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Abstract

Bacterial infections remain a major threat to humanity and are a leading cause of death and
disability. Antimicrobial resistance has been declared as one of the top ten threats to human health
by the World Health Organization, and new technologies are urgently needed for the early
diagnosis and monitoring of deep-seated and complicated infections in hospitalized patients. This
review summarizes the radiotracers as applied to imaging of bacterial infections. We summarize
the recent progress in the development of pathogen-specific imaging and the application of
radiotracers in understanding drug pharmacokinetics as well as the local biology at the infection
sites. We also highlight the opportunities for medicinal chemists in radiotracer development for
bacterial infections, with an emphasis on target selection and radiosynthetic approaches. Imaging
of infections is an emerging field. Beyond clinical applications, these technologies could provide
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unique insights into disease pathogenesis and expedite bench-to-bedside translation of new

therapeutics.
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INTRODUCTION

While the discovery of penicillin marked a turning point in history, even ~100 years later,
bacterial infections remain a major threat. The selection of antibiotic-resistant “super bugs”
by the overuse of antibiotics and an increasingly susceptible patient population prone to life-
threatening infections due to invasive procedures, implants, and cancer therapies remain as
some of the major challenges in the field. In fact, antimicrobial resistance has been declared
as one of the top ten threats to human health by the World Health Organization.! Therefore,
the management of bacterial infections using safe, cheap, and plentiful antibiotics can no
longer be taken for granted. It is estimated that by 2050, antibiotic-resistant infections will
become the leading cause of death globally (10 million per year) and surpass those due to
cancer.2 Moreover, many of these patients have complex presentations with multiple
different disease processes occurring simultaneously. Therefore, clinical and laboratory
assessments do not always yield a clear etiology, which subsequently leads to delays in
treatment or overuse of antibiotics. However, early detection and localization of infections in
these patients could not only lead to rapid institution of appropriate antibiotic treatments but
also avoid unnecessary treatments in those that do not have bacterial infections.

Traditional tools such as microscopy, microbiology, and molecular techniques including
nucleic acid amplification and mass spectrometry, require clinical samples (blood, urine,
stool, or cerebrospinal fluid) that may not accurately represent the biology at deep-seated
infection sites and thus are often nondiagnostic.3 Therefore, direct tissue sampling of the
infection site by surgical resection or biopsy is often utilized to establish a definitive
diagnosis. However, these invasive techniques are logistically challenging, costly, and often
do not yield a diagnosis due to sampling error/bias. Furthermore, some fastidious bacteria
such as Mycobacterium tuberculosis or anaerobes are difficult to cultivate ex vivo, which
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can also limit or delay diagnosis. Currently available imaging tools such as radiography,
ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI) are
therefore often incorporated into the diagnostic workup. Because these techniques rely on
anatomic changes that occur late in the disease process, they are nonspecific and cannot
reliably differentiate infections from other disease processes such as malignancies or sterile
inflammation.34 More sensitive nuclear medicine techniques such as 11In-oxine-tagged
white blood cell y-scintigraphy and 2-18F-fluorodeoxyglucose (18F-FDG) positron emission
tomography (PET), are also nonspecific and dependent upon host immune responses to
infection, which may be altered in immunosuppressed patients most at risk for infections.
Therefore, there is a need for rapid, whole body, noninvasive imaging that could specifically
detect and localize sites of infection and also provide a readout on the disease burden.
Molecular imaging could complement traditional clinical tools especially when available
clinical samples would be insensitive, high risk, or impractical (e.g., biopsy for brain
infection). Pathogen-specific imaging could be used to rapidly diagnose deep-seated
infections due to multidrug or antibiotic-resistant (MDR) bacteria, where the risks (and
costs) of empiric second- or third-line antibiotic treatment are high and for
immunocompromised patients (e.g., fever and neutropenia due to cancer chemotherapy,
organ transplant) who are high-risk populations and for whom routine imaging to detect
infections is already an established clinical practice. Molecular imaging tools could also help
in establishing end points in patients requiring prolonged antibiotic duration (months-year)
and could be especially useful for patients with implants and foreign bodies for which
current imaging tools are inadequate and nonspecific.

PET and single-photon emission tomography (SPECT) imaging are molecular imaging tools
that have been extensively applied in oncology, neurology, and other fields, with similar
potential for infections. Combined with CT or MRI for anatomical reference, these hybrid
tools (PET/CT, SPECT/CT, PET/MRI) allow the direct noninvasive visualization of
molecular biology in vivo. In this review, we highlight how selective metabolism of small
molecules by bacteria can be exploited to develop radiotracers for clinical applications to
specifically detect and localize bacterial infections. We review the application of
radiochemistry to understand antimicrobial pharmacokinetics (PK) in situ, as well as
radiotracers designed to study local biology in vivo. Recent developments in the design,
radiosynthesis, and applications of radiotracers in this field are described. Furthermore, we
propose opportunities for the design, discovery, and development of pathogen-specific
radiotracers by medicinal chemists, especially in the fields of antimicrobial drug discovery
and molecular imaging.

