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Abstract

Currently, there exists no accurate, non-invasive clinical imaging method to detect living bacteria
in vivo. Our goal is to provide a positron emission tomography (PET) method to image infection
by targeting bacteria-specific metabolism. Standard of care methodologies either detect
morphologic changes, image immunologic response to infection, or employ invasive tissue
sampling with associated patient morbidity. These strategies, however, are not specific for living
bacteria and are often inadequate to detect bacterial infection during fever workup. As such, there
is an unmet clinical need to identify and validate new imaging tools suitable for non-invasive, in
vivo (PET) imaging of living bacteria. We have shown that D-[methyl-11C]methionine
(D-[1C]Met) can distinguish active bacterial infection from sterile inflammation in a murine
infection model, and is sensitive to both gram-positive and gram-negative bacteria. Here we report
an automated and >99% enantiomeric excess (ee) synthesis of D-[11C]Met from a linear D-
homocysteine precursor, a significant improvement over the previously reported synthesis utilizing
a D-homocysteine thiolactone hydrochloride precursor with approximately 75-85% ee.
Furthermore, we took additional steps towards applying D-[11C]Met to infected patients.
D-[11C]Met was subject to a panel of clinically relevant bacterial strains and demonstrated
promising sensitivity to these pathogens. Finally, we performed radiation dosimetry in a normal
murine cohort to set the stage for translation to humans in the near future.
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Current standard of care practice and imaging technologies fall short in their ability to
accurately diagnose and monitor bacterial infection. Therefore, new tools are needed to
establish the presence and location of infection, as well as monitor response to antimicrobial
therapy. Our goal is to develop infection-specific positron emission tomography (PET)
methods, using D-amino acid analogues that are incorporated into bacterial peptidoglycan,
to image living bacteria /7 vivo. These methods will allow physicians to distinguish bacterial
infection from sterile inflammation and other processes, and facilitate improved
management of a variety of devastating clinical conditions, such as vertebral discitis-
osteomyelitis (VDO) a disease for which our approach is targeted (Figure 1A).

VDO is a challenging clinical problem, particularly for patients who are
immunocompromised or abuse intravenous drugs.! VDO symptoms are nonspecific,
including neck or back pain, and clinical work-up involves leukocyte count, C-reactive
protein (CRP) levels, and erythrocyte sedimentation rate (ESR).2:3 To that end, imaging
studies are frequently used to support the clinical diagnosis of infection but are limited in
accuracy. Present methods used in clinical practice either detect structural abnormalities
(CT/ MR), metabolic changes in activated immune cells ([18F]JFDG PET)?#, or their
recruitment to areas of infection (111In SPECT white blood cell scan)®. Moreover, invasive
tissue sampling is often needed for adequate diagnosis, and poses potential complications.
Current diagnostic imaging strategies are not specific for living bacteria and are often
inadequate to detect bacterial infection during fever workup. Moreover, bone infection may
look similar on MRI to other such conditions especially rheumatologic disorders or highly
prevalent osteoarthritis.%” For this reason, there has been a growing interest in developing
probes for imaging living bacteria /n vivo. In particular, emerging PET approaches have
targeted the folate biosynthesis pathway, bacterial metabolism of maltose-derived sugars,
and other potential mechanisms.8-14 However, no imaging agent for the differential
identification of bacterial infection from sterile inflammation has been translated for
widespread use in a clinical setting. In addition, very promising metabolic tracers such as
2-[18F]-fluorodeoxysorbitol ([18F]JFDS)!® lack sensitivity for gram-positive pathogens such
as S. aureus, the most common causative agent of VDO. The prevalence of S. aureusin
VDO and other infections has motivated us to pursue peptidoglycan-targeted PET tracers;
peptidoglycan constitutes 90% of gram-positive organisms by dry weight.

A significant amount of D-amino acids (DAAS) are incorporated into most bacteria,
principally D-Glu and D-Ala, which are used in peptidoglycan synthesis. Peptidoglycan is a
strong component of the bacterial cell wall that helps to maintain cell shape, among other
processes.18 D-amino acids appear to serve several roles within the peptidoglycan, including
cell signaling, protection against enzymatic activity, and are incorporated rapidly and
selectively in £. coliand other microorganisms.16-21

