ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1016/j.ymthe.2020.03.016

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Ashmore-Harris, C., lafrate, M., Saleem, A., & Fruhwirth, G. O. (2020). Non-invasive Reporter Gene Imaging of
Cell Therapies, including T Cells and Stem Cells. Molecular Therapy, 28(6), 1392-1416. Article
10.1016/j.ymthe.2020.03.016. https://doi.org/10.1016/j.ymthe.2020.03.016

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 19. Oct. 2024


https://doi.org/10.1016/j.ymthe.2020.03.016
https://kclpure.kcl.ac.uk/portal/en/publications/5d3abef4-7c6c-4b96-a3c4-cf9ab696bbb1
https://doi.org/10.1016/j.ymthe.2020.03.016

Manuscript (including main-text tables)

10

11

12

13
14
15
16
17

18

19

20

21

22

23
24

25

Non-invasive reporter gene imaging of cell therapies, including T-cells
and stem cells

Candice Ashmore-Harris!?, Madeleine lafrate!”, Adeel Saleem!34", Gilbert O. Fruhwirth®”.

'Imaging Therapy and Cancer Group, Department of Imaging Chemistry and Biology, School of
Biomedical Engineering and Imaging Sciences, King’s College London, SE1 7EH, London, UK.

2Centre for Stem Cells and Regenerative Medicine, School of Basic and Medical Biosciences, King’s
College London, SE1 9RT, London, UK

3peter Gorer Department of Immunobiology, School of Immunology and Microbial Sciences, King’s
College London, SE1 9RT, London, UK

“Department of Haematological Medicine, King’s College Hospital, SE5 9RS, London, UK

A contributed equally.

*Correspondence should be addressed to G.O.F. (gilbert.fruhwirth@kcl.ac.uk)

Corresponding author address:

Dr Gilbert Fruhwirth, Department of Imaging Chemistry and Biology, School of Biomedical
Engineering and Imaging Sciences, King’s College London, St. Thomas’ Hospital, Lambeth Wing
4" floor, Westminster Bridge Road SE1 7EH, London, United Kingdom. Phone: +44 20 7188 8370.
E-mail: gilbert.fruhwirth@kcl.ac.uk

Short title: Non-invasive long-term cell therapy imaging

Keywords:

adoptive cell therapy; cell tracking; immunotherapy; molecular imaging; prostate-specific membrane
antigen; sodium iodide symporter.



26

27
28
29
30
31
32
33
34

35
36
37
38
39

40

41

Abstract

Cell therapies represent a rapidly emerging class of new therapeutics. They are intended and developed
for the treatment of some of the most prevalent human diseases including cancer, diabetes and for
regenerative medicine. Currently, they are largely developed without precise assessment of their in
vivo distribution, efficacy or survival either clinically or preclinically. However, it would be highly
beneficial for both preclinical cell therapy development and subsequent clinical use to assess these
parameters in situ to enable enhancements in efficacy, applicability, and safety. Molecular imaging can
be exploited to track cells non-invasively on the whole-body level and can enable monitoring for

prolonged periods in a manner compatible with rapidly expanding cell types.

In this review, we explain how in vivo imaging can aid the development and clinical translation of cell-
based therapeutics. We describe the underlying principles governing non-invasive in vivo long-term
cell tracking in the preclinical and clinical settings including available imaging technologies, reporter
genes and eentrastimaging agents as well as pitfalls related to experimental design. Our-emphasis is on

adoptively transferred T-cell and stem cell therapies.
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1 Introduction

Cell-based therapy, or cell therapy, is defined as the administration of live cell products with the
intention of providing effector cells to treat disease or support other treatments. Cell therapies use either
cells isolated from the patient (autologous) or those from a donor (allogeneic). The type of therapeutic
cell used varies widely, with clinical trials currently dominated by haematopoietic cells, mesenchymal
signalling cells [1] and lymphocytes, but also, at a lesser frequency, dendritic cells, hepatocytes,
epithelial cells with various others also under investigation [2, 3]. While cell therapy currently attracts
much attention across various fields, it is not a new concept. In 1931, the Swiss medic P. Niehans
injected fresh calf parathyroid gland cells into a human female whose own parathyroid gland had been
accidentally removed during surgery; she recovered from the procedure. He claimed that embryonic
animal cells would be able to regenerate human cells and organs. After more experimentation with
foetal cells from black mountain sheep that were apparently resistant to cancer and other diseases, he
further claimed that his fresh cell approach could help to cure cancer. However, there was a lack of
scientific evidence supporting these claims and the American Cancer Society warned: against unproven
fresh cell therapies [4]. Allogeneic haematopoietic stem cell transplantation (HSCT) was pioneered by
E.D. Thomas [5] to treat leukaemia patients, and it evolved to become the standard of care for
haematological malignancies and congenital or acquired disorders of the haematopoietic system; it is
also a therapeutic option in some solid tumours [6]. Oncology is currently the field responsible for over
half of all cell therapy trials [2], and there have been several product approvals in recent years [7-10].
Unlike other treatments, cell therapies are live cell products and, via genetic engineering, can be
enhanced to achieve better efficacy, or be tailored to benefit individual patients. The first clinically
approved genetically engineered cell therapies were the chimeric antigen receptor T cell (CAR-T)
therapies tisagenlecleucel and axicabtagene ciloleucel, both of which are autologous CD19-targeted
CAR-T immunotherapies for the treatment of certain haematological malignancies (B-cell lymphomas;
[11]). Although spectacular treatment successes have been reported for CAR-T, not all patients respond
in this way, and some effects are only temporary [7, 9, 12]; additionally, CAR-T has so far generally

been disappointing in solid tumours.

All cell therapies require extensive characterisation to demonstrate safety and compatibility. It
is noteworthy that their in vivo distribution, survival and efficacy at on-target, but also off-target tissues
are critical parameters. During clinical trials, off-target activities have led to severe adverse events with

fatalities and other life-threatening side effects reported [13, 14]. Furthermore, most clinical cell



73
74
75
76
77
78
79
80
81
82
83

84

therapy trials are still performed without knowledge about the in vivo distribution and fate of the
administered therapeutic cells, has resulted in suggestions to implement in vivo cell tracking [15-17]
and suicide genes [18] into these genetically engineered cell therapies. Genetic engineering to
implement additional payloads (e.g. reporter genes for imaging, suicide genes etc) into immune cell
therapies such as CAR-Ts is less of a regulatory concern compared to genetic engineering of stem cell
therapies, given that CAR-expression is enabled by genetic engineering and CAR-Ts are widely used
in the clinic. In contrast, the clinical use of genetically modified stem cell therapies is not yet
widespread [19, 20]. With both types of therapy, there remain several unknowns including the in vivo
distribution, persistence and survival of cells as well as their efficacy at target and non-target sites.
Consequently, broader and better investigations into these unknowns during cell therapy development
and clinical translation is needed.
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2 Principles of non-invasive in vivo cell tracking

Depending on the cell therapy being developed, traditional approaches for verifying cell survival in
vivo relied on methods such as gPCR-based evaluations of cell retention, drug dose escalation and
tumorigenicity tests. The use of molecular imaging permits the acquisition of spatiotemporal whole-
body images, meaning that non-invasive in vivo tracking of administered therapeutic cells is now
possible [21]. Cell tracking enables the quantitative assessment of several crucial aspects for cell
therapy development: (i) the whole-body distribution of therapeutic cells over time; (ii) whether
therapeutic cells migrate beyond the transplant site during treatment, and if so, the kinetics of this
process; (iii) whether on-target bystander effects occur; and (iv) how long therapeutic cells survive.
Notably, cell tracking is based on repeat-imaging of the same subjects, and therefore provides better
statistical data through reduced inter-subject variability when compared to conventional approaches

which relied on sacrificing animal cohorts at different time points.
2.1 Signal formation for in vivo cell tracking

Cell therapies cannot ordinarily be tracked in real-time, non-invasively \in vivo by an imaging
technology, without first labelling them. The labelling agent is chosen to match the desired imaging
modality (e.g. ultrasound imaging), and it generates a detectable signal‘in order to provide a noticeable
difference between the labelled cells and their surrounding environment. That said, the intrinsic
features of some cell types of interest can be exploited to generate trackable signals. For example, when
cancer cells express molecules that show low or no expression in other tissues conventional molecular
imaging offers cell tracking possibilities both preclinically and clinically. As an example, using
radiopharmaceutical-based molecular imaging, metastatic cells can be tracked via the sodium iodide
symporter (NIS) from the thyroid [22, 23], via the glutamate carboxypeptidase 2 (prostate—specifiF
membrane antigen/PSMA) from prostate cancer [24, 25], via the carcinoembryonic antigen (CE
from colorectal cancers [26], or imaging melanogenic melanomas and their spread [27].

In most in vivo tracking scenarios, cell labels must be introduced to the cells of interest via one of two
different methodologies: either direct or indirect cell labelling. Direct cell labelling is performed upon
cells ex vivo, and the labelled cells are subsequently administered to subjects for cell tracking using the
relevant imaging technology (Fig.1A). Uptake of the labelling agent can be achieved by exploiting
normal cellular processes (e.g. through phagocytosis, via internalizing receptors etc.) or assisted (e.g.

by transfection agents or coupling of the contrast agent to membrane translocation peptides). A wide
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variety of ready-to-use contrast agents that are compatible with all relevant imaging technologies are
available [21]. Conversely, indirect labelling requires cells to be genetically engineered to ectopically
express a reporter gene, rendering them different from the surrounding cells in vivo (Fig.1B). The
reporter is normally integrated permanently into cells_(see Section 2.2) and it must allow them to be
targeted by molecular imaging in vivo following administration of a suitable labelling agent. Therefore,
the relatively simple process of molecular imaging can be performed repeatedly (whereas the cell

labelling only needs to occur once), allowing the genetically modified cells to be tracked longitudinally.

