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Abstract

Enterobacterales represent the largest group of bacterial pathogens in humans and are responsible
for severe, deep-seated infections, often resulting in sepsis or death. They are also a prominent
cause of multidrug-resistant (MDR) infections, and some species are recognized as biothreat
pathogens. Tools for noninvasive, whole-body analysis that can localize a pathogen with
specificity are needed, but no such technology currently exists. We previously demonstrated that
positron emission tomography (PET) with 2-deoxy-2-[18F]fluoro-D-sorbitol (18F-FDS) can
selectively detect Enterobacterales infections in murine models. Here, we demonstrate that uptake
of 18F-FDS by bacteria occurs via a metabolically conserved sorbitol-specific pathway with rapid
in vitro 18F-FDS uptake noted in clinical strains, including MDR isolates. Whole-body 18F-FDS
PET/computerized tomography (CT) in 26 prospectively enrolled patients with either
microbiologically confirmed Enterobacterales infection or other pathologies demonstrated that
18F_FDS PET/CT was safe, could rapidly detect and localize Enterobacterales infections due to
drug-susceptible or MDR strains, and differentiated them from sterile inflammation or cancerous
lesions. Repeat imaging in the same patients monitored antibiotic efficacy with decreases in PET
signal correlating with clinical improvement. To facilitate the use of 18F-FDS, we developed a
self-contained, solid-phase cartridge to rapidly (<10 min) formulate ready-to-use 18F-FDS from
commercially available 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) at room temperature. In a
hamster model, 18F-FDS PET/CT also differentiated severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pneumonia from secondary Klebsiella pneumoniae pneumonia—a
leading cause of complications in hospitalized patients with COVID-19. These data support 18F-
FDS as an innovative and readily available, pathogen-specific PET technology with clinical
applications.

INTRODUCTION

Enterobacterales are rod-shaped Gram-negative bacteria inhabiting the gastrointestinal tract,
representing the largest group of bacterial pathogens in humans (1). They include
Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., Salmonella spp., Serratia spp.,
and Yersiniaspp. (2), which produce a range of human disease including implant-associated
infections, meningitis, brain abscesses, and nosocomial pneumonias that can result in sepsis
or death. Multidrug-resistant (MDR) strains of Enterobacterales such as extended-spectrum
B-lactamase (ESBL)-producing and carbapenem-resistant Enterobacteriaceae (CRE) are
designated as urgent threats to human health by the U.S. Centers for Disease Control and
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Prevention (3) and have become widespread globally. MDR infections due to
Enterobacterales are associated with late diagnosis, a lower rate of appropriate empirical
antibiotic treatment, and higher mortality (4). Enterobacterales, especially K. pneumoniae,
are also a leading cause of secondary pneumonias in hospitalized patients with coronavirus
disease 2019 (COVID-19) (5). Last, a prominent Enterobacterales, Yersinia pestis (causes
plague), is designated as a biothreat pathogen and was responsible for several past
pandemics (1).

Divergent evolution has created highly differentiated metabolic pathways between
mammalian (eukaryotic) and bacterial (prokaryotic) cells (6), which can be exploited to
develop bacteria-specific imaging approaches. 2-Deoxy-2-[18F]fluoro-d-sorbitol (18F-FDS)
was identified by systematically screening random radiolabeled, small molecules for
selective metabolism by bacteria (7). We have previously demonstrated that 18F-FDS
selectively accumulates in Enterobacterales but not in healthy mammalian or cancer cells
and that 18F-FDS positron emission tomography (PET) can specifically detect
Enterobacterales infections in murine models (8). In this study, we prospectively assessed
18F_FDS PET and computerized tomography (CT) in patients with microbiologically
confirmed Enterobacterales infections before and after antibiotic treatment and compared
them to control patients with other pathologies. We also developed a self-contained, solid-
phase cartridge to rapidly synthesize 18F-FDS and used it to evaluate K. pneumoniae
coinfection in a hamster model of SARS-CoV-2.

Mechanism of incorporation of 18F-FDS into bacteria

18F_FDS uptake in Enterobacterales occurs via a metabolically conserved pathway mediated
by a sorbitol-specific phosphotransferase system (PTS) composed of three subunits: SrlE,
SrlA, and SrIB (9). The sr/operon is induced by sorbitol, and PTS transports sorbitol with
low micromolar affinities (10). £. coli K-12 srlA, sriB, and sr/E knockout strains
demonstrated that the sorbitol-specific PTS is essential for bacterial uptake of 18F-FDS but
not 2-deoxy-2-[18F]fluoro-D-glucose (*8F-FDG) (fig. S1). However, no selective transporter
for 18F-FDS is present in mammalian cells, and substitution of the hydroxyl group by
fluorine at the 2-position abrogates recognition by mammalian cells (11).

