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Abstract Cell fate is a concept used to describe the dif-
ferentiation and development of a cell in its organismal
context over time. It is important in the field of regenera-
tive medicine, where stem cell therapy holds much promise
but is limited by our ability to assess its efficacy, which is
mainly due to the inability to monitor what happens to the
cells upon engraftment to the damaged tissue. Currently,
several imaging modalities can be used to track cells in the
clinical setting; however, they do not satisfy many of the
criteria necessary to accurately assess several aspects of
cell fate. In recent years, reporter genes have become a
popular option for tracking transplanted cells, via various
imaging modalities in small mammalian animal models.
This review article examines the reporter gene strategies
used in imaging modalities such as MRI, SPECT/PET,
Optoacoustic and Bioluminescence Imaging. Strengths and
limitations of the use of reporter genes in each modality are
discussed.
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Introduction

Regenerative medicine involving the use of stem cells for
therapeutic purposes is a highly promising field with var-
ious applications across areas of medicine. The objective of
cellular regenerative therapy is to regenerate damaged
tissue, promote normal tissue function using cells that are
capable of producing biologically active molecules, and
redirect any aberrant processes associated with the medical
condition [1]. To date, we have seen encouraging results
obtained with stem cells in various diseases including
diabetes as well as cardiovascular and orthopedic diseases
[1-6]. To continue to advance successful translation of
stem cell-based therapeutic approaches, it is essential to
understand the behavior and functional outcome of stem
cells to demonstrate their beneficial effect in a clinical
setting [4].

Cell fate is a term used to describe the differentiation
and development of a cell over time. It is a concept nec-
essary and pertinent to studying stem cells and is closely
related to a vast array of processes such as stem cell
homeostasis, cell division, differentiation, as well as
migration and engraftment of cells to damaged tissue. As
cells progress down a specific developmental path, they
undergo differential gene expression leading to irreversible
acquisition of unique characteristics that contribute to cell
fate determination. Since cells may undergo conditional or
autonomous specification, they may appear nearly identical
to their neighbor cells [7]. Consequently, the long-term and
systemic effects of stem cell therapy are difficult to assess
[3].

Tracking cell fate is, therefore, a critical need in the field
of stem cell research and regenerative medicine as it pro-
vides insights into stem cell engraftment and enables
evaluation of the success of stem cells as a therapeutic
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modality. With technological advances in imaging
approaches, they have become instrumental in studying cell
fate of stem cells in terms of temporal localization, func-
tionality, and viability. There are challenges, however, and
while whole-body imaging modalities such as magnetic
resonance imaging (MRI), single-photon emission com-
puted tomography (SPECT), and positive emission
tomography (PET) can be utilized to track stem cells or
immune cells labeled with exogenous contrast agents,
several limitations exist that restrict their application [6].
The main limitations are that the in vitro-labeled cells lose
the contrast agent over every successive cellular division,
eventually leading to an absence of detectable signal.
Ideally, the label should be retained by cells over pro-
longed periods of time, able to give an accurate
quantitative measure of cell count, cleared rapidly after cell
death, and non-toxic to the host [1, 6, 7]. One way to
accomplish this is with the use of DNA sequences—known
as reporter genes—that code for proteins able to generate
contrast. The signal is not lost when the cells divide since
the reporter gene is replicated with the rest of the genome.
The intensity of the signal or the degree of light generated
correlates well with the number of cells, so quantification
of cell count is possible. This self-renewing and non-toxic
mode of imaging can be used to provide crucial data on
stem cell fate [8]. A common limitation, however, is that
reporter gene expression becomes silenced after several
cell divisions [9].

Here, we will discuss the strengths and limitations of
reporter gene-based cell tracking approaches in preclinical
settings. We will present important factors such as the
biological distribution of the gene, availability of the
probes, and the effect of the reporter gene on cell function.
A brief review of the various current labeling techniques in
the imaging modalities will be provided, while the strength
and limitations of each modality in the context of stem cell
tracking research are compared in Table 1.

MRI reporter genes

MRI is an imaging technology that uses magnets to
polarize water molecules in human tissue to come up with a
high-resolution, multi-dimensional image. Because this
modality does not involve ionizing radiation, it can be
performed serially over time. Various labels such as iron
oxide nanoparticles, Gd chelates, microcapsules with flu-
orine sodium carbon, ferritin and lysine-rich protein
protamine can be used [6]. Traditionally, MRI images are
generated using chemical agents that produce contrast
through specific pulse sequences, most notably T1 and T2.
Gadolinium-diethylenetriaminepentaacetic acid (DTPA), a
T1-shortening contrast agent, is used to track cells in the
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context of microphage and fibroblast migration [9]. Addi-
tionally, iron oxide nanoparticles can be used to de-phase
the surrounding magnetic field of the tissue, leading to
shortened T2 relaxation times and thus allowing one to
visualize the cell [10]. While the use of such agents has
been wide and frequent, many limitations restrain their use
in clinical research with stem cells. Upon division, cells
lose or dilute the labeling agent, leading to diminished
signaling after successive generations of the cell cycle.
There is also the possibility of these agents’ altering the
function of the cell. In the case of iron particles, they
remain in the tissue after the death of labeled cells, which
poses a significant barrier to cell tracking in the context of
regenerative medicine [11].

The use of MRI reporter genes to visualize in vivo cell
fate has been increasingly employed over the last few
years. Overall, certain MRI reporter gene strategies over-
come some of the caveats that limit traditional probes in
their use in cell fate tracking. As a whole, MRI reporter
genes can be divided into three main classes: iron home-
ostasis proteins, reporter enzymes, and reporter genes
capable of achieving chemical exchange saturation transfer
[11]. In general, the expression of the various classes of
reporter genes does not appear to alter the cell function
[12]. Additionally, certain methods may utilize iron oxide
nanoparticles in addition to the reporter gene to obtain an
image with enhanced contrast.