There are three principal strategies that ensure reporter genes afford indirectly labelled cells
detectable signal for in vivo imaging. These rely on the reporter gene coding for either an enzyme, cell
surface protein or transport protein (Fig.1C). Where the reporter gene yields expression of a functional
enzyme it is catalysis of the administered substrate that renders the cells trackable, e.g. through
entrapment of the signal within reporter expressing cells (e.g. the radiolabelled substrates of HSV1-tk,
tyrosinase) or the generation of a signal (e.g. luciferases converting a chemical into detectable light).
Cell surface proteins-based reporter genes exploit binding of a labelling agents for imaging (e.g.

receptor binding a labelled ligand). It is noteworthy that some reporter proteins have enzymatic

capacity but the latter is not utilised for imaging (e.g. PSMA and its variants [28, 29] or estrogen

receptor [30]). Transporter protein reporters enable a labelled substrate to be transferred into cells to
generate a signal. All these mechanisms can be useful for preclinical cell tracking. However, for clinical
cell tracking, the emphasis lies on cell surface proteins, transporters and enzymes entrapping molecular
probes (Fig.1C/1-3), because signal-generating proteins.(Fig.1C/4) are often either not of human origin
(e.0. luciferase) or produce potentially toxic products if expressed outside their endogenous niche (e.g.
tyrosinase; [31]). A notable exception are certain mammalian nucleoside kinases [32]. Alongside
improvements in imaging technologies, corresponding reporter gene-afforded cell labelling agents
have been developed and optimised. Reporter genes can either be foreign in relation to the host
organism or represent self; according to these criteria several promising reporter genes are listed in
Tab.1 and Tab.2.

2.2 Gene transfer methods for reporter gene introduction

Traditionally, genetic engineering has been achieved through the use of viral vectors (e.g.
y-retroviruses, lentiviruses), which more or less randomly integrate the transgenes into the genome
[33]. This approach is often also classified as ‘gene therapy’ and has been applied for cell therapies in

diverse aetiologies ranging from cancer immunotherapies to the regulation of immune tolerance in
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autoimmune diseases [14]. Lentiviruses are capable of efficiently transducing both actively dividing
and non-dividing cell types, making them particularly valuable for stable gene transfer to mature
somatic cells and lineage-committed, non-proliferating cells (i.e. differentiated from stem cells). In
contrast, y-retroviruses efficiently transduce only actively dividing cells, and have been commercially
approved for use in gene therapy applications for ex vivo modification of T-cells and haematopoietic
stem cells [34]-—n-seme-€ases;. Random genomic integration is associated with the risk of alterating

—F

normal gene function at or around the integration site. Moreover, effects on the inserted reporter canng

be ruled out as well as epigenetic silencing. To mitigate this episomal plasmids have also been used,

which can yield stable transgene expression (e.g. when delivered by transfection or electroporation;

[35, 36]). Gene editing, a form of genetic engineering, offers a much more specific way of integrating
a desired genetic payload at a distinct location into the genome of target cells [37, 38]—Fhe-latter-might

be. Provided a suitable integration site is selected this can enable stable reporter gene expression even

in instances where there is high proliferation. This is of particular utility in the context of stem ce1l
therapies, where random integration of therapeutic, reporter and suicide genes would pose risks of both

insertional mutagenesis and downstream silencing._In fact, gene editing is already in use clinically for

a range of cell therapies due to these inherent advantages [20].

3 Experimental design considerations for indirect cell tracking

Planning reporter gene-afforded (indirect) in vivo cell. tracking experiments requires careful
consideration of diverse parameters such as: whether the study is staged in a preclinical or clinical
setting, whether immunocompetent or immunocompromised host organisms will be used, the type of
imaging technology, desired therapeutic cell detection sensitivity, overall observation period and
desired imaging intervals, and labelling agent availability.

3.1  Cell detection sensitivity

Exquisite detection sensitivity is required for in vivo cell tracking. It is dictated by both the choice of

reporter gene and its corresponding contrast agent as well as the matched imaging technology.

Firstly, the reporter-signal pair must be detected by a matching imaging technology. Ideally, it
should offer molecular sensitivities in, or below, the picomolar concentration range (Fig.2). The most
suitable imaging technologies are therefore bioluminescence and radionuclide modalities; only in
special cases can other imaging technologies fare as well for in vivo cell tracking. For example, tracking

of melanin-producing murine melanoma cell spread was achieved in mice at reasonable sensitivity and

7
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resolution compared to the study goals by using photoacoustic tomography [39]. Importantly, many
disease models require 3D tomographic imaging in rodents or larger mammals, i.e. non-translucent
organisms. Consequently, optical imaging technologies are unfavourable due to their inherent
limitations relating to light scattering and absorption by tissues. While extremely sensitive,
bioluminescence cannot provide accurate and reliable 3D information. Hence, radionuclide imaging

modalities are generally preferable for in vivo cell tracking from this perspective.

Secondly, cell detection sensitivity depends on reporter expression levels and the molecular
imaging mechanism underlying its targeting by the eentrastimaging agent (Fig.1C). Transporters (e.g.
NIS or NET) provide signal amplification as each reporter protein can transport several radiotracer
molecules into the cell. Taking NIS as an example, its endogenous expression is highest in thyroid
cells, whereas ectopic expression as a transgenic reporter protein in non-thyroidal cells occurs within
a mechanistically distinct environment. In these circumstances, iodide radiotracers are not metabolised
into thyroid hormones [22], and consequently radioiodide is subject to different cell residence times
and efflux kinetics. NIS is also promiscuous in anion selection for uptake, which has enabled the
development of iodine-free single photon emission computed tomography (SPECT) and positron
emission tomography (PET) tracers, such as ®™TcOs (SPECT), [*®F]BF4, [®F]SO3, or [**F]PFs
(PET) having recently been reported as alternatives with proof-of-principle shown in animal models
[40-43]. These benefit from better decay properties and avoid the drawbacks of undergoing cellular
entrapment and metabolization in the thyroid, relative to earlier radioiodide tracers. Reporters which
enzymatically entrap radiotracers that are taken up into.cells by different mechanisms also offer high
cell detection sensitivities due to eentrast-agentmolecular probe accumulation. Examples include the
cytosolic thymidine and cytidine kinases (Tab.1-2), which irreversibly phosphorylate the radiotracers
when inside (mammalian) cells, thus preventing the radiotracers from being transported back out of
the cells. A potential drawback is that these kinases could potentially shift the relevant biochemical
equilibria in cells as they also accept the natural substrates; this could alter cell metabolism, however,
systematic studies investigating this aspect are currently not available. Non-enzymatic cell surface
molecules such as receptors tend to be less sensitively detected, because they form one-to-one
complexes withwhen bound to their eontrast-agent-bindersmolecular probes. Moreover, they can get
internalised upon ligand binding, which then impacts detection sensitivity through reduction of their
steady-state concentration on the plasma membrane (e.g. human somatostatin receptor 2
(SSTR2);[44]). Importantly, the molecular imaging mechanisms should not be regarded in isolation,

and other aspects, for example endogenous reporter expression or corresponding probe excretion
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properties, are additional crucial aspects to achieve good target-to-background rations (see examples

in Section 4).

The detection sensitivities of NIS-expressing extra-thyroidal cells have been reported

preclinically to be as good as hundreds/thousands for cancer cells expressing NIS in vitro [45, 46], an

CAR-Ts expressing PSMA in vitro_and in vivo [29], or tens of thousands for effector T-cells usin

various different reporter genes in vivo [47]. Notably, the human norepinephrine transporter (NET)
was found to most sensitively detect reporter-expressing T-cells in a direct reporter comparison study
between various nucleoside kinases and the transporters NIS and NET [47]; however, the endogenous
NET expression and background signals generally obtained by NET imaging are not favourable for
T-cell tracking (Tab.1). As reporter expression levels are cell type-dependent, it is advisable to

determine their sensitivities on existing instrumentation.
3.2 Resolution

Currently, the imaging methodologies providing best sensitivities are not at the forefront in terms of
resolution, providing only millimetre resolution. An exception is fixed-collimator SPECT
instrumentation, which has been reported to offer preclinical resolutions of 0.25 mm [48], albeit at
rather long image acquisition times. In contrast, exquisite resolution is offered by computed
tomography (CT) and magnetic resonance imaging (MRI), but neither are suitable for generating
sufficient contrast in reporter gene-afforded cell tracking at present. The strengths of both have been
exploited through combination imaging approaches. with highly sensitive radionuclide and
bioluminescence technologies, a concept termed multi-modal imaging [49, 50]. In multi-modal
imaging, the higher resolution anatomical images complement the high sensitivity images, and the
resultant combined images thus enable detected signals to be more readily attributed to their anatomical
context when reconstructed. For in vivo cell tracking, multi-modal imaging is now the norm with
SPECT/CT, PET/CT, PET/MRI and bioluminescence/CT routinely used preclinically and both
PET/CT and PET/MRI advantageous in the clinical setting.

3.3 Observation time and interval

Reporter gene-afforded cell tracking is superior to direct cell-labelling methods in terms of observation
time as it does not suffer from label dilution effects or depend on long-term contrast agent presence
(and thus is not affected by contrast agent efflux) (Fig.1A-B). This renders reporter gene methods

particularly suitable for tracking cells longitudinally, and for tracking rapidly dividing cells (e.g.

9
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expanding T-lymphocyte-derived therapies, teratomas), as the reporter gene is inherited by progeny
cells, giving rise to theoretically indefinite observation times. In practice, observation times are limited
by cell survival and the limit of detection (as traceable cells could become so widely distributed at low

concentrations that they fall below the limit of detection).

The principle of reporter gene imaging rests on the attribution of imaging signals to the cells
expressing the reporter protein (FiglB-C). The labelling agent used for this application depends on the
chosen imaging modality. Focussing on nuclear imaging techniques that provide high sensitivity and
are prime for translation to clinical use (as explained in Section 3.2), the radiotracer must emit photons
at a rate that allows detection by SPECT or PET. The rate at which nuclear material emits photons, or
decays, defines its half-life; generally, the physical half-life (t) of the radionuclide chosen should match
the half-life of the biological process that will be imaged (for example, the time taken for a radiotracer
to penetrate tissues and accumulate in cells). For theoretically indefinite cell tracking, one would need
to use a radiotracer with a theoretically indefinite half-life — this is obviously impractical for imaging
and for the patient! However, with reporter gene technology, it is now possible to achieve this goal by
repeated administration of short-lived (i.e. minutes/hours) radioisotopes, such'as ®F (t = 1.8 h). The
choice of radionuclide is of paramount importance. It is important to choose a reporter gene-signal-
pair offering optimal repeat imaging intervals (Tab.1). For example, there are various radiotracers
available for thymidine kinase reporters, including [**F]FEAU, [*ZI1]FIAU, or [***1]FIAU. They have
distinct radioisotopes incorporated with differing half-lives, i.e. *®F (t=1.8 h), 2" (t=13.2 h) or
124)- (= 4.2.d). With current instrumentation, between four and five half-lives are required for
radiotracers to sufficiently decay to undetectable levels for a low enough background signal to permit
subsequent imaging sessions (~6% radiotracer left assuming the worst-case scenario of no excretion)
[46]. On the other hand, radiotracers with very short half-lives are not advantageous, as they could lead
to sub-optimal reporter detection (if the radiotracer has a relatively longer circulation time) or make
experiments logistically challenging, requiring multiple radiotracer productions on the same day.
Therefore, radiotracers with half-lives in the low hour-range, for example *8F or ®™Tc, appear to be a
good compromise for experimental designs requiring imaging intervals of ~days. Whilst repeat
imaging adds experimental complexity when using radionuclide techniques, as the tracer must be
prepared for each imaging session (Fig.1B), the short-lived radiotracers offer the additional advantage
that cells receive significantly lower doses of radiation compared to using direct cell labelling methods

over the same tracking period.

