each 
of the tracers. (B) average TBR and (C) lesion MFI measured using the Pearl achieved 96 hrs 
after uIgG-800F, 48 hrs after uFab2-800F and 36 hrs after uFab-800F injection. Au, arbitrary 
units; exp, exposure; hrs, hours; MFI, mean fluorescence intensity; NIR, near-infrared; nmol, 
nanomole; ns, not significant; T, time; TBR, tumor-to-background ratio.

Ex vivo characterization of normal and tumor tissue
Ex vivo macroscopic analysis of normal tissue, showed that most of the fluorescence 
was located in the metabolizing organs (Figure 6A-B). Liver MFI differed significantly 
between tracers with uFab-800F having the highest, and uIgG-800F and uFab2-800F 
having similar MFI’s (p < 0.01; Multiple comparisons, uIgG-800F vs. uFab2-800F 
p = 0.28, uIgG-800F vs. uFab-800F p < 0.01, uFab2-800F vs. uFab-800F p < 0.01). 
Kidney MFI differed significantly between all tracer types with uIgG-800F having 
the lowest MFI (p < 0.01; Multiple comparisons, uIgG-800F vs. uFab2-800F p < 0.01, 
uIgG-800F vs. uFab-800F p < 0.01, uFab2-800F vs. uFab-800F p < 0.01). MFI of the other 
organs did not approach or pass that of tumor MFI’s and did not significantly impact 
background fluorescence. Ex vivo macroscopic tumor fluorescence could be clearly 
visualized with all three tracers. uIgG-800F tumor MFI, however, was consistently 
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higher than uFab2-800F or uFab-800F in all three orthotopic tumor models (Figure 
6B). Post-mortem overlay of histology with fluorescent signal confirmed tumor 
specific accumulation at the tumor cells using all three tracers (Figure 6C).

Figure 6. Ex vivo macroscopic and microscopic fluorescence biodistribution of uIgG-800F, uFab2-
800F and uFab-800F at optimal imaging window. (A) Ex vivo biodistribution visualized with the 
Pearl and (B) quantified in a bar graph of uIgG-800F, uFab2-800F and Fab-800F at respectively 
96, 48 and 36 hrs after administration. Fluorescence intensity across the images are matched. 
(C) Overlay of HE-staining and 800 nm fluorescence showing fluorescence accumulation in tumor 
area compared to surrounding normal tissue. Tumor tissue is delineated by the black line. The 
black line represents 500 µm. au, arbitrary units; Br, brain; Ce, cecum; He, heart; HE, hematox-
ylin & eosin; Hrs, hours; Int, intestine; Ki, kidneys; Li, liver; Lu, lung; MFI, mean fluorescence 
intensity; Mu, muscle; nm, nanometer; nmol, nanomole; NIR, near-infrared; Pa, pancreas; Sk, 
skin; Spl, spleen; St, stomach.
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Discussion

Optimizing NIR contrast agents for molecular imaging is a challenge, as tumor 
visualization is dependent on a multitude of factors including, but not limited to, 
tracer size, valency, affinity, and labeling ratio [29-31]. By decreasing size, the 
current study evaluated whether tumor specific imaging could be retained and 
concurrently pharmacokinetics improved for the validated humanized anti-uPAR 
monoclonal antibody MNPR-101. Although the 100 kDa F(ab’)2 and 50 kDa Fab 
performed similarly in vitro to the 150 kDa IgG, in vivo imaging resulted in more 
rapid FGS with the two smaller fragments at the cost of peak tumor fluorescence.

Only few reports have directly compared antibodies with their fragments for 
FGS. Fluorescent anti-HER3 IgG and single chain variable fragment (scFv)-Fc had 
higher tumor MFIs compared to scFv, Fab, diabody and scFv-CH3 in HNSCC xeno-
grafts [32]. In another study, EphB4-targeting IgG showed maximum tumor uptake 
while F(ab’)2 and Fab resulted in step-wise lower tumor signal [33]. A third study, 
using ICAM-1 Fabs, tumor MFI decreased to such an extent compared to the full-
sized antibody that it matched that of non-specific controls [34]. These results, 
although differing in constructs and/or targets, match ours and are comparable to 
previous PET studies where CD105 targeting F(ab’)2 and Fab lead to earlier imaging 
but lower peak signal [22, 23].

Previously, however, we achieved high peak tumor signal with the epithelial 
cell adhesion molecule (EpCAM) targeting Fab VB6-845-IRDye800CW resulting 
in clinical translation (NTR7570) [35]. Expression characteristics of the targeted 
receptor could explain this difference in peak MFI attained by the Fabs. The 
colorectal HT-29 and breast MCF-7 cell lines used by Boogerd et al. express respec-
tively 195,000 and 260,000 copies of EpCAM while BxPc-3, OSC-19 and HT-29 have 
10,000 – 30,000 copies of uPAR [14, 35]. For receptors with lower cell expression, 
like uPAR, HER3, and EphB4, longer circulation times could be required to establish 
sufficient accumulation of tracer in tumors and clearance from background tissue 
[32, 36, 37].

In addition to receptor-expression, tracer extravasation and clearance can clarify 
differences in tumor uptake. IgGs compensate their unfavorable slow extravasation 
characteristics with extended circulation times, in part due to their Fc-receptor 
mediated recycling and minimal renal clearance, providing a tracer multiple chances 
for extravasation [17, 38]. In contrast, the improved extravasation of molecules 
ranging in size between 20 – 50 kDa is not in proportion to the rapid renal clearance 
resulting in worsened tumor accumulation compared to IgGs [39, 40]. At and below 
20 kDa, like for nanobodies and peptides, renal clearance is practically at first-
pass and as such cannot improve, while extravasation increases rapidly with 
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decreasing size resulting in favorable tumor accumulation again [40]. Once in the 
tumor compartment, the superior diffusion of smaller molecules will result in a 
more homogenous tumor distribution compared to their larger counterparts [31]. 

Nonetheless, these disadvantages can be compensated by improving target 
affinity as there is an inverse relation between size and affinity (KD) required to 
reach similar tumor uptakes. KDs of 10-8 to 10-6 M for antibodies result in similar 
degrees of tumor retention as Fabs or scFvs with a KD of 10-10 to 10-8 M [41-43]. 
Our anti-uPAR Fab has a nanomolar affinity, approximately ten-fold higher than 
the ICAM-1 Fab, and similar to the HER-3 Fab while VB6-845-IRDye800CW has a 
picomolar affinity[35]. In conclusion, the combination of receptor density and tracer 
affinity in combination with size play a pivotal role in achieving high peak intensity, 
possibly explaining why VB6-845-IRDye800CW achieved superior imaging condi-
tions and why, for the other targets, the larger agents resulted in superior MFIs.

