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Abstract. The sodium/iodide symporter (NIS) has been
recognized as an attractive target for radioiodine-mediat-
ed cancer gene therapy. In this study we investigated the
role of human NIS for cellular uptake of the high LET α-
emitter astatine-211 (211At) in comparison with radioio-
dine as a potential radionuclide for future applications. A
mammalian NIS expression vector was constructed and
used to generate six stable NIS-expressing cancer cell
lines (three derived from thyroid carcinoma, two from co-
lon carcinoma, one from glioblastoma). Compared with
the respective control cell lines, steady state radionuclide
uptake of NIS-expressing cell lines increased up to 350-
fold for iodine-123 (123I), 340-fold for technetium-99m
pertechnetate (99mTcO4

–) and 60-fold for 211At. Cellular
211At accumulation was found to be dependent on extra-
cellular Na+ ions and displayed a similar sensitivity to-
wards sodium perchlorate inhibition as radioiodide and
99mTcO4

– uptake. Heterologous competition with unla-
belled NaI decreased NIS-mediated 211At uptake to levels
of NIS-negative control cells. Following uptake both ra-
dioiodide and 211At were rapidly (apparent t1/2 3–15 min)
released by the cells as determined by wash-out experi-
ments. Data of scintigraphic tumour imaging in a xeno-
graft nude mice model of transplanted NIS-modified thy-
roid cells indicated that radionuclide uptake in NIS-ex-
pressing tumours was up to 70 times (123I), 25 times
(99mTcO4

–) and 10 times (211At) higher than in control tu-
mours or normal tissues except stomach (3–5 times) and
thyroid gland (5–10 times). Thirty-four percent and 14%
of the administered activity of 123I and 211At, respectively,
was found in NIS tumours by region of interest analysis
(n=2). Compared with cell culture experiments, the effec-
tive half-life in vivo was greatly prolonged (6.5 h for 123I,

5.2 h for 211At) and preliminary dosimetric calculations
indicate high tumour absorbed doses (3.5 Gy/MBqtumour
for 131I and 50.3 Gy/MBqtumour for 211At). In conclusion,
NIS-expressing tumour cell lines of different origin dis-
played specific radionuclide uptake in vitro and in vivo.
We provide first direct evidence that the high-energy α-
emitter 211At is efficiently transported by NIS. Applica-
tion of 211At may direct higher radiation doses to experi-
mental tumours than those calculated for 131I. Thus, 211At
may represent a promising alternative radionuclide for fu-
ture NIS-based tumour therapy.
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Introduction

Active transport and organification of iodide in the thy-
roid form the physiological basis for radioiodine therapy
of differentiated thyroid carcinomas and their metastases
[1]. Driven by the energy of the transmembrane Na+ gra-
dient, iodide is actively transported across the basolateral
plasmamembrane of thyrocytes together with Na+ ions
by the sodium/iodide symporter (NIS), which has been
cloned recently in rat, man and mouse [2, 3, 4, 5]. Medi-
ated by an apical anion transporter, iodide enters the lu-
men of the thyroid follicle, where it is organified in the
course of thyroid hormone biosynthesis by subsequent
oxidation and transfer onto tyrosyl residues of thyroglob-
ulin (TG) catalysed by thyroid peroxidase (TPO) (for re-
views see [6, 7]). Besides the thyroid as the main organ
in which NIS is expressed at high levels, several other
tissues have been found to contain NIS mRNA or protein
as well, including salivary gland, gastric mucosa, lactat-
ing breast and kidney [8, 9, 10, 11]. In principle, such
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and Superscript RT II according to the manufacturer’s protocol
(Gibco Life Technologies). Two overlapping 1-kb cDNA frag-
ments representing either the 5′-half or the 3′-half of the complete
human NIS coding region were amplified from the cDNA tem-
plate by PCR using Pfu DNA-Polymerase (Stratagene, Amster-
dam, The Netherlands) with respective primer combinations
347F/1367R and 1342F/2370R (primer sequences: 347F: 5′-CAT-
GGACGCCGTGGAGACCGG-3′; 1367R: 5′-GGGGACTCCAG-
GCAGATCTTCG-3′; 1342F: 5′-TCTTCGAAGATCTGCCTGGA-
GTCC-3′; 2370R: 5′-AATCAGAGCCCAAGGCCATGG-3′) and
PCR conditions as follows: 4 min 94°C pre-denaturation; 35 cy-
cles each of 1 min 94°C denaturation, 20 s 62°C annealing,
2.5 min 72°C extension; 10 min 72°C final extension. Both ampli-
fied fragments were subcloned in the vector pCR-Blunt (Invitro-
gen, Leek, The Netherlands). The nucleotide sequences of recom-
binant plasmids were determined using the Thermo sequenase ra-
diolabelled terminator cycle sequencing kit (Amersham Life Sci-
ences, Freiburg, Germany). An NIS full-length clone was con-
structed by in-frame fusion of both halves using a unique BglII
site in the overlap of the fragments and subsequently the complete
coding region was subcloned in both orientations into the EcoRI
site of the pCIneo expression vector (Promega, Mannheim, Ger-
many). Plasmid DNA used for transfections was purified using a
commercial kit (Endo-free kit, Qiagen, Hilgen, Germany).

