1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Infect Dis. Author manuscript; available in PMC 2018 November 09.

-, HHS Public Access
«

Published in final edited form as:
ACS Infect Dis. 2018 November 09; 4(11): 1635-1644. doi:10.1021/acsinfecdis.8b00182.

Positron Emission Tomography Imaging with 2-[18F]F-p-
Aminobenzoic Acid Detects Staphylococcus aureus Infections
and Monitors Drug Response

Zhuo Zhang*!, Alvaro A. Ordonez**8, Hui Wang', Yong Lif, Kayla R. Gogarty®, Edward A.
Weinstein*, Fereidoon Daryaee’, Jonathan Merino®, Grace E. Yoon', Alvin S. Kalinda*$,
Ronnie C. Mease!, James N. luliano™, Peter M. Smith-Jones., Sanjay K. Jain®*"+8! and
Peter J. Tonge™" T

T Institute for Chemical Biology & Drug Discovery, Department of Chemistry and Radiology, Stony
Brook University, 100 Nicolls Road, 633 Chemistry, Stony Brook, New York 11794, United States

* Center for Infection and Inflammation Imaging Research, Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205, United States

8 Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, Maryland
21205, United States

I'Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins
University School of Medicine, Baltimore, Maryland 21205, United States

L The Facility for Experimental Radiopharmaceutical Manufacturing, Department of Psychiatry,
Stony Brook University, Stony Brook, New York 11794, United States

# These authors contributed equally to this work.

Abstract

Staphylococcus aureus is the leading cause of life-threatening infections, frequently originating
from unknown or deep-seated foci. Source control and institution of appropriate antibiotics remain
challenges, especially with infections due to methicillin-resistant S. aureus (MRSA). In this study,
we developed a radiofluorinated analog of para-aminobenzoic acid (2-[*8F]F-PABA) and
demonstrate that it is an efficient alternative substrate for the S. aureus dihydropteroate synthase
(DHPS). 2-[18F]F-PABA rapidly accumulated /n vitro within laboratory and clinical (including
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MRSA,) strains of S. aureus but not in mammalian cells. Biodistribution in murine and rat models
demonstrated localization at infection sites and rapid renal elimination. In a rat model, 2-[18F]F-
PABA positron emission tomography (PET) rapidly differentiated S. aureus infection from sterile
inflammation and could also detect therapeutic failures associated with MRSA. These data suggest
that 2-[18F]F-PABA has the potential for translation to humans as a rapid, noninvasive diagnostic
tool to identify, localize, and monitor S. aureus infections.

Graphical Abstract

= - COOH
_ 18p 2-[ FJF-PABA
PETICT
NH,
Sterile S. aureus i
inflammation infection i3 3
[ I Ty
s ~p Mo
WUNW s aureus THF

Keywords
bacteria; PET; imaging; infection; folate; MRSA

Staphylococcus aureus is the leading cause of serious deepseated infections such as
osteomyelitis, disseminated musculoskeletal infections, abscesses, infective endocarditis,
and bacteremia, as well as device-associated infections.! Moreover, methicillin-resistant S.
aureus (MRSA) continues to be one of the most prevalent antimicrobial-resistant pathogens,
often requiring prolonged intravenous antibiotics.? Current diagnostic methods depend on
collecting tissue samples with suspected infection, but deep biopsies are complicated by
surgical risk, time delays in diagnosis, and the imposition of additional costs. Traditional
imaging techniques such as computed tomography (CT), magnetic resonance imaging, and
ultrasonography provide anatomic information that lags behind physiological changes.
Furthermore, these modalities lack specificity and cannot differentiate infection from sterile
inflammatory processes.3 Therefore, noninvasive whole-body imaging with pathogen-
specific agents could significantly improve patient outcomes by rapidly identifying a source
of infection and monitoring the response to treatment, but no such technology is clinically
available.

Positron emission tomography (PET) is becoming a routine clinical tool, particularly within
oncology and neurology, and an emerging technology for infectious diseases with the
advantages over traditional diagnostic methods of speed, sensitivity (nano- to picomolar),*
and whole-body analysis.>6 Bacteria-specific PET imaging could help practicing infectious
disease specialists and radiologists in differentiating active infection from other causes of
inflammation. Previous efforts to develop pathogen-specific PET imaging methods have
classically focused on radiolabeling existing antibiotics or antimicrobial peptides.”~19 While
this approach builds upon known chemistry and target interaction, both antibiotics and
antimicrobial peptides are pharmacologically active and may paradoxically destroy the
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bacteria and interfere with the signal. Also, these compounds lack the capacity for signal
amplification that could be achieved with agents that accumulate in bacteria. Similarly,
radiolabeled antibodies have also been evaluated as imaging agents in bacterial infection
models.11-13 While promising, radiolabeled antibodies produce significant background noise
and may require a longer time to clear from circulation. In contrast, small molecules may be
designed to penetrate diseased tissue and rapidly clear from nontarget tissues. When
combined with the short half-life isotopes (e.g., fluorine-18), such small molecules may
substantially increase diagnostic speed and accuracy, as well as safety, by reducing radiation
exposure to human subjects.

