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KEY POINTS

o '8F-FDG PET/CT is the standard of reference in nuclear imaging of infection and inflammation, but

lacks specificity.

e Receptor-directed alternatives, such as tracers targeting somatostatin and chemokine receptors
on proinflammatory cells have shown promising results in first clinical studies, especially in the

setting of myocardial inflammation.

e Many further PET and SPECT probes directed at other specific inflammatory cell receptors, cell
adhesion molecules, and proinflammatory cytokines and enzymes are currently being evaluated.

INTRODUCTION

Although inflammation is a crucial and beneficial
process in the acute physiologic defense against
pathogens, excessive, uncontrolled, or chronic in-
flammatory reactions can lead to numerous path-
ologic changes. These include rheumatic and
autoimmune diseases, such as rheumatoid
arthritis (RA) or vasculitis, as well as several car-
diovascular and neurologic disorders.
Traditionally, 3-phase bone scintigraphy, 8’Ga-
citrate scintigraphy, or white blood cell scintigraphy
have been the mainstay of nuclear medicine imag-
ing of inflammation and infection. Nowadays, PET
imaging with the glucose analog 2-deoxy-2-['8F]
fluoro-p-glucose ('®F-FDG, FDG), which takes
advantage of the increased glucose metabolism
in proinflammatory target cells,! is the standard of
reference for noninvasive visualization and moni-
toring of inflammatory processes. However, its
nonspecificity and dependence on physiologic var-
iables, such as glucose levels or renal function can
limit its suitability in numerous clinical scenarios.
To overcome these shortcomings multiple other
tracers have been developed. In this review we

discuss nuclear imaging of inflammation using mo-
lecular probes beyond FDG and focusing on their
cellular targets. Special emphasis is put on diag-
nostic tracers that have already been successfully
applied clinically (Table 1).

TARGETING RECEPTORS ON THE CELL
SURFACE
Somatostatin Receptor

Somatostatin receptors (SSTR), especially subtype
SSTRy,, are important diagnostic and therapeutic
targets in oncology, with routine use in the manage-
ment of neuroendocrine tumors and meningiomas.
The G protein-coupled receptor can be targeted us-
ing synthetic somatostatin analogs, such as
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraace-
tic acid (DOTA)-p-Phe-Tyr3-octreotide (DOTA-
TOC), DOTA-1-Nal(3)-octreotide (DOTA-NOC), or
DOTA-p-Phe-Tyr3-octreotate (DOTA-TATE), which
differ mainly in their affinity to the various receptor
subtypes (SSTRi.5). A particularly rich SSTR,
expression is found on macrophages with numerous
studies demonstrating promising results using
SSTR-directed PET for detection of various
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Table 1
PET tracers for inflammation imaging
Features

Target Tracer

Specific targeting of receptors/transporters/proteins

Somatostatin receptor
(SSTR)

C-X-C motif chemokine
receptor 4 (CXCR4)

C-C motif chemokine
receptor 2 (CCR2)

ayP3 integrin receptor

Folate receptor (FR)

Mannose receptor

Translocator protein-18
kDa (TSPO)

Bacterial thymidine kinase

Bacterial maltodextrin
transporter

68Ga-DOTA-TOC
68Ga-DOTA-NOC
68Ga-DOTA-TATE

68Ga-Pentixafor

64Cu-DOTA ECL1i
68Ga-DOTA ECL1i

18F_Galacto-RGD
68Ga-PRGD2
18F_Fluciclatide

'8F_Fluoro-PEG-folate

'8F_Fluoro-b-mannose
68Ga-NOTA-HAS
68Ga-NOTA-anti-MMR nanobody

"C-PK11195 and 2nd and 3rd
generation TSPO tracers, such
as '8F-GE180

1241 FIAU

'8F_Maltohexaose

Overexpressed mainly on
proinflammatory M1
macrophages. Useful
particularly in imaging of
cardiac inflammation due to
specificity and lack of tracer
uptake in healthy myocardium
(FDG PET requires the use of
dedicated patient preparation
strategies to suppress the
physiologic myocardial FDG
uptake)

Expressed on a variety of
proinflammatory immune cells,
with a pronounced
overexpression on
macrophages and T cells

Mostly expressed on highly
inflammatory monocytes,
natural killer cells and T cells

Mediates cell adhesion and plays
an important role in
angiogenesis, making it an
interesting target in many
different oncologic or
inflammatory conditions, such
as rheumatoid arthritis

Remarkably high expression on
the cell surface of activated
macrophages with highly
restricted FR expression in
normal tissues

Mainly expressed by
macrophages, immature
dendritic cells, and liver
sinusoidal endothelial cells

Protein situated in the outer
mitochondrial membrane;
upregulated in activated
macrophages, particularly in
the brain (microglia). Promising
target for neuroinflammation
imaging.

