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Background: Fluorescence molecular imaging, a potent and non-invasive technique, has become indispensable in
medicine for visualizing molecular processes. In surgical oncology, it aids treatment by allowing visualization of
tumor cells during fluorescence-guided surgery (FGS). Targeting the urokinase plasminogen activator receptor
(uPAR), overexpressed during tissue remodeling and inflammation, holds promise for advancing FGS by spe-
cifically highlighting tumors.

This study explores the extended use of Nanobody-based (Nb) anti-uPAR tracers, evaluating their receptor
binding, ability to visualize and demarcate colorectal (CRC) and gastric cancer (GC), and detect localized (PC)
and metastatic (PC-M) pancreatic carcinoma.

Methods: First, the receptor structure interactions of Nb15, which binds specifically to the human homologue of
uPAR, were characterized in vitro to deepen our understanding of these interactions. Subsequently, Nbs 15 and
13—where Nb13 targets the murine uPAR homologue—were labeled with the s775z fluorescent dye and vali-
dated in a randomized study in mice (n = 4 per group) using orthotopic human CRC, GC, and PC models, as well
as a mouse PC-M model.

Results: Nb15, which binds to the D1 domain of uPAR and competes with urokinase’s binding fragment, showed
rapid and specific tumor accumulation. It exhibited higher tumor-to-background ratios in CRC (3.35 + 0.75) and
PC (3.41 + 0.46), and effectively differentiated tumors in GC (mean fluorescence intensity: 0.084 + 0.017), as
compared to control Nbs. Nb13 successfully identified primary tumors and liver metastases in PC-M models.
Conclusion: The tested fluorescently-labeled anti-uPAR Nbs show significant preclinical and clinical potential for
improving surgical precision and patient outcomes, with Nb15 demonstrating promise for real-time surgical
guidance.

1. Introduction lesions, and reducing the invasiveness of surgeries [1].

Since late 2021, there has been a significant clinical advancement in

Despite recent therapeutic advancements, surgical resection remains
the first pilar of cancer therapy, aiming for complete tumor removal
while minimizing harm to surrounding tissues. With technological
progress, oncologic surgery is increasingly enhanced by various mo-
dalities, including real-time molecular-targeted fluorescence guidance.
This technique employs fluorescent probes that selectively bind to
tumor-specific molecules, improving precision by clearly delineating the
boundaries between healthy and diseased tissue, highlighting occult
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fluorescence agents used for surgical procedures. The first FDA-
approved targeted agent for fluorescence-guided surgery (FGS) was
Cytalux™ (pafolacianine) [2], targeting the folate receptor for surgical
resections of ovarian [3] and lung [4,5] cancer. In April 2024, Lumi-
sight™ (pegulicianine), the first FDA-approved activatable probe,
became available. Lumisight™ becomes activated in a cathepsin-rich
environment which is characteristic for the tumors [6], aiding in the
intraoperative detection of cancerous tissue after lumpectomy surgery
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[7]. Numerous other fluorescent tracers are currently undergoing clin-
ical trials, offering promising prospects for further advancements and
approvals in the field [8].

To assure broad tracer application potential in FGS, the optimal
scenario entails targeting molecules that are expressed by a wide range
of different cancers. In this context, one of the receptors that has
garnered substantial attention is the urokinase plasminogen activator
receptor (UPAR). This is because of its tendency to exhibit over-
expression in response to pathological changes in the organism,
including inflammation and tissue remodeling, while maintaining low
levels in physiological conditions. uPAR’s expression has been reported
in various human cancers, encompassing solid tumors, leukemias and
lymphomas [9-11]. Furthermore, next to cancer cells, uPAR is also
expressed on tumor stromal cells [9,12-14], contributing to highlighting
the entire tumor rather than the malignant cells exclusively. Conse-
quently, uPAR targeting offers considerable potential in the context of
FGS, particularly for the precise delineation of solid tumor margins
where tissue remodeling is most pronounced.

