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There is often overlap in the diagnostic features of common pathologic
processes such as infection, sterile inflammation, and cancer both
clinically and using conventional imaging techniques. Here, we report
the development of a positron emission tomography probe for live
bacterial infection based on the small-molecule antibiotic trimethoprim
(TMP). [18F]fluoropropyl-trimethoprim, or [18F]FPTMP, shows a greater
than 100-fold increased uptake in vitro in live bacteria (Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa) relative to con-
trols. In a rodent myositis model, [18F]FPTMP identified live bacterial
infection without demonstrating confounding increased signal in the
same animal from other etiologies including chemical inflammation
(turpentine) and cancer (breast carcinoma). Additionally, the biodistri-
bution of [18F]FPTMP in a nonhuman primate shows low background
in many important tissues that may be sites of infection such as the
lungs and soft tissues. These results suggest that [18F]FPTMP could be a
broadly useful agent for the sensitive and specific imaging of bacterial
infection with strong translational potential.
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The distinction between bacterial infection and other disease
entities such as sterile inflammation and cancer can be

challenging on the basis of symptoms and physical findings. In
addition, it is accepted that there can be significant overlap between
bacterial infection, inflammation, and cancer using both standard
diagnostic imaging techniques [e.g., computed tomography, contrast-
enhanced magnetic resonance imaging, and positron emission to-
mography (PET)] and laboratory studies (e.g., white blood cell
count, erythrocyte sedimentation rate) (1, 2). This lack of diagnostic
feature specificity is especially conspicuous when the pretest proba-
bility of the least likely etiology is higher due to individual variability
such as genetic predisposition or known malignant disease and/or
when perturbations such as prior surgery or radiotherapy alter the
normal anatomy and provoke an inflammatory tissue reaction. Thus,
the resulting final diagnostic interpretation cannot differentiate
among the possibilities including cancer, infection, or inflammation,
an unsettling outcome for patient and clinician alike.
Other important implications of a bacterial-specific imaging agent

could include decreasing inappropriate use of antibiotics, which are
often given empirically; the avoidance of invasive procedures such as
a biopsy with potential for complications; and the ability to monitor
bacterial burden after initiation of antibiotic treatment, for example,
in the case of orthopedic hardware infection. Given these clear
potential uses, past efforts have focused largely on nuclear tech-
niques based on radiotracers derived from peptides, antibiotics,
and sugars due to the required sensitivity needed for identifying
bacteria (3, 4). Still, no bacterial imaging agent is routinely used
clinically, and among the previously developed agents many are
not sufficiently broad spectrum to provide strong negative and
positive predictive values to inform clinical decision making. Older
techniques such as labeled white blood cell and gallium scanning
and emerging fluorodeoxy-glucose (FDG) PET do not bind the
bacteria themselves and thus do not give a quantitative measure of
the bacterial burden, and some of these techniques have sub-
optimal protocols including two-step processes or next-day imag-
ing for routine clinical practice (4, 5).

To address this clinical challenge, we sought to make a small-
molecule PET probe to identify bacterial infection in vivo, which
would not be confounded by chemical inflammation or cancer
(Fig. 1A). The probe is based on the synthetic antibiotic tri-
methoprim (TMP) that inhibits bacterial dihydrofolate reductase
(dhfr), an enzyme in the DNA synthesis and folate pathway that is
conserved across most bacterial species including both Gram-
positive, Gram-negative, mycobacterial species such as Mycobac-
terium tuberculosis and some parasites such as Toxoplasma gondii
(SI Appendix, Fig. S1) (6, 7). TMP has nanomolar affinity for dhfr
whereas it has micromolar affinity for human dihydrofolate re-
ductase (DHFR) and is known to be amenable to synthetic
modifications without loss of affinity (8–10). Thus, we devel-
oped a TMP-based radiotracer, [18F]fluoropropyl-trimethoprim,
or [18F]FPTMP, tested its uptake in mammalian and bacterial
cells in vitro, and tested in vivo its ability to identify common
pathogenic bacteria such as Staphylococcus aureus, Escherichia coli,
as well as Pseudomonas aeruginosa, which uses an efflux pump as a
mechanism of antibiotic resistance (11). Additionally, we tested
[18F]FPTMP in a nonhuman primate to shed light on the expected
human tissue biodistribution if this radiotracer were to be used for
noninvasive diagnosis of bacterial infections in patients.

Results
[18F]FPTMP was synthesized via a five-step reaction to make the
mesylate precursor for radiofluorination (Fig. 1B; see SI Ap-
pendix, Materials and Methods for detailed synthetic procedures).
Prior structure–activity relationships of trimethoprim have
shown that the paramethoxy position was amenable to synthetic
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modifications including adaptation of fluorescent conjugates or
heterodimer-related moieties (10, 12). Briefly, TMP was con-
verted to the phenol, the propyl-silyl-ether protecting group was
added at the paraposition, the aromatic heterocyclic amine groups
were bis-boc protected, and the propyl-mesylate was made.
Radiofluorination was performed with Kryptofix with good radi-
osynthetic yield, 99% radiochemical purity, and high specific ac-
tivity (between 5,000 and 15,000 Ci/mmol).
Human HCT116 cells were engineered to express E. coli dhfr

as previously described (13) and used to test whether the affinity
of [18F]FPTMP was similar to reported values of TMP for dhfr. It
was not expected that TMP would have any activity in mammalian
cells as the I50 (concentration that inhibits 50% of DHFR activity)
of TMP for human DHFR is 490,000 nM, whereas the I50 for E.
coli dhfr is 7 nM (14). Additionally, radiotracer concentrations are
usually in the picomolar concentration range. The Bmax in HCT116
dhfr cells was 2,870 ± 106 fmol/mg and the KD was 0.465 nM (SI
Appendix, Fig. S2), noting the dissociation constant of parent TMP
for dhfr was reported as 7–15 nM in recombinant protein studies (14).
Each bacterial species was tested for sensitivity to TMP and

unlabeled FPTMP (Fig. 2A). Unlabeled FPTMP was synthesized
as described in SI Appendix, Scheme 1. There was no difference in
the minimum inhibitory concentration (MIC) of Staphylococcus
aureus (4 mg/L), a small difference in E. coli (4–8 mg/L), and, as
expected, P. aeruginosa was resistant to TMP and FPTMP. These
values closely align with literature-reported sensitivity values (15).
Cell uptake experiments with [18F]FPTMP in live bacteria showed

strong signal increases in comparison to competition with excess
unlabeled compound (Fig. 2 B–D). S. aureus and P. aeruginosa
showed an almost 100-fold increased signal at 3 h and E. coli an
almost 1,000-fold increased signal (Fig. 2D). Additionally, there was
rapid uptake, within 15 min in Gram-positive S. aureus and Gram-
negative E. coli. P. aeruginosa required a longer time to reach sat-
uration, ∼2 h, and an overall lower level of uptake compared with

the other bacterial species per cfu (Fig. 2B). Competition experi-
ments were performed with a total of 3 h of incubation for each
bacteria with [18F]FPTMP and addition of excess unlabeled TMP at
various time points before assessment. Both S. aureus and P. aeru-
ginosa demonstrate rapid return to background uptake levels, even
after only 15 min of incubation with excess unlabeled TMP (Fig. 2C).
Competition with excess unlabeled TMP in E. coli reaches equilib-
rium more slowly, returning to background levels at 60 min.
Additional studies showing uptake of live versus heat-killed bac-

teria also demonstrated convincing specificity of uptake, with mini-
mal uptake in the heat-killed bacteria over varied levels of cfu and
with S. aureus in addition to E. coli (SI Appendix, Figs. S3 and S4).
In vivo biodistribution of [18F]FPTMP in BALB/c mice at 15,

60, and 120 min revealed strong initial uptake in the kidneys and
delayed uptake in the liver and gallbladder (Fig. 3A). Many tis-
sues that are frequent sites of clinical infections, including the
blood/heart, muscle, lung, skin, and brain, have very low re-
tention by 60–120 min: <0.3% percentage of injected dose (ID/g)
(Fig. 3B). Tissues that have increased background include in-
testines/stool, with a modest amount of uptake in bone, which
includes marrow (2.03% ID/g), and thyroid (2.39% ID/g). We
tested the uptake in bone marrow compared with cortical bone
and found that there are components of [18F]FPTMP binding to

Fig. 1. Probe development for separating overlapping pathologies.
(A) Pathologies such as infection, inflammation, and cancer often have
overlapping conventional imaging features. Distinction between such basic
underlying pathologies with probe development can be important for accu-
rate diagnosis or monitoring of therapy, such as in the case of bacterial in-
fection. (B) Synthetic scheme for 18F-radiolabeled trimethoprim, [18F]FPTMP,
for imaging bacterial infection.

Fig. 2. MIC calculation with unlabeled FPTMP and in vitro uptake of [18F]FPTMP
with different species of bacteria. (A) A MIC experiment was performed
by varying concentrations of TMP and FPTMP with S. aureus, E. coli, and
P. aeruginosa. Incubation occurred overnight at 37 °C, and luminescence (rela-
tive luminescence units, RLU) assessment was performed the next day. (B and C)
Time course of uptake and competition in the bacterial cultures at 37 °C in terms
of percentage of injected dose (%ID) per colony forming units (cfu × 108). Error
bars represent the SD (n = 3). (D) Fold change of uptake in cultures of S. aureus,
E. coli, and P. aeruginosa after a 3-h incubation with and without excess un-
labeled (cold) TMP (10 μM). SA, S. aureus; EC, E. coli; PA, P. aeruginosa.
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both tissues (SI Appendix, Fig. S5). In anticipation of human
imaging, OLINDA/EXM 1.1 was used to estimate human dosim-
etry in an adult female with an estimated effective dose 0.43 mSv
from a 10-mCi (standard 370 MBq) injection of [18F]FPTMP
(SI Appendix, Fig. S6) (16).
Given promising in vitro experimental results, a rodent myositis

model was chosen for in vivo testing. All three species of bacteria
(S. aureus, E. coli, and P. aeruginosa) were auto-bioluminescent
and carried the lux operon, which provided an optical readout of
infection locale and extent. E. coli was used for our initial testing
of the sensitivity of detection, i.e., the fewest number of bacteria
detectable with [18F]FPTMP in vivo. Live E. coli were injected 1 d
before imaging in the hindlimb, forelimb, and ear pinna at 1 × E8,
1 ×E7, and 1 × E6 cfu, respectively, with an equal number of heat-
killed bacteria injected contralaterally. Bioluminescence imaging
confirmed relative concentrations of bacteria and bacterial loca-
tion (Fig. 4 A and B). After [18F]FPTMP injection, there was a
nearly threefold increased uptake in live E. coli in the right hin-
dlimb compared with the area of heat-killed bacteria as measured
by normalizing the signal to injected dose and animal weight (Fig.
4 C and D). The retention of signal in live bacteria was evident by
40 min after injection and achieved maximal target to background
signal at 90 min (Fig. 4E). As expected from the biodistribution
study, there was uptake from nearby bone/bone marrow. Con-
firming uptake from the expected sites of myositis, autoradiogra-
phy of two animals showed diffuse uptake from the muscle of the
hindlimb of the infected animal (Fig. 4F). Bacterial infection was
not consistently detectable in the forelimb or ear pinna by PET
imaging or by autoradiography. Microscopy of Gram-stained
sections showed E. coli infection among the muscle fibers of the
hindlimb (Fig. 4G).
A critical experiment was whether [18F]FPTMP could provide

imaging specificity among three potentially overlapping diagnoses:
infection, inflammation, and cancer. To test [18F]FPTMP specificity
for bacterial infection, we designed an experiment in which each
these processes were implanted in a different part of the mouse
(Fig. 5A). The 4T1(Luc+) mouse mammary carcinoma cells were
injected in the left shoulder region, turpentine (30 μL) was injected
in the left hindlimb, and, again, live E. coli (1 × E8 cfu) in the
right hindlimb. Turpentine was injected 2 d before [18F]FPTMP
imaging, and E. coli and tumor cells were injected the night before
[18F]FPTMP imaging with [18F]FDG imaging completed the next
day. The presence of tumor cells was confirmed by bioluminescence
imaging, and the presence of inflammation related to turpentine
injection was confirmed by histology (SI Appendix, Fig. S7). As
shown by imaging, there was no significant [18F]FPTMP accumu-
lation in sterile/chemical inflammation with turpentine or in the
4T1 tumors, whereas there was focal, increased uptake in the

infected muscle (Fig. 5 B and C). Quantitatively, there was nearly a
300% increase in [18F]FPTMP in the infection-to-muscle ratio
(target-to-muscle ratio of 2.7), whereas there was little to no in-
creased uptake in inflammation (target-to-muscle ratio of 1.0) or
tumor-to-muscle ratio (target-to-muscle ratio of 1.3, Fig. 5D),
noting previous evidence of a lack of tumor TMP uptake (13).
Conversely, a standard PET radiotracer, [18F]FDG, showed in-
creased uptake in all etiologies, infection, inflammation, and cancer.
In addition to E. coli, [18F]FPTMP consistently detected S. aureus

(1 × E8 cfu) in the myositis model (SI Appendix, Figs. S8 and S9),
noting that many strains of S. aureus are sensitive to the antibiotic
combination trimethoprim–sulfamethoxazole. P. aeruginosa, how-
ever, was not detectable in vivo (SI Appendix, Fig. S10). Two con-
tributing factors to this finding could be that P. aeruginosa was
injected at a lower injected dose (1 × E7 cfu) due toxicity at higher
doses and the overall lower uptake in P. aeruginosa as evidenced
in vitro (Fig. 2).
Finally, because rodents have different levels of circulating fo-

late pathway metabolites, different metabolic rates, and different
pharmacokinetics from primates, we tested [18F]FPTMP in a
nonhuman primate, the rhesus monkey. Monkeys were injected
with 1–2 mCi of [18F]FPTMP i.v. and imaged over 1.5–2 h. Im-
aging time-activity curves were generated from tissues of interest

Fig. 3. Rodent biodistribution of [18F]FPTMP. (A) Tissue biodistribution of
[18F]FPTMP, ∼100 μCi i.v., at 15, 60, and 120 min. Bars for each tissue type
represent those respective time points moving left to right. (B) Table of
uptake in %ID/g at 120 min from assayed tissues.

