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Abstract

As one of the most intensively studied probes for imaging of the cellular proliferation, [18F]FLT was investigated whether the targeting
specificity of thymidine kinase 1 (TK1) dependency could be enhanced through a synergistic effect mediated by herpes simplex type 1 virus
(HSV1) tk gene in terms of the TK1 or TK2 expression. 5-[123I]Iodo arabinosyl uridine ([123I]IaraU) was prepared in a radiochemical yield
of 8% and specific activity of 21 GBq/μmol, respectively. Inhibition of the cellular uptake of these two tracers was compared by using the
arabinosyl uridine analogs such as 5-iodo, 5-fluoro and 5-(E)-iodovinyl arabinosyl uridine along with 2′-fluoro-5-iodo arabinosyl uridine
(FIAU). Due to potential instability of the iodo group, accumulation index of 1.6 for [123I]IaraU by HSV1-TK vs. control cells could virtually
be achieved at 1.5 h, but dropped to 0.2 compared to 2.0 for [18F]FLT at 5 h. The results from competitive inhibition by these nucleosides
against the accumulation of [18F]FLT implied that FLT exerted a mixed TK1- and TK2-dependent inhibition with HSV1-tk gene transfection
because of the shifting of thymidine kinase status. Taken together, the combination of [18F]FLT and HSV1-TK provides a synergistic
imaging potency.
© 2012 Elsevier Inc. All rights reserved.
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Imaging of reporter-gene expression and cellular prolif-
eration represent two categories of application of radiola-
beled nucleosides in nuclear medicine. For example, the
former employs herpes virus type 1 thymidine kinase
(HSV1-tk) to coexpress the target gene and use thymidine
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analogs such as [124I]FIAU [1] or [18F]FIAU [2] to
determine the location, duration and extent of expression
of the target gene in vivo with positron emission tomography
(PET) (Fig. 1) [3–5]. Whereas nucleoside analogs such as
purine [6,7] and pyrimidine [8] nucleoside analogs could be
used for imaging HSV1-tk expression, cellular proliferation
is mainly imaged by pyrimidine nucleosides especially
thymidine analogs [9]. Radiothymidine analogs such as
[18F]FLT could be used to detect the extent of in vivo
expression of host TK-1, an enzyme signifying cellular
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Fig. 1. Pyrimidine nucleoside analogs for imaging reporter gene expression and cell proliferation.
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proliferation [10–12]. The representative nucleosides for
imaging HSV-1 TK such as FIAU [13,14], FEAU [2] and
FFEAU [2] are derivatized from the epimer of 2-OH on the
ribose moieties. On the other hand, FLT is derivatized from
the epimer of 3-OH on the deoxyribose moieties.

The previous study for the four arabinosyl pyrimidine
nucleosides 1–4 [15,16] showed marginal cytotoxic indices
between the mutant HSV-1tkSR39 Tramp C-1 cells and
control cells [17]. Since cytotoxicities of these arabinosyl
nucleosides are not always correlated to their imaging
potency [18], an extensive study for their cellular uptake is
needed. Furthermore, a recent report indicated that the most
appropriate substrate for SR39 TK would be purine
nucleoside analogs rather than pyrimidine nucleoside
analogs [13]. It is perceivable that for imaging cell
proliferation, [18F]FLT was working as a terminator of the
growing DNA chain [19,20], whereas the 2′-analog such as
FIAU was accumulated in the cell through the phosphory-
lation by cytosolic kinase followed by incorporation into
DNA [18].

