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Abstract

Genetic reporters provide a noninvasive method to monitor and evaluate a population of cells. The
ideal properties of a gene reporter-probe system include biocompatibility, lack of immunogenicity,
low background expression or signal, and high sensitivity of detection. The prostate-specific
membrane antigen (PSMA) is an attractive candidate for a genetic reporter as it is a human trans-
membrane protein with a selective expression pattern, and there are several PSMA imaging agents
available for clinical and preclinical applications. We evaluated the use of PSMA as a genetic
imaging reporter by comparison to 2 clinically established reporters, the mutant herpes simplex
virus type | thymidine kinase and the human sodium-iodide symporter.

Methods—Adenoviruses expressing each reporter were constructed and validated in vitro for
expression and function. To compare PSMA with existing imaging reporters, a bilateral Matrigel
suspension model was established with nude mice bearing cells equally infected with each reporter
or control adenovirus. Dynamic PET was performed, and time—activity curves were generated for
each reporter-probe pair.

Results—A comparison of peak target-to-background ratios revealed that PSMA offered the
highest ratio relative to the control Matrigel suspension as well as muscle. Further, as proof of
concept, PSMA was applied as an imaging reporter to monitor adenoviral liver transduction with
both nuclear and optical imaging probes.

Conclusion—These preliminary studies support further development of PSMA as a noninvasive
genetic reporter.
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Gene reporter-probe systems offer a noninvasive means to monitor gene therapy and to track
the movement of cells or the activation of signal transduction pathways (1). Limitations of
current reporter-probe systems for clinical translation include the lack of biocompatibility
due to immunogenicity, low sensitivity due to insufficient reporter expression per cell or
lack of a signal amplification mechanism, and high background signal due to nonspecific
binding of probe. Despite those hurdles, several reporter genes, including the mutant herpes
simplex virus thymidine kinase (HSV-sr39tk) and the human sodium iodide symporter
(hNIS), have been applied clinically (2,3). In light of this achievement, there is substantial
opportunity to develop new reporter-probe systems based on other human genes (4-6).
Several recent reviews have covered this topic (1,7).

The prostate-specific membrane antigen (PSMA) is a human transmembrane protein that
possesses many properties that are desirable as a reporter for an imaging system. PSMA is
internalized on the binding of certain ligands (8), providing a mechanism to accumulate
PSMA-targeting agents within cells. The expression of PSMA is limited to the prostate, the
proximal tubules of the kidney, and the brain (9). Alternative processing results in both cell
surface and cytoplasmic isoforms, the latter of which is expressed primarily in the healthy
prostate (10). PSMA expression is low and isolated in healthy tissues, allowing imaging of
cells that express the surface form of PSMA at high levels, such as metastatic prostate
tumors (11-13). There are several PSMA-binding ligands that have been developed for the
delivery of imaging and therapeutic agents for prostate cancer, including low-molecular-
weight nuclear, fluorescent, and multimodality imaging probes (14,15). This combination of
tissue-restricted expression, human biocompatibility, available probe diversity, and proven
clinical utility supports the potential for PSMA as an imaging reporter.

Here we report the development of PSMA as a reporter-probe system for molecular—genetic
imaging. PSMA was directly compared with 2 established reporter-probe systems using both
in vitro and in vivo models. In a study using dynamic PET, the PSMA system had the
highest signal-to-noise ratio of the 3 systems. The PSMA reporter was then applied to a
mouse model to monitor hepatic adenoviral infection after intravenous injection by both
optical and nuclear imaging. These results support the potential clinical utility of a PSMA-
based reporter-probe system.

MATERIALS AND METHODS

Chemicals and primers were purchased from Sigma. Cell culture reagents were purchased
from Mediatech, Inc., Gemini Bio-Products, and Invitrogen. Restriction enzymes and DNA-
modifying enzymes were purchased from New England Biolabs. Plasmid and gel
purification components were purchased from Qiagen, Inc., or Sigma. Transfection reagent
was purchased from Invitrogen. Adenovirus purification Kits were purchased from Puresyn,
Inc. 3H-ganciclovir was purchased from Moravek Biochemicals. 12°I-Nal was purchased
from MP Biomedicals. The J591 antibody was kindly provided by Dr. Neil Bander (Weill
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Cornell Medical College, New, York, NY), and the HSV-sr39TK construct was provided by
Dr. S. Sam Gambhir (Stanford University, Palo Alto, CA). Cell culture conditions, cloning
of adenoviral vectors, and their validation are detailed in the supplemental data (available at
http://jnm.snmjournals.org).