18F_FDS PET/CT selectively detects Enterobacterales infection

In the current study, 26 newly identified patients with either microbiologically confirmed
Enterobacterales infections (7= 18) or control patients with other pathologies (7= 8) were
prospectively enrolled (Fig. 1 and table S1). For all infections, microbiological confirmation
was required from the clinical/biopsy sample obtained from the infection site. Oncologic
diagnoses were made via tissue biopsies, and sterile inflammatory pathologies were
determined clinically and/or by tissue biopsies. Four patients with Enterobacterales
infections had coexisting biopsy-proven oncologic disease. The median age was 60.5 years
(range, 31 to 91 years), and 38% (10 of 26) were female (table S2). The cohort comprised a
diverse group of patients with comorbidities and thus representative of hospitalized patients
in a tertiary care setting. On the basis of the kinetics of radiotracer clearance (8, 12), 18F-

Sci Transl Med. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ordonez et al.

Page 4

FDS PET/CT was performed at 1 and 2 hours after an intravenous injection of 18F-FDS.
18F_FDS was rapidly eliminated predominantly via the kidneys with some hepatobiliary
excretion and an overall low background PET signal (figs. S2 and S3). Overall, 71 18F-FDS
PET/CT scans were performed in enrolled patients, which were safe, well tolerated, and
without adverse effects in all patients.

18F_FDS PET/CT was able to detect and localize infections at multiple body sites (Fig. 2, A
and B). 18F-FDS PET also detected an intracranial infection (Fig. 2C) over the inherently
low 18F-FDS background in the surrounding unaffected brain tissues (Fig. 2D and figs. S2
and S3). Consistent with previous reports (13, 14), acute infections were associated with a
high bacterial burden at the infection sites (fig. S4A), and Enterobacteralesisolated from the
infected patients, including one ESBL-producing strain, demonstrated robust in vitro 18F-
FDS uptake (fig. S4B). There was no correlation between the peripheral white blood cell or
neutrophil counts and the 18F-FDS PET signal in the infected patients (fig. S5), suggesting
that 18F-FDS PET is not dependent on host inflammatory cells (8). Increased 18F-FDS PET
signal was observed at infection sites (Fig. 2E), whereas minimal signal was noted at the
sites of oncologic or sterile inflammatory pathologies (Fig. 2F and fig. S2).

To quantify the PET signal, spherical volumes of interest (VOIs) were drawn at the sites of
pathology and unaffected sites of the same tissue to calculate the target-to-nontarget tissue
ratio (TNT). The 18F-FDS PET signal 2 hours after injection was significantly higher (P<
0.0001) at the sites of Enterobacteralesinfection [TNT, 4.46; interquartile range (IQR), 3.32
to 4.95; Fig. 2G] than at the sites with oncologic/sterile inflammatory pathologies or
infections due to non-Enterobacterales (TNT, 1.14; IQR, 0.98 to 1.50). Using a TNT cutoff
of 3.0, 18F-FDS PET at 2 hours after injection could identify infection sites with a sensitivity
of 82% [95% confidence interval (Cl), 55.8 to 95.3%] and a specificity of 100% (95% ClI,
69.9% to 100%).

One patient (#5; table S2) with metastatic squamous cell carcinoma of the lung and K.
pneumoniae pneumonia underwent 18F-FDG PET/CT for clinical reasons 12 days after the
study-related 18F-FDS PET/CT (Fig. 3). Note the 18F-FDG PET signal in the brain, which,
as expected, is absent for 18F-FDS PET. Whereas multiple pulmonary lesions were noted on
CT and 18F-FDG PET in this patient, several 18F-FDG avid lesions (Fig. 3, red arrow) were
not visualized on 18F-FDS PET (Fig. 3, left panel).

