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Abstract

Background——Macrophages, innate immune cells that reside in all organs, defend the host 

against infection and injury. In the heart and vasculature, inflammatory macrophages also enhance 

tissue damage and propel cardiovascular diseases.

Methods——We here use in vivo positron emission tomography (PET) imaging, flow cytometry 

and confocal microscopy to evaluate quantitative noninvasive assessment of cardiac, arterial and 

pulmonary macrophages using the nanotracer 64Cu-Macrin, a 20 nm spherical dextran 

nanoparticle assembled from non-toxic polyglucose.

Results——PET imaging using 64Cu-Macrin faithfully reported accumulation of macrophages in 

the heart and lung of mice with myocardial infarction, sepsis or pneumonia. Flow cytometry and 

confocal microscopy detected the near-infrared fluorescent version of the nanoparticle 

(VT680Macrin) primarily in tissue macrophages. In 5-day-old mice, 64Cu-Macrin PET imaging 

quantified physiologically more numerous cardiac macrophages. Upon intravenous administration 

of 64Cu-Macrin in rabbits and pigs, we detected heightened macrophage numbers in the infarcted 

myocardium, inflamed lung regions and atherosclerotic plaques using a clinical PET/magnetic 

resonance imaging (MRI) scanner. Toxicity studies in rats and human dosimetry estimates suggest 

that 64Cu-Macrin is safe for use in humans.

Conclusions——Taken together, these results indicate 64Cu-Macrin could serve as a facile PET 

nanotracer to survey spatiotemporal macrophage dynamics during various physiological and 

pathological conditions. 64Cu-Macrin PET imaging could stage inflammatory cardiovascular 

disease activity, assist disease management and serve as an imaging biomarker for emerging 

macrophage-targeted therapeutics.

Clinical summary—Ushered in by high-dimensional diagnostic tools such as flow cytometry 

and single cell RNA-sequencing, the knowledge on the immune system’s role in homeostasis and 

disease is rapidly expanding. The last decade has seen a considerable expansion of known immune 

cell subsets and their functions. Cardiovascular organs and cardiovascular disease are no 

exemption: for instance, we now understand that not only atherosclerotic plaques or ischemic, 

inflamed myocardium contains leukocytes, but that these cells are present in the steady-state heart 

and participate in organ development, homeostatic functions such as metabolism and conduction, 

tissue regeneration, matrix remodeling and recovery from disease. The field is on the verge of 

translating this insight into new cures; however, clinical tools to monitor the immune system, and 

more specifically immune cells, are still mostly limited to counting them in blood samples. This is 

a severe limitation as circulating immune cells do not necessarily correlate with the numbers and 

phenotypes of cells residing in tissues. Organ biopsies are likewise limited given their invasiveness 

and inherent sampling errors. We here provide insight into PET imaging agent development 

targeting macrophages. Based on small biodegradable nanoparticles derivatized with either a PET 

isotope of a fluorochrome, we characterize the utility of Macrin nanoparticles in several 

physiological and pathological settings. Since macrophages are emerging as high-value therapeutic 
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targets, we anticipate that the described quantitative imaging tools will catalyze drug development 

and clinical trials.
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Introduction

Tissue macrophages pursue heterogeneous functions1, 2 and populate organs with varying 

density in health and disease3. In the steady-state heart, arterial wall, lung and brain, among 

other organs, these cells suppress inflammation and contribute to tissue homeostasis. After 

sterile or infectious injuries, macrophages initiate and amplify immune responses to limit 

tissue damage and intercept bacterial intruders. While many macrophage functions protect 

the host, exuberant inflammatory actions and macrophage oversupply may compromise 

cardiovascular health3.

Expanding macrophage populations are a characteristic system-wide feature in inflammatory 

cardiovascular conditions. At primary injury and remote disease sites4, additional cells either 

derive from monocytes, i.e. they are recruited from hematopoietic organs, or they arise 

through local proliferation from macrophages that resided in the previously healthy tissue. 

Both processes co-exist in atherosclerotic plaque and in diseased myocardium, increasing 

macrophage numbers by orders of magnitude3. If macrophages become too abundant, they 

propagate inflammatory tissue destruction, cardiovascular disease progression and poor 

clinical outcomes. For instance, macrophage oversupply in acute myocardial infarction and 

in the remote myocardium leads to heart failure in mice5, which is paralleled by the clinical 

association between systemic monocyte numbers and cardiovascular events6–8. 

Macrophages of varying phenotypes are also involved in heart regeneration; emerging data 

indicate that these cells support enhanced healing after myocardial infarction in newborn 

mice9. Finally, macrophages also sense remote injury and determine host resilience against 

infection. These functions may either propagate inflammatory complications and multi-

organ failure or support elimination of bacteria4.

For these reasons, macrophages and their inflammatory products are being investigated as 

highly promising therapeutic targets. One obstacle in this discovery process is the lack of 

noninvasive assays to quantify tissue macrophages. Since macrophages rely on not only 

recruitment from the blood stream but also local proliferation in the tissue, circulating 

monocyte numbers are not always a suitable surrogate for tissue macrophage content. 

Biopsies are more reliable but only report on small specimen rather than entire organ 

systems, giving rise to sampling error. Biopsy of the myocardium and atherosclerotic 

plaques is not commonly pursued due to the threat of complications. Therefore, there is an 
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unmet need for a noninvasive imaging assays that quantify tissue macrophages across the 

body.

Molecularly targeted imaging agents contribute to our insight into molecular and cellular 

mechanisms of inflammatory diseases, including coronary heart disease. Although numerous 

molecular imaging agents targeting inflammatory cells have been developed and validated in 

small animals10, only a few are currently in clinical use. For example, 18FDG11 and 68Ga-

pentixafor12 were used in patients with acute myocardial infarction, reporting on glucose 

uptake and the presence of the chemokine receptor CXCR4, respectively. These two targets 

are tightly related to inflammation; however, they are not specific for macrophages. Some 

promising macrophage imaging agents, for instance targeting these cells’ surface 

receptors13, 14, are advancing through development; however, given the heterogeneity of 

macrophages, such strategies may not report on certain cell subsets that do not express the 

targets.