Our group previously demonstrated uptake and incorporation of D-[methyl-11C]methionine
(D-[*C]Met) in S. aureus and E. coli, with selectivity for infection over sterile inflammation
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(induced using heat-killed bacteria).22 The presumed mechanism of incorporation is shown
in Figure 1B, where the radiotracer is “swapped” for D-alanine on peptidoglycan
muripeptides. D-Met has been shown to be released by a diverse array of stationary phase
bacteria, which use it as a specific signal to alter the growth of neighboring cells (Lam
reference). Importantly, D-Met released into the media is avidly taken up by bacteria and
incorporated into peptidoglycan. Neumann et al. reported a radiosynthesis of D-[11C]Met
utilizing a cyclic precursor with 85% enantiomeric excess, 20+1% non-decay corrected yield
in 21 min (EOB).22 Neumann et al. went on to show promising selectivity for D-[11C]Met in
differentiating active bacterial infection from sterile inflammation /n vivoin a murine
myositis (infection) model. These results demand further optimization and evaluation prior
to attempting in-patient studies. This includes an improved enantiomeric excess synthesis,
automation, sensitivity determination across a panel of key human pathogens, and radiation
dosimetry in normal mice.

RESULTS AND DISCUSSION

Clinically feasible and automated radiosynthesis of D-[11C]Met

The synthesis of high enantiomeric excess D-[*1C]Met is shown in Figure 2. Adapting a
previously reported method?3, we used the following radiosynthesis utilizing a GE
TRACERIab FXc-Pro synthesis module: [11C]CO, was produced via the 14N(p,a.)1C
nuclear reaction with proton bombardment of nitrogen-14 spiked with oxygen in the UCSF
radiopharmaceutical facility. [11C]CO, was trapped on a molecular sieve with nickel at room
temperature. This was sealed and heated to 350°C with Hj to reduce [11C]CO; to [11C]CH,,
which was trapped on a carbosphere methane trap previously cooled to —80°C with liquid
N,. The carbosphere was heated to release the [21C]JCH,4 which entered a recirculation loop
containing an iodine column at 90°C. The recirculation tube reactor was maintained at
750°C and [11C]CH, was converted to [11C]JCH3l over a period of 5 min. The converted
[11C]CH3l was trapped on a porapak column at room temperature. A stainless steel HPLC
loop was previously coated with 100 pl of a solution containing 1.25 mg of D-homocysteine
in 0.5M NaOH in 50/50 H,O/EtOH, followed by 300-500 pl of air to coat the Teflon loop
before being placed in the synthesis module. The porapak column was heated to 180°C and
the [11C]CHsl was flowed through the loop at 15 mL/min for 70-90 seconds and allowed to
sit for 1 min at room temperature. The loop was rinsed with two additions of 3 mL saline to
an intermediate vial containing 300 pl of NaH,POy4 (0.2 g/mL). This solution was then
passed through a C18 plus Sep Pak and 0.2 micron Millex filter into the final product vial, to
give D-[11C]Met. D-[11C]Met was synthesized in >99% ee, (n=9) 22+13% decay corrected
radiochemical yield, and >90% radiochemical purity in all cases. A representative analytic
HPLC trace is shown in Figure 2B.

D-[*1C]Met shows broad sensitivity across a panel of clinically relevant gram-negative and
gram-positive pathogens

An in vitro screen was performed in small bacterial cultures to explore the versatility of
D-[11C]Met. A protocol was developed to rapidly screen numerous organisms
simultaneously for 11C metabolite (t,, = 20 min) uptake (Figure 3A). The following
pathogens were screened (n=4, 10uCi/mL, 90 min incubation): £. coli, P. aeruginosa, K.
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pneumoniae, P. mirabilis, A. baumanni, S. typhimurium, E. cloacea, S. aureus, S.
Epidermidis, L. monocytogenes, E. faecalis, M. marinum. The biomedical relevance of these
organisms is highlighted in Table 1. Uptake was normalized to the number of colony-
forming units (CFUSs) by serially diluting and plating all organisms. The highest uptake was
in gram-negative P aeruginosa and gram-positive S. aureus. These data are summarized in
Figure 3B. Additional experiments explored time-dependent accumulation of E. coli, S.
aureus and P, aeruginosa, and demonstrated the lack of accumulation of D-[11C]Met in heat-
killed organisms (Figure 3C). Finally, the uptake of D-[*1C]Met was explored in the
presence of varying concentrations of unlabeled D-Met demonstrating effective blocking
(Figure 3D). These studies suggest specificity of D-[11C]Met for living pathogens.