Cell Uptake Assays

Cellular uptake of 125] was measured in a fashion similar to that applied by De la Vieja et al.
(16), and HSV-sr39tk expression was measured as described by Yaghoubi and Gambhir
(17). PSMA expression was assessed by measuring cellular uptake of the known, high-
affinity PSMA-targeting ligand, 2-[3-[1-carboxy-5-(4-1251-iodo-benzoylamino)-pentyl]-
ureido]-pentanedioic acid (YC-1-27) (18). For uptake of 12|, cells were harvested in
phosphate-buffered saline (PBS) using a cell scraper and placed in a fluorescence-activated
cell sorter tube for quantification in an automated y counter (1282 Compugamma CS;
Pharmacia/LKB Nuclear, Inc.). For 3H-ganciclovir, the amount of radiolabeled substrate
retained was quantified by scintillation counting on a Microbeta Wallac (Perkin-Elmer).
YC-1-27 uptake was also measured using the automated y counter. In each case, uptake was
calculated as amount of radioactivity in the cells divided by radioactivity in the medium and
normalized by the degree of expression of green fluorescent protein (GFP).

In Vivo Imaging

Studies were performed according to protocols approved by the Animal Care and Use
Committee at Johns Hopkins University. A Matrigel (BD Biosciences) suspension model
was developed to enable imaging of similar numbers of cells in vivo. Four- to 6-wk-old
male athymic nude mice (Harlan Laboratories Inc.) were used for all experiments. Infected
cells (4 x 106) were injected subcutaneously in the presence of Matrigel at a 2:1
(cell:Matrigel) ratio.

PET was performed for in vivo reporter comparison. 9-(4-18F-fluoro-3-
[hydroxymethyl]butyl)guanine (8F-FHBG) and 2-(3-{1-carboxy-5-[(6-18F-fluoro-
pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid (18F-DCFPyL) were
synthesized as previously described (19,20). 124I-Nal was kindly provided by Dr. Jason
Lewis (Memorial Sloan-Kettering Cancer Center, New York, NY). Athymic nude mice
contralaterally implanted with reporter- or control-expressing Matrigel suspensions in the
upper flanks were used for imaging. Mice were anesthetized with 3% isoflurane in oxygen
for induction and were maintained under 1.5% isoflurane in oxygen at a flow rate of 0.8 L/
min. Mice were then placed in the prone position on the gantry of an eXplore VISTA small-
animal PET scanner (GE Healthcare Life Sciences) and injected intravenously with
approximately 7.4 MBq (200 uCi) of each respective radiotracer in 200 pL of PBS. Images
were acquired as a dynamic scan of eighteen 5-min frames at 250-700 keV for 18F and 400—
700 keV for 1241, Images were reconstructed using Fourier rebinning/2-dimensional ordered-
subsets expectation maximization (1 iteration, 16 subsets), and the reconstruction included
correction for radioactive decay, scanner dead time, and scattered radiation. After PET
imaging, the mobile mouse holder was placed on the gantry of an X-SPECT (Gamma
Medica-Ideas) small-animal imaging device to acquire the corresponding CT scan. PET and
CT data were coregistered using AMIDE software (http://amide.sourceforge.net/).
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To apply PSMA as a reporter by imaging transduced hepatocytes, near-infrared optical
imaging and SPECT imaging were performed. Nude mice were injected intravenously with
1 x 107 infectious units of reporter adenovirus Ad-Track-PSMA or Ad-Track-luciferase,
which were cloned using the AdEasy system (Agilent Technologies) in a 200-uL volume.
Luciferase was not used for imaging in this instance but as a control gene. For near-infrared
imaging, 24 h after receiving Ad-Track-PSMA or Ad-Track-luciferase, animals were
administered 15 or 30 pg of anti-PSMA antibody, J591 conjugated with IR800 in 200 pL of
PBS, via the lateral tail vein. For SPECT, animals received approximately 7.4 MBq (200
HCi) of the known, high-affinity PSMA-targeting ligand, 2-(3-[1-carboxy-5-[(5-12%1-iodo-
pyridine-3-carbonyl)-amino]-pentyl]-ureido)-pentanedioic acid (YC-VI-11) (18) in 200 pL
of PBS also at 24 h after Ad-Track-PSMA or Ad-Track-luciferase. Animals received
inhalational anesthesia (isoflurane) through a nose cone attached to the imaging bed. Near-
infrared images were acquired 48 h after injection of conjugated J591 and imaged using the
Pearl Impulse (LI-COR), whereas SPECT images were acquired after 15 min of
radiopharmaceutical uptake using the X-SPECT. For SPECT, mice were scanned over 180°
in 5.5°, 30-s increments. SPECT images were coregistered with CT images. For each
modality, images for Ad-Track-PSMA or Ad-Track-luciferase were acquired at the same
parameter settings and scaled to the same maximum values.