Bacteria express a thymidine
kinase (TK) that differs from
the major human TK in its
substrate specificity

Bacteria-specific and not found in
mammalian cells

(continued on next page)
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Table 1
(continued)

Target Tracer

Features

Unspecific visualization of inflammation
Proliferation "C-Methionine

Proliferation

Bone metabolism

'8F-Fluorothymidine (FLT)

'8F_Sodium flouride (NaF)

Marker of amino acid transport
and protein synthesis,
accumulates in inflammatory
cells, including macrophages, T
cells, and B cells

Generally considered a marker of
tumor proliferation; able to
visualize inflammation with
different tracer distribution
compared with FDG

Used to assess bone metabolism
and osteogenic activity; since
NaF also localizes to
developing microcalcifications,
it can be used as a marker of
calcification activity

inflammatory conditions, such as sarcoidosis,
myocarditis, or atherosclerosis.

In a study with 20 patients with sarcoidosis,
Nobashi and colleagues? demonstrated the supe-
riority of 88Ga-DOTA-TOC PET/computed tomog-
raphy (CT) over ©®"Ga-scintigraphy  for
identification of lymph node, uvea, and muscle le-
sions. Subsequent pilot studies used SSTR-
directed PET to detect cardiac sarcoidosis (CS),
with results corresponding closely to those of car-
diac MR imaging,® and outperforming those of '8F-
FDG PET.* SSTR PET was likewise used to visu-
alize myocardial inflammation in patients with peri-
carditis, myocarditis, and subacute myocardial
infarction (AMI), again with excellent concordance
to cardiac MR imaging.® Key advantages of SSTR-
directed imaging of cardiac inflammation include
specific targeting of proinflammatory M1 macro-
phages,® and lack of tracer uptake in healthy
myocardium, a significant advantage over '8F-
FDG PET, which requires the use of dedicated pa-
tient preparation strategies to suppress the physi-
ologic myocardial '8F-FDG uptake.”®

SSTR-directed PET imaging is furthermore
capable of localizing inflammation in atheroscle-
rosis. Although initial pilot studies established the
general feasibility of this imaging approach in the
larger arteries,’®'" the prospective observational
VISION trial, which included 42 patients with acute
coronary syndrome and/or transient ischemic
attack/stroke, revealed superior imaging charac-
teristics of ®®Ga-DOTATATE versus '8F-FDG PET
in vessels as small as the coronary arteries®
(Fig. 1). A substudy revealed that SSTR-directed

PET can identify residual postinfarction myocar-
dial inflammation both in recently infarcted
myocardium (<3 months) as well as in old ischemic
injuries,'? and also found a strong correlation be-
tween bone marrow uptake and myocardial
inflammation, which might indicate a potential for
noninvasive evaluation of systemic inflammatory
networks.'? Finally, Schatka and colleagues'® out-
lined the potential of SSTR-directed peptide re-
ceptor radionuclide therapy to alter inflammatory
activity in atherosclerotic plaques, a potentially
new theranostic approach to modulate plaque
biology.

C-X-C Motif Chemokine Receptor 4

C-X-C motif chemokine receptor 4 (CXCR4) is
expressed on a variety of proinflammatory immune
cells, with a pronounced overexpression on mac-
rophages and T cells. CXCR4-directed PET
tracers, such as %8Ga-Pentixafor provide the op-
portunity to visualize human CXCR4 expression
in vivo, and insights from first pilot studies suggest
that this approach can contribute to uncovering
the highly sophisticated role of chemokines and
their receptors in inflammatory processes.

