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Abstract

Purpose In vivo imaging of the spread of oncolytic viruses
using the Na/l symporter (NIS) has been proposed. Here,
we assessed whether the presence of NIS in the viral
genome affects the therapeutic efficacy of the oncolytic
adenovirus d/922-947 following intraperitoneal administra-
tion, in a mouse model of peritoneal ovarian carcinoma.
Methods We generated AdAM7, a dl922-947 oncolytic
adenovirus encoding the NIS coding sequence. lodide
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uptake, NIS expression, infectivity and cell-killing activity
of AdJAM7, as well as that of relevant controls, were
determined in vitro. In vivo, the propagation of this virus in
the peritoneal cavity of tumour-bearing mice was deter-
mined using SPECT/CT imaging and its therapeutic
efficacy was evaluated.

Results In vitro infection of ovarian carcinoma IGROV-1
cells with ADAM?7 led to functional expression of NIS.
However, the insertion of NIS into the viral genome
resulted in a loss of efficacy of the virus in terms of
replication and cytotoxicity. In vivo, on SPECT/CT
imaging AdAM7 was only detectable in the peritoneal
cavity of animals bearing peritoneal ovarian tumours for up
to 5 days after intraperitoneal administration. Therapeutic
experiments in vivo demonstrated that AAAM?7 is as potent
as its NIS-negative counterpart.

Conclusion This study demonstrated that despite the
detrimental effect observed in vitro, insertion of the reporter
gene NIS in an oncolytic adenovirus did not affect its
therapeutic efficacy in vivo. We conclude that NIS is a
highly relevant reporter gene to monitor the fate of
oncolytic adenovectors in live subjects.

Keywords Molecular imaging - Oncolytic adenovirus - Na/l
symporter - SPECT/CT - Gene therapy

Introduction

The Na/l symporter (NIS) gene is endogenously expressed
in the thyroid and stomach, and to a lesser extent in the
salivary glands, breast and thymus [1]. In the thyroid, NIS
is responsible for the uptake and concentration of iodine
[1]. For this, NIS uses the sodium gradient generated from
the Na'/K~ ATPase to cotransport two Na" ions and one I
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ion across the basolateral membrane of thyroid follicular
cells. NIS expression and function are also key to the
successful treatment of differentiated thyroid carcino-
mas with "*'T” [2]. In nonthyroidal tissues, ectopic
expression of NIS through gene transfer can lead to
iodine uptake that can be imaged noninvasively [2—4].
The imaging of NIS-expressing tissues is particularly
versatile since NIS can promote cellular uptake of
different radioisotopes: '**T", **™TcQ, " (visualized using
single photon emission computed tomography, SPECT),
291" (visualized using positron emission tomography,
PET), and "*'I" (visualized using scintigraphy) [5—13]. In
term of applications, NIS imaging has been used to
visualize the activation of specific signalling pathways or
promoters [14—19] and the viability of cells with
therapeutic potential [20], and is a relevant reporter gene
for myocardial gene transfer [21] and cancer gene therapy
[5, 22-25]. Very recently, the use of this reporter gene has
been validated in humans [26].

Replication-competent ‘oncolytic adenoviruses’ have
been used extensively in cancer therapy [27]. Their appeal
resides in the fact that they are designed to replicate
selectively in cancer cells. This self-amplification results in
the spread of the virus in the tumour, leading to an
improved therapeutic efficacy [28]. One strategy proposed
to engineer oncolytic viruses is a 24-bp deletion in the
adenoviral E1A gene [29, 30]. This deletion renders the
resulting protein unable to bind the tumour-suppressor Rb.
As a result, a virus carrying this deletion (d/922-947) is
unable to replicate in and kill cells with a normal Rb
pathway, but can trigger cytotoxicity in cancer cells with a
disrupted Rb pathway. Based on this principle, d/922-947
has been shown to be effective against experimental glioma
[29, 30]. More recently, intraperitoneal administration of
dl922-947 to mice bearing intraperitoneal ovarian carcino-
ma has demonstrated that d/922-947 is active against this
tumour-type [31]. Interestingly, d/922-947 is more potent
than other adenoviral mutants (d/309 or dl1520) and than
the parental, adenovirus 5 wild-type. Administration of the
virus in a «-1, 4-linked glucose polymer (icodextrin)
instead of phosphate-buffered saline (PBS) further increases
the therapeutic efficacy, probably due to the increased half-
life of the virus in the peritoneal cavity [31]. Considering
that intraperitoneal administration is more amenable to
systemic spread than intratumoral injection, arming d/922-
947 with a reporter gene with potential applications in
humans would be of interest to monitor viral spread and
biodistribution over time.

