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Abstract

Chemokines and chemokine receptors play an important role in the initiation and progression 

of atherosclerosis by mediating the trafficking of inflammatory cells. Chemokine receptor 5 

(CCR5) has major implications in promoting the development of plaques to advanced stage and 

related vulnerability. CCR5 antagonist has demonstrated the effective inhibition of atherosclerotic 

progression in mice, making it a potential biomarker for atherosclerosis management. To 

accurately determine CCR5 in vivo, we synthesized CCR5 targeted Comb nanoparticles through 

a modular design and construction strategy with control over the physiochemical properties 

and functionalization of CCR5 targeting peptide D-ala-peptide T-amide (DAPTA-Comb). In 
vivo pharmacokinetic evaluation through 64Cu radiolabeling showed extended blood circulation 

of 64Cu-DAPTA-Combs conjugated with 10%, 25%, and 40% DAPTA. The different organ 

distribution profiles of the three nanoparticles demonstrated the effect of DAPTA not only on 

physicochemical properties, but also targeting efficiency. In vivo positron emission tomography/

computed tomography (PET/CT) imaging in an apolipoprotein E knock-out mouse atherosclerosis 

model (ApoE−/−) showed that the three 64Cu-DAPTA-Combs could sensitively and specifically 

detect CCR5 along the progression of atherosclerotic lesions. In an ApoE-encoding adenoviral 

vector (AAV) induced plaque regression ApoE−/− mouse model, decreased monocyte recruitment, 
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CD68+ macrophages, CCR5 expression, and plaque size all associated with reduced PET signals, 

which not only further confirmed the targeting efficiency of 64Cu-DAPTA-Combs, but also 

highlighted the potential of these targeted nanoparticles for atherosclerosis imaging. Moreover, 

the up-regulation of CCR5 and colocalization with CD68+ macrophages in the necrotic core of ex 
vivo human plaque specimens warrants further investigation for atherosclerosis prognosis.

Graphical Abstract
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INTRODUCTION

Atherosclerosis, the underlying cause of the majority of cardiovascular diseases (CVDs), 

is a chronic, systemic, primarily-lipid driven inflammatory disease characterized by the 

development of multifocal plaque lesions within vessel walls, which extend into the 

vascular lumen.1, 2 During the progression of atherosclerosis, most atherosclerotic plaques 

remain asymptomatic, and for many clinical events, the first patient manifestation is 

stroke, myocardial infarction, or sudden cardiac death. The identification and detection of 

biomarkers closely associated with the progression or stability of advanced plaques would 

therefore provide invaluable information about the staging and vulnerability of disease, 

allowing for personalized therapy and monitoring of treatment response.3–8

Of the biomarkers studied in atherosclerosis, most have centered on addressing leukocyte 

influx in plaque initiation. This establishes a prime role for selectin family members in the 

capture, tethering, and rolling of circulating monocytes onto the inflamed endothelium, 

and for endothelial adhesion molecules, which mediate leukocyte arrest by interacting 

with integrins on activated monocytes.9–11 However, leukocyte influx in advanced 

plaque structures have shown large variability during the progression of atherosclerosis, 

which significantly affects the expression of associated biomarkers and requires further 

investigation to correlate expression with disease maturation.6, 12, 13 Chemokines and their 

receptors are widely expressed and prominently presented on cells that play a crucial role 

in atherosclerosis development, such as monocytes and macrophages.14–21 Of the various 

chemokine/chemokine receptor pairs identified in atherosclerotic plaque, the CCL5/CCR5 

axis is one of the most studied systems.22, 23 In an attempt to find the temporal expression 

of CCR5 during the progression of atherosclerosis, it was observed that CCR5 showed 

age-associated increase and played a central role in promoting late-stage plaque.24 In CCR5 

deleted apolipoprotein E (ApoE−/−) mice fed with a high fat diet (HFD), the content of 

monocytes/macrophages and T-lymphocytes in the aorta region was substantially reduced 
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compared to ApoE−/− mice. As a result, the atherosclerotic plaque was significantly reduced 

in size and showed improvement toward a less inflammatory phenotype, as evident by 

reduced T cell/monocyte infiltration and higher smooth muscle and IL-10 content.25 With 

CCR5 antagonist Maraviroc treatment in ApoE−/− mice, the plaque size was decreased 

by 70%, and the monocyte/macrophage infiltration was attenuated by 50%26, in part 

because both monocyte subsets in the blood utilize CCR5 in trafficking to plaques.23 In 

humans, CCR5 up-regulation in advanced plaque structures was identified and closely 

associated with plaque stability, demonstrating a significant role for CCR5 as a predictor of 

atherosclerosis diagnosis and treatment.27–29

In atherosclerosis imaging, due to the low abundance of biomarkers expressed on the 

lesion, the sensitivity and specificity of the imaging probe is essential for successful 

plaque diagnosis, which makes positron emission tomography (PET) a desirable imaging 

modality.6–8 In contrast to monovalent imaging agents, multivalent nanoparticles have 

demonstrated superior performance based on tunable, high molecular weight structures, 

which promote targeting efficiency and favorable in vivo pharmacokinetics.30, 31 Core-

shell amphiphilic comb copolymers are modular nanostructure designs, which provide 

for accurate control over functional groups for targeting and imaging, size, charge, and 

hydrophilicity for minimal non-specific retention. These systems have been studied for 

the detection of atherosclerotic plaques across various systems, from preclinical research 

to human translation.32–36 Of various CCR5 targeting molecules,37 the DAPTA peptide 

was chosen due to its CCR5 binding specificity and straightforward conjugation strategy 

to nanoparticles. Previously, we have reported a DAPTA-Comb nanoparticle conjugated 

with 10% DAPTA for imaging CCR5 in a mouse vascular injury model.35 Given 

the success of on-going clinical study using a natriuretic peptide clearance receptor 

targeted Comb nanoparticle for human atherosclerosis PET imaging,36 we aim to further 

improve the targeting efficiency of DAPTA-Comb for potential translation. We synthesized 

