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Chimeric antigen receptor (CAR) T cell therapy is a promising clinical
approach for reducing tumor progression and prolonging patient
survival. However, improvements in both the safety and the potency
of CAR T cell therapy demand quantitative imaging techniques to
determine the distribution of cells after adoptive transfer. The purpose
of this study was to optimize 89Zr-oxine labeling of CAR T cells and
evaluate PET as a platform for imaging adoptively transferred CAR T
cells. Methods: CAR T cells were labeled with 0-1.4 MBq of 89Zr-
oxine per 108 cells and assessed for radioactivity retention, viability,
and functionality. In vivo trafficking of 89Zr-oxine-labeled CAR T cells
was evaluated in 2 murine xenograft tumor models: glioblastoma brain
tumors with intracranially delivered IL13Ra2-targeted CAR T cells, and
subcutaneous prostate tumors with intravenously delivered prostate
stem cell antigen (PSCA)-targeted CAR T cells. Results: CAR T cells
were efficiently labeled (75%) and retained more than 60% of the 89Zr
over 6 d. In vitro cytokine production, migration, and tumor cytotox-
icity, as well as in vivo antitumor activity, were not significantly reduced
when labeled with 70 kBg/10° cells. IL13Ra2-CAR T cells delivered
intraventricularly were detectable by PET for at least 6 d throughout
the central nervous system and within intracranial tumors. When
intravenously administered, PSCA-CAR T cells also showed tumor
tropism, with a 9-fold greater tumor-to-muscle ratio than for CAR-
negative T cells. Conclusion: 89Zr-oxine can be used for labeling and
imaging CAR T cells while maintaining cell viability and function. On the
basis of these studies, we conclude that 8%Zr-oxine is a clinically trans-
latable platform for real-time assessment of cell therapies.
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The genetic modification of T cells to express chimeric antigen
receptors (CARs), which enable these cells to specifically target and
kill cancer cells, has become an important immunotherapeutic ap-
proach in the treatment of cancer (/-3). CAR T cells combine the
target specificity of antibodies with the intracellular signaling com-
ponents of the T cell receptor and costimulatory molecules to re-
direct T cell-mediated immune responses (4). Significant progress
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in CAR T cell therapy has been made over the past several decades,
as led by the clinical success of CD19-CAR T cells against refrac-
tory B-cell malignancies, in which complete responses are achieved
in most patients (5—8). Despite ongoing progress, challenges remain
in improving CAR T cell therapy, including poor tumor targeting
(9), normal-tissue toxicity (/0), and lack of CAR T cell persistence
(11). Real-time imaging to determine the dynamics of CAR T cell
trafficking in both patients and animals can help address these
issues. Because CAR T cells are manufactured ex vivo, they can
readily be labeled for imaging before infusion. PET offers signifi-
cant advantages over other imaging modalities because it is quan-
titative, highly sensitive, and subject to minimal tissue attenuation.
Optimal nuclear imaging is achieved when the radionuclide half-life
approximates the biologic action of the imaging target. Of the com-
mercially available PET radionuclides, 8°Zr has a relatively long
half-life (78.4 h) suitable for imaging CAR T cells over the days
required for trafficking and antitumor responses.

89Zr-oxine has previously been used for labeling and imaging
murine lymphocytes (12—15) but not human CAR T cells. 8Zr-oxine
has preparation and functional characteristics similar to those of its
SPECT counterpart, !''In-oxine, which has been used for many types
of cells (16). ''"In-oxine has been used to visualize the trafficking and
tumor accumulation of y-3-T cells and HER2-primed T cells (/7,18).
In comparison to SPECT, PET has higher resolution (/9), making
897r-oxine an attractive choice for imaging cells. Another PET-based
approach for labeling cells is '®F-FDG, which is inadequate for track-
ing CAR T cells because of its short half-life (109.7 min) and rela-
tively poor radioactivity retention (20). On the basis of the existing
clinical applications of 8Zr (2/) and its oxine complex, we selected
897r-oxine for labeling CAR T cells and imaging with PET.

We present an alternative method for labeling cells with 39Zr-
oxine in which 8%Zr-oxine is prepared from 8°Zr-oxalate and retained
within CAR T cells. Before cells were imaged in vivo, we identified
an optimal labeling activity that maintained cell viability and func-
tion while maximizing the radioactive signal for imaging. To further
assess the robustness of this PET imaging platform, we tracked 8Zr-
oxine—labeled CAR T cells administered via 3 different delivery
routes: intravenous, intratumoral, and intraventricular. These data
demonstrate the tumor tropism of adoptively transferred CAR T cells
and their distribution based on administration routes.

