Am J Transl Res 2024;16(8):3534-3544
www.ajtr.org /ISSN:1943-8141/AJTR0157428

Review Article
Positron emission tomography
probes for stem cell monitoring: a review

Ligong Xu?, Jingjing Shi2, Shuang Wu®

1Department of Radiology, The First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, Zheji-
ang, China; 2Department of Radiology, The First Affiliated Hospital of Zhejiang Chinese Medical University (Zheji-
ang Provincial Hospital of Chinese Medicine), Hangzhou, Zhejiang, China; 3Department of Nuclear Medicine and
PET Center, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, China

Received April 26, 2024; Accepted July 8, 2024; Epub August 15, 2024; Published August 30, 2024

Abstract: Stem cells possess unique self-renewal and differentiation capacities, that are central to cell replacement
and tissue regeneration. The therapeutic potential of stem cell applications has garnered increasing attention in
recent years for a spectrum of human diseases, from ischemic disorders to oncological challenges. Despite their
potential, a comprehensive understanding of the biological behavior, efficacy, and safety of these cells remains elu-
sive, hindering their clinical adoption. This review focuses on the use of positron emission tomography (PET) imaging
as a cutting-edge tool for bridging this knowledge gap. PET imaging, a noninvasive diagnostic method, has been
highlighted for its ability to monitor cellular dynamics after stem cell transplantation. A variety of molecular probes
within the PET framework enable the longitudinal and quantitative evaluation of post-transplant cellular behavior.
This discourse systematically delineates various PET probes specifically designed for the in vivo tracking of the stem
cell life cycle. These probes offer a pathway to a deeper understanding and more precise evaluation of stem cell
behavior post-transplantation. Implementing PET imaging probes can revolutionize the clinical understanding of

stem cell behavior, advancing and widening clinical therapeutic applications.
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Introduction

Stem cells consist of a class of specialized cells
with self-renewal and differentiation abilities
that play a pivotal role in cell replacement and
tissue regeneration [1-4], providing novel ideas
and methods for effectively treating a variety of
serious diseases. Pluripotent stem cells (PSCs)
and multipotent stem cells can be categoriz-
ed according to their differentiation potential.
PSCs can differentiate into almost all cell types;
for example, embryonic stem cells (ESCs) from
the inner cell mass can differentiate to form
any of the three embryonic layers but cannot
form accessory supporting tissues such as the
placenta and umbilical cord [5]. Multipotent
stem cells can differentiate into closely related
cell lineages, such as hematopoietic stem cells
(HSCs), which can differentiate into cells of the
blood and immune systems, such as red blood
cells, white blood cells, and platelets [6]. PSCs
include induced PSCs (iPSCs) [7, 8] and ESCs

[9, 10], which can proliferate indefinitely and
differentiate into all the body’s cell types.
Multipotent stem cells, such as mesenchymal
stem cells (MSCs) [1, 11], HSCs [12], skeletal
myoblasts [13], and endothelial progenitor cells
[14, 15], can generate numerous cell types, but
to a lesser extent than PSCs. Numerous stu-
dies have indicated that stem cell therapy is
an option for treating ischemic diseases, neuro-
degenerative disorders, diabetes, and cancer.
However, the efficacy of stem cell therapy and
the in vivo contribution of stem cells remain elu-
sive. Therefore, for preclinical cell therapy and
subsequent clinical applications [16], assess-
ing the efficacy, adaptability, and safety of stem
cell therapy is of great significance. From this
perspective, using positron emission tomogra-
phy (PET) to analyze real-time images is es-
sential.

A burgeoning multidisciplinary field, molecular
imaging in nuclear medicine combines molecu-
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lar biology with modern medical imaging. This
tool is significant for its ability to reflect intri-
cate biological processes occurring within stem
cells. Non-invasive methods provide research-
ers with the unique opportunity to observe and
understand the inner workings of these cells
without causing any harm or disturbance. This
approach allows for the study of stem cells in
their natural environment, producing more reli-
able and accurate results.

