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Abstract: Cardiovascular diseases (CVDs) have been the leading cause of death in United States. While tremendous
progress has been made for treating CVDs over the year, the high prevalence and substantial medical costs requires
the necessity for novel methods for the early diagnosis and treatment monitoring of CVDs. Macrophages are a prom-
ising target due to its crucial role in the progress of CVDs (atherosclerosis, myocardial infarction and inflammatory
cardiomyopathies). Positron emission tomography (PET) is a noninvasive imaging technique with high sensitivity and
provides quantitive functional information of the macrophages in CVDs. Although *¥F-FDG can be taken up by active
macrophages, the PET imaging tracer is non-specific and susceptible to blood glucose levels. Thus, developing more
specific PET tracers will help us understand the role of macrophages in CVDs. Moreover, macrophage-targeted PET
imaging will further improve the diagnosis, treatment monitoring, and outcome prediction for patients with CVDs. In
this review, we summarize various targets-based tracers for the PET imaging of macrophages in CVDs and highlight
research gaps to advise future directions.
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Introduction

Cardiovascular diseases (CVDs) account for an
immense health and economic burden in the
United States and worldwide [1]. According to a
report from the American Heart Association
(AHA) in 2016, more than 121.5 million individ-
uals are afflicted with CVDs. It is estimated that
the annual direct and indirect costs of CVDs are
$351.2 billion. CVDs are the leading cause of
death in the United States [2].

Macrophages have been implicated in several
CVDs, including the most prevalent CVDs with
high morbidity and mortality such as athero-
sclerosis, myocardial infarction and inflamma-
tory cardiomyopathies [3, 4]. In atherogenesis,
macrophages are involved in the lesion initia-
tion stage and advanced progression [5-7].
Apolipoprotein B-containing lipoproteins (apoB-
LPs) accumulate at vascular intima and under-
go a series of modifications, which triggers the
recruitment of monocytes from the spleen and
bone marrow. The infiltrated monocytes then

differentiate into macrophages and take up the
modified lipoprotein, thereby becoming “foam
cells” [8, 9]. As the lesion expands, the lumen
becomes narrow and may induce an ischemic
event, such as angina pectoris [10]. During the
subsequent progression, under endoplasmic
reticulum stress, the macrophage derived foam
cells undergo apoptosis and necrosis, which
contributes to the formation of necrotic cores
[11]. Enzymes secreted by macrophages, such
as matrix metalloproteinases (MMPs), further
erode the fibrous cap and makes plaque vulner-
able to rupture and thrombosis [12]. Once the
artery is completely occluded by in situ plaque,
or thrombus derived from plaque rupture, the
acute ischemic events (myocardial infarction or
stroke) is triggered [13]. Following myocardial
infarction, monocyte-derived macrophages in-
filtrate the infarcted heart within 24 hours.
During the early phase (days 0-3), the infiltrat-
ing macrophages primarily secrete pro-inflam-
matory cytokines (TNF-«, IL-B, IL-6) and matrix
proteases (MMPs) to clear dying cell debris.
After approximately 5-7 days, these macro-
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phages switch from a pro-inflammatory state to
a pro-reparative state, secreting TGFB1 and
IL-10 to promote healing and decrease inflam-
mation [14-16]. Macrophages have also been
implicated in other inflammatory cardiovascu-
lar disease, such as cardiac sarcoidosis [17],
myocarditis [18], peri/endocarditis [19] and
vasculitis [20]. As such, macrophage tracking is
important to aid early diagnosis, monitoring of
disease activity and progression, treatment
evaluation, and outcome prediction in CVDs.

Traditional imaging techniques such as com-
puted tomography (CT) or magnetic resonance
(MR) provide anatomical information but supply
limited functional information. Positron emis-
sion tomography (PET) is an important nuclear
imaging technique that can fill in this void [21].
Compared with other functional imaging modal-
ities, such as optical fluorescence or biolumi-
nescence, PET provides limitless penetration,
quantitative accuracy, high sensitivity at pico-
molar level, and is easily translated to the clinic
[21-23]. However, PET is limited in its morpho-
logical delineation ability due to low spatial
resolution. Thus, hybrid PET/CT or PET/MR
imaging has been increasingly applied preclini-
cally and clinically to acquire both functional
and anatomical information [24]. With the sup-
port of a cyclotron, short half-life isotope (*'C,
18F, 8Ga) and long half-life isotope (8°Zr, %*Cu)
can meet nearly any labelling requirement of
small molecules, large antibodies, or nanopar-
ticles [25-27]. Therefore, PET imaging incorpo-
rated applications hold excellent potential for
non-invasively tracking macrophages in CVDs.

Currently, the glucose metabolism-based trac-
er, 18F-FDG, is the most commonly-investigated
PET tracer for imaging macrophages in CVDs.
To date, previous reviews have excellently sum-
marized relevant studies on FDG-based ma-
crophages imaging in CVDs [28-31]; While 8F-
FDG is readily available and has been widely
employed in both the preclinical and clinical
setting, some limitations still exist. First, it is a
non-specific probe that can accumulate in
other metabolically active cells and introduces
background signal [32]. Moreover, *¥F-FDG is
affected by blood glucose levels, insulin levels
and drug interference, which limits application
in diabetic patients with hyperglycemia [33];
Additionally, FDG imaging of the macrophages
in heart requires advanced patient preparation
(fasting overnight or high fat diet) to suppress
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physiological signal from myocardial uptake.
However, these methods are not always suc-
cessful and feasible, particularly to Ml patients
or those in a poor physical condition. Standard
methods to make a repeatable and effective
suppression are still lacking, increasingly the
likelihood of inaccurate quantification [30, 33,
34]. Thus, the development of specific and con-
venient PET tracers is still required.

Herein, we systematically review the currently
available PET tracers other than ‘8F-FDG for the
imaging of macrophages and summarize their
applications in CVDs. These tracers can be gen-
erally classified into metabolism or proliferation
based, chemokine receptor-targeted, soma-
tostatin receptor-targeted, translocator protein
targeted, mannose receptor-targeted, secreted
enzymes-targeted, nanoparticle-based, anti-
body-based, and other potential targets. Some
potential tracers currently applied in other dis-
eases will also be discussed. We also discuss
the current research limitations and highlight
future directions. We believe the macrophage
targeted PET imaging will deepen our under-
standing of macrophages’ function in CVDs, as
well as facilitate early diagnosis, risk stratify
and treatment monitoring, and provide benefits
to CVDs patients in the future.

