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Abstract

The Enterobacteriaceae are a family of rod-shaped Gram-negative bacteria that normally inhabit 

the gastrointestinal tract and are the most common cause of Gram-negative bacterial infections in 

humans. In addition to causing serious multidrug-resistant, hospital-acquired infections, a number 

of Enterobacteriaceae species are also recognized as biothreat pathogens. As a consequence, new 

tools are urgently needed to specifically identify and localize infections due to Enterobacteriaceae 

and to monitor antimicrobial efficacy. In this report, we used commercially available 2-[18F]-

fluorodeoxyglucose (18F-FDG) to produce 2-[18F]-fluorodeoxysorbitol (18F-FDS), a radioactive 

probe for Enterobacteriaceae, in 30 min. 18F-FDS selectively accumulated in Enterobacteriaceae, 

but not in Gram-positive bacteria or healthy mammalian or cancer cells in vitro. In a murine 

myositis model, 18F-FDS positron emission tomography (PET) rapidly differentiated true 

infection from sterile inflammation with a limit of detection of 6.2 ± 0.2 log10 colony-forming 

units (CFU) for Escherichia coli. Our findings were extended to models of mixed Gram-positive 

and Gram-negative thigh co-infections, brain infection, Klebsiella pneumonia, and mice 
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undergoing immunosuppressive chemotherapy. This technique rapidly and specifically localized 

infections due to Enterobacteriaceae, providing a three-dimensional holistic view within the 

animal. Last, 18F-FDS PET monitored the efficacy of antimicrobial treatment, demonstrating a 

PET signal proportionate to the bacterial burden. Therapeutic failures associated with multidrug-

resistant, extended-spectrum β-lactamase (ESBL)–producing E. coli infections were detected in 

real time. Together, these data show that 18F-FDS is a candidate imaging probe for translation to 

human clinical cases of known or suspected infections owing to Enterobacteriaceae.

INTRODUCTION

The Enterobacteriaceae are the most common cause of Gram-negative bacterial infections in 

humans and include prominent pathogens such as Yersinia spp., Escherichia coli, Klebsiella 

spp., and Enterobacter spp. Several Enterobacteriaceae species are recognized as biothreat 

pathogens by the U.S. Centers for Disease Control and Prevention (CDC), and also are a 

cause of serious multidrug-resistant (MDR) hospital-acquired infections (1). For example, E. 

coli, a prominent pathogen within this family, is the most commonly isolated bacteria in 

clinical laboratories (2) and is a notorious source of life-threatening MDR infections in 

cancer patients.

When an infection is suspected, but occurs at an unknown location or deep within the body, 

noninvasive anatomic imaging techniques are used to identify a site of interest for biopsy 

and microbial culture. The most common approaches are computed tomography (CT), 

magnetic resonance imaging (MRI), and nuclear medicine techniques such as 111In-oxine–

labeled white blood cell imaging and 2-[18F]-fluorodeoxyglucose (18F-FDG) positron 

emission tomography (PET). Each modality provides limited clinical information. CT and 

MRI both reveal structural abnormalities that are nonspecific and often occur late in a 

disease process. Labeled leukocytes, generated through a multistep process, produce 

nonspecific signals and may have limited penetration into diseased tissues (3). 18F-FDG 

PET has emerged as a highly sensitive imaging method, but lacks specificity and cannot 

differentiate among oncologic, inflammatory, or infectious processes. Moreover, these 

imaging techniques are dependent on host inflammatory responses to infection, which may 

be reduced or absent in immunosuppressed patients (for example, cancer chemotherapy, 

HIV/AIDS, or organ transplant) who are most at risk for infection. Follow-up 

microbiological or molecular testing is still required after performing any of these imaging 

techniques to establish a diagnosis, resulting in a prolonged, uncertain process that takes 

several days. Last, current technologies fail to provide rapid feedback about the effect, or 

adequacy, of a selected antimicrobial regimen. Therefore, there is a need for rapid, whole-

patient imaging techniques that could localize a pathogen with specificity and provide a 

quantitative readout of disease burden in response to treatment.

