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A B S T R A C T   

Background and aims: Urokinase-type plasminogen activator receptor (uPAR) is associated with extracellular 
matrix (ECM) degradation and cancer aggressiveness. Its role in arterial atherogenesis as a molecular imaging 
target is not well-established. The aim of this study was to non-invasively visualize uPAR expression in 
atherosclerosis by a novel uPAR-targeting positron emission tomography (PET) tracer [64Cu]Cu-DOTA-AE105. 
Methods: We used molecular biology to investigate uPAR expression by analyzing human atherosclerotic plaques 
and cultured cells. A retrospective analysis was performed on patients, who underwent combined PET/CT (n =
10) to measure [64Cu]Cu-DOTA-AE105 uptake in five large arteries, divided into a high and low-risk group based 
on coronary artery calcium score (CAC score). 
Results: The in vitro assay for THP-1 monocytes displayed a significantly upregulated uPAR expression upon 
stimulation (5.2-fold upregulation, p < 0.0001 by a one-way ANOVA followed by Tukey’s test) by single-cell 
flowcytometric analysis. Freshly excised human atherosclerotic plaques underwent flow cytometric and micro-
array analyses manifesting 73.9 ± 2.9% of mononuclear phagocyte system (MPS) cells expressing uPAR and had 
a greater than 7-fold higher gene expression of plasminogen activator urokinase receptor (PLAUR, p = 0.002), 
integrin subunit alpha X (ITGAX, p = 0.0008), and cluster of differentiation 163 (CD163, p < 0.0001). The tissue- 
to-background ratios (TBRmax) in five large arteries showed a higher [64Cu]Cu-DOTA-AE105 uptake in the group 
with high CAC score compared to the group with low CAC score (2.4 ± 0.1 vs 1.7 ± 0.1, p = 0.057), significantly 
higher in the ascending aorta (2.7 ± 0.1 vs 2.0 ± 0.1, p = 0.038) and the abdominal aorta (3.2 ± 0.2 vs 2.0 ± 0.2, 
p = 0.038) by a non-parametric Mann-Whitney test. 
Conclusions: uPAR is abundantly expressed by MPS cells in atherosclerotic plaques and can be visualized by the 
novel PET tracer [64Cu]Cu-DOTA-AE105 that may non-invasively detect extracellular matrix remodeling during 
atherogenesis.   

1. Introduction 

Urokinase-type plasminogen activator receptor (uPAR) is known to 
be involved in pathophysiological processes such as wound healing and 
cancer metastasis [1–7]. Several studies have evaluated the role of uPAR 
in atherosclerosis associating it with vulnerability and consequent 

rupture of atherosclerotic plaques, pointing towards co-localization with 
macrophages [8–11]. Monocytes, macrophages and activated macro-
phages belong to the mononuclear phagocyte system (MPS), a key 
component of human immune system activation during the progression 
and development of atherosclerosis [12–15]. MPS cells contribute to the 
weakening of atherosclerotic plaque’s extracellular matrix (ECM) by the 
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action of proteases such as uPA (Urokinase type plasminogen activator) 
[16,17]. 

uPA-uPAR interaction activates a cascade of events leading to action 
of plasmin directly affecting ECM degradation and indirectly via pro- 
MMPs (matrix metalloproteinase) to active MMPs degrading ECM pro-
teins via integrin-mediated signaling [18–21]. ECM degradation and 
restructuring are critical in vascular remodeling, occurring during pro-
gression of atherosclerosis [22,23]. 

Here, we hypothesize that uPAR expressed by cells of MPS are central 
to atherogenesis and precipitate atherosclerosis by pathological arterial 
wall remodeling. Thus, uPAR is an attractive non-invasive molecular 
imaging target paving a new way in the diagnostic and prognostic 
workup of atherosclerosis. The novel uPAR-targeted positron emission 
tomography (PET) tracers developed by our group, either 64Cu or 68Ga 
labelled, have successfully demonstrated diagnosis of multiple cancers 
aggressiveness and metastatic potential [24–28]. The aim of the present 
study was to investigate the expression of uPAR and the potential 
applicability of uPAR-PET in atherosclerosis. To do so, we set up an in 
vitro assay to investigate uPAR expression by MPS cells, carried out ex 
vivo studies with human atherosclerotic plaque tissue to investigate the 
expression of uPAR and related genes and lastly, retrospectively 
analyzed human [64Cu]Cu-DOTA-AE105 PET/CT scans to 
non-invasively quantify the tracer uptake in major arteries in two groups 
of patients with different cardiovascular risk profiles. 