Recently, we have reported on the development, comprehensive in
vitro characterization, and application of Nanobody®(Nb)-based anti-
uPAR tracers in an orthotopic glioma model [15]. There, we selected
two lead high affinity compounds, Nbs 15 and 13, which bind respec-
tively to human (HuPAR) or murine (MuPAR) receptor homologues.
Following fluorescent labeling with the highly photostable near-infrared
(NIR) dye s775z, these compounds exhibited rapid tumor targeting,
resulting in high tumor-to-background ratios (TBRs). We opted for Nbs
rather than peptides or full-size antibodies due to their excellent speci-
ficity, rapid targeting, and fast renal clearance, offering advantages over
long-circulating tracers by swiftly achieving relevant TBRs [16].

In this study, we further explored the potential of Nbs 15 and 13. We
assessed Nb15’s binding patterns to the receptor and confirmed its
rapid, specific accumulation in cell-line- and patient-derived xenograft
(CDX and PDX, respectively) models for human colorectal cancer (CRC),
gastric cancer (GC) and localized pancreatic cancer (PC). Additionally,
we investigated MuPAR-targeting Nb13 for detecting metastases in a
pancreatic cancer metastasis model, considering the contribution of
uPAR stromal expression. The results support the tracer’s applicability
for rapid visualization of various cancers and tracking metastatic spread,
paving the way for future clinical translation.

2. Materials and methods
2.1. Nb production and s775z-labeling

Nbs specific to HUPAR or MuPAR, denoted as Nb15 and Nb13,
respectively, along with the non-targeting control Nb R3B23 [17], were
produced and labeled with the s775z fluorophore via NHS
ester-activated crosslinking on lysines [18] according to established
methods as described previously [15].

2.2. Flow cytometry

HEK cell lines were scraped at confluency and 1.5 x 10° cells per
condition were resuspended in PBS and transferred to Falcon® tubes
(Corning Inc.). Cells were stained in cold FACS buffer (PBS, 0.5 % BSA)
with 1 pg/mL primary anti-HuPAR antibody (ATN-617) for 30 min,
followed by secondary antibody-AF488 (A-21202 Invitrogen) staining as
a positive control. To test Nb binding, cells were incubated with 100 nM
Nb15 or control Nb R3B23, followed by anti-His-PE staining (clone
GG11-8F3.5.1, Miltenyi Biotec). All steps were performed in the dark.
Cells were analyzed using a BD LSRFortessa™ flow cytometer and
FlowJo software (BD Biosciences).

2.3. Surface plasmon resonance (SPR)

To assess possible competition between anti-HuPAR Nb15 and the
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natural ligand urokinase (uPA) on the HuPAR receptor, SPR experiments
were conducted on a Biacore T200 system (Cytiva). The recombinant
HuPAR was immobilized on CM5 sensor chip (Biacore Series S Sensor
Chip CM5; Cytiva) as detailed in prior work [15]. Subsequently, the
amino-terminal fragment of uPA (ATF) responsible for uPAR binding
and the tested Nb were diluted 1:1 in HEPES buffered saline (HBS;
Cytiva) to achieve a final concentration 40 times greater than their
dissociation constant (Kp). ATF and Nb15 were sequentially introduced
onto the sensor chip and then in reverse order to assess potential
competition.

2.4. Orthotopic cancer models

In the CRC model, a CDX tumor (HT-29, 2 x 10° cells) was grown
subcutaneously in a donor mouse, harvested at 500 mm?, cut into 3-5
mm? pieces, and transplanted into the cecum. For the GC model, a PDX
tumor was cut into 8-10 mm? pieces and sutured into the gastric wall. In
the PC model, 3.5 x 10° BxPC3 cells were injected into the pancreas, and
for the PC-M model, 2 x 10* KPC3 cells were injected into the spleen as
previously described [19].

2.5. In vivo tumor-targeting, ex vivo quantification and histological
analysis

Four weeks after gastric PDX or two weeks after CRC, PC, and PC-M
tumor implantation, mice were injected intravenously with 2 nmol of
Nb13-s775z (PC-M) or Nb15-s775z (other models), with a non-targeting
control (R3B23-s775z) as comparison. Fluorescence imaging (FLI) was
performed 1 h post-injection. KPC3-tumor mice were imaged using IVIS
Spectrum; CRC, GC, and PC mice were imaged with Pearl Impulse and
BLI. Ex vivo TBRs were calculated using regions of interest for tumor and
adjacent healthy tissue.