In clinical microbiology, pathogenic Enterobacteriaceae are differentiated from other 

organisms by selective metabolism. Sorbitol is a metabolic substrate for Enterobacteriaceae, 

but is more commonly known as a “sugar-free” sweetener. We hypothesized that a positron-

emitting analog of sorbitol, 2-[18F]-fluorodeoxysorbitol (18F-FDS), first described for tumor 

imaging (4), would be a suitable probe to selectively label and tomographically image these 
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bacteria in vivo. Using the methods described in (4), we derived 18F-FDS from 

commercial 18F-FDG to confer selectivity for Enterobacteriaceae for use as a diagnostic tool 

with broad utility. We describe our development of the radioprobe in several preclinical 

models of infection by Enterobacteriaceae and demonstrate that serial imaging over time can 

provide predictive information on the success of a chosen antimicrobial treatment regimen. 

The pathogen-specific mechanism of 18F-FDS imaging could be used to identify and 

monitor known or suspected infections caused by Enterobacteriaceae.

RESULTS
18F-FDS is taken up rapidly and specifically by a range of Enterobacteriaceae

Cultures of E. coli and Klebsiella pneumoniae were selected to assess 18F-FDS 

accumulation in vitro. These two Gram-negative enteric species readily incorporated 18F-

FDS (Fig. 1A). Staphylococcus aureus, a Gram-positive bacterium, did not accumulate 18F-

FDS but did accumulate 18F-FDG. Heat-killed bacteria did not incorporate either probe. E. 

coli cultures were also co-incubated with 18F-FDS and increasing concentrations of 

unlabeled sorbitol (Fig. 1B). 18F-FDS uptake was outcompeted by concentrations of sorbitol 

above 40 μg/ml, suggesting that uptake does reach a point of saturation, presumably in a 

transporter-driven process.

The presence of the sorbitol-6-phosphate dehydrogenase (srlD) gene cassette responsible for 

sorbitol metabolism has been noted within the annotated genome of E. coli (5, 6). To predict 

the range of bacteria capable of 18F-FDS uptake and likely detection by PET, the srlD gene 

was used to query the UniProtKB database of genome-sequenced bacterial species (Fig. 1C). 

Representative bacteria from that panel were tested to assess 18F-FDS uptake. Members of 

the Enterobacteriaceae family accumulated 18F-FDS, whereas Gram-positive bacteria, such 

as Enterococcus, Staphylococcus, and Streptococcus spp., and the aerobic Gram-negative 

rod Pseudomonas aeruginosa did not accumulate the probe (Fig. 1D). Additionally, 

mammalian cells and tumor cell lines did not accumulate 18F-FDS, with an uptake almost 

1000-fold higher in E. coli than in mammalian cells (Fig. 1E). Together, these data 

demonstrate the selectivity of 18F-FDS.

18F-FDS PET can rapidly differentiate infection sites from sterile inflammation

We next investigated whether 18F-FDS PET could distinguish E. coli infection from sterile 

inflammation in vivo. Mice were inoculated with live E. coli into the right thigh and a 10-

fold higher burden of heat-killed E. coli into the left thigh (sterile inflammation). 18F-FDS 

readily concentrated in the infected right thigh, but not in the sterile, inflamed left thigh (Fig. 

2A). Reference imaging with 18F-FDG could not qualitatively distinguish the infected right 

thigh from the sterile, inflamed left thigh (Fig. 2A).

Next, to quantify PET signal intensity, we drew spherical regions of interest (ROIs) within 

the thighs on the basis of anatomical localization from CT. 18F-FDS produced 7.3-fold 

higher signal intensity in the infected right thigh compared to the sterile, inflamed left thigh 

(Fig. 2B). In contrast, 18F-FDG did not produce significantly different signal intensities 

between the thighs (Fig. 2C). We then surgically resected tissue from the mice postmortem 
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to confirm the PET findings with a γ counter. In agreement with the PET signal, there was 

7.9-fold higher γ emission from the infected right thigh than the sterile, inflamed left thigh 

(Fig. 2B). Similar to in vivo data, 18F-FDG did not discriminate the infection from the sterile 

inflammation in the thighs (Fig. 2C). It should also be noted that 18F-FDG counts from both 

the E. coli–infected (1.7-fold) and sterile, inflamed control thighs (1.7-fold) were 

significantly higher than the uninflamed, uninfected deltoid muscle (Fig. 2C). However, no 

differences in 18F-FDS counts were noted between the sterile, inflamed control thighs and 

the uninflamed deltoid, further confirming that 18F-FDS was specific for infection and not 

taken up at sites of sterile inflammation. Postmortem tissue histology of the thighs verified 

the presence inflammatory cells and Gram-negative bacteria in the E. coli–infected right 

thigh (Fig. 2D) and inflammatory cells without bacteria, in the uninfected (but inflamed) left 

thigh (Fig. 2E). More extensive tissue histology is given in fig. S1. A three-dimensional 18F-

FDS PET/CT image of the E. coli–infected mouse is shown in movie S1.