MATERIALS AND METHODS

Labeling Cells with 89Zr-Oxine

897r-oxalate from 3D Imaging was aliquoted into borosilicate vials.
On the basis of the specific activity of aqueous !!''In-oxine prepara-
tions (22), a 50-p.L quantity of 6.9 mM 8-hydroxyquinoline (oxine) in
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0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
was added to each 37 MBq of 8%Zr-oxalate, pH was adjusted to 7.4
with 1 M HEPES, and the solution was incubated at room temperature
for 15 min. After 2 washings with Hanks buffered salt solution
(HBSS) (without calcium, magnesium, or phenol red), CAR T cells
(20 x 10%/mL) were incubated with 0-1,400 kBq of unpurified 3°Zr-
oxine solution per 10° cells for 30 min at 37°C. Past 3°Zr- and '''In-
oxine reports indicate that purification of the oxine complex is not
necessary (/4,15,22) and that oxine is rapidly lost from labeled cells
after washing (23). The radiolabeled cells were washed twice with T
cell medium (IL15 [0.5 ng/mL] and IL2 [50 U/mL]) before in vitro
experiments or with HBSS plus 1% human serum albumin before in
vivo experiments.

Labeling Efficiency of 89Zr-Oxine

The yield of the 8%Zr-oxine synthesis was determined by instant
thin-layer chromatography (92% = 0.1%, n = 35) and reversed-phase
high-performance liquid chromatography (82%) (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org).
897r-oxine remained at the origin, whereas unincorporated 8°Zr mi-
grated to the solvent front developed with 0.9% NaCl. A gradient of
0%-100% acetonitrile with 0.1% trifluoroacetic acid on a SunFire C18
column (100 A, 3.5 wm, 4.6 X 150 mm; Waters) separated 8°Zr-oxine
complexes from unincorporated 8°Zr. Given this high yield, the 3Zr-
oxine solution was immediately used for cell labeling.

Cell Lines

PBTO030-2 is a low-passage, patient-derived IL13Ra2-positive
tumor line derived from glioblastoma tissue that was obtained in
accordance with City of Hope Institutional Review Board-approved
protocols and cultured as described previously (24). To generate the
PBTO030-2 ffLuc-positive line for visualization with luminescence, the
cells were modified by lentiviral transduction to express enhanced
green fluorescent protein and firefly luciferase (ffLuc) reporter genes
(24). The adherent glioblastoma cell line, U251T, was cultured as
described previously (25). Prostate cancer PC3 cells (CRL-1435;
ATCC) were genetically modified to express prostate stem cell antigen
(PC3-PSCA) by lentiviral transduction and enriched for antigen ex-
pression by flow cytometry.

IL13Ra2-CAR T cells were generated from T cells enriched for
central memory as described by Brown et al. (7). This second-gener-
ation IL13Ra2-CAR consists of a membrane-bound interleukin 13
(IL13) mutein with a mutation at the EI13 site, an extracellular
IgG4-Fc spacer containing L235E and N297Q point mutations (26),
a CD4 transmembrane domain, and intracellular signaling domains of
4-1BB and CD3(. The lentiviral cassette also includes a truncated
CD19 separated from the CAR via a T2A ribosomal skip sequence
(27). The PSCA-CAR is identical to the IL13Ra2-CAR except that
the extracellular tumor-targeting domain comprises a single-chain var-
iable fragment derived from the humanized anti-PSCA antibody clone
All (kindly provided by Drs. Anna Wu and Robert Reiter, UCLA)
(28). For CAR T cell engineering, the cells were stimulated with CD3/
CD28 Dynabeads (Invitrogen) at a ratio of 3:1 (T cell to bead) and
genetically modified via lentiviral transduction. T cells were main-
tained in culture at 0.6-1 x 10° cells/mL in X-VIVO 15 medium
(Bio Whittaker) plus 10% fetal calf serum (Hyclone) and supple-
mented with T cell medium 3 times per week. Both T cell populations
were enriched for CAR expression by selecting for the truncated
CD19 component coexpressed with CAR using an anti-CD19 immu-
nomagnetic isolation kit (Stem Cell Technologies).

Cell-Labeling Efficiency and Radioactivity Retention
Cell-labeling efficiency was determined as the percentage radioac-

tivity in the final cell pellet over the total radioactivity added. For

retention experiments, CAR T cells were cultured in T cell medium

1532 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 e

and sampled at the indicated time points. Radioactivity within the cell
pellet and supernatant was assayed in a <y-counter (Packard Cobra
Auto-Gamma Counter) to determine retention (% retention = cell
pellet radioactivity/total radioactivity x 100%). For subcellular frac-
tionation experiments, 5 x 10° cells were processed per the manufac-
turer’s instructions using a subcellular fractionation kit (catalog no.
78840; ThermoFisher Scientific). Each fraction was subsequently
counted for radioactivity.

