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Herpes virus type 1 thymidine kinase (HSV1-tk) and the mutant
HSV1-sr39tk are the 2 most widely used “reporter genes” for
radiotracer-based imaging. Two pyrimidine nucleoside analogs,
['8F]FEAU (1-(2’-deoxy-2’-fluoro-p-p-arabinofuranosyl)-5-ethyl-
uridine) and ['8F]FFEAU (1-(2’-deoxy-2’-fluoro-p-p-arabinofura-
nosyl)-5-(2-fluoroethyl)uridine), have generated recent interest
as potential new probes for imaging HSV1-tk and HSV1-sr39tk
gene expression. Methods: We compared ['8FJFEAU and
['8F]FFEAU with a series of other pyrimidine nucleoside deriva-
tives (including 1-(2’'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-5-
iodouridine [FIAU]) and with acycloguanosine analogs using a
stable HSV1-tk transduced cell line (RG2TK+) and wild-type
RG2 cells. Results: The in vitro accumulation data and the cal-
culated and normalized clearance constant, nKi, as well as
sensitivity and selectivity indices indicated that 2 pyrimidine nu-
cleoside probes, ['8F]FEAU and ['8F]FFEAU, had the best uptake
characteristics. These probes were selected for further dynamic
PET studies in nude rats bearing subcutaneous RG2TK+ and
RG2 tumors. The 2-h postinjection ['8F]JFEAU uptake levels
were 3.3% = 1.0% and 0.28% =+ 0.07% dose/cm? in subcutane-
ous RG2TK+ and RG2 tumors, respectively, and 2.3% + 0.2%
and 0.19% = 0.01% dose/cm3, respectively, for ['8F]FFEAU.
The corresponding RG2TK+/RG2 uptake ratios were 11.5 =
1.5 and 12.2 = 1.4, respectively. The inherent problem of
comparing different radiolabeled pyrimidine nucleoside and
guanosine-based probes for imaging HSV1-tk expression using
different transduced cell lines and assay systems in the absence
of anindependent thymidine kinase—enzyme assay is discussed.
Conclusion: For HSV1-tk reporter systems that require a 1- to
4-h PET paradigm, HSV1-tk-['8F]FEAU is the current top
contender.
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The 2 most widely used “reporter genes” for radiotracer-
based imaging are herpes virus type 1 thymidine kinase
(HSV1-tk) and the mutant HSV 1-sr39¢k. The enzyme, wild-
type HSV1 thymidine kinase (HSV1-TK), preferentially
phosphorylates thymidine and pyrimidine nucleotides deriv-
atives, whereas the mutant enzyme, HSV1-sr39TK, prefer-
entially phosphorylates acycloguanosine derivatives. There
have been several publications comparing the uptake and
imaging characteristics of different radiolabeled probes for
imaging HSV1-tk and HSV1-sr39tk gene expression, and
these publications have presented somewhat inconsistent and
confusing results (/-5). One of the problems associated with
comparing different radiolabeled pyrimidine nucleoside- and
guanosine-based probes is that most studies only report a
comparison between transduced and wild-type cells or tu-
mors. There is usually no independent measure of HSV1-TK
enzyme activity in the transduced cell line or tumor that is
used to test efficacy, and this makes it almost impossible to
rigorously compare different studies. We know that the level
of HSV1-TK enzyme expression is different in different
transduced cells and tissue that have been reported in the
literature (6,7). Furthermore, it has been shown that cell
proliferation rate correlates with thymidine kinase transcrip-
tional activation (8) and nucleoside transporter function (9)
as well as thymidine uptake and phosphorylation. Another
potential confounding factor is the effect of adenoviral
transfection or retroviral transduction on radiolabeled probe
uptake in different transduced cells (3,/0). Thus, HSV1-TK
and HSV1-sr39TK probe efficacy comparisons derived from
a review of the literature and a comparison of different stud-
ies are qualitative at best.

To address this issue, we have performed sequential
radiotracer uptake studies comparing different radiolabeled
pyrimidine nucleoside probes using a stable HSV1-zk trans-
duced cell line and wild-type cell line (RG2TK+ and RG2,
respectively) and imaged animals bearing subcutaneous
tumors generated from these cell lines. These studies provide
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the best direct in vitro and in vivo comparisons of different
radiolabeled probes for imaging HSV1-tk expression, in the
absence of a direct independent measure of reporter enzyme
in the cells or tissue of interest.

There has been recent interest in two '8F-labeled thymi-
dine analogs, ['8F]JFEAU (1-(2'-deoxy-2'-fluoro-B-p-arabino-
furanosyl)-5-ethyluridine) (//-14) and ['3F]FFEAU
(1-(2'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-5-(2-fluoro-
ethyl)uridine) (/5), as potential new probes for imaging
HSV1-tkand HSV 1-sr39tk gene expression. FEAU was first
synthesized in the mid-1980s, along with other pyrimidine
nucleoside analogs including FIAU (1-(2’-deoxy-2’-fluoro-
B-p-arabinofuranosyl)-5-iodouridine), FMAU (1-(2'-deoxy-
2'-fluoro-B-p-arabinofuranosyl)-5-methyluridine), FIAC
(1-(2'-deoxy-2' -fluoro-B-p-arabinofuranosyl)-5-iodocytosine),
and others, as antiviral agents in the treatment of cytomeg-
alovirus (16), herpes simplex virus (/7-19), and hepatitis
virus (20) infection. Preliminary results with radiolabeled
FEAU and FFEAU have indicated that these compounds
have good uptake characteristics in HSV1-tk and HSV1-
sr39tk transduced cells, little or no uptake in nontransduced
wild-type cells, and have lower abdominal background activity
in mice and rats (/1,14) compared with that obtained with
['®FIFHBG (9-[4-fluoro-3-(hydoxymethyl)butyl]guanine)
and ["**IJFIAU (1-(2’-deoxy-2’-fluoro-B-p-arabinofuranosyl)-
5-iodouridine) (2).