Fig. 4. Limits of detectability of E. coli infection in vivo. (A) Live bio-
luminescent E. coli were injected intramuscularly (i.m.) into the right hin-
dlimb (1 × E8 cfu), right forelimb (1×E7), and ear pinna (1 × E6) of BALB/c
mice, whereas heat-killed (HK, 95 °C for 20 min) E. coli were injected into the
contralateral limb. The graph shows colony-forming units (x axis, cfu) versus
bioluminescent light flux (p/s). Error bars represent the SD (n = 3). (B) Rep-
resentative bioluminescent image of data from A. (C) Transverse and coronal
images of a representative mouse after [18F]FPTMP, ∼200 μCi i.v. at 90 min.
Live bacteria (arrow), bone (arrowhead), and bowel (*) are identified.
(D) Normalized signal from the hindlimb (lower leg, n = 3). P < 0.01 using a
two-tailed student’s t-test. (E) Time-activity curve of uptake from the hin-
dlimbs of a representative animal. (F) Autoradiography after in vivo ad-
ministration of [18F]FPTMP of two animals from C. Diffuse uptake was
seen in the musculature of the lower legs infected with live E. coli. (G)
Bright-field microscopy of tissue gram stains of the infected and control
lower legs at 40× and 63×. E. coli is a Gram-negative rod and stains a red/
pink color.
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(Fig. 6 A–C), and a 3D rendering of monkey 1 showed low tracer
background in many tissues of interest (Fig. 6D). Peripheral bone
uptake was much less conspicuous than in the mouse models, for
example, in long bones including the humerus (Fig. 6 C and D).
The dominant signal from the animal was the gallbladder, related
to hepatobiliary excretion of the tracer, and notably there was
increasing signal over time in the thoracic spine (Fig. 6C).

Discussion
Imaging is uniquely suited to be a conduit between accurate
diagnosis and monitoring response to precision therapy, impor-
tant components of the precision medicine initiative (17, 18). We
built on past efforts to develop an imaging tool that specifically
identifies live bacteria without confounding signal from sterile
inflammation or cancer. Bacteria, from a different phylogenetic
domain, should have molecular imaging targets more diverse and
accessible for imaging pathology than, for example, a cancer cell,
where there are just a few genetic mutations to differentiate that
cancer cell from normal host tissues (4). With this in mind, we
revisited the idea of an antibiotic PET radiotracer because of the
small-molecule characteristics of the antibiotic and the sensitivity
and spatial localization of PET.

Fig. 5. [18F]FPTMP detects live bacterial infection, not cancer or inflammation.
(A) Schematic of locations of infection, inflammation, and cancer in a BALB/c
mouse. Mouse mammary carcinoma cells (4T1Luc+, 1 million) were injected
s.c. over the left shoulder of the mouse. Chemical inflammation with turpen-
tine (30 μL IM) was induced 2 d before [18F]FPTMP imaging and 3 d before FDG
imaging. Live E. coli bacteria (1 × E8 cfu i.m.) were injected into the right lower
leg. (Right) Bioluminescent imaging of a representative animal after D-luciferin
injection (1 mg, i.p.) illustrating active bacterial infection in the right leg
and live tumor cells in the left shoulder region. (B) A representative animal
after [18F]FPTMP, ∼200 μCi i.v., shows uptake in the infected hindlimb muscle
(arrow) 4 h after infection, but not in the area of turpentine injection (ar-
rowhead). Next-day imaging with [18F]FDG, ∼300 μCi i.v., shows uptake in both
infection and chemical inflammation 1 h after injection. (C) The same animal
as in B is shown after [18F]FPTMP and [18F]FDG injection at the site of a
4T1 tumor. There is increased [18F]FDG uptake at the site of the tumor and no
specific signal from [18F]FPTMP. (D) Quantification of the data from B and C.
Error bars represent the SD (n = 4). *P < 0.05.

Fig. 6. Imaging biodistribution in nonhuman primates. (A and B) Two
rhesus monkeys were injected with [18F]FPTMP 1–2 mCi i.v. and a graphical
imaging biodistribution over time is shown. Regions of interest within tissues
were quantified and normalized to injected weight and dose. (C) Focused
graph of normalized signal over time in the spine and humerus of both
monkeys. (D) The grayscale image represents the transmission data of
monkey 1, and the NIH color scale represents [18F]FPTMP at 2 h. Images of
the thorax and upper abdomen of the animal are presented in the coronal
and sagittal plane. Signal is seen predominately from the gallbladder (ar-
row) with a small component from the spine (arrowhead).
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It is surprising, perhaps, that this advancement comes at a time
when interest in antibiotic radiotracers for imaging infection has
waned, especially after tracer derivatives of ciprofloxacin have had
mixed clinical results (4, 19). Further in vitro studies with quinolone
radiotracers showed binding to heat-killed bacteria and nonspecific
uptake in the presence of excess unlabeled compound, tempering
enthusiasm for clinical use (20, 21). Other groups have investigated
metabolic agents such as fialuridine (FIAU) and radiolabeled sug-
ars such as sorbitol and maltose. A clinical trial with [124I]FIAU was
recently stopped due to nonspecific uptake in the adjacent muscle
and difficulty identifying orthopedic prosthetics with active infection
(22). Radiolabeled sugars, although showing promise in small ani-
mal experiments and with select bacterial species, generally do not
carry the same broad-spectrum bacterial affinity that TMP does or
the sugar has a relatively high background uptake in normal tissues;
for example, 6-[18F]-fluoromaltose has blood pool and lung uptake
of >4% ID/g at 2 h compared with that of [18F]FPTMP, ∼0.2% ID/g
at 2 h (Fig. 3B) (3, 23). Thus, the positive and negative predicative
values using these tracers is less likely to be robust, a crucial
component for clinical decision making. Moreover, currently used
nuclear techniques such as white blood cell and gallium scanning,
both of which are used sparingly, have protocol-related limitations
and can have confounding uptake from noninfectious inflammation
(4). These and other innovative investigations highlight the need
for bacterial imaging agents that move the infection diagnostics
beyond laboratory values, biopsy, and cultures.
We chose TMP as a PET probe because of several attractive

features of the small molecule. The characteristics of absorption,
distribution, metabolism, and excretion are favorable with a rela-
tively short blood half-life in humans, low serum protein binding
(∼50%), and broad tissue distribution (24, 25). Additionally, TMP is
a well-studied chemical biology tool, is tolerant of large adorning
chemical modifications, and is a well-known, clinically used antibiotic
with antimicrobial activity against Gram-positive, Gram-negative,
and some mycobacterial and parasitic species (10). In combination,
these features suggested that TMP would satisfy many of the re-
quirements of a good imaging agent and be worthy of investigation.
TMP has nanomolar affinity for its bacterial protein target, dhfr,

and we synthesized the [18F]fluoropropyl derivative, [18F]FPTMP.
The [18F]fluorethyl derivative was attempted first, but produced
several side products potentially related to decreased rotational
freedom and increased proximity of the fluorine to the TMP het-
erocycle. As expected from prior structure–activity relationship
(SAR) studies of TMP (10), the [18F]fluoropropyl derivative had
little affect on the binding constant for E. coli dhfr (0.46 nM) in
transgenic mammalian cells. We chose testing the binding constant
in mammalian cells given that we could express the canonical
protein target of TMP, E. coli dhfr, and given that these cells are
adherent, which facilitates procedural wash steps. We expect that
other isotopes and even chelators may be adapted to this para-
methoxy position of trimethoprim; however, as dhfr is an in-
tracellular protein, diffusion/transport across the cell membrane or
wall may be problematic with larger modifications.
Unlabeled FPTMP had similar MIC values to TMP, suggesting

the ability to cross the bacterial cell membrane. As expected,
P. aeruginosa shows resistance to TMP and FPTMP (Fig. 2A).
[18F]FPTMP shows rapid uptake in vitro in three different

bacterial species, with ∼100–1,000-fold increases in signal above
background. This magnitude of signal induction in vitro is prob-
ably necessary for such a radiotracer to provide discernible bac-
terial signal in living animals where the physical size of bacteria
and the target protein concentration can be dwarfed by adjacent
tissues and nonspecific binding (26). One limitation of using TMP
as a bacterial imaging agent is that mechanisms of antibiotic re-
sistance used by bacteria could affect the uptake. This is illustrated
in part by the uptake of P. aeruginosa that shows delayed and
decreased overall uptake at saturation in vitro (Fig. 2B). The
prime mechanism of P. aeruginosa resistance to TMP is due to

small-molecule export pump (11, 27). Small-molecule efflux is
most consistent with a lower overall level of uptake at saturation;
however, we cannot exclude that an altered Ki for Pseudomonas
dhfr is also involved and could contribute to the delayed uptake.
Note that detailed evaluation of the affinity of trimethoprim for
different bacterial dhfr proteins has been previously performed (14).
Other trimethoprim resistance mechanisms include dhfr over-

expression (E. coli), which would actually increase [18F]FPTMP up-
take or a mutant binding site that would decrease uptake. Binding
site mutations are sometimes present in the bacterial genome via
duplicated copies of the dhfr gene (plasmid/integron); thus the native
dhfr may still be present for uptake/targeting (28). Clearly, any tar-
geted molecular imaging agent may suffer variability based on the
expression of the target in the pathologic process of interest; however,
the strong in vitro uptake of [18F]FPTMP in these three common
Gram-positive and Gram-negative bacterial pathogens bodes well.
In the animal biodistribution of [18F]FPTMP, the bone uptake

appears to be less of an issue in primates, where there was low
uptake in the humerus, for example (Fig. 6C). The difference be-
tween mouse and primate bone uptake could be related to the
known phenomenon of increased defluorination in rodents (29)
and suggests that [18F]FPTMP may still be considered for human
osteomyelitis imaging, especially in the periphery. Interestingly,
there was continued, slow accumulation in the monkey thoracic
spine (Fig. 6C). This suggests that there is increased binding in
hematopoietic cells rather than in cortical bone that would be re-
lated to uptake from [18F] defluorination. Supporting these con-
clusions are the facts that (i) the autoradiography signal colocalizes
with red marrow (Fig. 4F), (ii) hematopoietic bone marrow has
relatively high levels of mammalian DHFR and is a site of meth-
otrexate toxicity (a high-affinity mammalian DHFR inhibitor) (30),
and (iii) a limited biodistribution experiment in mice shows in-
creased uptake in cortical bone as well as red marrow (SI Appendix,
Fig. S5)—all of which indicate that the bone marrow may have
some slow, low level of [18F]FPTMP accumulation. As expected,
identifying infection in the abdominal and pelvic compartments
may be limited given mixed hepatobiliary and renal excretion of the
tracer. For example, if an abdominal abscess were adjacent to the
bowel, it would be difficult to definitively separate these entities
and identify the infection. Reassuringly, in mouse and monkey,
there was low background in many tissues of interest including
blood/heart, lung, brain, muscle, and soft tissues.
In a mouse myositis model, [18F]FPTMP identified sites of

bacterial infection with E. coli and S. aureus (1 × E8, Fig. 4 and
SI Appendix, Fig. S9). The threshold of detection compared with
background in E. coli in mice appears to be 1 × E8 cfu, noting
that lower injected bacterial doses in the forelimb and ear pinna
were not detectable by PET imaging or autoradiography above
background. The overall increased uptake in infected limbs
compared with control was two- to threefold depending on the
experiment. In their seminal [18F]fluorodeoxysorbitol (FDS)
paper, Weinstein et al. used heat-killed bacteria as a control
rather than turpentine (similar to Fig. 4), which showed an im-
pressive approximately sevenfold increased uptake in the in-
fected muscle, again noting the caveat that FDS is best used for a
subset of bacterial species, specifically Enterobacter and several
other Gram-negative bacteria, and not for common pathogens
such as Staphylococcus, Streptococcus, and Enterococcus (3).
18F-fluoromaltose appears to have an approximately twofold in-
creased uptake in infected tissues relative to controls (23).
P. aeruginosa infection required a lower bacterial load (1 ×E7 cfu)

given observed toxicity at higher bacterial burden and was not de-
tectable above background with [18F]FPTMP (SI Appendix, Fig.
S10). This is consistent with the lower uptake in vitro and a known
drug export pump in P. aeruginosa.Although small animal imaging is
more limited, the 100-fold increase in P. aeruginosa uptake in vitro
warrants further investigation to determine whether P. aeruginosa
would be detectable in larger animals and humans.
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Importantly, [18F]FPTMP achieved the goal of imaging bacterial
infection in vivo without any confounding uptake in sterile/chemical
inflammation or mouse breast carcinoma. There was a nearly 300%
increase in [18F]FPTMP uptake in live E. coli infection compared
with turpentine, which is notable considering that clinicians use 30%
increases or decreases in PET signal to make management decisions
for cancer patients, for example (31). In contrast, [18F]FDG had
increased uptake in all three pathologies.
Limitations of the study include the difficulty of determining

how well these results would translate to human clinical situations.
For example, it is hard to determine if the [18F]FPTMP target-to-
background ratios would correlate in the setting of human hard-
ware infection, given the local metal artifact and potentially low
numbers of bacteria that may be present in a biofilm or otherwise.
Future directions include testing [18F]FPTMP in more bacterial
species and infection models (e.g., pneumonia) and testing in
larger animals such as rats that, given their larger size, may allow
better detection of lower injected doses of bacteria. Additional
upcoming studies include monitoring antibiotic therapy in animal
models, extending preclinical evaluation to mycobacteria and
parasites, and initiating human clinical trials.
A new PET radiotracer, [18F]FPTMP, can specifically image

live bacteria in rodent models and does not accumulate at sites
of inflammation or tumor. Primate biodistribution appears
favorable for human imaging and upcoming clinical trials with
[18F]FPTMP will help determine whether this radiotracer can

identify live bacterial infection in patients and can support clinical
decision making.