Myocardial inflammation imaging after acute
myocardial infarction

Pilot studies that investigated CXCR4-directed
PET imaging in the highly inflammatory environ-
ment of AMI demonstrated high tracer uptake in
the infarcted myocardium™ (Fig. 2), which coin-
cided with the presence of proinflammatory cells
in the ischemic area.’® A further investigation
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Fig. 1. Comparison between %8Ga-DOTATATE and '8F-FDG coronary PET inflammation imaging. Images from a 57-
year-old man with acute coronary syndrome who presented with deep anterolateral T-wave inversion (arrow) on
electrocardiogram (A) and serum troponin-I concentration increased at 4650 ng/L (NR: <17 ng/L). Culprit left ante-
rior descending artery stenosis (dashed oval) was identified by X-ray angiography (B). After percutaneous coro-
nary stenting (C), residual coronary plaque (*inset) with high-risk morphology (low attenuation and spotty
calcification) is evident on CT angiography (D, E). %8Ga-DOTATATE PET (F, H, /) clearly detected intense tracer accu-
mulation in this atherosclerotic plaque/distal portion of the stented culprit lesion (arrow) and recently infarcted
myocardium (asterisk). In contrast, in '8F-FDG PET (G, J), myocardial spillover completely obscures the coronary
arteries. CT, computed tomography; '8F-FDG, fluorine-18-labeled fluorodeoxyglucose; ®8Ga-DOTATATE, gallium-
68-labeled DOTATATE. (From Tarkin JM, Joshi FR, Evans NR, et al. Detection of Atherosclerotic Inflammation by
(68)Ga-DOTATATE PET Compared to [(18)FIFDG PET Imaging. Journal of the American College of Cardiology.
2017;69(14):1774-1791; with permission.)

Fig. 2. Increased ©8Ga-Pentixafor
uptake in acute myocardial infarc-
tion affecting the left anterior de-
scending artery. Axial slices of
both (A) contrast-enhanced multi-
shot inversion recovery turbo field
echo cardiac MR imaging and (B)
CXCR4-PET, as well as (C) fused
PET/computed tomography. Im-
ages reveal increased %8Ga-Pentix-
afor uptake in the apex that consistently matches myocardial damage in CMR (arrows). (From Lapa C, Reiter T,
Werner RA, et al. [(68)Ga]Pentixafor-PET/CT for Imaging of Chemokine Receptor 4 Expression After Myocardial
Infarction. JACC Cardiovascular imaging. 2015;8(12):1466-1468; with permission.)




found a correlation between CXCR4 expression in
the bone marrow and the severity of the systemic
inflammatory response,’® and showed that those
patients with AMI who had initially high myocardial
tracer uptake presented with less scar tissue in the
infarcted area and a better functional outcome at
follow-up.'® However, the latter findings are in
contradiction with results of a recent preclinical
study that reported on beneficial effects of
CXCR4 blockade by attenuated inflammatory
gene expression via regulatory T cells."” More
research to broaden our understanding of the
spatial and temporal orchestration of CXCR4
expression in the different cell types involved in
AMI is highly warranted.

C-X-C motif chemokine receptor 4-directed
inflammation imaging in atherosclerosis

At present, a study of 72 patients with lymphoma
showed that ®8Ga-Pentixafor PET/MRI is able to
visualize inflammation within human carotid pla-
ques, with histologic evidence for colocalization
of CXCR4 and CD68 in inflamed atheromas and
preatheromas.’® These findings confirmed previ-
ous results of CXCR4 overexpression in
macrophage-rich plaque regions in a rabbit model
of atherosclerosis.’® In addition, 2 independent
studies demonstrated an association between
cardiovascular risk factors and CXCR4 expression
within atherosclerotic plaques on a per-patient ba-
sis, as visualized by ®8Ga-Pentixafor PET/CT.2%2"
Derlin and colleagues®® investigated CXCR4
expression in the coronary arteries of 37 patients
with AMI after stent-based reperfusion and found
highest %8Ga-Pentixafor uptake in the culprit le-
sions, which the authors ascribed to vessel wall
inflammation and/or stent-induced injury. In
another study in patients undergoing CXCR4-
directed endoradiotherapy with '77Lu-/°°Y-Pentix-
ather for hematologic malignancy, Li and col-
leagues?® were able to show an additional anti-
inflammatory therapeutic effect on atherosclerotic
plaques.

Whereas most of the PET signal is believed to
originate from macrophages, the variety of different
cell types expressing the chemokine receptor on
their surface (T cells, B cells, and/or progenitor
cells) adds complexity to the underlying biology
and its clinical implications,?* and the CXCR4 axis
seems to exert both atheroprotective as well as
atherogenic, proinflammatory effects.?>?® This
could explain results of a human carotid plaque
study that showed CXCR4 overexpression in both
stable and unstable atherosclerotic plaques, with
the highest receptor expression found on macro-
phages and macrophage-derived foam cells.?”
Future studies to investigate CXCR4 biology in
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atherosclerosis and its clinical implications are
highly warranted.

