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Abstract 

A first-in-human clinical trial with Positron Emission Tomography (PET) imaging of the uroki-
nase-type plasminogen activator receptor (uPAR) in patients with breast, prostate and bladder 
cancer, is described. uPAR is expressed in many types of human cancers and the expression is 
predictive of invasion, metastasis and indicates poor prognosis. uPAR PET imaging therefore holds 
promise to be a new and innovative method for improved cancer diagnosis, staging and individual 
risk stratification. The uPAR specific peptide AE105 was conjugated to the macrocyclic chelator 
DOTA and labeled with 64Cu for targeted molecular imaging with PET. The safety, pharmacoki-
netic, biodistribution profile and radiation dosimetry after a single intravenous dose of 
64Cu-DOTA-AE105 were assessed by serial PET and computed tomography (CT) in 4 prostate, 3 
breast and 3 bladder cancer patients. Safety assessment with laboratory blood screening tests was 
performed before and after PET ligand injection. In a subgroup of the patients, the in vivo stability of 
our targeted PET ligand was determined in collected blood and urine. No adverse or clinically 
detectable side effects in any of the 10 patients were found. The ligand exhibited good in vivo 
stability and fast clearance from plasma and tissue compartments by renal excretion. In addition, 
high uptake in both primary tumor lesions and lymph node metastases was seen and paralleled high 
uPAR expression in excised tumor tissue. Overall, this first-in-human study therefore provides 
promising evidence for safe use of 64Cu-DOTA-AE105 for uPAR PET imaging in cancer patients. 
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Introduction 
Functional imaging with positron emission to-

mography (PET) allows for non-invasive characteri-
zation of tumor physiology with sensitivity in the 
pico-molar range. For this reason, PET imaging has 
been one of the fastest growing medical technologies 
during the last two decades. The majority of clinical 
PET imaging procedures worldwide are currently 

performed with the glucose analogue 18F-fluoro- 
deoxy-glucose (FDG) (1). FDG is taken up via specific 
glucose transporters (GLUT) in cancer cells. Unlike 
glucose, FDG is only a substrate for the initial hexo-
kinase enzyme in the glycolysis and the monophos-
phate form of FDG is therefore trapped inside the cell. 
Through up-regulation of the insulin-independent 

 
Ivyspring  

International Publisher 



 Theranostics 2015, Vol. 5, Issue 12 

 
http://www.thno.org 

1304 

GLUT-1, enhanced FDG uptake and retention is ob-
served for most cancer cells. However, there are in-
herent limitations in cancer imaging with FDG-PET 
due to multiple other non-cancerous causes of en-
hanced tissue glucose metabolism. Moreover, several 
FDG-PET studies have shown very limited or highly 
variable uptake in some cancer types most notably for 
prostate and breast cancer (2, 3). In other cancers, the 
method is limited by high uptake in surrounding tis-
sue with glioblastoma as the most obvious example.  

Due to these inherent limitations of FDG-PET 
and based on the increasing insight into tumor biol-
ogy, many new targeting PET ligands have been 
identified and tested pre-clinically in various human 
xenograft cancer models. In line with this, at least one 
PET imaging ligand for each of the original hallmarks 
of cancer have been described. A number of these 
targeted PET ligands offer the potential to provide 
unique insight into cancer biology in real time in the 
natural microenvironment (4). However, despite an 
ever-increasing array of new PET ligands developed, 
primarily being tested in animal studies using dedi-
cated small-animal PET systems, advancement of new 
PET ligands into human patients has been limited. 
The promise of new PET imaging ligands for cancer 
lies in the development and clinical validation of a 
stable ligand that is safe and with an optimal biodis-
tribution pattern, including a specific binding mecha-
nism based on cancer specific properties. Finally, a 
new PET imaging ligand should fulfill a clear clinical 
(unmet) need to succeed. 

We developed a highly specific peptide-based 
PET imaging ligand, targeting the urokinase-type 
plasminogen activator receptor (uPAR). Extensive 
amount of studies have implicated the serine-protease 
urokinase-type plasminogen activator (uPA) and its 
receptor (uPAR) to be of special importance in cancer 
invasion and metastasis (5-9). In line with this, several 
studies have reported uPAR to have significant 
prognostic information in various cancers such as 
breast (10, 11), lung (12, 13), colorectal (9, 14), prostate 
(15-17) and bladder cancer(18). In these studies 
elevated expression levels of uPAR in the tumor or 
soluble fragments of uPAR in plasma have been 
shown to be strongly associated with metastatic dis-
ease, i.e. cancer aggressiveness, and subsequent poor 
prognosis. Thorough studies by immunohistochem-
istry and in situ hybridization have revealed low ex-
pression levels of uPAR in normal homeostatic tissues 
compared with malignant cancer lesions. Collectively 
this highlighs uPAR as a potential ideal target for both 
imaging and therapy of ‘invasion & metastasis’, one of 
the originally described hallmarks of cancer (5, 19-21). 
64Cu-DOTA-AE105 is a novel clinical PET ligand for 
imaging of uPAR that is based on the high affinity 

peptide antagonist AE105 (22). Extensive pre-clinical 
PET imaging validation studies have been reported in 
recent years with this PET ligand including a 
proof-of-concept study (23), a target validation study 
with demonstration of a differentiated tumor uptake 
compared to FDG (24), a comparative study with 
other 64Cu-based uPAR PET ligands (25) and finally a 
human dosimetry estimate study in mice (26). Based 
on these promising preclinical results, combined with 
the strong biomarker potential of uPAR in human 
cancer, we hypothesize that 64Cu-DOTA-AE105 could 
become a successful clinical uPAR PET imaging lig-
and. Such a PET ligand could become a game-changer 
in the management of cancer patients.  