To assay macrophages non-invasively, we developed a macrophage sensor called Macrin. 

This 20 nm spherical nanoparticle evolved through several iterations of adjusting physico- 

and radio-chemical properties to optimize pharmacokinetics and targeting of macrophages. 

Here we explored the utility of the latest-generation material15 to quantify macrophages in 

physiological settings as well as cardiovascular and pulmonary inflammation. We examined 

the feasibility of 64Cu-Macrin PET macrophage imaging in a basket trial of small and large 

animals with clinically relevant heart disease but also in the heart of newborn mice and in 

pneumonia (Fig. 1A, Online Table I) to test the assay in physiological settings and 

pathologies with various causes and degrees of inflammation. These experiments revealed 

the sensitivity and versatility of Macrin PET across inflammatory conditions. We further 

report that rodent toxicity studies and human radiation dose estimates suggest that Macrin is 

safe for first-in-human studies.

Methods

We confirm that the manuscript adheres to the Transparency and Openness Promotion (TOP) 

guidelines. The data that support the findings of this study are available from the 

corresponding author upon reasonable request. All experiments were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the Massachusetts General 

Hospital or Icahn School of Medicine at Mount Sinai. Online Table I summarizes all 

experiments performed (including goals, model, interventions and animal numbers). An 

Online Materials and Methods section contains additional information on procedures.

Mouse PET/CT

PET/CT (Inveon, Siemens, Munich, Germany) imaging was done 24 hours post injection of 
64Cu-Macrin (~230 μCi in 150 μL saline for adult mice via tail-vein injection and ~50 μCi in 

30 μL saline for 5-day-old mice via retro-orbital injection). Primary end point was increased 

standard uptake value (SUV) in inflamed tissue, the only exclusion criterion was death prior 

imaging. High-resolution CT was acquired prior to serial 30-minute static PET with the 

following parameters: beam energy of 80 kVp, current 500 μA X-ray and exposure time of 

425 ms over 360 projections. PET images were reconstructed using a 3D ordered-subset 
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expectation maximization/maximum a posteriori (3D-OSEM/MAP). Voxel count rates in the 

reconstructed images were decay corrected and converted to SUV by system calibration 

factor from a cylindrical phantom. Regions of interest (ROI) analyses were guided by co-

registered anatomic CT images to yield organ activity normalized by the body weight (g) 

and the residual activity at scan.

Mouse PET/MR

Mice were injected intravenously with 64Cu-Macrin (218.3±41.1 μCi) via tail vein. PET/CT 

and MRI were conducted sequentially as described previously16. Under isoflurane 

anesthesia (2% in oxygen), mice were positioned on a custom-designed mouse bed 

compatible with both PET/CT and MRI. Mice were imaged with CT followed by static PET 

scans (30 minutes) ~24 hours after tracer administration on an Inveon small animal PET/CT 

scanner (Siemens, Munich, Germany). MRI was performed on a 4.7 Tesla Bruker 

PharmaScan MRI scanner (Billerica, MA) with a cardiac coil in birdcage design (RAPID 

MR international, Columbus, OH). A fast low angle shot (FLASH) sequence was used with 

integrate cardiac and respiratory gating with the following parameters: TE=2.94, TR=10 ms, 

FA=18°, matrix size=200 × 200 × 1, voxel size=0.15 × 0.15 × 1 mm3. Delayed enhancement 

was imaged 10 minutes post intravenous injection of gadolinium-diethylenetriamine 

pentaacetic acid (Gd-DTPA, 30 μL).

PET/MR rabbits

All rabbits were imaged with a clinical PET/MR system (Siemens 3T Biograph mMR). The 

rabbits received an intravenous injection of 64Cu-Macrin (59.57–00.3 MBq) via marginal ear 

vein one day before imaging. Anesthesia was induced by intramuscular injection of 

ketamine (20 mg/kg) (Fort Dodge Animal Health) and xylazine (0.5 mg/kg) (Bayer). Rabbits 

were placed in a 6-channel body matrix coil, received isoflurane anesthesia at 1.5% by 

inhalation and were oxygenated for the remainder of the PET/MR imaging experiment while 

vital parameters were monitored. PET was acquired for thorax and abdomen, 60 minutes and 

20 minutes, respectively, in caudocranial direction. During PET of the thorax, cardiac cine 

MR images were acquired for cardiac function measurement using retrospective gating and 

free breathing. Images were acquired using a fast low angle shot (FLASH) sequence, with 

the following imaging parameters: repetition time (TR) 64.64 ms, echo time (TE) 3.76 ms, 

flip angle 12°, number of averages 12, 14–15 interleaved slices with no gap, 15 cardiac 

frames, 3 mm slice thickness, reconstructed spatial resolution 0.729×0.729 mm2. In parallel 

with abdominal PET, MR time-of-flight (TOF) non-contrast enhanced angiography images 

were acquired to delineate the abdominal aorta, with the following imaging parameters: TR 

25 ms, TE 2.8 ms, flip angle 20°, number of averages 1, 200 slices, slice thickness 1 mm, 

reconstructed spatial resolution 0.35×0.35 mm2. PET reconstruction was performed using 

Siemens E7 tools. Attenuation correction of PET images was performed using a vendor 

built-in Dixon MR-based attenuation map (MR-AC) with 2 (soft tissue, air). Images were 

reconstructed using a 3D ordinary Poisson ordered subsets expectation maximization (OP-

OSEM) algorithm with point-spread-function (PSF) resolution modeling, using 3 iterations 

and 21 subsets and filtered with a 4 mm Gaussian filter.
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PET/MR pigs

Six Yucatan miniature pigs underwent imaging with a clinical PET/MR system (Siemens 3T 

Biograph mMR) before and after myocardial infarction. In addition, two Yorkshire pigs were 

included as controls and imaged once. All pigs received an intravenous injection of 64Cu-

Macrin (85.9 – 268.6 MBq) via marginal ear vein one day before each imaging session. 