Recently, there have also been several efforts to develop bacteria-specific imaging agents
based on metabolic substrates that are essential in prokaryotes.14-17 For example, 124]-
FIAU, a nucleoside analog substrate for thymidine kinase, can be used to image S. aureus
and other bacteria,® but lack of specificity due to host metabolism by mitochondrial
thymidine kinase limits its use.1® Maltose and maltohexaose analogs labeled with
fluorine-18 have been evaluated for bacteria-specific imaging but have modest signal-to-
noise ratios, likely due to host metabolism of the tracers,1415 although a recently described
second generation PET ligand (6-18F-fluoromaltotriose) has significantly better signal-to-
noise ratios and is, therefore, more promising.1” Another recently described PET tracer,
18Ffluoropropyl-trimethoprim, which targets folate metabolism in bacteria, also suffers from
poor signal-to-noise ratios and high background activity in nontarget tissues.29 We have also
previously described 18F-fluorodeoxysorbitol (18F-FDS) to study Enterobacteriaceae (Gram-
negative) infections /7 vivo,1® and 18F-FDS PET is currently being evaluated in human
studies. However, 18F-FDS does not accumulate in Gram-positive bacteria, such as S.
aureus. Previously, investigators have imaged S. aureus endocarditis using a labeled
prothrombin analog that binds to the staphylococcal coagulase.?! However, this tracer is not
specific for S. aureus. Instead, it is a prothrombin analog, which has the potential for
nonspecific activation and false positive signaling by noninfectious processes and nontarget
bacteria. Finally, optical imaging techniques have also been reported to detect S. aureus
infections in small animals22:23 put have limited clinical translation due to the absorption of
light by deep tissues.

We previously identified p-aminobenzoic acid (PABA) as a promising candidate for imaging
a wide range of bacterial infections.2* PABA is the natural substrate for the bacterial enzyme
dihydropteroate synthase (DHPS) which catalyzes the incorporation of PABA into folic acid.
25 However, PABA is not significantly absorbed by mammalian cells, is apparently inert in
humans, and is rapidly eliminated by renal clearance.2% It is commercially available as a
nutritional supplement and topically in sunscreens. In this study, we developed a fast (90
min) automated radiosynthesis of 2-[18F]F-PABA in high radiochemical yield and
demonstrate that 2-[18F]F-PABA is an efficient alternative substrate for the S. aureus
dihydropteroate synthase (DHPS) and is rapidly accumulated in S. aureus cells (laboratory
and clinical strains including MRSA\) i vitro. We also performed whole-body 2-[18F]F-
PABA PET to noninvasively differentiate infection from sterile inflammation as well as
quantitatively monitor antibiotic efficacy in animal models of infection.
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RESULTS AND DISCUSSION
2-F-PABA Is an Alternative Substrate for DHPS.

PABA is the natural substrate for the bacterial DHPS which catalyzes the incorporation of
PABA into tetrahydrofolate but is not accumulated by mammalian cells. PABA and its
antibacterial structural analog, sulfonamide, enter bacterial cells by passive diffusion
through nonspecific porin channels.27-29 In addition to acquiring PABA from the
environment, bacteria are also capable of de novo PABA biosynthesis from glutamate and
chorismate.22:30 Once inside, PABA is either incorporated into tetrahydrofolate by DHPS
and retained inside the cells or pumped out by the AbgT transporters.2® We radiolabeled the
electron-rich aromatic ring of PABA with fluorine-18 in the 2 position for several reasons.
Our prior data demonstrate that, unlike fluorination at other positions, 2-F-PABA retained
rapid, specific, and time-dependent bacterial accumulation.2* Moreover, 2-F-PABA uptake
remains high, regardless of the growth phase, making it attractive for detecting metabolically
quiescent bacteria often associated with implant-associated infections in the clinic.24 DHPS
catalyzes the synthesis of 7,8dihydropteroate from PABA and 6-hydroxymethyl-7,8-
dihydropterin pyrophosphate. We established an assay for the S. aureus DHPS reaction using
6-hydroxymethyl-7,8-dihydropterin as the initial substrate and involving the
NADPHdependent reduction of 7,8-dihydropteroate by dihydrofolate reductase (DHFR).
Using this assay, we demonstrated that 2F-PABA is an efficient alternative substrate for the
S. aureus DHPS with similar values for Az (200 £ 20 min~1) and Ky (5 + 2 £M) compared
to PABA (Aot = 170 £ 15 min~1, Ky = 2 £ 1 M) and p-aminosalicylic acid (PAS) (Acat =
220 + 10 min~1, Ky, = 8 + 1 M) (Figure 1). The ability of DHPS to accept 2F-PABA as an
alternative substrate and the observation that the fluoro derivative of the DHPS product is a
substrate for DHFR provides a mechanism for the accumulation of 2[18F]F-PABA in
bacterial cells by the incorporation of this metabolite into tetrahydrofolate as shown
previously for PAS in M. tuberculosis.3!

Radiosynthesis.

2-[18F]F-PABA was successfully synthesized as shown in Scheme 1. The radioactive
product washaracterized by radio-HPLC (Figure S1) which determined the chemical and
radiochemical impurities in the product and compared the retention time of the labeled
material to a cold reference standard. The overall synthesis time was 90 min with a typical
overall decay corrected radiochemical yield of 30— 40%. 2-[18F]F-PABA had a specific
activity of 240.5 £ 77.7 GBg/umole (6.5 + 2.1 Ci/umole, n = 4) and a radiochemical purity
0f 99.2 £ 0.7% (n = 4). We utilized a conventional nucleophilic aromatic substitution (SyAr)
reaction for radiofluorination. The precursor, 2,4-dinitrobenzonitrile (1), is commercially
available and is readily radiofluorinated to give intermediate [18F]2. Basic hydrolysis of the
nitrile followed by reduction of the 4-nitro moiety proceeded rapidly to produce 2-[18F]F-
PABA after purification by radio-HPLC. The entire radiosynthesis was automated using a
GE Tracerlab FXN Pro Radiosynthesis Module which should facilitate the translation of 2-
[18F]F-PABA to clinical applications.
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In Vitro Uptake of 2-[18F]F-PABA by S. aureus.

