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Abstract: The excellent features of non-invasive molecular imaging, its progressive technology (real-time, whole-body
imaging and quantification), and global impact by a growing infrastructure for positron emission tomography (PET)
scanners are encouraging prospects to investigate new concepts, which could transform clinical care of complex infectious
diseases. Researchers are aiming towards the extension beyond the routinely available radiopharmaceuticals and are
looking for more effective tools that interact directly with causative pathogens. We reviewed and critically evaluated
(challenges or pitfalls) antibiotic-derived PET radiopharmaceutical development efforts aimed at infection imaging. We
considered both radiotracer development for infection imaging and radio-antibiotic PET imaging supplementing other
tools for pharmacologic drug characterization; overall, a total of 20 original PET radiotracers derived from eleven
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1. Introduction

Despite significant advances and increased availability of
antimicrobial therapies, bacterial infections and the emer-
gence of antimicrobial resistance persist as a worldwide
health problem, causing significant morbidity and
mortality.! Accurate and early diagnosis of infections is of
utmost importance for patient management and therapeutic
decisions. However, the diagnosis of an infection can be
challenging but imaging studies are often used for this and
even to determine the extent of the infection.

Over the past decades, the use of nuclear imaging
techniques for diagnosing infectious diseases has rapidly
expanded with positron emission tomography (PET) being
the most used method. The uptake mechanisms of current
clinically available radiopharmaceuticals such as radiola-
beled white blood cells (WBC), [*F]fluorodeoxyglucose
(["*FJFDG), radiolabeled antibodies, or nanoparticles are
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not based on a direct interaction with bacterial pathogens,
but on secondary host-mediated inflammatory responses®”
and are therefore not specific for infection. For instance,
[®*F]JFDG-PET accumulates in inflamed and malignant
tissues based on a higher energy demand above neighboring
tissues. While [®F]JFDG-PET has been shown to yield
acceptable diagnostic accuracy in various infectious disor-
ders, its diagnostic value is limited by its non-specific
accumulation mechanism, which has been well described.?
To overcome these limitations whilst coping with the ever-
increasing threat of (drug-resistant) bacterial pathogens
globally, research efforts are expanding to the development
of more infection-specific radiopharmaceutical tools based
on direct interactions with infectious pathogens. This
includes improving the overall diagnostic capabilities con-
cerning specificities over inflammation or tumor growth
whilst increasing sensitivity and resolution for the clinical
setting. In the past decade, moderate progress has been
made in discovering and evaluating promising novel candi-
dates, which can be classified into synthetics and biomimet-
ics; metabolic tracers; antibodies; antimicrobial peptides;
and antibiotic-derived tracers.*") Most candidates are cur-
rently under pre-clinical evaluation with only some under-
going clinical trials

Historically, antibiotics have been extensively pursued as
infection-imaging vectors due to their well-defined bacter-
icidal or bacteriostatic mechanisms of action (MoA). This
generally entails disrupting and inhibiting essential bacterio-
logical processes through direct binding to participating
molecular structures/enzymes with high affinity and selectiv-
ity—an important prerequisite for bacterial-specific radio-
tracer development. Additionally, most antibiotics can be
chemically classified as small organic compounds, which are
of high value for radiochemical development using medici-
nal radioisotopes, especially diagnostic PET radionuclides
that ideally match the physiological half-life of the respec-
tive antibiotics.*”! Although some structural changes may be
tolerable, they are mostly limited to the non-targeting entity
of the antibiotic; common strategies are either the direct
radiolabeling of the antibiotic with a radioisotope or the
attachment of a radioisotope via a linker or chelator
conjugate.”® This offers significant advantages over the more
routinely used radiolabeling approaches that employ techne-
tium-99m, which can affect the validity of the imaging agents
due to: i) bactericidal behavior of unlabeled antibiotic (due to
the larger antibiotic quantities required for a successful
radiosynthesis); ii) complicated radiolabeling procedures with

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

Christiaan A. (Arno) Gouws is currently a
Ph.D. candidate under the joint supervision
of Prof. Tricia Naicker and Prof. Thomas
Ebenhan at the Catalysis and Peptide
Research Unit (CPRU), University of KwaZu-
lu-Natal. He received his BSc in Micro-
biology and Biochemistry in 2014, and BSc
(Hon) in Biochemistry in 2015 from North
West University, Potchefstroom. He com-
pleted his MSc in Pharmaceutical
Chemistry in 2018 at CPRU under the
supervision of Prof. Thavendran Govender.
During this period, he worked on the
design, synthesis, and preliminary evalua-
tion of potential infection-specific radiotracers. His current research
interests include the design, preliminary evaluation and novel applications
of infection-specific radiotracers to help address the everlasting threat of
infectious diseases.

Gert (H. G.) Kruger graduated from Potch-
efstroom University, South Africa, in 1996
under the supervision of Frans (F.J.C)
Martins and Attie (A. M.) Viljoen. His Ph.D.
lineage is traced back to Rudolf Criegee
(Wiirzburg) via Johan Dekker (Karlsruhe).
The Dekkers introduced cage chemistry to
South Africa, and Kruger actively pursues
the synthesis, computational chemistry,
and biotesting of cage compounds in the
Catalysis and Peptide Research Unit based
at the University of KwaZulu-Natal.

Olivier Gheysens is Deputy Head at the
Department of Nuclear Medicine, Cliniques
Universitaires Saint-Luc Brussels and is a
member of the Institute of Experimental
and Clinical Research at the Université
Catholique de Louvain (Belgium). He is
chair of the Inflammation and Infection
committee of the European Association of
Nuclear Medicine (EANM). His clinical and
research expert areas are non-invasive
multimodal imaging of cardiovascular dis-
orders, infectious and inflammatory disor-
ders as well as hematologic malignancies.
He has been involved in writing several
European guidelines and procedural recommendations for nuclear imaging
in infectious and inflammatory disorders.

Angew. Chem. Int. Ed. 2022, 61, €202204955 (3 of 25)

Reviews

Angewandte

intemationaldition’y) Chemie

Jan Rijn. Zeevaart received his PhD from
the Techniese Universiteit Delft in the
Netherlands in 2001. In 2002 he was
appointed as head of the Radiochemistry
group at the Nuclear Energy Corporation
of South Africa. He is a NRF rated
researcher since 2009 with a current rating
of B2. He has been involved in the develop-
ment of the isotope production processes
that now reside with NTP Radioisotopes
SOC Ltd. These commercialization efforts
earn South Africa more than 50 MR per
annum in foreign revenue. His research
disciplines are radioisotope production
and radiopharmaceutical chemistry, and he has a keen interest in
exploiting these disciplines in designing new radiopharmaceuticals.
Zeevaart has been appointed an Extraordinary Professor at both North
West University and University of Pretoria.

Thavendran Govender graduated from the
University of KwaZulu-Natal South Africa
in 2005 under the supervision of Hendrik G.
Kruger and Glenn E. M. Maguire. He under-
took postdoctoral studies at Uppsala Uni-
versity, in Sweden, with Prof. P.I. Arvids-
son. In 2007, he became a lecturer at the
University of KwaZulu-Natal. He was the
founding director and principal investiga-
tor at the Catalysis and Peptide Research
Unit. He is currently a Professor at the
University of Zululand.

Tricia Naicker received her M.Sc. (cum
laude) from the University of KwaZulu-
Natal in 2008 for her work in asymmetric
catalysis. In 2011, she completed her Ph.D.
at the same institution, working on devel-
oping and applying novel tetrahydroiso-
quinoline-based  organocatalysts. ~ After-
ward, she joined Prof. K.A. Jorgensen’s
research group at the Centre for Catalysis
at Aarhus University, Denmark, as a post-
doctoral fellow. Since 2013, she started her
academic career and independent research
endeavours at the Catalysis and Peptide
Research Unit based at UKZN. Currently
she serves as the vice-chair for the Organisation for Women in Science for
the Developing World (National Chapter) and she has been inaugurated
into the South African Young Academy of Science.

Prof. Thomas Ebenhan is trained biochem-
ist and pharmacologist from the University
of Tiibingen, Germany featuring a 16-year
academic record combined with a 3 year
insert of corporate involvement at Novartis
Pharma AG, Switzerland. He holds an
Associate Professorship at University of
Pretoria, is managing a preclinical molec-
ular imaging facility and is involved in the
development of a unique nuclear medicine
research infrastructure development for
South Africa. He completes duties as chief
investigator, as scientific advisor/expert or
as student (co-) supervisor on multi-institu-
tional, multi-scientific projects, mostly in biomedical or natural sciences.

T

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

variable radiochemical purities; iii) complexation stability
issues; and iv)the risk of modifications or radiometal
complexation affecting pharmacokinetic/pharmacodynamic
(PK/PD) parameters.®™”

This Review provides a comprehensive summary of the
relevant antibiotic-derived PET radiotracers, either grouped
by radiotracer development for infection imaging, or radio-
antibiotic PET imaging for pharmacologic drug character-
ization. Figure 1 illustrates the different PET radio-anti-
biotics including their respective MoA. Profound results
were achieved so far, however tracer translation to clinical
settings seems complex and lengthy. Therefore, a critical in-
depth evaluation addressing the challenges and pitfalls of
developing antibiotic-derived PET radiotracers as infection
imaging agents is provided. Radiolabeled metronidazole and
puromycin have been excluded due to their predominant
use outside the realms of infection imaging, since they are
employed as markers for tumor hypoxia! and protein
synthesis rate,™! respectively. The use of radiolabeled anti-
biotics for single-photon emission computerized tomography
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(SPECT) and non-antibiotic PET/SPECT radiotracers has
been extensively reviewed elsewhere.['>4

2. Antibiotics as PET Imaging Agents
2.1. Antifolates (Trimethoprim)

Trimethoprim (TMP) is a broad-spectrum antibiotic pre-
scribed together with sulfamethoxazole to treat a variety of
commonly-encountered infections."™ Trimethoprim exerts
its antimicrobial activity by blocking bacterial folate activa-
tion through inhibition of dihydrofolate reductase (DHFR).
Although mammals generally display an analogue of the
DHFR enzyme, the substrate-binding site is significantly
different from its bacterial counterpart, which results in a
significantly lower TMP binding affinity."®! For instance, the
half maximal inhibitory concentration (ICs)) of TMP for
human DHFR is 490 uM (inhibitor constant, K;=3700 nM),
versus 7nM (K;=1.3nM) for E. coli dhfr.""" Hence, Sell-
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Figure 1. PET radio-antibiotics evaluated as infection imaging agents and their respective cellular targets. Abbreviated content: G +: Gram-positive
specific; M: Mycobacteria-specific; B: broad spectrum; FQL: fluoroquinolones; TMP: trimethoprim; INH: isoniazid (including PT70 and PT119);
PZA: pyrazinamide; RIF: rifampin; LNZ: linezolid; BDQ: bedaquiline; ERM: erythromycin; DHFR: dihydrofolate reductase; KatG: mycobacterial
catalase—peroxidase; InhA: enoyl-ACP reductase; FAS II: type Il fatty acid synthase system; Pzase: pyrazinamidase; PanD: aspartate 1-decarboxylase;
PABA: p-aminobenzoic acid; DHF: dihydrofolate; THF: tetrahydrofolate; NADH: nicotinamide adenine dinucleotide; L-ASP: L-aspartic acid; [3-Ala: 3
alanine; CoA: co-enzyme A; ATP: adenosine triphosphate. Created with Biorender.com.
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myer  etal.  synthesized  ["C]trimethoprim  and
[**F]fluoropropyl-trimethoprim and evaluated their potential
as bacterial-specific imaging agents.['**

2.1.1. ['C]Trimethoprim ([''CI[TMP)

["'C]TMP was radiosynthesized by trapping ["'C]CH;I (from
cyclotron-produced [''C]CO,) in a reaction mixture of DMF,
base (aqueous NaOH), and a TMP—OH precursor. The
reaction mixture was heated to 70°C and allowed to react
for five minutes, followed by purification with reverse-phase
HPLC. A >98% purity of ['"C]TMP was obtained in
30 minutes (specific activity: 18.5-37.0 GBqumol; yield:
50-60 %)

A dot blot assay with various concentrations of E. coli
DHFR incubated with ["'C]TMP showed a concentration-
dependent, specific radiotracer binding.*!! To assess bacte-
rial ["'C]TMP uptake and determine if antibiotic resistance
may affect radiotracer uptake levels, extensive in vitro
uptake studies were performed across a panel of wild-type-
and TMP-resistant bacterial strains expressing mutant
DHFR enzymes.”” In all cases, both drug-susceptible and
-resistant bacterial strains showed similar and sustained
[''C]TMP uptake compared to negative controls (either
DHFR knockout strain, heat-killed, or TMP-blocked bac-
teria). As the underlying accumulation mechanisms, resist-
ant strains carried two or more DHFR expressing genes.
The wildtype DHFR gene is maintained in conjunction with
another DHFR gene that conveys resistance. Thus, this
wildtype DHFR copy in TMP-resistant strains is responsible
for the sustained, high levels of intracellular ["'C]TMP.>"

The biodistribution of ["'C]TMP-PET in healthy human
subjects!” and a proof-of-concept study in patients with
known or suspected bacterial infections®™ showed hepatic
tracer accumulation and activity in kidneys and bladder—
representing TMP metabolism and excretion. A patient with
biopsy-proven methicillin-sensitive S. aureus (MSSA) dis-
citis, scanned with ["'C]TMP, showed asymmetric uptake in
the left L4-5 facet that resolved completely on the follow-up
scan. Three patients with cystic fibrosis (CF) co-registered
focal uptake of ["'C]TMP within some (but not all) lesions
identified with computed tomography (CT). In comparison,
a patient with ["*F]JFDG-avid metastatic lung adenocarcino-
ma showed negligible ["'C]TMP uptake.