Assays for CAR T Cell Function

After labeling and incubation under standard culture conditions, the
cytotoxicity, cytokine production, and migration potential of labeled
IL13Ra2-CAR T cells were evaluated. For all experiments, cell via-
bility was assessed with 0.1% propidium iodide on a MoxiFlow cas-
sette-based flow cytometer (Orflo Technologies) before labeling, after
labeling, and at the indicated time points in culture. For the nonradio-
active "Zr-oxine preparation, 10 pL of a 17 pM "ZrCly solution in
1 M oxalic acid was compounded with 260 wL of 6.8 mM oxine in
0.1 M HEPES and adjusted to pH 7.4 with 1 M HEPES. Equivalent
volumes of "Zr-oxine were added at specific activities toxic to CAR
T cells (1.5 and 12 MBq/10° cells).

The cytotoxicities of 89Zr-oxine-labeled CAR T cells were also
monitored using biophotonic luciferase assays as described by Brown
et al. (25). A 5 x 10* PBT030-2 quantity of ffLuc-positive cells was
coincubated with 5-50 x 10* 89Zr-oxine-labeled IL13Ra2-CAR T
cells in 0.2 mL at the specified time points for 7 hours at 5% CO,
and 37°C. The plates were then supplemented with luciferin to a final
concentration of 0.14 mg/mL, incubated for 10 min in the dark, and
measured for luminescence (1-s exposure) with the Victor3 plate
reader (PerkinElmer). Wells with the addition of 1% sodium dodecyl
sulphate were used as a reference for maximum killing, and wells
without CAR T cells were used as a reference for minimum killing.
For all in vitro comparisons, 2-way ANOVA was performed to deter-
mine the significance of differences between labeling conditions.

89Zr-oxine-labeled IL13Ra2-CAR T cells were stimulated for 2 h
by plate-bound IL13Ra2-Fc (614-IR-100; R&D Systems [0-1,000
ng/well]), and the secreted interferon (IFN)-y was quantified by an
enzyme-linked immunosorbent assay (catalog no. 430108; BioLegend)
per the manufacturer’s instructions. Labeled and unlabeled cells were
also stimulated with antigen-positive tumor cells in an in vitro stim-
ulation assay. A 2.5 X 10° quantity of T cells was incubated over-
night with 5 x 10* PBT030-2 ffLuc-positive cells in 0.5 mL of T cell
medium in 24-well plates. After a 16-h incubation, the supernatants
were removed, and a cytokine 10-plex human panel (catalog no.
LHCO0001M; ThermoFisher) was used to quantify human IFN-y within
the supernatant, per the manufacturer’s instructions.

The migration potential of 8°Zr-oxine-labeled IL13Ra2-CAR T cells
was assessed in 96-well ChemoTx plates with a 5-um pore diameter
(catalog no. 106-5; NeuroProbe). In the lower chambers, 30 wL of un-
conditioned Dulbecco modified Eagle medium with 2% fetal calf serum
or U251T-conditioned Dulbecco modified Eagle medium with 2% fetal
calf serum were added (prepared as described previously (29)). The
upper chambers were loaded with 7.5 X 10* CAR T cells/30 pL (2.5 x
10° cells/mL). After 4 h at 37°C, residual cells were scraped off the
polycarbonate filter, and the plate was centrifuged for 2 min at 400g.
The filter was removed, and cells in the lower chamber were counted with
the MoxiFlow. Percentage migration was calculated as the number of cells
in the lower chamber divided by the total number of cells plated per well.