Anesthesia was induced by intramuscular injection of tiletamine and zolazepam (6 – 10 

mg/kg, Telazol, Zoetis). Pigs were intubated and placed on the scanner bed and were 

anesthetized with isoflurane at 1.5–2% supplemented with oxygen for the remainder of the 

PET/MR imaging experiment. Vital parameters were monitored. Six-channel body matrix 

coils were placed on the thorax and used for signal reception. Following scout scans, a 

multi-bed step-and-shoot PET was acquired within 20 mins (pelvis; abdomen) or 60 mins 

(thorax).

During thoracic PET/MR acquisition, cardiac cine and late gadolinium enhancement MR 

images were acquired for cardiac function and infarct detection, respectively. Cine short 

stack images were acquired using a True FISP sequence with retrospective ECG gating. 

Imaging parameters were: TR 46.62 ms, TE 1.51 ms, flip angle 45°, number of averages 1, 

16–22 interleaved slices with no gap, 25 cardiac frames, 4mm slice thickness, reconstructed 

spatial resolution 1.875×1.875 mm2. Late gadolinium (0.1 mmol/kg, Magnevist, Bayer) 

enhancement images were acquired using a FLASH sequence with prospective ECG 

triggering as follows: TR equivalent to 1 R-R period (mean 530.7, SD 112.4 ms), TE 2.21 

ms, flip angle 20°, number of averages 1, 20 slices, slice thickness 4 mm, reconstructed 

spatial resolution 1.367×1.367mm2. In both cases, acquisition was performed with assisted 

breath holds enacted by briefly closing the ventilator.

In pigs, attenuation correction of PET images was performed using 4 tissue compartments 

(soft tissue, fat, lung and air) and images reconstructed as described for rabbits.

PET/MR data analysis rabbit and pigs

All data were processed using Osirix MD v 9.5.1 (OsiriX Foundation, Geneva, Switzerland). 

Multiple regions of interest (ROIs) (≥ 6 per organ) were manually drawn. Anatomical 

images were overlaid with reconstructed PET images and SUVs of ROIs were exported with 

the ‘Export ROIs’ plugin. Cardiac function was analyzed by manually segmenting end 

systolic and diastolic volumes and quantifying ejection fraction with the MRHeart plugin17.

Statistics

Results are expressed as mean ± standard error or standard deviation. GraphPad Prism 8.0c 

for Macintosh (GraphPad Software Inc.) was used for statistical analysis. The number of 

animals used is indicated as dot overlay in all bar graphs unless indicated otherwise in the 

figure legends. Differences between groups were evaluated by two-tailed t-tests or ANOVA 

tests for two-group and multi-group comparisons, respectively. Animals were randomely 

assigned to groups where possible (i.e. MI versus no MI). Blinding was not possible as 

disease group assignment was obvious from images and clinical status. Power estimation 

and group size was based on prior imaging studies with the nanoparticle15. A p value of 

<0.05 was used to indicate statistical significance.
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Results

Pharmacokinetic profile and biodistribution of 64Cu-Macrin in mice, rabbits and pigs

We first recorded the in vivo biodistribution of 64Cu-Macrin (Fig. 1B) in healthy C57BL/6J 

mice at 4 and 24 hours after intravenous administration. Representative PET images (Online 

Fig. IA) and signal quantification as SUV (Online Fig. IB) demonstrated 64Cu-Macrin 

uptake in macrophage-rich organs of the mononuclear phagocyte system, i.e. liver and 

spleen, which was confirmed by ex vivo scintillation counting at 1, 4, 24 and 48 hours after 
64Cu-Macrin injection (Online Table II). Of note, low accumulation was detected in the 

brain (0.27 % injected dose/g) and bone (2.78 % injected dose/g) at 24 hours post injection. 

50.5% of the injected 64Cu-Macrin dose was detected in the kidneys, possibly due to renal 

excretion of the small-sized particles. The remaining whole-body radioactivity was 12.01% 

of the injected dose 24 hours post injection. The blood activity and the heart-to-blood signal 

ratio (Online Fig. II) indicated that 24 hours after injection is a suitable imaging time point. 
64Cu-Macrin pharmacokinetics in rabbits showed a blood half-life of 45.1±24.6 minutes 

based on a two-phase exponential decay model (Online Fig. IIIA). In rabbits and pigs, we 

likewise observed high 64Cu-Macrin uptake in macrophage-rich organs such as liver and 

spleen (Online Fig. IIIB–C).

In vivo quantitation of cardiac macrophages in mice, rabbits and pigs with acute 
myocardial infarction

Acute MI elicits a strong systemic inflammatory response that increases the number of 

macrophages robustly. Cardiac macrophages, in particular the inflammatory response after 

MI, are emerging therapeutic targets2, which is why we examined whether cardiac 

macrophage fluctuations could be quantitatively assessed using 64Cu-Macrin. 64Cu-Macrin 

was intravenously administered to mice on day 4 after MI, and PET/CT and MRI was 

performed 24 hours post injection. 64Cu-Macrin accumulated in the infarcted myocardium 

(Fig. 1C), which showed a 1.6-fold higher SUVs in comparison to control mice without MI 

(Fig. 1D). Ex vivo scintillation counting confirmed these data (Fig. 1E). Short axis rings of 

heart tissue were then processed for triphenyltetrazolium chloride (TTC) staining and 

autoradiography, confirming 64Cu-Macrin accumulation in the infarcted area ex vivo (Fig. 