Excised tumors and healthy tissues were paraffin-embedded,
sectioned, and examined by fluorescence microscopy. Immunohisto-
chemistry (IHC) was performed with anti-uPAR antibodies, followed by
staining with biotinylated secondary antibodies and DAB (see Support-
ing information). Slides were then dehydrated, mounted, and imaged
using an optical microscope.

2.6. Statistical analyses

Statistical analysis of fluorescently-labeled Nbs’ uptake was con-
ducted using Prism v.10.0.3. The number of mice allocated to each
experiment was determined based on an a priori power analysis using
G*power v.3.1. To assess Nb uptake in tumors and specific organs,
alongside the corresponding analysis of mean fluorescence intensities
(MFIs) and TBR, a one-tailed Mann-Whitney test was employed,
comparing the results to the control R3B23-s775z. The results are
described as mean =+ SD. Each animal experiment included 4 mice per
group, with a total of 32 mice allocated for the study. Statistical sig-
nificance was set at p < 0.05 (*p < 0.05, **p < 0.01).

3. Results
3.1. Receptor binding characterization

Binding of high-affinity Nb15 (Kp = 2.1 nM) [15] to HEK cells
expressing the full human uPAR (D1D2D3) was confirmed (Fig. 1A).
This binding was not observed in HEK cells expressing the cleaved re-
ceptor (D2D3) or in cells transfected with the empty vector (EV), which
do not express the receptor. Importantly, the positive control
(ATN-617), specific to the D2D3 domains [20,21], bound both versions
but showed dramatically reduced binding to the cleaved receptor. The
results suggest that the presence of domain D1 is crucial for efficient
uPAR binding by both compounds.

The receptor saturation study confirmed that Nb15 has a higher
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Fig. 1. (A) Flow cytometry was conducted on Nb15 and control Nb labeled with PE, targeting two transfected HEK cell types: one expressing full uPAR (D1D2D3)
and the other expressing its cleaved variant (D2D3). The obtained mean fluorescence MFI values were compared to those of a negative control cell line (EV) (left) and
a positive control targeting D2D3 specifically (ATN-617), labeled with AF488 (right). (B) Sensograms of Nb15 (left) and non-targeting control Nb (right), illustrating
the competitive interaction for the HuPAR receptor between the targeting Nb and ATF. ATF — amino-terminal fragment of urokinase, Nb - Nanobody.

association rate constant compared to ATF (16.“"‘105 vs 6.210° M 157!

[15,22]) and a higher receptor affinity than the ATF (difference of 45 RU
vs 35 RU during the analyte association, Fig. 1B). The addition of Nb15
or ATF to a pre-saturated receptor resulted in an additional ~10 RU

BLI

BLI

Nb15-5775z

CtrINb-s775z

change in resonance, indicating at least partial competition between
Nb15 and ATF, as shown in the representative sensogram (Fig. 1B). The
control Nb did not cause any change in RU. Nb13 was excluded from
these studies due to its affinity for the murine homologue of the

NIR

uPAR 10x

TBR
Pan-C 10x

p<0.05 *

Fig. 2. (A) In situ (left) and ex vivo (right) BLI for monitoring cancer progression and NIR imaging for assessing the distribution of targeting Nb15-s775z and non-
targeting control Nb-s775z in mice with CDX orthotopic pancreatic tumors. T indicates tumor, Kd indicates kidney, and H indicates healthy tissue. (B) Evaluation of
the ex vivo signal intensity for the targeting Nb, and comparison of TBRs obtained for the tested tracers. Error bars depict SD. (C) Microscopic visualization of IHC
staining on consecutive tumor slices shows brown staining of tumor cells expressing uPAR (targeted receptor) overlapping with malignant epithelial cells stained
ochre against pan-cytokeratin (Pan-C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.2. In vivo targeting of localized and metastatic tumors using
fluorescently-labeled Nbs: quantification and histological analysis

All three Nbs were successfully labeled with the NIR fluorescent dye
s775z using amine-reactive conjugation chemistry (Supplementary
Fig. 1).

