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Abstract

Objectives—Our aim was to develop and validate a non-invasive imaging tool to visualize 

HDL’s in vivo behavior by positron emission tomography (PET), with an emphasis on its plaque 

targeting abilities.

Background—High-density lipoprotein (HDL) is a natural nanoparticle that interacts with 

atherosclerotic plaque macrophages to facilitate reverse cholesterol transport. HDL-cholesterol 
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concentration in blood is inversely associated with risk of coronary heart disease and remains one 

of the strongest independent predictors of incident cardiovascular events.

Methods—Discoidal HDL nanoparticles were prepared by reconstitution of its components 

apolipoprotein A-I (APOA1) and the phospholipid DMPC. For radiolabeling with Zirconium-89 

(89Zr), the chelator DFO was introduced by conjugation to APOA1 or as a phospholipid-chelator 

(DSPE-DFO). Radiolabeled HDL’s biodistribution and plaque targeting was studied in established 

murine, rabbit and porcine atherosclerosis models by PET combined with computed tomography 

(PET/CT) or with magnetic resonance imaging (PET/MRI). Ex vivo validation was conducted by 

radioactivity counting, autoradiography and near infrared fluorescence imaging. Flow cytometric 

assessment of cellular specificity in different tissues was performed in the murine model.

Results—We observed distinct pharmacokinetic profiles for the two 89Zr-HDL nanoparticles. 

Both APOA1- and phospholipid-labeled HDL mainly accumulated in kidneys, liver and spleen 

with some marked quantitative differences in radioactivity uptake values. Radioactivity 

concentrations in rabbit atherosclerotic aortas were 3–4-fold higher than in controls at 5 days p.i. 

for both 89Zr-HDL nanoparticles. In the porcine model, we observed increased accumulation of 

radioactivity in lesions by in vivo PET imaging. Irrespective of the radiolabel’s location we found 

HDL nanoparticles to preferentially target plaque macrophages and monocytes.

Conclusions—89Zr labeling of HDL allows studying its in vivo behavior by non-invasive PET 

imaging, including visualization of its accumulation in advanced atherosclerotic lesions. The 

different labeling strategies provide insight on the pharmacokinetics and biodistribution of HDL’s 

main components, i.e. phospholipids and APOA1.
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INTRODUCTION

Atherosclerosis is a systemic inflammatory disorder that underlies cardiovascular disease 

(1). Lipid deposition and immune cell infiltration drive atherosclerotic plaque development 
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(2), which can eventually rupture (3), potentially causing atherothrombosis and ensuing 

acute coronary events (4).

High density lipoprotein (HDL) is a natural nanoparticle mainly composed of phospholipids, 

cholesterol and cholesteryl esters, and apolipoprotein A-I (APOA1), which is involved in the 

process of reverse cholesterol transport (5). HDL and APOA1 have demonstrated 

atheroprotective properties (6)(7)(8). The principal mechanism whereby HDL exerts this 

protective effect is generally ascribed to promoting cholesterol efflux from macrophages in 

plaques and transporting it to the liver for excretion, although other anti-atherogenic 

properties have been reported (9). Cholesterol efflux is mediated by several membrane 

receptors abundantly expressed on macrophages to which APOA1 and HDL bind (10)(11).

The study of HDL can be modernized by the integration of non-invasive imaging. 

Capitalizing on this, our group pioneered the use of HDL magnetic resonance imaging 

(MRI)(12)(13). However, in order to non-invasively study the pharmacokinetics, trafficking 

and metabolism of HDL a quantitative and highly sensitive modality is warranted. Recent 

advances in labeling technology now allow positron emission tomography (PET) radiotracer 

imaging at unprecedented high sensitivity down to the picomolar range, at limitless tissue 

penetration, in a so-called hot spot fashion (14). Tracing of HDL requires long-lived 

radioisotopes as, upon intravenous administration, it circulates for extended periods of time. 

Recently, we have developed modular Zirconium-89 (89Zr)-labeling methods for lipid-based 

nanoparticles (15)(16). The physical half-life of 89Zr (78.4 h) makes it an ideal radiolabel for 

such long-circulating materials (15), and provides an opportunity to study HDL 

nanoparticles’ in vivo behavior.

