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Introduction
The ability to specifically detect and characterize a bacterial infec-
tion in a patient has been a long-sought goal for molecular imaging 
(1). The implications of such a technique are wide-ranging and could 
improve diagnosis of bacterial infection as well as allow quantitative 

monitoring of the effects of antimicrobial treatment. The current 
standards of biopsy and ex vivo microbial culture are hampered by 
contaminations, sampling limitations, variable sensitivity, potential 
for procedural complications, and delayed results (2). Thus, bac-
terial-specific radiotracers could have a positive effect on clinical 
practice and move the field of infection imaging beyond the cur-
rent practices, which generally rely on nonspecific nuclear imaging 
approaches, such as radionuclide-tagged white blood cell, [67Ga]-ci-
trate, and 2-deoxy-2-[18F]fluoro-D-glucose (FDG) scans (3, 4).

Several approaches have been pursued to develop bacterial-spe-
cific radiotracers. One method is targeting biochemical/metabolic 
transformations that are unique to bacterial biology. For example, 
promising advancements have been made in preclinical models 
using radiotracers, including [18F]-fluorodeoxy-sorbitol (FDS), 
[11C]-para-aminobenzoic acid, D-amino acids, and probes target-
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tance mechanisms present in these strains. To extend our WGS 
results, we used the NCBI database of annotated bacterial whole 
genomes and assessed the top 19 pathogenic bacterial species for 
the presence of WT and mutant DHFR enzymes. With evidence 
of the ability to image both TMP-susceptible and -resistant 
strains, we report the first-in-human feasibility study of bacterial 
infection imaging with [11C]-TMP, with a focus on lung and bone 
infections. We discuss cases demonstrating the biodistribu-
tion and specificity of [11C]-TMP uptake in humans and include 
instances when antibiotic treatments were administered to high-
light the potential of [11C]-TMP to add diagnostic information in 
different clinical scenarios of bacterial infection.

Results
[11C]-TMP was synthesized as previously reported (Figure 1A; 
ref. 13). We have tested TMP-sensitive bacterial strains in animal 
models (12), and thus, TMP-resistant clinical isolates of the same 
species were acquired (details included in Table 1). All strains 
were classified as susceptible or resistant by their TMP minimum 
inhibitory concentration (MIC) (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI156679DS1). MIC cutoffs were based on CLSI 
M100 break points (see MIC assays in Methods). To further char-
acterize the susceptibility or resistance of our bacterial panel to 
TMP, we performed dose-response assays. Each bacterial strain 
was incubated with varying concentrations of TMP (0–50 μM) 
for 6 hours, and growth endpoints were recorded (Figure 1B and 
Supplemental Figure 1B for luminescence data). IC50 values are 
summarized in Supplemental Figure 1C.

[11C]-TMP uptake was tested in both TMP-susceptible and 
TMP-resistant bacteria by incubating the strains for 30 min-
utes with the radiotracer. Heat-killed or excess unlabeled TMP-
blocked conditions served as controls. A DHFR-knockout strain 
of Escherichia coli (E. coli) K549 (ΔfolA) was tested as an addition-
al negative control. Substantial increased uptake was observed 
across most of the strains, regardless of their susceptibility 
to TMP (Figure 1C). For comparison, uptake values were also 
normalized to the uptake values of the corresponding strain’s 
blocked control for comparison across species, which showed 
between approximately 5- and 500-fold increased uptake (Sup-

ing the maltose transporter in bacteria (5–9). Only [18F]-FDS and 
[11C]-para-aminobenzoic acid have been reported in humans at this 
time (10, 11). Another strategy is to use radiolabeled antibiotics that 
can inhibit metabolic processes that are essential to the bacterial life 
cycle. We previously reported the development of [11C]- and [18F]-la-
beled trimethoprim-based (TMP-based) radiotracers and have 
demonstrated specificity for bacterial infection over other patholo-
gies such as sterile inflammation (turpentine) and neoplasm (breast 
carcinoma) in rodent models (12, 13). TMP is generally thought to 
be a biologically inert and non-toxic in human cells at low concen-
trations. It affects nucleotide metabolism via competitive binding 
of bacterial dihydrofolate reductase (DHFR), with 10,000-fold 
selectivity over the mammalian enzyme (14). However, antibiotic 
radiotracers, such as TMP, have raised concerns that imaging anti-
biotic-resistant bacteria may be challenging. Furthermore, bacterial 
infection radiotracers need to maintain high uptake across a broad 
spectrum of bacterial species (e.g., targeting both Gram-positive 
and Gram-negative species) to produce favorable positive and neg-
ative predictive test characteristics when the causative organism is 
unknown (15).

