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Introduction: Oncolytic viruses are experimental cancer therapies being trans-
lated to the clinic. They are unique in their ability to amplify within the body,
therefore requiring careful monitoring of viral replication and biodistribution.
Traditional monitoring strategies fail to recapitulate the dynamic nature of
oncolytic virotherapy. Consequently, clinically relevant, noninvasive, high reso-
lution strategies are needed to effectively track virotherapy in real time.
Areas covered: The expression of the sodium iodide symporter (NIS) reporter
gene is tightly coupled to viral genome replication and mediates radioisotope
concentration, allowing noninvasive molecular nuclear imaging of active viral
infection with high resolution. This provides insight into replication kinetics,
biodistribution, the impact of vector design, administration, and dosing on
therapeutic outcomes, and highlights the heterogeneity of spatial distribution
and temporal evolution of infection. NIS-mediated imaging in clinical trials
confirms the feasibility of this technology to noninvasively and longitudinally
observe oncolytic virus infection, replication, and distribution.

Expert opinion: NIS-mediated imaging provides detailed functional and
molecular information on the evolution of oncolytic virus infection in living
animals. The use of NIS reporter gene imaging has rapidly advanced to
provide unparalleled insight into the spatial and temporal context of onco-
lytic infection which will be integral to optimization of oncolytic treatment
strategies.
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1. Introduction

With the continued need for new and improved cancer treatments, oncolytic vir-
otherapies (OV) are emerging as efficacious and feasible experimental therapeutics.
Oncolytic virotherapies are biological therapies that employ viruses with engineered or
evolved preferential tumor tropism to induce tumor cell death and cross-prime anti-
tumor immunological responses to effectively clear tumors.[1] There are a number of
viruses currently undergoing clinical translation, including adenovirus (Ad), herpes
simplex virus (HSV), measles virus (MV), vesicular stomatitis virus (VSV) and vaccinia
virus (VV).[2] As an experimental therapy, and especially relevant with replication
competent viruses in which the mechanism of action includes amplification at sites of
tumor growth in contrast to conventional drug therapies, there is a heightened need for
continual pharmacologic monitoring to track pharmacokinetics, safety, efficacy and
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Article Highlights.

® The expression of the sodium iodide symporter (NIS)
reporter transgene and subsequent radiotracer concen-
tration can be coupled with viral replication and the
oncolytic life cycle.

e NIS-mediated imaging allows noninvasive tracking of the
spatiotemporal context of viral distribution and
replication.

e Advances in nuclear molecular imaging systems allow for
very detailed and high-resolution imaging and quantita-
tive analysis of intratumoral infection.

® NIS-mediated imaging provides quantitative means for
noninvasively analyzing oncolytic virus delivery, replica-
tion and biodistribution, and provides insight into the
effects of genomic design, administration route, viral
dose, tumor target and barriers to therapeutic success.

® Oncolytic viruses encoding the NIS transgene are
successfully being used to monitor oncolytic virus
infection in the clinic.

e NIS-mediated imaging can be used to identify barriers to
oncolytic success and guide oncolytic virotherapy
optimizations.

This box summarizes key points contained in the article.

toxicity associated with OV treatment.[3] With OV, it is neces-
sary to understand evolution of infection with changing biodis-
tribution and kinetics of active and spreading centers of
infection. Comprehensive pharmacokinetic monitoring of
replication-competent virotherapy therefore requires the ability
to observe where virus particles go, how many target cells get
infected, if the viral genome is expressed and to what extent,
how long infection and replication occur, and if viral infection
spreads or progeny are released.[3]

Methods used to monitor pharmacokinetics, safety and
toxicity of OV in the preclinical and clinical settings include
biopsy and histopathological and molecular analysis to
observe infection, immune infiltrates and tissue damage.
The collection of blood and tissue samples allows for mon-
itoring of viral shedding, infectious viral recovery and viral
genome copies to address safety and replication. Clinical
observation is used to identify and follow adverse events.
Clinically, biopsy is the gold standard for monitoring the
therapeutic effect of viral oncolysis; however, biopsy typically
samples a small portion of the entire tumor or target organ
with a high probability of missing vector persistence or
yielding only partial information about infection at a single
time point.[4,5] For instance, in organs such as the prostate,
a single needle biopsy captures less than 1% of the total tissue
being surveyed. Therefore, these monitoring methods can be
invasive, are prone to sampling error, and are limited in their
ability to comprehensively relay the location, magnitude,
persistence and dynamic nature of viral infection.[6,7]

Improved pharmacologic monitoring will not only allevi-
ate problems with current monitoring methods but also has
the potential to be used to address current barriers to

therapeutic success of OV. There is variability in preclinical
and clinical therapeutic response to OV.[2,8] Understanding
the cause for this variability is paramount to optimizing
current treatment strategies and will require the ability to
correlate therapeutic outcomes with iz vivo distribution and
replication. Gene therapy approaches, and arguably OV
approaches, have fallen short of clinical expectations largely
due to limited ability to efficiently transduce tumors. This
has been called the fundamental barrier to effective cancer
gene therapy.[9,10] Similarly, limited success with oncolytic
viruses has been tied to the inability to adequately deliver and
initiate sufficient amounts of infection within tumor targets.
[8] Noninvasive monitoring techniques will assist in the
understanding of delivery and transduction-related barriers
necessary for improving therapeutic success of cancer gene
therapy and virotherapy approaches.