Metabolism & proliferation based PET imag-
ing

Amino acid metabolism: **C-methionine

L-[methyl-*1C] methionine (**C-methionine, *C-
MET) is a radioisotope-labeled amino acid that
is take up by more metabolically active cells
and has been used in PET oncology applica-
tions [35]. Morooka M and colleagues first
investigated the uptake of *'C-methionine in
myocardial infarction/reperfusion patients.
They found the highest accumulation of
11C-methionine in the infarcted area, whereas
201T] and 8F-FDG uptake decreased (Figure 1A)
[36]. A similar phenomenon was also reported
in a rat infarction/reperfusion model using
14C-methionine. The tracer uptake closely cor-
responded to macrophage infiltration based on
histology at day 3-7 [37]. Cellular uptake assay
indicated the uptake of isotope-labeled methio-
nine in pro-inflammatory M1 macrophages was
higher than other cells and that the PET signal
could be modulated with anti-integrin treat-
ment [38].
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Figure 1. A. *:C-methionine PET, *¥F-FDG PET and 2°*TI SPECT imaging in an 43-years-old acute myocardial infarction
patient. Infarction zone (red arrow) in anterior wall exhibited decreased uptake on 2°'Tl and *F-FDG images, but rela-
tively increased uptake on *'C-methionine images; B. *'C-methionine and 8F-FDG PET imaging in an experimental
autoimmune myocarditis (EAM) rat, colocalization of focal myocardial uptake of both tracers is shown. **C-methio-
nine uptake was also observed in extracardiac areas (asterisk) and liver (arrowheads); C. ®®Ga-Pentixafor PET/MRI
imaging of atherosclerotic carotid plaques. The lesions were semi-quantitatively classified into four groups based
on the cross-sectional luminal obstructive features on T2-weighted MRI, including Non-eccentric (non-significant
luminal obstruction), Mild (£10%), moderately (>10%), severely (=25%) the white arrow indicate the arterial regions
of interest; D. CCR5 targeted %*Cu-DOTA-vMIP-II PET imaging in a atherosclerotic mice model at 2 and 4 weeks. ¢*Cu-
DOTA-vMIP-II significantly accumulated at the site of injury lesions, whereas the sham site had only weak accumula-

tion. Adapted with permission from [36, 39, 63, 70].

Maya et al. compared the distribution of not significantly taken up by myocardium.
11C-methionine and *®F-FDG in a rat autoim- Currently, *'C-choline and *F-FCH have gar-
mune myocarditis model, which revealed by nered the most attention in imaging of macro-
histology that both tracers colocalized at inflam- phages of CVDs. Kato et al. retrospectively ana-
matory lesions. An excellent positive correla- lyzed the uptake of **C-choline in plaques from
tion also existed between *'C-methionine and 93 elderly prostate cancer patients. They found
8F-FDG. However, the contrast of *!C-me- that 95% of patients have positive PET results
thionine was lower than *8F-FDG for discrimi- and that the tracer uptake rarely colocalized
nating inflammatory and noninflammatory le- with calcification [44]. This finding was subse-
sions (Figure 1B) [39] (Table 1). quently supported by mouse model study,

which found a 2.6-fold higher uptake in inflam-
Choline metabolism: 1*C-choline and 8F-FCH ed plaque than the healthy vessel wall using

ex vivo autoradiography [42].
Cholines are involved in the metabolism of cell

membrane lipids and is regulated by choline Compared to the short half-life of *'C, *SF-
kinase, which is upregulated in tumor cells and fluorocholine (*8F-FCH) is more suitable in the
activated macrophages [40]. In contrast to 8F- clinical setting for choline-based imaging.
FGD, radiolabeled choline or fluorocholine is Matter et al. found *8F-FCH uptake at murine
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Table 1. Summary of metabolism/proliferation based, chemokine receptor-targeted, SSTR-targeted probes illustrated in the present review

Target Disease Preclinical/clinical Radiotracer
Amino acid metabolism Myocardial infarction Clinical 11C-methionine [36, 38]
Preclinical 14C-methionine [37] **C-methionine [38]
Myocarditis Preclinical 1C-methionine [39]
Choline metabolism Atherosclerosis Preclinical 11C-Choline [42]; *8F-FCH [43]
Clinical 11C-Choline [41]; ‘8F-FCH [44, 45]
Proliferation Atherosclerosis Preclinical/clinical *€F-FLT [47]
Abdominal aortic aneurysms Preclinical 18F-FLT [48]
Chemokine receptors
CXCR4 Myocardial infarction Preclinical 68Ga-pentixafor [57]
Clinical 68Ga-pentixafor [57-59, 158]
Atherosclerosis Preclinical 88Ga-pentixafor [60]
Clinical 88Ga-pentixafor [60-65]
CCR2 Cardiac injury/Myocardial infarction Preclinical 68Ga-DOTA-ECL1i [69]
CCR5 Atherosclerosis Preclinical 64Cu-DOTA-VMIP-II [70]
Vascular injury/Atherosclerosis Preclinical 64Cu-DOTA-DAPTA-comb [71]; ®*Cu-DOTA-Vmip-ll-comb [72]
Somatostatin receptors (SSTR) Myocardial infarction Preclinical 68Ga-DOTA-TATE and %8Ga-citrate [90]
Clinical 58Ga-DOTA-TOC [86]
Sarcoidosis/Myocarditis/Pericarditis Clinical 68Ga-DOTA-TOC [84-87]; ®¥Ga-DOTA-NOC [88]
68Ga-DOTA-TATE [89]
Atherosclerosis Preclinical 58Ga-DOTA-TATE [75]; ®Ga-DOTA-NOC [79]; *¥F-FDR-NOC [79]
Clinical 58Ga-DOTA-TATE [76-78, 82, 83]; “Cu-DOTA-TATE [80, 81]

%8Ga-DOTA-TOC [80]
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plaque correlated well with Qil staining and
macrophages staining with better sensitivity
compared to ¥F-FDG [43]. A small retrospec-
tive study including five patients showed that
17 negative lesions were verified among the 31
detected vessel wall alterations. 16 of the 17
lesions were further identified as solely calci-
fied lesions, indicating relatively stable plaque
uptake of 8F-FCH [44]. Voo S and co-workers
performed a prospective clinical study on the
feasibility of 8F-FCH to identify vulnerable
plaques. Ten stroke patients with over 70%
carotid artery stenosis were involved in their
study. ‘8F-FCH uptake in ipsilateral symptomat-
ic carotid plaques significantly correlated with
CD68* macrophage staining in carotid endar-
terectomy specimens. Importantly, compared
to the contralateral asymptomatic carotid arter-
ies, ipsilateral symptomatic plaques exhibited
higher uptake, indicating *8F-FCH is promising
for identifying vulnerable plaques [45] (Table
1).

Proliferation: 18F-FLT

3’-deoxy-3'-[*8F]fluorothymidine (*8F-FLT) is a
classic PET tracer traditionally used for visual-
izing tumor proliferation [46]. In 2015, Ye et al.
investigated the possibility of 8F-FLT PET ima-
ging for monitoring macrophages proliferation
in atherosclerotic mice, a rabbit model, and
patients. The PET results revealed an increased
18F-FLT signal in atherosclerotic lesions in ani-
mal models and patients. In vivo results were
further verified by autoradiography and flow
cytometry. Apart from plaques, significant 8F-
FLT uptake was also observed in spleen and
bone marrow, which may due to the prolifera-
tion of hematopoietic stem and progenitor
cells. Interestingly, they further found the signal
correlated with the duration of a high choles-
terol diet, and the signal was reduced by fluoro-
uracil, a proliferation inhibitor [47]. Since mac-
rophage proliferation is closely related to the
progression of plaque, *8F-FLT PET imaging may
serve as a tool for monitoring plaque progres-
sion and therapy. Recently, Gandhi R and col-
leagues also investigated the feasibility of 8F-
FLT PET imaging in abdominal aortic aneurysm,
By using an Angll-induced mice model, they
confirmed the uptake of 8F-FLT in 14-day aor-
tae was greater than that in 28-day and control,
and the uptake also correlated positively with
aortic volume [48] (Table 1).
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Chemokine receptors

Chemokines exert chemotactic effects on cells
via binding with its receptor. Chemokine family
can be divided into the major (CC, CXC) and the
minor (C and CX3C) groups based on the
N-terminal cysteine residues [49, 50]. Among
the various chemokine receptors, CXCR4,
CCR2, and CCR5 garnered prominent attention
in recent years due to their high expression on
monocytes/macrophages and closely related
leukocytes as well as their crucial roles in CVDs
progression [51-54].