Tumor Targeting of CAR T Cells

All mouse studies were approved by the City of Hope Institutional
Animal Care and Use Committee. Under anesthesia from an intra-
peritoneal injection of ketamine (132 mg/kg) and xylazine (8.8 mg/kg),
6- to 8-wk-old male NOD.Cg-Prkdcs<¥I12rg"™Vi!/Sz] (NSG)
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mice were stereotactically injected with PBT030-2 ffLuc-positive gli-
oma cells into the left forebrain (30). A 5-mm skin incision was made
along the sagittal suture, and a burr hole was drilled into the skull
2 mm lateral and 0.5 mm anterior to the bregma. A 1 x 10° quantity of
cells in 2 wL of Dulbecco modified Eagle medium/F-12 (50:50) plus
B-27 and heparin supplement was injected as follows: 1 wL each at
depths of 2.5 and 2.25 mm from the dura. Eight days after tumor
implantation, the mice were treated intratumorally at the tumor coor-
dinates (i.e., intracranially) or in the right lateral ventricle (intraven-
tricularly) with 39Zr-oxine—labeled (70 kBq/10° cells) or unlabeled
IL13Ra2-CAR T cells. Mice for therapy and PET studies were treated
with 0.2 x 10° and 2.0 x 10 cells, respectively. Control mice with
tumors were treated intratumorally with unlabeled mock-transduced
T cells. For intratumoral injections, T cells in 3 wL of phosphate-
buffered saline were injected as follows: 0.5 L each at a depth of 3.0,
2.75,2.50, 2.35, 2.25, and 2.15 mm from the dura. For intraventricular
injections, a 5-mm skin incision was made along the sagittal suture, a
burr hole drilled into the skull 0.9 mm lateral and 0.3 mm caudal to
the bregma, and T cells in 3 pL of phosphate-buffered saline were
injected at a depth of 2.5 mm from the dura. Tumor growth was
monitored and quantified by luminescence imaging on an AmiX op-
tical imaging system and AMIView software (Spectral Instruments),
and survival was assessed according to the guidelines of the American
Veterinary Medical Association (30). Tukey multiple-comparison
tests and log-rank tests were used to compare differences in flux

and survival, respectively. In the subcutaneous prostate PC3-PSCA
tumor model, the mice were injected with 2.5 x 10® PC3-PSCA cells
in HBSS into the right flank as described previously (28). After 28 d,
the mice were injected via the tail vein with 7.5 x 10° T cells (70 kBg/
106 cells) or 0.37 MBq of cell-free 3Zr-oxine.

PET Imaging and 8°Zr-Biodistribution Studies

PET scans were acquired with an Inveon small-animal PET/CT
system (Siemens Medical Solutions) at an energy window of 350-605
keV with a time resolution of 6 ns. In the first acquisition session for
the glioblastoma model, the mice remained under anesthesia from the
ketamine and xylazine received before CAR T cell implantation, fur-
ther supplemented by 2%-4% isoflurane in oxygen. At subsequent
time points, 2%-4% isoflurane in oxygen alone was used for anesthe-
sia. All PET scans were 10-20 min long. The data were sorted into
2-dimensional sinograms using the Fourier rebinning method and cor-
rected for intrascan radiodecay, detector nonuniformity, and random
coincidence noise. Images were reconstructed using iterative 3-dimen-
sional ordered-subsets expectation maximization (4 iterations). CT
scans were also acquired at the last imaging time point.

For biodistribution studies with 89Zr-oxine, major organs were re-
moved (heart, lung, liver, spleen, stomach, large intestine, small intes-
tine, kidneys, right quadriceps, right femur, left stifle joint, and lumbar
vertebrae) after euthanasia by cardiocentesis. Brains were washed in
phosphate-buffered saline and sectioned with a razor blade to separate

the right and left cortices, olfactory bulbs, and

cerebellum. Tissues were weighed and mea-
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FIGURE 1. 8%Zr-oxine does not affect cell viability or function at optimized cell labeling activity.  buffer, rewashed in buffer, and incubated with

After 89Zr-oxine labeling at specified specific activities, IL13Ra2-CAR T cells were cultured under
standard conditions for up to 144 h. (A) Viability of untransduced (mock) and IL13Ra2-CAR T cells
was monitored over 144 h of cell culture. (B) IL13Ra2-CAR T cell kiling of PBT030-2 ffLuc-positive
cells was assessed in 7-h luciferase cytotoxicity assay at 10:1 T cell-to-tumor ratio (n = 6) at
specified time points after 89Zr-oxine labeling and subsequent cell culturing. (C) Enzyme-linked im-
munosorbent assay for IFN-y cytokine production of 8Zr-oxine—labeled IL13Ra2-CAR T cells after
incubation with plate-bound IL13Ra2 for 4 h (n = 2). (D) IFN-y production determined by cytokine
bead analysis of 89Zr-oxine-labeled IL13Ra2-CAR T cells after overnight incubation with PBT030-2
ffLuc-positive cells. (E) Migration of IL13Ra2-CAR T cells to U251T conditioned medium or control
medium in 4-h Boyden chamber chemotaxis assay (n = 4). All data are expressed as mean * SE.
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secondary antibody. After further washes in
buffer, the slides were incubated with the chro-
mogen diaminobenzidine tetrahydrochloride,
rinsed in distilled H,O, counterstained with
hematoxylin, rinsed in distilled H,O, rehy-
drated through grades of ethanol and xylene,
and mounted. Adjacent slides were also
stained by a standard hematoxylin and eosin
technique.