10
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3.4 Cell viability and its impact on detected cell tracking signals

Indirect cell tracking using reporter genes is fundamentally linked to cell viability, as only viable cells
translate the reporter protein, a process that requires cellular energy. The differing molecular imaging
mechanisms (Fig.1C) of different reporter proteins also impact how rapidly changes in cell viability
can be detected. First, every reporter protein is subject to production and degradation within the
respective cellular environment. These processes are naturally unique to each reporter, and it should
be noted that cell biological turnover parameters are poorly understood for most reporters employed
for in vivo cell tracking. The exceptions are fluorescent proteins, which due to their extensive use in
cell biology, have been thoroughly investigated in this respect [51]. There are even fluorescent protein
variants reported that change their fluorescence spectrum as a function of the time passed since
production, so-called fluorescent timers [52, 53]. Other groups have manipulated the turnover kinetics
of fluorescent proteins through genetic modification or linked it to distinct cellular events. An example
of the latter is the fusion of an oxygen-dependent degradation domain (ODD) to a fluorescent protein;
this resulted in rapid fluorescent protein turnover under normoxia but stabilisation of the reporter when
cells underwent hypoxia [54]. This approach building on the ODD from the hypoxia-inducible
factor 1a is generally suitable for cytosolic proteins, and its applicability was earlier demonstrated for
a luciferase reporter [55]. However, a caveat of using fluorescent and bioluminescent reporters in
hypoxic conditions is that their signal generation is reliant on-the presence of oxygen, especially
luciferase [56], and this impacts upon the quantification of hypoxia, likely underestimating true signals.
Interestingly, this was also found to be true for thymidine kinases but not for the B-galactosidase
reporter [56], albeit the latter plays no role for in vivo cell tracking. This means that reporter function
can depend on the environment in the cell, and potentially can also be exploited to report on distinct

cellular conditions.

When interrogating cell viability, it is also worth noting that receptor/membrane-protein-based
reporters only require binding of the signal/label. This may lead to the detection of fragmented reporter
protein, cell debris, or dying yet still traceable cells, at least until clearance of debris by the organism.
Transporter reporter genes overcome this issue, because they require a cellular gradient spanning the
plasma membrane of an intact cell. For example, NIS requires an intact Na* gradient for uptake of
radiolabelled anions, which is upheld by cellular Na*/K* ATPase [57], an enzyme requiring ATP for
function. Once the Na* gradient cannot be upheld, e.g. through loss of cellular energy or perforation of

cell membranes, NIS-mediated transport is compromised and radiotracer signals for imaging are no
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longer accumulated in cells. In studies tracking cancer cells, this phenomenon was observed by authors
reporting images with tumour cores free of NIS signals, demonstrating that dead and dying cancer cells
in the necrotic tumour core were not detected, in line with mechanistic expectations [45, 58, 59]. This
means that transporters report cell viability in a more direct manner, being sensitive to cellular energy

depletion and death faster than reporters relying solely on protein presence.
3.5  Host-compatible reporters versus foreign reporters

The host immune status is a major design parameter for all reporter gene imaging applications, as it is
fundamentally intertwined with reporter gene selection and the achievable contrast throughout the
body. For optimal contrast, a foreign reporter that is expressed nowhere in the host organism would be
favourable, as there would be zero background reporter gene expression and therefore no background
signal (colloquially referred to as “noise”). Such foreign reporters are, for instance, fluorescent
proteins, luciferases [60] or the PET reporter herpes simplex virus 1 thymidine kinase (HSV1-tk) [61-
63]. However, the in vivo distribution of the labelling agent can cause a level of noise. Whilst this can
be avoided with enzyme-activated signals such as those emanating from the luciferase/luciferin
reporter/label pair, the situation is different when using radiolabelled agents, since radioactive decay
is a physical property that cannot be modulated, activated, or terminated. Consequently, signals
detected as a result of radioactive decay must only be interpreted once the radiolabel has had the proper
time to circulate, become distributed according to their molecular specificity, and be eliminated from
other tissues (Fig.3). In practice, this means that even foreign radionuclide imaging reporters are not
totally free of background signals; however, unlike bioluminescence, they enable quantitative 3D
imaging (Fig.2). Foreign reporter genes have been shown to function in numerous preclinical cell
tracking studies, performed most frequently in heavily immunocompromised animal models.

Where the host organism is immunocompetent or only partly immunocompromised,
immunogenicity of the reporter becomes a major experimental design determinant. Any foreign
protein, and consequently any cells presenting it (e.g. via major histocompatibility complexes (MHC)
class I or 1), can elicit an immune response (Fig.4). Ultimately, the expression of a foreign reporter
molecule can cause the destruction of the administered therapeutic cells by the immune system (Fig.4).
Consequently, host-compatible reporters have received considerable attention. These are reporter
genes that are from the same species as the host but are endogenously expressed in only a very limited
number of host tissues, and ideally at low levels to ensure favourable contrast in adjacent organs

(Fig.3). Obviously, the selected host-compatible reporter should not be expressed in organs of interest
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for the intended cell tracking study, as this would detrimentally impact the detectability of traceable

cells.

4 Cell tracking in T-cell therapy development

Alongside the emergence of anti-cancer immunotherapies, including adoptively transferred T-cell
immunotherapies, it became necessary to develop methods to image T-cells in vivo. T-cell-specific
properties were exploited for this, including cell surface molecules unique to T-cells (markers) or
specific to particular T-cell subsets. Detection of T-cells has focused on antibodies or antibody
fragments directed against these markers and conjugated to suitable labelling agents (predominantly
radioisotopes for high-sensitivity imaging). Examples include: targeting the T-cell receptor (TCR; e.g.
[64, 65]), the T-cell surface glycoprotein cluster of differentiation 3 (CD3; [66]), the Helper T-cell
marker CD4, as well as the Cytotoxic T-cell marker CD8 [67-69]. A general limitation to this approach
is that the obtained imaging signals cannot be used to back-calculate T-cell numbers because the
precise expression levels of T-cell surface marker molecules are unknown at the point of imaging. As
for adoptively transferred T-cell immunotherapies, an additional limitation of imaging T-cells with
molecular probes is the lack of discrimination between the therapeutic cells and host T-cells. While the

cited examples probe T-cell presence, the same limitations exist for methods probing T-cell activation.

To overcome this, the adoptively transferred cells were labelled to distinguish them from the
resident ones, using both direct and indirect cell labelling approaches, where the general considerations
for reporter gene imaging apply. Moreover, T-cells are relatively sensitive to radiation-induced damage
compared to other cell types (cf. animal irradiation is a routine method to ablate cells of the immune
system), hence reporter gene methods which expose labelled cells to lower radiation doses for long-
term tracking are even more favourable. Various reporter genes have been used for tracking adoptively
transferred T-cells. Early studies employed the HSV1-tk as a reporter gene and demonstrated excellent
contrast due to its foreign nature and good sensitivity across the range of its corresponding PET
radiotracers (Tab.2; Fig.5A). To assess T-cell activation, an inducible reporter exploiting the nuclear
factor of transcription (NFAT) binding sites for regulation of reporter expression was described [70].
Inducible reporter genes are becoming an important element in the quest to drive reporter gene imaging
beyond conventional cell tracking and toward reporting therapeutic activity. To appropriately quantify
signal changes, it is best to normalise to an intrinsic constitutive signal, or beacon, which is provided
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by a second reporter. This concept has been demonstrated repeatedly in vitro across various research
fields by co-expression using different reporters, for example in oncology and immunology [71-74].
Recently, a transgenic mouse has been reported that utilises two foreign reporters: one luciferase which
serves as an NFAT-driven T-cell activation marker, and another spectrally different luciferase which
operates as a beacon for normalisation of T-cell signals [73]. HSV1-tk has also been chosen for the
first proof-of-principle study of reporter gene imaging in humans. This was performed in heavily pre-
treated interleukin-13 receptor a2-positive recurrent glioblastoma patients whose prognosis was
generally poor [75]; they received CD8" cytotoxic T-lymphocytes (CTL) engineered to express both
the interleukin-13 zetakine chimeric antigen receptor and the reporter [76]. While the CTL tracking
was found to be successful, the cohort size was too small to link CTL trafficking and viability to clinical
outcome. The above studies were performed in immunocompromised animal hosts and heavily pre-
treated late-stage cancer patients, respectively, and therefore the documented immunogenicity of
HSV1-tk [77] has not been a major concern. However, for the development and potential future in vivo

monitoring of T-cell therapies, host-compatible reporters are necessary.