The accumulation of 2-[18F]F-PABA in bacterial cells was investigated in S. aureus. The
tracer rapidly accumulated in viable cells but not in heat-killed bacteria (Figure 2a). After 2
h of incubation, the concentration of 2-[18F]F-PABA was significantly higher compared to
heat-killed bacteria (2 < 0.005). Co-incubation of 2-[18F]F-PABA with varying
concentrations of PABA resulted in a dose-dependent inhibition of 2-[18F]F-PABA uptake
(Figures 2b and S2), yielding a dose—response curve with an ICgq value of 1 + 0.9 pM,
which is similar to the Ky, value of 2-F-PABA (5 * 2 M) determined using the enzymatic
assay. The concentrationdependent blocking of 2-[18F]F-PABA uptake in S. aureus by
PABA supported our proposed mechanism for the specific accumulation of 2-[18F]F-PABA
in bacteria. In order to further investigate the translational potential to clinically detect S.
aureus infections, the accumulation of 2-[18F]F-PABA in various clinical strains was
examined. As shown in Figure 2c, 2[18F]F-PABA accumulates in all the clinical strains
tested including four methicillin-sensitive strains (MSSA) and six MRSA strains, one of
which is USA300, which is the primary cause of community-acquired MRSA infections.
The accumulation of 2-[18F]F-PABA in almost all the clinical isolated strains was similar or
higher than that observed for the reference S. aureus ATCC 29213 (MSSA) strain. The
variation in 2-[18F]F-PABA accumulation across the different strains of S. aureus may be
due to different levels of DHPS and/or AbgT transporter expression or variation in the
ability of the bacteria to undertake de novo PABA synthesis.

N-Acetylation of 2-[18F]F-PABA.

PABA is known to be rapidly converted in the liver to A-acetyl-PABA by the arylamine N-
acetyltransferase (NAT) as well as para-aminohippuric acid and N-acetyl-para-
aminohippuric acid by theglycine Atacyltransferase.32:33 In humans, NAT type 1 is
responsible for the N-acetylation of PABA and is enzymatically similar to the isoenzyme
NAT type 2 in rodents.34 Similarly, 2[18F]F-PABA was also extensively N-acetylated
(50.14%) in the rat model 2 min after intravenous injection (Figure S3). Although NAT
enzymes have also been described in some bacterial species, N-acetylation of PABA does
not occur in most of them.3°

Whole-Body Biodistribution of 2-[18F]F-PABA in S. aureus-Infected Mice.

The biodistribution of 2-[18F]F-PABA in a mouse S. aureus thigh infection model was
investigated by PET imaging and also by ex vivo tissue analysis (Figure S4). 2-[18F]F-PABA
was found to distribute to all major organs and subsequently rapidly eliminated mainly
through renal clearance. In addition, over the time course of the study, significantly higher
levels of tracer were found in the infected thighs than in uninfected thighs.

2-[18F]F-PABA PET Can Detect and Localize S. aureus Infection in Vivo.

The ability of 2-[18F]F-PABA to detect and localize S. aureus infection in vivo was assessed
using a rat triceps infection model. 2-[18F]F-PABA readily accumulated in the infected
triceps (Figures S5 and S6), with higher tracer levels, compared to the uninfected triceps 10
min after tracer injection. The differential accumulation of tracer in the infected triceps
compared to the uninfected triceps increased over the 60 min PET imaging time window,
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reaching a factor of 5.4 by the end of the study (0.35 £ 0.09%ID/cc vs 0.07 £ 0.03%ID/cc).
60 min after tracer administration, there was a significant difference between 2-[18F]F-
PABA accumulation in the infected and uninfected triceps (P = 0.028) (Figure S5b). In
addition, the activity in the infected triceps was greater than that found in the blood whereas
the activity in the uninfected triceps was lower (Figure S5c¢). The infected triceps-to-blood
ratio increased over the 60 min imaging time window while the uninfected triceps-to-blood
ratio remained unchanged over this period. Importantly, the tracer was rapidly eliminated
from blood, lungs, liver, and bone rapidly without specific accumulation (Figure S6). The
activity in the infected triceps was 4.8-, 4.2-, and 3.4-fold higher than that of bone, lung, and
liver, respectively, 60 min after tracer administration, while the activity in uninfected triceps
was 0.9-, 0.7-, and 0.6-fold the amount in the bone, lung, and liver, respectively, 1 h after
tracer injection (Figure S7). Ex vivo post-mortem analysis corroborated the PET imaging
data (Figure S5d). Finally, infections with S. aureus are often fulminant and spread rapidly,
and infection in the surrounding subcutaneous tissues was also noted (Figure S8).

2-[18F]F-PABA PET Can Differentiate Infection from Sterile Inflammation.

We next investigated whether 2[18F]F-PABA PET could differentiate between infection from
a sterile inflammatory process. Bacterial infection was induced in the right triceps whereas
heat-killed bacteria were used to generate an inflammatory response in the left triceps.
Histological examination revealed extensive neutrophil infiltration in both the infected and
inflamed triceps, while Gram staining demonstrated the presence of Gram-positive bacteria
in the infected triceps (Figure S9). Subsequent PET/CT and ex vivo studies revealed
significant differences in tracer accumulation between the infected and inflamed triceps
(Figure 3). After 10 min, the accumulation of 2-[18F]FPABA was ~2-fold higher in the
infected triceps compared to the inflamed triceps, and this ratio increased over time so that
by 60 and 120 min the ratio was 5.52 and 7.95, respectively (Figures 3b,c and S10). Similar
to the previous study, the activity in the infected triceps was higher than various other
(uninfected) organs, with the activity in the infected triceps as a ratio to lung and liver
increasing over the 120 min imaging time window (Figure S11). Ex vivo post-mortem
analysis agreed with the tracer distribution from the PET studies (Figure 3d).