Iron homeostasis proteins

The two main reporter genes for MRI in the iron home-
ostasis mechanism of action are the transferrin receptor and
ferritin, the iron storage protein. The mechanism behind
increased transferrin receptor expression and cell fate
detection is that as a transporter protein, the receptor will
cause more iron to accumulate intracellularly as ferritin
(Fig. 1). The increase in iron concentration will enable the
genetically engineered cell to have an increase in R2
relaxation and thus generate a detectable change in contrast
[11]. The gene can be manipulated so that it lacks the iron-
regulatory region and mRNA destabilization motif in the 3’
untranslated region, leading to constitutive expression of
the receptor [12]. One major limitation hindering its
widespread use as a reporter gene is the weak change in
image contrast that is produced. Incidentally, one can
overcome this by administering transferrin conjugated to
iron oxide nanoparticles [11]. However, using these
nanoparticles with reporter genes brings about several
limitations. For long-term imaging, residual iron oxide
nanoparticles left over from previous imaging sessions may
interfere with the signal, leading to inferior contrast-to-
noise ratio [13, 14]. On the other hand, if we use techniques
that utilize reporter genes without the administration of
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Fig. 1 Mechanism of action of cell surface transporter reporter
proteins. / Reporter gene is integrated within stem cell’s genome. 2
Protein is expressed and synthesized within the cell. Subsequently, the
protein gets anchored as a cell membrane receptor. 3 An exogenously
administered contrast agent is transported inside the cell via the
reporter protein. 4 Contrast agent makes detection of cell possible
using various imaging modalities, like MRI or PET

iron oxide nanoparticles, the resolution obtained by the
MRI scanner is low [13]. The rise in iron stores poses
another issue—augmenting Fenton reaction, leading to
toxicity [11, 15].

Ferritin itself is one of the most commonly used MRI
reporter genes. Ferritin is a 450-kDa globular protein
consisting of multiple heavy and light protein subunits.
Elevation of the heavy chain, or in combination with the
light chain, causes an increase in intracellular iron stores
[11]. Ferritin overexpression inside the cell leads to iron
accumulation, which in turn allows for precise tracking of
the stem cells in vivo. The disruption in the magnetic field
caused by the iron accumulation is picked up by measuring
myocardial T2-star relaxation parameter, which appears as
areas of hypointensity on the image. The benefits of this
technique are vast. For one, increasing ferritin expression
protects the cells from the Fenton reaction-mediated
oxidative damage. Second, the contrast generated from the
ferritin upregulation is sufficient without exogenous sour-
ces of iron. Nonetheless, the sensitivity of this technique,
especially in the in vivo context, remains limited and sig-
nificantly less clear contrast is generated when compared to
techniques that utilize exogenous particles [11].

Interestingly, several studies have shown that the cells
overexpressing ferritin do not have to be cultured in an
iron-rich medium for them to generate sufficient contrast
[11]. However, recent data demonstrated that stem cells
with overexpressed ferritin heavy chain-1 showed a
noticeable change in morphology and rate of proliferation,
which was reversed when cultured in iron-rich media [16].
In addition, associations have been made between
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increased ferritin expression and neurodegeneration [17].
Thus, the chronic overexpression of ferritin as a reporter
gene could have cytotoxic effects. A study showed that one
way to address this issue is through the use of an inducible
reporter gene system, such as MagA with the Tet-on
expression system [13]. The function of the gene is trans-
portation of iron and intracellular formation of magnetite
crystals causing a significant reduction in signal on T2-
weighted MRI images [15]. The magnetite crystals have
similar properties as SPIO nanoparticles and thus are
excellent as T,-contrast agents. Another benefit of utilizing
this approach is that levels of MagA can be controlled via
administration of a tetracycline antibiotic. Having an
inducible reporter system leads to a reduced accumulation
of MagA and iron limiting cytotoxicity and thus permits
longitudinal imaging [13]. Although this technique can
potentially overcome the limitation that ferritin overex-
pression induces, MagA is a non-human gene, which could
lead to adverse immune responses.

Reporter enzymes

Several different kinds of reporter enzymes with varying
mechanisms can be used for MRI reporter imaging. The
divalent metal transporter (DMT1) can be used to allow
increased manganese uptake, resulting in altered T1-re-
laxation properties that, in comparison to the iron-
regulatory proteins, provides enhanced sensitivity. A major
drawback of this method is the possibility of adverse
reactions to high manganese levels. Toxicity aside, many
other cell types are capable of manganese import, thus
contributing to a lot of noise on an MRI [18]. Alternatively,
overexpression of tyrosinase, an enzyme responsible for
the production of melanin, can be used to create a surplus
of melanin inside cells to sequester paramagnetic ions and
generate contrast on an MRI [11].

Artificially expressed plasma membrane peptides and
antigens as reporters have also been used, in the context of
cancer cell proliferation imaging. Experiments using this
method were conducted by implanting embryonic stem
cells that were engineered to express the fusion reporter
protein myelocytomatosis (myc) and hemagglutinin (HA),
which anchors to the plasma membrane. Upon intravenous
administration of contrast agents such as super-paramag-
netic iron oxide particles conjugated to either anti-HA or
anti-myc monoclonal antibodies that bind to such reporter
surface proteins, T2-weighted images can be generated
[12]. Since exogenous agents need to be administered for
the reporter genes to work, several limitations arise from
this requirement. There is the potential of the contrast agent
having a toxic effect on the cells or the organism as a
whole. Additionally, the contrast agent may have difficulty
reaching areas that have low perfusion or areas of the body
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that are hard to reach in general, such as the central nervous
system with its blood-brain barrier [11].