As the first step towards clinical translation of 
this 64Cu labeled DOTA-conjugated peptide ligand for 
PET imaging of uPAR, we now report data from the 
first-in-human clinical trial of 64Cu-DOTA-AE105, 
which received approval from the Danish Health and 
Medicines Authority (EudraCT no: 2013-002234-20). 
The protocol for this first-in-human trial included 
toxicological evaluation following the outlined prin-
ciples described in the EMA adopted ICH guideline 
M3 (R2) on non-clinical studies for the conduct of human 
clinical trials and marketing authorization for pharmaceu-
ticals, using the microdose approach (27).  

The phase I clinical trial was conducted to eval-
uate the safety, pharmacokinetic and dosimetry of a 
single-dose injection in cancer patients using PET/CT 
imaging (Fig. 1). Safety measures included monitoring 
of blood pressure before, during and after the last 
imaging session, radiation exposure calculation (do-
simetry) and plasma biochemistry before and after the 
study. Stability from plasma and urine analyses were 
also performed. Secondary objectives were to inves-
tigate the uptake in primary tumor lesions and po-
tential metastases. Our data demonstrates that sys-
temic administration of 64Cu-DOTA-AE105 is safe 
with a favorable biodistribution and exhibits satis-
factory in vivo stability. Specific tumor uptake in both 
primary lesions and metastatic lymph nodes of three 
cancer types were studied with promising results. We 
firmly believe that our data supports to proceed with 
a large-scale clinical trial focused on targeting an im-
portant receptor of the metastasis/invasiveness hall-
mark of cancer. 

Results  
Clinical trial design 

Between May and August 2014, a total of 10 pa-
tients were PET/CT scanned with 64Cu-DOTA-AE105 
(EudraCT no: 2013-002234-20, ClinicalTrials.gov ID 
NCT02139371), 4 patients with prostate cancer, 3 pa-
tients with breast cancer and 3 patients with dissem-
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inated bladder cancer (Fig. 1, B and C). The adminis-
tered dose activity was 204±6 MBq (range: 197-213 
MBq) with a purity > 95% (table S1 and fig. S1) and 
the corresponding total peptide was 1.27±0.27 µg 
(range: 0.98-1.74 µg) mass per patient. One patient did 
not complete all three PET/CT scans due to claus-
trophobia and was withdrawn from the study after 
completing the first 1 hour scan (patient 9).  

PET ligand biodistribution and pharmacoki-
netics 

The biodistribution profile of 64Cu-DOTA-AE105 
was investigated with whole-body PET/CT scans 1, 3 
and 24 hours post injection (Fig. 2, A and B, fig. S2). 
Activity washout from most organs and lesions was 
observed in images of the late scan (24 hours), 
whereas activity retention in the liver and activity 
accumulation in the intestines became increasingly 
apparent. No activity was visible in the renal collect-
ing system or urinary bladder at the late time point. 
Highest peak of activity was found in the bladder 
followed by liver, kidney and pancreas, respectively. 

No activity was found in the brain. Three out of 10 
patients in the study were used for investigating the 
plasma pharmacokinetics of 64Cu-DOTA-AE105. 
Quantitative analysis of plasma samples with re-
versed phase high performance liquid chromatog-
raphy (RP-HPLC) chromatogram revealed a plasma 
half-life of 8.5 min. (Fig. 3A). A representative radio 
(RP-HPLC) chromatogram profile from one patient 
(pt. 10) is shown in Fig. 3B, where intact 
64Cu-DOTA-AE105 could be found in plasma for up to 
30 min post injection (Rt=11.8 min). One major me-
tabolite was formed with a slightly more hydrophilic 
nature (Rt=11.1 min). Within the first hour post injec-
tion >40 MBq was found in the collected urine (Fig. 
3C). Radio RP-HPLC analysis of collected urine re-
vealed similar results as for plasma kinetics. 50 min 
post injection, a single metabolite could be found with 
similar retention time (Rt=11.1 min) as observed in 
plasma (Fig. 3D). No intact 64Cu-DOTA-AE105 was 
found in the urine. 

 
Fig. 1. uPAR PET imaging and overview of first-in-human uPAR PET study design. (A) Schematic of the uPAR PET ligand 64Cu-DOTA-AE105 showing the chemical 
structure, a chromatogram of the final product, a transverse PET/CT image from a prostate cancer patient with tumor uptake of 64Cu-DOTA-AE105 and a Pymol visualization 
of uPAR (surface representation) in complex with the targeting peptide shown as a cartoon representation. (B) Clinical trial events after single dose injection of 
64Cu-DOTA-AE105. Timeline denotes injection, acquisition of serial PET/CT imaging, and collection of blood and tissue specimens. (C) Patient characteristics. 
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Fig. 2. Whole-body distribution and PK of 64Cu-DOTA-AE105. (A) Maximum intensity projection PET images at 1, 3 and 24 hours following injection of 
64Cu-DOTA-AE105 (patient 10). The highest accumulation of activity was in the liver, bowel and bladder. (B) Decay corrected SUV values in blood and major organs plotted 
individually for n = 10 patients. For each patient ROIs were drawn on selected organ/tissue of interest at all three consecutive PET scans. 