We next evaluated the effect of unlabeled F-PABA on the accumulation of 2-[18F]F-PABA in
infected tissue by repeating the imaging study after adding 2 mg of 19F-PABA to the
solution of the radiotracer. Two hours after the injection of 2[18F]F-PABA containing 1°F-
PABA, the ratio of 2-[18F]JFPABA in infected triceps compared to inflamed muscle increased
t0 9.38 + 2.43 (Figure S12). As described above, 2-[18F]F-PABA is rapidly converted to
metabolites such as the N-acetyl derivative by liver NAT enzymes. The increase in signal
from the infected tissues is thus consistent with the competition of 1°F-PABA for saturable
metabolic processes such as N-acetylation, thereby increasing the concentration of intact 2-
[*8F]F-PABA at the infection site and the subsequent accumulation of radiotracer in the
bacteria.

Finally, we also used [18F]fluorodeoxyglucose ([18F]FDG), a glucose analog and a highly
sensitive imaging technique increasingly being used for imaging infections, in our rat
infection model. The [18F]FDG PET signal at the infection site was not significantly
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different compared to the site of sterile inflammation (P= 0.2, n=4) (Figure 3e,f),
consistent with the knowledge that [18F]FDG PET is taken up by a wide-range of
metabolically active host cells, including those involved in the inflammatory response with
high glycolytic activity,36-39 and cannot differentiate inflammatory versus infectious
processes.

Monitoring Therapeutic Efficacy of Antibacterial Agents.

We next investigated the ability of 2-[18F]F-PABA PET to monitor the therapeutic efficacy
of antibacterial agents in situ and correlate with the bacterial burden. Briefly, rats were
infected with MSSA in the right triceps and MRSA in the left triceps and received either no
treatment (untreated group) or four doses of 200 mg/kg oxacillin treatment (treatment group)
for 20 h following infection. Oxacillin is highly effective against MSSA but not against
MRSA. As shown in Figure 4, significant levels of 2-[18F]F-PABA accumulated in both the
right (0.087 + 0.041%ID/cc) and left triceps (0.096 £ 0.039%ID/cc) in the untreated group.
Conversely, antibiotic treatment led to a decrease in the 2-[18F]F-PABA signal in the right
triceps (0.025 + 0.015%ID/cc) whereas tracer accumulation in the left triceps, with the
resistant strain (MRSA), did not change significantly (0.079 + 0.036%ID/cc) (Figure 4b,c).
The 2[18F]F-PABA PET signal from the right triceps (MSSA infection) of the treated
animals was significantly lower than the right triceps (MSSA infection) of the untreated
animals (P=0.008), whereas there was no difference in the PET signal from the treated and
untreated left triceps (MRSA infection) (P= 0.841) (Figure 4c). The change in PET activity
correlated with the bacterial burden determined by ex vivo microbiological examination: in
the right triceps (MSSA infection), the bacterial burden was significantly higher in the
untreated versus treated animals (8.4 £ 0.1 and 6.4 + 0.4 logig CFU/g, respectively), whereas
the bacterial burden in the left triceps (MRSA infection) was similar in the untreated and
treated animals (9.0 £ 0.2 and 8.2 £ 0.3 logyg CFU/g, respectively). While data on the
bacterial burden in clinical infections is sparse, one report indicates that clinically relevant
infections due to S. aureus have high bacterial burdens averaging 8.3 log;o CFU/mL,

suggesting that 2-[18F]F-PABA has sufficient diagnostic sensitivity to be clinically relevant.
40

Compartment Pharmacokinetic (PK) Model Demonstrates Specific Accumulation of 2-
[18F]F-PABA at the Site of Infection.

The dynamic 2-[18F]F-PABA PET data in S. aureus-infected rats was analyzed using a
compartment PK model which assumes that the tracer is irreversibly trapped in bacteria at
the site of infection (Figure S13). After determining the values of the distribution rate
constants by fitting the data from blood and infected tissues (right triceps) to the PK model,
simulations of the changes in specific and nonspecific activities within both sites were
performed.#142 After 2 h, ~60% of the total activity observed at the site of infection results
from specific accumulation in the infection site which we hypothesize is due to the
incorporation of 2-[18F]F-PABA into the bacterial folate biosynthesis pathway.
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CONCLUSIONS

We have developed a novel, noninvasive diagnostic tool for detecting, localizing, and
monitoring S. aureus infections which are a leading cause of serious deep-seated as well as
deviceassociated infections. 2-[18F]F-PABA is clinically relevant as it can be easily
synthesized in 90 min and is rapidly accumulated by clinical isolates, including drug-
resistant S. aureus (MRSA) with the potential for detecting metabolically quiescent bacteria
often associated with clinical infections. Therefore, 2-[18F]F-PABA has a high potential for
a safe translation to humans to provide a rapid, noninvasive diagnostic tool to locate
infections and guide antimicrobial selection. While we have focused on S. aureus in this
study, 2-[18F]F-PABA is taken up by many different pathogenic bacteria2* and therefore
could prove to be useful for a wide-range of bacterial infections.

METHODS
Study Design.

The objective of this study was to synthesize and test 2-[18F]F-PABA as a noninvasive PET
imaging diagnostic tool that identifies, localizes, and monitors S. aureus infections in vivo.
All protocols were approved by the Stony Brook and Johns Hopkins Biosafety, Radiation
Safety, and Animal Care and Use Committees.

Synthesis of 2-F-PABA.

2-F-PABA was synthesized from 2, 4-dinitrobenzonitrile (1) as shown in Scheme 2.