Cell culture and generation of human NIS-expressing cell lines.
Human cell lines were obtained from ECACC (Salesbury, UK)
and DSMZ (Braunschweig, Germany) and included the papillary
thyroid carcinoma cell lines B-CPAP (DSMZ no. ACC273) and
K1 (ECACC no. 92030501), the undifferentiated thyroid carcino-
ma cell line 8505-C (DSMZ no. ACC219), the colon adenocarci-
noma cell lines SW480 (DSMZ no. ACC313) and CACO-2
(DSMZ no. ACC169) and the glioblastoma cell line DBTRG-
05MG (DSMZ no. ACC359). Cell lines were maintained in tissue
culture plates at 37°C in a humidified atmosphere with 5% CO2
using recommended growth media [RPMI1640 for B-CPAP, 8505-
C, SW480, DBTRG-05MG; DMEM/HamF12/MCDB104 (2:1:1)
plus 2 mM glutamine for K1; MEM for CACO-2] and supplemen-
tation (10% FBS, 100 IU/ml penicillin; 100 µg/ml streptomycin).
Cells (1×106) were plated in 10-cm plates 1 day before transfec-
tion. Three micrograms of purified pCIneo vector DNA or pCI-
neo-NIS DNA was transfected using Fugene 6 (Roche Diagnos-
tics, Mannheim, Germany) according to the manufacturer’s proto-
col. Forty-eight hours post transfection, antibiotic selection was
started by addition of 500 µg/ml Geneticin (G418, Calbiochem).
Surviving colonies were isolated by cloning cylinders after 
4–8 weeks’ growth, expanded and screened for NaClO4-sensitive
Na125I uptake capacity. Five to 25 NIS cell clones were expanded
for each cell line along with three to five pCIneo-cell clones; with
some of them a secondary subcloning step was performed by lim-
iting dilution followed by a Na125I uptake screen. Resulting cell
lines with maximum Na125I uptake values were named K1-NIS, B-
CPAP-NIS, 8505-C-NIS, SW480-NIS, DBTRG-NIS, and CACO-
2-NIS, and used in combination with the respective parental (for
K1 and 8505-C) or stable pCIneo-transfected (for the rest of the
cell lines) control cell line in further experiments.

Analysis of mRNA by RT-PCR. Total RNA was prepared from cell
lines using a commercial kit (Qiagen, Hilgen, Germany) and quan-
titated spectrophotometrically. Using 2 µg RNA cDNA was pre-
pared by reverse transcription as described above. cDNA aliquots
equivalent to 100 ng RNA were subjected to PCR using Herculase
DNA polymerase (Stratagene, Amsterdam, The Netherlands) and
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tissues may be negatively affected by high-dose radioio-
dine therapy, but the differential radioiodine uptake of
most thyroid carcinomas and normal non-thyroid tissue
is in general sufficient to treat even extensive disease
with tolerable side-effects [1, 12].

As down-regulated or mis-targeted NIS expression is
commonly found in thyroid carcinomas and frequently cor-
relates with tumour dedifferentiation and with loss of ra-
dioiodine uptake capacity, NIS represents a key protein for
thyroid cancer therapy and diagnosis [3, 13, 14, 15, 16, 17,
18]. Even though most underlying mechanisms are largely
unknown, studies so far indicate that decreased NIS gene
expression in thyroid cancer progression is not related to
irreversible mutational inactivation but to dysregulation or
epigenetic mechanisms, including aberrant NIS promoter
hypermethylation, which might form the basis for rediffer-
entiation therapy strategies [19, 20, 21, 22, 23, 24].

Since the radioiodine therapy regimen is well defined
and widely established, it has been recognized that the
NIS gene is an attractive target for general radioiodine-
mediated cancer gene therapy. One basic requirement for
this hypothetical transfer of radioiodine therapy with sim-
ple molecules (i.e. Na131I) to non-thyroid tumours is that
tumour cells must be genetically modified to express
NIS, as has already been demonstrated in a variety of re-
cent studies by viral or non-viral transfer of NIS expres-
sion vectors [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36]. Apart from problems concerning complete vector de-
livery and specific tumour targeting, radioiodine tumour
therapy might be hampered by the short effective half-life
of radioiodine in non-thyroid or dedifferentiated thyroid
tumour cells due to failing organification. Accordingly,
most studies report rapid radioiodine loss from transfec-
ted cells and intratumoural residence times insufficient to
deliver tumouricidal doses in vivo [26, 27, 28, 29, 30, 32,
35]. Therefore, the application of high-energy α-emitters
with a short physical half-life, such as the cyclotron prod-
uct astatine-211 (211At) might be more appropriate than
iodine-131 (131I) provided that modified tumour cells are
capable of transporting radioastatine. Although it is well
known from cell culture and animal experiments that
211At, most likely in the form of astatide, accumulates in
the thyroid like iodide and pertechnetate [37, 38, 39, 40],
no direct evidence currently exists that 211At is transport-
ed by NIS. In this study we investigated the uptake char-
acteristics of radioastatine in comparison with radioiodine
as well as pertechnetate in vitro and in vivo using NIS-
expressing cell lines representing different forms of can-
cer; in particular we aimed to determine the role of NIS
in intracellular accumulation and the differential radiation
doses to experimental tumours with these agents.

Materials and methods

Construction of an NIS expression vector. Human thyroid total
RNA was reverse transcribed into cDNA using oligo(dT) primers



Radionuclide uptake in vitro. Uptake experiments were performed
according to Weiss et al. [42] with minor modifications. In brief,
cells (105/well) were plated in triplicates in 24-well plates (Fal-
con) in their respective growth medium and 24 h or 48 h later the
cells were pre-incubated at 37°C for 30 min in 1 ml HEPES-buf-
fered Hank’s balanced salt solution (bHBSS) (137 mM NaCl,
5.4 mM KCl, 1.3 mM CaCl2, 0.4 mM MgSO4, 0.5 mM MgCl2,
0.4 mM Na2HPO4, 0.44 mM KH2PO4, 5.55 mM glucose, 10 mM
HEPES, pH7.3). Cells were incubated at 37°C with 1 ml bHBSS
containing 18.5–37.0 kBq/ml (0.5–1 µCi/ml) of 211At or
37.0–74 kBq/ml (1.0–2.0 µCi/ml) of 125I, 123I or 99mTcO4

– and with
additions of NaI or NaClO4 as given in the Results section. After
1 h or at the indicated times the medium was completely removed
and the cells were quickly washed twice with 1 ml of ice-cold
bHBSS. Cellular radioactivity was released with 1 ml of ice-cold
ethanol for 20 min and counted in a cross-calibrated gamma-coun-
ter. The protein content of three to six wells per cell line was de-
termined using a BCA assay kit (Pierce, Rockford, Ill., USA) fol-
lowing lysis of the residue in 0.1 M NaOH. For sodium-dependent
radionuclide uptake, NaCl concentrations in the incubation buffer
were varied by iso-osmotic substitution using choline chloride.