Moreover, PET, known as “biochemical imaging
in vivo”, provides noninvasive, quantitative, and
dynamic observations of physiological, bio-
chemical, and molecular processes from out-
side the body, offering insights into the activi-
ties of labeled subjects in vivo [17]. For these
reasons, PET imaging allows noninvasive and
longitudinal evaluation of the entire process
of stem cell therapy for diseases [18, 19].
Researchers preparing for stem cell tracing
usually begin by selecting tracer probes and
labeling techniques suitable for specific stem
cell types and study objectives. When initiating
stem cell imaging tracing, researchers must
consider probes, labeling methodologies, re-
porter genes, and stem cell types extensively
[20].

For example, PET can be used to observe the
uptake ratio of Alfatide Il tracer in infarcted
myocardium compared with normal myocardi-
um, allowing assessment of the therapy re-
sponse of bone marrow mesenchymal stem
cells (BMSCs) [21]. This method can also moni-
tor the homing of hematopoietic stem and pro-
genitor cells (HSPCs) into the bone marrow
after transplantation [22]. However, it is impor-
tant to note that radiolabeling exerted signifi-
cant toxicity on HSPCs 15 hours after labeling,
indicating that the biosecurity of these radiola-
beling techniques needs improvement. Addi-
tionally, PET can determine the effectiveness of
various delivery methods for stem cell adminis-
tration for treating chronic heart failure [23].
PET imaging has also been reported to achieve
non-invasive visualization of stem cell distribu-
tion in multiple animal models [24].

The efficacy and safety of cell therapies are cru-
cial for their success, as understanding the
behavior of these cells within the body is es-
sential. PET imaging provides valuable insight,
allowing researchers to track the fate of these
cells and determine whether they reach their
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intended targets. Furthermore, safety is of the
utmost importance when developing cell-based
treatments. PET imaging enables researchers
to monitor side effects or adverse events asso-
ciated with these therapies.

In conclusion, PET is a powerful noninvasive
imaging method that can obtain cell functional
information [24, 25]. It offers high sensitivity
and can quantify the obtained data [26]. PET
imaging evaluates the dynamics of stem cells
in vivo and assesses the effectiveness and
safety of cell therapies, assisting in revealing
the underlying mechanisms of stem cell thera-
py and examining the body’s response to these
treatments. For example, chimeric antigen re-
ceptor T (CAR-T) cell immunotherapy is widely
used in clinical practice [27, 28]. Currently,
tumor biopsies [29, 30] and blood examina-
tions are the primary means of evaluating their
efficacy. However, these methods are invasive
and not easily obtained. Researchers have
developed a reporter gene imaging system
using PET molecular imaging to monitor the in
vivo dynamics of CAR-T cells [31-33]. This sys-
tem enables precise identification of the posi-
tion and number of CAR-T cells in living organ-
isms [33-36].

In this review, we summarize various PET imag-
ing methods associated with stem cells and
introduce their advantages and limitations by
comparing them. Furthermore, we discuss the
current applications and limitations of PET in
different diseases.

PET imaging

PET imaging of stem cells (Figure 1) involves
both direct and indirect labeling (i.e., reporter
gene labeling) [37]. Direct labeling of stem cells
has gained popularity in stem cell tracking
studies over the past few decades. Using this
technique, researchers can accurately trace
the migration and differentiation of these cells
in vivo [38]. By incorporating various labeling
agents, such as superparamagnetic iron oxide
nanoparticles or fluorescent dyes, scientists
can visualize and monitor the behavior of stem
cells noninvasively [39]. This has opened new
possibilities for regenerative medicine and cell-
based therapies. This method is frequently
employed in stem cell imaging because of its
convenience and low toxicity. However, it is
important to acknowledge the drawbacks of
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Figure 1. Schematic diagram of PET imaging for stem cell tracing. A. In vivo. B. Indirect labeling in cells. PET, positron

emission tomography.

this method. Unstable labeling efficiency and
signal dilution during cell division are significant
disadvantages [40].

