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Chimeric antigen receptor T (CART) cells are a promising
immunotherapy that has induced dramatic anti-tumor re-
sponses in certain B cell malignancies. However, CART cell
expansion and trafficking are often insufficient to yield long-
term remissions, and serious toxicities can arise after CART
cell administration. Visualizing CART cell expansion and traf-
ficking in patients can detect an inadequate CART cell response
or serve as an early warning for toxicity development, allowing
CART cell treatment to be tailored accordingly to maximize
therapeutic benefits. To this end, various imaging platforms
are being developed to track CART cells in vivo, including
nonspecific strategies to image activated T cells and reporter
systems to specifically detect engineered T cells. Many of these
platforms are clinically applicable and hold promise to provide
valuable information and guide improved CART cell treat-
ment.
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INTRODUCTION
Adoptive transfer of autologous chimeric antigen receptor T (CART)
cell therapy has recently emerged as a potent and potentially curative
therapy in patients with diffuse large B cell lymphoma (DLBCL),1–4

acute lymphoblastic leukemia (ALL),5–8 chronic lymphocytic leuke-
mia,9–12 and multiple myeloma (MM).13–15 Thus far, two CD19-re-
directed CART (CART19) cell products (tisagenlecleucel in ALL
and axicabtagene ciloleucel in DLBCL) were approved by the US
Food and Drug Administration (FDA) in 2017, and one CART19
cell product was approved for the treatment of mantle cell lymphoma
in 2020 (brexucabtagene autoleucel).16 Several other CART cell prod-
ucts are expected to receive FDA approval in the next 3–5 years.9–15

Despite the success of CART cell therapy, limitations include (1)
lower rates of durable response related to inadequate CART cell
expansion and trafficking to tumor sites, (2) lack of objective re-
sponses in solid tumors, and (3) the development of life-threatening
complications such as cytokine release syndrome (CRS),17–19 which is
associated with massive T cell proliferation after CART cell infu-
sion.20–22 The ability to efficiently and robustly image and track
CART cells in patients would allow the in vivo characterization of
T cell expansion and trafficking to tumor sites as well as the develop-
ment and rapid incorporation of strategies to potentially overcome
these limitations. Effective imaging and the subsequent adjustment
of treatment strategies would help to expand the application of
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CART cell therapy in solid tumors,23–27 as it has become increasingly
apparent that CART cell trafficking and infiltration into tumor sites
are largely inhibited by the immunosuppressive tumor microenviron-
ment.28 Thus, the development of a dynamic imaging platform is
crucial to evaluate the efficacy and toxicity of novel CART cell
therapies.

In this report, we review current and emerging strategies in the field of
CART cell imaging. We categorize imaging platforms into nonspe-
cific imaging platforms for activated T cells and specific platforms
for engineered CART cells. Non-specific platforms represent an indi-
rect measurement of adoptive T cell or CART cell expansion and traf-
ficking, while the incorporation of reporter genes is a direct measure-
ment of the functions of engineered T cell. We then examine the pros
and cons of these imaging technologies (summarized in Table 1) and
discuss strategies to incorporate CART cell imaging in the clinic.
Table 2 lists ongoing clinical trials utilizing T cells in vivo.
STRATEGIES FOR NONSPECIFIC IMAGING OF
ACTIVATED T CELLS
Several cellular imaging platforms have been developed using anti-
bodies or molecules that recognize activated T cell proteins or path-
ways. These include platforms that target T cell activation markers,
metabolomic pathways, nonspecific T cell antigens, or T cell immune
checkpoints.
In vivo T cell imaging using surface activation markers

Activated T cells upregulate unique molecules that have been utilized
for in vivo imaging and tracing, such as interleukin (IL)-2 receptor
alpha chain (CD25), tumor necrosis factor (TNF) receptor superfam-
ily member 4 (TNFRSF4/OX40/CD134),29 immune checkpoints
[programmed cell death protein (PD)-1 or cytotoxic T lymphocyte
antigen (CTLA)-4],30 or effector cytokines such as interferon
(IFN)-g, granzyme B, or TNF-a. Quantitative imaging of in vivo
T cell biodistribution by tracking activation may have a direct impact
on predicting the outcomes of the therapy or selection of patients.
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Herein, we describe T cell imaging targets related to T cell effector
function.