1F). To assess whether the infarct signal derives from the intra- or extracellular space, we 

performed ex vivo scintillation counting of infarct tissue followed by scintillation counting 

of cells isolated from the infarct on day 4 after MI. Macrin activity was 3.3-fold higher in the 

cell pellet compared to infarct tissue (Online Fig. IV).

We next examined the cellular distribution of VT680Macrin, a fluorescent analog of 64Cu-

Macrin, with flow cytometry (Fig. 1G–J, Online Fig. V). In the heart, VT680Macrin was 

predominantly taken up by macrophages (Fig. 1H), in particular by MHCIIhigh and 

CCR2high macrophage subsets (Online Fig. VA–C). Fibroblasts, endothelial cells and other 

immune cells such as CD11Chigh leukocytes and Ly6Ghigh neutrophils, showed negligible 

uptake (Online Fig. VD–F). The mean fluorescent intensity (MFI) per macrophage, i.e. their 

individual VT680Macrin uptake, declined in the MI (Fig. 1I) while the number of Macrin+ 

macrophages expanded (Fig. 1J). The correlation between Macrin accumulation in the heart 
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and macrophage tissue density demonstrated that Macrin uptake was determined by cell 

density (Online Fig. VI).

To supplement quantitative FACS with anatomical distribution data, we investigated 
VT680Macrin cellular localization using confocal microscopy in Cx3cr1GFP/+ mice, in which 

macrophages express high levels of green fluorescent protein (GFP)18. As expected, GFP+ 

macrophages expanded in infarcted myocardium (Fig. 1K–L). Confocal images 

demonstrated nanoparticle co-localization with GFP+ heart macrophages (Fig. 1M). 

Immunostaining of infarcted mouse hearts confirmed co-localization of Macrin with 

macrophages but not myocytes, endothelial cells or fibroblasts (Online Fig. VIIA–D).

Given the encouraging observations in mice with MI, we next used a clinical PET/magnetic 

resonance imaging (MRI) scanner to pursue imaging in large animals, a typical next step to 

evaluate whether a molecular imaging approach has clinical potential. Similar to mice, we 

observed a focal increase of PET signal in the infarcted myocardium (Fig. 2A) while MRI 

reported a decreased ejection fraction (Fig. 2B). The 27% increased SUVmax measured by 

PET (Fig. 2C) was confirmed by both ex vivo scintillation counting (Fig. 2D) and 

autoradiography exposure of rabbit heart slices (Fig. 2E). We obtained comparable results in 

pigs 3 days after ischemia reperfusion (Fig. 2F–J), which decreased the ejection fraction 

(Fig. 2G). Pig hearts were large enough to quantify 64Cu-Macrin uptake in the 17 

myocardial segments of the AHA circumferential polar plot used in clinical nuclear 

cardiology19. The 50% increased PET signal in infarcted segments (Fig. 2H) was 

corroborated by ex vivo tissue activity counting (Fig. 2I). Autoradiography exposure of 

excised pig hearts showed highest activity in the infarcted area (Fig. 2J). Hematoxylin and 

eosin (H&E) and immunohistochemistry staining for macrophages confirmed increased 

leukocyte and macrophage numbers in rabbit and pig infarcts (Online Fig. VIIE–J).

64Cu-Macrin PET detects physiological differences in cardiac macrophage content

Recent studies linked better recovery from myocardial injury to increased cardiac 

macrophages in very young mice9, 20, 21, which motivated us to investigate cardiac 

macrophages from newborn mice using 64Cu-Macrin PET imaging. Five-day-old mice 

weighed only 3.2±0.1g and had a heart weight of 18.6±0.7mg, which is 7- and 6-fold lighter 

than 10-week-old adult mice (Fig. 3A–B), respectively (Fig. 3C). Despite this, 64Cu-Macrin 

PET imaging (Fig. 3D) detected 1.7-fold higher cardiac signal in newborn mice, which was 

corroborated by ex vivo scintillation counting (Fig. 3E–F). Flow cytometric analysis of 

young and adult mouse hearts confirmed predominant VT680Macrin accumulation in cardiac 

macrophages (Fig. 3G–H). Interestingly, cardiac macrophages’ phagocytic activity was 

higher in newborn mice (Fig. 3I), in which more cells had taken up the nanoparticle (Fig. 

3J). Flow cytometry (Fig. 3K) and confocal microcopy of Cx3cr1GFP/+ mice (Fig. 3L–M) 

confirmed higher macrophage numbers in the myocardium of 5-day-old mice when 

compared to 10-week-old adult mice (~22% difference by flow cytometry). Confocal images 

of GFP+ macrophages documented VT680Macrin uptake in young hearts (Fig. 3N).
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64Cu-Macrin PET senses systemic macrophage adaptions after remote injury

We next explored if 64Cu-Macrin PET detects subtle systemic adaptions of the innate 

immune system that are remote from the site of injury or a septic focus, because our recent 

studies4 indicate that tissue macrophages may play a role in remote organ resilience and 

complications. Sepsis can cause heart failure, and patients with myocardial infarction may 

develop edema and pneumonia. We thus tested whether 64Cu-Macrin PET imaging can 

monitor heart macrophages in mice with peritonitis or lung macrophages after acute MI.

64Cu-Macrin PET reported a 32% myocardial signal increase on day 5 after sepsis induction 

(Fig. 4A–B), which was corroborated by ex vivo scintillation counting of the heart (Fig. 4C). 

Flow cytometric analysis (Fig. 4D) revealed that VT680Macrin uptake decreased in individual 

cardiac macrophages after CLP (Fig. 4E–F); however, the total number of macrophages that 

incorporated the fluorescent nanoparticle increased (Fig. 4G). A sepsis-induced surge in 

cardiac macrophages was confirmed by confocal microscopy (Fig. 4H–I).