Before stem cell transplantation, it is essen-
tial to transfect the cells with plasmids, retrovi-
ruses, adenoviruses, or lentiviruses containing
reporter genes. These genes play a crucial role
in inducing cells to express specific enzymes,
receptors, and fluorescent proteins [41]. The
ability of the reporter gene to replicate within
the cell genome ensures that the signal of this
labeling approach is maintained even during
cell division. This makes it a reliable and stable
method for tracking and studying cellular pro-
cesses over an extended period. Additionally,
the signal intensity is directly correlated with
the number of cells, which can be measured
accurately [42].

In this section, we discuss strategies for direct
labeling and reporter genes used in stem cell
imaging. The efficiency of labeling is influenced
by various factors, such as the cell type, label-
ing method, labeling time, labeling modifica-
tion, probe, and reporter gene type.

Direct labeling of stem cell imaging
8F-FDG PET

Fluorine-18-labeled agents, such as *®F-fluoro-
deoxyglucose (‘*®F-FDG), are extensively em-
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ployed as radiotracers for stem cell labeling
and in vivo tracking of dynamic biological dis-
tributions. These agents are representative of
cellular absorption mediated by membrane
transporters. Upon injection into the body, *8F-
FDG is transported into cells through glucose
transporters (Gluts) located on the cell mem-
brane. In preclinical and clinical investigations,
18F-FDG has been used to label various types of
stem cells and track their dynamics and biodis-
tribution in vivo.

For example, the biodistribution of transplant-
ed bone marrow-derived cells (BMCs) [37] in
patients following myocardial infarction was
tracked by labeling the BMCs with *8F-FDG and
utilizing 3D PET imaging. Additionally, 8F-FDG
has been used to investigate dynamic meta-
bolic changes in a rat model of temporal lobe
epilepsy after transplantation of human neural
stem cells and human GABA progenitor cells
[43]. Researchers have also used *®F-FDG to
monitor BMCs in patients, contributing to a bet-
ter understanding of their therapeutic use in
myocardial infarction cases [44]. Based on
these studies, 8F-FDG-PET/CT has become
the preferred imaging method for evaluating
the treatment response in multiple myeloma.
According to these studies, ®F-FDG PET/CT
may have prognostic and predictive signifi-
cance in determining outcomes after autolo-
gous stem cell transplantation. However, longi-
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tudinal imaging is severely limited by the short

half-life of these agents (‘8F, t,= 110 min).

11In-oxine labelled stem cells for single photon
emission computed tomography

n-oxine has been described by various
papers because of its comparatively long half-
life (**In, t, = 67 h), making it suitable for
exploring the long-term fate of MSCs in vivo
[45]. *In-oxine is widely accepted in the clini-
cal settings [46]. Where the detection of infec-
tions and inflammation is crucial. Healthcare
professionals rely on accurate and reliable
methods to diagnose and treat these condi-
tions promptly. Compared to *F-FDG, *!n-
oxine has a longer half-life, and its lipophilic
property allows it to penetrate cell membran-
es easily, enabling prolonged imaging [47].
Additionally, ***In-oxine can be used to track
extracellular vesicles derived from MSCs [48].

9mTe-HMPAO

99mTc-HMPAO, a technetium-labeled hexameth-
ylpropyleneamine oxime, is widely applied in
nuclear medicine for visualizing and analyzing
cerebral blood flow and distribution in patients.
This radiopharmaceutical has been extensively
studied for its ability to identify localized inflam-
mation [49]. It has also been investigated for its
potential use in short-term stem cell imaging,
primarily due to its short half-life of 6 hours
[50], which is intermediate between 8F-FDG
and 1n-oxine.

Compared to **!In-oxine, **"Tc-HMPAO can be
injected at higher dosages to enhance imaging
quality due to its lower toxicity, allowing for a
more precise and accurate assessment of the
target area [51]. This capability makes *°mTc-
HMPAO a valuable choice in imaging scenarios
where higher resolution and clarity are desired,
despite its poor retention and efficiency in
radiolabeling.

