FOCUS ON MOLECULAR IMAGING

Nuclear Imaging of Cancer Cell Therapies
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A promising role of cellular therapies in cancer treatment is
reflected by the constantly growing number of clinical trials with
adoptively transferred cells. Direct and indirect cell labeling for
the nuclear imaging of transferred cells has been proven reliable
for imaging adoptive cellular therapies. Both methods show their
advantages and limitations. Direct labeling is a relatively easy, in-
expensive, and well-established methodology. Indirect labeling
using a reporter gene imaging paradigm allows for reliable, sta-
ble, and harmless visualization of cellular trafficking, persistence,
proliferation, and function at the target site. It is expected that
new human-derived reporter genes will be rapidly translated
into clinical applications that require repetitive imaging for the
effective monitoring of various genetic and cellular therapies.
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Recent developments in biotechnology have led to an
increasing number of clinically available anticancer
therapies that require the administration of cells of
different origins. These cellular therapies are based on the ex
vivo manipulation of various therapeutically useful cell types
(e.g., stem cells, lineage progenitors, mesenchymal cells,
lymphocytes, and dendritic cells), followed by local or
systemic administration to cancer patients (/—4). A promising
role of cellular therapies in cancer treatment, especially in
minimal residual disease and micrometastases, is reflected by
the constantly growing number of clinical trials with adop-
tively transferred cells (5). Until recently, immunostaining of
whole-body slices of small animals was the most straightfor-
ward, reliable, and traditional approach used for assessing the
localization and targeting of adoptively transferred cells (6).
New methods for the noninvasive and repetitive evaluation of
trafficking, homing, tumor targeting, differentiation, and per-
sistence of adoptively transferred cells would significantly aid
the development of progenitor or effector cell-based therapy
approaches and facilitate their clinical implementation. For
example, systemic administration of antigen-specific T lym-
phocytes is one of the most studied and clinically applicable
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methods of adoptive anticancer cell therapy. Long-term traf-
ficking and localization of T lymphocytes is an important com-
ponent of anticancer immune response and of elimination of
abnormal cells and infectious agents from the body. Imaging
could help monitor such processes as T cell migration, homing
to the tumor target, and long-term T cell viability and their sub-
sequent activation and cytolytic activity. These questions could
potentially be answered by repetitive imaging using clini-
cally applicable techniques, for example, nuclear imaging.

EX VIVO RADIOLABELING FOR NUCLEAR IMAGING

The first experiments on noninvasive imaging of lymphocyte
trafficking were performed with extracorporal labeling. These
methods were applied to different immune cells using various
radioisotopes for labeling. '!'In, in particular, found a wide
clinical application in oncology as an imaging agent for
monitoring immunotherapy with tumor-infiltrating lympho-
cytes. In a study published by Fisher et al. (7), 6 patients with
metastatic malignant melanoma who had multiple sites of
subcutaneous, nodal, or visceral disease were treated with 11In-
labeled tumor-infiltrating lymphocytes (TILs) (mean dose, 8.4 X
10° labeled cells per patient), followed by serial whole-body
v-camera imaging and serial biopsies of tumor and normal tissue.
Tp-labeled TILs localized to lung, liver, and spleen within 2 h
after the infusion. This study showed that labeled TILs can
localize preferentially to tumors, and it provided information
about the possible mechanism of the therapeutic effects of TILs.
In another study, autologous monocyte-derived dendritic cells
loaded with a tumor antigen and labeled with !!!In-oxine were
injected intradermally in patients with varying cancer types (8).
Only 1 of the 6 patients treated had nodular inguinal uptake on
the intradermally injected side, suggesting that dendritic cells
rapidly moved to a regional lymph node in which antigen
presentation should occur. Imaging techniques that involve ex
vivo labeling of lymphocytes or other adoptively transferred
cells have several limitations (e.g., the relatively low attainable
level of radioactivity per cell when cells are labeled with
passively equilibrating radiotracers such as !!'Tn-oxine). In the
study described above by Fisher et al. (7), the mean concentra-
tion of radioactivity of 144.3 kBq/108 cells (3.9 w.Ci/102 cells)
was achieved with a total of 10,471 kBq (283 wCi) of '!''In
activity injected. Significantly higher levels of radioactivity per
cell could be obtained with tracers such as '8F-FDG that use
facilitated transport and enzyme-amplified accumulation. How-
ever, 3F-FDG has been shown to gradually efflux out of the
labeled cells (9) because of progressive loss of the radiolabel that
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occurs during cell division in vivo. Although more stable labeling
of lymphocytes was achieved with '23I-5-iodo-2'-deoxyuridine,
which is stably incorporated into the DNA of labeled cells (10),
such an approach has never been tested. Another shortcoming of
the ex vivo radiolabeling approach is the limited period of
monitoring, which is due to radiolabel decay, cell division, and
biologic clearance. In addition, the exposure of cells to higher
doses of radioactivity during labeling may also be limited by
radiotoxicity. In a study by Zanzonico et al. (//), T lymphocytes
that were specific for the human anti—Epstein-Barr virus (EBV)
were genetically engineered to express herpes simplex virus
type 1 thymidine kinase (HSV1-tk) and radiolabeled ex vivo
with 1311-2-fluoro-2-deoxy-5-iodo-1-p-arabinofuranosyluracil
(B-FIAU) for 2 h at concentrations between 1 and 1,850
kBg/mL (between 1 and 50 wCi/mL). At median nuclear
absorbed doses up to 830 cGy, a 3!'Cr-release assay against
B-lymphoblastoid cells showed no loss of immune cytotoxicity,
thus demonstrating the functional integrity of tumor-reactive
T cells labeled at this dose level for in vivo cell trafficking and
tumor-targeting studies in the animals.