2-Fluoro-4-nitrobenzonitrile (2).—2,4-Dinitrobenzonitrile (1) (500 mg, 2.59 mmol), KF
(450.75 mg, 7.77 mmol), and fetra-n-butylammonium bromide (TBABTr, 167.02 mg, 0.52
mmol) were added to a 100 mL round-bottom flask (RBF) and dried under vacuum for 1 h.
After filling the RBF with N5, 50 mL of dry DMSO (4 A molecular sieves) was added, and
the reaction mixture was heated to 85 °C and then refluxed for 30 min under N,. After the
reaction was shown to be complete by TLC (20% ethyl acetate in hexane), the mixture was
cooled to RT and iced water was added; the reaction mixture was then extracted with ethyl
acetate. The organic extracts were combined, dried with anhydrous MgSQOg,, and evaporated
in vacuo to yield the crude product which was then purified by Combiflash using a silica gel
column and petroleum ether and EtOAc (20% ethyl acetate in hexane) as the mobile phase to
yield compound 2. EI-MS calculated for molecular ion C7H3FN,O, ([M]**): miz = 166.02,
found /m/z= 166.05, found /m/z= 120.03 for [M — NO,]** (C7H3FN). IH NMR (400 MHz,
CDClj): 68.19 (ddd, /=8.5, 2.1, 0.9 Hz, 1H), 8.13 (dd, J= 8.4, 2.1 Hz, 1H), 7.91 (dd, J=
8.5, 6.2 Hz, 1H). 19F NMR (400 MHz, CDCl3): 6 -101.0492 to —101.09 (m).

2-Fluoro-4-nitrobenzoic Acid (3).—2-Fluoro-4-nitrobenzonitrile (2) (200 mg, 1.20
mmol) was added to 10 mL of 2 M KOH, followed by the addition of 2 mL of EtOH. The
reaction mixture was stirred for 4 h at 40 °C, and after the reaction was shown to be
complete by TLC (5% methanol in dichloromethane), the reaction mixture was concentrated
in vacuo. Subsequently, the pH of the reaction mixture was adjusted to around 1 using 6 M
HCI and then extracted with EtOAc. The organic layer was dried with anhydrous MgSQOy,
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filtered, and evaporated in vacuo to yield the crude product which was then purified by
Combiflash using a silica gel column and 5% MeOH in CH,Cl, containing 0.1%
CH3COOH as the eluent to yield compound 3. ESI-MS calculated for molecular ion
C7H3FNO, ([M - H]"): miz=184.01, found m/z= 184.01. 1H NMR (400 MHz, CDCl3 and
CD30D): 68.16-8.12 (m,1H), 8.06 (dd, /= 8.6, 1.7 Hz, 1H), 8.00 (dd, /= 9.9, 1.9 Hz, 1H).
19F NMR (400 MHz, CDCl3 and CD30D): §104.90-104.95 (m). (Commercially available
standard 2-fluoro-4nitrobenzoic acid (3). *H NMR (400 MHz, CDCl; and CD30D): & 8.14
(dd, /= 8.6, 7.0 Hz, 1H), 8.06 (ddd, /= 8.6, 2.1, 0.8 Hz, 1H), 8.00 (dd, /= 9.9, 2.1 Hz, 1H).
19F NMR (400 MHz, CDCl3 and CD30D): & 104.78-104.82 (m)).

2-Fluoro-para-aminobenzoic Acid (2-F-PABA, 4).—2-Fluoro-4-nitrobenzoic acid (3)
(100 mg, 0.54 mmol), Zn powder (353.20 mg, 5.40 mmol), and NH4CI (433.53 mg, 8.10
mmol) were added to a 25 mL RBF containing 4.5 mL of methanol and 1.0 mL of water.
The reaction mixture was heated to 80 °C and then refluxed for 20 min. After the reaction
was shown to be complete by TLC (5% methanol in dichloromethane), the reaction mixture
was concentrated /n7 vacuo and the pH was adjusted to 4 using a saturated solution of
NaHCOs in water. The solution was then extracted with EtOAc, and the organic layers were
combined, dried with anhydrous MgSQOy, and filtered. The organic extract was evaporated /n
vacuo to yield the crude product which was then purified by Combiflash (Teledyne Isco)
using a silica gel column and 5% MeOH in CH,Cl, containing 0.1% CH3COOH as the
eluent to yield compound 4. ESI-MS calculated for molecular ion C;HgFNO, ([M — H]):
miz= 154, found m/z= 154 in negative mode. Calculated for molecular ion C;HgFNO, ([M
+ H]%): mlz= 156, found mlz= 156 in positive mode ESI-MS. 1H NMR (400 MHz,
CD30D): 67.66 (dd, /= 8.6, 8.6 Hz, 1H), 6.42 (dd, J= 2.2, 8.6 Hz), 6.32 (dd, /= 2.2, 13.8
Hz). 19F NMR (400 MHz, CD30D): 6-110.5213 to —110.5825 (m). 13C NMR (400 MHz,
CD30D): 6 168.32 (d, /= 3.7 Hz, 7'-C), 166.05 (d, J= 254.7 Hz, 2’-C), 156.95 (d, /= 12.5
Hz, 4'-C), 134.98 (d, /= 3.1 Hz, 6’-C), 110.63 (d, J= 1.6 Hz, 5"-C), 06.51 (d, /= 9.5 Hz,
1’-C), 101.51 (d, J= 25.6 Hz, 3'-C).

Kinetic Parameters for DHPS.

