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Adoptive transfer therapy of in vitro-expanded tumor-specific
cytolytic T lymphocytes (CTLs) can mediate objective cancer regres-
sion in patients. Yet, technical limitations hamper precise moni-
toring of posttherapy T cell responses. Here we show in a mouse
model that fused single photon emission computed tomography
and x-ray computed tomography allows quantitative whole-body
imaging of 111In-oxine-labeled CTLs at tumor sites. Assessment of
CTL localization is rapid, noninvasive, three-dimensional, and can
be repeated for longitudinal analyses. We compared the effects of
lymphodepletion before adoptive transfer on CTL recruitment and
report that combined treatment increased intratumoral delivery of
CTLs and improved antitumor efficacy. Because 111In-oxine is a
Food and Drug Administration-approved clinical agent, and human
SPECT-CT systems are available, this approach should be clinically
translatable, insofar as it may assess the efficacy of immunization
procedures in individual patients and lead to development of more
effective therapies.

cancer � immunity � CD8 T cell

Leukocytes play a critical role in cancer. Studies in both patients
and animal models have shown that T cells infiltrate tumor

stroma and recognize antigenic peptides expressed by tumor cells
(1–4). Tumor-specific CD8 cytolytic T lymphocytes (CTLs) derived
from cancer patients recognize and kill tumors in vitro, yet the same
cells often fail to eradicate cancer in vivo (5), likely because of
endogenous mechanisms of suppression (6, 7). Among these,
regulatory T cells have emerged as central constituents of suppres-
sive activity, because they efficiently infiltrate tumor stroma (8–10),
interfere with tumor-specific CTL cytolytic activity (11, 12), and
reduce survival (13, 14). To break such dominant tolerance mech-
anisms, at least two types of immunotherapeutic strategies are being
pursued currently: (i) in vivo activation of endogenous antitumor
cells (1) and (ii) adoptive transfer of in vitro-activated antitumor
cells (15, 16). In clinical trials based on the latter, tumor antigen-
specific T cells are isolated from the patient, induced to expand to
high numbers in vitro, and reinjected (17, 18). This strategy gener-
ates a large pool of functional CTLs that can kill tumor cells in vivo.
In a further modification of this approach, the patient is lymphode-
pleted before adoptive transfer, a procedure that eliminates en-
dogenous suppressor cells and favors in vivo expansion and persis-
tence of the transferred CTLs (19, 20). This approach appears to be
effective for treatment of melanoma patients, because it leads to
objective tumor regression in �50% of patients (21).

Assessing the efficacy of immunotherapeutic approaches in
patients requires noninvasive and sensitive cell-tracking tech-
nologies. Current methods quantify transferred cells either in
peripheral blood or in fine-needle tumor aspirates; whereas the
former cannot colocalize CTLs with the tumor, the latter is
invasive, impractical, and prone to sampling bias. Recent ad-
vances in optical, magnetic resonance, and nuclear imaging
technologies (22–24), however, permit noninvasive and longitu-
dinal cell tracking in their native environment. High-resolution
small animal imaging systems are now in widespread use, but not

all are suitable for clinical translation today. In optical imaging,
for instance, transgenes such as fluorescent proteins and lucif-
erases are potentially immunogenic and favor surface-weighted
signals (24–26). Other agents such as HSV-Tk for nuclear
positron emission tomography imaging (23) also have reported
immunogenicity (27). Finally, cell trackers for magnetic reso-
nance imaging are not yet Food and Drug Administration
(FDA)-approved and do not permit tracking in all tissues.
Single-photon emission computed tomography (CT)–x-ray CT
(SPECT-CT) fusion imaging, however, offers many advantages
that favor its use as clinical reporter of cell migration in cancer
immunotherapy. High-sensitivity gammacameras detect high-
energy photons emitted from cell trackers, whereas x-ray scan-
ners provide information on tissue density; the inclusion of both
scanners in the same imaging system allows whole-body 3D
anatomic localization of labeled cells with exceptional sensitivity
and resolution. Second, the cell tracker 111Indium-oxine is
biocompatible, nonimmunogenic, inexpensive, simple to use,
FDA-approved, and has a relatively long half-life (2.8 days) (28).
Given these attributes, we conducted the current study to
validate this imaging approach and compare results of accepted
gold standards used in the field. We show in a model system of
adoptive transfer immunotherapy that SPECT-CT combines
precise tracking of administered CTLs and allows monitoring of
tumor growth or rejection in vivo.