Stable genetic labeling of adoptively transferred cells with
various reporter genes has been used to circumvent the temporal
limitations of ex vivo radiolabeling. The HSV1-tk reporter gene
has been used in most seminal studies on imaging cell trafficking
by nuclear techniques including imaging in humans (/2—15).
This paradigm involves the administration of a radiolabeled
nucleoside analog probe that is selectively phosphorylated and
trapped by interaction with the HSVI1-tk enzyme in the
transduced cell. In contrast to the above-mentioned (/1) study,
in which HSV 1-tk—expressing T cells were prelabeled with 1311-
FIAU ex vivo, Koehne et al. (/6) demonstrated the feasibility of
long-term (at least for several weeks) PET monitoring of
targeting and migration of EBV-specific cytotoxic T cells
(CTLs) that are transduced to constitutively express a radionu-
clide-based HSVI1-tk reporter gene for in vivo '**I-FIAU
labeling. PET images acquired at 28 h, 8 d, and 15 d after T
cell infusion demonstrated high accumulations of T cells in
the human leukocyte antigen—matched EBV-positive autolo-
gous and allogeneic tumors that resulted in the elimination
of tumor xenografts. This paradigm provides the opportunity for
repeated visualization of transferred T cells within the same
animal over time using PET for continuous monitoring of T cell
localization and persistence. Therapeutic antitumor immunity
depends on a highly migratory CTL population capable of
activation and trafficking between lymphoid and tumor-bearing
microanatomic sites. Studies conducted by the UCLA group
showed a specific targeting of the murine sarcoma virus antigen-
positive tumor by mouse antigen-specific T cells that were
transduced with the HSV1-sr39tk PET reporter gene (/7).
Specific localization of immune T cells to the antigen-positive
tumor was detected over time by sequential imaging with
9-[4-'8F-fluoro-3-(hydroxymethyl)butyl]guanine ('3F-FHBG)
of the same animals for 10 d. Interestingly, in this study tumor
growth was assessed by '3F-FDG scans. By using two !8F-based
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radiotracers with rapid clearance and a radioisotope with a short
half-life, repeated PET of tumor progression and T cell
trafficking can be performed on a daily basis, thus providing
accurate quantitative assessment of T cell dynamics and tumor
response in vivo. PET can be used to kinetically measure the
induction and therapeutic modulations of cell-mediated immune
responses. Shu et al. showed the feasibility of PET to monitor the
effect of immunosuppressive drugs on immune cell populations
in the draining lymph nodes using hematopoietic stem and
progenitor cells transduced with the HSV1-sr39tk, synthetic
Renilla luciferase, and enhanced green fluorescent protein
(GFP) trifusion reporter gene (/8). It was shown that activation
and expansion of immune cell populations in the draining lymph
nodes could no longer be detected after mice were treated with
dexamethasone. New genetic strategies aim to enhance cellular
antitumor immunity in cancer patients by genetic reprogram-
ming used to improve T cell survival, augment cell expansion,
and offset T cell anergy and immune suppression. A recent study
by Dobrenkov et al. (19) was the first to combine both genetic
therapeutic (prostate cancer—specific chimeric antigen receptor
[CAR]) and PET (HSV1-tk reporter gene and '8F-[2’-deoxy-
2'-fluoro-B-p-arabinofuranosyl]-5-ethyluracil) components us-
ing genetic modifications of primary human T lymphocytes.
This therapeutic or imaging strategy provides spatial and
temporal information on CAR-positive T cell trafficking and
persistence and can be used for antigen-specific CAR-trans-
duced T cell treatment monitoring and prediction of tumor
response and therapy outcome. Bone marrow transplantation
(BMT) is one of the most radical and effective approaches in
cancer treatment, not only in hematologic malignancies but also
in solid tumors. This approach allows for the successful
displacement of affected bone marrow (BM) of the recipient
with donor hematopoietic cells. Nuclear imaging can identify
the initial skeletal engraftment sites after BMT. Using a standard
mouse model of BMT, Mayer-Kuckuk et al. (20) introduced a
combined optical and PET reporter gene, triple-fusion encoding
for HSV 1-tk, GFP, and Firefly luciferase into mouse BM cells.
PET was applied to acquire 3-dimensional images of the whole-
body in vivo biodistribution of the transplanted cells, followed
by CT. Coregistration of PET and CT mapped the sites of BM
engraftment, and multiple, discrete BM cell engraftment sites
were observed. With the noninvasive monitoring of BM
engraftment using this multimodality approach, BMT can be
tailored to the individual needs of patients, with minimal toxicity
of conditioning regimens, sufficient numbers of transplanted
cells, and adequate cytokine support. A similar approach has
been used for the monitoring of mesenchymal stem cell
targeting of microscopic tumors and tumor stroma development
(21). As imaged by PET and '8F-FHBG, tracer human
mesenchymal stem cells expressing HSV1-tk and GFP reporter
genes could target microscopic tumors, subsequently proliferate
and differentiate, and contribute to the formation of a significant
portion of tumor stroma. Therefore, PET should facilitate
clinical translation of stem cell-based anticancer gene thera-
peutic approaches by providing the means for in vivo noninva-
sive whole-body monitoring of trafficking, tumor targeting, and
proliferation of reporter gene—expressing tracer human mesen-
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chymal stem cells in tumor stroma. The major impediment to the
translation of virus- and bacterium-derived reporter gene
imaging approaches into clinical practice is the immunogenicity
of these non—human-derived reporter proteins. This is especially
important when the repetitive administration of a reporter gene
or long-term monitoring of transgene expression is required,
which could potentially be compromised by an immune reaction
against this foreign protein. To circumvent this problem, several
human-derived intrinsically nonimmunogenic reporter genes
have been proposed for nuclear imaging, including the dopa-
mine receptor type 2 (22), sodium iodide symporter (23), human
mitochondrial thymidine kinase type 2 (24), and human
norepinephrine transporter (hNET) (25). In the latter study,
Doubrovin et al. (25) evaluated hNET, permitting the imaging of
transduced cells in vivo with an approved clinical-grade
radiolabeled probe (metaiodobenzylguanidine), and demon-
strated the feasibility of nuclear imaging of 2 different cell
populations using 2 independent reporter genes (Fig. 1).