2.1.2. [*F]F-Propyl-Trimethoprim ([*F]FP-TMP)

["*F]JFP-TMP was synthesized with excellent specific activity
(185-555 GBqumol "), and radiochemical purity (99 %) by
radio-fluorination of a p-propyl-mesylate derivative of
TMP.'" The unlabeled FP-TMP showed similar specificity
against E. coli, S. aureus, and P. aeruginosa as reported for
TMP """ indicating that derivatization of TMP had a minor
effect on its DHFR binding capabilities, i.e., the K, value of
1.3nM (TMP) increased to 0.465nM for [®F]FP-TMP.
[*F]FP-TMP was significantly retained by E. coli and S.
aureus, while P. aeruginosa (resistant to TMP) exhibited

Angew. Chem. Int. Ed. 2022, 61, €202204955 (5 of 25)
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lower uptake and late retention. [*F]JFP-TMP-PET imaging
in a mouse model bearing pathological processes within
musculoskeletal tissues (E. coli or S. aureus infection, sterile
inflammation, and tumor) revealed significantly elevated
radiotracer signals, exclusively in the infected muscles
(target to non-target ratio [T/NT] of 2.7)."8! The ["*F]FP-
TMP biodistribution was dominated by rapid renal excretion
with favorably low radioactivity observed in other organs,
except for higher retention in bone (marrow), which was
also evident in non-human primates (["*F]JFP-TMP binding
to hematopoietic cells).

2.1.3. Clinical Translation of Radiolabeled Trimethoprim

Clinical translation of radiolabeled trimethoprim, e.g.,
[*F]JFP-TMP- and ['C]JTMP-PET imaging, is significant
proof that the development of novel antibiotic-derived PET
tracers is feasible. [''C]TMP has already proven to be
selective in imaging of bacterial infections in patients with
suspected infections. While antibiotic resistance can directly
affect antibiotic-based tracer uptake, [''C]TMP-PET imag-
ing has shown promising results in detecting TMP-resistant
and multi-drug resistant clinical strains."®*) The relatively
low tracer uptake (["F]FP-TMP-T/NT<3.0) in the target
tissue) could, however, be the limiting factor in its clinical
usefulness and is part of an ongoing clinical trial.*!

2.2. Fluoroquinolones

Fluoroquinolones target a highly conserved bacterial type II
topoisomerase (gyrase and topoisomerase IV), an enzyme,
which regulates DNA folding by introducing positive and
negative DNA supercoils.””! The MoA of fluoroquinolones
involves the simultaneous intercalation of two drug mole-
cules in between the topoisomerase IV-DNA complex after
the introduction and breakage of double-stranded DNA.
The increase in enzyme-DNA cleavage complexes that
prevent DNA re-ligation leads to DNA fragmentation
which, if enough, overwhelms the DNA repair mechanisms
and leads to cell death. In the early 1990s, *™Tc-labeled
ciprofloxacin was synthesized.” The promising results made
[®™Tc]Tc-ciprofloxacin commercially available (Infecton®),
and it was used for clinical imaging of infectious diseases.*!
However, subsequent studies were hampered by a lack of
specificity, which led to its discontinuation.’! As an
alternative to [*™Tc]Tc-ciprofloxacin, other fluoroquinolone
derivatives (including ciprofloxacin analogues) have been
radiolabeled with PET-radioisotopes.?"

2.2.1. [*F]F-Ciprofloxacin

In 2003, Langer et al. developed a radiosynthesis method for
['*F]F-ciprofloxacin, without altering the original structure
of the drug, by substituting intrinsic fluorine with a radio-
active fluorine-18. This method yielded radiochemically-
pure product for initial human imaging studies; however,

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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only a low radiochemical yield (RCY) of 2.5% and highly
variable, low specific activities (433 +£203 MBq umol ) were
achieved.*

In vitro, ["®F]F-ciprofloxacin accumulates rapidly in
ciprofloxacin-susceptible E. coli, yet this accumulation was
~90 % reversible (efflux) after phosphate-buffered saline
(PBS) washes. This tracer accumulation was not hindered by
co-incubation with increasing concentrations of unlabeled
ciprofloxacin.® The ["*F]F-ciprofloxacin PK/PD parameters
studied in pre-dosed healthy human volunteers showed that
["*F]F-ciprofloxacin rapidly spreads through all tissues,
except the brain (lowest signal). The highest uptake was
seen in the kidneys and liver with moderate levels of
radioactivity being recognized in the myocardium, muscle
tissue, spleen, and lungs. Tracer clearances from muscle and
lung tissue were severely delayed (half-life, f,,>130 mi-
nutes) when compared to the other compartments (t;,<
13 minutes). ["F|F-ciprofloxacin-PET imaging performed
in four patients with clinically proven ciprofloxacin-suscep-
tible soft-tissue infections showed rapid and localized tracer
signal at the affected areas. While it was easy to identify the
infection site, the radiotracer signal cleared from the target
tissue at the same rate as in healthy tissue (similarly to
[®™Tc]ciprofloxacin, a pharmacokinetic that is based on
increased blood flow and vascular permeability at the
infection site).*

2.2.2. N4'-3-['*F]F-Propyl-Ciprofloxacin ([*F]16)

Guided by structure—activity relationship analyses for cipro-
floxacin, Sachin etal. (2014) followed a labeling strategy
that involved N4'-substituted ciprofloxacin derivatives,
which finally resulted in the total synthesis of a fluorine-18
radiolabeled fluoropropyl-ciprofloxacin analogue (denoted
as ["®F]16).”” The radiolabeling solution used a carrier-free
["*F]fluoride displacement reaction of the N4'-3-methanesul-
fonyl-propyl-ciprofloxacin methyl ester with N-tert-Bu—N-
[*F]F. The synthesis procedure yielded [*F]16 with high
radiochemical purity (>99 %) and excellent specific activity
(149475 GBqumol™") within 100 minutes from the end of
bombardments. (RCY =40%; decay corrected). In vitro
experiments with cold [F]16 showed the most efficient
antibacterial activity against E. coli TOPI0 (minimum
inhibitory concentration) MICs;: 3.1£0.1 ngmL™), com-
pared to E. coli DH5 (MICsy: 157 +£4.0 ngmL™); and it was
capable of inhibiting E. coli DNA gyrase (ICs: 9.6+
3.6 uygmL™"). In addition, co-incubation with 25 nmol of a
non-radioactive analogue decreased uptake by 59 %, thereby
confirming specific binding.”” To date, no follow-up studies
have been published.

2.2.3. [*Ga]Ga-Ciprofloxacin

In order to produce higher radiochemical yields than
["*F]ciprofloxacin, Satpati et al. (2016) introduced a benzyl
thiourea linker into ciprofloxacin to furnish the derivatives
[®*Ga]Ga-p-SCN-Bz-NOTA and
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[®*Ga]Ga-p-SCN-Bz-DOTA (denoted [®*Ga]-1 and [*Ga]-2,
respectively).”! Both radiotracers were successfully radio-
labeled with ®*Ga with a final RCY>90% and specific
activities of 6.2+0.4 GBqumol . Significant amounts of the
tracer were retained by viable S. aureus cell cultures (0.9-
1.0% and 1.6-2.3 % for the NOTA and DOTA analogues,
respectively), when compared to non-viable cultures
(<0.3 % uptake). However, retention could not be blocked
by excess unlabeled ciprofloxacin  (similar  to
[*™Tc] Tc-/["*F]F-ciprofloxacin), signifying non-specific bind-
ing. Despite indications of non-specific binding, [*Ga]-1/2
was equally able to distinguish S. aureus-infected tissue from
healthy or inflamed tissue, displaying retained tracer activity
at the infection site for up to 120 minutes in a rat myositis
model. This is in direct contrast to what was observed with
["*F]F-/[*™Tc]Tc-ciprofloxacin, where unsaturable,/non-spe-
cific binding was thought to contribute to rapidly-reversable
tracer uptake by bacteria.”! The mismatch in these results
may either be due to different in vitro test protocols,
different specific radioactivity used in vivo and therefore PK
dependent concentration effects, or adverse tissue pathology
experienced in the animal model.

Alternatively, Kozminski et al. used direct DOTA-con-
jugation to ciprofloxacin ([*Ga]Ga-DOTA-ciprofloxacin
with a radiochemical purity (RCP) of >90%. In vitro
results showed that after 60 minutes, S. aureus retained 1.1 &
0.2 % of the injected dose (ID) and P. aeruginosa 1.3+0.3 %
ID; however, no negative controls were examined, but the
results were rather compared to those of the [®Ga]-1/2 in
the literature.

2.2.4. ['*F]F-Fleroxacin, ["*F]F-Trovafloxacin and
[®F]F-Lomefloxacin

Fischman et al. reported the successful radiosynthesis of
['*F]F-fleroxacin, the first PET-compatible fluoroquinolone,
in 1993, and ['*F]F-trovafloxacin in 1996.%* In subsequent
studies, the same group used both radiotracers in conjunc-
tion with PET to quantify the in vivo and in situ
biodistribution and behavior in a myriad of healthy and
bacterial-infected animal models (which included mice, rats
and rabbits), healthy human volunteers, and patients with
confirmed bacterial infections.’**) In 1996, Tewson et al.
conducted similar in vivo biodistribution measurements of
[**F]F-lomefloxacin in a pig and healthy human volunteers,
but through a less conventional oral administration instead
of IV injection of the radiotracer bolus.”"

Synthesis of radiochemically-pure [“*F]F-fleroxacin
(~1.85 GBqumol ") was achieved over 90 minutes by the
nucleophilic substitution of 'F to a reactive methylsulfonyl
ester fleroxacin precursor, but this only provided 5-8 %
RCY.®! ["F]F-trovafloxacin and ["*F]F-lomefloxacin were
radiosynthesized by '"F-exchange with “F in a reaction
mixture containing the relevant antibiotic, Kryptofix 2.2.2,
F-fluoride and K,COj; dissolved in DMSO and heated to
160°C for 15 or 60 minutes, respectively. Subsequent HPLC
purification of [®F]F-trovafloxacin produced the radio-
chemically-pure product (RCY 15-30 %; 45 minutes).™” On
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the other hand, [*F]F-lomefloxacin was recrystallized by
adding the reaction mixture to a boiling solution of 2 N HCl
and ethanol (ratio of 8:3 ml) saturated with lomefloxacin,
followed by cooling on ice for 20 minutes. This unconven-
tional method produced radiochemically-pure [“*F]F-lome-
floxacin (RCY =20 %; 90 minutes).*"! The specific activities
for [®F]F-trovafloxacin or [®F]F-lomefloxacin were not
reported.

PET and/or ex vivo measurements of ["*F]F-fleroxacin
and ["*F]F-trovafloxacin biodistribution in healthy mice, rats,
and human volunteers are reported.”***“ In summary,
the respective radiotracers showed rapid clearance from the
blood (i.e., within 50 minutes in humans) and significant
uptake was observed in all organs and peripheral tissues.
Across all subjects, the peak radiotracer signals were
determined for the kidneys, liver (gallbladder) and bowel,
followed by moderate uptake in the myocardium, lungs, and
spleen. Both radiotracers were generally renally excreted
(approx. 60 %), with some hepatobiliary excretion occurring
upon delayed metabolism. In addition, oral administration
of ["*F]F-lomefloxacin behaved similarly to ["*F]F-fleroxacin
and ["*F]F-trovafloxacin in healthy volunteers, but with a
delay of 40 minutes due to the first-pass effect.” ["*F]F-
fleroxacin and ["*F]F-trovafloxacin were further studied in
rats and rabbits bearing a thigh infection of E. coli using
PET image-guided quantification.®®*’) The peak radiotracer
concentrations in infected tissues were variable between
animal species. In rats for example, ["*F]F-fleroxacin accu-
mulation was remarkably similar between healthy and
infected tissue, while ["*F]F-trovafloxacin displayed signifi-
cantly elevated concentrations in the infected versus healthy
tissues (P<0.01). In rabbits, however, ["*F]F-trovafloxacin
and ["F]F-fleroxacin concentrations were slightly increased
in infected tissues.

Furthermore, the PET-image-guided pharmacokinetics
of [®F]F-fleroxacin was studied in patients with acute
exacerbations of chronic bronchitis and patients with
complicated urinary tract infections (UTI).®” Three param-
eters were measured and compared between healthy and
infected tissues; these included the peak and plateau
concentrations and normalized area under the curve (AUC)
values. For all pulmonary infections, these parameters were
lower at sites of active infection: P<0.02, P<0.001, and
P <0.005, respectively. In contrast, only the AUC values
were elevated in the infected kidneys of patients with
complicated UTIs. The authors attributed the discrepancy in
these results to pulmonary fibrosis restricting drug penetra-
tion in the lungs, and elevated blood flow to the kidneys,
along with radiotracer delivery due to inflammation caused
by the infections. However, no further studies were done to
test this hypothesis.

2.2.5. Relevance and Limitations of Radiolabeled
Fluoroquinolones

Ciprofloxacin was the first antibiotic explored as an
infection-specific imaging agent, mainly because of its
broad-spectrum antibiotic activity.*!! Evidently, up to 2020,
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[**F]F-ciprofloxacin was the only antibiotic-derived PET
probe that had undergone clinical trials as an infection-
specific radiotracer. It was only recently followed by [*F]FP-
TMP and ["'C]TMP (see the previous section). Nonetheless,
more recently performed radiolabeling approaches, such as
those developed for [®*Ga]-1/2 and [“¥F]F16, have led to
increased target-specific binding in vitro and improved
bacterial retention in vivo. However, neither has been
translated clinically. The marked increase in bacterial-
specific accumulation and retention is surprising, since more
prominent structural alterations to commercialized anti-
biotics tend to do the opposite. The contributing mecha-
nisms behind this phenomenon are still unclear.

