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Questions for TB Meningitis

1. Is there M. tuberculosis in the brain?

2. What is the extent of that infection?

3. Is the treatment working?



Fundamental diagnostic: 1884 Fundamental diagnostic: 2017
Need to isolate the bug Need to isolate the bug

Problem - Diagnosis of Bacteria



Thwaites et al. Lancet Neurology, 2013.

Solution - Take a Picture

Normal brain CT 
scan of a 3-year-old 

child with stage 3 
tuberculous 

meningitis

A T2-weighted, 
fluid–attenuated, 
inverse-recovery 
MRI image taken 5 
days later showed 
several infarcts 
(arrows) in the 
basal ganglia.



Imaging TB Meningitis
• Anatomical Imaging (CT, MRI)

– CT useful to detect hydrocephalus and 
vascular complications

– MRI is more sensitive than CT in determining 
the extent of meningeal and parenchymal 
involvement.

– MR angiography – vascular disease
– MR spectroscopy can be used to characterize 

tuberculomas and differentiate them from 
neoplasms

– Problem: lack of specificity and delay in tissue 
changes

Torres et al. Magnetic Resonance Imaging, 2014.
Morales et al. Neuroradiology Journal, 2015.



• Imaging Inflammation
– 18F-FDG PET

• Possible detection of earlier 
findings

• Host dependent
• Very sensible
• Not specific

Imaging TB Meningitis

Gambhir et al. Journal of the Neurological Sciences, 2016.

MRI 18F-FDG PET



Chen et al. Sci Transl Med. 2014

• Prospective imaged 35 adults with MDR-TB, on second-line 
TB treatment, using 18F-FDG PET and CT at 2 and 6 months 
after starting treatment .

• Imaging assessed by radiologists or automated analyses.
• 18F-FDG PET at 2 months and automated CT at 6 months 

were more sensitive than sputum smear or solid culture 
conversion at 2 months, these differences were not 
statistically significant, possibly because of the small sample 
size in our study.

• Automated methods were more reliable than radiologists.

18F-FDG PET/CT correlates with treatment outcome 
in patients with MDR-TB



CD68 TSPO Overlay

Iodo-DPA-713 is a ligand for translocator protein (TSPO)

Up-regulated  in inflamed microglia and macrophages

TB lesions full of activated macrophages

Foss et al. Journal of Infectious Diseases. 2013

Imaging TB-associated inflammation with iodo-DPA-713



125I-DPA-713-SPECT	
(blue-green)
4.06	± 0.52

Foss et al. J Infect Dis. 2013 (Cover Article)

18F-FDG-PET	
(orange)

2.00	± 0.28

Ordonez et al. Antimicrob Agents Chemother. 2015
skeletal	outline	(grey)

Untreated
Standard
Highly	active

Pulmonary 125I-DPA-713 SPECT, 
but not 18F-FDG PET, correctly 
identified the bactericidal 
activities of the TB treatments as 
early as 4 weeks after starting 
treatment (P < 0.03)

Iodo-DPA-713 bound activated 
(CD68 +) antigen presenting cells 
and imaging correlated with 
tissue TNF-a (Spearman’s ρ = 
0.94; P < 0.01)

Significant correlation was 
found between an increase in 
125I-DPA-713 SPECT activity (but 
not with 18F-FDG PET) with 
bacterial burden at relapse 
(Spearman’s ρ = 0.79; P < 0.01) 
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125I-DPA-713 vs 18F-FDG: Imaging TB-inflammation to monitor treatments



Tucker	and	Pokkali	et	al.	Dis	Model	Mech.	2016

Imaging TB-inflammation using 124I-DPA-713 PET in a 
Rabbit model of Pediatric TB meningitis