 

Patient safety and dosimetry 
No infusion-related reactions or adverse events 

were noticed in any of the 10 patients following ad-
ministration of 64Cu-DOTA-AE105 in this study. 
There were no clinically detectable pharmacologically 
effects of 64Cu-DOTA-AE105 and no apparent changes 
in general well being or vital signs. No long-term ef-
fects on blood parameters and/or organ functions 
were found when investigating standard biochemical 
parameters before and after enrollment in this study 
(fig. S3, table S2 and table S3). One patient (pt. 1) was 
hospitalized at the day of the last PET/CT scan due to 

urinary tract infection and responded promptly to 
antibiotic treatment. Absorbed dose estimates based 
on a measured urinary excretion fraction of 37%, with 
a presumed 1-h voiding interval and a biologic 
half-life of 1.14 h are shown in Fig. 4A. A representa-
tive whole-body PET/CT 1, 3 and 24 hours post injec-
tion is shown in Fig. 4B. For dosimetry calculations, 
biodistribution data from 6 patients were used (table 
S4 and table S5). The three patients with bladder 
cancer were not included in the analysis due to a 
likely confounding effect on the glomerular filtration 
rate by the disease confined to the urinary system. 
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Patient 9 was also excluded due to missing data at 3 
and 24 hours. The dose calculations yielded an effec-
tive dose of 0.0276 mSv/MBq. The liver was the organ 
with the highest absorbed dose (0.175 mGy/MBq), 
followed by the kidney (0.0562 mGy/MBq). 

 

 
Fig. 3. Metabolic analysis of 64Cu-DOTA-AE105 in plasma and urine. Data 
are shown for patient 10. (A) Relative time-dependent activity concentrations in 
plasma. Plasma half life was estimated to 8.5 min. (B) Chromatograms of 
64Cu-DOTA-AE105 in plasma. Data are shown for standard (Rt=11.8 min) and for the 
time points: 1, 10, 30 and 120 minutes. A single metabolite was formed (Rt=11.1 min) 
Vertical lines discriminate peaks corresponding to the uPAR PET ligand 
64Cu-DOTA-AE105. (C) Urine collection data. Time-dependent excretion of activity 
(top) and accumulated activity (bottom) are displayed. (D) Chromatograms of 
64Cu-DOTA-AE105 in urine. Data are shown for standard (Rt=11.8 min) and for the 
time points 20, 30 and 50 minutes. A single metabolite was found (Rt=11.1 min), 
corresponding to the single metabolite formed in plasma. 

 

PET imaging with 64Cu-DOTA-AE05: clinical 
case studies 

PET/CT imaging with 64Cu-DOTA-AE105 per-
formed well in all three patients with bladder cancer 

(patient 1, 2 and 7) (Fig. 5, A and B, Table 1) and 
identified both primary tumor (patient number 7) and 
metastatic lesions (all patients). We found a favorable 
biodistribution and high tumor-to-background up-
take, especially in patient number 7 who was newly 
diagnosed with bladder cancer and untreated at the 
time of the 64Cu-DOTA-AE105 PET/CT. In an organ 
based visual comparison of 64Cu-DOTA-AE105 PET 
and CT, all lesions were detected on both modalities, 
except for three liver metastases in patient 2, that was 
not delineated at 64Cu-DOTA-AE105 PET but only 
detected on contrast enhanced diagnostic CT at 1 hour 
(Table 1).  

In breast cancer patients (patient 3, 6 and 8), the 
primary tumor was clearly visualized with high con-
trast on the 64Cu-DOTA-AE105 PET/CT at all three 
time points (Fig. 6, A and B, Table 1). Washout of ra-
dioactivity was slower in tumors than in normal or-
gans, resulting in steadily increasing tumor-to-organ 
ratios over time except for the tumor-to-liver ratio that 
decreased over time and at all three time points re-
mained below 1. Patient 8 was subsequently diag-
nosed with lymph node involvement, and in this pa-
tient the two malignant axillary lymph nodes were 
visually detected on the 64Cu-DOTA-AE105 PET (Fig. 
6B). Immunohistochemical (IHC) staining of uPAR on 
surgical resected primary breast tumor tissue con-
firmed uPAR positive cancer cells in all three patients 
(fig. S4A). In patient 6, a slightly uPAR-positive lesion 
was encountered in the meninges of the brain with 
typical features of a previously not diagnosed menin-
gioma on CT and on a subsequent MRI (fig. S5). 