CD25

Markovic et al.31 reported in vivo T cell imaging with single-photon
emission computed tomography (SPECT) using 99mTc-hydrazinoni-
cotinamide (HYNIC)-IL-2 in patients with metastatic melanoma who
received either ipilimumab or pembrolizumab. Although tracer up-
take was successfully demonstrated in activated T cells after adoptive
T cell immunotherapy, SPECT imaging and histological analysis did
not show correlation between the uptake level of 99mTc-HYNIC-IL-2
and the numbers of infiltrating T cell lymphocytes.

OX40

OX40 is also an attractive T cell activationmarker that can be targeted
for T cell imaging. 64Cu-1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
raacetic acid (DOTA)-AbOX40 has been utilized as a positron emis-
sion tomography (PET) tracer and was able to recognize OX40 on
activated T cells after in situ vaccination with CpG oligodeoxynucleo-
tide in an A20 lymphoma mouse model. More importantly, 64Cu-
DOTA-AbOX40 PET imaging correlated with the tumor response
to the immunotherapy.32

PD-1
64Cu-labeled anti-mouse PD-1 antibody was developed to detect PD-
1+ murine tumor-infiltrating lymphocytes (TILs).33 In this preclinical
work, researchers showed that mice receiving anti-PD-1 tracer re-
vealed a significant uptake in lymphoid organs and tumors. Niemeijer
et al.34 conducted a clinical trial of whole-body PET imaging with
89Zr-nivolumab in patients with advanced non-small cell lung cancer.
89Zr-nivolumab uptake correlated with PD-1+ TILs. Moreover, there
was a correlation between tumor tracer uptake and response to nivo-
lumab treatment.

CTLA-4

Another desirable effector molecule target for T cell imaging is
CTLA-4. 64Cu-conjugated anti-CTLA-4 antibody was established to
image CTLA-4 in a CT26 mouse tumor model35 and successfully
visualized CTLA-4+ TILs. A phase II clinical study with 89Zr-labeled
ipilimumab is currently running in patients with metastatic mela-
noma (ClinicalTrials.gov: NCT03313323) to investigate the correla-
tion between tracer uptake in tumor sites and response to therapy.

IFN-g
89Zr-conjugated anti-IFN-g tracer was tested in a mouse breast can-
cer model. In this study, mice were treated with a HER2 cancer vac-
cine. 89Zr-PET revealed that vaccinated mice exhibited significant up-
take in the tumor site, which indicated a response to the therapy.
Researchers concluded that in situ immune evaluation with PET
may demonstrate an enhanced predictor of response.36

Granzyme B

Granzyme B is a serine protease secreted by natural killer (NK) cells
and cytotoxic T cells and indicates an anti-tumor T cell response.
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Therefore, similar to IFN-g, granzyme B can also be an attractive
target for T cell imaging during immunotherapy. Using a CT26 mu-
rine colon cancer model, researchers were able to show the correlation
between 68Ga-labeled granzyme B uptake and tumoral granzyme B
expression. Moreover, 68Ga-PET could predict the outcome after
treatment with checkpoint inhibitors.37

There are a few advantages to targeting early T cell activation markers
such as CD25 and OX40 in cellular imaging: these platforms can be
indicators of successful immune cell priming, and therefore these im-
aging strategies have the potential to predict response to immuno-
therapy. However, the major disadvantage includes lack of specificity
to engineered T cells. Additionally, the degrees of expression of T cell
activation markers vary, making it difficult to correlate T cell quanti-
fication using PET imaging with the actual number of T cells in the
tumor sites. Furthermore, T cell activation markers do not correlate
with T cell cytotoxicity.

In vivo T cell imaging using metabolic pathways

Imaging of activated cells based on metabolic activity with the radio-
active 18F-labeled glucose analog 18F-fluorodeoxyglucose (18F-FDG)
has been used for staging malignancies in the field of oncology in
the last few decades.38–40 Targeting metabolic pathways for imaging
T cells in vivo has the potential benefit that only activated cells readily
uptake the substrate. Herein, we review attractive metabolic pathways
that have been used as targets for T cell imaging in vivo.