Materials and Methods
Please see SI Appendix, Materials and Methods, for complete materials and
methods including [18F]FPTMP and FPTMP synthesis, mammalian and bacterial
cell culture, and in vitro and in vivo assays. Briefly, adherent transgenic
HCT116 mammalian cells expressing E. coli dhfr were used to test the in vitro
uptake and KD of [18F]FPTMP. S. aureus (8325-4; P2) lux::Cm (chloramphenicol
resistant), E. coli (GR12) EM7-lux::Km [kanamycin resistant, made in similar
manner to Lane et al. (32)], and Pseudomonas aeruginosa Xen5 (American
Type Culture Collection 19660) lux::Tc (tetracycline resistant) were gifts of the
Chris Contag laboratory, Stanford University, Stanford, CA. All bacteria were
auto-bioluminescent and bioluminescence is not known to affect pathogenicity
or drug uptake (33). A mouse model of myositis was used to confirm uptake in
infected tissues and not in tissues with sterile inflammation or cancer. Rhesus
monkeys were given a bolus injection of the radiotracer (∼1–2 mCi) followed by
a saline flush with the concurrent start of dynamic list mode data acquisition for
1.5–2 h (n = 2). Imaging was performed with two different monkeys. All mouse
and monkey studies were performed in accordance with approval from the In-
stitutional Animal Care and Use Committee (University of Pennsylvania).
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Materials and Methods  

Mammalian cell culture  

HCT116 cells (American Type Culture Collection) carrying the dhfr transgene were 

made as described previously,(1) and were cultured in complete media: DMEM with 

10% fetal bovine serum (Invitrogen), 2 mM glutamine, 100 U/mL penicillin and 100 

mg/mL streptomycin (all from Gibco).  Cells were maintained in a humidified incubator 

at 37 ˚C.  

 

Bacterial cell culture 

Staphylococcus aureus (8325-4; P2) lux::Cm (chloramphenicol resistant) and 

Pseudomonas aeruginosa Xen5 (American Type Culture Collection 19660) lux::Tc 

(tetracycline resistant) were gifts of the Chris Contag Lab. E. coli (GR12) EM7-lux::Km 

(kanamycin resistant) was also a generous gift of the Contag Lab and made in similar 

manner to Lane et al.(2) Individual colonies were picked on LB plates with appropriate 

antibiotics. All bacteria were auto-bioluminescent and liquid cultured in non-selective 

Luria-Bertani broth. Bioluminescence is not known to affect pathogenicity or drug 

uptake.(3) 

 

In vitro assays 

 

Bmax, saturation, and mammalian cellular uptake studies. HCT116 dhfr cells were plated 

in a 96-well plate (35K cells/well) 24h prior to assay, incubated with [18F]FPTMP (~2 

million CPM, saline, <1% ethanol) in Opti-Mem (Gibco) for 60 minutes at 37 ˚C. Excess 

unlabeled TMP (10 µM) was used to define non-specific binding. Protein was quantified 

using the Lowry method and uptake assayed on a gamma counter (Perkin Elmer).  

 

Bacterial minimum inhibitory concentration. All three bioluminescent species were 

grown overnight to saturation. 1×E5 colony forming units (CFU) were added a 96 well 

plate and grown in various concentrations of TMP or FPTMP overnight using a standard 

procedure. (4) The bioluminescent signal was quantified the next day using a luminescent 

plate reader (Enspire, Perkin Elmer) (n=4).  
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Mouse models  

Imaging with E. coli, S. aureus, and P. aeruginosa. Infection models were performed 

similar to previously described.(5, 6) Balb/c mice (Charles River)  received injections of 

1×E8 CFU of live bacteria as measured by OD600 (E. coli and S. aureus) in the muscle 

belly of the gastrocnemius of the lower hind limb the day prior to FPTMP imaging. P. 

aeruginosa could not be administered greater than 1×E7 CFU due to toxicity/sepsis at 

higher concentrations. Turpentine (30 µL) was injected on the contralateral hindlimb 2-3 

days prior to imaging to induce chemical inflammation. 4T1(Luc+) mammary carcinoma 

cells (1 million), were injected into Balb/c mice (syngeneic) in the shoulder regions. 

Animals were anesthetized (2% isoflurane), given a tail vein injection of [18F]FPTMP 

(~200 µCi /mouse) and placed on a warmed stage for small animal A-PET imaging 

(Philips MOSAIC HP) and CT images were acquired with a microCT (ImTek).(7) 

Uptake was measured from elliptical ROI and mean SUV was calculated using AMIDE 

software (Amide version 1.0.4 (http://www. amide.sourceforge.net). 

 

Sensitivity Experiment. Balb/c mice were subcutaneously infected with E. coli 1×E8 

(hind limb), 1×E7 (forelimb), and 1×E6 (ear pinna) CFU and equivalent numbers of 

heat-killed bacterial cells on the contralateral side of the animal in 100 µL PBS 

(Corning). The next day animals were administered [18F]FPTMP IV (~200 µCi /mouse) 

and imaged with PET as above. Mice were sacrificed and tissues harvested for 

autoradiography.  All animal studies were completed with University of Pennsylvania’s 

Institutional Animal Care and Use Committee, IACUC approval. 

 

Statistical analysis was performed with Prism (Graphpad) and statistical significance 

established by an unpaired Student’s t-test with p<0.05.  

 

Autoradiography and tissue histology. 

Mice were sacrificed after FPTMP injection and imaging. Infected and control tissues 

were dissected and embedded with in OCT. Sections (20-30 micron) were cut and 



Sellmyer et. al.   � 4 

exposed to a phosphor plate overnight (GE) and developed on a Typhoon digital 

autoradiograph (GE). Gram staining of contiguous frozen sections was performed 

(Fisher) and micrographs were taken at 40x and 63x (Zeiss).  

 

Estimated Human Dosimetry. Biodistribution data from female Balb/c mice were used to 

estimate human dosimetry in an adult female human model that was predefined in 

OLINDA/EMX 1.1 (VU e-Innovations). Kinetic data from time points (15, 60, and 120 

min) were fitted as percent-injected dose/organ over time. By fitting the kinetic data 

using %ID/organ we assume the [18F]FPTMP distribution would be relative to human and 

thus did not apply a scaling factor accounting for organ weight to subject total body 

weight between mouse and human.(8)  

 

Primate imaging 

Prior to the scan, rhesus monkeys were fasted overnight and anesthetized, initially with 

ketamine (4 mg/kg) and dexmedetomidine (0.05 mg/kg), for transport to the scanner 

facility. The monkey was intubated; inhalation anesthesia is maintained using 1-2% 

isoflurane and oxygen.  Vital signs were monitored during the procedure using a pulse 

oximeter, ECG monitor and temperature probe. Body temperature was maintained during 

the procedure by the use of a circulating water heating pad and blankets. Images were 

obtained on a high sensitivity, high resolution PET scanner, G-PET (Philips Medical 

Systems). The bed was positioned with the subject’s chest and upper abdomen centered 

in the scanner gantry and a 20 min transmission scan was performed. Subjects were given 

a bolus injection of the radiotracer (~1-2 mCi) followed by a saline flush with the 

concurrent start of dynamic list mode data acquisition for 1.5-2 hours (n=2). Imaging was 

performed with two different monkeys. The studies were performed in accordance with 

IACUC approval. 
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Chemical Synthesis 

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Alfa Aesar 

(Ward Hill, MA, USA). 1H NMR spectra were obtained using a Bruker DMX 360 (360 

MHz) spectrometer (Rheinstetten, Germany), and chemical shifts (d) were reported as the 

ppm downfield of the internal tetramethylsilane. For purification and analysis of 

radioligands, HPLC analysis was conducted using the Agilent 1100 (Agilent 

Technologies, Santa Clara, CA, USA) equipped with a semi-preparative column 

(Phenomenex, Luna 5µ Phenyl-Hexyl New Column 250 x 10 mm; Kinetex C18 5µ 150 x 

10 mm) or Waters Alliance e2695 HPLC (Waters Corporations, Milford, MA, USA) 

equipped with an analytical column (Agilent ZORBAX Eclipse XDB-C18, 5 µm, 4.6 x 

150 mm). The eluent was monitored simultaneously using UV (281 nm) and NaI(T1) 

radioactivity detectors. TLC was performed on Merck F254 silica plates and analyzed on a 

Bioscan Mini-Scan TLC Imaging Scanner (Hopkinson, MA, USA).  

[18F]Fluoride was produced by the 18O(p,n)18F reaction using an IBA Cyclone® 18 

(Louvain-la-Neuve, Belgium). Radioactivity was measured in a dose calibrator (Capintec, 

Ramsey, NJ, USA).  All animal experiments were performed under IACUC-approved 

protocols in compliance with the guidelines for the care and use of research animals 

established by the University of Pennsylvania. 

 

[18F]FPTMP Synthesis 

 

Synthesis of 4-((2,4-diaminopyrimidin-5-yl)methyl)-2,6-dimethoxyphenol (2) 

TMP (3.00 g, 10.3 mmol) was dissolved in HBr (37.4 mL, 48% in H2O), and stirred at 95 

°C for 20 min. The reaction mixture was cooled down to the ambient temperature, NaOH 

(8.91 mL, 50% w/w) added, and kept at 4 °C for overnight. The precipitate was filtered 

and washed with H2O. The collected precipitate was re-dissolved in boiling H2O, 1 N 

NaOH added to pH~7.0, recrystallized, and washed with H2O. 4-((2,4-diaminopyrimidin-

5-yl)methyl)-2,6-dimethoxyphenol  was obtained as a pink solid (2.04 g, 71.6%). 1H 
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NMR (DMSO-d6) δ 8.06 (s, -OH), 7.45 (s, 1H), 6.48 (s, 2H), 5.99 (s, -NH2), 5.63 (s, -

NH2), 3.71 (s, 6H), 3.47 (s, 2H). 

 

Synthesis of 5-(4-(3-fluoropropoxy)-3,5-dimethoxybenzyl)pyrimidine-2,4-diamine (1) 

To a solution of 2 (500 mg, 1.81 mmol) and Cs2CO3 (1.18 g, 3.62 mmol) in DMF (25.0 

mL) was added 1-bromo-3-fluoropropane (510 mg, 3.62 mmol), and stirred at 80 °C for 4 

h. After the reaction, DMF was removed in vacuo, purified by flash column 

chromatography (CH2Cl2:MeOH = 15:1) gave 5-(4-(3-fluoropropoxy)-3,5-

dimethoxybenzyl)pyrimidine-2,4-diamine (1) as a yellow solid (167 mg, 27.4%). 1H 

NMR (DMSO-d6) δ 7.51 (s, 1H), 6.54 (s, 2H), 6.05 (s, -NH2), 5.66 (s, -NH2), 4.62 (dt, J = 

46.8 and 7.2 Hz, 2H), 3.89 (t, J = 7.2 Hz, 2H), 3.71 (s, 6H), 3.52 (s, 2H), 1.94 (dq, J = 

25.2 and 7.2 Hz, 2H). 

 

Synthesis of 5-(4-(3-((tert-butyldimethylsilyl)oxy)propoxy)-3,5-

dimethoxybenzyl)pyrimidine-2,4-diamine (3) 

To a solution of 2 (43.0 mg, 0.15 mmol) and Cs2CO3 (101 mg, 0.31 mmol) in DMF (2.14 

mL)  was added 3-bromopropoxy-tert-butyldimethyl silate (78.8 mg, 0.31 mmol), and 

stirred at 80 °C for 7 h. After the reaction, DMF was removed in vacuo, purified by flash 

column chromatography (CH2Cl2:MeOH = 20:1) gave 5-(4-(3-((tert-

butyldimethylsilyl)oxy)propoxy)-3,5-dimethoxybenzyl)pyrimidine-2,4-diamine (3) as a 

light yellow solid (167 mg, 28.7%). 1H NMR (CDCl3) δ 7.78 (s, 2H), 6.38 (s, 2H), 4.73 (-

NH2, 2H), 4.55 (-NH2, 2H), 4.05 (t, J = 7.2 Hz, 2H), 3.83-3.79 (m, 2H), 3.78 (s, 6H), 3.65 

(s, 2H), 1.94 (t, J = 7.2 Hz, 2H), 0.88 (s, 9H),  0.06 (s, 6H). 

 

Synthesis of di-tert-butyl (5-(4-(3-((tert-butyldimethylsilyl)oxy)propoxy)-3,5-

dimethoxybenzyl)pyrimidine-2,4-diyl)bis((tert-butoxycarbonyl)carbamate) (4) 

To a solution of 3 (400 mg, 0.89 mmol) in THF (12.0 mL) was added di-tert-butyl 

dicarbonate (0.66 mL, 2.67 mmol), Et3N (0.497 mL, 2.67 mmol), and 

dimethylaminopyridine (75.6 mg, 0.26 mmol). The reaction mixture was stirred at the 

ambient temperature for 20 h. After the reaction, the reaction mixture was diluted with 

H2O (50.0 mL), extracted with EtOAc (50.0 mL x 2), washed with brine (50.0 mL), and 
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then dried over anhydrous Na2SO4, concentrated. Flash column chromatography 

(Hexane:EtOAc = 5:1) gave (5-(4-(3-((tert-butyldimethylsilyl)oxy)propoxy)-3,5-

dimethoxybenzyl)pyrimidine-2,4-diyl)bis((tert-butoxycarbonyl)carbamate) (4) as a white 

solid (196 mg, 25.8%). 1H NMR (CDCl3) δ 8.56 (s, 1H), 6.37 (s, 2H), 4.04 (t, J = 7.2 Hz, 

2H), 3.83-3.82 (m, 4H), 3.78 (s, 6H), 1.95 (q, J = 7.2 Hz, 2H), 1.45 (s, 18H), 1.39 (s, 

18H), 0.89 (s, 9H), 0.58 (s, 6H). 