Expression and Purification of 6-Hydroxymethyl-7,8-dihydropterin
Pyrophosphokinase (HPPK).—A pET15b vector carrying the gene for E. coli HPPK in
frame with an N-terminal His-tag (GenScript USA Inc.) was transformed into competent E.
coli BL21(DE3) cells and plated on Lysogeny Broth (LB) agar containing 100 pg/ mL
ampicillin. A single colony was then used to inoculate 10 mL of LB media containing 100
pg/mL ampicillin, which was then incubated overnight at 37 °C with 250 rpm agitation. This
culture was then used to inoculate 2 L of LB media containing ampicillin in 4 L flasks,
which were grown at 37 °C for ~2.5 h until the ODggg reached ~0.8. Subsequently, protein
expression was induced by the addition of 1 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG), and the culture was shaken overnight at 20 °C. The cells were harvested by
centrifugation at 5000 rpm for 10 min and stored at =20 °C until purification. Cell pellets
were then resuspended in 20 mM TRIS buffer pH 8 containing 300 mM NaCl and lysed by
sonication. The lysate was clarified by ultracentrifugation at 40 000 rpm for 1 h and applied
to Ni-NTA resin equilibrated with resuspension buffer. The bound protein was washed with
increasing concentrations of imidazole (10 mM, 20 mM) in resuspension buffer and eluted
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using 250 mM imidazole in resuspension buffer. The eluent was collected in 1 mL fractions,
pooled, and dialyzed against 50 mM TRIS buffer pH 8, containing 150 mM NaCl and stored
at —80 °C with 10% glycerol. The protein was shown to be >95% pure by SDS-PAGE.

Expression and Purification of Dihydropteroate Synthase (DHPS).—A pET16b
plasmid carrying the gene for S. aureus DHPS was generously provided by Dr. Richard E.
Lee (St. Jude Children’s Research Hospital). The plasmid was transformed into £. coli
BL21(DE3) cells and expressed and purified as described above for HPPK.

Determination of Kinetic Parameters for DHPS.—The steady-state kinetic
parameters for DHPS were determined on a Cary 100 Bio (Varian) spectrometer at 25 °C.
Reactions were performed in 50 mM TRIS buffer pH 8.0 containing 5 mM 2-
mercaptoethanol, 5 mM MgCl,, 10 xM 6-hydroxymethyl-7,8-dihydropterin hydrochloride
(Schircks Laboratories), 1 mM ATP, 9 M DHFR, 100 4M NADPH, 5 /M HPPK, and 20
nM DHPS. The reaction was initiated by the addition of the substrate (PABA, F-PABA, or
PAS), and the progress of the reaction was then followed by monitoring the oxidation of
NADPH to NADP* at 340 nm (e = 6220 M~1 cm™1). Initial velocities were measured at
varying concentrations of the substrates (0.5, 1, 2, 5, 10, 20, 50, and 80 ¢M of PABA, F-
PABA, or PAS), and kinetic parameters (k.5 and Ky;) were determined by fitting the data to
the Michaelis—Menten equation.

Radiosynthesis of 2-[18F]F-PABA.

2-[18F]F-PABA was synthesized using a GE TracerLab FXN pro radio-synthesis box.
[18F]Fluoride was produced at an offsite cyclotron and arrived at our facility around 4 h
EOB. [18F]Fluoride (200- 1000 mCi) was first trapped on an Acell Plus QMA cartridge
(Waters), and the cartridge was flushed with nitrogen for 1 min. [*8F]Fluoride was then
released with 1 mL of a 96% CH3CN solution containing 14.4 mg of kryptofixoo, and 3.0
mg of K,COj3 and collected in a 10 mL glassy carbon reaction vessel. The solvent was
removed under vacuum, and a stream of nitrogen for 7 min at 70 °C followed by 1 min at
100 °C. The reaction vessel was cooled to 35 °C; 2 mg of 2,4dinitrobenzonitrile was added
in 1.0 mL of dry DMSO, and the solution stirred for 5 min. The reaction mixture was diluted
with 8 mL of water, and the desired 2-[18F]fluoro-4nitrobenzonitrile was trapped on tandem
oasis HLB plus and Sep-Pak light C18 cartridges (Waters). The cartridges were flushed with
N, for 2 min before being backflushed with 3 mL of acetonitrile into the same reaction
vessel. The solvent was removed at 60°C for 5 min under vacuum and a stream of N. The
reaction vessel was cooled to 35 °C before 1.0 mL of 2 M KOH was then added, and the
reaction mixture was heated at 105 °C for 10 min. The reaction mixture was then cooled,
diluted with 5 mL of water, and acidified with 2 mL of 2.0 M CH3COQH. The product 2-
[18F]fluoro-4-nitrobenzoic acid was trapped on the same oasis HLB and C18 Sep-Pak
cartridges which had been rewashed with 8 mL of water. The cartridges were flushed with
N> for 2 min before being back flushed with 1.5 mL of CH3CN into a 3 mL quartz glass
reactor containing 10 mg of metallic Zn powder. The solvent was removed at 60 °C for 5
min under vacuum and a stream of N. The reaction vessel was cooled to 35 °C before 1.0
mL of a 60 mg/mL solution of NH4Cl and 0.1 mL of 2.0 M CH3COOH were added. The
reaction vessel was then heated to 105 °C for 5 min. Following this final reaction, the
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solution was cooled to 35 °C and diluted with 4.5 mL of water before being passed through
a 0.22 um vented filter (Millex GS). The filtered reaction mixture was then purified by RP
HPLC (Phenomenex Luna C18(2), 100 A, 250 x 10 mm) and an eluent of 0.5% CH3COOH
and 5% ethanol at 5 mL/min. The desired product, 2-[*8F]fluoro-p-aminobenzoic acid,
eluted at around 16 min.

The purified product, 2-[*8F]fluoro-p-aminobenzoic acid, was neutralized with 0.2 M
sodium bicarbonate before being used for further studies. QC was performed on the product
as well a second solution which had additional unlabeled 2-fluoro-p-aminobenzoic acid.
These solutions were analyzed with HPLC (Phenomenex Luna, C18(2), 100 A, 250 x 4 mm)
with an eluent of 0.1% TFA and 8% acetonitrile at 1 mL/min. The eluate was monitored for
UV absorption at 280 nm as well as for radioactivity to determine the chemical identity,
chemical purity, radiochemical purity, and specific activity.

