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A New Acycloguanosine-Specific Supermutant of
Herpes Simplex Virus Type 1 Thymidine Kinase
Suitable for PET Imaging and Suicide Gene
Therapy for Potential Use in Patients Treated with
Pyrimidine-Based Cytotoxic Drugs
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The herpes simplex virus type 1 thymidine kinase (HSV1-tk) gene
is widely used as a suicide gene in combination with ganciclovir
(GCV) and as a nuclear imaging reporter gene with an appropri-
ate reporter probe. Wild-type HSV1-tk recognizes a variety of
pyrimidine and acycloguanosine nucleoside analogs, including
clinically used antiviral drugs. PET of HSV1-tk reporter gene
expression will be compromised in patients receiving nucleo-
side-based antiviral treatment. With the use of an acycloguano-
sine-specific mutant of the enzyme, PET of HSV1-tk reporter
gene expression can be successfully performed with acyclo-
guanosine-based radiotracers without interference from pyrimi-
dine-based antiviral drugs. Methods: The levels of expression
of wild-type HSV1-tk and HSV1-A167Ytk, HSV1-sr39tk, and
HSV1-A167Ysr39tk mutants fused with green fluorescent protein
(GFP) and transduced into U87 cells were normalized to the mean
fluorescence of GFP measured by fluorescence-activated cell
sorting. The levels of enzymatic activities of wild-type HSV1-tk
and its mutants were compared by 2-h in vitro radiotracer uptake
assays with 3H-2’-fluoro-2’'-deoxy-1-B-p-arabinofuranosyl-5-
ethyluracil (3H-FEAU), 3H-pencyclovir ((H-PCV), and 3H-GCV
and by drug sensitivity assays. PET with '8F-FEAU and '8F-9-
[4-fluoro-3-(hydroxymethyl)butyl]guanine ('8F-FHBG) was per-
formed in mice with established subcutaneous tumors, expressing
wild-type HSV1-tk and its mutants, followed by tissue sam-
pling. Results: FEAU accumulation was not detected in HSV1-
A167Ysr39tk—expressing cells and xenografts. Lack of conversion
of pyrimidine derivatives by the HSV1-A167Ysr39tk supermutant
was also confirmed by a drug sensitivity assay, in which the 50%
inhibitory concentrations for thymine 1-B-p-arabinofuranoside
and bromovinyldeoxyuridine were found to be similar to those
in nontransduced cells. In contrast, we found that HSV1-
A167Ysr39tk could readily phosphorylate 3H-GCV at levels sim-
ilar to those of wild-type HSV1-tk and HSV1-A167Ytk but
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showed enhanced activity with 3H-PCV in vitro and with '8F-
FHBG in vivo. Conclusion: We developed a new reporter
gene, HSV1-A167Ysr39tk, which exhibits specificity and high
phosphorylation activity for acycloguanosine derivatives. The
resulting supermutant can be used for PET with '8F-FHBG and
suicidal gene therapy protocols with GCV in patients treated
with pyrimidine-based cytotoxic drugs.
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N oninvasive monitoring of reporter gene expression
in vivo is a rapidly expanding field in molecular imaging
(1). The translation of reporter gene imaging technology to
clinical applications is emerging from preclinical studies on
the treatment of cancer (2) and infectious diseases (3) and
cellular therapies (4,5). Several reporter genes of different
origins have been successfully tested in animal models as
potential markers for clinical use; these include the herpes
simplex virus type 1 thymidine kinase (HSVI1-tk) (6,7),
human mitochondrial thymidine kinase type 2 (8§), human
sodium iodide symporter (9), human norepinephrine trans-
porter (/0), human ferritin (//), and human transferrin re-
ceptor (/2) genes.