Weist et al. 1533



RESULTS

Optimization of 89Zr-Oxine Labeling for CAR T Cells

To ensure that in vivo signal was representative of cell localiza-
tion, we assessed radionuclide retention and subcellular localization
of 8Zr after labeling. The efficiency of 8°Zr-oxine labeling of T cells
was 75% = 17% (n = 33). By 144 h (6 d), over 60% of the
radioactivity was cell-associated (Supplemental Fig. 2A). Subcellular
fractionation of the cells indicated that radioactivity was mostly
cytoplasmic, which decreased over time (Supplemental Fig. 2B).
These results demonstrate that 8Zr-oxine is retained within CAR
T cells for an extended period.

We next determined the maximum 39Zr-oxine labeling specific
activity that maintains CAR T cell viability and function. Using
IL13Ra2-CAR T cells as a model platform, we labeled cells at
specific activities of 0-1,400 kBq/10°® cells and monitored for
viability and cell function over 144 h (6 d) (Fig. 1). Cells labeled
at 70 kBq/10° cells had the smallest decrease in viability among
the activities tested (6.6% reduction) (Fig. 1A). Because labeled
CAR T cells must also kill antigen-expressing tumor cells, the
cytotoxicities of 39Zr-oxine-labeled T cells were assessed with
in vitro killing assays up to 145 h after labeling. When T cells
were cocultured with PBT030-2 ffLuc-positive cells, CAR T cells
labeled with 70 kBg/10° cells were not significantly affected by

the 89Zr-oxine labeling (P = 0.24) (Fig. 1B and Supplemental Fig.
3A). The chemical burden of an equivalent preparation of "*Zr-
oxine to 1,500 kBg/10° cells did not significantly affect killing
(Supplemental Fig. 3B). To test the effects of 8Zr-oxine labeling
on antigen-dependent cytokine production, IL13Ra2-CAR T cells
were activated with plate-bound IL13Ra2 and evaluated for IFN-y
production. Immediately after labeling, IFN-vy production of cells
labeled with 280 kBg/10° cells was not significantly reduced in
comparison to unlabeled cells (P = 0.06) (Fig. 1C). Because cells
were imaged over multiple days after radiolabeling, we also eval-
uated cytokine production over time in an in vitro stimulation
assay. After 8°Zr-oxine labeling and culturing, samples of
IL13Ra2-CART cells were incubated with PBT030-2 ffLuc-positive
cells overnight, and the supernatants were analyzed for cytokine
production (Fig. 1D). Production of IFN-y by 3°Zr-oxine-labeled
CAR T cells was unaffected at 70 kBg/10° cells. Finally, we
evaluated the chemotaxis of 3°Zr-oxine-labeled IL13Ra2-CAR
T cells to U251T-conditioned medium. 8°Zr-oxine labeling at
70 kBq/10° cells did not significantly reduce the migration of CAR
T cells (Fig. 1E). We observed both time- and dose-dependent
effects of 39Zr-oxine on cell viability and function. Taken together,
we identified a maximum labeling activity of 70 kBq/10° cells for
maintaining CAR T cell function over 6 d in vitro, and this activity
was used for subsequent in vivo studies.

89Zr-Oxine-Labeled Cells Retain
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intratumorally with labeled or unlabeled
IL13Ra2-CAR T cells, as compared with
mock-transduced T cells or tumor only
(P = 0.006 each) over 64 d (Figs. 2B and
2D). A similar survival benefit was also ob-
served (Fig. 2C); mice treated with either
labeled or unlabeled CAR T cells survived
to the end of the study (day 120), whereas
none of the mock or untreated mice sur-
vived past 83 d (P = 0.0007 each).

PET Imaging of 89Zr-Oxine-Labeled
IL13Ra2-CAR T Cells After
Intracranial Adoptive Transfer

Our team is currently evaluating the loco-
regional delivery of IL13Ra2-CAR T cells
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FIGURE 2.

6). (D) Representative bioluminescent images of each treatment group.