Statistical Analysis

RESULTS

Statistical analysis was performed using Prism software (GraphPad Software, Inc.). An
unpaired, 2-tailed t test was used, and P values of less than 0.05 were considered significant.

Radiochemical Syntheses

Radiotracers used for PET, that is, 18F-FHBG, 124I-Nal, 18F-DCFPyL, and N-[N-[(9-1,3-
dicarboxypropyl]carbamoyl]-4-18F-fluorobenzyl-L-cysteine (8F-DCFBC) (13), were
synthesized at specific activities of 12.6 £ 0.5 GBg/umol (340 + 14 Ci/mmol) with no carrier
added, 43.7 + 24.6 GBg/umol (1,180 £ 665 Ci/ mmol), and 786 + 542 GBg/umol (21,233 +
14,651 Ci/mmol), respectively. Despite the significant difference in specific activity
between 18F-DCFPyL and 18F-DCFBC, similar results were obtained on imaging.

Adenoviral Reporter Comparison Model

Our goal was to develop PSMA as an imaging reporter and to compare it equitably with
established imaging reporters. Adeno-viral vectors were applied for transgene expression for
several reasons: as a means to transfer equal amounts of transgene reporters, because the
adenovirus genome is maintained episomally and is not influenced by integration site or
copy number, and because adenoviruses have been applied successfully in imaging reporter
gene comparisons (21-23). Three putative reporter genes, PSMA, HSV-sr39tk, and hNIS,
were subcloned downstream of a cytomegalovirus promoter in the E1 region of
nonreplicating serotype 5 adenoviruses (Table 1). Each viral construct also expressed GFP
for fluorescence detection of viral infection and titration. Two cell line models were applied
to viral reporter studies, HCT116 colon cancer cells and PC3 prostate cancer cells
engineered to express stably the coxsackie adenovirus receptor (PC3-CAR). The expression
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of each reporter was validated by Western blot analysis of infected HCT116 cells
(multiplicity of infection, 1) 48 h after infection. Each reporter was detected at the
appropriate molecular weight in infected cells, and no endogenous expression was visible
under mock-infected or Ad-Track (GFP)—infected control conditions (Fig. 1A). In addition,
specific transgene delivery and expression were detected by a cell-based fluorescent
immunoassay (Fig. 1A). Specifically, PC3-CAR cells were equally infected with each
reporter adenovirus (multiplicity of infection, 500) and fixed 48 h after infection. Reporter
protein expression was detected by primary antibody incubation followed by fluorescent
secondary antibody staining and detection on a fluorescent plate reader. The results confirm
homogeneous transgene expression and specificity by immunodetection.

In Vitro Functionality of Reporter Vectors

Functional assays for each reporter were analyzed using HCT116 and PC3-CAR cell lines.
Cells were infected with each reporter adenovirus. After 48 h, the level of adenovirus
infection was quantified by GFP fluorescence and the level of imaging reporter activity was
quantified by functional binding or uptake of radiolabeled probes. Specific assay conditions
were applied for each reporter gene because of the different mechanisms of reporter probe
binding or uptake. Conditions were based on previously established assay conditions both in
our own laboratory and in the literature (16,17). For 3H-ganciclovir uptake, a prolonged
washout period was not performed and as a result this assay does not differentiate between
phosphorylated 3H-ganciclovir and unphosphorylated 3H-ganciclovir that is associated with
the cells at the time of harvest. YC-1-27 uptake in PSMA-infected cells proved more time-
dependent than the corresponding radiotracers were for NIS or HSV-sr39tk. We hypothesize
that this may be due to the mechanism of sequestration, whereby 124]-Nal and 3H-
ganciclovir are able to diffuse passively or are transported into cells where they are trapped,
whereas YC-I-27 can enter the cell only via binding and internalization of PSMA ata 1:1
stoichiometry. Despite those caveats, in all cases specific and significant uptake was
observed in cells infected with reporter adenovirus, resulting in a signal-to-noise ratio of at
least 10- to 20-fold relative to control adenovirus (Figs. 1B-1D).