Tucker et al. Disease Models and Mechanisms. 2016



18F-FDS

11C-PABA

11C-Mannitol

2-18F-PABA

Infection

Identification

Efficacy

Discriminate infection 
from non-infectious 

processes

Categorize the causative 
bacterial species

Provide information on 
antibiotic efficacy

Search for small molecules metabolized by prokaryotic-specific pathways

11C-RIF



Ordonez and Weinstein et al. Journal of Nuclear Medicine, 2017

Searching for Bacteria-
Specific tracers



Name
S. aureus 

(Gram-positive)
E. coli 

(Gram-negative) P. Aeruginosa Mycobacteria*
Macrophages 

(J774)

L-Arabinose [1-14C] 0.41 ± 0.03 41.61 ± 9.91 0.21 ± 0.02 0.28 ± 0.01 (Mtb) 0.18 ± 0.01

Cellobiose [3H] 1.81 ± 0.10 0.80 ± 0.05 -- 0.13 ± 0.02 (Ms) --

D-Lyxose [1-14C] 0.03 ± 0.01 1.86 ± 0.14 0.12 ± 0.04 0.35 ± 0.08 (Mtb) 0.04 ± 0.01

D-Mannitol [1-14C] 68.40 ± 7.39 81.80 ± 1.96 0.69 ± 0.05 0.29 ± 0.13 (Mtb) 0.12 ± 0.01

Methyl-α-D-glucopyranoside [methyl-14C] 11.01 ± 0.71 26.78 ± 0.59 -- 0.11 ± 0.01 (Ms) --

PABA [3,5-3H] 16.82 ± 1.03 18.99 ± 5.80 4.02 ± 1.11 32.93 ± 4.73 (Mtb) 0.11 ± 0.01

L-Rhamnose [3H] 4.96 ± 0.13 4.73 ± 0.07 0.24 ± 0.04 3.82 ± 0.84 (Mtb) 0.60 ± 0.02

Shikimic acid [3-3H] 7.54 ± 0.01 1.52 ± 0.02 1.31 ± 0.02 0.17 ± 0.01 (Ms) --

D-Sorbitol [14C] (18F-FDS)† 0.47 ± 0.09 72.20 ± 9.09 0.52 ± 0.46 -- 0.21 ± 0.01

D-Xylose [1-14C] 0.31 ± 0.01 73.94 ± 2.06 0.53 ± 0.08 0.18 ± 0.02 (Mtb) 0.19 ± 0.01

*Mycobacterium smegmatis = Ms or Mycobacterium tuberculosis = Mtb
† 2-[18F]-fluorodeoxysorbitol (18F-FDS) used for uptake assays
Data represented as mean ± SD

Name
S. aureus 

(Gram-positive)
E. coli 

(Gram-negative) P. Aeruginosa Mycobacteria*
Macrophages 

(J774)

L-Arabinose [1-14C] 0.41 ± 0.03 41.61 ± 9.91 0.21 ± 0.02 0.28 ± 0.01 (Mtb) 0.18 ± 0.01

Cellobiose [3H] 1.81 ± 0.10 0.80 ± 0.05 -- 0.13 ± 0.02 (Ms) --

D-Lyxose [1-14C] 0.03 ± 0.01 1.86 ± 0.14 0.12 ± 0.04 0.35 ± 0.08 (Mtb) 0.04 ± 0.01

D-Mannitol [1-14C] 68.40 ± 7.39 81.80 ± 1.96 0.69 ± 0.05 0.29 ± 0.13 (Mtb) 0.12 ± 0.01

Methyl-α-D-glucopyranoside [methyl-14C] 11.01 ± 0.71 26.78 ± 0.59 -- 0.11 ± 0.01 (Ms) --

PABA [3,5-3H] 16.82 ± 1.03 18.99 ± 5.80 4.02 ± 1.11 32.93 ± 4.73 (Mtb) 0.11 ± 0.01

L-Rhamnose [3H] 4.96 ± 0.13 4.73 ± 0.07 0.24 ± 0.04 3.82 ± 0.84 (Mtb) 0.60 ± 0.02