1534

89Zr-oxine-labeled IL13Ra2-CAR T cells are therapeutic in orthotopic glioma model.
(A) Schema of bioluminescence and survival analysis of NSG mice engrafted with PBT030-2
glioblastoma multiforme tumors treated (Tx) on day 8 with 89Zr-oxine-labeled (70 kBqg/108 cells)
or unlabeled IL13Ra2-CAR T cells, or unlabeled mock T cells injected intracranially (I.C.T) or
intraventricularly (1.C.V.). (B) Mean luminescence and SE of quantified tumor growth for each
treatment group over 64 d (P = 0.006 for CAR T cells [89Zr-labeled and unlabeled] vs. tumor
only, n = 6). (C) Kaplan—Meier survival analysis of treatment groups over 120 d (P = 0.0007, n =

in early-phase clinical trials for the treatment
of glioblastoma (/,31); therefore, we evalu-
ated the utility of 8°Zr-oxine for tracking
intracranially injected CAR T cells. Cohorts
of mice were imaged with PET/CT and
used for 8Zr-biodistribution studies after
CAR T cell administration at the tumor
site or into the cerebrospinal fluid via the
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ventricular system. Independent of the presence of tumor, intraven-
tricularly injected CAR T cells were initially localized to the cra-
nium, including the olfactory bulbs at 0.5 h, and then became
distributed throughout the spinal column over 6 d (Supplemental
Fig. 4A, top and middle rows). PET imaging also revealed that
intraventricularly delivered CAR T cells trafficked out of the central
nervous system to the liver and spleen by day 6. By contrast, intra-
tumorally injected CAR T cells remained at their injection site
throughout the 6 d of PET imaging (Supplemental Fig. 4A, bottom
row). Biodistribution studies also confirmed that radioactivity went
to the spine, spleen, blood, and liver of mice injected intraventric-
ularly, whereas most of the radioactivity remained at the injection
site for intratumorally treated mice (Supplemental Figs. 4B and 4C;
Supplemental Table 1). Tumor-bearing mice treated intraventricu-
larly with 89Zr-oxine-labeled IL13Ra2-CAR T cells showed a left-
frontal-cortex focus corresponding to the tumor site (Fig. 3, top row)
that was not observed in mice without tumors (Fig. 3, middle row).
The same anatomic area was seen in mice treated intratumorally
(Fig. 3, bottom row). Because radioactivity was observed in the
olfactory bulbs of mice treated intraventricularly, we affirmed that
the focus corresponded to the tumor in the cortex by fitting the

Coronal Transverse

A Sagittal

B Uniabeled I.C.V. 8Zr-oxine labeled I.C.V.

FIGURE 3. Tumor trafficking of 89Zr-oxine-labeled IL13Ra2-CAR T cells
in brain. (A) Representative PET/CT scans of NSG mice with or without
PBTO030-2 ffLuc-positive tumors in left cortex at 140 h after treatment with
897Zr-oxine—labeled IL13Ra2-CAR T cells (70 kBg/10° cells). In mice re-
ceiving intraventricular injections (1.C.V.), labeled CAR T cells were injected
into cerebrospinal fluid via right ventricle. Intratumoral injections were
administered intracranially (.C.T.) into left cortex. Arrows represent tumor
location. (B) Immunohistochemistry for human CD3 (brown) showing traf-
ficking of I.C.V.-delivered IL13Ra2-CAR T cells to contralateral PBT030-2
fflLuc-positive tumors. Scale bar is 250 pm.

ImaGING CAR T CELLs WITH 39ZR-OXINE  ®

VivoQuant 3D Brain Atlas to coregistered PET/CT scans (Supple-
mental Fig. 5). Tumor infiltration of human CD3 T cells, as assessed
by immunohistochemistry, also confirmed the tumor trafficking of
intraventricularly delivered unlabeled and 8°Zr-oxine-labeled CAR
T cells (Fig. 3B). By injecting the hemisphere contralateral to the
tumor and measuring the radioactivity in the tumor-bearing hemi-
sphere, we could monitor CAR T cell migration. We observed a
2-fold increase (1.01 vs. 0.51) in the ratio of left-hemisphere—to—
right-hemisphere radioactivity in tumor-bearing mice, compared
with tumor-free mice (Supplemental Fig. 4C; Supplemental Table 1).
Image quantification for the left and right cortices, as determined
by the 3D Brain Atlas, yielded similar ratios. These data indicate
that intraventricularly injected IL13Ra2-CAR T cells traffic to con-
tralateral tumors and become distributed throughout the central
nervous system and major organ systems.