Here, using previously tested laboratory bacterial strains 
and newly acquired, drug-resistant clinical isolates, we per-
formed dose-response assays with TMP. We then tested uptake 
of [11C]-TMP in these pathogenic species to determine whether 
TMP resistance by itself is a critical factor for the “imageability” 
of the bacterial species. In addition, we performed whole-ge-
nome sequencing (WGS) of a subset of the clinical isolates to 
identify the number of DHFR genes and to probe for other resis-

Figure 1. Structure of [11C]-TMP and in vitro TMP dose-response assays 
of different bacterial strains. (A) Structures of trimethoprim (TMP) and 
[11C]-TMP. (B) TMP dose-response assay on bacterial strains. OD600 mea-
surement was taken following a 6-hour incubation of different bacterial 
strains with TMP. The susceptibility or resistance of a bacterial strain to 
TMP is color-coded based on the IC50 and minimum inhibitory concentra-
tion (MIC). Blue indicates susceptible bacteria, and red indicates resistant 
bacteria. n = 3; data represent mean ± SD. (C) Representative [11C]-TMP 
uptake in bacterial cultures after a 30-minute incubation at 37°C. n = 3–5; 
data represent mean ± SD. The experiment was repeated a total of 2–3 
times for biological replicates.

Table 1. Bacterial strains and their sources

Strain Source
E. coli–Lux (E. coli [GR12] EM7-lux:Km) Gift from Chris Contag’s laboratory, Stanford University, Stanford, California, USA
S. aureus–Lux (S. aureus [8325-4; P2] lux:Cm) Gift from Chris Contag’s laboratory
TMP-resistant E. coli no. 1–3 (clinical isolates) Author (LG)
TMP-resistant S. aureus no. 1–3 (clinical isolate) Author (LG)
Klebsiella pneumoniae subsp. pneumoniae (Schroeter) Trevisan (ATCC 700721) ATCC
Klebsiella pneumoniae subsp. pneumoniae (Schroeter) Trevisan (ATCC 700603) ATCC
K. pneumoniae no. 1 and 2 Author (LG), University of Pennsylvania
TMP/SMX-resistant S. agalactiae (group B Streptococcus) (clinical isolate) Author (LG)
P. aeruginosa–Lux (Xen 5 [ATCC 19660] lux:Tc [Tc]) Gift from Chris Contag’s laboratory
P. aeruginosa no. 1 and 2 Author (LG)
E. coli K549 (ΔfolA) Gift from Elizabeth Howell’s laboratory, University of Tennessee, Knoxville, Tennessee, USA

Km, kanamycin resistant; Cm, chloramphenicol resistant; Tc, tetracycline resistant.
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of single-copy genes within a phylogenetic lineage (17, 18). 
Quality control approaches of WGS analysis are summa-
rized in Supplemental Figures 3 and 4. Following qual-
ity control, predicted DHFR ORFs from the assembled 
genomes of all 5 strains were individually investigated 
using the NCBI’s BLASTp database and a literature search 
(Table 2 and Supplemental Figure 5). Based on the analy-
sis, S. aureus and E. coli each contained 2 different DHFR 
genes. In both cases, the first gene was a resistant DHFR 
enzyme termed DfrA, which mediates TMP resistance (19, 
20). The second gene was the canonical WT DHFR for the 
strain that is known to bind TMP. K. pneumoniae similar-
ly carried a WT DHFR known to bind TMP (21) as well as 
a DHFR gene, whose TMP binding, to our knowledge, is 
uncharacterized to date. However, only 1 DHFR ORF was 

found in P. aeruginosa. UniProt and NCBI databases suggest this 
is the native DHFR gene in P. aeruginosa. It has been shown that 
drug-resistant strains of P. aeruginosa express export pumps that 
confer multidrug resistance to TMP and other antibiotics (22, 
23), which was apparent in our dose-response assays (Figure 1B 
and Supplemental Figure 1, B and C). Of note, previous reports 
showed that when drug-susceptible and -resistant strains of  
P. aeruginosa were lysed, TMP inhibited the catalytic activity 
of DHFR of all strains with equal potency (24), suggesting that  
P. aeruginosa DHFR may still bind to TMP radiotracers. For 
S. agalactiae, only 1 DHFR was found in the genome, with no 
reports on whether it confers resistance.

It has been shown that DHFR redundancy can be a common 
feature of clinically relevant bacteria (25). Given the potential 
implications for clinical imaging with TMP radiotracers and our 
observations from WGS of several strains that maintained TMP 
uptake despite resistance, we broadly surveyed the DHFR genes 
in the NCBI RefSeq deposited genomes of the top 19 most clin-

plemental Figure 2). E. coli no. 3 and strains of Pseudomonas aeru-
ginosa exhibited a relatively low level of uptake, and important-
ly, DHFR-knockout E. coli K549 (ΔfolA) showed no radiotracer 
retention. This varied yet maintained [11C]-TMP uptake in resis-
tant strains suggested that TMP resistance was not simply the 
mutation of the TMP binding site of the endogenous DHFR gene 
and that further study was warranted.

Resistance to TMP is known to be mediated by altered 
gene regulation, leading to increased translation of the DHFR 
enzyme as well as horizontal gene transfer of mutant DHFRs, to 
which TMP binds poorly (16). To identify the resistance mech-
anism(s) present in our panel of bacteria, we performed WGS 
on the following TMP-resistant subset of strains; they were 
chosen from an initial panel of bacterial strains prior to uptake 
studies: E. coli no. 1, Klebsiella pneumoniae 700721, Streptococ-
cus agalactiae, P. aeruginosa no. 1, and Staphylococcus aureus no. 
1. The genomes were assembled using an A-Bruijn assembler, 
and the completeness of the genomes was assessed using sets 

Table 2. Table of DHFR ORFs

Strain Gene Accession NCBI no. Confers TMP resistance?
S. aureus no. 1 dfrA WP_042742622.1 Yes

folA WP_000175746 No, WT for S. aureus
K. pneumoniae 700721 KPHS_07570 WP_002888320.1 No, WT for K. pneumoniae

A WP_011977799.1 A

E. coli no. 1 dfrA WP_000777554.1 Yes
folA GDP60821.1 No, WT for E. coli

P. aeruginosa no. 1 folA WP_003084430.1 No, WT for P. aeruginosa
S. agalactiae folA AKI95678.1 A

ANo literature was found on these DHFR genes.