18F_EDS PET can monitor antibiotic treatments

Hospital-acquired infections due to MDR Enterobacterales have become widespread in the
United States and globally (3). CRE infections are associated with late diagnosis, lower rate
of appropriate empirical therapy, and considerably higher mortality rates (4). Bacterial
metabolism of 18F-FDS is mediated via highly conserved metabolic pathways with rapid and
substantial in vitro 18F-FDS uptake by clinical strains, including those that are MDR (ESBL
or CRE) (fig. S4B) (7, 8). Thirteen patients with microbiologically confirmed
Enterobacterales infections underwent repeat PET/CT after completion of antibiotic
treatments (Fig. 4 and fig. S6). 18F-FDS PET/CT from representative patients with
successful or failed antibiotic treatment (due to the presence of MDR strain) is shown (Fig.
4, A and B). Overall, clinical improvement in patients (as determined independently by the
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clinical team) was associated with a significant decrease (65%) in the lesion-specific 18F-
FDS PET activity with TNT of 4.70 (IQR, 3.92 to 5.21) and TNT of 1.64 (IQR, 1.21 to 2.83)
before and after completion of antibiotic treatments, respectively (Fig. 4C; £=0.002).
However, lack of clinical improvement, e.g., treatment failure due to the presence of an
MDR strain, did not lead to a decrease in 18F-FDS PET activity (Fig. 4D). Monitoring of
antibiotic treatments using 18F-FDS PET could be a highly valuable clinical tool for the
management of infected patients.

One-step synthesis and formulation of 18F-FDS from 18F-FDG

18F_FDS can be synthesized rapidly from 18F-FDG, which is widely available. However,
current methods require the use of specialized equipment available in a radiochemistry
laboratory (8, 15). Therefore, we developed a self-contained, one-step, solid-phase cartridge
system to synthesize and formulate ready-to-use 18F-FDS from commercially available 18F-
FDG in under 10 min at room temperature (Fig. 5). When starting with 857 + 81 MBq of
18F_FDG, this kit-based approach yielded 524 + 68 MBq of 18F-FDS with >90%
radiochemical purity, which would be suitable for a typical 18F-FDS dose required for an
adult human (typically 370 MBq).

18F_FDS can differentiate bacterial infection from SARS-CoV-2 pneumonitis in a hamster

model

Enterobacterales, especially K. pneumoniae, are a leading cause of secondary pneumonia in
hospitalized patients with COVID-19. We, therefore, tested whether 18F-FDS PET could
differentiate SARS-CoV-2 pneumonia from secondary K. pneumoniae pneumonia in a
hamster model (Fig. 6A and fig. S7). Seven days after SARS-CoV-2 inoculation, the
infectious viral load in the lungs was 2.20 = 0.71 log1g 50% tissue culture infective dose
(TCIDsp) per milliliter, and CT demonstrated a robust pneumonia with corresponding
pulmonary 18F-FDG PET signal (Fig. 6B). However, as anticipated, no pulmonary 18F-FDS
PET was noted with SARS-CoV-2 pneumonia (Fig. 6C and movie S1). PET was repeated in
the same animals after establishing a secondary pneumonia with K. pneumoniae (Fig. 6D
and movie S2). 18F-FDS PET demonstrated a robust signal in the lungs (Fig. 6E; TNT, 7.39;
IQR, 6.47 to 10.34), which was significantly higher than the pulmonary signal noted with
SARS-CoV-2 pneumonia before the secondary bacterial pneumonia (TNT, 1.39; IQR, 1.25
to 1.52; P=0.002). At the time of imaging, the bacterial burden was 10.45 + 0.35 log1g
colony-forming units (CFU) per milliliter, and the viral burden was 1.12 + 0.09 log1g
TCIDgq per milliliter.

DISCUSSION

When infections occur in an inaccessible site, clinical samples (blood, urine, stool, or
cerebrospinal fluid) can often yield nondiagnostic results or are otherwise insensitive for
deep-seated infections. For example, a systematic review demonstrated that blood cultures
for patients hospitalized with pneumonia were true positives in 0 to 14% of patients (16).
Invasive procedures (e.g., bronchoalveolar lavage) or surgical resection/biopsy is often used
for establishing a definitive diagnosis. However, the time and effort required for invasive
procedures can delay diagnosis, may be dangerous, and are generally limited to the most
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accessible lesion, identified at a single time point. Therefore, noninvasive tools such as CT,
magnetic resonance imaging (MRI), or nuclear medicine techniques such as radiolabeled
white blood cell imaging and 18F-FDG PET are often incorporated into the diagnostic
workup of such patients. However, those imaging tools detect morphologic changes or host
immune responses to infection and thereby cannot reliably differentiate oncologic,
inflammatory, or infectious pathologies (17). Moreover, host responses to infection may be
reduced or absent in immunosuppressed patients (e.g., cancer chemotherapy, HIV/AIDS,
and organ transplant), who are also most at risk for infection. Last, current approaches fail to
provide rapid feedback about the effect, or adequacy, of a selected antibiotic regimen.
Therefore, there is a need for rapid, whole-body imaging that could localize a pathogen with
specificity and provide a quantitative readout of disease burden. However, thus far, no such
technology is available clinically (17).