PATHOGEN-SPECIFIC IMAGING

Target Selection.

While molecular imaging in oncology aims to differentiate neoplastic cells with minor
variations from other eukaryotic cells from the same lineage, bacteria-specific radiotracers
take advantage of the significant structural and metabolic differences of prokaryotes. Until
recently, target selection has mainly focused on antibiotics, which while highly specific,
target and kill (or disable) bacteria at high potency. Therefore, many radiolabeled antibiotics
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may not be ideal candidates for bacteria-specific imaging unless they are accumulated by
bacteria many orders of magnitude greater than by mammalian tissues.> More recent efforts
for developing pathogen-specific imaging agents target specific bacterial pathways,
including the metabolism of carbohydrates, bacterial folate biosynthesis, and iron transport
systems unique to bacteria, components of and selective binders to the bacterial cell wall,
substrates for intracellular bacterial proteins, and antimicrobial peptides (Figure 1).6.7 The
main advantage of this approach is signal amplification due to enzymatic turnover or
retention within the bacteria, which can be detected by imaging over the background signal
from uninfected mammalian tissues.

Selected pathogen-specific radiotracers described in the following sections have been
summarized in Table 1.

Carbohydrate Metabolism.—8F-FDG is the most commonly used diagnostic PET
radiotracer for clinical oncology and infectious diseases, making fluoride-18 (18F, half-life =
110 min, B* 96.9%, Emax = 634 keV26) the most widely used radioisotope.2’” As an analogue
of glucose, 18F-FDG accumulates in cells with increased glycolysis regardless of the cause
leading to this metabolic change. Therefore, 18F-FDG is not capable of distinguishing
between infection and sterile processes (e.g., neoplasia, autoimmune disorders, etc.). While
glucose is metabolized by most organisms, some sugars are only metabolized by bacteria.
Through a systematic screening of small molecules, Ordonez and Weinstein et al. reported
that the sorbitol analogue 2-18F-fluorodeoxysorbitol (18F-FDS) is metabolized selectively by
Enterobacterales (Escherichia coli, Klebsiella sp., Enterobacter sp., Salmonellasp., etc.), a
group of rod-shaped Gram-negative bacteria that are the most common cause of bacterial
infections in humans.” 18F-FDS is conveniently synthesized by a simple reduction of 18F-
FDG with sodium borohydride (Figure 2A).28 The maltose—maltodextrin transporter
internalizes a-1,4-linked glucose oligomers (maltodextrins) as a source of glucose and is
only functional in metabolically active bacteria. Ning et al. developed 18F-maltohexaose
(MH18F) as a radiotracer that could potentially image bacteria with specificity, although
there was high background signal.11 Because the transporter recognizes the nonreducing end
of maltodextrins (i.e., the end that does not have a free aldehyde or ketone group), the
reducing end of maltohexaose was functionalized to undergo nucleophilic substitution (Sn2)
by 18F-fluoride (Figure 2B).11 Maltose is a disaccharide formed of two glucose units joined
by a glycosidic link between the a-anomeric form of C1 in one sugar and the hydroxyl
oxygen atom on C4 of the other. Two radiofluorinated analogues of maltose have been
reported in which the 18F-label is located either at the 1- or 6- positions in a single unit.
6-18F-Fluoromaltose is prepared by nucleophilic displacement of a nosylate group by 18F-
fluoride, followed by hydrolysis of the acetyl-protecting groups. The analogue 1-18F-
fluoromaltose that has been synthesized by nucleophilic displacement of the triflate-
substituted precursor, however, proved unstable upon purification. 6-18F-Fluoromaltose was
also able to distinguish infection from sterile inflammation in vivo, although high
background tissue retention was observed,2? leading to the development of the second-
generation analogue 6" -18F-fluoromaltotriose (Figure 2C).12 While targeting the maltose—
maltodextrin transporter is a promising approach, the presence of starch-degrading enzymes
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in blood requires special attention in the design of these radiotracers to avoid in vivo
degradation.30

