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A B S T R A C T

The tripeptide formyl–Met–Leu–Phe (fMLF) is a prototype of N-formylated chemotactic peptides for neutrophils
owing to its ability to bind and activate the G protein-coupled formyl peptide receptor (FPR). Here, we devel-
oped an 18F-labeled fMLF derivative targeting FPR as a positron emission tomography (PET) imaging probe for
bacterial infections. The study demonstrates that the fMLF derivative fMLFXYk(FB)k (X=Nle) has a high af-
finity for FPR (Ki= 0.62 ± 0.13 nM). The radiochemical yield and purity of [18F]fMLFXYk(FB)k were 16%
and>96%, respectively. The in vivo biodistribution study showed that [18F]fMLFXYk(FB)k uptake was higher in
the bacterial infected region than in the non-infected region. We observed considerably higher infection-to-
muscle ratio of 4.6 at 60min after [18F]fMLFXYk(FB)k injection. Furthermore, small-animal PET imaging studies
suggested that [18F]fMLFXYk(FB)k uptake in the bacterial infected region was clearly visualized 60min after
injection.

Infectious diseases still majorly account for the cause of death, and
they require social measures. Bacteriological or serological tests are
undoubtedly the gold standard for diagnosing infectious diseases.
However, these tests require time to obtain results. Furthermore, al-
though these tests prove the existence of bacteria, it is impossible to
distinguish which part of the living body is infected. Therefore, the
local diagnosis of infectious diseases using diagnostic imaging has been
clinically used for a long time. Presently, X-Ray, CT, and MRI are used
for diagnostic imaging for infectious diseases, but none of them speci-
fically cater to the spread of inflammatory lesions associated with in-
fection; thus, if the inflammatory foci does not enlarge, accurate diag-
nosis presents a challenge. Therefore, nuclear medicine technology such
as single photon emission computed tomography (SPECT) and positron
emission tomography (PET) that can obtain functional information
have attracted attention.1 Scintigraphy and SPECT using autologous
leukocytes labeled with 111In or 99mTc are considered the gold standard
for diagnosing infections.2–5 However, there are certain drawbacks as
leukocytes obtained from blood sample must be labeled ex vivo. This

process, performed in a specialized laboratory, raises the potential risk
of infection of both the patient and laboratory personnel. 67Ga-citrate
and 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) have been in use as
SPECT and PET imaging probes for the detection of inflammatory and
infectious conditions.6–8 However, none of these probes are specific for
bacterial infections. Hence, novel safety and specific imaging probes for
the early detection of bacterial infections are needed.9

Leukocytes, particularly polymorphonuclear leukocytes (PMNs),
accumulate in high concentrations at the site of infectious inflamma-
tion. The tripeptide formyl–Met–Leu–Phe (fMLF) is a prototype of N-
formylated chemotactic peptides due to its ability to bind and activate
the G protein-coupled formylpeptide receptor (FPR), which is highly
expressed on PMNs.10–12 Several probes targeting FPR have been re-
ported but clinically used probes remain to be developed.13–19 PET
offers high sensitivity and reasonable spatial resolution and allows
more accurate attenuation correction. In this study, fMLF and for-
myl–Nle–Leu–Phe–Nle–Tyr–Lys (fXLFXYK) (X=Nle),20 which had a
high affinity for FPR, were selected as lead compounds, and several
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[18F]fluorobenzoyl ([18F]FB) peptides were synthesized by linking [18F]
FB group with C-terminal-Lys, which does not affect the binding affinity
for FPR, and their utility as PET probes for bacterial infections was
evaluated (Fig. 1).