Shikimic acid [3-3H] 7.54 ± 0.01 1.52 ± 0.02 1.31 ± 0.02 0.17 ± 0.01 (Ms) --

D-Sorbitol [14C] (18F-FDS)† 0.47 ± 0.09 72.20 ± 9.09 0.52 ± 0.46 -- 0.21 ± 0.01

D-Xylose [1-14C] 0.31 ± 0.01 73.94 ± 2.06 0.53 ± 0.08 0.18 ± 0.02 (Mtb) 0.19 ± 0.01

Name
S. aureus 

(Gram-positive)
E. coli 

(Gram-negative) P. Aeruginosa Mycobacteria*
Macrophages 

(J774)

L-Arabinose [1-14C] 0.41 ± 0.03 41.61 ± 9.91 0.21 ± 0.02 0.28 ± 0.01 (Mtb) 0.18 ± 0.01

Cellobiose [3H] 1.81 ± 0.10 0.80 ± 0.05 -- 0.13 ± 0.02 (Ms) --

D-Lyxose [1-14C] 0.03 ± 0.01 1.86 ± 0.14 0.12 ± 0.04 0.35 ± 0.08 (Mtb) 0.04 ± 0.01

D-Mannitol [1-14C] 68.40 ± 7.39 81.80 ± 1.96 0.69 ± 0.05 0.29 ± 0.13 (Mtb) 0.12 ± 0.01

Methyl-α-D-glucopyranoside [methyl-14C] 11.01 ± 0.71 26.78 ± 0.59 -- 0.11 ± 0.01 (Ms) --

PABA [3,5-3H] 16.82 ± 1.03 18.99 ± 5.80 4.02 ± 1.11 32.93 ± 4.73 (Mtb) 0.11 ± 0.01

L-Rhamnose [3H] 4.96 ± 0.13 4.73 ± 0.07 0.24 ± 0.04 3.82 ± 0.84 (Mtb) 0.60 ± 0.02

Shikimic acid [3-3H] 7.54 ± 0.01 1.52 ± 0.02 1.31 ± 0.02 0.17 ± 0.01 (Ms) --

D-Sorbitol [14C] (18F-FDS)† 0.47 ± 0.09 72.20 ± 9.09 0.52 ± 0.46 -- 0.21 ± 0.01

D-Xylose [1-14C] 0.31 ± 0.01 73.94 ± 2.06 0.53 ± 0.08 0.18 ± 0.02 (Mtb) 0.19 ± 0.01

Detect the presence 
of bacterial infection

Identify the “type” 
of bacteria

Name
S. aureus 

(Gram-positive)
E. coli 

(Gram-negative) P. Aeruginosa Mycobacteria*
Macrophages 

(J774)

L-Arabinose [1-14C] 0.41 ± 0.03 41.61 ± 9.91 0.21 ± 0.02 0.28 ± 0.01 (Mtb) 0.18 ± 0.01

Cellobiose [3H] 1.81 ± 0.10 0.80 ± 0.05 -- 0.13 ± 0.02 (Ms) --

D-Lyxose [1-14C] 0.03 ± 0.01 1.86 ± 0.14 0.12 ± 0.04 0.35 ± 0.08 (Mtb) 0.04 ± 0.01

D-Mannitol [1-14C] 68.40 ± 7.39 81.80 ± 1.96 0.69 ± 0.05 0.29 ± 0.13 (Mtb) 0.12 ± 0.01

Methyl-α-D-glucopyranoside [methyl-14C] 11.01 ± 0.71 26.78 ± 0.59 -- 0.11 ± 0.01 (Ms) --

PABA [3,5-3H] 16.82 ± 1.03 18.99 ± 5.80 4.02 ± 1.11 32.93 ± 4.73 (Mtb) 0.11 ± 0.01

L-Rhamnose [3H] 4.96 ± 0.13 4.73 ± 0.07 0.24 ± 0.04 3.82 ± 0.84 (Mtb) 0.60 ± 0.02