Folate Metabolism.—While humans can only acquire folic acid through their diet, most
bacteria require de novo synthesis. This metabolic distinction in folate biosynthesis has been
explored as a target for antibiotics, such as sulfonamides, which act as competitive inhibitors
of bacterial dihydropteroate synthase (DHPS). DHPS catalyzes the incorporation of para-
aminobenzoic acid (PABA) into tetrahydrofolate.1> Mammals, however, lack the machinery
to utilize PABA and rapidly eliminate it through urinary excretion. PABA and its
antibacterial structural analogue, sulfonamide, enter bacterial cells by passive diffusion
through nonspecific porin channels. 3H-PABA was found to accumulate in bacteria
following a small molecule screening, and it was subsequently developed as a PET
radiotracer using carbon-11 (1C, half-life = 20.4 min, B* 99.8%, Emax = 960 keV26).7 11C-
PABA was synthesized via cyclotron generated 11CO, and a commercially available
Grignard precursor (Figure 3A).32 In a mouse model of £. coli infection, the uptake of 11C-
PABA in infected tissue was 2.6-fold higher than in the inflamed control tissue inoculated
with heat-killed bacteria.13 The PABA analogue 2-fluoro-PABA was found to be a suitable
alternative substrate for tetrahydrofolate and was subsequently developed as a radiotracer
using 18F. 2-18F-PABA was obtained in three steps by conventional nucleophilic aromatic
substitution radiofluorination of the commercially available precursor 2,4-
dinitrolzenzonitrile (Figure 3B).1° Sellmyer et al. developed a radiotracer based on the
broad-spectrum antibiotic trimethoprim (TMP), which inhibits bacterial dihydrofolate
reductase, an enzyme in the DNA synthesis and folate pathway that is conserved across most
bacterial species. TMP has a higher affinity for the bacterial target compared to the human
equivalent and the radiotracer design was based on reported structure—activity relationships
of TMP analogues. 18F-Fluoropropyl-trimethoprim (18F-FPTMP) is prepared by Sy2
radiofluorination in a one-pot two-step protocol (Figure 3C).16

Iron Metabolism (Siderophores).—Iron (Fe) is an essential micronutrient for bacteria
and fungi to survive and replicate. Bacteria and fungi biosynthesize and secrete specific
chelators, termed siderophores, that sequester Fe3* from the surrounding environment. The
resulting Fe3* complexes are highly stable and are recognized and taken up by active
transporters of the microorganism. Many siderophores are specific to particular species or
categories of bacteria. The metal ion Ga3* possesses the same charge and a similar ionic
radius to high spin Fe3*. As a result, it exhibits similar coordination properties and also
forms highly stable siderophore complexes. Active transporters involved in the uptake of
Fe3*-siderophore complexes do not sufficiently distinguish the Fe3* siderophore complex
from the respective Ga3* complex and therefore can also take up the complementary Ga3*-
bound siderophore. Recent research has exploited this, and a library of siderophores have
been radiolabeled with the PET isotope gallium-68 (58Ga, half-life = 67.7 min, 8" 88.9%,
Emax = 1899 keV2%) and screened for uptake first in rodent models of Aspergillus fumigatus
fungal infections and also in bacteria. 87Ga (half-life = 78 h, EC) is a y-emitting isotope
used in y-scintigraphy/SPECT imaging, and formulations of 67Ga, most notably citrate
formulations, have historically been used for imaging infection, as well as inflammation.
33,34 The ability of 57/68Ga3* to image infection is likely due to its tendency to behave

J Med Chem. Author manuscript; available in PMC 2021 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mota et al.

Page 6

similarly to Fe3*. Citrate has a modest affinity for Ga3* (log 1 = 10.02), and thus 67/68Ga3*
may dissociate in vivo from citrate. The free 67/68Ga3* can be sequestered by pathogenic
organisms via siderophores. Alternatively, 88Ga-citrate or the dissociated 67/68Ga3"* is
sequestered by host inflammatory cells3® and therefore cannot always distinguish
inflammation from infection.® More recently, $8Ga3* complex of pyoverdine PAO1 (PVD-
PAQ1), a siderophore produced by Pseudomonas aeruginosa, was developed via generator-
produced %8Ga. PET studies using a murine 2. aeruginosa infection model have shown
specific accumulation of 88Ga-PVD—PAOL1 in infected tissues versus 18F-FDG or 8Ga-
citrate (Figure 4).17

