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Background: To further improve the efficiency of adoptively transferred cytokine-induced
killer (CIK) cell immunotherapy in breast cancer (BC), a reliable imaging method is required
to visualize and monitor these transferred cells in vivo.

Methods: Herpes simplex virus 1-thymidine kinase (HSVI-TK) and 9—(4-[]8F]ﬂu0ro-
3-(hydroxymethyl)butyl)guanine ('*F-FHBG) were used as a pair of reporter gene/reporter
probe for positron emission tomography (PET) imaging in this study. Following the estab-
lishment of subcutaneous BC xenograft-bearing nude mice models, induced human CIK cells
expressing reporter gene HSVI-TK through lentiviral transduction were intravenously
injected to nude mice. y-radioimmunoassay was used to determine the specific uptake of
8F_-FHBG by these genetically engineered CIK cells expressing HSVI-TK in vitro, and
"®F_.FHBG micro positron emission tomography-computed tomography (PET-CT) imaging
was performed to visualize these adoptively transferred CIK cells in tumor-bearing nude
mice.

Results: Specific uptake of 'SF-FHBG by CIK cells expressing HSVI-TK was clearly
observed in vitro. Consistently, the localization of adoptively transferred CIK cells in
tumor target could be effectively visualized by '*F-FHBG micro PET-CT reporter gene
imaging.

Conclusion: PET-CT reporter gene imaging using '*F-FHBG as a reporter probe enables the
visualization and monitoring of adoptively transferred CIK cells in vivo.

Keywords: breast cancer, CIK immunotherapy, HSV1-TK, reporter gene, '*F-FHBG PET-
CT

Introduction
As reported in cancer statistics, breast cancer (BC) is one of the most common
female malignancies worldwide and the leading cause of cancer-related mortality
among women globally, ranking first in prevalence and second in mortality." With
the development of early diagnostic techniques and the emergence of more effec-
tive molecular targeted therapeutic drugs, such as tamoxifen” and trastuzumab,’ the
efficiency of breast cancer treatment has improved and the survival rate for breast
cancer patients has increased markedly during the past decades.*> However, to
further improve the efficiency of breast cancer treatment is a new challenge due to
the development of treatment resistance and side effects.®®

Currently, immunotherapy is considered as a promising treatment option for
cancer,” and adoptive cytokine-induced killer (CIK) cell transfer is commonly used
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in a variety of tumor immunotherapeutic strategies due to
its advantage.'®'* CIK cells are induced by culturing
peripheral blood mononuclear cells (PBMCs) with the
addition of an anti-CD3 antibody, recombinant human
interleukin (rth/L-1a),
gamma (th/FN-y) and recombinant human interleukin-2

recombinant human interferon
(thIL-2), and mainly consist of a CD3" T cell population
which simultaneously express a natural killer cell marker
CD56."* In contrast with other adoptive cell transfer
immunotherapies using other subsets of immunologic
effector cells, such as tumor-infiltrating lymphocytes,
cytotoxic T cells and v& T cells,”” 7 CIK cells tend to
proliferate rapidly in vitro and exhibit a strong non-major
histocompatibility complex-restricted cytolytic activity.
Furthermore, a growing number of studies have indicated
that CIK cells could also play an important role in recur-
rence prevention by killing cancer stem cells and regulat-
ing the anti-tumor immune surveillance.'®"?
Nevertheless, acquired resistance to immunotherapy
may limit responses to such treatment.”>*' A longitudinal
assessment of those adoptively transferred immune effector

cells,zz’23

including cells localization, homing, tumor tar-
geting, retention, and immune cell engagement with the
tumor cells, would be beneficial to optimize immunother-
apy by screening potentially sensitive patients, predicting
and evaluating the responses to treatment based on some
valuable early indicators. As a molecular functional ima-
ging modality, the dual scans of molecularly functional PET
imaging and anatomical CT imaging allow for a precise
measurement of intracellular activities by tracking the accu-
mulation of positron-emitting radio-labeled probes in tar-
geted tissues.>**> Even though direct ex vivo cell labeling
for visualizing adoptively transferred cells in vivo is
a relatively easy and well-established methodology,”® an
extensive application of this imaging paradigm in clinical
practice is limited by a small window of opportunity to
monitor immune cells trafficking in vivo, which is due to
radioactivity dilution caused by radiolabel decay, cell divi-
sion and biological clearance (Ponomarev et al 2009).>” In
that case, long half-life radionuclides such as 13 1I, 89Zr, and
®Cu can really help to enable a longer period of
monitoring.”**° However, high levels of radiotracer con-
centration can impair the biological function of radiolabeled
adoptively transferred immune cells.”****” Whereas indir-
ect labeling of adoptively transferred cells using a PET
reporter gene/reporter probe imaging paradigm is able to
effectively monitor cellular immunotherapy in vivo in the
absence of high levels of radiotracer concentration.>’ The