A noninvasive strategy that allows for serial monitoring of
infection can be informative of virotherapy pharmacokinetics
and pharmacodynamics and can help to elucidate barriers to
successful treatment. These needs can be met by engineering
the virus to express reporter genes to facilitate noninvasive mole-
cular imaging at sites of infection. Molecular imaging, defined as
the ability to visualize and quantitatively measure the function of
biological and cellular processes noninvasively, provides critical
information on transduction efficiency, duration and distribution
of gene expression with high sensitivity even in deep tissue using
localization and detection of nuclear radionuclide tracers.[11,12]
Reporter transgenes used for deep-tissue nuclear molecular ima-
ging of OV include enzymes like herpes virus thymidine kinase,
receptors such as the dopamine-2 receptor (D2R) and somatos-
tatin receptor 2 (hSSRT?2), and transporters such as the human
norepinephrine transporter ((INET) and the sodium iodide sym-
porter (NIS).[13] The use of NIS offers potential advantages
above other reporter gene systems including the ability to reflect
cell viability as its concentrative function is lost with cell apoptosis
while enzymes and receptors may still retain detectable function.
[14] In contrast to receptor-based reporters like hSSTR2 with
stoichiometric-binding relationships, transporters like NIS pro-
vide signal amplification through transport-mediated concentra-
tive intracellular accumulatdon of substrate for improved
sensitivity of detection.[15] Additionally, unlike all other radio-
tracer-based reporter gene systems, NIS is able to concentrate
carrier-free radiotracers for convenient use. Therefore, we focus
on the utility of in vivo NIS-mediated nuclear molecular imaging
to increase our current understanding of OV and discuss how
NIS-mediated imaging can be used to improve oncolytic treat-
ment strategies.

11 NIS as a reporter gene

The sodium iodide symporter is a 643 amino acid trans-
membrane glycoprotein that allows iodide uptake and con-
centration for organification in the thyroid and is also
expressed in extrathyroidal tissue including the salivary
gland, gastric mucosa and mammary gland.[16-18] Due
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to its ability to concentrate iodide, NIS has been used for
more than 70 years in the detection and treatment of
thyroid disorders, demonstrating clinical versatility and
practicality of NIS-mediated iodide uptake.[19] The clon-
ing of the NIS gene made it possible to concentrate iodide
in other tissue types that do not normally express NIS. The
ectopic expression of NIS has been shown to allow radio-
iodide accumulation at or above levels of thyroid cells with-
out interfering with basic cellular biochemistry.[20-22]
This widens the scope of NIS-mediated radiotherapy and
imaging beyond the thyroid. The genomic size of the NIS
cDNA, 1929 nucleotides, allows insertion into many dif-
ferent oncolytic virus vectors to be used for reporter gene
functions. Functional NIS facilitates the concentration of
iodide as well as gamma-emitting radioisotopes of iodide
(12317, 12417 12517 B terafluoroborate ([F18]BF,))
or technetium in the form of anionic pertechnetate (9om
TcOy ), hereafter collectively referred to as radiotracers,
that are both readily available and clinically approved for
nuclear imaging applications. Imaging modalities such as
gamma cameras, positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
detect areas of radiotracer concentration that can be visua-
lized and quantified. When used in parallel with X-ray
computed tomography (CT), the detailed anatomical con-
text of NIS-expressing infected cells can be seen (Figure 1).
Table 1 shows the available radiotracers for NIS-mediated
imaging along with their clinically relevant half-lives and
energy emissions with each instrument, demonstrating the
preclinical and clinical versatility of this tool.

Transient and stable NIS expression capable of concentrat-
ing significant iodide uptake in vitro and in vivo allowing
for imaging with planar, SPECT and PET techniques has
been demonstrated in multiple tumor types, confirming the
ability to use NIS as a functional reporter gene to monitor
intratumoral infection (Figure 1).[20-29] Additionally, NIS-
mediated iodide uptake can be used to enhance tumor cell
death and bystander killing induced by oncolytic viruses by
concentrating beta-emitting radioisotopes for what has been
termed radiovirotherapy. Beta-emitting isotopes such as '°'I
not only lead to DNA damage but also enhance viral uptake,
viral gene expression and viral replication.[30] The use of
NIS-expressing viruses to combine oncolytic and radiation-
induced cell damage has been well studied and shown to
enhance oncolytic efficacy preclinically.[14,22,23,26,28,31—
45] The strengths and weaknesses of this approach are
further reviewed by Touchefeu et al.[30] Although the radio-
virotherapy application of NIS as a therapeutic gene is out-
side the scope of this review in which we focus on the role of
NIS as a reporter gene, it is worth mentioning as the lessons
learned from NIS-mediated molecular imaging of OV will
allow for optimization of radiovirotherapy applications as
well. Here we discuss how the utility of NIS imaging renders
it a highly relevant reporter gene to monitor the fate of
oncolytic infection.

High resolution
SPECT/CT

Low resolution
SPECT/CT

Figure 1. Representative whole body nuclear imaging of
mice infected with oncolytic virus expressing NIS following
NIS-mediated uptake of radiotracer. The thyroid (T), stomach
(S) and bladder (B) can be detected due to endogenous NIS
expression and radiotracer excretion. Low-resolution SPECT/
CT imaging clearly identifies intratumoral radiotracer uptake.
High-resolution SPECT/CT imaging allows for spatial resolu-
tion of intratumoral infected centers.

Table 1. Available radiotracers and corresponding half-lives,
decay mode and major y emission energy for NIS-mediated
imaging with SPECT of PET instrumentation.

Imaging Radiotracer Half-life Decay Majory emission
modality mode energy (MeV)
SPECT 123) 13.2h EC 0.159

125 504d EC 0.027

137 80d B 0.364

99mTc 60h IT 0.140

188Re 170h B~ 0.155
PET 124 42d Bt 0.511

18F 109.8 m B* 0.511

Major y emission energy is the mean energy with the greatest percentage of
emission.

Created with data taken from [81].

d: day; h: hour; m: minute; B~ beta decay; p*: positron decay; EC: electron
capture; IT: isomeric transition; SPECT: single-photon emission computed tomo-
graphy; PET: positron emission tomography.
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2. Detection of viral replication and
biodistribution

2.1 Replication
As viral gene expression is highly regulated, it is possible to
monitor pharmacokinetics of infection based on the expres-
sion of transgenes carried by the replicating virus.[13]
Therefore, monitoring of intratumoral infection using NIS
is possible because NIS transgene expression is tightly
coupled with viral genome translation and replication.
Radiotracer uptake can then be noninvasively monitored to
reflect NIS expression, serving as a surrogate for viral genome
amplification and gene expression. This correlation has been
repeatedly confirmed through autoradiography and immuno-
histochemistry (IHC) analysis showing coincidence of NIS
expression, viral infection, and ex vivo radiotracer concentra-
tion, correlation of viral protein expression and in vitro
radiotracer uptake activity levels, and quantification of NIS
gene and viral genome copy numbers.[46-52]