HSV1-tk has been shown to be a nontoxic protein in
humans and is currently being used in clinical gene therapy
protocols as a prodrug activation enzyme in combination
with ganciclovir (GCV) for cancer treatment (2) and for the
control of graft-versus-host alloreactivity after bone marrow
and stem cell transplantation (/3). The wild-type HSV1-tk gene
isalso being widely used as a reporter gene for nuclear imaging
with 2’-deoxy-2'-fluoro-5-iodo-1-B-p-arabinofuranosyluracil
(FIAU) labeled with 1311 (6), 1231 (14), 1241 (15), 12°1 (16), and
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18F (17) and its derivatives 2’-fluoro-2’-deoxy-1-B-p-arabi-
nofuranosyl-5-ethyluracil (FEAU) (18,19), 2'-deoxy-2'-
fluoro-5-methyl-1-f-p-arabinofuranosyluracil (FMAU) (20),
and 2'-fluoro-2’-deoxy-5-fluoroethyl-1-B-p-arabinofurano-
syluracil (FFEAU) (21) labeled with '8F. A mutant of
HSV1-tk, HSV1-sr39tk, with enhanced phosphorylation of
acycloguanosine analogs has been successfully used for PET
with an !8F-labeled form of pencyclovir (PCV), '8F-9-[4-
fluoro-3-(hydroxymethyl)butyl]guanine ('*F-FHBG) (22).
Initial clinical reporter gene imaging studies described by
Jacobs et al. in 2001 demonstrated, for the first time, the
successful visualization of liposome-mediated direct intra-
tumoral HSV1-tk gene delivery and expression in human
patients with glioblastomas by using '>*I-FIAU and PET
(23). Recently, Pefiuelas et al. showed the feasibility of
repetitive PET with '3F-FHBG for monitoring reporter gene
expression after intratumoral injection of an HSVI1-tk—
expressing adenovirus in patients with hepatocellular carci-
nomas followed by treatment with GCV (24).

HSV1-tk can phosphorylate several nucleoside analogs,
including drugs clinically used for the treatment of viral
diseases. Among them are the acycloguanosine derivatives
GCV (Cytovene; Roche) (25) and acyclovir (ACV; Zovirax;
GlaxoSmithKline) (26) and pyrimidine-based bromovinyl-
deoxyuridine (BVdU; Brivudin; ZOSTEX) (27). However,
the administration of these drugs in patients undergoing gene
therapy with HSV1-tk will be detrimental to the transduced
cells and will lead to negative imaging results with HSV 1-tk—
specific PET tracers. This shortcoming can be potentially
overcome by use of a pyrimidine- or acycloguanosine-
restricted variant of the HSV1-tk enzyme for PET, which
will allow the use of an alternative class of drugs for the
control of viral infections.

In this study, we tested in vitro and in vivo a recently
described HSV1-tk mutant bearing an alanine-to-tyrosine
substitution at position 167 (A167Y) (28,29) and showing a
significantly reduced ability to phosphorylate pyrimidine-
based nucleoside analogs, including clinically administered
medications and radiotracers. On the basis of these data and
given the potential use of the HSV1-tk reporter gene in
patients treated with pyrimidine-based cytotoxic drugs, we
developed and tested a new HSV1-tk supermutant, HSV1-
A167Ysr39tk, which lacks the ability to phosphorylate
pyrimidine-based nucleoside derivatives but exhibits high
phosphorylation activity with acycloguanosine analogs, in-
cluding GCV for suicidal function and '8F-FHBG for clini-
cal PET.