Various host reporters (Fig.4, centre left) have been developed, utilising clinically approved
eontrastimaging agents that were already available (Tab.1). Human SSTR2 has shown some potential
for cell tracking based on the existence of clinically approved PET tracers (e.g. [*Ga]Ga-DOTATATE
(antagonist) or [%Ga]Ga-DOTATOC (agonist)), and has been used preclinically for CAR-T tracking
[78, 79]. However, a significant pitfall of using SSTR2 as a reporter is that it is endogenously expressed
in various tissues including the kidneys and gastrointestinal tract [80] and, importantly, on a variety
of immune cell types (T-cells, B-cells and macrophages; [81]), which negatively affects imaging
specificity in immunocompetent models, and likely humans. Furthermore, it was found that the agonist
impaired immune function in humans [82]. During imaging radiotracer concentrations are generally
very low, but it cannot be ruled out without further study that somatostatin analogues and its
eontrastimaging agent derivatives do not impair some immune functions. Another important caveat of
the SSTR2 reporter is that it internalises upon ligand binding [44, 83], thus potentially negatively
impacting detection sensitivity (cf. Section 3.1). Mammalian NIS has been used in a variety of cell
tracking applications in animal models spanning a wide range of different cell types [45, 84-92]. This
is a testament to both its excellent contrast in many applications, as NIS is only endogenously expressed
in the thyroid and a few extra-thyroidal tissues (salivary glands, mammary glands, stomach and small
intestine, testes; [22]), and its small anionic radiotracers being readily available for both PET and

SPECT imaging (Tab.1). Notably, if NIS is used together with non-iodine radiotracers such as

14



393
394
395
396
397
398
399
400
401
402
403
404
405
406
407

408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

[¥F]BF4, signal-to-background is favourable compared to iodide tracers [46]. Recently, NIS has also
been exploited in preclinical models for CAR-T cell therapy tracking, focussed on trafficking to
prostate cancer and breast cancer models [93, 94]. Prostate-specific membrane antigen (PSMA) has
also been developed as a reporter gene [28], mainly due to its extremely limited endogenous expression
and the fact that several clinically approved radiotracers for imaging are available, which were
originally intended for molecular imaging of PSMA-expressing prostate cancers and their metastases
[95]. Interaction of PSMA with its ligand can also result in its internalisation [95, 96], which is sensitive
to certain amino acid modifications at the N-terminus of PSMA [97]. For its use as a reporter gene, a
PSMA variant was designed to prevent its internalization and increase its surface expression while also
lacking the putative intracellular signalling motifs. This engineered tPSMANP®! variant has been used
to track CAR-T cells in an acute lymphoblastic leukaemia model by PET using an *®F-radiolabelled
version of its high-affinity ligand DCFPyL [29]. Interestingly, the authors reported that CAR-T signals
obtained from tumours did not correlate with easily accessible peripheral CAR-T blood counts or CAR-
T presence in the bone marrow, demonstrating the importance of spatiotemporal cell therapy imaging

for accurate monitoring of CAR-T trafficking (Fig.5C).

Another route to reporters with low immunogenicity and good contrast features is to generate
artificial proteins consisting of host proteins or their domains. To achieve targeting of these chimeras,
incorporation of antibody fragments as extracellular domains that can be targeted with corresponding
labelling agents have been reported. For example, murine.and human monovalent anti-polyethylene
glycol (PEG) fragments without Fc portions have been developed as reporter genes with corresponding
labelling agents based on PEG conjugated to a range of diverse labelling agents (***I for PET,
superparamagnetic iron oxide nanoparticles for MRI and a near-infrared fluorophore for optical
imaging) [98]. These approaches were benchmarked for imaging specificity relative to HSV1-tk and
similar results were seen. However, they have yet to be tested in T-cells. In a similar approach, a single-
chain fragment (scFv) of the murine anti-lanthanoid-DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) 1gG1 antibody 2D12.5/G54C [99, 100] was fused with a human IgG4-CH2-CH3
spacer and the transmembrane domain of human CD4 (DAbR1). The scFv was found to bind
irreversibly to yttrium-(S)-2-(4-acrylamidobenzyl-)-DOTA (AABD), which could serve as an imaging
label when conjugated to an appropriate radioisotope (e.g. using ®Y for PET imaging). DAbR1 was
successfully expressed on lymphocytes and CD19 CAR T-cells. To detect the traceable cells,
radiotracer was administered 30 minutes after T-cell injection, with subsequent PET detection showing

good contrast 16h (~1.1 half-lives) [101]. While offering a high positron yield, a limitation for
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longitudinal T-cell reporter gene imaging with Y is its long half-life (t = 14.7h) which only permits
re-imaging after about three days (cf. Section 3.3). Its long positron range also impacts resolution
(comparable to 24l and about two-fold worse resolution than that of the gold standard, 8F [102]).
These studies demonstrate potentially workable approaches, but are still in preliminary stages, as none
of the reporter genes are fully human/humanised. It remains to be seen if fully humanised chimeras
will become available for T-cell imaging. A step ahead in this respect is a reporter gene incorporating
the human carcino-embryonic antigen (hCEA) fused to one of various validated human cell surface
protein domains to anchor it within the plasma membrane [103, 104]. In this case, an antibody or
antibody fragment is required to detect hCEA, which is almost exclusively expressed in certain cancers.
While tracking agents can be built on the corresponding antibodies/antibody fragments and the whole
system is fully human, it is still unsuitable for adoptive T-cell therapy tracking if the corresponding
cancer or cancer model also expresses hCEA.

Notably, adoptive T-cell therapies have been hampered by severe side-effects [13, 14]. In vivo
cell tracking offers the significant advantage to detect mis-targeting, i.e. unsafe conditions. Imaging of
therapeutic mistargeting is dependent on the level of signal at the unintended site, and therefore varies
depending on the disease model, the therapy targeting moieties and the employed reporter gene. A one-
size-fits-all approach to detect mistargeting at different anatomical locations may be feasible with a
foreign reporter (providing there are favourable excretion properties of the corresponding radiotracer)
but this would be limited to use in only immunocompromised/immunodeficient disease models. To
advance the development of adoptive T-cell therapies in syngeneic models, and ultimately for
monitoring therapies in patients, the development of host reporters is necessary. Moreover, host
reporter gene selection needs to be tailored to the model/condition and the target. Only in vivo cell
tracking will be able to measure and inform spatiotemporally on therapeutic cell targeting and
mistargeting. This requires truly quantitative longitudinal imaging to accurately, reliably and
reproducibly quantify signals from administered cells and background, thus better implementation of
unbiased physical and mathematical analysis methods will need to be used to advance this in the future.
Ultimately, these approaches will unlock the ability to intervene earlier in the event of therapeutic
mistargeting and thereby avoid the detrimental effects at the off-target site. This intervention could
involve utilising so-called ‘suicide genes’. Some host reporters could be repurposed to act as suicide
genes if radiotracers are modified appropriately from labelling/signal generation agent to
radiotherapeutic using matched-pair radioisotopes, thus ablating the cell therapy (e.g. NIS: ! or
18Re04; PSMA: T7Lu-PSMA-ligand etc.). However, these approaches tend to be slow in their killing
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response and potentially also induce radiation damage in bystander cells. Instead, dedicated suicide
genes have been developed for cell and gene therapies. This includes the inducible caspase-9
(iCaspase9) which is activatable by a cell-permeable dimeriser drug and results in ablation of suicide
gene expressing cells. iCaspase9 shows rapid function (>90% within 30min; [105]) even in the brain
[106], which is crucial in emergency cases. Its main disadvantage is dimeriser drug availability. Thus,
alternative approaches have been developed including: RQR8 (combined target epitopes from CD34
and CD20 antigens), which binds the widely used pharmaceutical antibody rituximab resulting in
selective deletion of transgene-expressing cells [107]; a ligand binding and kinase-dead EGFR variant
targetable with the pharmaceutical antibody cetuximab [108]; and a rapamycin-activatable iCaspase9
[109]. While the latter is suitable for anti-cancer CAR-T, it is not suitable for cell therapies relying on
rapamycin for their production, e.g. regulatory T-cell therapies [110-112]. Both RQR8 and iCaspase9
are already in clinical trials (NCT02808442, NCT02746952, NCT02735083, NCT03939026,
NCT03190278, NCT04106076, NCT04142619 and NCT03721068, NCT02849886, NCT04180059).
Nevertheless, the full potential of suicide genes, which enable early destruction of mis-targeted
therapeutic cells before severe clinical signs become evident, has yet to be fulfilled. This may be
achieved in the future by combining detection of early indicators of mistargeting with in vivo tracking

and quantification of administered cell therapies.

5 Cell tracking in stem cell therapy development
5.1 Clinical tracking of stem cell therapies

Numerically, so-called ‘mesenchymal stem cells” make up the highest number of stem cell
therapies used in clinical trials to date, although strictly speaking these are often not bona fide stem
cell therapies and are more accurately described as a heterogeneous population of multipotent
mesenchymal signalling/stromal cells (MSCs), which may contain stem cell subpopulations [1]. In
fact, hundreds of clinical trials using these variously defined MSC populations have been performed
to date [1, 113]. However, in spite of their regenerative potential, MSCs tend to have poor levels of
engraftment upon transplant, and it is now believed that their value as cell therapies are to promote
self-healing of the damaged tissues through the release of cytokines, chemokines and growth factors
which, in turn, offer the capacity to promote native tissue regeneration and recruit or activate cells at
the injury site that encourage regeneration. This contrasts with other therapies using stem/progenitor
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cells (SCs) or their differentiated progeny, where the goal is to achieve high levels of engraftment post-
transplant and often also differentiation, or maturation of the transplanted SC population within its
niche. As such, transient cell survival would be a limiting factor to therapeutic benefit. Consequently,
it is now recognised that the ability to monitor cells post-transplant via non-invasive in vivo tracking

could hold the key to improving cell survival and engraftment.

Despite the many potential benefits, only a handful of SC therapy studies utilising in vivo
imaging have been performed in the clinic. To our knowledge, these have all adopted a direct cell
labelling approach using either MRI or PET/SPECT modalities to track transplanted cell fate.
Autologous neural SCs, mesenchymal signalling/stromal cells and haematopoietic SCs have all been
directly labelled (Fig.1A), and then monitored in vivo to assess: neuroregeneration for both trauma
injuries and neurodegenerative diseases [114, 115], anti-fibrotic therapeutic effects in advanced liver
cirrhosis [116], or cardiac repair [117-119]. Given the regulatory hurdles associated with genetic
engineering of stem cells, avoidance of reporter gene imaging approaches for tracking SC therapies

clinically is unsurprising.
5.2 Reporter gene afforded pre-clinical tracking of stem cell therapies

Comparatively, in the preclinical arena, the potential for reporter genes to enable tracking of
SCs isolated from adult tissues, pluripotent SCs (PSCs) such as human embryonic SCs (hESCs) and
human induced PSCs (hiPSCs), as well as PSC-differentiated progeny in vivo is gaining interest. In
Tab.3 we list studies using preclinical reporter gene-afforded in vivo imaging of SC populations (or
their in vitro differentiated progeny) of human origin. Notably, numerous imaging studies using SC
populations derived from a range of animal sources have also been reported (e.g [90, 120, 121]). While
some reports demonstrate tracking of SC populations isolated from adult tissues, the bulk of studies
have focused on developing tools to monitor tumourigenicity of hESCs and hiPSCs in vivo or to enable
monitoring of survival and engraftment of PSC differentiated progeny. In the case of tumourigenicity,
studies monitoring PSC survival and teratoma formation are vital for providing safety assurances prior
to use in humans. Undifferentiated PSCs possess tumourigenic potential, so longitudinal in vivo
imaging allows transplanted differentiated cell populations to be monitored for residual, contaminating
PSCs. If PSCs are present in only low numbers, tumour formation may take time to yield a palpable
tumour or may be present in deep tissue or at off-target sites, so the nature of monitoring required is

incompatible with direct cell labelling approaches. Reporter gene imaging, however, can offer cell
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tracking over longer time-frames, and the possibility to determine the minimum number of PSCs that
would go on to form a tumour, allowing differentiation purity thresholds to be set [122, 123] (Fig.6).