2.3. Isoniazid

Isoniazid, also known as isonicotinic acid hydrazide (INH),
is an antibiotic prodrug with exclusive bactericidal activities
towards mycobacterial species, due to its ability to disrupt
mycolic acid biosynthesis, a crucial building block required
for the generation and maintenance of the distinct mem-
brane structure of mycobacteria. Briefly, INH diffuses
passively across the cell membrane and undergoes oxidative
activation by mycobacterial catalase—peroxidase (KatG),
resulting in the formation of an isonicotinyl radical.”’ Due
to the lower intracellular pH levels maintained within
mycobacterial cells, the isonicotinyl radical becomes intra-
cellularly trapped.™ Upon intracellular oxidation, the
isonicotinyl radical conjugates with nicotinamide adenine
dinucleotide (NAD) to form an INH-NAD adduct, which is
a competitive inhibitor of enoyl-acyl carrier protein reduc-
tase (InhA), an essential enzyme required for mycolic acid
biosynthesis.*! The combination of high affinity (K;=
5.0nM) and slow adduct dissociation time of the ternary
INH-NAD-InhA complex (f,,=43 minutes), together with
metabolite trapping, and exclusive activity against mycobac-
teria, makes INH a promising candidate for development as
a mycobacterial specific radiotracer.

2.3.1. 2-[*F]F-Isonicotinic Acid Hydrazide (2-[*F]INH)

In 2002, Amartey et al. described the first radiosynthesis of
2-[®F]INH and conducted initial in vitro bacterial accumu-
lation assays and biodistribution experiments with a mouse
infection model.">*! However, these results were rendered
insignificant by the use of irrelevant bacterial strains that
have no reported susceptibility to INH (S. pneumoniae and
E. coli). Surprisingly, however, the authors reported signifi-
cant in vitro levels of radiotracer retention by S. pneumoniae
and by E. coli. In 2012, Weinstein et al. adopted the above
mentioned method to produce 2-[*F]INH with relatively
low specific activity (7.4 MBqumol ') and sufficient radio-
chemical purity (95%) for biological evaluation as a
potential mycobacteria-specific imaging agent.*”! 2-["*F]INH
was achieved through utilizing a nucleophilic *F-displace-
ment reaction on an ethyl-2-(trimethylammonium)-isonicoti-
nate precursor. MIC calculation for cold 2-F-INH revealed
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that the structural modification required to incorporate
fluorine-18 resulted in reduced activity against wild-type M.
tuberculosis (MIC: 8.0 pgml~" vs. 0.025 uygml ™). However, in
vitro enzyme inhibition assays indicated that 2-F-INH still
followed the MoA as INH.¥! Accordingly, the authors
reported that the wild-type M. tuberculosis strain readily
retains 2-['*F]INH and retention was significantly reduced in
a highly INH-resistant KatG M1 A mutant strain of M.
tuberculosis. The total uptake was not quantified. Lack of
2-[®F]INH retention was also observed in heat-killed
bacterial suspensions, further corroborating the specificity of
2-["F]INH.

Weinstein etal. performed 2-[“F]INH-PET-image-
guided biodistribution in BALB/c mice, which correlated
well with data reported by Amartey et al.*”! At the site of
INH metabolism, significant hepatic tracer uptake and
retention was seen, aside from avid renal excretion.
Persistent, but lower tracer uptake was evident for the
myocardium; hence, infections affecting the heart and liver
might be difficult to visualize.”! However, the capability of
2-[®*F]INH-PET/CT imaging of well-defined pulmonary
tuberculous lesions in C3HeB/Fe] mice was described.*”
The 2-["*F]INH T/NT ratio of 1.67 +0.04 was quantified for
infected pulmonary foci following imaging of C3HeB/Fel]
mice at 90 minutes, which co-registered well on the CT
image, suggesting that 2-["*F]INH can penetrate these fairly
restricted tissues effectively. Most importantly, Weinstein
et al. demonstrated the excellent blood-brain-barrier (BBB)
penetration properties of 2-[*F]INH within 15 minutes—a
very desirable aspect to eventually visualize tuberculosis
(TB)-derived meningitis in the clinical setting.”

2.3.2. ['"C]Isonicotinic Acid Hydrazide ([''CJINH)

In 2010, Liu etal. reported the successful synthesis of
["CJINH.[*! The synthesis method features a reaction
between ''C-labeled hydrogen cyanide and iodopyridine,
catalyzed by tetrakis(triphenylphosphine)palladium, to form
a ["'C]cyanopyridine intermediate. This reaction is followed
by hydrolysis of the cyanide by hydrazine to form ["'C]INH.
An average yield above 45 % (decay-corrected, calculated
from ["'CJHCN) was achieved (50 minutes; RCP>99 %;
5.0 GBqumol ). Subsequent pharmacokinetic analysis using
["'C]INH-PET in healthy baboons indicated that ["'C]INH
and/or its metabolites rapidly distribute within the myocar-
dium, lungs, liver and kidneys. However, the authors noted
significantly less activity-related drug concentration within
the kidneys, liver and lungs, compared to rodents.*>")

2.3.3. Relevance and Limitations of Radiolabeled Isoniazid

[®™Tc]INH-SPECT performed well in a phase I clinical trial
as an M. tuberculosis lung and bone infection diagnosis tool
in 20 patients with confirmed infection.”! Even though
[®™Tc]INH was shown to be effective and feasible as a TB-
specific SPECT radiotracer, no further progress has been
reported thus far. Data from this study revealed that *™Tc-
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radiolabeling INH altered several of its characteristics
(unwanted uptake in intestines, gallbladder, lung parenchy-
ma) and caused complete loss of its BBB-penetration
ability.

Thus, 2-[*F]INH-PET would be a desirable new techni-
que that may allow for specific diagnosis of M. tuberculosis
manifestations in most physiological compartments; how-
ever, clinical trials are the only setting to assess the true
potential. That being said, based on preclinical findings, the
imaging of disseminated infection in areas such as the heart,
kidneys, liver and brain will most likely be difficult, due to
substantial background noise and insufficient clearance
within the permitting radionuclide half-life.*” The relatively
low background signal for 2-[**F]INH-PET observed in the
abdominal regions would (in theory) enable a sensitive
detection of M. tuberculosis in these regions. Thus far, no
attempt has been made to analyze ["'C]JINH distribution in
the presence of infection.

2.4. Isoniazid Analogues — Inhibitors of Enoyl-Acyl Carrier
Protein Reductase

PT70 and PT119 were developed with the MoA hinging on
directly inhibiting the pathway’s key enzyme, called enoyl-
acyl carrier protein reductase (InhA), without prior
activation.’>>! Thus, the potent inhibition (K;=7.8 nM) of
M. tuberculosis InhA by PT70 was demonstrated in vitro
through the formation of a ternary PT70-InhA-NAD adduct
that has a relatively slow dissociation (¢,,=17 minutes).!
PT119, as the cyano-derivative of PT70, displays preferential
activity (K;=0.001 nM) against S. aureus Fabl, an InhA
homologue, with a residence time of the PT119-FabI-NAD
complex reaching 750 minutes.’ The strong target binding
and long target residence time, in combination with no prior
activation requirements, made these analogues of INH
attractive candidates for infection-specific radiotracer
development P+

2.4.1.['CJPT70

In 2015, Wang etal’¥ radiosynthesized ["C]PT70 and
measured the in situ biodistribution in healthy and methi-
cillin-resistant S. aureus (MRSA)-infected mice, as well as
healthy non-human primates. The radiosynthesis of
[""C]JPT70 was achieved with a RCY of 40-50% within
50 minutes by the introduction of Carbon-11 to a tributyl-
stannyl-modified phenoxyphenol intermediate using a modi-
fied Stille reaction with ["'C]JCH,L.P® The resulting product
purity was >98 %, with superior specific activities ranging
from 259-481 GBqumol~'. There were no significant differ-
ences in ["C]JPT70 accumulation between healthy and
infected murine muscular tissues (a plausible result as
MRSA does not possess any InhA). Future studies that
would use relevant infection models, such as M. tuber-
culosis-infected mice, are recommended to evaluate the true
infection-imaging potential of ["'C]PT70.5%
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2.4.2.['CJPT119

Wang et al. reported the radiosynthesis of ["'C]PT119 and
measured its biodistribution in situ in MRSA-infected and
healthy mice. Radiosynthesis of ["'C]PT119 was achieved
with a RCY of 30-50% within 50 minutes by isotope
introduction to an iodo-modified phenoxyphenol intermedi-
ate by one-step tetrakis(triphenylphosphine)palladium(0)-
catalyzed cyanation with ['"C]JHCN. The resulting product
disclosed 98 % RCP with excellent specific activities ranging
from 18.5-29.6 GBq umol " Like [""C]PT70, no significant
difference in ['C]PT119 accumulation was found between
healthy and MRSA-infected mice. Unlike [MC]JPT70, no
accumulation of ["'C]PT119 was recorded in the presence of
a relevant infection strain that harbors the S. aureus Fabl.F?

2.4.3. Relevance of Radiolabeled PT70/PT119

The reason for the lack in differential accumulation of
[""C]PT119 in infected tissue and the potential of [''C]PT70
are still unknown. It has been hypothesized that this might
be due to the metabolic deactivation of PT70/PT119 through
O-glucuronidation, where the metabolite still houses the
radioactive carbon.’**! Thus, at micro-dose levels, the
radioactive signal may, in part, originate from the metabo-
lite, which might have a reduced binding affinity to InhA/
Fabl. This might also explain the inability of PT70 to reduce
the bacterial burden within the M. tuberculosis-infected
lungs in these mice. However, PET-guided biodistribution
revealed a significant signal within mice with healthy lungs.
This is substantiated by PT70, which reduced the bacterial
count within the spleen,’” while subsequent PET imaging
revealed that pre-dosing with PT70 more than doubled the
concentration within this organ. At the same time, no such
changes were recorded within the lungs.®

On the other hand, it may simply be that these tracers
do not accumulate sufficiently at the site of infection to
stand out from the background noise in the short imaging
window permitted by carbon-11. Therefore, delayed imaging
could allow for sufficient background clearance; but to date,
the reporting of quality images is limited. However,
structure—activity relationship (SAR) studies revealed sev-
eral time-dependent B-ring modified diaryl ether InhA
inhibitors that contain fluorine, which could guide the
development of an '*F-analogue with a specific affinity to
bacteria.’””! Nonetheless, for now, an investigation is war-
ranted to conclude studies on the infection imaging potential
of InhA/Fabl inhibitors exploiting a correct approach to the
study.

2.5. Pyrazinamide

Pyrazinamide (PZA) is a narrow-spectrum antibiotic exclu-
sively active against M. tuberculosis. PZA plays a well-
established role as part of first- and second-line treatment
regimens for TB- and multidrug-resistant (MDR)-TB pos-
itive patients.”™ Despite PZA’s efficacy in reducing myco-
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bacterial burdens in synergy with other drugs, its mechanism
of action is still unclear due to the lack of identification of
definitive biological targets.™ Thus far, PZA is considered a
prodrug that becomes activated by the mycobacterial
amidase, pyrazinamidase (PZAase), to form pyrazinoic acid
(POA). This is evident from clinical isolates resistant to
PZA, where the loss of function mutations in the pncA gene
(encoding PZAase) is the most prominent mechanism of
emerging resistance.®!

2.5.1. [''C]Pyrazinamide ([''C]PZA)

Successful radiosynthesis for ['C]JPZA was reported in 2010
by Liu etal,® involving the initial production of a
['Clcyanopyrazine intermediate from 2-iodopyrazine and
[M'CJHCN, followed by hydrolysis of the cyano group with
hydrogen peroxide, under basic conditions for five minutes.
Radiochemically-pure ['C]PZA (>99 %), with a specific
activity >4.4 GBqumol™', was produced with a decay-
corrected yield (calculated from [''CJHCN) above 50 % in
45 minutes. The in vivo biodistribution in healthy baboons,
using [''C]PZA-PET, revealed that ['C]JPZA and/or its
metabolites rapidly cleared from the blood pool to the major
organ compartments, including the myocardium, liver, lungs
and kidneys; but rapidly washed out from all relevant tissues
(except for the kidney medulla and bladder). Interestingly,
['C]JPZA penetrated the brain tissue with exceptional
efficiency. Thus far, [''"C]JPZA has not been further eval-
uated as an infection imaging agent.

2.5.2. 5-['*F]F-Pyrazinamide (5-[*F]F-PZA)

Zhang etal. successfully synthesized 5-[*F]F-PZA and
evaluated its potential as a mycobacterial-specific radio-
tracer in a pulmonary M. tuberculosis-infected mouse
model.® 5-[®F]F-PZA was synthesized from 5-chloro-PZA
through halogen exchange of the chlorine with [*F]fluoride.
An overall decay-corrected yield of 25% and specific
activity above 2.5 GBqumol™ were achieved within 60 mi-
nutes. No selective in vitro accumulation was found in M.
tuberculosis compared to E. coli, S. aureus, P. aeruginosa, or
J774A-1 murine macrophage cells. Unfortunately, modifica-
tion of PZA to 5-["*F]F-PZA resulted in decreased recog-
nition by the PZAase enzyme and subsequent loss of
prodrug activation to 5-["*F]F-POA. This result is substanti-
ated by a more than 100-times higher MIC against M.
tuberculosis compared to unmodified PZA ™) As predicted,
5-[*F]F-PZA-PET imaging of pulmonary TB-infected mice
indicated no significant difference in the accumulation of 5-
['*F]F-PZA between uninfected and infected lung tissues."
Another concern noted by the authors was the high uptake
within bone tissue. Cold 5-F-PZA was found to be rapidly
metabolized by CD-1 mouse liver homogenates, and
defluorination was detected as early as two minutes after
incubation, which is an indication that 5-F-PZA is unstable
in vivo.
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2.5.3. Relevance and Limitations of Radiolabeled Pyrazinamide

Regarding their biodistribution, both structurally conserved
['C]PZA and modified 5-["*F]F-PZA elicit similar proper-
ties favorable for infection-imaging applications, of which its
excellent brain penetration is a sought-after trait. Unfortu-
nately, PZA’s activation and anti-mycobacterial activity is
highly conserved within its structure, which is evident from
the deficient uptake and specificity of 5-[*F]F-PZA by
M. tuberculosis cell cultures. Although 5-[*F]F-PZA’s clin-
ical applicability as a mycobacterial specific radiotracer has
been dismissed, recent evidence points to a retention of
treatment  efficacy when POA is administered
intravenously.>*! Future PZA-based radiotracer designs
may be simplified by radiolabeling POA to bypass compli-
cated host-mediated/mycobacterial activation processes.