2. Materials and methods 

2.1. Study design 

THP-1 monocytes were subjected to atherosclerosis-mimicking 
stimuli with 7-ketocholesterol (7-KC) and interferon gamma (IFN- ɣ) 
and were analyzed with flow cytometry to determine uPAR activity. To 
validate uPAR expression by atherosclerosis associated MPS cells in ex 
vivo plaques, several assays were developed: single cell flow cytometric 
analysis was performed to determine uPAR activity in bona fide 
atherosclerotic tissue (n = 6) recovered freshly after carotid endarter-
ectomy (CEA). A single plaque sample was used for histochemical and 
immunofluorescent (IF) qualitative analysis. A microarray analysis of 
isolated total RNA from atherosclerotic plaques (n = 7) and normal 
tissue (n = 3) was performed. Finally, a retrospective evaluation of 
atherosclerosis in the large conductive arteries was performed with 
PET/CT scans of 10 human patients, previously enrolled in a clinical 
phase I trial. 

Flowchart for ex vivo and in vivo studies is as follows: 

2.2. Cell culture 

The following human cell lines were grown under optimal culture 
conditions: 

THP-1 (THP-1 ATCC ®TIB-202™, ATCC, Manassas, VI, USA), U-87 
MG (ATCC® HTB-14™), OSC-19 (A kind gift from Prof. J.N.Myers, M D 
Anderson Cancer Centre, Texas, USA) and a modified version OSC-19- 
luc2.T3.33 (a uPAR knock-out variant). THP-1 cells were further 
differentiated into macrophages with 7-ketocholesterol (7-KC) and 
activated macrophages with 7-KC and interferon- ɣ (IFN- ɣ). See Sup-
plementary Data for details on cell culture. 

2.3. Atherosclerotic plaque tissue 

Atherosclerotic plaques (n = 6) from the internal carotid artery were 
excised in toto by CEA and recovered immediately in 5 ml RPMI medium 
on ice at the Department of Vascular Surgery, Rigshospitalet, Copen-
hagen, Denmark. Danish Capital Region Local Ethics Committee decided 
its jurisdiction did not apply as the samples collected were anonymized 
and analysis qualified as method development (Journal number: 
16000842). All data handling was in accordance with Danish law and 
was monitored by the Danish Data Protection Agency and the Danish 
Patient Safety Authority and complied with the principles of the 
Declaration of Helsinki. 

Previous studies carried out by Grivel et al. [29], Van Brussel et al. 
[30] and Lebedeva et al. [31] formed the basis for the preparation of the 
enzymatic cocktail and the digestion technique for atherosclerotic pla-
ques. See Supplementary Data for details on flow cytometry assay. 

Atherosclerotic plaques (n = 7) for gene expression analysis were 
recovered immediately in RNAlater (Applied Biosystems, Carlsbad, CA, 
USA) and adjacent non-diseased tissue (n = 3) was recovered and pro-
cessed as described in Supplementary Data. The study was approved by 
the Regional Scientific Ethical Committee (protocol H-4-2012-064) and 
all patients received oral and written information about the study and 
signed an informed consent prior to inclusion. 

2.4. Histochemistry and immunofluorescent staining 

A single atherosclerotic plaque was recovered in RPMI on ice and 
transferred to optimum cutting temperature (OCT) solution. Respective 
sections were stained with hematoxylin, DAPI and anti-uPAR antibody. 
Please refer to Supplementary Data for details on staining protocols and 
image acquisition parameters, in vitro, ex vivo flowcytometric analysis, 
and microarray analysis. 

All experiments were performed in accordance with the ethical 
standards and approved by local ethics committees at Rigshospitalet, 
Copenhagen, Denmark. 