Nucleic Acids.—Anaerobic bacteria have been explored as tumor-killing toxins due to
their ability to proliferate in hypoxic areas. A strain of Clostridium novyi-NT (C. novyi-NT)
that lacks its lethal toxin has been engineered and shown to have promise as a bacterial-
based cancer therapeutic agent.38 With the aim of monitoring this therapy in vivo, a SPECT
radiotracer targeting bacterial thymidine kinase (TK) was developed. 1-(2’-Deoxy-2’-
fluoro-B-D-arabinofuranosyl)-5-iodoracil (FIAU) is a thymidine nucleoside analogue and a
substrate for TK in a variety of bacteria, which upon phosphorylation becomes
intracellularly trapped. The SPECT radiotracer 1251-FIAU showed in vivo uptake in £. colj,
S. aureus, E. faecalis, and C. novyi-NT bacterial strains. On the basis of these findings, a
PET analogue containing iodine-124 (1241, half-life = 4.2 days, 8" 22.7%, Emax = 2138
keV2%), 124|F| AU, initially developed as an imaging agent for viral infections,3’ was studied
in patients with musculoskeletal infections, where it demonstrated positive signal in the sites
of infection. The radiosynthesis of 1241-FIAU proceeds by the radioiodination of 1-(2”-
deoxy-1-p-p-arabinofuranosyl)-uracil with 1241-Nal (Figure 5A).

Bacterial-Specific Cell Wall Components.—Most bacteria produce and incorporate p-
amino acids into their cell walls, a process that is absent in mammalian cells. Neumann et al.
reported the radiolabeling and characterization of -methyl-11C-methionine (:1C-p-Met).
The radiosynthetic strategy for 11C-p-Met was based on an automated method developed for
11C-L-Met and consists of the methylation of a p-homocysteinethiolactone with gas phase
produced 11CHgl (Figure 5B). In vivo, 11C-p-Met selectively differentiates both £. coliand
S. aureus infections from sterile inflammation.20

Antimicrobial peptides can be endogenously generated by cells involved in the host immune
response. The cationic peptide ubiquicidin (UBI) is present in the human respiratory
epithelium and preferentially binds to the negatively charged bacterial cell wall.38 Several
99mTc-radiolabeled peptidic fragments of UBI showed increased sensitivity and selectivity
for bacteria and 9°™MTc-UBI-29-41 showed promise for SPECT imaging of several bacterial
strains in preclinical and clinical studies.3%-41 An 18F-labeled analogue of ¥MTc-UBI-29-41
was developed, but its use was limited by defluorination in vivo.#2 Vilche et al. developed a
68Ga-analogue using a NOTA ligand (Figure 5C), and first-in-human studies have been
reported.23

Although many pathogen-specific targets have been explored, some have proved more
successful than others. For example, while several studies utilizing radiolabeled antibiotics
have been published, they are not in use clinically.® This is likely, as some radiolabeled
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antibiotics may not be ideal candidates for imaging unless the mechanism of bacterial
accumulation is orders of magnitude greater for the bacteria than for human tissues.38:43
While several clinical studies utilizing antimicrobial peptides have been reported, and some
antimicrobial peptides have shown promise for specific detection of bacterial infections
(e.g., Sathekge et al. using 9°MTc-UBI-29-41),4! they have not yet been widely accepted for
pathogen-specific imaging. Similarly, despite its initial promise, clinical studies utilizing
1241_FIAU PET reported low specificity and poor imaging quality in patients with suspected
prosthetic joint infections,® due to muscle uptake possibly due to FIAU metabolism by
human mitochondrial TK2.44 Finally, some bacteria-specific radiotracers are dependent on
the metabolic state of the bacteria or on bacterial growth and multiplication.” Therefore, at a
low metabolic state and slow growth rate, the incorporation of some radiotracers might not
be sufficient for high signal-to-noise ratios. Conversely, some radiotracers such as 11C-
PABA seem to be independent of the bacterial metabolic state and thus have the potential to
detect slowly dividing bacteria.” Ideally, the target would be highly conserved and specific
for bacteria and the radiotracer would be able to accumulate in both susceptible and drug-
resistant organisms at different growth phases. From a molecular design standpoint,
however, there is not a mathematical algorithm that would allow us to predict such
characteristics. Nonetheless, on the basis of the development history of the radiotracers
reviewed here, we can devise key considerations for de novo design of pathogen-specific
small molecule PET imaging agents, as summarized in Figure 6.

Compound Screening and Structural Design.

Once a target has been identified, the discovery of new “leads” may follow a conventional
compound screen, structure-based design, or optimization of molecular probes developed for
other imaging techniques such as fluorescence. Unbiased screening approaches are
necessary for the discovery of novel candidates that could be developed as pathogen-specific
imaging agents. While screening random libraries of radiolabeled compounds has yielded
promising results,” another approach would be to explore the vast existing libraries of
antibiotic analogues developed by medicinal chemists. Many analogues which may not have
high potency and are thus discarded for the purposes of developing antibiotics could
nonetheless be developed as promising pathogen-specific imaging agents. Specifically,
examination of their structure—activity/binding relationships and selection of compounds
with very high affinity to bacterial targets and the potential for accumulation would be ideal.
When optimizing the chemical structure of the desired radiotracer, the structural motif of the
molecule required for bacterial recognition and specificity must be kept intact while other
components can ideally be explored for radiolabeling and optimization of physicochemical
properties. Screening of bacteria-specific radiotracer candidates should be performed in
whole bacterial cell cultures because the fact that a probe can selectively bind an essential
bacterial enzyme does not mean it can also penetrate the bacterial cell wall or be
successfully delivered to the sites of infection.*

Choice of Radiolabel.