Figure 2. Bioinformatic analysis of clinically relevant bacteria. (A) Proportion of clinically relevant bacterial strains from the NCBI RefSeq database, 
with the indicated number of DHFR genes per genome. (B) Resistance characterization of DHFR genes in relevant bacterial strains from the NCBI 
RefSeq database. Each dot represents a strain.
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sion/exclusion criteria and a demographics table are included in 
Supplemental Figure 8. Patients were consented for the investi-
gational protocol (NCT03424525), and several case examples of 
feasibility are presented here. First, a biodistribution study was 
performed in a 64-year-old male that was being surveilled with 
[18F]-FDG PET/CT for metastatic lung adenocarcinoma (Figure 
4A, left). [18F]-FDG, a fluorinated glucose derivative, is often used 
in patients with cancer to stage or monitor therapy, as tumors 
are highly metabolically active. The diagnostic challenge with 
[18F]-FDG is that both cancer and infection/inflammation often 
show elevated levels of FDG uptake. The patient had several sites 
of [18F]-FDG avid lung and distal metastases that maintained a 
low level of background uptake on the [11C]-TMP scan, suggest-
ing that tumor metabolism does not confound [11C]-TMP uptake 
(Figure 4A, right, and Supplemental Figures 9–11). Conversely, 
in a patient with a known chronic lung infection, a 44-year-old 
woman with cystic fibrosis (CF), there were multiple foci of radio-
tracer uptake in the lungs corresponding with areas of multifocal 
pneumonia (Figure 4B). Notable sites of [11C]-TMP metabolism 
and excretion in patients included the liver, kidneys, and blad-
der, while many tissues that could be potential sites of infection 
showed very low background uptake. Radiotracer uptake was not-
ed in vertebral bodies and proximal long bones for patients with 
metabolically active marrow (e.g., young women), and the time 
activity curves of select vertebral bodies were calculated for sev-
eral patients showing that the [11C]-TMP uptake in bones does not 
increase over time (Supplemental Figure 12).

Analyses of the lesions in the patient with CF shown in Fig-
ure 4B had varying time activity curves. Several lesions showed 
increased uptake over time (Figure 5A). This uptake contrast-
ed with the washout kinetics of the muscle, lymph nodes, and 
aorta (blood pool) measurements in maximum standardized 
uptake values (SUVmean) (given that partial volume effects are 
less of a concern in these reference tissues). Sputum cultures 
around the time of initial imaging from this patient grew ceph-
alosporin-susceptible but TMP-resistant E. coli (in addition to 
pan-resistant Achromobacter). She was placed on i.v. ceftriax-
one for 2 weeks, and a follow-up [11C]-TMP scan at the end of 
treatment (4 weeks after the first PET/CT) showed improve-
ment in the right lower lobe foci on both PET and CT imaging. 
However, a new focus developed in the para-aortic medial left 
lower lobe of the lung of the patient. This focus has an SUVmax 
of 4.0 (Figure 5B). A repeat sputum culture at the time of fol-

ically relevant bacterial pathogens (Figure 2A). We found that 
there is high heterogeneity both between and within species 
regarding the number of DHFRs carried. For example, the 5 most 
common bacterial pathogens responsible for health care–associ-
ated infections are E. coli, S. aureus, K. pneumoniae, P. aeruginosa, 
and Enterococcus faecalis (26). These strains on average carry 1.44, 
1.14, 1.84, 2.05, and 2.21 DHFRs per genome, respectively. The 
percentage of resistance-conferring DHFR genes was calculat-
ed using gene annotation. We found that there is almost always 
a nonresistant DHFR within these pathogenic species. In fact, 
only 0.56% of strains exclusively carried DHFRs that confer TMP 
resistance, a total of 742 of 132,878 strains assessed. Moreover, 
there is an expected pattern relating the number of total DHFR 
genes per genome and the proportion of those genes that are TMP 
resistant (Figure 2B and Supplemental Figures 6 and 7). Taking E. 
coli as an example, when a strain bears only 1 DHFR, that single 
gene is not resistant in almost all cases. Conversely, when a strain 
bears 2 DHFRs, typically 1 of the 2 is resistant (50%). Further-
more, when strains bear 3 DHFRs, typically either 1 or 2 DHFRs 
(33% and 67%) confer resistance. The pattern holds for 4 and 5 
DHFRs and so on (Supplemental Figure 6). Thus, it is reasonable 
to assume that [11C]-TMP has the potential to image TMP-resis-
tant infections in diverse clinical settings, with caveats that rare 
bacterial strains that have a lone copy of a TMP-resistant DHFR 
gene or otherwise limited uptake.