CXCR4

CXCR4-CXCL12 is involved in leukocyte recruit-
ment to the injured region in CVDs. The inhibi-
tion of CXCR4-CXCL12 (SDF-1) has shown ben-
efits for acute myocardial infarction and athero-
sclerosis [52]. Driven by CXCR4 targeted PET
imaging in tumor [55, 56], Thackeray and col-
leagues evaluated %8Ga-pentixafor PET imaging
in myocardial infarction disease. In a murine
model, significantly increased signal was ob-
served in the infarct region, which could also be
blocked by a CXCR4 antagonist and attenuat-
ed by long-term enalapril treatment. The auto-
radiography results colocalized with the pres-
ence of macrophages and granulocytes in his-
tology, indicating this PET signal originates
from recruited inflammatory cells. Interestingly,
the authors found variable degree of %8Ga-
pentixafor uptake in Ml patients and the signal
correlated with the bone marrow uptake [57].
At the same time, Lapa et al. reported the
uptake of 8Ga-pentixafor in 3 of 7 AMI pati-
ents (5-10 days after Ml) [58]. They further veri-
fied 17/22 positive imaging in another study
(patients on 2-13 days after M), in which the
88Ga-pentixafor PET signal not only negatively
correlated with the time point of imaging, but
also has a correlation with scar volumes as-
sessed by CMR. In addition, the tracer signal
could be observed up to 13 days after Ml [59].

In 2017, ®8Ga-pentixafor was first evaluated in
atherosclerotic plaques in a rabbit model and
eight patients. The authors demonstrated high
tracer uptakes in plaques of rabbit model by
PET/MR. The signal was reduced by 40% with
pre-injection of CXCR4 inhibitor. Ex vivo analy-
sis showed ?5|-pentixafor uptake on autoradi-
ography colocalized with the macrophage-rich
region in plaque and correlated with the expres-
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sion of CXCR4. Importantly, they further identi-
fied intense tracer uptake in two carotid athero-
sclerotic patients with over 50% carotid steno-
sis. The additional immunohistochemistry sta-
ining of human plaques showed that CXCR4
mostly located in the macrophages-rich area
but not in lymphocytes or endothelial-rich areas
[60]. The next year, two groups respectively
investigated the relationship of 8Ga-pentixafor
uptake and cardiovascular risks with a larger
cohort of patients. Weiberg et al. retrospec-
tively analyzed 51 patients who underwent
88Ga-pentixafor PET/CT imaging. They found
that the tracer uptake was associated with car-
diovascular risk factors and increased with the
number of risk factors (age, arterial hyperten-
sion, hypercholesterolemia, history of smoking,
prior cardiovascular events) [61]. Li and col-
leagues performed ®8Ga-pentixafor PET/MR
imaging in 38 patients, which revealed those
with high uptake of tracer (mean TBR__>1.7)
exhibited a higher incidence of hypertension,
hypercholesterolemia, diabetes, and history of
cardiovascular disease. These results illustrate
the potential of 8Ga-pentixafor in the charac-
terization of atherosclerosis [62]. By taking
advantage of MR in delineation of plaques, the
same group involved 72 additional patients
and divided them into four groups (non-eccen-
tric, mild, moderately and severely) according
to the degree of carotid plaque. They found the
68Ga-pentixafor uptake was absent in the non-
eccentric group but significantly increased
among the other three groups. However, no sta-
tistical differences exist between the other
three groups. Additionally, they correlated the
MRI results with histological evidence and
found high expression of CXCR4 within inflamed
atheroma and pre-atheroma, but not the fibro-
atheroma with low macrophages. This indicat-
ed that ®8Ga-pentixafor PET imaging can recog-
nize plaques with inflammatory activity (Figure
1C) [63]. They further proved %8Ga-pentixafor
PET imaging could identify more lesions than
BF-FDG PET, with a weak correlation between
the two probes [64]. Using the motion-correct-
ed technique, Derlin et al. showed %8Ga-pen-
tixafor PET/CT imaging could identify small cor-
onary atherosclerotic plaques in patients after
acute myocardial infarction [65] (Table 1).

CCR2

In 2016, a seven amino acid peptide (LGTFLKC)
with excellent inhibition property to CCR2 was
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identified and named extracellular loop 1 in-
verso (ECL1i) by the authors [66]. Subsequent-
ly, it was developed into a PET imaging tracer
by Liu et al. for in vivo imaging of CCR2* cells in
an ischemia-reperfusion injury model after lung
transplantation [67] and a LPS-induced lung
inflammation model [68]. In 2019, CCR2 tar-
geted PET imaging was first investigated in car-
diac injury by Heo and colleagues. The investi-
gators used ®8Ga to radiolabel the ECL1i pep-
tide (°®Ga-DOTA-ECL1i), which showed high
tracer uptake at cardiac injury lesions in a car-
diomyocyte ablation model as well as in a myo-
cardial infarction/reperfusion (I/R) model. How-
ever, in a CCR knock-out mice model, minimal
signal was detected. To further support the
specificity, they performed autoradiography wi-
th Ml patients’ heart tissue (acute and chro-
nic). The human specimens exhibited heteroge-
neous radioactive signal levels, which could
also be blocked. the signal was correlated with
the number of CD68* macrophages and with
CD68*/CCR2* cells, but not with CD68*/CCR2
cells, implying the tracer could specifically rec-
ognize CCR2* macrophages and monocytes
[69] (Table 1).

CCR5

In 2013, Liu and colleagues radiolabeled a
viral macrophage inflammatory protein Il (vMIP-
II) with ®*Cu (6*Cu-DOTA-vMIP-Il) and used PET
imaging to monitor the distribution in a vascu-
lar injury-accelerated atherosclerosis model.
They found 3-fold accumulation at the injury
site in the model compared to the sham site
(Figure 1D). Compared with *8F-FDG, the tracer
displayed better accumulation at injury sites.
The PET signal could also be blocked by eight
chemokines. Among them, CCR5 and CXCR4
antagonists exhibited the most pronounced
blocking effects [70]. Subsequently, to improve
tracer accumulation, the authors designed two
CCRb5 targeted nanoparticle probes, ®*Cu-DOTA-
Vmip-ll-comb and ¢*Cu-DOTA-DAPTA-comb. The-
se nano-based tracers displayed higher upta-
ke and contrast ratios when compared to pre-
vious tracers without nanoparticle conjugation
[71, 72] (Table 1).

Somatostatin receptor (SSTR)
Somatostatin (SST) is a cyclic polypeptide with

broad inhibitory effects on the release of other
secretory proteins. SST receptors (SSTRs) are
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G-protein-coupled receptors with five subtypes,
which are expressed on immune cells and neu-
roendocrine tumors [73]. Thus, PET imaging
probes targeting SSTRs have been previously
developed and used for diagnosing neuroendo-
crine tumor [74]. Since 2010, SSTR-targeted
tracers have been employed for cardiovascular
imaging.

