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Myeloperoxidase (MPO) is a critical proinflammatory enzyme impli-
cated in cardiovascular, neurological, and rheumatological diseases.
Emerging therapies targeting inflammation have raised interest in
trackingMPO activity in patients. We describe 18F-MAPP, an activatable
MPO activity radioprobe for positron emission tomography (PET)
imaging. The activated radioprobe binds to proteins and accumu-
lates at sites of MPO activity. The radioprobe 18F-MAPP has a short
blood half-life, remains stable in plasma, does not demonstrate
cytotoxicity, and crosses the intact blood–brain barrier. The 18F-
MAPP imaging detected sites of elevated MPO activity in living
mice embedded with human MPO and in mice induced with chem-
ical inflammation or myocardial infarction. The 18F-MAPP PET im-
aging noninvasively differentiated varying amounts of MPO activity,
competitive inhibition, and MPO deficiency in living animals, con-
firming specificity and showing that the radioprobe can quantify
changes in in vivo MPO activity. The radiosynthesis has been opti-
mized and automated, an important step in translation. These data
indicate that 18F-MAPP is a promising translational candidate to non-
invasively monitor MPO activity and inflammation in patients.
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Inflammation plays a key role in highly prevalent diseases, in-
cluding many cardiovascular (1, 2), neurological (3), and rheu-

matological diseases (4). While an appropriate immune response
can be beneficial and effect repair, aberrant activation of this re-
sponse recruits excessive proinflammatory cells to cause damage.
Genome-wide association studies of Alzheimer’s disease (5) and
myocardial infarction (6) showed that genes encoding inflammation-
related factors can change the risk of developing these diseases.
Although blood level of C-reactive protein has been used successfully
to develop canakinumab in the Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study trial, blood biomarkers are indirect
assessments and cannot identify the locations of inflammation and
could be limited by inflammation elsewhere from off-target dis-
eases and conditions. As such, inflammatory blood biomarkers are
best used in large phase 3 trials where noise from individual
patients is averaged out. For early phase drug development as well
as for personalized therapy, more precise reporters of damaging
inflammation are needed. Thus, there has been growing interest to
identify imaging biomarkers for damaging inflammation to study its
role in human diseases, identify patients at risk, and guide the
development of anti-inflammatory therapies (7, 8).
Myeloperoxidase (MPO) is one such potential biomarker. Through

transcriptomic profiling in a heart transplant model MPO has been
identified to be highly expressed by proinflammatory cells but not by
reparative cells (9). Abundant in proinflammatory innate immune
cells, including neutrophils, monocytes, macrophages, and microglia,
MPO catalyzes the formation of hypochlorous acid and other reactive
oxygen and nitrogen species (10). MPO and its products not only kill
pathogens in host defense but also oxidize lipids, proteins, DNA, and
RNA to cause protein aggregation, cell signaling interruption, mu-
tagenesis, and tissue damage (11). MPO and its excessive production

of oxidants are implicated in a variety of acute and chronic dis-
eases, including atherosclerosis (12), atrial fibrillation (13), myo-
cardial infarction (14, 15), Alzheimer’s disease (16), multiple
sclerosis (17, 18), Parkinson’s disease (19), and vasculitis (20). To
combat MPO’s deleterious effects, MPO inhibitors are being de-
veloped and tested in animal and human studies, which include PF-
2999 for cardiovascular diseases (21), AZD3241 for Parkinson’s
disease (22), and PF-1355 for vasculitis and glomerulonephritis
(23), among others.
Among the current imaging methods to detect MPO activity