Changes in radiotracer concentration detected with serial
noninvasive imaging will allow for real-time tracking of
infection progression iz vivo. Figure 2 shows how functional

NIS expression will correlate with the longevity of viral gene

uptake

expression, allowing tracking of radiotracer

Uptake intensity

throughout the life cycle of viral infection within a tumor.
Prior to maximum radiotracer uptake during initial infection,
the VIS gene needs to be translated and the protein translo-
cated and inserted into the cell membrane to form a func-
tional transporter allowing for minimal radiotracer uptake.
Active replication corresponds with strong uptake intensity
that may increase with spread of infection or plateau with
persistence of infection. After maximum radiotracer uptake
during the late prelytic phase of infection, NIS transporter
function could be impaired, and following cell oncolysis,
radiotracer concentration would be lost. Therefore, serial
imaging will allow observation of the kinetics of oncolytic
infection and the status of viral replication. In example, IHC
analysis of tumors explanted following serial monitoring of
NIS-mediated radiotracer uptake in animals bearing pancrea-
tic tumors infected with oncolytic vaccinia virus encoding
NIS showed that successful radiotracer uptake was located in
regions where adequate blood flow, viable tissue and viral
proteins were present. A loss of uptake signal intensity corre-
lated with tumor death and necrosis.[53] Similarly, while
NIS was detectable with IHC analysis in tumors harvested
d1, d2 and d3 following infection using measles virus encod-
ing NIS, radiotracer uptake was only detected with SPECT/
CT d1 and d2. This corresponds with IHC showing NIS

Time

Figure 2. Schematic of NIS expression at the cellular level and corresponding NIS-mediated radiotracer uptake detected and
quantified with nuclear imaging techniques. A. Tumor cell does not naturally express NIS and therefore does not concentrate
radiotracers. B. Upon viral infection, the viral genome (green) will be replicated and viral genes, along with transgenes
(blue), will be transcribed and translated into functional proteins. Expression of the NIS transgene (blue) leads to production
of NIS protein that allows radiotracer uptake, corresponding with nuclear imaging detection. C. As viral replication
continues, there is increased expression of viral genes and transgenes, leading to increased NIS protein for increased
radiotracer uptake detected by nuclear imaging. D. As viral proteins continue to be produced, viral particles are assembled
and exit the cell through budding or lysis. Cytopathic effects on cell cause loss of radiotracer uptake capabilities, correspond-

ing to decrease in nuclear imaging detection.
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localized at the cell membrane of intact cells only on d1 and
d2. By d3, IHC showed a diffuse signal for NIS protein
within areas of cell death that correlated with the inability
to detect radiotracer uptake with SPECT/CT, as only healthy
cells are capable of concentrating the radiotracer.[40]

Beyond dynamic monitoring of gene and viral persistence,
serial monitoring of NIS-mediated uptake can distinguish
between replicating and non-replicating vectors. In prostate
cancer using replicating and non-replicating Ad expressing
NIS, both vectors mediated similar uptake d1, but by d2
increased uptake was seen in animals treated with replication-
competent vectors that continued to increase with time while
uptake detected in animals treated with the non-replicating
virus did not increase and was eventually undetectable.[406]
Persistence of replication can be monitored by sustained
uptake activity. Persistence of replication out to 14 days
was detected and did not result in accumulation of loss-of-
function mutations within the NIS transgene in MV encod-
ing NIS.[51] With a conditionally replicating adenovirus in a
prostate tumor model, strong and sustained NIS-mediated
radiotracer uptake confirmed the ability to detect intratumoral
viral persistence 1 month after virus administration.[44]
Table 2 presents a detailed list of preclinical and clinical
studies performed using nuclear imaging techniques to detect
viral infection noninvasively as well as follow the kinetics of
viral replication when noted. The use of NIS-mediated
imaging has shown that the kinetics of iz vivo viral replication
is variable and dependent on virus, tumor, dose and adminis-
tration route (Table 2).

2.2 Biodistribution

NIS-mediated imaging can be used to detect areas of radio-
tracer concentration throughout the body. Radiotracer is
naturally concentrated in the thyroid, stomach, lactating
mammary glands and salivary glands due to endogenous
expression, and can also be detected in the kidney and
bladder due to their roles in excretion. Beyond this, NIS-
mediated uptake is localized to sites of viral infection so that
NIS-mediated imaging is a useful tool to look at distribution
of viral infection throughout the whole body. NIS-mediated
imaging can demonstrate tumor specificity of infection and
lack of off-target infection or viral dissemination to sites with
close anatomical proximity. Specificity of intratumoral infec-
tion has been demonstrated using NIS-mediated imaging for
many of the replicating oncolytic viruses in Table 2, includ-
ing the ability to detect specificity of systemically adminis-
tered virus infection within tumors. The rapid advances in
three-dimensional nuclear imaging instrumentation and co-
registration with CT allow increased spatial resolution and
the ability to separate organs that naturally concentrate radio-
tracer and organs of interest, such as the liver or pancreas in
close proximity to the stomach, and the prostate in close
proximity to the bladder.[7, 34, 46] For example, NIS-

mediated imaging was able to distinguish infection within

the canine prostate despite close proximity to the bladder
following direct intraprostatic injection of replication-com-
petent Ad encoding NIS.[46] The use of contrast agents can
further increase the ability to differentiate organs by blocking
endogenous uptake prior to administration of the radiotra-
cer.[54]

The use of systemically administered viruses also widens
the applicability of NIS-mediated imaging beyond tracking
infection in single tumors to imaging treatment of wide-
spread disease.[55] Systemically administered tumor-selective
viruses encoding the NIS-transgene can also be used for
exploratory localization of tumors and metastatic lesions. A
related application of this technology has been used to detect
positive surgical margins after tumor resection.[56] Imaging
of biodistribution can be used to detect tumors susceptible to
OV and to inform vector design for targeted therapies. For
example, vectors designed for targeting specific cancers such
as mucin 1 (MUC1)-, carcinoembryonic antigen (CEA)- and
alpha-fetoprotein (AFP)-expressing, estrogen positive, and
androgen positive tumor cells have benefited from the use
of NIS imaging to verify targeted infection via noninvasive
imaging of radiotracer uptake.[14,31,33-35,43,44,57-59]
The use of targeted vectors in combination with NIS-
mediated imaging may be a useful tool for diagnostic
tumor genotyping or predicting patient response.