Recently, we discovered that acute MI primes lung macrophages via interferon-ɣ, which 

influenced bacterial clearance from mouse lungs4. We therefore employed 64Cu-Macrin PET 

to study macrophages in the lungs of mice 5 days after MI. We observed patchy 64Cu-

Macrin uptake in the lung (Fig. 5A) and an 1.7-fold higher lung SUVmax after MI (Fig. 5B). 

Compared to mice without MI, 64Cu-Macrin lung activity increased 2.4-fold by ex vivo 

scintillation counting (Fig. 5C). Flow cytometry documented an increased mean fluorescent 

intensity in alveolar macrophages after MI in mice injected with VT680Macrin (Fig. 5D–F). 

Also, the number of alveolar macrophages that had incorporated VT680Macrin expanded in 

mice after MI (Fig. 5G). Notably, VT680Macrin was not detectable in CD11chigh, MHCIIhigh 

and SiglecFlow lung leukocytes or Ly6Ghigh neutrophils (Online Fig. VG).

64Cu-Macrin PET detects pulmonary inflammation in pigs and mice with pneumonia

When studying PET images obtained in 64Cu-Macrin-injected pigs, we serendipitously 

observed lung areas with increased PET signal (Fig. 2F). This unexpected observation was 

also made in pigs without myocardial infarction (Fig. 6A). 64Cu-Macrin distribution in pig 

lungs was heterogeneous, with higher uptake in inferior lung lobes. SUVmax obtained by 

PET differed significantly among lung regions, with high versus low uptake in individual 

animals (Fig. 6B), a finding that was replicated by ex vivo scintillation counting (Fig. 6C). 

Histological evaluation revealed increased macrophage content in alveoli and the interstitial 

space in certain lung regions (Fig. 6D–E), consistent with mild to moderate lung 

inflammation. A veterinarian pathologist noted the presence of low-grade chronic 

pneumonia, consistent with Mycoplasma hyopneumoniae22. Two lung CTs obtained in pigs 

with increased PET signal were interpreted as normal by a clinical radiologist, ruling out 

severe lung disease.

To follow up on these findings in pigs, we pursued 64Cu-Macrin PET lung imaging using an 

experimental design that involved healthy control animals and mice infected with 

Streptococcus pneumoniae23. The bacterial burden in the lung (Fig. 7A–B) increased from 

day 3 to 4 after infection. Histological analysis revealed that mice with pneumonia had more 

lung macrophages (Fig. 7C–D). Gram-positive S. pneumoniae were identified in infected 
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mouse lungs only (Fig. 7E). Based on these data, we chose days 3 and 4 after infection for 

PET imaging of the lung. Sagittal and coronal PET/CT views of lungs obtained in control 

mice and mice with pneumonia illustrate increased CT lung density and robust 64Cu-Macrin 

uptake (Fig. 7F). In vivo PET, ex vivo scintillation counting and autoradiography exposure 

revealed higher 64Cu-Macrin uptake in the lungs of mice with pneumonia (Fig. 7G–I). 

Interestingly, 64Cu-Macrin accumulation had already increased ~2-fold on day 3 after 

bacterial inoculation compared to the healthy lung (Fig. 7G–H), a time when the 

bioluminescence was still rising (Fig. 7B).

64Cu-Macrin identifies atherosclerotic plaque inflammation in rabbits

Macrophages are key protagonists propelling inflammation in the arterial wall3. Driven by 

expanding macrophage numbers and their inflammatory actions, atherosclerotic plaques may 

rupture or erode, leading to organ ischemia, especially MI and stroke. Given that recent 

clinical data24 demonstrated the therapeutic benefits of inhibiting inflammation in patients 

with cardiovascular disease, there is considerable interest in imaging assays for plaque 

macrophages. We therefore explored 64Cu-Macrin PET/MRI in rabbits with atherosclerosis 

induced by Western diet and balloon injury. Using a clinical PET/MRI scanner, we observed 

1.4-fold increased 64Cu-Macrin uptake in the injured segments of the rabbits’ abdominal 

aorta (Fig. 8A–B). Ex vivo scintillation counting (Fig. 8C) and autoradiography (Fig. 8D) 

confirmed higher activity in the aorta of rabbits with atherosclerosis. Immunohistochemical 

staining verified the presence of macrophages in rabbits’ atherosclerotic lesions (Fig. 8E–F).

Finally, we explored cellular Macrin uptake in mice with atherosclerosis (Online Fig. VIIIA) 

by quantitative flow cytometry, relying on the well-established surface markers for key 

plaque cell populations in the mouse. Among aortic cells, Macrin was exclusively found in 

macrophages but not in CD45− cells, fibroblasts, endothelial cells, monocytes and 

lymphocytes. Immunohistological examination of the mouse aortic root confirmed these 

FACS data (Online Fig. VIIIB).

Toxicity and dosimetry estimation

The documented sensitivity and specificity of the assay indicate its potential clinical 

usefulness. For first-in-human imaging, toxicity and dosimetry are warranted, which we 

report here. Standard toxicity evaluation showed no effect on body weight, food 

consumption, hematology blood counts, clinical chemistry or organ weights. No mortality or 

adverse clinical signs were observed up to 14 days after injection, when rats were sacrificed 

for autopsy and histopathology studies. The gross pathology and histopathology reports 

were normal, with no signs of toxicity.

Organ mass-adjusted extrapolation of the mouse biodistribution data (Online Table II) using 

the OLINDA/EXM dosimetry program yielded the human dose estimates shown in Table 1. 

The liver emerged as the dose-limiting organ with an effective dose of 0.143 ± 0.012 mSv/

MBq. The organ with the second-highest uptake was the urinary bladder wall, followed by 

the kidneys. 64Cu-Macrin uptake also occurred in the spleen. The average effective dose for 
64Cu-Macrin was 0.04 ± 0.001 mSv/MBq, which is higher than commonly used 18F-FDG25, 

but comparable to other copper-based PET tracers previously investigated in humans, 
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including 64Cu-ATSM (0.036 mSv/MBq)26 and 64Cu-Trastuzumab (0.036 mSv/MBq)27, and 

considerably lower than an I-124 labeled nanoparticle, 124I-cRGDY-PEG-C-dot (0.162 mSv/

MBq), currently undergoing a phase 1 trial for melanoma and malignant brain tumor PET 

imaging28.