Reporter gene-based stem cell imaging

Unlike the three types of probes mentioned
previously, reporter gene-based stem cell imag-
ing is a cutting-edge technique that allows
researchers to track and monitor the behavior
of stem cells in real-time. By introducing a
reporter gene into stem cells, scientists can
use various imaging modalities, such as fluo-
rescence or bioluminescence, to visualize and
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quantify their location, migration, and differen-
tiation (Figure 2).

One representative reporter gene in the
enzyme-substrate system is herpes simplex
virus type | thymidine kinase (HSV1-39tk) or
its mutant gene (HSV1-sr39tk). These can be
combined with radionuclide-labeled probes
for purine and pyrimidine nucleoside analogs
(e.g., FIAU, FBAU, FHBG, and FPCV) [52]. Cells
expressing HSV1-39tk can form radioactive
concentrations, and the radioactivity of these
cells reflects the expression of HSV1-39tk [53].
Additionally, HSV1-39tk can function as a sui-
cide gene to provide an additional safety mech-
anism for abnormal cell behavior [54].

In the receptor-ligand system, representative
reporter genes include somatostatin receptor 2
and dopamine 2 receptor. The somatostatin
receptor 2 protein can reflect gene expression
levels by binding and internalizing radiolabeled
probes, such as °°"Tc-P829, °°"Tc-P2045, and
99mTe-octreotide [55]. The dopamine 2 receptor
is one of the few radionuclide reporter genes
that can track cells in the brain, as *®F-FESP
probes are highly liposoluble and can pass
through the blood-brain barrier to target dopa-
mine 2 receptors with high affinity [56].

The sodium-iodine symporter (NIS) reporter
gene plays a crucial role in transporter-sub-
strate systems. This gene serves as a represen-
tative reporter gene, providing valuable insight
into the mechanisms and dynamics of these
systems. The low expression of NIS in the body
indicates a low background signal, promoting
its application as an ideal reporter gene. NIS is
not only a reporter gene but also a therapeutic
gene for the radionuclide therapy of the thyroid
[57].

Collectively, the current PET technique is rela-
tively mature and widely applied in evaluating
the efficacy of stem cell treatment. It contrib-
utes to understanding the effects of different
stem cell injection methods, enabling research-
ers to observe the influence of stem cell thera-
py non-invasively. However, the potential toxici-
ty of probes restricts the wide application of
PET.

Application of PET on monitoring stem cells

Transplanted stem cells have a remarkable
ability to replace damaged or lost cells and
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Figure 2. In vivo BLI and *8F-FHBG PET-CT imaging of TF-hUiCMs in infarcted rat hearts. A. Bioluminescence signals were captured at day 4, day 7, day 21, and day
35 after injection of TF-hUiCMs into the hearts of rats with myocardial infarction. B. Quantitative analysis of BLI signals in the TF-hUiCMs group. Signal activity is
expressed as p/sec/cm?/sr (n = 5). C. Representative ¥F-FHBG PET-CT images (transverse, coronal, and sagittal) at Day 4, Day 7, Day 21, and Day 35. The white
arrows indicate the transplanted cells. D. Heart-to-muscle ratio (H/M ratio) slightly increased over time (n = 5). *P<0.05. H/M ratio is decay-corrected max SUV of
ROI of heart divided by decay-corrected max SUV of ROI of muscle [41].
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interact with host cells, thereby enhancing their
microenvironment and facilitating functional
recovery. Stem cells are believed to boost tis-
sue function in ischemia/reperfusion injury by
replacing necrotic or nonfunctional host cells,
inducing neovascularization, and recruiting res-
ident stem cells [58]. Determining the in vivo
effects and observing the distribution of stem
cells is essential for subsequent therapy and
application. Consequently, evaluating the ther-
apeutic potential of stem cells requires ad-
vanced in vivo imaging techniques. Among
these methods, PET is a potent molecular im-
aging technique that enables noninvasive and
quantitative assessment of the efficacy of stem
cell transplantation therapy. Various research
groups have leveraged distinct PET probes to
discern pathophysiological alterations resulting
from stem cell therapy.