A crucial factor for the development of new radiotracers is the introduction of the radiolabel
itself, which can substantially alter the chemical properties and bacterial uptake of the tracer.
Whether the radiotracer in question is a radiolabeled version of a known biologically
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relevant molecule or a novel compound designed to be an imaging agent, addition of a
radiolabel may significantly impact its behavior in vivo. 9MTc is widely used in SPECT
imaging due to its low cost, 6 h half-life that allows it to be shipped, and ease of
radiolabeling. Because it is a radiometal, the incorporation of 9™Tc into molecules occurs
through chelation, either through a ligand linked to the target molecule or through direct
chelation with the pharmacophore of interest. Although this allows for straightforward kit-
based radiolabeling, it may affect several properties of the molecule being radiolabeled,
particularly if direct chelation is taking place, as the functional groups required for chelation
may also be crucial for the binding or solvation of the molecule. Covalent binding of PET
isotopes circumvents these limitations, albeit with additional constraints. For instance, the
main advantage of radiolabeling with 11C is that it allows the chemical structure of the target
molecule to remain unchanged, which is critical when performing PK analysis of
radiolabeled antibiotics (e.g., 11C-rifampin). 11C is also the radiolabel of choice for amino
acids and derivatives (e.g., 11C-p-Met). However, while 11C provides excellent image
quality, its 20 min half-life limits its use due to the need for an on-site high energy cyclotron.
Furthermore, if the radiotracer is expected to take several hours to accumulate inside the
bacteria, a short-lived isotope such as 11C might is not ideal. 18F is the most commonly used
PET radioisotope, providing high quality images and allowing imaging for up to 5 h post
injection. Accordingly, the majority of bacteria-specific PET radiotracers in development are
radiofluorinated, either because they derive from widely available 18F-FDG (e.g., 18F-FDS)
or because they have been designed to incorporate 18F (e.g., 18F-FPTMP). Because 18F-
fluoride can be produced by low energy cyclotrons in high quantities and shipped to other
locations, it offers several advantages over 11C. The limitations of 18F come from the
complexity of chemistry required for radiolabeling and rather common radiotracer
defluorination in vivo. 124| has a 4-day half-life, which is very useful for molecules with
long biological half-lives such as antibodies, although the images generated are poor
because only 23% of its decay is through positron emission. In addition, in vivo deiodination
can also occur and lead to toxicity. As in 9™Tc SPECT imaging, PET radiometals can also
be incorporated through chelation to a ligand that is in turn covalently linked to the target
molecule. While this can significantly change the physicochemical properties of small
molecules and in vivo PK, it can also be exploited as a way to transport and deposit
radiometals into bacteria. For example, siderophores act themselves as the metal chelator
(e.g., 8Ga-PVD-PAO1), and large antimicrobial peptides (e.g., 58Ga-NOTA-UBI-29-41),
which bind to extracellular targets, are less affected by the bulky metal-chelator complex.
68Ga can be easily obtained from a benchtop generator and allows very simple
radiosynthesis, but this is also a limitation because its short half-life of 68 min and low
amounts of activity generated prevent it from being shipped to remote locations. An
alternative to ®8Ga is the SPECT isotope 87Ga with a 3 day half-life. Other PET radiometals
of notable mention are zirconium-89 (89Zr, half-life = 3.3 days, B+ 22.7%, Emax = 902
keV26) and copper-64 (84Cu, half-life = 12.7 h, B+ 38.5%, Emax = 653 keV26), although
these have not been vastly used in PET imaging of bacterial infections.

Physicochemical Predictors.

The structural design, inclusive of radiolabel choice as mentioned above, must be an iterative
process that takes into consideration in silico predictors and in vitro characterization of
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physicochemical properties. Lipophilicity, polar surface area, and net charge are properties
that can influence the radiotracer’s ability to penetrate the blood-brain barrier and other
target tissues where infected lesions are present. From several PK studies performed with
radiolabeled antibiotics, we know that delivery to sites where bacteria reside is often low due
the poor vascularization and presence of necrotic tissue as well as high cellular density.
Highly lipophilic small molecules often show high plasma protein binding and slow
clearance rate, and positively charged, hydrophilic radiotracers are rapidly cleared by the
kidneys. Thus, when analyzing a library of potential radiotracers, one should take into
consideration not only their in vitro cellular uptake but also their physicochemical
properties.