Based on our preclinical evaluation of TMP radiotracers in 
animal models of infection (12), and these promising in vitro 
data, we developed a clinical protocol to assess the biodistribu-
tion of [11C]-TMP in humans. A CONSORT diagram summarizing 
patient enrollment and study flow is presented in Figure 3. Inclu-

Figure 3. CONSORT diagram of the [11C]-TMP study. *Laboratory test 
results may have been collected from the medical record if they were com-
pleted within 30 days of screening; in these cases, they were not repeated 
for the purposes of this study. Refusal of labs did not preclude a patient 
from the study. **Surgical or systemic therapy was started if clinically indi-
cated at the judgment of treating physicians. ***For patients who received 
systemic antibiotic therapy, this may have been within 1 week of therapy 
cessation. For patients who received surgical management, this may have 
occurred within 3–6 weeks after surgery, as clinical appropriate. Given that 
some patients are on chronic antibiotics, this scan may have occurred after 
completion of alternative or more intensive antibiotic therapy. $In some 
cases, and at the discretion of the investigator, the patient may have been 
scanned while on i.v. antibiotics.
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low-up imaging grew methicillin- and TMP-sensitive S. aureus 
in addition to her chronic Achromobacter. Thus, the radiotracer 
continued to show increased uptake in the setting of positive 
sputum cultures and despite antibiotic treatment. The patient’s 
lung function continued to worsen, and she later went on to 
receive a bilateral lung transplant.

In a companion case, a 21-year-old female patient who also had 
CF was scanned 2 days into an inpatient course of i.v. antibiotics. 
Her scan showed an area of left lung consolidation with increased 
[11C]-TMP uptake (Figure 6). This patient’s lung function and symp-
toms improved on antibiotics, and she was discharged from the hos-
pital without a follow-up [11C]-TMP PET/CT scan.

Figure 4. Biodistribution of [18F]-FDG versus [11C]-TMP in a patient with lung cancer and biodistribution in a patient with underlying chronic lung disease. (A) 
The image on the left shows a 64-year-old man with known lung adenocarcinoma who underwent a [18F]-FDG (549 MBq) and then a [11C]-TMP (563 MBq) PET/CT 2 
days later. The [18F]-FDG image was acquired starting 71 minutes after injection. Whole-body maximum intensity projection (MIP) images demonstrate the differ-
ence in biodistribution of the tracers. In the lungs, [18F]-FDG is taken up both by metabolically active tumor and inflammatory cells, whereas [11C]-TMP is not. The 
image on the right shows a comparison MIP image of a patient with cystic fibrosis and chronic lung infections who underwent a [11C]-TMP PET/CT (780 MBq). The 
image was acquired starting 78 minutes after injection. PET images are scaled at 0–7 g/mL SUV. (B) [11C]-TMP imaging of a 44-year-old woman with several foci of 
infection in the chest (red arrows). Other sites of signal include the liver, the kidneys, red bone marrow, and the stomach. PET images are scaled at 0–7 g/mL SUV.

Figure 5. Time activity curves and bacterial heterogeneity. (A and B) [11C]-TMP PET/CT images of a 44-year-old woman with an acute exacerbation of cystic 
fibrosis (A) before and (B) after treatment with 2 weeks of i.v. ceftriaxone. Regions of interest were drawn around 2 separate pulmonary airspace opacities. 
In addition, reference regions were also drawn around a reference lymph node and paraspinal musculature and within the aorta. Comparing PET/CT images 
before and after treatment, the visible changes in relative [11C]-TMP uptake in lesion 1 compared with lesion 2 demonstrate the bacterial heterogeneity and an 
apparent new infection with S. aureus based on sputum cultures. The patient received 487 MBq and 780 MBq of [11C]-TMP at the first and second time points, 
respectively. PET images are scaled at 0–5 g/mL SUV and CT images are scaled at –1,024 to +300 HU.
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Finally, a 55-year-old male patient with biopsy-proven meth-
icillin-sensitive S. aureus (MSSA) discitis osteomyelitis, with con-
tiguous involvement of the left L4–L5 facet and surrounding mus-
culature, was scanned with [11C]-TMP (Figure 7A). The patient 
underwent different scanning protocols (biodistribution versus 
kinetic) on different days (early and after treatment), with differ-
ences in radiotracer dosage and image acquisition timing. To opti-
mally compare the two studies, the treatment follow-up dynamic 
scan images were reconstructed at 8 and 27 minutes after injection 
to match the initial biodistribution imaging time points (Figure 7B 
and Supplemental Figure 14). After 6 weeks of i.v. cefazolin ther-
apy, there was a resolution of radiotracer uptake at the left L4–L5 
facet. These functional imaging findings preceded the anatomic 
sequelae of infection and remodeling seen on CT during the treat-
ment and after treatment interval (Figure 7C). Despite resolution 
of radiotracer uptake and no subsequent clinical recrudescence of 
infection, an MRI scan after therapy suggested the potential inter-
val worsening of discitis osteomyelitis (Figure 7D).