68Ga-DOTA-TATE is a radiotracer selectively
binding to the SSTR2. The accumulation of
68Ga-DOTA-TATE at atherosclerotic plaques was
reported in a mouse model. The autoradiogra-
phy result displayed the tracer uptake co-local-
ized with the macrophage-rich plaques from
histology, indicating ®8Ga-DOTA-TATE is suitable
for imaging of macrophages in plaques [75].
Three retrospective clinical studies demon-
strated the detectability of ®8Ga-DOTA-TATE in
human plaques in coronary or large arteries. All
of the studies found that individuals with prior
cardiovascular events exhibited higher tracer
uptake in plaque [76-78]. Rinne et al. compar-
ed the three SSTR-targeted tracers ®8Ga-DOTA-
TATE, %8Ga-DOTA-NOC and *8F-FDR-NOC in ath-
erosclerotic mice model. They found that ®8Ga-
DOTA-TATE and ¢8Ga-DOTA-NOC were superior
for imaging plaque than *¥F-FDR-NOC [79]. In
addition, another group investigated a long
half-life isotope radiolabeled tracer 4Cu-DOTA-
TATE. They found that, compared with ®8Ga-
DOTA-TOC, %*Cu-DOTA-TATE had enhanced ac-
cumulation within plaque in large arteries. The
64Cu-DOTA-TATE uptake was associated with
cardiovascular risk factors [80] and CD163
gene expression, which has been reported to
be highly expressed on activated M2 macro-
phages [81]. In 2017, a prospective clinical
study named “VISION” involved 42 atheroscle-
rotic patients systematically investigated %¢Ga-
DOTA-TATE for detecting inflamed plaque. In
this study, the authors demonstrated ©%Ga-
DOTA-TATE could specifically bind with the SST2
receptor, which also colocalized with CD68*
macrophages. 8Ga-DOTA-TATE was better able
to discriminate high-risk and low-risk coronary
lesion compared to *8F-FDG [82]. However, an-
other prospective study involving 20 patients,
questioned the ability of 8Ga-DOTA-TATE PET
imaging to discriminate the symptomatic and
asymptomatic carotid plaques, citing the lack
of SST2 expression on excised human plaques
[83].
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SSTR2-targeted PET imaging in a cardiac sar-
coidosis patient was first reported by Reiter et
al. (Figure 2A) [84]. The same group further
carried out two clinical studies to investigate
SSTR targeted PET/CT imaging for detecting
myocardial inflammation compared to cardiac
magnetic resonance (CMR). Patients with car-
diac sarcoidosis (CS) [85] or peri-/myocarditis,
sub-acute myocardial infarction (Ml) [86] were
involved. Based on segment analysis, PET and
CMR displayed high concordant results (CS:
96.1%; Peri-/myocarditis or Ml: 85.3%), except
a small portion of patients or segments differ-
ent between the two modalities. Although it is
hard to make a clear conclusion due to the lack
of enough histopathologic data, it indicated
that the combination of the two modalities
(PET/MR) might be an optimal diagnostic ap-
proach. Another similar pilot study involving 17
histologically proven CS-positive patients re-
vealed that only one patient displayed positive
PET/CT results compared to the five positive
patients verified by CMR. This discrepancy was
attributed to treatment at the time of PET imag-
ing, implying ®Ga-DOTA-TOC PET/CT is helpful
to monitor disease activity. This technique
would also be particularly advantageous for
individuals with contraindications to CMR, su-
ch as patients with pacemaker [87]. However,
given the small cohort of patients, the value of
68Ga-DOTA-TOC PET imaging requires further
evaluation. Gormsen and co-workers perfor-
med a comparative study of ®8Ga-DOTA-NOC
and 8F-FDG in 19 suspected CS patients. They
found that °8Ga-DOTA-NOC PET imaging dis-
played higher diagnostic accuracy and better
interobserver agreement than FDG-PET. The
inferiority of FDG imaging may be ascribed to
the incomplete suppression of physiological
myocardial uptake by fasting [88]. In contrast,
another recent study suggested decreased
sensitivity of 8Ga-DOTA-TATE in detecting CS
inflammation compared with FDG. The authors
also found weak SSTR2 expression in all three
sarcoid heart specimens examined by immu-
nostaining [89]. MI mice study indicated that
neither %8Ga-citrate or ®®Ga-DOTA-TATE is supe-
rior to FDG PET imaging for detecting post-Ml
inflammation [90]. Heterogeneous results have
raised more questions on the diagnostic abi-
lity of SSTR2-targeted PET imaging of macro-
phages in inflammatory cardiomyopathies that
must be reconciled in future studies (Table 2).
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Figure 2. A. SSTR-targeted ®8Ga-DOTA-TOC PET/CT imaging in a 54-year-old patient with cardiac sarcoidosis. The
red arrow in upper images indicate the inflammatory area. The lower images are %8Ga-DOTA-TOC PET/CT imaging
after 10-months systemic treatment. B. The verifying for the specificity of TSPO-targeted tracer PK11195, in athero-
sclerotic samples from patients who underwent carotid endarterectomy. Representative autoradiography, immuno-
histochemistry and immunofluorescence microscopy. The autoradiography showed that 3H-PK11195 binding with
plaques and unlabeled PK11195 could block its binding (1-2). The immunohistochemistry showed the positive area
of macrophage marker CD68 (3 and 5) and TSPO (4 and 6) respectively. 7-10 were immunofluorescence staining
of DAPI, CD68. TSPO and merged image respectively. C. MR-targeted %8Ga-NOTA-MSA PET imaging of macrophages
compared with *¥F-FDG PET imaging in myocarditis model. D. ¥F-Macroflor PET/CT imaging of macrophages in
aortic plaques of mice with atherosclerosis. Representative images of PET/CT in wild type mice (upper) and ath-
erosclerotic mice model (lower); Three-dimensional image of PET/CT in atherosclerotic mice model. PET signal was
in red (arrows); E. *8F-Macroflor PET/CT imaging of macrophages in murine myocardial infarction model. Long axis
view (upper row) and short axis view (lower row); Ex vivo autoradiography and it corresponding TTC staining of infarct
heart at day 2 post-MI. Adapted with permission from [84, 96, 108, 139].
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Table 2. Summary of TSPO, MR, MMP, MPO targeted or nanoparticle-based probes illustrated in the present review