TK1 and TK2 are the members of the four human deoxy
nucleoside kinases (dNKs) and are characterized by their
location on the cytosol and mitochondria, respectively [21].
Although the phosphorylation of [18F]FLT was believed to
be mediated by TK1, its 3′ analog such as AZT could induce
the mitochondrial toxicity on patients after a long-term
treatment [22]. The other type of nucleoside, e.g., 2′-
arabinosyl thymidine (AraT), is believed to be phosphory-
lated by TK2 [22,23]. TK2 is probably the least studied
enzyme. Due to the difficulty in direct evaluation of TK2
inhibitors using cell culture, efficient biological assays for
TK2 inhibitors have not been developed yet, except in an
indirect way. One of the present methods is based on the 3-D
structural similarities between TK2 and HSV1-TK [22] or
sequential similarities between TK2 and Dm-dNK [24].
Some unparalleled characteristics arising from these assay
methods could be exemplified by the comparison of AraT
and BvAraU (Table 1) [22].

As shown in Table 1, whereas AraT is a HSV1-TK
substrate, it is not a significant TK2 inhibitor. Furthermore,
the 5-halovinyl moieties of BVAraU could modify the
affinity for both TK2 and HSV1-TK. By summarizing the
above arguments, two aspects need to be addressed: (1) [18F]
FLT is a substrate for cytosolic TK1, but the mitochondrial
toxicity is strongly related to TK2 regulated pathway. (2) The
current assay of TK2 inhibitors established by expression of
HSV1-TK was not a direct protocol and the substrate of
HSV1-TK, e.g., AraT, is not a potent TK2 inhibitor. Thus, the
interplays between TK1 and TK2 might be better understood
by comparing both the TK1 and TK2 inhibitors using the
HSV1-TK system. More specifically, two issues are raised.
First, whether the targeting specificity of TK1-depedent
[18F]FLT could be enhanced through a synergistic effect
mediated by HSV1-TK in terms of the TK1 or TK2
expression. Second, the current model might be helpful in
unraveling the origin of mitochondrial toxicity after long-
term treatment with AZT and related antiviral agents.

Thus, the present study was aimed to prepare these
arabinosyl uridine analogs 1, 2 and 4 to assess their
cytotoxicities and, additionally, their competitive potencies
against the radioactivity uptake of [18F]FLT and [123I]IaraU
by HSV1-TK [19], SR39 TK [17] and control cells. By using
these traditional TK2 inhibitors and the TK1 substrate, the
catalytic profiles of HSV1-TK could be examined. Further-
more, the 5-substituted analog, e.g., 5-iodovinyl araU, which
was recognized as the TK2- inhibitor, can be used as a TK2
control in this study.

Preparation of [123I]IaraU was according to the usual
protocol for iodo destannylation as described previously
T
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Fig. 2. HPLC chromatogram for purified [123I]IaraU, fractionated from the
crude iodinated product through HPLC. AUFS equivalent to millivolt was
used by the common UV detector.

ig. 4. Comparison of the uptake of 18F-FLT in cultured NG4TL4,
G4TL4-TK and SR39TK cells. *Pb.05 as compared with NG4TL4-TK.
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[15]. Radiochemical yield and the specific activity (SA) were
obtained in 8% and 21 GBq/μmol, respectively. The
satisfactory specific activity was attributed to HPLC
purification under reverse-phase condition (Fig. 2). The
preparation of [18F]FLT followed the protocol as reported by
Nandy and Rajan [25]. Nucleophilic radiofluorination was
done by using the precursor 3-Boc-3′-nosyl-5′-tritylthymi-
dine rather than 3,3′-anhydronucleoside analogs, since the
former could generate [18F]FLT in higher yield in our hands.
Purification was accomplished through a set of cartridges
composed of Al2O3 and RP-18. The purification using
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100A 5 μm. The eluting condition was set with pure H2O for the first 1 min,
then isocratically to a ratio of 30% EtOH at 11 min and kept the ratio until 20
min. It was followed by a gradient to pureH2O at 25min and kept the condition
until 35 min, switching to 50%CH3CN for the next 10 min (until 45 min). For
clarity, HPLC chromatogram between 20 and 40 min was not shown here.
Flow rate=1 ml/min, tR=11.02 min (thymine), tR=14.81 min ([18F]FLT).
F
N