For efflux measurements, cells grown in 35-mm plates were
incubated with the indicated radionuclide for 1 h as described
above. Following medium removal and two rapid washes with ice-
cold bHBSS, cells were incubated with bHBSS at 37°C. The buff-
er was repeatedly replaced with bHBSS at various times up to
90 min, and the radioactivity of the removed medium was deter-
mined in the same counter as mentioned above. Finally, residual
radioactivity was extracted with ethanol and measured. The cellu-
lar uptake at the start of the efflux experiment calculated by sum-
mation of radioactivity in the media and in the cell extract was set
to 100%, and results were expressed as the fraction of remaining
cellular radioactivity for each time point.

All activity data were corrected for decay and normalized to
protein content. Data of in vitro experiments are from one repre-
sentative experiment out of one to three independent replications,
each performed in triplicate. Results are given as mean val-
ues±SD.

Xenotransplantation and radionuclide uptake in vivo. Animal ex-
periments were performed according to the German federal laws
relating to the conduct of animal experimentation and to the Insti-
tutional Animal Care and Use Committee guidelines of Medizini-
sche Hochschule Hannover. NMRI nu/nu nude mice were main-
tained under specific pathogen-free conditions with free access to
water and rodent chow. Thyroid blocking protocols were not used
at all. Xenotransplants derived from K1 were established in nude
mice aged 3–4 weeks by s.c. injection of 7.5×106 cells/0.3 ml
phosphate-buffered saline (K1-NIS: right flank; K1 wt: left flank).
Subcutaneous K1 and K1-NIS tumours were easily identified and
the tumour diameters were determined by using a calliper rule.
The tumour volume was estimated by using the formula: length
(mm) × width (mm) × height (mm) × 0.52 [31]. After 3–4 weeks
of tumour growth, maximum diameters of all tumours ranged be-
tween 10 and 12 mm. At this time in vivo studies were performed.
One, 3 and 24 h after i.p. injection of 2.0 MBq Na123I (day 1),
10.0 MBq 99mTcO4

– (day 2) or 0.4 MBq Na211At (day 4) the tu-
mour uptake of different radionuclides in vivo was evaluated by
using a ZLC370 gamma camera system (Siemens) with a LEAP
collimator. Animals were placed directly onto the collimator.
Higher amounts of Na123I and 99mTcO4

– compared with 211At were
used to achieve good image quality. No therapeutic or stunning ef-
fects of these gamma-emitters were expected. 211At was applied at
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NIS-specific primers 347F/1367R (see above) or β-actin-specific
primers (5′-ACACTGTGCCCATCTACGAGG-3′ and 5′-AG-
GGGCCGGACTCGTCATACT-3′). For NIS amplification, cy-
cling conditions were 3 min at 95°C for pre-denaturation; 40 cy-
cles of 30 s at 94°C for denaturation, 20 s at 62°C for annealing,
80 s at 72°C for extension followed by 10 min at 72°C for final
extension. The same PCR conditions except for 33 cycles and ex-
tension of 45 s at 72°C were applied for β-actin. PCR products
were resolved on agarose gels, stained with ethidium bromide and
visualized by UV illumination. Expected product sizes are
1,021 bp for NIS and 621 bp for β-actin.

Antibody generation and immunostaining. A polyclonal human
NIS-specific antibody was raised in rabbits using a NIS carboxy-
terminal peptide (amino acid sequence in one-letter code:
CVGHDGGRDQQETNL) conjugated to keyhole limpet haemocy-
anin. Peptide synthesis, coupling, immunization and antibody pu-
rification by affinity chromatography on a matrix of the peptide
coupled to Sepharose were performed by Biotrend KG (Koeln,
Germany). For immunohistochemistry, cells grown in four-well
chamber slides were fixed (10 min at room temperature; 4% p-
formaldehyde/PBS), permeabilized (10 min at room temperature;
0.1% Triton ×100/PBS), blocked (30 min at room temperature;
10% normal goat or donkey serum/PBS) and incubated for 2 h
with NIS-specific antibody (1:500 dilution in 1% normal donkey
serum/PBS). A Vectastain ABC peroxidase kit (Vector Laborato-
ries, Burlingame, Calif., USA) in combination with suitable bio-
tinylated secondary antibody was employed to detect bound pri-
mary antibody using 3-3′-diaminobenzidine (DAB) as chromogen
according to the manufacturer’s instructions. Following counter-
staining of cell nuclei with haematoxylin, slides were mounted
and photographed on a Zeiss Axiovert microscope equipped with
a Spot RT camera (Diagnostic Instruments, Inc., Sterling Heights,
USA). Negative controls included omission of primary antibody
and substitution with normal rabbit serum. NIS-transfected cells
and control cells were grown on the same chamber slide and were
processed in parallel as well. For control purposes a mouse mono-
clonal NIS antibody, hsNIS-FP5a [41], generously provided by 
Dr. J.C. Morris (Mayo Clinic, Rochester, Minn., USA), was used
at a 1:5,000 dilution in parallel stainings and gave the same re-
sults.

