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Purpose: To develop a clinically translatable method of cell label-
ing with zirconium 89 (89Zr) and oxine to track cells with 
positron emission tomography (PET) in mouse models of 
cell-based therapy.

Materials and 
Methods:

This study was approved by the institutional animal care 
committee. 89Zr-oxine complex was synthesized in an 
aqueous solution. Cell labeling conditions were optimized 
by using EL4 mouse lymphoma cells, and labeling effi-
ciency was examined by using dendritic cells (DCs) (n = 4),  
naïve (n = 3) and activated (n = 3) cytotoxic T cells (CTLs), 
and natural killer (NK) (n = 4), bone marrow (n = 4), and 
EL4 (n = 4) cells. The effect of 89Zr labeling on cell sur-
vival, proliferation, and function were evaluated by using 
DCs (n = 3) and CTLs (n = 3). Labeled DCs (444–555 
kBq/[5 3 106] cells, n = 5) and CTLs (185 kBq/[5 3 106] 
cells, n = 3) transferred to mice were tracked with mi-
croPET/CT. In a melanoma immunotherapy model, tumor 
targeting and cytotoxic function of labeled CTLs were eval-
uated with imaging (248.5 kBq/[7.7 3 106] cells, n = 4) 
and by measuring the tumor size (n = 6). Two-way analysis 
of variance was used to compare labeling conditions, the 
Wilcoxon test was used to assess cell survival and prolifer-
ation, and Holm-Sidak multiple tests were used to assess 
tumor growth and perform biodistribution analyses.

Results: 89Zr-oxine complex was synthesized at a mean yield of 
97.3% 6 2.8 (standard deviation). It readily labeled cells 
at room temperature or 4°C in phosphate-buffered saline 
(labeling efficiency range, 13.0%–43.9%) and was stably 
retained (83.5% 6 1.8 retention on day 5 in DCs). Label-
ing did not affect the viability of DCs and CTLs when com-
pared with nonlabeled control mice (P . .05), nor did it 
affect functionality. 89Zr-oxine complex enabled extended 
cell tracking for 7 days. Labeled tumor-specific CTLs accu-
mulated in the tumor (4.6% on day 7) and induced tumor 
regression (P , .05 on day 7).

Conclusion: We have developed a 89Zr-oxine complex cell tracking 
technique for use with PET that is applicable to a broad 
range of cell types and could be a valuable tool with which 
to evaluate various cell-based therapies.
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Cell-based therapies for cancer 
involving dendritic cell (DC) vac-
cines and adoptive transfer of 

activated ex vivo expanded cells (eg, 
T and natural killer [NK] cells) have 
proven effective in a variety of settings 
(1–4). The emergence of genetically 
engineered T cells expressing chimeric 
antigen receptor (5–7), together with 
modulations of immune checkpoints 
(eg, inhibition of PD1/PDL-1 system) 
(8,9), has renewed interest in cell-
based therapies. Therapy efficacy re-
lies on the successful trafficking of cells 
to their intended targets. Currently, 
monitoring transferred cell migration 
requires biopsy in patients, making 
it difficult to assess the effect of cell 
modifications on enhancing migration 
to the target organs.

Existing preclinical cell tracking 
techniques have limited clinical appli-
cations. Bioluminescence imaging with 
use of luciferase reporter genes and 
optical imaging with use of dye-labeled 
cells are not practical for whole-body 
imaging because of the limited tissue 
penetration of light (10). Moreover, 
bioluminescence imaging requires 
transfection of luciferase, whose im-
munogenicity cannot be excluded 
(11,12). Magnetic resonance (MR) 
imaging with iron nanoparticle–loaded 

Implication for Patient Care

 n This method has the potential to 
enable tracking of cells in human 
cell-based therapies, which could 
lead to the design of more suc-
cessful treatments for cancer.