In Vitro Uptake Assays.

Bacterial reference strains from the American Type Culture Collection (ATCC) and random,
consecutive clinical isolates (Johns Hopkins Hospital) were utilized for the /n vitro uptake
assays. All bacteria were aerobically grown to ODggg 1.0 in LB media at 37 °C. Murine
macrophages J774.1 (ATCC) were cultured in RPMIGIutaMAX (Thermo Fisher Scientific)
with 10% heatinactivated fetal bovine serum at 37 °C with 5% CO,. To test the uptake of 2-
[18F]F-PABA, bacterial cultures were incubated with 10 kBg/mL of the radiotracer at 37°C
with rapid agitation. Heat-killed (90°C for 30 min) bacteria were similarly incubated with 2-
[18F]F-PABA. Bacteria were pelleted by centrifugation and washed three times with
phosphate buffered saline (PBS). Total radioactivity was measured using an automated
gamma counter (1282 Compugamma CS Universal gamma counter, LKB Wallac). A
minimum of six replicates was used for each assay and time point and presented as a
percentage or normalized to total protein (Bradford assay, Sigma-Aldrich).

Animal Experiments.

Rats Triceps Infection Model.—An overnight culture of S. aureus (Newman) or MRSA
(ATCC BAA1762) was initiated by inoculating 10 mL of fresh Mueller Hinton cation-
adjusted (CAMH) broth with 5 1 of bacteria from a glycerol stock that had been stored at
—80 °C. The culture was agitated on an orbital shaker at 37 °C overnight, and 100 L of the
overnight culture was then transferred to 10 mL of fresh CAMH media. Bacterial cells were
harvested by centrifugation (11 000 rpm/7500g, 3 min) and washed with sterile brain heart
infusion (BHI) broth. Final inoculums were generated by diluting bacteria to the desired
concentrations in BHI broth. Female Sprague—Dawley (SD) rats (10 weeks old, Charles
River) were injected with 50 gL of the S. aureus (Newman) culture in the right triceps.
Similarly, for the studies following oxacillin treatment, 50 4L of the MRSA culture was
injected into the left triceps. In each case, the bacteria were injected to give an initial
bacterial load of 8 log,g CFU. The triceps infections were allowed to incubate for 20 to 24 h
before PET/CT imaging. After imaging, the rats were euthanized,; tissues were harvested,
and the associated radioactivity was quantified using a gamma counter (Wizard 2480,
PerkinElmer). After gamma counting, tissue samples were homogenized in PBS at 4 °C,
serially diluted, and plated in duplicate onto solid MH medium. After overnight incubation
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at 37 °C, CFU were quantified by enumeration. For histological examination, tissue samples
were also obtained from some of the infected animals, fixed overnight in 4% formaldehyde
before being embedded in paraffin, sectioned at 4 ym, and stained with hematoxylin and
eosin (H&E) or Gram staining.

Rats Triceps Inflammation Model.—S. aureus inoculum was prepared as described
above except that an additional culture was heat inactivated to generate a sample of heat-
killed bacteria. One mL of the heat-killed bacteria was subsequently isolated by
centrifugation and suspended in 1 mL of sterile BHI broth. Female SD rats (10 weeks old,
Charles River) were injected with 50 gL of the viable S. aureus (Newman) culture in the
right triceps and 50 z1 of the heat-killed BHI suspension in the left triceps. After incubation
for 20 to 24 h, the biodistribution of 2-[18F]F-PABA was determined by PET/CT imaging.
The rats were then euthanized; tissues were harvested, and the associated radioactivity was
quantified using a gamma counter (Wizard 2480, PerkinElmer). The tissues were processed
for CFU enumeration and histological examination as described above.

Mouse Thigh Infection Model.—S. aureus (Newman) inoculums were prepared as
described above. Female CBA/j mice (10 weeks old, Jackson Laboratory) were injected with
50 4L of the bacterial culture in the right thighs to give an initial bacterial load of 7 logqg
CFU. After 8 to 12 h, the biodistribution of 2-[18F]F-PABA was determined by PET/ CT
imaging. The mice were then euthanized; tissues were harvested, and the associated
radioactivity was quantified using a gamma counter (Wizard 2480, PerkinElmer).

Metabolite Analysis.—Uninfected rats were injected IV with 25.9-33.3 MBq of 2-
[18F]F-PABA. After 2 or 20 min, the animals were sacrificed and the blood was collected
through cardiac puncture. Unlabeled 1°F-PABA and N-acetyl-2-F-PABA were added to the
blood samples which were subsequently centrifuged to obtain plasma. To remove proteins,
plasma was mixed with acetonitrile and both the supernatant and precipitate were collected;
the radioactivity was counted. The supernatant was filtered and analyzed using a radio-
HPLC system (mobile phase: 12% acetonitrile/water). The radioactive HPLC peaks that
corresponded to intact 2-[18F]F-PABA and Atacetyl-2-[18F]F-PABA were collected and
quantified by gamma counting (Wizard 2480, PerkinElmer).

Competition with 19F-PABA.—After infecting the rats as described above, 2-[18F]F-
PABA (29.6-37 MBq) spiked with 2 mg of 19F-PABA was injected via the tail vein. Two
hours postinjection, the animals were sacrificed and the organs harvested to quantify the
radioactivity using a gamma counter (Wizard 2480, PerkinElmer) while the bacterial load
was determined by plating and CFU enumeration.

Oxacillin Treatment.—Oxacillin treatment was initiated 2 to 4 h after bacterial infection.
The rats were treated with 4 doses of 200 mg/kg oxacillin (Sigma-Aldrich) through
subcutaneous injection over 20 h before imaging. PET/CT imaging was performed 2to 4 h
after the last oxacillin treatment.
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Imaging.