The currently described uPAR targeting antibody fragments are not the only 
uPAR-targeting contrast agents under development. The growth factor domain of 
urokinase (ATF), the natural ligand of uPAR with a KD of 2.5 x 10-10 M, has been 
coupled with various dyes like Cy5.5 and NIR830 for FGS as approximately 18 kDa 
peptides and much larger nanoparticle probes [44-46]. The 9-mer peptide ICG-Glu-
Glu-AE105 also targets the uPAR-ATF interaction with a KD of 134 x 10-9 M and 
results in rapid (6 - 24 hours) tumor localization in various in vivo xenograft models 
[47-49]. While the delayed imaging window of uIgG-800F and rapid imaging window 
of ATF peptides and ICG-Glu-Glu-AE105 is evident, peak fluorescence is much harder 
to compare as these constructs not only differ in size and affinity but also in fluoro-
phore. In this case, IRDye800CW has a higher extinction coefficient and quantum 
yield than ICG and can be expected to be brighter [50]. Lastly, the targeting epitope 
is a crucial difference between ATF peptides, ICG-Glu-Glu-AE105 and huIgG-800CW 
where the former two, as uPA competitors, are dependent on low endogenous uPA 
expression and the latter is not [51]. Co-injection experiments of uPA and ICG-Glu-
Glu-AE105 have resulted in an almost 50 % decrease in fluorescence signal [47]. 
huIgG-800CW specifically targets the D2-D3 uPAR isotype, often found to be over-
expressed in cancer [9, 16]. 

While the conclusions drawn in this study reflect the literature, the current 
study contains a couple limitations. Although the limited group sizes were sufficient 
according to previous sample size calculations to identify the most relevant differ-
ences in TBRs (increase in 50%, see ESM) more subtle differences could have been 
missed. Ethical constraints, however, limited researching this avenue. In addition, 
using orthotopic models minimalized the time-points tumors could be visualized in 
vivo, potentially missing better imaging moments. This was negated by first imaging 
the tracers serially in a subcutaneous tumor model and carefully defining what 
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determined a suitable time window (see ESM). Lastly, administrating tracers based 
on fluorescence as opposed to antigen binding sites could potentially have allowed 
for a more accurate comparison of fluorescence intensity, however, the results, if 
different at all when injecting a surplus amount of tracer, would have skewed the 
conclusion even more towards full-sized antibodies.

Conclusion

To conclude, this study successfully introduces two novel uPAR antibody-fragment 
tracers based on the extensively validated MNPR-101 humanized parental antibody. 
F(ab’)2 and Fab greatly improved time-to-imaging while the whole antibody 
demonstrated superior peak fluorescence. In the clinic, the various pharmacokinetic 
profiles of the tracers should be considered as Fab utilization is better in (semi-) 
acute settings (same-day or next-day surgery), but should not be used when absolute 
receptor expression is expected to be relatively low. In these cases, surgeons should 
veer towards full-sized antibodies or constructs smaller than 20kDa, such as 
nanobodies or peptides.
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Part I. Introduction
Cancers accounts for approximately one-in-six deaths worldwide. Despite the 
advances in treatment options over the past couple decades surgery remains the 
cornerstone for almost all solid tumors. Radical excision is crucial for curative 
treatment, however, intraoperative tumor identification is hampered by (1) fibrosis, 
inflammation and necrosis due to neoadjuvant therapy, and (2) an altered surgical 
field due to the adoption of laparoscopic and robotic procedures. In response, 
various imaging techniques have been introduced to the operating theater to aid 
surgeons in tumor discrimination of which fluorescence guided surgery (FGS) is one. 
FGS utilizes near-infrared light to visualize, an often intravenously administered, 
tumor-targeting tracer in real-time. In order to create an optimal contrast between 
malignant and non-malignant tissue such a tracer needs to target a tumor-specific 
protein that is highly expressed on tumor tissue but absent on the surrounding 
tissue. 

Part II. uPAR as a tumor target in various tumor types
The urokinase plasminogen activator receptor (uPAR) is such a tracer that is 
highly expressed on malignant tumor cells and tumor-associated stromal cells, 
while being practically absent on non-malignant (normal, benign or reactive) cells. 
In addition, in various malignancies uPAR expression is a prognostic factor. In 
Chapter 2 the prognostic value of uPAR expression for patients with pancreatic 
adenocarcinoma was studied. 66% of cases expressed uPAR on malignant cells 
while 82% expressed uPAR on stromal cells. uPAR expression on malignant and 
stromal cells is inversely related with overall survival and disease-free survival. 
These results further strengthen the case that uPAR is strong prognostic marker 
for aggressive diseases and could potentially be used for treatment stratification. 
Furthermore, the expression of uPAR on malignant and tumor-associated stromal 
cells render it as a possible target for FGS. 

Another case where FGS could revolutionize treatment as tumor borders are 
difficult if not impossible to determine is high-risk squamous cell carcinoma of 
the head-and-neck region. Using a practical approach, Chapter 3 determined to 
identify possible tumor targets for FGS of these challenging cases. The expression 
patterns of seven targets with fluorescent tracers undergoing development were 
evaluated on tumor cells, tumor-associated stromal cells and normal epithelium. 
The epidermal growth factor receptor, integrin αvß6 and uPAR were identified as 
possible targets with the former two having high expression on tumor cells, no 
expression on stromal cells, and moderate to high expression on normal epithelium. 
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In contrast normal epithelium was consistently negative for uPAR while tumor and 
tumor-associated stromal cells were moderately positive. 

Part III. uPAR as target: beyond cancer imaging
uPAR overexpression is not exclusive to cancer but also occurs in a range of other 
diseases where extracellular matrix remodeling plays an important role. Therefore, 
Chapter 4 takes a closer look at the role of uPAR in atherosclerosis, rheumatoid 
arthritis (RA), Alzheimer’s disease (AD), multiple sclerosis (MS) and inflammatory 
bowel disease (IBD). In addition, avenues are identified where uPAR targeted 
molecular imaging could offer insights for new directions in diagnosis, surveillance 
or treatment options. These range from utilizing molecular imaging to increase our 
understanding of MS or AD to identification atherosclerotic plaques that are at risk 
for rupture to predicting disease aggravation in RA or IBD. 

Part IV. Development of uPAR targeted tracers
After identifying a possible target, a fluorescent tracer that specifically targets this 
receptor needs to be developed. There are various pharmacological and practical 
that need to be considered when designing a fluorescent tracer. This discussion 
is introduced in Chapter 5 where the results of a fluorescent uPAR targeting 
monoclonal antibody and peptide are compared in light of two recently published 
articles where both tracers were evaluated in preclinical head-and-neck cancer 
models. The long half-life of the antibody results in delayed but prolonged imaging. 
More rapid imaging can be achieved with the peptide, however, it suffers from 
urokinase competition for uPAR binding. 

In Chapter 6 a novel humanized fluorescent antibody, based on the mouse mono-
clonal antibody targeting domain 2-3 of uPAR of the previous chapter, is introduced 
and evaluated preclinically. In preclinical subcutaneous and orthotopic human 
urothelial cell carcinoma models tumors can be specifically delineated from back-
ground tissues with significantly higher tumor-to-background ratios than multiple 
isotype controls. In addition, the multimodal functionality of the tracer is demon-
strated by photoacoustic 3D in depth imaging. 