 

Synthesis of di-tert-butyl (5-(4-(3-hydroxypropoxy)-3,5-dimethoxybenzyl)pyrimidine-

2,4-diyl)bis((tert-butoxycarbonyl)carbamate) (5) 

To a solution of 4 (196 mg, 0.23 mmol) in THF (6.90 mL) was added 1 M TBAF in THF 

(0.69 mL, 0.69 mmol), and stirred at the ambient temperature for 1 h. After the reaction, 

the reaction mixture was diluted with H2O (50.0 mL), extracted with EtOAc (50.0 mL x 

2), washed with brine (50.0 mL), and then dried over anhydrous Na2SO4, concentrated. 

Flash column chromatography (Hexane:EtOAc = 2:3) gave (5-(4-(3-hydroxypropoxy)-

3,5-dimethoxybenzyl)pyrimidine-2,4-diyl)bis((tert-butoxycarbonyl)carbamate) (5) as a 

colorless solid (147 mg, 86.7%). 1H NMR (CDCl3) δ 8.56 (s, 1H), 6.39 (s, 2H), 4.13 (t, J 

= 7.2 Hz, 2H), 3.90 (t, J = 7.2 Hz, 2H), 3.82 (s, 2H), 3.81 (s, 6H), 3.68 (t, J = 3.6  Hz, 

2H), 1.96 (q, J = 7.2 Hz, 2H), 1.54 (s, 18H), 1.45 (s, 9H), 1.39 (s, 9H). 

 

Synthesis of 3-(4-((2,4-bis(bis(tert-butoxycarbonyl)amino)pyrimidin-5-yl)methyl)-2,6-

dimethoxyphenoxy)propyl methanesulfonate (6) 

To a solution of 5 (138 mg, 0.18 mmol) in CH2Cl2 (20.0 mL) was added Et3N (78.3 µL, 

0.56 mmol) at 0 °C, and stirred for 5 min. The reaction mixture was added methane 

sulfonyl chloride (43.5 µL, 0.56 mmol) dropwise at at 0 °C, and stirred at the ambient 

temperature for 2 h. After the reaction, the reaction mixture was diluted with H2O (50.0 

mL), extracted with CH2Cl2 (50.0 mL x 2), washed with brine (50.0 mL), and then dried 

over anhydrous Na2SO4, concentrated. Flash column chromatography (Hexane:EtOAc = 

1:1) gave 3-(4-((2,4-bis(bis(tert-butoxycarbonyl)amino)pyrimidin-5-yl)methyl)-2,6-

dimethoxyphenoxy)propyl methanesulfonate (6) as a white solid (134 mg, 87.8%). 1H 

NMR (CDCl3) δ 8.55 (s, 1H), 6.38 (s, 2H), 4.54 (t, J = 7.2 Hz, 2H), 4.05 (t, J = 3.6 Hz, 

2H), 3.81 (s, 2H), 3.79 (s, 6H), 3.03 (s, 3H), 1.45 (s, 18H), 1.39 (s, 18H). 
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Radiolabeling of 5-(4-(3-[18F]fluoropropoxy)-3,5-dimethoxybenzyl)pyrimidine-2,4-

diamine ([18F]1). 

[18F]Fluoride (1.8 – 2.0 GBq) was trapped on a Sep-pak® QMA-bicarb cartridge from the 

cyclotron, and eluted to the reaction vial using 7.0 mg of Kryptofix 222 and 3.0 mg of 

K2CO3 solution. Three azeotropic distillations were then performed using 0.5-1.0 mL 

aliquots of anhydrous acetonitrile at 100 °C (oil bath) under a gentle stream of N2. The 

precursor 6 (2.0 mg) in CH3CN (200 µL) was added to the resulting K[18F]F in the 

reaction vial. The reaction mixture was heated at 100 °C for 10 min. At the end of the 

reaction, the reaction mixture was cooled down to the ambient temperature, 1.0 mL of 1 

N HCl added for deprotection of Boc group, and heated at 100 °C for 10 min. 1.5 mL of 

the HPLC mobile phase was added to the reaction vial, after passing through Sep-pak® 

Alumina light cartridge, the crude product was then purified by HPLC using a semi-

preparative column eluted with a 80:20 mixture of 20 mM ammonium bicarbonate 

aqueous solution and CH3CN at a flow rate of 4 mL/min. The desired product ([18F]1) 

eluted between 23 and 25 min. The collected product was diluted with 40 mL of H2O, 

trapped Sep-pak® C-18 plus cartridge, and formulated 10% EtOH-saline for the biology 

study. Specific activity was determined by comparing the UV peak area of the desired 

radioactive peak and the UV peak areas of different concentrations of unlabeled standard 

1 on HPLC. Identification of radioligand [18F]1 was determined by co-injecting the 

radioligand with the corresponding unlabeled standard into the HPLC system. 

 

Radiolabeling of 5-(4-(3-[18F]fluoropropoxy)-3,5-dimethoxybenzyl)pyrimidine-2,4-

diamine ([18F]1) in AllinOne automated synthesis module.  

With modification of manual radiolabeling procedure, the automation of [18F]1 was 

achieved in AllinOne module . [18F]F- in H2
18O was delivered from cyclotron to the 

module and trapped by passing the solution through a preconditioned QMA Carb 

cartridge. Meanwhile H2
18O was collected in a recovery vial. Release of [18F]F- from 

QMA Carb cartridge to the reaction vessel was achieved by passing 1 mL basic eluent: 

0.85 mL CH3CN and 0.15 mL H2O containing 7 mg K222 and 2 mg K2CO3. 

Subsequently drying of the solution was conducted at 100 °C for 4 min under vacuum. 
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Anhydrous acetonitrile (1 mL) was then added to the reaction vessel to further 

azeotropically removing water residue.  

Then 4.0 mg precursor 6 in 1.0 mL MeCN was added into the reaction vessel containing 

dried [18F] fluoride/potassium carbonate and Kryptofix 222 (K222). The reaction mixture 

was heated at 100°C for 10 min. After the reaction, 1 N HCl solution (1 mL, aq) was 

added and allowed for 10 min to deprotect. After cooling down to 50°C, the reaction 

mixture was neutralized with 1 N NaOH solution (1.0 mL) and then quenched with 3.0 

mL mobile phase. The reaction mixture was passed through an Al-N light cartridge 

before transferred to HPLC loop. The cartridge was washed with additional 3.0 mL of 

water. Unreacted [18F]F-  was trapped on Al-N Light cartridge and the crude mixture was 

purified by a semi-preparative HPLC with a Phenomenex Kinetex® C18 column (5µm, 

150 x 10 mm). The mobile phase was 80:20 mixture of 20 mM ammonium bicarbonate 

aqueous solution/CH3CN and flow rate was 5 mL/min.  The desired product was eluted 

around 20.0 min and the fraction (around 8 mL) was collected in 20 mL syringe and then 

diluted into 21.0 mL with water. The product was enriched on a C18 Plus cartridge and 

rinsed with 10.0 mL water. Finally the product was eluted out with 1 mL ethanol and 

passed through a 0.2µm sterile Millex® FG filter into final production vial. The final 

formulation was done with adding 9 mL saline into the vial.   
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Scheme 1. Reagents and conditions: a) 48% HBr, 95 °C, 20 min; b) Cs2CO3, 1-bromo-3-

fluoropropane, DMF, 80 °C, 4 h.      
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Scheme 2. Reagents and conditions: a) 3-bromopropoxy-tert-butyldimethyl silate, 

Cs2CO3, DMF, 80 °C, 7 h; b) di-tert-butyl dicarbonate, Et3N, DMAP, THF, rt, 20 h; c) 1 

M TBAF in THF, rt, 3 h; d) MsCl, Et3N, CH2Cl2, rt, 3 h; e) i) K18F, CH3CN, 100 °C, 10 

min, ii) 1 N HCl, 100 °C, 10 min 
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Supplemental Figures 
 

Organism	(strain) Uniprot Gene	Name %	Identity	(E.	coli) Identical Similar TMP	Susceptible 

Escherichia	coli	(	K12) P0ABQ4 folA 100 NA NA Yes 

Klebsiella	pneumoniae	subsp.	pneumoniae	(ATCC	700721) A6T4I4 folA	KPN_00045 92.4 147 9 Yes 

Proteus	mirabilis	(ATCC	29906) A0A0V9GZW7 folA	APT96_09150 75.2 121 26 Yes 

Haemophilus	influenzae	(ATCC	51907) P43791 folA	folH,	HI_0899 52.5 47 84 Yes 

Pseudomonas	aeruginosa	(ATCC10145) A0A081HD68 folA 43.1 48 73 No 

Enterococcus	faecalis	(ATCC	700802	/	V583) Q834R2 folA	EF_1577 35.4 58 58 Yes 

Staphylococcus	aureus	(ATCC12600) P0A017 folA 33.3 54 61 Yes 

Streptococcus	pneumoniae	serotype	4	(ATCC	BAA-334) Q54801 dhfR 32.7 55 57 Yes 

Mycobacterium	tuberculosis	(strain	ATCC	25618	/	H37Rv) P9WNX1 folA 30.5 46 51 Mixed	evidence 

Candida	albicans	(1006) P22906 DHFR1 25.5 49 56 No 

Toxoplasma	gondii	(ATCC	50859) C9DIG7 dhfr 21.3 52 56 Yes 

 

Figure S1.  Organism search for dhfr homology using the Uniprot database and 

clustal alignment. Percent identity represents the number of identical amino acids 

compared to E. coli dhfr. Susceptibility data from the package insert of trimethoprim. (9)  
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Figure S2.  In vitro binding studies with [18F]FPTMP in HCT116 E. coli dhfr cells. 

E. coli dhfr cells were generated using retroviral transduction and selection with YFP as 

previously described.(1) Bmax and Kd were calculated as indicated. 
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Figure S3. E. coli dilution series and uptake compared to heat-killed control. E. coli 

(up to 1010 CFU) and control heat killed E. coli (95 degrees Celsius for 20 minutes) were 

incubated with [18F]FPTMP for 30 minutes at room temperature, washed in PBS twice 

and assayed for uptake with a gamma counter (n=3). Error bars represent the standard 

deviation.  
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Figure S4. Uptake of live bacteria compared to heat killed bacteria after 3h 

incubation. Bacteria 108 CFU were incubated with [18F]FPTMP (~2 million CPM) at 37 

degrees Celsius. Equal numbers of heat killed bacteria were incubated with [18F]FPTMP. 

Counts were recorded on a gamma counter (n=3). Error bars represent the standard 

deviation. 
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Figure S5. Limited biodistribution in mouse at 90 minutes after injection. Cortical 

bone shows approximately 2.5%ID/g whereas bone marrow (red marrow) shows 1.5 

%/ID per gram. Error bars represent the standard deviation (n=6). Briefly, mice were 

injected with [18F]FPTMP ~100 µCi TV and sacrificed at 90 minutes. The femurs were 

harvested, bone marrow explanted and uptake per gram measured in a gamma counter.  
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Organ	 Total	(mSv)	
Brain	 0.02	
Gallbladder	wall	(non-metabolic)	 1.08	
Large	intestine	 0.94	
Small	intestine	 3.12	
Kidneys	 0.90	
Liver	 0.26	
Lungs	 0.09	
Muscle	 0.01	
Pancreas	 0.50	
Red	marrow	 0.32	
Heart	 1.37	
Ovaries	 0.12	
Spleen	 0.20	
Thyroid	 0.08	
Bladder	 0.28	
Total	Body	 0.43	

 
 
Figure S6. Estimated Human Dosimetry. Biodistribution data from female Balb/c mice 

were used to estimate human dosimetry of [18F]FPTMP (10 mCi) in an adult female 

human model that was predefined in OLINDA/EXM 1.1 software. Kinetic data from time 

points (15, 60, and 120 min) were fitted as percent-injected dose/organ over time. By 

fitting the kinetic data using %ID/organ we assume the [18F]FPTMP distribution would 

be relative to human and thus did not apply a scaling factor accounting for organ weight 

to subject total body weight between mouse and human.  
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Figure S7. Tumor bioluminescence and histology showing typical turpentine 

inflammation. a) Regions of interest were drawn around the 4T1 breast carcinoma on the 

shoulder of balb/c mice and luminescence was compared to the contralateral shoulder. b) 

Histology with H&E staining using a standard protocol from turpentine injected hindlimb 

of a representative mouse compared to contra-lateral control. 