2.5. In vivo PET/CT acquisition 

A retrospective evaluation of atherosclerosis in the large conductive 
arteries was performed in 10 patients with cancer of the prostate (n = 4), 
bladder (n = 3) and breast (n = 3) previously enrolled in a clinical phase 
1 trial (NCT no: NCT02139371). The study protocol 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) and conform to the principles of the Declaration of Helsinki. All 
patients gave written informed consent prior to participation in the 
study. Imaging was performed as previously described [26]. Briefly, 
image acquisition was performed using a Biograph mPET/CT scanner 
(Siemens Medical Solutions, Erlangen, Germany) with an axial field of 
view of 216 mm. Intravenous injection (i.v.) of 203 ± 6.4 MBq of [64Cu] 
Cu-DOTA-AE105 was followed by an emission scan 3 h post i.v. 
administration. Whole-body PET scans were obtained in 3D mode and 
an acquisition time of 3 min per bed position. A low-dose CT scan, 2 mm 
slice thickness, 120 kV and 40 mAs was acquired prior to the PET scan 
for attenuation correction and image analysis. 
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2.6. Coronary artery calcium scores 

Coronary artery calcium (CAC) score was calculated using previously 
described Agatston method and the CAC score was used for dichoto-
mization of patients [32–34]. The groups were as follows: ‘Low CAC 
score’ group (CAClow, n = 4) with a median CAC score of 0 (Range: 0–1) 
and ‘High CAC score’ group (CAChigh, n = 6) with a median score of 310 
(Range: 102-3871). 

2.7. PET quantification 

Five anatomical territories were chosen for analysis: the carotid ar-
teries (from the bifurcature and 10 image slices caudally), the ascending 
aorta (from bulbus aortae to arcus aortae), the descending aorta (6 slices; 
one every 10 mm starting 50 mm cranially from the diaphragm), the 
abdominal aorta (6 slices; one every 10 mm caudally to the kidney ar-
teries) and finally the iliac arteries (from the bifurcature of an iliaca 
communis and 6 slices cranially). Image analysis was performed on the 
open source DICOM workstation OsiriX v. 6.5.1 (www.osirix-viewer. 
com). Regions of interest (ROI) were drawn by free hand on CT scans 
and superimposed on the PET scans to include both vessel lumen and 
wall in all vascular territories. To obtain maximum tissue to background 
ratios (TBRmax), the maximum SUV values (SUVmax) were normalized to 
blood pool activity obtained from four ROIs placed in the lumen of the 

inferior vena cava: SUVmax/SUVmean vena cava inferior = TBRmax. The 
background myocardial uptake (TBRmean) was quantified from an ROI 
placed in the free lateral wall of the left ventricle and normalized to 
blood pool activity obtained from ROI placed in the right atrium. The 
PET reader was blinded to the CAC score, although potential calcium 
deposits on the CT scan would be evident to the reader. 

A comparison was made between ‘Low CAC score’ and ‘High CAC 
score’ groups for [64Cu]Cu-DOTA-AE105 accumulation in terms of 
average of TBRs from the carotid arteries, the ascending aorta, the 
descending aorta, the abdominal aorta and the common iliac artery. 

2.8. Statistical methods 

Results are reported as mean ± SEM, unless otherwise stated. In the 
in-vitro study, median fluorescent intensity (MFI) values are reported as 
median±SD. One-way ANOVA with Tukey’s multiple comparisons test 
was carried out to analyze differences in multiple groups and two-tailed 
p values < 0.05 were considered significant. In gene set enrichment 
analysis, the list of genes with Benjamini-Hochberg adjusted p values <
0.05 was checked using GOstats package 2.46 from Bioconductor 
version 3.7 (Open source license at www.bioconductor.org). The 
average of maximum TBR values (reported as TBRmax) was considered 
and reported when comparing two groups (‘High CAC score’ group vs 
‘Low CAC score’ group) in the retrospective analysis of PET scans. To 