For these reasons we compared FEAU and FFEAU with
a series of other pyrimidine nucleoside derivatives (in-
cluding FIAU) and with acycloguanosine analogs using a
well-established in vitro uptake assay in the RG2TK+
cell line that has maintained stable levels of HSV1-tk ex-
pression for over 13 y. We calculate and compare a nor-
malized accumulation (medium clearance) constant (Ki)
for each of the radiolabeled probes, and we calculate
sensitivity and selectivity indices based on the 50% in-
hibitory concentration (ICsp) of RG2TK+ and RG2 cells
to the antiviral drug, ganciclovir (GCV), as an indepen-
dent measure of HSV1-tk expression. We also performed
sequential ['8F]JFEAU and ['®F]FFEAU PET studies in the
same animals for paired comparisons and for comparison
with a previously reported study involving ['?*I]FIAU,
['®F]FHBG, and ['®F]FHPG imaging using the same ani-
mal model and experimental paradigm (2). These results
indicate that ['8F]JFEAU and ['8F]FFEAU are better than
['2*I]FIAU and the '8F-labeled guanosine analogs (FHBG
and FHPG) for imaging HSV1-TK 1-2 h after probe
administration.

MATERIALS AND METHODS

Cell Lines

The RG2 rat glioma cell line was kindly provided by Darell Bigner
(Duke University Medical Center, Durham, NC). RG2 cells were
transduced with the recombinant replication-deficient STK retro-
virus containing the NeoR gene and HSV 1-tk gene. The transduced
cell line, RG2TK+, has been characterized previously (/).
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['8F]FEAU and ['8F]JFFEAU Synthesis

With minor chemical modifications, ['®F]JFEAU was synthe-
sized by coupling the radiolabeled fluoro-sugar to the silylated
pyrimidine derivative following a procedure reported by Alauddin
et al. (27). The specific activity of the product was ~37 GBgq/
pmol (~1 Ci/pwmol) and the radiochemical purity was >98% after
purification by high-performance liquid chromatography (HPLC).
The product was formulated in 0.9% NaCl containing 5% ethanol
to a total volume based on about 370 MBg/mL (10 mCi/mL) and
terminally sterilized by filtration.

The preparation and radiolabeling of FFEAU with '8F was
recently described (15). Specific activity was estimated to be on
the order of 1.5-2.6 GBq/pmol (0.04-0.07 Ci/pmol), on the basis
of carrier n-BuyNF added and the radiochemical yields obtained,
and radiochemical purity was 95% as determined by radio—thin-
layer chromatography (TLC).

See Supplemental Figure 1 and the supplemental description of
the syntheses (supplemental material is available online only at
http://jnm.snmjournals.org).

14C- and 3H-Labeled Thymidine and Acycloguanosine
Analogs

In vitro uptake studies included the commercially obtained
radiolabeled compounds listed in Table 1.

In Vitro Assays

Octanol/Water Partition Coefficients. Octanol/water partition
coefficients were determined for ['F]FEAU, [!®F]FFEAU, [“C]-
FIAU, and [*H]TdR (1-(2’-deoxy)-5-methyluridine) [thymidine]) at 4
pH values of 6.4, 7.0, 7.4, and 8.4 (Table 4), by measuring the
distribution of radiolabeled compound in 1-octanol and phosphate-
buffered saline (PBS) as described previously (22). The log P values
were calculated using the formula: log;y P = log;o (counts in 1 g of
octanol/counts in 1 g of water).

Cell Uptake Studies. RG2TK+ and RG2 cells in culture were
used to compare the accumulation of each of the thymidine or
acycloguanine analogs with [3H]TdR or ['*C]TdR in paired double-
label studies (Table 3). Radiotracer accumulation experiments were
run over 120 or 180 min and the thymidine- and acycloguanine-
analog data were normalized to TdR accumulation as previously
described (/). In a second set of experiments, the incubation
medium contained [!8F]FEAU, [“CJFIAU, and [*H]TdR or
['8F]FFEAU, ['“C]FIAU, and [*H]TdR at the molar medium con-
centrations shown in Table 1.

The radioactivity assay for the in vitro tissue culture studies
involved !8F vy-counting (AutoGamma 5550 spectrometer; Pack-
ard Instruments) immediately after the experiment, which was
followed 24-36 h later by *H and “C B-isotope counting (Tri-
Carb Liquid Scintillation Analyzer, model 1600TR; Packard
Instruments) using external standard quench correction and stan-
dard dual-counting techniques. All data were expressed as disin-
tegrations per minute (dpm)/g cells (or dpm/mL medium). The net
accumulation rate (Ki) was calculated from the slope of the probe
accumulation versus time plot (dpm/g cells =~ dpm/mL medium
vs. time; units = mL medium/min/g cells—a clearance constant
from the incubation medium) and normalized to that of TdR
(normalized Ki [nKi]), as the rate of cell proliferation was found
to influence the rate of tracer uptake (/,8,9).