Discussion

Despite advances in clinical care, cardiovascular disease is still the global leading cause of 

death. While some conditions such as hyperlipidemia can be treated effectively, the immune 

system’s role in atherosclerosis and heart failure is currently not harnessed therapeutically. 

This unused opportunity exists despite an urgent clinical need for therapeutics that act 

orthogonally to the current standard of care. The past decade provided new insight into the 

life cycle and functions of innate immune cells29, 30. Among these cells, macrophages are 

the most numerous residents in healthy tissues and expand further in atherosclerotic plaques 

that are poised to cause organ ischemia. Unresolved inflammatory activity of cardiac 

macrophages following MI results in adverse cardiac remodeling, fibrosis, left ventricular 

dilation and heart failure3. An improved understanding of macrophages’ roles in 

cardiovascular disease and cancer fuels the current interest in targeting these cells 

therapeutically31, 32. Quantitative measurements of macrophage population size and their 

spatiotemporal variation in human patients would catalyze development of macrophage-

targeted therapeutics. However, to date there is no clinically viable, specific tool for imaging 

macrophages in patients.

We here describe the first use of 64Cu-Macrin for PET imaging of macrophage dynamics 

spanning different amplitudes, physiological states and cardiopulmonary pathologies: in 

newborn, septic and ischemic myocardium, in the lung after acute MI, in atherosclerotic 

plaques, and in subclinical and clinical pneumonia. Our data suggest that 64Cu-Macrin PET 

is capable to assay tissue macrophages non-invasively in all these settings. The nanotracer 

emerged from continuous efforts to develop macrophage imaging agents. A first-generation 

dextran-based nanoparticle, called monocrystalline iron oxide nanoparticle (MION), was 

employed to image patients with prostate cancer33, detecting the nanoparticles’ iron oxide 

core by MRI. Similar materials were used to sense macrophages in atherosclerotic plaques34 

and acute myocardial infarction35, 36. The transition to nanoparticles derivatized with 

radioisotopes harnessed PET’s higher sensitivity and quantitative capabilities37. Further 

optimization in size, surface chemistry and composition led to 89Zr-labeled dextran 

nanoparticles made from the same coating material but without an iron oxide core38. To 

lower radiation burden and accelerate injection/imaging sequences, ultra-small 5 nm dextran 

nanoparticles were labeled with fluorine-1839. However, rapid renal clearance of these 

particles somewhat reduced macrophage uptake and sensitivity. This observation led to the 

current nanoparticle with ~20 nm diameter and a blood half-life of 45 min in rabbits. 

Macrin’s favorable pharmacokinetic profile and high target cell avidity allowed macrophage 

detection in mice, rabbits and pigs with various inflammatory conditions. A previous study 

established its utility to detect tumor-associated macrophages in mice15.

In addition to the dextran nanoparticle family, there are a number of alternatives for 

macrophage imaging; however, only a few have been evaluated in large animals and humans 
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and none are in routine use (reviewed in31, 40). Noteworthy examples are small molecule-

based imaging agents that bind the chemokine receptor CCR213, 41 or the macrophage 

colony-stimulating factor 1 receptor (CSF1R)14. In addition to the longer blood half life of 
64Cu-Macrin, which may augment signal to background ratio through longer systemic 

availability, the specific targeting profile for macrophage subsets may differ. For instance, 

we observed Macrin signal in cardiac resident macrophage subsets which express low levels 

of CCR2. While not explicitly examined here, we expect that Macrin enriches in resident 

macrophages of most healthy tissues. The uptake of nanoparticles in a tissue of interest may 

depend, in addition to the properties of the nanomaterial40, on macrophage (subset) 

abundance, activity and phagocytic history. For instance, we observed that the per cell 

fluorescence, which indicates the amount of individual VT680Macrin uptake into a cell, was 

higher in neonatal heart and lower in infarct macrophages. Therefore, the choice of 

macrophage imaging agent may depend on the specific application and currently emerging 

functions of macrophage subsets.

In addition to common inflammation imaging contexts such as atherosclerosis and 

myocardial infarction, we here employed 64Cu-Macrin PET to image previously less well 

characterized biology. In newborn mice, which may still have active developmental 

pathways that facilitate better regeneration and scar-free infarct healing, 64Cu-Macrin heart 

uptake was higher than in older mice. Flow cytometry of newborn hearts not only verified 

more cardiac macrophages per mg of myocardium but also documented a higher mean 

fluorescence intensity per cell, i.e. more Macrin nanoparticle uptake per individual 

macrophage. This observation indicates that the phenotype of cardiac macrophages in 

newborn hearts may be distinct, agreeing with a prior report that described a different, less 

inflammatory cardiac macrophage subset composition in neonatal mouse hearts20. A 

combination of enhanced macrophage functionalities needed for tissue repair, including 

phagocytosis, and lower inflammatory activity may contribute to the regenerative phenotype 

in the neonatal heart. In adult mice after MI, we observed higher Macrin uptake in primed 

alveolar macrophages, which then step up defenses against post-MI pneumonia, leading to 

better removal of bacteria from the alveolar space4.

There is a growing need for assays to support macrophage-targeted drug development. 