Results
Antigen-Specific CTLs Kill Tumors in Vitro and Control Tumor Growth
in Vivo. To establish a model of adoptive transfer immunother-
apy, we injected 106 CT44 tumor cells into the right footpad
and 106 CT26 tumor cells into the left footpad of Thy1.1
BALB/c mice (day 0, Fig. 1A). As described (11, 12), these two
cell lines differ in that CT44 tumor cells express HA. Both
tumors grew rapidly and had reached a size of �25 mm2 after
7 days. In parallel, we expanded HA-specific CTLs in vitro. We
obtained these cells from TCR-CL4 RAG�/� Thy1.2 BALB/c
mice that express a transgenic TCR specific for the Kd-
restricted HA512–520 peptide (12). When stimulated in vitro
with cognate peptide and IL-2, HA-specific CTLs killed HA�

CT44 tumor cells efficiently and selectively in 51Cr-release
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assays (Fig. 1B). To assess their capacity to control tumor
growth in vivo, 107 HA-specific CTLs were labeled with
111In-oxine, a cell tracker that does not elicit any major changes
in cell function at diagnostic doses [data not shown and (29)].
Labeled cells were injected intravenously into mice that had
received tumor cells 7 days earlier (Fig. 1 A). HA-specific CTLs
accumulated preferentially in HA� tumors in vivo, as identi-
fied in biodistribution assays on explanted tumors (Fig. 1C)
and by immunohistochemistry on tumor sections (Fig. 1D). As
expected, the CTLs selectively controlled progression of HA�

tumors (Fig. 1E). This experimental system, therefore, offered
the possibility to use SPECT-CT to assess whether this plat-
form may allow in vivo noninvasive monitoring of CTL delivery
to the tumor site.

SPECT-CT for in Vivo Tracking of Adoptively Transferred Cells. Mice
bearing HA� CT44 and HA� CT26 tumors for 7 days in the right
and left footpad, respectively, received 107 111In-labeled HA-
specific CTLs intravenously and were subjected to SPECT-CT
periodically [2, 24, 48, and 120 h postinjection (PI)]. The vast
majority of 111In–labeled HA-specific CTLs accumulated in the
lungs 2 h PI but rapidly redistributed to the liver and spleen
within 24 h [Fig. 2A and supporting information (SI) Movies 1
and 2]. As early as 2 h after transfer, CTL accumulated in the
tumors and increased in HA� CT44 tumors by 24 h compared
with controls (Fig. 2 B and C). The CTLs accumulated prefer-
entially and in increasing concentrations in CT44 tumors for the
duration of the experiment, whereas the concentration of CTLs
in CT26 tumors remained unchanged (Fig. 2 B–D and SI Movies
3 and 4). We also observed a different pattern of signal distri-
bution in the tumors. Specifically, in the CT44 tumors the signal
localized centrally, whereas in the CT26 tumors, it was diffuse
and marginalized. This suggests that the HA-specific CTLs
accumulated throughout the HA-expressing tumors but re-
mained at the periphery of the HA� tumors. These findings
confirm observations by intravital microscopy that deep infil-
tration of CTLs to the tumor bulk requires expression of
tumor-specific cognate antigen (30, 31). The inclusion of x-ray
CT in the SPECT-CT system allowed us to evaluate not only the
anatomical location of the tumor but also evolution of tumors.
Hence, we could evaluate the effect of immunotherapy by

correlating in vivo localization of CTLs, as determined by
SPECT, with tumor size, as determined by x-ray CT. We
observed that HA-specific CTLs controlled HA� CT44 but not
HA� CT26 tumor growth (Fig. 2E). In control experiments, we
used syngeneic CTLs specific for an irrelevant antigen (tERK-I)
and confirmed that these CTLs failed to accumulate and control
growth of either HA� CT44 or HA� CT26 tumors (SI Fig. 4 and
data not shown).