As mentioned earlier, antibodies have a prolonged half-life which delays the 
optimal imaging window. Decreasing the molecular weight of the antibody alters the 
biodistribution of the tracer, resulting in earlier tumor penetration and background 
clearance and ultimately allowing for earlier imaging. In Chapter 7 F(ab’)2 and Fab 
fragments are created from the humanized monoclonal antibody introduced in the 
previous chapter and extensively compared in multiple preclinical mouse models. 
The ultimate imaging window is reduced from 72 hours to 24 hours post admin-
istration with the fragments. While the tumor-to-background ratios do not differ 

8
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between the full-sized antibody and the two smaller fragments, the peak tumor 
signal decreases with size of the tracer. The earlier tumor visualization achieved 
by antibody fragments comes at the expense of peak fluorescence intensity which 
could potential influence sensitivity of the tracer.
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General discussion and future perspectives

In merely a decade the targeted-fluorescence guided surgery (FGS) field has made 
significant strides forward, from the initial proof-of-concept trial by van Dam et al. in 
2011 to the in 2021 United States Food and Drug Administration approval of the first 
targeted near-infrared (NIR) fluorescence contrast agent pafolacianine (Cytalux; i.e. 
OTL38) [1]. FGS has matured from promises of clinical benefit to demonstrating the 
applicability in a randomized phase III-trial; pafolacianine identified 33% additional 
lesions in ovarian cancer patients that otherwise would have been missed by the 
operating surgeon [2]. As more phase-III trials with other agents are expected to 
report their outcomes in the upcoming years, the surgical scientific community 
stands at the footsteps of an era of precision surgery, where tumors can be color-
coded to aid intraoperative decision making and resection [3]. 

Fundamental for a fluorescent tracer is the framework of clinical application 
applied and whether the desired contrast is achieved. For example, 40% of ovarian 
cancer patients show residual lesions larger than 1 cm by postoperative computed 
tomography after cytoreductive complete resection. Subsequently this group had 
inferior outcomes compared to patients where intraoperative assessment was in 
accordance with postoperative imaging [4]. The NIR contrast agent pafolacianine 
can play a role into this clinical framework, by offering an innovative approach to 
identify and resect these missed lesions intraoperatively. For this purpose pafola-
cianine has been improved upon its predecessor EC17 by utilizing the NIR window 
as opposed to blue light. This exchange of fluorophore enhances the contrast by 
decreasing background autofluorescence and improving penetration depth of the 
signal [1, 5]. While the steps being made are exciting, the pafolacianine FDA approval 
also obliges us to ask what the next-generation of FGS contrast agents will look 
like and particularly whether there is room for urokinase plasminogen activator 
receptor (uPAR)-targeted FGS in this landscape.

 The following section will therefore discuss (I) the clinical frameworks where 
FGS could be of clinical value, (II) where uPAR fits in these clinical frameworks, (III) 
how tumor contrast can be enhanced by smart tracer design. 
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Part I. Clinical frameworks for FGS 

As the possibilities with FGS broaden, it becomes paramount to focus on the clinical 
frameworks where FGS can potentially enhance patient survival by improving 
surgical outcomes [6]. Based on the current literature, Table 1 identifies fourteen 
clinical questions for eleven solid tumor types where FGS offers a potential 
application. While one question addresses staging by identifying radiographically 
occult lesions and two focus on identifying additional lesions during debulking 
procedures, the majority (11) focus on improving locoregional tumor control by 
improving R0 resection margin rates. Especially in (potentially) locally advanced 
tumors, such as those in the head & neck, brain or rectum, margin positivity rates 
are high and the potential of additional intraoperative guidance via FGS is obvious 
[7-9]. 

After defining the clinical framework potential targets need to be assessed. Iden-
tifying a target expressed across all tumors and absent in non-malignant tissue, 
comprising normal, benign and reactive tissue like inflamed or fibrotic, is the holy 
grail of molecular imaging modalities including FGS. Finding such a target, however, 
is nearly impossible as cancer is an umbrella term for more than 100 diseases that 
fails to highlight the inter-tumoral heterogeneity that exists, even between tumors 
from similar anatomical origins1 [10, 11]. Not surprisingly, the twenty FGS-tracers 
that are undergoing clinical translation target fifteen different proteins or processes 
[3]. In Table 1 potential targets are identified for the FGS clinical frameworks 
mentioned above, based on (pre-) clinical data and stage of development2. While 
the folate receptor is specific for ovarian cancer, carcinoembryonic antigen (CEA) 
for gastro-intestinal tumors, and epidermal growth factor receptor (EGFR) for head 
& neck cancer, uPAR’s versatility as potential target for head & neck, pancreatic, 
ovarian, prostate, and bladder cancer suggests merits as a next-generation target.

1	 Intra-tumoral heterogeneity complicates matters even further when subclones in the tumor 
decrease or eliminate the expression of the target.

2	 The list of potential targets is meant to be exemplary and is not an exhaustive list.

9
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Table 1. Possible clinical frameworks where FGS is a potential solution to improve surgical 
outcomes and relevant targets. 

Tumor Type Clinical Framework Framework 
type

Potential targets#

Glioma Increasing percentage of patients with maximal 
cytoreductive surgery by improving visualization of 
the infiltrative zone (≈65% [8])

Locoregional 
control

Protoporphyrin IX 
precursors; uPAR

Head & neck 
cancer

Reducing tumor-positive margins of head & neck 
squamous cell carcinoma patients treated by 
resection (≈ 23.3% [7])

Locoregional 
control

Integrin αvß6; 
EGFR; uPAR

Breast cancer Improving re-excision rates of breast cancer patients 
treated by lumpectomy (≈ 21.6% [12])

Locoregional 
control

Cathepsin/ 
proteolytic activity

Lung Reducing positive resection margins (5-15% [13]) Locoregional 
control

Non-targeted; folate 
receptor; CAIX; 
Collagen XVII

Esophageal 
cancer

Reducing margin positivity rate in patients with 
esophageal cancer undergoing an esophagectomy (≈ 
9.4% [14])

Locoregional 
control

EpCAM; CEA

Primary and 
secondary 
liver cancer

Reducing tumor-positive margins of primary and 
secondary hepatic lesions (≈ 28% tumor-positive 
margins for colorectal liver metastases [15])

Locoregional 
control

Non-targeted; CEA

Pancreatic 
cancer

Preventing unnecessary laparotomies in patients 
with pancreatic ductal adenocarcinoma by detecting 
radiographically occult disease during the staging 
laparoscopy (≈ 20% have unresectable disease during 
laparotomy [16])

Staging Integrin αvß6; CEA; 
uPAR

Reducing R1 positive margins in patients with 
pancreatic ductal adenocarcinoma undergoing 
laparotomy with curative intent (≈ 50-70% [17])

Locoregional 
control

Colorectal Improving cytoreductive resections in patients with 
peritoneal carcinomatosis of colorectal origin [18]

Identifying 
additional 
lesions

CEA; EpCAM

Reducing R1 resection margins in patients with 
locally advanced rectal cancer (≈ 16% [9])

Locoregional 
control

Ovarian Improving detection of subclinical peritoneal nodules 
in staging and debulking procedures for patients with 
epithelial ovarian carcinoma [6]

Identifying 
additional 
lesions

Folate receptor; 
uPAR; EpCAM

Prostate Reducing positive margins during in patients 
undergoing radical prostatectomy (≈ 15% [19])

Locoregional 
control

PSMA; uPAR

Bladder Reducing recurrence rates in patients with 
non-muscle invasive bladder cancer (30-80% [20])

Locoregional 
control

Protoporphyrin IX 
precursors; uPAR

Reducing positive soft tissue surgical margins in 
patients undergoing radical cystectomy for primary 
urothelial cancer (≈ 4.2% [21])

Locoregional 
control

# targets are identified based on available (pre-)clinical data and stage of development. The list is not meant to be 
exhaustive. See Table 2 and 3 for in-depth evidence supporting the targets relevance. CAIX, carbonic anhydrase IX; 
CEA, carcinoembryonic antigen; EGFR, epidermal growth factor receptor; EpCAM, epithelial cell adhesion molecule; 
PSMA, prostate-specific membrane antigen; uPAR, urokinase plasminogen activator receptor.
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Part II. Clinical framework of uPAR-based FGS

Biology of uPAR
Understanding the complex biology of uPAR helps to explain its versatility as a 
target. Mechanistically, uPAR can be considered a lynchpin protein or central 
orchestrator in many of the pathways fundamental to cancer. Proteomic studies, 
for instance, show that a moderate downregulation of uPAR (approx. 43%) reverses 
signaling pathways associated with eight of the ten defined ‘Hallmarks of Cancer’, 
most importantly those involving the evasion of cancer cell death, promoting cancer 
cell proliferation, activating invasion and metastases, and promoting immune 
evasion [22-26]. In vitro and in vivo studies confirm many of these associations 
and show uPAR to be closely related to tumor-aggressiveness [27]. Because of the 
universal characteristics uPAR seems a marker for cancer biology rather than a 
marker for specific cancer types.