cartridge settings was satisfactory unless the UV active peak
was small (tR=11.8 min) (Fig. 3). The compound was later
confirmed as thymine. The final concentration of thymine in
the cell culture of each well of microtiter plate after addition
of the mixture of [18F]FLT was 0.32 μM, which is less than
the known extracellular concentration level of 2.4 μM [26].
Furthermore, the free thymine base salvage was mainly
metabolized to its nucleotide form, thymidine monopho-
sphate [27,28], which might not disturb current nucleoside-
based competition assay. Also, during the assay, the control
cells (murine fibrosarcoma NG4TL4) were included
throughout the entire procedure. The SA of [18F]FLT (N20
GBq/μmol, i.e., 540 mCi/μmol) was calculated from radio-
HPLC by ignoring the effect of thymine. Radiochemical
purity has reached 98%.

The experimental results showed a greater uptake level of
[18F]FLT by HSV-1-tk-expressing NG4TL4 cells (NG4TL4-
TK) than that by the control cells (NG4TL4) (Fig. 4). In
contrast, no significant radioactivity was accumulated in
mutant gene sr39tk transfected NG4TL4 cells (NG4TL4-
SR39TK) (Fig. 1 in supporting information). Miyagawa
et al. [2] reported a selectivity of 0.5 when conducting a
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Fig. 6. Competitive inhibition against the accumulation of [18F]FLT in
NG4TL4-TK (solid) and NG4TL4 cells (control) by nucleoside analogs unde
concentration of 1 μM. Intensity was normalized against the cells withou
treatment of inhibitor. IaraU, FaraU and FLT: Pb.05. IVaraU: P=.11.

Table 2
Comparison of cytotoxicity and accumulation of the nucleoside analogs

Cytotoxicity

IC50 (M) Selectiv
IC50TKTK+ TK−

FLT NA NA NA
FIAU NA NA 105a

IaraU 10−6 10−4 100
FaraU 10−7 10−6 10
IVaraU 1 N10−4 b1
GCV 5×10−8 N10−4 N2000

a Data were taken from Morin et al. [18] (KBALB/KBALB-STK).
b IP indicates inhibition percentage.
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similar evaluation of the uptake level of [14C]FLT by nKi
(RG2TK+) and by nKi (RG2) cells. Since the SA of
[14C]FLT is 2.4 GBq/mmol, which is about at least
10,000-fold smaller than that of [18F]FLT, the accumulation
level may be significantly hampered. Cho et al. [29] pointed
out the impact of the SA of [76Br]FBAU on the
accumulation level during their study of imaging of the
HSV1-tk gene expression. Correction to the HSV1-tk gene
expression level, however, is needed for better understanding
of the distinctions between [18F]FLT and [14C]FLT.