Radiation Dosimetry

All animal procedures were approved by the UCSF Institutional Animal Care and Use
Committee. Veterinary services for the study were provided by the UCSF Laboratory
Animal Resource Center (LARC) and all studies were performed in accordance with UCSF
guidelines regarding animal housing, pain management, and euthanasia. All mice used were
CBA/J mice (Jackson Laboratory) aged between 8-10 weeks. Rodent PET studies were
conducted using an Inveon micro PET-CT system (Siemens, Erlanen, Germany). In normal
female mice (22.7+1.2 g, n = 3) and normal male mice (27.9£2 g, n = 4), anesthesia was
induced and maintained with isoflurane/O, and the animals kept warm under a heat lamp. A
tail vein catheter was placed and the female and male mice injected with 63346 uCi and
533+7 UCi of D-[*1C]Met, respectively. A 90 min scan in list-mode (raw) data acquisition
was performed, followed by a 10 min micro-CT scan for attenuation correction and
anatomical co-registration. The 90-min list-mode data were divided to 10 sequential time
frames to generate required time-activity curves for dosimetry. No adverse effects were
observed during or after injection of the compound.

In normal mice, 3 female and 4 male, the effective dose estimate was 3.9 pSv/MBq for
females, and 3.0 uSv/MBq for males (based on ICRP60) (Table 2, Supp. Fig. 1) Even
compared to other carbon-11 tracers, the effective dose is rather low.24 The organs with the
highest estimated doses are liver, kidney, and bladder, and these data are consistent with
human radiation dosimetry data for L-[11C]Met.2> This and our previous biodistribution
analysis suggests that D- and L-Met undergo similar metabolism by mammalian organs, a
finding that will be explored in future studies.

CONCLUSION

Since mammalian cells principally use L-amino acids, our hypothesis is that PET tracers
derived from D-amino acids will be highly specific to living bacteria, which incorporate
DAA:s into their peptidoglycans. Following our early pre-clinical evaluation of D-[11C]Met
derived from a thiolactone hydrochloride precursor, we sought to improve this
radiosynthesis, and explore the sensitivity of this radiotracer to a panel of clinically relevant
human pathogens. The radiosynthesis reported herein, from a linear homocysteine precursor,
is straightforward, automated, fast, and can be easily incorporated into a production setting.
Upon applying D-[11C]Met to a panel of gram-positive and gram-negative bacteria,
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promising uptake was seen across all organisms suggesting the utility of D-[11C]Met as a
diagnostic radiotracer for active infection (together with previously reported 7 vivo data).22
As a final effort to set the stage for qualification syntheses and first in-human studies with
D-[11C]Met, radiation dosimetry was performed in male and female normal mice. The
effective dose is low (3-3.9 uSv/MBQ), and the organs (liver, kidney and bladder) with the
highest dose estimated similar to that of L-[11C]Met, a radiotracer already being studied in
humans. While these data indicate relatively high background accumulation in mammalian
organs, the workup of patients with musculoskeletal and other infections may benefit from
the use of D-[11C]Met and related tracers. Future efforts will focus on these patient studies
as well as tracer sensitivity to bacteria in challenging clinical scenarios for example when
surface-associated bacteria or “biofilms” are present.

METHODS

General

The D-homocysteine precursor was either prepared from D-methionine (Sigma Aldrich),
using standard Birch Reduction conditions with Na/NH3 (liq) according to literature
precedent?®, or purchased from AChemTeck, Inc. D-methionine and L-methionine (Sigma
Aldrich) were used as cold reference standards. Ethanol, sodium phosphate monaobasic,
sodium hydroxide, and USP grade saline were commercially available. Solid-phase
exchange cartridges (Waters Sep Pak C-18) were conditioned with 5 mL ethanol and 10 mL
water before use. A GE TRACERLab FX.-Pro synthesis module was modified to allow for
direct collection bypassing HPLC.

D-[*1C]Met Quality Control

The identity, radiochemical purity, and enantiomeric excess of D-[11C]Met was determined
by chiral HPLC with a gamma and UV detector, against the cold reference standard(s). This
utilized a UV detector (A = 220nm), Chirobiotic T2 250 x 4.6 mm LC column, 1 mL/min,
75% MeCN, 25% water mobile phase. The final dose of D-[11C]Met was a clear, colorless
solution, pH 7. Details regarding characterization of D-[11C]Met are presented in the
Supporting Information (Supp. Fig. 2).

PET Imaging and Radiation Dosimetry

Imaging data acquisition—All imaging data (n=3 for male mice; n=3 for female mice)
were acquired using a small animal PET/CT scanner (Inveon, Siemens Medical Solutions,
Malvern, PA) for 90 minutes in list-mode. The 90 minute list-mode data were divided to 10
sequential dynamic time frames to create time-activity curves of organs and the remainder of
the body, required for dosimetry. Image reconstruction was performed using a vendor-
provided ordered subsets expectation maximization algorithm. CT-based attenuation
correction was performed, and quantification calibration to convert the raw reconstructed
pixel value to a physical unit of Bg/ml was performed as well.