Shikimic acid [3-3H] 7.54 ± 0.01 1.52 ± 0.02 1.31 ± 0.02 0.17 ± 0.01 (Ms) --

D-Sorbitol [14C] (18F-FDS)† 0.47 ± 0.09 72.20 ± 9.09 0.52 ± 0.46 -- 0.21 ± 0.01

D-Xylose [1-14C] 0.31 ± 0.01 73.94 ± 2.06 0.53 ± 0.08 0.18 ± 0.02 (Mtb) 0.19 ± 0.01

Ordonez and Weinstein et al. Journal of Nuclear Medicine, 2017

Searching for Bacteria-Specific tracers
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Ordonez and Weinstein et al. Journal of Nuclear Medicine, 2016

2-Fluoro-PABA

COOH

NH2

F

Collaboration with Stony Brook University



In vitro uptake in M. tuberculosis

Collaboration with Stony Brook University Ordonez and Weinstein et al. Journal of Nuclear Medicine, 2016
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Sugar Shot for Bacteria

www.ScienceTranslationalMedicine.org  22 October 2014  Vol 6 Issue 259 259fs43    2

F O C U S

sterile in� ammation and infection and was 
substantially better at speci� cally imaging 
infections than was FDG. � e recently de-
scribed 18F-maltohexaose and 18F-maltose 
have similar speci� cities and sensitivities 
to FDS. However, FDS is the only probe 
capable of distinguishing Gram-negative 
from Gram-positive infections. Weinstein 
et al. demonstrated a 10-fold di� erence 
in selectivity between Enterobacteriaceae 
(Gram-negative) and Staphylococcus aureus
(Gram-positive), which would be useful in 
proper prescription of antibiotics at an early 
stage of the infection.

Last, Weinstein et al. investigated the 
ability of FDS to image drug resistance. 
CREs are a particularly di�  cult challenge 
in the clinic because of the lack of available 
antibiotics, and the presence of CREs gen-
erally means that drastic, sometimes un-
conventional treatment approaches need to 
be considered, including use of toxic antibi-
otics, such as colistin. At present, the only 
way to identify drug resistance is to culture 
the bacteria and do antibiotic susceptibility 
testing. However, this method takes several 
days to perform, which is generally too late 
to a� ect treatment, and frequently cannot 
be accomplished because of challenges in 
acquiring the bacteria from the patient. 
Weinstein et al. were able to demonstrate 
that FDS can distinguish between infection 
from ce� riaxone-resistant Enterobacte-
riaceae versus infection from ce� riaxone-
susceptible Enterobacteriaceae. In their 

experiment, they infected mice with either 
drug-resistant or wild-type E. coli, imaged 
with FDS, treated with ce� riaxone, and 
then imaged with FDS again. � ey observed 
that the PET signal from the resistant bac-
teria increased as a result of their ability to 
survive the treatment and multiply, whereas 
the PET signal from the susceptible bacte-
ria decreased as a result of their killing and 
clearance. � e ability to rapidly measure 
drug resistance has the potential to sub-
stantially improve treatment. For example, 
in the case of sepsis, patient survival can in-
crease by as much as 50% if drug resistance 
is identi� ed at an early stage.

FUTURE PROSPECTS FOR 
BUG IMAGING
� e report by Weinstein et al. (3), along 
with those by Gowrishankar et al. (6) and 
Ning et al. (7, 8), represent major advances 
in the � eld of bacterial imaging. All of these 
probes can distinguish between infection 
and in� ammation and can identify bacte-
rial drug resistance. � us, in the future, a 
patient suspected of having an infection 
could be imaged with the maltodextrin-
based probes to determine whether there 
is a bacterial infection, and by using FDS, 
they can identify the type of bacteria so 
that treatment can be tailored appropriately 
and rapidly. In addition, all three probes 
are made in one step, via syntheses rou-
tinely used in clinical radiochemistry labs, 
and are based on small molecules that have 

excellent biocompatibility, maltose, malto-
hexaose, and sorbitol. In addition, PET 
imaging is routinely done in the clinic, and 
the cost of conducting PET imaging clinical 
trials is fairly cheap; therefore, these probes 
have the potential to translate on the time 
scale of 5 to 10 years.