and its reactive species, bioluminescent luminol (24, 25), L-012
(26), fluorescent oxazine conjugated nanoparticles (27), sulfo-
naphthoaminophenyl fluorescein (28) and bis-5-HT-DTPA-Gd
(MPO-Gd) (29) for magnetic resonance imaging (MRI) have
been developed for in vivo imaging applications. However, most of
the bioluminescence- and fluorescence-based agents target one or
several reactive oxygen species or reactive nitrogen species and are
not specific to MPO (30). These agents also have shallow depth of
penetration, which limits their translational potential for human
use. MPO-Gd is limited by the relatively lower detection sensitivity
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intrinsic to MRI. Single-photon emission computed tomography
(SPECT) analogs of MPO-Gd formed by substituting Gd with
111In (31, 32) or 67Ga (33) have greater detection sensitivity but
have a long radioactive half-life of ∼3 d and, like MPO-Gd, cannot
cross the blood–brain barrier. These issues have hampered the
translation and application of these agents to benefit patients. To
overcome these limitations and enable rapid translation, we
developed, characterized, and validated an 18F-based positron
emission tomography (PET) imaging radioprobe, without the
need for a metal center or chelating backbone, to be a translational
candidate to noninvasively report MPO activity and damaging in-
flammation in vivo.

Results
Synthesis of Nonradioactive Compound 19F-MAPP. The nonradioactive
compound 19F-MAPP (myeloperoxidase-activatable PET probe)
was synthesized according to Fig. 1A. Intermediate 1, which was
obtained from N′,N′-dicyclohexylcarbodiimide (DCC) coupling of
5-hydroxytryptophan and 5-hydroxyindole acetic acid, underwent
coupling reaction with intermediate 2 (SI Appendix, Scheme S1)
using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) hy-
drochloride and hydroxybenzotriazole (HOBt) to give compound 3.
Direct fluorination of compound 3, however, did not result in the
desired compound since it decomposed under fluorinating condi-
tions. After screening for different protective groups, we found tert-
butyloxycarbonyl (Boc) to be suitable for protection of compound 3.
Both hydroxyl and imine groups were protected to give intermediate
4, which underwent fluorination and subsequent deprotection with
1 M HCl to give the final product 19F-MAPP. Intermediate 4 was
used as precursor for the subsequent radiolabeling optimization.

Radiochemistry.
Optimization for radiolabeling. The synthesis of 18F-MAPP consists
of 2 steps: radiolabeling and Boc deprotection (Fig. 1B). Starting
from precursor 4, we first optimized the labeling step from solvents,
bases, and temperature. The labeling was initially conducted with

Krytofix 222 (K222)/K2CO3 as a phase transfer catalyst (PTC)
in dimethyl sulfoxide at 90 °C for 10 min. These conditions
resulted in multiple radioproducts, decomposition of the starting
material, and, ultimately, low radiochemical yield of the desired
product (23.5%). Further experiments were conducted with
tetrabutylammonium bicarbonate (TBAB) as the PTC in MeCN
at 60 °C, 70 °C, and 80 °C (SI Appendix, Table S1). We found that
the TBAB and MeCN combination at 70 °C resulted in reasonable
yields (56.6%) with minimal decomposition of the starting mate-
rial. Following 18F labeling, the Boc deprotection step was first
conducted with 0.4 mmol aqueous HCl at 95 °C added directly to
the labeling reaction mixture without any prior purification. The
formation of 18F-MAPP was monitored by radio–high-pressure
liquid chromatography (HPLC) at 5, 15, and 30 min, showing
the formation of the desired 18F-labeled product quantitatively at
30 min (SI Appendix, Table S2, entries 1–3). The reaction rate
increased by raising the HCl concentration but decomposition or
defluorination was observed (SI Appendix, Table S2, entry 5). In the
end, we identified 0.7 mmol HCl at 70 °C for 17 min as the ap-
propriate Boc deprotection conditions for the following automated
synthesis. The radio-HPLC chromatogram of the optimized label-
ing and deprotection steps before purification showed clean
radiochemistry profiles (SI Appendix, Fig. S1A). SI Appendix,
Fig. S1B demonstrates the radio-HPLC chromatogram of 18F-
MAPP before and after purification.
Automated synthesis of 18F-MAPP. With the optimized radiolabeling
and deprotection conditions, the synthesis of 18F-MAPP was
then moved into the automated synthesis module (SI Appendix,
Fig. S2). The optimization results of automated synthesis of 18F-
MAPP (SI Appendix, Table S3) showed that the 2-step synthesis
was completed in ∼80 min with a total radiochemical yield of
47% after decay correction. Subsequent syntheses were conducted
with these conditions.
After automated synthesis followed by HPLC purification, the