  



Sellmyer et. al.   � 19 

 

 

Figure S8. Bioluminescent images of S. aureus infection (1xE8) in the hindlimb of 

mice. Mice are shown in dorsal and left lateral decubitus positioning. 
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Figure S9. PET images of S. aureus infection v. turpentine in the hindlimbs of mice 

after injection of ~200 µCi of [18F]FPTMP. a) MicroPET imaging showing axial, 

coronal, and sagittal views of a Balb/c mouse (left to right). The white arrow indicates the 

site of live infection. b) Quantification of the data from a). Error bars represent the 

standard deviation (n=3). 
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Figure S10. PET uptake of P. aeruginosa infection v. turpentine. a) BLI showing 

active P. aeruginosa infection in the right hindlimb. b) MicroPET of [18F]FDG imaging 

of a representative mouse. The arrow indicates the site of P. aeruginosa infection and the 

arrowhead indicates turpentine. High FDG uptake is evident from the turpentine 

injection. c) Time activity quantification of a representative animal after [18F]FPTMP, 

~200 µCi IV, with ROI placed over the tissues of interest.  d) Quantification of the data 

from [18F]FDG and [18F]FPTMP PET imaging. Error bars represent the standard 

deviation (n=3). 
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Cell-based therapeutics have considerable promise across
diverse medical specialties; however, reliable human imaging
of the distribution and trafficking of genetically engineered
cells remains a challenge. We developed positron emission
tomography (PET) probes based on the small-molecule anti-
biotic trimethoprim (TMP) that can be used to image the
expression of the Escherichia coli dihydrofolate reductase
enzyme (eDHFR) and tested the ability of [18F]-TMP, a fluo-
rine-18 probe, to image primary human chimeric antigen
receptor (CAR) T cells expressing the PET reporter gene
eDHFR, yellow fluorescent protein (YFP), and Renilla lucif-
erase (rLuc). Engineered T cells showed an approximately
50-fold increased bioluminescent imaging signal and 10-fold
increased [18F]-TMP uptake compared to controls in vitro.
eDHFR-expressing anti-GD2 CAR T cells were then injected
into mice bearing control GD2� and GD2+ tumors. PET/
computed tomography (CT) images acquired on days 7 and
13 demonstrated early residency of CAR T cells in the spleen
followed by on-target redistribution to the GD2+ tumors.
This was corroborated by autoradiography and anti-human
CD8 immunohistochemistry. We found a high sensitivity of
detection for identifying tumor-infiltrating CD8 CAR
T cells, �11,000 cells per mm3. These data suggest that the
[18F]-TMP/eDHFR PET pair offers important advantages
that could better allow investigators to monitor immune cell
trafficking to tumors in patients.

INTRODUCTION
Given the increasing importance of cell-based therapies, there is a great
need to develop techniques that allow for rapid characterization of new
strategies and molecular targets.1 Imaging is particularly essential
for clinical management of patients with cancer, and molecular imag-
ing, most notably with the radiotracers [18F]-fluorodeoxyglucose
([18F]-FDG) and [68Ga]-DOTA-octreotate ([68Ga]-DOTATATE),
has played a vital role in the assessment of target expression and treat-
ment response.2,3 Similar position emission tomography (PET) radio-
tracers tomonitor cell-based therapy, with respect to proper trafficking
to the target or development of off-target toxicity, have been slow in
developing in part because of the high barrier to entry of such molec-
42 Molecular Therapy Vol. 28 No 1 January 2020 ª 2019 The American
ular imaging technologies coupled with the various challenges of im-
plementing gene therapy clinically.4 Several groups have developed
new cell-based PET reporter genes, with strong preclinical bench-
marking of strategies that use, for example, herpes simplex virus
thymidine kinase (HSV-tk), human norepinephrine transporter
(hNET), and prostate-specific membrane antigen (PSMA).5–10 In
one of these studies, hNET paired with meta-18F-fluorobenzylguani-
dine ([18F]MFBG) was extrapolated to be capable of identifying
approximately 35,000–40,000 engineered cells. Still, only HSV-tk has
been applied clinically, and its limitations include immunogenicity of
the enzyme as well as background uptake at the tumor site.11–13

To address the clear need for facile human imaging of genetically en-
gineered cells such as chimeric antigen receptor (CAR) T cells and to
expand the tools available to investigators, we report the develop-
ment of a high sensitivity PET reporter gene (Escherichia coli dihy-
drofolate reductase [eDHFR]) paired with a small molecule PET
probe, [18F]fluoropropyl-trimethoprim ([18F]-TMP) (Figures 1A
and 1B).14,15 In our previous work, we showed that [11C]-TMP
paired with eDHFR had promising uptake in tumor xenograft
models. In this work, we characterize the in vitro uptake as well as
the in vivo rodent biodistribution of the eDHFR reporter gene-
[18F]-TMP system and then apply this strategy to monitoring CAR
T cells targeted to the GD2 disialoganglioside, a tumor antigen pre-
sent on several cancers, such as neuroblastoma, melanoma, and some
sarcomas (Figure 1C).16 In NSG mice bearing a GD2+ human osteo-
sarcoma xenograft at one shoulder and GD2� colon cancer xenograft
on the other shoulder, the CAR T cells were found to first accumulate
in the spleen, and then traffic to antigen-positive tumors as compared
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Figure 1. Structure of eDHFR PET Reporter Protein, TMP, and [18F]-TMP

(A) Bacterial DHFR complexed with NADPH and TMP (PDB: 3FRE).38 (B) Structures

of TMP and [18F]-TMP. (C) Triple reporter plasmid in pELPS with eDHFR (PET

reporter gene) fused to yellow fluorescent protein (YFP) and a T2A cleavage site

followed by Renilla luciferase, and CAR plasmid pELPS with GD2-scFv-CD8 hinge

4-1BB-CD3z and a T2A cleavage site followed by mCherry selection marker.

www.moleculartherapy.org
to control tumors using bioluminescence and PET imaging. Key as-
pects in this work are the whole-animal PET images, which suggest a
high degree of signal to noise originating from foci of CAR T cells
invading into a tumor, and autoradiography correlation with CD8
immunohistochemistry (IHC). PET- detectable engineered cells are
estimated to number in the thousands per mm3. This high sensitivity
of [18F]-TMP-eDHFR suggests significant potential for future clin-
ical application and broadening the available tools for human
gene/cell therapy protocols.

RESULTS
To test the ability of [18F]-TMP to enter mammalian cells and bind
bacterial eDHFR, a cell uptake experiment was performed. Previously
derived HCT116 cells (human colon cancer cell line) expressing
eDHFR-yellow fluorescent protein (YFP) and control non-trans-
duced (NTD) HCT116 cells were grown overnight in a 96-well
plate.14 [18F]-TMP was synthesized as previously described with
high specific activity (between 5,000 and 15,000 Ci/mmol) and radio-
chemical purity (99%).15 The cells were then incubated with
[18F]-TMP with and without excess, competing, nonradioactive
TMP (10 mM) or methotrexate (MTX, 10 mM). eDHFR cells showed
a time-dependent increase in uptake whereas there was no accumula-
tion in control (NTD) cells. Excess TMP blocked binding completely
and MTX, which is also a potent inhibitor of both mammalian and
bacterial DHFR, blocked binding completely by 120 min (Figures
2A and 2B).17,18 Numerical uptake values are shown in the Supple-
mental Information (Figure S1).
Given rapid, high-level, and specific [18F]-TMP uptake in vitro, these
same cell lines (HCT116 control and eDHFR-YFP) were xenografted
on the shoulders of CD1 nu/numice and were grown for 3 weeks (Fig-
ure 2C). [18F]-TMP was administered by tail vein (�100 mCi/mouse)
and each mouse was imaged dynamically for 45 min with PET; static
PET images were acquired 3 and 6 h after injection (Figures 2D and
2E). Ex vivo biodistribution analysis of [18F]-TMP after the final PET/
CT imaging time point demonstrated marked uptake in eDHFR tu-
mors compared to control tumors (Figure S2A) and a more than
40-fold increased uptake in eDHFR tumors compared to muscle (Fig-
ure S2B). Normal tissues with a very low level of uptake include the
blood, heart, lungs, muscle, spleen, skin, and brain. Tissues that
showed high uptake and/or excretion of the tracer include the kidney,
liver, and bowel. Uptake in the bone has been shown to be in part due
to defluorination of [18F]-TMP, a common occurrence in rodent
models of fluorinated radiotracers that is not seen in nonhuman
primates.15,19 Additionally, a nonhuman primate study of the [18F]-
TMP biodistribution at various time points demonstrated the rela-
tively low bone uptake and absence signal in the bowel (Supplemental
Videos S1 and S2).15

Given these findings in tumor cells, we next evaluated this strategy in
imaging primary human T cells. We added Renilla reniformis lucif-
erase to this construct, separated by a T2A ribosomal cleavage site
to create a triple reporter plasmid we termed the DYR plasmid
(eDHFR-YFP-Renilla, Figure 1C). The luciferase served as an imaging
approach known to work well in small animals for identifying the
location of live engineered cells. Lentivirus-transduced primary hu-
man T cells were sorted on YFP expression. We performed an initial
in vitro test of the bioluminescence and PET reporters in the sorted
T cells. There was a more than approximately 50-fold increase in
bioluminescence signal from the DYR T cells in comparison to the
control NTD T cells following co-incubation with coelenterazine
(Figure 3A). Sorted DYR T cells demonstrated an approximately
10-fold increase in [18F]-TMP uptake relative to control NTD
T cells following a 30-min incubation (Figure 3B).

To evaluate CAR T cell trafficking in live animals, we applied our tri-
ple imaging reporter to a known CAR T cell system targeting GD2.
Primary human T cells were co-transduced to express DYR and a
high-affinity variant of a 4-1BB-based anti-GD2 CAR (GD2-
E101K) containing an mCherry fluorescent protein separated by a
T2A site.16 Transduced T cells (DYR-CAR) were sorted on YFP
and mCherry to isolate double-positive DYR-CAR or single-positive
control DYR-only T cells (Figure 3C). In order to determine whether
the eDHFR affected T cell function, we subjected sorted DYR-CAR
T cells to a number of functional assays, including cytokine release,
cytotoxicity, antigen-induced proliferation, as well as metabolic and
subset profiling. The DYR-CAR T cells performed similarly on these
assays to control T cells expressing the same CAR in addition to GFP
and luciferase but without the eDHFR (Figure S3). We designed a ro-
dent model to evaluate the trafficking of DYR-CAR T cells to GD2+

143b human osteosarcoma subcutaneous xenograft tumors and
used a GD2� control tumor, HCT116 human colon carcinoma
Molecular Therapy Vol. 28 No 1 January 2020 43
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Figure 2. [18F]-TMP Uptake in eDHFR Cells In Vitro

and In Vivo

(A) Time course of in vitro uptake of [18F]-TMP in eDHFR-

transducedHCT116 cells withMTX (10 mM) and unlabeled

TMP (10 mM) as blocking agents (n = 4). (B) Similar to (A)

but with NTD, control HCT116 cells. (C) Scheme of

location of eDHFR HCT116 and control tumors. (D)

Representative small animal PET/CT images in axial and

coronal planes. (E) Time course quantification of eDHFR

tumor uptake compared to control from (D) (n = 3). Error

bars represent the SD.
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(Figure 4A). HCT116 tumors were confirmed to be GD2 negative
with flow cytometry (Figure S4). 143b tumors are known to heteroge-
neously express GD2.16 GD2+ and GD� tumors were grown for
14 days on the opposite shoulders of recipient mice prior to T cell in-
jection. The treatment group received the double-positive DYR-CAR
T cells while the control group received DYR-only T cells by tail vein
injection. Mice were imaged first by bioluminescence imaging (BLI)
with coelenterazine injection followed by PET/CT with [18F]-TMP
injection on days 7 and 13 after T cell administration. Mouse 1 of
the DYR-CAR group died during a PET/CT imaging session, likely
from anesthesia, and was excluded from the analysis.

The spleens of DYR-CAR mice M2 and M3 demonstrated increased
signal on day 7 relative to control mice and that decreased by day 13
in both optical and PET modalities (Figures 4B and 4C). The M4
mouse maintained a low level of signal near the spleen, which was
corroborated by ex vivo IHC (Figure S5). Control mice showed no sig-
nificant uptake in the spleen above basal levels on day 7 or 13. Repre-
sentative DYR-CAR mouse M2 images demonstrate increased signal
in the spleen on day 7 that decreased by day 13 (Figure 4C).

As splenic signal decreased over time, foci of increased signal devel-
oped within the GD2+ tumors using both optical and PET modalities
(Figures 4D and 4E; Figures S6A and S6B). These foci were nonuni-
form and distributed about different locations in the tumor. At these
early time points, the foci were generally peripheral, located medially
against the chest wall or superficially within the tumor just beneath
the dermis. The number and extent of the CAR T cell foci were
seen to better advantage in rotating 3D maximum intensity projec-
tions at the day 13 time point (MIPs; Supplemental Videos 3, 4, 5,
and 6). For quantification, regions of interest (ROIs) were drawn
around the entire tumors, and the signal maximum in the tumors
was divided by the signal maximum from the heart/mediastinal blood
pool signal, thereby yielding a target-to-background ratio. Target-to-
background ratios in GD2+ tumors reached a 6- to 8-fold increased
signal, whereas in control tumors, target-to-background ratios were
44 Molecular Therapy Vol. 28 No 1 January 2020
less than 4-fold. Importantly, foci of [18F]-
TMP uptake were easily distinguished within
the GD2+ tumors and in comparison to normal
tissues. The GD2� control tumors did not
demonstrate similar foci of increased uptake
by PET imaging following treatment with DYR-CAR T cells (Fig-
ure 4F; Figure S6B).

To validate that the foci of increased signal on BLI and PET imaging
were indeed coming from DYR-CAR T cells, we performed autoradi-
ography on representative mouse spleens and tumors. For example,
DYR-CAR mouse M4, which showed persistent uptake in the region
of the spleen on PET imaging, also showed positive staining for anti-
human CD8 cells in the spleen (Figure 4B; Figure S5). As expected,
there was no autoradiography signal above background in the
DYR-CAR mouse M4 GD2� tumor (Figure 5A), whereas there was
clear correlation between the imaging, the autoradiography signal,
and anti-CD8 IHC in the GD2+ tumor (Figure 5B).