As shown in Fig. 5, the accumulation level of [18F]FLT
was more prominent than that of [123I]IaraU. As shown in
Fig. 5, the accumulation level of [18F]FLT in NG4TL4-TK
cells was more prominent than that of [123I]IaraU. A pro-
bable reason to the poor cellular uptake rate of [123I]IaraU 2
might be due to the low lipophilicity (log P=−1.69) [30].
The log P value is even lower than that of FIAU (log P=
−.14) and IUDR (log P=−.89) [18]. Although the accumu-
lation index of [123I]IaraU at the first 1 h was insignificant, a
relatively higher index was obtained between 1 and 3 h.
Interestingly, a similar pattern was also observed for
[18F]FLT. This might be due to their similar phosphorylation
profile by HSV-1 TK as explained by a pre-equilibrium of
radiotracer before 1 h and a steady uptake of radiotracer (1–
3 h). However, after 3 h, in contrast to the decreasing index of
ity ind
−/IC50T
[123I]IaraU, a steady increasing accumulation index of
[18F]FLT in NG4TL4-TK cells was found [20]. The lack
of the corresponding phosphorylation of the metabolite of
[123I]IaraU might lead to a final equilibrium through
dephosphorylation followed by escaping from the cell.
Another possibility may be due to the relative labile iodo
group which might have been enzymatically replaced. The
following competition experiment employing various
concentrations of arabinosyl nucleoside analogs to block
the radioactivity uptake of [18F]FLT by NG4TL4-TK and
control cells has been performed (Fig. 2 in supporting
information) and competition at 1 μM is compared in
Fig. 6. The prominent inhibition selectivity of [18F]FLT by
FLT (2.4-fold) shows a significant expression of TK1 as
well as of TK2 by HSV-1 TK cells (Table 2). This could
be also seen from the cellular uptake pattern of [18F]FLT
in Fig. 4. FaraU and IaraU both show a similar competitive
inhibition index (1.75 vs. 1.85), suggesting a reasonable
expression of TK2 by HSV1-TK cells. A relative small
index of 1.43 of FIAU might reflect its preferential TK1-
depedent catalysis pathway. The accumulative index of
IVaraU was less than 1, which is totally different from the
above arabinosyl analogs. IVaraU is believed to be a TK2
substrate and this result may contradict the assumption of
expression of TK2 through HSV1-TK as inferred from the
above inhibition results. Thus, the thymidine kinase status
might have been changed during HSV1-TK conditions.

From the aspects for the structural difference between
IaraU and FIAU, the intramolecular hydrogen bonding might
address this observation in a blocking test (Fig. 7). The main
structural difference between FIAU and IaraU is that, not like
fluorine, which acts solely as a hydrogen bond acceptor, OH
can act additionally as a hydrogen bond donor. Thus, the
syn- rather than the anti- conformation favored by IaraU
might enhance the differential recognition level by HSV1-
TK and control cells and thereby resulting in a differential
block to the radioactivity uptake level. Whereas marked
selectivity was observed for IaraU when using [18F]FLT as
tracer, no comparable selectivity was observed in the case of
[123I]IaraU (Figs. 3–5 in supporting information). The low
retention level of the radioactivity might be due to the
instability of the iodo group as described before. Therefore,
Competitive inhibition (1μM)against the uptake of 18F-FLT

ex
K+

% remained Selectivity index
IPTK

− /IPTK
+ b

TK+ TK−

33 80 2.40
61 88 1.43
73 136 1.85
69 122 1.75
98 84 0.85
94 96 1.02
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the blocking efficiency by these compounds tested did not
appear in a concentration-dependent pattern.

The current results indicate that the TK1-specific inhibitor
FLTwas likely to be the substrate of TK2 under the HSV1-TK
transfected conditions. However, the TK2 inhibitor, IVaraU,
did not show the corresponding inhibition to HSV1-TK. This
might be understandable by the fact that virtually there is only
50% sequence similarity between TK2 and HSV1-TK. IaraU
acts as both a TK1 and a TK2 inhibitor resembling that of FLT
under the HSV1-TK transfected conditions. HSV-1 TK could
enhance the accumulative selectivity of [18F]FLT and thus be
helpful for imaging application. The dual roles of TK1 and
TK2 inhibitors played by FLT and IaraU as well as by FaraU
through HSV1-TK activation might imply that the mitochon-
drial toxicity of AZT could be due to the changed thymidine
kinase status after prolonged treatment.

In brief, [18F]FLT exhibits a preferential accumulation in
HSV1-TK transfected cells compared with that of the
controlled cells implying a synergistic imaging potency.
Whereas [123I]IaraU is not an appropriate radiotracer for
imaging HSV1-TK at the current status, the nonradioactive
IaraU that is exerting marked selectivity in blocking of the
uptake of [18F]FLT warrants further study. In addition, the
present data indicate that the function between TK1 and TK2
has broadened by the shifting of thymidine kinase status via
the HSV1-TK transfected condition.
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