MATERIALS AND METHODS

Retroviral Vectors

The schematic structures of the retroviral vectors used in this
study are shown in Figure 1. A retroviral vector containing a wild-
type HSVI1-tk/green fluorescent protein (GFP) fusion reporter
gene with a nuclear export signal (NES) from mitogen-activated
protein kinase kinase of Xenopus (SFG-Nes-wild-type HSV1-tk/
GFP) was described previously (30) and served as a reference
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vector (wild-type HSV1-tk). The HSV1-sr39tk mutant (kindly
provided by S.S. Gambhir, University of Stanford, Stanford, CA)
(Fig. 1A) was introduced into the SFG-Nes-wild-type HSV1-tk/
GFP vector and replaced wild-type HSV1-tk, resulting in the
SFG-Nes-HSV1-sr39tk/GFP retroviral vector (HSV1-sr39tk). An
alanine-to-tyrosine substitution at position 167 in the wild-type
HSV1-tk and HSV1-sr39tk genes was performed with the primer
pairs 5'-CATCCCATCTACGCCCTCCTG-3’ and 5'-CAGGAGG-
GCGTAGATGGGATG-3" for the SFG-Nes-wild-type HSV-tk/
GFP vector and 5'-CATCCCATCTACTTCATGCTGTGCTAC-3’
and 5'-CATGAAGTAGATGGGATGGCGGTCGAG-3' for the
SFG-Nes-HSV1sr39tk/GFP vector, resulting in the SFG-Nes-
HSV1-A167Ytk/GFP retroviral vector (HSV1-A167Ytk) and
the SFG-Nes-HSV1-A167Yst39tk/GFP retroviral vector (HSV1-
A167Ysr39tk), respectively.

Transduction of Tumor Cells

The U87 human glioma cell line (American Type Culture Col-
lection) was grown as monolayers of cells in modified Eagle
medium at 37°C. The in vitro transduction of U87 cells with the
retroviral vectors was accomplished by exposing the cell monolay-
ers to a filtered (0.45 pwm) culture medium obtained from vector-
producing H29GPG cells (31) for 8 h in the presence of Polybrene
(8 wg/mL; Sigma).

Flow Cytometry and Fluorescence Microscopy

Retrovirus-transduced U87 cells were grown as bulk cultures for
48 h and subsequently sorted for GFP expression by fluorescence-
activated cell sorting (FACS; FACSVantage; Becton Dickinson); a
488-nm excitation beam and 510-nm emission filters were used.
Subcellular localization of the reporter proteins in transduced tumor
cells was visualized by fluorescence microscopy (Niko) with similar
excitation and emission parameters.

3H-FEAU, 3H-PCV, and 3H-GCV In Vitro Accumulation
Assays

The *H-FEAU, 3H-PCV, and 3H-GCV accumulation assays were
performed as previously described (6). In brief, cells were used to
seed tissue culture plates (150 X 25 mm; Nunc) at a concentration of
2% 10 cells per plate and were grown to 50%-60% confluence. The
incubation medium contained *H-FEAU at 3.7 kBq/mL (1.48 TBq/
mmol), 3H-PCV at 3.7 kBq/mL (1.11 TBg/mmol), or 3H-GCV at 3.7
kBg/mL (1.11 TBgq/mmol) (purity, >99%; Moravek Biochemicals).
The cells were harvested by scraping after various periods of
incubation (30, 60, and 120 min) and centrifuged at 1,250g; the
cell pellets were weighed, reconstituted in solubilization buffer
(Soluene-350; PerkinElmer) and scintillation buffer (Insta-Fluor
Plus; PerkinElmer), and assayed for radioactivity concentrations by
use of a TriCarb 1600 (-spectrometer (Packard) with a standard
3H channel counting technique. The data were expressed as a ratio
of the concentration in harvested cells to the concentration in the
medium: (dpm/g of cells)/(dpm/mL of medium). The rates of
accumulation (K;) for 3H-FEAU, 3H-PCV, and 3H-GCV were
determined from slopes of plots of the ratio of the concentration
in cells to the concentration in the medium versus incubation times
and are expressed as units of tracer clearance from the medium
(mL of medium/min/g of cells).