However, thousands of PET imaging 
probes have been generated that looked 
promising in mice but never made it into 
clinical practice. 18F-Maltose, 18F-malto-
hexaose, and FDS were investigated in 
animal models that used metabolically ac-
tive bacteria, which should internalize the 
probes much faster than bacteria in protec-
tive bio� lms. � is could be a serious limita-
tion in application because bio� lms repre-
sent a major class of infections. In addition, 
it is unclear what the actual CFU number 
is in a human infection, and therefore it is 
impossible to determine whether FDS and 
other probes have the sensitivity needed 
to detect early-stage infections (although 
it appears that this may be possible based 
on the limited CFU data available). In ad-
dition, the nonspeci� c clearance of these 
probes could be substantially di� erent in 
rodents and humans, and the variability in 
imaging from human to human could be 
large, given the genetic heterogeneity of the 
human population, as opposed to clones 
of mice.

� e metabolism of these probes in hu-
mans could also be a potential roadblock 
to clinical success because de� uorination 
of the probes or premature hydrolysis by 
enzymes in the serum may lead to high 
background. Last, the exact clinical con-
text in which the cost of PET imaging of 
an infection would be warranted is unclear. 
Infection imaging needs to result in a very 
speci� c consequence regarding treatment, 
otherwise insurance companies will not 
reimburse the procedure. We imagine that 
PET imaging will be desired for implant in-
fections, endocarditis (infection of heart), 
and diseases that require quick diagnoses to 
prevent mortality, such as sepsis, and those 
that chart a treatment course, such as dis-
tinguishing pneumonia from cancer.

Bacterial infections impose a substantial 
burden on our health care system and are 
increasing at an alarming rate. An imaging-
based approach to diagnosing infection 
early, speci� cally, sensitively, and con� -
dently has the potential to a� ect almost 
all aspects of medicine but has remained 
elusive because of a lack of strategies for 
targeting bacteria. � e results presented in 

Fig. 1. Bacterial infection imaging. (A) FDS internalization through glpF. Other transporters may 
contribute to the uptake of sorbitol by bacteria as well. Mammalian cells do not take up sorbitol. (B) 
Maltodextrin transporter–mediated uptake of 18F-maltose and 18F-maltohexaose. Neither glpF nor 
maltodextrin transporter is expressed by mammalian cells, thus the specifi city in distinguishing 
bacterial infections from general infl ammation. 
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Wang X et al. Bacterial imaging comes of age. Science Translational Medicine, 2014

CH3CN (1.5 mL); vial B3 was filled with mannose triflate (20 mg) dis-
solved in anhydrous CH3CN (1 mL); vial B4 was filled with 2 N sodium
hydroxide (NaOH, 1 mL) containing ethanol as stabilizer; vial B5 and
vial B6 was filled with H2O (30 mL and 5 mL); vial B7 was filled with
a mixture of 1 N hydrochloric acid (0.4 mL) and 1.25 N sodium acetate
(NaOAc, 1 mL); sodium borohydride (NaBH4, 10 mg) was placed at
the bottom of reaction tube B (right). (See Fig. 1.)

After 18F-fluoride was delivered from the cyclotron and trapped on
QMA, excess 18H2O was removed. The trapped fluoride ion (18F−) was
eluted to the reaction vessel A (left) with a solution of K222 (1 mL, vial
B1). The reaction mixture was evaporated under a stream of nitrogen
(80 mL/min) at 116 °C. The residue was azeotropic drying with CH3CN
(1.5 mL, vial B2) at 116 °C again. Then a solution of mannose triflate
(20 mg) in anhydrous CH3CN (1 mL, vial B3) was added and the fluori-
nation was carried out at 110 °C for 5 min. After the reaction mixture
was bubbled with N2 to dryness, H2O (10 mL, vial B5) was added to
the reaction vessel. Acetyl-protection intermediate was transferred to
the C18 cartridge. The C18 cartridge was washed with H2O (10 mL) in
vial B5, and the process was repeated twice to remove the free fluoride
ion. Intermediate absorbed on C18 cartridge was hydrolyzed by adding
NaOH (1mL, vial B4) and the base catalyzed hydrolysis lasted for 2 min