Through extensive studies involving a unique set-up combining PET/CT and PET/MRI, in 

murine, rabbit and porcine atherosclerosis models, we demonstrate that 89Zr labeling is a 

valuable tool to non-invasively assess pharmacokinetics and distribution of HDL’s main 

components.

METHODS

A detailed description of the animal models and experimental procedures can be found in the 

supplementary information. All animal experiments were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committees of Mount Sinai, 

Memorial Sloan Kettering Cancer Center and/or CRF-Skirball Center for Innovation, and 

followed National Institutes of Health guidelines for animal welfare.

RESULTS

Radiolabeling of HDL nanoparticles

The composition, DLS-measured size and size exclusion retention time for all HDL 

nanoparticles used in this study are summarized in table S1. In order to incorporate the 

radioactive label (89Zr), we either conjugated DFO to APOA1 via its attachment to lysine 

residues, or included the phospholipid chelator DSPE-DFO in the formulation of the 

particles. Reaction of these DFO-bearing nanoparticles with 89Zr-oxalate generated 89Zr-
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APOA1-labeled HDL (89Zr-AI-HDL, figure 1A, left) or 89Zr-phospholipid-labeled HDL 

(89Zr-PL-HDL, figure 1A, right), at high radiochemical yields (96 ± 2 [n = 5] and 81 ± 10 % 

[n = 7], respectively), and radiochemical purities of > 98 %. Radiolabeling did not impact 

HDL’s size (rHDL, table S1).

Cellular targets of HDL nanoparticles

In addition, we prepared fluorescent, non-radioactive analogs of the two 89Zr-labeled HDL 

nanoparticles to investigate their cellular targets in different tissues by flow cytometry 

(figures 1B and S1). These particles were prepared in identical manner to their radioactive 

counterparts, but contained the dye DiR (table S1) and non-radioactive Zr. In Apoe−/− mice, 

flow cytometric analyses revealed little targeting differences between the two Zr-labeled 

nanoparticles in blood, spleen and aorta at 24 h p.i. (figure 1C). In atherosclerotic aortas, 

macrophages and monocytes were preferentially targeted over neutrophils (4.5- and 3.1-fold 

greater DiR uptake, respectively) and lineage-positive cells (290- and 220-fold greater DiR 

uptake, respectively), whereas mostly macrophages were targeted in the spleen. In blood, 

dendritic cells and monocytes were targeted to nearly the same extent.

Pharmacokinetics and biodistribution of 89Zr-HDL nanoparticles in mice

Blood radioactivity clearance in Apoe−/− and wild type mice was investigated (figure 2A). 

The weighted half-lives for 89Zr-AI-HDL-associated radioactivity (figure 2A, top) in blood 

were 1.4 and 2.0 h in atherosclerotic and wild type mice, respectively, whereas for 89Zr-PL-

HDL (figure 2A, bottom) these values were 2.8 and 1.1 h. Radioactivity distribution at 24 

and 48 h was also measured for selected tissues. Figure 2B shows a comparison of 

radioactivity uptake values for both nanotracers at 24 h p.i., whose target organs were the 

same. For both 89Zr-AI-HDL (figure 2B, top) and 89Zr-PL-HDL (figure 2B, bottom) kidneys 

were the main radioactivity accumulation site, however with marked quantitative 

differences. No statistically significant differences were found in tissue uptakes for 89Zr-AI-

HDL between diseased and control animals. However, when whole organ radioactivity 

accumulation was considered, uptake in kidneys, liver and spleen was significantly higher 

for atherosclerotic mice (figure S2A, top). For 89Zr-PL-HDL, kidney and liver uptakes were 

significantly higher for control animals. At 48 h p.i. (figure S2B), kidneys were also the 

main activity accumulation site for both nanoparticles. For 89Zr-AI-HDL, uptakes were as 

high as 80 %ID/g.

Micro-PET/CT imaging studies in mice

Non-invasive visualization of 89Zr-HDL biodistribution in mice was investigated at 24 

(figure 2C) and 48 h (figure S2B) after intravenous administration. For 89Zr-AI-HDL, 

images were clearly dominated by strong signal from the kidneys, whereas for 89Zr-PL-HDL 

liver and kidneys were the preferred accumulation sites. PET-derived uptake values were in 

good agreement with the ex vivo results (figure S2D).