For cell populations differentiated from PSCs, aside from monitoring tumourigenicity, the goal
of in vivo imaging is typically to assess engraftment and survival post-transplant. Whilst direct cell
labelling can inform on immediate survival post-transplant, reporter gene imaging is again needed to
assess the long-term survival of these therapies. At the preclinical level such monitoring can aid in
important therapeutic decisions such as site of transplant (ectopic site or within appropriate tissue
niche), required cell numbers to enable longitudinal cell survival, level of engraftment and whether
factors such as transplantation of organoids, cell scaffolds, or use of a supporting extracellular matrix

would be necessary, all whilst using appropriate animal models for the intended patient population.

Whilst PSC-derived therapies are costly to produce, they have already entered early clinical
trials [124], and as their use for treating a greater range of injuries and diseases comes-ever closer to
clinical reality, reporter gene studies become increasingly important. Most early PSC therapy tracking
studies incorporated the reporter cassette via lentiviral transduction and utilised the firefly luciferase
(fLuc) reporter gene to enable BLI, often with an additional reporter co-expressed for streamlining
preclinical experimentation, e.g. a fluorescent protein to simplify cell generation (Tab.3). Use of BLI
is due to its exquisite sensitivity at low running and investment cost, despite sacrificing 3D information
for 2D-projected images. BLI has been shown to address narrow questions relating to graft survival
adequately. Assessment of therapy relocalisation in vivo.is-also feasible by BLI, albeit at the expense
of identification of the off-target site, as BLI does not provide true 3D tomographic information.
Radionuclide reporter gene imaging could help overcome this limitation, but it has been employed only
by a few studies using human PSCs to date [92, 123, 125, 126]. Additionally, while studies using
lentiviral-mediated reporter expression have mostly demonstrated stable reporter expression following
both differentiation and PSC expansion, the risk of epigenetic silencing and viral integration at
unwanted genomic sites remains. Consequently, gene editing as a means for incorporation of
transgenes into safe harbour loci has been widely employed for in vitro research [127]. While initially
focused on fluorescent proteins and microscopy, this approach is now emerging for in vivo imaging-
compatible reporter genes including those required for cell tracking by BLI and radionuclide imaging.
Exploiting the adeno-associated virus integration site 1 (AAVS1) locus and using zinc finger nucleases
(ZFNs) for stable reporter gene expression has been observed in both hESCs and differentiated cells
[128, 129].
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A final point to consider is that of the studies tracking hESCs there has been a significant focus
on use of the earliest lines derived at the University of Wisconsin, i.e. H1, H7, H9 [130]. Whilst easily
commercially available, like hiPSCs, these lines have widely been reported to be prone to acquiring
significant genomic abnormalities following extended periods of propagation, dependent on culture
conditions [131]. Unlike hESCs though, systematically characterised allogeneic hiPSC banks are in
production across the globe, to enable high levels of immunocompatibility with the population ahead
of wider clinical application of regenerative medicines, thus hiPSC tracking studies may prove to be

the most translationally relevant stem cell tracking technology moving forward [1312].

6 Considerations for clinical application or reporter gene imaging and outlook

Cell therapies can be classified as either (a) not in need of genetic engineering for efficacy (e.g. all
currently approved stem cell therapies, tumour infiltrating lymphocytes, yd T-cells etc.), or
(b) fundamentally requiring genetic engineering for efficacy (e.g. CAR-T, TCR-T). For in vivo tracking
of the first group, the choice between direct and indirect cell labelling depends on the precise research
question, practicalities, and of course whether clinical translation of ‘the tracking methodology is
envisaged and for what purpose. Implementing genetic engineering for the sole purpose of clinical
long-term cell tracking currently appears out of reach for these therapies as it adds a significant
regulatory burden and potential risk depending on the gene transfer technique used, all of which is
difficult to justify. Consequently, recently developed direct cell tracking approaches (e.g. based on
[®°Zr]Zr-oxine and matched with PET imaging [133-135]) are promising tools despite their obvious
limitations caused by the cell labelling methodology itself (label efflux, label dilution, complex
dosimetry, limited observation times). The situation is likely to improve through the development of
total-body PET, which has been reported to be 40-times more sensitive than conventional PET [136].
This sensitivity advantage could either be invested into faster PET scanning, scanning with reduced
radioactivity, or both of the above. Future in vivo cell tracking studies using total-body PET technology
will reveal to what extent this sensitivity advantage can be used to extend the tracking time of directly
labelled cells.

For cell-based immunotherapies that require genetic engineering, an immunocompatible host
reporter gene can be implemented without adding to the regulatory burden. Indirect cell labelling is
clearly advantageous over direct cell labelling in such cases as it enables longer-term monitoring,
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reflects cell proliferation and viability, and avoids complex dosimetry considerations during cell
labelling. Precise radiobiological characterisation of the effects of radiotracer uptake and decay within
immune cells and stem cells has not yet been fully elucidated. However, the use of short-lived
radioisotopes, particularly for PET-afforded reporter gene imaging, provides a clear dose reduction
compared to any form of long-term cell tracking using direct radioisotope labelling approaches.
Genetic engineering technologies have steadily advanced and include viral and non-viral delivery
methods as well as site-specific integration via gene editing approaches (Fig.3C). While new vectors
inherently trigger safety evaluations and thus are expensive to develop, there has still been significant
progress in this domain in recent years [137, 138], with ready-to-use platforms for clinical use available
[7, 12]. Crucially, reporter genes must be co-delivered either in the same or a separate vector with
therapeutic genes, for example the CAR. This has previously been demonstrated by rendering CAR-Ts
traceable by SPECT or PET [29, 94] and is fundamentally the same concept as is exploited for adding
other therapy-relevant payloads such as CAR-dependent expression of immune checkpoint antibodies
or cytokines (cf. different CAR-T generations and armoured CARs; [139]). If activity of therapeutic
cells is envisaged, a system with two reports, an inducible one and a beacon reporter can be employed,
which in principle could also operate for radionuclide reporters. However; in-the context of clinical
translation, such an approach would add a high level of complexity, duplicating effort, cost, and likely
resulting in logistically more convoluted reporter gene imaging. This is because it would require
concurrent supply of two radiotracers which can either be discriminated temporally through different
administration/imaging time windows or discriminated. by simultaneous dual-isotope imaging
approaches (e.g. afforded by SPECT or dual-isotope PET [140-142]). Currently, such methods are not
routinely available either preclinically or clinically. More research is needed to devise new smart
reporter systems compatible with radionuclide imaging which can also report on environmental
changes, for example CAR T-cell activity, without the need for a second reporter for normalisation.
Another crucial aspect for clinical reporter gene imaging is the range of suitable labelling agents
available. A scenario where labelling agents are already clinically approved, non-toxic and widely and
easily accessible (e.g. radiotracers such as ®™TcO4 and [*8F]BF4 for NIS or [#Ga]Ga-PSMA-ligands
for PSMA) is obviously advantageous compared to the development of a reporter gene that would
additionally require lengthy radiopharmaceutical development and subsequent regulatory approval. It
is unlikely that a one-size-fits-all approach across varying cell therapies and disease conditions will be
ever available in the future. For example, in oncology cancers differ in their anatomical location, hence
involving only one immunocompatible host reporter gene/radiotracer pair for cell therapy tracking is

very unlikely to meet all requirements. More likely, various cancers at different anatomical sites with
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varying endogenous host reporter expression levels will be targeted by genetically engineered cell-
based immunotherapies, where the target as well as the host reporter will be somewhat tailored to the

individual patient.

All of the above concepts can be extrapolated to cell therapies intended to treat other conditions,
such as those in the fields of regenerative medicine [143], transplantation [111, 144], diabetes type |
[145, 146], multiple sclerosis [147], and infectious diseases [148]. Undoubtedly, to drive reporter gene
imaging closer to future routine clinical application, more research into optimising existing and
developing new host reporter/labelling agent pairs is warranted. This will offer the most flexible toolkit
to render cell therapies traceable in vivo with the best contrast and optimal read-out, in a truly

quantitative manner.
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Figure 1. In vivo cell tracking using reporter genes. | (A/blue) Direct cell labelling employs ex vivo
labelled cells that are administered to animals and can be tracked until cells lose their labels (depicted
using blue signal versus time cartoon plots) e.g. through label efflux, via label dilution in fast-growing
cells, or radioisotope decay if radiotracers are used. (B/orange) Indirect cell labelling requires cells
that have been genetically manipulated to express a reporter gene (green). The genetic engineering
options frequently employed in reporter gene applications include viruses (e.g. lentiviruses,
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y--retroviruses), gene editing or episomal plasmids (see cartoons within grey drop). The cells are
imaged using the features of the reporter gene, which renders the cells traceable in vivo. Cells are
detected in vivo through molecular probe administration (depicted using orange signal versus time
cartoon plots); if radiotracers are used, their half-life is short to enable short repeat-imaging intervals
and keep administered doses low. Reporter gene imaging does not suffer from label dilution in fast
growing cells, hence permits much longer, theoretically indefinite observation times. (C) Molecular
imaging mechanisms of frequently used reporter genes. (C/1) Enzymes entrapping molecular
probes (light red): these reporter enzymes entrap a substrate that is already detectable by imaging. A

frequent mechanism for this entrapment relies on phosphorylation of a substrate that has either actively
or passively entered the cell, and upon phosphorylation can no longer leave the cell. Examples are
nucleoside kinases for such as HSV1-tk. (C/2) Transporter proteins (yellow): these reporters are

expressed at the plasma membrane of cells and each expressed reporter can transport several labelling
agent molecules into the cell, which constitutes a signal amplification mechanism. The radionuclide

transporters NIS and NET belong to this class of reporters. (C/3) Cell surface molecules (pink): these

reporters are expressed at the plasma membrane of cells and molecular probes bind directly to them;
minor levels of signal amplification are theoretically possible if several labels bind directly to each
reporter protein, or if several labels could be fused to a reporter binding molecule; however, signal

amplification is inferior compared to transporters and often they are used with a 1:1 stoichiometry.