Table 1 reports the Ki values of fMLF analogs. The binding affinity
of fMLF and its analogs for FPR was measured by competition binding
assay with [125I]WKYMVm using recombinant membrane protein
highly expressing FPR. fMLF (1) [Ki= 4.85 nM] was utilized as a re-
ference compound due to its ability to appreciably antagonize [125I]
WKYMVm binding to the FPR. fXLFXYK(FB) (2) that linked FB group to
C-terminal-Lys of lead compound fXLFXYK has a high affinity for FPR
(Ki= 0.65 nM), but it is difficult to apply to an in vivo imaging probe
due to its low solubility in water.13 The introduction of several basic
amino acid residues such as Lys into the C-terminal of 2 increases so-
lubility: fXLFXYK(FB)kkk (3) acquires high solubility in water. To ac-
quire both high solubility in water and affinity for FPR, the affinities of
some analogs such as fXLFXYkkkk(FB) (4), fXLFXYkkk(FB) (5), and
fXLFXYkk(FB) (6) were compared. A small amount of Lys residue im-
proves the affinity for FPR: 6 has high affinity (Ki= 1.05 nM) compared
with 4 (Ki= 86.7 nM). The introduction of an FB group into Lys6 in-
creases its affinity for FPR than does its introduction into C-terminal-
Lys: 3 has a high affinity (Ki= 21.3 nM) compared with 4. On the other
hand, fXLFXYK(FB) analogs replacing Nle1 or Nle4 with Met were
evaluated (compounds 7–10). Compared with 2, fMLFMYK(FB) (7)
replacing Nle1 and Nle4 with Met has a high affinity (Ki= 0.65 vs
0.27 nM). On the substitution of the Met4 residue in the peptide 7,
enhanced affinity for FPR is observed with Nle [fMLFXYK(FB), 9,
Ki= 0.20 nM], whereas there was a reduction in Met1 residue with Nle
(fXLFMYK(FB), 8, Ki= 1.03 nM). fMLFXYk(FB)k (10) that has Met1 and
Nle4 and introduces a Lys residue into the C-terminal and the FB group
into Lys6 acquired a high affinity for FPR (Ki= 0.62 nM) and moderate
solubility in water.

Therefore, we decided to analyze the high affinity of fMLFXYk(FB)k

for FPR by docking simulation. Structure models of FPR were created
using the crystal structure of the bovine rhodopsin receptor (Protein
Data Bank code 1U19), and pairwise sequence alignments for the
modeling target and structure templates were the same as previously
described.21 A homology model was built using the MOE 2009.10. After
manual sequence alignment was performed, the homology model was
built without optimization in that permittivity was dependent on the
distance using the AMBER99 force field. MOE 2009.10 ASE Dock was
used for ligand docking simulation. Molecular docking simulation re-
sults for fMLFXYk(FB)k with FPR using MOE 2009.10 ASE Dock is
shown in Fig. 2a. Visual inspection of the binding mode for fMLFXYk
(FB)k at the binding site is shown in Fig. 2b. The carbonyl oxygen of the
formyl group forms a H-bond with Arg201, whereas the amide NH binds
with Asp106. The side chain of Met1 interacts with the hydrophobic
portion of Leu109, Trp254, and Tyr257, and the side chain of Phe3 in-
teracts with the hydrophobic portion of Leu78, Trp257, and Phe291.
Additionally, the fluorophenyl group interacts favorably with the hy-
drophobic transmembrane domain. The docking simulation results
showed that fMLFXYk(FB)k has a high affinity for FPR. The structure of
the complex of fMLFXYk(FB)k and FPR can be used to design fMLF
derivatives.

[18F]fMLFXYk(FB)k was obtained by conjugating N-succinimidyl 4-
[18F]fluorobenzoate ([18F]SFB) and precursor fMLFXYkk(Fmoc) and
removing the Fmoc protecting group of the Lys linker using piperidine
(Scheme 1). [18F]SFB was synthesized according to a previously re-
ported method.22,23 [18F]fMLFXYk(FB)k was purified from unlabeled
precursors and other reagents by reverse-phase HPLC with a radio-
chemical yield of 16% from [18F]fluoride ions (specific activity>
30.0 GBq μmol−1) and a radiochemical purity of> 96%.

Fig. 1. Schematic of PET imaging probe for bacterial infections.

Table 1
Inhibition of [125I]WKYMVm binding to FPR.