Target Disease Preclinical/clinical Radiotracer
Translocator protein (TSPO) Atherosclerosis/vascular injury Preclinical H1C-PK11195 [94]; 8F-FEDAA1106 [97]; ‘8F-PBRO6 [98]
18F-FEMPA [99]; 8F-GE-180 [100]
Clinical H1C-PK11195 [96]
Abdominal aortic aneurysms Clinical 11C-PK11195 [95]
Myocardial infarction Preclinical/clinical *8F-GE-180 [101]
Myocarditis Preclinical 18F-PBR28 [102]; 8F-CB251 [102]
Mannose receptor (MR) Atherosclerosis Preclinical 18F-FDM [104]; ®®Ga-NOTA-MSA [105]; ®8Ga-MMR [106]
%8Ga-anti-MMR Nb [107]
Myocarditis Preclinical 68Ga-NOTA-MSA [108]
Secreted enzymes
MMPs Myocardial infarction Preclinical 68Ga-DOTA-MMP-2/9 targeted peptide [114]
Atherosclerosis Preclinical 68Ga-DOTA-TCTP-1 [116]
MPO Myocardial infarction Preclinical 18E-MAPP [117]; **C-AZD3241 [124]
Nanoparticles (NPs)
Modified dextran Atherosclerosis Preclinical 64Cu-TNP [132]; 89Zr-DNP [133]
High density lipoprotein Atherosclerosis Preclinical 897r-Al-HDL and °Zr-PL-HDL [134]
Hyaluronan Atherosclerosis Preclinical 89Zr-HA-NP [135]
Dendrimers Atherosclerosis Preclinical 64Cu-(LyP-1)4-dendrimer [136]
Porphysome Myocardial infarction Preclinical 64Cu-folate-porphysome [137]
Mesoporous silica Atherosclerosis Preclinical 18F-DBCO-MSNs [138]
Polyglucose Atherosclerosis/MI Preclinical 18F-Macroflor [139]
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Translocator protein (TSPO)

The 18 kDa-protein translocator protein (TSPO),
previously known as peripheral benzodiazepine
receptor (PBR), is localized on the outer mito-
chondrial membrane. TSPO is involved in sev-
eral essential cellular functions, such as cho-
lesterol transport or steroidogenesis [91, 92].
TSPO is expressed in both M1 and M2 macro-
phages, and some studies reported a higher
expression in M2 macrophages [93].

The first generation TSPO-targeted PET tracer,
11C-PK11195 has shown higher accumulation
at inflamed plaques compared to non-inflamed
plaques in atherosclerotic mice model, but a
comparable uptake in healthy artery walls may
limit in vivo imaging applications [94]. Another
study did not observed any aortic uptake in
asymptomatic abdominal aortic aneurysms pa-
tients either [95]. However, a subsequent clini-
cal study demonstrated the feasibility of *C-
PK11195 PET for imaging of intraplaque mac-
rophages. Histologic staining on patient carotid
plaque verified the tracer specificity since TSPO
and CD68 co-localized with tracer uptake on
autoradiography (Figure 2B). Moreover, they
suggested the higher 'C-PK11195 target-to
background ratio (TBR) combined with lower CT
attenuation could distinguish recently symp-
tomatic and asymptomatic plaques in patients
[96].

The nonspecific binding and short half-life of
H1C prompted the design of new generation
tracers. To date, '8F-FEDAA1106, F-PBROG,
18F-FEMPA and '8F-GE-180 have been investi-
gated in inflammatory vascular models. *8F-
FEDAA1106 showed significant uptake in vas-
cular injury regions and displayed higher speci-
ficity to discriminate inflamed and non-inflam-
ed vasculature compared to *8F-FDG [97]. 8F-
PBROG6 PET imaging revealed a higher uptake in
atherosclerotic plaques of 32 weeks than that
of 22 weeks, implying the potential for evaluat-
ing plaque progression [98]. Hellberg et al.
reported that both '8F-FEDAA1106 [99] and
18F-GE-180 [100] accumulated in atheroscle-
rotic plaques and the signal correlated well wi-
th the distribution of macrophages. However,
comparable uptake in healthy vessel walls,
attributed to the ubiquitous nature of TPSO
expression, limits in vivo PET imaging applica-
tions. Clinical translation may be possible sin-
ce interspecies differences exist.
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The third generation TSPO-targeted tracer *8F-
GE-180 was investigated in myocardial infarc-
tion. In Ml mice model, elevated *8F-GE-180
signal could be observed at 1 weeks after
infarction and was localized to CD68* macro-
phages. After interval decline at 4 weeks, the
signal then increased in remote myocardium
where less inflammatory cells exist at 8 weeks,
implying the complexity of TSPO signal which
could also reflect mitochondrial impairment.
Interestingly, obvious *C-PK11195 PET signal
was further verified on both heart and brain in
a patient after MI, suggesting the immune acti-
vation may exist at the heart-brain axis [101].
Another two TSPO tracers have been investi-
gated in rat myocarditis model. In this study,
18F-PBR28 displayed no significant elevation in
the model, but 8F-CB251 did [102] (Table 2).

Mannose receptor (CD206)

A highly effective endocytic receptor, the man-
nose receptor (MR) expression has been re-
ported on macrophages, dendritic cells and
nonvascular endothelium [103]. Consensus is
that MR is generally expressed on M2 macro-
phages. Staining of atherosclerotic coronary
sections from patients that have suffered sud-
den cardiac death revealed intense MR posi-
tive M2 macrophages in the unstable plaques,
which featured with thin-cap fibroatheromas,
but almost no MR expression in stable plaques
[104].

Mannose is a C2-epimeric sugar molecule with
a chemical structure similar to glucose; the only
difference is the opposite orientation of oxygen
and hydroxyl groups on the second carbon
atom. Mannose binds on macrophages via
MRs and enters cells via glucose transporters
(GLUTSs) [104]. Tahara et al. found the uptake of
18F-labeled mannose (**F-FDM) in rabbit plaque
is comparable to *¥F-FDG and was proportional
to macrophage density in tissue. More impor-
tantly, using six sets of cell experiments, the
authors demonstrated the specific binding of
FDM to MR and a macrophage uptake increase
of more than 35% for *8F-FDM compared to *8F-
FDG [104]. Mannosylated human serum albu-
min (MSA), a 6-8 nm protein, binds with macro-
phages via terminal mannose residues. It was
previously developed for imaging of sentinel
lymph nodes, but Kim and colleagues recently
used %8Ga radiolabeled NOTA-MSA for plaque
imaging in a rabbit model. The %8Ga-NOTA-MSA
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uptake in plague was significantly higher than
in healthy arteries and was comparable to 8F-
FDG. Cell uptake and blocking experiments
verified the binding specificity to M2 macro-
phages [105].

Senders et al. evaluated a MR targeted nano-
body, which was previously used in tumor PET
imaging, in atherosclerotic murine and rabbit
models after radiolabeling with ¢4Cu or ®8Ga. In
the mice model, the ¢*Cu-MMR showed signifi-
cant accumulation in the aortic root and arch.
Autoradiography and histologic staining for
macrophages proved the tracer specificity.
Subsequent ®*Cu-MMR PET/MR imaging in a
rabbit model indicated tracer uptake positively
correlated with vessel wall area, but not with
the FDG uptake. To meet clinical demands,
short-lived ®8Ga was also used for radiolabel-
ing. Compared with 4-month results, the tracer
uptake, vessel wall area and vascular permea-
bility progressively increased at 8 months in
rabbit models. #8Ga-MMR autoradiography also
positively correlated with CD206 expression,
indicating ¢Ga-MMR PET/MR has potential to
reflect disease progression and the amount of
CD206" macrophages [106]. Another MR tar-
geted nanobody (®8Ga-anti-MMR Nb) has also
been studied in ApoE (-/-) atherosclerotic mice
model. The positive PET results matched with
autoradiographs and Sudan-IV-staining. Immu-
nofluorescence staining revealed MR was pre-
dominantly expressed in macrophages located
in the fibrous cap layer and shoulder region of
the plaques [107].