In this prospective study, 18F-FDS PET/CT detected and localized infections at multiple
body sites. Pneumonia was noted in several patients in the study, which is consistent with the
observation that Enterobacterales account for 30% of healthcare-associated pneumonias (18)
and up to 55% of all ventilator-associated pneumonias (VAPS) (19, 20), with an associated
mortality of 24 to 50% (21). Osteoarticular/soft tissue infections were also well visualized,
especially due to low background in healthy bone and muscle tissues. Enterobacterales are
an important cause of lower extremity infections (22). In addition, Sa/monella spp. are the
leading cause of osteoarticular infections in patients with sickle hemoglobinopathies (23,
24), which are challenging to diagnose because their clinical and imaging findings are
similar to those of bone infarcts, which also occur frequently in these patients (25).
Salmonella readily takes up 18F-FDS and, therefore, 18F-FDS PET may be useful for the
diagnosis of infections in patients with sickle hemo globinopathies (8). 18F-FDS is rapidly
cleared from circulation and primarily excreted through the urinary system, with small
amounts also excreted through the hepatobiliary system. Subse-quent 18F-FDS PET signal is
noted in the gastrointestinal system within 2 hours in mice and after 150 min in humans, a
late time point that was not captured in the current study (8, 12). 18F-FDS PET is still useful
to diagnose abdominal infections. Spatial information provided by co-registering the PET
with anatomical imaging (CT and MRI) can differentiate the intraluminal signal due to
normal flora versus extraluminal signal representing an infection (e.g., peritonitis and
abscess). As anticipated, only minimal signal was noted at the sites of oncologic or sterile
inflammatory pathologies. Kang et a/. (26) have recently demonstrated in mice that 18F-FDS
PET signal was significantly higher in tumors colonized by live E. coli than those without
infection, and 18F-FDS PET signal strongly correlated with the bacterial burden in tumors,
supporting our observation demonstrating minimal 18F-FDS uptake in cancerous lesions
compared to that of tissues infected with Enterobacterales.

PET has become a routine clinical tool, particularly for oncology, neurology, and cardiology
(27), and is increasingly available in both developed and developing countries (28). PET
typically takes 15 to 60 min (depending on body coverage), performed 1 to 2 hours after an
intravenous administration of the tracer. New developments such as the total-body PET
scanner will shorten the scan duration while increasing sensitivity (29). Because of the short
half-life of most PET radionuclides, e.g., 109 min for F-18, the tracer has to be synthesized
either on-site or at a nearby location, which requires the availability of dedicated
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infrastructure (cyclotron) and trained personnel, thus limiting on-demand supply. A major
advantage of 18F-FDS is the ability to synthesize it rapidly from 18F-FDG, which is widely
available. In addition, high specific activity (radioactivity per mass) is not required because
even low specific activity 18F-FDS (20 to 50 Ci/mM) produces optimal imaging
characteristics (7, 8). Therefore, we developed a self-contained, solid-phase cartridge system
to synthesize and formulate ready-to-use 18F-FDS from commercially available 18F-FDG in
under 10 min at room temperature with minimal equipment requirements. We believe this to
be a major advantage of this technology as it could be synthesized on-demand at essentially
any site with access to 18F-FDG.

Although COVID-19 in humans is frequently a mild illness, some patients develop acute
respiratory distress syndrome (ARDS) requiring mechanical ventilation (30). Prolonged
ventilatory support, presence of comorbidities, and the increased use of immunomodulatory
medications lead to an increased risk of bacterial pneumonia in this population (31, 32). In
patients with severe COVID-19, an accurate and timely diagnosis is required to identify, or
exclude, bacterial pathogens, which may present initially as coinfections or arise later in the
course of the disease. Bronchoalveolar lavage samples have traditionally been used to isolate
the causative pathogen and determine antibiotic therapy. However, some institutions have
placed limitations on bronchoscopic procedures for patients with COVID-19 due to the risk
of viral aerosolization (33). Chest radiographs and CT are also routinely used in the
evaluation of VAP, but in some cases, they can be difficult to interpret because they rely on
the presence of nonspecific structural abnormalities that can mimic other pathologies,
including COVID-19 (34). Given that Enterobacterales are the leading pathogens causing
VAP in hospitalized patients with COVID-19 (5), we evaluated 18F-FDS PET/CT in a
hamster model of SARS-CoV-2 and K. pneumoniae coinfection. 18F-FDS PET/CT was able
to noninvasively differentiate bacterial from viral pneumonia and determine the extent of the
disease, with significantly higher TNT in the bacterial coinfection compared to viral
pneumonia. These data support the specificity of 18F-FDS PET/CT and its utility to detect
secondary pneumonia due to Enterobacterales infections.