We then extended our findings to a mouse model of infection during immunosuppression. In 

this model, mice were infected with E. coli during the course of cancer chemotherapy. The 

same experiments as in Fig. 2 were performed while treating mice with a neutropenia-

inducing cyclophosphamide regimen (days 1 and 4), as described in (7). The absence of a 

normal immune response did not impede detection of infection in the right thigh, but not the 

inflamed left thigh, by 18F-FDS (fig. S2). 18F-FDG was not examined in comparison for this 

study.

18F-FDS was also evaluated in brain infection and tumor models to confirm specificity for 

infection versus oncologic processes. 18F-FDS PET intensities in E. coli–infected brains, 

human glioblastoma xenografts (U87MG), and normal brains were compared. The data 

demonstrated a significantly higher uptake in the E. coli–infected brain versus brain tumor 

or normal brain (Fig. 3A). 18F-FDS PET could localize the E. coli brain infection, but no 

signal was seen for the normal brain or glioblastoma (Fig. 3B). 18F-FDS was also evaluated 

in a dual brain tumor and E. coli thigh infection in the same animal, which demonstrated a 

significantly higher PET signal intensity in E. coli–infected thighs compared to U87MG 

brain tumors (Fig. 3C). Finally, dynamic 18F-FDS PET imaging (over 120 min) in mice with 

U87MG brain tumors was performed (fig. S3). Although there was some initial uptake by 

the tumor tissues, the PET signal dissipated after 60 min. By comparison, signals from 

infection could be seen consistently even at 120 min (Fig. 3B).

18F-FDS is selective for Enterobacteriaceae in mixed infections

Immunosuppressed mice were inoculated with live E. coli and S. aureus in the right and left 

thighs, respectively. Consistent with in vitro uptake data, 18F-FDS readily concentrated in 

the E. coli–infected right thigh, but not in the S. aureus–infected left thigh (Fig. 4A). 18F-

FDG PET could not distinguish the E. coli infection from the S. aureus infection (Fig. 4A). 

The 18F-FDS PET signal intensity and tissue biodistribution were both higher at the site of 

the E. coli infection (right thigh) compared with those at the site of the S. aureus infection 

(left thigh) (Fig. 4B). There was no significant difference between thighs for18F-FDG (Fig. 

4C). Postmortem tissue histology of the thighs verified the presence of bacteria in the lesions 

(Fig. 4D). At the time of imaging, there were 30-fold higher numbers of S. aureus [8.3 ± 0.3 
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log10 colony-forming units (CFU)] than E. coli (6.8 ± 0.7 log10 CFU) in the respective 

thighs. Moreover, we could reliably detect as few as 6.2 ± 0.2 log10 CFU of E. coli (at the 

time of imaging) with 18F-FDS PET in one cohort of the dually infected myositis mice (Fig. 

4E).

Enterobacteriaceae, and in particular K. pneumoniae, are an important cause of MDR 

hospital-acquired pneumonias, which cannot be easily distinguished from other bacteria (8–

10). In a pulmonary infection model, 18F-FDS readily localized to the areas of lung 

infiltration observed by CT (Fig. 5A). PET signal intensity and corresponding postmortem 

tissue bio-distribution were significantly higher at the site of the K. pneumoniae pulmonary 

infection than in the uninfected control lungs (Fig. 5, B and C).

18F-FDS can monitor antimicrobial efficacy in MDR infections

Enterobacteriaceae are becoming increasingly resistant to many classes of antimicrobials, 

and consequent treatment failuresare of great concern to public health (11–14). For example, 

mortality can approach as high as 60% in infections associated with drug-resistant extended-

spectrum β-lactamase (ESBL)–producing Enterobacteriaceae (14). 18F-FDS was evaluated 

against 15 random ESBL-producing clinical strains, which demonstrated substantial uptake 

in all isolates (Fig. 6A). For comparison to Gram-positive cellular uptake (at 0 Bq per 106 

cells), see Fig. 1D.

Immunosuppressed mice were inoculated with drug-susceptible or drug-resistant (ESBL-

producing) E. coli into the right thigh and a 10-fold higher burden of the corresponding heat-

killed E. coli strain into the left thigh. 18F-FDS PET imaging was performed before and after 

the administration of ceftriaxone, a commonly used antimicrobial that is effective against 

drug-susceptible E. coli but ineffective against ESBL producers. Corresponding to the 

bacterial CFU, 18F-FDS PET signal disappeared with treatment in mice infected with drug-

susceptible E. coli, but persisted in mice infected with the drug-resistant E. coli (Fig. 6B). 