In Vivo Comparison of Imaging Reporters

To compare reporter-probe systems in vivo, we developed a Matrigel suspension model
(Supplemental Fig. 1). In this model, PC3-CAR cells were infected in vitro with an equal
multiplicity of infection of a PET imaging reporter or control adenovirus (Ad-Track-
luciferase) and then each population of infected cells was separately mixed with Matrigel
and implanted contralaterally into the upper flanks of a nude mouse (24 h after infection).
Twenty-four hours after implantation, in vivo GFP imaging was performed to ensure that a
similar level of control and reporter-infected cells remained at the sites of implantation. The
contralateral cell masses were generally within 30% as measured by GFP imaging in vivo
(Supplemental Fig. 2). The next day, the animals were subjected to a dynamic PET study
whereby approximately 7.4 MBq (200 uCi) of each respective radiotracer was administered
intravenously and cellular uptake was quantified for 90 min. 18F-FHBG was applied for
HSV-sr39tk imaging, 1241-Nal for hNIS imaging, and 8F-DCFPyL for PSMA imaging
(3,20,24). This model was used for comparing the reporter-probe systems for 3 reasons:
first, in vitro infection allowed equal transgene delivery of reporters and direct evaluation of
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implantation by GFP imaging; second, the application of a relatively small number of cells
and the short duration of the experiment minimized the influence of biologic events, such as
cell growth or substantial development of tumor vasculature, on imaging reporter activity;
and third, the reporter virus was compared with a control virus within the same animal,
providing an additional control to obviate animal-to-animal variation.

Kinetic uptake of each imaging reporter in target and control tissue was represented as a
standardized uptake value or standardized uptake value relative to control tissue (Fig. 2). For
the HSV-sr39tk reporter, high initial uptake was observed in all tissues followed by rapid
clearance from cells. HSV-sr39tk—specific sequestration of the radiotracer was observed
after 30-40 min. The initial and rapid uptake of 18F-FHBG was attributed to diffusion of the
compound into the cells, with the unphosphorylated radio-tracer diffusing out of the cells
but phosphorylated radiotracer being retained. A peak target-to-background ratio of 2.81 +
0.27 relative to control cells and 4.99 + 0.38 relative to muscle was observed (Fig. 2G). The
signal accumulation in hNIS-expressing cells occurred quickly and plateaued roughly 80-90
min after injection (Fig. 2C). No significant uptake was observed in control tissue. A peak
target-to-background ratio of 3.13 + 0.20 relative to control cells and 4.96 + 0.65 relative to
muscle was observed (Fig. 2G). These results are similar to those described by Miyagawa,
who compared hNIS and HSV-sr39tk reporter gene systems in a cardiac imaging model
(22). Despite differences in the mechanism of reporter probe accumulation, both the
maximum signal-to-background ratios and the maximum percentage injected dose per cubic
centimeter of tissue of these 2 imaging reporters were similar. This finding supports the
utility of the Matrigel suspension model as a means to compare PSMA with the existing
reporter-probe systems.

The kinetics of the PSMA imaging reporter using 18F-DCFPyL displayed rapid probe
uptake, with the signal peaking 15 min after injection, followed by a plateau shortly
thereafter (Fig. 2E). Clearance from control tissue occurred more slowly for 18F-DCFPyL
than for the radioligands used for the hNIS and HSV-sr39tk systems. A peak target-to-
background ratio of 5.19 + 0.78 relative to control cells and 13.80 + 3.52 relative to muscle
was observed (Fig. 2G). The maximume-intensity projection images, cropped above the liver
and below the thyroid for each reporter-probe system, demonstrate the specific uptake in the
reporter-expressing cells when compared with the muscle or with control Matrigel
suspension (Fig. 3A). The target-to-back- ground profiles revealed that a signal-to-noise
ratio of greater than 2 (relative to muscle) could be detected after 45 min for HSV-sr39tk, 20
min for hNIS, and 10 min for PSMA (Figs. 2B, 2D, and 2F).