Advances in Knowledge

 n

89Zr-oxine complex developed for 
cell tracking with PET permeabi-
lized the cell membrane and was 
stably retained within the cells 
(labeling efficiency range, 
13.0%–43.9%; mean retention, 
83.5% 6 1.8 [standard devia-
tion] on day 5 in dendritic cells), 
enabling extended in vivo 
tracking for at least 7 days.

 n Labeling cells with 89Zr-oxine 
complex did not interfere with 
cellular survival, proliferation, or 
functionality when cells were 
labeled at a specific activity of 
less than 2.4 kBq/106 cells.

 n

89Zr-oxine complex enabled high-
sensitivity imaging, with a radio-
activity dose of only 145–185 
kBq in mice.
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cells has limited sensitivity due to the 
negative contrast of iron superimposed 
on a highly heterogeneous background 
(13–15). Although techniques that use 
perfluorocarbon agents to label cells 
ex vivo and visualize positive signals 
with fluorine 19 (19F) MR imaging have 
been rapidly developing, the require-
ment of a dedicated coil installation 
and relatively weak signal of 19F could 
still be constraints (16–19).

Radiolabeling of cells has several 
potential advantages and disadvan-
tages. Administered radiolabeled cells 
can be monitored in the whole body 
with very high label-to-background ra-
tios by using single photon emission 
computed tomography (SPECT) and 
positron emission tomography (PET). 
Because SPECT has inherently lower 
sensitivity and lower resolution com-
pared with those of PET, indium 111–
oxine labeling, the classic cell labeling 
method (20–22), requires relatively 
high levels of radioactivity, which 
could induce cellular damage. An-
other SPECT cell labeling agent, tech-
netium 99m (99mTc) hexamethylpro-
pyleneamine oxime, cannot be used 
for long-term cell tracking because of 
the short half-life of 99mTc (6 hours). 
Furthermore, efflux of 99mTc from the 
cells creates undesirable background 
signals (23–25). When compared with 
SPECT, PET is at least 10 times more 
sensitive, potentiating reduction of 
radioexposure of the cells by one log 
(26). Fluorine 18 (18F) fluorodeoxy-
glucose (FDG) has been used to label 
cells ex vivo, however, the half-life of 
18F is short (109.7 minutes); more-
over, dormant or inactivated cells 
with low glucose metabolism take up 
insufficient 18F FDG, and the cells can 
release 18F FDG via phosphatase ac-
tivity (27,28).

To lower radiation exposure 
while still obtaining high sensitivity, 

resolution, specificity, and sufficient 
duration to track the cells over multi-
ple days, a long-lived positron-emitting 
radioisotope is required. Zirconium 89 
(89Zr) is a cyclotron-produced PET iso-
tope with a half-life of 3.27 days. The 
purpose of this study was to develop 
a clinically translatable method of cell 
labeling using 89Zr and oxine (hereaf-
ter, 89Zr-oxine complex) to track cells 
with PET in mosue models of cell-based 
therapy.

Materials and Methods

The authors (N.S., H.W., G.L.G., 
P.L.C.) have filed U.S. Patent Applica-
tion No. 61/973,706 for generation and 
application of the 89Zr-oxine complex 
used in this study.

Mice and Cells
All animal experiments were approved 
by the institutional animal care commit-
tee. C57BL/6 wild-type, recombination-
activating gene 1 (RAG1)-deficient, and 
OT-1 T-cell receptor (TCR) transgenic 
mice against ovalubumin (OVA) were 
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purchased from Jackson Laboratories 
(Bar Harbor, Me). DCs and NK cells 
were derived from bone marrowQ10, and 
naïve cytotoxic T cells (CTLs) were pu-
rified from the spleen. DCs were acti-
vated by lipopolysaccharide stimulation, 
and CTLs were activated by TCR stim-
ulation (Appendix E1 [online]). EL4 is 
a murine lymphoma cell line (American 
Type Culture Collection, Manassas, Va). 
B16 murine melanoma cells expressing 
OVA (B16-OVA) were a gift from J.G. 
Frelinger and E.M. Lord (29).

89ZrCl4 Production
89Zr was produced at the institutional 
cyclotron facility by using the nuclear 
reaction Y (p, 2n)89Zr and an in-house 
GE PETtrace beamline (GE Healthcare, 
Piscataway, NJ) (30), with modifications 
to a previously described method (31) 
(Appendix E2 [online]). Eluted 89Zr-
oxalate solution was loaded onto a C18 
Sep-Pak cartridge (Waters, Milford, 
Mass) and washed with water. 89ZrCl4 
was obtained after elution with 1-N HCl 
(0.5 mL).