DAPTA-Comb nanoparticles conjugated with various amounts of DAPTA peptides and 

assessed the relationship between biodistribution and plaque imaging efficiency. Due to 

the extended blood retention of DAPTA-Comb, we chose 64Cu as radiolabel owning to its 

appropriate nuclear properties such as decay half-life (t1/2= 12.7 h). We thoroughly assessed 
64Cu radiolabeled DAPTA-Combs (64Cu-DAPTA-Combs) plaque imaging sensitivity and 

specificity in progressive and regressive ApoE−/− mouse atherosclerosis models using 

PET/CT and correlated the expression of CCR5 on plaques with PET signals. To 

further assess the potential of CCR5 as an imaging biomarker for human atherosclerosis 

management, we examined the up-regulation of CCR5 and related histopathological features 

of ex vivo human atherosclerotic specimens collected from carotid endarterectomy (CEA).

MATERIALS AND METHODS

Reagents and instrumentation.

All reagents were used as received unless otherwise specified. 2,5-Dioxopyrrolidin-1-yl 

pent-4-ynoate was purchased from Annova Chemical Inc. Poly(ethylene glycol)-N3 (PEG-

N3) was purchased from Nanocs Inc.. Functionalized poly(ethyleneglycol) (PEG) derivatives 

were purchased from Intezyne Technologies. 1,4,7,10-tetraazacyclododecane-1,4,7-tris(t-
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butyl acetate) (DOTA-t-Bu-ester), tris-t-butylester-DOTA, 1,4,7,10-tetraazacyclododecane, 

and DOTA-N-hydroxysuccinimide ester were obtained from Macrocyclics. Amicon 

Centriplus YM-30 centrifugal filtrations tubes were obtained from Millipore. 64Cu was 

produced at the Washington University cyclotron facility. D-Ala1-peptide T-amide (DAPTA, 

D-A1STTTNYT-NH2) was synthesized by CPC Scientific. Zeba desalting spin columns 

were from Pierce. Polymeric materials were characterized by 1H and 13C nuclear MR 

(NMR) spectroscopy using a Bruker 500-MHz spectrometer with the residual solvent 

signal as an internal reference. Gel permeation chromatography was performed in 

dimethylformamide on a Waters system equipped with four 5-mm Waters columns (300 

× 7.7 mm) connected in series with increasing pore size (102, 103, 104, and 106 A°) 

and Waters 410 differential refractometer index and 996 photodiode array detectors. 

The molecular weights of the polymers were calculated relative to linear polymethyl 

methacrylate (PMMA) or PEG standards. Infrared spectra were measured with a Perkin 

Elmer Spectrum 100 with a Universal ATR sampling accessory.

Mass spectrometry was carried out using matrix-assisted laser desorption/ionization 

techniques. Gel permeation chromatography (GPC) was carried out with a Waters 

Alliance HPLC system pump (2695 Separation Module) and four Visco Gel I-Series 

columns (7.8 mm × 30 cm, Viscotek). A Waters 2414 differential refractometer was 

used for analysis using dimethyl formamide (DMF) with 0.1 % LiBr as mobile phase. 

Chromatographic analyses were performed at room temperature and using poly(methyl 

methacrylate) (PMMA) as standards. Dynamic light scattering (DLS) was performed on a 

Wyatt Technology DynaPro NanoStar™ at room temperature to determine the hydrodynamic 

sized of as-prepared nanoparticles. Data was collected on 0.1 wt% aqueous solutions of 

nanoparticles filtered through a 0.2 μm filter.

Synthetic Procedures.

The synthesis of S-methoxycarbonylphenylmethyl dithiobenzoate reversible addition-

fragmentation chain-transfer (RAFT) agent,38 macro- and small molecule monomers, DOTA 

methacrylate (DOTA-MA), PEG methacrylate (PEGMA), and DAPTA PEG methacrylate 

(DAPTA-PEGMA), DAPTA-comb copolymers, and nanoparticles were adopted from 

previously published work with minor modifications.32–35, 39

DAPTA-Acetylene.

Synthesis of DAPTA-Acetylene was conductedt as previously reported with the following 

modification: 2,5-Dioxopyrrolidin-1-yl pent-4-ynoate was used in the place of 4-pentynoic 

anhydride. MS (MALDI): calculated (M + Na) 960.5, observed (M + Na) 959.7.

Synthesis of DAPTA Poly(ethylene glycol) Methacrylate (DAPTA-PEGMA).

DAPTA-PEGMA was synthesized as previously reported35 with minor modification using a 

0.01 M aqueous ethylenediaminetetraacetic acid (EDTA) solution containing 0.02 M NaOH 

(× 4) and Milli-Q water (× 10) to wash the product.
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Synthesis of DAPTA-Comb Copolymers.

Synthesis of the comb copolymers was performed as previously reported.34, 35 Percent 

DAPTA (%DAPTA) is defined as the feed ratio of DAPTA-PEGMA to the total PEG 

containing monomers (DAPTA-PEGMA + PEGMA). GPC-DMF (PMMA standards): 10% 

DAPTA-Comb Mw = 200,000 g mol−1 Đ = 1.7; 25% DAPTA-Comb Mw = 300,000 g mol−1, 

Đ = 2.5; 40% DAPTA-Comb Mw = 358,000 g mol−1, Đ = 2.9.

DOTA Deprotection and Nanoparticle Assembly.