2.3 Sensitivity and quantification
Our ability to use nuclear imaging to comprehensively moni-
tor oncolytic infection is dependent on the sensitivity and
resolution of the available imaging technologies to resolve
radiotracer uptake at the cellular level. SPECT imaging uses
gamma cameras to detect emitted photons, but the signal is
degraded due to multiple factors including intrinsic abilities
of the detector, geometric limitations imposed by collima-
tion, and scatter of photons within tissue and the collimator
producing volumetric images with clinical resolution of
~7.5-10 mm.[42,60] To meet demands for superior 3D
images, manufacturers of small-animal imaging instruments
such as the most current U-SPECT II system (MILabs) are
making machines with increased resolution such that spatial
resolution less than 0.25 mm can be achieved.[61] The use of
PET imaging, which detects coincident photons resulting
from positron-electron annihilation reactions without the
need for collimation, allows for increased clinical resolution
of 2-5 mm.[60] Current small-animal PET detectors are
reported to have resolution approaching 1 mm.
Fortunately, NIS reporter gene imaging can either be used
with SPECT or PET radiotracers, giving investigators
numerous options depending on availability of instrumenta-
tion, necessary resolution or sensitivity (Table 3). Figure 1
shows the benefits of increasing resolution achieved by
advancing imaging technologies to detect intratumoral infec-
tion from a whole body scan, showing the lowest resolution
from detection, enhanced

early gamma scintigraphy
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Table 3. Resolution and sensitivity of imaging instruments
used to detect oncolytic virus replication via NIS mediated
radiotracer uptake.

Instrument Minimum Sensitivity at Reference
resolution minimum resolution
(mm) (%)
Clinical
SPECT ~10 0.03 [60,100]
PET ~5 3 [60,100]
Preclinical (1st generation)
SPECT ~1.2 0.3
PET ~1.5 4
Preclinical (2nd generation)
SPECT
U-SPECT I 0.25 0.39 [61]
X-SPECT 0.75 0.06 [101]
nanoSPECT 0.6 0.07 [101]
PET
inveon 1.15 1.1 [102,103]
Focus 120 1.5 [104]

Spatial resolution (overall spatial resolution for the entire camera system) refers to
the ability to detect discrete sources of radioactivity and is measured as the smallest
diameter of radioactive sources (capillaries) separated by the same distance that
remain distinguishable.[61] Sensitivity is defined as the percentage of emitted
events that are able to be detected and recorded at the given resolution.[42].

detection with SPECT/CT or PET/CT systems, and finally
highest resolution that allows for intratumoral infectious
centers to be resolved with the newest small animal
SPECT/CT technologies.

With NIS expression being highly coupled to viral replica-
tion, radiotracer uptake activity detected by nuclear imaging can
be used for quantitative comparisons of viral replication and
persistence and used to estimate the number of infected cells
within a tumor. Quantitative analysis is performed on nuclear
images using image analysis software. The specific accumulation
within the tumor is determined by defining regions or volumes
of interest (ROI, VOI, respectively) to quantify the contained
intensity of signal, measured as radioactivity. Absolute quanti-
fication, the measure of activity per unit of mass or volume,
allows for comparison of uptake intensity across animals. This
measurement can be adjusted to compensate for differences in
background levels of radiotracer between images, and can be
used to calculate fraction or number of NIS-expressing cells
within a volume. For more accurate comparisons across multi-
ple animals in which injected dose of radiotracer can vary, the
percentage of injected dose per gram of tissue (%ID/g) is used
which takes the absolute uptake relative to the whole body
uptake by measuring the activities of the administration syringe
before and after radiotracer injection.

2.4 Intratumoral distribution
NIS-mediated imaging is limited in its ability to resolve small
populations of NIS-positive cells. The ability to differentiate

intratumoral infection centers or identify metastatic tumor
lesions, residual disease or resection margins will depend on
the ability to detect small cell populations. Technical and
biological limitations for NIS-mediated imaging exist like the
instrument sensitivity and resolution, specific and nonspecific
uptake, tumor-to-normal tissue uptake ratio such that soli-
tary lesions are only detectable when their size and NIS-
mediated uptake sufficiently meet specific instrument
requirements.[49] With improvements in resolution, it is
now possible to observe the spatial context and distribution
of individual infectious centers within a single tumor
(Figure 1). Until recently, NIS-mediated uptake could be
detected with planar gamma camera scintigraphy, SPECT
or PET but did not allow for spatial resolution of infection
within the tumor and depended on invasive tumor harvest
and THC analysis to look at infection with high resolution.
Previously, while IHC analysis showed that NIS expression
was not uniformly distributed throughout the tumor with
only 30% of cells transduced and areas lacking transduction,
NIS-mediated imaging showed positive radiotracer concen-
tration at the tumor site.[62] Although NIS-mediated ima-
ging could identify whole body biodistribution and
replication kinetics, it was not informative on the intratu-
moral heterogeneity. Importantly, more recent preclinical
work using X-SPECT and U-SPECT instrumentation, ima-
ging can now differentiate intratumoral infectious centers.
[51,63] Further, high-resolution NIS-mediated imaging
shows spatial heterogeneity of viral distribution both locally
within a single tumor and across animals of the same treat-
ment group.[63]