Not surprisingly, uPAR (over-)expression has been described in almost every 
solid malignancy and expression is often correlated with poor prognosis [27-29]. 
We confirm this pattern for pancreatic ductal adenocarcinoma in Chapter 2,where 
uPAR expression in both neoplastic and stromal cells is inversely associated with 
overall survival (OS) and disease-free survival (DFS) of the patients. Similarly, we 
show in Chapter 3, that uPAR is overexpressed in the majority of squamous cell 
carcinoma’s of the head and neck, again on both neoplastic and tumor-associated 
stromal cells, whereas adjacent normal tissue contained no uPAR expression. The 
results from this study are especially relevant for FGS as tissue samples were specif-
ically selected and evaluated based on the presence of tumor margins. As such, this 
studies builds on the evidence that uPAR expression particularly localizes towards 
the invasive edge, often the margin at risk during surgical resection [30].

Clinical experience with uPAR
uPAR’s pathophysiological role in tumor progression and the association with DFS 
and OS in numerous solid tumor types make it an established prognostic target and 
potential aid in treatment stratification. Not surprisingly, the first phase II clinical 
trial demonstrating molecular imaging of uPAR was focused down this avenue: 
Fosbøl et al. have been able to discriminate prostate cancer patients in low-risk 
and intermediate-risk Gleason score based on standardized uptake values (SUV) of 
the uPAR targeting positron emission tomography (PET) ligand 68Ga-NOTA-AE105 
[31]. Similarly, in two different phase II clinical trials relapse-free survival has been 
predicted in patients with head and neck squamous cell carcinoma, and prognosis 
has been associated with uPAR in patients with neuroendocrine neoplasms using 
the same tracer [32, 33]. A fourth phase II clinical trial in patients with metastatic 

9
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castration-resistant prostate cancer undergoing radium-223 therapy had to be 
prematurely terminated because of inclusion challenges due to changes in treatment 
guidelines. However the acquired data showed an association between SUVmax of the 
index lesion and OS [34]. As the road has been paved for uPAR-based PET, it might 
be time for uPAR-based FGS to follow.

uPAR-based FGS
The clinical framework within which uPAR FGS has the most potential focusses 
on patient-groups where tumor margins are narrow and most at risk as uPAR’s 
upregulation is often most prominent at the (invasive) tumor-stromal interface [30, 
35]. For instance, irradical resection rates can be up to 60% for high risk squamous 
cell carcinomas of the head & neck (HNSSC) and are directly associated with poor 
patient outcomes. As uPAR is (over-) expressed in the majority of HNSSC patients (up 
to 100% of patients), uPAR FGS in the complicated head & neck surgical landscape 
is a promising avenue to lower irradical resection rates [29, 36, 37]. A similar case 
could be made for malignant gliomas, where maximal cytoreductive surgery is an 
essential part in the treatment process, but where it is achieved in less than 35% of 
cases without additional imaging and in 65% of patients with 5-aminolevulinic acid 
based intraoperative imaging [8, 38]. As uPAR is (over-)expressed in the majority 
of glioma’s, targeting uPAR for FGS could potentially improve the negative margin 
rates [39-41].

Recently, FluoGuide, a clinical stage biotechnology company focused on FGS that 
is translating a uPAR targeting fluorescent peptide towards the clinic, confirmed 
the uPAR approach by reporting a first-in-human study using the uPAR targeting 
peptide FG001 (AE105-Glu-Glu-ICG) for the visualization of malignant gliomas. 
In this open-label, non-randomized, dose-escalation phase I/IIa study FG001 was 
deemed safe and resulted in TBRs of approximately 2.3 (1.8-2.6) with the Orbeye 
camera system and 3.5 (2.8-4.6) with the Zeiss Pentero C camera system. The speci-
ficity, sensitivity, positive-predictive value and negative-predictive value were 100% 
(59-100%), 79% (58-93%), 100% (82-100%) and 58% (28-85%), respectively [42]. 
Based on these results, FluoGuide has commenced with phase IIb studies in high 
grade glioma patients and initiated phase IIa trials in patients with lung cancer and 
head & neck cancer (EudraCT number 2022-0013612-12, 2021-004389-37). 

uPAR FGS compared to other targets
uPAR is a versatile target that has, as outlined above, potential as FGS target for 
various tumor types where local tumor margins are at risk. Obviously, uPAR is 
not the only target that is being studied. The key question is how uPAR performs 
compared to other targets for the clinical frameworks previously identified? 
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Although alternative targets exists, adequately comparing targets is challenging. 
The literature that exists is mostly based on immunohistochemical (IHC) methods, 
and studies comparing targets in in vivo or clinical settings are practically 
non-existent[43-48]. Therefore, it is important to be aware of the biases and/or 
limitations of IHC studies. First-of-all, as Ahn et al. so eloquently demonstrated 
using different monoclonal antibodies targeting the same receptor can result in 
two very contrasting expression patterns [49]. Secondly, the tissue origin is of 
utmost important as Serpa et al. show that expression patterns differs significantly 
between location: 76.7% of cases were positive at the invasion front but only 48.4% 
at the tumor core [50]. Lastly, studies differ in scoring systems and what accounts 
a positive score. A close look needs to be taken whether only epithelial cells are 
scored or also the stromal compartment, and what percentage of cells should show 
expression for a positive expression score. 

Despite the limitations, Table 2 compares the expression pattern of uPAR with 
other promising targets for the uPAR clinical frameworks identified earlier. For 
most indications alternative targets can be found with similar expression rates 
on tumor tissue. However, unlike uPAR3, these alternatives often have significant 
expression in normal tissue, potentially increasing background fluorescence [30]. 
For example, as identified in Chapter 3, both integrin αvß6 and EGFR are weakly to 
highly expressed on normal squamous epithelium, whereas uPAR is absent. Further-
more, another advantage of uPAR is that it is also expressed on the tumor-associated 
stromal compartment whereas integrin αvß6, EGFR, CEA, EpCAM, and prostate-spe-
cific membrane antigen (PSMA) are solely expressed on the tumor compartment 
[49-51]. The challenge, however, with targeting uPAR is its heterogenous pattern of 
expression. Whether this heterogeneity is relevant, as high uPAR is often expressed 
at FGS sites like tumor border, or impairing like less prominent presence in tumor 
cores, remains to be evaluated [50]. Table 3 compares targets for the clinical frame-
works where uPAR has less potential. 