The utilization of NIS as a reporter gene to visualize the
propagation of oncolytic viruses in tumours has been
validated for oncolytic measles viruses [32] and adenovi-
ruses [9, 25]. In the latter case, the insertion of NIS has
been shown to have beneficial effects on the cytotoxicity
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of the virus in primary desmoid tumour cells in vitro [33].
In the present study, we investigated the impact of the
presence of NIS in the dl922-947 adenovirus and, in
particular, assessed whether the presence of NIS as a
reporter gene could affect the therapeutic efficacy of
dl922-947 in in vivo observations following intraperito-
neal administration of the virus in a mouse model of
ovarian carcinoma.

Materials and methods

Generation and production of a d/922-947 adenovirus
encoding NIS

The plasmids encoding the genomes of the oncolytic
viruses used in this study were generated by homologous
recombination in yeast, using a methodology similar to that
described previously [9, 25, 34-36]. The detail of the
construction of the viruses is available from the corresponding
author upon request. The presence of NIS and the deletion
dl922-947 in the El locus were verified by sequencing.
Virus were produced and titrated as previously described
[36, 37].

Adenovirus nomenclature

* AdGFP: Replication-deficient adenovirus type 5
encoding the green fluorescent protein as a transgene
[38].

* AdAMT7: Adenovirus carrying the d/922-947 deletion
and in which the gp19k/6.7 genes in the E3 region of
the adenoviral genome have been replaced by the NIS
coding sequence.

«  AdAMBS: Adenovirus carrying the dl/922-947 deletion
and in which the gp19k/6.7 genes in the E3 region of
the adenoviral genome have been deleted. This NIS-
negative virus acts as a control of AdAM7.

Cell lines

The cell lines IGROV-1 and IGROV-luc were used in this
study and were obtained and cultured as previously
described [31].

Infection with adenoviruses

Cells were seeded at a cell density of 10* cells/cm”. The
following day they were infected with adenoviruses at
different multiplicities of infection (MOI) in serum-free
medium for 30 to 45 min. Culture medium was then added
to reach a serum concentration of up to 20%.
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Biochemical assays and immunohistochemistry

Cell survival assays, assessment of in vitro viral replication,
iodine uptake and E1A expression were performed as
previously described [9, 10, 12].

Animals

All experiments were conducted with appropriate ethical
approval and in accordance with the United Kingdom
“Guidance on the operation of animals (Scientific Proce-
dure) Act 1986” (HMSO, London, 1990). BALB/c nu/nu
mice at 6—8 weeks of age were obtained from Harlan (UK),
allowed to acclimatize for 1 week, and for the duration of
the experiments were kept in individualised ventilated
cages and given food and water ad libitum. IGROV-luc
cells (3x10°) were injected intraperitoneally in BALB/c nu/
nu mice. Mice were then assessed daily for weight, general
health and accumulation of ascites. Tumour burden is
proportional to luciferase activity [31]. Luciferase activity
was measured as previously described [39, 40].