Finally, in the four patients with newly diag-
nosed and biopsy-proven prostate cancer (patient 
4,5,9 and 10) a high and specific uptake in primary 
cancer tumor lesions was found (Fig. 7, A and B, Table 
1). One patient (patient 9) had several visible uPAR 
PET positive lymph nodes in the pelvic region. This 
was confirmed during the operation where the sur-
geon found several enlarged lymph nodes suspected 
to be malignant. The patient was accordingly not 
prostatectomized and six lymph nodes were removed 
with histopathological confirmation of prostate ade-
nocarcinoma in 3 lymph nodes. Two patients had no 
signs of metastases on neither uPAR-PET nor periop-
erative staging. However in patient five 17 regional 
lymph nodes were removed and prostate adenocar-
cinoma was found in one lymph node. This lymph 
node metastasis was not visualized on the uPAR-PET 
or CT. However, uPAR IHC on removed prostate 
cancer tissue in all three patients, confirmed general 
pattern of uPAR expression (fig. S4B).  
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Fig. 4. Dosimetry and whole-body PET/CT imaging of 64Cu-DOTA-AE105. (A) Mean absorbed dose per unit administrated (mGy/MBq) of major organs and tissues 
(table S4) were derived from 6 patients (patient 3,4,5,6,8 and 10) from serial whole-body PET scans acquired over 24 hours time interval following injection of 
64Cu-DOTA-AE105 using VOI-based time activity data (table S5). (B). Coronal whole-body PET/CT images (patient 5) show time dependent biodistribution at 1,3 and 24 hours 
and demonstrates accumulation of activity mainly in the liver and bowel. 

Table 1: Summary of uPAR PET/CT results clinical workup 

Patient #  uPAR PET Routine clinical CT Operation uPAR PET vs. Clinical 
CT or operation 

Mean Max 

Primary tumor detection    SUV 1 hour 
1 Primary tumor surgically 

removed 
Primary tumor surgically 
removed 

Previously performed na na na 

2 Primary tumor surgically 
removed 

Primary tumor surgically 
removed 

Previously performed na na na 

3 1 Breast lesion Not performed Breast cancer confirmed 1 out of 1 1.5 3.8 
4 1 Prostate lesion Not performed Prostate cancer confirmed 1 out of 1 2.8 9.3 
5 1 Prostate lesion Not performed Prostate cancer confirmed 1 out of 1 2.1 7.7 
6 1 Breast lesion Not performed Breast cancer confirmed 1 out of 1 1.3 2.9 
7 1 bladder lesion 1 bladder lesion No operation 1 out of 1 2.3 15.9 
8 1 Breast lesion Not performed Breast cancer confirmed 1 out of 1 1.1 4.0 
9 1 Prostate lesion Not performed Prostate cancer confirmed from 

biopsy 
1 out of 1* 2.9 12.5 

10 1 Prostate lesion Not performed Prostate cancer confirmed 1 out of 1 2.8 8.9 
  
Metastasis detection SUV 1 hour^ 
1 2 inguinal lymph node and 1 

abdominal metastases 
2 inguinal lymph node and 1 
abdominal metastases 

Previously performed 3 out of 3 1.5 4.6 
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Patient #  uPAR PET Routine clinical CT Operation uPAR PET vs. Clinical 
CT or operation 

Mean Max 

2 1 retroperitoneal lymph node 1 retroperitoneal lymph node 
and 2 liver metastases 

Previously performed 1 out of 3 1.5 3.5 

3 No metastases Not performed No metastases 0 out of 0 - - 
4 No metastases No metastases No metastases 0 out of 0 . - 
5 No metastases Not performed 1 metastasis 0 out of 1 - - 
6 No metastases § Not performed No metastases 0 out of 0 - - 
7 >6 abdominal/pelvic lymph 

node metastases 
>6 abdominal/pelvic lymph 
node metastases 

No operation >6 our of >6 4.3 7.8 

8 2 axillary lymph node metas-
tases 

Not performed 2 axillary lymph node metastases 2 out of 2 0.9 3.2 

9 8 visible lymph nodes, 1 
lymph node > 10 mm 

Several visible lymph nodes 1 
lymph node >10 mm  

No operation na* - - 

10 No metastases No metastases No metastases 0 out of 0 - - 
* No prostatectomy was performed. Prostate adenocarcinoma in 6 of 6 preoperative biopsies. During the open operation several lymph nodes were judged visually to be 
malignant. Six lymph nodes were removed, 3 of these with prostate adenocarcinoma. 
§ 1 uPAR PET positive lesion in brain/meninges (subsequent MRI of the brain showed typically meningioma (Fig. S5) 
^The value displayed is the metastasis with highest uptake if multiple metastases were present. 
- Not relevant. 

 

 
Fig. 5. uPAR PET imaging in bladder cancer. (A) Representative transverse CT, PET and co-registered PET/CT images of a primary tumor lesion (blue circle), top images, 
with intense uptake of 64Cu-DOTA-AE105 (patient 7). (B) Bottom images show a uPAR positive inguinal lymph node metastasis (blue arrow) with high uptake (patient 1). (C) 
Tumor-to-liver, tumor-to-blood, tumor-to-kidney and tumor-to-muscle ratios as a function of time post injection. Data are averages ± SD (n = 1 ROI per time point, n = 3 
patients). 
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Fig. 6. uPAR PET imaging in breast cancer. (A) Representative transverse CT, PET and co-registered PET/CT images of a primary tumor lesion (blue arrow), top images, 
with intense uptake of 64Cu-DOTA-AE105 (patient 8). (B) Bottom images show an uPAR positive axillary lymph node metastasis (blue arrow) with high uptake in the same 
patient. (C) Tumor-to-liver, tumor-to-blood, tumor-to-kidney and tumor-to-muscle ratios as a function of time post injection. Data are averages ± SD (n = 1 ROI per time point, 
n = 3 patients). 