The effectiveness of targeting orthotopic PC with anti-HuPAR Nb15-
s775z was confirmed by NIR fluorescence colocalizing with BLI
(Fig. 2A). Ex vivo imaging showed specific tumor tracer uptake with
minimal background, while the non-targeting Nb showed no significant
tumor uptake. Fluorescence in kidneys was due to renal clearance,
typical for Nb-based tracers. Tumor MFIs were significantly higher for
the targeting tracer compared to healthy pancreas (0.060 + 0.019 vs.
0.017 + 0.003, p < 0.05, Fig. 2B), and the TBR was higher for the tar-
geting tracer than for the non-targeting Nb (3.41 + 0.46 vs. 1.61 + 0.49,
p < 0.05, Fig. 2B). Tumor uPAR positivity was confirmed by IHC
(Fig. 2C).

In the subsequent in vivo experiment with Nb15-s775z, tumor tar-
geting was compared across CRC and GC models using orthotopic tu-
mors from donor mice or patients. Fluorescence imaging showed clear
tumor targeting in both models, with no specific signal from the non-
targeting control Nb. Non-specific signals from the kidneys and
bladder did not interfere with tumor detection (Figs. 3A and 4A). Ex vivo
imaging post-resection revealed clear tumor delineation. TBRs were
significantly higher for the targeting tracer than the control in the CRC
model (3.35 £ 0.75 vs. 1.88 &+ 0.60, p < 0.01, Fig. 3B). In the GC model,
a significantly higher tumor fluorescence was measured for targeting
tracer than the control (0.084 + 0.017 vs. 0.035 + 0.011, p < 0.05,
Fig. 4B). Tumor uPAR positivity was confirmed by IHC (Figs. 3C and
4Q).

In the final in vivo experiment, anti-murine uPAR Nb13-s775z was
used to track metastases in a CDX allograft model. BLI confirmed tumor
implantation in the spleen and metastasis to the liver, with NIR fluo-
rescence colocalizing with BLI (Fig. 5A). Imaging showed substantial
tracer uptake in splenic tumors and hepatic metastases, unlike the
control Nb. The targeting tracer had a significantly higher TBR (3.11 +
1.36 vs. 1.13 £ 0.15, p < 0.05) (Fig. 5B). Histology confirmed specific
fluorescence in metastatic lesions and uPAR positivity (Fig. 5C).

>

Nb15-s775z
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4. Discussion

The primary goal of this study was to validate the suitability of
fluorescently-labeled Nb15-s775z, previously tested in a glioma model,
for targeting PC, CRC, and GC tumors, and assess the potential of anti-
uPAR Nbs for tracking PC metastases to the liver. Anti-MuPAR Nb13-
s775z was used in a PC-M model to visualize metastases by targeting
uPAR expressed in the entire tumor, not just cancer cells. We also
analyzed anti-HuPAR Nb15’s interaction with the receptor to gain
deeper insights into its in vivo behavior. Preclinical testing of Nb15 and
Nb13 in CRC, GC, PC, and PC-M models showed rapid tumor targeting
and delineation within 1 h, extending anti-uPAR Nbs’ applicability
beyond glioma.