Sensitivity and Selectivity Indices. To evaluate and compare the
proficiency of different probes for imaging HSV1-k expression, 2
indices were developed: sensitivity, defined as the change in probe
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TABLE 1
In Vitro Uptake Studies on Commercially Obtained Radiolabeled Compounds

Specific activity

Radiochemical purity

Incubation medium molar
concentration

Thymidine analogs (GBg/mmol) (Ci/mmol) (%) (nmol/L) Company
2'-Fluoro arabinosyl
['8F]FEAU ~37,000 ~1,000 =98% ~0.4 MSKCC
['8F]FFEAU 15,000-26,000 400-700 =95% ~0.57-1.0 MSKCC
BH]TdR 740-1,110 20-30 =97% 3.3-5.0 Moravek Biochemicals
[“C]TdR 1.85-2.22 0.05-0.06 =98% 167-200 Moravek Biochemicals
[PHJFEAU 555-1,480 15-40 =97% 2.5-6.7 Moravek Biochemicals
["“C]FIAU 1.67-2.22 0.045-0.060 =98% 167-222 Moravek Biochemicals
['“C]FBrAU 1.92 0.054 =97% 193 Moravek Biochemicals
[BHIFMAU 14.8-111 0.4-3.0 =97% 33-250 Moravek Biochemicals
[PH]FFAU 370-555 10-15/mmol =97% 6.7-10 Moravek Biochemicals
3’-Fluoro ribosyl
["“CJFLT 2.4 0.065 =98% 154 Moravek Biochemicals
[BHIFLT 74-370 2-10 =97% 10-50 Moravek Biochemicals
Ribosyl
[BH]BrUdR 555-925 15-25 =97% 4.0-6.7 Moravek Biochemicals
BH]IUdR 555-740 15-20 =97% 5.0-6.7 Moravek Biochemicals

MSKCC = Memorial Sloan-Kettering Cancer Center.

uptake (normalized to TdR) divided by the change in HSV1-tk
expression independently measured by GCV ICs, and selectivity,
defined as “sensitivity” divided by substrate uptake due to endog-
enous (mammalian) TK. These 2 related measures were considered
useful for establishing in vitro assay criteria that would likely reflect
in vivo imaging considerations—namely, maximum image signal
intensity (e.g., high sensitivity) and maximum image contrast (the
ability to differentiate between HSV1-TK and endogenous
TK—e.g., high selectivity). Neither of these indices represents a
fraction of some ideal value (i.e., they do not have an absolute or
maximum value). Rather, they provide indices for a direct compar-
ison of different probes and are normalized to the expression level of
HSV1-tk (GCV ICsp) and endogenous mammalian TK in the cell
systems used for the comparisons. The sensitivity and selectivity
indices were calculated from:

Probe Sensitivity = A(Probe/TdR)/A(GCV ICs).
Probe Selectivity = Sensitivity /(probe/TdR) for RG2 cells.

Subcutaneous Tumors and Animal Imaging Studies

The experimental protocol involving animals was approved by
the Institutional Animal Care and Use Committee of the Memorial
Sloan-Kettering Cancer Center. Subcutaneous tumors were pro-
duced in rnu/rnu rats (200-250 g; Frederick Cancer Center) by
subcutaneous injection of 5 X 10° tumor cells in 200 pL of serum-
free cell culture medium under anesthesia (ketamine [87 mg/kg] and
kylazine [13 mg/kg], intraperitoneal). Transduced RG2TK+ cells
were placed in the left shoulder (test) and wild-type RG2 cells were
placed in the right shoulder (negative control). The animals were
monitored for tumor growth by daily measurements of the tumor
size and the animal weight. Animals were studied when the
subcutaneous tumors reached a diameter of ~15 mm, 7-14 d after
subcutaneous implantation of the RG2 and RG2TK+ cells. The
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growth rate, macroscopic and microscopic appearances, as well as
the degree of vascularization were similar in both the HSV1-tk
transduced and the wild-type subcutaneous tumors.

PET

Sequential studies with ['SF]JFEAU and ['SFJFFEAU were
performed on the same animals on consecutive days. All animals
were anesthetized with ketamine (87 mg/kg) and xylazine (13 mg/
kg) administered intraperitoneally. Five animals were first injected
with ['8F]JFEAU (2.22-4.81 MBg/animal [60-130 p.Ci/animal]
intravenous) and imaged over 2 h; on the following day they were
injected with ['8F]FFEAU (629-925 kBq/ animal [17-25 w.Ci/animal]
intravenous) and reimaged over 2 h. Only 3 animals were imaged with
['8F]FFEAU because of low radiopharmaceutical yield (13).

PET was performed using the Advance Tomograph (GE Health-
care) (see supplemental imaging tomograph characteristics, set-
tings, and paradigm). Regional tumor radioactivity concentrations
(%ID/cm?), decay-corrected to time of injection, were estimated
from the maximum pixel within regions of interest drawn around the
tumor on transaxial slices of the reconstructed image sets, and
radioactivity was plotted at the acquisition midpoint.

Statistical Analysis

Statistical significance of comparisons between ['SF]JFEAU,
['8F]FFEAU, and ['*C]FIAU was based on an ANCOVA to compare
the slopes of linear fits of the data versus [*H]TdR (Fig. 2). Two-
sided paired Student ¢ tests were used for TdR nKi, sensitivity, and
selectivity values (Table 3) in RG2TK+ and RG2 cells, and the in
RG2TK+/RG2 ratio values (Supplemental Table 2). Logarithmic
transformations were used when appropriate to bring the data into
closer agreement with implicit assumptions of normal statistical
distributions with constant variance.
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FIGURE 1. Paired nucleoside (['*C]FIAU and [®*H]TdR) accu-

mulation studies in RG2TK+ transduced cells and wild-type
RG2 cells are shown over the course of a 13-y period (August
1994-June 2007). Accumulation rate (mL medium/min/g cells;
Ki) of ['*C]FIAU for transduced RG2TK+ cells (solid circles) and
RG2 wild-type cells (solid diamonds) is normalized to that of
[BH]TdR (A) (7). Each point represents the slope of paired
['“C]FIAU and [?H]TdR uptake experiments conducted between
10 and 180 min or 30 and 120 min. A linear fit of the plots
yielded a slope of —4.4 = 4.9 (x10~ ") and —0.91 = 1.3 (x10~ ")
Ki units/d for RG2TK+ and RG2 cells, respectively, which was
not significantly different from zero. The ratio of Kivalues in paired
RG2TK+ and RG2 experiments over the same time period was
plotted (B); the slope of the plotis 1.7 + 2.3 (x1079) d~' and also
was not significantly different from zero. The relationship of
the FIAU/TdR uptake ratio and GCV ECs values for different TK-
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RESULTS