Synthesis of 89Zr-Oxine Complex
Nonradioactive Zr(oxine)4 standard 
was synthesized by following a method 
reported previously (32). 89Zr-oxine 
complex was generated by conjugating 
oxine to 89Zr at room temperature. Ox-
ine in 0.04 N HCl (102 µL, 20 mmol/L) 
and 89ZrCl4 (60 µL, 25.9–40.5 MBq) 
were mixed in the presence of Tween 
80 (4 µL, 20%) (Sigma-Aldrich, St 
Louis, Mo). A total of 220 µL NaHCO3 
(500 mmol/L) was slowly added to this 
solution while it was spun in a vortex, 
thereby allowing chelation of 89Zr by 
oxine to take place while neutral ox-
ine was released from its acidic forms. 
Final pH ranged from 7.0 to 7.2. Syn-
thesis yield was determined with high-
performance liquid chromatography 
analyses and chloroform extraction 
(Appendix E3 [online]).

89Zr-Oxine Complex Cell Labeling
For various in vitro experiments, cells 
were labeled with 89Zr-oxine complex 
as follows. 89Zr-oxine solution (88–660 
kBq) and 106 cells in phosphate-buff-
ered saline were incubated at room 

temperature for 15 minutes at 1:25 or 
1:50 volume ratios. For comparison, 
labeling was also performed in serum-
free medium or in complete culture me-
dium at 37°C or 4°C. The cells were 
washed with complete medium twice 
and with phosphate-buffered saline 
once. For in vivo imaging, 0.37–1.67 
kBq of 89Zr-oxine complex was added 
to 5 3 106 cells at a 1:25 volume ratio.

Determination of Viability of Cells and 
Release of 89Zr from Dead Cells
After 89Zr-oxine complex labeling, DCs 
were cultured with granulocyte-mac-
rophage colony stimulating factor (20 
ng/mL), and CTLs underwent TCR ac-
tivation followed by withdrawal of the 
stimulation. At various time points, 
the number of surviving cells was 
counted by using trypan blue. Radio-
activity of the cell pellet was measured 
with a gamma counter (WIZARD2 
Automatic Gamma Counter; Perkin El-
mer, Waltham, Mass) to determine the 
activity retained in the cells. Three ac-
tivity standards were also counted each 
time for the decay correction.

Determination of Functionality of 89Zr-
Oxine–labeled Cells
89Zr-oxine–labeled and nonlabeled 
CTLs were stimulated with TCRs and 
evaluated for their expression of CD3, 
CD8, CD44, CD25, CD69, interferon-
g, and interleukin-2 with flow cytom-
etry (FACSCalibur; BD Biosciences, 
San Jose, Calif). Similarly, DCs were 
stimulated with lipopolysaccharide, and 
surface expression of CD11c, CD80, 
CD86, CD40, and major histocompat-
ibility complex class I and II was exam-
ined. In another experiment, 106 89Zr-
labeled DCs were loaded with OVA 
in the presence of lipopolysaccharide 
overnight, transferred to RAG1 knock-
out mice expressing Thy1.2 that were 
preinjected 1 day before with 5 3 106 
Thy1.1+ naïve OT-1 CTLs labeled with 
5-chloromethylfluorescein diacetate 
(CMFDA) (Life Technologies, Grand 
Island, NY). Peripheral blood and sple-
nocytes were collected 3.5 days later, 
and CMFDA dilution in OT-1 CTLs was 
analyzed by using flow cytometry gated 
on Thy1.1+CD8+ T cells. All antibodies 

were purchased from eBiosciences (San 
Diego, Calif), and flow cytometry data 
were analyzed by using FlowJo software 
(Tree Star, Ashland, Ore).