2.6. Linezolid

Linezolid is a broad-spectrum antibiotic reserved for treat-
ing drug-resistant Gram-positive and only selected Gram-
negative bacterial infections.!”! The United States Food and
Drug Administration (FDA) has approved linezolid for the
treatment of MDR-TB and extensively drug-resistant
(XDR)-TB as part of a three-drug treatment combination,
which includes bedaquiline and pretomanid.’” As part of
the oxazolidinone antibiotic class, linezolid selectively inhib-
its the synthesis of bacterial proteins by directly binding to
the bacterial 23S ribosomal RNA of the 50S subunit,
essentially blocking the formation of a functional 70S
ribosomal initiation complex and the subsequent initiation
of the RNA translational process.l” The bacterial selectivity
of linezolid over Mammalia is attributed to the substantial
difference in prokaryotic and eukaryotic ribosomal structure
and function.

2.6.1. ['®F]F-Linezolid

Mota etal. recently radiosynthesized and utilized
[**F]F-linezolid as a radiotracer to study its in situ pharmaco-
kinetics within a pneumonic-TB mouse model.*” ["F|F-
linezolid was synthesized through copper-mediated radio-
fluorination of a boronic ester precursor derivative of
linezolid. The radiochemical yield ranged between only 1
and 3 %, with a radiochemical conversion between 2 and
15 %; but it was >95 % radiochemically-pure (no specific
activity was provided). Following intravenous tracer admin-
istration, the PET image-derived pharmacokinetic data
demonstrated rapid distribution of [*F]F-linezolid to all
major organs and subsequent hepatobiliary and renal
elimination.”® Furthermore, the authors also showed how
['*F]F-linezolid efficiently penetrated TB-infected lung foci,
as previously demonstrated.”” Unfortunately, [**F]F-line-
zolid penetrated both infected and healthy lung tissue
without discrepancy; and in both cases, high signals were
achieved with AU C(jsue/piasma) Tatios reaching above 1.0. This
was in line with the insignificant accumulation of [“*F]F-
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linezolid found in viable mycobacterial cultures over its
heat-killed control culture.

2.6.2. Relevance and Limitations of Radiolabeled Linezolid

The insignificant uptake of ["*F]F-linezolid within mycobac-
terial cultures in both in vivo and in vitro experimental
settings discourages use of this tracer for infection imaging.
To this end, the lack in tracer uptake is puzzling since no
structural alterations were made in the radiolabeling process
of this antibiotic; thus, target binding affinity was expected
to be maintained. It may be warranted to further investigate
the underlying cause, whether it be radiotracer formulation-
or antibiotic MoA-related. In addition, linezolid is active
against those Gram-positive bacteria causing resistant dis-
ease (vancomycin-resistant enterococci or MRSA); hence
['*F]F-linezolid could be investigated beyond imaging of TB.

3. Radio-Antibiotic PET Imaging for Pharmacologic
Drug Characterization

Plasma pharmacokinetic (PK) measurements are considered
essential within the developmental pipeline for every novel
antibiotic and for determining optimal drug dosing regi-
mens. However, it is known that plasma PK measurements
do not always correlate well with intralesional PK, which is
dependent on both drug characteristics and host factors,
such as lesion pathology, that may restrict or alter drug
bioavailability."”! The direct measuring of drug bioavailabil-
ity within these tissues with traditional quantitative tools
that rely on invasive procedures such as tissue resection
remains a challenge. Traditional quantitative tools are also
limited to a single time-point measurement of a sample
gathered from a single lesion. Lesion pathology often
displays inter- and intra-patient heterogeneity that evolves
over time. Thus, a single lesion/time-point measurement in
itself introduces sample bias.""’ In this light, as part of the
next section, we will highlight the non-invasive use and
potential of PET in supporting imaging-derived PK/PD
studies using radiolabeled antibiotics.

3.1. Erythromycin

Erythromycin is a broad-spectrum antibiotic prescribed to
treat a wide variety of Gram-positive and Gram-negative
bacterial infections. Being of the macrolide antibiotic class,
erythromycin exerts a bacteriostatic effect by selectively
inhibiting the synthesis of bacterial proteins. The antibiotic’s
MoA involves the disruption of 70S ribosomal complex
assembly through direct binding to the 23S ribosomal RNA
section located on the 50S ribosomal sub-unit, essentially
disrupting the bacterial RNA translation process."” In 1982,
Pike et al. had already successfully radiolabeled erythromy-
cin with carbon-11."* Within the same year, Wollmer et al.
utilized ["'Clerythromycin as a radiotracer in a novel
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technique that utilized the quantitative capabilities unique
to PET to study erythromyecin’s in situ pharmacokinetics in a
pneumonic mouse model.l”

3.1.1. ['CJErythromycin

["'Clerythromycin synthesis involves the reductive meth-
ylation of  N,N-dimethylerythromycin A with
["'C]formldehyde.™ Useful activity amounts (56185 MBq)
were provided with a decay-corrected yield of 4-12%
(calculated from ["'C]CO,) in 42 minutes. The PET image-
guided pharmacokinetic results showed rapid penetration of
["!Clerythromycin into healthy and pneumonic lung tissue.
Yet, no significant differences were observed in radiotracer
concentration between these two compartments over
45 minutes.” To date, no subsequent studies have been
conducted to further evaluate the potential of
["'Clerythromycin for nuclear imaging.

3.2. Rifampin

Rifampin is an antibiotic prescribed for the treatment of
Gram-positive bacterial infections, predominantly against
TB; and selected Gram-negative bacterial infections.” This
drug binds directly to bacterial RNA polymerase and forms
a relatively stable inactive enzyme—drug complex (disassoci-
ation constant, K; <3.0 nM, t,,>9 minutes). This interac-
tion essentially blocks bacterial DNA transcription and
ultimately results in cell death.'”! Even though both Gram-
positive and -negative bacteria display the same rifampin—
RNA polymerase binding affinity, the latter is significantly
less susceptible to rifampin exposure (MIC ~20.01 ugml™
and 8-32 ugml ™', respectively) due to the limited penetra-
tion of the drug through their physiologically distinct cell
walls.”® In contrast, RNA polymerases of eukaryotic origin
are unresponsive to rifampin exposure, with no inhibition
occurring at concentrations up to x10* higher than the
effective dose for bacteria (EDs,, ~0.01 uygml).”!

3.2.1. ['CJRifampin

In 2010, Liu et al. reported the first successful radiosynthesis
of [""C]Jrifampin ([''C]RIF) and used PET imaging to study
its pharmacokinetic parameters in healthy non-human
primates.**! Later, a series of subsequent reports described
in detail the spatial-temporal evolution of ["CJRIF expo-
sure to diverse TB lesions manifested within a panel of small
animal models and human patients.""***! The piperazine
moiety of rifampin was radiolabeled with ["'C]CH;I within
10 minutes in a reaction solution consisting of potassium
carbonate dissolved in DMSO and MeCN and heated to
110°C. ["C]RIF product was subsequently purified via
reverse-phase HPLC and the acquired product fractions
were concentrated in vacuo after the addition of ascorbic
acid (to prevent oxidation). This method produced a radio-
chemically-pure [''C]RIF product with excellent specific
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activity (>21.5 GBqumol™) in a total synthesis time of
50 minutes and with an average decay-corrected yield great-
er than 15% (calculated from ["'C]CH,I).*¥! The literature
concerning ['C]RIF-PET/CT studies and biodistribution
data shows that the tracer behaves similarly in healthy mice,
rabbits, baboons and human volunteers in terms of blood
clearance, tissue distribution, BBB penetration and elimi-
nation routes.”"*8!1 PET imaging up to 90 minutes post
injection revealed that ["'C]RIF rapidly clears from blood
plasma and is distributed to all parts of the body. It reaches
concentrations that are several-fold higher than the MIC for
M. tuberculosis, even in the brain with restricted BBB
penetration (10-20% of plasma concentration). ["'C]RIF
rapidly accumulates in the liver and mainly undergoes
hepatobiliary excretion. Data from the PET/CT imaging of
animals and patients with pulmonary TB undergoing
rifampin-based treatment revealed significantly decreased
drug exposure and penetration into lesions compared to
unaffected tissues. Furthermore, pooled PET/CT data from
the 12 TB patients who participated in the study, of which
six had cavity lesions, revealed spatially compartmentalized
[""C]RIF exposure between infected lesions and cavity walls
(P=0.023), the latter being less exposed to the drug."V In
contrast, a similar study in rabbits and a single patient with
TB meningitis, also undergoing rifampin-based treatment,
revealed a statistically uniform ["C]RIF distribution be-
tween infected brain lesions and unaffected brain tissue.®"
Due to the limited penetration of ["'C]RIF into infectious
lesions, its future use as a bacterial imaging agent seems
highly unlikely; however, the pharmacokinetic radioanalysis
of tissue perfusion should be encouraged.

3.3. Bedaquiline

Bedaquiline is a narrow-spectrum antibiotic with selective
activities towards the Mycobacteria genus. Its use is reserved
as a last resort treatment for exclusively active pulmonary
MDR-TB and XDR-TB infection, where it is prescribed as
part of a three to four-drug combination therapy.® ! It is a
diarylquinoline that specifically inhibits the proton pump of
mycobacterial adenosine 5'-triphosphate (ATP) synthase,
which results in the disruption of bacterial energy produc-
tion (Figure 1).®! Dormant and non-replicating mycobacte-
ria have also been found to be susceptible to it, due to
energy metabolism still being required to maintain this state,
albeit significantly less than normal. Despite ATP synthase
being a highly conserved enzyme between eukaryotes and
prokaryotes, bedaquiline was found to be up to 20000-fold
less potent at inhibiting human mitochondrial ATP synthase
compared to that of mycobacterial ATP synthase (ICs,
<10 nM).

3.3.1. [°Br]Br-Bedaquiline
In 2019, Ordonez etal. reported on the radiolabeling of

bedaquiline with bromine-76 ([Br]Br-BDQ) and PET
imaging of the in situ PK/PD drug profile using a murine TB

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

model.® Radiosynthesis of [*Br]|Br-BDQ involved the
initial conversion of the bromine group to a boronic ester
intermediate with bis(pinacolato)di-boron and a

[1,1’-bis(diphenylphosphino)ferrocene]palladium(IT) di-
chloride complex. This boronic ester was subsequently
converted to [Br|Br-BDQ using NH,”Br in the presence of
a copper catalyst. A radiochemical yield of 6 % (non-decay
corrected), after preparative HPLC purification, was
achieved for which the specific activity was not reported.
PET/CT image quantification of intralesional drug penetra-
tion in conjunction with 2D autoradiography and tissue
staining revealed that [“Br]Br-BDQ effectively penetrates
infectious lung lesions with AUC gue/plasma) Tatios reaching
above 0.85. However, radiotracer penetration was spatially
heterogeneous and significantly reduced within infective
lesions, and even less penetration was observed into caseous
TB granulomas. The general biodistribution of [*“Br]Br-
BDQ concerned all major organs, particularly hepatic tracer
accumulation and with a high presence in adipose tissue.
Limited [*Br]Br-BDQ penetration into the brain parenchy-
ma was noted. The limited lesion penetration and unfavor-
able pharmacokinetics discourage using [*Br]Br-BDQ as a
potential TB-specific radiotracer.

3.4. Clinical Relevance of Antibiotic Radio-Isotopologues for
Pharmacologic Drug Characterization

From the emerging PET PK/PD studies presented in the
above review section, it is clear that PET is a clinically
translatable tool for non-invasive and longitudinal measure-
ment of intralesional antimicrobial drug distribution in
infected tissues. For instance, from the series of PK/PD
studies using [''C]RIF, the multi-compartmental (lungs,
brain and bone) quantification of spatially heterogeneous
and highly variable tracer exposure to multiple distinct
lesions within an individual patient was possible. So far, and
considered as uncharted territory, the image-guided analysis
revealed the presence of multiple, but variable, pathophysio-
logical responses unique to each lesion that can affect drug
bioavailability.”" %3 It is known that inappropriate levels of
antibiotic bioavailability and pathogen exposure can lead to
treatment failure and the selection of resistant organisms.
Thus, more detailed pharmacologic drug characterization
may have significant implications in future treatment
optimization efforts."***! PET imaging may hereby aid in
elegantly translating results from pharmacokinetic modelling
on novel antibiotics. Additionally, by radiolabeling potential
antibiotic candidates, the acquisition of longitudinal multi-
compartment pharmacological data is feasible (non-inva-
sively and at sub-therapeutic doses to avoid toxicity). As an
example, PET biodistribution of the radiolabeled exper-
imental drug, ["C]PT?70, revealed that pre-dosing with PT70
more than doubled drug concentration within the spleen,
which may explain the increased drug efficacy, specifically in
this region. Longitudinal profiling in the same subjects at
several points in time can be performed, thereby reducing
animal-to-animal variability, as well as the costs associated
with sacrificing different animal cohorts at each time-point.
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Finally, because PET is very much translatable into the
clinical setting, it will also allow for early proof-of-concept
studies that typically require 20 patients and are highly
encouraged by the FDA.["7

4. Critical Analysis
4.1. Summary and Validation

The superior parameters of PET (sensitivity/resolution), its
advanced technology (real-time, whole-body imaging/quan-
tification), and the global impact of a growing PET infra-
structure offer opportunities to develop new strategies that
could revolutionize the management of patients with infec-
tious diseases.’ There are 20 antibiotic-derived PET radio-
tracers with a bacterial-specific binding mechanism, or
MoA, reported in the literature (Table 1). These PET
radiotracers have been derived from 11 FDA-approved
antibiotics that can be classified into three categories: broad-
spectrum antibiotics, narrow-spectrum mycobacterium tu-
berculosis antibiotics, and a Gram-positive selective anti-
biotic (linezolid). From the radiochemical viewpoint, these
PET radiotracers can be divided into two groups: structur-
ally modified antibiotic radiotracers and antibiotic radio-
isotopologues  (structurally unaltered antibiotic radio-
tracers).