An increase in CFU measured immediately after the completion of imaging corresponded 

with disease progression. The inadequately treated mice clinically appeared sick, 

manifesting ruffled fur, hunched posture, inactivity, and increased respiratory rate, all 

consistent with sepsis, and were euthanized per protocol. Rapid assessment of a therapeutic 

failure would be highly valuable for the management of seriously ill patients.

DISCUSSION

The Enterobacteriaceae produce a range of human disease, from lethal fulminant 

pneumonias to deep-seated MDR infections. When serious infections are suspected, patients 

are often treated empirically with a combination of broad-spectrum antimicrobials while 

awaiting culture results that provide information on the bacterial class and species causing 

the infection, as well as drug susceptibilities. These traditional diagnostic techniques can 

take several days and may not provide reliable information, because blood cultures could 

have high contamination rates, prompting several groups to propose validation rules (15, 

16). The combination of time and effort required for proper antimicrobial selection has 

become a barrier leading to uncertainty and indiscriminate broad-spectrum antimicrobial use 

(17). Judicious use could reduce the emergence of drug resistance, increase patient safety, 
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and save billions of dollars for the U.S. health care system alone (18). Consequently, there is 

a need to diagnose infections quickly, including deep-seated, difficult-to-access lesions due 

to Enterobacteriaceae.

For oncological applications, 18F-FDG PET can detect on the order of 5 to 6 log10 cells (19), 

which is near the limit of detection for CT imaging. However, detection of infection by 

current imaging techniques is variable and dependent on host responses, as well as the site 

and type of infection. In our study, 18F-FDS PET imaging accurately identified the 

magnitude and location of infections caused by Enterobacteriaceae in vivo in mice. 18F-FDS 

produced a strong signal with minimal background noise, allowing for the detection of as 

few as 6.2 ± 0.2 log10 CFU of E. coli as enumerated from the infected tissues after imaging. 

This is a promising threshold because clinically relevant bacterial infections have high 

bacterial burdens [8.3 log10 CFU/ml (20)] and can be as large as several centimeters in 

diameter with volumes of tens to hundreds of milliliters (21, 22). Therefore, the 18F-FDS 

limit of detection suggests that a positive signal would provide an early indication of 

infection in the host, although the sensitivity and specificity of this technique in the clinical 

setting remain to be determined. We predict that our results with E. coli and K. pneumoniae 

could be extended to detect other members of the Enterobacteriaceae family, such as 

Yersinia spp. or Salmonella spp., which demonstrate substantial 18F-FDS uptake in vitro 

(Fig. 1D).

We did not use background subtraction in any of our images. In some images, an extraneous 

signal was noted in the mouse intestine, which corresponded to the biliary excretion of 18F-

FDS and subsequent uptake by gut flora. The source of this signal was variably placed 

depending on peristalsis of the stool pellet in the colon. Anatomic localization with CT 

would be able to distinguish an intraluminal PET signal from an extraluminal PET signal in 

abdominal infections. Additionally, there were signals from the kidneys and bladder owing 

to the urinary clearance of 18F-FDS. Elimination of a probe by hepatic or renal routes would 

be expected for any radiopharmaceutical, and we believe that this would not be a major 

limitation to the clinical use of 18F-FDS. By delaying PET image acquisition until a patient 

urinates (or by use of a urinary catheter), kidney infections could potentially be visualized. 

For example, prostate tissue has been successfully imaged with renally cleared PET probes 

using this approach (23).

Li et al. (4) were the first to chemically reduce 18F-FDG into 18F-FDS for the molecular 

imaging of brain tumors. We therefore used the same brain tumor model and demonstrated 

that the E. coli thigh infection produced a significantly higher 18F-FDS PET intensity 

compared to the signal from the U87MG human brain tumor (Fig. 3). To consider the 

possibility of differential uptake pharmacokinetics between brain and peripheral tissues, we 

developed an E. coli brain infection model that confirmed higher 18F-FDS uptake in an E. 

coli infection than in a brain tumor. We note that this finding is consistent with our in vitro 

data indicating a lack of 18F-FDS uptake by eukaryotic cells (Fig. 1E), as well as data 

presented in the study by Li et al. (4). There is no selective transporter for 18F-FDS entry 

into eukaryotic cells, and the substitution of the hydroxyl group by fluorine at the C-2 

position completely abrogates the recognition by mammalian sorbitol dehydrogenase (24). 