Deprotection of the DOTA groups and particle assembly were performed as previously 

reported.35 Briefly, after deprotection of the DOTA groups, the freeze-dried comb 

copolymers were dissolved in dimethyl sulfoxide (DMSO) (1 wt %) and heated to 50°C 

until fully dissolved. The solution was cooled to room temperature and an equal volume 

of Milli-Q water was added all at once while stirring to achieve assembly. By changing 

the ratios of various co-polymers, the number of targeting moieties could be controlled 

(Figure S1). To remove DMSO, the solution was transferred to 2 Amicon Centriplus YM-30 

(molecular weight cut-off = 30,000 g mol−1) centrifugal filtration tubes and concentrated 

and re-diluted with Milli-Q water until the DMSO content was less than 0.5 mg / mL by 
1H NMR (~5 ×). The resultant particles were characterized by DLS and zeta potential with 

a Zetasizer nano ZS (ZEN3600, Malvern Instruments) (Table 1): 10% DAPTA-Comb: Rh 

= 14.8 nm, % dispersity = 13.2, ζ-potential = −6.24 mV; 25% DAPTA-Comb: Rh = 15.2 

nm, % dispersity = 11.3, ζ-potential =−10.0 mV; 40% DAPTA-Comb: Rh = 10.9 nm, % 

dispersity = 11.1, ζ-potential =−14.7 mV; non-targeted Comb: Rh= 20.0 nm, % dispersity = 

10.1, ζ-potential = −32.0 mV. All the nanoparticle solutions were re-diluted to 10 mg / mL 

and stored at −20°C.

ApoE−/− Mouse Spontaneous Atherosclerosis Progression Model.

All animal studies were performed in compliance with guidelines set forth by the National 

Institutes of Health Office of Laboratory Animal Welfare and approved by the Washington 

University Institutional Animal Care and Use Committee (IACUC). For the spontaneous 

atherosclerosis mouse model, 6-week-old male ApoE−/−mice were fed a high fat diet (HFD) 

(Harlan Teklad, 42% fat) for 40 weeks. Age-matched wild type (WT) male C57BL/6 

mice on normal chow were used as controls. Each mouse was anesthetized with a 

standard inhaled-anesthetic protocol (1.5%–2% isoflurane) by induction in a chamber, and 

maintenance anesthesia was administered via a nose cone.

ApoE−/− Mouse Atherosclerosis Regression Model.

ApoE−/− mouse atherosclerosis regression model was carried out in apoE−/− mice following 

our previous report.22 Six-week-old male apoE−/− mice were first put on HFD for 9 weeks. 

ApoE−/− mice were injected i.v. with 1.0×1012 plaque-forming units per mouse of adeno-

associated virus encoding mouse apoE (AAV-252844, Vector Biolabs) or a control PBS 

solution in a volume of PBS not exceeding 200 μL. Mouse plasma was collected for the 

measurement of cholesterol levels at baseline, 1, 2, and 3 weeks after adeno-associated 

virus injection, as we previously reported.22 To determine the monocyte recruitment during 

the plaque regression, classic Ly-6Chi monocytes were labeled in vivo by retro-orbital i.v. 
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injection of 1.0 μm fluoresbrite green fluorescent plain microsphere (Polysciences Inc) 

diluted 1:4 in sterile PBS at 3 days after i.v. injection of 250 μl clodronate-loaded liposomes 

(Liposoma BV).

64Cu Radiolabeling of DAPTA-Combs and Comb Nanoparticles.

The radiolabeling of DAPTA-comb and comb nanoparticles was as reported previously.34, 39 

The nanoparticles (5 μg, 5 pmol) were heated with 64Cu (~185 MBq) in 100 μL ammonium 

acetate buffer (0.1 M, pH 5.5) at 80°C for 1 h. EDTA (5 μL, 10 mM in 50 mM pH 7.4 

phosphate buffer) was added to the solution and incubated for another 3 min to remove 

any non-specifically bound 64Cu from the nanoparticles. Then, the 64Cu radiolabeled 

nanoparticles were purified using a 2 mL zeba spin desalting column. The radiochemical 

purity (RCP) of the purified nanoparticles was determined by spotting a 2 μL aliquot of 

the solution on silica gel impregnated glass microfiber chromatography paper developed 

in a buffer composed of methanol and 10% ammonium acetate (volume ratio = 1:1) 

and measured by radioactive thin layer chromatography (Radio-TLC, Washington, DC). 

Repeated procedures would be performed to ensure the RCP equal or greater than 95% 

prior to in vivo studies. Mouse serum stability was performed by incubating 3.5 mCi 40% 
64Cu-DAPTA-Comb in 100 μL 1× PBS with 100 μL mouse serum at 37°C with gentle 

shaking (350 rpm) using an Eppendorf thermomixer (Fisher Scientific, Pittsburgh PA). At 0, 

2 and 24 h post incubation, an aliquot of sample was taken out for radio-TLC analysis to 

determine radiochemical purity.

Biodistribution Studies.

Purified 64Cu-DAPTA-Comb nanoparticles were reconstituted in 0.9% sodium chloride 

(APP Pharmaceuticals) for intravenous injection. Male C57BL/6 mice weighing 20–25 g 

(n = 4/group) were anesthetized with inhaled isoflurane, and approximately 370 kBq of 

labeled nanoparticle s (7.2–9.0 mg/kg of body weight) in 100 μL of saline were injected 

via the tail vein. The mice were reanesthetized before they were euthanized by cervical 

dislocation at each time point (1, 4, and 24 h) after injection. Organs of interest were 

collected, weighed, and counted in a well gamma counter (Beckman 8000). Standards were 

prepared and measured along with the samples to calculate the percentage injected dose per 

gram of tissue (%ID/gram).35, 39

Small-Animal PET/CT Imaging.