Normal tissue radiation dose estimation—\Volumes of interest (VOIs) were drawn on
coregistered CT images for brain, lungs, heart, liver, kidneys, and urinary bladder. All VOIs
were either elliptical cylinder (5 mm long axis, 3 mm short axis, and 5 mm height for the
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brain) or cylinders (3 mm diameter and 3 mm height for lungs, heart, liver, kidneys, and
urinary bladder), and they were placed well within the anatomical boundaries to minimize
spill-over or spill-in of radioactivity. The mean values (in Bg/ml) in these VOIs were
multiplied by standard mouse organ volumes (in ml) to estimate total activity (in Bq) within
these organs. The total activity within the entire animal subtracted by all organ activities was
used as activity in the remainder of the body. The percent of injected activity within the
defined organs (%IA) in mice was extrapolated to human-equivalent values (i.e., %IA in
human equivalents) by multiplying %IA in mice by ratios of standard human organ weights
to mouse organ weights. Then, the adult male and female models in Organ Level INternal
Dose Assessment (OLINDA) were used for human-equivalent dosimetry. The time points
we used for our dosimetry calculation were from the 10 sequential time frames reconstructed
over the 90 min list-mode data: 0.25, 0.75, 1.25, 1.75, 3, 7, 12.5, 27.5, 45, and 80 minutes
post-injection frames. The durations of these reconstructed time frames were: 30 seconds for
the 0.25, 0.75, 1.25, and 3 min data, 120 seconds for the 7 and 12.5 min data, 300 seconds
for the 27.5 and 45 min data, 600 seconds for the 45 min data, and 1200 seconds for the 80
min data. The list-mode data are the most primitive data that can be divided into different
frames and durations. These input %IA data for each organ and the remainder of the body
were curve-fitted to derive time-integrated activity coefficients (also known as residence
times) (in Bg-hr/Bg) and organ and whole-body effective doses for human equivalents were
estimated using each mouse data. The data from the three animals were averaged to derive
absorbed organs doses (in mGy/MBq) and whole-body effective dose (in mSv/MBq). Organ
and effective dose estimations were performed using OLINDA version 1.1 using
International Commission on Radiological Protection (ICRP) Publication 60 tissue
weighting factors as well as OLINDA version 2.0 using ICRP Publication 103 tissue
weighting factors.

In vitro tracer uptake assay—The bacterial strains, and their growth conditions are
listed in Supp. Fig. 3. With the exception of M. marinum, bacteria strains were aerobically
grown in their listed medias for 16 hours with agitation of 111 rpm. M. marinum was
aerobically grown for 3 days with media replenishment every 24 hours. The cultures were
pelleted at 3400 rpm for 5 minutes and resuspended in an equivalent amount of Ham’s F12
media (Gibco). A 1/16 dilution of the cultures were incubated with 1 pCi D-[11C]Met at 180
rpm for 90 minutes. The bacterial suspensions were transferred to filter tubes (Corning
Costar Spin-X) and centrifuged at 8000 rpm for 5 minutes. Phosphate buffed saline was
added to each tube and the cultures were centrifuged at 8000 rpm for 5 minutes. The pellet
and supernatant were separated and counted on a -y counter (Hidex Automatic Gamma
Counter). Four replicates were performed for each bacterial strain. A heat killed control for
E.coli, S.aureus, and P, aeruginosa (95°C for 30 minutes) were incubated and processed the
same way.

Data analysis and statistical considerations

For synthesis, radiochemical yield incorporates decay-correction for 11C (t,,=20 min). /n
vitro data was normalized to CFU’s for sensitivity analysis to account for differential growth
rates between organisms. All statistical analysis was performed using Prism 7. Data were
analyzed using an unpaired two-tailed Student’s t-test. All graphs are depicted with error
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bars corresponding to the standard error of the mean. Other data including radiochemical
yield are also reported as mean * standard error.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Approach to image vertebral discitis-osteomyelitis (VDO) via microorganism-specific

incorporation of PET-labeled D-amino acids. (A) Variable imaging appearance of VDO via
MRI. The MRIs of two patients are shown. T1-weighted imaging with and without contrast
show abnormalities of the vertebral end-plates and discs that are similar for VDO and
osteoarthritis (degenerative disease). (B) Structure of bacterial peptidoglycan (a high
quantity present in S. aureus, the most common pathogen in VDO). The C-terminal D-Ala-
D-Ala sequence of peptidoglycan muripeptide is highlighted, as well as the putative site of
D-[11C]Met incorporation (red).
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Figure 2.