C-X-C motif chemokine receptor 4-directed
imaging in infections

Noninvasive targeting of CXCR4 with PET/CT has
also been used to image infectious diseases. In a
pilot study of 29 patients with suspected chronic
osteomyelitis, Bouter and colleagues®® exploited
the increased CXCR4 expression of T cells to suc-
cessfully visualize inflammatory activity. In a sepa-
rate study, the same group demonstrated superior
diagnostic accuracy of ®8Ga-Pentixafor PET/CT
for detection of chronic bone infections compared
with the granulocyte-directed ®°™Tc-besilesomab
and ®°MTc-labeled white blood cells.?® In addition,
in an investigation of 13 patients with complicated
urinary tract infections after kidney transplanta-
tion, infectious foci could successfully be detected
by imaging leukocyte infiltration using ®8Ga-Pen-
tixafor PET and MRI.2°

C-C Motif Chemokine Receptor 2

C-C chemokine receptor type 2 (CCR 2; CD 192) is
mostly expressed on monocytes, natural killer
cells, and T lymphocytes,3'-32 and plays a crucial
role in the homeostatic release of monocytes and
macrophages from the bone marrow.33 Interaction
of CCR2 with its ligand CCL2 is essential to induce
normal inflammatory monocyte migration (from the
bone marrow) into peripheral tissues,®* which is
important in the defense against microbial infec-
tions. An imbalance in favor of highly inflammatory
CCR2* macrophages and monocytes can, how-
ever, lead to serious pathologic changes and in-
flammatory conditions, such as atherosclerosis
and RA.%5%% Furthermore, it has been shown
that, after AMI, CCR2* monocytes infiltrate the
heart and differentiate into highly inflammatory
CCR2* macrophages that ultimately contribute
to postinfarction heart failure.®”

With the development of the allosteric CCR2
ligand “extracellular loop 1 inverso” (ECL1i), nonin-
vasive molecular imaging of CCR2 expression
in vivo has become feasible,® as illustrated by
the results of a pilot study in mice models of car-
diac injury that showed accumulation of the new
tracer in areas rich in CCR2™ cells.®® The authors
also provided autoradiographic confirmation of
specific tracer binding to human macrophages in
heart failure specimens.®® Another proof-of-
concept could be provided in a mouse model of
lung injury and in human tissues from subjects
with chronic obstructive pulmonary disease.*®
PET using %*Cu-labeled DOTA-ECL1i was able to
noninvasively visualize CCR2™ cells in both mouse
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lungs (after LPS-induced injury) as well as in hu-
man lung disease tissue.*°

Other Specific Targets

Alpha-v beta-3 receptor

The transmembrane receptor alpha-v beta-3
integrin (a.,B3) mediates cell adhesion and plays
an important role in angiogenesis, making it an
interesting target in many different oncologic or
inflammatory conditions.*!%2 Radiopharmaceu-
ticals containing an arginine-glycine-aspartic
acid (RGD) sequence, such as '®F-galacto-
RGD, ®8Ga-PRGD2, and '®F-fluciclatide bind
the o,B3 receptor with high affinity and enable
noninvasive visualization of a,B3 expression
in vivo.43

In atherosclerosis, both macrophages and acti-
vated endothelial cells have been described to ex-
press high levels of the a,B; receptor.##4%
Interestingly, the a,Bs integrin may be directly
involved in the degradation of the protective
fibrous cap of atherosclerotic lesions, because it
has been identified as a binding moiety that local-
izes matrix metalloproteinase 2 to the surface of
invasive cells.*®4” Therefore, o,B; expression
might serve as a potential combined marker of
both inflammation and angiogenesis in atheroscle-
rotic lesions and thus as a noninvasive in vivo sur-
rogate parameter of plaque vulnerability.*® In a
study in 10 patients with high-grade carotid artery
stenosis, '8F-galacto-RGD uptake significantly
correlated with intraplaque «,Bs; expression and
with results of autoradiography, and could be spe-
cifically blocked in in vitro competition experi-
ments. Based on these results, the authors
concluded that o, Bs-integrin-directed PET visual-
ized several important features of plaque stability
that might potentially be advantageous over '8F-
FDG.*° Another study of 21 patients with AMI us-
ing the RGD-containing tracer '®F-fluciclatide
showed increased tracer uptake in the infarcted
area, which the authors attributed to sites of car-
diac repair, due to an association between tracer
uptake and functional recovery at follow-up.%°
This confirmed results of previous studies with
other a,B3-directed PET tracers in a rat model of
AMI,®" and in patients with AMI/stroke.%?

