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Abstract

The thyroidal sodium iodide symporter (NIS) in combination with various radioactive isotopes has shown promise as a thera-
peutic gene in various tumor models. Therapy depends on adequate retention of the isotope in the tumor. We hypothesized that in
the absence of iodide organification, isotope trapping is a dynamic process either due to slow efflux or re-uptake of the isotope by
cells expressing NIS. Todide efflux is slower in ARH-77 and K-562 cells expressing NIS compared to a thyroid cell line. Isotope
retention half times varied linearly with the number of cells expressing NIS. With sufficient NIS expression, iodide efflux is a
zero-order process. Efflux kinetics in the presence or absence of perchlorate also supports the hypothesis that iodide re-uptake
occurs and contributes to the retention of the isotope in tumor cells. lodide organification was insignificant. In vivo studies in tumors

composed of mixed cell populations confirmed these observations.

© 2004 Elsevier Inc. All rights reserved.
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The cloning of the gene for the thyroidal sodium-
iodide symporter (NIS) has opened the way for the use
of NIS as a therapeutic gene for cancer [1-3]. Papillary
and follicular thyroid cancers have been treated for over
50 years with '*'T with remarkable success, even in the
presence of metastatic disease [4]. These well-differenti-
ated tumors express NIS and concentrate *'I that de-
cays by emission of a B particle (electron). Energy
deposited by electrons within tumors generates free rad-
icals that induce double strand breaks in DNA as well as
intracellular proteins and lipids. Specific proteins within
cells detect the damage and trigger either repair or apop-
totic pathways [5]. Therefore, if other tumors are in-
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duced to express NIS by gene transfer, they might
concentrate the isotope and be destroyed by the emitted
radiation. Indeed, various groups have reported that
NIS in combination with radioiodine is an effective
treatment strategy for prostate and breast cancer, cere-
bral gliomas, and multiple myeloma in animal models
of disease [6-10]. However, other groups while demon-
strating iodide uptake have reported only partial re-
sponses or no response at all [11-13]. This variability
in responses may in part be due to differences in the
intrinsic radiosensitivity of tumors, with hematopoietic
tumors being the most radiosensitive.

Effective therapy with radioiodine depends not only
on total isotope uptake but also on retention within
the tumor cells for an adequate period of time, so that
the decaying isotope can deposit sufficient energy. In
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normal thyroid tissue, iodide undergoes a series of
changes that culminate in its incorporation in tyrosine
residues present in thyroglobulin, a process called
“organification.” Iodide organification requires not only
NIS for isotope entry into the follicular cells but addi-
tional carriers (pendrin and the apical iodide trans-
porter) that transport iodide from within the cell to
the region of the colloid (apical) as well as thyroperoxi-
dase to oxidize iodide to iodine and conjugate it to tyro-
sine residues [14-16]. However, the mechanism of iodide
retention in differentiated thyroid cancer (DTC) is not as
clear. Various reports suggest that a substantial propor-
tion of DTC lack the necessary machinery to organify
iodide, yet therapy with T is still effective [16,17]. Fur-
thermore, it has been observed that tumor cells induced
to express NIS leak the isotope at a relatively rapid rate
[11-13,18,19]. Nonetheless, others and we have reported
that NIS with '*'I can be effective in treating a variety of
tumors in animal models [6-10]. These responses imply
that the tumors are retaining the isotope.

The potential mechanisms that allow isotope reten-
tion by tumor cells to our knowledge have not been
studied. We hypothesized that in the absence of organi-
fication, tumor cells that express NIS retain iodide iso-
topes either due to significant re-uptake of the isotope
by the cells or because the limiting step is iodide efflux.
Either (or both) mechanisms may result in dynamic
trapping of the isotope in the tumor and thus explain
the therapeutic effect. Unlike thyroid cells, tumor cells
are not polarized and therefore should express NIS over
all regions of their plasma membrane. In vivo, tumors
have a three dimensional structure that places tumor
cells in close proximity to each other. This geometry
may allow rapid re-uptake of any isotope that leaks
from one cell by surrounding cells and serve as a mech-
anism for isotope trapping by the tumor. In this report,
we provide in vitro and in vivo evidence that these two
mechanisms are active and, in part responsible for the
observed therapeutic effect of NIS and radioiodine in
cancer models.