Discussion
Although bacterial infections often are treated effectively by anti-
biotic therapy, the incidence of multidrug-resistant strains con-
tinues to rise and has a profound effect on modern medical care. 
Our diagnostic armamentarium for bacterial infections needs to 
be improved, and molecular imaging can greatly contribute to 
the effort. Nuclear imaging, especially with anatomic correlation 
via CT or MRI, has the sensitivity to detect infections in humans. 
Here, we described an assessment of a TMP radiotracer in antibi-
otic-susceptible and -resistant bacterial strains, cataloged many of 
the most pathogenic strains of bacteria with respect to their poten-
tial imageability, and provided several case examples of first-in-
human [11C]-TMP imaging.

We sought to understand whether antibiotic resistance would 
abrogate antibiotic tracer uptake. We found that drug-resistant bac-
terial species had similar uptake of [11C]-TMP as nonresistant spe-
cies, suggesting that antibiotic resistance alone was not a critical fea-

ture affecting radiotracer uptake. We observed relatively low tracer 
absolute accumulation in E. coli no. 3 and strains of P. aeruginosa 
(Figure 1C). Given that [11C]-TMP uptake was varied yet maintained 
above background (Supplemental Figure 2) in the resistant strains, 
we performed WGS and identified that 3 resistant strains carried a 
second DHFR gene, with the WT copy preserved. Taken together, 
these results suggested that the maintenance of at least 1 WT copy 
of DHFR is a critical component needed to maintain imageability.

Next, we cataloged the annotated DHFR genes from 19 bac-
terial species that are common causes of pathologic human infec-
tions. Leveraging decades of research in antibiotic resistance 
mechanisms and genomic data (27, 28), we found that RefSeq-de-
posited strains carried anywhere from 1 to 9 copies of DHFR (Fig-
ure 2B). Outliers among the species included E. faecalis and P. 
aeruginosa, where almost all strains analyzed contained multiple 
copies of DHFR, whereas Staphylococcus lugdunensis, Haemophilus 
spp., and Stenotrophomonas maltophilia mostly contained a single 
copy of DHFR. Bacteria such as Bacteroides spp. and E. faecium 
had the most redundant copies of DHFR. Almost all strains con-
tained at least 1 copy of WT DHFR. For example, only 742 strains 
of 132,878 strains assessed contained resistant DHFR copies only. 
That equals 0.56% of potential pathogenic bacteria included in 
our search, suggesting a strong potential for [11C]-TMP to detect 
many different bacterial strains in patients, assuming other cri-
teria, such as bacterial density and background tissue uptake, are 
not limiting. Interestingly, we see strong in vitro uptake in bacteria 
expressing drug export pumps. Several of these bacteria (S. aureus 
no. 1, K. pneumoniae 700721, E. coli no. 1, P. aeruginosa no. 1) that 
underwent WGS expressed drug export pumps (Supplemental Fig-
ure 13) yet showed [11C]-TMP uptake to be maintained. It is likely 
that the intracellular concentration of radiotracer needed to detect 
and/or image a strain can be less than the amount of drug needed 
to exert antimicrobial effects. For example, E. coli bacterial strains 
that express an export pump (TolC) have shown accumulation of 
fluorescent TMP to a comparable level as an efflux pump-defi-
cient strain (ΔtolC) (29). While the mechanism of this preserved 

Figure 6. Acute exacerbation of cystic fibrosis. (A) 
A 64-year-old man with known lung adenocarci-
noma underwent a [18F]-FDG (549 MBq) and then 
a [11C]-TMP (563 MBq) PET/CT 2 days later. The 
[18F]-FDG image was acquired starting 71 minutes 
after injections. Whole-body maximum intensity 
projection (MIP) images demonstrate the differ-
ence in biodistribution of the tracers. In the lungs, 
[18F]-FDG is taken up both by metabolically active 
tumor and inflammatory cells, whereas [11C]-TMP is 
not. (B) A comparison MIP image of a 44-year-old 
woman with cystic fibrosis and chronic lung infec-
tions, who underwent a [11C]-TMP PET/CT (780 MBq). 
The image was acquired starting 78 minutes after 
injection. The PET images show several foci of infec-
tion in the chest (red arrows). Other sites of signal 
include the liver, the kidneys, red bone marrow, and 
the stomach. PET images are scalled 0-7 g/mL SUV.
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To understand the background uptake in terms of biodistri-
bution and present early experience with [11C]-TMP in patients 
with suspected bacterial infection, we developed a first-in-
human clinical protocol. The biodistribution of [11C]-TMP is 
naturally different from that of the commonly used metabolic 
radiotracer [18F]-FDG (Figure 4). Due to the low background 
radiotracer uptake in many tissues (i.e., the lungs, muscles, 
brain, and vasculature), the sensitivity of [11C]-TMP to detect 
acute bacterial infection is promising. Organs with the most 
radiotracer uptake in noninfected patients were the liver, kid-

accumulation needs to be further validated through future stud-
ies, the presence of DHFR as a molecular sink, in addition to an 
active influx system that exceeds the rate of efflux or Donnan 
potential, has been proposed as a possible mechanism behind the 
observed cellular accumulation (30, 31). These in vitro assays and 
genomic data set suggest that antimicrobial tracer binding is not 
categorically related to strain antibiotic resistance or its mecha-
nism of resistance. Future uptake studies using knockout or single 
antimicrobial resistance (AMR) gene addition comparator strains 
that use different AMR mechanisms are being pursued.