Plaque targeting of 89Zr-HDL nanoparticles in mice

Increased radioactivity accumulation in whole aortas of Apoe−/− mice was found for both 

NPs at 24 h. For 89Zr-AI-HDL, the difference was significantly higher when only the aortic 

Pérez-Medina et al. Page 4

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2017 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



root was considered (figure 3A, top). At 48 h a significantly higher accumulation in 

atherosclerotic aortas was found for 89Zr-PL-HDL only (0.019 ± 0.04 %ID [n = 6] vs. 0.013 

± 0.03 %ID [n = 4] for controls, P = 0.02). In autoradiographic analysis, higher deposition of 

radioactivity was observed in atherosclerotic aortas (figure 3B), especially in aortic roots. 

Increased plaque accumulation of the fluorescent analogs of 89Zr-HDL nanoparticles 

(DiR@Zr-AI-HDL and DiR@Zr-PL-HDL) was also observed in atherosclerotic aortas by 

NIRF imaging. Strong signals were observed originating from aortic roots of diseased 

animals at 24 (figure 3B) and 48 h p.i. Good correlations were found for both 89Zr-AI-HDL 

(ρ = 0.80) and 89Zr-PL-HDL (ρ = 0.72) between total radioactivity accumulation and total 

radiant efficiency of their fluorescent analogs at 24 h p.i. (figure 3C).

Pharmacokinetics and biodistribution of 89Zr-HDL nanoparticles in rabbits

Similarly to the murine model, radioactivity clearance was slower for 89Zr-AI-HDL (figure 

4A, top), whose half-lives were 1.13 and 1.05 days in atherosclerotic and control animals, 

respectively. For 89Zr-PL-HDL (figure 4A, bottom), clearance was slower in animals with 

atherosclerosis (0.44 vs. 0.34 days for controls). Radioactivity distribution in selected tissues 

was measured at 5 days p.i. (figure 4B). Kidneys showed the highest uptake values for both 

NPs, although they were 3–4-fold higher for 89Zr-AI-HDL. Spleen and liver uptakes were 

around 0.1 %ID/g for the two NPs.

Imaging studies in rabbits

We evaluated our 89Zr-HDL nanoparticles in rabbits by in vivo PET imaging on a clinical 

PET/CT scanner. Representative PET/CT fusion images of the abdominal region at three 

different time points can be seen in figure 4C for both nanoparticles. In addition, we also 

used a unique clinical PET/MRI system to investigate our nanoparticles’ in vivo behavior in 

the same animals and time points for direct comparison. Figure 5A shows representative 

PET/MRI fusion images of the same animals shown in figure 4C. The PET images obtained 

with both scanners were almost identical (see supporting video). More importantly, there 

was a strong correlation between the SUVs measured from both systems (figures 5B) and 

also excellent agreement between the values, with an ICC of 0.99 (95% CI 0.98 – 0.99).

Time-activity curves based on data obtained from PET/CT and PET/MRI image analysis are 

shown in figures S3 to S6. Initially, within the first hour after intravenous administration, 

images were dominated by a strong blood pool signal for both 89Zr-AI-HDL and 89Zr-PL-

HDL (figures 4C and 5A, 1 hour), as well as high signal from liver, spleen and kidneys. 

Blood radioactivity half-lives derived from PET/CT SUVs measured in the cardiac chambers 

were shorter than those obtained by blood sampling for both 89Zr-AI-HDL (0.55 and 0.56 

days for animals with atherosclerosis and controls, respectively) and 89Zr-PL-HDL (0.27 

and 0.31 days for diseased animals and controls, respectively). At later time points, 89Zr-AI-

HDL images showed very high radioactivity accumulation in kidneys, which was 

significantly higher in atherosclerotic animals at all time points investigated (figure S3A and 

S4A). For 89Zr-PL-HDL, strong gall bladder signals (GB, figure 4C bottom; SUVs as high 

as 20 g/mL) were observed at 1 and 2 days p.i., which was accompanied by high 

radioactivity accumulation in the stomach and intestines. Intense signals from the kidneys 

were also observed at all time points for 89Zr-PL-HDL. In both cases, bone radioactivity 
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accumulation was also detected over the five-day period (SUVs around 5 g/mL). Ex vivo 
analysis proved that this was mostly due to bone marrow uptake, as opposed to mineral 

bone. Bone marrow uptake was higher in animals with atherosclerosis for 89Zr-AI-HDL 

(0.17 ± 0.03 vs. 0.13 ± 0.01 %ID/g for controls) while for 89Zr-PL-HDL values were similar 

(0.039 ± 0.010 and 0.050 ± 0.002 %ID/g for rabbits with atherosclerosis and controls, 

respectively). PET-measured SUVs were in good agreement with SUVs determined by ex 
vivo gamma counting (figure S7), although they were typically lower.