chemical purity of 18F-MAPP was confirmed by the disappearance
of the precursor 4 peak (tR = 7.69 ± 0.059 min) and the formation
of a new peak (tR = 2.70 ± 0.074 min). The final product was
collected according to the radiochromatogram and ultraviolet/
visible (UV/Vis) chromatogram at 254 nm (SI Appendix, Fig. S1C
and Table S4). The radiochemical identity of 18F-MAPP was
confirmed by coinjection with the reference compound 19F-MAPP
(SI Appendix, Fig. S1D and Table S4) and comparing the UV/Vis
absorbance of 18F-MAPP (SI Appendix, Fig. S1E) scaled to match
that of 19F-MAPP (SI Appendix, Fig. S1F). After HPLC purifica-
tion, no free 18F ions were detected (SI Appendix, Fig. S1D). The
molar activity of 18F-MAPP was 471.7 ± 146.7 mCi/μmol, computed
using a standard curve relating UV absorption response to the
mass of the nonradioactive 19F-MAPP (SI Appendix, Fig. S1G).
The final pH of 18F-MAPP in an administering formulation (0.5%
[wt/vol] sodium ascorbate in saline) was between 5 and 6. The log
P of 18F-MAPP was measured as ∼0.42 (SI Appendix, Table S5).
Stability of 18F-MAPP. The 18F-MAPP was stored in phosphate-
buffered saline (PBS), and aliquots at different time points were
injected to a radio-HPLC. As shown in Fig. 2A, a less polar peak
formed over time, indicating gradual decomposition of 18F-
MAPP at room temperature. We hypothesized that the oxygen
dissolved in PBS caused the degradation of 18F-MAPP. There-
fore, the radical scavenger, sodium ascorbate (0.5% wt/vol) in
saline was used for formulation. Subsequently, 18F-MAPP was
stable for at least 4 h at room temperature in PBS (Fig. 2B). The
plasma stability of the formulated 18F-MAPP was also evaluated by
incubating the radioprobe and mouse plasma at 37 °C. The peak
integration of 18F-MAPP in radio-HPLC confirmed the stability
of 18F-MAPP (>93%) over 4 h in plasma (Fig. 2C). Both PBS and
plasma test solutions were exposed to air without removal of ox-
ygen dissolved in the solutions.
Cytotoxicity. The 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazoilum
bromide (MTT) assay with RAW 264.5 cells showed that there