PET reporter gene imaging paradigm involves an ex vivo
genetically engineering of the adoptively transferred cells to
integrate the reporter gene into cell DNAs in advance before
adoptive cellular therapy.”” Herpes simplex virus type-1
thymidine kinase gene (HSVI-TK) and 9-(4-["®F]fluoro-
3-(hydroxymethyl)butyl)guanine (‘**F-FHBG) is one of the
most commonly used paired reporter gene/reporter probe in
PET reporter gene imaging of tumor immunotherapy.**~>
In the present investigation, induced CIK cells with
reporter gene HSVI-TK expression were intravenously
injected into established subcutaneous xenograft-bearing
nude mouse models nude mice models, and then
""E_.FHBG micro PET-CT imaging was performed to pre-
liminarily evaluate the tumor targeting of these adoptively

transferred CIK cells in vivo.

Materials and Methods
Cell Culture

The human breast cancer cell line T47D and human
embryonic kidney cell line HEK293T were kindly pro-
vided by the
University Cancer Institute and Hospital. Cell culture

Central Laboratory, Tianjin Medical
reagents, including culture media Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), anti-
biotics (streptomycin and penicillin) were all purchased
from GIBCO (Thermo Fisher Scientific, Inc., Carlsbad,
CA). T47D cells were regularly cultured in DMEM sup-
plemented with 10% FBS and 1% streptomycin and peni-

cillin in a 5% CO, humidified incubator at 37°C.

CIK Cell Preparation and Flow
Cytometry

Human peripheral blood samples were obtained from
healthy volunteer blood donors of blood (Tianjin Blood
Center). PBMCs were isolated by centrifugation on Ficoll
density gradients (GE Healthcare Life Sciences, Shanghai,
China). To induce CIK cells, PBMCs were incubated in
serum-free medium GT-T551 (Takara, Japan) containing
100 ng/mL anti-CD3 antibody (e-Bioscience, San Diego,
USA), 100 U/mL rhIL-1a, and 1000 U/mL rh/FN-y (R&D
system, Inc, Minneapolis, MN) on day 1. Subsequently,
200 U/mL rh/L-2 was added to the medium on day 2, and
the medium was regularly replaced with fresh /FN-y- and
IL-2-containing medium every 3-5 days. On day 14, cells
were harvested and analyzed for the phenotypes of CIK
cells by flow cytometric assay. Briefly, the phenotypes of
induced CIK cells were detected through flow cytometry
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using a series of fluorescence-labeled monoclonal antibo-
dies specific for CD3, CD4, CD8, CD25, CDI127, CDI16/
CD56, CD45RA, CD45RO (eBioscience, San Diego, CA).
Induced CIK cells (5 x 10°) were incubated with these
antibodies for 30 min on ice, and then cells were washed
twice and analyzed on Fluorescence-Activated Cell
Sorting (FACS) Aria I (BD Biosciences, San Diego, CA,
USA) by using CellQuest software (BD Biosciences, San
Diego, CA, USA).

Lentivirus Packaging and Lentiviral
Transduction of T47D and CIK Cells

Prior to lentivirus packaging and lentiviral transduction,
a full-length cDNA for herpes simplex virus 1-thymidine
kinase (HSVI-TK) was cloned into a pLVXS5-GFP lenti-
viral vector (Suzhou Genepharma Co., Ltd, Nanjing,
China). Lentiviral particles were produced by transient co-
transfection of HEK293T cells with pSPAX2, pMD2.G
vectors plus pLVXS5-GFP-HSVI-TK vector or the empty
vector pLVX5-GFP. The lentiviral particles supernatant
was collected 48 hours afterwards and the viral titer was
determined through infection of 293T cells with limiting
dilutions of supernatant. For lentiviral transduction of
T47D cells and induced CIK cells, one single round of
transduction with lentiviral particles was performed at
a MOI (multiplicity of infection) of 10 (for T47D) or
100 (for CIK cells) in the presence of Sug/mL PolyBrene
(sigma-Aldrich, Oakville, Canada). Following lentiviral
transduction, cells were continually cultured in complete
medium for 5-8 days, and the proportion of GFP-positive
cell population in CIK cell culture was then used to eval-
uate the efficiency of lentiviral transduction.