Our study has several limitations. A large hepatic abscess was not adequately visualized by
18F_FDS PET, demonstrating a focus of photopenia (fig. S8A), likely due to limited 18F-
FDS access into large avascular lesions. Central photopenia with large abscesses has also
been noted with 18F-FDG PET, which is generally considered highly sensitive (35). In
addition, when using a TNT cutoff of 3.0, sites of Enterobacterales infection in two patients
with diabetes were below this threshold (fig. S8, B and C). Patients with diabetes have
impaired venous drainage, which could have contributed to an increase in the background
signal and thus a lack of a sufficiently high TNT. 18F-FDS PET signal was also noted in
likely uninfected fluids, g., large joints and pleural and peritoneal effusions (fig. S9), which
needs to be assessed in future studies. PET uptake in pleural fluids may also be noted with
18F-FDG (36), and the underlying basis for these findings needs to be better understood.
Although the stringent criteria used in this study—prospective enroliment, microbiological
confirmation required from the clinical/biopsy sample obtained from the infection site, and
inclusion of patients who received <72 hours of antibiotic treatment by the time of first 18F-
FDS PET—are a major strength (17), they were also an impediment to patient recruitment.
However, the patient cohort was representative of hospitalized patients in a tertiary care
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setting, and a validated PET tracer in clinical use would not be subject to such restrictions.
Moreover, due to the ease of tracer synthesis, this technology could be implemented
practically, especially with on-demand, one-step, solid-phase cartridge system synthesis,
becoming a valuable adjunct to traditional approaches used for infectious diseases. Some
brain tumors or inflammatory pathologies may accumulate 18F-FDS (37, 38); however, these
reports describe pituitary lesions, which are anatomically outside the blood-brain barrier,
and thus have a higher background signal compared to the brain parenchyma. Moreover,
some measurements were made at 5 min after tracer injection in the context of low signal
with high background versus 60 and 120 min after tracer injection in our current study due
to the time needed for clearance of the background signal (8, 12). Therefore, the findings
noted in pituitary lesions are likely consistent with a nonspecific blood pool effect, that is,
capillary leak at the site of inflammation or tumor (39). Last, although this study
demonstrates proof of concept and feasibility of bacteria-specific tracers in patients, the
sample size is relatively small. Therefore, larger studies are needed to validate these
findings.

In summary, we present data from a prospective clinical study evaluating whole-body 18F-
FDS PET/CT in newly identified, microbiologically confirmed Enterobacterales infections.
We demonstrate that 18F-FDS PET is safe, can rapidly and specifically detect and
differentiate Enterobacterales infections from other pathologies, and can monitor antibiotic
efficacy with clinical improvement associated with decreases in PET signal. 18F-FDS uptake
in bacteria is mediated via highly conserved metabolic pathways with the ability to detect
both drug-sensitive and MDR infection in situ. Although larger clinical studies are needed to
validate these findings, our data support the role of 18F-FDS as an easily synthesizable,
bacteria class—specific PET tracer with clinical applications.

MATERIALS AND METHODS

Study design

The objective of this study was to assess 8F-FDS PET in patients with infections due to
Enterobacterales and those with inflammatory and/or oncologic disease. No sample size
calculations were performed. The investigators involved in this study were not blinded
during data collection and/or analysis. Determination of whether a patient had clinical
improvement after completion of antibiotic treatments was assessed independently by the
clinical team, and the study team was blinded to these results. The study team had no role in
the diagnosis or clinical management of the patients. Thirty-seven eligible patients (table S1)
with microbiologically confirmed or high suspicion for Enterobacterales infection and
control patients with other pathologies were prospectively enrolled between November 2016
and May 2020 at the Fundacion Cardiovascular de Colombia—Hospital Internacional de
Colombia (HIC) or the Johns Hopkins Hospitals (JHH) (table S2). Written informed consent
was obtained from all patients, and de-identified PET/CT images are presented. Six
consented patients were excluded: one patient due to motion artifact during the scan, two
patients because the tracer could not be administered, and three patients because surgical
procedures (debridement/drainage) were performed before the scan. An additional five
enrolled patients were excluded because a definite microbiological (or other) diagnosis
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could not be established per our preestablished criteria. These studies were approved by the
Hospital Internacional de Colombia (acta #459) and Johns Hopkins University Institutional
Review Board Committee (IRB00097331). 18F-FDS was used per the Good Manufacturing
Practices for Manufacturing Radiopharmaceuticals, Ministerio de Salud y Proteccion Social,
Colombia (40), or the U.S. Food and Drug Administration Radioactive Drug Research
Committee program guidelines for investigational drugs (41). There was no external data
and safety monitoring board. All protocols were approved by the Johns Hopkins University
Biosafety, Radiation Safety, Animal Care and Use and Institutional Review Board
Committees, and the Hospital Internacional de Colombia Institutional Review Board and
Scientific Committees.