Fig. 1. Chemical synthesis. (A) Synthesis of nonradioactive 19F-MAPP. DCM =
dichloromethane; DMF = dimethylformamide; NEt3 = triethylamine; rt,
room temperature; THF = tetrahydrofuran; NHS = N-hydroxysuccinimide;
EDC.HCl = 1-ethyl-3-(3-dimethylaminopropyl)carbo-diimide; DMAP = 4-
(dimethylamino)pyridine; TBAF = tetrabutylammonium fluoride. (B) Con-
ditions of automated synthesis of 18F-MAPP. (1) [18F]-fluoride/TBAB, CH3CN,
70 °C, 10 min; (2) HCl, CH3CN, 70 °C, 17 min.
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was no significant cytotoxicity of 19F-MAPP up to a concentration
of 5 mM, which far exceeded the clinical dose (approximately
nanomolar). Cells treated with lipopolysaccharide (LPS) stimulation
to generate MPO (34) gave similar results, demonstrating that
the activated products of 19F-MAPP are also not toxic to the
cells (Fig. 2D).
Protein binding by activated 18F-MAPP. We incubated 18F-MAPP with
mouse plasma with or without MPO and glucose oxidase (GOX)
for 60 min and then filtered it through a Biospin P-6 column to
remove unbound radioprobe, followed by gel electrophoresis and
autoradiography to determine if the activated radioprobe binds to
proteins, which would allow the activated radioprobe to remain
and accumulate at sites of activation. The less selective plant en-
zyme horseradish peroxidase (HRP) was used as a positive con-
trol. Strong signals were observed between 55 and 70 kDa which
correspond to albumin when 18F-MAPP was incubated with MPO
or HRP (Fig. 3A, lanes 4 and 5). In contradistinction, there was
only minimal signal when incubated without MPO and GOX, or
with GOX only (Fig. 3A, lanes 1 and 2). No detectable signal was
observed when no plasma was added because the unbound olig-
omers from the radioprobe after activation by MPO was filtered
by the size exclusion column (Fig. 3A, lane 3).
Matrigel implantation animal experiment. We first evaluated 18F-MAPP
in vivo in Matrigel implantation animal experiments similar to those
described in (34) to evaluate sensitivity to exogenous human MPO.
The standardized uptake value (SUV) ratio on the MPO-containing
side was 3- to 4.5-fold higher than that of the control side without
MPO (Fig. 3 B, 1) and 15- to 19-fold higher in contrast to muscle. To
determine the sensitivity of 18F-MAPP toMPO, different amounts of
MPO (0, 15, 30 μL) were embedded in the gel. We observed a linear
increase in the SUV in direct proportion to the amount of MPO
embedded (Fig. 3 B, 2). In a separate experiment to study the dy-
namic change of 18F-MAPP in vivo, we found that 18F-MAPP uptake
in the MPO gel increased faster over time than that of the control gel
without MPO (Fig. 4A), and the SUV ratio was 2.3- to 2.5-fold
higher. This ratio was lower than that obtained from static imaging
because the metabolism of the mice slowed down under the pro-
longed anesthesia during the dynamic imaging experiment, compared

with the static imaging experiment in which the mice were allowed to
resume normal activity after 18F-MAPP injection until imaging.
Biodistribution. Biodistribution from dynamic imaging or necropsy
at 3 h after 18F-MAPP injection (Fig. 4 B–D) demonstrated that
kidneys are the major organ to excrete 18F-MAPP and had the
highest uptake of 18F-MAPP over 3 h, followed by liver and in-
testine. Of note, brain uptake was 3-fold higher compared with
that of 3′-deoxy-3′-18F-fluorothymidine (18F-FLT), which does
not cross an intact blood–brain barrier (BBB) (35), revealing that
18F-MAPP can cross the BBB (Fig. 4E). We also evaluated the
first pass uptake of 18F-MAPP in different regions of the brain
(SI Appendix, Fig. S3A). This showed that there was an initial
increased uptake in the brain, especially in the frontoparietal
lobes, followed by a decrease over the first 15 min. Subsequently,
there was a slow increase over time in all regions of the brain (SI
Appendix, Fig. S3B). The blood half-life of 18F-MAPP was de-
termined by counting the radioactivity of the blood samples. Using a
2-phase exponential decay model, we found the fast-phase half-life to
be 0.26 min and the slow-phase half-life to be 4.66 min (Fig. 4F).
Paw CFA inflammation and treatment tracking. We next evaluated
18F-MAPP in a mouse model of inflammation using complete
Freund’s adjuvant (CFA). CFA can induce acute inflammation (36)
and generate MPO at the sites of inflammation (37, 38). This allows
us to evaluate whether 18F-MAPP is responsive to endogenously
generated MPO. We injected CFA emulsion to induce inflammation
in one forepaw of the mouse and used PBS on the other forepaw as
control. The 18F-MAPP uptake in the CFA-containing forepaw was 4
times higher than that in the PBS-injected forepaw, further demon-
strating 18F-MAPP’s ability to report active inflammation (Fig. 5A).
To evaluate the specificity of 18F-MAPP, we treated the CFAmice

with either an MPO-specific irreversible inhibitor, PF-1355 (15, 23),
or with vehicle. Uptake of 18F-MAPP in the treated group decreased
significantly compared with that of the control group as the result of
the MPO activity inhibited by PF-1355 after accounting for the
contralateral PBS-injected paw as control, using SUV ratios (SUVR)
between the 2 sides (Fig. 5B). The mean inhibition was 57% (Fig. 5C
and SI Appendix, Table S6), which matched previous ex vivo de-
termination of PF-1355 inhibition on MPO activity of about 50%
(15). The SUVs of the PBS-injected paws were low and similar to
vehicle or PF-1355 treatment (SI Appendix, Fig. S4). These data
revealed that 18F-MAPP is specific and able to report MPO activity
and can be used to monitor the treatment effect of MPO-targeted
therapeutic drugs and to report the inflammatory response.