Increased aortic radioactivity accumulation was found at day 5 p.i. for both probes in 

atherosclerotic aortas compared to controls by PET/CT imaging (figure 6A). The difference 

was statistically significant for 89Zr-PL-HDL (P = 0.03). For 89Zr-AI-HDL at 1, 2 and 3 

days p.i. the high blood pool signal dominated the measurements, as evidenced by the 

similar blood and aorta ratios between SUVs in atherosclerotic and control rabbits (figure 

S8A, top). We found a very similar increased accumulation in atherosclerotic aortas for 

either 89Zr-AI-HDL (0.40 ± 0.08 vs. 0.34 ± 0.10 g/mL) or 89Zr-PL-HDL (0.24 ± 0.13 vs. 

0.15 ± 0.08 g/mL) at 5 days p.i using PET/MRI. At earlier time points, values were very 

similar for both NPs in animals with atherosclerosis and controls.

Plaque targeting of 89Zr-HDL nanoparticles in rabbits

Radioactivity concentration was significantly higher in atherosclerotic aortas for both 89Zr-

AI-HDL (P = 0.03) and 89Zr-PL-HDL (P = 0.03) as determined by gamma counting at 5 

days p.i. (figure 6A). Autoradiography of explanted aortas revealed a patchy distribution of 

radioactivity in atherosclerotic aortas, showing preferential accumulation in lesions (figure 

6B). Analysis by NIRF imaging showed increased accumulation of Cy5.5-HDL in 

atherosclerotic aortas (figure 6B). A good correlation was found between total radiant 

efficiency and radioactivity concentration (figures 6C and S8B). Interestingly, correlation 

between radioactivity concentration and Cy7-albumin NIRF intensity was weak (figure 

S8C), suggesting permeability may not be an HDL accumulation determinant.

Oxidized HDL imaging experiments in atherosclerotic rabbits

Blood radioactivity clearance for radiolabeled 89Zr-AI-HDLOx nanoparticles was 

significantly faster than for 89Zr-AI-HDL in both animals with atherosclerosis and controls 

(figure S9A), and its half-life was 3 times as short (t1/2 = 0.33 days). Radioactivity 

distribution, however, showed a similar pattern at day 5 p.i (figure S9B). 89Zr-AI-HDLOx 

uptake values were significantly lower in liver and lungs compared to 89Zr-AI-HDL in both 

atherosclerotic and control animals, and in spleen compared to 89Zr-AI-HDL in diseased 

animals. PET/CT (figure S9C) and PET/MR images showed very high accumulation in 

kidneys at all time points, with SUVs as high as 48 g/mL (1.0 %ID/g). These values were 

significantly higher than those measured for 89Zr-AI-HDL in controls and rabbits with 

atherosclerosis (figure S7D). PET-quantified SUVs were qualitatively similar to the values 

obtained after the 5th day scan by ex vivo gamma counting (figure S9D). Interestingly, 

radioactivity accumulation in atherosclerotic aortas for 89Zr-AI-HDLOx was significantly 

lower than for non-oxidized 89Zr-AI-HDL (figure S9E).
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Imaging studies in pigs

Three pigs were imaged at 48 h after administration of 89Zr-PL-HDL. A whole-body PET 

maximum intensity projection image obtained on the clinical PET/CT scanner can be seen in 

figure 7A. Strong signals were observed in kidneys, liver and bone, as well as in the 

intestines. High radioactivity accumulation in the femoral arteries could be clearly observed 

in vivo (figure 7B). Radioactivity concentration in these vessels was higher than in non-

injured internal iliac arteries, which served as controls (figure 7B). Radioactivity distribution 

in selected organs determined by gamma counting after the 48 h scan is shown in figure 7C, 

and mirrors the PET imaging observations. The increased signal in the femoral arteries was 

due to accumulation in lesions, as corroborated by ex vivo autoradiography analysis (figure 

7D).