Deoxycytidine kinase (dCK)

dCK is an essential enzyme for the activation of nucleoside-based
agents, including cytarabine gemcitabine, or 9-b-D-arabinofurano-
sylguanine (Ara-G). While most tissues rely on de novo DNA syn-
thesis pathways, lymphoid immune cells or cancer cells depend on
the salvage pathways. Thus, lymphocytes express high levels of dCK,
and deoxyribonucleoside substrate cycles increase during rapid
clonal expansion.41 In preclinical studies, targeting dCK with 1-20-
deoxy-20-18F-fluoroarabinofuranosyl cytosine (18F-F-AraC) enabled
tracking of activated T cells in a murine sarcoma model.42 18F-
labeled clofarabine (18F-CFA) is another nucleotide probe metabo-
lized through dCK and allowed visualization of leukemic cells
with PET in a preclinical study.43 This probe is being assessed in
a clinical trial to image immune activation during checkpoint
blockade in patients with advanced melanoma (ClinicalTrials.gov:
NCT03409419).

Deoxyguanosine kinase (dGK)

dGK is another enzyme responsible for phosphorylation of purine de-
oxynucleotides. In preclinical studies, dGK was targeted to visualize
donor-derived T cells in an acute graft-versus-host disease (GVHD)
mouse model. 20-Deoxy-20-18F-fluoro-9-b-D-arabinofuranosylgua-
nine (18F-F-AraG) was used as a tracer in this preclinical study and
successfully detected massive T cell activation in lymph nodes, prior
to the development of GVHD.44 18F-F-AraG is currently being inves-
tigated in clinical trials of cancer immunotherapies (ClinicalTrials.-
gov: NCT03142204 and NCT03007719).
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Table 1. Pros and cons of imaging technologies

Target Tracer Application Pros Cons

T cell-specific
marker

murine TCR

89Zr-DFO-
aTCRmu-F(ab0)2,
64Cu-cOVA-TCR

TILs

d fast and robust accumulation of
the probe in the cells due to high
rate of internalization of the TCR
d reliable correlation between cell
number and the signal

d tracer may induce T cell
stimulation
d less signal may be seen after cell
division

murine CD8
89Zr-malDFO-169
cDb

TILs

d decreased aggregation, more
stability in blood, and more
successful lymph node and spleen
targeting

d antibody clearance is faster than
full antibodies

human CD8
89Zr-DFO-
IAB22M2C

murine CD3 89Zr-DFO-CD3 TILs

d provides visualization of all T cell
populations
d eliminates need for specific
pathway, as CD3 is a pan-T cell
marker
d correlated with immune response

d requires extensive testing and
optimization before being
translated into the clinic

T cell activation
marker

CD25 99mTc-HYNIC-IL-2 TILs
d CD25 is highly expressed in
activated T cells

d patients may experience adverse
events because radiolabeled IL-2 is
biologically active

OX40
64Cu-DOTA-
AbOX40

TILs

d not only monitors T cells but also
shows responder T cells
d OX40 represents an early
activation marker and therefore
provides quick assessment

d OX40 expression on T cells is
diverse, and thus deviation between
tracer uptake and cell number may
be seen

Metabolic
pathway

deoxycytidine kinase
(dCK)

18F-F-AraC,
18F-CFA

TILs
d activated T cells increase the entry
of the substrate

d tumors also uptake the tracer

deoxyguanosine
kinase (dGK)

18F-F-AraG TILs
d activated T cells increase the entry
of the substrate

d high tracer uptake in the
background

T cell effector
molecules

human PD-1

64Cu-DOTA-anti-
PD-1,
89Zr-nivolumab,
89Zr-
penbrolizumab

TILs
d correlation between
biodistribution of tracer and IHC

d requires several days for the tracer
to accumulate to the target

human CTLA-4

64Cu-DOTA-anti-
CTLA-4,
89Zr-ipilimumab

TILs
d correlation between
biodistribution of tracer and IHC

d clinical trial is ongoing

murine granzyme B 68Ga-NOTA-GZP TILs
d correlation between
biodistribution of tracer and
treatment response

d low dependence on tissue
migration
d no clinical trials to date

murine IFN-g 89Zr-anti-IFN-g TILs
d correlation between
biodistribution of tracer and
treatment response

d low dependence on tissue
migration
d no clinical trials to date

Reporter gene

HSV-tk 18F-FHBG oncolytic virus, CART cells
d early clinical trial showed safety
and feasibility of imaging CART
cells with HSV-tk

d tracers do not penetrate BBB
d immunogenicity

NIS

124I,
18F-TFB,
18F-SO3F

oncolytic virus, CART cells,
regulatory T cells, dendritic cells

d no immune response
d high sensitivity
d no toxicity to transduced cells

d tracers do not penetrate BBB
d endogenous expression is seen in
thyroid, stomach, and salivary
gland