Small-animal PET/CT imaging with 10%, 25%, and 40% 64Cu-DAPTA-Comb was 

performed with ApoE−/− mice on HFD to determine the uptake at the aortic arch along 

the progression and regression of atherosclerotic lesions. The wild type C57BL/6 mice 

were used as controls and scanned following the same protocol. For PET/CT imaging with 
64Cu-DAPTA-Combs and 64Cu-Comb, 3.7 MBq purified nanoparticles in 100 μL of saline 

were injected via tail vein. The imaging sessions were collected on the PET scanners at 24 

h after injection using Inveon PET/CT scanner (Siemens Healthcare). Competitive receptor 

blocking studies were performed on ApoE−/− mice for 64Cu-DAPTA-Combs by co-injection 

of unlabeled DAPTA-Comb in 100-fold excess (n=4) at 36 weeks after HFD, followed by 

PET scans at 24 h post injection. Data analysis of the PET images was performed using the 
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manufacturer’s software (IRW, Siemens Healthcare). The accumulation of the PET tracers at 

aortic arch was calculated as %ID/gram.

Histology and Immunofluorescence of ApoE−/− Mouse Tissues.

After the last scan, the mice were euthanized by cervical dislocation, and the hearts and 

aortic arches were either perfusion-fixed in situ with freshly prepared 4% paraformaldehyde 

in 1×phosphate-buffered saline for histopathology and immunohistochemistry.

Serial sections of 10 μm in thickness were cut from paraformaldehyde-fixed (24 h), OCT-

embedded specimens. Blocking serum was added (10% Donkey serum in PBS-T) for 1 h 

to prevent non-specific binding. The sections were then incubated overnight at 4°C with 

primary antibody (anti-CD68, 1:100 in 1% blocking serum; Biorad, Hercules, CA and 

anti-CCR5, 1:100 in 1% blocking serum, Bioss, Woburn, MA). Sections were washed in 

PBS, and secondary antibodies were applied for 1 h (donkey anti-rat Cy5, 1:300, and donkey 

anti-rabbit Cy3, 1:300, both from Jackson Laboratories, West Grove, PA). Sections were 

washed in PBS, and SMA-FITC conjugate was applied for 1 h at room temperature (1:500, 

Sigma, Saint Louis, MO). Sections were washed again in PBS and coverslipped with DAPI 

mounting medium before being imaged with confocal microscopy. H&E was also obtained 

to analyze morphology of the tissues. Quantification of plaque area and area occupied by 

a particular stain was calculated with ImageJ software. Beads in plaques were counted 

manually by fluorescence microscopy.22

Histology and Immunostaining of Human Tissues.

Human carotid endarterectomy (CEA) specimens were from Washington University 

Vascular Surgery Biobank Repository collected under Institutional Review Board. De-

identified CEA specimens were placed in sterile saline in the operating room and fixed 

in 10% formalin overnight, embedded in paraffin, and sectioned at a thickness of 5 μm 

for histology and immunohistochemistry. Whole specimen histologic evaluations were 

performed using H&E to examine tissue architecture. Paraffin embedded sections were 

deparaffinized in xylenes and rehydrated using alcohols and PBS. Tissues were boiled 

in buffer (pH 6.2 Diva Decloaker, 1×) to retrieve antigen. They were blocked with 10% 

Donkey serum (EMD Millipore, St. Louis, MO) for 1 h to reduce nonspecific binding. 

The sections were then incubated with primary antibody (anti-CD68, 1:100 in 1% blocking 

serum; Biorad, Hercules, CA and anti-CCR5, 1:100 in 1% blocking serum, Bioss, MA) 

overnight at 4 °C. Secondary antibody was applied (donkey anti-rat Cy5, 1:300, and donkey 

anti-rabbit Cy3, 1:300, both from Jackson Laboratories, West Grove, PA). Sections were 

washed again in PBS and coverslipped with DAPI mounting medium before being imaged 

with a Leica confocal microscope system.

Real-time reverse transcription-polymerase chain reaction (RT-PCR).

RNA isolated from aortic arteries were used for real-time RT-PCR. RNeasy MicroRNA 

Kits (Qiagen; Germantown, MD) was used to isolate RNA following the manufacturer’s 

instruction. Reverse transcription reactions used 300 ng of total RNA, random hexamer 

priming, and Superscript II reverse transcriptase (Invitrogen). Taqman assays (Invitrogen) 

were used to determine CCR5 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
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with an EcoTM Real-Time PCR System (Illumina, San Diego, CA) in 48-well plates (n=3). 

PCR cycling conditions were as follows: 50°C for 2 min, 95°C for 21 s, and 60°C for 20 s. 

GAPDH expression was used as a comparator using ΔΔ Ct calculations.

Autoradiography.

Fixed human CEA specimens (n=10) were deparaffinized in Citrasolv and rehydrated with a 

series of graded alcohols and then PBS. The slides were incubated with 40% 64Cu-DAPTA-

Comb (0.75 MBq) for 15 min, followed by extensive wash with water. The slides were then 

covered with a phosphor-imaging film plate and exposed at −20 °C overnight. The film was 

imaged with a GE Typhoon FLA 9500 biomolecular imager. For blocking studies, similar 

procedures were performed in the presence of non-radiolabeled DAPTA-Comb in excess 

amount (DAPTA-Comb: 64Cu-DAPTA-Comb molar ratio=100:1).

Statistical Analysis.

Group variation is described as mean ± SD. Groups were compared using 1-way ANOVA 

with a Bonferroni adjustment. Individual group differences were determined using a 2-tailed 

Mann–Whitney test. The significance level in all tests was a P value of 0.05 or less.