Monitoring stem cell therapy in heurodegen-
erative disorders

The loss of neurons and glial cells in the central
or peripheral nervous system is a key factor in
the development of neurodegenerative disor-
ders. Stem cells possess a unique ability to
differentiate into various cell types, offering
regeneration of damaged or lost neuronal and
glial cells. This revolutionary concept provides
hope for the treatment and management of
neurodegenerative disorders.

Parkinson’s disease is characterized by the
progressive loss of dopaminergic neurons in
the mesencephalic substantia nigra, leading
to progressive behavioral abnormalities [59].
Using 11C-CFT PET/CT, researchers observed
that BMSCs could induce a substantial increa-
se in dopamine transporter expression, accom-
panied by modest and progressive improve-
ment in motor activity [60]. Enhanced dopa-
minergic neurotransmission is crucial for deter-
mining the efficacy of L-DOPA treatment. Other
dopamine transporter probes, such as *8F-FP-
CIT, have also been used to assess the efficien-
cy of stem cell treatments [61]. Additionally,
PET tracers targeting dopamine precursor
ligands and D2 receptors permit a more thor-
ough evaluation of DA-specific activity [62].

When transplanted stem cells are used to treat
Alzheimer’s disease (AD), their primary mode of
action involves interacting with host cells to
provide therapeutic benefits. Stem cell therapy
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has shown potential in regenerating damaged
brain tissues, improving cognitive function,
and alleviating symptoms associated with AD.
Neuroimaging with the amyloid beta radiotrac-
er BF-florbetapir demonstrated that human
nasal turbinate stem cells significantly de-
creased amyloid beta levels and plaque forma-
tion in the brains of AD mice [63]. This is due
to the powerful regulatory influence of human
nasal turbinate stem cells on the immunologi-
cal status of the host brain. They can decrease
the number of microglial cells and the expres-
sion of the inflammatory cytokine IL-6, thereby
increasing the survival rate of hippocampal and
cortical neurons.

In general, PET probes such as *8F-FP-CIT have
shown their ability in tracing stem cells in
mouse disease models; however, this lacks
human clinical evidence, and further investiga-
tion is needed for validation.

Monitoring stem cell therapy in teratoma
formation

Teratoma formation is a potential safety issue
in stem cell therapy [64]. These tumors com-
prise various tissue types, including skin, hair,
bone, and brain tissues [65-67]. Despite the
immense therapeutic potential of stem cells,
uncontrolled differentiation and proliferation
during treatment can lead to the formation of
postoperative teratomas. Therefore, research-
ers and clinicians must be vigilant about this
safety issue and take measures to minimize
the occurrence of teratomas during stem cell
therapy. This includes strict cell screening,
shorter cultivation times, and appropriate cell
implantation methods. Only through scientific
and standardized operations, as well as metic-
ulous monitoring, can we ensure the safety of
stem cell therapy and promote its development
in clinical applications.

During the process of culturing and reprogram-
ming ESCs, genetic abnormalities and the pluri-
potency of undifferentiated cells may lead to
the development of teratomas [68]. Before
transplantation, it is crucial to perform onco-
genic mutation analysis and eliminate undiffer-
entiated cells from the cultured stem cells. PET
imaging technology enables in vivo monitoring
of transplanted cells and the early diagnosis of
teratomas. Reporter genes appear to be the
most feasible candidates for long-term moni-
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toring of transplanted stem cells despite the
risk of genetic mutations [69]. However, recent-
ly developed site-specific gene integration tech-
niques can mitigate this risk. Additionally, the
PET reporter gene HSV-tk can function as a
suicide gene in tumor ablation therapy [70, 71].
Targeting teratoma cell surface receptors could
be another useful method for identifying tu-
mor formation. Considering that each imaging
modality has its advantages and limitations,
the multi-modal approach may soon become
the most reliable technique.