Radiosynthesis of 9-(4-['®F]Fluoro-
3-(Hydroxymethyl)Butyl)Guanine
('®F-FHBG)

The one-pot, two-step radiosynthesis of '*F-FHBG was per-
formed in the department of molecular imaging and nuclear
medicine in our institute. Monomethoxytri-tyl-9-[4-(tosyl)-
3-monomethoxytrityl-methylbutyl] guanine, the precursor of
'"SF.-FHBG was purchased from J & K Scientific LTD
(Beijing, China). Nucleophilic substitution method was
applied to accomplish a fully automatic labeling of
"SF.FHBG by TraceLAB Fx-FN synthesizer (General
Electric Healthcare, Waukesha, WI, United States). Briefly,
['®F] Fluoride was produced in our department by the '*O(p,
n) '®F reaction through proton irradiation of enriched (95%)

"0 water using MiniTrace cyclotron (General Electric
Healthcare, Waukesha, WI, United States). K,CO3 (0.5 mL,
0.04 M) and Kryptofix 2.2.2 (1 mL, 20 mg/mL) were added
to attain F-18 residue. After the final drying sequence,
2-3 mg of N2, monomethoxytrityl-9-[4-(tosyl)-3-monome-
thoxytrityl-methylbutyl] guanine (1) dissolved in 0.9 mL
DMSO were added to the F-18 residue. The contents were
briefly mixed (vortex) before being subjected to microwave
irradiation. After the last heating and cooling, ImL 1N HCl
was added and the mixture was heated for 10 min at 110°C.
After the reaction mixture had cooled, it was neutralized with
0.6 mL 1 N NaOH. All solutions in the reaction were further
purified via C18 HPLC with flow phase NH4OAc (50 mmol/
L): C,HsOH = 93:7, flow rate 5 mL/min and ultraviolet 254
nm. Product retention time is about 30 min. Finally, the
obtained product was sterilized via passing through a 0.22
um microporous membrane, and the radioactivity was also
measured by an activity meter. Generally, the radioactivity of
'8F_.FHBG synthesized in our institution was about 1.11 x
10% Bg/mL.

Detection of '8F-FHBG Uptake by
Lentivirally Transduced Cells Expressing

HSVI-TK in vitro

To determine the specific uptake of '®F-FHBG by T47D
cells and CIK cells which were lentivirally transduced to
express HSV1-TK, the culture media (12-well culture plate)
were replaced with fresh medium containing 1.11 x 10" Bq
'8F_FHBG for different durations (0.5, 1, and 2 h). Rinsing,
digestion and washing with PBS were performed after
incubation to eliminate extracellular radioactivity in the
medium. Then, single-cell suspensions were prepared in
PBS to detect '*F-FHBG uptake by T47D cells and CIK
cells through the radioactivity counting with a -
radioimmunoassay counter (Cobra Quantum; Packard).
The results were expressed as the radioactivity counts
per minute (CPM) per 1 x 10° cells.

'8F-FHBG Micro PET-CT Imaging
BALB/c
GemPharmatech Co. Ltd, Nanjing, China) with an aver-

nude mice (aged ~6 weeks, Jiangsu
age body weight of 20 g were purchased and housed under
pathogen-free conditions in this present investigation.
Human breast cancer xenografts were established by sub-
cutaneous injection of lentivirally transduced T47D cells
(200 pL, 1 % 107/mL) in bilateral axilla of nude mice with

left xenografts for a negative expression of HSV/-TK and
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pLVX5-GFP-NC

pLVX5-GFP-HSV1-TK

Figure | Lentiviral transduction of breast cancer cell T47D to express reporter gene HSV/-TK. (A) A restriction endonuclease digestion analysis was performed to identify
the successful cloning of HSVI-TK into lentiviral vector pLVX5-GFP. A specific band at the location corresponding to 131 bp was clearly visible. (B) GFP was used to
indirectly determine the efficiency of lentiviral transduction of breast cancer cell T47D. Under a fluorescent microscope, up to 90-95% of T47D cells were positive for GFP
expression, demonstrating the success of control (pLVX5-GFP-NC) and HSVI-TK (pLVX5-GFP-HSVI-TK) lentiviral transduction.