4.1.1. Structurally Modified Antibiotics

The structurally modified antibiotics were specifically de-
signed and tested for imaging infections. The structural
modifications (Table 1, colored blue) required to incorpo-
rate PET-radionuclides for radio-fluorination (2-["*F]INH
and 5-["*F]F-PZA); the introduction of a fluoropropyl spacer
moiety (["*F]JFP-TMP and ['*F]16); chelator functionalization
(DOTA/NOTA-ciprofloxacin, e.g., [®Ga]Ga-1/-2 and
[®Ga]Ga-DOTA-ciprofloxacin); and direct radiolabeling of
experimental  antibiotic  analogues ([''C]PT70 and
['C]PT119). To date, seven of these nine radiotracers have
been tested in preclinical animal models to evaluate their
bacterial-specific imaging potential. Even though ["*F]FP-
TMP, 2-[**F]INH, and [®*Ga]-1/2 are capable of distinguish-
ing bacterial infection from inflammatory processes, both in
vitro and in vivo, only [®F]FP-TMP has reached clinical
trials. [''C]PT70 also underwent similar in vivo evaluation,
however, the infection was induced with an irrelevant
bacterial strain. [**F]16 showed bacterial-specific accumula-
tion in vitro, but no in vivo studies were performed. And
lastly, although in vitro bacterial uptake of [®*Ga]Ga-
DOTA-ciprofloxacin was tested, no firm conclusion could
be drawn from this study due to lack of negative controls.

4.1.2. Antibiotic Radio-Isotopologues

Radio-isotopologues were mainly developed and used to
study in vivo PK/PD parameters. Only ["'C]TMP, ["F|F-
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Table 1: Overview of antibiotic-derived PET radiotracers.
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Radiotracer

['®F]F-lomefloxacin

(o}
18EL COOH
|
|/\ N N

HNj) o

['®F]F-fleroxacin

N

['®F]F-trovafloxacin

18F

Hﬁg

["'Clisoniazid
0
1
N C \-NH:
N__— H
2-["®F]F-isoniazid
(o}
18
F N n-NHz2
N~ &
[''CIPT70
wﬁj [”S“s
["'CIPT119
11CN
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( r

["'Clpyrazinamide

5-['"*F]F-pyrazinamide

13F
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o)
F COOH
|
ﬁ N N
F

Specific activity
[GBqumol 19

nd

nd

5.0

0.007-0.011

259-481

19-30

4.4

2.5

State
(D/P/C)*

SBU (Y/N)f

nd

nd

nd

nd

nd

nd

nd

Application®  Ref.

PK/PD 31]
PK/PDM [29,36-38)
PK/PDM [30,39,40]
PK/PD 48]

o] [45-47]
PK/PDI! [54]
PK/PD! [55]
PK/PD [48]

o] [61]
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Radiotracer Specific activity ~ State SBU (Y/N)!  Application®  Ref.
[GBqumol '[9 (D/P/C)"
['*F]F-linezolid
nd P N 101/PK/PD"  [67]
nd P nd PK/PDI! [87]
["'CJrifampin
278 C nd PK/PDM [48,71,80-83]
(o) K/
CH,
["Clerythromycin
HO” ;
nd C nd PK/PD! (75]

[a] Blue bonds indicate structural modification to core antibiotic structure; [b] red atoms indicate radioisotope incorporation; [c] '®F* indicates that
the position of '®F was not determined; [d] nd indicates this value was not determined from the literature; [e] development/preclinical/clinical;
[f] specific bacterial uptake (in vitro), yes or no; [g] purpose of application, either imaging of infection (IOl), or pharmacokinetic and
pharmacodynamic (PK/PD) measurement; [h] PK/PD measurement in the presence of infection (in situ); [i] conclusion made on preliminary

results.

ciprofloxacin and [**F]F-linezolid have been evaluated
specifically for both in vitro and in vivo bacterial uptake.
Only five of eleven radiotracers were used to specially study
PK/PD properties in infected animals and healthy/infected
patients. These include [*F]F-fleroxacin, [**F]F-trovafloxa-
cin and [“Br]|Br-BDQ, which were exclusively done in
animals, while ['C]RIF and ['C]erythromycin were also
examined in humans. In addition, [''C]INH, ["'C]PZA and
['*F]F-lomefloxacin were used only for PK data purposes in
healthy non-human subjects. ["'C]TMP was identified as a
superior infection-imaging agent because it distinguished
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bacterial infection from inflammatory disorders with a high
level of success in the patient case studies presented. In
addition, ["'C]TMP showed promising results in accurately
monitoring disease pathogenesis and response to antibiotic
treatment in two patients: one with CF presenting TMP
resistant E. coli-positive sputum samples; and one with
biopsy-proven MSSA discitis.”” Conversely, [*F]F-cipro-
floxacin and ["*F]F-linezolid performed poorly as infection-
specific imaging agents due to a lack of bacterial uptake. For
the remaining radiotracers, little bacterial imaging potential
can be extrapolated from these PK studies due to limitations
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in experimental design. The most notable limitation is that
most subjects had already undergone pre-dosing with
corresponding unlabeled antibiotics.

4.1.3. “Unclear” Imaging of Infection and the Lack of
Translational Follow-Through

As outlined above, antibiotic-derived PET radiotracer
development was, and remains, very limited and fragmented
into single, small studies, often with incoherent study
designs; and hence does not allow for firm conclusions to be
drawn. It is argued that the most promising radiotracer
candidates remain confined to the pre-clinical level, due to a
lack of standardized protocols, which do not introduce these
biases. In turn, this reduces the validity and reliability of
otherwise promising results, thus hampering clinical trans-
lation efforts due to a lack of confidence and a solid research
strategy to build upon.!'**"! The latter has been exemplified
in a recent systematic review by Auletta etal., which
included all infection-specific PET radiotracers, with an in
vivo evaluation of bacteria published between 2005-2018.°"
Out of 35 studies, only 11 studies were identified as having
low-risk bias. The main sources of bias were related to
animal model selection and the origin of bacterial cells as
well as issues related to controls and experimental settings:
bacterial burden; radiopharmaceutical dose and specific
activity; administration route; imaging time frames; and time
intervals between bacteria injections. It is noteworthy that a
possible bacterial mutation after inoculation was not consid-
ered in any of the published studies. In this regard,
[""C]TMP and ["®F]FP-TMP show promise that antibiotics
can be clinically relevant infection-imaging agents due to the
high quality and extensive study designs employed. These
include: excellent radiotracer-specific activity; enzymatic
and whole-cell in vitro characterization of specific uptake;
the use of multiple negative controls and antibiotic-treated
bacteria; testing uptake in a broad panel of bacteria that
includes various resistance mechanisms and gene-knockouts;
genetic characterization of bacteria tested, in both in vitro
and in vivo settings; using relevant in vivo animal models
that fully capitulate infection pathology in humans, including
sterile inflammation and cancer; characterization of normal
biodistribution and pharmacokinetic parameters; prelimi-
nary imaging with known and well-characterized infection/
disease pathology; analysis of tracer performance compared
to standard tracers used in clinical setting (["*F]JFDG); and
assessing tracer performance in preliminary case studies.
With this newly-found confidence, further evaluation of
[MCJINH, 2-[*F]JINH, [*F]16, and [®Ga]Ga-1/-2 can be
expected soon.

4.2. Going forward?

There is currently no robust research platform dedicated to
the imaging of infections that could facilitate streamlined
development and evaluation of novel infection-specific
radiotracers.'” To overcome the current drawbacks, a focus
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on using evidence-guided radiotracer design strategies to
cater for individually desired applications/needs is required.
This would include, but is not limited to, choosing between
broad-range or pathogen-specific imaging; targeting intra- or
extracellular pathogens; monitoring response to treatment;
or monitoring the emergence of bacterial antibiotic resist-
ance mechanisms. This strategy may be more efficient in
creating a solid infection-specific PET platform with avail-
able and reliable radiopharmaceutical tools to address
clinical needs; but also, to study infectious diseases from
different angles and profiting more from the data provided
from (radio)kinetic analysis - similar to the approach shown
to be successful in advancing the imaging of neuropharma-
cology.

The development of such a platform dedicated to the
PET imaging of infectious diseases has been slow, which can
be attributed to several reasons. Over the years, potential
root causes have been continually reported™s 13147291921 and
may be categorized as follows: i) difficulties with adapting
strategies for antibiotic vector selection; ii) challenges in
preclinical study design; iii) clinical translation barriers; and
iv) lack of adequate research funding, not reflecting the
global morbidity and mortality caused by bacterial infec-
tions.

As mentioned before, unclear study designs often
resulted in skepticism regarding whether candidate infection
radiopharmaceutical performances were fully explored.’
Thus, there is an unmet need to implement standardized
protocols and to develop consensus guidelines/recommenda-
tions on animal infection models, preferably written by a
joint technical committee.'”! Fortunately, there is increased
awareness of study design flaws, but we are still far from
addressing these issues with a coherent/standardized ap-
proach. In this regard, key considerations in the develop-
ment and clinical translation of bacteria-specific imaging
agents, in general, have been thoroughly and comprehen-
sively reviewed. 37 Here, we will highlight the important
aspects uniquely applicable to antibiotic-based radiotracers
(Table 2).

4.3. Required Properties for Radiotracers to Image Infections?

According to Welling et al., a clinically relevant infection
tracer should ideally possess the following properties: i) high
affinity and strong binding to bacteria to generate highly
sensitive/specific images with high resolution; ii) capacity to
penetrate mammalian cell walls to target intracellular
pathogens; iii) favorable biodistribution with fast back-
ground clearance; iv) safe administration and no serious
adverse events; v) high in vivo stability; and vi) easy to
synthetize at relatively low cost in a good manufacturing
process (GMP) set-up.”

One of the key issues for a radiotracer remains its
sensitivity and specificity to detect bacteria. Ordonez et al.
recommended that it should be able to reliably detect a
minimum of 10° CFU/ml and achieve selective bacterial
accumulation with a signal up to 100-2000-fold above that of
the host tissue.”” However, even higher sensitivity is

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



intemationaldition’y) Chemie

Angewandte

‘Juejsuod uolleossesip 3uipulq [q] ‘Ausuap soidedai/uieioid 1084y [e]

Reviews

4n220 ued (uonednfuod soje|ayd |eaw Aq Apuejod/siaoeds ureyd

uoqsed Aq Andijiydodi)) saiadoud |esiwiay-0d1sAyd ur syiys uaasaiopun -
asuodsal AIoJeLULIEUI 1SOY YHIM ]BIDOSSE SILUIIBLLOS SDII0IqIIUE -
soi301qi3ue Jo 3yi|4jey |ed13ojoiq Suoj AjaAie|al -

Ananoe oyioads ajenbapeul adesjolpel -

soijolqiaue paqusald Ajapim 3uisn s1oalqns pajeass-aid -

sassado.d uoneande 3nipoid swosiaquind -

juawuoJiaua uadoyied Suidiyuod Jo puedl (pjod) |euonippe jo aduasaid -

uonednsaaul ajdipulid-jo-jooud 1o} ajqeidadde Ajuo sjapow [ewlue |ews -
Ananoe oyiads sjenbapeu adesjolpel -

SAIFBALISP SD110Iq1UE 104 Q| > 3sBaID3P ABw Py /Mg ploysaiys -
Buiwjsymiapun si uoissaidxs 1934e3 [ed130j0Iq -

(Anianoe

Jy10ads mo|) syoadse |edinadeweydolpes pue uonnpoid adojosiolpel -

uone W

S21N1doNJ)s 9|qeABd[2-UoU 0] A|Uo uoljelodiodul apijanuoiped jiiad -
(198481 01 43DRUY 1DBIUI JBYSUEI]) WIDISAS

K1an1)ap paseq-alaydsoudiw Jo ‘9piniedoueu ‘-awosodi| Jo UOIIBIIPISUOD-
dnoud [euoiduny pajaqe|olped e jo uoiresodiodul papind-yys ad1oeud -
SuoldBIIUI D1413dS INSSI] pUB DIIBLIAZUS 1SOY 10} SIEPIPUED SSISSE -
uoI3jUl Joj sjusLedLWwod

Juedio ysu-y3iy wouy aduesedd pides yym sonoiqiue aznuoud :JNQY -
|e12NJD SI Yo\ anbiun yum soijolqiiue Jo sisayiuksolpes soy undo -
Aouepunpai 2139uad Jo uoissaldxalano 193.e] 9°1 ‘WSIUBYIDW dSUJIP

Jo a3ejueApe 93E1/IUSALINDII JeY) SI0309A 3sn :sudoyied juelsisal Snup -
VOIN pasodsipaid yim sonoiqiiue piedaisip -

s|ewy [ed1ul o3 Jord suoiedisanul

uewNy ul-3siiy Jo sjppow ajewid uewny-uou ul AJAISuUas Jadeu) 3usa) -
sauljaping Aujenb