NanoSPECT/CT imaging

Animals were anaesthetized and then given an intravenous
injection of 18.5 MBq of *™TcO, . Mice were then placed
onto a sealed, prewarmed (37°C) mouse bed of the SPECT/
CT scanner (Bioscan, Washington DC) connected to gas
anaesthetic (600—800 cm’/min N,O, 1 I/min O, and 1.5-2%
v/v halothane) delivery and scavenging system. To improve
reproducibility, mice were scanned routinely 10 min after
9MTcO,  injection. Mice were imaged as follows. A
topogram of the entire mouse bed was acquired to
determine the limits of the SPECT/CT scan of the mouse
to be imaged. The CT scan was performed first, followed
by the SPECT acquisition using the limits set by the
topogram. The time of acquisition of the CT scan depended
on the size of the scan (as determined by the topographic
limits of the scan) and on the total activity of the radiotracer
injected. In any case, the total scanning time (SPECT and
CT) never exceeded 30 min. SPECT acquisition collected
100,000 counts per projection, using a 16-projection and
four-pinhole system. After CT and SPECT acquisitions, a
blank scan was taken and the mouse was removed from the
scanner and allowed to recover in a warm darkened
environment.

SPECT and CT scan data were reconstructed using the
MEDISO software package (Medical Imaging Systems).
SPECT and CT images were comerged and fused using
PMOD software (PMOD Technologies). Radioisotope
accumulation was quantified using InVivoScope software
(Medical Imaging Systems) by drawing voxel-guided
specific volumes of interest using the fused SPECT/CT

images. Radioisotope accumulation was expressed as the
total amount of radioactivity (MBq) divided by the total
activity injected into the mouse (MBq) divided by the volume
of quantification (mm?*). In the kinetic study presented in
Fig. 4, this procedure (anaesthesia, **™TcO, injection, data
acquisition, quantification and analysis) was repeated every
day.

Statistical analysis

Statistical analysis was performed using Prism (GraphPad
software). Dual comparisons were made using the Student’s
t-test and comparison between multiple conditions were
analysed using ANOVA.

Results
Na/l symporter expression in vitro

To determine whether infection of the ovarian carcinoma
IGROV-1 cells with the d/922-947 adenovirus encoding
NIS (AdAM7) leads to NIS expression, immunocytochem-
istry was performed on IGROV-1 cells infected with
AdAM7. Figure la shows AdAM7 dose-dependent NIS
immunoreactive staining essentially at the membrane of the
cells. In some cells, immunoreactive signal could also be
detected in the cytosol of the cells (C in Fig. la). To
determine whether NIS was functional, an in vitro iodide
uptake assay was performed. ADAM7 infection induced a
dose-dependent iodide uptake that could be inhibited with
the NIS-selective inhibitor perchlorate. As a control, the
same experiments performed with the NIS-negative d/922-
947 adenovirus (AdAMS) failed to show NIS immunore-
activity of IGROV-1 cells as well as iodide uptake (not
shown). Taken together, these findings demonstrate that
infection of IGROV-1 cells with AdAM7 leads to a
functional expression of NIS protein.

Effect of NIS expression on replication and cytotoxicity
of d1922-947 adenovirus

Analysis of the adenoviral protein E1A expression 24 h
after infection of IGROV-1 cells with either AAAM7 or
AdAMS led to a strong ElA-specific immunoreactivity
(Fig. 2), indicating that both viruses were equally infective.
As expected, this staining was absent in IGROV-1 cells
infected with a replication-deficient E1 A-negative AdGFP
(Fig. 2). To compare the replicating potential of AdAM7
and AdAMS, cells were infected on day zero and the
kinetics of virus production were established. The virus
yield in AdAM7- and AdAMS-infected IGROV-1 cells
peaked 2-3 days after infection (Fig. 3a). The yield of
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Fig. 1 NIS expression following infection of IGROV-1 cells with
AdAM7. IGROV-1 cells were infected at different MOIs of AdAM7
and processed 24 h later (NI noninfected). a Immunocytochemistry
with a NIS-specific antibody (M immunoreactive signal at the cell
membrane, C immunoreactive signal in the cytosol). The results
presented are representative of two independent experiments (bars
1 pum). b lodine uptake. The results presented (means+SD) were
obtained in one experiment, representative of two other independent
experiments (P NIS inhibitor sodium perchlorate, 100 pi)

infective adenoviral particles produced in IGROV-1 cells
infected with the NIS-negative virus AdAMS was far
greater (more than two orders of magnitude, p<0.0001)
than that produced in IGROV-1 cells infected with AAAM?7.
These results suggest that the presence of NIS in the
adenoviral genome impairs the replication of replication-
selective oncolytic d/922-947 adenovirus.