In-loop radiosynthesis of D-[}1C]Met. The approach we previously employed used a D-
homocysteine thiolactone precursor whose alkylation conditions rendered the compound
susceptible to racemization. Here a non-cyclic chiral precursor was employed. (A)
Radiosynthesis of D-[}1C]Met from D-homocysteine. (B) Characterization of D-[*1C]Met
by HPLC. A sample of L-Met was analyzed separately (see supplementary information) and

confirmed > 99% ee for the desired D-enantiomer.
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Figure 3.

In vitro analysis of D-[11C]Met in bacteria. (A) Workflow of high-throughput in vitro assay.
Bacteria is grown overnight in LB broth, then subcultured in F12 media in 50 mL centrifuge
tubes in the presence of a radiotracer. After the designated time, the subculture is aliquotted
into 1.5 mL spin filters equipped with a 0.22 micron nylon filter. The aliquot is centrifuged
and washed. The spin filter is separated and each portion analyzed on a gamma counter. (B)
Sensitivity analysis of D-[11C]met using a broad panel of human pathogens indicating avid
incorporation (up to approximately 7 Bg incorporation of radiolabel) D-[11C]Met by S.
aureus and P, aeruginosa. (C) Dynamic cellular uptake of D-[11C]Met in £. coli, S. aureus,
and AP, aeruginosa in exponential-phase cultures at 30,60,90, and 120 minutes. No
radioactivity was incorporated into heat-killed organisms (P < 0.05 for live versus heat-
killed, all organisms at all time points). (D) Accumulation of D-[11C]Met in the presence of
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increasing concentrations of unlabelled D-methionine. In all cases blocked uptake suggests
specific incorporation.
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Table 1.

Summary of gram-negative and gram-positive organisms studied, as well as their associated clinically-relevant
infections.
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Strain

Clinical Relevance

Gram-negative

E. coli

Diarrhea, urinary tract infections, respiratory illness.

P, aeruginosa

Ear infections, skin rashes, eye infections, nosocomial (hospital acquired) infections.

K. pneumoniae

Sepsis, wound or surgical site infections, meningitis, and pneumonia. Nosocomial infections.

A. baumannii

Sepsis, wound or surgical site infections, and pneumonia. Nosocomial infections.

S. typhimurium

Gastrointestinal distress: diarrhea, abdominal cramps, and fever.

E. cloacae

Urinary tract, lower respiratory tract, skin and soft-tissue infections.

P. mirabilis

Catheter-associated urinary tract infections in sensitive populations. Nosocomial infections.

Gram-negative

S. aureus

Sepsis, pneumonia, endocarditis, and osteomyelitis. Nosocomial infections.

E. faecalis

Urinary and intra-abdominal infections, bacteremia, and endocarditis.

S. epidermidis

Device-associated infections. Nosocomial infections.

L. monocytogenes

Gastrointestinal distress, diarrhea, and fever.

M. marinum

Septic arthritis, osteomyelitis, disseminated skin lesions, and bacteremia.

www.cdc.gov
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Radiation dosimetry analysis of female mice (male mice in Supporting Information). Relevant organ and
whole body doses are (1) low and (2) similar to those seen with L-[}1C]Met.

Table 2.

Absorbed Dose (mGy/M Bq)

Organ

Adrenals

Brain

Breasts
Gallbladder Wall
LLI Wall

Small Intestine
Stomach Wall
ULI Wall

Heart Wall
Kidneys

Liver

Lungs

Muscle

Ovaries
Pancreas

Red Marrow
Osteogenic Cells
Skin

Spleen

Thymus

Thyroid

Urinary Bladder Wall
Uterus

Total Body
Effective Dose (MSv/MBQ)

0.0039
0.0027
0.0028
0.0040
0.0037
0.0035
0.0036
0.0037
0.0049
0.0077
0.0073
0.0053
0.0031
0.0037
0.0039
0.0029
0.0049
0.0026
0.0036
0.0034
0.0030
0.0068
0.0037
0.0034
0.0039

Adult female (60 kg)

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.00005
0.00023
0.00008
0.00007
0.00009
0.00009
0.00009
0.00010
0.00009
0.00152
0.00052
0.00033
0.00009
0.00009
0.00008
0.00007
0.00015
0.00008
0.00007
0.00010
0.00010
0.00098
0.00008
0.00007
0.00008
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