Apart from cardiovascular imaging, o,fBs-
directed PET has been used to image conditions
associated with angiogenesis, highlighted by a
prospectively designed head-to-head compari-
son between ®8Ga-PRGD2 and '8F-FDG PET/CT
in 20 patients with untreated RA.5® The authors
demonstrated the superiority of ®8Ga-PRGD2
over "®F-FDG for detection and evaluation of
severity of active RA lesions and provided

histologic confirmation of increased o, 3 expres-
sion on neo-endothelial cells of the affected
synovia.®®

Mitochondrial translocator protein

The 18-kDa mitochondrial translocator protein
(TSPO) is a 5-transmembrane domain protein situ-
ated in the outer mitochondrial membrane and is
widely distributed in most peripheral organs,
including kidneys, nasal epithelium, adrenal
glands, lungs, and heart.5* In contrast, due to min-
imal expression in resting microglial cells, it has
been found to be a promising target for neuroin-
flammation imaging.>® Because TSPO is also
upregulated in activated macrophages, its use
might be extended to the visualization of non-
neurologic, peripheral inflammatory processes as
well as the characterization of systemic inflamma-
tory responses, for example, the heart-brain axis
after myocardial infarction.

In a series of trials of patients with RA, TSPO-
directed PET was able to detect subclinical syno-
vitis via imaging of activated macrophages, even
when MRI was inconspicuous.>*%° In studies in
the setting of atherosclerosis and vascular inflam-
mation in patients with systemic inflammatory
disorders, the selective TSPO ligand ''C-
PK11195 was able to visualize activated macro-
phages in the vessel wall and improve cerebro-
vascular risk stratification.°%2 Of note, TSPO
PET detected inflammatory activity even in
asymptomatic patients and might therefore prove
a useful tool for very early disease detection.
However, some limitations of TSPO PET tracers
for the detection of peripheral inflammatory con-
ditions, such as its multicellular receptor expres-
sion profile, the presence of radiolabeled
metabolites and an interindividual variability of
tracer binding affinity due to TSPO polymor-
phisms have to be taken into account.®® Beyond
these drawbacks, strengths of TSPO-directed
PET imaging are the ability to visualize both cen-
tral and peripheral inflammatory networks and the
interplay between activated microglia and macro-
phages, as highlighted in a recent study by
Thackeray and colleagues.®* In a mouse model
of AMI the authors revealed that, in addition to
the inflammatory response in the infarcted
myocardium, there was an interaction between
systemic inflammatory networks and neuronal
inflammation via activated microglia (Fig. 3).
These results could be corroborated in 3 patients
after AMI, thus highlighting the systemic interac-
tion between heart and brain after cardiac
ischemia. A pilot study in patients with controlled
HIV infection also hinted at the suitability of TSPO
PET to depict concomitant neuroinflammation.®®
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Fig. 3. Serial imaging demonstrating
concurrent increase of TSPO in the
heart and brain after acute Ml and
in chronic heart failure. Distribution
of the mitochondrial translocator
protein (TSPO) ligand '8F-GE180 de-
notes inflammation in the heart and
brain after acute myocardial infarc-
Heart tion. Perfusion-corrected '8F-GE180
Failure polar map shows increased TSPO
expression in the anterolateral infarct
territory at 1 week post-MI, associ-
ated with increased TSPO and neuro-
inflammation. After 8 weeks and the
development of heart failure, TSPO
is increased in the remote myocar-
dium with recurrent neuroinflamma-
tion proportional to the decline in
cardiac function. AMI, acute myocar-

dial infarction; M®, macrophage. (From Thackeray JT, Hupe HC, Wang Y, et al. Myocardial Inflammation Predicts
Remodeling and Neuroinflammation After Myocardial Infarction. Journal of the American College of Cardiology.

2018;71(3):263-275; with permission.)

Folate receptor

Folate receptor beta (FR-B) is a glycosyl-
phosphatidylinositol-anchored protein that binds
the vitamin folic acid with high affinity and inter-
nalizes it via endocytosis.®® Except for an overex-
pression on proximal tubule cells in the kidneys,
FR prevalence is limited in normal tissues. How-
ever, a remarkably high FR expression on the sur-
face of activated macrophages has been
described,®” and FRs have been targeted to
study inflammatory conditions, such as RA. An
example is a study by Gent and colleagues®® in
a rat model of RA that demonstrated superiority
of ®F-fluoro-PEG-folate over the mitochondrial
translocator protein PET tracer PK11195 for
detection of RA. In another study, FR-targeted
PET was able to identify affected joints in patients
with RA and provided histologic proof from syno-
vial tissue samples.®® Numerous other preclinical
studies are currently evaluating the potential of
targeting the FR-B for diagnosis and treatment
of inflammatory diseases (mainly RA).”%""