Figure 7. Biopsy proven discitis osteomyelitis treated with antibiotics. A 55-year-old man with clinically suspected lumbar discitis osteomyelitis 
was scanned with [11C]-TMP PET/CT at the initiation of empiric antibiotic therapy and after 6 more weeks of targeted antibiotic therapy. (A) Time 
line of patient disease sequelae and imaging. (B) Axial PET/CT images show a clear site of asymmetric [11C]-TMP uptake in the left L4–L5 facet at 
the start of therapy and lack of uptake after 6 weeks of i.v. treatment. Facet biopsy of the left L4–L5 facet grew methicillin-sensitive S. aureus. 
Note: the patient received different doses of [11C]-TMP, 129 MBq at the first time point and 672 MBq at the second time point; thus, the image 
quality was noisier at the first time point. PET images are scaled at 0–5 SUVmax. (C) The temporal morphologic sequelae of discitis osteomyelitis are 
demonstrated by sagittal CT images before, during, and after treatment. (D) In contrast to the PET/CT images, the gadolinium-enhanced MRI imag-
es of the patient at 10 weeks after therapy continue to demonstrate marrow replacement and contrast enhancement, findings that are nonspecific 
for active infection versus continued inflammation.
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clinical population protocols and increased numbers of patients 
are needed to further validate the sensitivity and specificity of 
this approach in a patient subset or by clinical indication. Further-
more, while sputum culture results before and after treatment of 
the patient with CF, presented in Figure 5, showed resolution of 
her E. coli infection following ceftriaxone treatment (Supplemen-
tal Figure 8), we were unable to distinguish which PET lesions 
were caused by her acute E. coli infection, a chronic colonizer 
Achromobacter, or S. aureus, which was newly present on a fol-
low-up sputum culture at the time of scan 2. Future animal stud-
ies, where TMP-sensitive and -resistant bacteria are inoculated in 
the lungs, can be used to support these findings, as our previous 
animal models have focused on myositis (12). Finally, there was 
[11C]-TMP uptake at the early time points in metabolically active 
marrow, seen best in vertebral bodies and proximal long bones in 
young female patients (Figure 6A). This uptake, however, appears 
to plateau (Supplemental Figure 12). This finding is not surprising, 
as sustained therapeutic dosing with TMP is known to suppress 
hematopoietic activity. Given the relatively low affinity of TMP 
for human DHFR, it will be important to characterize whether 
delayed imaging using radiotracer derivatives with longer-lived 
isotopes will allow for more washout from bone marrow.

Our group has previously developed [18F]fluoropropyl-tri-
methoprim (FPTMP) and demonstrated its ability to image bac-
terial infection in rodents (12). Given the longer half-life of 18F 
compared with 11C, the use of [18F]-FPTMP may allow for great-
er sensitivity and lower overall background signal. However, 
[11C]-TMP is an isotopolog of TMP, and the structural similarities 
of [11C]-TMP to its parent antibiotic highlights a potential regula-
tory advantage of the compound over the fluorinated version. In 
addition, 11C radiotracers may be administered to patients prior 
to 18F tracers such as FDG for dual characterization of lesions, for 
example, in a patient with known cancer and indeterminate lung 
lesions. Besides 18F and 11C, other groups have reported 99mTc-la-
beled TMP through chelation using 2,4-diaminopyrimidine of 
TMP (33). However, the SPECT inherently has a lower sensitiv-
ity compared with PET (34), and the chemical modification of 
the pyrimidine, which serves an important role in the binding of 
TMP to eDHFR, likely would hinder and reduce the binding of the 
radiotracer to its target (35).

In summary, we presented [11C]-TMP uptake in bacteria that 
are both sensitive and resistant to TMP, described the mechanism 
of TMP resistance in clinical isolates using WGS, and applied a 
bioinformatic approach to highlight the potential of radiolabeled 
TMP to image different pathogens, regardless of resistance sta-
tus. We also demonstrated several case examples of patients with 
proven infections. Future studies describing the imaging meth-
odology, kinetics, dosimetry, and additional patient examples are 
in progress, and the studies presented here lay the foundation for 
future work characterizing the sensitivity and specificity of the 
TMP radiotracer family for bacterial infections.

Methods

Bacterial reagents
Please refer to Table 1 for information on bacterial strains and their 
sources.

neys, and bladder, which are the expected organs of metabolism 
and excretion. Future studies including [11C]-TMP dosimetry 
and kinetic modeling are nearing completion and will yield 
more insight into the biodistribution imaging methodology of 
the tracer in patients.