Fig. 1. Incremental uPAR expression in 
THP-1 monocytes, THP-1 macrophages 
(MΦ) and THP-1 activated macrophages 
(Activated MΦ) from an in vitro assay. 
(A) Representative scatter plots showing 
gated THP-1 macrophages (MΦ) cells based 
on scatter properties and uPAR expression. 
Red dots represent THP-1 macrophages 
(MΦ) cells with high uPAR expression and 
blue dots represent THP-1 cells with lower 
uPAR expression. (B) MFI values from at 
least three replicates for each cell type show 
significantly different uPAR expression. 
Representative histograms from each cell 
type display incremental uPAR expression. 
(C) % THP-1 monocytes, THP-1 MΦ, THP-1 
activated MΦ co-expressing uPAR and 
CD11c with a significant difference between 
the three groups. MFI, median fluorescent 
intensity; FSC, forward scatter; SSC, side 
scatter. One-way ANOVA with Tukey’s 
multiple comparisons test was carried out to 
analyze differences in multiple groups and 
two-tailed p values < 0.05 were considered 
significant. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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analyze the differences in two groups of patients in the retrospective 
analysis of Phase 1 scans, a non-parametric Mann-Whitney test (two- 
tailed, p values < 0.05) was used. Statistical analyses were performed 
with GraphPad Prism®, Version 9.0.0 (La Jolla, CA, USA). 

3. Results 

3.1. Differential cellular uPAR expression in monocytes, macrophages 
and activated macrophages upon stimulation with inflammatory mediators 

In vitro uPAR expression on THP-1 monocytes, THP-1 macrophages 
(MΦ) and THP-1 activated macrophages (Activated MΦ) was measured 
in vitro by flow cytometry (Fig. 1). Single cells were gated based on 
scatter properties and cellular populations were compared based on 
uPAR expression (Fig. 1A). 

Surface uPAR expression in terms of median fluorescent intensity 
(MFI) was found to increase 2.2-fold (14,647 ± 542 to 32,832 ± 1,384, 
p = 0.0033) when THP-1 monocytes were stimulated with 7-KC. An even 
higher increase in uPAR expression with 5.2-fold increase in MFI 
(14,647 ± 542 to 76,890 ± 8,285, p < 0.0001) was observed when THP- 
1 cells were stimulated with 7-KC and IFN-ɣ (Fig. 1B). Along with an 
upregulation in uPAR expression, 83.5 ± 2.2% of uPAR positive 
monocytes also co-expressed CD11c, acknowledged for ECM degrada-
tion and cellular interaction. 96 ± 0.3% of macrophages co-expressed 
CD11c, whereas 54.8 ± 12.5% of uPAR positive activated macro-
phages co-expressed CD11c. A significant difference of percentages (p <
0.0001) was found between the three groups i.e. THP-1 monocytes, 
THP-1 macrophages (MΦ) and THP-1 activated macrophages (activated 
MΦ) (Fig. 1C). 

3.2. Human atherosclerotic plaques express uPAR in MPS cells 

uPAR expression was assessed by flow cytometry on six human 

carotid atherosclerotic plaques. MPS cells were considered for analysis, 
gating the MPS population on scatter properties (Fig. 2A). An average of 
74.0 ± 2.9% MPS cells were found to express uPAR (Fig. 2B). Notably, 
there were two clearly distributed populations expressing uPAR 
(Fig. 2C) indicating that uPAR is highly upregulated in the plaque 
microenvironment. An average of 41.8 ± 10.5% cells from six plaques 
expressing uPAR were found to co-express cluster of differentiation 11c 
(CD11c) (Fig. 2D). 

3.3. Histochemistry (H&E staining) and immunofluorescence (uPAR 
staining) 

A transverse section of a plaque with a large necrotic core was 
stained with standard hematoxylin and eosin stains (Fig. 3A) as well as 
with anti-uPAR antibody along with nuclear staining with DAPI 
(Fig. 3C). Reduced nuclear staining (DAPI) as well as uPAR staining was 
found in the area of the necrotic core marked with a white arrow. Dense 
uPAR expression was observed at the periphery of necrotic core and in 
the intimal layer (tunica intima) and the medial layer (tunica media). 
Peripheral areas are under focus in Fig. 3-F. 