Prodrug Sensitivity Assays
To determine the cytotoxic effects (50% inhibitory concentra-
tions [ICsps]) of GCV, thymine 1-B-p-arabinofuranoside (ARA-T;
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FIGURE 1. Schematic structure of retroviral vectors for mammalian expression. (A) Amino acid differences between wild-type

HSV1-tkGFP and different HSV1-tkGFP mutants. (B-E) Fluorescence microscopy and FACS profiles of transduced U87 cells with
wild-type HSV1-tkGFP (B), HSV1-A167YtkGFP (C), HSV1-sr39tkGFP (D), and HSV1-A167Ysr39tkGFP (E) reporter genes with GFP
filter set. Addition of NES from mitogen-activated protein kinase kinase contributed to cytoplasmic localization of HSV1-tkGFP

fusions. LTR = retroviral long terminal repeat.

Sigma), and BVdU (Sigma) on nontransduced and transduced U87
cells, a WST-1 (Roche) cell viability assay was performed 4 d
after exposure to the drugs. Cells were plated on 96-well microtiter
plates at an initial density of 4,000 cells per well; GCV, ARA-T, or
BVdU was added to sets of 8 wells for each concentration tested.
The drug concentrations ranged from 1 nM to 10 mM.

Experimental Groups of Animals

All animal studies were performed under a protocol approved
by the Institutional Animal Care and Use Committee of Memorial
Sloan-Kettering Cancer Center. Six- to 8-wk-old nude mice
(Taconic) were used; 5 X 10° cells per tumor were implanted. Three
groups of animals (groups 1, 2, and 3; 5 animals per group) were
studied, and 3 xenografts were produced in each animal. U87/
nontransduced and U87/HSV1-A167Ysr39tk xenografts were es-
tablished in the left thigh and the right shoulder, respectively, of each
animal in all of the groups. The third xenograft was established in the
left shoulder from U87/wild-type HSV1-tk, U87/HSV1-A167Ytk,
and U87/HSV1-sr39tk cells in groups 1, 2, and 3, respectively. The
mice were anesthetized with a 2%:98% isoflurane:oxygen gas
mixture. All animals were sacrificed by CO, inhalation.

PET Imaging with 18F-FEAU and 8F-FHBG
The animals were monitored daily for tumor growth. Imaging
studies were performed when subcutaneous tumors reached ~10
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mm in diameter. '8F-FEAU (18) and '8F-FHBG were prepared as
previously described (32). Small-animal PET imaging was per-
formed 2 h after tail vein administration of 7.4 MBq (200 p.Ci) of
I8F-FEAU (specific activity, 37 TBg/mmol) to each animal. After
the '8F radioactivity decayed (24 h later), the same animals were
injected via the tail vein with 7.4 MBq (200 nCi) of '8F-FHBG
(specific activity, 44.4 TBq/mmol) and imaged 2 h later. PET was
performed with a FOCUS 120 microPET scanner (Siemens Pre-
clinical Solutions). At least 107 coincidence events were acquired
per study with a 350- to 750-keV energy window and a 6-ns timing
window. List-mode data were sorted into sinograms by Fourier
rebinning and reconstructed by filtered backprojection without
attenuation or scatter correction. Count data in the reconstructed
images were converted to activity concentrations (i.e., percentage
injected dose/cm? [%ID/cm?]) on the basis of a system calibration
factor determined from an '8F-filled mouse-size phantom. Visual-
ization and analyses of small-animal PET images were performed
with AsiPRO software (Siemens Preclinical Solutions). Radioac-
tivity concentrations in tissues were calculated by use of the
maximum pixel values from small-animal PET images.

Tissue Sampling and Radioactivity Measurements
Immediately after the '8F-FHBG imaging sessions, animals were

sacrificed. Tumors and muscle tissue were excised, washed, and

weighed. Radioactivity concentrations in tissue samples were
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measured for 1 min with a y-counter (model A5550; Packard),
normalized to sample weight, and expressed as the percentage
injected dose per gram of tissue (%ID/g), transduced-to-nontrans-
duced tumor accumulation ratios, and tissue-to-muscle accumula-
tion ratios.

Statistical Analysis

All cell culture and mouse group comparisons were performed
with a Student ¢ test for independent samples with unequal vari-
ances. Mean values and independent ¢ tests for unequal variances
were calculated with Graph Prism 4 software (GraphPad Software).
P values of <0.05 were considered statistically significant.