Moreover, comparisons by Li et al. were made in the context of low signal with high 
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background at earlier time points (5 to 60 min). We therefore performed dynamic 18F-FDS 

PET imaging over 120 min in mice with U87MG brain tumors and demonstrated initial 

uptake, which dissipated over time (fig. S3). This suggests that the results presented by Li et 

al. may be consistent with a nonspecific blood pool effect, that is, capillary leak at the site of 

inflammation or tumor. Detection of brain infections, however, is a new finding for 18F-FDS 

and, to our knowledge, has not been demonstrated for other probes in development.

Although several promising optical imaging probes have been reported to detect bacterial 

infections (25–28), these probes are not yet clinically translatable. Despite the excellent 

sensitivity of optical imaging, the approach is limited by the absorption of light within deep 

tissues and, therefore, applicable to imaging of small animals or superficial sites only. The 

sensitivity of optical imaging (pico- to femtomolar) is significantly higher than that of PET 

or single-photon emission computed tomography (SPECT) (nano- to picomolar) (29). 

Therefore, human translation (optical to PET or SPECT) will lower sensitivity by several 

orders of magnitude. Moreover, for conversion to PET or SPECT, an optical probe will need 

to be labeled with a high-energy emitting isotope, which may change its chemical properties 

or target binding characteristics. PET or SPECT imaging intrinsically takes advantage of 

high-energy photons that can radiate out from the deepest structures within the body.

Several radiolabeled antibiotics and peptides, such as 99mTc-ciprofloxacin, have been 

evaluated in clinical studies for diagnosing infections (30, 31). However, bacteria-specific 

antibiotics and peptides are designed to kill or disable bacteria at the lowest possible 

concentration; therefore, they may not be ideal for imaging purposes owing to the lack of 

signal amplification from probe accumulation by the bacteria. Although safe, 99mTc-

ciprofloxacin demonstrated variable specificity in clinical studies and an inability to reliably 

differentiate infection from sterile inflammatory processes (32–35). Radiolabeled peptides 

similarly demonstrated varying degrees of specificity in their ability to detect infection (36). 

S. aureus endocarditis has been detected in mice with labeled prothrombin, which binds to 

the staphylococcal coagulase (37). However, this probe is not specific for S. aureus, because 

it is a prothrombin analog, which has the potential for activation and false-positive signaling 

by noninfectious processes or by other types of bacteria. 124I-FIAU is an example of a PET 

probe for bacterial infections (38) but is at least one to two orders of magnitude less 

sensitive than 18F-FDS. Moreover, the synthesis of 124I-FIAU is challenging because it uses 

I-124 iodide, which could limit its widespread use.

Because antimicrobial selection is dependent on the bacterial class and species causing the 

infection (for example, vancomycin is used to treat infections with Gram-positive bacteria 

but has no activity against Gram-negative organisms), a general infection imaging probe, 

although valuable, may not provide the necessary information to streamline antimicrobial 

selection. However, imaging probes that are selective for important and common classes of 

bacterial pathogens could not only diagnose infections noninvasively but also rapidly 

identify the causative bacterial class and help in the selection of appropriate antimicrobial 

treatment.

PET is becoming a routine clinical tool, particularly for oncology and neurology, and an 

increasingly useful array of radioprobes, particularly those radiolabeled with 18F, are 
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proliferating in the United States and abroad. The pharmacokinetics of 18F-FDS in humans 

have yet to be established, but the rapid clearance of low molecular weight, short half-life 

probes, such as 18F-FDS, makes them favorable compared to radio-labeled antibodies, 

which sometimes require a week to circulate and clear from nontarget sites. Typically, a 

PET scan is obtained 1 to 2 hours after injection of the radioprobe and can take 15 to 60 min 

depending on the scan area. 18F-FDS PET could be applied clinically to patients with 

suspected deep-seated infections due to Enterobacteriaceae, such as intra-abdominal or 

implant infections or ventilator-acquired pneumonias, and in monitoring infections with 

drug-resistant Enterobacteriaceae.