3.4. uPAR and MPS related genes are highly upregulated in 
atherosclerotic plaques 

To assess the underlying gene expression alterations, seven human 
atherosclerotic plaques underwent microarray analysis to investigate 
changes in gene expression occurring during atherosclerotic processes. 
Adjacent non-diseased tissue samples from 3 of the 7 patients were 
analyzed for comparison (Details of patients summarized, refer to Sup-
plementary Data). Genes involved in the uPA system, as well as in 
atherogenesis, were compared between plaque and normal tissue. A 
heat-map was created to visualize the differences in plaque vs normal 
tissue samples. Global gene expression resulting from normal and plaque 

Fig. 2. uPAR expression from MPS cells derived from ex vivo atherosclerotic plaques. 
(A) Representative scatter plot showing selection of the MPS population based on forward-scatter and side-scatter properties and subsequent selection of uPAR 
positive cells for analysis. (B) A mean of 74% (SD = 7.2, SEM = 2.9) MPS cells from six independent human atherosclerotic plaque samples express uPAR. The colored 
dots correspond to individual plaque histograms from panel C. (C) Histograms representing uPAR expression from six independent human atherosclerotic plaque 
samples in terms of median fluorescent intensity (MFI) values. Isotype control (grey colored peak) and uPAR Fluorescence-minus-one (FMO, violet colored peak) 
were used as controls. (D) Co-expression of uPAR and CD11c on MPS cells was found to be 41.8 ± 10.5% cells from six atherosclerotic plaques. FSC, forward scatter; 
SSC, side scatter; MPS, mononuclear phagocyte system. (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. 3. Immunohistochemistry and Immunofluorescent staining of a human atherosclerotic plaque. 
(A) Standard hematoxylin and eosin staining on a transverse section from an excised plaque. (B) Immunofluorescent image of control section showing DAPI staining 
for nuclei in blue. White arrow shows sparse DAPI staining in the necrotic core. Yellow, orange and green arrows represent high magnification areas shown in (D–F). 
(C) uPAR was distributed unevenly through the transverse section (red coloration). The high magnification areas marked by colored arrows show uPAR expression at 
the edges of the vessel wall and the white arrow indicates area with sparse uPAR and nuclear stain in the necrotic core. (D–F) Magnified images of the areas marked 
by colored arrows showing a comparison between control and stained sections. Scale bar equals 1000 μm in (A–C), 100 μm in magnified images (D–F). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. uPAR and MPS related genes are highly upregulated in atherosclerotic plaques.Green color indicates lower than mean intensity and red represents higher 
than mean intensity. 
(A) Hierarchical clustered heat-map shows a clear distinction between atherosclerotic (n = 7 in blue) and normal (n = 3 in yellow) tissue based on overall global gene 
expression with a high degree of separation between the two. (B) Hierarchical clustered heat-map analysis focusing on selected genes listed known to be associated 
with and involved in the mononuclear phagocyte system and uPAR signaling. The microarray analysis displays a high degree of separation between the two groups of 
tissue. FC, fold change; PLAUR, uPAR; ITGAX, CD11c. List of genes with Benjamini-Hochberg adjusted p values < 0.05 was checked. (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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tissue showed notable differences (Fig. 4A). When focusing on uPA and 
MPS, specific genes that are key to the progression of atherosclerosis 
(listed in Fig. 4B), uPAR (PLAUR gene), CD163 and CD11c (ITGAX 
gene), were the three most up-regulated genes, showing more than 7- 
fold change (p < 0.0015). In addition, MRC1 (mannose receptor C- 
type 1), MSR1 (macrophage scavenger receptor-1), PLAU (plasminogen 
activator, urokinase), MERTK (MER proto-oncogene, tyrosine kinase) 
and SERPINE1 (serpine family E member 1) genes showed more than 2- 
fold change (Fig. 4B). 

3.5. In vivo human [64Cu]Cu-DOTA-AE105 accumulation assessed on 
PET/CT scans 

The average arterial uptake of [64Cu]Cu-DOTA-AE105 was assessed 
on PET/CT scans of 10 patients (clinical demographics are described in 
Table 1). 