MR-targeted PET imaging was also investigat-
ed in myocarditis disease. The infiltration of
MR-positive macrophages was confirmed in a
rat myocarditis model and using human histo-
logical samples (Figure 2C). The left ventricle
uptake of 8Ga-NOTA-MSA in myocarditis was
1.8-fold higher compared with the control gr-
oup, which could be reduced by cyclosporine-A
treatment. Cell and tissue block experiments
demonstrated the specificity of %8Ga-NOTA-
MSA. Compared with echocardiography, the
68Ga-NOTA-MSA PET imaging displayed early
diagnosis efficiency for detecting myocarditis
[108] (Table 2).

Macrophages enzymes
Metalloproteinases (MMPs)

Macrophages releases proteolytic matrix me-
talloproteinases (MMPs) that degrade the car-
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diac extracellular matrix or erode fibrotic plaque
caps and as a result are involved in the cardiac
remodeling or plaque rupture process in CVDs.
Among them, type 2 and 9 MMPs have been
investigated the most [12, 109, 110]. Molecular
imaging of macrophages using MMPs targeted
probes have received considerable attention
over the recent decade.

While molecular imaging probes have been
developed, their application as PET imaging
tracers has been relatively unexplored. In
2005, Su and colleagues reported a SPECT
probe, °*"Tc-RP805, which could specifically
bind to the activated catalytic domain of MMPs
and displayed a fivefold uptake increase in the
infarcted area and a twofold increase in the
remote region of Ml mice heart [111]. Another
study from this group revealed that regional
uptake of °°™Tc-RP805 was highly concordant
with ex vivo MMP-2 activity and the SPECT sig-
nal predicted late left ventricular remodeling
[112]. Another activatable cell-penetrating pep-
tide probe (ACPP) was described for imaging
MMP activity in MI. *"7Lu and 5| were chelated
to the ends of this peptide. Once MMPs cleaved
the middle of ACPP, the *?5I-peptide would be
washed out and the *7Lu-peptide remained.
The authors observed a ten-fold uptake in the
infarct myocardium compared to the remote
region. However, it still requires an in vivo ima-
ging investigation [113]. To develop an MMP-
targeted PET probe, Kiugel et al. selected a
peptide using a phage display technique. The
peptide displayed a robust performance for
targeting MMP-2/9 in a tumor model. Then it
was radiolabeled with ¢8Ga for PET imaging in a
myocardial infarction rat model. Ex vivo autora-
diography showed higher accumulation in the
infarcted area compared to the remote area.
Moreover, the tracer uptake also correlated
with CD68* macrophages 7 days after MI.
However, high blood signal, tracer instability,
and slow clearance limit in vivo PET imaging
applications [114].

MMP-targeted SPECT imaging probes for ath-
erosclerosis have been summarized in a previ-
ous review by Lenglet et al. [115]. Recently,
Kiugel et al. published a PET study for imaging
of MMP in atherosclerotic plaques. However,
they also observed low blood clearance and
tracer instability that would limit applications.
In an atherosclerotic murine model, a 1.8-fold
uptake of °8Ga-DOTA-TCTP-1 in plaque was
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detected ex vivo, but it was not discernable
with in vivo PET imaging, which may be ascribed
to a low target-to-background ratio [116] (Table
2).

Myeloperoxidase (MPO)

Myeloperoxidase (MPO) is an important enzyme
associated with oxidative stress and is secret-
ed by neutrophils and pro-infammatory M1
macrophages but not the anti-inflammatory M2
macrophages [117]. MPO is involved in early
plaque formation since it impairs cholesterol
transport. By oxidizing low-density lipoproteins
(LDL) MPO aids in foam cell formation [118]. It
has also been reported that MPO contributes
to cardiac remodeling and heart failure follow-
ing myocardial infarction [119]. As such, MPO is
an exciting target for imaging macrophages in
CVDs.

To date, there are limited MPO-targeted PET
probes, though several MRl and SPECT imaging
studies have been conducted. Chen et al.
designed an MPO-Gd (bis-5HT-DTPA-Gd) probe
for MR imaging and subsequently demonstrat-
ed its feasibility for imaging MPO activity in
myocardial infarction and atherosclerotic pla-
que models [120-122]. Wu et al. radiolabeled
bis-5HT-DTPA with ***In for SPECT imaging in an
atherosclerotic mice model. The probe showed
high uptake in the aortic wall of atherosclerotic
mice model, but the tracer elimination was sig-
nificantly slower compared to WT mice. This
may result from the increase in size after self-
oligomerization of the probe induced by MPO
oxidization [123].

The lower sensitivity and potential toxicity limit
the application of these MR or SPECT tracers in
a clinical setting. In 2015, the MPO inhibitor-
based PET tracer *C-AZD3241 was found to
enter the monkey brain [124]. However, the
clinical application of the probe was still limited
since the tracer only visualized the presence of
MPO but not the activity and the short half-life
of **C. To overcome these limitations, Wang et
al. synthesized a ®F-labeled PET tracer, 8F-
MAPP, which displayed high specificity and sen-
sitivity, nontoxic, proper half-life, and crossed
the blood-brain barrier. Similar to the mecha-
nism of MPO-Gd, MPO could oxidize ¥F-MAPP
and causes free radicals to bind to proteins and
local retention of the radiotracer; thus the
probe reflected MPO activity. The authors also
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demonstrated the feasibility and specificity of
BE-MAPP in a mice myocardial infarction model
and found the signal-background ratio was
twice as high as MPO-Gd or its SPECT analogs,
results promising for clinical application [117]
(Table 2).

Nanoparticles (NPs) based PET imaging

Recently, PET imaging with NPs has garnered
significant interest in CVDs [125]. As a multi-
functional platform, nanoparticles could ampli-
fy the PET signal as well as carry therapeutic
drugs, thus exhibit additional theranostic mer-
its [126-128].

NPs based PET imaging of macrophages gener-
ally exploits the high endocytosis or micropino-
cytosis activity of macrophages [129, 130].
However, whether NPs can be taken up by mac-
rophages at an injury site is complicated and is
related to multiple factors including size, shape,
surface properties, and opsonization. The gen-
eral consensus is that NPs diameter between
10 and 300 nm are preferable for macrophages
uptake at diseased sites. If much larger (over
1000 nm) or smaller (under 8 nm), NPs tend to
accumulate in the liver and lungs or are cleared
by the kidneys, respectively [131]. The choice
of isotope for PET imaging depends on the cir-
culation time of the NPs. Long-circulating nano-
materials require isotopes with long half-lifes,
such as 8°Zr or %*Cu. The clinical feasibility of
short half-life isotopes such as 8F or ®8Ga are
more suitable to NPs that are rapily cleared
[131].