Genes capable of achieving chemical exchange
saturation transfer (CEST)

The third strategy of utilizing MRI reporter genes is
through a process called chemical exchange saturation
transfer, or CEST. Generation of contrast in vivo is pos-
sible through overexpression of lysine-rich protein (LRP),
whose amide protons exchange with water protons. The
first step in achieving CEST is the irradiation of protons of
the reporter protein with a resonance frequency that causes
protons to be exchanged [19]. When the irradiated protons
are exchanged with those found in the surrounding water
molecules, saturation is transferred and the said water
molecules generate a reduced signal that is seen on MRI
[19, 20]. This reduction in signal corresponds to achieving
contrast (Fig. 2) [11]. Alternatively, Bar-Shir et al. have
shown that a supercharged green fluorescent protein (GFP)
mutant could also be used as a CEST agent [21]. A limi-
tation of utilizing LRP or GFP is that they are synthetic
genes and thus increase the potential for an adverse
immune reaction when transduced into human cells. One
potential alternative is to utilize a biocompatible MRI
reporter gene based on a human gene, the human pro-
tamine-1 (hPRM1), which is arginine rich and thus would
yield high contrast using the CEST mechanism [22].
However, imaging of this reporter was only done in vitro
and its efficacy in vivo is yet to be determined.

A second mechanism for generating CEST-MRI images
is through expression of an enzyme that catalyzes the
exchange of an amide proton from an exogenously
administered probe with the surrounding water molecules.
By expressing the enzyme Herpes Simplex Virus 1-thy-
midine kinase (HSVI1-tk), Bar-Shir et al. successfully
generated CEST contrast by having the kinase phospho-
rylate an exogenous CEST-MRI reporter probe, S-methyl-
5,6-dihydrothymidine (5-MDHT), and trapping it intracel-
lularly. The increase in concentration of 5S-MDHT within
cells expressing HSV1-tk allowed it to be visualized using
the CEST-MRI method, which relies on the exchange of
protons on the reporter probe with the surrounding water
protons [23].

In theory, one of the major benefits of this CEST-MRI is
that multiple reporter genes responding to varying resonant
frequencies can be used. Thus, investigators can selectively
activate various CEST agents, enabling the visualization of
multiple CEST targets within the same organism in one
imaging session. In studies where cells were electroporated
to allow intake of exogenous CEST probes, the tracking of
two different probes simultaneously in one imaging session
was possible [24].

Fig. 2 Mechanism behind MRI CEST. I Reporter gene, such as
lysine-rich protein (LRP), is integrated within stem cell’s genome. 2
LRP is expressed and synthesized inside the cell. 3 Amide protons in
LRP are irradiated, causing them to be switched with the surrounding
ones in the water molecule. 4-5 Protons are transferred and the new
water molecule generates reduced signaling on MRI, which corre-
sponds to a change in contrast

Lastly, Shapiro et al. recently reported the first geneti-
cally encoded reporter for hyperpolarized '*Xe MRI [25].
These expressible reporters are based on gas vesicles, gas-
binding protein nanostructures expressed by certain buoy-
ant microorganisms. The same group also demonstrated
that aquaporin-1 (AQP1) can be used as a genetically
encoded reporter for diffusion-weighted MRI [26].

PET reporter genes

Positive emission tomography is a tomographic technique
that produces images of functional processes in the body
via detection of biologically active radiotracers. Common
tags include: fluorodeoxyglucose (FDG), 9-(4-(18)F-flu-
oro-3-[hydroxymethyl|butyl)guanine (FHBG), and '°F-
fluorodopamine (FDOPA) [27-30]. It is useful in providing
an image of general distribution of the labeled target. It
works by allowing one to precisely localize and quantify
molecular events in vivo by detecting the annihilation of
positrons and photons. While PET imaging has poor spatial
resolution, with poor anatomic information, a clinically
valuable optical image can be obtained by co-registering
the PET image with anatomical computer tomography
(CT) image data [27]. The main issue with PET imaging is
that of endurance; the tags steadily decay in the body and
thus prevent imaging over the course of a few weeks [6].

Reporter genes utilized in PET techniques are classified
into three general categories based on how the protein
products interact with the PET reporter probes (PRP). The
groupings are: PET reporter genes encoding enzymes that
phosphorylate its target PRPs, leading to their intracellular

@ Springer
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retention and accumulation; PET reporter genes encoding
proteins that act as receptors for the PRP; and finally genes
that translate into membrane transporters for the specific
PRPs [28]. These PET probes allow for high spatial reso-
lution as well as sensitivity that is higher than what can be
achieved with MRI [29].

An example of a PET reporter gene with enzymatic
function is HSV-1 TK. Various tracers can be used in
combination with HSVI-TK, including thymidine
radionucleotides. One study created such a reporter gene
for the purpose of assessing gene therapy results. The
researchers engineered a reporter gene that allowed for
highly sensitive imaging of liver cells in rats in vivo. They
utilized an '®F-labeled tracer, 18F-FHBG, which was acted
upon by the reporter enzyme, allowing the reporter probe
to be trapped within cells expressing HSV1-tk intracellu-
larly [30]. It is very likely that such a procedure could be
replicable in the setting of stem cell tracking. While the use
of non-human genes as reporter genes may have disad-
vantages in terms of immunogenicity, one benefit is that
the non-human kinases will not get trapped inside cells that
do not express them which would lead to non-targeted cells
being visualized in the PET image [28].