Lymphopenia Promotes CTL Recruitment and Control of Tumor
Growth. Studies have shown that lymphodepletion augments anti-
tumor T cell efficacy in humans (19, 21, 32) and in animals (33–35).
We therefore sought to investigate in vivo with SPECT-CT whether
lymphopenia controls tumor growth through effects on CTL ac-
cumulation. Mice received 106 CT44 tumor cells in the right
footpad, were lymphodepleted (300 rad irradiation that depletes
nearly all circulating lymphocytes) on day 4, and injected with
HA-specific CTLs on day 7. Lymphodepletion alone led to slight
reduction of tumor growth at least between days 7 and 12, although
tumor size at later time points (e.g., day 14) was comparable in mice
that received no treatment or irradiation alone (Fig. 3A). This effect
was likely mediated by ‘‘homeostatic proliferation’’ of endogenous
immune cells that can exhibit antitumor activity (33). It has also
been demonstrated previously that irradiation, at the doses used
here, of the tumor alone fails to elicit regression, and shielding the
tumor from irradiation does not decrease antitumor efficacy in the
adoptive T cell transfer setting (34). CTL injection alone led to
control of tumor growth, as described above. Combined lym-
phodepletion and CTL therapy, however, led to most efficient
control of tumor growth (Fig. 3A). SPECT-CT imaging demon-
strated that control of tumor growth associated with increased
density of CTLs at the tumor site (Fig. 3 B and C). Flow cytometry
confirmed that CTLs preferentially accumulated in lymphode-
pleted animals (Fig. 3D). These data show that lymphopenia
promotes antitumor function partly via effects on CTL accumula-
tion at tumor sites.

Discussion
This study shows that SPECT-CT is effective for simultaneously
tracking migration of administered CTLs to tumors and moni-
toring tumor volume in vivo. Accumulation and continued

Fig. 1. Antigen-specific CTL-mediated antitumor response. (A) Outline of the experimental design. (B) In vitro-stimulated HA-specific CTLs specifically lyse CT44 HA�

tumor cells in 51Cr-release assays. (C) 111In-Oxine-labeled HA-specific CTLs selectively accumulate in HA� tumors, as determined by calculating the percentage of
111in-injected dose/gram tissue in explanted tumors 96 h after adoptive T cell transfer. (D) Thy1.2� HA-specific CTLs selectively accumulate in HA� tumors implanted
in Thy1.1� animals, as determined by immunohistochemical analysis of tumor parenchyma. (E) Administered HA-specific CTLs selectively control HA� CT44 tumor
growth; n � 3–10.
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presence of administered CTLs at the tumor site is antigen-
dependent and intratumoral CTL accumulation and tumor
regression improves when CTLs are injected to lymphopenic
hosts. This longitudinal, quantitative, and in vivo study in ex-
perimental cancer immunotherapy reveals a dynamic interplay
between tumor progression and CTL accumulation. We there-
fore propose that immunotherapeutic strategies harness the
unique advantages offered by SPECT-CT for longitudinal mon-
itoring of transferred cells in single patients.

Although adoptive transfer therapy shows great promise at
controlling tumor growth and indeed has proven efficacious in
several clinical trials for melanoma patients, the strategy requires
fine-tuning and broader applicability. Several experimental and
preclinical studies have shown that lymphodepletion in mela-
noma patients before CTL transfer improves antitumor efficacy,
thus encouraging the widespread use of this procedure in the
clinic (21). Moreover, adoptive transfer of donor lymphocytes or
allogeneic hematopoietic stem cells is actively explored in a
number of therapeutic applications for the control and/or pre-
vention of viral infections (36), generation of selective graft vs.
leukemia effects (37, 38), and treatment of autoimmunity (39,
40). Using SPECT-CT, we demonstrate that lymphopenia fosters
tumor rejection partly because it promotes efficient CTL accu-
mulation at the tumor site. It will be important to determine why
similar treatments are ineffective at controlling cancers other
than melanomas. A number of immunotherapeutic strategies are
currently under investigation. For instance, adoptive transfer of
less-differentiated T cells appears considerably more potent at
protecting hosts with advanced tumors (41). This can be achieved
by culturing in vitro antigen-primed CD8 T cells with IL-15 (42)
or IL-21 (43). These cells resemble central memory cells and
show proliferative potential and migration to lymph nodes in vivo
(41). Lymph node homing or in vivo expansion, these findings
suggests, may be essential for long-term control of tumor growth.