Examples for this reporter class are tPSMANP®! and SSTR2, (C/4) Signal generating proteins (purple).

(C/4i) Enzyme based reporters bind to their substrate and catalyse the production of a detectable signal.
Examples are luciferases, which convert an externally supplied chemical substrate into detectable light
(hv). (C/4ii) Fluorescent proteins contain an intrinsic fluorescence-generating moiety if appropriately
excited by light. Fluorophore excitation results in emission of detectable longer wavelength/red-shifted
light. For details and literature references to relevant reporter genes see Tab.1-2. The figure was

generated using Biorender.com.
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Figure 2. Properties of various whole-body imaging modalities | Imaging modalities are ordered
according to their molecular detection sensitivities with achievable imaging depth shown in gray
alongside. Achievable spatial resolution (left end) and fields of view (right end) are shown in
cyan/green. Where bars are green, they overlay purple bars and indicate the same parameters but
achievable with instruments available for clinical imaging. Instrument cost estimations are classified
as ($) <130,000 $, ($$) 130-300,000 $ and ($$$) >300,000 $.

T Contrast agents sometimes used to obtain different anatomical/functional information.

t Sensitivity is highly dependent on contrast forming features/contrast agent. A new mammalian
reporter gene for US imaging was recently reported to detect a minimum of 135 gas vesicles per voxel
with dimensions of 100um [149].

& Dual isotope PET is feasible but not routinely in use; it requires two tracers, one with a positron
emitter (e.g. 18F, ¥2Zr) and the other with a positron-gamma emitter (e.g. 121, "®Br, 8¢Y), and is based
on recent reconstruction algorithms to differentiate the two isotopes based on the prompt-gamma
emission [140-142].

% Multichannel MRI imaging has been shown to be feasible [150] but is not routinely available.

# Generated by positron annihilation (511keV).

Abbreviations: bioluminescence imaging (BLI), positron emission tomography (PET), single photon
emission computed tomography (SPECT), fluorescence molecular tomography (FMT), photoacoustic
tomography/multispectral optoacoustic tomography (PAT/MSOT), magnetic resonance imaging
(MRI), near-infrared (NIR), visible (VIS), high frequency (HF), computed tomography (CT).
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Figure 3. Background considerations for foreign and host radionuclide reporters | (A) HSV1-tk
as an example of a foreign reporter is not expressed endogenously in healthy mammals. But this does
not mean that the radiotracer to detect HSV1-tk-expressing cells is excluded from background uptake
in other mammalian cells/organs or from generating signals during excretion (dark cyan in cartoon).
Moreover, it is fundamental for radionuclide imaging that a contrast between background signal and
signal arising from reporter-expressing cells (by one of the molecular imaging mechanisms (Fig.1C))
is generated through tissue clearance of radiotracer molecules. Radiotracers can thus affect background
differently across different organs as shown here for two different PET radiotracers for HSV1-tk.
Images are reproduced from a study comparing HSV1-tk radiotracer performance [151] with yellow
arrows points towards the regions of interest in this study (tumours). Here, the other anatomical sites
showing signals are of note (hepatobiliary and renal excretion for [*®F]FHBG and uptake into the
stomach for [**I]JFAIU). (B) NIS is an example of a host reporter and consequently is expressed
endogenously in some organs; NIS is highly expressed in the thyroid and stomach (red) precluding cell

tracking from these organs and at low levels in testes (&, pink), mammary (%, pink), salivary and
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lacrimal glands (light red). Images shown are from three different studies using varying PET
radiotracers for NIS. (B/left) Images to the left demonstrate how [*®F]BF4 in vivo distribution changes
over time (female mouse with mammary tumour indicated by a yellow “T”). For details see [46].
(B/middle) Images shown demonstrate metastasis tracking over time and exquisite resolution and
sensitivity of NIS-PET imaging for metastasis tracking. They also demonstrate the necrotic tumour
core, which is not imaged by NIS due to its favourable dependence on cellular energy for function,
thereby reflecting cell viability. An example of Otsu image segmentation is shown to the right, which
is the basis for quantitation (for details see [59]). Further annotations are endogenous signals from
thyroid and salivary glands (“Th/SG”), stomach (“St”) and lacrimal glands (“L”). (B/right) This image
is reproduced from a study elucidating the detection sensitivity of reporter-expressing engineered
primary T-cells [47] with annotations the same as in the left images. In both cases radiotracer excretion
also leads to signals, in the case of these NIS tracers only from the renal excretion system (“K”:
kidneys, “B”: bladder). (C) CAR-T cells were engineered to express the tPSMAN*! reporter and
administered to NSG mice at the indicated numbers (in 50uL 50% Matrigel; white arrows). Imaging
with the radiotracer [*®F]DCFPyL resulted in CAR-T detection. Notably, images are not free of
background despite PSMA endogenous expression limited to the prostate (red area in cartoon). This is
because radiotracer clearance was incomplete at the point of imaging. To improve the display contrast
of the in vivo images, the authors masked relatively high renal radiotracer uptake using a thresholding
method. For experimental details see [29]. [All data images in this figure are reproduced with minor
modifications from the publications mentioned in the legend, with permission from corresponding

publishers].
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Figure 4. Recognition of reporter antigens by the immune system | The intact mammalian immune
system operates several mechanisms to recognize cells expressing non-self (i.e. non-host) proteins. As
one simplified example, we show here the recognition.of antigen-presenting MHC class | molecules
on antigen presenting cells (APC) by cytotoxic T-cells (CD8*T). Host cells (far left column, black dots
representing presented host antigens) are not recognised by CD8*T as they are pre-coded to not target
self. In contrast, non-self MHC class | molecules on foreign cells (far right column) are recognised by
CD8'T, resulting in destruction of the foreign cells. If host cells express host reporters (centre left
column, green), corresponding host antigens (green dots) can be presented on MHC class | molecules,
and as they are representing self CD8*Ts take no action when they encounter these cells. If foreign
reporters are expressed (centre right column), self MHC class | molecules present non-self/foreign
antigens (red dots) resulting in CD8*T action and killing of the corresponding host cell due to the
presence of the foreign reporter. The figure was generated using Biorender.com.

44



1461

Inducible foreign reporter: NFAT>HSV1-tk

Anti-CD3/CD28 Antibodies

Control Antibody

Clone 4™
Control Antibody AL

Foreign reporter in humans: HSV1-tk
T1W MRI ['*FIFHBG PET-MR suv

= Pr
= -
(3) i
[
=
o 2
oy
§ B _-:ln. -
g Post
-y S
= w
o
T’h‘ %
o
o

BU Doy0 PETDoy10 BUDoy11

BU Doy0 PETDay1l BU Doy12 Peripheral blood

M3

M4

g

.Mz
™5

PPB, PSMA'ICAR’ (%)

ey
*10* 4x10% Sx1g* Ex10F Tw10% Bm10
Total number of T colis

BM, PSMA®/CAR" (%)

L ]

L}

o M4

3

M5

L]

BM, PSMA'/CAR" (%)

oMl M3 M2

o4
3x10° 4x10" Sx10' 6x10 7w10t Bx10f
Total number of T celis

45



1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491

1492

Figure 5. Examples of foreign and host reporters for T-cell tracking. | (A) Proof-of-principle study
demonstrating non-invasive imaging of T-cell activation by NFAT-driven expression of the reporters
HSV1-tk and GFP (TKGFP) with [*2*I]JFIAU as a PET radiotracer for HSV1-tk. Photographic image
of a typical mouse bearing different subcutaneous infiltrates (middle panel); transaxial PET images of
TKGFP expression in a mouse treated with control antibody (left panels) and T-cell activating anti-
CD3/CD28 antibodies (right panels) were obtained at the levels indicated by the dashed lines of the
middle panel. Samples are the Jurkat/dcmNFATtgn clones 3 and 4 (two similar clones), wild-type
Jurkat infiltrates (no reporter control) and Jurkat/TKGFP (constitutive reporter expression as positive
control). (Gray inset plots) FACS profiles for reporter expression (TKGFP) versus a T-cell activation
marker (CD69) from a tissue sample obtained from the same Jurkat/dcmNFATtgn clone 4 infiltrate
that was imaged with PET above. (B) [**F]FHBG PET was performed in a 60-year-old male with
multifocal left hemispheric glioma, who received cytotoxic T-lyumphocytes into the medial left frontal
lobe tumour (yellow arrows). Tumour size was monitored by T1-weighted contrast-enhanced MRI (left
panels). [**F]FHBG PET to detect HSV1-tk was recorded and images were fused with MR images
(right panels), and 3D volumes of interest were drawn using a 50% [*F]JFHBG-SUVmax threshold,
outlined in red. (Top row) Images and voxel-wise analysis of [*®F]FHBG total radioactivity prior to
CTL infusion and (bottom row) one week after CTL infusion [76]. (C) Longitudinal imaging CAR-T
tracking study demonstrating that the number of CD19-tPSMAN%®! CAR T-cells in the peripheral blood
and the bone marrow does not correlate with the total number of the CD19-tPSMAN%® CAR T-cells
localised to the tumours. (Left) PET/CT and BLI images of five different mice. Days are marked from
the day of CAR-T infusion. Mice were imaged on a SuperArgus small-animal PET/CT 1h after
administration of 14.8 MBq [*®F]DCFPyL. Images alternate between flLuc-tagged bioluminescence
(BLI, radiance) for visualisation of tumour cells and PET/CT for CAR T-cells, with each mouse
undergoing both imaging studies. Arrows designate accumulation of CAR T-cells. To improve the
display contrast of the in vivo images, the relatively high renal radiotracer uptake was masked using a
thresholding method. Images are scaled to the same maximum value within each modality. (Right)
Quantified numbers of the CD19-tPSMANY®! CAR T-cells in the region of interest drawn to cover the
entire tumour area were plotted with the percentage number of PSMA*/CAR* cell populations in the
peripheral blood (PPB) and the bone marrow (BM). Each data point (M) represents each mouse. For

details see [29]. [Figure modified from publications cited above with permissions obtained].
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Figure 6. Example of reporter gene integration to enable non-invasive monitoring of stem cell
mediated teratoma formation by in vivo imaging | Human ESCs were lentivirally modified to
express the HSV1-tk radionuclide reporter gene fused to enhanced GFP and 2-5x10° reporter
expressing hESCs were injected intramuscularly and tracked in vivo by whole-body SPECT/CT
imaging. Yellow arrows/rings indicate tumours. Representative planar (A)yand (B) SPECT/CT
images of tumours derived in an animal scanned 87 days after tumour inoculation (when a palpable
tumour was detected). The radiotracer [*?I]JFIAU was i/v administered and the animal was scanned at
24h later. (C) Longitudinal SPECT/CT imaging of a different SCID-beige mouse harbouring a
teratoma from reporter expressing hESCs. This mouse was serially imaged at the indicated time points
post inoculation. All data were quantitatively analysed in this study. For details the reader is referred

to the original work [123]. [Figure reproduced with minor modification from the cited work].
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Table 1. Promising host-compatible reporter genes and their corresponding imaging tracers. | Promise was evaluated by the authors
based on (i) human reporter origin ensuring no immunogenicity against the therapeutic cells expressing the reporter, and (ii) availability of at
least one already clinically approved or first-in-man tried labelling agent.
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Properties

Tracers do not cross blood brain barrier (BBB).