Immunosuppressed patients would benefit from noninvasive imaging because a surgical 

biopsy in itself risks introducing infection. Whole-body scans may be used in patients whose 

source of infection is not known, whereas targeted scans could be used for monitoring 

known site(s) of infection. Repeat imaging would be useful if clinical signs and symptoms 

suggest persistent infection despite antibacterial therapy. CT and MRI cannot monitor acute 

responses (hours to days), because they reveal structural abnormalities and inflammation, 

which do not subside rapidly. 18F-FDG PET cannot detect the effect of antibiotics on acute 

infection (39), and paradoxically, signal intensities may increase acutely owing to 

inflammation upon effective antimicrobial treatments (40, 41). 18F-FDS PET signal 

intensities, in contrast, correlate with bacterial burden and would support a clinical decision 

to change the drug regimen, or proceed to surgical intervention.

In summary, we have developed a diagnostic tool for imaging infections due to 

Enterobacteriaceae, the most common Gram-negative human bacterial pathogens and a 

frequent cause of serious drug-resistant hospital-acquired infections. 18F-FDS is inexpensive 

and can be easily synthesized anywhere in the world where 18F-FDG, the most widely used 

PET probe, is available. Sorbitol, the radiodecay product, is already approved for use in 

humans by the U.S. Food and Drug Administration. 18F-FDS could therefore be translated to 

humans and provide a rapid, noninvasive diagnostic tool to identify and localize infections 

from Enterobacteriaceae, guide antimicrobial selection, and increase patient safety. In our 

study, 18F-FDS was identified through a systematic discovery program. Future efforts 

should focus on discovering class-specific bacterial imaging probes that would detect and 

differentiate a wide range of pathogenic bacteria.

MATERIALS AND METHODS

Study design

The objective of this study was to test 18F-FDS as a noninvasive imaging probe and 

diagnostic tool that identifies and localizes infections due to Enterobacteriaceae in vivo. All 

protocols were approved by the Johns Hopkins Biosafety, Radiation Safety, and Animal 

Care and Use Committees. Measurement of radioactivity using PET/CT imaging and 

postmortem biodistribution studies allowed for the quantification of 18F-FDS uptake by 

Enterobacteriaceae. CFU confirmed the presence of bacteria within the specified organ. 

Mice were purchased from the same breeding source, housed similarly before infection, and 

randomly assigned to infected and control groups for experiments. PET/CT images were 
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acquired using the same parameters. The study was not blinded. All data from the 

experiments were included in the analyses and are presented in this article.

Synthesis of 18F-FDS

All chemicals used in the study were purchased from commercial vendors and used without 

purification except where stated. 18F-FDS was generated from commercially available 18F-

FDG (PETNET Solutions Inc. or IBA Molecular) using the method described in (4). 

Briefly, 18F-FDG was reduced with sodium borohydride at 35°C for 30 min before 

quenching with acetic acid and pH correction to 7.4 with sodium bicarbonate. The product 

was then passed through an n-alumina Sep-Pak and 0.2-μm filter (Waters Corporation). 

Chemical purity of the final product, 18F-FDS, was confirmed by high-performance liquid 

chromatography. Both 1H and 13C nuclear magnetic resonance and mass spectrometry 

confirmed the structure of the final product.

18F-FDS uptake assays

Bacterial strains purchased from the American Type Culture Collection (ATCC) or 15 drug-

resistant (ESBL-producing) E. coli strains (random consecutive samples) from the clinical 

microbiology laboratory (Johns Hopkins Hospital) were aerobically grown to 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. Probe uptake assays were performed by incubating 

bacterial cultures with 18F-FDS (20 kBq/ml) at 37°C with rapid agitation. As a control, heat-

killed (90°C for 30 min) bacteria were similarly incubated with each probe. Bacteria were 

pelleted by centrifugation and washed three times with PBS, and the activity for each pellet 

was measured using an automated γ counter (1282 Compugamma CS Universal gamma 

counter, LKB Wallac). Six replicates were used for each assay. Counts for each sample were 

corrected for background and normalized to CFU or total protein. Protein estimation was 

performed using a Bradford assay (Sigma). For in silico analysis, E. coli srlD sequence was 

queried against the UniProtKB database of genome-sequenced bacterial species. Alignment 

and percentage identity were then calculated using Clustal Omega (42).

Animal models and infection

CBA/J mice (female, 6 to 8 weeks old) were used for all experiments except those bearing 

xenografts (athymic nude, male, 10 to 12 weeks). A subset of CBA/J mice were 

immunosuppressed with cyclophosphamide as described in (7). Mice were injected with 

different strains of live or heat-inactivated (90°C for 30 min) bacteria. Thigh infections were 

allowed to develop for 10 and 6 hours in immunocompetent and immunosuppressed mice, 

respectively. Target implantation for E. coli was 7 log10 CFU for all infections, except 

where indicated. For the dual-infection myositis model, target implantation for S. aureus 

was 7 to 8 log10 CFU, with 10- to 100-fold lower dose used for E. coli. The pneumonia 

model, adapted from (43), was made by intratracheal installation of K. pneumoniae (6.5 

log10 CFU) into the trachea of sedated, immunosuppressed mice with 5 days of incubation. 