TMP-based radiotracers could be useful for patients with 
chronic infections such as CF. In this patient population, the bac-
terial densities in the lungs could be monitored over the natural 
course of the disease and could be complementary to the more 
invasive (albeit specific) bronchoalveolar lavage (32). We found 
that patients with lung infections had increased uptake in some, 
but not all, of their lung lesions, as identified on CT imaging (Fig-
ures 4–6). Future studies could assess whether lesions that show 
greater uptake are more likely to be the cause of the patient’s 
active symptoms. Such uptake could be monitored over time and 
relative to antimicrobial therapies. Alternatively, [11C]-TMP could 
be used as an additional biomarker in concert with clinical symp-
toms, biochemical lab values, and pulmonary function tests to 
stratify patients that may be candidates for lung transplantation. 
For example, a patient with advanced CF showed the develop-
ment of a new focus of [11C]-TMP uptake while also demonstrat-
ing a new MSSA bacterial lung infection on sputum culture (Figure 
5). One lesion showed increased uptake on a time activity curve 
following a course of antibiotic treatment, suggesting continued 
localization of the tracer to the infection (Figure 5B). This patient 
went on to receive a bilateral lung transplant because of her recur-
rent infections and poor pulmonary function.

Finally, we present a case of L4–L5 vertebral discitis osteo-
myelitis with a biopsy and bone culture that grew MSSA. The 
uptake that was associated with the facet and nearby soft tissue 
resolved after 6 weeks of i.v. antibiotic therapy, comparable to the 
lung infection cases, suggesting the potential of such bacterial 
imaging radiotracers to monitor infection treatment (Figure 7 and 
Supplemental Figure 14). The caveats of this case include that the 
patient had a facet biopsy prior to the PET imaging, which could 
cause local inflammation itself, and the patient was already being 
treated with i.v. vancomycin, potentially damping live bacteria in 
situ. Bony changes apparent on CT were poor surrogates for active 
infection, and the enhancement on MRI suggested continued 
osteomyelitis long after the patient had completed antibiotics and 
the [11C]-TMP uptake had resolved. Although no biopsy to prove 
sterility occurred at the end of therapy, there was no further clini-
cal recrudescence of bony infection for this patient.

There are several important limitations to our studies. One is 
in the number of bacterial strains tested in vitro. It is possible that 
other untested strains could have significantly lower uptake than 
our panel of bacteria and that such a low level of uptake would 
portend those strains to be more difficult to detect in vivo. Fur-
ther studies in animals, especially in nonhuman primates, may be 
helpful to better characterize such thresholds, as rodents have dif-
ferent immune systems, metabolic rates, and imaging constraints. 
Another limitation is that hepatobiliary clearance of the radiotrac-
er likely would affect detecting an infection in the liver. Moreover, 
patients who are actively receiving TMP therapy would not be 
candidates for imaging, given the competition of the radiotracer 
and the antibiotic for DHFR. Yet another limitation is that this 
first-in-human [11C]-TMP study has a small sample size. Focused 
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added radiotracer dose at 37°C for 30 minutes. Following incubation, 
the cultures were centrifuged at 3,000g and washed twice with ice-
cold PBS. After the second PBS wash, the bacteria were again sedi-
mented but then resuspended in 1 mL PBS and split into 5 technical 
replicates of 200 μL. Radiotracer uptake was measured on Gamma 
Counter (Perkin Elmer) with decay correction.

Once the radiotracer had decayed (10 half-lives), a Lowry assay 
(Thermo Scientific) was performed on each strain of bacteria to deter-
mine protein concentration. This protein concentration was used to 
normalize the radiotracer uptake to milligram of protein. All analysis 
was performed using GraphPad Prism 9.

WGS for identification of TMP resistance mechanisms
Bacterial cultures of TMP-resistant strains (E. coli no. 1, S. aureus no. 
1, K. pneumoniae 700721, P. aeruginosa no. 1, and S. agalactiae) were 
inoculated in 5 mL LB broth and shaken at 300 rpm and 37°C over-
night. To prepare for WGS, 1 μL of the overnight bacterial cultures 
were diluted in 100 μL PBS.

DNA from cultured samples were isolated with the Qiagen 
DNeasy PowerSoil kit, and libraries were generated using the 
Nextera Flex Library Prep kit and sequenced on the Illumina HiS-
eq 2500 using 2 × 125 bp chemistry. Illumina sequencing reads 
were demultiplexed and quality filtered using the default settings 
of Trimmomatic (36), and adapters were trimmed from sequenc-
es with Cutadapt software (37). Low complexity sequences were 
masked using Komplexity (https://github.com/eclarke/komplexity/
commit/d39bff9) with a normalized complexity score of less than 
0.55. Reads that mapped to a human reference sequence (Genome 
Reference Consortium Human Build 38 [GRCh38]) were identified 
using bwa (38), and reads with more than 60% of the read fraction 
mapping to GRCh38 or with a percentage identity of more than 50% 
were removed. This produced a mean of 1.02 million host-filtered, 
quality-controlled reads per sample. SPAdes 3.14 (17) was used 
for de novo assembly of the host-filtered, quality-controlled short 
reads. The quality of the assembled genomes was assessed using 
CheckM v1.1.2 (18) and Anvi’o v6.2 (39) for completion and con-
tamination. ORFs of the assembled genomes were identified using 
Prodigal v2.6.3 (40) and blasted against the Comprehensive Antibi-
otic Resistance Database v1.1.7 (41) and a manually curated list of 
DHFR genes. Pileup analysis was performed by aligning reads onto 
the assembled and reference WT DHFR genes using Bowtie2 (42) 
and counting the frequency of variants using dnapy (https://github.
com/sherrillmix/dnapy/commit/e0435c2).