Fig. 2. In vivo SPECT-CT monitoring of CTL distribution after adoptive
transfer. (A) Fused SPECT-CT scans (Upper) and 3D virtual rendering (3D VR)
images of anesthetized mice obtained 2 h (Left) and 24 h (Right) PI of
111In-labeled HA-specific CTLs. Mice received CT44 HA� and CT26 HA�

tumor cells in the right and left footpads, respectively, on day 0, and the
CTLs on day 7 (the mice did not receive irradiation). The CTLs accumulated
in the lung 2-h PI and in the liver and spleen 24 h PI (see also SI Movies 1 and
2). (B) 3D VR view of HA-specific CTL accumulation in HA� and HA� tumors
(see also SI Movie 3). (C) CT, SPECT, and SPECT-CT fusion images obtained
2, 24, 48, and 120 h PI show specific accumulation of HA-specific CTLs in HA�

tumors. (D) Ratios of SPECT activity to ROI area calculated 2, 24, 48, and
120 h PI indicate specific accumulation of HA-specific CTLs in HA� tumors.
(E) Tumor volumes calculated by x-ray CT indicate that administered HA-
specific CTLs control HA� CT44 tumor growth. Data shown indicate changes
(�) in HA� CT44 and HA� CT26 tumor volumes at the indicated time points
when compared with tumor volumes at the time of CTL transfer [i.e., day
7 (d7)]; n � 5–10.

Fig. 3. In vivo SPECT-CT monitoring for comparison of immunotherapeutic
strategies. (A) CT44 HA� tumor growth kinetics in mice treated with HA-specific
CTLs (administered on day 7) and lymphodepleted (irradiated on day 4), either
alone or in combination. Red lines indicate mean values for all mice analyzed; n �
12–30. (B)CT, SPECT,andSPECT-CTfusion imagesobtained72hPI showincreased
111in-CTL activity in tumors of lymphopenic mice. (C) Quantification of SPECT-CT
data reveals increased 111in-CTL activity 72 h PI in tumors of lymphopenic mice;
n�3. (D) FlowcytometricanalysisofHA-specificCTLaccumulation inHA� tumors
72 h PI confirms the SPECT-CT findings; n � 3.
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Another set of studies suggests that tumor rejection can be
achieved by altering the intratumoral balance of CTLs and
regulatory T cells (44). Finally, use of chimeric T cell receptors
shows promise for improving therapy (20). The need to assess the
efficacy of various adoptive transfer therapies, as highlighted by
these examples, underscores the need for techniques such as
SPECT-CT to reliably monitor cell migration in vivo.

This study exemplifies the capacity of SPECT-CT to enable
noninvasive and longitudinal imaging of 111In-oxine-labeled CTLs,
and newly identifies that lymphopenic conditions increase the
delivery of CTLs at tumor sites. In the future, it will be important
to use genetically engineered mouse models of spontaneous rather
than transplantable cancer (45), because they may better translate
retrieved information into humans with cancer. The methods
described in this study also have immediate clinical applicability:
clinical scanners are available, and 111In-oxine has been used in
patients for several decades to track leukocytes by planar scintig-
raphy (46). We hope this study will serve to accelerate efforts to
monitor administered cells for in vivo evaluation of immune re-
sponses in single patients. Because SPECT-CT offers the unique
possibility of tracking two different populations simultaneously
(47), future studies may elect to monitor the interplay between
different cell types that may display antitumor efficacy (e.g., subsets
of CD8 and CD4 T cells, NK cells) and thus show promise as
cell-based clinical immunotherapies. In addition, the approach
described here will likely continue to be useful for assessing efficacy
of immunization procedures experimentally.

Methods
Mice. TCR-CL4 RAG�/� BALB/c mice expressing a TCR specific
for Kd/HA512–520 were generated as described (11). DUC18
BALB/c mice expressing a TCR specific for Kd/tERK-I136–144 (48)
and Thy1.1 BALB/c mice were obtained from Paul Allen. BALB/c
mice were purchased from Taconic (Germantown, NY).

Tumors. The CT26 tumor cell line was derived from a chemically
induced murine colon carcinoma. The tumor cell line CT44 was
generated by transfecting CT26 cells with a fusion protein of
influenza hemagglutinin and EGFP (11). Anesthetized animals
received 106 CT26 and CT44 cells in 50 �l of PBS s.c. into the
upper side of the left and the right hindpaw, respectively.