Radionuclides and 211At production. 123I and 125I as sodium iodide
solutions (no carrier added) were obtained from Amersham (Braun-
schweig, Germany). Technetium-99m pertechnetate (99mTcO4

–) was
eluted from a commercially available generator system (Elumatic
III, CIS, Berlin, Germany). For 211At production by the 209Bi(α,
2n)211At reaction, external natural bismuth metal targets were irra-
diated with 10 µA of 27.5 MeV α-particles (~25 MeV on target
due to energy losses in foils and He cooling) for 15 min in the de-
partment’s cyclotron (MC35, Scanditronix). The low on-target en-
ergy prevents formation of 210At and 210Po contaminants. 211At
was separated from the bismuth target by dry distillation at
850–930°C for 30–40 min, starting from room temperature, in a
customized apparatus and collected in 0.02 M Na2SO3. The proce-
dure was monitored online using a portable Geiger-Mueller coun-
ter. Radiochemical purity and quantitation were determined by
gamma-spectroscopy. 211At production details will be described
elsewhere. Radioactivity concentrations of 211At stock solutions
were 7–15 MBq/ml with distillation yields up to 80% of the initial
target activity, and were diluted at least 50-fold with bHBSS (see
below) before use.
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Fig. 1A, B. NIS expression in
cell lines. A K1, K1-NIS,
DBTRG-pCIneo and DBTRG-
NIS cells were immunostained
using a purified NIS-specific
rabbit antibody and visualized
by peroxidase reaction using
DAB as chromogen (brown
colour) followed by nuclear
counterstaining with haematox-
ylin (blue colour). B Equal
amounts of total RNA were re-
verse transcribed and subjected
to PCR with NIS-specific prim-
ers (upper panel, expected
product size 1,021 bp) or β-ac-
tin-specific primers (lower pan-
el, expected product size
621 bp). PCR products were
separated by agarose gel elec-
trophoresis and stained with
ethidium bromide. Lanes 2, 4,
6, 8, 10 and 12 correspond to
stable NIS-transfected cells K1,
B-CPAP, 8505-C, SW480,
CACO-2 and DBTRG, respec-
tively. Lanes 1, 3, 5, 7, 9 and
11 correspond to the respective
parental (K1 and 8505-C) or
pCIneo-transfected control cell
lines. In both parts of B, lane
13 includes negative controls
for PCR (no template added).
Figures on the left indicate the
size (in bp) of DNA markers
applied in Lanes M

Table 1. Human cell lines used
in this study Cell line Tumour origin Supplier/code Ref.

K1 Papillary thyroid carcinoma ECACC/92030501 [52]
B-CPAP Papillary thyroid carcinoma DSMZ/ACC273 [53]
8505-C Undifferentiated thyroid carcinoma DSMZ/ACC219 [54]
SW480 Colon adenocarcinoma DSMZ/ACC313 [55]
CACO-2 Colon adenocarcinoma DSMZ/ACC169 [56]
DBTRG-05MG Glioblastoma DSMZ/ACC359 [57]

the end to avoid possible damaging effects leading to interference
with Na123I/99mTcO4

– scintigraphy. Images were acquired with Mi-
cro Dot Imager (Siemens) within 5- to 10-min periods (in total
100,000 counts) at radionuclide-specific γ-energy peaks (159 keV
for 123I, 140 keV for 99mTc, 81 keV for 211At) using a window
width of 15%. For preliminary organ distribution analysis, three

adjacent circular regions of interest (ROIs) with a diameter of
5 mm were placed in the centre of the organ of interest in each an-
imal (n=3). The count data were background subtracted and con-
verted without recovery correction to K1-NIS tumour to non-tu-
mour ratios (i.e. ratio of average counts as mean±SD; n=3). No
correction methods for attenuation or scatter were applied because
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antibody, in contrast to K1 parental cells and stable pCI-
neo-transfected DBTRG cells (Fig. 1A). Similarly, all
NIS-transfected cell lines expressed high levels of NIS
mRNA, as judged from semiquantitative RT-PCR of
equal amounts of total RNA using NIS-specific primers
(Fig. 1B, upper panel), in contrast to the respective con-
trol cell lines. Parallel RT-PCR amplification of β-actin
mRNA served as a control for RNA integrity and ab-
sence of DNA contamination (Fig. 1B, lower panel), the
latter of which would have resulted in an additional band
in the β-actin PCR due to co-amplification of the small
intron-containing genomic DNA target. 

the animals were placed directly onto the collimator with a small
distance (<5 mm) between the collimator and the tumour.

Dosimetry. From the scintigraphy data obtained for 123I and 211At
at 1 h, 3 h and 24 h post injection, preliminary dosimetric calcula-
tions were performed according to the MIRD concept in K1-NIS
tumour-bearing nude mice (n=2). Data were background subtract-
ed and converted to activity values (MBq) by calibrating the gam-
ma camera system with defined activities. No corrections were
made for scatter, attenuation and recovery. Data were fitted to a
mono-exponential elimination function [y=A·e–Bt with A= maxi-
mum activity, B= effective elimination constant, y= retained activ-
ity (MBq), and t= time (h)] using a spreadsheet program. Effective
elimination constants were used to calculate the effective half
lives of 211At and 123I. The biological half-life (Tbiol) of 123I calcu-
lated from effective (Teff) and physical half-lives (Tphys) was used
to estimate the effective half-life of 131I (1/Teff=1/Tbiol+1/Tphys).
Maximum tumour activities were estimated at 3 h post injection.
Decay data in the MIRD format (National Nuclear Data Center at
Brookhaven National Laboratory, Upton, N.Y., USA), with inclu-
sion of α-, β-, and γ-particle, Auger electron and recoil (211At) ra-
diation, were used to calculate S values and the absorbed dose as
described by Junker and Fitschen [43]:

with D= mean absorbed dose value under assumption of homoge-
neous distribution in the tumour (Gy); F= unit conversion factor;
A= cumulated tumour activity (Bq·h); yi= yield of ith decay com-
ponent (Bq·s)–1; Ei= emission energy of ith decay component
(MeV); m= tumour mass (g).