Reporter genes that act as membrane transporters for
PRPs have been heavily utilized in various fields of
research (Fig. 1). A prime example is the human sodium
iodide symporter (hNIS), which is capable of transporting
radioactively labeled forms of iodide. One study used hNIS
to examine the ability of mesenchymal stem cells to dif-
ferentiate into various lineages in vivo. To generate the
image, Wolfs et al. injected mice with 1241 which was
taken up by the mesenchymal cells via the hNIS. Since a
human protein was utilized in this genetic construct, there
was reduced incidence of adverse immunological respon-
ses. One observable drawback to this specific technique,
however, was a substantial efflux of the tracer molecule
from the cells. Nonetheless, 31% of the tracer remained
trapped intracellularly after 3 h, and thus detection of the
mesenchymal stem cells was still possible [27].

The third PET reporter gene strategy involves utilizing
transgenic receptors to allow the binding of a radioactive
ligand. One such example is the use of the dopamine D2
receptor and a high-affinity radioactively labeled D2
antagonist, [“C]FLB 457. Other studies have used ligands
such as 'SF-fallypride and 'C-(1)-4-propyl-9-hydroxy-
naphthoxazine, with each probe having varying degrees of
uptake in different tissue types [29, 31]. The binding is
accomplished though transfection of a cell line with a
vector containing a promoter to drive the expression of
D2R. Binding of the antagonist does not elicit any specific
responses in the cell, and the ligand-receptor complex can
be recognized using PET imaging [32]. Overall, the
mutated D2 receptor is nonfunctional and it can be
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construed that it will have a low potential for malignant
transformation or for starting adverse or unnecessary sig-
naling cascades [29]. An advantage of this method is that
the radioactive tracer does not make it inside the cell.

SPECT reporter genes

SPECT uses gamma rays emitted from radioactive isotopes
such as Tc-99m and In-111. The isotope Tc-99m can even
be used to detect apoptotic cells, which is important to
determine the viability of transplanted stem cells and as
such can be used to detect early rejection in heart transplant
recipients [6].

Reporter genes for SPECT imaging are quite similar to
the ones utilized for PET. Overall, however, SPECT ima-
ges have lower sensitivity and resolution [33]. For in vivo
imaging of implanted cells (both mesenchymal and
immunologic) in small mammals, reporter systems that act
as (ion)channels have been used most heavily. The two
most notable reporter systems are the human nore-
pinephrine transporter (hNET) and the human sodium
iodide symporter (hNIS); both genes are introduced to the
host cells via retroviral vectors. The proliferation of cells
after expression of hNIS is unaffected [34].

hNET works by transporting norepinephrine analogues
into cells. The contrast agent used with hNET to generate
the image in SPECT is ['**I]metaiodobenzylguanidine
(['**T]MIBG), which happens to be a clinically approved
probe. Once hNET is introduced into T cells, the cells can
be injected into tumor sites and upon introduction of the
radiolabel probe, the biodistribution, growth, and activity
of the cells can be monitored for up to 28 days [34].

The other human protein that has been used in SPECT,
hNIS, is capable of delivering the SPECT tracer **™Tc-
pertechnetate as well as iodide intracellularly, which can
then be used as a tracer for SPECT analysis. In one study,
the hNIS was introduced into cardiac-derived stem cells
that were then injected into rat myocardium after an
infarction. The reporter gene stayed in the cell for up to
2 weeks, with increasing visualization of the cells from
days 1-3 and a gradual decrease in signal by day 12 [35].
In another study, the gene was used to study transplanted
cells in the brain over time, since it is not naturally
expressed in the brain. The spatial resolution of the probe
system was sufficient to determine the grafting of cells in
the brain, allowing for differentiation between regions of
varying stem cell density. Some key features made this
reporter probe a good choice for cell fate tracking: the
radio probes for the transporter are readily available in
many clinics and their clearance and metabolism in the
body are well documented. However, one limitation was
the inability of the probe to cross the blood-brain barrier,
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and thus the probe had to be delivered by an intracranial
injection [36, 37].

The benefit of using such reporter genes is the same as
with other human proteins; the chance of an adverse
immunogenic response to a xenogeneic reporter construct
is reduced. Similar to PET, SPECT does not generate
anatomically relevant data on its own and thus the imaging
modality can be combined with CT scans to allow precise
localization of the labeled cells [34]. In addition, while it is
believed that PET is a more sensitive imaging modality,
studies utilizing reporter genes for tracking cell fate have
shown that SPECT shows resolution on par with that of
PET [34, 35]. Considering the difference in costs utilizing
PET and SPECT, these findings could be significant in a
clinical context [34, 35, 37].

Reporter genes for bioluminescence imaging

Another reporter gene method widely used in preclinical
studies is in vivo bioluminescence imaging (BLI) [38, 39].
For BLI, a gene expressing an enzyme, such as firefly
luciferase, oxidizes a bioluminescent substrate and thus
induces its light emission is transduced for stable or
inducible expression (e.g., with a retroviral vector) into
cells of interest. b-Luciferin, the substrate most commonly
used for the firefly luciferase enzyme, is administered
exogenously (i.e., by intravenous or intraperitoneal injec-
tion) and is converted by the luciferase into its optically
active metabolite, oxyluciferin. After substrate adminis-
tration, the animal is anesthetized and placed into an
imaging chamber equipped with a charge-coupled device
(CCD) camera to non-invasively capture bioluminescent
photons [38—40].

Modifications of various luciferases have been devel-
oped to advance in vivo cell tracking via BLI [41], the most
common being the modified firefly luciferase Luc2 opti-
mized for expression in mammalian cells [42].