3	 In normal tissue, uPAR expression is mostly limited to bone-marrow derived white blood cells, 
pulmonary alveoli, glomeruli and a sporadic endothelial cell. In healthy individuals, uPAR is not 
critical for normal physiology. uPAR becomes upregulated in tissues undergoing active remod-
eling such as during wound-healing, embryo implantation or mammary gland involution [29].

9
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Table 2. Comparison of uPAR to other potential targets for the clinical frameworks where uPAR 
has been identified as being promising. 

Target Potential Tracer Remarks

Glioma

uPAR FG001
FG002
huATN658-
IRDye800CW*
huNb2-IRDye800CW

⊕ 95% elevated uPAR expression [41]
⊕ Specificity 79%, Sensitivity 100%, PPV 100%, NPV 58% [42]
⊕ Average TBR 2.3-3.5 [42]
⊕/⊖ Heterogenous staining pattern [40]

Chlorotoxin 
derived peptide

BLZ-100 ⊕ 6/6 (100%) high-grade tumors fluorescence [52]
⊕/⊖ Unclear binding mechanism [52]

EGFR Cetuximab-
IRDye800CW
Panitumumab-
IRDye800CW
ABY-029

⊕ Overexpressed in 54-80% of patients [53-55]
⊕ Expression decreased in normal brain tissue [56]
⊕ TBR 4.0 ± 0.5 [56]

Head & neck cancer

uPAR See above ⊕ Expressed in 64-100% of primary tumors [36, 37, 57]
⊕ Expressed on both tumor and tumor-surrounding stromal cells 
[36, 37, 57]
⊕ Absent on normal squamous epithelium and adnexa [36, 37, 57]
⊕/⊖ Expression can be heterogenous [36, 37]

Integrin αvß6 R01-MG-IRDye800CW* ⊕ Expressed in 87-95% of primary tumors [36, 58]
⊕/⊖ Low to moderate expression on normal squamous 
epithelium and adnexa [36, 58]

EGFR See above ⊕ Expressed in 100% of primary tumors [36, 37]
⊖ High expression on normal squamous epithelium and adnexa 
[36, 37]

Pancreatic cancer

uPAR See above ⊕ Expressed in 67-82% of patients [43, 59]
⊕ Significantly overexpressed compared to chronic pancreatitis 
[44]
⊕ Expressed on both tumor and tumor-surrounding stromal cells 
[44, 59]
⊕ Complete absence of staining in normal pancreatic tissue [44]
⊖ High uPAR expression in negative lymph nodes [44]

Integrin αvß6 See above ⊕ Highly expressed in 88% patients [43]
⊕ Sensitivity of 84% and specificity of 100% for tumor lymph 
nodes [44]
⊕ Significantly overexpressed compared to chronic pancreatitis
⊖ Moderate staining in normal ductal structures [44]

CEA SGM-101 ⊕ Highly expressed in 71% of patients [43]
⊕ Completely absent in normal pancreatic parenchyma [44]
⊕ Significantly overexpressed compared to chronic pancreatitis
⊕ Sensitivity of 68% and specificity of 100% for tumor lymph 
nodes [44]
⊖ Heterogenous expression and loss of expression after 
neoadjuvant treatment [44]
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Table 2. Continued.

Target Potential Tracer Remarks

Ovarian cancer

uPAR See above ⊕ Expressed in >80% of patients in 7/9 studies [60]
⊕ Expression independent of histology [60]
⊕ Expressed predominantly on tumor cells but also on tumor-
surrounding stromal cells [60]
⊕ Expression low to absent on benign tissue [60]
⊕ No difference in expression between primary and metastatic 
lesions [60]

Folate-receptor OTL38 ⊕ Overexpressed in 72-97% of patients [61, 62]
⊕Additional lesions not detected by white light in 33% of patients 
[63]
⊕ Sensitivity 83% (0.74-0.89) [63]
⊖ Lesion false-positive 32.7% [63]

EpCAM R01-MG-IRDye800CW ⊕ Overexpressed in 78-88% of lesions [64, 65]
⊕ Sensitivity 88%, specificity 100%, PPV 100%, NPV 94% for 
tumor-positive lymph nodes [65]
⊕/⊖ Overexpression rate dependent of histology [64]
⊖ Low to high expression on normal epithelium of the digestive 
tract [66]

Prostate

uPAR See above ⊕ Overexpressed in 64% of primary tissue and in >90% of lymph 
node metastases [67]
⊕ Not expressed in normal prostate or benign tissue [67, 68]
⊕ Expressed on tumor associated stromal cells [67, 68]
⊖ Expression can be heterogenous [67, 68]

PSMA OTL78 ⊕ Expressed in 80-96% of primary tumors and 84% of metastases 
[69, 70]
⊕/⊖ Expressed in the small intestine, proximal renal tubules, and 
salivary and lacrimal glands [71]
⊖ Expressed in normal prostate epithelium [71]

Bladder

uPAR See above ⊕ Expressed on 96% of tumors [72]
⊕ Expressed particularly at the invasive front [72]
⊕ Expression independent of grade and stage [72]
⊕ Expressed on tumor associated stromal cells [72]
⊕ Absent in normal bladder epithelium [72, 73]
⊕/⊖ Expression can be heterogenous [73]

Protoporphyrin 
IX precursors

HAL
5-ALA

⊕ Relative reduction of 16-20% (56 vs. 47%; p<0.026) in 
recurrence after transurethral resection [73, 74]
⊕ 7-32% additional patients identified (p<0.0001) [73, 74]
⊕ Intravesical application [74]
⊖ Not suitable for radical cystectomy

* tracers in italics are in preclinical development stage

9
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Table 3. Comparison of potential FGS targets and their tracers, where uPAR has less potential 

Target Potential Tracer Remarks

Lung

Non-targeted ICG ⊕ Sensitivity 86.4-89.3%, 11.8-18.2 false-positive [77]
⊕ Detects additional lesions (9/14 malignant) [77]
⊖ 9.1-13% false negative [77]

Folate 
receptor

OTL38 ⊕ 72-87% of lung adenocarcinomas [77]
⊖ 13-57% of lung squamous cell carcinomas [77]
⊕ Sensitivity 84% in adenocarcinomas and 58% in squamous cell 
carcinomas [78, 79]
⊕ 56.3-100% of fluorescent margins true positives [80-82]
⊖ No difference in TBR between malignant and benign lesions [83]

Breast cancer

Cathepsin 
activity

LUM015 ⊕ Adequate fluorescence for tumor detection in 87-100% of patients [84, 85]
⊕ Signal not dependent on tumor subtype
⊕ Specificity 73% [84, 85]
⊕ Sensitivity for residual tumor detection 100% [84, 85]

Proteolytic 
activity

AVB-620 ⊕ Signal not dependent on tumor subtype [86]
⊕ Specificity 78% [86]
⊕ Lumpectomy re-excision rate 6% as opposed to 20-40% [86]
⊕ 75% additional positive margins detected [86]

Esophagus

EpCAM VB5-845D-800CW* ⊕ Expressed in 98% - 100% of primary tumors [87, 88]
⊕ Expressed in 100% of residual tumor tissue after neoadjuvant 
chemoradiotherapy [87]
⊕ Tumor-to-normal ratio >10 [87]
⊕/⊖ Low to moderate expression in normal epithelial tissue [87, 88]

CEA SGM-101 ⊕ Tumor-to-normal ratio 3.62 [87]
⊕/⊖ Expressed in 54% of primary tumors [87]
⊕/⊖ Low to moderate expression in normal epithelial tissue [87]