Materials and methods

Cell lines. All cell lines were purchased from the American Type
Culture Collection (ATCC Manassas, VA). FRTL-5 cells (Fisher rat
thyroid line, ATCC# CRL-1468) were maintained in Ham’s F12K
medium with 2 mM L-glutamine, sodium bicarbonate (1.5 g/L) and
supplemented with thyroid stimulating hormone (TSH, 10 mU/ml),
insulin (0.01 mg/ml), hydrocortisone (10 nM), transferrin (0.005 mg/
ml), somatostatin (10 ng/ml), glycl-L-histidyl-L-lysine acetate (10 ng/
ml), and bovine calf serum (0.5%). K-562 cells (ATCC# CCL-243), a
human cell line derived from a patient with chronic myeloid leukemia
in blast crisis, were maintained in Iscove’s modified Dulbecco’s med-
ium supplemented with fetal bovine serum (FBS, 10%), L-glutamine
(4mM), and sodium bicarbonate (1.5g/L) [20]. ARH-77 cells
(ATCC# CRL-1621), a human EBV transformed B-cell line, were
maintained in RPMI 1640 supplemented with FBS (10%), glucose

(4.5 g/L), sodium bicarbonate (1.5 g/L), Hepes (10 mM), and sodium
pyruvate (1 mM) [21]. All cell culture media were purchased from
Gibco-BRL (Grand Island, NY). Hormones and additional growth
factors were purchased from Sigma (St. Louis, MI). All cell lines were
maintained at 37 °C in a humidified atmosphere with 5% CO,.

Generation of cell lines stably expressing NIS. K562 cells were
transfected with plasmid pcDNA3-hNIS (a generous gift of SM
Jhiang, Ohio State University, Columbus, OH) using the cationic lipid
DMRIE-C (Gibco-BRL) according to the manufacturer’s recommen-
dations. After 3 days, the cells were expanded and then plated in
limiting dilution to isolate clones by selection in geneticin (200 pg/ml).
Several clones were isolated and evaluated for NIS expression by in
vitro iodide uptake (see below). Clone EBS516 was identified due to
the high iodide uptake and expanded in selection medium.

ARH-77 cells were transduced with a targeted, bicistronic lentiviral
vector with hNIS and neomycin phosphotransferase under the control
of immunoglobulin promoter and enhancer elements [10]. Seventy-two
hours after vector transduction, the cells were placed in medium with
geneticin (1 mg/ml) and the pool of surviving cells was expanded. The
cells were named ARH-NIS and NIS expression was determined by in
vitro iodide uptake as described below.

In vitro growth curves of cells. ARH-77 and ARH-NIS cells were
plated at a density of 2 x 10° cells/ml of medium and every 24 h an
aliquot of cells from each sample was taken and counted in a hemo-
cytometer after trypan blue staining.

In vitro iodide uptake studies. Human NIS expression was tested in
vitro by radioiodine uptake as previously described [22]. Cells were
split at a density of 1 x 10%/ml and washed twice in Hanks’ balanced
salt solution (HBSS, Gibco-BRL). The cells were then resuspended in
0.8 or 0.9 ml HBSS supplemented with cold sodium iodide (100 uM)
and buffered with Hepes (pH 7.3). One hundred microliters of potas-
sium perchlorate (100 uM) was added to the tubes with 0.8 ml medium.
Finally, 0.1 ml of sodium iodide ['**I] with an activity of 1 x 10°/0.1 ml
was added to each tube and the cells were incubated at 37 °C for
50 min. After the incubation, the cells were centrifuged at 250g for
5 min and washed twice with ice-cold HBSS. Residual activity in the
cells was measured using a y counter after a final centrifugation. All
experiments were done in triplicate and untransduced cells were used
as controls.

In vitro organification assay. ARH-NIS and EBS516 cells were
incubated as above with sodium iodide ['**I] for 50 min. The cells were
prepared by adding 2 ml HBSS with 1% sodium dodecyl sulfate (SDS)
and 50 pl of 2% sodium deoxycholate to each cell suspension followed
by mixing. Intracellular proteins were precipitated by adding 1 ml of
40% trichloroacetic acid (TCA) to the lysates [23]. The samples were
centrifuged for 30 min at 3300g and the supernatant was carefully
aspirated. The protein precipitate was resuspended in 0.5 ml HBSS and
centrifuged again under the same conditions. The supernatant was
again aspirated and residual activity in the precipitate was measured
using a y counter.