Abbreviations: HSVI-TK, herpes simplex virus |-thymidine kinase; GFP, green fluorescent protein.

right xenografts for positive expression of HSVI-TK,
respectively. One hour after intravenous injections of
"SE_.FHBG at a concentration of 3.7 x 10° Bq/g, micro
PET-CT imaging (Inveon PET.SPETCT.CT, SIEMENS,
Germany) was performed for three representative nude
mice to test the 'SF-FHBG (reporter probe)/HSVI-TK
(reporter gene) system in vivo. For '*F-FHBG PET-CT
imaging of CIK cells, a total of 8 breast cancer T47D
xenografts without HSV1-TK expression were initiated by
subcutaneously injecting nude mice in right axilla with
T47D cells (200 pL, 1 x 107/mL). When the xenografts
grew to a maximal diameter of 10—15mm, lentivirally
transduced CIK cells (200 uL, 2 x 10”/mL) with HSVI-
TK expression or not were intravenously injected to xeno-
graft-bearing nude mice, with 4 mice in each group.
Approximately 24 h after the intravenous injection of
CIK cells, '®F-FHBG micro PET-CT imaging was per-
formed following intravenous injections of '*F-FHBG.
Briefly, CT (Voltage = 80 kV, Current = 500 pA) was
performed followed by PET scanning (Inveon PET.
SPETCT.CT, SIEMENS, Germany), and the total scan-
ning time for both procedures was about 30 min. The
separate PET images and CT images acquired were trans-
ferred to a workstation for image reconstruction and
image fusion using iteration method (COBRA Exxim:
Licensed to Siemens; Ineon Research Workplace), and the
maximal standard uptake values (SUVmax) of the xeno-
grafts were calculated as main outcome measurements.

Statistical Analyses

Data are presented as the mean + standard deviation (SD)
in this study. The significance of the differences between
group means was determined using paired or unpaired

Student’s #-test with GraphPad Prism software version
5.0 (GraphPad, La Jolla, CA). A P-value under 0.05 was
considered to indicate a statistically significant difference.

Results

pLVX5-GFP-HSVI-TK Lentivirus
Packaging and Lentiviral Transduction of
Breast Cancer Cell T47D

Restriction endonuclease digestion analysis (Notl and BamHI)
of the lentiviral vector (pLVXS5-GFP-HSVI-TK) was per-
formed to identify HSVI-TK band at the location correspond-
ing to 1131 bp (Figure 1A). Following lentivirus packaging
and lentiviral particle collection, lentiviral transduction was
performed to obtain T47D cells expressing reporter gene
HSVI-TK. As shown in Figure 1B, up to 90-95% GFP-
positive T47D cells were identified in a fluorescence micro-
scope field, which demonstrated the success of lentiviral
vector transfection and lentiviral transduction.

CIK Cells Preparation and Lentiviral
Transduction of CIK Cells

Induced CIK cells were harvested and analyzed for the
phenotype of CIK cells by flow cytometric assay (Figure
2A). Usually, CIK cells expand almost 100 times after
being induced and having proliferated in vitro for 2
weeks. As illustrated in Figure 2A and Table 1, the major-
ity of the induced CIK cells were composed of CD3"'CDS8"
and CD3"CDI16"CD56" cell populations, which is consis-
tent with previous reports. Meanwhile, a higher proportion
of CD45RO" cell population and a lower proportion of
CD45RA" cell population in cultured CIK cells suggest
a highly activated phenotype.

However, regulatory
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Figure 2 The phenotype of the induced CIK cells was detected by flow cytometric assay. (A) Several representative flow cytometry scatter plots demonstrated that the
induced CIK cells were mostly with activated phenotype (CD45R0) and mainly composed of CD3*CD8" and CD3"T cells with natural killer (NK) cell marker (CD16/CD56),
whereas Tregs were not significantly increased during this period of CIK cells induction and expansion. (B) GFP was used to indirectly determine the efficiency of lentiviral
transduction in CIK cells. Under a fluorescent microscope, up to 90-95% of CIK cells were positive for GFP expression, demonstrating the success of control (pLVX5-GFP-

NC) and HSVI-TK (pLVX5-GFP-HSVI-TK) lentiviral transduction.