DISCUSSION

In this study, we developed and validated a non-invasive quantifiable PET imaging tool to 

study HDL’s in vivo behavior in multiple atherosclerosis models. Using non-radioactive 

fluorescent analogs of the 89Zr-labeled nanoparticles we found that both preferentially 

targeted macrophages in the atherosclerotic aortas of Apoe−/− mice, in line with our previous 

studies (17)(18). This also suggests that the modifications were well tolerated and did not 

affect HDL’s ability to interact with plaque macrophages (19).

Radioactivity clearance followed similar patterns in both mice and rabbits, showing longer 

half-lives for 89Zr-AI-HDL (apolipoprotein-labeled) in healthy controls and for 89Zr-PL-

HDL (phospholipid-labeled) in atherosclerotic animals. 89Zr-AI-HDL’s longer half-life 

compared to 89Zr-PL-HDL in control animals may be explained by the low net 

internalization rate and recycling of the protein (20). On the other hand, the slower clearance 

of 89Zr-PL-HDL in animals with atherosclerosis, especially in the Apoe−/− mouse model, 

may be due to the elevated lipoprotein blood pool concentration and impaired lipid 

metabolism and clearance.

Modification of APOA1 can affect its blood circulation time as reported for radioiodination 

(21), which has been frequently used to study the pharmacokinetics and metabolism of the 

protein and of HDL (22). This is a very convenient labeling strategy that results in iodination 

of tyrosine residues but also in faster clearance than the unmodified protein (28), which is 

most likely due to rapid deiodination by deiodinases (23). Therefore, label stability and 

kinetics play an important role when designing an imaging tool. Importantly, using our 

approach, the radioactivity blood half-life of 89Zr-AI-HDL in rabbits is in close agreement 

with values obtained by radioimmunometric assays using unmodified human APOA1 in the 

same animal (21), implying that the modifications to incorporate the 89Zr label were well 

tolerated. Previously reported data do not show this strong corroboration between 125I-

labeled HDL, i.e. 125I-HDL/125I-APOA1, and unmodified HDL, which underestimates the 

actual blood half-life by a factor of 7–8 (21).

Our imaging studies show the same patterns in radioactivity distribution for the three animal 

models used, the kidneys being a main site of accumulation for both 89Zr-AI-HDL and 89Zr-

PL-HDL (figure S10). It is well established that the kidney is a major catabolism site for 
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APOA1 and certain HDL subclasses (24)(25)(26). Quantitative analysis revealed a 

significantly higher kidney uptake in atherosclerotic rabbits at all time points for 89Zr-AI-

HDL. The SUVs showed little variation over time, suggesting a steady state situation. More 

importantly, the higher kidney uptakes found for 89Zr-AI-HDL in rabbits with 

atherosclerosis were accompanied by lower blood radioactivity concentrations and, indeed, 

higher glomerular filtration rate has been related to lower HDL and APOA1 blood levels in 

humans without kidney disease (27) and to subclinical cardiovascular disease in non-diabetic 

subjects (28).

While 89Zr-AI-HDL shows very high uptake in the kidneys, the radioactivity for 89Zr-PL-

HDL is more evenly distributed between kidneys, liver and spleen and, at later time points, 

the digestive system. Initially, very high uptakes were found in the gall bladder (both for 

controls and animals with atherosclerosis), suggesting incorporation of the radiolabeled 

phospholipid to the bile and subsequent excretion. The detection of radioactivity in the 

stomach can be explained by the presence of the radioactive compound in the caecotrophs 
(nutritious stools resulting from gut bacteria digestion) that rabbits selectively ingest (29).

Ex vivo analysis of rabbit bone samples revealed that most of this uptake originated from the 

bone marrow and that, for 89Zr-AI-HDL, this uptake was higher in animals with 

atherosclerosis. This may reflect the interaction of 89Zr-HDL nanoparticles with 

hematopoietic stem and multipotent progenitor cells, which overexpress the ABCG1 

transporter involved in HDL-mediated cholesterol efflux (30).