RESULTS

Characterization of Reporter Genes In Vitro

The subcellular localization of reporter gene products
was accessed in transduced U87 cells by fluorescence
microscopy. Fluorescence microscopy analysis demon-
strated cytoplasmic distribution of wild-type HSV1-tkGFP,
HSV1-A167YtkGFP, HSV1-sr39tkGFP, and HSVI-
A167Ysr39tkGFP reporter proteins attributable to the pres-
ence of the NES signal at the N terminus (Figs. 1B-1E).
Transduced cells were sorted for GFP-positive populations
with similar levels of GFP expression (~500 fluorescence
units). After FACS, all cell lines were found to be greater than
95% GFP positive.

The levels of enzymatic activities of wild-type HSV1-tk,
HSV1-A167Ytk, HSV1-sr39tk, and HSV-A167Ysr39tk pro-
teins were assessed by use of a previously established
radiotracer accumulation assay with 3H-FEAU, 3H-PCV,
and 3H-GCV (Fig. 2). In nontransduced U87 cells, back-
ground levels of H-FEAU, 3H-PCV, and 3H-GCV uptake
were detected. SH-FEAU was efficiently accumulated by
wild-type HSV1-tk—positive and HSV1-sr39tk—positive cells
(Kjs of 0.47 and 0.69 mL/min/g of cells; P < 0.05). In
contrast, no *H-FEAU accumulation was observed in HSV1-
A167Ytk—positive and HSV1-A167Ysr39tk—positive cells.
All transduced cell lines showed positive 3H-PCV uptake
compared with nontransduced U87 cells. U87/wild-type

1.00 7 J3H-FEAU
N *H-PCV
3H-GCV l
0.75 -
5
£
5 .
5 0.50
E
S
0.25
0.00 —L - 0D .
NIT wt-tk A167Ytk  sr39tk  A167Ysr39tk

FIGURE 2. Radiotracer uptake (K; of 3H-FEAU, 3H-PCV, and
3H-GCV in nontransduced (N/T) and transduced U87 cells
shown on abscissa. Values are mean = SD. Data represent at
least 3 independent experiments.
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HSVI1-tkand U87/HSV1-A167Ytk cells showed almost similar
levels of 3H-PCV uptake (K;s of 0.028 and 0.04 mL/min/g of
cells, respectively). Cells expressing the HSV1-A167Ysr39tk
mutant showed higher levels of *H-PCV accumulation (K; of
0.44 mL/min/g of cells; P < 0.05) than wild-type HSV1-tk
and HSV1-A167Ytk cells. The highest level of accumulation of
3H-PCV was observed in HSV1-sr39tk—positive cells (K; of
0.8 mL/min/g of cells). All transduced cells showed positive
SH-GCV uptake compared with nontransduced U87 cells;
however, only U87/HSV1-sr39tk cells demonstrated a signif-
icantly higher level of accumulation of 3H-GCV among trans-
duced cells.

To explore the possibility of killing of transduced cells
with a prodrug activation suicide therapy approach, wild-
type and transduced U87 cells were tested for in vitro
sensitivity to the clinically relevant nucleoside analogs
GCV, ARA-T, and BVdU (Fig. 3). HSV1-sr39tk—positive
cells showed the lowest ICs, for GCV (0.12 wM). Wild-type
HSV1-tk—expressing, HSV1-A167Ytk—expressing, and HSV1-
A167Ysr39tk—expressing cells showed comparable sensitiv-
ities to GCV (ICsps of 11, 50, and 6.0 wM, respectively). The
ICs¢ for nontransduced cells with GCV was greater than
1 mM. Only wild-type HSV 1-tk—positive and HSV 1-sr39tk—
positive cells were sensitive to BVdU (ICsgs of 1.3 and 2.1
pM, respectively) and ARA-T (ICsqs of 140 and 180 pM,
respectively); HSV1-A167Ytk—positive, HSV1-A167Ysr39tk—
positive, and nontransduced cells were not (ICs¢s of
>10 mM).