RESULTS AND DISCUSSION

In vivo Pharmacokinetic Evaluation of DAPTA-Combs

In contrast to other nanostructure agents reported for atherosclerosis imaging,31, 40–42 

core-shell comb copolymer systems afford the design flexibility for strategically modifying 

the nanostructure size, morphology, composition, and surface properties through modular 

chemistry. This allows nanoparticle candidates to be screened for specific biomedical 

applications and future translation.34 Based on our previous work imaging CCR5 in an 

ApoE−/− mouse vascular injury model35 using 10% DAPTA-Comb (14 DAPTA peptides/

Comb) radiolabeled with 64Cu (64Cu-DAPTA-Comb), we prepared 25% and 40% DAPTA-

Comb with ~35 and ~56 DAPTA peptide units per comb nanostructure, respectively 

following the modular construction strategies (Figure S1, Table 1), to compare and optimize 

the plaque imaging sensitivity and specificity. Representative mouse serum stability of 40% 
64Cu-DAPTA-Comb showed more than 80% intact tracer at 24 h post incubation (Figure 

S2), ensuring stable radiolabel for CCR5 imaging.

In contrast to previously reported CCR5 peptide targeting tracer 64Cu-DOTA-DAPTA 

showing fast blood and renal clearance,35 biodistribution of the three 64Cu-DAPTA-Combs 

all showed largely extended blood retention, allowing enhanced targeting efficiency.33–35 

At 1 h post injection (p.i.) in wild type (WT) mice, the three 64Cu-DAPTA-Combs showed 

comparable blood retention (10%: 33.6 ± 7.0 %ID/gram; 25%: 32.4 ± 6.7 %ID/gram; 40%: 

27.2 ± 1.2 %ID/gram, n=4). At 4 h p.i., the blood retention of 25% and 40% 64Cu-DAPTA-

Comb decreased more than 40% from the value at 1 h, while the 10% counterpart was 

reduced by approximately 15%. At 24 h p.i., the blood retention of the 10% 64Cu-DAPTA-

Comb (21.8 ± 4.2%ID/gram) was almost nine times (9×) higher than those of 25% and 40% 
64Cu-DAPTA-Comb (2.3± 0.2 %ID/gram for both). This trend was also observed in other 

blood pool organs including heart, lung, and muscle (Figures 1 and S3). In the liver, the 
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10% 64Cu-DAPTA-Comb had relatively stable accumulation during the 24 h study (5.2 ± 

1.1 ~ 7.0 ± 0.6%ID/gram), while the 25% and 40% counterparts showed gradually increased 

uptake with approximately 2, 4, and 5-fold higher accumulations than the values for 10% 
64Cu-DAPTA-Comb at 1 h, 4 h, and 24 h. Compared to the progressively increased splenic 

uptake (3.1± 0.6 ~ 6.9 ± 0.7 %ID/gram) of 10% 64Cu-DAPTA-Comb, the uptake of the 

corresponding 25% and 40% derivatives in the spleen rapidly increased from 1 h to 4 h. In 

both cases, the values were ~20 times (20×) higher than for the 10% 64Cu-DAPTA-Comb 

and remained stable up to 24 h. This trend was likely due to the increased concentration of 

DAPTA peptide units conjugated to the surface of comb nanoparticle, leading to increased 

binding to the high levels of CCR5+ immune cells in spleen.43 In the gastrointestinal tract, 

25% and 40% 64Cu-DAPTA-Comb showed slightly higher intestine accumulation at 4 h, 

but at least doubled uptake at 24 h compared to the 10% counterpart, reasonably due to the 

hepatobiliary clearance. During the 24 h study, the renal clearance of all three nanoparticles 

remained constant, albeit the excretion of 40% 64Cu-DAPTA-Comb was slightly higher than 

the other two (Figure 1).

PET/CT Imaging CCR5 along the Progression of Atherosclerosis Using 64Cu-DAPTA-Comb 
in an ApoE−/− Mouse Model

PET/CT imaging of CCR5 expression on atherosclerotic lesions was first performed in 

ApoE−/− mice fed with HFD using 10% 64Cu-DAPTA-Comb along the progression of 

plaque. As shown in Figure S4, at 8 weeks post HFD, PET/CT images revealed strong 

uptake at aortic arch of ApoE−/− mouse with little retention observed in the heart, reasonably 

due to elevated clearance through liver and spleen. At 35 weeks post HFD in ApoE−/− mice, 

the CCR5 targeted nanoparticles continued to determine an intense PET signal at 24 h post 

injection in the aortic arch (Figure 2). Quantitative uptake analysis showed that the tracer 

uptake (7.06 ± 0.46 %ID/g, n=4) was approximately 3 times as much as that determined 

from WT mice (2.39 ± 0.49 %ID/g, n=4, p<0.0001), which showed a weak signal in the 

aortic arch. Longitudinal PET/CT studies in ApoE−/− mice showed gradually increased 

uptake at aortic arch from 8 weeks (6.19 ± 0.24%ID/g, n=10) to 28 weeks (7.39 ± 1.15 

%ID/g, n=6) post HFD followed by a slow decrease to 6.78 ± 0.65 %ID/g at 40 weeks. In 

WT mice, due to the lack of atherosclerotic plaque, tracer accumulation at aortic arches was 

significantly lower than ApoE−/− mice at each time point and hardly changed during the 40 

weeks’ study (2.07 ± 0.3 %ID/g - 2.55 ± 0.41 %ID/g, p<0.0001, n=4–5/group).