Buimol|oy {(1ua1u0d Jaued ‘93esop ‘uolie|nwiioy) uoieziwndo sisayluksolpel -
UOI1B|NLLIOY J9DEU] JO 1D3)43 SSBLU dYj JIPISUOD -

po01SIapUN ||9M 10U 3JE JBY] YOI\ Ylim sdnjoiqiiue piedausip -

sassanoud |edi3ojolq passaidxa/anioe Ajy3iy 193.e1 1ey3 sonnoiqiue 123|9s -
(s1oydodewneyd ay3 Suiniasaid je wie) s3say [euoirendwiod -

(Aoeoys Suipuiq 198ie1) YyS g saueIq)| -

uoln|os/A3a1ea1s 9)qissod

uonnguisipolq pue Ayl
-|!qe|leABOIq JaDkJ]} (paJdl|e) pajuemun
s21301g13ue Jo 3sn duIdws Jo s1ay]

uoldayul uizife
-NSIA JO ADBINDDE YIIM PIIRIDOSSE JSIY

AAisuas 1aoed) pasiwoadwod Jo sty
VO D1101qI1U. S}I Ydlew 0} d|qeun
s| |o2030.4d 3uijaqe|olped d1101qIuY

a3ua|jeyd

GDCh

-BuiBew! uondayul Joj s|ediInadeWIRYdOIpES Paseg-dijoiqiiue [9aou Jo Bullsa) pue JuswdolaAsp sy 4oy suolin|os |qissod pue sadus|eyD :Z ajquL

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2022, 61, €202204955 (17 of 25)



GDCh
=

required to detect chronic infections, which typically have a
lower bacterial burden. In addition, Signore et al. argued
that it should reliably be taken up by a broad range of
clinically relevant pathogens, including antibiotic-resistant
strains.'! Lastly, to promote clinical translation and wide-
spread use, it should also have utility beyond diagnosing
infections, such as monitoring disease pathogenesis or
response to treatment.”™ Thus, a radiotracer should ideally
display localized uptake proportional to its target burden,
exclusively in living bacteria. So far, identifying a suitable
vector candidate that fulfils most of these criteria has been
very challenging.

4.4. Challenges and Possible Solutions for Prospective
Radio-Antibiotics

The vast amount of data assembled from over 90 years of
intensive antibiotic research and discovery can be leveraged
to efficiently select high-potential antibiotic vector candi-
dates that specifically target the well-characterized, con-
served, and essential molecular pathways of bacteria.® For
instance, with regards to FDA-approved antibiotics, infor-
mation of value to vector selection and radiotracer design is
readily available. The most important information is high-
lighted in Figures 2—4. This includes a detailed description of
the antibiotic mechanism of action; target enzyme binding
characteristics; the activity spectrum; pharmacokinetic pa-
rameters in general, such as in vivo stability, plasma protein
binding, biological half-life and organ compartment biodis-
tribution patterns; pharmacodynamic parameters such as
off-target host enzyme interactions and drug metabolism
pathways; and extensively researched and well defined
antibiotic resistance mechanisms (on a molecular and
genetic level) that were encountered in clinical isolates over
several decades.®***!l On this note, well-established syn-
thesis and quality control methods that adhere to GMP
guidelines may be relevant to radiotracer production.®*! In
addition, commercial organizations such as Drugbank
(https://go.drugbank.com/), BioHarmony (https://www.bio-
metadata.com/), and Cortellis Clarivate (https:/clarivate.
com/) provide comprehensive libraries that contain data on
antibiotic derivatives that have been disregarded from drug
development pipelines; yet, they may still have desirable
properties for radiotracer development. The input into
radiotracer design that these libraries may provide includes
information on SAR and in vitro target binding efficacy.
Should the antibiotic candidate drug in question have
advanced far enough along the development pipeline, data
regarding its in vivo efficacy and biodistribution parameters
may also be accessible.

It is worth mentioning that these available datasets may
be incorporated into emerging computer-aided radiophar-
maceutical-design strategies, thereby offering a more evi-
dence-based, scientific approach. The most useful in silico
drug-design strategies that are transferable to radiopharma-
ceutical design are: i) a ligand-based approach (LBDD)
using pharmacophore modeling; ii) a structure-based design
approach (SBDD) using molecular docking strategies; and
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iii) absorption-distribution-metabolism-excretion-toxicity
(ADMET) predictions.®*! Lastly, radiolabeling an FDA-
approved antibiotic without altering its structure may be
subject to FDA pre-approval and could accelerate clinical
translation, along with saving time, money, and resources.

4.4.1. How can a Lack of Antibiotic-Based Tracer Sensitivity be
Addressed?

Antibiotics exert their action by disrupting essential bacte-
rial molecular processes that are moderately expressed and
tightly regulated, and thus more easily overwhelmed or
saturated by inhibitors.” Because of this, and the general
low sensitivity (or T/NT) experienced with antibiotic tracers
thus far, there are concerns about whether antibiotic-derived
tracers may be too potent to accumulate within bacteria in
order to generate a sufficient signal.'*”? However, this
theory and its possible influence on signal generation has
not been investigated. Therefore, we recommend an exper-
imental strategy like that used for saturable receptor-
targeting radiotracer development (Figure2). This ap-
proach’s hypothesis is based on uptake relying on enzyme
binding/inhibition and saturation, rather than bulk metabolic
turnover or surface adhesion. From this perspective, the
main developmental concern is whether the target protein/
receptor density (B,.,) Will sufficiently match the amount of
radioactivity in the region of interest (ROI) to generate an
appreciable target-to-background signal.’® Secondly, the
radiotracer’s binding affinity (K, or K;) should be compat-
ible with B, since a lower target density will require a
stronger-binding radiotracer at a lower dose or concentra-
tion (Figure 2A). Conversely, a radiotracer with a weaker
binding affinity will require a higher target density to
achieve the same result. A common measurement used to
describe this relationship is B,,,/K4, with a value >10 to be
considered for prospective receptor-radiotracer
development.” As an example, this relationship for TMP
is several fold above this range when calculated with
available B, and K, values reported in the literature
(Bmax=500nM, K ;< 1.3 nM for TMP and K,;<0.465 nM for
["F]FP-TMP).l'#1%] This indicates that the performance of
some antibiotics may not be limited by antibiotic potency/
underwhelming target protein expression levels. In addition,
this indicates that perhaps receptor-targeting radiotracer
development strategies (and its applications) may be trans-
latable towards antibiotic-PET infection imaging.

Because most antibiotics are characterized by a saturable
binding mechanism, one should consider that the tracer
mass (extra carrier-added amount), as part of the radioactive
dose, may compete for and partially saturate target binding
sites, especially if the number of such targets is limited
(Figure 2B). This may significantly influence its binding
pharmacokinetics and, ultimately, impair detection sensitiv-
ity and outcomes in imaging studies evaluating tracer
performance. Usually, in human studies, the mass effect is
considered negligible due to the minute quantity of tracer
administered (picogram to microgram) relative to the
subject mass.”™ However, in small animal PET imaging, this

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://go.drugbank.com/
https://www.biometadata.com/
https://www.biometadata.com/
https://clarivate.com/
https://clarivate.com/

GDCh
~~

Binding Potential

Reviews

Angewandte

intemationaldition’y) Chemie

Potential Relationship Between Antibiotic
Tracer Dosage and Uptake Levels
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Figure 2. A) lllustration showing the parameters that influence the “binding potential” of a tracer to its target, a concept used in receptor imaging
with radiopharmaceuticals that display a saturable binding mechanism; B) Scatchard plot showing a typical equilibration curve for a ligand binding
to a saturable receptor population, and how different tracer dosages may influence specific uptake levels normalized to background noise.
Additionally, this concept is used in receptor imaging where quantitative PET enables measurement of specific binding at equilibrium at various
concentrations (often 6-12) of the radioligand to determine receptor number (B,,,,) and affinity (Ky) in situ. Created with Biorender.com.

“mass effect” is known to be more prominent due to the
higher activity required (based on mCikg' bodyweight) to
compensate for the smaller subject size and difference in
signal attenuation.’®*” It is worth mentioning that, given the
concerns over the generally low sensitivity for detecting
infections with antibiotic tracers in small animal models thus
far, no detailed studies have been done to fully characterize
to what extent the mass effect might influence tracer
performance.

On a more technical note, concerning the radiopharma-
ceutical production, the effect of the relationship between
specific activity and the administered drug concentration
(carrier added/bolus injection) on antibiotic-derived radio-
tracer performance is still unknown. Future studies elucidat-
ing antibiotic-target relationship mechanics at microdose
levels, and standardization of specific activities should prove
beneficial for radiotracer development. To illustrate this,
radiolabeled ciprofloxacin showed discordant results in
animal models with specific activities achieved for both
[®Ga]-1/[®Ga]-2 and ["*F]F16, that were of two and four
orders of magnitude higher than that of [*™Tc]Tc-/[**F]F-
ciprofloxacin (Table 1).”*%3 Altogether, characterizing the
influence of these variable parameters on tracer sensitivity
may rationalize future antibiotic candidate selection and
guide the determination of optimal tracer dosage.

4.4.2. What are the Challenges Related to the Antibiotic MoA?

Enzyme-drug interaction characteristics and the bactericidal
MoA of antibiotics should be considered before infection-
specific radiotracer development (Figure 3). For instance, in
1996, Tewson et al. mentioned a mismatch in using fluo-
roquinolones as infection imaging agents,”"! based on the
fact that two simultaneously-bound fluoroquinolone mole-
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cules are required to form a tight but reversible (non-
covalent) inhibitory complex.” Since only trace amounts of
radiolabeled fluoroquinolone are used, it is highly unlikely
to achieve an appreciable amount of inhibitor-enzyme
complex formation to generate an adequate signal at the
infection site. This is in accordance with the unsaturable and
reversible binding nature experienced with fluoroquino-
lones. Therefore, a suitable antibiotic candidate should
preferably bind to the enzyme target without requiring
additional ligands since the lack of these within the
pathogen environment will probably affect tracer uptake. In
the case of an uncompetitive inhibition process, knowledge
of the enzymatic substrate formation rate is necessary.
Another scenario is the requirement for prodrug activation
by some antibiotic classes, such as INH and PZA.

The involvement of a second activator enzyme, in
addition to the target protein, may further confound tracer
uptake as any modification to the antibiotic may disrupt
prodrug conversion and/or target binding, especially at
microdose scale.

For instance, radio-fluorination of 5-[*F]F-PZA com-
pletely diminishes PZAase enzyme recognition and loss of
prodrug activation to 5-["*F]F-POA, resulting in a complete
loss of specific uptake. Lastly, some antibiotics (such as
INH) become metabolically trapped within the target
pathogen through prodrug activation, which is rather
beneficial to increase tracer uptake at the target.””’ The
puzzling results gathered from fluoroquinolone and PZA
tracer development made it clear that the antibiotic MoA
should be well known before selecting a potential candidate
for subsequent radiolabeling.
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4.4.3. Are We Considering the Emergence of Antibiotic
Resistance?

With the rapid emergence of complex drug-resistant bacte-
rial infections, accurate and timely detection of these
pathogens is crucial for patient care. An antibiotic tracer
significantly affected by antibiotic resistance mechanisms
will probably be clinically irrelevant. Resistance mechanisms
include, but are not limited to, significant changes in target
protein binding and expression levels; the presence of drug
exclusion mechanisms such as export pumps; the formation
of biofilms, and diminished active transport; and drug
inactivation/degradation mechanisms.?>% 78848951 While
overcoming these scenarios with an antibiotic-derived tracer
may seem challenging, promising results have been obtained
with ["C]TMP to image a wide variety of pathogens,
regardless of their resistance status.” For instance,
[""C]TMP uptake was maintained by various strains harbor-
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ing mutant TMP-resistant DHFR proteins due to the
maintained co-expression of wild-type (WT) DHFR. Further
analysis of the National Centre for Biotechnology Informa-
tion’s Reference Sequence Collection showed that 99.4 % of
TMP-resistant strains co-express WT DHFR in addition to
its mutant homologue. Interestingly, elevated levels of tracer
uptake were also noted in antibiotic-resistant strains, which
were confirmed to express drug export pumps, even
notoriously multi-drug resistant P. aeruginosa strains.
Similarly, [*F]FP-TMP accumulated in TMP-resistant P.
aeruginosa.
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4.4.4. Would Antibiotic-PET Imaging Readouts be Affected by
the Empirical Use of Antibiotics?

It is evident that pre-dosing a system with an antibiotic that
competes with a tracer for the same target binding site will
result in lower tracer uptake.'®1%21% Additionally, treat-
ment with, or co-administration of, bacteriostatic antibiotics
may completely inhibit the expression of the target required
for tracer binding, or display some form of synergistic or
antagonistic effect resulting in diminished tracer uptake.
Thus far, no studies have explored the possible effects of co-
treatment with a different antibiotic class on pathogen-
specific radiotracer accumulation. This is extremely impor-
tant since most patients referred for PET imaging to detect
an underlying infection have often received some form of
antibiotic treatment. In this regard, antibiotics that enter the
cell through unique MoAs should be prioritized for labeling
to avoid the risks associated with bacterial resistance
regarding more common MoAs. Given such a widespread
empirical and often prophylactic administration of anti-
biotics to patients with suspected infection, the recruitment
of patients with limited or no exposure to antibiotics at the
time of PET imaging presents a tremendous challenge.™

4.4.5. How Can We Balance Tracer Bioavailability Against its
Unwanted Biodistribution?

High tracer stability (chemical and physiological) is a main
prerequisite for bacterial tracer uptake because it improves
bioavailability: i.e., sufficient tracer amount reaches the
tissue in which the pathogens reside. In this regard, it is
essential to leverage existing antibiotic data with detailed
and complete descriptions of experimental ADME proper-
ties, as well as important human enzyme and tissue-specific
interactions for optimal candidate selection (Figure 4).*"
For instance, an antibiotic that is known to be associated
with the host inflammatory response, such as binding to
leukocytes, should be disregarded. Stability assessment of a
radiolabeled antibiotic can be performed by mimicking the
in vivo environment, such as human plasma stability and
protein binding.””"! In the case of limited stability or high
affinity to plasma proteins, its translation potential is doubt-
ful. Furthermore, radionuclides must be incorporated into a
position that is not cleaved or modified by host enzymes,
especially in the case of prodrug activation. The lack of
prodrug activation, growth inhibition and tracer uptake, in
addition to a lack of in vivo stability, experienced with 5-
[*F]F-PZA is a prime example of how unnecessary
exhaustive in vivo experiments may have been avoided
through preliminary in vitro assessment.!]