In 2008, Nahrendorf et al. synthesized a
64Cu-labeled trimodal (PET/MRI/optical) NP.
The *Cu-TNP had a monocrystalline iron oxide
NP MION as the core and was modified with a
surface dextran coating. In ApoE-deficient mice
models, ®*Cu-TNP displayed significant accu-
mulation in the aortic root and arch, which cor-
related with MR and optical imaging results. Ex
vivo autoradiography and Oil Red O staining
corroborated that the sites where ®*Cu-TNP
accumulated were macrophage-rich plaques.
Flow cytometry of cellular suspensions from
atherosclerotic plaque revealed macrophages
contribute to 73.9% of overall signal. Compared
with *8F-FDG, %*Cu-TNP PET signal was slightly
higher and persisted longer [132]. Based on
this work, this group further developed a core-
free dextran nanoparticles (DNP) using clinical-
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ly approved components and modified them
with a 89Zr chelator and a near-infrared fluoro-
chrome (VT680) for PET/NIR imaging of athero-
sclerotic plaque. High uptake of 8°Zr-DNP was
observsed in macrophage-rich plaques in a
murine model. Moreover, the signal decreased
using a siRNA targeted to CCR2, which is a
monocytes/macrophages recruitment marker
[133]. Perez-Medina et al. developed a discoi-
dal high-density lipoprotein (HDL) nanoparticle.
After labeling with #Zr or using near-infrared
fluorescence, the HDL-NP was found to migrate
to macrophage-rich plaques in three athero-
sclerotic models (mice, rabbit and pig). Since
HDL is a natural material removes cholesterol
from plaque, HDL-NP has promise for clinical
translation [134]. Another biocompatible mate-
rial used for in vivo imaging is hyaluronan (HA),
which is a component of extracellular matrix
and has diverse biological activities. Recently,
89Zr/Cy7 labeled hyaluronan nanoparticles
(HA-NPs) showed 30% higher accumulation in
the aortas of a atherosclerotic model mice
compared to controls using PET/MR imaging.
The Cy7-HA-NPs displayed a 6 to 40-fold uptake
increase in aortic macrophages compared to
normal tissue macrophages. In addition, the
HA-NPs exhibited immune modulation effects
that inhibited disease progression [135]. LyP-1
is a cyclic 9-amino acid peptide that binds with
the p32 protein on activated macrophages.
Seo et al. improved the dectection of macro-
phages using LyP-1 decorated dendritic NPs
compared to 8F labeled single LyP-1 imaging
[136]. Ni et al. described a ®*Cu-folate-por-
physome, a bilayered nanovesicle self-assem-
bled from phospholipid-porphyrin conjugates,
for tracking macrophages after myocardial
infarction. After decoration with folate on the
surface and radiolabeled with ®Cu, the PET
results showed that ¢*Cu-folate-porphysome
accumulated at infarct sites on days 2 and 7.
However, $*Cu-porphysome without folate mod-
ification did not [137].

Compared with 8Zr and ®4Cu, 8F is more suit-
able in the clinic since there is less radiation
exposure from a short half-life. 8F radiolabel
NPs have recently drawn attention in PET imag-
ing. Based on a pre-targeting strategy, Jeong et
al. investigated the feasibility of *8F-labe-
ledmesoporous silica NPs (DBCO-MSNs) for
tracking macrophages migration in atheroscle-
rosis model and tumor model. DBCO-MSNs and
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macrophages were incubated in vitro and then
injected into model mice. After 1-8 days, [*8F]2
was intravenously injected for DBCO-MSNs
labeling. After PET imaging, atherosclerotic
mice injected with DBCO-MSNs-RAW cells
showed higher SUVs in aortas than the mice
injected with normal RAW cells, which were
supported by autoradiography and immunos-
taining. These results indicate pre-targeting
with DBCO-MSNss is feasible for tracking macro-
phages in an atherosclerotic model [138].
Keliher and colleagues reported small modi-
fied-polyglucose NPs (*¥F-Macroflor, 5.0 nm
diameter), which displayed a high avidity for
macrophage. Since the size of NPs were below
the renal elimination threshold, they were elimi-
nated from the kidneys and had a short circu-
lating time (only 21.7 min in healthy non-human
primate). The small size and short circulating
time made Macroflor suitablefor labeling with
short half-life isotopes such as *8F. The *&F-
Macroflor was then successfully applied for
imaging of macrophage-rich plaques in mice
and ribbit models (Figure 2D) and injured heart
tissue in a myocardial infarction mice model
(Figure 2E). Flow cytometry gating on isolated
cells from aortic or infarcted tissues verified
the NP was primarily taken up by macrophages
but not by neutrophils or lymphocytes. The clini-
cally suitable radioisotope, natural material,
and facile click labeling made the *®F-Macroflor
highly promising for clinical translation [139]
(Table 2).

Other potential targets

Inducible nitric oxide synthase (iNOS) is a cru-
cial enzyme that generates large amounts of
NO when induced by inflammatory stimuli.
Studies have shown that iNOS is highly upregu-
lated in activated M1 macrophages and can
therefore be exploited for targeted macrophage
imaging [140]. *F-NOS was developed in 2009
and has successfully been used for PET imag-
ing of INOS in models of lung inflammation
[141, 142]. Moreover, increased 8F-NOS was
reported in patients with organ rejection after
heart transplantation surgery. The myocardial
18F-NOS uptake also correlated with iNOS stain-
ing in heart tissue [143].

Formyl peptide receptor 1 (Fprl) belongs to the
G-protein-coupled receptor family. Expression
of Fprd has been reported on activated macro-
phages and other leukocytes. A previous study

Am J Transl Res 2020;12(5):1491-1514



PET imaging of macrophages in CVDs

Table 3. Summary of other potential targets illustrated in the present review

Target Disease Preclinical/clinical Radiotracer
iNOS Acute lung inflammation Clinical 18F-NOS [141, 142]
Heart transplantation Clinical 18F-NOS [143]
Fprl Osteoarthritis Preclinical CcFLFLF-PEG-%4Cu [144]
CRIg Rheumatoid arthritis Preclinical 99mTe-NbV4m119 [146]
CD80 Atherosclerosis Preclinical 1C-AM7 [147, 148]
CD163 Collagen-induced arthritis Preclinical %8Ga-ED2 [149]
CD11b Cancer Preclinical 84Cu-NOTA-aCD11b-mAb [150]; 89Zr-anti-CD11b Ab [151]
Inflamed ear/IBD/Atherosclerosis Preclinical 84Cu-aCD11b [152]; 89Zr-a-CD11b [153]; **"Tc-anti-CD11b [154]
CD169 Allograft rejection Preclinical 99mTe-SER-4 [155]
CcD68 Atherosclerosis Preclinical 64Cu-CD68-Fc [157]
F4/80 Breast tumor Preclinical n-anti-F4/80-A3-1 [156]

labeled a Fprl specific binding peptide (cin-
namoyl-F-(D)L-F-(D)L-F) with ®4Cu for PET imag-
ing of infiltrating macrophages in osteoarthri-
tic rats. The diseased knee displayed approxi-
mately a 6-fold increase compared to its con-
tralateral healthy knee. The tissue and cell lin-
es staining indicated the expression of Fprl
expressed on macrophages and synovial mem-
branes [144].

Complement receptor of the immunoglobulin
superfamily (CRIg) is expressed on tissue-resi-
dent macrophages and has an affinity for C3b
and iC3b, which can clear probes tagged with
C3b and iC3b [145]. Zhang et al. reported a
nanobody targeting CRIg for SPECT imaging.
99mTc-NbV4m119 accumulated in arthritic le-
sions of the inflamed murine paws. Immu-
nofluorescence staining verified the co-loca-
lization of CRIg and CD68" macrophages in
inflamed knee synovium tissue [146].