The CCR5 targeting specificity of 10% 64Cu-DAPTA-Comb was confirmed through 

competitive receptor blocking in ApoE−/− mice. In the presence of excess non-radioactive 

DAPTA-Comb, accumulation of 10% 64Cu-DAPTA-Comb was reduced by more than 50% 

(3.31 ± 0.71 %ID/g, n=4, p<0.0001) at 36 weeks post HFD compared to the signal acquired 

one week prior in the same group of mice, suggesting targeting specificity. To determine 

the CCR5 targeting positivity on plaques, the non-specific retention of nanoparticles at 

atherosclerotic lesions was assessed with non-targeted 64Cu-Comb nanoparticle. As shown 

in Figure 2, low uptake was demonstrated in ApoE−/− mice. Quantification showed the tracer 

accumulations (2.09 ± 0.66 %ID/g - 2.69 ± 0.98 %ID/g, n=4 for all, p<0.0001 for all) were 

approximately 2 times less than the results obtained with the targeted 10% 64Cu-DAPTA-

Comb at each time point despite the significant progression of atherosclerosis, confirming 
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the targeting specificity of 10% 64Cu-DAPTA-Comb. Interestingly, with the progression of 

plaque and decreased cellularity, the CCR5 targeting positivity of 10% 64Cu-DAPTA-Comb 

gradually increased from 61% at 8 weeks to 70% at 40 weeks post HFD, which could 

be partially due to the elevated expression of CCR5 on late-stage plaques and reduced 

non-specific retention,24 making the tracer a useful tool to determine plaque stability. 

Moreover, quantitative RT-PCR measurement of CCR5 in aortic arteries of ApoE−/− mice 

at multiple time points revealed a close association with corresponding tracer uptake of 

10% 64Cu-DAPTA-Comb at aortic arch (Figure S5), which further confirmed the imaging 

specificity of this targeted nanoparticle.

Histopathological analysis of the aortic sinus of ApoE−/− mice at 12 weeks post HFD 

revealed significant development of atherosclerotic lesions characterized by substantial 

neointima thickening, large lipid pool, extensive infiltration of foam cells and a thin 

fibrous cap (Figure 2C). Immunofluorescent staining showed dense expression of CD68 

macrophages throughout the plaques. Interestingly, CCR5 signals were mostly determined 

on the surface of plaque and largely co-localized with CD68 as illustrated in the magnified 

image (Figure 2C), further supporting the PET imaging data.

Based on biodistribution studies of the three nanoparticles and the PET/CT time-course 

study with 10% 64Cu-DAPTA-Comb, we further explored the potential of CCR5 imaging 

using 25% and 40% 64Cu-DAPTA-Combs to gain insight on the effect of DAPTA peptide 

conjugation on plaque targeting efficiency along the progression of atherosclerosis in 

ApoE−/− mice fed on HFD for 8, 16, and 28 weeks. As shown in Figure 3A, 25% 64Cu-

DAPTA-Comb nanoparticles showed a strong PET signal within the aortic arch of ApoE−/− 

mice at 28 weeks post HFD in contrast to weak accumulation in WT mice. Quantitative 

uptake analysis revealed a gradually increased uptake at plaques in ApoE−/− mice and 

progressively declining accumulation in WT mice during the time-course study, similar to 

what was determined using 10% 64Cu-DAPTA-Comb. In contrast to the data acquired with 

10% 64Cu-DAPTA-Comb (~14 DAPTA/Comb), the 25% 64Cu-DAPTA-Comb (~35 DAPTA/

Comb) demonstrated approximately 20% higher uptake in plaques during the time-course 

study (p<0.01 at both 8 and 28 weeks, n=4–8/group) (Figure S6). Importantly, 25% 64Cu-

DAPTA-Comb plaque uptake at 28 weeks (9.05±0.67%ID/g, n=4) was significantly higher 

than those at 8 weeks (7.53±0.31%ID/g, n=8, p<0.0001) and 16 weeks (8.02±0.38%ID/g, 

n=4, p<0.05), suggesting its sensitivity to monitor the progression of plaque. ApoE−/−/WT 

tracer uptake ratios at the three time points for 25% 64Cu-DAPTA-Comb (3.8, 4.0, 5.1 

for 8, 16, and 28 weeks, respectively) were all higher than those obtained with 10% 

counterpart (2.5, 2.9, 3.0) at the same time points, indicating DAPTA peptide mediated 

tracer uptake at atherosclerotic lesions (Figure 3B). Evaluation of the 40% 64Cu-DAPTA-

Comb demonstrated significantly increased uptake (approximately 25% higher, p<0.01, 

p<0.05, and p<0.001 at 8, 16 and 28 weeks, respectively, n=4–8/group) and uptake ratios 

(3.8, 4.9, 5.6) at each time point relative to those obtained with 10% 64Cu-DAPTA-Comb 

(Figure S6). Furthermore, 40% 64Cu-DAPTA-Comb uptake at 16 weeks (8.80±0.63%ID/g, 

n=4, p<0.05) and 28 weeks (9.47±0.72%ID/g, n=4, p<0.005) was both significantly higher 

than those acquired at 8 weeks (7.61±0.55, n=8). Importantly, competitive receptor blocking 

at 28 weeks demonstrated more than 67% decreased uptake (3.10±0.47, n=4, p<0.0001), 

confirming the plaque targeting specificity of 40% 64Cu-DAPTA-Comb. This is again in 
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agreement with the conjugation of more DAPTA peptide units (~56 DAPTA/Comb) leading 

to more efficient CCR5 targeting (Figure 3C, D). These results are also consistent with 

the above biodistribution study and our previous report demonstrating the importance of 

nanoparticle’s structure and functionalization for optimal targeting of atherosclerosis.34

PET/CT Imaging the Monocytes Recruitment Dynamics in Regressive Atherosclerosis

The development of atherosclerosis involves recruitment of monocytes from blood to 

plaques and local proliferation of macrophages1, 44, which leads to dynamic variation of 

chemokine receptor concentrations. The sensitivity of an imaging agent for the detection 

of these dynamic changes is important for tracking the progression and regression of 

atherosclerosis to optimize treatment. Previously, we characterized plaque regression by 

treating ApoE−/− mice with ApoE-encoding adenoviral vector (AAV), showing significant 

decrease of cholesterol, considerable decrease of CD68+ macrophages at plaques, and 

effective reduction of plaque size.22 To determine and compare the sensitivity of the 

three 64Cu-DAPTA-Combs tracking plaque regression, we performed AAV treatment in 

9-week-old ApoE−/− mice and imaged the mice at 3 weeks post treatment along with 

non-treated ApoE−/− mice on HFD. As shown in Figure 4A, plasma cholesterol levels 

in the AAV treated ApoE−/− mice (AAV group) were significantly decreased at 1 week 

post treatment and throughout the 3 weeks’ study compared to the mice without treatment 