To determine the impact of the presence of NIS in the
viral genome on the cytotoxicity of the viruses, AdAM7
and AdAMS were used to infect IGROV-1 cells and the
metabolic activity was measured as a reflection of the
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number of live cells 96 h later. Infection with AJAMS led
to dose-dependent cytotoxicity that was superior to that of
AdAM7 when MOIs of 10 or 100 were used (in both cases,
AdAMS versus AdJAM7, p<0.001). However, at low MOI
(MOI of 1), the difference between the two viruses was not
statistically significant (p>0.05). As a control, infection of
IGROV-1 cells with the replication-deficient AdGFP led
only to mild toxicity at high MOIs (Fig. 3b). Similar data
were obtained using IGROV-1 cells expressing the lucifer-
ase gene (not shown), a stable cell line obtained by
transduction of these cells with a lentivirus encoding the
luciferase gene [31].

Imaging in vivo

Biodistribution of NIS expression following intraperitoneal
administration of AdAM7 to IGROV-luc tumour-bearing
mice in the presence of icodextrin was monitored by
SPECT/CT over time. In these experiments, PMTe0,” was
used as the radioactive tracer. As expected from the
endogenous expression of NIS in the thyroid glands and
the stomach, 99mTcO47 accumulation was detectable in
these organs. The bladder was also visible, as a result of
excretion of **™TcO, in the urine (Fig. 4). An additional
signal was detected in the peritoneal cavity, corresponding
to IGROV-luc tumour cells infected with AAAM7 (Fig. 4).
Careful analysis of the tomographic images failed to reveal
9mTe0,  accumulation in any other anatomical location.
Quantitative analysis of the images revealed that **™TcO,
accumulation in the peritoneal cavity was maximal 48 h
after virus administration and gradually decreased after-
wards. By day 8, no accumulation of **™TcO, above
background was detectable (Fig. 5). As expected, when
AdAMS8 was administered to a parallel cohort of IGROV-
luc tumour-bearing mice, ngTcO{ accumulation was
detected in the thyroid, stomach and bladder, but no
additional signal was observed (Fig. 4).

Therapeutic effect in vivo

The growth of IGROV-luc cells can be monitored in vitro
through the measurement of luciferase activity in the
culture [31]. In vivo, intraperitoneal injection of IGROV-
luc cells leads to the establishment of disseminated
peritoneal tumours and bioluminescent imaging can be
used to monitor tumour burden over time [31]. We
compared the therapeutic effects of AJAM7 and AdAMS.
IGROV-luc cells were injected intraperitoneally on day 0
and the viruses were administered on day 4. At this time-
point, the tumour burden, as measured by luciferase activity
was homogenous (7x107 £ 10° light units per mouse).
Administration of either virus resulted in a slow reduction
in luciferase activity, and the peak therapeutic effect was on
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Fig. 2 E1A expression follow-
ing infection of IGROV-1 cells
with AAAM7, AdAMS or
AdGFP. IGROV-1 cells were
infected at different MOlIs of

AdAM7, AAAMS or AdGFP. MOl =1
The cells were processed 24 h
later for immunocytochemistry
using an E1A-specific antibody.
The results presented are repre-
sentative of two independent
experiments
MOI = 10
MOI = 100
a 1.040% -
T 1.0:40°7
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Fig. 3 Replication and oncolytic activity of AJAM7 and AdJAMS in
IGROV-I cells. IGROV-1 cells were infected with virus at an MOI of
5 (a) or at different MOlIs (b). a The cells were collected daily after
infection and the viral content of the homogenates was determined by
titration. The experiment presented is representative of three indepen-
dent experiments performed in triplicate (the data are meanstSD of
the triplicate determinations). b Cell viability was measured 5 days
after infection using the MTT assay. The data are expressed as
percentages of the value obtained in the noninfected control wells
(100%), and are representative of three independent experiments
performed in triplicate (means+SD of the triplicate determinations)

day 11 (Fig. 6). At this time-point, the luciferase activity
was significantly different from that of animals treated with
PBS (p=0.02). From day 12, the tumour burden increased
again, demonstrating the lack of efficacy of a single viral
vector administration in this model. No statistically signif-
icant differences were observed between the antitumour
activities of AAAM7 and AdAMS (p>0.05). These results
suggest that despite the difference in potency in vitro, both
viruses are equally potent in vivo.