18F_FDS was synthesized at the Johns Hopkins PET Radiotracer Center using current good
manufacturing practices or at the HIC radiopharmacy per local regulations. A slow
intravenous push of 370.4 + 47.2 MBq of 18F-FDS was administered to study participants,
and 18F-FDS-PET/CT was acquired at 60 and 120 min after tracer injection. At JHH, a
Siemens Biograph mCT 128-slice scanner was used and PET images were obtained from the
skull vertex to mid-thigh with 3 min per bed position. At HIC, a General Electric Discovery
1Q 600 scanner was used with the same acquisition parameters. Noncontrast CT scans were
used for attenuation correction and localization. CT parameters included 120 kVp, 80 mAs,
4-mm slice thickness, and 3.3-mm slice increment.

Bacterial strains and assays

Solid-phase

Reference bacterial strains purchased from the American Type Culture Collection [£. coli
(ATCC 25922)] or Horizon Discovery [£. coli K-12 (parent strain, BW25113) and E. coli
K-12 srlA, srIB, and srlE knockout strains (Keio Knockout Collection) (42)] and clinical
strains from the clinical microbiology laboratory (HIC) were aerobically grown to an
absorbance at 600 nm of 1.0 in lysogeny broth (LB). The number of CFU was enumerated
by dilution and plated onto solidified LB medium. In vitro uptake of 18F-FDS assays was
performed as described before with 20 kBg/ml at 37°C with rapid agitation (8).

cartridge system to synthesize 18F-FDS

Unless specified otherwise, all other reagents and materials were purchased from Sigma-
Aldrich. A synthesis cartridge was prepared by packing a solid-phase extraction tube (2 ml)
with 500 mg of macroporous triethylammonium methylpolystyrene borohydride (Biotage)
between two frits (20-pum porosity). 18F-FDG (857 + 81 MBq; Sofie Co.) was passed
through a synthesis cartridge and Chromabond Set V cartridge (ABX), in tandem, over 5
min. The syringes were flushed with saline (20 ml, discarding the first 10 ml). 18F-FDS (524
+ 68 MBq, pH 6, 61 + 2% non—decay-corrected radiochemical yield) was eluted into a
sterile vial in 97 = 2% radiochemical purity assessed by radio-TLC (thin-layer
chromatography) (AR-2000, Eckert & Ziegler).

Sci Transl Med. Author manuscript; available in PMC 2022 April 14.
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Animal studies

Syrian golden hamsters (male, 6 to 7 weeks old; Envigo) were used. SARS-CoV-2/USA-
WA1/2020 strain (BEI Resources, National Institute of Allergy and Infectious Diseases) was
propagated with one passage in cell cultures in a biosafety level-3 (BSL-3) laboratory
(JHH). Animals were challenged with 1.5 x 10° TCIDs in 100 pl by intranasal route (43).
The pneumonia model, adapted from Weinstein et a/. (8), was established by intratracheal
installation of K. pneumoniae (ATCC 43816) (3 logyo CFU). Live animals were imaged
inside in-house developed, sealed biocontainment devices compliant with BSL-3 (44, 45).
Seven days after infection, SARS-CoV-2—infected hamsters underwent PET using 18F-FDG
(7.13 £ 0.91 MBq, 7= 8) and 18F-FDS (cartridge-synthesized, 7.58 + 0.59 MBq, /7= 6)
administered intravenously via the penile vein. A 15-min PET acquisition was performed
using the nanoScan PET/CT (Mediso) 45 min (8F-FDG) or 120 min (18F-FDS) after tracer
injection (8). PET images were acquired within one field of view. Noncontrast CT was
subsequently acquired for anatomical co-registration. CT acquisition parameters included
480 projections, 50-kVp tube voltage, 600 A, 300-ms exposure time, 1:4 binning, and
helical acquisition. Animals were infected with K. pneumoniae after imaging, and repeat
18F_FDS PET (7.14 + 2.32 MBq, 7= 6) was performed 36 hours after the bacterial infection.
No animal was excluded from the analyses.