Interestingly, blood radioactivity clearance for oxidized HDL nanoparticles (89Zr-AI-

HDLOx) in atherosclerotic animals was significantly faster than its unoxidized counterpart in 

both control and diseased animals and was paralleled by a significantly increased kidney 

radioactivity accumulation. The shorter blood half-life of 89Zr-AI-HDLOx is probably the 

main reason why its accumulation in the plaque is significantly decreased when compared to 

non-oxidized 89Zr-AI-HDL, but impaired interaction with its receptors could also be partly 

responsible. These results are in agreement with a recent study using myeloperoxidase-

oxidized APOA1 (31).

As a proof of principle, we tested one of our 89Zr-labeled nanoparticles, namely 89Zr-PL-

HDL, in a porcine model of atherosclerosis. The target organs were the same (mainly 

kidneys and liver) with comparable SUVs to those observed in the rabbit studies. 

Atherosclerotic lesions were clearly visible at 48 h post administration despite the blood 

pool signal, suggesting that vessel wall inflammation can be imaged by HDL-PET in severe 

cases.

In addition to PET/CT, in the rabbit model we also performed extensive PET/MRI studies. 

Importantly, the PET/MRI data were in excellent agreement with the PET/CT data. 

Integrative PET/MRI has only recently become available (32) and allows direct vessel 

(morphology) visualization, without administration of an additional agent to delineate the 

vasculature. To the best of our knowledge, this is the first time PET/MRI has been applied to 

monitor nanoparticle accumulation in the atherosclerotic vessel wall.
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CONCLUSIONS

In summary, 89Zr labeling allows studying HDL's in vivo behavior by PET combined with 

CT or MRI. This imaging tool allows the non-invasive evaluation of HDL’s and could be of 

great value to study its metabolism and trafficking in preclinical and clinical settings. 

Ultimately, in the context of advanced clinical atherosclerosis, this non-invasive imaging 

tool is ideal to identify patients amenable to HDL therapy and subsequent treatment 

monitoring in a theranostic fashion.

Supplementary Material
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Clinical Perspectives

Competency in Medical Knowledge

High-density lipoprotein (HDL) labeled with the long-lived radioisotope 89Zr is a novel 

tracer to study its pharmacokinetics and biodistribution with in vivo PET imaging. Our 

PET imaging technology can help to elucidate certain aspects of HDL's function under 

physiological and pathophysiological conditions.

Translational Outlook

HDL-cholesterol is a strong predictor of cardiovascular risk. As such, pharmaceutical 

companies are exploring its use as an injectable therapeutic. Using the presented imaging 

approach, HDL’s organ and atherosclerotic plaque accumulation kinetics can be 

quantitatively studied, in a noninvasive fashion, and help to identify patients that are 

amenable to HDL therapy.
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Figure 1. 89Zr-HDL nanoparticles and their cellular targets in a mouse atherosclerosis model
A) Schematic of 89Zr-APOA1-labeled HDL (89Zr-AI-HDL) and 89Zr-phospholipid-labeled 

HDL (89Zr-PL-HDL). B) Gating procedure and cell targets of Zr-HDL nanoparticles in 

mouse atherosclerotic aortas. Non-radioactive fluorescent DiR-labeled analogs were used to 

determine cell-targeting preference in the aortas of Apoe−/− mice (18 weeks on HFD) by 

flow cytometry. C) Quantification of DiR concentration as mean fluorescence intensity 

(MFI) in different cell types in the aorta, spleen and blood of Apoe−/− mice (18 weeks on 

HFD).
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Figure 2. 89Zr-HDL pharmacokinetics and PET/CT imaging in mice
A) Blood time-activity curves for 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) in 

Apoe−/− (18 weeks on HFD) and wild type B6 mice (n = 3 per group). B) Radioactivity 

distribution in selected tissues for 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) at 24 h p.i. 