TrackIng of 89Zr-labeled DCs and T Cells 
with MicroPET/CT
For tracking, 5 3 106 89Zr-labeled DCs 
(444–555 kBq) and naïve CTLs (148–
185 kBq) were transferred to mice in-
traveneously (n = 5 and n = 3, respec-
tively). For the immunotherapy model, 
RAG1 knockout mice inoculated with 4 
3 106 B16-OVA cells injected intramus-
cularly in the right flank were, 7 days 
later, intravenously transferred with 106 
wild-type splenocytes; this was followed 
6 hours later by 7.7 3 106 89Zr-labeled 
OT-1 CTLs (248.5 kBq) activated by 
OVA peptide. MicroPET/CT images 
(BioPET, Bioscan, Washington, DC) 
were acquired for up to 7 days (400–
700-keV energy window, 5–40-minute 
emission scan per bed position, total 
of two bed positions). Images were re-
constructed with a three-dimensional 
ordered-subsets expectation maximi-
zation algorithm. The maximum in-
tensity projection images were fused 
with CT images by using InVivoScope 
software (Bioscan). Radioactivity in the 
tumor and whole body was quantified 
by setting a volume of interest on the 
tumor and whole body on the acquired 
images with MIMvista software (MIM 
Software, Cleveland, Ohio). Tumor size 
was measured by using a caliper, and 
volume (V, measured in cubic millime-
ters) was calculated with the following 
formula: V = 1/2 x L x W 2, where L 
is length and W is width (89Zr-labeled 
OT-1 CTL–treated mice, n = 6; non-
treated mice, n = 5).

Statistical Analysis
P values less than .05, calculated by us-
ing GraphPad Prism software (Graph-
Pad Software, La Jolla, Calif), were 
considered to indicate a significant 
difference. Two-way analysis of var-
iance was used to compare labeling 
conditions (n = 3), the Wilcoxon test 
was used to obtain two-sided global P 
values for cell survival or proliferation 
(n = 3), and Holm-Sidak multiple tests 
were used for tumor growth (n = 6 vs 
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Figure 1

Figure 1: Graphs show 89Zr-oxine labeling of various cell types did not require active cellular incorporation. (a) One million 
EL4 cells were incubated with the 89Zr-oxine complex at 1:50 volume ratios in phosphate-buffered saline (PBS), serum-free 
medium, or complete medium at 37°C, room temperature (RT ), or 4°C for 15 minutes. Radioactivity associated with the cells 
was determined (n = 3, representative of two independent experiments, Y indicates P , .05 at two-way analysis of variance). 
(b) Labeling efficiency and (c) specific activity of DCs, naïve and activated CTLs, and NK, bone marrow, and EL4 cells (DC and 
naïve and activated CTLs: n = 4; NK, bone marrow, and EL4 cells: n = 3). Error bars indicate standard deviation.

n = 5 for treated vs control mice, three 
tests were included) and biodistribu-
tion analyses (n = 5, six tests for per-
centage injected dose and nine tests for 
percentage injected dose per gram of 
tissue).

Results

89Zr-Oxine Complex Was Synthesized in 
an Aqueous Condition
The synthesis of 89Zr-oxine complex was 
accomplished with 97.3% 6 2.8 (stan-
dard deviation, n = 8) yield within sev-
eral minutes, as determined with chlo-
roform extraction analyses. The formed 
complex showed one radioactive peak 
at high-performance liquid chromatog-
raphy (Fig E1a [online]) with retention 
time of the peak (tR) relevant to the 
Zr(oxine)4 standard with a time delay 

for reaching the radioactive detector 
(tR[oxine], 9.75 min; tR[Zr{oxine}4], 
8.35 min; tR[

89Zr-oxine complex], 8.74 
min). The formed complex (Fig E1b 
[online]) was used for cell labeling 
without further purification.

89Zr-Oxine Labeling Did Not Depend on 
Active Cellular Incorporation
To determine the optimal labeling con-
ditions, we compared cell labeling at 
37°C, room temperature, and 4°C 
by using EL4 cells. The highest radio-
activity incorporation was achieved 
when cells were labeled at room tem-
perature or 4°C in phosphate-buff-
ered saline ([5.8 or 5.7] 3 106 cpm, 
respectively; P , .05 vs cells labeled 
at 37°C [3.9 3 106 cpm]) (Fig 1a).  
This suggests that cell labeling does not 
depend on active cellular internalization 
of the 89Zr-oxine complex. The labeling 

efficiency slightly decreased when la-
beled in serum-free media at room tem-
perature or 4°C. Use of complete cell 
media at room temperature or 4°C de-
creased the labeling efficiency to about 
60%–76% of that in phosphate-buffered 
saline (P , .05). The labeling at 37°C 
was low under all buffer conditions.