SSTr2

68Ga-DOTANOC,
68Ga-DOTATOC,
68Ga-DOTATATE

CART cells, TILs
d no immune response
d high sensitivity
d no toxicity to transduced cells

d endogenous expression in several
organs and cancer types
d tracers may activate T cells

D2R
11C-raclopride,
18F-FESP

– d tracer penetrates BBB
d has not been reported for tracking
T cells in vivo

hdCK
124I-FIAU,
18F-FEAU

CART cells, TILs d non-immunogenic
d endogenous expression in several
organs and cancer types
d tracers do not penetrate BBB

(Continued on next page)
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Table 1. Continued

Target Tracer Application Pros Cons

d accumulates less pyrimidine-
based radiotracer compared to
HSV-tk

eDHFR 18F-TMP CART cells
d high sensitivity
d tracer penetrates BBB

d immunogenicity

PSMA

18F-DCFPyL,
18F-DCFBC,
68Ga-PSMA-11

CART cells

d new tracers that are cleared
rapidly from kidney are under
development
d signal amplification due to
receptor-tracer complex
internalization

d kidney and patients with prostate
cancer have background issue
d possible issues with
overexpression of PSMA

TCR, T cell receptor; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T-lymphocyte antigen 4; IFN, interferon; HSV-tk, herpes simplex virus thymidine kinase; NIS, so-
dium/iodide symporter; SSTr2, somatostatin receptor 2; D2R, dopamine 2 receptor; hdCK, human deoxycytidine kinase; eDHFR, Escherichia coli dihydrofolate reductase; PSMA,
prostate-specific membrane antigen; DFO, desferrioxamine; muTCR, murine T cell receptor; F(Ab), antigen-binding fragment; cOVA, chicken ovalbumin; mal, malemide; cDb,
cys-diabody; HYNIC, 6,-hydrazinonicotinamide; AraC, arabinofuranosyl cytidine; CFA, clofarabine; AraG, arabinofuranosyl guanine; GZP, granzyme B specific PET imaging
agent; FHBG, fluoro-3-hydroxymethyl-butyl guanine; TFB, tetrafluoroborate; FESP, fluoroethyl spiperone; FIAU, 20-fluoro-20-deoxy-1b-d-arabinofuranosyl-5-iodouracil; FEAU, flu-
oro-5-ethyl-1-b-D-arabinofuranosyluracil; TMP, trimethoprim; 18F-DCFPyL, 2-(3-{1-carboxy-5-[(6-18F-fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid; 18F-
DCFBC, N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-4-18F-fluorobenzyl-L-cysteine; TILs, tumor infiltrating lymphocytes; CART, chimeric antigen receptor T cell; IHC, immunohis-
tochemistry; BBB, blood–brain barrier
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Metabolic pathways are attractive targets for T cell imaging in vivo.
However, most tumor cells are metabolically plastic and use a variety
of metabolic pathways due to increased energy demands; therefore,
signals at the tumor sites can be difficult to differentiate between tu-
mor cells and T cells.
In vivo T cell imaging using T cell-specific surface markers

Antibody tracers to T cell receptors (TCRs), CD3, CD4, and CD8
have been tested in preclinical studies to monitor the localization or
density of T cells.
Table 2. Ongoing clinical trials for imaging T cells

Name/target

Clinical trial
identifier
(ClinicalTrials.gov) Tracer

Reference
(PMID)

Images seen in
clinical trials
(PMID)