As previously discussed, there is a significant contribution of the
stromal component of the tumor to uPAR expression [9,12-14]. Due to
lead Nb15’s lack of cross-reactivity with MuPAR, the specific tumor
signal observed is likely lower since the stromal cell contribution to the
total signal is not considered. We circumvented this limitation in the
murine model by using a high-affinity anti-MuPAR tracer, to compen-
sate for this loss of signal. We used this Nb in the model for metastasis
tracking as metastatic lesions can be very small and therefore sub-
tracting the stromal component inclusion poses risk of omitting them
whatsoever. In the PC-M cells, Nb13-s775z allowed highlighting of the
distant hepatic lesions with significantly higher TBR (3.11 =+ 1.36) for
the targeting tracer as compared to the control Nb (1.13 + 0.15)
(Fig. 5B). This gives promise for the further translation of our
anti-HuPAR compound. These data could have been strengthened by
employing IHC staining of different types of uPAR-expressing tumor
components (e.g., malignant epithelial and stromal cells), as has been
previously demonstrated in human rectal cancer. This technique takes
advantage of different epitopes becoming available depending on
cell-specific protein interactions [23]. However, identifying antibodies
that stain different uPAR types in a mouse model is both costly and
challenging, and the tumor growth pattern may not accurately mimic
spontaneous cancer in humans. Additionally, the results would be only
semi-quantitative, and the distribution of different uPAR components
could vary depending on the depth of the tissue section. Therefore, we
acknowledge that the clinically relevant contribution of different tumor
compartments can only be accurately assessed following the first human
tracer injection.

The favorable results from this follow-up study position Nb15-s775z
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Fig. 3. (A) In situ and ex vivo NIR imaging to assess the distribution of targeting Nb15-s775z and non-targeting control Nb-s775z in mice bearing CDX colorectal
tumors. T indicates tumor, Kd indicates kidney, and H indicates healthy tissue. (B) Evaluation of the ex vivo signal intensity for the targeting Nb, and comparison of
TBRs obtained for the evaluated tracers. Error bars depict SD. (C) Microscopic visualization of IHC staining on consecutive tumor slices shows brown staining of
tumor cells expressing uPAR (targeted receptor) overlapping with malignant epithelial cells stained by pan-cytokeratin (Pan-C). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (A) In situ and ex vivo NIR imaging to assess the distribution of targeting Nb15-s775z and non-targeting control Nb-s775z in mice bearing PDX orthotopic
gastric tumors. T indicates tumor, Bl indicates a urinary bladder, and H indicates healthy tissue. (B) Evaluation of the ex vivo signal intensity for the targeting Nb, and
comparison of tumor signals obtained for mice injected with Nb15-s775z or non-targeting control Nb-s775z. Error bars depict SD. (C) Microscopic visualization of
IHC staining on consecutive tumor slices shows brown staining of tumor cells expressing uPAR (targeted receptor) overlapping with malignant epithelial cells stained
ochre against pan-cytokeratin (Pan-C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (A) In situ (left) and ex vivo (right) BLI for monitoring cancer progression and NIR imaging for assessing the distribution of targeting Nb13-s775z and non-
targeting control Nb-s775z in mice with CDX splenic tumors and liver metastases. T indicates tumor, S indicates spleen, and L indicates liver. (B) Evaluation of the ex
vivo signal intensity for the targeting Nb, and comparison of TBRs obtained for the tested tracers. Error bars depict SD. (C) Microscopic analysis of liver metastases
involves targeting and controlling Nbs-s775z. IHC highlights uPAR-positivity in brown, while a red fluorescence signal in the 800 nm channel shows accumulation of
the fluorophore. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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on par with the recently developed peptide AE344-IRDye800CW [24],
achieving effective tumor illumination within just 1 h post-injection. In
contrast, clinically tested fluorescent AE105-ICG (the mother compound
of AE344) is injected either 6 h before brain surgery [25] or the day
before for oral and oropharyngeal cancer (EudraCT number
2022-001361-12). The fast accumulation is particularly sought-after for
FGS, where minimizing the interval between tracer injection and the
commencement of surgery is paramount and offers economical advan-
tage. As previously speculated regarding the uPAR expression across
diverse cancer types, this study corroborates the broad application po-
tential of anti-uPAR tracers by including CRC, GC, PC and PC-M models.
We are confident that the application of the generated Nbs holds
promise for extending targeting to various other solid tumors. This po-
tential arises from the receptor’s specificity for tissue inflammation and
remodeling, which are characteristic for cancer proliferation, rather
than cancer cells of specific origin.