Image analysis

Human PET data were visualized using OsiriX MD 11.0 DICOM Viewer (Pixmeo SARL).
VivoQuant 2020 (Invicro) was used for animal data. VOIs were manually drawn using CT as
a guide and applied to the PET dataset (44, 46).

Statistical analysis

Prism 8.2 (GraphPad Software Inc.) was used for the data analysis. CFU data (logyg scale)
and in vitro uptake of 18F-FDS are presented as mean and SD. PET data presented as median
and IQR were compared using a Mann-Whitney Utest. Correlation analysis was performed
using Pearson analysis. Pvalues <0.05 were considered statistically significant. Individual
subject-level data are reported in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clinical study design.
(A) Patients with microbiologically confirmed or high suspicion for Enterobacterales
infection and control patients with other pathologies were prospectively enrolled. For all
infections, microbiological confirmation was required from the clinical/biopsy sample
obtained from the infection site. Definite microbiological diagnosis was not established in
five patients who were excluded from the study. Oncologic diagnosis was made via tissue
biopsies, and sterile inflammatory pathologies were determined clinically and/or with tissue
biopsies. Four patients with Enterobacterales infections had coexisting biopsy-proven
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oncologic disease. Patients meeting the eligibility criteria underwent 18F-FDS PET/CT at 1
and 2 hours after tracer injection. (B) Patients with microbiologically confirmed or high
suspicion for Enterobacterales infection were imaged. A subset of patients with
microbiologically confirmed Enterobacterales infection was imaged again after completion
of antibiotic treatment. (C) Patients with confirmed inflammatory or oncologic diseases
without infection were also enrolled and served as controls.
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Fig. 2. 18F-FDS PET can sdlectively detect and localize Enterobacterales infection at several body
sites.

(A) Patients with microbiologically confirmed Enterobacterales infection (blue lines) or
control patients with other pathologies (red lines) were prospectively enrolled and
underwent PET/CT at 1 and 2 hours after intravenous administration of 18F-FDS. (B) Three-
dimensional (3D) maximum intensity projection (MIP), transverse CT (top right), PET
(middle right), and overlaid PET/CT (bottom right) from a 67-year-old female with
Kilebsiella aerogenes cellulitis of the left breast. The breast infection site is marked by a
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yellow arrow, and a microbiologically confirmed pleural effusion is also noted (red arrow).
Signal is also noted in the heart (blood pool), liver, kidneys, and the urinary bladder, but no
signal is noted in the brain. (C) From left to right, 3D MIP (left), CT, PET, and overlaid
PET/CT from a sagittal view (top) and transverse view (bottom), where 18F-FDS PET signal
is observed in a 38-year-old male with an intracranial infection due to an MDR bacteria.
ESBL-producing K. pneumoniae was isolated from the site of infection (yellow arrow) and
cerebrospinal fluid. (D) Sagittal 18F-FDS PET (top) and overlaid PET/CT (bottom) of the
healthy brain of a control patient with low background signal. (E) Transverse CT (top), PET
(middle), and overlaid PET/CT (bottom), where 18F-FDS PET signal is observed in the
infected lung areas (yellow arrows) in a 51-year-old female patient with K. pneumoniae
pneumonia. (F) Transverse CT (top), PET (middle), and overlaid PET/CT (bottom) show
lack of 18F-FDS PET signal in the affected lung areas (yellow arrow) of a 54-year-old male
with interstitial lung disease (control patient). (G) Target-to-nontarget ratio at 1 and 2 hours
after 18F-FDS injection for all 26 patients. Data are represented as median and IQR.
Statistical comparisons were performed using a two-tailed Mann-Whitney U'test. SUV,
standardized uptake value.
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"“F-FDS PET/CT *F-FDG PET/CT

Fig. 3. Patient with Enterobacteralesinfection and coexisting biopsy-proven oncologic disease.
3D MIP, transverse CT, PET, and overlaid PET/CT are shown from a 67-year-old male with

squamous cell carcinoma of the lung and K. pneumoniae pneumonia that underwent 18F-
FDG PET for clinical reasons 12 days after the study-related 18F-FDS PET. 18F-FDG avid
pulmonary lesions are noted in red arrows; 18F-FDS PET signal is noted selectively in the
infected tissues in yellow arrow. 18F-FDG PET signal is noted in infected lesions and in the
cancerous pulmonary lesions (red arrows). Also, note the 18F-FDG PET signal in the brain,
which is absent for 18F-FDS PET.
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Fig. 4. 18F-FDS PET can monitor antibiotic treatments.
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Before treatment After treatment