In vitro iodide efflux studies. We evaluated iodide efflux kinetics in
cells expressing NIS as previously described by Weiss et al. [22]. Briefly,
1 x10° FRTL-5, ARH-NIS, and EBS516 were incubated with radio-
iodine as described above for 50 min at 37 °C (determined by a time-
course study). Efflux in FRTL-5 followed the protocol described [22].
ARH-NIS and EBS516 cells were then centrifuged rapidly on a
tabletop centrifuge and the medium was aspirated. The cells were then
resuspended in 1 ml cold medium (ice-cold HBSS or HBSS with
potassium perchlorate, 100 uM) and incubated again at 37 °C followed
by centrifugation and change of medium. This was done every 3 min
and for up to 24 min. After the final incubation, the residual activity in
the cells was also measured. All experiments were in triplicate. The
total radioactivity present at the start of the efflux studies was back
calculated by adding the activity in each sample medium with what
remained in the cells at the end of the serial washes. By subtracting the
activity in each timed sample from that of the total associated with the
cells at time zero, the percentage of activity remaining in the cells at
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that time was calculated and plotted against time. When we performed
efflux experiments with the intention of maximizing iodide re-uptake,
we were careful not to disturb the cell pellet to try and maintain the
cells as close to each other as possible during each buffer exchange.

In vivo iodide efflux studies. Fifteen, 5-week-old female CB17 scid
mice were purchased from Harlan Sprague-Dawley (Madison, WI).
The mice were given levo-thyroxine in their water (5 mg/L) to sup-
press thyroidal NIS expression [7] After a week of observation, the
mice were given 250 cGy of total body irradiation from a '*’Cs source
(Mark 1 Irradiation, JL Shepherd and Associates, San Fernando,
CA). Twenty-four hours later they were implanted in the right flank
with an equal number of washed tumor cells in 200 pl phosphate-
buffered saline (PBS). Thus, five mice were injected with 1 x 107
ARH-NIS cells (100% NIS expression), five mice with 5 x 10 ARH-
NIS and 5x 10 ARH-77 cells (50% NIS expression), and five mice
with 1 x 10° ARH-NIS and 9 x 10° ARH-77 (10% NIS expression).
Tumor growth was monitored and when the mean tumor diameter
was 0.6 cm, three mice from each group were injected with 21 (18.5
MBq intraperitoneally, ip). The mice were imaged serially with a y
camera (Helix System, Elscint, Haifa, Israel) at 1, 3, 5, and 6 h after
isotope injection.

Using region of interest analysis, the total counts in each mouse
and in the corresponding tumor were determined. The counts were
corrected for y camera background activity and for decay of '*I (half-
life = 13.2 h). Total activity in each mouse and in each tumor was
expressed as a percentage of total body activity in the 1-h image.

All studies involving animals were approved by the Institutional
Animal Care and Use Committee (IACUC) and performed according
to AAALAC approved procedures.

Statistical analyses. All statistical testing was done using StatView
software (SAS Institute, Cary, NC). Spearman’s rho was used for
correlation analysis and Wilcoxon’s rank sum test was used to compare
means with a p <0.05 taken as the value for significance. All curve
fitting was performed using KaleidaGraph (Synergy Software, Read-
ing, PA).

Results

Cells transduced with vectors coding for NIS concentrate
radioiodine

We developed two suspension cell lines that express
human NIS: ARH-NIS (from ARH-77) and EBS516
(from K-562) as described in Materials and methods.
The cells were expanded under selection with geneticin
and tested for NIS expression by an in vitro iodide up-
take assay as described previously [22]. Both cell lines
expressed NIS and concentrated iodide (Fig. 1). Todide
uptake was significantly decreased but not eliminated
by potassium perchlorate, a specific inhibitor of NIS.
Assuming that the cells are spheres with a mean diame-
ter of 10 um, we estimated that the intracellular iodide
concentration was almost 100-fold higher relative to
the extracellular medium. This compares favorably with
thyroid cells that normally concentrate iodine between
20- and 40-fold compared to the extracellular fluid con-
centration. Since we used the same number of cells for
the uptake studies, it appears that the EBS516 cells ex-
press higher levels of NIS leading to a higher uptake
of isotope.
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Fig. 1. ARH-NIS and EBS516 cells express NIS and concentrate
radioiodine ['*°I]. Todide uptake is specifically inhibited by perchlorate
that competes with iodide for binding to NIS. The bars represent the
mean of triplicate experiments. The cells do not incorporate iodide into
protein to any significant extent (<3% of total activity appeared in the
protein precipitate).