Synthetic Strategy and Radiochemistry.

Due to the half-life constraint of most PET isotopes as well as high energy exposure to the
chemist, fast, simple, and reproducible radiolabeling strategies are usually sought.
Precursors of very high purity are required, and a synthetic route that allows late stage
radiolabeling in one or two steps is preferred. A key difference between radiochemistry and
standard synthetic chemistry is the scale of the reaction, as most radiosynthesis will use
subpicomolar concentrations of radioisotope. The identity of the resulting compound must
be easily confirmed, which is commonly achieved by HPLC. Because in most cases the
radiotracer must be obtained on the same day as the PET imaging, it is imperative that
radiosynthesis, purification, and quality control are optimized and a balance between
radiochemical yield, time of preparation, and starting amounts of radioactivity is achieved.
The formulation of the radiotracer is also important, and stability should be measured early
on.

Clinical Translation.

Assuming a promising new radiotracer has been discovered and characterized in small
animal molecules, its synthesis must be optimized for good manufacturing practice (GMP)
standard production before it can be translated into humans. Early stage radiosynthesis is
often performed manually or in automated radiosynthesis modules in a radiochemistry lab.
For complicated radiosynthesis, manual handling allows complex multistep protocols to be
followed, but the use of automated systems strongly decreases the radiation exposure of the
radiochemist. When translating the protocols into a clinical PET center, however, other
factors must be taken into considerations in order to comply with the guidelines stipulated
by the respective regulatory agency.*®

RADIOLABELED ANTIBIOTICS AND ANALOGUES TO STUDY DRUG
BIODISTRIBUTION

The discovery and development of highly effective and safe antimicrobials presents
additional challenges to the conventional drug development pipeline. At the early stages of
drug discovery, antimicrobial efficacy is determined by the susceptibility of the
microorganism to the antimicrobial using the minimum inhibitory concentration (MIC).
However, effective treatment of infections depends on achieving adequate antibiotic
concentrations at infection sites, where the pathogen resides.%6 While drug dosing is
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commonly determined by PK studies based on drug concentration in plasma, this traditional
approach provides inconsistent information regarding drug delivery and biodistribution in
different organs or areas. Reduced penetration of antibiotics into privileged infected sites
such as necrotic pulmonary tissues or infections localized in the brain can lead to their poor
performance. PET imaging can provide a multicompartment dynamic profile of the
radiolabeled antibiotic in vivo noninvasively. A major challenge with radiolabeled antibiotics
is to find radiochemistry conditions that allow the incorporation of a radioisotope that results
in a radiotracer chemically identical to the parent drug. Additionally, matching the physical
half-life of the radioisotope with the biological half-life of the drug is important. In some
cases, an analogue of the drug can be used as a surrogate if its behavior in vivo mimics that
of the drug. A major advantage of this technology is clinical translatability and the ability to
measure PK simultaneously in multiple organs/tissue compartments with relatively unaltered
physiology. Therefore, these studies could provide detailed PK data in humans and enable
phase 0 clinical studies, typically small studies of 10-20 patients,*’ that are strongly
encouraged by the FDA for new drug applications.*®

Antimycobacterials.

The front-line antimicrobials used for the treatment of tuberculosis (TB) are isoniazid,
pyrazinamide, and rifampin, and they have all been radiolabeled with 11C, thus retaining
their chemical identity. 11C-isoniazid can be synthesized in a three-step one-pot reaction
from 11C-HCN and iodopyridine (Figure 7A).49 Amartey et al. developed a fluorinated
analogue of isoniazid, 2-18F-fluoroisoniazid, which can be obtained from a
trimethylammonium precursor in two steps (Figure 7B).50 In 2012, Weinstein et al. reported
the PK of 2-18F-fluoroisoniazid in Mycobacterium tuberculosis-infected mice, where it
accumulated in the lungs of infected animals compared to healthy controls and showed that
the fluorinated analogue, which requires specific activation for accumulation within the
bacteria, mimics the behavior of isoniazid.5! Although a similar approach was followed to
obtain 11C-pyrazinamide and its fluorinated analogue, 5-18F-fluoropyrazinamide was found
not to be a substrate for the M. tuberculosis PZase enzyme and therefore it does not mimic
the behavior of the drug in vivo.49:52 Rifampin is a semisynthetic macrocycle derived from
the natural product rifamycin, and it acts by inhibiting bacterial DNA polymerase. Rifampin
was originally radiolabeled by A-methylation at the piperazine moiety with 11CHgl (Figure
7C), and a different synthesis using 11C-methyl triflate as the starting material has also been
reported.#9:53 In a rabbit model of tuberculous (TB) meningitis, Tucker et al. noted that
penetration of 11C-rifampin in the brain is limited, heterogeneous, and varies as the
treatment progresses.>* First-in-human 11C-rifampin PET in patients with pulmonary TB%®
and one patient with TB meningitis®* demonstrated limited pulmonary cavitary and brain
penetration of the radiolabeled drug, respectively. Bedaquiline, a bromine-containing
diarylquinoline, inhibits the mycobacterial ATP synthase and offers synergy with both first-
and second-line TB drugs. It received accelerated FDA approval in 2012.58 Recently, the
radiolabeling of bedaquiline with bromine-76 (6Br, half-life = 16.2 h, B+ 54.8%, Emax =
3382 keV26) to generate a radiotracer identical to the parent compound was reported (Figure
7D).57 PET imaging in a mouse model of pulmonary TB showed 76Br-bedaquiline
selectively localizes in adipose tissue, has excellent penetration into infected lung lesions,
and (previously unreported) measurable uptake in the brain parenchyma.>’
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Broad-Spectrum Antibiotics.