In Vivo Imaging of Reporter Gene Expression with PET

Small-animal PET imaging studies were performed in
mice bearing subcutaneous xenografts derived from trans-
duced U87 cell populations and wild-type U87 cells, which
served as a negative control (Fig. 4). The levels of '8F-
FEAU and '8F-FHBG radioactivity in control (nontrans-
duced) U87 tumors were very low and similar to the body
background. Small-animal PET imaging revealed a highly
specific localization of '8F-FEAU-derived radioactivity in
xenografts expressing the wild-type HSV1-tk and HSV1-
sr39tk reporter genes, with a marginal advantage favoring
the HSV1-sr39tk mutant (P < 0.05) (Fig. 4). No '3F-FEAU
accumulation was observed in HSV1-A167Ytk—expressing
and HSVI1-A167Ysr39tk—expressing tumors. '8F-FHBG
uptake was observed in all transduced tumors. U87/wild-type
HSVI1-tk and U87/HSV1-A167Ytk tumors showed similar
levels of '3F-FHBG uptake. A 2.5-fold-higher level of '®F-
FHBG accumulation was observed in HSV1-A167Ysr39tk—
expressing tumors than in U87/wild-type HSV1-tk and U87/
HSV1-A167Y tumors (P < 0.05). The highest level of
accumulation of '8F-FHBG was observed in U87/HSV1-
sr39tk tumors (6-fold higher than in U87/wild-type HSV1-tk
tumors; P < 0.05). Tissue sampling and biodistribution studies
confirmed '3F-FEAU and '8F-FHBG accumulation in U87/
wild-type HSV1-tk and U87/HSV1-sr39tk tumors and highly
specific '8F-FHBG-derived radioactivity in U87/HSV1-
A167Ytk and U87/HSV1-A167Ysr39tk tumors (Fig. 5). Non-
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transduced U87 tumors and muscle tissue showed only low
background levels of radioactivity. Transduced-to-nontrans-
duced xenograft ratios and transduced xenograft-to-muscle
ratios for '8F-FHBG were calculated and are shown in Table 1.

DISCUSSION

HSV1-tk is widely used in gene therapy studies as a
suicide gene in combination with GCV and as a nuclear
imaging reporter gene in combination with an appropriate
reporter probe. Radiolabeled pyrimidine-based (12*I-FEAU,
1BE-FIAU, '8F-FEAU, '8F-FFEAU, and '8F-FMAU) (15,17,19-
21) and acycloguanosine-based ('®F-GCV, '8F-FHBG, and
I8F_FHPG) (22,33-35) nucleoside analogs have been used to
image HSVI1-tk and HSVI1-sr39tk reporter gene expression
with PET. HSVI-tk can also phosphorylate a variety of
cytotoxic pyrimidine and acycloguanosine derivatives, includ-
ing clinically used antiviral drugs such as GCV, ACV, and
BVdU (25-27). In a clinical setting in which a patient’s con-
dition requires the administration of antiviral drugs, cells
expressing HSV1-tk as a reporter gene will be compromised
by antiviral treatment. This will result in the negative selection
of HSVI1-tk—transduced cells and inaccurate imaging results
with HSV1-tk—specific PET tracers. The objective of this work
was to create a new acycloguanosine-specific mutant of the
HSVI-tk reporter gene family that will allow for successful
PET in patients undergoing therapy with pyrimidine-based
nucleoside analogs. For example, noninvasive PET of acyclo-
guanosine-specific HSV1-tk mutant expression with acyclo-
guanosine-based radiotracers (e.g., '|F-FHBG) will not be
compromised by treatment with BVdU or other pyrimidine-
based nucleoside analogs.

Recently, Degreve et al. showed that position 167 in the
HSV1-tk protein is particularly favorable for discriminating
between pyrimidine and acycloguanosine substrates (28,29).