We further explored the binding properties of high-affinity anti-
HuPAR Nb15 to better understand its in vivo behavior. Our objective was
to determine the Nb’s binding domain and assess any competitive in-
teractions with uPA, the natural uPAR ligand. Flow cytometry revealed
that domain D1, prone to protease cleavage, is crucial for Nb binding.
Importantly, the domain proven to be indispensable for the positive
control (monoclonal antibody generated against D2D3) to retain its high
affinity (Fig. 1A). This suggests D1 may be the direct binding site of
Nb15 or necessary for maintaining the receptor’s molecular organiza-
tion that enables binding in the most thermodynamically optimal
manner. Next, through SPR, we further tested the anti-HuPAR Nb15 for
potential competition with the ATF which is the uPA fragment directly
responsible for receptor binding [26]. The analysis showed Nb15 has a
faster association rate than the ATF (16.4*10° vs 6.2%10° M 's™! [15,
22]), indicating more rapid receptor occupancy. Furthermore, Nb15
partially competes with ATF for uPAR binding (Fig. 1B). These results
suggest Nb15 could outcompete ATF and requires lower concentrations
for effective tumor targeting.

Given that ATF requires residues extending from all three receptor
domains for effective binding [9] and competes partially with the tested
Nb which loses its binding properties upon D1 cleavage, we speculate
that these moieties bind at least partially to approximately the same area
(with Nbs requiring amino acids from D1). We acknowledge that
interpreting these results to distinguish between steric hindrance and
actual binding to the same epitope on HuPAR is challenging. Additional
evidence showing hindered binding of the positive control upon D1
cleavage supports the assertion that the presence of D1 is crucial for
maintaining the high binding capacity of all uPAR binders. However, to
precisely identify the binding sites of the Nb on the receptor, further
crystallography studies, similar to those previously performed showing
the receptor bound to an antagonist peptide [27], are necessary.

Although the possible disadvantage due to D1 domain shedding,
opting for binding domains D2 and D3 is not necessarily a superior
alternative with respect to the purpose of tumor imaging. These domains
are exclusively responsible for binding to other proteins such as integ-
rins, GPCRs, and tyrosine kinases [28]. Furthermore, the in vitro shed-
ding rate corresponds to a complete receptor turnover rate of
approximately 24 h [29]. Based on the rapid imaging (observed 1 h
post-injection) with the anti-uPAR Nbs previously reported, coupled
with the absence of apparent obstacles such as limited tracer uptake or
an elevated background signal due to shedding of the tracer-bound
domain in this study, we conclude that receptor-level interaction does
not hinder fast molecular imaging post-injection.

On the contrary, AE105, currently undergoing clinical translation
post-conjugation to radionuclides [30-32] or fluorescent dyes [33], was
crafted with the aim of attaining anti-tumor activity through competi-
tive inhibition of uPA binding. A drawback of this approach in terms of
molecular imaging, compared to our Nbs, is its inability to displace
previously formed uPA-uPAR complexes [34]. However, contrary to
theoretical expectations, this in vivo behavior did not hinder AE105 from
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achieving significant in vivo binding [35-37], as complete receptor
occupation by uPA and full binding prevention is unlikely to happen in
vivo.

Furthermore, our combination of in vitro and in vivo data sub-
stantiates that partial or full cleavage of this membrane-associated
protein does not impede our Nb’s ability to target the shed domain
specifically. Drawing on our collective experience and previously
documented outcomes, we again postulate that uPAR exhibits signifi-
cant potential for applications in FGS.

5. Conclusion

This study further characterizes the receptor binding of previously
generated anti-uPAR Nb15 and validates its fluorescently-labeled ver-
sions, which effectively localize primary tumors in CRC, GC, and PC
models. Additionally, Nb13 is shown to detect pancreatic cancer me-
tastases in the liver. Our findings show that receptor hindrances do not
prevent the Nb15 from accumulating in cancer lesions, enabling rapid
FLI within 1 h of tracer injection. The promising performance of these
tracers suggests their potential for preclinical and clinical use, particu-
larly for real-time surgical guidance in cancer, including metastatic
forms, enhancing tumor resection accuracy and metastasis detection,
with potential to improve patient survival.
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