RG2TK+ Cell Line Stability

The level of HSV1-TK expression in RG2TK+ and RG2
cells, as measured by the TdR-normalized uptake (clearance)
rate constant for FIAU, has remained stable over 13 y (Fig.
1A); the slopes of the linear fits through the data points in
Figure 1A are not significantly different from zero. Similarly,
the RG2TK+/RG?2 uptake ratio was constant over the 13y,
and the slope of a linear fit through the data points was not
significantly different from zero (Fig. 1B). An independent
measure of the level and stability of HSV1-tk expression in
RG2TK+ cells is provided by sensitivity measures (ICsg) to
the antiviral drug GCV. Recently determined ICsq values for
GCV were 6.5 = 0.7 and 116 = 15 pg/mL for RG2TK+ and
RG?2 cells, respectively (Fig. 1C, solid diamond); they were
found to remain stable and compare favorably with the ICsy
values initially reported for these cell lines (/).

In Vitro Assays

The lipophilicity (octanol/water partition coefficient) of
[*H]FEAU and ['8F]FFEAU were determined and compared
with that of ['“CJFIAU and [H]TdR over a range of
pH values (Table 2). The log P values of ['|F]FEAU,
['8FIFFEAU, and [*H]TdR were stable between pH 6.4 and
8.4, whereas the lipophilicity of [*C]FIAU decreased above
pH 7.4.

A comparison of different radiolabeled compounds as
potential probes for imaging HSV1-tk gene expression are
listed on the basis of their structural characteristics (Table 3).
The accumulation rate constants (nKi) in RG2TK+ and RG2
cells, normalized to that of thymidine (/), were highest for
the 2’-fluor-arabinosyl and ribosyl analogs in RG2TK+
cells. The acyclo-guanosine analogs tend to have the lowest
Ki values in RG2TK+ cells. In wild-type (non-HSV1-tk
expressing) RG2 cells, the Ki value reflects mammalian
thymidine kinase (TK1 plus TK2) activity. Not surprisingly,
the ribosyl and 3'-ribosyl analogs had the highest nKi values
in RG2 cells, and the acyclo-guanosine analogs had very low
nKi values in RG2 cells. Sensitivity and selectivity indices
were calculated from the uptake data and the GCV ICs
values for the transduced RG2TK+ and wild-type RG2 cell
lines (/) (Table 3). The rank-order of compounds displayed
within each subset of Table 3 is based on the sensitivity index.
The differences between the values obtained with ['8F]JFEAU
and ['3F]FFEAU were significant for nKi in RG2TK + cells
(P < 0.0001; £ test, unequal variance) and in RG2 cells (P <
0.05) and for the sensitivity index (P < 0.001), but there was
no difference in the selectivity index between the 2 probes
(Table 3). The difference in the RG2TK+/RG?2 ratio (Sup-
plemental Table 2) was also highly significant (P < 0.0001).

expressing clones is shown (C); the initial (1994) values obtained
for RG2TK+ and RG2 cells are shown (solid circles); the current
(2007) values are shown (solid triangles).
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TABLE 2
log P Values at Different pH Values
Compound pH 6.4 pH 7.0 pH 7.4 pH 8.4
['8F]FEAU —0.076 = —0.002 —0.062 = —0.001 —0.082 = —0.002 —0.086 = —0.001
['8F]FFEAU —0.35 = 0.02 —0.32 = 0.01 —0.30 = 0.01 —-0.29 =+ -0.03
['“C]FIAU —0.055 = —0.002 —0.074 = —0.005 —0.096 = —0.001 —0.42 = 0.02
[BH]TdR —0.99 = 0.07 —1.00 = —0.07 —1.00 = —0.02 —1.00 = —0.02

Values are mean; = SD (n = 2).

A more rigorous comparison of ['F]JFEAU and
['*CJFIAU accumulation normalized to that of [PH]TdR
was performed in a series of 8 triple-label experiments (Fig.
2A). The uptake of ['8F]FEAU and ['“C]FIAU uptake in
both transduced (RG2TK+) and wild-type (RG2) cells was
less than that of TdR. The slopes of the ['3F]JFEAU and
['“C]FIAU plots were significantly different (P < 0.001) in

RG2TK+ cells, and the nKi values calculated from the
slopes were 0.70 = 0.05 (SEE) and 0.31 £ 0.01 mL/min/g
for FEAU and FIAU, respectively. The reverse relationship
was observed in RG2 cells, where there was very little
uptake of FEAU in the wild-type cells. The nKi values in
RG2 cells were also significantly different (P < 0.0001);
0.049 £ 0.002 and 0.0018 = 0.0009 mL/min/g for FIAU