Currently, the gold standards for macrophage quantification are flow cytometry and confocal 

microscopy, with extremely limited clinical utility. The 64Cu-Macrin PET imaging 

applications tested here span conditions with large and subtle macrophage fluctuations, 

attesting to the dynamic range and utility of the assay. The large animal data, toxicity studies 

and human dosimetry estimates suggest that this latest-generation nanoparticle reporter is 

ready for first-in-human studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CLP cecal ligation and puncture

PET positron emission tomography

MRI magnetic resonance imaging

CT X-ray computed tomography

TTC triphenyltetrazolium chloride

GFP green fluorescent protein

MFI mean fluorescent intensity

SUV standard uptake value
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Figure 1. 64Cu-Macrin PET imaging detects cardiac macrophage expansion following acute 
myocardial infarction in mice.
(A) Outline of macrophage imaging basket trial. (B) Schematic view of 64Cu-Macrin 

polyglucose nanoparticle. (C) Short axis PET fused to MRI of mouse heart on day 5 after 

myocardial infarction (MI, arrow; W, surgical wound). Left image shows delayed 

enhancement MRI only, right is fused with PET. (D) In vivo PET signal, calculated as 

SUVmax in naive controls (no MI) and in the infarct (MI) and non-infarcted myocardium of 

mice with MI (remote). (E) Macrin accumulation in heart tissue by ex vivo scintillation 

counting and expressed as a percent injected dose per gram tissue (%ID/g). (F) TTC staining 

(left) and autoradiography (right) of mouse short axis rings from naive control and mouse 

with MI (right, infarct tissue is pale). (G) Flow plots of cardiac macrophages from control 
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mice and from remote and infarcted myocardium from mice with MI. Hearts were excised 

24 h after IV injection of VT680Macrin. (H) Histogram of VT680Macrin uptake by cardiac 

macrophages in saline-injected naive controls (shaded grey), control (no MI, dotted green 

line), ischemic myocardium (MI, red dashed line) and remote myocardium in mice with MI 

(shaded blue). (I) VT680Macrin mean fluorescent intensity in cardiac macrophages and (J) 
VT680Macrin+ macrophage numbers. (K) Confocal microscopy of GFP expressing 

macrophages in Cx3cr1GFP/+ mice on day 5 after MI (scale bar, 100 μm). (L) Quantitation of 

GFP+ area in groups as depicted in (D). (M) High-magnification confocal image of 
VT680Macrin (grey) and green macrophages (scale bar, 10 μm). Data are mean ± SEM. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2. 64Cu-Macrin PET imaging detects cardiac macrophage expansion following acute 
myocardial infarction in rabbits and pigs.
(A) PET/MR image of rabbit heart on day 3 after MI (arrows) and 24 h post injection of 
64Cu-Macrin. (B) Left ventricular ejection fraction (EF), assessed by MRI (n=4–6 rabbits 

per cohort). (C) In vivo 64Cu-Macrin PET signal in rabbit hearts. (D) Ex vivo 64Cu-Macrin 

uptake in rabbit heart (%ID/g). (E) TTC-stained rabbit heart tissue (upper row) shows pale 

infarcts with high activity on autoradiography exposure (bottom). (F) Long axis PET/MR 

image of a pig 3 days after MI (arrow), 24 h post administration of 64Cu-Macrin. (G) EF in 

pigs assessed by MRI before and after MI (n=4–7 per cohort). (H) PET signal in infarcted 

and non-infarcted control myocardium. Each dot represents a myocardial segment of the 

AHA circumferential polar plot (n=4–7 pigs per cohort). (I) Ex vivo 64Cu-Macrin uptake in 

pig hearts by scintillation counting (%ID/g). (J) TTC images (left) and autoradiography 

exposure (right) of infarcted pig heart. Data are mean ± SEM. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001.
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Figure 3. In vivo assessment of cardiac macrophages in newborn mice using 64Cu-Macrin PET.
(A) Body and (B) heart weight of adult (9–10 weeks) and 5-day-old mice. (C) CT images of 

newborn and adult mouse (scale bar, 1cm). (D) PET/CT images visualize 64Cu-Macrin 

uptake in adult (top) and newborn mouse heart (scale bar, 1cm). (E) 64Cu-Macrin PET 

quantified as SUVmax and (F) ex vivo scintillation counting. (G) Flow cytometry gating for 

cardiac macrophages in adult and newborn mice. (H) Histogram showing VT680Macrin 

uptake in cardiac macrophages. Controls injected with saline (shaded grey), adult (solid 

green) and newborn mice (shaded orange). (I) Mean fluorescence intensity (MFI) in heart 

macrophages. (J) Number of VT680Macrin+ macrophages in the heart. (K) Macrophage 

numbers assessed by flow cytometry. (L) Confocal images of myocardium in Cx3cr1GFP/+ 

mice (scale bar, 100 μm). (M) GFP+ area in hearts of Cx3cr1GFP/+ mice by confocal 

microscopy. (N) VT680Macrin (grey) co-localizes with GFP+ macrophages in the heart of a 

newborn Cx3cr1GFP/+ mouse (scale bar, 10μm). Data are mean ± SEM. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001.
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Figure 4. 64Cu-Macrin PET detects cardiac macrophage dynamics in sepsis.
(A) PET/CT of the heart in a control mouse and a mouse after cecal ligation and puncture 

(CLP). (B) 64Cu-Macrin uptake in myocardium by in vivo PET and (C) ex vivo scintillation 

counting. (D) Flow cytometry of cardiac macrophages in controls and mice after CLP. (E) 
Histogram of VT680Macrin uptake in cardiac macrophages. Saline-injected control group 

without CLP (shaded grey), control mice injected with VT680Macrin (solid green) and after 

CLP (dotted blue). (F) VT680Macrin mean fluorescent intensity (MFI) in cardiac 

macrophages. (G) Number of VT680Macrin+ cardiac macrophages. (H) Confocal microscopy 

of control and after CLP in Cx3cr1GFP/+ mice (scale bar, 100 μm). (I) GFP-positive area in 

confocal heart images. Data are mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. 64Cu-Macrin PET detects lung macrophage dynamics after MI.
(A) Coronal and axial PET/CT images from control mouse (top) and mouse on day 5 after 

MI (bottom). Areas with high uptake in lung are indicated with arrowheads. Arrow indicates 