 

Discussion  
Our first-in-human study of a uPAR PET ligand 

is the culmination of more than 6 years of transla-
tional uPAR PET research of our group and build on 
more than 30 years of basic research in the uPAR 
performed at Rigshospitalet in Copenhagen (28). Im-
portantly, in our study all examined primary tumors 
were positive on uPAR PET and the majority of me-
tastases were identified (Table 1). The study thus 
provides the first evidence of uPAR as a promising 
imaging target across three human cancer types for 
both primary and metastatic lesions detection.  

With the demonstration of uPAR expression in 
nearly all cancer types and establishment of uPAR as 
a strong prognostic factor, uPAR must also be con-
sidered a promising imaging target (29). Successful 
development and clinical validation of uPAR PET 
imaging could potentially fulfill several clinical ap-
plications, including I) identification of the aggressive 
cancer phenotype, II) staging of uPAR positive can-

cers, and III) identification of patient eligible for uPAR 
targeted therapies and subsequent treatment moni-
toring. Of particular interest, uPAR has been shown to 
be highly expressed and to be a strong prognostic 
factor in several cancer types where FDG-PET imag-
ing is not routinely used, including prostate, breast 
and bladder cancer (10, 15, 18). 

In prostate cancer, we found that 4 out of 4 pri-
mary tumors were positive and several lymph node 
metastases were identified (Fig. 7, Table 1). In con-
trast, a recent first-in-human phase I PET study using 
a bombesin analogue in 10 prostate cancer patients 
reported only uptake in 5 out of 10 primary lesions 
(30) indicating a superior performance of uPAR PET 
compared to PET imaging of the gastrin-releasing 
peptide receptor in prostate cancer. We found a fa-
vorable tumor-to-background ratio in both primary 
tumor lesions and metastatic lymph nodes in breast 
and bladder cancer patients, collectively providing 
strong evidence for the potential for uPAR PET/CT in 
breast, bladder and prostate cancer patients. In addi-
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tion, target specific uptake of the 64Cu-DOTA-AE105 
in both breast and prostate tumor lesions was sup-
ported by ex vivo immunohistochemistry that clearly 
demonstrated uPAR expression in excised tissue in all 
patients. Interestingly, soluble uPAR forms in plasma 
were only elevated in two out of ten patients, when 
compared to healthy individuals (fig. S6), despite 
confirmed cancer disease in all ten patients. This un-
derlines the different kind of information uPAR PET 
imaging provides, compared to uPAR plasma assays. 

The overall aim of this first-in-human clinical trial 
was to investigate the safety and dosimetry properties 
of 64Cu-DOTA-AE105. 64Cu-DOTA-AE105 was well 
tolerated and there were no adverse events or obvious 
changes in general well-being or any vitals signs (fig. 
S3, table S2 and table S3). An effective radiation dose 
of 0.0276 mSv/MBq was found, equaling 5.5 mSv at 
an injected activity of approximately 200 MBq as used 
by us. This is similar to the radiation dose received 
from a standard FDG-PET, where the effective dose is 
approximately 0.019 mSv/MBq, equal to 5.7 mSv at a 

dose of 300 MBq (31, 32). Therefore, the radiation 
burden of uPAR PET with 64Cu-DOTA-AE105 is of no 
major clinical concern and the effective dose of 
64Cu-DOTA-AE105 is comparable to that of other 
clinically applied 64Cu-based PET ligands (33-37). 
Whether this dosimetry estimation also reflects po-
tential future uPAR PET imaging ligands based on 
AE105 with different isotopes such as Ga-68 and F-18 
needs to be shown when the biodistribution profile 
for these variants are known. Interestingly, our pre-
vious report on human dosimetry estimate of 
64Cu-DOTA-AE105 projected from mouse biodistri-
bution data (26), only deviated less than 10% from the 
true observed value in the present study (0.0251 
mSv/MBq vs. 0.0276 mSv/MBq). Similar agreement 
was also found in another first-in-human study per-
formed by us, namely 64Cu-DOTA-TATE (35). Ac-
cordingly, human effective dose estimates obtained 
from mouse studies seem accurate, at least for 
Cu-labelled peptide based PET ligands. 