Mice.—Mice were anesthetized by isoflurane inhalation and placed on the scanner bed. An
8 min fullbody CT scan using a SIEMENS Inveon Docked PET/SPECT/CT was performed.
Then, 2-[18F]F-PABA (3.7 to 14.8 MBq in 100 to 300 /4 of saline) was injected via a tail
vein catheter under anesthesia. A 120 min PET scan was initiated as the injection began,
followed by a full-body CT scan. The CT data were reconstructed in voxel numbers that
were automatically calculated by the software. After the imaging, the PET data were binned
into designated time frames, followed by reconstruction using the OSEM 3D method.
During PET reconstruction, attenuation correction was performed using the reconstructed
CT data. The images were subsequently analyzed by Amide version 1.0.4 (http://
www.amide.sourceforge.net).

Rats.—2-[18F]F-PABA (22.2 to 44.4 MBq in 100 to 800 /1 of saline) was injected into the
rats via a tail vein catheter under anesthesia. PET/CT imaging was performed using a
SIEMENS Inveon Docked PET/SPECT/CT. For PET imaging, a dynamic scan was
performed 10 min after tracer administration for 60 or 120 min, followed by a full-body CT
scan. The image data were reconstructed and analyzed as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2-F-PABA is an alternative substrate for tetrahydrofolate (THF) biosynthesis. PABA and F-

PABA are substrates for dihydropteroate synthase (DHPS) in the THF biosynthesis pathway
(only the terminal portion of the pathway is shown). The incorporation of PABA and PABA
analogs F-PABA and PAS into dihydropteroate was quantified using a coupled assay that
omitted DHFS from the reaction mixture and instead involved the direct reduction of
dihydropteroate by dihydrofolate reductase (DHFR).
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Figure2.

Cell uptake of 2-[18F]F-PABA. (a) Time-dependent uptake of 2-[18F]F-PABA by viable
(black) and heat-killed (dotted gray) S. aureus (ATCC 29213). (b) Concentration-dependent
blocking of 2-[18F]F-PABA accumulation in viable S. aureus cells by PABA. (c)
Accumulation of 2[18F]F-PABA in reference S. aureus (ATCC 29213) and various clinical
MSSA and MRSA isolates, compared to mammalian cells (J774 murine macrophages).
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Figure 3.
2-[18F]F-PABA accumulation in infection compared to sterile inflammation. (a) 2-[18F]F-

PABA PET/CT images of rats with S. aureus infection in the right triceps (yellow arrow) and
sterile inflammation in the left triceps (red arrow). The images are a three-dimensional
projection, transverse, coronal, and sagittal views 60—80 min post-tracer injection. (b)
Comparison of 2-[18F]F-PABA accumulation represented as % injected dose per cc
(%ID/cc) in infected triceps, inflamed triceps, and blood 60—80 and 120—140 min after
tracer injection. **P < 0.001 from a two-tailed Mann-Whitney U Test (7= 7). (c) Time-
dependent accumulation of 2-[18F]F-PABA in infected and uninfected triceps compared to
the blood (left heart ventricle). Data represented as mean and standard error of the mean (n=
7). (d) Post-mortem ex vivo analysis of 2-[18F]F-PABA biodistribution in infected and
uninfected triceps and heart represented as % injected dose per gram of tissue (%ID/g). The
signal in infected triceps was 4.30 + 0.82 higher compared to inflamed muscle. *~ = 0.0043
from a two-tailed Mann—-Whitney U Test (7= 6). (e) Threedimensional reconstruction,
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transverse, coronal, and sagittal views of the [18F]JFDG PET/CT of a rat infected with S.
aureus in the right triceps (yellow arrow) and sterile inflammation in the left triceps (red
arrow), 60-80 min after injection of the tracer. (f) Comparison of [8F]F-FDG accumulation
60—80 min postinjection in rats infected with S. aureus and sterile inflammation, represented
as %lD/cc. There was no difference between the signal of infected versus inflamed triceps (P
= 0.2, from a two-tailed Mann—-Whitney U Test, 7= 4). NS, not significant.
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Figure 4.
2-[18F]F-PABA PET correlates with the therapeutic efficacy of antibacterial agents. To

evaluate if the signal of 2-[18F]F-PABA correlated with bacterial burden, rats were infected
with MSSA in the right triceps (yellow arrows) and MRSA in the left triceps (red arrows).
(a) Representative three-dimensional projection, coronal and sagittal views of the 2-[18F]F-
PABA PET/CT 60 min postinjection of tracer in the untreated group of rats infected with
both MSSA and MRSA. The PET signal in both infection sites was similar. (b) 2-[18F]F-
PABA PET/CT of a representative oxacillin-treated (200 mg/kg, four doses subcutaneously)
rat infected with MSSA and MRSA as described above. The images are a three-dimensional
projection, coronal and sagittal views of the PET 60—80 min post-tracer injection, where the
signal in the MSSA infection site was lower compared to the MRSA infection (c) 2-[18F]F-
PABA PET was able to differentiate between treated and untreated groups in the MSSA
infection site (*P = 0.008) but not between treated and untreated MRSA infections (P =
0.841). P values calculated using a two-tailed Mann— Whitney U Test (n = 4). NS, not
significant.
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Scheme 1.
Radiosynthesis of 2-[18F]F-PABAZ

a Reagents and conditions: (i) [18F]potassium fluoride, Kryptofixyo,, potassium carbonate,
dimethyl sulfoxide, r.t., 10 min; (ii) 2M potassium hydroxide in water, 105 °C, 10 min; (iii)
zinc power, ammonium chloride, water, 105 °C, 5 min. Overall decay-corrected
radiochemical yield: 30-40% (n= 3).
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Synthesis of 2-F-PABA from 2,4-Dinitrobenzonitrile
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