Fig. 2. Stability of 18F-MAPP and its cytotoxicity. Relative intensity of 18F-MAPP
detected by a preparative radio-HPLC detector showed that (A) storage of
18F-MAPP in PBS at room temperature degraded over time. (B) The 18F-MAPP
was stable up to 4 h at room temperature when stored in 0.5% Na ascorbate
(wt/vol) in saline. (C) Stability of 18F-MAPP incubated with plasma at 37 °C, 93%
over 4 h (n = 4). (D) Cell toxicity of 19F-MAPP incubatedwith RAW cells using the
MTT assay. No cytotoxicity was observed from the radioprobe itself or after
being activated by MPO. The raw cells were stimulated by LPS (3 and 24 h,
respectively) to generate MPO (n = 2 × 3 times of measurement for each).

Fig. 3. Validation of 18F-MAPP binding to proteins in vitro and in vivo. (A)
Autoradiography demonstrates 18F-MAPP binding to proteins in plasma af-
ter gel electrophoresis. Lane 4 with MPO and lane 5 with HRP showed strong
signals compared with controls without MPO/HRP or plasma (n = 3). (B) PET
imaging of Matrigel embedded with human MPO and GOX or GOX only as
control (B, 1). The uptake of 18F-MAPP is linearly proportional to the amount
of humanMPO embedded in theMatrigel (n = 3 for each amount ofMPO) (B, 2).
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Myocardial infarction. As MPO is implicated in many cardiovascular
diseases, we next evaluated 18F-MAPP in a mouse model of myo-
cardial infarction (MI). The 18F-MAPP uptake in the infarct was
markedly higher than that in the noninfarcted myocardium (Fig. 6A).
Autoradiography of the ex vivo heart slices showed strong 18F-MAPP
uptake in the infarcted tissues compared with that of heart slices
without infarction (Fig. 6B). In an MPO-deficient mouse with MI, no
increased 18F-MAPP uptake compared with wild-type myocardium
without MI was observed (Fig. 6C), further demonstrating the spec-
ificity of 18F-MAPP for MPO. In contrast, in the infarcted myocar-
dium of wild-type mice, there was a more than 4-fold increased
uptake compared with noninfarcted myocardium (Fig. 6C).

Discussion
Imaging inflammation is challenging because inflammation can
cause both damage and repair. So far, no clinically available
imaging agents can specifically differentiate either damaging or
reparative inflammation. For example, phagocyte imaging with
nanoparticles reports both damaging and reparative cells in
myocardial infarction (39). Translocator protein imaging can detect
active microglia and macrophages but does not inform whether
these cells are actively damaging the tissue or participating in repair
(40). Metabolic imaging with 18F-fluorodeoxyglucose (FDG) simi-
larly also reports both types of active inflammation and is limited in
the brain and heart due to the high glucose avidity of these organs.
On the other hand, MPO is a specific biomarker of damaging in-
flammation highly expressed by proinflammatory neutrophils and
M1-type microglia and microphages but not by anti-inflammatory
M2-type microglia and macrophages (9, 41, 42). Indeed, combining
MPO-Gd imaging with nanoparticle phagocyte imaging allowed
both damaging and reparative inflammation to be tracked over time
(39). Until now, imagingMPO activity required the use of agents that
have limited translational potential due to issues such as specificity,

depth of penetration, low detection sensitivity, potential toxicity,
and inability to cross the blood–brain barrier. Here we described
18F-MAPP, which overcomes these limitations for reporting MPO
activity in vivo. This radioprobe is highly specific and sensitive at
very low doses, is nontoxic, and crosses the blood–brain barrier.
We have optimized the synthesis and produced the radioprobe by

