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Chapter 9

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

169856_Baart-BNW V02.indd   149169856_Baart-BNW V02.indd   149 23-10-2023   11:1723-10-2023   11:17



150

Chapter 9

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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