—+

I I I I
1 hour 2 hours 1 hour

Before treatment After treatment

2 hours

Failed treatment

Thirteen patients with microbiologically confirmed Enterobacterales infections underwent
repeat 18F-FDS PET/CT after completion of antibiotic treatments. Transverse CT, PET, and
overlaid PET/CT from (A) a 91-year-old male with MDR, ESBL-producing K. pneumoniae
pneumonia before and after appropriate treatment. The yellow arrows indicate the sites of
infection. (B) 3D MIP from a 33-year-old male with MDR, ESBL-producing £. coli
osteomyelitis (yellow arrows) before and after inadequate treatment. The extent of 18F-FDS
PET signal decreased, but the intensity did not change. (C and D) Target-to-nontarget tissue
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ratio at 1 and 2 hours after 18F-FDS injection for all 13 patients before and after completion
of antibiotic treatments. Ratios from control patients are shown as reference. (C) Eleven
patients who clinically responded to treatment and (D) two patients with treatment failure
are shown. Data are represented as median and IQR. Statistical comparisons were performed
using a two-tailed Mann-Whitney U'test.
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Fig. 5. Solid-phase cartridge system to synthesize 18 Fps.

(A) 18F-FDS synthesis from 18F-FDG reduction at room temperature using a solid-supported
borohydride source in under 10 min. (B) Schematic representation of kit-based synthesis and
formulation of 18F-FDS, which can be achieved by eluting a solution of 18F-FDG through a
solid-phase synthesis cartridge followed by a purification and formulation cartridge
(Chromabond Set V). Radiochemical purity (>90%, 1= 3) was assessed by radio-TLC,
which shows that 18F-FDG (C) and 18F-FDS (D) have different retention times and that

these are identical to those of cold FDG and FDS (E).

Sci Transl Med. Author manuscript; available in PMC 2022 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ordonez et al. Page 22

A
f/t\- , SARS-CoV-2 ____, “F-FDSand "F-FDG __, K. pneumoniae _, “r_FpsPET/CT
NT=Q infection PET/CT infection
7 days 1.5:day= (Histology, bacterial
Syrian golden (Histology and viral burden) d .g);,b d
hamstere and viral burden)
B C
SARS-CoV-2 and "F-FDG PET/CT SARS-CoV-2 and "“F-FDS PET/CT

"“F-FDS PET/CT

Gallbladder

-—
3
1
T
I
o
o
S
N}

12,
®
@ ——
% 10— P =0.0007
—
c
o ° e e
J g -
< 54
oS H
© ——m
it
0 1 1 1
*F-FDG *F-FDS *F-FDS
SARS-CoV-2 SARS-CoV-2

+ K. pneumoniae

Fig. 6. 18F-FDS and SARS-CoV-2 ver sus K. pneumoniae infectionsin hamsters.
(A) Syrian golden hamsters were infected intranasally with SARS-CoV-2 and, 7 days later,

imaged with 18F-FDS or 18F-FDG PET/CT. A group of animals was euthanized at that time
point for histology and quantification of viral burden (fig. S7). A subset of animals was
subsequently coinfected with K. preumoniae and imaged with 18F-FDS PET 36 hours later.
(B) 3D MIP, transverse (top) and coronal (bottom) CT, and overlaid PET/CT for 18F-FDG in
SARS-CoV-2-infected animals. The affected lung parenchyma is noted by yellow arrows.
(C) 3D MIP, transverse (top) and coronal (bottom) CT, and overlaid PET/CT for 18F-FDS in
SARS-CoV-2-infected animals, where minimal signal is observed in the affected lung areas
(yellow arrows). (D) 3D MIP, transverse (top) and coronal (bottom) CT, and overlaid
PET/CT for 18F-FDS in SARS-CoV-2—- and K. pneumoniae-infected animals. Yellow arrows
indicate the affected lung areas. (E) Target-to-nontarget ratio 8F-FDS or 18F-FDG injection
for all animals (/7= 6 animals per group of 18F-FDS and /7= 8 animals for 18F-FDG). Data
are represented as median and IQR. Statistical comparisons were performed using a two-
tailed Mann-Whitney U'test.
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