Fluoroguinolones are a class of broad-spectrum antibiotics which exhibit concentration-
dependent bactericidal activity by inhibiting enzymes essential for bacterial DNA
replication. While this section discusses the use of radiolabeled antibiotics and analogs to
study drug biodistribution, it should be noted that in the 1990s, an analogue of ciprofloxacin
labeled with 9°™Tc was commercialized as a bacteria-specific SPECT imaging agent.
However, lack of specificity was subsequently reported.>8-61 Because fluoroquinolones
contain at least one fluorine atom, this facilitated their development into 18F-labeled PET
radiotracers. The radiolabeling of ciprofloxacin has been reported by 1°F-18F isotopic
exchange, a method that has been applied to radiolabel other fluoroquinolones,62:63 although
it is rarely considered for radiotracer development as it is lengthy (approximately 40 min)
and usually leads to low yields and specific activity.54 Langer et al. reported that direct
isotopic exchange on ciprofloxacin itself was unsuccessful and developed a two-step
synthetic strategy starting with a 7-chloro-substituted precursor (Figure 8A).5% Fleroxacin
has a fluoroethyl substituent, which allows for a different type of radiolabeling strategy to be
employed. Livni et al. report the radiosynthesis of 18F-fleroxacin from a mesylate precursor
by standard Sy2 radiofluorination (Figure 8B).56

IMAGING THE MICROENVIRONMENT

Infectious lesions are characterized by a heterogeneous microenvironment, which may
include spatial physical and chemical differences as well as varied immune responses. While
our current understanding of the local biology at the sites of infection derives from
molecular biology techniques performed on resected tissues, in vivo PET imaging performed
with radiotracers targeted at inflammation biomarkers may provide valuable information
regarding the heterogeneity of infection sites and help in developing novel host-directed
therapies (Figure 9). For example, the potential of hypoxia imaging has been evaluated in
pulmonary TB, which is characterized by hypoxic caseous granulomas and with hypoxia
being a determinant of bacterial persistence.87:68 In a mouse model of pulmonary
tuberculosis, copper(11)-diacetyl-bis(A4-methylthiosemicarbazone) (84Cu-ATSM) showed
progressive time-dependent accumulation in tuberculous lesions.%? An alternative PET
radiotracer for hypoxia imaging is 18F-fluoromisonidazole, 18F-FMISO, which has been
clinically used to characterize tissue hypoxia in TB patients, where it accumulates in regions
of TB consolidation and around pulmonary cavities.’? Reactive oxygen and nitrogen
species, collectively referred to as ROS, are endogenously generated by the mitochondria
and are essential to normal cell function. When ROS are excessively generated, however,
this may result in DNA and protein oxidation and ultimately lead to cell death.”! Oxidative
stress is considered a hallmark of inflammation and has also been used as the target for
therapeutics.’2 18F-ROStrace was evaluated in a mouse model of lipopolysaccharide (LPS)-
induced neuroinflammation characterized by superoxide generation’ and showed
significantly higher uptake in LPS-treated animals. Because LPS is a major component of
the outer surface membrane present in almost all Gram-negative bacteria, and ROS have
been proposed to play critical roles in microbial metabolism,’4 7> we hypothesize there is
potential for PET imaging of oxidative stress in bacterial infections. 84Cu-LLP2A is an
imaging agent used for PET imaging of melanoma and other tumors expressing very late
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Ag-4 (VLA-4). Identifying the cell types present in these lesions may allow a more precise
host-directed treatment targeting. Mattila et al. tested the VLA-4-targeting peptidomimetic
64Cu-LLP2A in macaques with TB and found that the radiotracer retention was driven by
macrophages and T cells in TB granulomas.”® The translocator protein (TSPO) has been
extensively targeted for imaging of neuroinflammation under several pathologies.””:® In the
context on infection, Foss et al. developed a SPECT analogue, 12°1-DPA-713.7° This tracer
was used to monitor TB treatments in animal models and provide early readouts on the
efficacy of novel TB treatments.89 In humans, the PET analogue 1241-DPA-713 was safe and
well tolerated, showing rapid clearance from the lungs in healthy volunteers, and thus has
potential for use in humans for diseases with macrophage-associated inflammation (e.g., TB,
sarcoid, inflammatory bowel disease).8! 88Ga-Pentixafor was developed based on a small
cyclic peptide, which is an inverse agonist of the chemokine receptor CXCR4.82 Following
its evaluation in several cancers, and due to the role of CXCR4 in inflammatory responses
and high expression levels in lymphocytes, 88Ga-Pentixafor was recently evaluated in 14
patients with suspected bone infections. Eight out of nine patients with positive 8Ga-
Pentixafor had pathology-confirmed infections.83