TABLE 3
RG2TK+ and RG2 Cellular Uptake Studies
nKi: RG2TK+ nKi: RG2 Sensitivity* No. of
Analog (mL/min/g) (mL/min/g) (x 109) Selectivityt experiments¥
Thymidine$
2'-Fluoro arabinosyl
['8F]FEAU 0.84 £ 0. 22 0.0014 = 0.0004 42 £ 11 33 £1.7 7
['8F]FFEAUI 0.27 = 0.03 0.00064 = 0.00055 1.4 0.2 28 27 6
['“CIFIAU 0.30 = 0.05 0.040 = 0.012 1.3 £0.2 0.037 + 0.011 66
[BH]FBrAU 0.29 + 0.07 0.12 = 0.04 0.86 + 0.38 0.0089 = 0.0065 10
[FHIFMAU 0.21 = 0.03 0.065 = 0.010 0.71 £ 0.16 0.011 = 0.004 3
['8F]FTMAUT 0.051 + 0.006 0.0028 = 0.0020 0.24 = 0.03 0.052 * 0.016 3
['8F]FBrVAUT 0.029 + 0.004 —0.0080 = 0.0163 0.18 + 0.07 —0,44 = 0.82 4
[BH]FFAU 0.042 =+ 0.006 0.011 = 0.003 0.16 + 0.02 0.015 = 0.003 3
['8F]JFPAU* 0.014 = 0.003 —0.0007 *= 0.0008 0.074 + 0.012 —0.13 £ 0.33 3
2'-Fluoro ribosyl
[PHIFIRU 0.070 + 0.018 0.0011 = 0.0005 0.35 = 0.09 0.39 = 0.22 6
[FHIFMRU 0.019 = 0.006 0.00081 = 0.00008 0.093 = 0.029 0.11 £ 0.02 3
3’-Fluoro ribosyl
['“CIFLT 0.064 = 0.025 0.12 = 0.04 —0.26 = 0.06 —0.0023 + 0.0003 6
Ribosyl
[BH]BrUdR 0.54 += 0.07 0.47 = 0.05 0.44 = 0.21 0.0010 = 0.0005 4
[BH]IUdR 0.38 = 0.01 0.32 = 0.01 0.32 = 0.04 0.0010 = 0.0001 3
Acyclo guanosine
['8F]FHBG** 0.023 = 0.002 0.0033 = 0.0013 0.10 + 0.02 0.035 * 0.019 2
[BH]GCVT 0.015 + 0.005 0.0023 = 0.0002 0.062 + 0.026 0.027 = 0.009 3
['8F]FHPG** 0.0078 = 0.0004 0.00042 * 0.00019 0.037 = 0.001 0.099 =+ 0.043 2
[BH]ACVtT 0.0068 = 0.0013 0.0039 = 0.0013 0.015 = 0.001 0.0040 = 0.0012 3

*Sensitivity = A (Probe/TdR)/A (GCV ICs).
fSelectivity = Sensitivity*/(probe/TdR) for RG2 cells.
*Number of concurrent RG2TK+ and RG2 experiments.
SRanked according to magnitude of sensitivity value in each analog group.
lincludes 3 separate experiments previously reported by Balatoni et al. (15).

IFrom (28).
*From (22).
“*From (2).
From (7).

Values are the mean = SD.
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FIGURE 2. Paired, triple-label nucleoside accumulation studies in RG2TK+ transduced cells and wild-type RG2 cells are shown
for ['8F]FEAU (A, left column) and ['8F]JFFEAU (B, right column) in a comparison with ['*C]FIAU and [3H]TdR. The accumulation (mL
medium/g cells) of ['8F]FEAU (solid diamonds) and ['8F]FFEAU (solid circles) are compared with that of ['“C]FIAU (hatched squares)
and normalized to corresponding [®H]TdR values (abscissa) (7). Results obtained in RG2TK+ cells are shown in upper panels and

those obtained in RG2 cells are shown in lower panels.

and FEAU, respectively. These results are similar to those
calculated in Table 3.

A similar triple-label study comparing the accumulation
of ['8FIFFEAU and ['“C]FIAU with that of [*H]TdR in
RG2TK+ and RG2 cells was also performed (Fig. 2B). The
slope of the ['8F]FFEAU plot was slightly less (P < 0.001)
than that for ['*C]FIAU in RG2TK+ cells; the nKi values
calculated from the slopes were 0.20 = 0.01 and 0.28 =
0.01 mL/min/g for FFEAU and FIAU, respectively. In RG2
cells there was very little uptake of FFEAU compared with
that of FIAU; the nKi values were significantly different
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(P < 0.0001); 0.0010 = 0.0004 and 0.030 = 0.001 mL/
min/g for FFEAU and FIAU, respectively). These results
are similar to that previously reported (/5). Comparing the
slopes of ['8FIFEAU (Fig. 2A) and ['8F]FFEAU (Fig. 2B)
shows them to be significantly different (P < 0.0001) in
RG2TK+ cells but not in RG2 cells.

A graphical comparison of the nKi values for '8F probes
obtained in paired RG2TK+ and RG2 cell uptake studies
shows that the probes cluster roughly into 4 groups (Fig. 3A).
The upper-left quadrant is the optimal location for potential
HSV1-TK imaging probes in this plot, with high nKi values
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FIGURE 3. Probe comparisons based
on nKi values obtained in paired RG2TK+
and RG2 cell uptake studies (A) and
comparison of calculated sensitivity—
selectivity indices (B). Each point repre-
sents an individual experiment.

in RG2TK+ cells and low nKi values in RG2 cells. This
quadrant includes FEAU and FFEAU. The upper-right quad-
rant includes probes with relatively high nKi values in
both RG2TK+ and RG2 cells; FIAU is the best probe in
this group, which also contains FMAU, FBrAU (1-(2'-deoxy-
2'-fluoro-B-p-arabinofuranosyl)-5-bromouridine), TUdR
(1-(2'-deoxy)-5-iodoouridine), and BrUdR (1-(2'-deoxy)-
5-bromouridine). The lower-left quadrant includes 10 probes
with relatively low nKi values in both RG2TK+ and RG2
cells; FIRU (1-(2'-deoxy-2'-fluoro-B-p-ribofuranosyl)-
5-iodouridine) and FTMAU (1-(2'-deoxy-2'-fluoro-f3-
D-arabinofuranosyl)-5-fluorouridine) are the best probes
in this group, which also contains FFAU (1-(2'-deoxy-2'-
fluoro-PB-p-arabinofuranosyl)-5-fluorouridine), FBrVAU (1-
(2'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-5-(2-bromovinyl)
uridine), FMRU (1-(2’-deoxy-2'-fluoro-B-p-ribofuranosyl)-
5-methyluridine), FHBG, FPAU (1-(2'-deoxy-2’'-fluoro-3-
p-arabinofuranosyl)-5-propyluridine), GCV (9-[(2-hydroxy-1-
(hydroxymethyl)ethoxy)methyl]guanine), FHPG (9-[(3-fluoro-
1-hydoxy-2-propoxy)methyl]guanine), and ACV (9-[(2-hydroxy-
1-ethoxy)methyl]guanine [acyclovir]). The lower-right
quadrant represents the worst location in the plot, with rela-
tively low nKi values in RG2TK + cells and high nKi values