BLI, in contrast to fluorescence imaging, suffers only
from minimal background signals emanating from the
animal’s tissues. Therefore, relatively weak signals from
few cells can be detected with a high signal-to-background
ratio [43]. However, a major limitation of BLI has been the
relatively low spatial resolution and tissue penetration as
compared to MRI and PET/SPECT. This is due to the low
energy of the produced photons that are scattered or
absorbed by myoglobin and hemoglobin, the two main
endogenous absorbers of bioluminescent light in tissue, in
particular in areas with a high blood-to-tissue ratio [15, 44].
Since levels of light emitted by the native firefly luciferase
drop exponentially by ~90% for every centimeter of tissue
penetrated, the utility of BLI in animals larger than rabbits
is limited and has been rarely explored. To avoid the

absorption of light below 600 nm and improve in vivo
detection, a number of researchers have developed luci-
ferases and/or substrates, as well as fluorescent proteins
that emit light at longer wavelengths [45].

Red-shifted luciferases

Shifting the emitted bioluminescent light to the red spec-
trum has by now been achieved in a number of ways.
Genetically engineered luciferase variants, for example
based on the luc2 gene, such as Ppy RE9, emit light that is
shifted towards the red spectrum and hence create a nar-
rower BLI signal without undesirable tissue absorbance.
The major drawback of Ppy RE9 appears to be that cells
expressing it showed four to five times lower luminescence
intensity compared to cells expressing Luc2 [42]. Mez-
zanotte et al. have studied the use of two luciferases
simultaneously, a red light-emitting codon-optimized
Photinus pyralis luciferase mutant, Ppy RES8, and the green
click beetle luciferase, CBG99. The described p-luciferin-
dependent red/green couplet allows for quantitative gene
expression studies in vivo, thus enabling simultaneous
tracking of different populations of stem cells [46].
Rumyantsev et al. constructed chimeric reporters, in
which an intramolecular bioluminescence resonance
energy transfer (BRET) occurs between an enhanced
Renilla luciferase variant RLuc8 and two bacterial phy-
tochrome-based near-infrared (NIR) fluorescent proteins
iRFP670 or iRFP720. These chimeric proteins exhibit NIR
bioluminescence with maxima at 670 and 720 nm,
respectively [47]. The 50 nm spectral shift between emis-
sions of the two iRFP chimeras enables combined
multicolor imaging, while the iRFPs can also be detected
by multicolor fluorescence imaging (FLI); Conley et al.
synthesized a selenium analogue of amino-p-luciferin,
aminoseleno-p-luciferin, that served as a competent sub-
strate for the firefly luciferase enzyme and exhibited red-
shifted bioluminescence emission peaking at 600 nm [48].

Red-shifted luciferase substrates

In recent years, several red-shifted luciferase substrates
have been developed, with some of them possessing unique
properties. Mofford et al. created synthetic aminoluciferin
analogues that increase near-infrared photon flux more than
tenfold over that of p-luciferin in luciferase-expressing
cells [49]. Furthermore, they found a mutated firefly luci-
ferase that can accept and utilize rigid aminoluciferins with
high activity, while exhibiting virtually no light emission
with the natural p-luciferin substrate. Jathoul et al. syn-
thesized a dual-color, far-red to near-infrared (nIR)-
emitting analogue of beetle luciferin, which, akin to natural
luciferin, exhibits pH-dependent fluorescence spectra and
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emits bioluminescence of different colors with different
engineered Fluc enzymes. The analogue produces different
far-red to nIR emission maxima up to Ap,x = 706 nm with
different Fluc mutants. This emission is the most red-
shifted bioluminescence reported without using a reso-
nance energy transfer acceptor [50]. Steinhardt et al.
generated an alkyne-modified p-luciferin that exhibited a
red-shifted emission spectrum compared to the parent
substrate [51].

AkalLumine-HCI, a luciferin analogue synthesized by
Kuchimaru et al., produces bioluminescence in reactions
with native firefly luciferase in the near-infrared wave-
length ranges (A,.x = 677 nm), and significantly increases
target-detection sensitivity from deep tissues, as compared
with p-luciferin [52, 53]. A series of N-cycloalky-
laminoluciferins (cyalLucs) containing lipophilic N-
cycloalkylated substitutions were developed by Wu et al.
and are effective substrates for native FLuc. Importantly,
they can produce elevated bioluminescent signals in vitro
in cells, and in vivo, where 0.01% of the standard dose of
D-luciferin (dLuc) used in mouse imaging radiated 20-fold
more bioluminescent light than b-luciferin (dLuc) or
aminoluciferin (aLuc) at the same concentration [54].

Thus, chemical modification of the luciferin substrate
together with mutant luciferases has extended the capa-
bilities of bioluminescent reporters by offering high photon
flux in the red and NIR spectrum. Since the substrate for
firefly luciferase, luciferin, can undergo strenuous chemical
modification and still be acted on by the enzyme in its
wild-type or mutant form, the generation of targeted sub-
strates suitable for specific conditions and situations can
further broaden the scope and range of applications of BLI
[55].

Besides firefly and click beetle luciferase, light-emitting
enzymes have also been isolated from other species like the
sea pansy Renilla reniformis and the crustacean Gaussia
princeps that utilize coelenterazine as a substrate. Their
reactions do not require ATP and oxygen, but are limited
by substrate penetration and light absorption. Thus,
unfortunately, they are rarely utilized for in vivo studies
[55, 56]. To improve the in vivo imaging performance of
Renilla luciferases Loening et al. and Rahnama et al. have
engineered variants with a red-shifted spectrum (peak
emission of 556 and 540 nm), of which a substantial por-
tion is above 600 nm [57, 58].