Fig. 4. Biodistribution of 18F-MAPP. (A) Dynamic study of 18F-MAPP uptake in MPO gel and control gel for 3 h. Signal in the MPO (15 μL) gel increased over
time, while signal in the control gel remained low and decreased after 2 h. (B and C) The dynamic organ distribution and elimination of 18F-MAPP over 3 h.
Kidney is the major organ to excrete the radioprobe. (D) Biodistribution of 18F-MAPP in the major organs of mice at 3 h after injection. Kidney, liver, and
intestine have higher uptake of 18F-MAPP compared with the other organs (n = 3). (E) SUV comparison between 18F-FLT and 18F-MAPP demonstrated that 18F-
MAPP can cross the blood–brain barrier (P = 0.0095), while 18F-FLT does not cross the BBB (n = 3). (F) Blood half-life of 18F-MAPP (n = 2). **P < 0.01.

Fig. 5. Specificity and efficacy of 18F-MAPP in CFA paw inflammationmodel. (A)
The 18F-MAPP uptake on the CFA-injected side was 4 times higher than that on
the PBS-injected side. The CFA emulsion (CFA:PBS = 1:1) or PBS only was injected
to the dorsal forepaws of the mouse, and 18F-MAPP was administered after 24 h
(n= 3). (B) Comparison of 18F-MAPP uptake inmice treatedwith the specific MPO
inhibitor PF-1355 to that of the vehicle-treated control mice. The treated and
control mice were paired and imaged side by side 24 h after CFA injection. (Left)
Mice treated with the MPO inhibitor PF-1355 (50 mg/kg) 1 h after CFA injection
and every 6 h afterward. (Right) Mice treated with vehicle. (C) SUVR analysis (SUV
ratio between CFA-injected and PBS-injected paws) showed that in the PF-1355-
treated mice, MPO activity was inhibited by 57% (n = 3 per group). **P < 0.001.
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reproducible automated synthesis with satisfactory radiochemical
yield, making it suitable for clinical translation in the near future.
The development of therapeutics targeting the inflammatory

response and pathways demands potent noninvasive methods to
detect the efficacy of these emerging drugs. Besides the afore-
mentioned imaging methods to detect MPO activity, a 11C-labeled
MPO inhibitor, [11C]AZD3241, that can enter monkey brains was
reported for MPO imaging (43). However, the half-life of 11C is
short (t1/2 = 20.4 min), and no selectivity and binding affinity of
the agent have been revealed. Furthermore, inhibitor-based im-
aging agents might saturate the binding sites of the enzyme and
interrupt its function and may not accurately report on enzyme
activity, only its presence. Given the presence of endogenous MPO
inhibitors, reporting merely on the presence of MPO may overestimate
the location and degree of inflammation; 18F-MAPP is a specific
substrate, in which MPO oxidizes the 5-hydroxytryptophan moiety
of 18F-MAPP at the sites of inflammation (34). This causes free
radicals to form and bind to proteins, causing local retention of
the activated radioprobe (Fig. 3). Therefore, unlike inhibitor-based
imaging agents, 18F-MAPP does not interrupt the enzymatic func-
tion of MPO. Compared with the chelated MPO-Gd for MRI and
its SPECT analogs, which provide a signal ratio between diseased
and normal tissue of about 2-fold (29, 33), 18F-MAPP has an im-
proved sensitivity of 4-fold. Furthermore, because PET allows for
quantification of the radioactivity and given that 18F-MAPP’s up-
take is directly proportional to MPO activity (Fig. 3B), 18F-MAPP
can be used to quantify the degree of MPO activity in vivo. To
accomplish this, a standard curve similar to Fig. 3 B, 2 may be
generated and used to convert SUV to MPO. Because the image
signal is dependent on the rate of delivery and oxidative retention
by MPO, it is important to perform the in vivo experiments under
the same timing conditions as those of the calibration experiment.
In humans, the situation would be more complicated as individual

variations in metabolism would affect the standard curve. Thus,
quantitation in humans likely will require more complex modeling
and will need additional data such as measuring blood levels of
18F-MAPP radioactivity over time. Finally, 18F-MAPP is able to
accurately report on the degree of MPO inhibition when an irre-
versible MPO inhibitor is used to decrease inflammation in the paw
inflammation model. Thus, this radioprobe would be a useful tool
for drug development.
We found an increased brain uptake of 18F-MAPP compared with