Maximum signal-to-noise ratios were observed at 90 min, with the PSMA system having the
highest ratio relative both to the luciferase Matrigel suspension and to the muscle (Fig. 2G).
Uncropped images from each scan highlight differences in the efficiency of the reporter to
sequester its cognate probe and demonstrate background due to natural expression of
reporter genes or probe metabolism (Fig. 3B). High gastrointestinal uptake was observed in
the HSV-sr39tk system, which has previously been attributed to probe metabolism (25).
Background signal from the stomach and thyroid was observed in the hNIS system because
of natural expression of hNIS in these tissues. For PSMA, kidney uptake was observed in
part because of renal clearance, as well as because of PSMA expression in the proximal
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tubules (26). The PSMA reporter-probe system was also evaluated using 18F-DCFBC,
which has been administered to patients (13,27). Results from 18F-DCFBC were similar to
results obtained with 18F-DCFPyL, with the exception of a slower clearance from the
control Matrigel suspension (Supplemental Fig. 3).

Application of the PSMA Reporter-Probe System

It has been previously reported in rodent models that adenoviral vectors administered via
systemic injection will result in hepatocyte infection and transgene expression (28). Optical
imaging of mouse livers was performed 72 h after infection and 48 h after administration of
15 or 30 pg of J591-1R800 (Fig. 4A). Regions of interest were drawn around the liver, and a
signal-to-noise ratio of approximately 3:1 was observed for the PSMA imaging reporter
relative to control adenovirus. This model was also applied to PSMA-specific imaging with
SPECT using YC-VI-11 (18), with similar results, with a signal-to-noise ratio of
approximately 2:1 being observed 15 min after administration of radiotracer (Fig. 4B).
Collectively, these results reveal PSMA to be a sensitive and specific imaging reporter that
can be applied to multiple imaging modalities.

DISCUSSION

We report the capacity of PSMA to serve as an imaging reporter. For comparison, 2
established and clinically applied imaging systems were used. Although PSMA was found to
have superior signal in these studies, the overall signal intensities were comparable.
Accordingly, one may select any of these 3 imaging reporter systems after weighing the
advantages and disadvantages of each. One must also consider the potential for each of these
reporter systems to be improved. The HSV-tk—based reporter-probe system, for example,
has undergone multiple iterations that have improved the sensitivity of detection; however,
immunogenicity, probe metabolism, and pharmacokinetics (in humans) of the administered
radioactive nucleoside analogs, particularly in the periphery, remain as obstacles. To
overcome these obstacles partially, systems based on human thymidine kinase have been
engineered and are currently undergoing testing (5,7,29). A hurdle in using hNIS as a
reporter for imaging is the background expression from tissues such as the thyroid and
stomach, which naturally express hNIS, as well as a limited imaging window due to rapid
iodide (for PET) efflux with exogenous expression of hNIS (30). PSMA imaging reporter
studies would also have background signal in kidney and in patients with prostate or
possibly other cancers (31), although agents under development clear significantly more
rapidly from kidney than from tumor (32).

Enzymatic and transporter-based reporter genes are able to amplify the signal by
accumulation of probe, whereas receptor-based reporters can yield only a 1:1 stoichiometry
of probe to reporter gene molecule. The PSMA probes evaluated in our study, as well as
other probes in clinical and preclinical development, bind to the active site of PSMA on the
surface of the cell. After ligand binding, PSMA can internalize, suggesting a means for
signal retention and amplification. To date, the enzymatic or transporter properties of PSMA
have not been exploited for such signal amplification. Nevertheless, our data suggest that
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ligand binding alone is sufficient for detection and yields a higher signal-to-noise ratio than
the hNIS and HSV-sr39tk reporter-probe systems.