(No AAV group), which was consistent with our previous data.22 PET/CT images with 

three 64Cu-DAPTA-Combs all revealed intensive tracer accumulations at aortic arches in 

no AAV mice compared to the decreased uptake in the AAV group. Quantitative uptake 

analysis showed 45.8 ± 5.6 %, 52.8 ± 8.3% and 63 ± 6.4% decrease in AAV treated mice 

compared to the no AAV group (p<0.0001 for all, n=4–5/group) for the 10%, 25%, and 

40% 64Cu-DAPTA-Comb, respectively (Figure 4B). The tracer uptake difference between 

the AAV and no AAV groups from 10% to 40% 64Cu-DAPTA-Combs was consistent with 

the results abovementioned in the progressive plaques, suggesting increased sensitivity of 

40% 64Cu-DAPTA-Comb in detecting atherosclerosis (Figure 4C).

Histopathological characterization of the impact of AAV treatment revealed decreased lipid 

pool, reduced infiltration of foam cells, and less neointimal thickening in the aortic sinus of 

AAV treated mice relative to the untreated group (Figure 4D). Immunofluorescent staining 

of the aortic sinus also showed reduced CD68+ macrophages and CCR5 signals in AAV 

treated mice compared to the ApoE−/− mice without AAV treatment. As we previously 

reported, through the transient depletion of monocytes using clodronate-loaded liposome 

followed by the introduction of fluorescent latex beads, the recruitment of proinflammatory 

monocytes from bone marrow to plaque can be determined by tracking these fluorescent 

beads.23 As shown in Figure 4E, the fluorescence signals showed approximately 3-fold 

less latex+ cells in the AAV treated group compared to the untreated group, confirming 

decreased monocyte recruitment to plaques. Quantification of the atherosclerotic lesions 

demonstrated decreased plaque size from 0.46 ± 0.08 μm2 in the no AAV group to 0.22 ± 

0.08 μm2 in AAV treated mice (Figure 4F), which was consistent with reduced monocyte 

recruitment. These characterizations strongly supported the PET imaging sensitivity and 

specificity of CCR5 targeted 64Cu-DAPTA-Combs to determine plaque regression following 

AAV treatment in ApoE−/− mice.
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Assessment of CCR5 Expression in Human Carotid Endarterectomy (CEA) Specimens

Though the expression of CCR5 has been reported in human atherosclerotic tissues,45 

we examined the level of CCR5 in human CEA specimens to further assess its potential 

as a biomarker for plaque imaging and therapy.33, 46 As shown in Figure 5, histological 

analysis of representative CEA tissue showed significant neointimal thickening, a large 

lipid-rich necrotic core (NC), high infiltration of foam cells, and some regions with a thin 

fibrous cap, suggesting a vulnerable phenotype.47, 48 Immunofluorescent staining revealed 

dense expression of CD68+ macrophages throughout the tissue, with most signals residing 

in the necrotic core. CCR5 staining showed high expression in the NC region, largely 

co-localized with CD68 (Figure 5E, F), suggesting its potential for further investigation in 

human atherosclerosis. Ex vivo autoradiography using 40% 64Cu-DAPTA-Comb revealed 

significant binding to human CEA in a similar profile to CCR5 immunostaining, suggesting 

its binding specificity (Figure 5G). Competitive autoradiography blocking using non-

radioactive 40% DAPTA-Comb showed largely reduced signal in CEA specimen (Figure 

5H), confirming the binding specificity.

CONCLUSIONS

Through the modular design and construction of multi-functional nanostructures, we have 

synthesized and optimized three CCR5 targeted 64Cu-DAPTA-Comb nanoparticles with 

accurate control over the physicochemical properties and surface functionalization for 

atherosclerosis imaging using PET/CT. In vivo pharmacokinetic evaluation demonstrated 

extended blood circulation and a correlation between the level of the conjugated DAPTA 

peptide units and organ distribution. All three targeting nanoparticles showed sensitive and 

specific detection of CCR5 in plaques, not only along the progression of atherosclerotic 

lesions, but also during plaque regression in an ApoE−/− mouse model. In contrast to 

the 10% and 25% 64Cu-DAPTA-Combs, the 40% 64Cu-DAPTA-Comb revealed superior 

sensitivity and specificity for imaging of CCR5 up-regulation on atherosclerotic lesions. 

Biological characterization of AAV treatment effect in ApoE−/− mice and its association 

with PET signals further confirmed the plaque targeting efficiency of these multi-functional 

nanoparticles. Ex vivo characterization of CCR5 in human CEA specimens highlighted its 

potential as a prognostic biomarker for atherosclerosis mangement. However, there are some 

limitations for the current study. Mouse serum stabily study showed significant dissociation 

of 64Cu from DOTA at 24 h. A more stable chelator such as 5-(8-methyl-3,6,10,13,16,19-

hexaaza-bicyclo[6.6.6]icosan-1-ylamino)-5-oxopentanoic acid (MeCOSar) needs to be used 

to further improve the biodistributin profile and reduce liver uptake.49 Compared to the acute 

AAV treatment, future studies are warranted using a more clinically relevant treatment such 

as statin-based therapy or cessation of HFD in ApoE−/− mice to assess the sensitivity of 