Several CD markers on macrophages have
been identified, which also hold potential to
detect macrophages in CVDs using PET imag-
ing. However, to date, most probes targeted
these CD markers were antibody-based and
mainly investigated in tumor models or other
inflammatory related diseases. We will highlight
all of these studies irrespective of the modality
and disease type. The targets included CD8O0,
CD163, CDh11hb, CD169, CD68 and F4/80.

The co-stimulatory molecules CD80 and CD86
were found on M1 macrophages in human ath-
erosclerotic plaque and more so in vulnerable
plagues [147]. Muller et al. synthesized 'C-
AM7, a CD80-specific radiotracer, and show-
ed 3-fold higher binding to vulnerable human
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plagues compared to stable plaques ex vivo
[147]. The 'C-AM7 PET imaging was further
proved in a shear stress-induced atherosclero-
sis mouse model [148]. CD163 is a scavenger
receptor for removing plasma hemoglobin dur-
ing intravascular hemolysis. It has been found
to be highly expressed on monocytes and mac-
rophages, particularly M2 macrophages. Ei-
chendorff et al. radiolabeled a CD163 antibody
(ED2) with ®8Ga and found that it could specifi-
cally bind to the CD163 receptor in vitro.
Additionally, ®8Ga-ED2 accumulated in macro-
phage-rich tissues of collagen-induced arthritis
rat [149]. CD11b, also known as Mac-1, is
expressed on macrophage and other leuco-
cytes. Over the years, several radiolabeled anti-
CD11b antibody tracers have been investigated
in tumor or inflammatory models, including
64Cu-NOTA-aCD11b-mAb in breast and mela-
noma tumor [150], 8Zr-anti-CD11b Ab in glio-
blastoma [151], ®*Cu-aCD11b in chronic ear
inflammation [152], 8Zr-a-CD11b in inflamma-
tory bowel disease (IBD) [153], and **"Tc-MAG,-
anti-CD11b in atherosclerosis [154]. °*Tc-
SER-4 is a SPECT probe targeting CD169 (sia-
loadhesin, Sn) and was recently developed to
monitor macrophages in chronic transplant re-
jection [155]. As a pan-macrophages marker in
murine model, an F4/80 receptor targeted anti-
body was applied for imaging tumor-associated
macrophages by labeling with **In. In a murine
breast cancer model, the *!In-anti-F4/80-A3-1
uptake was prominate in the tumor and sple-
en and decreased after clodronate treatment
[156]. CD68 is another scavenger receptor on
macrophages and is involved in the uptake of
modified low-density lipoproteins thereby pro-
moting the formation of foam cells. Thus, an
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anti-CD68 PET tracer (°**Cu-CD68-Fc) may help
monitor plaque development [157] (Table 3).

Conclusions and future perspectives

Since the cardiovascular system so vital and
well protected, biopsies are risky and challeng-
ing. Thus, noninvasive PET imaging has im-
mense potential to provide diagnostic informa-
tion, particularly when integrated with the soft-
tissue contrast of MRI. In vivo tracking of mac-
rophages will benefit both basic research and
clinical decision making for CVDs. Revealing
macrophages function in CVDs may permit
early detection of atherosclerosis or discrimina-
tion of unstable plaques. In turn, this can
decrease risk of Ml or stroke, facilitate the diag-
nosis of inflammatory cardiomyopathies, and
enable monitoring of anti-inflammatory thera-
pies in CVDs.

Over the past 15 years, over 50 macrophage-
targeted probes have been described and stud-
ied. Among them, metabolism or proliferation-
based tracers, including *€F-FDG, !C-me-
thionine, **C-Choline, 8F-FCH and *8F-FLT, are
nonspecific radiotracers, which seem inferior to
specific target-based probes. However, in view
of current positive clinical results, the clinical
value for diagnosis and therapy monitoring
using these probes should not be ignored
despite their nonspecific nature.

Additional clinical and comparative studies are
required the probes currently developed, par-
ticularly those with promising animal study
results. To date, including the metabolism- and
proliferation-based tracers, 13 probes in have
been clinically investigated, including °%Ga-
pentixafor, Ga-DOTA-TOC, ©6%Ga-DOTA-NOC,
68Ga-DOTA-TATE, %“Cu-DOTA-TATE, !C-PK111-
95, 8F-GE-180 and F-NOS. Unfortunately,
most of them involved a small number of
patients, were single-center, and retrospective
studies. More multi-center and prospective
clinical studies would help determine the clini-
cal feasibility and effectiveness of these trac-
ers. Moreover, comparative studies are still
lacking. While difficult to compare because dif-
ferent targets may reflect various aspects of
macrophage function or the nonspecifity of
FDG, additional characteristic information of
each tracer would be provide. Furthermore,
there are still several available tracers that
have not been fully exploited in CVDs. Antibody-
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based probes are an example that have been
developed for PET and SPECT imaging in can-
cer and other inflammatory diseases but not
investigated in CVDs. Thus, antibody probes
may hold promising for CVDs in the future.

Next generation probes can be developed by
modifying the chemical structure those that
already exist. Current probes are not all perfect;
thus, modifying the chemical structure to bal-
ance the hydrophile or lipophilia may improve
probes’ performance. Alternatively, developing
new targets and novel tracers are still appeal-
ing. Each target reflects just one of macrophage
functions and not all patients may respond
effectively to one tracer. Previous studies have
reported positive imaging in some patients but
not in the others, which may be ascribed to dif-
ferent receptor expression levels among indi-
viduals. Hence, novel targets and tracers with
high specificity and generally expression are
helpful. Apart from diagnosis, tracers for thera-
py or theranostic are another promising direc-
tion. Early diagnosis would aid in the early pre-
vention of CVDs. Therapy or theranostic tracers
would help drug release for modulating macro-
phages polarization and also treatment moni-
toring. To this end, NPs are an excellent choice
due to the versatile properties that facilitate
drug loading and imaging applications.

Target specificity is an essential aspect of imag-
ing studies. Most of studies discussed in this
review generally used a comparison between
immunohistochemical staining for CD68* and
autoradiography to verify the tracers’ specificity
for macrophages. While this strategy is useful,
it is not comprehensive. This comparison does
not provide information about the contribution
from other cells to the signal. While finding an
absolutely pure target is challenging, the speci-
ficity of a tracer clarifies what the signal is truly
reflecting. Flow cytometric gating on cells
derived from target tissues has been applied in
some reports, which may helpful to overcome
this concern.

Distinguishing macrophage subtypes with pre-
cision is challenging. Generally, two or three
cell markers are required to verify M1 or M2
macrophages using flow cytometry, which is
difficult for with single-targeted PET imaging.
Additionally, M1 and M2 macrophage pheno-
types are not stable and can change in
response to environmental signals. Although
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some targets are reported to be preferably
expressed on M2 or M1 macrophages, the
specificity is not entirely clear, which makes
imaging of macrophage subtypes difficult.

PET imaging of macrophages have been
designed to target and image one aspect of
macrophages. PET imaging of macrophages in
CVDs have distinct advantages for patient diag-
nosis and can inform treatment decisions.
Future work will help us understand the role of
macrophages in CVDs and ultimately benefit
patients.
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