89Zr-Oxine Complex Labeled a Variety of 
Cell Types
Next, we determined if the 89Zr-oxine 
complex could be used to label various 
cell types commonly used in cell-based 
therapies. The 89Zr-oxine complex suc-
cessfully labeled all the cell types tested, 
with labeling efficiencies ranging from 
13.0% 6 1.4 (naïve CTLs) to 43.9% 6 
17.4 (DCs) (Fig 1b). Accordingly, the 
specific activity ranged from 9.7 kBq/106 
cells 6 2.2 for naïve CTLs to 45.0 
kBq/106 cells 6 18.0 for DCs (Fig 1c).
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Figure 2

Figure 2: Graphs show 89Zr-oxine labeling did not interfere with survival of DCs. (a) DCs with and without 89Zr-oxine labeling showed similar viability (n = 3, 
representative of two independent experiments, two-sided global P = .75 at Wilcoxon test). (b) 89Zr-oxine complex associated with DCs was parallel to the number of 
surviving DCs. (c) The specific activity of DCs was maintained. Error bars indicate standard deviation.

Labeling with 89Zr-Oxine Complex Did 
Not Interfere with Cell Survival or 
Proliferation
Because it is critical that the labeled 
cells remain viable and functional, we 
examined survival and proliferation of 
the cells after labeling. 89Zr-oxine–la-
beled mature DCs demonstrated sim-
ilar survival as compared with nonla-
beled cells up to 5 days after labeling  
(Fig 2a, P = .75). In addition, prolifer-
ation was examined for 89Zr-oxine–la-
beled CTLs. We first determined the 
maximum tolerated radioactive dose 
for radiosensitive CTLs by using preac-
tivated OT-1 CTLs labeled at increasing 
specific activities. At specific activities 

less than 88.8 kBq/106 cells, the effect 
of labelling on proliferation was min-
imal compared with nonlabeled cells 
(Fig E2 [online]). Thus, we labeled 
CTLs at approximately 37 kBq/106 
cells that still enabled PET imaging. 
Labeled CTLs rapidly proliferated at 
TCR stimulation and underwent con-
traction when the stimulation was ter-
minated, similar to nonlabeled control 
cells (Fig 3a, P = .125).

89Zr activity associated with DCs 
was stable and mirrored the number of 
surviving DCs, resulting in a stable spe-
cific activity (Fig 2) (retained 89Zr per 
cell, 83.5% 6 1.8 on day 5). Total ra-
dioactivity associated with the CTLs did 

not decrease, while T cells underwent 
cell division; however, radioactivity de-
creased during the contraction phase 
(Fig 3). As a result, specific activity of 
the CTLs decreased during the expan-
sion phase but did not change during 
the contraction phase (Fig 3c). These 
results suggest that once 89Zr is incor-
porated into cells, it remains within the 
cells during cell division, although it is 
likely released upon cell death.

Labeling with 89Zr-Oxine Complex Did  
Not Interfere with Functionality of DCs 
and CTLs
To determine if 89Zr-oxine–labeled 
cells remain functional, labeled DCs 

Figure 3

Figure 3: Graphs show 89Zr-oxine labeling did not interfere with survival and proliferation of CTLs. (a) CTLs with and without 89Zr-oxine labeling underwent similar 
proliferation at TCR stimulation on day 0 (+) followed by a contraction phase after withdrawal of the stimulation on day 3 (-) (n = 3, representative of two independent 
experiments, two-sided global P = .125 at Wilcoxon test). (b) 89Zr-oxine complex was retained in CTLs during rapid proliferation. A decrease was observed when the 
cell number decreased in the contraction phase. (c) The specific activity of CTLs declined during the expansion phase but was maintained after the contraction phase. 
Error bars indicate standard deviations.
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Figure 4

were stimulated with a Toll-like recep-
tor ligand, lipopolysaccharide. 89Zr-
oxine labeling slightly up-regulated 
the expression of CD80 and CD86 

on DCs prior to lipopolysaccharide 
activation. After overnight stimula-
tion with lipopolysaccharide, 89Zr-ox-
ine–labeled DCs up-regulated CD80, 

CD86, CD40, and major histocompat-
ibility complex molecules, similar to 
nonlabeled DCs (Fig 4a). When mice 
pretransferred with CMFDA-labeled 
naïve OT-1 CTLs were immunized 
using 89Zr-oxine–labeled DCs loaded 
with OVA, labeled DCs were capable 
of presenting the antigen and inducing 
OT-1 CTL activation and nonlabeled 
DCs (Fig 4b).