Cell lines expressing NIS release iodide slower than
thyroid cells

We wanted to evaluate the efflux kinetics of iodide in
the two cell lines and compare it to that of thyroid cells.
In this experiment, FRTL-5 cells were used as controls.
The experimental design is described in the Materials
and methods. Central to our hypothesis is the geometry
of the tumor that may allow tumor cells to reabsorb any
isotope that may leak out. Thus, unless otherwise stated,
in all efflux experiments we were careful not to disturb
the cell pellet during each exchange of media to mimic
as closely as possible the scenario in vivo. lodide efflux
was very rapid in FRTL-5 cells and significantly slower
in both tumor cell lines tested (Fig. 2). The efflux half
time (the time taken for the intracellular activity to fall
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Fig. 2. Todide efflux is slower in tumor cells compared to a rat thyroid
cell line (FRTL-5). Efflux studies were performed as described by
Weiss et al. [17]. Each time point is a mean of three independent
observations.
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to 50%) was 2 min in the case of FRTL-5, 12.5 min for
ARH-NIS, and 20 min for EBS516. Fig. 2 also shows
that in both EBS516 and ARH-NIS cells, remaining
activity decreases almost linearly with time, suggesting
that in these cells efflux is independent of intracellular
iodide concentration (a zero-order process). We have
mathematically modeled iodide efflux in these cells (see
Appendix) and found that the assumption of zero-order
rate of efflux is more compatible with the experimental
data than the assumption of first-order rate. With
FRTL-5 cells, there is a rapid initial loss of activity
and then a slower decline compatible with a first order
process, i.e., exponential decay. This can be explained,
in part, by the presence and number of passive iodide
transporters pendrin and the apical iodide transporter
(AIT) [14,15]. These proteins are not known to be ex-
pressed on hemopoietic cells but iodide still leaks from
tumor cells. The absence of these two proteins can ex-
plain some of the difference in iodide efflux, although
potential iodide leak through other membrane anion
transporters as well as quantitative differences in the lev-
els of pendrin and AIT cannot be excluded. lodide binds
non-specifically and is trapped between cells, even in the
absence of NIS. This non-specific trapping, amounting
to about 300 cpm for ARH-NIS and 600 cpm for
EBS516, is lost with the first buffer exchange and ex-
plains the initial rapid loss from ARH-NIS cells that
concentrate the isotope to a lesser extent than EBS516
(see Figs. 1 and 3). Our data are similar to those of
Nakamoto et al. [24] who demonstrated that iodide
efflux is significantly slower in MCF7 breast carcinoma
cells induced to express NIS compared to FRTL-5.
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Fig. 3. Radioiodine uptake increases linearly with the number of cells
expressing NIS. In vitro iodide uptake was performed in EBS516 and
ARHONIS cells by varying the proportion of cells expressing NIS but
keeping the total cell population constant. The data shown are for
EBS516. Similar results were obtained with ARH-NIS.

lodide organification does not explain the difference in
efflux kinetics

The incorporation of iodide with intracellular protein
(organification) might explain the difference in iodide ef-
flux observed. Thus, we tested our cell lines for their
ability to organify iodide. After a 50-min incubation
with 121, cells were lysed and proteins were precipitated
using trichloroacetic acid [23]. Residual activity in the
precipitate was measured after a final wash with cold
buffer. As can be seen from Fig. 1, there was very little
iodide associated with the protein precipitate (less than
3% of the total intracellular activity). Thus, the two cell
lines do not incorporate iodide into protein and some
other mechanism must explain the longer iodide reten-
tion time in these cells. We reasoned that two potential
mechanisms to explain this discrepancy might be either
that iodide efflux from these cells is limiting or that there
is significant isotope re-uptake by the cells.

lodide efflux and NIS expression

If tumor cells behaved as independent units, then iso-
tope uptake in cells should vary linearly with the num-
ber of cells expressing NIS. We tested this possibility
by performing in vitro iodide uptake studies with differ-
ent numbers of cells expressing NIS but keeping the to-
tal number of cells in the incubation constant at 1 x 10°.
The proportion of cells expressing NIS varied from 20%
to 100%. After incubating the cells with isotope for
50 min, the cells were pulsed in a microcentrifuge, the
supernatant was carefully aspirated, and the activity in
the cell pellet was measured. As the number of cells in-
creased, the activity present in the cells at the end of
the incubation increased linearly with the proportion
of cells expressing NIS (Fig. 3).