The average TBRmax values from all five arteries (the carotid arteries, 
the ascending aorta, the descending aorta, the abdominal aorta and the 
iliac arteries) were compared and the uptake in the ‘High CAC group’ 
was 2.4 ± 0.1 (95% CI: 1.9 to 2.9) as compared to 1.8 ± 0.1 (95% CI: 1.3 
to 2.2) of the‘Low CAC group’ (Fig. 5A). A non-significant difference was 
found between the two groups (p = 0.057). A significant difference 
between the uptake was observed in the abdominal aorta (TBRmax of 3.2 
± 0.2 in High CAC group vs TBRmax of 2.0 ± 0.2 in Low CAC group, p =
0.038, Fig. 5B) and in the ascending aorta (TBRmax of 2.7 ± 0.1 in High 
CAC group vs TBRmax of 2.0 ± 0.1 in Low CAC group, p = 0.038, Fig. 5C). 
Tracer accumulation in the left and right common carotid arteries 
(Fig. 5D and E, respectively) did not show a significant difference. 
Higher average TBRmax values were observed in all individual blood 
vessels of the ‘High CAC group’ as compared to the ‘Low CAC group’. No 
correlation was found between TBRmax and CAC score. The average 
myocardial background signal in the 10 patients was found to be 
TBRmean = 0.90 ± 0.12. 

See Fig. 5F–I for representative PET/CT scans. 

4. Discussion 

A combination of in vitro studies, carried out on THP-1 monocytes as 
well as derived cells, and ex vivo studies on atherosclerotic plaque with 
various qualitative and quantitative techniques, unanimously confirmed 
uPAR expression by the MPS cellular population at a level sufficiently 
high to be visualized by in vivo uPAR PET. In the in vitro study, THP-1 
monocytes and derived cells showed the effect of 7-KC and IFN-ɣ stim-
uli well known to kick start various inflammatory cascades that modu-
late atherosclerosis [35–38]. These in vitro results indicate that MPS cells 
express incremental levels of uPAR from monocytes to activated mac-
rophages and the expression is dependent on the type and extent of in-
flammatory stimuli the cells are subjected to. 

Ex vivo plaque tissue provides an extremely accurate and relevant 
platform to understand the plaque microenvironment where the flow 
cytometry results showed cellular uPAR expression and co-expression 
with CD11c. Based on the scatter properties, the populations could be 
identified as smaller monocytes with basal uPAR expression and larger 
macrophages with elevated uPAR expression. The incremental uPAR 
expression from monocytes to macrophages or activated macrophages is 
corroborated by in vitro findings in our study. These results interestingly 
confirmed the findings from the microarray analysis where ITGAX, 
PLAUR and CD163 genes showed greater than seven-fold change in 
plaques as compared to normal tissue. CD11c has been exclusively 
studied along with uPAR expression with flow cytometry due to its 
known role in degradation of ECM, cellular interaction during inflam-
matory processes and cellular activation [39–41]. Interestingly, Toll-like 
receptor 4 (TLR4)- a key player in nuclear factor- κβ (NF-κβ) inflam-
matory pathway-along with mannose receptor C-type1 (MRC1) and 
macrophage scavenger receptor 1(MSR1) that are also known to play a 
key role in atherogenesis, is upregulated in the plaque tissue [42]. The 
immunofluorescent staining of plaque tissue showed intense uPAR 
staining at the edges of the vessel wall and the necrotic core. It has 
previously been shown that CD68 and CD163 are associated with 
vulnerability in human carotid plaques and were expressed in the 
shoulder regions [43–46]. 

In the clinical study, 64Cu labelled tracer was preferred over 68Ga 
labelled tracer. Major advantages of 64Cu over the 68Ga are its lower 
positron range and a longer half-life [47]. [64Cu]Cu-DOTA-AE105 was 
used for the clinical scans where the improved spatial resolution is a 
major advantage when imaging small objects like atherosclerosis [48]. 

Heterogeneous uptake within the chosen arteries was observed on 
the clinical PET/CT scans. The uPAR tracer uptake was significantly 
higher in patients with a high coronary artery calcium score. The same 
patients were also found to have a high body mass index (BMI); four out 
of six patients had a history or were current smokers and were pre- 
disposed gender wise with five males out of six in the group. Interest-
ingly, in a few cases calcification and uPAR accumulation were not co- 
localized but were seen in rather different areas of the vessel wall as 
observed with 18F-FDG too [49]. This retrospective analysis of clinical 
data combined with the in vitro and ex vivo assays show uPAR expressed 
by MPS cells is involved in development of atherosclerosis that can be 
non-invasively assessed by [64Cu]Cu-DOTA-AE105 uPAR-PET. In a 
future study, comparisons between patients with different risk profiles 
for vascular disease would determine the specificity of the tracer in 
diagnosing stable from unstable atherosclerosis. It is worth recalling 
when interpreting our results that comparisons with respect to uPAR 
expression are made between unstable patients that are operated for 
symptomatic carotid disease (ex vivo tissue analysis) and stable patients 
(cancer cohort) that are stable with respect to their atherosclerotic dis-
ease. It is due to the fact that unstable atherosclerotic patients were not 