We further determined the effect 
of 89Zr-oxine labeling on CTL function. 
TCR stimulation induced up-regulation 
of CD69, CD25, and CD44 markers in 
the 89Zr-oxine–labeled and nonlabeled 
CTLs at similar levels (Fig 5a). The la-
beling did not impair the production 
of interferon-g and interleukin-2 (Fig 
5b), suggesting that the cytotoxic func-
tions of CTLs were maintained after 
labeling.

Figure 4: Flow cytometry data show 89Zr-
oxine–labeled DCs maintained their functional 
activity. (a) 89Zr-oxine–labeled DCs showed 
upregulation of co-receptors and major 
histocompatibility complex (MHC) molecules 
comparable to nonlabeled cells (representa-
tive data of three experiments). (b) Graphs 
show in vivo transferred 89Zr-oxine–labeled 
OVA-loaded DCs were capable of inducing 
activation of pretransferred antigen-specific 
CMFDA-labeled OT-1 T cells (representative 
data of three experiments).
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over time (Fig 7a, 7b) (tumor/whole-
body activity, 4.6% at day 7), leading to 
regression of the B16-OVA tumor (Fig 
7c), which indicates that cytotoxic ac-
tion of CTLs was maintained after 89Zr-
oxine labeling. Tumors in untreated 
control mice reached 20 mm in diam-
eter, and mice were euthanized on day 
7 in accordance with the institutional 
animal handling protocol (P , .001 at 
day 7 according to Holm-Sidak multiple 
tests that included three tests corre-
sponding to days 2, 5, and 7).

Discussion

The ability to track a wide variety of cells 
is of potential importance to improving 
cell-based therapies. For adoptive im-
munotherapies for cancers that use T or 

CTLs labeled with 89Zr-oxine 
complex (185 kBq/5 3 106 cells) were 
tracked over 7 days. In contrast to DCs, 
CTLs mainly distributed in the spleen 
and lymph nodes after migrating out 
from the lungs (Fig 6b).

89Zr-Oxine–labeled CTLs Targeted Tumor
The tumor-targeting properties of ex 
vivo activated CTLs labeled with the 
89Zr-oxine complex were examined in 
a melanoma immunotherapy model. 
RAG1 knockout mice bearing B16-OVA 
tumor (approximately 1 cm in diame-
ter) were injected with 106 wild-type 
splenocytes, then 6 hours later adop-
tively transferred with 89Zr-oxine–la-
beled OT-1 CTLs (248.5 kBq/[7.7 3 
106] cells). Serial imaging revealed ac-
cumulation of OT-1 CTLs in the tumor 

89Zr-Oxine Complex Enabled Visualization 
of DCs and CTLs in Vivo at MicroPET/CT
DCs labeled with 89Zr-oxine complex 
were visualized in vivo with microP-
ET/CT. DCs (444–555 kBq/[5 3 106] 
cells) initially were distributed in 
the lungs and gradually migrated to 
the spleen and liver by day 1, where 
they stayed for the remainder of the 
7-day imaging period (Fig 6a). This 
distribution was confirmed with a 
biodistribution study in which we an-
alyzed the radioactivity of each organ 
harvested from the mice on days 1 
and 7 (Appendix E4, Fig E3 [online]). 
The low activity seen in the kidneys 
and femur (6.7% injected dose per 
gram of tissue [ID/g] and 13.6% ID/g, 
respectively, at day 7) was likely due 
to free 89Zr released from dead cells.