The linear efflux kinetics in tumor cells expressing
NIS implies that the efflux pathway is rate limiting.
We reasoned that performing efflux experiments with
mixed populations of cells, some expressing NIS and
some not, could shed light on the problem. In a series
of five experiments, EBS516 and K-562 were mixed so
that the proportion of cells expressing NIS varied from
20% to 100% (in 20% increments). After a 50-min incu-
bation with 2’1, the cells were incubated with cold buf-
fer as described in the methods section. Remaining
activity decreased linearly with time and iodide efflux
follows zero-order kinetics, i.e., it is independent of
iodide concentration (Figs. 4A-F). The slopes of the
curves decreased as the number of cells expressing NIS
increased, implying that net isotope efflux is slower.
The only exception is Fig. 4A where the slope of the
curve is lowest (—2.18) whereas one would expect it to
be the highest. The reasons behind this discrepancy are
unclear. However, radioiodine binds non-specifically to
cells even if they do not express NIS and some activity
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Fig. 4. The number of cells expressing NIS determines iodide efflux kinetics. The experimental design is described in Materials and methods. Iodide
efflux rates decrease as the number of cells expressing NIS increases, supporting the hypothesis that re-uptake is important. (A-E) EBS516 cells with
(A) 20%, (B) 40%, (C) 60%, (D) 80%, and (E) 100% cells expressing NIS. (F) Representative example from similar experiments with ARH-NIS cells.

is also trapped in the buffer present in the cell pellet.
This activity is usually low and insignificant when iodide
uptake is very high. However, when iodide uptake is suf-
ficiently low, it introduces a significant error. Indeed, the
y-intercept for Fig. 4A is 75.7 when it should be 100. We
observed the same phenomenon with ARH-NIS cells
that concentrate the isotope to a lower extent than
EBSS516 (Fig. 4F). The curves also move to the left as
the proportion of cells expressing NIS decreases and
the retention half time falls. We calculated the retention
half time for each cell line under each condition and ob-
served that half time is closely related both to the pro-
portion of cells expressing NIS as well as peak iodide
uptake at the end of the incubation (Fig. 5 and data
not shown). These results suggest that efflux is not only
zero order but also that initial iodide uptake (a surro-
gate for NIS expression) plays a determining role in iso-
tope retention that is best explained by re-uptake. A
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Fig. 5. Iodide retention half time is directly proportional to the
number of cells expressing NIS. The data shown are for EBS516. Each
time point is a mean of three observations. R =0.99. Similar results
were obtained with ARH-NIS.
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mathematical model of this behavior is presented in the
Appendix where we demonstrate that the slope for io-
dide efflux is linearly dependent on the inverse of the ini-
tial iodide uptake (Fig. 9).

Thus, it appears that if cells concentrate iodide above
a certain threshold, efflux is determined by the availabil-
ity of the carrier mechanism responsible for the iodide
leakage. As a corollary, to maximize the therapeutic ef-
fect of NIS, high level transduction and expression are
required.

lodide re-uptake and retention

While carrier mediated efflux may be limiting at high
concentrations, this mechanism does not exclude the
possibility of iodide re-uptake by cells expressing NIS.
If cells behaved as individual units, efflux kinetics should
be the same and the curves parallel to each other, irre-
spective of the number of cells expressing NIS. The fact
that the slopes of the efflux curves (Fig. 4) decrease as
the number of cells expressing NIS increases suggests
that iodide re-uptake may be contributing to isotope
retention in these cells. To evaluate further the potential
role of tumor geometry in isotope retention, we per-
formed parallel efflux experiments with cells either in
suspension or maintained as a pellet. Keeping cells in
suspension should limit iodide reuptake by decreasing
the effective concentration of the leaked isotope around
the cells. As can be seen from Fig. 6A, iodide efflux is
significantly slower when the cells are maintained as a
pellet compared to when they are re-suspended in the
medium (slopes —0.81 and —1.82, respectively). This
suggests that if cells expressing NIS are close to each
other, they can reabsorb iodide that leaks out from sur-
rounding tumor cells.

To further explore this hypothesis, we performed par-
allel iodide efflux studies where the cells were repeatedly
incubated with Hanks’ balanced salt solution (HBSS)
with or without potassium perchlorate (100 uM). Per-
chlorate in the medium competes with iodide for binding
to NIS and limits reuptake of the isotope. As can be seen
from Figs. 6B and C, perchlorate increased the rate of
iodide efflux from cells (slopes increase in value), irre-
spective of the proportion of cells expressing NIS. We
conclude that isotope re-uptake is an important mecha-
nism for iodide retention by cells expressing NIS and
that the relative position of cells expressing NIS in the
tumor may play an important role in isotope trapping.