Mannose receptor

The mannose receptor (CD206) is mainly expressed
by macrophages, immature dendritic cells, and liver
sinusoidal endothelial cells,”? and several preclini-
cal studies have already evaluated the possibility
of targeting it for inflammation imaging. For
example, '8F-fluoro-o-mannose PET/CT was used
in a rabbit model to identify inflammation within
atherosclerotic plaques,”® whereas %%Ga-NOTA-
mannosylated human serum albumin (MSA) PET
was successfully utilized in different animal models
for detection of inflammation in atherosclerotic

plagues and myocarditis, respectively.”*"®
Recently, a study in apoE-knock out mice demon-
strated feasibility of atherosclerotic plaque imaging
by visualization of (M2a) macrophages using a
68Ga-labeled anti-MR-nanobody.”®

Thymidine kinase

Bacteria express a thymidine kinase (TK) that dif-
fers from the major human TK in its substrate
specificity. This was exploited by Diaz and col-
leagues’” who used '2%l-labeled 1-(2'-deoxy-2'-
fluoro-b-p-arabinofuranosyl)-5-iodouracil ~ (FIAU),
a substrate of the bacteria TK, to detect musculo-
skeletal infections in a pilot study with 8 patients.
But despite these promising results, the whole-
body distribution with significant uptake in liver,
kidneys, muscles, and to a lesser extent in several
other organs, potentially due to the presence of a
mitochondrial enzyme resembling the bacterial
TK, raised concerns about the general applicability
of the tracer. These concerns were reaffirmed in a
study on '24|-FIAU PET for detection of prosthetic
joint infections that revealed low specificity and
sensitivity of the tracer.”®

Maltodextrin transporter

The bacteria-specific maltodextrin transporter is
not found in mammalian cells and can be targeted
with '8F-labeled maltohexaose ('8F-MH). Ning and
colleagues’® showed in rats that '®F-MH PET can
identify early stage infections consisting of as few
as 10° colony-forming units of E. coli. In a recent
investigation using a model of Staphylococcus
aureus-mediated infections associated with
implanted cardiac devices, '®F-MH but not '8F-
FDG PET was able to distinguish infection from
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noninfectious inflammation.8° Thus, this new im-
aging probe holds great potential for the transla-
tion of bacterial imaging in humans.

Other targeted tracers

Numerous other imaging probes have been inves-
tigated that cannot be extensively covered in this
review, including receptor-directed tracers that
target immune cells, such as T lymphocytes
(CD3 and CD4) and B lymphocytes (CD20), or
granulocytes (BW250/183),8" as well as tracers
for specific noninvasive imaging of bacterial infec-
tions. For a comprehensive overview over the cur-
rent literature and most promising candidates for
infection-specific PET imaging of bacteria, please
refer to the review by Auletta and colleagues.®?

TARGETING CELL PROLIFERATION AND CELL
METABOLISM

As an alternative to receptor-directed imaging,
tracers targeting increased inflammatory cell
metabolism have been evaluated. Although these
tracers are obviously not inflammation specific,
they may offer advantages over '®F-FDG in certain
scenarios, for example, for the assessment of in-
flammatory heart processes, such as myocarditis
or sarcoidosis, due to the absence of physiologic
uptake in the healthy myocardium.

Methionine

The radiolabeled amino acid L-[methyl-1'Cmethi-
onine (''C-methionine) as a marker of amino acid
transport and protein synthesis is predominantly
used in oncology, particularly for the imaging of
brain tumors and multiple myeloma.3-%” However,
methionine uptake is also increased in monocytes
and macrophages that migrate to sites of inflam-
matory activity.®®8% In vitro binding experiments
using isolated inflammatory cells confirmed that
14C-methionine accumulates in inflammatory cells,
including macrophages, T cells, and B cells,*
suggesting the applicability of ''C-methionine
PET for detection of inflammatory lesions, espe-
cially in the setting after acute ischemia. In a pilot
study of 9 patients with AMI, Morooka and col-
leagues® demonstrated increased myocardial
11C-methionine uptake in the infarct area, with
reduced or no uptake in '8F-FDG PET and 2°'TI
perfusion SPECT, respectively. Thackeray and
colleagues® confirmed these results by tracing
1C-methionine accumulation in the infarcted
area back to inflammatory M1 macrophages using
a mouse model and 1 human patient. Increased
uptake of 1'C-methionine was also found in inflam-
matory lesions of a rat model with induced autoim-
mune inflammatory myocarditis.®®