Compound Peptide sequence Ki (nM)a Water Solubility

1 fMLF 4.85 ± 2.24 high
2 fXLFXYK(FB) 0.65 ± 0.26 low
3 fXLFXYK(FB)kkk 21.3 ± 2.21 high
4 fXLFXYkkkk(FB) 86.7 ± 33.8 high
5 fXLFXYkkk(FB) 15.8 ± 4.40 high
6 fXLFXYkk(FB) 1.05 ± 0.30 low
7 fMLFMYK(FB) 0.27 ± 0.08 low
8 fXLFMYK(FB) 1.03 ± 0.18 low
9 fMLFXYK(FB) 0.20 ± 0.04 low
10 fMLFXYk(FB)k 0.62 ± 0.13 high

a Values are mean ± standard error of the mean in 3 independent experi-
ments.

Fig. 2. (a) Docking mode prediction for fMLFXYk(FB)k in the binding site. (b)
Conception of the interaction between fMLFXYk(FB)k and FPR.

Scheme 1. Synthesis of [18F]fMLFXYk(FB)k.
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The measured partition coefficient data (log P) as an index of li-
pophilicity are shown in Table 2. [18F]fMLFXYk(FB)k introducing Lys
into [18F]fMLFXYK(FB) to increase water solubility shows low lipo-
philicity (log P=0.74) compared with [18F]fMLFXYK(FB) (log
P=1.70).

We prepared a mouse model of bacterial infections to evaluate [18F]
fMLFXYk(FB)k in vivo. For histological analysis of infectious in-
flammation model mice, paraffin-embedded resected tissue samples
were sectioned and stained with hematoxylin and eosin (H&E), Giemsa,
and Gram staining. Bacterial suspension (Escherichia coli, approximately
1× 1010 colony-forming units) was injected into the right thigh muscle
of ddY mice under isoflurane anesthesia, and saline was simultaneously
injected into the left thigh muscle to evaluate the effect of the sting.
Two days later, consecutive tissue slices (20 μm thickness) were ob-
tained from both bacteria-inoculated and control sites of the thigh. On
histopathologic examination, sections from bacteria-inoculated tissue
showed that gram-negative bacteria were clumped in the muscular
layer (Fig. 3c, arrow), and inflammatory cells mainly including neu-
trophils or histiocytes infiltrated around the bacteria, where they pha-
gocytose the bacteria (Fig. 3a: H&E stain, 3b: Giemsa stain, arrow). In
contrast, control muscle tissue sections did not show inflammatory
symptoms (Fig. 3d–f).

Next, we investigated the expression of FPR in bacteria-inoculated
and control muscle tissue. Western blot analysis showed that FPR was
expressed in bacteria-inoculated tissue but not in control muscle tissue
(Fig. 4). Accordingly, we demonstrated the validity of the mouse model
of bacterial infections.

Biodistribution data of [18F]fMLFXYk(FB)k with bacterial infected
model mice are shown in Table 3. Immediately after injecting [18F]
fMLFXYk(FB)k, the radioactivity localized to the liver and was the

highest almost throughout the entire 60-min study; this may probably
be related to the lipophilicity. In the intestines, the radioactivity in-
creased from 10.1% to 23.6% (ID/g) at 5min and 60min, respectively,
post injection, indicating that [18F]fMLFXYk(FB)k was mainly excreted
through the hepatobiliary pathway. Throughout the study, the radio-
activity in bacterial infected region was significantly higher than that in
the non-infected region (control muscle tissue), and target-to-back-
ground ratios (bacterial infected region/non-infected region) con-
tinuously increased from 1.55 at 5min to 4.56 at 60min post injection,
indicating that [18F]fMLFXYk(FB)k specifically accumulated in bac-
terial infected region.

A saline solution (0.1% Tween 80) containing [18F]fMLFXYk(FB)k
(2.22MBq/100 μL) was intravenously administered via the tail vein in
bacterial infected model mice under isoflurane anesthesia, and PET
scanning was simultaneously performed. PET imaging studies suggested
that [18F]fMLFXYk(FB)k uptake in the bacterial infected region was
clearly visualized 60min post injection (Fig. 5).