New HSV1-tk Mutant For PET ImacING ¢ Likar et al.

In their studies, a mutant bearing the A167Y substitution in
the nucleoside-binding region (amino acids 159-169) (Fig.
1A) showed a markedly decreased response to the antiviral
pyrimidines (ARA-T and BVdU in particular), whereas the
phosphorylation of GCV, ACV, and PCV was almost not
affected by this mutation. These results were confirmed in
our in vitro and in vivo studies (Figs. 2-5). Moreover, we
showed for the first time that cells transduced with the
HSV1-A167Ytk mutant were not able to accumulate FEAU
in vitro and in vivo, whereas the uptake of 3H-GCV and
3H-PCV in vitro and the uptake of '®F-FHBG in vivo were
found to be similar to those in cells transduced with wild-
type HSV1-tk.

Several groups have performed genetic modifications of
the wild-type HSV1-tk which resulted in mutants with
enhanced phosphorylation kinetics for certain nucleoside
derivatives. The widely used HSV1-sr39tk mutant, bearing
5 amino acid substitutions in the nucleoside-binding region
of the enzyme (Fig. 1) (36,37), shows significantly im-
proved activity with acycloguanosines, specifically GCV,
ACYV, and PCV. This mutant demonstrated a greater-than-
100-fold reduction in the ICsy for GCV compared with
wild-type HSV1-tk—expressing transfectants. When used in
vivo for PET studies, HSV1-sr39tk—expressing tumors
showed considerably increased uptake of the PCV analog
I8F.-FHBG (22,38) compared with wild-type HSV1-tk—
transduced xenografts. We confirmed these results in the
present study. The ICso for GCV with HSV1-sr39tk—trans-
duced cells was 2 orders of magnitude lower than that with
wild-type HSV1-tk—expressing transfectants (Fig. 3), and
I8F-FHBG accumulation was found to be ~6-fold higher in
HSV1-sr39tk—expressing tumors than in wild-type HSV1-
tk—expressing xenografts (Figs. 4 and 5). Also, in accor-
dance with in vitro studies by Kang et al. (39), we found
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FIGURE 4. Small-animal PET imaging of reporter gene expression. (A-H) Small-animal PET imaging of nontransduced (N/T) U87
xenografts (A and E) and transduced U87 xenografts, including wild-type HSV1-tk (B and F), HSV1-sr39tk (C and G), HSV1-
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radiotracer administration. (I) Image-based measurements of '8F-FEAU and '8F-FHBG at 2 h after radiotracer administration,
expressed as %ID/cm? of tissue (n = 5, P < 0.05). Values are mean *+ SD.

that the level of '8F-FEAU phosphorylation obtained in
vivo with this mutant is slightly superior to that obtained
with wild-type HSV1-tk (P < 0.05). These results led us to
conclude that the HSVI1-sr39tk mutant exhibits a more
favorable conformation of the nucleoside-binding pocket
10.0 -
7.5 -

5.0

2.5 4

%ID/g by tissue sampling

0.0 -

A167Ytk

N/T wt-tk sr39tk A167Ysr39tk Muscle

FIGURE 5. Tissue sampling-based measurements of 18F-
FHBG accumulation at 2 h after radiotracer administration,
expressed as %ID/g (n = 5, P < 0.05). Values are mean = SD.
N/T = nontransduced U87 tumors.
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for both pyrimidine and acycloguanosine derivatives with a
marginal increase in the rate of phosphorylation for the
latter compared with the wild-type enzyme.