Although there was no significant focal PET imaging signal from the
GD2� tumor inM3 of the DYR-CAR group, there were a few superior
foci of BLI signal within the tumor. This area correlated with moder-
ately increased signal on autoradiography, and indeed positive CD8
T cells were noted on IHC (Figures S6B and S6D). Control DYR
T cells did not show significant localization by BLI or PET imaging,
nor was there any focal signal found by autoradiography or IHC
(Figure S7).

Finally, to provide in silico evidence for the comparative potential for
immunogenicity between HSV-tk and eDHFR, we performed repre-
sentative HLA peptide motif searches (Figure S8) and found that
there were 16 sequences for HSV-tk with an estimated HLA-A1
half-time of dissociation >1.0 s (maximum half-time of dissociation
67.5 s), whereas eDHFR had nine such sequences (maximum half-
time of dissociation 12.5 s).20

DISCUSSION
Expanding the available strategies for human cell-based therapy im-
aging is an important goal to maximize our understanding of thera-
peutic success or failure, especially given the growing numbers of
cell-based therapies in clinical trials. These therapies include not



Figure 3. In Vitro Bioluminescence Imaging and [18F]-TMP Uptake of DYR-

Transduced Primary Human T Cells

(A) Primary T cells were transduced with pELPS DHFR-YFP-Renilla (DYR) and

sorted on YFP expression. 1 � 105 DYR T cells or NTD T cells were incubated with

1.5 mM coelenterazine in a 96-well plate and subjected to bioluminescence imaging

(BLI). Mean total flux is shown for each group (n = 3). (B) 1� 106 DYR or NTD T cells

were incubated with 2� 106 cpm of [18F]-TMP for 30min prior to washing with PBS.

Uptake as a %ID was measured by gamma counting and normalized per million

cells (n = 3). (C) Primary human T cells that had been activated with anti-CD3/CD28

antibody-coated beads were co-transduced with DYR lentivirus as well as lentivirus

encoding the GD2-E101K-4-1BB CAR containing an mCherry fluorescent protein

separated by a T2A site. The population of double-positive (DP) T cells was isolated

by flow cytometric cell sorting. (The collected DP population is shown in red.) T cells

within the YFP gate (blue) were collected to serve as CAR-negative control DYR

T cells. Transduction efficiencies for the lentiviral vectors are shown in the inset. Error

bars represent the SEM.
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only engineered T cells, but other types of immune cells.1 Moreover,
fields such as regenerative medicine or non-cancer-related gene ther-
apy stand to benefit from a long-term ability to track the functional
engraftment of cells or persistence of viral vectors.21,22 Here we pre-
sent a simple strategy for CAR T cell imaging, geared for human
applications.

Our choice of this particular radiotracer-PET reporter gene pair was
informed by the work of Cornish and colleagues23 who have used flu-
orescently derivatized TMP to image DHFR-tagged proteins using
microscopy. Furthermore, the biochemical structure activity relation-
ship between TMP and eDHFR is among the best characterized small
molecule-protein interactions, and the clinical use of TMP as an anti-
biotic in combination with sulfamethoxazole (Bactrim/Septra)
further underscores the translational potential of TMP radiotracer
derivatives.17,24 Taken together, we suspected that TMP could be
radiochemically modified, and that the biodistribution in animals
might be favorable for high target to background imaging.
Prior to this work, we demonstrated this strategy using a carbon-11-
labeled TMP ([11C]-TMP) in a simple rodent xenograft model.14

While the molecular similarity of [11C]-TMP to the clinically
available therapeutic antibiotic has allowed us to rapidly test the bio-
distribution and estimated organ dosimetry in humans (M.A.S., un-
published data), fluorine-18 is more practical for human imaging
given its longer half-life and energetics. The first synthesis of [18F]-
TMP, and promising non-human primate biodistribution, recently
was published in a complementary application of these radiotracers
for bacterial infection imaging, and the use of [18F]-TMP in engi-
neered human cells was a natural next step building upon the intro-
ductory work above.15

The uptake of [18F]-TMP inHCT116 cells carrying eDHFR compared
to NTD cells was greater than 15-fold and demonstrated time-depen-
dent accumulation. As expected, excess unlabeled TMP and MTX
were able to compete with [18F]-TMP in eDHFR cells (Figures 2A
and 2B). Taking these same cell lines into a xenograft rodent model,
there was a more than 4-fold difference in [18F]-TMP uptake between
eDHFR tumor and NTD control tumor using a ratio of the maximum
counts from each tumor (Figures 2C–2E).

The ideal time after [18F]-TMP for imaging is between 2 and 4 h after
injection. This allows for optimal radiotracer washout from blood.
We show the growth and stability of the signal in eDHFR-expressing
tumors (Figure 2E), suggesting that the technique will be robust and
comparable across different imaging sessions (e.g., day 7 or day 21 af-
ter therapy), allowing for small differences in uptake time that other-
wise could make large quantitative differences if the tracer uptake did
not hold a reasonably steady state. This is in contrast to other tracers
demonstrating temporal signal washout such as 124I-iodide.8,9

The ex vivo biodistribution suggested low background in many
important tissues, for example, blood, muscle, lung, and brain, and
the uptake ratio of eDHFR tumor to muscle was more than 40-fold
(Figure S2), supporting the ability of this system to serve as a sensitive
tool for detecting cells that carry the eDHFR reporter gene.

While there is notable bone and gastrointestinal (GI) uptake in mice
treated with [18F]-TMP, this background uptake is not likely to be a
problem for primate and human imaging. The bone uptake is due
in part to defluorination of the radiotracer, and the GI uptake is
due to the fast metabolic cycle of the mice, as well as the fact that
the mice were not fasted during the imaging time period.14 This facil-
itated hepatobiliary excretion of the tracer. Non-human primate im-
aging of [18F]-TMP shows little uptake in the bowel and only trace
amounts in the spine (Supplemental Videos S1 and S2).

An additional challenge for a PET reporter gene strategy is imaging
systemically delivered cells, where cell numbers in a particular tissue
or imaging voxel are often relatively low. Our group and others have
been interested in characterizing the targeting of CAR T cells to GD2
disialoganglioside for the treatment of pediatric cancers such as neu-
roblastoma or osteosarcoma.16,25 We made a triple reporter imaging
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Figure 4. In Vivo CAR T Cell Trafficking

(A) NSG immunodeficient mice were xenografted in the subcutaneous shoulder regions with GD2+ tumors (143b human osteosarcoma, right shoulder) and GD2� tumors

(HCT116 human colon cancer cells, left shoulder), 10 million cells per tumor. The tumors were grown for 14 days when mice were injected with 1� 106 DYR-CAR T cells or

control DYR T cells via tail vein. The mice were imaged on days 7 and 13, first with BLI after coelenterazine (ctz) injection via tail vein and then with PET/CT after [18F]-TMP

injection (�100 mCi via tail vein). For quantification, regions of interest were drawn around the entire tumors, and the signal maximum in the tumors was divided by the signal

maximum from the heart/mediastinal blood pool signal, thereby yielding a target-to-background ratio. (B) [18F]-TMP target-to-background ratio in the spleen was increased

on day 7 in several mice treated with DYR-CAR T cells, which decreased by day 13. Mice treated with control DYR T cells showed no significant splenic signal over

background. (C) Mouse 2 (M2, plus sign) demonstrated BLI and PET signal from the spleen at day 7 that decreased by day 13 (red arrowheads and red arrows). (D)

Quantification of PET signal over background at the site of GD2+ 143b tumor at days 7 and 13 in the mice receiving DYR-CAR T cells (left panel) and mice receiving DYR

control T cells (right panel). (E) BLI of mouse 4 (M4, plus sign), showing T cells present in the spleen at day 7 and then concentrated at the site GD2+ tumor on day 13. Focal

areas of PET signal in the GD2+ tumor on PET/CT images are highlighted with red arrows. (F) Quantification of PET signal over background at the site of GD2�HCT116 tumor

at days 7 and 13 in themice receiving DYR-CAR T cells (left panel) andmice receiving DYR control T cells (right panel). Neither DYR-CAR nor DYR control T cells showed focal

areas of [18F]-TMP uptake on PET/CT in HCT116 tumors. However, DYR-CAR mouse 3 (M3, asterisk) did show some signal above background on ex vivo [18F]-TMP

autoradiography, which was supported by anti-human CD8 IHC (see Figure S6).
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Figure 5. DYR-CARM4 GD2– Tumor and GD2+ Tumor Autoradiography and

IHC for Radiologic-Pathologic Correlation

(A) Gross specimen of GD2� HCT116 tumor paired with [18F]-TMP ex vivo auto-

radiography (acquired same day as day 13 PET imaging), and overlay image. (B)

Gross specimen of GD2+ 143b tumor as in (A). The areas of autoradiography signal

correlate with the areas containing positive anti-human CD8 IHC staining cells.

Automated detection of tissue (yellow outlines) and DAB-positive cells (red marks)

was performed using QuPath software.
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construct that fused eDHFR-YFP with a T2A cleavage site followed by
Renilla luciferase (DYR, Figure 1C). After lentiviral transduction of
primary human T cells, the bioluminescent signal and uptake of
[18F]-TMP in transduced compared to control NTD T cells was
tested, showing an approximately 50-fold bioluminescent signal in-
duction and 10-fold radio signal induction (Figures 3A and 3B).
The bioluminescent signal provided supporting evidence for the traf-
ficking and accumulation of DYR-CAR T cells to the spleen and
GD2+ tumors, and a handle for the optimal timing of the more oper-
ationally intensive tracer synthesis and PET/CT imaging.

Immunodeficient, humanized NSG mice were xenografted with
GD2+ osteosarcoma 143b cells on one shoulder and GD2� human co-
lon carcinoma HCT116 cells on the contralateral shoulder. The tu-
mors grew for 2 weeks to similar sizes and were sufficiently large to
be vascularized. DYR CAR T cells or control DYR T cells were in-
jected by tail vein. As expected based on published tissue analysis
showing accumulation in the spleen as early as 7 days following
CAR T cell injection, CAR T cell PET signal was detected in the spleen
on day 7 (Figure 4B).16,26,27 As the splenic signal both by BLI and PET
dropped in several mice, there were increases in signal coming pref-
erentially from the GD2+ 143b tumors (Figure 4D), suggesting a rela-
tive accumulation in epitope containing tissues by approximately
2 weeks. We found that in one GD2� HCT116 control tumor there
was mild, diffuse [18F]-TMP uptake on PET imaging that could
represent a component of alloreactivity (e.g., via the native ab

T cell receptor (TCR) on the T cells interacting with peptide-major
histocompatibility complex [MHC] on HCT116 tumor cells), and
that there were two foci of BLI signal that appeared to correlate
with a collection of DYR-CAR T cells within that particular sample
on IHC (Figure S6). There was no clear trend for this across other
mice. Also, there was no significant signal from the DYR control
T-cell-injected mice, suggesting that without the CAR, there was no
proliferation or trafficking of the T cells (Figure 4; Figure S6).

A key component for clinical utility of this imaging strategy is the
sensitivity of detection in terms of the number of cells in a particular
tissue. For example, if approximately 0.6 to 6� E8 cells are infused in
the case of tisagenlecleucel, a CART19 therapy (package insert),
related questions arise: Howmany cells need to reach the target tissue
for efficacy? What are the off-tumor sites of accumulation/toxicity?
We calculated that we can detect as few as 11,000 CD8 DYR-CAR
T cells per mm3 in tumor tissues, a sensitivity that is comparable or
better than other PET reporter techniques including human norepi-
nephrine transporter (hNET) and HSV-tk recently benchmarked in
a direct T cell injection approach (Figure S9).9 We focused on CD8
T cells in this study given that CD8 rather than CD4 T cells are the
dominant tumor-infiltrating population in this CAR T model.16

Additionally, these data support and improve upon our empirically
derived number of detectable cells in a xenograft model using the
related radiotracer [11C]-TMP, which has a shorter isotope half-life
and theoretically lower target-to-background ratio.14

The use of three reporters (eDHFR, YFP, and Renilla) in these animal
experiments provided an important correlation between the BLI and
PET imaging and allowed fluorescence-activated cell sorting (FACS)
for double-positive cells without engaging the CAR itself. For human
applications, only the eDHFR component would be needed, and thus
CAR lentiviral constructs would only need to carry a bicistronic
element such as an internal ribosome entry site (IRES) or cleavage
site to co-express DHFR. This is in line with CAR constructs under
clinical evaluation that contain other genes such as inducible caspase
9 and truncated epidermal growth factor receptor (EGFRt).28–31 To
evaluate for any negative impact of eDHFR on CAR T cell effector
function, we assayed the cytotoxicity, immune activation, prolifera-
tion, andmetabolism of CAR T cells showing that eDHFRwas biolog-
ically inert and should not negatively impact the function of the CAR
T cells.

The 143b osteosarcoma tumor cell line used in these experiments
demonstrates heterogeneous expression of GD2. This feature made
it well suited to the timing of these proof-of-concept preclinical exper-
iments, as it provided an extended window in which to capture T cells
within the tumor before the tumor is eradicated by T cells. Our results
show punctate foci of CAR T cell invasion. It is not clear whether this
represented focal hotspots of GD2 overexpression leading to CAR T
activation, or whether these hotspots were stochastic events and just
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the earliest areas of invasion that were mediated by factors such as
vascularity or tumor stroma.

Limitations of our study include that we did not document whether
CAR T trafficking to GD2+ tumors resulted in a therapeutic response.
Our goal was to catch the T cells “in the act” per se, rather than show
efficacy, and thus mouse sacrifice and IHC endpoints were at critical
times before tumor regression may have been seen. Future experi-
ments to show the expansion of T cells in the target site, regression
of the tumor, and co-regression of the T cells will be performed in
downstream experiments.