PET Imaging of 89Zr-Oxine-Labeled PSCA-CAR T Cells
After Intravenous Injection

To further assess 8°Zr-oxine as an imaging platform for CAR T
cells, we evaluated the intravenous delivery of PSCA-CAR T cells
in a subcutaneous prostate tumor model of PC3-PSCA cells (Fig. 4).
897r-oxine—labeled PSCA-CAR T cells, 8Zr-oxine—labeled untrans-
duced T cells (mock), or cell-free 8°Zr-oxine was injected into mice
bearing subcutaneous PC3-PSCA xenografts and imaged over 7 d.
Radioactivity within the first 4 h was observed in the lungs of mice
treated with T cells, whereas the radioactivity of the cell-free 3°Zr-
oxine was rapidly distributed throughout the blood (Fig. 4A). Over
6 d, the signal in mice treated with 39Zr-oxine-labeled T cells
shifted from the lungs to the liver and spleen whereas the signal
in cell-free control mice rapidly shifted to the liver and bone (Fig.
4A; Supplemental Table 2). Radioactivity in subcutaneous tumors
was detected in mice treated with CAR but not with mock T cells
(Fig. 4C; Supplemental Table 2). PET scans revealed a steady accu-
mulation of signal in subcutaneous tumors over 7 d (Fig. 4D). Tumor
radioactivity was much higher in mice treated with CAR T cells
(2.44 %ID/g) than in mice treated with mock cells (0.31 %ID/g),
indicating enhanced CAR T cell trafficking to the tumor. The tumor-
to-blood ratios of mice treated with 8°Zr-oxine-labeled CAR T cells
was, on average, 20.0, in comparison to 3.54 with 8°Zr-oxine—
labeled mock cells. Radioactivity was also present in tumors from
the cell-free 3°Zr-oxine control but was due to residual blood activ-
ity (Fig. 4A, bottom row); the average tumor-to-muscle ratio was
greater for the CAR T cells (14.7) than for the cell-free control mice
(2.59). CD3-positive cells were observed in the tumors of mice
treated with 3°Zr-oxine—labeled and unlabeled PSCA-CAR T cells
but not in the mock cell-treated tumors (Fig. 4B). These data show
that 89Zr-oxine can visualize the tumor targeting and whole-body
distributions of intravenously injected CAR T cells.

DISCUSSION

One of the primary goals of this study was to provide proof-of-
principle data for a clinical imaging platform using 3°Zr-oxine to
track CAR T cells after adoptive transfer in patients. Our team
has a longstanding interest in the locoregional delivery of CAR
T cells for the treatment of brain tumors and other solid tumors
(1,24,27,28,31). In our ongoing clinical trial (NCT02208362), we
are evaluating the safety and antitumor effects of up to 200 x 10°
IL13Ra2-CAR T cells for the treatment of recurrent glioblastoma
via intratumoral and intraventricular routes of administration. We
recently reported a case study involving a patient with recurrent
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labeling at 70 kBq/10° cells did not affect
CAR T cell in vitro function or antitumor
efficacy. The toxicity of higher radioactive
doses on cell viability and function was not
due to chemical burden and did not present
until several days after labeling. Previously
published studies also used 39Zr-oxine at
specific activities of 32-334 kBg/10% mu-
rine bone marrow and CD8-positive T cells
(14,15), an activity range that approximates
the optimal 70 kBg/10% human CAR T cells
determined in our study. These studies pro-
vide evidence that the tracking of 8°Zr-
oxine-labeled cells by PET imaging is rep-
resentative of their unlabeled counterparts.
We also visualized the trafficking of intra-
venous 3°Zr-oxine-labeled PSCA-CART cells
. to subcutaneous tumors with PET imaging,
demonstrating the utility of this platform
for tracking systemically delivered cells.
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As a control, we found that intravenously
injected 8°Zr-oxine rapidly bound serum
proteins and was mostly bone- and liver-
associated after 6 d. This bone-seeking
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FIGURE 4. Visualizing in vivo tumor targeting of 89Zr-oxine-labeled PSCA-CAR T cells. (A) Repre-
sentative PET (left) and PET/CT (right) maximum-intensity projections at 0.5 and 162 h, respectively.
NSG mice with PC3-PSCA tumors in right flank (arrow) were intravenously treated with 89Zr-oxine
PSCA-CAR T cells (top row), 89Zr-oxine-labeled mock-transfected T cells (middle row), or 89Zr-oxine
alone (bottom row). (B) Antihuman CD3 (brown) immunostaining for T cells in tumors of labeled or
unlabeled mock or PSCA-CAR T cells. (C) Axial section showing PET signal of 89Zr-oxine PSCA-CAR
T cells at subcutaneous tumor (arrow) of representative mouse at 162 h. (D) Quantification of PET
images in subcutaneous tumors of mice treated with 89Zr-oxine PSCA-CAR T cells over 7 d.