Survey of DHFR genes in RefSeq-deposited genomes
The protein fasta files of bacterial strains were downloaded with NCBI 
genome download (https://github.com/kblin/ncbi-genome-download/
commit/79b71d3). Using the searchdesc function from the okfasta pack-
age (https://github.com/kylebittinger/okfasta/commit/d5736f0), DHFR 
and TMP-related genes were identified and saved separately. Next, R was 
used to parse through these DHFR fasta files and to count susceptibility or 
resistance to TMP based on the annotation provided by RefSeq.

Statistics
All analysis was performed using GraphPad Prism 9. IC50 was calcu-
lated by performing nonlinear regression curve fit. No statistical tests 
were performed.

[11C]-TMP synthesis
[11C]CO2 was produced by a 14N(p,α)11C reaction using an IBA Cyclone 
18; [11C]CH3I was synthesized from this using a gas-phase module (GE 
Healthcare). [11C]CH3I was trapped in a mixture of TMP-OH (0.75 mg, 
2.70 mmol) and 5 N NaOH aqueous solution (5.4 μL, 27 μmol) in DMF 
(500 μL) at room temperature. The reaction mixture was heated at 70°C 
for 5 minutes and diluted with high-performance liquid chromatography 
(HPLC) mobile phase (1.0 mL, 12% EtOH in 0.01 M phosphate buffer, 
pH = 3.0). The solution was then injected onto a HPLC equipped with a 
semipreparative column (Phenomenex Gemini 5 μ, C18 110Å, New Col-
umn 250 × 10 mm) and eluted with HPLC mobile phase as above at a 
flow rate of 3 mL/min. The desired fraction eluted at 10–12 minutes was 
collected and used for biologic evaluation without concentration. For 
specific activity determination, an aliquot of [11C]-TMP was injected onto 
an HPLC equipped with an analytical column (Agilent XDB-C18, 5 μ, 150 
× 4.6 mm) and eluted with 15% CH3CN: 85% water with 0.1% TFA at a 
flow rate of 1 mL/min (tR = 5.1–5.2 min). Specific activity determinations 
were carried out by comparing the UV peak area (wavelength, 230 nm) 
of the desired radioactive peak with those of different concentrations of 
TMP by HPLC. An aliquot of [11C]-TMP was coinjected with TMP into an 
HPLC system to confirm its identity.

Bacterial cell culture
Individual colonies were picked on Luria-Bertani (LB) plates with 
appropriate selection antibiotics from Penn Cell Center. For experi-
ments, all bacterial cultures were inoculated in LB broth with appro-
priate antibiotic selection and were shaken at 300 rpm and 37°C over-
night. For bioluminescent strains of bacteria, bioluminescence is not 
known to affect pathogenicity or drug uptake.

In vitro assays
MIC assays. MIC evaluation was performed using TMP MIC test strips 
(Lilofilchem). Bacterial strains were grown in LB overnight and plated 
on Mueller-Hinton agar at an inoculum density of 0.5 McFarland. The 
plates were grown for 18 to 24 hours at 37°C, and the degree of inhibition 
was read. Based on CLSI M100 break points (30th edition), a TMP MIC 
value of more than or equal to 4 was considered resistant.

Bacterial growth inhibition-dose response curves. All bacteria strains 
were grown overnight to saturation. On the day of the experiment, TMP 
was prepared in LB broth and was serially diluted 3:1 on a 96-well plate 
(with no drug control). 10 μL of the overnight bacterial cultures was dilut-
ed in 20 mL of LB, and 10 μL of this diluted bacterial culture was added 
to each well. The plates were then incubated for 6 hours at 37°C while 
shaking at 180 rpm before measuring OD600. Viability curves were plot-
ted and analyzed on GraphPad Prism to determine an IC50.

[11C]-TMP uptake assays. All bacteria strains were grown overnight 
to saturation. On the day of the uptake experiment, OD600 of the bac-
teria was measured and used to determine the number of CFU. The 
cultures were sedimented by centrifuging at 3,000g and were resus-
pended at a concentration of 5 × 109 CFU/mL in LB broth. Three, 5 mL 
aliquots of each strain were prepared in tubes labeled as live, blocked, 
or heat killed. Heat-killed aliquots were then heated at 95°C for 45 
minutes with intermittent vortexing of the samples every 15–20 min-
utes, while live and blocked bacteria were placed on ice.

Cold, unlabeled TMP was added to the blocked aliquots to a final 
concentration of 50 μM. A radiotracer dose of 5 × 106 cpm was added 
to all aliquots of bacterial strains; the strains were incubated with the 
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formed bioinformatic analysis and interpretation. DD, DH, 
and DAM referred patients for the clinical studies. JKC, AJY, 
TD, and RKD analyzed patient scans. JDN, AR, JME, HSL, and 
RHM were responsible for chemical and radiotracer synthesis. 
LJG and RMK contributed reagents, analysis, and interpreta-
tion. IKL, DAJ, MAS, and JKC wrote the manuscript with input 
from all authors. IKL and DAJ share co–first authorship, as they 
equally contributed to the work; the co–first authorship order 
was assigned based on the length of their involvement and con-
tribution to the study.
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