Figure 5

Figure 5: Flow cytometry data show 89Zr-oxine–labeled and nonlabeled CTLs were activated by TCR stimulation equally. (a) 89Zr-oxine–labeled and nonlabeled CTLs 
expressed CD44, CD69, and CD25 at similar levels at the resting state and upregulated these markers after TCR stimulation (representative data of three experiments). 
(b) 89Zr-oxine–labeled cells were capable of producing interferon-g ( FN-g) and interleukin-2 ( IL-2) at TCR activation (representative data of three experiments). Red line 
indicate TCR-stimulated cells. Blue line indicates unstimulated cells.
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Figure 6

Figure 6:  MicroPET/CT images show differential trafficking of DCs and naïve CTLs over 7 days in wild-
type mice. (a) DCs migrated to the spleen and liver after transiting the lungs (representative images of five 
experiments). (b) Naïve CTLs mainly homed to the spleen and lymph nodes (representative images of three 
experiments). Arrows indicate examples of lymph node accumulation of CTLs.

NK cells, the effect of cell modification 
on tumor-targeting properties has clear 
implications for the success of these ther-
apies. With bone marrow transplanta-
tion, modifying cells, conditions, or both 
to increase engraftment in the bone mar-
row and reduce graft-versus-host disease 
are desirable goals. Visualization and 

quantification of these therapeutic cells 
labeled with 89Zr-oxine complex at PET 
could provide direct feedback on whether 
modifications to cells, delivery methods 
(eg, injection route), and conditioning of 
the recipient (eg, cytokine injection) aug-
mented the migration of the cells to the 
target organ or tissue.

The synthesis of 89Zr-oxine complex 
was accomplished in an aqueous solu-
tion with simple steps of mixing, which 
resulted in more than 97% of 89Zr being 
converted to the complex, allowing us 
to add the resulting solution to the cell 
suspension for labeling without further 
purification. Synthesis performed in an 
aqueous solution has substantial advan-
tages over synthesis methods that use 
an organic solvent and require time-con-
suming procedures to evaporate the sol-
vent and collect the lipophilic product 
with another solvent, as was recently 
reported (33). Our method eliminated 
the long preparation time and equip-
ment required for these procedures. In 
addition, the previously described syn-
thesis yield was limited to about 60% 
versus the greater than 97% yield for 
the technique described in our article.

We have shown that 89Zr-oxine 
complex can be used to label various 
cell types with sufficient efficiency to 
enable imaging. The labeling efficiency 
and specific activity seemed mainly de-
termined by cell size. Since labeling oc-
curred at 4°C, we infer that 89Zr-oxine 
complex does not require active cellular 
incorporation and supports the concept 
that neutral and lipid-soluble oxine con-
jugates permeabilize the cell membrane 
(20,34). Use of complete medium de-
creased the labeling efficiency, possibly 
due to interfering serum proteins and 
lipids that bind the 89Zr-oxine complex 
via transient noncovalent bonding, 
such as hydrogen bonds, p effect, and 
hydrophobic bonds. At 37°C, nonspe-
cific interaction of the complex and the 
cells would become weaker, leading to 
lower labeling efficiency. Once labeled, 
89Zr stably remained within live cells. 
Because interference with cellular func-
tionality could cause a discrepancy be-
tween the localization of cells detected 
with imaging and the actual trafficking 
when cells were not labeled, we used 
DCs and CTLs, two major cell types 
used in immunotherapy, to conduct var-
ious assays to investigate if 89Zr-oxine la-
beling interferes with cellular function. 
Our in vitro and in vivo data showed 
that the labeled cells maintained their 
functionality when the optimal specific 
activity of less than 88.8 kBq/106 cells 
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was achieved. With this specific activ-
ity, we expect the effect of labeling to 
have a minimal (,20%) effect on the 
proliferation and survival of most radio-
sensitive cell types, including CTL. Im-
aging and biodistribution showed pref-
erential migration of 89Zr-oxine–labeled 
cells to organs according to the cell 
type. For example, DCs, after egress-
ing from the lungs, distributed to the 
liver and spleen, whereas naïve CTLs 
distributed mainly to the spleen, with 
a small fraction homing to the lymph 
nodes. Additionally, activated CTLs ac-
cumulated within the tumors express-
ing the specific antigen, ultimately re-
sulting in a dramatic tumor reduction, 
indicating that the labeled CTLs main-
tained their cytotoxic function in vivo. It 
is difficult to compare our results with 
those reported previously (33) because 
the prior data largely derived from im-
mortalized cell lines that can be sig-
nificantly different from primary cells 
(eg, high expression of antiapoptotic 
molecules resulting in radioresistance) 
and because toxicity studies were not 
conducted.