HSV1-sr39tk contains an alanine residue at position 167,
similar to the wild-type protein (37). On the basis of this
observation, we hypothesized that the substitution of the
alanine at position 167 with a pyrimidine-restrictive tyrosine
within this mutant may lead to newly acquired specificity
and high phosphorylation activity with acycloguanosine
analogs without interference from pyrimidine-based deriv-
atives. We were able to successfully develop and express in
U87 cells a new supermutant of HSV1-tk, HSV1-A167Ysr39tk
fused with GFP, at levels comparable to those of wild-type
HSVI1-tk and other mutants. In our experiments, FEAU
accumulation in HSV1-A167Ysr39tk—transduced cells could
not be detected in vitro (Fig. 2) or in vivo (Fig. 4). Lack of
pyrimidine phosphorylation by the HSV1-A167Ysr39tk su-
permutant was also confirmed with drug sensitivity assays,
in which the ICsgs for ARA-T and BVdU were similar to
those in nontransduced cells (Figs. 3B and 3C). In contrast,
we found that HSV1-A167Ysr39tk could readily phosphor-
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TABLE 1
Calculated Transduced-to-Nontransduced Tumor and Tissue-to-Muscle Radiotracer Accumulation Ratios for
18F-FHBG In Vivo (n = 5, P < 0.05)

%I1D/g (mean = SD) for the following sample:

Ratio wi-tk A167Ytk sr39tk A167Ysr39tk Nontransduced tumor Muscle
Transduced-to-nontransduced tumor 224 = 1.3 30 = 12 146 = 19 82 + 12 1
Tissue-to-muscle 3127 42+ 11 204 = 17 115 = 16 1.4 = 0.1 1

ylate GCV at a level similar to that of wild-type HSV1-tk
(or HSV1-A167Ytk) (Fig. 2) but showed enhanced activity
with PCV in vitro (~10- to 15-fold) (Fig. 2) and '3F-FHBG
in vivo (~2.5-fold) (Figs. 4 and 5). Interestingly, despite a
substantial increase in 3H-PCV and '8F-FHBG uptake
observed with HSV1-A167Ysr39tk relative to that observed
with wild-type HSV1-tk or HSV1-A167Ytk, the ICs0s for
GCV were comparable among wild-type HSV1-tk and both
A167Y-containing mutants (Fig. 3A). Thus, the A167Y
substitution within the HSV1-sr39tk mutant led to a par-
ticular analog-specific enhancement of uptake within the
acycloguanosine group.

The in vivo imaging results demonstrated the advantage
of the new acycloguanosine-specific supermutant HSV1-
A167Ysr39tk reporter gene over its predecessor, HSV1-
A167Ytk. Both PET and direct measurement of radiotracer
accumulation in tissue samples confirmed a much higher
level of '8F-FHBG uptake in HSV1-A167Ysr39tk—express-
ing tumors than in HSV1-A167Ytk—expressing xenografts.
On the basis of our in vitro and in vivo data, we are more
than confident that our supermutant can be reliably imaged
with PET and '8F-FHBG in patients treated with pyrimidine
derivatives while providing an opportunity to eliminate
transduced cells with GCV administration.

I8F-FHBG is known to be cleared via the liver and
kidneys, a property that makes it more challenging to
elucidate HSV1-tk reporter gene expression in the lower
gut. Therefore, the same issue of gastrointestinal clearance
of '8F-FHBG remains to be addressed.

The alternative strategy of using a pyrimidine-specific
mutant of the HSV1-tk reporter gene will be useful and will
allow PET in patients undergoing therapy with acycloguan-
osine-based analogs. Studies on the development of such a
mutant are under way.

CONCLUSION

We successfully developed and tested a new supermutant
of the HSV1-tk reporter gene, HSV1-A167Ysr39tk, in vitro
and in vivo. This reporter gene lacks the ability to convert
pyrimidine-based nucleoside derivatives but exhibits high
phosphorylation activity with acycloguanosine analogs.
This supermutant potentially can be used as a suicide gene
for prodrug (GCV) activation in vivo and as an acyclo-
guanosine-specific PET reporter gene for imaging with '3F-

New HSV1-tk Mutant For PET ImacING ¢ Likar et al.

FHBG in patients treated with pyrimidine-based cytotoxic
drugs.
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