PET imaging, renowned for its sensitivity and
the wide range of probes and imaging agents it
offers, is an invaluable tool for studying various
subjects, including small animals, large ani-
mals, and humans. Its versatility and accuracy
make it indispensable in this field. For instance,
a variety of imaging probes labeled with radio-
isotopes (e.g., ¥F-ML-10 [71], *8F-FA30P [72],
18F-Galacto-RGD [73], *8F-NaF [74]) have been
used to trace biologic processes such as apop-
tosis, necrosis, angiogenesis, and scar forma-
tion. PET imaging using enzyme-based, re-
ceptor-based, and transporter-based reporter
systems is a classic method for tracking stem
cell fate. Combining PET with other imaging
modalities, such as CT and MRI, provides ana-
tomic structure references [75], essential for
high-resolution stem cell imaging. Using a sin-
gle modality, such as optical imaging, PET, MR,
or US, only partially elucidates specific aspects
of stem cell biology, falling short of the require-
ments for both high resolution and sensitivity
[76]. Integrating multiple imaging modalities
confers a distinct advantage by leveraging the
unique strengths of each, enabling fusion of
functional and structural imaging to yield more
precise physiological and pathologic informa-
tion regarding stem cells in vivo.

In summary, PET not only monitors the efficacy
of stem cell therapy post-transplantation but
also observes potential side effects like terato-
ma formation. It is a non-invasive, convenient,
and promising detection method, yet it has limi-
tations that need addressing.

Limitations

1. Immunogenicity concerns: Stem cell thera-
pies hold significant therapeutic promise, but
the heightened immunogenicity of stem cells
presents challenges. Transplanting allogeneic
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stem cells can trigger immune responses, pos-
sibly leading to graft rejection and cell death.
Despite efforts to minimize Major Histocom-
patibility Complex class | and Il expression, cer-
tain stem cells like ESCs remain prone to immu-
nological rejection. Monitoring cell viability and
tracking the long-term fate of labeled stem
cells are crucial yet challenging aspects of stem
cell therapy.

2. Teratoma formation: The risk of teratoma or
epidermoid cyst formation is a critical safety
concern in stem cell therapy. Uncontrolled cell
differentiation and proliferation can result in
cyst formation, highlighting the necessity for
rigorous cell screening, controlled culture dura-
tions, and precise implantation techniques.
Genetic abnormalities acquired during embry-
onic stem cell culture and reprogramming fur-
ther complicate this risk.

3. Limitations of reporter genes in PET imag-
ing: PET imaging provides valuable insight into
stem cell dynamics but is not without challeng-
es, particularly regarding reporter genes. While
these genes are useful for long-term cell moni-
toring, they can introduce genetic mutations.
Although recent advancements in site-specific
gene integration offer promise in reducing
these risks, universal solutions are still in
development.

4. Dependency on multiple imaging modalities:
No single imaging modality offers a compre-
hensive view of stem cell biology, necessitating
a multi-modal approach. Each imaging tech-
nique has unique strengths and limitations.
Identifying the optimal combination of modali-
ties to achieve comprehensive insights into
stem cell behavior remains an active area of
research.

Challenges and conclusion

Stem cell therapy offers unprecedented oppor-
tunities for treating various diseases, espe-
cially neurodegenerative disorders. While PET
imaging has significantly advanced the under-
standing and monitoring of stem cell therapy,
addressing associated challenges is crucial. As
stem cell research progresses, refining tech-
niques, ensuring safety, and optimizing thera-
peutic efficacy remain paramount. Extending
the half-life of PET probes without increasing
toxicity is pivotal for their application in moni-
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toring stem cell therapy. Current studies pri-
marily focus on mouse models, thus more work
is needed forclinical translation.
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