The measurement of uptake intensity using noninvasive
nuclear imaging techniques has been verified to be a true
reflection of the whole tumor activity by ex vivo analysis of
explanted tumors after imaging.[51,52,64,65] Table 3 lists
the sensitivity and resolution of selected imaging modalities
that have been used for detection of oncolytic viruses, high-
lighting the improvements in spatial resolution and sensitiv-
ity with new instruments. With the improvements in nuclear
imaging, intratumoral biodistribution can now be quantita-
tively evaluated, and the causes of infection heterogeneity and
its implications for tumor response can be further explored.
However, to increase clinical utility, quantitative indices are
needed to relate the meaning of uptake detection with clini-
cally relevant therapeutic responses. This includes under-
standing how positive uptake detection relates to the
volume of tissue being imaged. For instance, investigators
established sensitivity of X-SPECT to detect positive uptake
in NIS-expressing tumor lesions as small as 3 mm.[27] With
advances in imaging technology, it has since been reported
that the minimum number of NIS-expressing cells detectable
in a cluster is ~100 million with microPET (Focus 120
microPET, Concorde Microsystems Inc.).[66] With experi-
ment-specific imaging settings and taking into account the
specific tumor cell/stroma ratio, it was estimated that the X-
SPECT could resolve a zone as small as 2 x 10° infected cells
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from background using MV expressing NIS in BxPC-3
tumors.[51,67] Further, Penheiter et al. worked to determine
the minimum percentage of NIS-expressing cells necessary
for detection via nuclear imaging.[51] Using an older
SPECT/CT system (X-SPECT, Gamma Medica), they iden-
tified that the minimum percentage of NIS-expressing cells
within a tumor to allow detection of radiotracer activity
above background was 2.7%, confirmed by both NIS RNA
copy yield and IHC quantification. Further, they showed
that individual infected centers within a tumor were able to
be spadially resolved if their centers were more than 3.9 mm
apart and each center comprised at least four times the
amount of infected cells required for whole tumor detec-
tion.[51] These useful metrics can then be used to predict
percentage of infected cells in future treated animals.
However, because of the variability between tumor models
and oncolytic viruses, it will be necessary to perform such
validations to approximate the sensitivity of the NIS reporter
with each virus—tumor combination. With updated instru-
mentation with increased resolution, such as the U-SPECT
II, it is anticipated that the minimum amount of infected
cells and the distance between infected centers will continue
to decrease.

3. NIS-mediated imaging and treatment strategy

The use of NIS-mediated imaging to provide detailed non-
invasive information regarding viral replication and biodis-
tribution within a single animal can be used to compare and
gain insight into specific treatment parameters such as dose,
viral structure, tumor target, administration technique, as
well as look at changes that occur over time to determine
effects of efflux, replication and persistence of virus. It is
important to note that NIS-mediated image analysis and
interpretation will be dependent on experimental conditions
and will require careful consideration of the different factors
that will affect radiotracer uptake in order to best inform
oncolytic optimizations. Therefore, lessons regarding how
NIS-mediated imaging and quantitative treatment compar-
isons should be approached and relevant therapeutic observa-
tions will be discussed.

31 Tracer efflux

Timing of imaging is an essential consideration, especially in
the absence of a retention mechanism as is the case with
iodide concentrated by ectopic NIS expression. Radiotracer
efflux rates will affect detection and quantification of viral
infection. Recirculation and reuptake of radiotracers may
take place in the tumor allowing for dynamic equilibrium.
[68] In vivo monitoring showed that although absolute value
of radiotracer uptake decreased over the 8 hours following
radiotracer administration, the ratio of tumor-specific uptake
relative to background increased with time meaning back-
ground radiotracer levels decreased more rapidly than tumor,

indicating retention.[69] While slow efflux is a property of an
individual cell dependent on the presence of efflux proteins,
efficient reuptake is a property of the environment and most
likely dictated by the geometry of surrounding cells and
extracellular environment; close proximity to other cells
expressing NIS and higher concentrations of effluent or
pooled iodide maximizes reuptake and retention of the iso-
tope within the tumor.[23] In support of this idea, the
kinetics of radiotracer accumulation was observed using
short-term serial imaging 24 h after infection with an Ad
expressing NIS. A plateau in uptake intensity was reached
after 2 h but variation in uptake intensity was seen between
tumors in the same animal likely due to differences in tumor
size. Smaller tumors with fewer blood vessels to feed iodine
uptake and less cells to allow for NIS expression for reuptake
and retention had less radiotracer uptake.[70] Higher doses
resulting in a greater density of infection may also allow for
better imaging by increasing the opportunity for reuptake
thereby increasing the biological half-life of radiotracers.
Dose-dependent accumulation of radiotracer resulted in
dose-dependent biological half-lives, with administration of
5 x 10% or 1 x 10° PFU Ad expressing NIS resulted in 7.5%
ID/g compared to 12% ID/g and biological half-lives of
6.1 h compared to 23.6 h, respectively in tumors.[43] Due
to the considerable temporal variation in NIS-mediated
radioisotope uptake and retention, short-term serial imaging
will be necessary to determine optimal imaging protocols
prior to the use of serial imaging to gain insight to the
evolution of infection over time or to inform clinical practice.

3.2 Dose and administration route

NIS-mediated radiotracer uptake occurs in a viral dose-depen-
dent manner, shown in both 7% vitro uptake assays and 7 vivo
monitoring of mice administered escalating doses of NIS-
expressing viruses.[15,31,40,41,43,45,48,49,59,71] Prior to
induction of cytotoxicity, radiotracer uptake increases with
viral dose, with some viruses showing a maximum level of
uptake that plateaus above a certain multiplicity of infection in
in vitro assays, suggesting a maximal level of NIS expression
per cell can be achieved.[31] This may correlate with maximal
infection burden, explaining why tumors in animals treated
with low viral doses initally experience a slower increase in
intratumoral radiotracer uptake relative to animals treated at
higher doses. However, the intensity of radiotracer uptake
eventually peaks followed by a decrease, as if the low-dose
tumor has reached the same level of infection burden achieved
by higher doses earlier on.[63] Although, the relationship
between dose and uptake may not be linear, as seen with an
Ad expressing NIS in which a 10-fold increase in viral dose
(10® to 10 vp) resulted in only a 2-fold increase in radiotracer
uptake 77z vivo.[46] These observations are important both for
understanding dosing and in interpreting the meaning of
increased uptake intensity as it correlates to higher viral repli-
cation in the tumor.
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Both IT and IV administered virus pharmacokinetics have
been monitored by NIS-mediated imaging, and differences in
viral replication dependent on administration route have
been detected, as noted in Table 2. Direct IT injection results
in increased radiotracer uptake signal early on, most likely
due to the higher density of infected cells within a given
location of the tumor. Administration route also caused
differences in time of peak uptake intensity as well as persis-
tence of replication of MV expressing NIS in a prostate
tumor model.[39] The use of NIS-mediated imaging can be
informative of the differences in viral replication and persis-
tence that occur as a result of both dose and administration
route that can influence clinical protocol.