 

 
Fig. 7. uPAR PET imaging in prostate cancer. (A) Representative transverse CT, PET and co-registered PET/CT images of a primary tumor lesion (blue arrow), top images, 
with high uptake of 64Cu-DOTA-AE105 (patient 4). (B) Bottom images show an uPAR positive regional lymph node metastasis (blue arrow) with high uptake (patient 9). (C) 
Tumor-to-liver, tumor-to-blood, tumor-to-kidney and tumor-to-muscle ratios as a function of time post injection. Data are averages ± SD (n = 1 ROI per time point, n = 3 
patients). 
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As expected, the biodistribution analysis re-
vealed the liver to have a high accumulation of activ-
ity following injection of 64Cu-DOTA-AE105 (Fig. 2, 
fig. S2, table S5), which most likely is caused by the 
known in vivo instability of the 64Cu-DOTA complex 
(38, 39) and not specifically mediated by uPAR. This 
known in vivo instability of the 64Cu-DOTA complex 
has prompted an extensive search for improved ra-
dionuclide metal chelators with higher stability for 
64Cu (40-42). Improved in vivo stability data have es-
pecially been reported for tetra-amine based macro-
bicyclic chelators, in which an ethylene bridge con-
nects two nonadjacent nitrogens, compared to the 
monocyclic DOTA and TETA (43, 44). In particular, 
the use of CB-TE2A as chelator for 64Cu has been used 
with success in a number of in vivo studies in animals 
(40, 45-47), including PET imaging of uPAR expres-
sion (25). Recently, the first-in-human bombesin PET 
study with 64Cu-CB-TE2A-AR06 (37) was reported, 
where a significantly lower liver uptake was found 
compared to our study. This therefore seems to con-
firm the superior in vivo stability of CB-TE2A for che-
lating 64Cu in vivo in humans. However, in a previous 
first-in-human study by our group using 
64Cu-DOTATATE (35) did not find the high 
non-specific liver uptake to limit the clinical useful-
ness of PET images as all liver metastases could still 
clearly be identified. In the present study, two meta-
static lesions in the liver were not identified on uPAR 
PET/CT images, possible due to the high background 
uptake. However, scans at 1 h post injection seems to 
provided excellent contrast for both primary tumor 
lesions and lymph node metastases, making the use of 
18F or 68Ga radionuclides promising for future clinical 
studies, thereby rendering the non-specific liver up-
take of less importance.  

Besides a relatively high non-specific uptake in 
the liver, no other organ/tissue showed high 
non-specific uptake of 64Cu-DOTA-AE105. The blood 
pool clearance of 64Cu-DOTA-AE105 was evident 
between the 1 hour and the 3 hour scan (Fig. 2, fig. S2, 
table S5), where the SUV was less than 1 g/mL. 
Plasma pharmacokinetic and urine metabolite analy-
sis revealed a relatively fast formation of one metabo-
lite in plasma with increased hydrophilic properties, 
which was subsequently also found in the urine of the 
patients (Fig. 3). No intact 64Cu-DOTA-AE105 was 
found in the urine.  

Besides being involved in the proteolytic process 
during cancer invasion and metastasis, the 
uPA/uPAR system plays an important part in mod-
ulating inflammatory processes, such as infection and 
chronic systemic inflammatory diseases e.g. rheuma-
toid arthritis or osteoarthritis (48, 49). Consistent with 
this, analysis of synovial tissue from rheumatoid ar-

thritis and osteoarthritis patients, and normal synovi-
al tissue have revealed higher uPA activity and 
markedly increased expression of uPAR in the rheu-
matoid arthritis synovial tissue, especially at the 
marginal zone between pannus and cartilage. It is 
possible that uPAR PET imaging could also be useful 
for diagnosis and especially disease/treatment mon-
itoring in such pathological conditions as well. In ad-
dition, recent studies have found uPAR to be associ-
ated with unstable, ruptured carotid plaques, making 
uPAR PET highly interesting for imaging of vulnera-
bility and rupture of plaques (50, 51).  

Currently, more than 90% of clinical PET studies 
are performed with the glucose analogue FDG(1). 
However, due to lack of sensitivity FDG–PET/CT is 
not part of the recommended diagnostic work-up in 
prostate, bladder, nor primary breast cancer with or 
without axillary nodal involvement. However, for 
initial and recurrent breast cancer staging, 
FDG-PET/CT has in many studies been demonstrated 
as more accurate than conventional imaging methods 
in detecting extra-axillary nodal involvement and 
distant metastases (52, 53). With the distinct high tu-
mor uptake of 64Cu-DOTA-AE105 in all three cancer 
types found by us, it seems possible that 
64Cu-DOTA-AE105 uPAR PET could become a prom-
ising method for staging, restaging and detection of 
relapse in these cancer forms. Moreover, 
64Cu-DOTA-AE105 uPAR PET possess the ability to 
generate prognostic information of value in treatment 
planning. Especially considering prostate cancer, a 
huge unmet clinical need exists for accurate risk 
stratification at time of diagnosis in order to reduce 
the significant overtreatment, e.g. unnecessary pros-
tatectomies, currently being practiced (54). uPAR PET 
imaging seems to be a highly promising technology 
for this purpose, with strong prognostic information 
of uPAR in prostate cancer and the high and specific 
uptake found in the present study. However, large 
controlled clinical trials are necessary to prove this 
hypothesis.  