Furthermore, tumour uptake (%) and tumour dose in Gy/MBq
were calculated for both radionuclides to estimate their potential
use for tumour cell kill.

Results

Human NIS cDNA was cloned in the pCIneo vector (cf.
Materials and methods section) to confer constitutive
NIS expression driven by the CMV promoter in recipient
cells. In previous pilot studies a panel of 14 different hu-
man cell lines representing eight different tumour tissues
(follicular and medullary thyroid, breast, colon, liver,
kidney, prostate and brain) was modified by transient
transfection with the expression construct, and NaClO4-
sensitive Na125I uptake was determined. Uptake was
found to be correlated with transfection efficiencies as
monitored by parallel reporter gene assays (T. Petrich
and E. Pötter, unpublished data). Out of this panel, six
cell lines (Table 1) were transfected with the NIS expres-
sion vector, subsequently selected by antibiotic resis-
tance and screened for NaClO4-sensitive Na125I uptake
capacity to identify stable NIS-expressing cell culture
models for further studies. To confirm NIS expression in
selected cell clones following expansion and growth, im-
munohistochemistry with a purified rabbit antibody
raised against a peptide located at the carboxy-terminal
end of NIS and mRNA analysis by RT-PCR was per-
formed. As shown for K1 and DBTRG, stable NIS-trans-
fected cells were intensely stained using the NIS-specific

Fig. 2A–C. Comparison of NIS-dependent radionuclide uptake.
Control cell lines and NIS-transfected cell lines were incubated for
1 h with 123I (A), 99mTcO4

– (B) or 211At (C) in the presence or ab-
sence of 150 µM NaClO4 (NIS-status and NaClO4 treatment are
indicated at the bottom of the figure by – and +). Cellular radioac-
tivity was released with ethanol, counted and normalized to pro-
tein content. Results are mean values±SD (n=3)
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Radionuclide uptake characteristics in vitro

Steady-state radionuclide uptake of stable NIS-express-
ing cell lines was compared with respective parental
cells or pCIneo transfectants in the absence or presence
of 150 µM NaClO4, an established competitive inhibitor
of NIS-mediated iodide transport (Fig. 2). To obtain sim-
ilar concentrations and radioactivities in these experi-
ments, no-carrier-added Na123I was used instead of
Na125I because its half-life (13.2 h) compares favourably
with that of 211At (7.2 h) and 99mTcO4

– (6.0 h). 211At was
applied directly (usually <2 h after cyclotron production)
and most probably in the form of Na211At in the incuba-
tion buffer. Following 1-h incubation and cellular extrac-
tion, significant uptake of all three radionuclides (Na123I,
99mTcO4

–, 211At) was obtained only in NIS-expressing

cells in the absence of the inhibitor. In contrast, parental
or pCIneo-transfected tumour cells did not accumulate
radioiodide or99mTcO4

–, but in all control cell lines the
211At uptake background was considerably higher and
displayed variability, making comparison of transport ca-
pacities in terms of absolute amounts difficult. Neverthe-
less, the amounts of radioiodide taken up in the NIS-
transfected cells after 1 h apparently exceeded those of
211At and 99mTcO4

–. The uptake values of the NIS-trans-
fected cells ranged between 40- and 350-fold, 40- and
340-fold and 5- and 60-fold of control cell levels for
Na123I, 99mTcO4

– and 211At, respectively. These results
and the similarity of the overall uptake patterns obtained
for the three radionuclides in six different NIS-express-
ing cell lines clearly indicate that 211At uptake is an NIS-
mediated process comparable to radioidide uptake. Fur-
ther evidence for the latter assumption is provided by the
sensitivity of the NIS-based uptake component towards
the established competitive inhibitor, NaClO4: as expect-
ed, Na123I and 99mTcO4

– accumulation was completely
(>98%) inhibited by 150 µM NaClO4 in each of the NIS
tumour cell lines used (Fig. 2A, B) and 211At uptake was
decreased to the respective control cell levels (Fig. 2C).
In addition, uptake of radioiodide and 211At showed
dose-dependent inhibition in K1-NIS and SW480-NIS
cells in experiments performed within the range of
1–1,000 µM NaClO4. Two to 5 µM NaClO4 decreased
the radioiodide and astatide uptake to 10%–20% and
30%–50%, respectively (data not shown).

The time courses of cellular radionuclide uptake and
release were studied in K1-NIS and DBTRG-NIS cells

Fig. 3. Time course of radionuclide uptake (A, B) and release (C,
D). NIS-expressing cell lines K1-NIS and DBTRG-NIS were in-
cubated with A 125I or B 211At in the presence or absence of
150 µM NaClO4 for various times (2.5–90 min). Cellular radioac-
tivity was solubilized with ethanol and normalized to protein con-
tent. Results of NaClO4 inhibition for each time point were sub-
tracted from the data to obtain NIS-specific uptake. Results are
mean values±SD (n=3). To study efflux, cells were preloaded for
1 h (t=0) with C 125I or D 211At, followed by repeated exchange of
bHBSS at various times over a period of 90 min. Cellular uptake
at t=0 calculated by summation of radioactivity in all media and
the final cell extract was set to 100%, and results were expressed
as fraction of radioactivity retained by the cells for each time
point. Results are mean values±SD (n=3)
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for Na125I and 211At (Fig. 3). To assess non-NIS-mediat-
ed binding in influx measurements, NIS-specific uptake
in parallel wells was blocked by addition of 150 µM
NaClO4 for all time points (2.5–90 min). This unspecific
binding was subtracted to obtain NIS-specific uptake
(Fig. 3A, B). Again 211At uptake in the presence of NaC-
lO4 was higher compared with near-to-complete inhibi-
tion of Na125I uptake. Following application, rapid accu-
mulation of both radionuclides in the two cell lines was
measured, reaching half-maximum after 5–10 min and a
plateau after ~30 min, indicative for balanced influx and
efflux (Fig. 3A, B). The parallel time course of radioio-
dine and astatine, therefore, implies similar transport ki-
netics. After pre-loading the cells with Na125I or 211At,
efflux was studied by repeated replacement of the incu-