GLuc is the smallest luciferase cloned (18 kDa) with
several advantages over other commonly used reporters as
it is over 2000-fold more sensitive than firefly or Renilla
luciferase. GLuc is naturally secreted and, therefore, per-
mits the real-time monitoring of biological processes and
reaction kinetics in culture. Luker et al. fused comple-
mentary GLuc protein fragments to ligand—-receptor pairs
to study ligand-receptor binding in vitro and in vivo.
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Specifically, they quantified the binding of chemokine (C-
X-C motif) ligand 12 (CXCL12) to chemokine (C-X-C
motif) receptors 4 (CXCR4) and 7 (CXCR?7). BLI showed
CXCL12-CXCR7 binding in primary and metastatic
tumors in a mouse model of breast cancer and enabled
them to quantify the drug-mediated inhibition of CXCL12—
CXCR4 binding in living mice [59].

NanoLuc is an ATP-independent luciferase enzyme
from the deep-sea shrimp Oplophorus gracilirostris that
uses furimazine, an analogue of coelenterazine optimized
as a substrate for NanoLuc. It is the brightest luciferase and
produces approximately two orders of magnitude more
bioluminescence than GLuc [60]. Chu et al. engineered
CyOFP1, a bright, orange-red FP excitable by cyan light.
CyOFP1 serves as an efficient acceptor for resonance
energy transfer from the blue-emitting NanoLuc. An opti-
mized fusion of CyOFP1 and NanoLuc, called Antares,
produces substantially brighter signals in vitro and in vivo
from deep tissues than firefly luciferase and other biolu-
minescent proteins [61]. Suzuki et al. reported five new
spectral variants of a bright luminescent protein, enhanced
Nano-lantern (eNL), made by concatenation of NanoLuc
with various color variants of fluorescent proteins [62].
eNLs allow five-color live-cell imaging, as well as detec-
tion of single protein complexes and even single molecules.
An eNL-based Ca®" sensor can image spontaneous Ca®"
dynamics in cardiomyocytes and neural cell models
responding with a fivefold signal change.

Aequorin is a calcium-dependent, blue light-emitting
luciferase from the jellyfish (hydrozoan) Aequorea victo-
ria. It utilizes coelenterazine, too, and is expressed together
with the green fluorescent protein to produce green light
via resonant energy transfer. A red fluorescent protein—
aequorin fusion has been developed by Bakayan et al. and
can serve as a Ca’" sensor yielding improved biolumi-
nescence images from single cells and in vivo [63].
Grinstead et al. modified aequorin using coelenterazine
analogues and genetic engineering with non-canonical
amino acids to shift peak emission from 472 nm for the
native enzyme to 526 nm of the most red-shifted variant,
thereby increasing the portion of emitted light above
600 nm [64].

BLI has been applied to track cell fate in various pre-
clinical applications such as monitoring the behavior and
localization of adipose tissue-derived progenitor cells in a
rodent model of myocardial infarction, tracking the via-
bility and distribution of injected mesenchymal stem cells
in a partially pancreatectomized mouse, and tracking the
activation process of injected stem cells as they graft and
differentiate into the neuronal lineage [65-67].

Finally, the multiplexing of bioluminescence imaging is
being pursued to increase the number of cell types that can
be tracked in vivo. For this, Jones et al. custom-synthesized
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sterically modified luciferins and by screening libraries of
mutant luciferases with them they identified orthogonal
enzyme—substrate pairs that specifically interacted and
produced light in vitro and in cell culture. The resulting
reporter—substrate pairs allow simultaneous multicompo-
nent imaging, e.g., of different cell types labeled with
different luciferase mutants and visualized with orthogonal
luciferin derivatives, thus enabling the direct interrogation
of cell networks in vivo [68]. Alternatively, double- and
even triple-luciferase systems, in which enzymes oxidizing
different substrates can be multiplexed together in vivo,
can further expand the utility of BLI for stem cell and other
in vivo research [46, 69].

Reporter genes for fluorescence imaging

Fluorescence imaging (FLI) uses nearly the same princi-
ples and equipment as BLI, in which an enzyme acts on a
delivered substrate to create photon emission from within,
whereas the green and red fluorescent proteins utilized in
fluorescence imaging contain an internal fluorophore that
needs to be excited by an external light source [39, 70]. The
main advantage of fluorescence imaging is that fluorescent
molecules can be brighter than their counterpart BLI
enzymes since many photons can be generated from a
single fluorophore through continuous application of
excitation light [71]. The main limitations for fluorescent
reporter genes are: (1) the possibility of the fluorescent
protein to cause potential toxic effects (due to singlet
oxygen generation during protein maturation); (2) the low
depth of penetration of light through tissue where both
excitation and emitted light are distorted through scattering
and non-specific absorption by overlying tissue; and (3) the
high autofluorescence of cells and tissue, predominantly in
the blue-green part of the light spectrum. Like BLI, light
absorbance from hemoglobin is a problem, decreasing
signal to noise ratio [2, 45, 72], hence fluorescent protein
variants have been developed that emit at longer wave-
length, with peak emission wavelength of 592, 635, 646,
and 675 nm [73-78]. Rodriguez et al. developed a novel
RFP from an allophycocyanin o-subunit (APCo), small
ultra-red FP (smURFP), which covalently attaches a bili-
verdin (BV) chromophore without help from a lyase, and
has a 670-nm excitation—emission peak [79]. Shu et al.
engineered IFP1.1, a bacterial phytochrome protein from
Deinococcus radiodurans that incorporates biliverdin as
the chromophore and fluoresces with peak emission at
708 nm that is well expressed in mammalian cells and in
mice for whole-body imaging. [80]. The second-generation
IFP2.0, has an emission maximum of 711 nm, is signifi-
cantly brighter when expressed in mammalian cells
(HEK293) in the absence of exogenous biliverdin and in

cells low in biliverdin, such as neuronal cells, its brightness
can be augmented by coexpression of heme oxygenase-1
[81].