Discussion

The potential of the oncolytic adenovirus d/922-947 for the
treatment of ovarian cancer has already been validated [31,
41], and intraperitoneal coinjection of this virus with
icodextrin instead of PBS further increased therapeutic
efficacy [31]. Translating this approach to ovarian cancer
is therefore tempting. However, considering that intra-
peritoneal injection of adenovirus leads to liver [42, 43]
and prostate transduction [42] in rodents, imaging onco-
lytic virus biodistribution in patients would provide
unique data relevant to the biosafety and efficacy of the
treatment. In this context, and considering that NIS
imaging is possible in humans following adenovirus
injection [26], arming oncolytic adenovirus with NIS is
an attractive approach.

In the present study, we assessed the impact of the
presence of NIS in the dl922-947 adenovirus and in
particular assessed whether the presence of NIS as a
reporter gene could reduce the therapeutic efficacy of
dl922-947. In vitro, AAAM7 (dl922-947 oncolytic adeno-

@ Springer



1382

Eur J Nucl Med Mol Imaging (2010) 37:1377-1385

Fig. 4 Propagation of AdAM7
in peritoneal IGROV-luc tumour
deposits. Balb-c nude mice were
seeded intraperitoneally with
IGROV-luc cells. The mice were
injected 2 days later with PBS
(n=3), 10'° particles of AdAM?7
(n=4) or AAAMS (n=2). Mice
were scanned using a dedicated
small-animal SPECT/CT scan-
ner and representative sections
showing **™TcO,~ accumulation
in the peritoneal cavity (days 2
and 3) are presented (S sagittal
section, C coronal section; D2
day 2, D3 day 3, MI mouse 1,
M2 mouse 2; B bladder, S
stomach, T thyroid, 7u tumour)

C

\

AdAMS

virus encoding NIS) was able to infect IGROV-1 cells as
efficiently as AdAMS (d1922-947 oncolytic adenovirus
without NIS; Figs. 2 and 3) but the yield of virus following
AdAM?7 infection was inferior and, probably as a result,
this virus exerted a lower cytotoxic effect on IGROV-1 cells
(Fig. 3b). These findings suggest that introduction of NIS as
a reporter gene into an oncolytic adenovirus would have a
detrimental effect on its oncolytic activity in vitro. The
expression of NIS from a replication-incompetent adenovi-
rus has not been reported to be associated with particular
side effects [10] in established cancer cell lines including
IGROV-1 cells (not shown). This loss of potency of the
oncolytic AAAM7 compared to AdAMS is therefore likely
to be due to the increased size of the adenoviral genome
containing the NIS coding sequence compared to its gp19k-
deleted (AdAMS). The relationship between adenoviral
genome size and viral yield has already been studied in
great detail [44—46]. The NIS ¢cDNA is around 2 kb in size
and this extra burden of viral DNA may be responsible for
the lower virus yield obtained following infection of
IGROV-1 cells (Fig. 3a).

In vivo imaging of AdAM7 propagation following
intraperitoneal injection in icodextrin demonstrated that
NIS expression was maximal 48 h after virus administration
and undetectable 8 days after administration (Fig. 5). The
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transient nature of these kinetics is reminiscent of those
obtained following intratumoral injection of other oncolytic
adenoviruses in other settings. In immunocompetent mice,
tumours injected with a replication-selective adenovirus
show a peak of NIS expression 48 h after oncolytic virus

©_ 50

E - PBS

§40- -& AdAM7

-

S 301

2

o 20

=

.