Brain tumor (5 × 105 U87MG human glioblastoma cells) and infection (7 log10 CFU of E. 

coli in immunosuppressed mice) models were established by inoculations into the right 

frontal lobe (1.5 mm anterior and 1.34 mm lateral to the bregma, 3.5 mm into the 
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parenchyma) through a 50-μm glass capillary needle as described in (44). Brain tumor size 

at the time of imaging was 30 to 40 mm3 (based on ex vivo measurements).

PET/CT imaging

Probe (7.4 MBq) was injected via tail vein 120 min (18F-FDS) or 45 min (18F-FDG) before 

acquiring a 15-min static PET frame using the Mosaic HP (Philips) as described before (40). 

CT was performed with NanoSPECT/CT (Bioscan). A urinary catheter was placed to empty 

the bladder during imaging. For quantitative analysis, one to two spherical (3-mm-diameter) 

ROIs were drawn manually in the thighs of each animal, using CT as a guide. The 

standardized uptake values (SUVs) were computed using Amide version 1.0.4 (http://

www.amide.sourceforge.net), and Amira version 5.4.2 (Visualization Science Group) was 

used to visualize the images. After imaging, mice were sacrificed to collect tissues for direct 

γ counting (biodistribution). Some cohorts were also used to determine histology and/or 

CFU at the time of imaging. The biodistribution data are presented as percent injected dose 

per gram of tissue (%ID/g). H&E and Gram stains were performed to visualize tissue 

histology and bacteria, respectively. Tissues were also homogenized in PBS, plated onto 

solidified LB medium, and incubated overnight at 37°C to enumerate the CFU.

Antimicrobial efficacy studies

E. coli myositis was generated in immunosuppressed mice with drug-susceptible 

[ceftriaxone minimum inhibitory concentration (MIC), 0.04 μg/ml] or ESBL-producing E. 

coli (ceftriaxone MIC >32 μg/ml). Ceftriaxone (Sigma) was administered subcutaneously at 

a dose of 5 mg/kg (every 2 hours) for 24 hours (45). Imaging was performed in the same 

group of animals immediately before starting and after completion of antimicrobial 

treatment. After the final imaging time point, the same mice were sacrificed to determine 

CFU. A separate group of similarly infected mice were also sacrificed before the start of 

antimicrobial treatment to determine the starting CFU. Tissues were homogenized in PBS, 

plated onto solidified LB medium, and incubated overnight at 37°C to enumerate the CFU. 

SUV ratios were obtained by normalizing the PET SUV from the infected right thigh with 

the inflammation control (heat-killed E. coli strain) left thigh for each animal.

Statistical analyses

Data from uptake assays are presented as means and SEM and analyzed using unpaired two-

tailed Student’s t test or two-way analysis of variance (ANOVA) with Bonferroni correction 

(for multiple comparisons) with GraphPad Prism 6.03 (GraphPad Software Inc.). PET SUV 

and ex vivo tissue biodistribution data are represented as box plots where central bars 

represent median value, the edges of the boxes represent quartile value, and whiskers show 

the upper and lower ranges. Statistical comparisons were performed using a two-tailed 

Mann-Whitney U or Kruskal-Wallis (for multiple comparisons) test (GraphPad Software 

Inc.). Values of P < 0.05 were considered statistically significant. Data are presented on a 

linear scale, except for CFU, which is presented on a logarithmic scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In vitro uptake of 18F-FDS in bacterial pathogens and mammalian cell lines
(A) 18F-FDS uptake in E. coli (ATCC 25922), K. pneumoniae (ATCC 35657), and S. aureus 