3.3 Differences in kinetics

Observing replication kinetics can be useful in predicting
response as increasing radiotracer activity correlated with
increased therapeutic tumor response.[41,53] Although a
loss of radiotracer uptake can be attributed to viral clearance,
it has been repeatedly shown that a rise and subsequent loss
in radiotracer activity also corresponds with tumor response.
With systemic MV expressing NIS to target prostate cancer, a
regression in tumor size correlated with a peak and then loss
of viral infection, while stable disease had underlying persis-
tence of viral infection and NIS-mediated imaging.[39]
Similarly, when VV expressing NIS was used to treat mice
bearing endometrial tumors, radiotracer uptake increased as
infection spread in enlarging tumors and decreased with
decreasing tumor size as the tumor responded to therapy.
[72] Therefore, in similar scenarios, an increase in uptake
intensity early after infection may suggest an increased dose
of virus delivered to the tumor, and a subsequent loss in
uptake intensity can be predictive of tumor response.

NIS imaging can also be used to monitor differences in
OV replication and efficacy as a result of vector design and
genomic architecture. The location of NIS insertion within
the virus may affect the resulting kinetics of NIS expression
and ultimately efficacy of the oncolytic. It is necessary to
understand how the insertion of the transgene at different
sites within the genome will affect the relative expression
levels, especially for quantitative NIS-mediated imaging.[73]
For instance, in one study the positioning of NIS cDNA
within the Ad E1 locus compared to the E3 locus led to far
lower hNIS expression.[48] Genetic engineering and tran-
scriptional targeting can also affect the kinetics of virus
spread. Insertion of the NIS gene in the wild type compared
to targeted background of Ad led to differences in time of
peak uptake intensity.[48] While promoter specificity can be
used to enhance targeting, it may also effect NIS expression.
Ad expressing NIS under control of either the MUCI or
CMYV promoter showed similar uptake capabilities iz vitro,
but 77 vive imaging showed clear transduction with the CMV
promoter and less intense uptake with MUCI-promoter
driving NIS expression in the targeted MUCI positive

ovarian xenografts.[35] NIS-mediated imaging can also
show differences as a result of additional therapeutic trans-
genes on oncolytic efficacy. When the IFNP gene was
inserted into the MV genome carrying NIS compared to
the same recombinant MV genome carrying green fluores-
cent protein and NIS, 7z vitro assays showed similar growth
kinetics.[56] The in vivo study showed similar radiotracer
uptake up to day 7, but by d14 decreased radiotracer uptake
was detected in the MV-IFN-NIS-treated mice relative to the
IFNB-negative counterpart, likely due to the immune
response to the virus leading to enhanced antitumor and
antiviral effects.[56] Therefore, the effects of immune activa-
tion and resultant viral clearance can be noninvasively mon-
itored. It is also important to note that NIS-mediated uptake
requires viable cell populations, and so this technology may
not be useful for tracking rapid infection in which cells may
die prior to functional NIS expression or sufficient radio-
tracer accumulation. In such a case, constructs optimized for
rapid oncolysis and featuring replication-coupled transgene
expression might not be optimal for detection.[74]

3.4 Heterogeneity comparisons

An important observation made possible by NIS-mediated
imaging is the heterogeneity of spatiotemporal context of
intratumoral infection within and across animals of the
same treatment group. For instance, MV expressing NIS
was used to treat pancreatic tumor-bearing mice and a large
range of intratumoral iodide uptake was observed in the
animals. Additionally, serial imaging showed considerable
temporal variability in peak tumor iodide localization. The
dramatic heterogeneity of intratumoral infection distribution
was confirmed with IHC analysis.[41] Similarly, when mice
bearing multiple myeloma tumor models treated with sys-
temic VSV encoding NIS were imaged with high resolution,
differences in spatial distribution pattern and radiotracer
uptake kinetics could be seen for separate infected foci within
the same tumor.[63] The non-uniformity of intratumoral
distribution may be a barrier to translation. The use of
NIS-mediated imaging could allow insight into targeting
methods to address the causes of tumor heterogeneity such
as variation in promoter activity, inability of viral delivery/
replication, regions including stromal, necrotic, hyperbaric,
hypoxic that are likely to hamper the penetration of the virus
to the entire tumor, incomplete transduction due to polarized
expression of receptors.[8,70] These delivery-related causes of
heterogeneous infection distribution are also likely to impact
delivery of radiotracers throughout the entire tumor.
Additionally, vascular shutdown as a result of viral infection,
as seen with VSV and VV in subcutaneous colon cancer
tumor models, could hinder delivery of radiotracers and
affect imaging results.[75] To our knowledge, work has yet
to be done to explore the impact of vascular shutdown on
radiotracer delivery and NIS-mediated imaging results. It will
be necessary to consider how intratumoral infection and the
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causes of infection distribution heterogeneity may influence
radiotracer delivery and interpretation of imaging results.
Further, there is considerable variability in the radiotracer
background signal among different regions of a tumor likely
due to the heterogeneity of extracellular fluid content, with
lower background associated with densely packed cells and
higher backgrounds with lower cell densities or blood pool-
ing in necrotic regions.[51] Consideration of background
signal variability is possible using quantitative software and
will be important for accurate depictions of infection burden,
especially with zones of moderate infection correlated with
only moderate radiotracer uptake.

4. Clinical lessons

Oncolytic viruses expressing NIS are now being used in
clinical trials to identify feasibility and limitations of this
technology in humans and can provide important insight
into pharmacokinetics of these experimental therapeutics.
Nuclear imaging has been used to clinically track intratu-
moral localization and infection with both Ad and MV
expressing NIS (Table 2).[55,74,76,77] Clinical use and
lessons from the use of NIS-mediated monitoring of OV
thus far are described here.