One potential use of our imaging approach is the ability to create im-
age-based pharmacokinetic data on “living drugs” such as CAR
T cells. For example, a baseline image of a patient using [18F]-TMP
prior to cell administration could be acquired. Then, subsequent
follow-up [18F]-TMP images could be gathered at defined time points
and CAR T cell biodistribution determined by normalizing the uptake
to the baseline image. This is especially possible with the development
of new whole-body PET scanner technology that allows for ultra-low-
dose radiotracer administration.32

We show the ability to monitor the CAR T cell trafficking over time,
for example, in the spleen at early time points and later in the tu-
mor, suggesting that this approach allows long-term (weeks to
months) monitoring of engineered cells, a feature that could be
complementary to direct labeling techniques such as Zr-89 or
In-111 oxine for shorter-term trafficking.33,34 This high-affinity
GD2 CAR model is known to cause neurotoxicity, and thus moni-
toring for late trafficking to the brain and spinal cord experiments
are also planned.16 While HSV-tk is known to cause an immuno-
genic reaction in human patients, and immunosuppression can be
needed to prevent fratricide of HSV-tk-transduced cells, it is un-
known whether bacterial eDHFR will have similar issues, noting
some reassuring features of the bacterial protein, namely its smaller
size and potential for engineering.11

In silico evidence suggests that in comparison to HSV-tk, eDHFR
has fewer potential immunogenic peptides, and of those possible
immunogenic peptides, eDHFR peptides show decreased half-times
of dissociation with a representative human HLA (Figure S7).20

eDHFR is a smaller protein, 18 kDa, compared to HSV-tk, which
is 46 kDa. In addition to eDHFR having fewer immunologically
active epitopes, that humans live with large numbers of commensal
intestinal bacteria raises the possibility of immune tolerance. Never-
theless, there is a possibility that eDHFR will prove to be immuno-
genic in humans and therefore unsuitable for repeated use. As we
apply this approach in human patients, early assays will monitor
for immune activation and suppression of eDHFR-engineered cells.
Given the depth of biochemical understanding of the relationship
between eDHFR and small-molecule ligands, modifications to
improve the binding affinity and/or humanize/truncate the enzyme
could be explored to mitigate the potential for immunogenicity in
future studies.35,36
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Conclusions

Here we present a PET imaging strategy to monitor CAR T cells using
[18F]-TMP and eDHFR as a reporter gene. The ability to image small
numbers of gene-modified cells in humans would be helpful to accel-
erate the translation of new cell-based therapies into the clinic, and it
may reinforce our understanding of treatment success, failure, and
toxicity.

MATERIALS AND METHODS
Cloning and Molecular Biology

pTRPE lentiviral vector encoding GD2-scFv-CD8 hinge 4-1BB-CD3z
with an E101K mutation was generated as described previously.16

This CAR construct was subcloned into a plasmid ELPS (pELPS) len-
tiviral vector upstream of a T2A-mCherry gene to allow flow sorting
of CAR+ T cells in these experiments. To generate the eDHFR-YFP-
Renilla reniformis luciferase (DYR) construct, PCR products encod-
ing mammalian codon-optimized eDHFR-YFP with a T2A cleavage
site followed by NheI restriction site and Renilla luciferase at the C
terminus were ligated into pELPS (coding sequence and protein
sequence provided in the Supplemental Information).

Mammalian Cell Culture

HCT116 cells (American Type Culture Collection [ATCC]) carrying
the dhfr transgene were made as described previously.14 All cells
(HCT116, 143b, SY5Y) were cultured in complete media: DMEM
with 10% fetal bovine serum (Invitrogen), 2 mM glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin (all from Gibco).
Cells were maintained in a humidified incubator at 37�C.

CAR T Cell Generation

Human primary bulk T cells used in these experiments were collected
from healthy volunteers and purified by the Human Immunology
Core at the University of Pennsylvania. T cells were expanded by
co-incubation with anti-CD3/anti-CD28-coated magnetic beads at a
ratio of 3:1 beads to T cells. The next day, T cells were co-transduced
with lentivirus encoding DYR and GD2-E101K CAR-T2A-mCherry
(or singly transduced with DYR alone) at an MOI of 5. Lentivirus
had been harvested from the supernatants of 293T cells transfected
with the lentiviral plasmid along with packaging plasmids as
described previously.37 T cells were cultured in RPMI 1640 media
supplemented with 10% FBS, 10 mmol/L HEPES buffer, 100 U/mL
penicillin, and 100 g/mL streptomycin sulfate, without additional cy-
tokines until they had rested down with a cellular volume of approx-
imately 400 fL. At that point, beads and media were removed, and the
cells were washed in Dulbecco’s phosphate-buffered saline (PBS) and
resuspended in fetal bovine serum (FBS) with 5% DMSO for
cryopreservation.

Flow Cytometry and Cell Sorting

For sorting, T cells that had been transduced with the DYR and CAR
viruses, or DYR alone, were cultured for 8 days prior to sorting. Cells
were washed with sorting buffer (PBS with 2% BSA and 1% HEPES)
and analyzed and sorted on a FACSAria II (BD Biosciences) at the
University of Pennsylvania Flow Cytometry and Cell Sorting Facility.
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Double-positive (YFP+mCherry+) or single-positive (YFP+) cells were
collected and returned to conditioned media for the remainder of cul-
ture. T cells at day 9 following GD2 antigen exposure were stained
with anti-CD8 (BioLegend), anti-CD45 RO (BD Pharmingen), and
anti-CCR7 (BD Pharmingen). Gates were drawn based on fluores-
cence minus one controls. For staining of cell lines, trypsinized,
PBS-washed tumor line cells were incubated with allophycocyanin
(APC)-conjugated anti-GD2 clone 14G2a (BioLegend) or isotype
control at 1:30 dilution for 15 min at room temperature. Cells were
then washed once in 2 mL of PBS and analyzed on an LSRFortessa
(BD Biosciences).

In Vitro Assays

Mammalian Cellular Uptake Studies

HCT116 dhfr cells were plated in a 96-well plate (40,000 cells/well)
24 h prior to assay, incubated with [18F]-TMP (�70,000 cpm/
50 mL/well, saline, <1% ethanol) in Opti-MEM (Gibco) for 120 min
at 37�C. Excess unlabeled TMP (10 mM) or MTX (10 mM) was added
as a blocking agent at the same time as adding the radiotracer to deter-
mine nonspecific binding. Protein was quantified using the Lowry
method and uptake assayed on a gamma counter (PerkinElmer).
[18F]-TMP uptake in primary T cells was performed by incubating
1 million CAR and DYR T cells in solution in a 1.7-mL epitube
(2 million cpm/50 mL) for 30 min, washed three times with cold
PBS, and assayed with a gamma counter. Uptake was measured by
dividing counts by incubated dose of [18F]-TMP and normalizing
to either protein concentration (% injected dose [ID]/mg) or cell num-
ber (%ID/million cells).

Cytokine Release Assays

Following an overnight co-incubation of T cells with SY5Y target cells
at an effector-to-target ratio of 10:1 or media alone, supernatant was
harvested and concentrations of interferon (IFN)-g and interleukin
(IL)-2 were determined by ELISA (R&D Systems).

In Vitro Proliferation

T cells were plated with irradiated SY5Y target cells at a ratio of 1:1,
and total viable T cells present were determined on the indicated sub-
sequent days using CountBright absolute counting beads and viability
dye (Life Technologies).

Chromium Release Assays

T cells were co-incubated with 51Cr-loaded SY5Y target cells at the
indicated effector-to-target ratios for 14 h. Supernatant was har-
vested, plated onto Luma plates (PerkinElmer), and counted on a
MicroBeta2 instrument (PerkinElmer). The percentage specific
cytotoxicity was determined using the following equation: [(experi-
mental � spontaneous (targets with media alone))/(maximum (tar-
gets with SDS) � spontaneous)] � 100.

Metabolic Function

Metabolic function was assessed using an extracellular flux analyzer
(Agilent Technologies/Seahorse Bioscience). Individual wells of an
XF96 cell culture microplate were coated with CellTak in accor-
dance with the manufacturer’s instructions. The matrix was
adsorbed overnight at 37�C, aspirated, air-dried, and stored at 4�C
until use. Mitochondrial and glycolytic function was assessed
5 days following exposure. CAR T cells were centrifuged at
1200 � g for 5 min. Cell pellets were resuspended in XF assay me-
dium (nonbuffered RPMI 1640) containing 10 mM glucose, 2 mM
glutamine, and 5 mM HEPES. T cells were seeded at 0.2 � 106

cells/well. The microplate was centrifuged at 1,000 � g for 3 min
and incubated in a CO2-free, 37�C incubator. XF96 assay cartridges
were calibrated in accordance with the manufacturer’s instructions.
Cellular oxygen consumption rates (OCRs) and extracellular acidi-
fication rates (ECARs) were measured under basal conditions (time
points 1–3) and following treatment with 1.5 mM oligomycin A
(time points 4–6), 1.5 mM fluoro-carbonyl cyanide phenlhydrazone
(FCCP) (time points 7–9), and 5 mM rotenone/antimycin A (time
points 10–12).

T Cell Bioluminescence Experiment

Primary human T cells (NTD) and DYR T cells (single transduction)
that were sorted on YFP were added to a 96-well plate (100,000 cells).
Coelenterazine h (NanoLight Technologies) was added to the wells to
a final concentration 1.5 mM and cells were assayed on a luminometer
(PerkinElmer).

Mouse Models

Tumor Uptake

CD1 nu/nu female mice (Charles River, 6–8 weeks, n = 3) received
subcutaneous dorsal, shoulder injections of 10� 106 HCT116 control
or eDHFR cells. After 21 days of growth, tumors were palpable and
animals were anesthetized (2% isoflurane), placed on the warmed
stage for small animal PET and micro-CT imaging (Molecubes),
and given a tail vein injection of [18F]-TMP (�100 mCi/mouse). Dy-
namic PET/CT scans were initiated at the time of injection and ac-
quired over 45 min. Static PET/CT scans were acquired for 30 min
at 3 and 6 h postinjection. Elliptical ROIs were drawn around each tu-
mor using the CT images, and the maximum counts from each ROI
were determined using MIM (MIM Software, Cleveland, OH). The
ratio of uptake between eDHFR tumors and control tumors was
calculated for various time points postinjection. At the end of the im-
aging session mice were sacrificed and tissues were taken for ex vivo
biodistribution calculation. Uptake in %ID/g was assayed with a
gamma counter (PerkinElmer).

CAR T Cell Tracking

Female NOD-SCID-Il2rg�/� (NSG) mice (Jackson Laboratory) were
subcutaneously xenografted with HCT116 human colon cancer cells
(ATCC, 106) on the left shoulder and 143b human osteosarcoma
(ATCC, 106) on the right shoulder in 100 mL of PBS (Corning).
The tumors were allowed to grow for 14 days and then 1 million
DYR T cells or 1 million CAR+DYR T cells were injected via tail
vein in 100 mL of PBS (four mice per group). On days 7 and 13 after
T cell injection, all mice were administered Inject-A-Lume highly
pure coelenterazine (NanoLight Technology, 100 mg/mouse in
30 mL of solvent [Fuel-Inject]). Mice were imaged for 1–3 min
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dorsally and ventrally using an IVIS spectrum (PerkinElmer) under
isoflurane anesthesia. On the same days, all mice were then injected
with [18F]-TMP IV (�100 mCi/mouse) and imaged with PET/CT
3 h after tracer administration and data were analyzed as above. On
day 13, mice were sacrificed and tissues harvested for ex vivo autora-
diography and IHC. Mouse number 1 of the CART cell group died
during PET/CT imaging during day 13 and was omitted from
analysis. All animal studies were completed with University of
Pennsylvania’s Institutional Animal Care and Use Committee
(IACUC) approval.

Autoradiography and Tissue Histology

Mice were sacrificed after [18F]-TMP injection and imaging. Tissues
were dissected and embedded with in OCT. Sections (10 mm) were
cut and exposed to a phosphor plate overnight (GE Healthcare)
and developed on a Typhoon digital autoradiograph (GEHealthcare).
Anti-human CD8 IHC and H&E staining of contiguous frozen sec-
tions was performed at the University of Pennsylvania Perelman
School of Medicine Pathology Clinical Service Center and digitized
(Zeiss Axio system). Pathology images presented here were taken
using screen captures from QuPath (open-source digital pathology,
GitHub). Autosensing of diaminobenzidine (DAB) staining for
anti-human CD8 was used using “simple tissue detection” and “fast
cell counting” features using QuPath.

Nonhuman Primate Imaging

Rhesus macaque imaging was performed as previously described.15

Images were reanalyzed to make rotating maximum intensity projec-
tions with MIM (MIM Software). All animal studies were completed
with University of Pennsylvania’s IACUC approval.

Chemical Synthesis

[18F]-TMP synthesis was performed as previous described.15

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2019.10.007.

AUTHOR CONTRIBUTIONS
M.A.S. and S.A.R. contributed equally to this work. M.A.S., S.A.R.,
and M.D.F. designed and coordinated the research. M.A.S., S.A.R.,
K.L., C.H., R.S.O., and C.-C.W. performed the research and analyzed
data. R.H.M., M.M., and M.D.F. helped design and interpret experi-
ments and analyze data. M.A.S. wrote the initial draft, and all authors
contributed to the final manuscript.

CONFLICTS OF INTEREST
M.A.S. and R.H.M. have filed US patent US20180104365A1 assigned
to the University of Pennsylvania on radiotracer derivatives of
trimethoprim for medical imaging.