Materials and Methods 

Production of 64Cu-DOTA-AE105 
64Cu was produced via the 64Ni(p,n)64Cu reaction 

using a solid target system comprising a water-cooled 
target mounted on the beam line of a PETtrace (GE 
Healthcare) cyclotron. DOTA-AE105 was labeled with 
64Cu by adding a solution of DOTA-AE105 (10 nmol) 
in aqueous ammonium acetate (1 mL; 0.1 M, pH 8.4 
containing gentisic acid, 5 mg/mL) to a dry vial con-
taining 64CuCl2 (2000 MBq) in 500 µL sterile Tracese-
lect water. The mixture was left at 800C for 5 min and 
then diluted with sterile water (1 mL). The product 
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was purified with a SepPak light column and 9 mL 
saline was added. Finally, the mixture was passed 
through a Millex-GP 0.22-mm sterile filter (Millipore) 
(See process validation Table S6) and analytic valida-
tion (fig. S7) and release criteria (table S7). Radio-
chemical purity was determined by reversed-phase 
high-pressure liquid chromatography (RP-HPLC) (fig. 
S1). All chemicals were purchased from Sig-
ma-Aldrich Denmark A/S unless specified otherwise. 
DOTA-AE105 was purchased from ABX GmBH (Ad-
vanced Biochemical Compounds, Radeberg, Germa-
ny). HPLC analysis was performed on a Dionex Ul-
tiMate 3000 HPLC with a Scansys radiodetector. 
64Cu-DOTA-AE105 was analysed on a Phenomenex 
Kinetex column (2.6 µm C18, 50 x 4.6 mm) with flow 
of 1.5 ml/min. The HPLC mobile phase was solvent 
A, 0.1 % TFA in MeCN:H2O 10:90, and solvent B, 0.1 
% TFA in MeCN:H2O 90:10.Gradient: 0-1 min 10% B, 
1-6 min 10-65% B, 6-7 min 65-10%B and 7-8 min 10% 
B. The retention time of 64Cu-DOTA-AE105 was 4.1 
min and the specific activity was determined by UV 
absorption at 228 nm 

Study design 
In total, 10 patients with histopathologically 

confirmed prostate cancer (4), breast cancer (3) or 
bladder cancer (3) were enrolled in the study from 
May 2014 to August 2014. Of these patients, six were 
used for dosimetry (3 prostate and 3 breast cancer 
patients). All patients had given written informed 
consent before inclusion. The study was approved by 
the Danish Health and Medicine Authority (EudraCT 
no: 2013-002234-20) and the Regional Scientific Ethical 
Committee (protocol H-2-2013-111). The study was 
registered in ClinicalTrials.gov under NCT02139371. 
The study was performed in accordance with the 
recommendation for Good Clinical Practice (GCP) 
and independently monitored by the GCP unit of the 
Capital Region of Denmark. The outline of procedures 
for each patient is shown in Fig. 1. In brief, the patient 
was injected intravenously with approximately 200 
MBq of 64Cu-DOTA-AE105 (table S1). This was fol-
lowed by collection of blood after 1, 10 and 30 min 
post injection for pharmacokinetic analysis. Each pa-
tient was then whole-body PET/CT scanned 1, 3 and 
24 hours post injection. Urine was furthermore col-
lected from 3 patients during the entire 24 hour peri-
od. The patients with urinary bladder cancer were 
treated with chemotherapy during the time of the 
64Cu-DOTA-AE105 PET/CT (Fig. 1). Patients with 
breast and prostate cancer were not treated with 
chemotherapy at the time of the 64Cu-DOTA-AE105 
PET/CT and were subsequently treated with surgical 
removal of the primary tumor lesions, including sen-
tinel node procedure (breast) and pelvic lymph node 

dissection (prostate). 

Plasma pharmacokinetics and urine metabo-
lite analysis 

The blood and urine samples were analyzed on a 
Dionex UltiMate 3000 column-switching HPLC sys-
tem with a Posi-RAM Module 4. The blood samples 
(full blood) were centrifuged (3,500 rpm, 4 min) and 
the supernatant plasma was collected and filtered 
through a 0.45 µM syringe filter prior to the HPLC 
analysis(55). The HPLC analysis consisted of two 
steps, an extraction step and an analytical step, as 
previously described(56). During the extraction step, 
the plasma samples were passed through a shim-pack 
XR-ODS (30 x4.6 mm, 2.2µm). The valves were 
switched and the sample was then analyzed on an 
Onyx monolithic column (C18, 50 x 4.6 mm). The 
mobile phase for the extraction step was 0.1 % TFA in 
H2O, while the analytical step was a gradient method 
with solvent A, 0.1% TFA in MeCN: H2O 10:90, and 
solvent B, 0.1% TFA in MeCN:H2O 90:10 , both with a 
flow of 1 ml/min. Gradient: 0-6 min (extraction), 6-7 
min 0-10% B, 7-13 min 10-65% B, 13-14 min 65-10% B, 
14-15 min 10% B. 

PET/CT acquisition and image analysis 
Data acquisition was performed using a Bio-