Primary and secondary liver cancer

Non-targeted ICG ⊕ Suitable for all primary and secondary liver lesions [89, 90]
⊕ Tumor negative margins in 88% of lesions with no fluorescence in wound 
bed vs. 0% of lesions with fluorescence in wound bed [91]

CEA SGM-101 ⊕/⊖ Suitable for secondary liver lesions where the primary is known to 
express CEA (i.e. colorectal and pancreatic metastases → 89% true positive) 
[92]

Colorectal

CEA SGM-101 ⊕ Overexpressed in 98.8% of tumors compared to matched normal tissue [93]
⊕ Expression on healthy tissue is on average 60 times lower [11]
⊕ CEA expression is not altered after chemoradiotherapy [94]

EpCAM VB5-845D-800CW ⊕ Overexpressed in 94-97.7% of tumors [64, 94, 95]
⊕ EpCAM expression is not altered after chemoradiotherapy [94]
⊕/⊖ EpCAM is also expressed in normal tissue [96]

* tracers in italics are in preclinical development stage
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uPAR FGS indications beyond oncology
uPAR expression is not unique to cancer and, as elaborated on in Chapter 4, uPAR 
plays a relevant pathophysiological role in a multitude of other diseases, including 
atherosclerosis, rheumatoid arthritis (RA), Alzheimer’s disease, multiple sclerosis, 
and inflammatory bowel disease. There are currently no clear indications 

for uPAR FGS beyond oncology. However, there are a couple avenues to explore 
where uPAR non-invasive molecular imaging deserves further exploration. Just 
recently, in a proof-of-concept retrospective analysis study, Khare et al. were able 
to clinically visualize heterogenous uptake of [64Cu]Cu-DOTA-AE105 on PET/CT 
in atherosclerotic lesions of the large conductive arteries of ten cancer patients 
enrolled in the phase I clinical trial of the respective tracer [75]. While this study 
suggests the feasibility of atherosclerotic imaging via uPAR, further properly 
powered studies will need to demonstrate the clinically utility. Another potential 
avenue worth exploring is that of therapy (de-) escalation of RA. uPAR plays an 
essential role in disease pathophysiology and RA activity is correlated with plasma 
levels of soluble uPAR, derived from uPAR expressing cells [76]. A rather simple 
urine or plasma ELISA for uPAR could aid clinicians in proper managing of RA. 
Compared to cancer, our understanding of uPAR in these various diseases is limited4 
and as our understanding expands, additional diagnostic, prognostic, and thera-
peutic opportunities will present themselves. 

Part III. Enhancing tumor contrast by smart tracer design

The primary aim of a molecular imaging tracer is delivering the NIR fluorescent 
agent to the target site. Rapid clearance from irrelevant sites is therefor of key 
importance to achieve high contrasts between the target site and the adjacent tissue. 
Characteristics, such as molecular weight, affinity, 3D confirmation, charge, and 
conjugation method of the tracer play a pivotal role in creating this contrast as 
these characteristics play a determining factor in tracer distribution and kinetics. 
Therefore, in Chapters 5-8 exceedingly smaller antibody-based uPAR targeting 
tracers have been developed in order to identify the most appropriate construct for 
FGS to apply into the clinic. This intermezzo is not specific for uPAR but explains 
basic characteristics of tracer design which are employed in Chapters 6-8. 

4	 A PubMed search on “uPAR” and “Cancer” yields more than 1700 entries while searches on “uPAR” 
and “atherosclerosis”, “uPAR” and “rheumatoid arthritis”, “uPAR” and “Alzheimer”, “uPAR” and 
“multiple sclerosis”, and “uPAR” and “inflammatory bowel disease” result in 68, 27, 13, 10 and 7 
results respectively. Date of search: July 2022.

9
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The influence of molecular weight on tumor signal
There exists an inverted bell-shaped trade-off between molecular weight and 
tumor accumulation when comparing molecular imaging tracers with similar target 
affinities [97]. Underlying variables, amongst others, of this relationship are tracer 
diffusion/extravasation (i.e. tumor uptake) and clearance (i.e. tracer removal). 
Diffusion is the net movement of molecules from regions of high concentration 
to regions of low concentration and the speed of this is inversely proportional to 
the molecular radius [98]. Therefore, smaller tracers such as F(ab’)2s (≈110 kDa), 
Fabs (≈55kDa) and VHHs (≈15kDa) are expected to diffuse more rapidly into tissue 
than full-sized antibodies (≈150kDa). Where improving diffusion stimulates tumor 
uptake, improving clearance reduces this. Clearance can be modulated by decreasing 
molecular weight, so that tracers fall below the size cut-off for glomerular filtration 
by the kidneys, estimated between 30-50 kDa, and by removing Fc-domains so that 
Fc receptor-mediated recycling is bypassed [99]. Importantly, in modeling and in vivo 
studies there exists an impasse around 25-50 kDa, where the improved diffusion 
offered by decrease in tracer radius is not compensated in proportion for the rapid 
renal clearance that starts occurring at this molecular weight, resulting in lower 
signal intensities than tracers with larger or smaller molecular weights [100-107]. 

The influence of affinity on tumor signal
Where molecular weight influences tumor uptake and clearance from the circulation, 
affinity keeps a tracer in the tumor. Improving affinity, up to a plateau level (for 
antibodies around 10nM Kd), improves signal intensity linearly5. This plateau level 
increases with decreasing molecular size [108-112]. High affinities are especially 
relevant for small compounds, such as peptides, as their rapid diffusion into the 
tumor also means they rapidly diffuse out of the tumor. Therefore relatively small 
peptides are dependent on high affinities to be retained. Modelling studies show that 
peptides need approximately a hundred-fold higher affinity to keep them anchored 
to the tumor and achieve similar signal intensities than the much larger monoclonal 
antibodies [97]. 

The influence of conjugation method on tumor signal
Next to molecular weight and affinity, the method of conjugating the contrast agent 
with the tracer is a third component that can influence imaging results dramatically. 

5	 It is relevant to realize that while improving affinity above the threshold might not improve tracer 
accumulation there can be other effects achieved with higher affinities. For instance, in the case 
of antibody-directed cellular cytotoxicity higher affinities do result in more effective treatment 
[35].
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Conjugation can be either non-specific (free amine-groups) or site-specific. While 
the former is both rapid and easy, it results in heterogenous products with potential 
modifications on or near complementarity-determining regions potentially altering 
binding affinity and specificity [113]. This random effect increases with the degree-
of-labelling (DoL) and defining a DoL that balances fluorescence intensity and 
potential pharmacokinetic effects (increased clearance, increased liver uptake) 
is crucial. Current studies set the optimal DoL around 0.3 - 2.0 for antibodies6 
[114-116]. The alternative, site-specific labelling, ensures a more homogenous 
end-product with superior plasma stability, binding efficiency, and tumor uptake 
[113]. This effect is more pronounced for smaller antibody-based compounds where, 
for example, non-site-specific labelled nanobodies resulted in a lack of specific tumor 
signal at a DoL of 1.1 – 1.4 compared to site-specific labelled nanobodies with a DoL 
of 1.0 [117]. Disadvantages for site-specific conjugation are the more challenging 
purification methods needed and potential of 3D-damage to the tracer. Peptides are 
in principle always site specifically labelled. 