Clinically approved antibiotics are generally designed to
have relatively long biological half-lives for sustained
therapeutic effect, but for imaging purposes the tracer is
required to delineate the target that may be very dispersed
or expressed at low levels relative to the surrounding
mammalian tissue targets. As a result, when it comes to
antibiotic-derived PET tracers, inherently high plasma
concentration and blood perfusion are responsible for a slow
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and insufficient tissue background clearance, which is a
major concern, given the relatively short half-lives of most
used PET radionuclides. Although calculated biological
half-lives of antibiotics are reported to be typically 3 to
12 hours, this does not fully represent individual tissue-
specific compartment half-lives. Many of the antibiotic
tracers presented here are cleared relatively quickly from
most peripheral tissues such as the brain, muscle, lungs,
vasculature, and bone (which are common sites of bacterial
infiltration). Yet, prolonged residence times are seen in the
kidneys and/or liver until metabolization and elimination.
The latter encourages imaging of infectious processes, such
as osteomyelitis, endocarditis, and soft tissue infection, in
the extra-abdominal cavity. Moreover, high and non-specific
organ retention might be of concern in terms of radiation
dosimetry. Therefore, approved antibiotics with shorter
biological half-lives in line with the half-life of the radio-
nuclide should be considered for radiolabeling.

Particular challenges to TB infection imaging hinge on
the potential of the drug or imaging agent to tackle the slow
growth rate of M. tuberculosis, the intricacy of its different
disease states and the penetration into the granulomatous
lesions in vivo. PK/PD studies using ['C]RIF-, [“F|F-
linezolid- and [*Br]Br-BDQ-PET have suggested that intra-
lesional bioavailability of the radiotracers is dependent on
both drug characteristics and host factors, such as lesion
pathology 7071808187 Often  blood perfusion of the tissue
affects the signal measured for a single time point inves-
tigation; therefore, a more complex (kinetic) analysis may
be the better strategy. It must also be emphasized that
animal models must be used that closely resemble human
disease presentation. For example, TB is known to form
well-defined cerebral and pulmonary lesions, often accom-
panied by cavitating granulomas that are resistant to anti-
biotic penetration. As such, a rabbit model that develops
these lesions when infected with M. tuberculosis was chosen
to measure intralesional ["'C]RIF bioavailability.'" A
strategy that may alleviate these antibiotic-inherent issues
with biodistribution and bioavailability is the incorporation
of a radiolabeled functional group, which may significantly
alter the physicochemical properties of the desired antibiotic
vector, while keeping the pharmacophore intact. Examples
of such functionalities are metal chelator conjugates that are
highly polar, or incorporation of a radionuclide into an
antibiotic via a highly lipophilic conjugate, such as carbon
chain spacers.”! Additionally, drug delivery systems such as
liposomes, nanoparticles and microspheres have previously
been utilized in nuclear medicine to improve tracer bioavail-
ability and stability."™ ["*F]FP-TMP is a prime example of
how minor structural modifications allow for inclusion of a
more matching radionuclide that provides better properties
for tracing cerebral tracer clearance and thereby also
significantly improving imaging sensitivity in comparison to
[11C]TMP.[104]
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4.5. Future Potential

Future endeavors should focus beyond diagnosing infection
and move towards prognostication: to predicting response to
treatment; identifying resistance mechanisms; and identify-
ing patients at high risk for complicated/resistant infection
(Figure 5).* These goals could (in theory) be achieved by
using PET’s capabilities to quantitatively monitor and assess
molecular pathway activities that characterize and govern
the pathophysiological process of infectious diseases, and
the interaction of such molecular pathways with treatment
interventions in situ. In this regard, antibiotic-based radio-
tracers should (in theory) be of value, since the admin-
istration of antibiotics is the core subject that governs these
issues.
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Additionally, because antibiotics follow a specific and
saturable binding mechanism, developing an antibiotic
radiotracer that can measure essential bacterial enzymes’
‘binding potential’ may be possible in the future. Measuring
an enzyme/receptor’s binding potential affords insight into
the status of the target protein’s rates of expression and
activity (not total expression).”” In conjunction with parallel
imaging (two radiopharmaceuticals simultaneously, or para-
magnetic tracers for dual-modality PET/MRI), antibiotic
radiotracers may offer yet more opportunities to advance
our understanding of the mechanisms governing antibiotic
performance and the emergence of resistance.”” Antibiotic-
PET imaging may also provide valuable input to fine-tune in
silico modeling and drug-design strategies,®*! and aid in
evaluating the performance of drug-delivery systems.!'"
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Antibiotics may find yet more applications beyond infection
imaging; Sellmyer et al. proposed the use of Ec dhfr as a
reporter gene inserted into chimeric antigen receptor
(CAR) T cells, and subsequently tracking the CAR T cell
distribution using [®F]FP-TMP-PET to better understand
cell trafficking in vivo for modified cell-based
therapies.?"10"1%4

5. Conclusion

Confidence has waned in antibiotic-based radiotracers as
infection imaging agents due to a history of discouraging
results that do not accurately reflect the clinical potential of
radiolabeled antibiotics in becoming bacterial-specific PET
imaging agents. We presented critically evaluated literature
on antibiotic-derived PET radiopharmaceutical develop-
ment efforts aimed at infection imaging. To address pitfalls
for clinical translation, profound understanding of the anti-
biotic MoA, attention to structural tracer design, virtuous
pre-clinical study design, and accurate data acquisition
methods are necessary to realize the true potential of these
agents as infection-specific radiopharmaceuticals. As such,
["C]TMP and [*F]FP-TMP have sparked renewed interest
as infection imaging agents that may diagnose and monitor
disease progression, while the value of [M'C]JRIF-PET in
using antibiotics as research tools to monitor in situ PK/PD
parameters for the optimization of antibiotic treatment
regimens was revealed. Taken together, antibiotic-derived
radiotracers may open the door to precision medicine and
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more personalized patient care, given that [''C]TMP has
already proved its capability in monitoring disease progres-
sion in patients, and ["'C]RIF biodistribution has revealed
limited intralesional penetration at standard dosage. Anti-
biotic-derived radiotracers may promise better tools for
disease prognostication and advance our understanding of
the mechanisms governing antibiotic performance and the
emergence of resistance in the future.

Acknowledgements

The Nuclear Medicine Research Infrastructure NPC is
thanked for the financial support.

Conlflict of Interest

The authors declare no conflict of interest.

Keywords: antibiotic-derived PET - imaging of infection -
positron emission tomography - radiolabeling - radiotracers

[1] C.J. L. Murray, K. S. Ikuta, F. Sharara, L. Swetschinski, G. R.
Aguilar, A. Gray, C. Han, C. Bisignano, A.R. Collabora,
et al., Lancet 2022, 399, 629-655.

[2] C.J. Palestro, Semin. Nucl. Med. 2020, 50, 23-34.

[3] J. P. Pijl, P. H. Nienhuis, T.C. Kwee, A. Glaudemans, R.
Slart, L. C. Gormsen, Semin. Nucl. Med. 2021, 51, 633-645.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

[4] F. Mota, A. A. Ordonez, G. Firth, C. A. Ruiz-Bedoya, M. T.
Ma, S. K. Jain, J. Med. Chem. 2020, 63, 1964-1977.

[5] S.J. Goldsmith, S. Vallabhajosula, Semin. Nucl. Med. 2009,
39, 2-10.

[6] C.J. Palestro, J. Nucl. Med. 2009, 50, 671-673.

[7] Y.-Y. Huang, Nucl. Med. Phys., IntechOpen, London, 2019,
pp. 35-58, https://doi.org/10.5772/intechopen.79227.

[8] J. D. Northrup, R. H. Mach, M. A. Sellmyer, Int. J. Mol. Sci.
2019, 20, 5808.

[9] T. Ebenhan, E. Lazzeri, O. Gheysens, Curr. Pharm. Des.
2018, 24, 772-786.

[10] P. L. Bresser, M. Vorster, M. M. Sathekge, Ann. Nucl. Med.
2021, 35, 148-158.

[11] R. Aviner, Comput. Struct. Biotechnol. J. 2020, 18, 1074-1083.

[12] A.O. Ankrah, P. H. Elsinga, in Nuclear Medicine in Infectious
Diseases, Springer International Publishing, Cham, 2020,
pp. 19-35.

[13] A. Signore, V. Artiko, M. Conserva, G. Ferro-Flores, M. M.
Welling, S. K. Jain, S. Hess, M. Sathekge, J. Clin. Med. 2020,
9,2372.

[14] 1. Polvoy, R.R. Flavell, O.S. Rosenberg, M. A. Ohliger,
D. M. Wilson, J. Nucl. Med. 2020, 61, 1708-1716.

[15] P. A. Masters, T. A. O'Bryan, J. Zurlo, D. Q. Miller, N. Joshi,
Arch. Intern. Med. 2003, 163, 402—-410.

[16] D.P. Baccanari, S. Daluge, R. W. King, Biochemistry 1982,
21, 5068-5075.

[17] D.P. Baccanari, L. F. Kuyper, J. Chemother. 1993, 5, 393-399.

[18] M. A. Sellmyer, I. Lee, C. Hou, C.C. Weng, S. Li, B.P.
Lieberman, C. Zeng, D. A. Mankoff, R. H. Mach, Proc. Natl.
Acad. Sci. USA 2017, 114, 8372-8377.

[19] R. Doot, A. Young, E. Schubert, J. Cai, H. Lee, R. Mach, D.
Mankoff, M. Sellmyer, J. Nucl. Med. 2019, 60, 1642-1642.

[20] I.K. Lee, D. A. Jacome, J. K. Cho, V. Tu, A. Young, T.
Dominguez, J. D. Northrup, J. M. Etersque, A. Ruff, etal,,
MedRxiv 2021, https://doi.org/10.1101/2021.1109.1121.
21262899.

[21] M. A. Sellmyer, I. Lee, C. Hou, B. P. Lieberman, C. Zeng,
D. A. Mankoff, R. H. Mach, Mol. Ther. 2017, 25, 120-126.

[22] https://ClinicalTrials.gov/show/NCT04263792,  Date  Ac-
cessed:11/03/2022.

[23] K. J. Aldred, R.J. Kerns, N. Osheroff, Biochemistry 2014, 53,
1565-1574.

[24] K. K. Solanki, J. Bomanji, Q. Siraj, M. Small, K. E. Britton, J.
Nucl. Med. 1993, 34, P119.

[25] S. Vinjamuri, A. V. Hall, K. K. Solanki, J. Bomanji, Q. Siraj,
E. O'Shaughnessy, S. S. Das, K. E. Britton, Lancet 1996, 347,
233-235.

[26] R. H. Siaens, H.J. Rennen, O. C. Boerman, R. Dierckx, G.
Slegers, J. Nucl. Med. 2004, 45, 2088-2094.

[27] K. Sachin, E.-M. Kim, S.-J. Cheong, H.-J. Jeong, S. T. Lim,
M.-H. Sohn, D. W. Kim, Bioconjugate Chem. 2010, 21, 2282—
2288.

[28] D. Satpati, C. Arjun, R. Krishnamohan, G. Samuel, S.
Banerjee, Chem. Biol. Drug Des. 2016, 87, 680-686.

[29] E. Livni, J. Babich, N. M. Alpert, Y.Y. Liu, E. Thom, R.
Cleeland, B. L. Prosser, J. A. Correia, et al., Nucl. Med. Biol.
1993, 20, 81-87.

[30] J. W. Babich, R. H. Rubin, W. A. Graham, R. A. Wilkinson,
J. Vincent, A.J. Fischman, Nucl. Med. Biol. 1996, 23, 995-
998.

[31] T.J. Tewson, D. Yang, G. Wong, D. Macy, O.J. DeJesus,
R.J. Nickles, S. B. Perlman, M. Taylor, P. Frank, Nucl. Med.
Biol. 1996, 23, 767-772.

[32] O. Langer, M. Mitterhauser, M. Brunner, M. Zeitlinger, W.
Wadsak, B. X. Mayer, K. Kletter, M. Muller, Nucl. Med. Biol.
2003, 30, 285-291.

Angew. Chem. Int. Ed. 2022, 61, €202204955 (24 of 25)

Reviews

Angewandte

intemationaldition’y) Chemie

[33] M. Brunner, O. Langer, G. Dobrozemsky, U. Muller, M.
Zeitlinger, M. Mitterhauser, W. Wadsak, R. Dudczak, M.
Muller, et al., Antimicrob. Agents Chemother. 2004, 48, 3850—
3857.

[34] O. Langer, M. Brunner, M. Zeitlinger, S. Ziegler, U. Muller,
G. Dobrozemsky, E. Lackner, C. Joukhadar, M. Muller, et al.,
Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 143-150.

[35] P. Kozminski, W. Gaweda, M. Rzewuska, A. Kopatys, S.
Kujda, M. K. Dudek, P. K. Halik, L. Krdlicki, E. Gniazdow-
ska, Tomography 2021, 7, 829-842.