Table 1 
Details of patients that underwent [64Cu]Cu-DOTA-AE105 analysis including CAC score and [64Cu]Cu-DOTA-AE105 accumulation.  

Characteristics Total (n = 10) Low CAC score (n = 4) High CAC score (n = 6) 

Age (y) 66 ± 2.7 61 ± 5.7 69 ± 1.8 
Range 47–75 47–75 64–75 
Gender 
Male, n (%) 6 1 (16.6%) 5 (83.3%) 
Female, n (%) 4 3 (75%) 1 (25%) 
Smoking, n (%) 5 1 (20%) 4 (80%) 
BMI 26 ± 1.1 24.2 ± 2.2 27.4 ± 1.1 
Range 20.7–32.1 20.7–30.8 24.7–32.1 
CAC score 105 0 310 
(IQR) (0; 389) (0; 0.75) (107.3; 1392) 
Range 0–3871 0–1 102–3871 
TBRmax arteries 2.7 ± 0.1 1.7 ± 0.1 2.4 ± 0.1 
Range 1.5–3.0 1.5–2.1 1.7–3.0 

Data is reported as mean and standard error of mean unless otherwise stated, BMI, body mass index; CAC score, coronary artery calcium score reported as median; 
TBRmax arteries is the average of maximum tissue-to-background ratio calculated on five blood vessels; IQR, interquartile range. 
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enrolled in the Phase 1 trial with the novel tracer and the patients 
enrolled in the Phase 1 trial did not undergo CEA. Several other radio-
pharmaceuticals for in vivo imaging of various molecular processes 
occurring during the development of atherosclerosis have been suc-
cessfully tested in humans. 18F-FDG has been the most widely studied 
tracer in clinical trials as well as in on-going trials to study vascular 
inflammation [45,50–54]. In addition, several novel and targeted PET 
tracers e.g. [64Cu]Cu -DOTATATE, [68Ga]Ga -DOTATATE for imaging 
macrophage activity via somatostatin receptor expression, 18F-NaF to 
investigate microcalcification and identification of high-risk athero-
sclerotic plaques have also been used in humans [46,55,56]. With the 
novel uPAR PET tracer studied herein, we provide a platform to study 
yet another aspect of the atherosclerotic process in patients. A 
head-to-head comparative clinical study with a large patient population 
with other tracers such as [18F]FDG, [64Cu]Cu -DOTATATE, [68Ga]Ga 
-DOTATATE, [18F]NaF would be interesting for future studies as would 
the evaluation of uPAR-PET for the identification of subjects at high risk 
of future cardiovascular events. With a low uptake of [64Cu]Cu 
–DOTA-AE105 in the myocardium similar to that of [64Cu]Cu 
–DOTATATE, we envisage that the tracer could also be used for imaging 
coronary arteries [57]. This would potentially allow for timely inter-
vention and prevention. 

This study has some limitations. We used the immortalized THP-1 
cell-line and the cancer cell line, U87MG. There could be differences 
in expression profiles of the cells used and freshly collected human 
PBMC derived cells. However, the in vitro cell culture results are well in 
line with the ex vivo results on uPAR expression, confirming the rele-
vance of the cells used. 

The results of the clinical component of our study were encouraging, 
but the small sample size and retrospective nature are a limitation to the 
study. Furthermore, CAC scoring was performed on non-ECG gated CT 
scans, which could affect the accuracy of quantification. 

4.1. Conclusion 

We provide in vitro and ex vivo evidence to confirm that uPAR can be 
visualized in vivo non-invasively and is associated with vascular 
remodeling resulting from ECM restructuring occurring during the 
progression of atherosclerosis. 
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