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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-
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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.
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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
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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
Molecular Therapy Vol. 28 No 1 January 2020 45
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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
Molecular Therapy Vol. 28 No 1 January 2020 47
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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
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