[36] A. Fischman, E. Livni, J. Babich, N. Alpert, Y. Liu, E. Thom,
R. Cleeland, B. Prosser, H. Strauss, et al., Antimicrob. Agents
Chemother. 1993, 37, 2144-2152.

[37] A.J. Fischman, E. Livni, J. W. Babich, N. M. Alpert, A.
Bonab, S. Chodosh, F. McGovern, P. Kamitsuka, R.H.
Rubin, et al., Antimicrob. Agents Chemother. 1996, 40, 659—
664.

[38] A.J. Fischman, E. Livni, J. Babich, N. M. Alpert, Y.Y. Liu,
E. Thom, R. Cleeland, B.L. Prosser, etal.,, Antimicrob.
Agents Chemother. 1992, 36, 2286-2292.

[39] A.J. Fischman, J. W. Babich, A. A. Bonab, N. M. Alpert, J.
Vincent, R.J. Callahan, J. A. Correia, R. H. Rubin, Antimi-
crob. Agents Chemother. 1998, 42, 2048-2054.

[40] A.J. Fischman, J. W. Babich, N. M. Alpert, J. Vincent, R. A.
Wilkinson, R.J. Callahan, J. A. Correia, R. H. Rubin, Clin.
Microbiol. Infect. 1997, 3, 63-72.

[41] S. A.R. Naqvi, K. Drlica, Dalton Trans. 2017, 46, 14452—
14460.

[42] A.N. Unissa, S. Subbian, L. E. Hanna, N. Selvakumar, Infect.
Genet. Evol. 2016, 45, 474-492.

[43] J. K. Seydel, K. J. Schaper, E. Wempe, H. P. Cordes, J. Med.
Chem. 1976, 19, 483-492.

[44] R. Rawat, A. Whitty, P.J. Tonge, Proc. Natl. Acad. Sci. USA
2003, 100, 13881-13886.

[45] J. K. Amartey, I. Al-Jammaz, B. Al-Otaibi, C. Esguerra, Nucl.
Med. Biol. 2002, 29, 817-823.

[46] J. Amartey, C. Esguerra, B. Al-Otaibi, R. Parhar, 1. Al-
Jammaz, Appl. Radiat. Isot. 2004, 60, 839-843.

[47] E. A. Weinstein, L. Liu, A.A. Ordonez, H. Wang, J. M.
Hooker, P.J. Tonge, S. K. Jain, Antimicrob. Agents Chemo-
ther. 2012, 56, 6284-6290.

[48] L. Liu, Y. Xu, C. Shea, J.S. Fowler, J. M. Hooker, P.J.
Tonge, J. Med. Chem. 2010, 53, 2882-2891.

[49] R.K. Verma, J. Kaur, K. Kumar, A.B. Yadav, A. Misra,
Antimicrob. Agents Chemother. 2008, 52, 3195-3201.

[50] S. Roohi, A. Mushtaq, M. Jehangir, S. A. Malik, Radiochim.
Acta 2006, 94, 147-152.

[51] N. Singh, A. Bhatnagar, Afr. J. Pharm. Pharmacol. 2009, 3,
110-119.

[52] A. Chang, J. Schiebel, W. Yu, G.R. Bommineni, P. Pan,
M. V. Baxter, A. Khanna, C. A. Sotriffer, P. J. Tonge, et al.,
Biochemistry 2013, 52, 4217-4228.

[53] S. R. Luckner, N. Liu, C. W. am Ende, P.J. Tonge, C. Kisker,
J. Biol. Chem. 2010, 285, 14330-14337.

[54] H. Wang, L. Liu, Y. Lu, P. Pan, J. M. Hooker, J. S. Fowler,
P.J. Tonge, Bioorg. Med. Chem. Lett. 2015, 25, 4782-4786.

[55] H. Wang, Y. Lu, L. Liu, S. W. Kim, J. M. Hooker, J.S.
Fowler, P.J. Tonge, Eur. J. Med. Chem. 2014, 88, 66-73.

[56] P. W. Miller, N.J. Long, R. Vilar, A. D. Gee, Angew. Chem.
Int. Ed. 2008, 47, 8998-9033; Angew. Chem. 2008, 120, 9136—
9172.

[57] P. Pan, S. E. Knudson, G. R. Bommineni, H. J. Li, C. T. Lai,
N. Liu, M. Garcia-Diaz, C. Simmerling, P.J. Tonge, Chem-
MedChem 2014, 9, 776-791.

[58] Anonymous, Am. Rev. Respir. Dis. 1986, 134, 355-363.

[59] E. A. Lamont, N. A. Dillon, A. D. Baughn, Microbiol. Mol.
Biol. Rev. 2020, 84, ¢00070-00019.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.5772/intechopen.79227
https://doi.org/10.1101/2021.1109.1121.21262899
https://doi.org/10.1101/2021.1109.1121.21262899
https://ClinicalTrials.gov/show/NCT04263792

GDCh
~~

[60] A. Scorpio, Y. Zhang, Nat. Med. 1996, 2, 662—667.

[61] Z. Zhang, A. A. Ordonez, P. Smith-Jones, H. Wang, K. R.
Gogarty, F. Daryaee, L. E. Bambarger, Y.S. Chang, P.J.
Tonge, et al., PLoS One 2017, 12, ¢0170871.

[62] L. E. Via, R. Savic, D. M. Weiner, M. D. Zimmerman, B.
Prideaux, S. M. Irwin, E. Lyon, P. O'Brien, V. Dartois, et al.,
ACS Infect. Dis. 2015, 1, 203-214.

[63] E. A. Lamont, A.D. Baughn, EBioMedicine 2019, 49, 374—
380.

[64] M. Lee, J. Lee, M. W. Carroll, H. Choi, S. Min, T. Song, L. E.
Via, L. C. Goldfeder, C. E. Barry 3rd, N. Engl. J. Med. 2012,
367, 1508-1518.

[65] T. Alliance, in Oral presentation, Antimicrobial Drugs
Advisory Committee, Vol. 6, 2019.

[66] S. M. Swaney, H. Aoki, M. C. Ganoza, D. L. Shinabarger,
Antimicrob. Agents Chemother. 1998, 42, 3251-3255.

[67] F. Mota, R. Jadhav, C. A. Ruiz-Bedoya, A.A. Ordonez,
M. H. Klunk, J.S. Freundlich, S. K. Jain, ACS Infect. Dis.
2020, 6, 916-921.

[68] A.J. Lepak, K. Marchillo, S. Pichereau, W. A. Craig, D.R.
Andes, Antimicrob. Agents Chemother. 2012, 56, 5916-5922.

[69] B. Bozdogan, P. C. Appelbaum, Int. J. Antimicrob. Agents
2004, 23, 113-119.

[70] J. Reynolds, S. K. Heysell, Expert Opin. Drug Metab. Toxicol.
2014, 10, 813-823.

[71] A. A. Ordonez, H. Wang, G. Magombedze, C. A. Ruiz-
Bedoya, S. Srivastava, A. Chen, E. W. Tucker, M. E. Urban-
owski, S. K. Jain, et al., Nat. Med. 2020, 26, 529-534.

[72] A. A. Ordonez, M. A. Sellmyer, G. Gowrishankar, C. A.
Ruiz-Bedoya, E. W. Tucker, C.J. Palestro, D. A. Hammoud,
S. K. Jain, Sci. Transl. Med. 2019, 11, eaax8251.

[73] G.P. Dinos, Br. J. Pharmacol. 2017, 174, 2967-2983.

[74] V. W. Pike, A.J. Palmer, P.L. Horlock, T.J. Perun, L. A.
Freiberg, D. A. Dunnigan, R. H. Liss, J. Chem. Soc. Chem.
Commun. 1982, 173-174.

[75] P. Wollmer, N.B. Pride, C. G. Rhodes, A. Sanders, V. W.
Pike, A.J. Palmer, D.J. Silvester, R. H. Liss, Lancet 1982,
320, 1361-1364.

[76] D. M. Rothstein, Cold Spring Harbor Perspect. Med. 2016, 6,
a027011.

[77] L. R. Yarbrough, F. Y. Wu, C. W. Wu, Biochemistry 1976, 15,
2669-2676.

[78] W. Wehrli, Rev. Infect. Dis. 1983, 5, S407-411.

[79] G. Hartmann, K. O. Honikel, F. Knusel, J. Nuesch, Biochim.
Biophys. Acta Nucleic Acids Protein Synth. 1967, 145, 843—
844.

[80] V.P. DeMarco, A. A. Ordonez, M. Klunk, B. Prideaux, H.
Wang, Z. Zhuo, P.J. Tonge, R. F. Dannals, C. K. Lee, et al.,
Antimicrob. Agents Chemother. 2015, 59, 5768-5774.

[81] E. W. Tucker, B. Guglieri-Lopez, A. A. Ordonez, B. Ritchie,
M. H. Klunk, R. Sharma, Y.S. Chang, J. Sanchez-Bautista,
S. K. Jain, Sci. Transl. Med. 2018, 10, eaau0965.

[82] C. A. Ruiz-Bedoya, F. Mota, E. Tucker, F. Mahmud, C. Erice,
M. Bahr, K. Flavahan, P. De Jesus, M. D. C. Rosa, in Open
Forum Infectious Diseases, Vol. 8, Oxford University Press
US, 2021, pp. S115-S116.

[83] O. Gordon, D. E. Lee, B. Liu, B. Langevin, A. A. Ordonez,
D. A. Dikeman, B. Shafiq, J. M. Thompson, S. K. Jain, et al.,
Sci. Transl. Med. 2021, 13, eabl6851.

Reviews

Angewandte

intemationaldition’y) Chemie

[84] M. Mondoni, L. Saderi, G. Sotgiu, Curr. Opin. Pharmacol.
2021, 59, 103-115.

[85] A. Koul, N. Dendouga, K. Vergauwen, B. Molenberghs, L.
Vranckx, R. Willebrords, Z. Ristic, H. Lill, K. Andries, et al.,
Nat. Chem. Biol. 2007, 3, 323-324.

[86] A.C.Haagsma, R. Abdillahi-Ibrahim, M. J. Wagner, K. Krab,
K. Vergauwen, J. Guillemont, K. Andries, H. Lill, D. Bald,
et al., Antimicrob. Agents Chemother. 2009, 53, 1290-1292.

[87] A. A. Ordonez, L.S. Carroll, S. Abhishek, F. Mota, C. A.
Ruiz-Bedoya, M. H. Klunk, A.K. Singh, J.S. Freundlich,
S. K. Jain, et al., ACS Infect. Dis. 2019, 5, 1996-2002.

[88] K. Dheda, L. Lenders, G. Magombedze, S. Srivastava, P. Raj,
E. Arning, P. Ashcraft, T. Bottiglieri, T. Gumbo, et al., Am. J.
Respir. Crit. Care Med. 2018, 198, 1208-1219.

[89] M. Miethke, M. Pieroni, T. Weber, M. Bronstrup, P.
Hammann, L. Halby, P. B. Arimondo, P. Glaser, R. Muller,
et al., Nat. Rev. Chem. 2021, 5, 726-749.

[90] J. P. Pijl, T. C. Kwee, R. Slart, A. Glaudemans, J. Pers. Med.
2021, 71, 133.

[91] S. Auletta, M. Varani, R. Horvat, F. Galli, A. Signore, S.
Hess, J. Clin. Med. 2019, 8, 197.

[92] M. M. Welling, A. W. Hensbergen, A. Bunschoten, A.H.
Velders, M. Roestenberg, F. W. B. van Leeuwen, Clin. Transl.
Imaging 2019, 7, 105-124.

[93] B.P. Alcock, A. R. Raphenya, T. T. Y. Lau, K. K. Tsang, M.
Bouchard, A. Edalatmand, W. Huynh, A. V. Nguyen, A. G.
McArthur, et al., Nucleic Acids Res. 2020, 48, D517-D525.

[94] M. D. Mungan, K. Blin, N. Ziemert, Nucleic Acids Res. 2022,
50, D736-D740.

[95] J. Kleynhans, H. G. Kruger, T. Cloete, J. R. Zeevaart, T.
Ebenhan, Curr. Med. Chem. 2020, 27, 7048-7063.

[96] A.D. Gee, S. Bongarzone, A. A. Wilson, Small molecules as
radiopharmaceutical vectors, Springer International Publish-
ing, Cham, 2019.

[97] S. Lancelot, L. Zimmer, Trends Pharmacol. Sci. 2010, 31, 411—
417.

[98] M. P. Kung, H. F. Kung, Nucl. Med. Biol. 2005, 32, 673-678.

[99] W. C. Eckelman, C. A. Mathis, Nucl. Med. Biol. 2006, 33,
161-164.

[100] Y. Taniguchi, P.J. Choi, G. W. Li, H. Chen, M. Babu, J.
Hearn, A. Emili, X. S. Xie, Science 2010, 329, 533-538.

[101] M. A. Sellmyer, S. A. Richman, K. Lohith, C. Hou, C.C.
Weng, R.H. Mach, R.S. O'Connor, M. C. Milone, M. D.
Farwell, Mol. Ther. 2020, 28, 42-51.

[102] M. E. Urbanowski, E. A. Thms, K. Bigelow, A. Kubler, P. T.
Elkington, W. R. Bishai, J. Infect. Dis. 2018, 218, 53-63.

[103] J. Kleynhans, A.F. Grobler, T. Ebenhan, M. M. Sathekge,
J. R. Zeevaart, J. Controlled Release 2018, 287, 177-193.

[104] M. Shimojo, M. Ono, H. Takuwa, K. Mimura, Y. Nagai, M.
Fujinaga, T. Kikuchi, M. Okada, M. Higuchi, et al., EMBO J.
2021, 40, e107757.

Manuscript received: April 6, 2022
Accepted manuscript online: July 14, 2022
Version of record online: September 20, 2022

Angew. Chem. Int. Ed. 2022, 61, €202204955 (25 of 25)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