An alternative option for in vivo FLI is red and NIR
dyes. Xie et al. used a combination of activatable and
targeting NIR fluorescent (NIRF) probes to detected luci-
ferase-expressing 4T1-luc2 mouse breast cancer cells
in vitro. In vivo, 4T1-luc2 cells orthotopically implanted in
nude mice could be followed and tumor progression
monitored longitudinally both by BLI and dual-wavelength
FLI [82]. Thanks to the development of far-red or NIR
proteins and dyes, FLI now offers several advantages over
non-optical imaging modalities: low cost and ease of use,
relatively high resolution and sensitivity, as well as the
ability to detect cells of interest in vivo with intravital two-
photon microscopy and ex vivo by flow cytometry and
fluorescence microscopy.

Reporter genes for (opto)acoustic imaging

In the emerging field optoacoustics, chromophores in the
tissue absorb light and release this energy as acoustic
waves that can be imaged using ultrasound detectors. This
hybrid imaging technique offers several advantages over
strictly optical methods of imaging. The acoustic waves
scatter significantly less than photons in tissue, eliminating
the depth and spatial restrictions found in strictly optical
techniques [83].

Tyrosinase, the enzyme responsible for the synthesis of
melanin, has found use as a reporter gene for optoacoustics.
Human melanin pigment exhibits high photostability and
strong broadband optical absorption, which even though its
peak absorption occurs around 335 nm, extends to wave-
lengths beyond that of hemoglobin [84, 85]. Hence,
melanin efficiently absorbs photons generated by the
excitation lasers used for optoacoustic imaging. It was
recently shown that transgenic expression of tyrosinase
enabled longitudinal cell tracking of cancer dissemination
at tissue depths up to 10 mm [86].

Other chromophores commonly used for optoacoustics
include fluorescent proteins, such as bacteriophytochrome-
based near-infrared fluorescent protein (iRFP). It is stable,
non-toxic, and capable of producing a signal in cells, tis-
sues, and whole animals at low concentrations [87]. Liu
et al. expressed the far-red fluorescent protein (FP) E2-
Crimson as a transgene in the exocrine pancreas of adult
zebrafish and non-invasively mapped it in 3D in vivo using
photoacoustic tomography [88].

The Shapiro group, which uses bacterial-derived gas
vesicles as reporters, showed that by engineering genetic
variants of the proteins that self-assemble to form these gas
vesicles, they were able to generate gas vesicles with
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different mechanical properties. As such, the different gas
vesicles mechanically resisted distinct acoustic pressures,
which were used for pressure unmixing to obtain multi-
plexed images using ultrasound [89].

Multimodal imaging with reporter genes

The various imaging modalities that can be used with
reporter genes have their own strengths and weaknesses
such as signal generation, clinical relevance, degree of
contrast generated, and tissue distribution. To overcome
limitations of certain modalities and exploit the strengths of
others, multimodal imaging techniques have been devel-
oped [26, 27, 90-95]. For example, the DMT1 reporter
gene discussed in the MRI reporter gene section has been
shown to be useful for tracking neural stem cells in a rat
brain using a dual-modality PET and MRI manganese-
based imaging approach [91]. Another reporter gene that
has been used in multimodal imaging is a triple fusion
reporter consisting of firefly luciferase, a red or green flu-
orescent protein and a herpes simplex virus type 1
thymidine kinase (HSV1 TK), which allows one to track
cell fate using bioluminescent, fluorescent, and PET
imaging [26, 79, 92, 93]. Another previously mentioned
reporter gene, hNIS, can be used for multimodal imaging
using PET and Cerenkov Luminescence Imaging. Cer-
enkov luminescence imaging (CLI) utilizes Cerenkov
radiation, a form of electromagnetic radiation emitted
when a particle exceeds the speed of light while traveling
in a medium. As the moving particle displaces electrons in
the medium, they eventually return to their ground state
and emit photons that can be detected by a CCD camera
[13]. A major limitation of this method is that the wave-
length of light-emitted peaks is around 450 nm and the
signal emitted is weak requiring long exposure times to
obtain a quality image [9], which is not ideal for in vivo
experiments.

Promoter selection

Gene expression is regulated by upstream promoter
sequences, which contain canonical binding sites for tran-
scription factors and which are often controlled by
enhancer elements acting at large distances either up- or
downstream [96]. The expression of genes that specify cell
type identity and function is associated with densely spaced
clusters of active enhancers known as ‘super-enhancers’.
Lineage progression involves chromatin remodeling where
super-enhancers and their dense clusters (‘epicenters’) of
transcription factor-binding sites are switched on or off
[97]. Lineage-determining transcription factors (LDTFs)
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and collaborating transcription factors (CTFs) bind to
enhancers prior to signal-dependent activation. Such
“primed” enhancers may exhibit basal enhancer activity
for promoter binding and are activated by broadly
expressed signal-dependent transcription factors (SDTFs)
in a cell type-specific manner [98].

The functions of enhancers and super-enhancers are
influenced by, and affect, higher order genomic organiza-
tion [98]. A pivotal role in the control of gene expression is
played by cytosine—guanosine dinucleotide (CpG) sites
contained in mammalian gene promoters. Methylation of
the cytosine residues at CpG sites regulates transcription
directly by inhibiting the binding of specific transcription
factors, and indirectly by recruiting methyl-CpG-binding
proteins that repress chromatin remodeling and transcrip-
tion. Thus, epigenetic modifications are responsible for the
modulation of developmentally regulated and tissue-
specific gene expression.

Therefore, the promoter portion for reporter constructs is
selected depending on the cell type, the conditions of
expression, and the differentiation pathway(s) of interest
[99]. The selected promoter sequence, with or without an
enhancer sequence, is normally placed at the 5'-region of
the reporter gene where it can be switched on in the
presence of transcription factors governing cell fate and
state leading to the expression of the reporter protein.
When choosing promoters, the key factors are achieving
the best possible sensitivity, determined by the signal-to-
noise ratio (SNR) between basal and induced expression in
the cell, and the highest specificity of the promoter, i.e., a
high SNR for the cell type of interest vs. off-target cells.