MI. (B) 64Cu-Macrin signal in lung quantified by PET and (C) ex vivo scintillation 

counting. (D) Flow plots of alveolar macrophages in controls and mice after MI. (E) 
VT680Macrin fluorescence of alveolar macrophages; saline-injected controls (shaded grey), 
VT680Macrin injected control mice (solid green) and MI (shaded orange). (F) VT680Macrin 

mean fluorescence intensity (MFI) in alveolar macrophages. (G) Number of Macrin+ 

alveolar macrophages. Data are mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
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Figure 6. 64Cu-Macrin PET imaging detects lung inflammation in pigs.
(A) 3-dimensional PET/MRI reconstruction of pig thorax 24 h post injection of 64Cu-

Macrin. Arrowhead indicates basal lung region with high PET signal; arrow indicates apical 

lung region with lower 64Cu-Macrin uptake. (B) 64Cu-Macrin accumulation in lungs of n=8 

pigs as analyzed by in vivo PET (SUVmax in multiple lung region of interests) and (C) ex 

vivo scintillation counting of lung tissues. (D) H&E histology and (E) 
immunohistochemistry for macrophages from normal (top) and inflamed (bottom) pig lung 

regions (scale bar, 50 μm).
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Figure 7. 64Cu-Macrin PET imaging detects lung inflammation in mice.
(A) Bioluminescent / X-ray images of control mouse (left) and mice with pneumonia on 

days 3 and 4 after inoculation with bioluminescent Streptococcus pneumoniae. (B) Bacterial 

burden assessed by bioluminescence. (C-E) Lung histology from uninfected controls (top) 

and mice with pneumonia (bottom, day 4; scale bar, 50 μm), (C) H&E, (D) IHC for mouse 

macrophages (brown) and (E) gram-staining for streptococcus pneumoniae (pale blue). (F) 
PET/CT images from control mouse (top) and mouse with pneumonia (bottom, day 4 after 

infection). (G) 64Cu-Macrin lung uptake by in vivo PET and (H) ex vivo scintillation 

counting. (I) Visualization of 64Cu-Macrin accumulation in mouse lungs by autoradiography 

(scale bar, 5 mm). Data are mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 8. 64Cu-Macrin PET imaging of atheromatous plaques in rabbits.
(A) Coronal PET/MR images of the abdominal aorta in a control rabbit (left) and a rabbit 

with atherosclerosis (right) 24 h post injection. (B) In vivo 64Cu-Macrin PET signal in aortic 

segments (n=6 rabbits per group). (C) 64Cu-Macrin uptake in aortae as measured by ex vivo 

scintillation counting. (D) Bright-field image (left) and autoradiography (right) of dissected 

rabbit aortae (scale bar, 1 cm). (E) Immunohistochemical staining for macrophages in rabbit 

aortae (scale bar, 0.5 mm). (F) Images from normal region (left, red circle) and 

atherosclerotic lesion (right, blue circle) (scale bar, 50 μm). Data are mean ± SEM. *P<0.05, 

***P<0.001.
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Table 1.

Human radiation dose estimates for 64Cu-Macrin using Organ Level INternal Dose 
Assessment (OLINDA/EXM).

Estimated human organ dosimetry (mSv/MBq, mean ± SD) was extrapolated from the mouse biodistribution 

data (Table S1).

Organ Adult male (mSv/MBq) Adult female (mSv/MBq) Adult (mSv/MBq)

Adrenals 0.018 ± 0.004 0.020 ± 0.004 0.019 ± 0.002

Brain 0.004 ± 0.001 0.004 ± 0.001 0.004 ± 0.001

Breast 0.010 ± 0.003 0.011 ± 0.003 0.011 ± 0.001

Gallbladder Wall 0.023 ± 0.004 0.024 ± 0.004 0.023 ± 0.001

LLI Wall 0.053 ± 0.016 0.058 ± 0.017 0.055 ± 0.004

Small Intestine 0.024 ± 0.002 0.026 ± 0.003 0.025 ± 0.002

Stomach Wall 0.019 ± 0.000 0.022 ± 0.000 0.021 ± 0.002

ULI Wall 0.046 ± 0.014 0.052 ± 0.015 0.049 ± 0.004

Heart Wall 0.013 ± 0.001 0.021 ± 0.002 0.017 ± 0.006

Kidneys 0.109 ± 0.095 0.109 ± 0.083 0.109 ± 0.000

Liver 0.135 ± 0.083 0.152 ± 0.098 0.143 ± 0.012

Lungs 0.017 ± 0.001 0.022 ± 0.001 0.019 ± 0.003

Muscle 0.007 ± 0.000 0.008 ± 0.000 0.008 ± 0.001

Ovaries N/A 0.032 ± 0.019 0.032 ± 0.019

Pancreas 0.017 ± 0.000 0.019 ± 0.000 0.018 ± 0.001

Red Marrow 0.027 ± 0.004 0.029 ± 0.004 0.028 ± 0.002

Osteogenic Cells 0.029 ± 0.004 0.039 ± 0.004 0.034 ± 0.007

Skin 0.009 ± 0.003 0.010 ± 0.003 0.010 ± 0.001

Spleen 0.043 ± 0.009 0.048 ± 0.014 0.045 ± 0.004

Testes 0.053 ± 0.062 N/A 0.053 ± 0.062

Thymus 0.011 ± 0.003 0.012 ± 0.004 0.012 ± 0.001

Thyroid 0.010 ± 0.003 0.011 ± 0.004 0.010 ± 0.001

Urinary Bladder Wall 0.097 ± 0.003 0.151 ± 0.003 0.124 ± 0.038

Uterus N/A 0.026 ± 0.007 0.026 ± 0.007

Total Body 0.017 ± 0.000 0.019 ± 0.000 0.018 ± 0.002

Effective dose 0.040 ± 0.018 0.041 ± 0.011 0.040 ± 0.001
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