bation buffer at various times over a total period of
90 min. Following determination of radioactivities of all
media and of the final cell extracts, the retained cellular
radioactivity was calculated for each time point. Accord-
ingly, under conditions limiting re-uptake a fast release
of both radionuclides was recorded with apparent t1/2 of
~10–15 min for Na125I (Fig. 3C) and of ~7–10 min for
211At (Fig. 3D). Whereas slightly different efflux curves
of 125I were obtained in K1-NIS, DBTRG-NIS (Fig. 3C)
and SW480-NIS cells (not shown), these were not obvi-
ous for 211At.

It is well known that NIS-dependent iodide uptake es-
sentially requires extracellular Na+ ions [2, 42, 44]. Us-
ing choline chloride as an iso-osmotic substitute for
NaCl, the concentration of Na+ ions was varied within a
range of 10–150 mM to determine the Na+ dependence
of radionuclide accumulation (Fig. 4). As shown for K1-
NIS and SW480-NIS cells, an approximately linear cor-
relation was found between extracellular concentration
of sodium and uptake of both radionuclides, 123I
(Fig. 4A) and 211At (Fig. 4B). Whereas radioiodide up-
take was completely abolished at the lowest NaCl con-
centration, the uptake of 211At was reduced to values of
only 20%–25%. This effect compares well with the non-
specific uptake of the control cells. Due to the lack of a
stable At isotope, no saturation kinetic data can be ob-

Fig. 4A, B. Na+ dependence of radionuclide accumulation. K1-
NIS and SW480-NIS cells were incubated with 123I (A) and 211At
(B) for 1 h at various extracellular Na+ concentrations (10–150 mM).
Cellular radioactivity was released with ethanol, counted and nor-
malized to protein content. Results were expressed as % of the
maximum uptake value obtained for each cell line and radionu-
clide. Results are mean values±SD (n=3)

Fig. 5A, B. Effect of NaI on radionuclide accumulation. K1-NIS
and DBTRG-NIS cells were incubated for 1 h with 125I (A) or
211At (B) with additions of unlabelled NaI and of 150 µM NaClO4
as indicated at the bottom of the figure. Cellular radioactivity was
released as described and normalized to protein content. Results
are mean values±SD (n=3)
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tained to characterize NIS-mediated 211At transport. In-
stead, the effect of NaI concentrations on 211At steady-
state uptake (1 h) was determined by means of heterolo-
gous competition. As shown for K1-NIS and DBTRG-
NIS cells in Fig. 5B, presence of NaI leads to decrease in
211At accumulation in cells in a concentration-dependent
manner, which at ~500 µM NaI equals that of cells inhib-
ited by 150 µM NaClO4 (Fig. 5B) or respective control
cells (data not shown). In addition, the pattern obtained
was quite similar to that in analogous experiments per-
formed with 125I, in which, however, NaI caused a great-
er decrease in steady-state 125I uptake (Fig. 5A). 

Radionuclide uptake and biodistribution in vivo

To evaluate radioiodine and astatine uptake in vivo, a
papillary thyroid carcinoma xenograft was established in
nude mice using parental K1 and K1-NIS cells trans-
planted into the left and the right flank, respectively. Af-
ter tumour growth for 3–4 weeks, scintigraphy was per-
formed with 2.0 MBq 123I, 10.0 MBq 99mTcO4

– and
0.4 MBq 211At 3 and 24 h after i.p. injection in the same
animal on different days (Fig. 6) without visible interme-
diate tumour growth during an imaging period of a maxi-
mum of 4 days. The K1-NIS-derived tumour displayed

radionuclide uptake at least one order of magnitude
greater than the control tumour (left flank) or most nor-
mal tissues as judged from biodistribution evaluated by
scintigraphy and ROI analysis (Fig. 7). In addition to
bladder uptake, significant physiological uptake was
found in the stomach and thyroid. The tumour to non-tu-
mour count ratios were lower after injection of 211At than

Fig. 6. Radionuclide uptake
and tumour imaging in vivo.
Scintigraphy of K1 and K1-
NIS tumour-bearing nude mice
with 2.0 MBq Na123I,
10.0 MBq 99mTcO4

– and
0.4 MBq free 211At at 3 h (up-
per panel) and 24 h (lower
panel) after intraperitoneal in-
jection in the same animal on
different days (ventral view;
RVL, right ventral left). Photon
energies of 159, 140 and
81 keV were used for scintigra-
phy of 123I, 99mTcO4

– and 211At,
respectively. Significant uptake
of radionuclides in NIS tumour
(NIS-Tu, right flank) was re-
vealed, whereas control tumour
(left flank) showed no uptake.
Physiological accumulation
was detected in thyroid (Thy),
stomach (Sto) and bladder
(Bla)

Fig. 7. Biodistribution. K1-NIS tumour to normal tissue (or to
control K1 tumour) ratios 3 h after intraperitoneal injection evalu-
ated by scintigraphy. High ratios were found in all regions, except
the stomach and the neck region which included the thyroid
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after injection of Na123I or 99mTcO4
–. To avoid higher

scatter effects, ROIs were placed in the centre of the or-
gan of interest with a minimum distance of 10 mm to hot
lesions (bladder and stomach). 