at room temperature. After filtered by the multi-cartridges (IC-H,
Alumina B and C18 cartridges in turn), 18F-FDG elution (dissolved in
5 mL H2O, vial B6) was transferred to the reaction vessel B where
there was placed a 10 mg NaBH4. The only aldehyde group of 18F-FDG
was reacted violently with H− ion at 45 °C under N2 bubbling as a sub-
stitute for the magnetic stirring. 15 min later, buffer including diluted
hydrochloric acid and sodiumacetate (1.4mL, vial B7)was added to fin-
ish the reaction to adjust a pH of 6.5–7.5. The solution was filtered
through a Sep-Pak Alumina N cartridge and a sterile Millipore filter
(0.22 μm, 4 mm) directly into a sterile product vial (10 mL size).

2.3. Animal Models and Treatment Plan

All animal experiments were performed in accordance with the Pe-
king Union Medical College Hospital (PUMCH) guidelines on the use of
laboratory animals and were approved by PUMCH Clinical Center Ani-
mal Care and Use Committee. The thigh infection mouse model was
generated by intramuscular injection of different levels (5–7 log10
CFU) of E. coli into the right foreleg of female C57BL/6 J mice (20–25 g,
3 per group, Laboratory Animal Center of Peking Union Medical College
Hospital). Frontal leg infectionswere allowed to develop for 4–6 h prior
to imaging [2]. For the sterile inflammation imaging assays, mice were
intramuscularly injected with 0.2 mL turpentine into the left hind leg
muscle. After 72 h, those mice with a visible mass in the left thigh mus-
cle were selected as model for imaging.

2.4. Antibiotic Efficacy Study

For the therapy of E. coli infections, ceftriaxone sodium (Roche) was
administered subcutaneously at a dose of 5 mg/kg (2 h a time) for 24 h
[2,14]. Small animal PET scanning was performed before and after anti-
microbial treatment, on the same groups of mice.

2.5. In Vivo and In Vitro Stability

For in vivo stability tests, Balb/c mice were injected intravenously
with a dosage of 18.5 MBq (500 μCi) of 18F-FDS in 0.2 mL sterile saline.
Blood andurine sampleswere collected at 10 and 15min post-injection.
Blood was centrifuged (6000 rpm, 4 min) to separate plasma from the
cellular components. Urine and plasma sample were analyzed by TLC.

For in vitro assays, 0.1 mL samples of 18F-FDS (1.85 MBq, 50 μCi)
were dissolved in sterile saline and incubatedwith0.2mLof fetal bovine

Fig. 2. Schematic diagramof the automated synthesis of 18F-FDS on the PET-MF-2V-I synthesismodule. For the facile reaction procedure, a tube (left) and vial B1 to B6were included in the
synthesis of 18F-FDG, NaBH4 reduction took place in the reaction vessel on the right to yield 18F-FDS.

Fig. 3.Radio-chemical synthesis of 18F-FDG and 18F-FDS undermild conditions. After three
steps including radio-nucleophilic substitution, base-catalyzed hydrolysis and reduction,
the precursor mannose triflate was transferred to the final product 18F-FDS with high
yield and purity.

208 S. Yao et al. / Nuclear Medicine and Biology 43 (2016) 206–214

2-18F-Fluorodeoxysorbitol (18F-FDS)

30 min



In vitro uptake of 18F-FDS in 
Bacterial Pathogens and Mammalian cell lines

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 mg/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 with-
in the annotated genome of E. coli (5, 6). To predict the range of bacte-
ria capable of 18F-FDS uptake and likely detection by PET, the srlD gene
was used to query the UniProtKB database of genome-sequenced bac-
terial species (Fig. 1C). Representative bacteria from that panel were
tested to assess 18F-FDS uptake. Members of the Enterobacteriaceae

Fig. 1. In vitro uptake of 18F-FDS in bacterial pathogens and mamma-
lian 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 de-
hydrogenase 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 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).