18F-FLT (Fig. 4E), indicating that 18F-MAPP can cross the blood–
brain barrier. Evaluation of the uptake pattern in the brain (SI Ap-
pendix, Fig. S3) showed 2 phases of uptake in the brain. This pattern
does not mirror that of blood uptake level, and thus, blood level does
not explain the observation in the brain. The early phase of increased
uptake is likely due to passive crossing of the blood–brain barrier,
while the later increased uptake may be due to a transporter, such as
an amino acid transporter, as MAPP contains moieties that resemble
aromatic amino acids such as tryptophan. When combined with the
increased sensitivity of PET imaging, this technology could open up
new applications to image and study neurological diseases that have
little to no blood–brain barrier breakdown, such as Alzheimer’s
disease and Parkinson’s disease. Another potential application of
18F-MAPP PET imaging is in cardiovascular diseases. In athero-
sclerosis, MPO is overexpressed by activated macrophages and
macrophage-derived foam cells (44, 45) and is found in vulnerable
plaques that may rupture (11). We and others have found that MPO
imaging can identify highly inflamed plaques (46) and track treat-
ment effects (47) in atherosclerotic plaques in rabbit and mouse
models. We have also demonstrated the utility of 18F-MAPP in MI
imaging in this study. The increased sensitivity of 18F-MAPP could
enable the detection of damaging inflammation in many cardio-
vascular and neurological diseases at an earlier stage than cur-
rently possible. Such early detection would allow early treatment
before irreversible damage occurs. Therefore, owing to the low
dose needed for PET imaging and with its high sensitivity,
specificity, stability, and favorable biodistribution and pharma-
cokinetics, 18F-MAPP is a promising translational candidate to
monitor MPO activity and damaging inflammation in patients.

Methods
Synthesis of Nonradioactive Compound 19F-MAPP. The nonradioactive com-
pound 19F-MAPP was synthesized according to the synthetic route shown in
Fig. 1A. The final step was purified by preparative HPLC to give the desired
compound 19F-MAPP. The important intermediates and final compound
were characterized by 1H NMR, 13C NMR, and liquid chromatography–mass
spectrometry. Additional details are given in SI Appendix, SI Methods.

Radiochemistry. The 18F-MAPP was synthesized according to the synthetic
route shown in Fig. 1B. Automated synthesis of 18F-MAPP was carried out on
the Synthra RNplus synthesizer (SI Appendix, Fig. S2). The automated synthesis
took about 80 min, and the radiochemical yield of 47% was obtained after
decay correction. Additional details are given in SI Appendix, SI Methods.

The 18F-MAPP Characterization Experiments. We measured the lipophilicity of
18F-MAPP by measuring the log P in a 1:1 mixture of 1-octanol and water.
The specific activity was calculated using a standard curve relating 19F-MAPP
mass to UV absorption response. The pH of the final 18F-MAPP in an admin-
istering formulation of PBS containing 0.5% (wt/vol) of sodium ascorbate was
measured using pH indicator strips, demonstrating pH 5–6 from triplicates (SI
Appendix, Fig. S5). Cytotoxicity of 19F-MAPP was evaluated using RAW 264.7
cells with and without the presence of MPO using the MTT reduction assay.
RAW 264.7 cells were treated with Escherichia coli LPS for 3 and 24 h, re-
spectively, to generate MPO (34). Stability in plasma was measured by incubating
18F-MAPP (∼300 μCi) at 37 °C for 0min, 30 min, 1 h, 2 h, and 4 h inmouse plasma.
Protein binding of 18F-MAPP was determined by incubating the radioprobe
(∼500 μCi) with bovine serum albumin (10 μL, 20 mg/mL), glucose (3 μL, 1g/mL),
GOX (3 μL, 1 mg/mL), and MPO (5 μL, 2 mg/mL)/HRP (1 μL, 1 mg/mL) in PBS (total
volume of 70 μL) at 37 °C for 60 min. Mixtures without MPO, MPO and GOX,
or albumin were performed as control. The reaction mixture was filtered
through Biospin P-6 columns (Bio-Rad) to remove unbound radioprobe,