In a phase I trial, Barton et al. administered Ad expressing
NIS using intraprostatic administration to treat prostate can-
cer.[76] At the lower dose, 1 x 10" vp divided into multiple
injections, no radiotracer uptake was detected in the prostate
when imaging was performed 3 days post administration.
This could be because the total dose given at any single site
of injection, 3.3 x 10'° vp, was near the threshold of dose per
deposit necessary for detection identified in preclinical canine
studies, 1-3 x 10'° vp.[46] This could also be due to missing
the peak of viral replication prior to the first imaging time
point. Positive intratumoral radiotracer uptake was detected
in 7 of 9 patients treated at the higher dose of 1 x 10'* vp
divided into two deposits of 5 x 10'" vp. This confirmed the
ability to detect Ad gene expression in the prostate with close
proximity to the bladder. In these patients, the peak of NIS
expression was detected 1-2 days after administration and
detectable up to 7 days post administration, although the
kinetics of radiotracer uptake differed between patients. Even
though radiotracer uptake was undetectable at later imaging
time points, Ad DNA persisted in the blood of one patient
for at least 145 days. This further suggests a threshold dose
necessary for clinical detection using imaging techniques.
This also indicates that Ad could persist in the prostate for
a prolonged period of time although high levels of gene
expression are short lived. It was possible to see distinct but
overlapping regions of uptake corresponding with where the
divided doses had been injected in one patient. These both
confirm the ability to resolve regions of infection and demon-
strate the sensitivity of the imaging to detect infection when
at least 5 x 10"" vp are deposited. Lastly, there was no

extraprostatic radiotracer accumulation showing lack of Ad
dissemination, although infection at extraprostatic sites could
go undetected if the amount of infected cells within a focal
region was not above the critical threshold necessary for
detection. For quantitative analysis, the gene expression
volume was measured for each patient relative to the mean
pixel intensity of that volume. While the volume of gene
expression was relatively consistent, the mean pixel intensity
per unit volume, a measure of gene expression, showed some
variation. Knowledge of gene expression and gene expression
volume can be used for comparison with future clinical out-
comes. This could aid in establishing a minimum threshold
dose necessary for clinical outcomes, planning future dosing
strategies to determine number of injections necessary to
cover a known volume, or to target gene expression to areas
of greater tumor burden.[76]

In a compassionate use case, Rajecki et al. used an Ad
expressing NIS in metastatic cervical carcinoma tumors.[74]
This patient was treated with a total of 3 x 10'" vp divided
for intratumoral administration to tumors in the pelvis and a
liver metastasis. Radiotracer uptake within the tumors was
not detected following administration. An increase in viral
DNA in patient serum indicated replication, suggesting the
administered dose may have been active but did not exceed a
minimum threshold dose necessary for detection by nuclear
imaging. Alternatively, differences in vector design may con-
tribute to the lack of detection, in which the virus used here
expressed NIS under the control of the E3 promoter, while
the virus used by Barton et al. expressed NIS under control of
the ubiquitous CMV promoter that allows more rapid and
robust NIS expression. It is possible that the rapid lytic cycle
of the Ad used here could limit the amount of NIS expressed
before cell lysis. This use of nuclear imaging can teach valu-
able lessons about the expression of transgenes dependent on
virus design and shows that viruses optimized for rapid and
potent oncolytic activity may not be suited for tracking with
NIS-mediated imaging.[74]

In a phase I trial of MV expressing NIS for treatment of
refractory multiple myeloma, Russell et al. clearly tracked
intratumoral infection following systemic administration
using NIS-mediated imaging.[55] Imaging results and clin-
ical responses were presented from two patients, each treated
intravenously with a single dose of 1 x 10'" TCIDs, MV
expressing NIS. In the first patient with a frontal plasmacy-
toma, radiotracer uptake was localized to the lesion and
detectable above background on d8, with increase in uptake
intensity d15, indicating propagation of infection. In the
second patient with numerous plasmacytomas in the lower
extremities, radiotracer uptake was detected in several plas-
macytomas on d8, with decreased intensity d15, and unde-
tectable uptake by d28. The intensity of uptake varied
between tumors of similar size, indicating the heterogeneity
of virus replication even within the same patient. Even so,
positive NIS-mediated imaging in both patients correlated
with clinical response as measured by M protein reduction
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and resolution of bone marrow plasmacytosis. Here NIS-
mediated imaging was able to demonstrate the clinical feasi-
bility of systemic OV by showing the ability to specifically
target multiple sites of tumor growth after systemic adminis-
tration within a patient.[55] The use of NIS-mediated ima-
ging was also able to reveal differences in radiotracer uptake
intensity and kinetics, confirming the clinical relevance of the
heterogeneity of intratumoral infection detected preclinically.
This demonstrates the continued need to monitor infection
noninvasively and calls for the need for better clinical ima-
ging modalities to better understand the heterogeneous nat-
ure of viral biodistribution.

NIS-mediated imaging was also used by Galanis et al. to
clinically monitor MV expressing NIS infection in resistant
ovarian cancer patients following intrapleural administration
monthly for up to 6 cycles.[77] Radiotracer uptake mediated
by NIS expression was detected in 3 out of 13 patients
treated at the highest dose level, 1 x 10° TCIDs,. The first
patient had positive radiotracer uptake on d8 and d15 of the
first treatment cycle which became undetectable prior to
cycle 2, and was then detectable again on d8, d15 and d21
of the second cycle. This confirms the ability of NIS to detect
changes in viral replication, especially in the case of retreat-
ment or potentially in detecting significant secondary vire-
mia. A second patient had radiotracer uptake above
background only on d8 of cycle 1, and the third patient
had positive uptake on d15 of the first cycle.[77] This
study demonstrated the temporal heterogeneity of NIS-
mediated radiotracer uptake detection that could signify dif-
ferences in intratumoral virus replication kinetics or initial
intratumoral deposition of virus particles.