[40-

symporter (NIS, Endogenous expression in thyroid, stomach, ['8F]PFs- Several tracers are clinically approved, most 42,
SLC5A5) lacrimal, salivary and lactating mammary glands, SPECT: 9mTcOq, 123I-, require no (%mTcOx, »I) or are made by 152,
g small intestine, choroid plexus and testicles. automated synthesis [59]. 153]
I3 Norepinephrin NaCl-dependent monoamine transporter. 617  PET: ['#MIBG**; Tracers do not cross BBB. [154]
g transporter (NET, Endogenously expressed in organs with [1'C]hydroxyephedrine.
= SLC6A2) sympathetic innervation (heart, brain), SPECT: ['ZMIBG**.
Dopamine transporter NaCl-dependent. 620  PET: [''C]|CFT, ["'C]PE2I, ['®F]FP-CIT.  Few data in public domain. Tracers cross BBB. [155]
(DAT, SLC6A3) SPECT: '23|-B-CIT**, 123]-FP-CIT**,
123]-loflupane**, ¥mTRODAT.
Pyruvate kinase M2 Expression during development, also in cancers. 531  PET: ['8F]DASA-23. Background in organs of excretion route. [156]
Suggested for cell tracking within brain. Tracer
crosses BBB.
2 Thymidine kinase Human kinase causing cellular tracer trapping. 265  PET: ['24]]FIAU**, ['¢F]FEAU, Tracers do not cross the BBB; Endogenous signals  [157]
& (hmtk2/hATK2) ['8F]FMAU (for hTK2-N93D/L109F). in gall'bladder, intestine and organs involved in
] clearance.
Deoxycytidine kinase Human kinase causing cellular tracer trapping. 260  PET: ["24]]FIAU**, ['¢F]FEAU. Tracers do not cross the BBB; Endogenous signals  [32,
(hdCK) in gall bladder, intestine and organs involved in 158]
clearance.
Somatostatin receptor G-protein-coupled receptor. Endogenous 369  PET: Ga-DOTATOC, Tracers may cause cell signalling, change [159-
5 type 2 (SSTR2) expression in brain, adrenal glands, kidneys, 88Ga-DOTATATE. proliferation and might inhibit impair cell function. 162]
‘é spleen, stomach and many tumours (i.e. SCLC, SPECT: ""In-DOTA-BASS. Non-metal octreotide radiotracers can cross BBB.
9 pituitary, endocrine, pancreatic, paraganglioma, (best tracers selected here). Some tracers clinically approved. 86Ga/'!"In-based
> medullary thyroid carcinoma, pheochromocytoma); tracers are readily accessible.
é Dopamine receptor G-protein-coupled receptor. High endogenous 443  PET: ['®F]FESP, ['C]Raclopride, Slow clearance of ['8F]FESP; Tracers cross BBB. [163-
7 (D2R) expression in pituitary gland and striatum. [""CIN-methylspiperone. 166]
[
© Transferrin receptor Fast recycling receptor. 760  MRI: Transferrin-conjugated SPIO. Transferrin-conjugated SPIO particles are [167]
(TR) internalised by cells.
o e Glutamate carboxy- tPSMANSDel has higher plasma membrane 750  PET: ['8F]DCFPyL, ['®F]DCFBC. Background signal in kidneys. Tracers do not cross  [28,
= & | peptidase 2(PSMA)and  concentration. High expression in prostate. SPECT: ['%I]DCFPyL**. Anti-PSMA BBB. Some tracers clinically approved. 29]
© 5 2| variant tPSMANeDe! antibodies and ligands can be flexibly
o= labelled*, e.g J951-IR800.
& Human carcino- CEA expressed in pancreatic, gastric, colorectal ca4  PET: '4-anti-CEA scFv-Fc H310A*, Tracers do not cross BBB. 9mTc-anti-CEA Fab’ is [103,
= & &/ embryonic antigen- and medullary thyroid cancers. Reporters are 60 ['8F]FB-T84.66 diabody clinically approved. 104,
© 'S5 E| based reporters recombinant proteins based on CEA minigene (N- 168-
o A3) fused to extracellular and transmembrane 170]
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domains of human FcyRIIb receptor, CD5 or TR
carboxyterminal domain.

SPECT: %mTc-anti-CEA Fab’,
"1In-ZCE-025, ""In-anti-CEA
F023C5i.&

DOTA antibody reporter  scFv of murine anti-DOTA IgG1 antibody ca.  PET: 8Y-AABD. 8Y-AABD is a DOTA complex that binds [101]
§ 1 (DAbR1) 2D12.5/G54C fused to human IgG4 CH2-CH3 and 470 irreversibly to a cysteine of 2D12.5/G54C. Tracer
€ the transmembrane domain of human CD4. does not cross BBB.
22 Estrogen receptor a No reported physiological function. Endogenous est®  PET: ['8F]FES. Tracer is clinically used estrogen receptor imaging  [30]
ER ligand binding domain estrogen receptor expression limited to uterus, 250 agent. Gentrastimaging agent crosses BBB.
S g (hERL) ovaries and mammary glands.
= Anti-PEG Fab fragment  Recombinant protein with N-terminal HA-tag, anti- 812  PET: '24-PEG-SHPP**4. lodine tracers bear risk of deiodination. Some [98]
s PEG Fab followed by a c-myc epitope and eB7. MRI: SPIO-PEG. tracers cross BBB. PEG is non-toxic and approved
Tags could cause immunogenicity. Fluorescence: e.g. NIR797-PEG. by FDA.

. | Feritin Human heavy and light chains co-expressed, or Hu:1 MRI: iron. Iron is not equally distributed across the brain and [171,
g @ murine heavy chain only expressed as reporter. 83/1 therefore may cause local susceptibility shifts that 172]
SE 75 are above the MRI detection limit.

1511 * Amino acid chain length as an indication of reporter molecular weight (MW; not accounting for posttranslational modifications); wildtype reporter MWs are indicated.
1512 ** Radioiodinated tracers can become de-iodinated in vivo resulting in free iodide that is subsequently taken up into NIS expressing organs (see table above).
1513 & Any other modality can be used provided a suitable contrast forming moiety will be attached to PEG and the CEA antibodies, re spectively.

1514 s Report [30] does not clearly describe reporter construction leaving precise reporter size only to be estimated; we estimate it based.on the estrogen receptor a ligand binding domain, which is

1515 approx. 250 amino acids long (cf. http://pfam xfam.org/family/PF02159).

1516
1517
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1518
1519

Reporter

Class

Enzyme

Name
B-galactosidase

Properties
Glycoside hydrolase enzyme; product of LacZ gene

Table 2 Non-mammalian reporter genes and their corresponding imaging tracers.