Abbreviations: CIK, cytokine-induced killer; NK, natural killer; GFP, green fluorescent protein; NC, negative control.

T (Treg) cell phenotypes (CD25'CD127") were not sig-
nificantly increased during this period of CIK cells induc-
tion and expansion, with 1-5% of primary PBMCs
reported to be Treg cells. As shown in Figure 2B, one
single round of lentiviral transduction of CIK cells resulted
in 90-95% GFP-positive CIK cells in a fluorescence

microscope field, suggesting a successful lentiviral trans-
duction of CIK cells. CIK cells preparation, lentiviral
transduction and associated flow cytometric analyses
were all repeated for three times using isolated PBMCs
from three different healthy donors.
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Table | Flow Cytometric Analysis of the Phenotype of Induced
CIK Cells

Phenotype Proportion of Induced CIK Cells (%)
cD3* 86.34+10.63

CD4* 41.65+6.34

cD8* 56.38+8.37

CDI6*/CD56" 38.74+3.45

CD45RA™ 29.64+3.64

CD45R0O* 68.71£2.75

CD25%/CD127 3.97+1.09

'8F_.FHBG Uptake by Lentivirally
Transduced T47D Cells and CIK Cells
Expressing HSVI-TK

Lentiviral transduced T47D cells and CIK cells were incu-
bated with '*F-FHBG in culture media for different dura-
tions (0.5, 1, and 2 h) to investigate the specific uptake of
"8E_.FHBG by cells expressing HSVI-TK in vitro by y-
radioimmunoassay. As demonstrated in Figure 3,
'®F_.FHBG uptakes by T47D cells and CIK cells expres-
sing HSVI1-TK were markedly higher than that by control
cells without HSVI-TK expression (P < 0.0001), suggest-
ing a specific uptake of "*F-FHBG by cells expressing
HSVI-TK in vitro. The maximal radioactivity counting
was observed in cell samples with incubation for 1 h.

'8F-FHBG Micro PET-CT Imaging of the
Tumor Targeting of Adoptively
Transferred CIK Cells in Nude Mice

Models Bearing T47D Xenografts
'""F-FHBG micro PET-CT imaging was performed following
intravenous injections of '*F-FHBG to preliminarily evaluate

100000
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80000 B HSVA-TK

60000
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© 40000

20000+

04

Time (hour)

the tumor targeting of adoptively transferred CIK cells in
T47D xenograft-bearing nude mouse models. SUVmax was
used to semiquantitatively analyze the radioactivity in target
region of interest. As expected, '*F-FHBG specifically accu-
mulated in xenografts derived from T47D cells which were
lentivirally transduced to express HSVI-TK (Figure 4A),
whereas the '"*F-FHBG uptake by control T47D xenograft
was significantly lower (P = 0.0071) than that in the T47D
xenograft expressing HSVI-TK. In contrast to the weak
"F_.FHBG accumulation in T47D xenograft that had
received an intravenous injection of control lentivirally trans-
duced CIK cells without HSVI-TK expression (Figure 4B),
obvious '"*F-FHBG accumulations were observed in a T47D
xenograft that had received an intravenous injection of lenti-
virally transduced CIK cells expressing HSVI-TK (P =
0.0155). These results highly suggested that the localization
of adoptively transferred CIK cells in tumor target could be
effectively visualized by micro PET-CT imaging using
HSVI-TK and "®F-FHBG as a reporter gene and reporter
tracer, respectively.