IL-2 NCT02922283 18F-FB-IL-2 28197364 –

CD8 NCT03802123
89Zr-DFO-
IAB22M2C

31586002 31586002

CTLA-4 NCT03313323

89Zr-
ipilimumab,
[64Cu]-
DOTA

30755811,
25365349

–

Activated
T cell DNA
synthesis

NCT03409419 18F-CFA
27035974,
27811125

27811125

Activated
T cell DNA
synthesis

NCT03129061,
NCT03142204,
NCT03311672,
NCT03142204

18F-F-AraG
28572504,
29596062,
18542051

28572504,

T cell
membrane

NCT03853187 111In-oxine 17640914 –

HSV-tk
NCT00730613,
NCT01082926

18F-FHBG 28100832 28100832
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TCR

Several efforts have been developed to target TCRs for T cell imaging.
Griessinger et al.45 demonstrated that the direct intracellular labeling
of T cells with 64Cu monoclonal antibody directed against the TCR
enabled T cell imaging in vivo. This approach did not impair T cell
viability or antigen recognition through the TCR. Another group
used 89Zr-labeled anti-mouse TCR F(ab0)2 fragment to track T cells
in vivo and showed that 89Zr uptake in PET correlated with ex vivo
T cell quantification with flow cytometry.46

CD3

Targeting the T cell surface glycoprotein CD3 is also an alternative to
image T cells in vivo. In a study by Larimer et al.,47 colon cancer xeno-
graft mice treated with anti-CTLA-4 were subsequently injected with
89Zr-labeled anti-CD3 antibody and imaged with PET. Researchers
were able to quantify TILs, and the level of 89Zr uptake correlated
with the tumor regression.

CD4 or CD8

Imaging the total T cell population via TCR or CD3 targeting is a
broad and nonspecific strategy for T cell detection. Therefore, target-
ing major subsets of T cells, such as CD8 or CD4, represents the next
logical strategy.

111In-labeled anti-CD4 antibody was used to image CD4 T cells in a
murine model of dextran sulfate sodium-induced colitis with SPECT.
This study showed clear correlation between bowel uptake of the
tracer and the pathology findings.48

Seo et al.49 used 64Cu-anti-CD8 antibody to assess T cell tracking in
mice and were able to visualize and quantify TILs after anti-PD-1 ther-
apy using PET. Another group also successfully developed 89Zr-desfer-
rioxamine-labeled anti-CD8 cys-diabody (89Zr-malDFO-169 cDb) for

http://ClinicalTrials.gov
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Figure 2. Representative images from a patient with MM treated with NIS+

measles virus (MV)

Left panel: PET scan image at baseline, showing MM lesions involving the lower

extremities. Middle panel: SPECT image on day 8 after NIS+ MV treatment, showing

activity corresponding to theMMbone lesions. Right panel: SPECT image on day 28

after NIS+ MV treatment, showing resolution of MV activity and residual physio-

logical uptake in the bladder.

Figure 1. 18F-TFB-PET imaging of NIS+ CART cells is an efficient platform to

detect CART cell trafficking

The OPM-2 xenograft model was created through intravenous injection of 1� 106 B

cell maturation antigen (BCMA)+ luciferase+ OPM-2 cells into immunocompromised

nonobese diabetic (NOD)/severe combined immunodeficiency (SCID)/IL-2rgnull

(NSG) mice. Three weeks later, bioluminescence imaging (BLI) was performed, and

mice were randomized to receive 5 � 106 NIS+ T cells or NIS+ BCMA-CART cells.

BLI and 18F-TFB-PET were performed 7 days after T cell infusion. 18F-TFB-PET

imaging of NIS+ BCMA-CART cells confirms their trafficking to tumor sites in a

systemic multiple myeloma (MM) xenograft model. BLI of MM xenografts, 7 days

after treatment with BCMA-CART cells, demonstrates engraftment of disease in the

bones, as predicted. Concurrent 18F-TFB-PET imaging of the mice shows traf-

ficking of NIS+ BCMA-CART cells to the corresponding tumor sites. Physiological

uptake of TFB by endogenous NIS was seen in the thyroid/salivary glands (T/S),

stomach (St), and bladder (Bl).
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noninvasive PET tracking of endogenous CD8 T cells.50 In this work,
researchers visualized CD8 T cells after adoptive transfer of antigen-
specific T cells, antagonist antibody, and checkpoint blockade. A phase
II clinical study is currently ongoing in patients with advanced solid tu-
mors treatedwith immunotherapy (ClinicalTrials.gov: NCT03802123).