Finally, one must consider the biologic effect of the reporter gene on the cell or tissue of
interest. To date, there have been no significant negative effects of HSV-tk or hNIS
transgene expression. In our hands, PSMA expression has not significantly altered cellular
phenotype in vitro in any of multiple mammalian cell types. However, the functions of
PSMA in prostate cancer and the neovasculature of many solid tumors are unclear. In the
brain, PSMA cleaves N-acetylaspartylglutamate to liberate glutamate as a neurotransmitter,
and in the intestine PSMA is involved in folate metabolism (33). A study on retinal
angiogenesis suggested PSMA plays a vascular endothelial growth factor—independent role
in ocular neovascularization (34). Data from Yao et al. also suggest that PSMA expression
increases folate uptake and proliferation in prostate cancer cells (35). Accordingly, further
experimentation is warranted to determine the effect of exogenous PSMA expression on
cells. Functional modifications that alter PSMA enzymatic activity, ligand-binding ability,
and cellular internalization have been identified and could be used if negative effects of
transgene expression are discovered (36,37).

CONCLUSION

We have tested PSMA, a prostate cancer biomarker located on the cell membrane that
possesses receptor, transporter, and enzymatic functions, as an imaging reporter. PSMA was
compared with 2 reporter-probe systems, hNIS and HSV-sr39tk, in an in vivo model. The
results demonstrate that PSMA is able to sequester imaging ligands with high affinity and
with a high target-to-background ratio. Additional studies support PSMA as an imaging
reporter with PET, SPECT, and optical imaging modalities. As advances in cell engineering
and gene therapies emerge, PSMA may provide a sensitive and nonimmunogenic reporter by
which gene and cell therapies can be monitored in vivo, noninvasively.
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FIGURE 1.

In vitro characterization of reporter adenovirus. (A) Reporter expression was validated by
Western blot in HCT116 cells and by fluorescent cellular immunoassay in PC3-CAR cells
48 h after infection of reporter adenovirus. Supplemental data provide experimental details.
(B-D) Functionality of each reporter was verified in HCT116 and PC3-CAR cells by 3H-

ganciclovir (HGCV) uptake (B), 1251 uptake (C), and YC-1-27 binding (D). Data were

normalized to cellular GFP expression and plotted as mean + SE of mean of 3 replicates. *P

< 0.01.
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FIGURE 2.

In vivo comparison of imaging reporters. Mice were contralaterally implanted with 2
Matrigel suspensions of cells expressing either reporter or negative control gene (luciferase)
in upper flanks. Luciferase was not used for imaging but as a control gene. After 48 h, each
radiotracer was injected and uptake was quantified from regions of interest drawn around the
reporter, luciferase control, and muscle. Graphs illustrate time—activity curves for respective
reporter-probe systems in the Matrigel suspension model for HSV-sr39tk:18F-FHBG (A),

hNI1S:125] (C), and PSMA:18F-DCFPyL (E) and reporter-derived signal-to-control and

signal-to-muscle ratios for HSV-sr39tk (B), hNIS (D), and PSMA (F) systems, as well as
comparison of peak signal-to-noise ratios of each reporter-probe pair (G). Data are mean £

SE of mean of 4 animals. *P < 0.05.
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FIGURE 3.
PET/CT imaging of reporter-probe systems. Representative maximume-intensity projections

of reporter-probe systems of data collected from 60 to 90 min after radiotracer injection. (A)
Images cropped above liver and below thyroid display the ability of each reporter to
sequester its respective probe. (B) Uncropped images demonstrate background associated
with each reporter-probe system. All images were decay-corrected and scaled to the same
maximum value.
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FIGURE 4.
Monitoring hepatic infection and transgene expression by imaging PSMA in a murine

model. Athymic nude mice were intravenously administered adenovirus expressing PSMA
or negative control gene (luciferase [Luc]). Seventy-two hours after injection of adenovirus,
animals were imaged and specific uptake was observed in liver of animals by optical (A)
and SPECT (B) imaging. SPECT images were obtained 15 min after injection of radiotracer,
with similar levels of radioactivity in liver at 4 h after injection (Supplemental Fig. 4).
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TABLE 1

Description of Reporter Adenoviruses and Respective Imaging Modalities Used for Detection of Reporter
Genes

Virus Reporter gene Imaging modality
Ad-Track-PSMA  Prostate-specific membrane antigen Optical, PET, SPECT
Ad-Track-hNIS Human sodium iodide symporter PET, SPECT

Ad-HSV-sr39tk Herpes simplex virus mutant thymidine kinase =~ PET
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