graph mPET/CT scanner (Siemens Medical Solutions, 
Erlangen, Germany) with an axial field of view of 216 
mm. After intravenous injection (i.v.) of 203.9±6.4 
MBq of 64Cu-DOTA-AE105, emission scans were ac-
quired 1 h, 3 h, and 24 h post i.v. administration. 
Whole-body PET scans were obtained in 
3-dimensional mode, with an acquisition time of 3 
min per bed position. Attenuation and scatter cor-
rected PET data were reconstructed iteratively using a 
3D ordered-subset expectation-maximization algo-
rithm including point spread function and time of 
flight information (Siemens Medical Solutions), the 
settings were, 2 iterations, 21 subsets, 2 mm Gaussian 
filter and a 400 x 400 matrix, Pixel size in the final 
reconstructed PET image was approximately 2 x 2 
mm with a slice thickness of 2 mm. A diagnostic CT 
scan was obtained before the first PET scan, with a 
2-mm slice thickness, 120 kV, and a quality reference 
of 225 mAs modulated by the Care Dose 4D automatic 
exposure control system (Siemens Medical Solutions). 
A low-dose CT scan, 2-mm slice thickness, 120 kV, 
and 40 mAs, was acquired before each of the subse-
quent scans and used for attenuation correction. An 
automatic injection system was used to administer 75 
mL of an iodine containing contrast agent (Optiray 
300; Covidien, Minneapolis, MN, USA) with a scan 
delay of 60 s and flow rate of 1.5 mL/s, followed by an 
injection of 100 mL of NaCl with a flow rate of 2.5 
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mL/s. Furthermore, patients had been asked to drink 
500 mL of water 25 min before image acquisition. PET 
images in units of Bq/mL were used for quantitative 
analysis of tissue radioactivity concentrations for do-
simetry purposes and for calculation of standardized 
uptake values (SUV). The latter uptake characteristic 
was obtained by drawing three representative spheric 
volumes of interest (VOIs) in the organ/tissue of in-
terest For the calculation of absorbed dose estimates, 
we assumed a uniform distribution of radioactivity 
concentrations throughout the source organs.  

Dosimetry 
Dosimetry was based on the decay-uncorrected 

image sets from the 3 time-points (6 patients) sup-
plemented with the 24 hour sampled urine-data (3 
patients). The 24 hours urine were collected in pre 
weight plastic bottles and for each individual voiding 
the weight (volume) were measured and a 500 µL 
sample were drawn for activity measurement in a 
calibrated gamma well counter (Cobra II TM, Gamma 
Counting Systems; PACKARD, Meriden, CT, USA). 
For each patient, organ and time-point, activity con-
centration was calculated as the average of the values 
from 3 VOIs, and total activity estimated by multi-
plying these average values by organ masses of the 
OLINDA male adult phantom. As a surrogate for red 
marrow activity, VOIs were drawn encompassing 
large portions of the L3–L5 vertebrae. Cumulated ac-
tivity for each patient and organ was determined by 
integration of time-activity curves, constructed as a 
linear piece from zero at injection to the first measur-
ing point and mono-exponentials between the meas-
uring points. Beyond 24 h (last imaging point), re-
moval by simple physical decay was assumed. For 
each patient, cumulated organ values were normal-
ized by division with injected activity and finally, for 
each organ, values were averaged over the 6 patients. 
Individual urine excretion data were fitted to 
mono-exponentials yielding the fraction of injected 
activity excreted and a biological half-life of the pro-
cess. Values were averaged over the 3 patients. The 
value assigned to the remainder of the body was de-
rived as the residual between the total cumulated ac-
tivity (as calculated from the nuclide’s half-life) minus 
all activity accounted for in specific organs (including 
muscle) or by excretion. All data were entered into 
OLINDA/EXM software (Vanderbilt University, 
Nashville, TN, USA) to obtain corresponding esti-
mates of organ-absorbed doses and effective dose. 
OLINDA’s Voiding Bladder Model was used with 
fraction and half-life from the fitted urine data as in-
put and an assumed bladder voiding interval of 1 
hour 

Tumor uptake by visual image analysis and 
activity quantification 

All image data were analysed by a team con-
sisting of a highly experienced certified specialist in 
nuclear medicine and a highly experienced certified 
specialist in radiology. Tumor uptake analyses were 
limited to lesions identifiable on CT and uptake 
characteristics were obtained by drawing spheric 
volumes of interest (VOIs) sufficiently large to en-
compass the tumor lesion. Standardized uptake val-
ues were calculated from the generated VOIs for all 
three PET/CT scans (1, 3 and 24 hours post injection) 
and parameterized as SUVmean and SUVmax.  

Histology 
The mean time interval between PET and sur-

gery was 5 days. Resected tissue samples obtained 
from the 64Cu-DOTA-AE105 imaged primary tumors 
were placed in formalin. Sections were prepared with 
paraffin sections (2.5 μm thick) and a standard im-
munohistochemistry technique (avi-
din–biotin–peroxidase) was performed as described 
in a previous study (24), to visualize the im-
munostaining intensity and distribution of uPAR re-
ceptors. In addition, HE staining was performed. The 
sections were visually evaluated for visible uPAR 
positive staining. 

uPAR forms in plasma 
Soluble uPAR forms were measured in EDTA 

plasma samples in all 10 patients using time-resolved 
fluorescence immunoassays as recently described in 
details elsewhere (57). Mean levels in pmol/L with 
%CV values can be found in fig. S6 together with the 
reference levels in healthy individuals at the age of 60 
(adapted from (57)). 

Statistics 
All statistical analyses were performed using 

GraphPad Prism version 6.0 for MAC OS X 
(GraphPad Software Inc., USA). All comparisons be-
tween the treatment groups were performed using 
two-side student t-test. P < 0.05 was considered sta-
tistically significant. All data are presented as mean ± 
SD. 

Supplementary Material  
Figures S1-S7 and Tables S1-S7. 
http://www.thno.org/v05p1303s1.pdf 
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