Modality
OPTICAL CL: Near-Infrared Dioxetane

Properties
Cellular toxicity depending on the

[173-

and isolated from E. coli Luminophores (emission A = 690 nm) substrates; lack of sensitivity and high 179]
MRI: EgadMe?. background; rapid renal clearance of
PET: 2-(4-['?l)iodophenyl)ethyl-1-thio-B8-  (['%51]IBDG) impedes intratumoral
D-galactopyranoside, 3-(2'- availability if systemically administered
['8F]fluoroethoxy)-2-nitrophenyl-B-D-
galactopyranoside, 3-[''C]methoxy-2-
nitrophenyl-B-D-galactopyranoside;
['8F]FPyGal
SPECT: 5-['%l]iodoindol-3-yl-B-D-
galactopyranoside (['2°1]IBDG); 4-chloro-
3-bromoindole-galactose (X-gal);
E. colidihydrofolate ~ Catalyses NADPH-dependant reduction of folate; 159  PET: ["'C]Trimethoprim; [!8F]- Rapid renal clearance and hepatobiliary [180,
reductase (eDHFR) inhibited by highly specific small molecule trimethoprim trimethoprim (TMP) metabolism 181]
HSV1-tk and Kinase causing cellular tracer 376 PET: ["2]]FIAU, ['8F]FEAU, ["®F]FHBG. Tracers do not cross blood-brain barrier. [182-
mutants 186]
Emerald luciferase Catalyses oxygenation of D-luciferin to oxyluciferin ; emit. 543 ~ OPTICAL BL: D-luciferin/ATP (emission  Lack of signal in the brain as the substrate  [187-
(ELuc) and mutants  strongest luminescence among beetle luciferases; from A=534-626 nm; depending on WT/mutant  cannot cross BB barrier; low 190]
click beetle Pyrearinus termitilluminans used) thermostability and low light intensity
Firefly luciferase Catalyses the oxygenation of d-luciferin to oxyluciferin; 550  OPTICAL BL: D-luciferin/ATP (emission ~ Depending on the type used: high [191-
(Fluc) and mutants derived from the North American firefly (Photinus A=550-615 nm; depending on WT/mutant thermolability and exhibits a bathochromic 193]
pyralis) used) shift at >30°C and pH levels <7.8
Gaussia luciferase From Gaussia princeps; one of the smallest luciferases 185  OPTICAL BL: Coelenterazine (emission  No clinical use; background auto- [194-
(Gluc) and mutants cloned so far; catalyses the oxidative decarboxylation A\=480-513 nm; depending on WT/mutant  luminescence 197]
of coelenterazine to produce luminescence used)
Green Click Beetle Derived from Pyrophorus plagiophthalamus 542  OPTICAL BL: Luciferin (emission No clinical use [198]
luciferase and mutants A\=543)
NanoLuc Derived from Oplophorus gracilorostris (deep sea 171 OPTICAL BL: Imidazopyrazinone Signal is heavily attenuated in tissues [199-
shrimp) substrate (furimazine) (emission 202]
A=456nm)
Renilla luciferase Derived from Renilla reniformis (Sea Pansy) 3N OPTICAL BL: Coelenterazine (emission ~ WT RLuc suffers from low stability in [192,
(RLuc) and mutants A\=475-535 nm; depending variant) serum and thermolability at >30°C 203,
204]
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MS-1 magA Putative ion transport protein from magnetotatic 434 MRI: Endogenous or exogenous Fe Delay of change in signal, that is [205-
g bacteria (magnetopsinillum sp.strain AMB-1) dependent on Fe availability 207]
§ Sodium- 349  MRI: Indocyanine green (ICG) [208]
s Taurocholate
= Cotransporting
Polypeptide (NTCP)
s < Lysine-rich protein Frequency-selective contrast, based on transfer of 200  MRI: chemical exchange saturation [209,
Se radiofrequency labeling from the reporter's amide transfer (CEST) MR imaging 210]
£ 2 protons to water protons
<< o
o mNeptune fluorescent protein chromophore; derived from 244 OPTICAL FL: (emission A=650nm) No clinical use [211]
£ Entacmaea quadricolor
59_ mPlum fluorescent protein chromophore; derived from DsRed 226  OPTICAL FL: (emission A=649nm) No clinical use; low acid sensitivity [212]
' of Discosoma (sea anemone)
1
5 mTagRFP fluorescent protein chromophore; derived from 238  OPTICAL FL: (emission A=584nm) No clinical use [213]
§ Entacmaea quadricolor
o E2-Crimson Derived from Ds-Red-Express2 225  OPTICAL FL: (emission A=543nm) No clinical use [214, 215]
- iFP1.4 Requires exogenously added biliverdin as a co-factor; 328  OPTICAL FL: (emission A=708nm) No clinical use [2186,
@ derived from Deinococcus radiodurans 217]
o
:9:- iRFP 670 Endogenous biliverdin sufficient as a co-factor; derived 312 OPTICAL FL: (emission A=670nm) No clinical use [216, 218,
S from Rhodopseudomonas palustris CGA009 219]
[*]
8 iRFP 713 Endogenous biliverdin sufficient as a co-factor; derived 317 OPTICAL FL: (emission A=713nm) No clinical use [216,
§ from Rhodopseudomonas palustris 218-220]
o iRFP 720 Endogenous biliverdin sufficient as a co-factor; derived 317 OPTICAL FL: (emission A = 720nm) No clinical use [221,
= from Rhodopseudomonas palustris 222]
Gas vesicle Gas vesicles generate contrast; gas vesicles occupy GvpA: Ultrasound: 2.7-4.7 MPa insonation [223,
B oo ox structural protein A/ more than 10% of the volume of transduced cells 71 224]
= = | Gas vesicle GvpA; derived from Dolichospermum lemmermanni; GvpC:
@ g § protein C GvpC; derived from Dolichospermum flosaquae 193
o © | Mammalian acoustic ~ Gas vesicles generate contrast ; 2500  Ultrasound: 3.2 MPa insonation [224]
reporter gene (MARG)

1520 * Amino acid chain length as an indication of reporter molecular weight (MW; not accounting for posttranslational modifications); wildtype reporter MWs are indicated.
1521 &EgadMe = 1-(2-(B-galactopyranosyloxy)propyl)-4,7,10tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane)gadolinium(lll).
1522 Abbreviations: CL = Chemiluminescence; BL = Bioluminescence; FL = fluorescence imaging.

1523

52



1524  Table 3. Preclinical studies utilising reporter gene tracking of stem cell therapies.

1525  Table illustrating the range of preclinical stem cell therapy studies that have incorporated reporter gene-afforded in vivo imaging. Studies
1526  are classified based on type of stem cell, with details on the modality and purpose of in vivo tracking used as well as the reporter gene and
1527  method of construct integration.

Cell therapy Purpose of imaging Reporter gene (RG) expressed Imaging modality| Method of RG | Ref
used transfer

Adult stem cells/tissue resident stem cells

Human and mouse HSCs Engraftment monitoring human deoxycytidine kinase with 3 amino acid PET/CT Lentivirus [225]
substitutions within the active site (hdCK3mut)

Immortalised human neural stem  [Study of epigenetic silencing mechanisms of reporter genes in neural stem  hNIS Scintographic Plasmid [226]
cell line (HB1.F3) cells imaging transfection

Immortalised human bone marrow |Monitoring of MSC homing to tumours and evaluation of their therapeutic hNIS Scintographic Plasmid [227]
derived MSC line potential as a transgenic reporter expressing cell-based therapy imaging transfection

Human MSCs Monitoring of MSC homing and therapeutic potential in breast cancer hNIS SPECT Adenovirus [228]
Human MSCs Tracking of long-term fate and trafficking of MSCs Triple fusion protein: fLuc-mRFP-HSV1-sr39tk BLIand PET/CT  Lentivirus [229]
Human MSCs Understanding MSC fate in tissue repair Mutant of dopamine type 2 receptor (D2R80A) PET Lentivirus [230]
Human MSCs Evaluating myocardial tracking potential with a PET reporter in small (rat) HSV1-sr39tk PET Adenovirus [125]

and large animal studies (swine)

hESCs and their differentiated progeny

Transplanted labelled hESCs/H9  |Tracking immune rejection Fusion protein: fLuc and eGFP BLI Lentivirus [231]
line
Human neural stem cells derived  (Tracking fate and function of grafted cells in a preclinical stroke model Triple fusion protein: mRFP-fLuc-HSV1-sr39tk MRl and PET Lentivirus [232]

from hESCs/H7 line

hESCs Teratoma monitoring after transplant into chick embryos and mice (kidney ~ fLuc BLI Plasmid [233]
capsule and muscle of peritoneum) transfection

Human ESCs/H9 line Determining application of genome editing for long-term molecular imaging of Polycistronic: eGFP/fLuc/hSSTR2 and polycistronic ~ BLI and PET ZFN targeted at  [234]
engrafted stem cells eGFP/fLuc/hNIS the AAVS1 locus
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hESCs/H9 line and one patient
derived hiPSC line and hESC-
derived ECs and CMs

hESC-derived CD34* cells/H9 line

hESCs/H9 line

hESC-derived MSCs

hESCs and hESC-derived ECs/H9
line

hESC-derived neural

precursors/H9 line

hESC-derived skeletal
myoblasts/H1 and H9 lines

hESCs/H1 and H9

hiPSCs differentiated to motor

neurons, HLCs and macrophages

hiPSC-derived HLCs

hiPSC-derived neural

stem/progenitor cells

hiPSC-derived endothelial cells

hiPSCs

Preclinical monitoring of teratomas and hESC-derived cardiac cells for Triple fusion protein: fLuc-mRFP- HSV1-tk

cardiovascular research/regenerative medicine

Tracking engraftment/ developmental of hESC-derived HSCs in vivo fLuc

Safety study: analysis number of contaminating undifferentiated hESCs Fusion protein: fLuc-eGFP
required to yield a teratoma

Studied the distribution of human MSCs in a rat hind limb ischemic injury fLuc
model immediately after transplantation and also analysed the recipient
tissue response to transplanted cells

Comparison of MR & bioluminescence modalities for tracking of transplanted fusion protein: fLuc-eGFP
cell engraftment and longitudinal monitoring of cell fate

Monitoring of long-term viability and proliferation of hESC-derived neural TGL fusion protein: HSV1-tk-eGFP-fLuc
precursor grafts in the brains of immunodeficient and immunocompetent
mice.

Assessment of long-term myoblast engraftment and survival with monitoring  TGL fusion protein: HSV1-tk-eGFP-fLuc
for teratoma formation

Monitoring stem cell engraftment and teratoma formation Bicistronic fLuc and GFP and fusion of HSV1-tk-GFP

hiPSCs and their differentiated progeny

Generation of reporter expressing hiPSCs suitable for differentiation into Zsgreen
macrophages to track anti-fibrotic potential in vivo
Potential for tracking transplanted HLC populations in vivo hNIS-eGFP fusion

Determining the feasibility of tumour ablation following hiPSC-NS/PC spinal ~ Fusion protein Venus-fLuc
cord transplantation utilising immunoregulation

Analysis of potential of iPSC-derived ECs to promote perfusion of ischaemic  Fusion protein: fLuc-eGFP
tissue in model of peripheral arterial disease

Evaluation of transplanted hiPSC survival, engraftment, and distribution of in  Bicistronic ratNIS and Venus

a pig model of myocardial infarction

BLI

BLI

BLI

BLI

BLI

BLI

BLI

BLl and
SPECT/CT

In vivo imaging
not performed*
SPECT/CT
BLI

BLI

SPECT/CT

ZFN targeted at
the AAVS1 locus

Transfection of
DNA transposon
system

Lentivirus

Lentivirus

Lentivirus

Lentivirus

Lentivirus

Lentivirus

ZFN targeted at

AAVS1 locus

Lentivirus

Lentivirus

Lentivirus

Plasmid

transfection
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1528
1529
1530

hiPSCs

hiPSC-derived cardiomyocytes

evaluating systems to purge residual hiPSCs before graft without fLuc

compromising hematopoietic repopulation capability

Assessment of relationship between transplanted cell number and

engraftment rate in myocardial injury

Bicistronic fLuc and GFP

BLI

BLI

Lentivirus

Lentivirus

Abbreviations: HSC= haematopoietic stem cell, hESC = human embryonic stem cell, hiPSC = human induced pluripotent stem cell, RG = reporter gene, ECs = Endothelial cells,

CMs = Cardiomyocytes, HLCs = hepatocyte-like-cells, ZF = Zinc finger nuclease, fLuc = Firefly Luciferase, mRFP = monomeric red fluorescence protein, HSV1-tk = herpes simplex virus type 1
thymidine kinase, HSV1-sr39tk = truncated HSV1-sr39 thymidine kinase, hNIS = human sodium iodide symporter, hNSSTR2 = human somatostatin receptor 2, BLI = bioluminescence imaging.

*cited as a tool with the potential for macrophage in vivo tracking in future.

*k*k

End of Manuscript ***
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