The influence of tracer design on logistics
An important last argument, especially for advocates of smaller tracers such as 
peptides and nanobodies, is the clinical logistics, as their rapid clearance allows 
same-day imaging [118, 119]. In FGS clinical trials, antibodies and even tracers as 
small as Fabs have to be administered 3-5 days prior to surgery in order to achieve 
adequate fluorescence contrast between target sites and the background, while 
the much smaller peptides can be administered the same day, minutes to hours 
before surgery [5, 120, 121]. Practically this difference translates to patients 
being burdened with an additional hospital visit when receiving tracers that are 
not amendable to same-day imaging [118]. The production also differs between 
antibody-based productions and peptides. The latter are made in non-biological 
systems resulting in possible favorable safety profiles and lower production costs 
[122]. It should be clear that while optimizing patient experience and keeping costs 
low is important, logistics should not be the deciding factor, unless two tracers 
clinically give similar results.

6	 Non-site specific labelling follows a Poisson distribution. In vivo, fluorescence, however, is skewed 
towards antibodies with several dyes as antibodies with no dyes are not fluorescent and anti-
bodies with two or more dyes are approximately twice as fluorescent (or more). At an DoL of 1.2 
70% of the fluorescence comes from antibodies with 2 or more dyes [47]. Therefore, over-labelling 
is a serious issue that influences signal specificity. Our group aims for a DoL of 0.9 – 1.5.

9
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Identifying optimal tracer characteristics
In conclusion, selecting optimal tracer characteristics for FGS requires, amongst 
others, balancing molecular weight, affinity and conjugation methods. First-of-all, 
site-specific conjugation is preferred for all tracers and essential for smaller tracers. 
Secondly, higher affinities are more crucial for smaller tracers than larger ones. 
Thirdly, a molecular weight between 20-50kDa should be avoided as this range leads 
to inferior signal intensities compared to tracers that are larger or smaller. Logistics 
and production costs can play a further role in identifying the optimal tracer by 
categorizing tracers into two groups: same-day vs. different-day imaging. Tracers 
larger than 20-50kDa fall into the different-day imaging. Here, in vivo comparative 
studies show higher peak tumor fluorescence for antibodies than their constructs, 
a quality that is imperative in identifying smaller tumor lesions, and therefore have 
an advantage. There is practically no data comparing different tracers < 20kDa and 
therefore an ideal construct in the same-day imaging category is hard to identify.

In Chapters 6-7 an uPAR targeting monoclonal antibody, F(ab’)2, and Fab, were 
introduced in vivo (Figure 1A). The major difference between these structures was 
their molecular weight, as their affinities for uPAR were equal or similar and labelling 
methods were the same. The difference in molecular weight (molecular weights: IgG, 
150kDa; F(ab’)2, 110kDa; Fab, 55kDa) lead to differing absolute tumor signal (Figure 
1B). It was highest for the monoclonal antibody and it was significantly lower for the 
F(ab’)2 and Fab. While a high absolute signal improves sensitivity, ultimately, a clear 
contrast between tumor and background tissue is needed for accurate intraoperative 
visualization. This is contrast is generally reported as the tumor-to-background ratio 
(TBR), where a ratio higher than 1.5 is deemed permissible and above 2.0 preferred 
[123]. TBRs did not differ between the tracers. Furthermore, the ideal imaging window 
differed between the tracers where tumors could be imaged within 24hrs for the Fab, 
36hrs for the F(ab’)2 and 72hrs for the full-sized antibody. In this comparison, the 
monoclonal antibody is the most ideal candidates to develop into clinical constructs 
as it results in the best imaging at the expense of larger imaging window.

How do the uPAR targeting tracers developed in this thesis compare to the uPAR 
targeting peptide AE105-Glu-Glu-ICG currently in clinical trials? In terms of imaging 
characteristics AE105-Glu-Glu-ICG has a rapid imaging window allowing same-day 
imaging and reported TBRs of 2.3 [42]. However, the superior binding characteristics 
of an antibody-based construct and the use of a brighter fluorophore (IRDye800CW 
vs. ICG) could potentially lead to higher absolute tumor signals for the monoclonal 
antibody compared to the peptide7 [118, 122, 124]. Whether this is true can only 
be determined in a direct comparison between the various uPAR targeting tracers.

7	 FluoGuide has recently started developing a variant of AE105 conjugated with IRDye800CW with 
the aim of improving the peptides TBR [124].
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Figure 1. Comparison of various targeting FGS tracers. (A) Schematic representation of a IgG, 
F(ab’)2, and Fab (B) Schematic representing differences in the outcomes tumor-to-background 
ratio, absolute tumor signal and imaging window between the different uPAR targeting tracers 
mentioned in this thesis. Peptide was not included on the absolute tumor signal scale as this 
cannot be reliably compared between different NIR-camera systems. 

Conclusion

The field of uPAR research has come a long way since its initial discovery as a cell-
based binding site for urokinase. Its role has greatly expanded from mere urokinase 
receptor to a central orchestrator of a multitude of pathways covering, amongst 
other things, cell proliferation, differentiation, and migration. While its intricacies 
are still being unraveled as we speak, its association with disease is undeniable. The 
immunohistochemical, in vivo and phase I/II clinical evidence gathered over the 
last two decades supports uPAR as a promising next generational target for FGS; in 
conclusion, the time is ripe for translating our preclinical knowledge of uPAR FGS 
to the clinic. 9
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Deel I. Inleiding
Wereldwijd is kanker verantwoordelijk voor ongeveer één op de zes sterfgevallen. 
Ondanks de vooruitgang in behandelingsmogelijkheden in de afgelopen decennia 
blijft chirurgie de hoeksteen voor behandeling van bijna alle solide tumoren. 
Radicale excisie is cruciaal voor een curatieve behandeling, maar intra-operatieve 
tumoridentificatie wordt bemoeilijkt door (1) fibrose, ontsteking en necrose als 
gevolg van neo-adjuvante therapie en (2) een veranderd operatiegebied als gevolg 
van de toepassing van laparoscopische en robotprocedures. Om chirurgen te helpen 
bij het onderscheiden van tumoren zijn er verschillende beeldvormingstechnieken 
geïntroduceerd in de operatiekamer, waarvan fluorescentie geleide chirurgie (FGS) 
er één is. FGS maakt gebruik van nabij-infrarood licht om een, vaak intraveneus 
toegediende, tumor-gerichte tracer in real-time te visualiseren. Om een optimaal 
contrast te creëren tussen kwaadaardig en niet-kwaadaardig weefsel moet zo’n 
tracer gericht zijn op een tumor-specifiek eiwit dat sterk tot expressie komt in 
tumorweefsel, maar afwezig is in het omringende weefsel.

Deel II. uPAR als tumordoelwit in verschillende tumortypes
De urokinase plasminogeen activator receptor (uPAR) is zo’n tracer die sterk tot 
expressie komt op kwaadaardige tumorcellen en tumor-geassocieerde stromale 
cellen, terwijl hij vrijwel afwezig is op niet-maligne (normale, goedaardige of 
reactieve) cellen. Bovendien is uPAR-expressie in verschillende maligniteiten een 
prognostische factor. In Hoofdstuk 2 werd de prognostische waarde van uPAR-
expressie voor patiënten met pancreasadenocarcinoom onderzocht. In 66% van 
de gevallen kwam uPAR tot expressie op kwaadaardige cellen, terwijl uPAR in 
82% van de gevallen tot expressie kwam op tumor-geassocieerde stromale cellen. 
uPAR-expressie op kwaadaardige en stromale cellen is omgekeerd gerelateerd 
aan algehele overleving en ziektevrije overleving. Deze resultaten versterken de 
hypothese dat uPAR een sterke prognostische marker is voor agressieve ziekten 
en mogelijk kan worden gebruikt voor stratificatie van de behandeling. Bovendien 
maakt de expressie van uPAR op kwaadaardige en tumorgeassocieerde stromale 
cellen deze receptor tot een mogelijk doelwit voor FGS.