These clinical applications demonstrate the utility of NIS-
mediated imaging of radiotracer uptake to monitor oncolytic
virus infection and propagation. Clinical use of NIS-
mediated imaging revealed that there is a threshold level of
infection necessary for detection using nuclear imaging, and
this threshold may differ with virus. Further, differences in
vector design may affect the utility of the NIS reporter gene
to track infection. The variability in NIS-mediated detection
of infection indicates that there are still barriers to achieving
reliable tumor transduction that need to be addressed
moving forward. There are seven ongoing clinical trials
with oncolytic viruses expressing NIS (NCT00408590,
NCT02192775, NCT02364713, NCT02068794,
NCT01503177, NCT00450814, NCT01846091). It is
hoped that the use of NIS-mediated imaging in these trials
will continue to inform clinicians of noninvasive pharmaco-
kinetics and allow for correlations with treatment response.

5. Conclusions

Although there are many oncolytic viruses entering clinical
trials, there have been only a small number of complete
tumor responses documented.[8,55] Therefore, there is a

continued need to optimize current therapies. Molecular
nuclear imaging of OV using NIS reporter gene expression
to mediate radiotracer uptake is an important and informa-
tive technology to facilitate improvements in current treat-
ment protocols. The ability to monitor oncolytic virus
infection, replication and biodistribution using NIS-
mediated imaging has been confirmed. Changes in radio-
tracer uptake intensity within a single animal can be serially
detected and reflect the oncolytic cycle from infection, repli-
cation and expression of viral and transgenes, and cytopathic
effects. Whole body nuclear imaging confirms tumor-specific
infection and can be used to detect off-target replication or to
diagnostically locate tumor deposits. With improvements in
nuclear imaging technology, individual centers of infection
within a single tumor are now able to be spatially differen-
tiated and followed over time.

The use of NIS-mediated imaging can be used to inform
optimizations in treatment protocol. First, the dynamic nat-
ure of OV requires serial monitoring from early time points
in order to relay comprehensive information regarding in vivo
infection and to establish specific imaging protocols for
future use. Quantitative image analysis of NIS-mediated
radiotracer uptake identified differences in uptake as a result
of treatment dose, administration route and virus design.
Such quantitative analysis can be used to inform and improve
mathematical models developed to predict therapeutic effi-
cacy. For instance, the mathematical model by Bailey et al.
identified replication kinetic, delivery and distribution to be
key factors in predicting therapeutic outcome, all of which
can now be noninvasively monitored.[78] The use of NIS-
mediated imaging also identified the variability of intratu-
moral infection and replication kinetics both within a single
tumor and between multiple tumors. This variability is also
detected clinically, highlighting continued need for therapeu-
tic optimization. With NIS-mediated imaging, barriers to
oncolytic efficacy can be both detected and studied by pro-
viding a means to noninvasively and quantitatively compare
improvements in viral transduction or replication. Further,
the observed heterogeneity in both replication kinetics and
biodistribution indicates the need for patient-specific phar-
macokinetic monitoring. The use of molecular imaging can
go beyond mere detection of intratumoral infection and
readily inform treatment optimizations through noninva-
sively monitoring of viral replication and biodistribution in
real time.

6. Expert opinion

As the use of OV continues to increase, the use of NIS-
mediated noninvasive imaging will allow for more rapid
advances in OV optimization. Together, knowledge of bio-
distribution and kinetics of infection will allow for better
understanding of OV and help to inform clinical practice and
dose determination. Using NIS as a marker for noninvasive
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monitoring of infection gives clinicians the ability to correlate
tumor response and toxicity with the actions of OV therapy,
including information on viral kinetics during treatment,
changes in tumor size, biodistribution and monitor potential
viral toxicity.[79]

Monitoring of virus-driven NIS expression is a safe, non-
invasive way to address questions pertaining to the oncolytic
activity in cancer patients, facilitate dose optimization and
development of individualized treatments—quantification of
uptake by NIS can provide important dosimetric information
for optimal dosing.[39] Predictive mathematical models,
such as those using VSV to target multiple myeloma and
adenovirus to target prostate cancer, can be generated or
improved upon using information from molecular imaging
to facilitate dose optimization for complete tumor coverage
with gene expression.[71,78] For oncolytic viruses with lim-
ited clinical efficacy, combination treatments may be bene-
ficial and molecular imaging of viral spread in tumors could
provide unique information to rationalize combination treat-
ments. For example, the NIS transgene also confers the
potential for radiovirotherapy to improve tumor response
relative to oncolytic virus alone in preclinical studies.
[26,31,32,34,37-40,43,59] The noninvasive monitoring of
viral replication kinetics can be informative for planning
delivery of targeted radiation via NIS expression. The utility
of NIS as a reporter gene to gain insight into viral replication
and distribution is essential to radiovirotherapy success as
radiotracer efflux and the heterogeneity of distribution and
replication can impact therapeutic response.

Imaging could allow for identification of location of infec-
tion before continuing with >'I treatment and be used to
identify optimal timing for administration. NIS-mediated
imaging could also be used to predict response to treatment
and the need for additional dosing or combination with other
anti-cancer therapies. Knowledge of delivery, especially intra-
tumoral distribution, could be used to facilitate personalized
approaches by pinpointing untreated tumor areas for reinjec-

tion to improve tumor coverage.[51] The heterogeneity
detected both in replication kinetics and biodistribution of
infection warrants the continued development of enhanced
imaging modalities to further understand mechanisms under-
lying the heterogeneity of infection and ultimately tumor
response. Noninvasive monitoring can be used as a tool for
quantitative analysis when targeting causes of heterogeneity,
such as using different injection and infusion techniques or
altering the tumor microenvironment.[8,51,80]This could
lead to a better understanding of the causes and cures for
heterogeneity of viral infection and replication that are cur-
rent barriers to success.

It is our opinion that noninvasive, serial NIS-mediated
imaging of OV is a clinically valuable tool to predict treat-
ment outcome and response, identify treatment gaps, and
better understand and therefore target barriers to OV effi-
cacy. This will require continued advancement of imaging
technologies to improve clinical ability to resolve increas-
ingly small deposits of NIS-expressing cells and develop-
ment of quantitative indexes specific to each virus, tumor
and instrument combination to correlate uptake activity at
the voxel level with the underlying molecular meaning in
terms of number of infected cells. The use of NIS reporter
gene imaging is rapidly advancing and can now provide
unparalleled insight into the spatial and temporal context
of oncolytic infection both preclinically and clinically,
which will be integral to optimization of oncolytic treat-
ment strategies.
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