40% 64Cu-DAPTA-Comb detecting the subtle variation of the plaques. Moreover, comparing 

to human plaques, it is known that ApoE−/− model does not rupture, the as-developed 

nanoprobe may need to be further assessed in ApoE−/−Fbn1C1039G+/− mice with vulnerable 

atherosclerotic lesions that eventually rupture.50 Results acquired from these studies will 

promote the translation of as-developed 64Cu-DAPTA-Combs to diagnose high-risk patients 

for surgical intervention or serve as a companion imaging approach for targeted treatment 

given the availability of CCR5 antagonists used in clinic.
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Figure 1. 
Biodistribution of 10%, 25%, and 40% 64Cu-DAPTA-Comb in wild-type C57BL/6 mice 

(n=4/group) at (A) 1 h, (B) 4 h, and (C) 24 h post-intravenous injection. **** p<0.0001, *** 

p<0.001, ** p<0.01, * p<0.05.
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Figure 2. 
(A) Representative 10% 64Cu-DAPTA-Comb PET/CT images at 24 h post injection showing 

specific targeting at aortic arch in ApoE−/− mice, significantly blocked signal with the 

co-injection of non-radiolabeled DAPTA-Comb, and minimum uptake in wild-type C57BL/6 

mice. Non-targeted 64Cu-Comb image showed low, non-specific uptake at aortic arch. All 

the studies were performed in ApoE−/− mice at 35 weeks post HFD and WT mice on 

normal chow. (B) Quantitative uptake analysis of 10% 64Cu-DAPTA-Comb in ApoE−/− 

and age-matched wild-type C57BL/6 mice and non-targeted 64Cu-Comb in ApoE−/− mice 

in a time course study. Competitive receptor blocking study was performed in ApoE−/− 

mice (**** p<0.0001, n=4–6/group). (C) H&E staining of aortic sinus of ApoE−/− mice 

on HFD for 12 weeks showing the development of atherosclerotic lesion with significant 

neointimal thickening, large lipid pool, and infiltration of foam cells. Immunofluorescent 

staining showing DAPI (blue), CD68 macrophage (red), CCR5 (green) and fused images. 

CD68 expression was largely throughout the plaques, while CCR5 was more on the surface 

of plaques and co-localized with CD68 (amplified image, yellow).
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Figure 3. 
(A) PET/CT images of 25% and 40% 64Cu-DAPTA-Comb in ApoE−/− mice at 28 weeks 

post HFD. Images acquired at 24 h post injection showed intensive PET signals at aortic 

arches compared to the low accumulation in WT mice on normal chow (B) Quantitative 

uptake analysis of 25% and 40% 64Cu-DAPTA-Comb showed significantly higher uptake 

in ApoE−/− mice than the age-matched WT C57BL/6 mice along the progression of 

atherosclerosis from 8 weeks to 28 weeks on HFD (****, p<0.0001, n=4–6/group).
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Figure 4. 
(A) Measurement of plasma cholesterol levels in ApoE−/− mice at 9 weeks post HFD 

(baseline) and 1, 2, and 3 weeks post AAV treatment. The non-treated (No AAV) ApoE−/− 

mice were also measured at the same time points. (B) PET/CT images of 10%, 25%, and 

40% 64Cu-DAPTA-Comb showed strong PET signals in the untreated group and weak 

uptake in AAV treated ApoE−/− mice (n=4/group). (C) Quantification of tracer uptake of the 

three nanoparticles at 3 weeks post treatment showed significantly decreased uptake in AAV 

group compared to the untreated group. (D) Comparison of H&E, CD68 (red), and CCR5 

(green) immunostaining between AAV and no AAV mice. H&E showed decrease lipid pool, 

less neointimal thickening, and reduced foam cells on plaques. Immunostaining showed less 

CD68 and CCR5 in the AAV treated ApoE−/− mice. (E) Counting of latex+ cells at baseline, 
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No AAV and AAV groups. Decreased signals in the AAV group confirmed the reduced 

recruitment of monocytes (n=4/group). (F) Quantification of plaque area between AAV and 

no AAV groups (n=4/group). *p<0.05, ** p<0.01, **** p<0.0001.
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Figure 5. 
Ex vivo characterization of human CEA specimen. (A) H&E showed large lipid pool, 

necrotic core, significant neointimal thickening, and regions with thin fibrous cap. 

Immunofluorescent staining of (B) DAPI (blue), (C) CD68 (red), and (D) CCR5 (green) 

showed over-expression of CD68+ macrophages and CCR5 in the necrotic core. DAPI, 

CD68, and CCR5 fused (E) and amplified (F) immunofluorescent images showed that 

most CCR5 signals co-localized (yellow) with CD68 macrophages. (G) Representative 

autoradiography of 40% 64Cu-DAPTA-Comb binding to CEA specimen ex vivo showing 

similar profile to CCR5 signals in (D). (H) Competitive ex vivo autoradiography blocking of 
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40% 64Cu-DAPTA-Comb using 100× non-radioactive 40% DAPTA-Comb. Note: (A) H&E 

was from Reference 33 due to the use of same human CEA specimen.
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Table 1

Characterization of non-targeted Comb and 10%, 25%, and 40% DAPTA-Comb

Polymer Mn
a

Ð
a

Hydro 
dynamic Size 

(nm)
b

ζ-potential 
(mV)

# of DAPTA/

nanoparticle
c

# of DOTA/

nanoparticle
c

64Cu radiolabeling 
specificity activity 
(GBq/nmol)

Comb 220,000 1.2 20.0 −32.0 0 105 5.1

10% DAPTA-
Comb 200,000 1.7 14.8 −6.24 14 105 4.5

25% DAPTA-
Comb 300,000 2.5 15.2 −10.0 35 105 3.8

40% DAPTA-
Comb 358,000 2.9 10.9 −14.7 56 105 4.6

a
Determined by gel permeation chromatography in dimethylformamide, calibrated to poly(methyl methacrylate) standards (g/mol), Ð=Mw/Mn.

b
Measured by dynamic light scattering.

c
Predicted incorporation.
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