multifocal glioblastoma multiforme who received multiple infusions
of IL13Ra2-CAR T cells delivered first intratumorally after tumor
resection and then intraventricularly to the cerebral spinal fluid.
Although intratumoral therapy appeared to control local tumor re-
currence, complete elimination of multifocal tumors, including le-
sions in the spine, was observed only after intraventricular delivery.
The presented data further suggest that intraventricular but not intra-
tumoral delivery yields cell distributions capable of surveying the
central nervous system. When labeling the clinical product at 70
kBq/10° cells for imaging, we expect doses of up to 14 MBq per
intracranial infusion. Although 40% less than intravenous 3°Zr-
antibodies (32), the smaller volume of distribution within the cere-
bral spinal fluid should yield comparable activities per unit volume.
This experience highlights the importance of methods, such as 39Zr-
oxine cell imaging, that enable the tracking of adoptively transferred
CART cells for optimizing routes of delivery and dosing schedules.

We demonstrated that human CAR T cells can be labeled and
imaged with 89Zr-oxine. The successful labeling of CAR T cells
was in part achieved by generating 8°Zr-oxine from 8%Zr-oxalate at a
reproducibly high efficiency without further purification. Previously
reported methods for generating 8°Zr-oxine have required extraction
with chloroform (12,13) or conversion to 8ZrCl, and addition of
polysorbate-80 (/4,15), which was excluded to avoid any unantic-
ipated cell toxicity and only marginally increases the radiolabeling
efficiency (92%-97%). Cell labeling with 8°Zr-oxine was more ef-
ficient than with the previous methods (75% vs. 44% (14) or 61%
(13)), possibly because of the cell type or the higher cell concen-
tration used in our labeling. Importantly, we showed that 8Zr-oxine
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phenomenon is similar to that reported pre-
viously for weakly chelated 8Zr (33). It
follows that 8Zr lost from cells because of
death or efflux can be estimated from the
activity of the bone. In a previous study, Sato
et al. (/14) showed tumor trafficking and
therapy of intravenous 8°Zr-oxine-labeled
CD8-positive T cells to subcutaneous tu-
mors; however, T cells in the tumor were
not confirmed, and 3°Zr-oxine-labeled cell therapy was not compared
with an unlabeled control. A small percentage of our PSCA-CAR T
cell dose accumulated in tumors over 7 d (0.48% and 0.70%), which
is equivalent to 37,000 and 54,000 cells of the initial cell dose. This
finding could be due to a limited number of cells reaching arterial
circulation because of pulmonary entrapment (34), inadequate levels
of chemotactic stimuli and adhesion molecules (35), or downregula-
tion of the tumor antigen (36). By visualizing and quantifying cell
uptake, future studies will investigate the properties of CAR T cells
and tumors that affect optimal tumor trafficking and infiltration.

An inherent limitation of 3°Zr-oxine or other ex vivo labeling
methods is that the measured signal reflects the number of injected
cells and does not account for cell division or death. For instance,
a minority of injected cells may proliferate and initiate the majority
of the antitumor response (37), and 3°Zr-oxine would detect only
the preliminary migration. Modifying CAR T cells with reporter
genes would account for proliferation after injection; in fact, our
IL13Ra2-CAR T cells have been modified to express herpes sim-
plex virus type 1 thymidine kinase and imaged with PET in patients
(38). This approach enables longitudinal imaging if transfected cells
are present but is limited by reduced specificity, an additional ex
vivo transfection, and potential immunogenicity. If both imaging
strategies are used, improvements in CAR T cell therapy can be
evaluated, such as enhanced ex vivo expansion methods (39), cell
engineering (40), or tumor invasion (41). Thus, both 8Zr-oxine cell
labeling and reporter genes are complementary methods for evalu-
ating the percentage of injected dose and the total number of effec-
tor cells at a given time within tumors, respectively.
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CONCLUSION

89Zr-oxine was generated using a rapid, biocompatible method
that efficiently labeled CAR T cells with minimal loss of viability
or function at the optimal specific activity of 70 kBq/10° cells.
Preclinically, this method can be used to optimize the tumor tar-
geting of different CAR T cell therapies, such as those with newly
engineered CARs, tumor models, or routes of injection. This
method can also be used to evaluate the effect of immunomodu-
latory compounds or radiation therapy on the migration of
89Zr-oxine-labeled cells. Because both 8°Zr and oxine formula-
tions are already used for clinical imaging, 8°Zr-oxine labeling
should have immediate clinical utility for evaluating the dynamics
of CAR T cell trafficking. This information would provide real-
time evaluation of cell therapy, offering clinicians the opportunity
to intervene or continue therapy if tumor targeting is observed.
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