In vivo isotope retention by tumor xenografts expressing
NIS

The data above suggest that tumors with a higher
number of cells expressing NIS should retain iodide
longer due to isotope re-uptake. To evaluate this possi-
bility in vivo, we established mixed myeloma (ARH-77
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Fig. 6. (A) Geometry influences the rate of iodide release from the
tumor. Iodide efflux experiments were performed in parallel in EBS516
cells maintained as a pellet or as a suspension after equilibration with
1251, Todide efflux is slower in the cell maintained as a pellet compared
to the cell in suspension. (B,C) NIS-mediated iodide re-uptake
contributes to dynamic trapping of the isotope in tumor cells. Iodide
efflux kinetics were determined for ARH-NIS (B) and EBS516 (C) in
the presence and absence of perchlorate. KClOy leads to an increase in
the net rate of iodide efflux from tumor cells expressing NIS. All
experiments were performed in triplicate.

and ARH-NIS) tumors in SCID mice. An important
assumption in this experiment is that the proportion of
ARH-77 and ARH-NIS cells in the growing tumors
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remains similar to the ratio of injected cells. This re-
quires that the two cell lines grow at similar rates. We
evaluated the growth rate of the two cell lines in vitro
and as can be seen from Fig. 7A, their growth rates

A 710°

610°

510°

E —e— ARH-77
% 410° -=m= ARH-NIS|] I
(&)
310° p
210° o .
110 o 0 0 0 0 04w 0w 1
0 20 40 60 80 100

Time (Hrs)

Bladder—» !

Fig. 7. (A) ARH-77 and ARH-NIS cells grow at almost identical rates
in culture. (Wilcoxon, p = 0.584). (B) y camera scintiscan of a SCID
mouse bearing a tumor xenograft with only 10% of the cells expressing
NIS. The tumor can be clearly visualized in the right flank using a y
camera after '>I injection. The image is taken 1h after isotope
injection and the exposure time was 5 min.

are virtually identical. Thus, we proceeded to implant
mixed tumors in SCID mice where 10%, 50% or 100%
of the cells expressed NIS. All the mice were injected
with the same total number of cells that were grown un-
der identical conditions. Tumor xenografts developed in
all mice and grew at similar rates (not shown). When the
tumors reached a mean diameter of 0.6 cm, the mice
were injected intraperitoneally (ip) with '>I (a y ray
emitting isotope) and imaged serially starting 1h after
isotope injection. All the tumors concentrated '*’I and
could be clearly visualized using a y camera. A represen-
tative example from a mouse with a tumor having only
10% of the cells expressing NIS is presented in Fig. 7B.

We calculated how intratumoral isotope activity
changed with time after correction for the physical
half-life of the isotope. As can be seen from Figs. 8A—
C, isotope retention time increased as the proportion
of cells expressing NIS increased from 2.8 h when only
10% of the tumor cells expressed NIS [C] to 5.4 h when
all the cells expressed the symporter [A]. The slopes of
the three curves also increased as the number of cells
expressing NIS decreased (—8.99 [A]>—-11.34
[B]> —15.7 [C]), showing that net isotope loss is faster
as the number of tumor cells expressing NIS decreases.
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hS _— s=2.172+5781/l0
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Fig. 9. The rate of iodide efflux is dependent on peak isotope uptake,
Iy. Slopes from Fig. 4 were plotted against peak iodide uptake for the
same cells. In our model the best-fit function for slopes implies a linear
relationship between D of Eq. (A.6) and I,.
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Fig. 8. In vivo iodide retention by tumor xenografts depends on the number of cells expressing NIS. Myeloma tumor xenografts were established in
SCID mice, such that 100% (A), 50% (B) or 10% (C) of the cells expressed NIS.
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As reported elsewhere, longer retention time was trans-
lated into a therapeutic effect using '*'I (37 MBq); tu-
mors where 50% or 100% of the cells expressed NIS
regressed while tumors with only 10% of the cells
expressing NIS were transiently slowed but ultimately
continued to grow [25]. These results highlight the
importance of isotope retention in tumors for iodine
to have a significant impact on tumor growth.