(ATCC 29213) cultures incubated with 18F-FDS or 18F-FDG. Heat-killed bacteria were 

negative controls. P values compared to respective heat-killed controls were determined by 

two-tailed Student’s t test. (B) Competition of 18F-FDS uptake with increasing 

concentrations of unlabeled (free) sorbitol in E. coli (normalized to E. coli uptake without 

sorbitol). (C) Homology of E. coli (ATCC 25922) sorbitol-6-phosphate dehydrogenase 

gene, srlD, to other pathogenic bacteria in the UniProtKB database. (D) Uptake of 18F-FDS 

in ATCC reference Gram-negative and Gram-positive bacterial strains incubated for 120 

min. (E) J774 (murine macrophage), WEHI 164 (murine fibroblast), U87MG (human 
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glioblastoma), and NCI-H460 (human large cell lung carcinoma) cultures were incubated 

with 18F-FDS or 18F-FDG. Uptake was measured at 120 min and is shown in comparison to 

the reference E. coli. Data in (A), (B), (D), and (E) are means ± SEM (n = 6).
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Fig. 2. PET/CT imaging of E. coli myositis in immunocompetent mice
(A) 18F-FDS signal is noted in the infected (yellow arrow) but not in the inflamed (control) 

sterile thigh (red arrow). 18F-FDG signal was noted in both infected and inflamed thighs. H, 

heart; I, intestine; Bl, bladder. (B and C) 18F-FDS (B) and 18F-FDG (C) PET signals in vivo 

from the infected (right) and inflamed (left) thighs and postmortem biodistribution in all 

organs. Data are medians with interquartile and ranges shown (n = 8 animals for 18F-FDS 

and n = 9 for 18F-FDG). P values were determined by two-tailed Mann-Whitney U test. (D 
and E) Hematoxylin and eosin (H&E) and Gram stains with inflammatory cells and Gram-

negative bacteria in the E. coli–infected (right) thigh (D) and inflammatory cells without 

bacteria in the inflamed (left) thigh (E). Images are representative of five animals.
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Fig. 3. 18F-FDS PET/CT imaging of human brain tumor xenograft versus E. coli infection
(A) 18F-FDS PET signal from an E. coli–infected brain compared with a human brain tumor 

(U87MG) xenograft and normal brain. Data are median SUV ratios normalized to the 

uninflamed thigh muscle of each animal, with interquartile and ranges shown (n = 6 animals 

for brain infection, n = 6 for normal brain, and n = 3 for brain tumor). (B) 18F-FDS PET 

signal in the E. coli–infected brain, normal brain, or tumor brain tissues. (C) 18F-FDS PET 

signal from right-thigh E. coli infection compared with human brain tumor (U87MG) 

xenograft and infected left thigh in the same animals. Data are median SUVs with 

interquartile and ranges shown (n = 4 animals). P values in (A) and (C) were determined by 

two-tailed Mann-Whitney U test.
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Fig. 4. PET/CT imaging of mixed myositis thigh infection
(A) 18F-FDS PET signal was observed in the E. coli–infected right thigh (yellow arrow), but 

not in the S. aureus–infected left thigh (red arrow). 18F-FDG signal was noted in both E. 

coli– and S. aureus–infected thighs. U, extravasated urine. (B and C) 18F-FDS (B) and 18F-

FDG (C) PET signals in vivo from the infected thighs and postmortem biodistribution. Data 

are medians with in-terquartile and ranges shown (n = 7 animals each for 18F-FDS and 18F-

FDG). P values were determined by two-tailed Mann-Whitney U test. (D) H&E and Gram 

stains demonstrating Gram-negative (right thigh) and Gram-positive (left thigh) bacteria. 

Images are representative of five animals. (E) Bacterial burden immediately after 

completion of 18F-FDS PET imaging in each mouse (n = 3) in one of the dually infected 

imaging cohorts.
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Fig. 5. K. pneumoniae lung infection (pneumonia)
(A) 18F-FDS PET signal colocalized with K. pneumoniae lung infection noted on CT 

(yellow arrow). (B and C) 18F-FDS PET signal in vivo (B) and postmortem bio-distribution 

(C) in infected versus uninfected lungs. Data are medians with interquartile and ranges 

shown (n = 5 animals for the infected group and n = 6 for the uninfected group).
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Fig. 6. 18F-FDS PET/CT monitoring of antimicrobial efficacy
(A) In vitro 18F-FDS uptake in 15 MDR E. coli (ESBL-producing) clinical strains. Uptake 

was measured at 120 min and is shown in comparison to the reference E. coli (positive 

control). Data are means ± SEM (n = 6). (B) Animals were inoculated with drug-susceptible 

(n = 5) or drug-resistant (ESBL-producing; n = 6) E. coli and treated with ceftriaxone for 24 

hours. Antimicrobial treatment efficacy was measured as CFU and PET signal intensity. 

Yellow arrow indicates infected right thigh. K, kidney. Data are means ± SD (CFU) and 

medians and ranges (SUV ratio).
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