FUNCTIONAL IMAGING OF CELLS

Recently, several groups have demonstrated that the nonin-
vasive reporter gene imaging of endogenous molecular genetic
processes is feasible with PET. An essential component of the
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FIGURE 1. Dual-modality imaging using hNET and HSV1-tk
reporter genes for monitoring different populations of antigen-
specific CTLs. Severe combined immunodeficient mice
bearing 2 subcutaneous xenografts—HLA-A0201+EBV-
BLCL (T1) and HLA-DRB10701+EBV-BLCL (T2)—received
intravenous infusion of mixture of EBV-specific CD4+CTL-
hNET (15 x 10° cells per mouse), restricted by HLA-
DRB10701 and CD8+ CTL-HSV1-tk (9 x 10° cells per mouse),
restricted by HLA-A0201 allele. To avoid 124l downscatter into
123] SPECT energy window, mice were first injected with 123I-
MIBG and imaged 4 h thereafter with SPECT. This image
showed selective accumulation of '23-MIBG in T2 tumor
targeted by CD4+CTL-hNET. No signal above background
was detected in T1 tumor. After completion of SPECT, 124|-
FIAU was given. Mice were then imaged by PET 2 h later. In
these PET images, only T1 tumor was visualized. No signal
was detected in T2 tumor. HLA = human leukocyte antigen;
hNET = human norepinephrine transporter; MIBG = meta-
iodobenzylguanidine. (Reprinted with permission of (25).)