Discussion

The cDNAs for rat and human NIS were both cloned
in 1996 [1,2]. Since then, the biochemistry of NIS and its
interaction with various anions have been well studied.
NIS transports one iodide ion with two sodium ions,
the process being driven by the low sodium ion concen-
tration in cells [26,27]. Ton binding is non-random; two
sodium ions are bound first followed by an iodide ion.
The three ions are then translocated across the plasma
membrane of cells [26]. Apart from enhancing our
understanding of iodide physiology in the thyroid, the
availability of the cloned gene opened the way for its
use as a therapeutic and/or reporter gene in cancer ther-
apy. The therapeutic efficacy of NIS with'*'I in animal
models of cancer is well established [6-10]. However,
other investigators have reported that there is no thera-
peutic effect from the combination of NIS with "*'T due
to rapid isotope efflux from the tumor [11-13]. In addi-
tion, NIS has been used as a reporter gene to track the in
vivo distribution of vectors injected in animal models
[9,28,29]. NIS is a very versatile protein that can concen-
trate various isotopes with different physical characteris-
tics allowing tailored therapy for different tumors
[26,27,30]. Iodide isotopes allow y camera or positron
emission tomography imaging while various other an-
ions taken up by NIS such as '*'I, '®¥Re, and *'' At emit
either B or o particles that can have a therapeutic effect
on cancer cells.

Thus, NIS is now established as an important mole-
cule in the field of cancer gene therapy. Although there
are still concerns regarding its efficacy in animal models,
the mechanisms of its effect have not been studied. Spe-
cifically, the reason(s) behind iodide (and other anion)
retention in tumors, a feature that is key to its success
in tumor therapy, have not been evaluated. In this re-
port, we shed some light on the potential mechanisms
underlying iodide trapping in these cells. We demon-
strate that iodide uptake in these two tumor cell lines
is dependent on the concentration of NIS in the cells
and that tumor cell lines expressing NIS leak out the iso-
tope at a rate that is slower than thyroid cells. Thyro-
cytes leak iodide rapidly due to the presence of passive
iodide transporters on the apical surface of these cells.
Two such transporters have been identified so far: pen-
drin and the AIT [14,15]. Theoretically, NIS can serve

as a reverse carrier of iodide from inside to the outside
of the cell, but the high sodium ion concentration out-
side the cell should effectively eliminate this possibility.
In tumor cells expressing NIS, efflux kinetics depends
on the level of NIS expression. Cells that express high
amounts of NIS concentrate iodide such that efflux is
determined by the availability of the carrier mechanism
responsible for the iodide leak. In addition, NIS can
take up anions that have leaked from the cell again
(re-uptake). Thus, aiming for high level expression of
NIS makes sense not only for maximal iodide uptake
but also to ensure adequate retention if the isotope is
to have its desired effect.

Our in vitro experiments were designed to take into
consideration geometrical factors that can influence
therapy with iodide isotopes in an in vivo system. Our
hypothesis was that having tumor cells expressing NIS
in close proximity might allow rapid isotope re-uptake
similar to what could happen in vivo. Thus, we were
careful not to disturb the cell pellet during the repeated
buffer exchanges performed for the efflux studies in an
attempt to mimic as closely as possible the local environ-
ment in the tumor. Gentle buffer exchanges may simu-
late the tumor microcirculation that washes out some
of the leaked iodide and limits isotope re-uptake. Our
in vitro data suggest that tumor cells related to each
other in space retain radioiodine by a combination of
slow efflux and re-uptake. While slow efflux is a property
of an individual cell and dependent on the availability of
the efflux proteins, efficient re-uptake is a property of the
tumor that is probably dictated by its geometry. Close
proximity of cells expressing NIS maximizes re-uptake
and trapping of the isotope. The importance of geome-
try is further highlighted by comparing our efflux studies
with those where adherent cell monolayers are used
[12,13,18,19]. Isotope retention times for cells main-
tained as monolayers are shorter compared to those of
our cell lines, since the probability of isotope re-uptake
is smaller in a monolayer. The in vivo data with tumors
having mixed cell populations support our hypothesis;
isotope retention time depends on the percentage of cells
expressing NIS.

Tumor geometry is an additional consideration in
the choice of isotope used for therapy. B particle emit-
ters are attractive therapeutic isotopes because the
emitted electrons have a variable path length that
ranges from the sub-micrometer to more than a centi-
meter [31]. The macroscopic path length of emitted
electrons has the potential of a bystander effect; tumor
cells that do not express NIS can still be destroyed by
electrons emitted from surrounding transduced tumor
cells that express NIS and concentrate the isotope. In-
deed, we have shown that such a bystander effect from
BI] exists (median electron path length = 0.4 mm,
range 0.04-2.4 mm) [10,31]. Thus both tumor geometry
and the distribution of NIS expressing cells within the
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tumor can influence the success of therapy by maximiz-
ing particle crossfire. Any local anisotropy in NIS
expression might decrease the effectiveness of therapy.
The tumor microcirculation might play an important
role by influencing the local delivery of systemically
administered vectors as well as washing away any
leaked isotope. While our studies did not take these is-
sues into consideration, it is noteworthy that in vivo,
the number of cells expressing NIS still determined iso-
tope retention time and ultimately the response of the
tumors to 'L