For monitoring cell survival and migration over long
periods of time alone, constitutively active promoters are
employed that are expressed across broad spectrum of cell
types, most commonly (listed in order of expression levels)
the CMV enhancer fused to the chicken beta-actin pro-
moter, the core elongation factor 1 alpha promoter, and the
human Ubiquitin C promoter. Viral promoters, while pro-
ducing high transient levels of expression, are to be advised
against in long-term tracking studies since they become
methylated and silenced over time [100].

A variety of well-characterized promoters are available
for monitoring tissue development and cell differentiation
[6]. A prominent example is the promoter for pancreatic
beta cell-specific expression of insulin located within
approximately 400 nucleotides upstream of the transcrip-
tion start site. It directs both tissue-specific and metabolic-
responsive transcription of the insulin gene [101-103].
Differentiation protocols have been developed to generate
beta cells from stem or progenitor cells [104, 105]. The
resulting cells may only be a first approximation, however,
since recently emerging evidence suggests that beta cells
are not homogenous but consist of heterogeneous
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subpopulations exhibiting morphological, functional and
gene expression differences [106].

Multiplexing of reporters can be facilitated using bidi-
rectional promoters, short (<1 kbp) intergenetic regions of
DNA that regulate expression of two adjacent genes
encoded on opposite strands and whose 5" ends are oriented
toward one another. As the two genes are often functionally
related, they can be co-regulated by modification of their
shared promoter region. Bidirectional promoters are a
common feature of mammalian genomes, with ~11% of
human genes being bidirectionally paired.

Overcoming limitations of reporter genes

One major complication of using reporter genes in the
clinical setting to track therapeutic stem cells is safety
concerns associated with gene modification of cells via
viral vectors. In the past, reports have been published
where physicians attempted to treat two male patients
with X-linked severe combined immunodeficiency disease
by integrating retroviruses and as a result of the genetic
manipulation the patients developed clonal T cell expan-
sion that is seen in acute leukemia [5, 6]. Theoretically,
the integration of foreign DNA into a host’s genome
could occur at any site and impede the function of an
endogenous gene. Seeing how a pseudo-cancer syndrome
could arise from such transfections, it might be worth-
while to utilize an alternate technique to drive reporter
gene expression in cells that will be transplanted into
humans for therapeutic purposes, one that does not inte-
grate into the cells’ genomes and is capable of
autonomous replication [8].

Over the years, non-integrating vector systems have
been developed, which include human artificial chromo-
somes, viral vectors with replication origins that require
transactivating factors, and scaffold/matrix attachment
region (S/MAR) vectors. The main issue with artificial
chromosomes is the difficulty in introducing this large
piece of DNA into cells, whereas vectors with viral repli-
cation origins need viral-based proteins to initiate
transformation, which would be difficult to employ in a
clinical setting [8].

There are several characteristics of S/MAR vectors that
make them promising candidates for being utilized as non-
integrative inducers of reporter gene expression in the
context of cell fate tracking in a clinical setting. They
utilize their host’s genetic machinery to replicate and are
thus capable of being passed down from progeny to pro-
geny. Because of their size, they are readily taken up by
cells and their unique sequence allows them to remain
episomal. Originally, S/'MAR vectors contained prokary-
otic components; however, studies have shown that they

can be removed, resulting in the creation of S/MAR
Minicircles (MCs) that do not require antibiotic selection
and have a greater tendency to resist integration into the
host’s genome [8].

It has been shown that S/MAR MCs can be inserted into
cancer cells and injected into animals to track cell fate
in vivo over successive generations. In this case, the MC
vector was created to express the gene firefly luciferase,
which as mentioned previously can be tracked using biolu-
minescent imaging upon injection of bp-luciferin. The
viability of the MCs allowed them to produce a biolumi-
nescent-detectable signal for a time greater than 40 days [8].

Despite the numerous advantages it has to offer, this
technology is not devoid of limitations. The establishment
rate of the vectors within cells is only about 5%, meaning
the creation of trackable stem cells for in vivo imaging
containing MCs can be difficult. To address this issue,
methods have been developed to improve transfection
rates, such as histone hyperacetylation. In addition, the
S/MAR MC’s ability to remain episomal has a time frame;
it has been shown that integration and vector defragmen-
tation occur after prolonged periods of time in culture, with
an onset of 3 weeks after transfection and with the majority
of the DNA being defragmented or integrated by week 21
[107].

Conclusion

The use of stem cells for therapeutic purposes holds much
potential in various fields of medicine. However, despite
the growing evidence of the high utility of stem cells, many
hurdles need to be overcome before the cells can be used to
treat disease. Reporter genes have shown much promise
when utilized to track cell fate in vivo in preclinical disease
models. Many different probes have been utilized with
various imaging modalities, such as MRI, SPECT/PET,
and BLI. In addition, multimodal imaging enables the
research to combine the strengths of several reporter genes
to overcome the weaknesses of a single reporter gene,
resulting in methods to track stem cells using whole-body
imaging approaches using MRI/SPECT or PET, but also
providing high-resolution imaging capabilities down to the
cellular level using optical reporters. The selection of
appropriate promoter sequences for the insertion of said
reporter genes is another factor to take into consideration as
it can aid in the efficacy of such constructs in monitoring
cell fate. Recent advances in molecular biology have led to
the discovery of replicating minicircles, which could help
overcome the current issue of potential adverse reactions
from the integration of foreign DNA into human cells,
paving a viable pathway to clinical translation of the dis-
cussed approaches.
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