anticancer immune response is tumor-specific T cell activa-
tion. Ponomarev et al. (26) have monitored and assessed T cell
activation in vivo using an activation-sensitive HSV1-tk—
encoding genetic reporter system and PET with '2#I-FIAU. The
results of the study demonstrated that PET of T lymphocyte
activation after T cell receptor engagement is feasible using the
described reporter system. Furthermore, this activation could
be arrested pharmacologically by the administration of clinically
used calcineurin inhibitors such as cyclosporin A and FK506.
This circumstance makes this imaging approach clinically valu-
able, because it can be used in patients receiving immunosup-
pressive drugs after BM and organ transplantation. Ultimately,
the process of immune cell activation can be visualized using a
direct radiotracer approach. In a recent study, Radu et al. (27)
demonstrated that 1-(2'-deoxy-2'-'8F-fluoroarabinofuranosyl)
cytosine ('8F-FAC) was specific for imaging activation-specific
upregulation of the deoxyribonucleotide salvage pathway in lym-
phoid cells (Fig. 2). '®F-FAC enabled visualization of lymphoid
organs and was sensitive to localized immune activation in
a mouse model of antitumor immunity. PET detected early
changes in lymphoid mass in systemic autoimmunity and
allowed the evaluation of immunosuppressive therapy. Such an
approach can be readily translated into clinical practice for the
noninvasive PET monitoring of immune cell activation during
the antitumor immunologic response.

QUANTITATION OF ADOPTIVELY TRANSFERRED
CELLS IN VIVO

The degree of PET signal in an anatomic region of interest
(ROI) largely depends on the density of labeled cells in a volume
of tissue. The potential of PET for quantifying cell signals in
ROIs provides a unique opportunity to estimate the absolute
number of injected labeled cells at the target site. However, little
is known about the constraints and parameters for using PET
signal detection to establish cell numbers in different ROIs. Su
etal. (28) determined the correlation of PET signal to cell number
and characterized the cellular limit of detection for PET. This
study, using native mouse T cells transduced with the HSV1-tk
reporter gene and PET with '8F-FHBG, revealed a cell number—
dependent signal, with a limit of detection calculated as 10° cells
in an ROI (0.1-mL volume). In another study (29), memory cells
demonstrated early accumulation and apparent proliferation with
large T cell numbers at the antigen-positive tumor as early as day
1 after T cell transfer. Both naive and memory cells eradicated the
antigen-expressing tumor at a comparable density of intratumoral
T cells (2-4 x 10%g). These methods and findings provide a
strategy for quantitation of cellularity using PET that has im-
plications for both experimental models and clinical diagnosis.

CONCLUSION AND FUTURE CONSIDERATIONS

Direct and indirect cell labeling for the nuclear imaging of
transferred cells has been proven reliable for imaging adoptive
cellular therapies. Both methods show their advantages and
limitations. Direct labeling is a relatively easy, inexpensive, and
well-established methodology. High-contrast cell-to-medium or
-tissue ratios can be achieved easily. However, this approach is
limited by a short period of monitoring (days), which is due to

CANCER CELL THERAPIES * Ponomarev 1015



FIGURE 2. PET/CT of immune cell
activation using '8F-FAC radiotracer.
Increased '8F-FAC retention in spleen
and lymph nodes at peak of primary
antitumor immune response. 8F-FAC
PET/CT of mice on day —1 (A) and day
15 (B) after oncoretrovirus injection. At
peak of immune response (day 15),
increased 8F-FAC retention is seen in
lymph nodes and spleen. (C) Quanti-
fication of 18F-FAC retention in spleen
and lymph nodes on day —1 and day
15 (n = 3). (D) '8F-FDG PET/CT of
mice on day 13 after challenge. '8F-
FDG retention is seen in lymph nodes,
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tumor, and spleen. %ID/g = percentage injected dose per gram; B = bone; BL = bladder; Gl = gastrointestine; H = heart; LN =
lymph node; SP = spleen; TU = tumor. (Reprinted with permission of (27).)

radiolabel decay, cell division, and biologic clearance. High
levels of radiolabel concentration can impair the biologic
functioning of the labeled cells. Indirect labeling using a
reporter gene imaging paradigm allows for the reliable, stable,
and harmless visualization of cellular trafficking, persistence,
proliferation, and function at the target site. Genetically
labeled cells can be repetitively imaged for a long period of
observation (months). Picomolar concentrations of radiotracer
administered in vivo are harmless for the labeled cells and for
the surrounding organs and tissues. The genetic nature of this
method (stable integration into the cell genome) permits in
vivo labeling of the progeny of injected cells. The functional
imaging of cell activation, cytokine signaling, and proapo-
ptotic events is feasible and can be performed in preclinical
experiments and in clinical settings using inducible genetic
reporter systems and the direct tracer approach. It is expected
that new human-derived reporter genes will be rapidly
translated into clinical applications that require repetitive
imaging for the effective monitoring of various genetic and
cellular therapies.
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