210

=

8 0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Days post virus-injection

Fig. 5 Quantification of hNIS-dependent intraperitoneal **™TcO,”
accumulation in vivo. Mice bearing intraperitoneal IGROV-luc tumour
deposits were injected into the peritoneal cavity in the presence of
icodextrin with PBS or 10'® particles/mouse of AJAM?7. On the days
indicated, mice were injected with 18.5 MBq of **™TcO,  and
imaged. Radioisotope accumulation was quantified using InVivo-
Scope and the results are presented as *°™TcO,~ activity per injected
dose per mm® of tumour volume. There were four mice treated with
AdAM7 and three mice treated with PBS
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Fig. 6 Comparison of the therapeutic efficacy of AdAM7 and
AdAMS. Balb-c nude mice were seeded intraperitoneally with
IGROV-luc cells. Four days later (arrows), mice were injected with
PBS (n=4), or 10'° particles of AJAM7 (n=4) or AdAMS (n=4).
Tumour burden was measured on different days (as indicated) by
measuring the luciferase activity in the peritoneal cavity. a—c

administration, followed by a sharp disappearance of ZNIS-
dependent accumulation of radiotracer [9]. In patients,
intraprostatic administration of a replication-selective ade-
novirus has been shown to lead to a peak of NIS
expression 1-2 days after administration and is detectable
in the prostate for up to 7 days [26]. In this context, our
data confirm that NIS expression mediated by an oncolytic
adenovirus is transient and that the peak is also reached
rapidly (2 to 3 days after administration) when the virus is
administered intraperitoneally instead of intratumorally.
Furthermore, NIS expression was only detectable in the
peritoneal cavity (Fig. 5).

The differences between the observations in the in vitro
experiments (Fig. 3) and in vivo experiments (Fig. 5) were
in our view due to differences in the conditions of the
experiments. In vitro, the virus is added to the cells and the
viral progeny produced after viral replication and lysis of
the cell is released into the culture medium. A large
proportion of the virus has access to uninfected cells, that
will produce more virus following infection. This process
will repeat itself until all the cells are destroyed. Our data

Light units

10° T T T T
2 4 6 8 10 12 14 16

Days post cell injection

Examples of bioluminescence imaging of tumour burdens in mice
treated with AAAM?7 (a), AAAMS (b) and PBS (¢). d Quantification of
the bioluminescence imaging in all experimental mice. The data
represent the means+SD of the tumour measurements, and are
representative of two experiments

(Fig. 3) show that under the conditions of the experiment,
the bulk of infective virus production was reached 48 h
after infection and the titre of the virus stayed stable for at
least another 2 days. In the in vivo situation, the virus
released after destruction of the infected cells can also
infect neighbouring cells but this virus can also diffuse
away from the peritoneal cavity in the general circulation.
This phenomenon has been described in detail by Johnson
et al. [42]. As a result, fewer cells will be infected and the
signal will gradually disappear.

In terms of therapeutic effect in vivo, no statistically
significant difference was observed between the tumour
burdens of AJAM7- and AdAMS-treated animals (Fig. 6).
This is in sharp contrast with the situation in vitro in which
AdAMT7 was less cytotoxic than AdAMS (Fig. 4). Consid-
ering that this reduced cytotoxicity in vitro is likely to have
resulted from a reduced capacity of AAAM?7 to replicate in
IGROV-1 cells compared to AAAMS and that in vivo NIS
expression was only transiently detected 2 and 3 days after
virus administration, we suggest that adenoviral oncolysis
is achieved rapidly after virus inoculation, as opposed to
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delayed and mediated by several rounds of autoamplifica-
tion of the virus.

In conclusion, we demonstrates in this study that infection
of intraperitoneal cancer cells following intraperitoneal
administration of an oncolytic adenovirus can be monitored
in vivo using NIS as a reporter gene. Although insertion of
the NIS coding sequence in the viral genome has deleterious
effects on its cytotoxicity in vitro, no difference in
therapeutic efficacy was observed in vivo, suggesting that
NIS is a highly relevant reporter gene to monitor the fate of
oncolytic adenovectors in the live subject.
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