Dosimetry

Calculations were performed in two animals with tumour
volumes of 0.65 ml (mouse I) and 0.52 ml (mouse II) at
the time of radionuclide administration and scintigraphy
(Table 2). Preliminary dosimetric calculations (MIRD)
for intracellular uptake of radionuclides were obtained
assuming tumour characteristics of spherical form, den-
sity of 1 g/ml and homogeneous radionuclide distribu-
tion. Elimination functions were obtained by fitting ac-
quired time-activity curves for both 123I and 211At
[t=time (h), y= tumour activity (MBq)]. Biological half-
lives and Tmax (=3 h) in tumours of 211At and iodine iso-
topes did not show great differences. According to dif-
ferences in physical T1/2, effective half-lives of 131I were
longer than those of 211At (Table 2). Using 131I for calcu-
lations, the tumour-related dose factor was considerably
lower compared with 211At (3.49 and 3.54 Gy/MBq vs
47.34 and 53.33 Gy/MBq in mice I and II; Table 2).

Discussion

Efforts to use the NIS gene for experimental tumour
therapy by means of gene transfer coupled with conven-
tional radioiodine therapy have been given tremendous
impetus by its molecular identification just 5 years ago
[2]. This is reflected in the increasing number of related
studies, including this work, aimed at elucidating NIS-
mediated transport and evaluating alternative means of

cancer therapy [26, 27, 28, 29, 30, 31, 32, 33, 34, 35].
While basic problems inherent in somatic gene therapy
strategies, including safety and specific and complete
gene delivery to target cells, remain to be solved, several
reports indicate that transfer of expression constructs
carrying the NIS gene fused to strong promoters is suffi-
cient to restore iodide uptake in thyroid cell lines [26,
33, this work] or to induce de novo high iodide uptake
capacity in various non-thyroidal tumour cell lines, mak-
ing recipient cells sensitive to radioiodine therapy, at
least in vitro [26, 27, 29, 32, 34, this work]. Furthermore,
in the LNCaP prostate cancer model, tissue-specific and
androgen-inducible NIS expression has been achieved
using the prostate-specific antigen promoter [30], and tu-
mours of stable NIS-transfected LNCaP cells grown in
athymic nude mice have been successfully eradicated by
Na131I [31]. Although extraordinarily high activities
(111 MBq) were applied in the latter study, it provided
encouraging proof-of-principle data for effective NIS-
based therapy in a prostate-derived tumour model lack-
ing expression of thyroid-specific genes, i.e. TPO and
TG, as a prerequisite for iodide organification. Unfortu-
nately, most studies report rapid leakage of radioiodide
in NIS-modified cells following uptake, which, although
leading to cell kill in vitro, prevents therapeutically ef-
fective doses from being reached in vivo [26, 27, 29, 32,
34, 35].

In this study we explored an alternative route for NIS-
mediated strategies using the halide 211At. This is regard-
ed as a promising radionuclide for cell-targeted radio-
therapy owing to a combination of favourable properties,
including short half-life (7.2 h) and decay via a bi-
branch pathway emitting two α-particle types (6.8 MeV
mean energy), leading to deposition of high energy over
a short distance (55–88 µm mean tissue range). Several
211At-labelled compounds have been generated and char-

Table 2. Dosimetric calculation (MIRD) for 131I and 211At (Example of two K1-NIS tumour-bearing mice)

123I (131I) 211At

Mouse I Mouse II Mouse I Mouse II

Tumour volume (ml) 0.65 0.52 0.65 0.52
Elimination functiona y=0.4881e–0.1018t y=0.2254e–0.1142t y=0.0584e–0.1273t y=0.0731e–0.142t

Physical half-life (h) 13.2 (193) 13.2 (193) 7.2 7.2
Effective half-life (h) 6.8, (13.1c) 6.1, (10.7c) 5.4 4.9
Biological half-life (h) 14.0 11.3 21.6 15.3
Total applied activity (MBq) 0.670 1.130 0.643 0.619
Tumour activity (MBq)b 0.360 0.160 0.075 0.097
Tumour uptake (%)b 53.7 14.2 11.6 15.7
Tumour dose (Gy) 1.25c 0.57c 3.54 5.12
Dose factor (Gy/MBqtumour) 3.49c 3.54c 47.34 53.33
Dose factor (Gy/MBqtotal) 1.88c 0.50c 5.50 8.36

a t= time (h), y= tumour activity (MBq)
b Tmax=3 h after injection
c Calculation for 131I based on in vivo data of 123I



acterized for future prospective treatments, e.g. tumour-
directed monoclonal antibodies, meta-iodobenzylguanine
analogues, colloids and methylene blue [for reviews see
45, 46, 47].

We established six modified cell culture working
models for papillary (K1-NIS, B-CPAP-NIS) and ana-
plastic (8505-C-NIS) thyroid carcinoma, colon carcino-
ma (SW480-NIS, CACO-2-NIS) and glioblastoma
(DBTRG-NIS), which were proven to express human
NIS (Fig. 1) and accordingly accumulate radioiodide in
the range of ~40- to 350-fold compared with control
cells (Fig. 2), which is in general agreement with reports
on other cell lines invoking rat [2, 25, 26, 27, 28, 32] or
human [3, 29, 33, 34, 35, 36] NIS constructs.