Een ander geval waarbij FGS veel impact zou kunnen hebben omdat de tumor-
grenzen moeilijk, zo niet onmogelijk, te bepalen zijn, is hoog risico plaveiselcelcarci-
noom van het hoofd-halsgebied. Met behulp van een praktische benadering werden 
in Hoofdstuk 3 mogelijke tumortargets geïdentificeerd voor FGS. De expressie-
patronen van zeven targets, waarvoor fluorescerende tracers in ontwikkeling 
zijn, werden geëvalueerd op tumorcellen, tumorgeassocieerde stromale cellen 
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en normaal epitheel. De epidermale groeifactorreceptor, integrine αvß6 en uPAR 
werden geïdentificeerd als mogelijke targets, waarbij de eerste twee een hoge 
expressie hadden op tumorcellen, geen expressie op stromale cellen en een matige 
tot hoge expressie op normaal epitheel. Normaal epitheel was daarentegen consis-
tent negatief voor uPAR, terwijl tumor- en tumorgeassocieerde stromale cellen 
matig positief waren.

Deel III. uPAR als doelwit: andere ziektes dan kanker
Over-expressie van uPAR komt niet alleen voor bij kanker, maar ook bij allerlei andere 
ziekten waarbij extracellulaire matrix re-modellering een belangrijke rol speelt. 
Daarom werd in Hoofdstuk 4 nader ingegaan op de rol van uPAR in atherosclerose, 
reumatoïde artritis (RA), de ziekte van Alzheimer (AD), multiple sclerose (MS) en 
inflammatoire darmziekten (IBD). Daarnaast werden mogelijkheden geïdentificeerd 
waar uPAR inzichten zou kunnen bieden op het gebied van gerichte moleculaire 
beeldvorming voor nieuwe richtingen in diagnose, monitoring of behandelingsopties. 
Deze variëren van het gebruik van moleculaire beeldvorming om meer inzicht te 
krijgen in MS of AD, tot de identificatie van atherosclerotische plaques die risico 
lopen op scheuren en het voorspellen van ziekteverergering bij RA of IBD.

Deel IV. Ontwikkeling van uPAR-gerichte tracers
Na het identificeren van een mogelijk doelwit moet een fluorescente tracer 
worden ontwikkeld die specifiek gericht is op deze receptor. Er zijn verschillende 
farmacologische en praktische aspecten waarmee rekening moet worden 
gehouden bij het ontwerpen van een fluorescente tracer. Deze discussie werd 
geïntroduceerd in Hoofdstuk 5, waar de werking van een fluorescerend uPAR-
gericht monoklonaal antilichaam en een peptide werden vergeleken naar aanleiding 
van twee wetenschappelijke publicaties, waarin beide tracers werden geëvalueerd 
in preklinische hoofd-hals kankermodellen. De lange halfwaardetijd van het 
antilichaam resulteerde in vertraagde maar langdurige beeldvorming. Met het 
peptide kon een snellere beeldvorming worden bereikt, maar het nadeel was dat het 
concurreert met urokinase voor binding aan uPAR waardoor er potentieel minder 
signaal in de tumor terecht komt.

In Hoofdstuk 6 werd een nieuw gehumaniseerd fluorescerend antilichaam geïn-
troduceerd, dat is gebaseerd op het muis-monoklonale antilichaam uit het vorige 
hoofdstuk, gericht tegen domein 2-3 van uPAR. Dit antilichaam werd preklinisch 
geëvalueerd. In preklinische subcutane en orthotope blaaskanker modellen konden 
tumoren specifiek worden onderscheiden van achtergrondweefsels. Hierbij waren 
tumor-achtergrondratio’s significant hoger dan bij de controles. Daarnaast werd 
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de multimodale functionaliteit van de tracer aangetoond door foto-akoestische 3D 
beeldvorming.

Zoals eerder vermeld, hebben antilichamen een langere halfwaardetijd waardoor 
het optimale beeldvormingsvenster wordt uitgesteld. Door het molecuulgewicht van 
het antilichaam te verlagen verandert de bio-distributie van de tracer, wat result-
eert in snellere penetratie in de tumor, snellere achtergrondklaring en uiteindelijk 
snellere beeldvorming. In Hoofdstuk 7 werden F(ab’)2 en Fab-fragmenten gemaakt 
van het gehumaniseerde monoklonale antilichaam dat in het vorige hoofdstuk werd 
geïntroduceerd en uitgebreid vergeleken in meerdere preklinische muismodellen. 
Het uiteindelijke beeldvormingsvenster was teruggebracht van 72 uur tot 24 uur 
na toediening van de fragmenten. Hoewel de verhouding tumor-achtergrond niet 
verschilde tussen het antilichaam met volledige grootte en de twee kleinere frag-
menten, nam het pieksignaal van de tumor af met de grootte van de tracer. De 
eerdere tumorvisualisatie die wordt bereikt door antilichaamfragmenten gaat ten 
koste van de piekfluorescentie-intensiteit die de gevoeligheid van de tracer mogelijk 
beïnvloedt.
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Victor Michiel Baart was born 10 October 1994 in Islamabad, Pakistan as the 
youngest of four to Joan and Esther Baart. After moving to Germany in his youth he 
received his High School diploma Summa Cum Laude in 2013.

This same year he left for Middelburg, the Netherlands, to study at the University 
College Roosevelt where he discovered a passion for medicine. In 2014 Victor started 
studying Medicine at the Leiden University Medical Center (LUMC). 

In Leiden Victor’s interest was drawn to the various research groups hosted 
by the LUMC and via the “Excellente Student MD/PhD” track he came into contact 
with the “Vahrmeijer Lab For Molecular-Targeted Precision Surgery”. Vahrmeijer’s 
lab was especially interesting as their research on fluorescence-guided surgery 
combined a technical and intellectual challenge with a hands-on approach and a 
high potential for positive clinical impact. Victor started as a student-researcher at 
the Vahrmeijer lab but after receiving the MD/PhD scholarship he continued as a 
PhD-candidate in September 2017. The scholarship enabled him to work full-time on 
the PhD for two years. After these two years he continued his research in part-time. 
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five international conferences. 

In 2019 Victor was selected to participate in the Leiden Leadership Programme 
offered by the Honours Academy of the University Leiden. He combined this with 
his PhD, now in part-time, and his clinical rotations (Master) which he started in 
November 2019 . Upon completing his medical studies in August 2022 Victor joined 
the Ministry of Health, Welfare and Sport for a short traineeship focused on onco-
logical care policy in the Netherlands. Simultaneously he worked as a doctor at the 
emergency general practitioner post. After finishing his traineeship Victor continued 
his career as resident(-not-in-training) at Groene Hart Ziekenhuis in Gouda. 

Outside of his professional career Victor is an avid football player and runner 
and has volunteered extensively at various sports-, student- and medically-focused 
organizations. During his student years he was also an active member of Navigators 
Studentenvereniging Leiden (NSL). 
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