CoMPARISON OF PROBES FOR IMAGING HSV1-Tk ¢ Miyagawa et al.

in RG2 cells; only FLT (3'-deoxy-3’-fluorothymidine) falls in
this quadrant. A similar comparison plot of probe sensitivity
and selectivity indices is shown in Figure 3B. The optimal
quadrant (upper-right, high sensitivity and high selectivity)
contains FEAU and FFEAU; the least-optimal quadrant
(lower-left, low sensitivity and low selectivity) is less clearly
defined and includes several of the probes. The least ideal
probes shown in Figure 3B include ACV, BrUdR, and IUdR;
FLT must also be included in this group but was not plotted
because of negative sensitivity and selectivity indices.

In Vivo Imaging

The in vitro results presented suggest that both ['8FIFEAU
and ['8F]FFEAU would be good probes for imaging HSV1-
tk expression in animals. A comparison of sequential
['SFIFEAU and ['8F]JFFEAU Advance (GE Healthcare)
PET images of the same rnu/rnu rat is shown in Figure 4.
The sequence of 10-min imaging frames demonstrates rapid
accumulation of radioactivity in the RG2TK+ tumor, with
no visualization of the wild-type RG2 tumor above back-
ground levels. Although total-body background activity is
relatively high in the initial 10-min frame, it drops fairly
rapidly. The sequential images show that renal clearance is
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FIGURE 4. Comparison of ['8F]JFEAU images (upper 2 panels) and ['8F]JFFEAU images (lower 2 panels) of the same rnu/rmu rat,
bearing 2 subcutaneous tumors: RG2TK+ tumor on right shoulder and wild-type RG2 tumor on left shoulder. Imaging was performed
on sequential days; serial 10-min imaging frames were obtained after intravenous injection of radiopharmaceutical. Single coronal
and axial slices through RG2TK+ and RG2 tumors are presented, and image time is the midpoint of a 10-min acquisition. Image
intensity scale is the same for all frames. The brain is indicated by a stylized arrow in A; the brain was above field of view in B.
Kidneys are indicated by a solid arrow; urinary bladder is indicated by the open arrow in B but was below the field of view in A.

the predominant route of excretion for both ['8F]FEAU and
['8F]FFEAU. The kidneys were clearly visible during the
early postinjection images and then became less distinct; the
urinary bladder radioactivity increased during the 2-h imag-
ing period for both radiopharmaceuticals. There was little or
no accumulation of either radiopharmaceutical in most organ
systems outside of the urinary tract, including liver and
intestine. No ex vivo, postimaging tissue radioactivity assays
were performed in this study because of the sequential
imaging of ['8F]FEAU and ['8F]FFEAU in the same cohort
of animals.

The radioactivity accumulation profiles of ['8F]JFEAU and
['8F]FFEAU in RG2TK + and RG2 tumors in the same set of
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animals were obtained from the sequential images that are
shown in Figure 5. Also included are the corresponding
accumulation profiles of ['?*I]FIAU; the FIAU profiles are
presented for reference and were generated from data previ-
ously published (2), using the same animal model and PET
tomograph. Both ['8F]FEAU and ['3F]FFEAU accumulate
rapidly in RG2TK+ tumors over the first 45 min and then
tend to plateau. The level of ['|F]JFEAU radioactivity in
RG2TK+ tumors at 45 and 115 min was 2.1% * 0.4% and
3.3% * 1.0% dose/cm?, respectively; the corresponding
values for ['8F]FFEAU were 1.8% = 0.3% and 2.3% + 0.2%
dose/cm?, respectively. In contrast, [!?*I]JFIAU accumulates
very rapidly and plateaus early in RG2TK+ tumors (2).
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FIGURE 5. Radioactivity-time profiles of ['8F]JFEAU, ['8F]FFEAU, and [24]FIAU* in RG2TK+ and RG2 tumors. mu/mu rats
bearing 2 subcutaneous tumors, RG2TK+ tumor on right shoulder and wild-type RG2 tumor on left shoulder, were imaged. Serial
10-min imaging frames were obtained after intravenous injection of radiopharmaceutical. Maximum voxel values (% dose/cm3)
measured in each tumor (RG2TK+, solid diamond; RD2, solid circle), at mid point of each 10-min acquisition, are plotted (A).
Corresponding (RG2TK+)/(RG2) radioactivity ratio is also plotted (B). Percent radioactivity above background levels (% “trapped”)

was calculated: % “trapped” radioactivity = 100[(RG2TK+) —
FFEAU (n =

(RG2)[/(RD2TK+) (C). Values are mean, = SD. FEAU (n = 5) and
3) data were obtained from same set of animals imaged on consecutive days (the available FFEAU radio-

pharmaceutical was sufficient for only 3 animals); FIAU* data profile (2) is provided for reference.

['**IJFIAU radioactivity levels at 45 and 125 min were 1.27% =
0.25% and 1.30% = 0.23% dose/cm?, respectively (2). In
contrast, the corresponding 2-h values in wild-type RG2
tumors were low: 0.28% =+ 0.07%, 0.19% *+ 0.01%, and
0.31% = 0.05% dose/cm? for the 3 probes, respectively.
Radioactivity clearance from wild-type RG2 tumors was
exponential for all 3 nucleosides. The clearance half-time
(t12) of ['8FIFEAU from RG2 tumors was 126 *= 7 min
(SEE); for ['8F]FFEAU, the clearance half-time was 149 =

CoMPARISON OF PROBES FOR IMAGING HSV1-Tk ¢ Miyagawa et al.