CONCLUSIONS

Molecular imaging for infectious diseases is an emerging field with tremendous potential for
both preclinical and clinical applications. Although several targets and screening approaches
have been explored, this field would get a major boost from unbiased screens to identify
novel biological targets and chemical leads. Some of the major challenges in this field have
been highlighted and could be overcome by applying existing medicinal chemistry resources
and approaches. Sustained, multidisciplinary efforts are needed in this field.
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Figure 1.
Molecular targets for bacteria-specific imaging agents. PTS, phosphotransferase system;

DHPS, dihydropteroate synthetase; DHP, dihydrofolic acid; THF, tetrahydrofolic acid.
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Figure2.

Radiosynthesis of sugar-based radiotracers used in bacterial imaging. (A) 18F-FDS is
obtained from reduction of 18F-FDG.28 (B) MH8F and (C) 6" -18F-fluoromaltotriose are
radiolabeled by nucleophilic substitution with 18F-fluoride, followed by deprotection of the
hydroxyl groups.12,31
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Radiosynthesis of radiotracers based on folate metabolism. (A) 11C-PABA is prepared by
nucleophilic addition of a Grignard reagent to cyclotron-generated 11C0O,32. (B) 2-18F-
PABA can be prepared in three steps by nucleophilic aromatic substitution with 18F-fluoride,
followed by hydrolysis of a nitrile to carboxylic acid, and reduction of a nitro group to a
primary amine.15 (C) 18F-FPTMP is radiolabeled in a one-pot two-step reaction by
nucleophilic substitution of the boc-protected mesylate precursor followed by acidic
deprotection.16
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Radiosynthesis of 68Ga-siderophores for imaging of bacterial iron metabolism: 88Ga-PVD-

PAOL1 is prepared by generator-produced 58Ga in the form of 88Ga-gallium citrate in
aqueous solution.17
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Figure5.
Radiosynthesis of nucleic acid'24I-FIAU and radiotracers targeting bacterial cell wall

components and intracellular proteins. (A) 1241-FIAU is obtained by radioiodination of
1-(2’-deoxy-1-pB-p-arabinofuranosyl)-uracil.37 (B) 11C-p-Met is radiolabeled by methylation
of -homocysteinethiolactone.20 (C) $8Ga-NOTA-UBI-29-41 is obtained by chelation of
68Ga using a NOTA ligand attached the peptide.22
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Considerations for the design and development of pathogen-specific PET imaging agents.
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Radiosynthesis of antimycobacterials and analogues. (A) 11C-Isoniazid is obtained by
treating iodopyridine with 221C-HCN to generate 11C-cyanopyridine, which is then converted
into a hydrazine by nucleophilic attack and subsequently hydrolyzed, in a three-step one-pot
reaction.*9(B) 2-18F-Fluoroisoniazide is radiolabeled by 18F nucleophilic substitution on an
ammonium-leaving group through the intermediate 18F-fluoroisonicotiate.50 (C) 11C-
Rifampin can be radiolabeled through A-methylation with 11CH5l.4° (D) 76Br-Bedaquiline
is obtained by copper-mediated nucleophilic radiobromination of the boronic pinacol ester

precursor.57
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Figure 8.
Radiosynthetic strategies for fluoroquinolones. (A) 18F-Ciprofloxacin can be radiolabeled

through 19F-18F-isotopic exchange in two steps.85 (B) 18F-Fleroxacin is obtained through
18F nucleophilic substitution of a mesylate precursor.66
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Chemical structures of selected radiotracers used for PET imaging of the host response at

infection sites.
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