The main challenge for quantification of T cell subpopulations
through cell surface markers is that the expression can vary during
the course of treatment. Additionally, the degree of surface marker
expression does not reflect T cell functionality, including cytotoxicity
and cytokine production.
SPECIFIC PLATFORMS FOR CART CELL IMAGING
USING REPORTER GENES
Reporter genes are broadly applied in the field of adoptive immuno-
therapy owing to their high sensitivity and lack of toxicity. In recent
years, several groups have developed and investigated strategies to
monitor in vivoCART cell trafficking using radionuclide-based imag-
ing. Although in vivo imaging technologies including fluorescence
and bioluminescence provide inexpensive and convenient strategies
to track cells in the preclinical field, clinical application has not
been successful due to poor resolution and immunogenicity.51 Alter-
natively, radionuclide imaging using PET or SPECT provides high
resolution and high sensitivity.52–55 In this section, we describe the
most prominent reporter genes that can be translated into the clinic
for the purpose of imaging CART cells after infusion.
Herpes simplex virus 1 thymidine kinase (HSV-tk)

The HSV-tk-based reporter system, first described by Yaghoubi et al.56

in 2009, has been widely used in the field of cell imaging.57–59 Recently,
a phase I clinical trial utilized HSV-tk for the successful imaging of IL-
13Ra2-targeting CART cells in seven patients with glioma.56,60 The
main limitations of HSV-tk as an imaging reporter system are immu-
nogenicity and background signals in brain cells or naive T cells, which
make the platform less specific for CART cell imaging.

Sodium iodide symporter (NIS)

The NIS is an intrinsic membrane protein associated with iodide up-
take into thyroid follicular cells and has an essential role in the biosyn-
thesis of thyroid hormones.61We and others have reported NIS-based
in vivo imaging of CART cells.62,63 The NIS reporter has long been
investigated in clinical trials of viral and cell therapy as a sensitive re-
porter system.64–68 Incorporation of NIS into CART cells did not
impair CART cell functions and was able to image as few as 40,000
injected CART cells in vivo with low background signal.62,63 NIS im-
aging with PET not only detected trafficking of CART cells but also
identifiedmassive CART cell expansion, correlating with the develop-
ment of CRS in preclinical models62 (Figure 1). Measles virus engi-
neered to express NIS was tested in early phase I and II clinical trials.
A preliminary report presented encouraging data on two heavily pre-
treated patients with refractory MM (Figure 2).69 The main disadvan-
tages of the NIS reporter include baseline background in the thyroid
and stomach and the inability of the tracer to penetrate the blood-
brain barrier (BBB).

Somatostatin receptor type 2 (SSTr2)

Somatostatin receptors are widely expressed on tumor cells and have
limited expression on normal tissue, such as the pancreas, cerebrum,
and kidneys, and low expression in the jejunum, colon, and liver.70,71

Thus, SSTr2 represents an attractive platform to incorporate as a re-
porter for CART cell imaging. Vedvyas et al.72 recently reported
in vivo CART cell imaging using SSTr2. They were able to demon-
strate anti–intercellular adhesion molecule-1 (ICAM-1) CART cell
Molecular Therapy: Oncolytics Vol. 20 March 2021 629
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Figure 3. An ideal imaging platform for CART cells

(A) The reporter/molecule should be specific to CART cells. (B) The reporter/molecule is non-immunogenic to avoid rejection. (C) The imaging platform should have high

sensitivity to detect low numbers of CART cells. (D) The reporter/molecule should have low background expression on normal tissue. (E) The tracer should ideally penetrate

the blood-brain barrier. (F) Incorporation of the reporter molecule in CART cells and subsequent imaging should not impair CART cell functions.
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expansion using 18F-NOTA-octreotide PET in tumor-bearing mice
with 68Ga-DOTATOC. The limitations of SSTr2 include the inability
of tracers to penetrate the BBB,73 and potential negative impacts on
T cell proliferation or signaling after SSTr2 transduction.74

Prostate-specific membrane antigen (PSMA)