Discussion

Despite the significant progress that has been made in the
development of anti-tumor drugs for breast cancer over the
past few decades, especially in targeted therapy,>>* the major-
ity of cancer patients may relapse and suffer from serious side
effects caused by these innovative treatments.®® In recent
years, immunotherapy, particularly for adoptive CIK cell
transfer, has become an important neoadjuvant therapeutic
approach for breast cancer treatment.” "' To further improve
the significant promise of adoptively transferred CIK cells
immunotherapy, a noninvasive and tomographic method is
required to visualize and monitor these transferred cells in -
vivo.”>? PET imaging with a pair of nuclear reporter gene and

CIK
80000
. B3 NC
L i *xn HSV1-TK
60000 — -
o
E 40000
(8]
20000
o N v
Time (hour)

Figure 3 Specific '®F-FHBG uptake by lentivirally transduced T47D cells and CIK cells expressing HSVI-TK. Following incubation with '8F-FHBG in culture media for
different durations (0.5, I, and 2 h), a y-radioimmunoassay was performed to investigate the specific '8F-FHBG uptake by lentivirally transduced T47D (left) and CIK cells
(right) expressing HSV[-TK. Three independent experiments were performed for quantitative analyses. As shown, HSVI-TK overexpression via lentiviral transduction enabled
a specific '8F.FHBG uptake by cells expressing HSV/-TK in vitro (P < 0.0001). The maximal radioactivity counting were observed for samples with incubation for | h. **P <
0.001.

Abbreviations: '°F-FHBG, 9-(4-['8F]f|uoro-3-(hydroxymethyl)butyl)guanine; CIK, cytokine-induced killer; HSVI-TK, herpes simplex virus |-thymidine kinase.
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Figure 4 '®F-FHBG micro PET/CT reporter gene imaging of adoptively transferred CIK cells in T47D xenografts-bearing nude mouse models. (A) '®F-FHBG micro-PET/CT
imaging of xenografts derived from T47D were first performed to confirm the specific uptake of '8F-FHBG by T47D cells expressing HSVI-TK in vivo. In contrast with low
'8F-FHBG uptake in control T47D xenografts, '*F-FHBG specifically accumulated in T47D-TK xenografts expressing HSVI-TK. Three representative '®F-FHBG micro PET/
CT images are shown. As shown in the histogram, the SUVmax of T47D xenografts expressing HSVI-TK were significantly higher (P = 0.0071) than that of control T47D
xenografts (NC). (B) The tumor targeting of adoptively transferred CIK cells T47D xenografts-bearing nude mouse models could be effectively visualized by '®F-FHBG
micro-PET/CT imaging if the intravenous injection of CIK cells were lentivirally transduced to express reporter gene HSVI-TK. Two representative '®F-FHBG micro PET/CT
image are shown for each group. As shown in the histogram, the SUVmax of T47D xenografts that had received an intravenous injection of HSV[-TK-expressing CIK cells
(HSVI-TK) were significantly higher (P = 0.0155) than that of T47D xenografts with intravenous injection of control CIK cells (NC). *P < 0.05, **P < 0.01.

Abbreviations: '8F-FHBG, 9-(4-['®F]fluoro-3-(hydroxymethyl)butyl)guanine; PET/CT, positron emission tomography/computed tomography; SUVmax, maximal standard

uptake values; HSVI-TK, herpes simplex virus |-thymidine kinase; CIK, cytokine-induced killer; NC, negative control.

reporter probe is such a modality that allows for a stable,
reliable, harmless visualization and monitoring of these cells
in vivo.?’?'? In the present study, CIK cells which were
lentivirally transduced to express reporter gene HSVI-TK
were transferred into breast cancer T47D-bearing nude mice.
One day after an intravenous injection of CIK cells,
'"F_FHBG micro PET-CT imaging was performed to visualize
the specific localization of these transferred CIK cells in
xenografts in vivo. It was found that the localization of adop-
tively transferred CIK cells in tumor targets could be effec-
tively visualized by '®F-FHBG micro PET-CT reporter gene
imaging. Based on the visualization of tumor cellular therapy,
some combination treatment involving tumor immunotherapy
and tumor gene therapy is able to bring prospect for clinical
tumor management. Furthermore, this encouraging finding
confirmed the ability of CIK cells to selectively target tumor
site, which was potentially applied in suicide gene therapy by
using CIK cells as an effective tumor targeting cell vehicle to
carry the suicide gene HSVI-TK to the tumor site.
Subsequently, based on the direct cytotoxicity and bystander

effect induced by suicide gene HSV1-TK, a promising anti-
tumor effect is expected in the presence of acyclovir (ACV) or
ganciclovir (GCV).