ACKNOWLEDGMENTS
We thank members of the UPenn Cyclotron (Hsiaoju Lee), the
UPenn Pathology Core, the Human Immunology Core, the Small An-
50 Molecular Therapy Vol. 28 No 1 January 2020
imal Imaging Facility (Eric Blankemeyer), and the Flow Cytometry
and Cell Sorting Facility. We also thank David Mankoff, Mitchell
Schnall, and Daniel Pryma for helpful discussions. M.A.S. is sup-
ported by the NIH Office of the Director Early Independence Award
(DP5-OD26386), the Burroughs Wellcome Fund Career Award for
Medical Scientists, RSNA Resident Research Award, and the NIH/
NIBIB (T32 EB004311). S.A.R. is supported by St. Baldrick’s Founda-
tion Scholar Award (524831) and was supported by the CHOP Can-
cer Center K12 (CA076931, NIH/NCI). R.O.C. is supported by the
NIH/NCI (R01 CA226983-02). M.D.F. and K.L. are supported by
Stand Up to Cancer (SU2C-AACR-IRG-15-17), and M.D.F. is also
supported by the NIH/NIBIB (R01 EB026892), the National Center
for Advancing Translational Science (NCATS) of the NIH
(UL1TR000003), an RSNAResearch Scholar Grant, and by the Amer-
ican Cancer Society (124268-IRG-78-002-35-IRG). The eTOC figure
was created with Biorender.com.

REFERENCES
1. June, C.H., and Sadelain, M. (2018). Chimeric antigen receptor therapy. N. Engl. J.

Med. 379, 64–73.

2. Pantel, A.R., and Mankoff, D.A. (2017). Molecular imaging to guide systemic cancer
therapy: Illustrative examples of PET imaging cancer biomarkers. Cancer Lett. 387,
25–31.

3. Weissleder, R., Schwaiger, M.C., Gambhir, S.S., and Hricak, H. (2016). Imaging
approaches to optimize molecular therapies. Sci. Transl. Med. 8, 355ps16.

4. Collins, S.A., Hiraoka, K., Inagaki, A., Kasahara, N., and Tangney, M. (2012). PET im-
aging for gene & cell therapy. Curr. Gene Ther. 12, 20–32.

5. Yaghoubi, S., Barrio, J.R., Dahlbom, M., Iyer, M., Namavari, M., Satyamurthy, N.,
Goldman, R., Herschman, H.R., Phelps, M.E., and Gambhir, S.S. (2001). Human
pharmacokinetic and dosimetry studies of [18F]FHBG: a reporter probe for imaging
herpes simplex virus type-1 thymidine kinase reporter gene expression. J. Nucl. Med.
42, 1225–1234.

6. Yaghoubi, S.S., Jensen, M.C., Satyamurthy, N., Budhiraja, S., Paik, D., Czernin, J., and
Gambhir, S.S. (2009). Noninvasive detection of therapeutic cytolytic T cells with
18F-FHBG PET in a patient with glioma. Nat. Clin. Pract. Oncol. 6, 53–58.

7. Krebs, S., Ahad, A., Carter, L.M., Eyquem, J., Brand, C., Bell, M., Ponomarev, V., Reiner,
T., Meares, C.F., Gottschalk, S., et al. (2018). Antibody with infinite affinity for in vivo
tracking of genetically engineered lymphocytes. J. Nucl. Med. 59, 1894–1900.

8. Castanares, M.A., Mukherjee, A., Chowdhury, W.H., Liu, M., Chen, Y., Mease, R.C.,
Wang, Y., Rodriguez, R., Lupold, S.E., and Pomper, M.G. (2014). Evaluation of pros-
tate-specific membrane antigen as an imaging reporter. J. Nucl. Med. 55, 805–811.

9. Moroz, M.A., Zhang, H., Lee, J., Moroz, E., Zurita, J., Shenker, L., Serganova, I.,
Blasberg, R., and Ponomarev, V. (2015). Comparative analysis of T cell imaging
with human nuclear reporter genes. J. Nucl. Med. 56, 1055–1060.

10. Minn, I., Huss, D.J., Ahn, H.H., Chinn, T.M., Park, A., Jones, J., Brummet, M., Rowe,
S.P., Sysa-Shah, P., Du, Y., et al. (2019). Imaging CAR T cell therapy with PSMA-tar-
geted positron emission tomography. Sci. Adv. 5, eaaw5096.

11. Traversari, C., Marktel, S., Magnani, Z., Mangia, P., Russo, V., Ciceri, F., Bonini, C.,
and Bordignon, C. (2007). The potential immunogenicity of the TK suicide gene does
not prevent full clinical benefit associated with the use of TK-transduced donor lym-
phocytes in HSCT for hematologic malignancies. Blood 109, 4708–4715.

12. Keu, K.V., Witney, T.H., Yaghoubi, S., Rosenberg, J., Kurien, A., Magnusson, R.,
Williams, J., Habte, F., Wagner, J.R., Forman, S., et al. (2017). Reporter gene imaging
of targeted T cell immunotherapy in recurrent glioma. Sci. Transl. Med. 9, eaag2196.

13. Klebanoff, C.A., Rosenberg, S.A., and Restifo, N.P. (2016). Prospects for gene-engi-
neered T cell immunotherapy for solid cancers. Nat. Med. 22, 26–36.

14. Sellmyer, M.A., Lee, I., Hou, C., Lieberman, B.P., Zeng, C., Mankoff, D.A., and Mach,
R.H. (2017). Quantitative PET reporter gene imaging with [11C]trimethoprim. Mol.
Ther. 25, 120–126.

https://doi.org/10.1016/j.ymthe.2019.10.007
https://doi.org/10.1016/j.ymthe.2019.10.007
http://Biorender.com
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref1
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref1
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref2
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref2
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref2
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref7
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref7
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref7
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref8
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref8
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref8
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref12
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref12
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref12
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref13
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref13
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref14


www.moleculartherapy.org
15. Sellmyer, M.A., Lee, I., Hou, C., Weng, C.C., Li, S., Lieberman, B.P., Zeng, C.,
Mankoff, D.A., and Mach, R.H. (2017). Bacterial infection imaging with [18F]fluoro-
propyl-trimethoprim. Proc. Natl. Acad. Sci. USA 114, 8372–8377.

16. Richman, S.A., Nunez-Cruz, S., Moghimi, B., Li, L.Z., Gershenson, Z.T., Mourelatos,
Z., Barrett, D.M., Grupp, S.A., and Milone, M.C. (2018). High-affinity GD2-specific
CAR T cells induce fatal encephalitis in a preclinical neuroblastoma model. Cancer
Immunol. Res. 6, 36–46.

17. Baccanari, D.P., and Kuyper, L.F. (1993). Basis of selectivity of antibacterial diamino-
pyrimidines. J. Chemother. 5, 393–399.

18. Matthews, D.A., Alden, R.A., Bolin, J.T., Freer, S.T., Hamlin, R., Xuong, N., Kraut, J.,
Poe, M., Williams, M., and Hoogsteen, K. (1977). Dihydrofolate reductase: x-ray
structure of the binary complex with methotrexate. Science 197, 452–455.

19. Ponde, D.E., Dence, C.S., Oyama, N., Kim, J., Tai, Y.C., Laforest, R., Siegel, B.A., and
Welch, M.J. (2007). 18F-fluoroacetate: a potential acetate analog for prostate tumor
imaging—in vivo evaluation of 18F-fluoroacetate versus 11C-acetate. J. Nucl. Med.
48, 420–428.

20. Parker, K.C., Bednarek, M.A., and Coligan, J.E. (1994). Scheme for ranking potential
HLA-A2 binding peptides based on independent binding of individual peptide side-
chains. J. Immunol. 152, 163–175.

21. Ellebrecht, C.T., Bhoj, V.G., Nace, A., Choi, E.J., Mao, X., Cho, M.J., Di Zenzo, G.,
Lanzavecchia, A., Seykora, J.T., Cotsarelis, G., et al. (2016). Reengineering chimeric
antigen receptor T cells for targeted therapy of autoimmune disease. Science 353,
179–184.

22. Bennett, J. (2017). Taking stock of retinal gene therapy: looking back and moving for-
ward. Mol. Ther. 25, 1076–1094.

23. Calloway, N.T., Choob, M., Sanz, A., Sheetz, M.P., Miller, L.W., and Cornish, V.W.
(2007). Optimized fluorescent trimethoprim derivatives for in vivo protein labeling.
ChemBioChem 8, 767–774.

24. Bushby, S.R., and Hitchings, G.H. (1968). Trimethoprim, a sulphonamide potenti-
ator. Br. J. Pharmacol. Chemother. 33, 72–90.

25. Singh, N., Liu, X., Hulitt, J., Jiang, S., June, C.H., Grupp, S.A., Barrett, D.M., and Zhao,
Y. (2014). Nature of tumor control by permanently and transiently modified GD2
chimeric antigen receptor T cells in xenograft models of neuroblastoma. Cancer
Immunol. Res. 2, 1059–1070.

26. Hu, B., Ren, J., Luo, Y., Keith, B., Young, R.M., Scholler, J., Zhao, Y., and June, C.H.
(2017). Augmentation of antitumor immunity by human and mouse CAR T cells
secreting IL-18. Cell Rep. 20, 3025–3033.

27. Xu, Y., Zhang, M., Ramos, C.A., Durett, A., Liu, E., Dakhova, O., Liu, H., Creighton,
C.J., Gee, A.P., Heslop, H.E., et al. (2014). Closely related T-memory stem cells corre-
late with in vivo expansion of CAR.CD19-T cells and are preserved by IL-7 and IL-15.
Blood 123, 3750–3759.
28. Paszkiewicz, P.J., Fräßle, S.P., Srivastava, S., Sommermeyer, D., Hudecek, M., Drexler,
I., Sadelain, M., Liu, L., Jensen, M.C., Riddell, S.R., and Busch, D.H. (2016). Targeted
antibody-mediated depletion of murine CD19 CAR T cells permanently reverses B
cell aplasia. J. Clin. Invest. 126, 4262–4272.

29. Collinson-Pautz, M.R., Chang, W.C., Lu, A., Khalil, M., Crisostomo, J.W., Lin, P.Y.,
Mahendravada, A., Shinners, N.P., Brandt, M.E., Zhang, M., et al. (2019).
Constitutively active MyD88/CD40 costimulation enhances expansion and efficacy
of chimeric antigen receptor T cells targeting hematological malignancies.
Leukemia 33, 2195–2207.

30. Straathof, K.C., Pulè, M.A., Yotnda, P., Dotti, G., Vanin, E.F., Brenner, M.K., Heslop,
H.E., Spencer, D.M., and Rooney, C.M. (2005). An inducible caspase 9 safety switch
for T-cell therapy. Blood 105, 4247–4254.

31. Diaconu, I., Ballard, B., Zhang, M., Chen, Y., West, J., Dotti, G., and Savoldo, B.
(2017). Inducible caspase-9 selectively modulates the toxicities of CD19-specific
chimeric antigen receptor-modified T cells. Mol. Ther. 25, 580–592.

32. Cherry, S.R., Jones, T., Karp, J.S., Qi, J., Moses, W.W., and Badawi, R.D. (2018). Total-
body PET: maximizing sensitivity to create new opportunities for clinical research
and patient care. J. Nucl. Med. 59, 3–12.

33. Weist, M.R., Starr, R., Aguilar, B., Chea, J., Miles, J.K., Poku, E., Gerdts, E., Yang, X.,
Priceman, S.J., Forman, S.J., et al. (2018). PET of adoptively transferred chimeric an-
tigen receptor T cells with 89Zr-oxine. J. Nucl. Med. 59, 1531–1537.

34. Parente-Pereira, A.C., Burnet, J., Ellison, D., Foster, J., Davies, D.M., van der Stegen,
S., Burbridge, S., Chiapero-Stanke, L., Wilkie, S., Mather, S., and Maher, J. (2011).
Trafficking of CAR-engineered human T cells following regional or systemic adoptive
transfer in SCID beige mice. J. Clin. Immunol. 31, 710–718.

35. Liu, C.T., Hanoian, P., French, J.B., Pringle, T.H., Hammes-Schiffer, S., and Benkovic,
S.J. (2013). Functional significance of evolving protein sequence in dihydrofolate
reductase from bacteria to humans. Proc. Natl. Acad. Sci. USA 110, 10159–10164.

36. Campbell, D.O., Yaghoubi, S.S., Su, Y., Lee, J.T., Auerbach, M.S., Herschman, H.,
Satyamurthy, N., Czernin, J., Lavie, A., and Radu, C.G. (2012). Structure-guided en-
gineering of human thymidine kinase 2 as a positron emission tomography reporter
gene for enhanced phosphorylation of non-natural thymidine analog reporter probe.
J. Biol. Chem. 287, 446–454.

37. Milone, M.C., Fish, J.D., Carpenito, C., Carroll, R.G., Binder, G.K., Teachey, D.,
Samanta, M., Lakhal, M., Gloss, B., Danet-Desnoyers, G., et al. (2009). Chimeric re-
ceptors containing CD137 signal transduction domains mediate enhanced survival of
T cells and increased antileukemic efficacy in vivo. Mol. Ther. 17, 1453–1464.

38. Oefner, C., Bandera, M., Haldimann, A., Laue, H., Schulz, H., Mukhija, S., Parisi, S.,
Weiss, L., Lociuro, S., and Dale, G.E. (2009). Increased hydrophobic interactions of
iclaprim with Staphylococcus aureus dihydrofolate reductase are responsible for the
increase in affinity and antibacterial activity. J. Antimicrob. Chemother. 63, 687–698.
Molecular Therapy Vol. 28 No 1 January 2020 51

http://refhub.elsevier.com/S1525-0016(19)30461-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref26
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref26
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref26
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref38
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref38
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref38
http://refhub.elsevier.com/S1525-0016(19)30461-7/sref38
http://www.moleculartherapy.org