Our data obtained in vitro provide sufficient direct ev-
idence that the NIS is capable of transporting 211At with
characteristics very similar to that of its physiological
substrate, iodide. This conclusion can clearly be drawn
when results are considered in combination (cf. Figs. 2,
3, 4, 5). These results can be briefly summarized as fol-
lows: The time courses of uptake and release were simi-
lar for 211At and radioiodide. NIS expression was accom-
panied by a 10- to 50-fold increase in 211At accumulation
compared with control cells, which could be abolished
by NaClO4, by decreasing the extracellular Na+ concen-
tration and by competition with iodide. Considering that
higher absolute amounts of radioiodide than of 211At
were applied (because of their different physical half-
lives) and that uptake is almost linearly correlated with
applied radioactivity in this range (data not shown), ra-
dioiodide and 211At uptake capacity are in the same order
of magnitude in NIS-expressing cells. On the other hand,
all NIS-negative control cells displayed varying levels of
non-NaClO4-sensitive 211At uptake throughout the study,
which were always found to be considerably higher than
in parallel studies using no-carrier-added forms of 123I,
125I and 99mTcO4

–. Therefore, quantification in absolute
terms appears questionable. This does not contradict one
of the main conclusions, i.e. NIS directly transports
211At, as shown in Figs. 2, 3, 4, 5 and 6, but may indicate
that alternative low-capacity 211At uptake pathways exist
in different cell types, e.g. via other carrier systems. Oth-
er explanations for the observed phenomena include un-
specific adsorption processes to the plasma membrane
lipid bilayer and to free plastic surfaces, which were oc-
casionally detected and could be decreased by pre-coat-
ing with serum, but were in general difficult to control
owing to in-Lot and Lot-to-Lot variations (data not
shown). Moreover, in solutions at near-to-neutral pH, as
used here, 211At can adopt different chemical forms that,
apart from astatide, may include monovalent oxyanions
[see 48, and references therein]; these forms can be pre-
dicted to differ both in adsorption properties and, more
importantly, in NIS-mediated transport or binding char-
acteristics. Regarding NIS-based transport, given NIS’
broad substrate selectivity it is tempting to speculate that
a similar situation may exist for 211At’s monovalent an-

ion species as is already known for other halides; for ex-
ample, I– and ClO3

– are better NIS substrates than IO4
–,

and ClO4
– binds but is not transported [7, 49, 50]. We

tried to account for these unknowns by including
Na2SO3 to keep 211At in a reduced state (i.e. astatide) fol-
lowing dry distillation. However, to more directly identi-
fy the species involved, adequate analytical methods not
available so far will have to be established and applied.

Our cell culture data are in agreement with results re-
cently published by Lindencrona et al. [40]. These au-
thors compared transport of 211At and radioiodide in pig
thyrocytes cultured in a bicameral system, which, in con-
trast to this work on monolayer cells, allowed bidirec-
tional transcellular fluxes to be studied in polarized cells
[40]. Even though NIS was not studied directly, equiva-
lent conclusions were derived concerning NIS-mediated
and NIS-independent 211At cellular transport routes, and
the study of Lindencrona et al. thus nicely complements
our own work in major respects.

Using K1 cells we established the first xenograft
athymic nude mouse model for papillary thyroid cancer
with and without NIS expression. Whereas cell culture
experiments showed high specificity of intracellular
transport by NIS for radioiodine, 211At and 99mTcO4

–, the
in vivo experiments suggest that there are significant dif-
ferences between these three agents, with 211At being
less selectively accumulated in K1-NIS-derived tumours
(Fig. 7). As already discussed, this may relate to alterna-
tive routes bypassing NIS-mediated 211At transport. The
pertinent data, however, concern the number of counts
within the respective ROIs. Due to the high energy of
photons emitted by 211At in addition to the 81-keV pho-
tons used for scintigraphy, an inferior point spread func-
tion may be assumed, but appropriate phantom studies
have not been performed. Yet, the ratios of count densi-
ties measured in tumour and non-tumour tissue ranged
between 5 and 10.

Apart from target selectivity, radiosensitivity of tu-
mours and the emission properties of the applied isotope,
radionuclide therapy is governed by two major factors
that decide the tumouricidal potential, namely the effec-
tiveness of intracellular transport and the mean intracel-
lular residence time, related to the physical half-life of
the radionuclide and its cellular retention. Regarding the
kinetics of radioiodine and 211At, cell culture experi-
ments showed similar efflux rates, with half-lives in the
range of 3–15 min depending on the cell line; this is in
agreement with previous reports obtained for radiodide
[26, 27, 28, 29, 33, 34, 35, 42]. The situation in vivo,
however, is apparently different, with biological half-
lives of about 13–18 h for both halides (Table 2), indicat-
ing that there is continuing re-uptake from blood that
compensates for cellular efflux, in contrast to the wash-
out conditions in vitro that limit re-uptake. Consequent-
ly, 3 h p.i., imaging still shows intense activity accumu-
lation by NIS tumours, which even after 24 h are posi-
tively contrasted (Fig. 6).
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The in vivo uptake of 123I by the NIS-derived tumours
observed in this study is higher than that reported by oth-
er investigators [35]. Differences may in part reflect the
presence of other proteins determining retention and ef-
flux, e.g. pendrin [51], which represent important phar-
macological targets to improve cellular retention. Ac-
cordingly, it can be assumed that, upon NIS modifica-
tion, certain tumour types retain radioiodine for longer
than others.

With the exception of the study by Spitzweg et al.
[31], previous reports have shown a short effective half-
life of 131I or low-energy doses in xenografts [26, 28, 32,
35]. By contrast, according to preliminary dosimetric
calculations, the radioiodine kinetics obtained in this
study in vivo would allow the treatment of NIS tumours
with Na131I. The calculation for 211At, however, results
in doses that are higher by a factor of 5 per administered
activity than for 131I. The consequences for tumour re-
mission, including possible side-effects on other organs,
will be investigated in further work.

It is concluded that 211At is efficiently transported by
NIS, that the retention time in experimental NIS-modi-
fied tumours in vivo is adequate in relation to the 7-h
half-life of the nuclide, and that tumouricidal doses
might be achieved. 211At, which shows kinetics in NIS-
transfected cells similar to those of radioiodine, may be
more appropriate for NIS-mediated tumour therapy than
131I.
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