Lethal toxicity was not observed after a single-dose intravenous
injection of fMLFXYk(FB)k (40 and 400 µg/kg) in Crlj:CD1 (ICR) mice.
Furthermore, no hematological, biochemical, or pathologic effects were
seen in animals administered with 400 µg/kg of fMLFXYk(FB)k. Thus,
the no-observed-adverse-effects level of fMLFXYk(FB)k was estimated
as> 400 µg/kg.

In the fMLF and fXLFXYK derivatives, Met1, the number of Lys re-
sidues, and the position of FB group displayed an impact on FPR
binding affinity. fMLFXYk(FB)k had a high binding affinity for FPR,
which was demonstrated by docking simulation. Therefore, it is sug-
gested that [18F]fMLFXYk(FB)k specifically accumulated in the bac-
terial infected region in vivo. Further enhancement of bacterial infected
region uptake of [18F]fMLFXYk(FB)k is necessary, but [18F]fMLFXYk
(FB)k met the basic requirements for an imaging probe for bacterial
infections.

Table 2
Comparison of partition coefficient between [18F]fMLFXYk(FB)k
and [18F]fMLFXYk(FB).

[18F]fMLFXYK(FB) [18F]fMLFXYk(FB)k

1.70 ± 0.02 0.74 ± 0.02

1-Octanol/0.1 M phosphate buffer partition coefficients (loga-
rithmic value). Each value represents the mean ± SD of 3 ex-
periments.

Fig. 3. Photomicrographs of a specimen excised from bacteria-inoculated (a–c) and control muscle (d–f) in model mice. (a) and (d) were stained by H&E stain, (b)
and (e) were stained by Giemsa stain, and (c) and (f) were stained by Gram stain.
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Fig. 4. Comparison of FPR protein expression between bacteria-inoculated
tissue (I) and muscle (M) excised from mice.
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Fig. 5. PET image acquired at 60min after the injection of [18F]fMLFXYk(FB)k.

Table 3
Biodistribution of radioactivity after injection of [18F]fMLFNYk(FB)k in bacterial infected model mice.a

Tissue Time after injection

5min 15min 30min 60min

Blood 1.34 ± 0.08 0.78 ± 0.07 0.42 ± 0.03 0.30 ± 0.20
Heart 0.89 ± 0.16 0.58 ± 0.07 0.51 ± 0.12 0.39 ± 0.13
Lung 1.68 ± 0.21 1.11 ± 0.34 0.95 ± 0.33 0.63 ± 0.19
Liver 27.93 ± 2.54 21.35 ± 4.06 22.07 ± 2.24 21.07 ± 3.72
Kidney 5.74 ± 0.13 9.90 ± 1.41 10.33 ± 1.37 13.92 ± 1.54
Spleen 4.93 ± 0.85 4.17 ± 0.71 3.74 ± 1.18 4.20 ± 1.40
Pancreas 0.75 ± 0.35 0.52 ± 0.19 0.35 ± 0.12 0.26 ± 0.13
Stomach 0.98 ± 0.27 4.19 ± 2.46 0.84 ± 0.29 0.96 ± 0.29
Intestine 10.09 ± 1.97 15.85 ± 5.34 21.94 ± 1.51 23.62 ± 2.54
Bone 0.94 ± 0.15 0.79 ± 0.19 0.60 ± 0.32 0.68 ± 0.46
Muscle (Non-infected region) 0.41 ± 0.07 0.18 ± 0.10 0.11 ± 0.04 0.09 ± 0.02
Bacterial infected region 0.61 ± 0.07 0.58 ± 0.11 0.39 ± 0.07 0.38 ± 0.09

Bacterial infected region/Blood 0.46 ± 0.06 0.74 ± 0.10 0.93 ± 0.22 1.08 ± 0.71
Bacterial infected region/Non-infected region 1.55 ± 0.32 2.93 ± 1.15 3.77 ± 1.64 4.56 ± 1.95

a Values are expressed as % of injected dose per gram. Each value represents the mean ± SD for 4 or 5 animals at each interval.
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