It has been suggested that the cytoreductive effect of
NIS with radioiodine can be enhanced by the simulta-
neous expression of thyroperoxidase for iodide organifi-
cation that might prolong isotope retention in tumors
[32]. Interestingly, in that report, thyroperoxidase
expression did not have any influence on retention
half-time, even though total isotope activity in cells in-
creased. While it is possible to design vectors with two
therapeutic genes, one has to consider the possible de-
crease in titer yield as vector genome length increases.
A lower vector titer might decrease the number of trans-
duced cells and therefore potentially decrease the overall
therapeutic effect of radioiodine. Finally, other anion
transporters might be responsible for iodide efflux from
cells. Thus, investigators have attempted to reduce the
rate of isotope efflux from cells expressing NIS using an-
ion transporter inhibitors or lithium but without any
benefit [12,13,19].

In conclusion, we show that tumor cell lines express-
ing NIS retain iodide longer than thyroid cells due to a
combination of slow efflux and re-uptake. Iodide orga-
nification does not contribute significantly to isotope
retention. Intratumoral isotope retention time is deter-
mined by the concentration of NIS in the local microen-
vironment. A dynamic mechanism explains isotope
trapping in tumor cells expressing NIS.
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Appendix A

A simple kinetic model can be established to quantita-
tively describe iodide efflux as presented in Figs. 4A-F.
The change of iodide concentration in cells /(¢) is as-
sumed to obey zero-order kinetics in efflux with the rate
r. lodide reflux (re-uptake) is established as a second or-

der process depending both on iodide concentration . (¢)
in the extracellular space and on NIS concentration, N,
considered constant during the experiment. I.(7) is
initially zero. Thus, before the first washout at time 7,
one has

I'(t) = —r + kNI (1),
=1(t) + I(1),

where k is the rate constant for reflux. Clearly, there is

conservation of iodide in the system: it is either in the

cells or in the extracellular space. The above system of
equations yields one linear differential equation

I'(t) = —r + kN[Io — I(2)],  1(0) = I,

1(0) = I,
0<t<t, (A.1)

0< <.
(A.2)

After the first wash-out, i.e., for ¢ > ¢, the intra-cellular
I(7) is governed by the analogous equation
I'(t)y=—r+kN[, —1(1)], I, =I1(), t <t < by,
(A.3)
where, of course, I(¢) is given by Eq. (A.2), and it re-
flects the starting intracellular concentration after the
washout, while it is assumed that initially there is no
extracellular iodide left. In general, after the nth wash-
out
I'(t) = —r+kN[I, — 1(?)],

n=0,1,...,

1, =1I(t,)

A4
tp > 0. ( )

tn < t < tn+17

The solution of this initial value problem is obtained by
using standard methods for solution of linear differential
equation and can be written as

I(t) =1, + r(e™=") — 1) /kN,

This equation when specified for ¢t =1, + ; leads to the
following iterative formula for concentration 7,

ty <t <ty (A.5)

r
ILii=1,—D, D=—(1-—e™),
" kN (A.6)
At = t,1 — ty, n=01,...,
where we assumed equal time intervals Az between any
two washouts, as it was chosen in the experiment
(At =3 min). Formula (A.6) indeed predicts the linear

decrease of I, observed in Fig. 4

I,=I,—nD, n=0,1,.... (A7)

The quantity 7,/ is actually plotted in Fig. 4, implying
that the slope s = D/I, would depend on the initial con-
centration /y unless D is proportional to /y. The slopes s
estimated from Figs. 4B-E do show some dependence
on Iy (Fig. 9), but this is not consistent with 1/, de-
crease, but rather, it is well fitted by the function
s = a + b/I,. This implies that D = Iys = al, + b. Depen-
dence of D on I, can be understood as a consequence of
Eq. (A.6) in which D depends on NIS concentration that
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in turn determines I,. One can assume that I, = f(N)
where f is certain invertible function and, then
N =/"1(I,), so that D is certain function of I,. Accord-
ing to the fit in Fig. 9, this function may be well approx-
imated by the linear function.

It should be noted that if one would assume that ef-
flux rate depends on the instant intracellular iodide con-
centration, i.e., r = k.I(f), the resulting model would not
yield observed linear decrease of I, but show behavior
according to I, = Iyq".
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