Fluorothymidine

3'-Deoxy-3'-'8F-fluorothymidine (FLT) has been
mostly evaluated in the oncologic setting as a
marker of tumor proliferation. FLT is transported
into the cell by nucleoside transporters, phosphor-
ylated by thymidine kinase 1 (which is particularly
active between the late G1 and early G2 phase
of the cell cycle), and subsequently trapped within
the cell.®* Thus, FLT also holds promise as a tracer
to image inflammation by depicting cell
proliferation.

In a mouse model of experimental RA, FLT PET/
CT revealed enhanced tracer uptake in inflamed
ankles as early as 1 day after arthritis induction.
Imaging findings correlated strongly with immuno-
histochemical Ki67 staining and was therefore
considered a promising tool for the in vivo assess-
ment of arthritic joint inflammation.®® Clinical expe-
rience with FLT is currently growing for
sarcoidosis. Norikane and colleagues® studied
20 patients with sarcoidosis, who underwent
both FLT and FDG PET/CT. FLT was able to iden-
tify CS and extracardiac lesions, but tracer uptake
was lower as compared with FDG. Recently, a pi-
lot study reported on an equally excellent perfor-
mance of FLT PET in the detection of CS as
compared with FDG. Interestingly, the distribution
pattern of the 2 tracers in the myocardium differed,
suggesting a distinct pathophysiological source of
the respective signal.®” Further research including
of the value of FLT PET as a biomarker for CS is
warranted.

Sodium Fluoride

PET imaging with sodium '8F-fluoride (NaF) has
been extensively used to assess bone metabolism
and osteogenic activity.®® Because NaF also local-
izes to developing microcalcifications, it can be
used as a marker of calcification activity and has
been investigated in a range of cardiovascular dis-
orders including aortic stenosis or atherosclerosis,
and other inflammatory conditions, such as RA. In
an experimental mouse model of RA, NaF PET
identified sites of enhanced pathologic bone
metabolism in diseased joints. In addition, the
PET signal significantly correlated with the degree
of bone destruction.®® A study comparing NaF and
FDG PET in 12 patients with RA found a similar dis-
tribution pattern of both tracers, with NaF PET be-
ing able to successfully identify RA-affected
joints.100

Many studies have been performed for the eval-
uation of NaF PET for the characterization of
vascular wall microcalcifications and could
confirm the feasibility of this approach for large
(aorta), carotid, and even coronary arteries.0-194



We refer to recent reviews for more detailed infor-
mation.'%%1%¢ Of note, the NaF PET signal did not
colocalize with morphologic calcification (as
detected by CT) or vessel wall inflammation (as
detected by FDG PET) in a significant number of
cases, suggesting that all modalities target distinct
biological processes and stages in atheroscle-
rosis. Beyond mere identification of sites of active
calcification, NaF PET might serve as a noninva-
sive biomarker of increased cardiovascular risk.
Among neurologically asymptomatic oncology pa-
tients undergoing NaF PET/CT, tracer accumula-
tion in the common carotid arteries was
correlated with cardiovascular risk factors and ca-
rotid calcified plague burden.’®! In patients after
recent transient ischemic attack or minor ischemic
stroke, NaF PET was equally useful to highlight
culprit and high-risk carotid plaques.’®” The pre-
dictive value of NaF PET could be confirmed for
coronary atherosclerotic plaques (with NaF, but
not FDG PET) and thoracic aorta calcification
(with patients exhibiting high NaF uptake being
prone to a 3.7 times higher cardiovascular disease
risk based on the Framingham risk score)'® as
well as for symptomatic peripheral arterial disease
(with NaF uptake demonstrating excellent discrim-
ination in predicting 1-year restenosis after lower
limb percutaneous transluminal angioplasty).’®®
In contrast to these encouraging results, the suit-
ability of NaF PET to detect active CS needs to
be determined."°

OTHER TRACERS

Numerous PET tracers have been developed and
are being evaluated for the purpose of infection
and inflammation imaging, including tracers tar-
geting most antibiotics, adhesion molecules,
such as members of the integrin and selectin fam-
ily, the immunoglobulin superfamily, or cytokines
and enzymes, for example, matrix metalloprotei-
nase or tumor necrosis factor alpha.®’