9 min (Supplemental Table 1). FIAU clearance from RG2
tumors was exponential but was slightly slower (t;, = 211 =
3 min) than that of FEAU and FFEAU.

The transduced tumor—to-wild-type tumor activity ra-
tio was time-dependent and increased linearly for both
FEAU and FFEAU over the 120-min imaging period (Fig.
5B). The percent radioactivity above background levels
(% “trapped”) in RG2TK+ tumors increased rapidly but
required approximately 50 min to reach 80% of the total
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measured value for both FEAU and FFEAU and >120 min
for FIAU (Fig. 5C).

The uptake and clearance profiles of ['8F]JFEAU- and
['8F]FFEAU-derived radioactivity in various organ structures
were obtained from the dynamic PET data (Supplemen-
tal Fig. 2). The half-times for ['®F]JFEAU and ['®F]FFEAU
clearance were similar (~2 h) in most organs, except for
more rapid renal clearance, (t;, = ~55 min). Bladder ra-
dioactivity increased from ~2% to ~20% dose/cm?> over the
120-min experimental period for both FEAU and FFEAU.
See Supplemental Table 1 clearance data.

DISCUSSION

The objective of this study was to compare several
different radiolabeled thymidine and acycloguanosine ana-
logs as potentially better probes for imaging HSV1-tk
expression. The RG2 rat glioma and transduced RG2TK+
cell lines were chosen for these experiments, as our initial
studies were performed with these cell lines (/), and HSV1-
tk expression in the RG2TK+ cell line has remained stable
since that time (Fig. 1). These cell lines provide a consis-
tent in vitro assay system for measuring and comparing
HSV1-tk dependent accumulation of the different probes
using a standard cell-culture radiotracer uptake assay (7).

The in vitro accumulation data and the calculated sen-
sitivity and selectivity values (Table 3 and Fig. 3) indicated
that 2 pyrimidine nucleoside probes, ['8F]JFEAU and
['8F]FFEAU, had the best uptake characteristics and they
were selected for further dynamic imaging studies in an
established tumor animal model. These imaging results are
also comparable with previously reported findings (2), as
the same animal model bearing RG2TK+ and RG2 tumors
and the same PET scanner were used in generating the
image data.

['®F]FEAU and ['8F]FFEAU yielded similar imaging
results and similar tissue uptake and clearance profiles. High
RG2TK +/RG2 radioactivity ratios, >10:1, were imaged by
90 min with both probes. The ratios for FEAU and FFEAU at
2hwere similar (12.2 = 1.4 and 11.3 = 1.7, respectively) and
were ~3-fold higher than comparable measurements ob-
tained with FIAU at2h (4.3 = 1.1; P < 0.0001), and they are
markedly higher than that measured with FHBG (2.3 = 0.6;
P < 0.0001) and FHPG (1.2 = 0.3; P < 0.0001) ((2) and
listed in Supplemental Table 2). It is important to note that the
RG2TK+/RG2 ratios were linearly increasing over the 120-
min period of imaging, indicating that the ratio is a time-
dependent value. It should also be noted that the RG2TK+/
RG?2 radioactivity ratio for ['>**IJFIAU at 24 h was consid-
erably higher, 65 * 21 (2), and demonstrates the advantage
of a late-imaging paradigm due to the retention of ['?*I|FIAU
in HSV1-tk—expressing tissue and the greater clearance of
['*I]FIAU from the body at 24 h compared with 2 h (2,23).

Background thoracic and abdominal activity was compar-
atively low; radioactivity clearance half-times from most
organs were approximately 2 h. The route of body clearance
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was predominantly renal; the highest levels of radioactivity
in the body were observed in kidney and bladder. Notably,
only low levels of radioactivity were found in liver and
intestine, and the stomach was not identifiable on the images.
This is in sharp contrast to the much higher levels that were
observed in liver and intestine with ['8F]JFHPG and
['8FJFHBG and in stomach with ['>*I]JFIAU (2). In contrast,
we and others have observed high intestinal (background)
activity after ['8F]JFEAU administration in mice (/1,14). The
reason for this difference in the level of ['8F]JFEAU intestinal
(background) activity in mice compared with that in rats is
currently being investigated. Others, however, have not
observed high ['®F]FEAU intestinal uptake in mice (13).

The octanol/water partition coefficient of FEAU is sim-
ilar to that of FIAU and is slightly higher than that of
FFEAU and TdR. The log P values indicate low lipid
solubility and suggest that these substrates will not cross
cerebral capillaries rapidly. This is consistent with the low
levels of FEAU and FFEAU radioactivity visualized in the
brain of these animals (Fig. 4A). Thus, FEAU and FFEAU
are not likely to be useful probes for imaging HSV1-tk
expression behind an intact blood-brain barrier.

The radiochemistry, both in synthesis time and yield, was
different for the 2 pyrimidine nucleosides. ['8F]JFFEAU was
synthesized using a straightforward, 2-step procedure in-
volving fluorination of the tresyl precursor, which was
followed by deprotection of the benzoyl groups and final
purification of the compound using HPLC. The time of
synthesis was about 90-120 min when conducted manually
(automation of the steps would shorten synthesis time).
However, radiochemical yields averaged ~0.2% (decay-
corrected), with radiochemical purity ranging from 91% to
98% (15). In contrast, the synthesis of ['3F]FEAU is a
multistep procedure (27). The total time of synthesis for
['8F]FEAU was approximately 180-220 min, with radio-
chemical yields of 10%-30% (decay-corrected), and radio-
chemical purity was >98%. Although the imaging
characteristics of HSV1-tk expression and biodistribution
of ['8F]FFEAU are similar to that of ['8F]FEAU, the superior
radiochemical yields of ['8F]JFEAU—in spite of the long,
complicated multistep synthesis—clearly favor FEAU over
FFEAU. It was our expectation that the simpler direct
radiosynthesis of ['8F]JFFEAU would lead to an imaging
agent that can be readily adapted to automated synthetic
modules for radiofluorination.