Fig. 6. The 18F-MAPP PET imaging of MI. (A) The 18F-MAPP uptake in wild-
type mice with MI is much higher than that without MI. (B) Autoradiography
of the heart slices with or without MI. The signals of heart slices 1, 2, and 3
with MI from autoradiography corresponded to that of the tetrazolium
chloride (TTC) staining, while no detectable signal was observed from the
heart slices without MI. (C) Comparison of the heart uptake of 18F-MAPP
between wild-type (WT) mice without MI, WT mice with MI, and a MPO-
deficient (MPO-KO) mouse with MI (n = 3 for WT mice with or without MI,
n =1 for MPO-KO, P = 0.029 betweenWT with MI and without MI). *P < 0.05.
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followed by gel electrophoresis at 150 V for 50 min. Pharmacokinetics and
biodistribution were determined after systemic injection of 18F-MAPP via
the tail vein of the C57BL/6J mice; blood samples were performed at dif-
ferent time points to determine clearance rate of 18F-MAPP from the
blood. The major organs of the mice were harvested after 3 h, and the
radioactivity was assayed with a gamma counter (1480 Wizard 3, PerkinElmer).
Additional details are given in SI Appendix, SI Methods.

PET-CT Imaging Experiments. This study was approved by and in compliance
with Massachusetts General Hospital’s Institutional Animal Care and Use
Committee. Six- to ten-week-old female C57BL/6J mice (Jackson Laborato-
ries) were used for all animal experiments. PET imaging was performed on a
Siemens Inveon PET-CT scanner. The mouse was intravenously (i.v.) injected
with 300–800 μCi of 18F-MAPP under anesthesia (∼2% isoflurane in oxygen).
Matrigel implantation experiment. Three hundred microliters of a 1:1 mixture of
Matrigel and minimal essential medium containing a combination of GOX
and/or MPO was injected subcutaneously (s.c.) into the ventral aspect of the
thighs of the C57BL/6J mice. After 30 min, 300–600 μCi of 18F-MAPP was
injected i.v. in the bore of the PET scanner, and the mouse was imaged for
3 h for dynamic study or for 30 min 2 h postinjection.
Complete Freund’s adjuvant inflammation and treatment tracking. C57BL/6J mice
were injected s.c. with a 1:1 emulsion of CFA:PBS (40 μL of total volume) on
the dorsal side of one forepaw under isoflurane anesthesia. PBS (40 μL) was
injected on the other forepaw as control. In another experiment, mice were

administered with PF-1355 (50 mg/kg) by oral gavage 1 h after the CFA in-
jection with 3 more doses given every 6 h thereafter. The control group was
treated with vehicle (10 mL/kg) in a similar fashion. After 24 h, 300–400 μCi
of 18F-MAPP were injected intravenously. Treated and untreated mice were
paired and imaged side by side 2 h after radioprobe injection.
Myocardial infarction. MI was induced in C57BL/6J and MPO-deficient mice.
Forty-eight hours after MI induction, 700–800 μCi of 18F-MAPP were i.v. injected
through the tail vein, and the mouse was imaged 3 h after administration. PET
imaging of the heart was performed similar to what was described above. After
PET imaging, the mice were killed, and organs were harvested for gamma well
counting and autoradiography (heart only). Volumes of interest (VOI) were
manually drawn for SUV quantification of the images in Inveon Research
Workplace. For brain image analysis, VOIs were drawn within different re-
gions of the brain while avoiding the ventricles and major blood vessels.
Additional details are given in SI Appendix, SI Methods.

Statistical Analysis. Data are shown as mean ± SEM. P values < 0.05 were
considered significant. Additional details are given in SI Appendix, SI Methods.
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