R E S EARCH ART I C L E
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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 mg/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 with-
in the annotated genome of E. coli (5, 6). To predict the range of bacte-
ria capable of 18F-FDS uptake and likely detection by PET, the srlD gene
was used to query the UniProtKB database of genome-sequenced bac-
terial species (Fig. 1C). Representative bacteria from that panel were
tested to assess 18F-FDS uptake. Members of the Enterobacteriaceae

Fig. 1. In vitro uptake of 18F-FDS in bacterial pathogens and mamma-
lian 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 de-
hydrogenase 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 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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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 mg/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 with-
in the annotated genome of E. coli (5, 6). To predict the range of bacte-
ria capable of 18F-FDS uptake and likely detection by PET, the srlD gene
was used to query the UniProtKB database of genome-sequenced bac-
terial species (Fig. 1C). Representative bacteria from that panel were
tested to assess 18F-FDS uptake. Members of the Enterobacteriaceae

Fig. 1. In vitro uptake of 18F-FDS in bacterial pathogens and mamma-
lian 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 de-
hydrogenase 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 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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Weinstein and Ordonez et al. Science Translational Medicine, 2014.



18F-FDS PET 18F-FDG PET

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



• Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae
• Carbapenem-resistant Enterobacteriaceae (CRE) 

18F-FDS uptake in clinical Multidrug-Resistant Enterobacteriaceae strains

Weinstein and Ordonez et al. Science Translational Medicine, 2014.



Monitoring Antimicrobial Efficacy in Multidrug-Resistant Infections

1.32 ± 0.52

8.49 ± 2.38 

85% ↓ in PET signal

Weinstein and Ordonez et al. Science Translational Medicine, 2014.



18F-FDS

11C-PABA

11C-Mannitol

2-18F-PABA

Infection

Identification

Efficacy

Discriminate infection 
from non-infectious 

processes

Categorize the causative 
bacterial species

Provide information on 
antibiotic efficacy

Search for small molecules metabolized by prokaryotic-specific pathways

11C-RIF



Are we using the right doses of antibiotics? 

Prideaux et al. Nature Medicine, 2015. 

• Current doses based on blood levels and historic measures of efficacy
• Inappropriate levels in target tissues can lead to treatment failure, selection of resistant 

organisms, or toxicity / organ failure
• Rifampin, first line TB drug, with significant potential for shortening TB treatments



Liu et al. Journal of Medicinal Chemistry, 2010.
DeMarco and Ordonez et al. Antimicrobial Agents and Chemotherapy, 2015. 

11C-Rifampin PET/CT of a  
M. tuberculosis-infected mouse 
post IV injection

11C-Rifampin 

Blood

Liver



Brain

Lung

Data represents Mean ± Standard Deviation (n=5) 

Levels in brain are 14.55 ± 1.67% 
of blood concentrations

DeMarco and Ordonez et al. Antimicrobial Agents and Chemotherapy, 2015. 



Summary
• Noninvasive imaging can provide novel insights into disease pathogenesis, 

that may not be possible with conventional methods
• Monitoring inflammation: 18F-FDG and 124I-DPA-713

• Need for pathogen-specific imaging
• Pipeline of bacteria-class specific imaging probes

• 2-18F-PABA – a folate precursor – promising agents for bacterial imaging (including M. tuberculosis)
• 18F-FDS can rapidly and specifically detect Enterobacteriaceae

• PET can be used as a non-invasive alternative for measuring multi-
compartment drug PK in situ and study drug penetration (and toxicities) at 
the site of infection, and into privileged sites (e.g. TB meningitis)
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