Since 2002, when we reported our comparisons between
['*I]FIAU, ['8F]FHBG, and ['8F]FHPG for imaging HSV 1-
tk expression in rats bearing RG2 and RG2TK+ tumors (2),
there have been several studies comparing the uptake of
different radiolabeled probes. They include comparisons
between radiolabeled pyrimidine nucleosides (FIAU. FEAU,
FMAU, FBrAU, and FFAU) (3,4,10-13,15,21-29) as well as
acycloguanosine nucleosides (FHBG, FHPG, and PCV)
(3,4,10,21,24) using different transduced cell lines express-
ing either HSV1-tk and HSV 1-tksr39. The sequential in vivo
imaging studies reported here demonstrated that FEAU and

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 49 ¢ No. 4 « April 2008


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

FFEAU accumulation (% injected dose/cm?) was high in
RG2TK+ tumors and low in RG2 tumors and in different
organs (Figs. 3 and 4). For a tracer with a 110-min half-life,
the clearance of radioactivity from nontransduced tissues
was rapid, and excretion was predominantly renal and con-
sistent with log P values ranging from —0.08 (FEAU) to
—0.3 (FFEAU) at pH 7.4 (Table 2). Our in vivo results were
also compared with other recent studies that assessed the
uptake of different pyrimidine and acycloguanosine radio-
tracers in different HSV1-tk and HSV1-tksr39 transduced
tumors (see the supplemental comparison of HSV1-rk and
HSV1-tksr39 imaging probes). In this comparison, FEAU
shows consistent high levels of accumulation in transduced
cells and tumors, with little or no accumulation in wild-type
cells and tumors. The picture is less consistent in a compar-
ison of the animal models. This may reflect differences in the
host animal (rnu/rnu rat vs. athymic nude mouse), radionu-
clide and site of labeling (e.g., ['®FIFEAU vs. [*H]FEAU), or
other factors (e.g., image region-of-interest measures vs.
tissue sampling and well counting).

It should also be noted that ['>*I]JFIAU has one distinct
advantage over the '8F-labeled substrates; the 4-d half-life
of this radionuclide provides the opportunity for late, high-
contrast imaging when background activity is low. The
RG2TK+/RG2 tumor radioactivity ratio obtained from tis-
sue sampling ex vivo measurements increased from 9-11 at
2 h to 65 at 24 h (2). It should also be noted that the
RG2TK+/RG2 tumor radioactivity ratio increased linearly
with time over the 2-h imaging session, indicating that any
presentation of results as a target-to-background ratio must
consider the time-dependent characteristic of such a ratio
(Fig. 5B) and that imaging at least 50 min after FEAU or
FFEAU injection is required to ensure at least 80% of mea-
sured radioactivity represents trapped, non-background radio-
activity (Fig. 5C).

Although these results highlight the advantages of
['?*I]FIAU and late imaging involving a constitutively ex-
pressed HSV1-tk reporter system, concern has been raised
about the ability of HSV1-tk reporter systems to image
transcriptional gene regulation involving inducible pro-
moters that require multiple, sequential imaging studies.
The issue of HSV1-TK enzyme stability in living cells was
investigated recently and compared with that of firefly
luciferase (30). Dynamic gene expression studies in trans-
duced sarcoma cells showed that the luciferase gene was a
better reporter gene for monitoring short, dynamic transcrip-
tional events (enzyme t;,, ~2-3 h (31,32)), whereas HSV1-
TK protein was shown to have a half-life of about 35 h (30).
Although the long half-life of HSV1-TK reporter protein
may be a problem for monitoring rapidly changing biologic
processes with inducible promoters coupled to HSV 1-k, this
issue is much less important in the use of constitutive
promoters coupled to HSV1-tk reporters in cell-tracking
studies.

We previously discussed a major problem in comparing
different radiolabeled pyrimidine nucleoside and guanosine-
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based probes (2). Namely, there is no reference to the amount
of HSV 1-tk gene product or enzyme present in the transduced
cells or tumors. Most studies report only a comparison
between transduced and wild-type cells or tumors and pres-
ent no independent measure of HSV1-TK enzyme activity in
the transduced cell line or tumor that is used to test efficacy.
Because the level of HSV1-TK enzyme expression is likely to
vary in different transduced cells and tissues reported in the
literature, it is not possible to rigorously compare the results
reported in many of these studies.

We have addressed this issue differently by comparing
different probes in single transduced and wild-type cell lines,
RG2TK+ and RG2, which have maintained a stable level of
HSV1-tk expression over 13 y (Figs. 1A and 1B) and have
maintained similar levels of sensitivity (ICsq) to an antiviral
drug, GCV (Fig. 1C). Thus, the comparisons between differ-
ent radiolabeled thymidine and acycloguanosine analogs
reported here (Table 3 and Supplemental Table 2) are con-
sidered to be reliable comparisons, even though they were
performed over different periods of time. In addition, multi-
labeling of ['®F]FEAU and ['8F]FFEAU were performed
along with ["*C]FIAU and [*H]TdR, which provided direct
paired comparisons (Fig. 2), and the same cohort of tumor-
bearing animals was imaged with ['8F]JFEAU and
['8F]FFEAU on consecutive days.

CONCLUSION

['8F]JFEAU will have an important role to play in
HSV1-tk reporter gene imaging in the future. On the basis
of radiosynthetic yield, our in vitro and in vivo results and
those of others, ['8F]FEAU is currently the best '8F-radio-
pharmaceutical for imaging HSV1-tk expression. It remains
to be determined if this is also the case for HSV1-rksr39.
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