PSMA PET using 68Ga-PSMA-11 or 2-(3-{1-carboxy-5-[(6-18F-flu-
oro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid
(18F-DCFPyL) has been utilized to detect prostate cancer in the
clinic.75–77 68Ga-PSMA-11 has been approved by the FDA as a diag-
nostic tool in prostate cancer,78 making it an accessible platform for
imaging adoptively transferred T cells in the clinic. Using a B cell
ALL (B-ALL) xenograft model, Minn et al.79 successfully imaged
CD19-directed CART cells with 18F-DCFPyL-PET in vivo and could
detect as low as 2,000 CART cells. Similar to NIS- or SSTr2-based im-
aging platforms, 18F-DCFPyL-PET revealed trafficking of infused
PSMA+ CART cells and infiltration into tumors sites. In addition,
PSMA-targeted radiotherapeutics including 177Lu-PSMA-61780 can
be used as a safety switch to kill CART cells. The limitations of
630 Molecular Therapy: Oncolytics Vol. 20 March 2021
PSMA as a reporter gene are that the tracer does not cross the BBB,
and high background can be seen in the excretion site.81

Human deoxycytidine kinase (hdCK)

An hdCKmutant reporter was engineered to express on Pz1-directed
CART cells with an 18F-20-fluoro-20-deoxyarabinofuranosyl-5-ethyl-
uracil (18F-FEAU) tracer. 18F-FEAU-PET was able to track tumor-
infiltrating CART cells in a prostate cancer xenograft model.82

Another group also used hdCK as a platform to image T cells in vivo.
In this study, an engineered TCR was transduced to express hdCK,
and 20-deoxy-20-18F-fluoro-5-methyl-1-b-L-arabinofuranosyl-uracil
(18F-L-FMAU)-PET was used to successfully monitor tumor infiltra-
tion of TCR-T cells in a melanoma xenograft mouse model.83

Escherichia coli dihydrofolate reductase (eDHFR) enzyme

An alternative approach for an in vivo CART cell imaging platform is
the eDHFR enzyme. Sellmyer et al.84 co-transduced T cells with
eDHFR and anti-GD2 CAR and imaged the GD2+ mice with PET us-
ing the small-molecule antibiotic 18F-trimethoprim (TMP) as a

http://www.moleculartherapy.org
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radiotracer. This platform was noted to be highly sensitive, and imag-
ing was able to detect as low as 11,000 cells/mm3. However, one sig-
nificant disadvantage is that high immunogenicity could result in
rejection of eDHFR+ T cells, making such an approach in human
studies non-feasible.

Conclusions and future perspectives

As CART cell therapy continues to become a mainstay pillar in the
treatment of cancer, there will be a greater need for a platform to allow
noninvasive imaging and monitoring of CART cell trafficking and
in vivo expansion. Imaging the dynamics and function of adoptive
T cells is valuable to demonstrate the interaction between T cells
and tumor cells, as well as normal tissues. Such a platform would
enable (1) the assessment of CART cell trafficking, (2) real-time
monitoring of expansion and potential prediction of CART cell
toxicity, and (3) the rapid incorporation of strategies to enhance
CART cell trafficking or minimize toxicity in phase I clinical trials.
An ideal imaging platform for CART cells should meet the following
criteria (Figure 3): (A) the reporter/molecule should be specific to
CART cells; (B) the reporter/molecule should be non-immunogenic;
(C) the imaging platform should have high sensitivity to detect low
numbers of CART cells; (D) the reporter/molecule should have low
background expression on normal tissue; (E) the tracer should ideally
penetrate the BBB (however, it is unclear how essential this criterion
is, since the BBB is usually disrupted when cancer is metastasized to
the brain; this will be answered as more clinical trials utilize reporter
genes); and (F) incorporation of the reporter molecule in CART cells
and subsequent imaging should not impair CART cell functions.

As we have discussed in this review, numerous cell imaging platforms
are at various stages of development. Nonspecific strategies targeting
T cells can be used for imaging of non-engineered cell therapy, such as
TIL or gdT cell therapy or to monitor the T cell response to immune
checkpoint blockade. Alternatively, imaging platforms for tracking
engineered T cells such as CART cells or TCR-T cells should rely
on genetically transduced reporters. A key challenge will be how to
select the suitable reporter gene for the appropriate CART cell or
type of the cancer to further evaluate the clinical outcomes.

During the last decade, strategies have been applied to enhance the
efficacy and safety of immunotherapies. Noninvasively imaging
T cells can be applied to improve not only relapse/refractory hemato-
logical malignancies but also solid tumors.
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