Vascular adhesion protein-1 is a glycoprotein on
endothelial cells and is involved in the transfer of
leukocytes from blood to tissues on inflamma-
tion.""" Several promising radiolabeled antibodies
and peptides have been assessed.’!'-115

Selectins are single-chain transmembrane gly-
coproteins and are classified into 3 subtypes (L-,
E—, and P-selectins) depending on the cell type
on which they originate.'’® P-selectin is located
in the a-granules of platelets and is expressed by
activated endothelia.’” Thus, it can be used as a
target for imaging atherosclerosis, and radiola-
beled probes for imaging P-selectin including
Fucoidan have been assessed in preclinical
models.'18-120

Infection and Inflammation Imaging

The P2X7 receptor, a member of the purinergic
family ~of receptors, is an adenosine
triphosphate-gated ion channel expressed pre-
dominantly on macrophages and monocytes in
the periphery and on microglia and astrocytes in
the central nervous system. Because of its wide-
spread involvement in inflammatory diseases as
a key regulatory element of the inflammasome
complex, with initiation and sustenance of the in-
flammatory cascade, it has attracted some atten-
tion and various SPECT and PET tracers have
been evaluated.'?''26 |n a recent inflammation
versus tumor model in mice, the '8F-labeled
PsX7 tracer '8F-PTTP (5-1-pyrimidin-2-yl-4,5,6,7-
tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin)
showed promise to differentiate inflammation from
malignancy.'?”

Another promising target is fibroblast activation
protein (FAP), a 170-kDa transmembrane glyco-
protein that has dipeptidyl peptidase and endo-
peptidase activity and shows high upregulation in
epithelial carcinoma and sites of tissue remodel-
ing, including fibrosis and arthritis.”*® Several
radiolabeled antibodies have been used to target
and image FAP expression in malignant and
inflamed  tissues, particularly in RA.1297132
Recently, PET tracers based on small-molecule
enzyme inhibitors have become clinically
available. 133134

Various studies have looked at nanoparticles
that are internalized by macrophages through
phagocytosis.'®® Keliher and colleagues'3® were
able to visualize cardiovascular inflammation in
mice and rabbits using an ®F-labeled, modified
polyglucose nanoparticle called Macroflor with
high avidity for macrophages.

SUMMARY

8F-FDG PET/CT is by far the most established
tracer in nuclear medicine infection and inflamma-
tion imaging and has proven its value in various
clinical settings including fever of unknown
origin,’®” endocarditis,®® or sarcoidosis.'®® How-
ever, the glucose analog FDG is taken up by
almost any metabolically active tissue, limiting its
specificity for detecting inflammatory cells. In
fact, in the setting of atherosclerosis, micro-
autoradiography studies of aortic sections of
ApoE~/~ mice have shown that *C-FDG uptake
into atherosclerotic plaques correlates poorly
with fat content and selective macrophage stain-
ing with anti-CD68."° In addition, persistent
vascular FDG uptake in patients with clinically
controlled arteritis could not always reliably iden-
tify the subjects at risk to relapse,’*! thus raising
concerns about the utility of FDG PET in the
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follow-up of vasculitis and rendering its use to
monitor disease activity controversial.’*?

Moreover, physiologic tracer uptake can
severely impair the diagnostic performance in
some scenarios (e.g. CS) requiring dedicated pa-
tient preparation.’#3

To overcome these limitations, many—poten-
tially more specific—alternatives for noninvasive
infection and inflammation imaging have been
explored. At present, the clinically best estab-
lished compounds target SSTRs on the cell sur-
face of M1 macrophages, with a growing body of
evidence suggesting the superiority of the SSTR-
directed approach, particularly in coronary
arteries.®

Many other monocyte-/macrophage-targeting
tracers, such as mannose receptor, CCR2, or
P2X7, have demonstrated encouraging preclinical
results but need to be further assessed in clinical
trials.

In atherosclerosis, detection of active calcifica-
tion by means of NaF PET/CT is gaining growing
attention.

Another clinically established option includes
imaging of CXCR4 that holds potential for the
detection of systemic inflammatory networks and
could be especially used to monitor receptor-
directed therapies, for example, after AMI. Howev-
er, given the high abundance of different CXCR4-
expressing cell types, further research investi-
gating the different sources of the PET signal in
different conditions is still needed until firm conclu-
sions on the value of chemokine receptor-directed
PET imaging can be drawn. The same holds true
for most other promising compounds that have
shown encouraging results in specific scenarios
but are to be fully validated until their routine use
instead of or complimentary to '®F-FDG can be
recommended.
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