[Ki: kidney; Li: liver; Sp: spleen; Lu: lungs; Mu: muscle] (n ≥ 4 per group). C) PET/CT 

imaging of 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) at 24 h p.i in Apoe−/− (18 weeks 

on HFD), showing CT only (left), PET/CT fusion images (middle; scale bar indicates 

%ID/g) and 3D-rendering PET/CT fusion image (right). * P < 0.05.
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Figure 3. Plaque targeting of 89Zr-HDL nanoparticles in Apoe−/− mice
A) Comparison between radioactivity content and NIRF intensity (total radiant efficiency, in 

µW/cm2) in the aortic roots of Apoe−/− (18 weeks on HFD) and wild type B6 mice at 24 h 

p.i. of 89Zr-AI-HDL and DiR@Zr-AI-HDL (top) and 89Zr-PL-HDL and DiR@Zr-PL-HDL 

(bottom) (n ≥ 4 per group). B) Autoradiography and NIRF images of whole aortas of 

Apoe−/− (18 weeks on HFD) and wild type B6 mice at 24 h p.i. of 89Zr-AI-HDL and 

DiR@Zr-AI-HDL (top) and 89Zr-PL-HDL and DiR@Zr-PL-HDL (bottom). C) Correlation 

between radioactivity content and NIRF intensity (total radiant efficiency, in µW/cm2) in the 

aortic roots of Apoe−/− (18 weeks on HFD) and wild type B6 mice at 24 h p.i. of 89Zr-AI-

HDL and DiR@Zr-AI-HDL (top) and 89Zr-PL-HDL and DiR@Zr-PL-HDL (bottom) (n ≥ 4 

per group). * P < 0.05.
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Figure 4. 89Zr-HDL pharmacokinetics and PET/CT imaging in rabbits
A) Blood time-activity curves for 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) in rabbits 

with atherosclerosis and wild type controls (n = 4 per group). B) Radioactivity distribution 

in selected tissues for 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) at 5 days p.i. [Ki: 

kidney; Li: liver; Sp: spleen; Lu: lungs; Mu: muscle] (n = 4 per group). C) PET/CT fusion 

images of 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) at 1 h, 2 and 5 days p.i. in rabbits 

with atherosclerosis (GB: gall bladder). * P < 0.05.
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Figure 5. PET/MRI imaging of 89Zr-HDL in rabbits
A) PET/MRI fusion images of 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) at 1 h, 2 and 

5 days p.i. in rabbits with atherosclerosis. B) Correlation between SUVs determined by 

PET/MRI and PET/CT imaging for the same tissue and time point (n = 295). C) Bland-

Altman plot of the difference (SUVPET/CT - SUVPET/MRI) and average SUVs obtained from 

the PET/CT and PET/MRI systems for the same tissue and time point (n = 295).
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Figure 6. Plaque targeting of 89Zr-HDL nanoparticles in rabbits with atherosclerosis
A) Comparison between SUVs measured from PET/CT images and radioactivity 

concentration in aortas of rabbits with atherosclerosis and wild type controls at 5 days p.i. 

of 89Zr-AI-HDL (top) and 89Zr-PL-HDL (bottom) (n = 4 per group). B) Autoradiography 

and NIRF images of whole aortas from rabbits with atherosclerosis and wild type controls at 

5 days post administration of 89Zr-AI-HDL and Cy5.5-HDL (top) and 89Zr-PL-HDL and 

Cy5.5-HDL (bottom). C) Comparison between NIRF intensity (total radiant efficiency, in 

µW/cm2) and radioactivity concentration in aortas of rabbits with atherosclerosis and wild 

type controls at 5 days post administration of 89Zr-AI-HDL and Cy5.5-HDL (top) and 89Zr-

PL-HDL and Cy5.5-HDL (bottom) (n = 4 per group). * P < 0.05.
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Figure 7. PET imaging and plaque targeting of 89Zr-PL-HDL in a porcine model of 
atherosclerosis
A) Whole-body maximum intensity projection PET image of a pig injected with 89Zr-PL-

HDL at 48 h p.i. (arrows indicating lesions). B) Axial PET/CT image showing high 

radioactivity accumulation in lesions -indicated by arrows- at 48 h p.i. (left), and 

quantification of radioactivity concentrations (right) in internal iliac (I.I., chosen as control) 

and femoral arteries (Fe)(n = 3). C) Radioactivity distribution in selected tissues for 89Zr-

PL-HDL at 48 h p.i. determined by gamma counting (n = 3). D) Autoradiography of femoral 

arteries (left) and quantification of radioactivity concentration (counts per unit area) in non-

injured tissue (N.I.) and lesions (Le) determined from the autoradiographies (right)(n = 3).
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