T Cells. Single-cell suspensions pooled from mesenteric and popli-
teal lymph nodes and spleen of TCR-CL4 RAG�/� BALB/c mice
were stimulated in vitro in complete medium (500 ml of RPMI
medium 1640 with sodium 1 mM pyruvate/10 mM Hepes/2 mM
glutamin/1% penicilin/streptomycin/50 �M mercaptoethanol/10%
FCS previously heat-inactivated for 1 h at 56°C) with 1 �g/ml
HA512–520 peptide for 1 h, washed, and maintained at 37°C. Starting
on day 2 and every second day, cells were harvested and incubated
in fresh complete medium supplemented with 20 ng/ml rhIL-2
(R&D Systems, Minneapolis, MN) until day 7. Stimulation of
DUC18 T cells involved stimulation with the tERK-I136-144
peptide.

111In-Oxine Labeling. On day 7, in vitro expanded HA-specific
CTLs (or tERK-I-specific CTLs) were labeled with 111In-Oxine
according to the manufacturer’s protocol (Amersham Pharma-
cia Health Medi-Physics, Arlington Heights, IL). Briefly, cells
were washed in HBSS and resuspended in 111In-oxine for 20 min
at 37°C, pH 6.5–7.5. Cells were washed three times in HBSS and

injected into the mice. The total amount of activity injected into
each animal was measured with a radioisotope calibrator (Cap-
intec, Ramsey, NJ) immediately PI and before each of the
imaging time points to account for differences in activity. As
described (28, 29), 111In-oxine does not affect lymphocyte via-
bility or functionality and is fully biocompatible.

SPECT-CT Imaging, Processing, and Analysis Protocol. Serial
SPECT-CT projections from anesthetized mice were acquired
on a X-SPECT imaging system (Gamma Medica, Northridge,
CA) at 2, 24, 48, 72, 96, and 120 h after T cell adoptive transfer.
Two imaging sessions were acquired to obtain whole-body
imaging of the abdomen and tumor-bearing hindpaws. Photons
from the tracer were collimated with a 1-mm pinhole collimator
on each camera, resulting in submillimeter resolution. SPECT
(radius of rotation 3 cm, 32 projections, 30–120 s per projection)
and CT scans (256 projections, 50 kv, 500 mA) were acquired and
coregistered for image fusion and exact 3D anatomical localiza-
tion of the tracer signal. Acquired SPECT and CT data sets were
processed with Osirix DICOM viewer software (http://
homepage.mac.com/rossetantoine/osirix). Fused SPECT-CT
images were examined visually in the transaxial, sagittal, and
coronal planes for 111In-Oxine localization in various organs and
biodistribution. Mean pixel intensity and tumor volume were
determined by designing region of interest (ROIs) in the hind-
paws. ROIs were chosen to fit exactly to the organ shape (CT
scans) to minimize partial volume errors. The same ROIs were
used on SPECT images to assess 111In-Oxine signal. Emission
data for each imaging sessions were normalized for counts per
projection, imaging time, and 111In-Oxine radioactivity decay.
Additionally, after the last scan, some mice were killed for
conventional biodistribution analysis.

Flow Cytometry. Tumors were homogenized in a potter (Fisher
Scientific, Pittsburgh, PA), further digested with 0.2 mg/ml colla-
genase IV and 0.04 mg/ml DNase I (Boheringer Mannheim/Roche,
Mannheim, Germany) for 30 min at 37°C with gentle agitation, and
filtered. Single-cell suspensions were labeled with anti-CD8-FITC
and anti-Thy1.2-PE mAb. Data were acquired on a FACScalibur
(Becton Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo
software (Tree Star, Inc., Ashland, OR).

Immunohistochemistry (IHC). Frozen 8-mm tumor sections were
acetone-fixed and incubated with rat anti-Thy1.2 mAb (Becton
Dickinson) and further reacted with anti-rat IgG-biotin (Becton
Dickinson) and streptavidin-Alexa546 (Molecular Probes). The
fluorescence images were generated with a digital-imaging mi-
croscope (Nikon, Melville, NY; 80i). Controls included labeling
without rat anti-Thy1.2 primary mAb.
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