These images could be obtained 
at remarkably low levels of radioactiv-
ity (eg, 145–185 kBq). While this level 
might seem insufficient to obtain im-
ages with clinical PET/CT scanners, we 
note that the recipient has no inherent 
background radioactivity, making even 
small amounts of activity from the cells 
detectable with modern PET/CT scan-
ners. We previously verified this phe-
nomenon by using another 89Zr-based 
cell labeling agent at comparable ra-
dioactive doses in 35-kg swine imaged 
with a clinical PET/CT scanner (35); 
thus, we are confident that the 89Zr-
oxine complex has sufficient labeling 
efficiency (13.0%–43.9%) to track cells 
in humans. The fact that the 89Zr-oxine 
complex enables cell visualization with 
only a minimum radioactive dose is a 
significant advantage over conventional 
SPECT cell labeling agents that usually 
require a labeled dose exceeding 3.7 
MBq in patients. It is also critical to 
minimize radiotoxicity to the cells of 
interest.

This study had several limitations. 
Only two cell types (DCs and CTLs) 

Figure 7

Figure 7: 89Zr-oxine–labeled OT-1 CTLs migrated to B16-OVA tumor. (a) MicroPET/CT images of 
89Zr-oxine–labeled OT-1 CTLs in RAG1 knockout mice bearing B16-OVA melanoma tumor revealed 
migration of a small fraction of CTLs to the tumor (arrows) (representative images of six experiments). 
(b) Graph shows activity accumulated in the tumor quantified in a increased over time. (c) B16-OVA 
tumors regressed after the transfer of 89Zr-oxine–labeled activated OT-1 CTLs, indicating that the 
labeled OT-1 CTLs maintained their cytotoxic function (n = 6). Untreated mice were sacrificed on day 7, 
as the tumor diameter reached 20 mm (n = 5). ∗ P = 2.84 3 1025 on day 7 according to Holm-Sidak 
multiple tests that included three tests corresponding to days 2, 5, and 7. Error bars indicate standard 
deviations.
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were fully evaluated. Further evalua-
tion of 89Zr-oxine complex in NK and 
bone marrow cells that were confirmed 
at labeling in this study would be valu-
able. Since the cells are labeled ex vivo, 
as they divide after the transfer, the 
specific activity (activity per cell) is re-
duced. To the extent the dividing cells 
remain in the same location, the aggre-
gate radioactivity will be maintained. 
However, there would be an obligate 
reduction in radioactivity at prolifera-
tion sites where the cells migrate away. 
An additional limitation and a potential 
pitfall is that small amounts of 89Zr will 
be released after cell death, resulting 
in accumulation of 89Zr in the bone due 
to chelation by hydroxylapatite (36), 
in addition to clearance from the kid-
neys. However, this is a slow process 
that occurs as the labeled cells die as 
compared with live cells homing to the 
bone marrow. Free 89Zr taken up by the 
bone and 89Zr signal from cells homing 
to the bone marrow could be differen-
tiated in humans, in whom the size of 
the bone marrow cavity is sufficiently 
large. In addition, we could perform 
continuous infusion of deferoxamine, a 
chelating agent used in clinical practice, 
to capture the free 89Zr released from 
the dead cells and excrete it from the 
kidneys. Further study of these points 
would facilitate translation of this 
technique.

Practical applications: Synthesis 
of the 89Zr-oxine complex was accom-
plished in an aqueous solution by sim-
ple steps of mixing, and optimal cell 
labeling was achieved at room tempera-
ture. The simplicity of this preparation 
process makes this technique readily 
applicable to various clinical settings. 
To date, we have confirmed the ability 
of the complex to label various primary 
cells used in therapies (DCs, CTLs, NK 
cells, and bone marrow) and lymphoma 
cells, and we have confirmed that label-
ing does not interfere with functionality 
of DCs and CTLs. Thus, we are confi-
dent that this method has the potential 
to be a useful tool across a broad range 
of cell-based therapies.
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