Each imaging technique has its inherent advantage.
One advantage of PET imaging over alternative imaging
modalities is the flexibility in specific probe design and
probe radiolabeling to assess a variety of biological
processes.”> Currently, PET reporter genes generally fall
into three distinct categories:>*** transporter, receptor and
enzymatic. Among them, enzymatic reporters have been
the most commonly investigated, especially for herpes
simplex virus thymidine kinase (HSV-TK) and variants®’
which has been translated into clinical use (NCI clinical
trial, NCT01082926).>® The corresponding PET reporter
probes for HSVI-TK, such as 'F-FHBG, '®F-FEAU and
"E_FIAU, were reported to be able to track the location
and infiltration of tumor-reactive T cell receptor (TCR) or
chimeric antigen receptor (CAR)-engineered T cells in
preclinical model.>' However, the major limitation for
PET reporter gene imaging is the risk of immunogenicity
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and a potential impairment in the function of the reporter
cells caused by the ectopic expression of a foreign protein.
As previously reported, the induced expression of HSVI-
TK was immunogenic in patients with CDS™ T cells
against the HSVI-TK gene.>’ In contrast, no immunogeni-
city to HSVI-TK was observed in preclinical mouse
model, which make it useful as a preclinical tool in PET
imaging of tumor cellular immunotherapy.>>*’"% With
regard to the issue about immunogenicity, a variety of
humanized reporter genes have been found to minimize
the induced host immune response against reporter
genes,”® such as human norepinephrine transporter
(hNET),*”® the type 2 human somatostatin receptor
(hSST7r2)* and human deoxycytidine kinase (hdCK).*' In
fact, HSVI-TK demonstrated a dual function: as a PET
reporter gene at low doses and as an effective suicide gene
at pharmacologic doses which allows for selective reporter
cells elimination in case of adverse effects.”>> The future
direction of PET reporter gene imaging of tumor immu-
notherapy is to apply the induced reporter system in tar-
geted imaging of specific subsets of adoptively transferred
immune cells by using lineage-specific promotor.**** The
similar induced reporter system may be beneficial to assess
the outcome of adoptive cellular immunotherapy.

Apart from PET imaging of tumor immunotherapy with
a reporter gene/reporter probe paradigm, in vivo immune
cell labeling using radiolabeled proteins is also a promising
modality to visualize and monitor anti-tumor immune
response or tumor immunotherapy.** The designed protein-
based radiotracer includes specific antibodies to all antigens
of interest or alternate protein scaffolds with protein engi-
neering and molecular evolution strategies, such as
nanobody,** affibody** and cyclic peptides.*> Cell-specific
lineage markers and activation markers are potential-
targeted biomarker for PET detection of tumor
immunotherapy.***® Antibody-based probes for immuno-
PET imaging of anti-CTLA-4"" and PD-LI*® have already
been reported and developments of other protein-based
targeted molecular imaging agents are expected in the
future, which may facilitate predicting or assessing anti-
tumor immune response in vivo.

Several limitations should be addressed in this study.
First, a dynamic micro PET-CT imaging at various time
points after an intravenous injection of lentivirally trans-
duced CIK cells should be performed to dynamically
visualize and monitor the trafficking, persistence and
engagement with tumor cells of these transferred effector
cells. Secondly, to facilitate the establishment of human

breast cancer xenografts and the injection of induced
human CIK cells to tumor-bearing mouse models, immu-
nodeficient nude mice were used in this study. Therefore,
a direct assessment of anti-tumor immune responses
in vivo is limited. Lastly, the suicide potential and bystan-
der effect of the PET reporter gene HSVI-TK were not
tested herein. To summarize, this is a preliminary study
about PET imaging of tumor immunotherapy in an experi-
mental setting. The development of human-derived repor-
ter genes with low or no immunogenicity and direct
immuno-PET imaging of the unique endogenous bio-
chemical signature of activated immune cells will be
markedly helpful in the clinical application of PET detec-
immune and tumor

tion of anti-tumor response

immunotherapy.

Conclusion

Immunotherapy, particularly for adoptive CIK cells trans-
fer, has become an important neoadjuvant therapeutic
option for breast cancer treatment. A stable and reliable
visualization and monitoring of these transferred cells
in vivo by means of a noninvasive and tomographic
method would be beneficial to optimize the efficiency of
this therapy. In the present investigation, PET-CT reporter
gene imaging using '*F-FHBG as a reporter probe demon-
strated that these transferred CIK cells could be specifi-
cally localized and visualized in xenografts in vivo.
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