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Abstract Cell therapy remains a promising approach to treat
neurological disorders with evidence of clinical efficacy
emerging. However, the mechanisms underlying recovery
and the conditions to achieve therapeutic success are poorly
understood. Uncovering putative mechanisms and their inter-
action is essential to progress cell therapy from an interesting
and promising possibility to a robust and consistent treatment
that can be used to treat large cohorts of patients. Although
there is a heavy focus on stem cell biology, relatively little
effort has been dedicated to understanding the in vivo mech-
anisms that underlie efficacy. In vivo imaging and the devel-
opment of appropriate biomarkers will be essential to gain a
better mechanistic understanding of cell therapy in the treat-
ment of neurological disease. The availability of magnetic
resonance imaging in a clinical setting and its use in animal
models allow for its use as a unique platform for mechanistic
studies of cell therapy in a translational context.
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Introduction

The promise of cell therapy as an efficacious treatment for
neurological conditions not only is contingent upon a thor-
ough understanding of stem cell biology, but also requires
optimization of the preparation and delivery of these cells
and a deeper understanding of their interaction with the
disease-damaged brain [1, 2]. Although a variety of cell
sources have been identified from developing, as well as adult
tissues [3], three physiological processes have been proposed
as key mechanisms for cell therapy to promote improvements
in behavioral impairments in neurological conditions: (1) in-
tegration of implanted cells to replace lost or damaged cells,
(2) supply of paracrine or juxtacrine factors leading to im-
provements in host tissue function, and/or (3) induction of
host (e.g., inflammatory, neurogenesis) responses that lead to
changes in the host tissue facilitating recovery. Considering
the varied and synergistic effects of these processes that can be
induced by implanted cells, it is extremely challenging to pin-
point precise processes as being the pivotal mechanisms lead-
ing to recovery [4]. Indeed, no one factor may be sufficient for
recovery; rather, a cascade of interactions may be necessary to
induce physiological changes that yield functional improve-
ments [5]. As the brain consists of highly specialized regions,
a further key component is the spatial sphere of action of these
physiological processes. This can be very localized, as in the
case of cell integration into existing functional or dysfunction-
al circuitry [6], or very diffuse, as in the case of a systemic
factor release that affects the entire brain [7].

Considering that the various physiological processes re-
quire a spatial and temporal monitoring, it becomes evident
that non-invasive in vivo serial monitoring can provide unique
insights into the mechanisms involved in recovery. Indeed,
cell therapy in a clinical setting is likely to require the use of
diagnostic imaging to define patients who will benefit from
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the intervention and also to guide and monitor the effects of
cell therapy. Clinical imaging techniques, such as computer
tomography (CT), positron emission tomography (PET), and
magnetic resonance imaging (MRI), have all been incorporat-
ed in early translational trials [8]. For instance, PET imaging
of dopaminergic receptor binding has been crucial to demon-
strate the functional activity of fetal tissue transplants in ani-
mal models [9], as well as patients with Parkinson’s disease
[10]. Although the ultimate goal is to use imaging to gain a
mechanistic understanding of cell therapy in patients, this
needs to be rooted in a thorough validation of imaging bio-
markers that requires preclinical animal studies. Moreover,
these animal studies provide the testing grounds to develop
new approaches that could yield mechanistic insights.

Location, Location, Location—Monitoring Cell
Delivery and Distribution

For cells to exert their physiological action, their location is
pivotal. For instance, neural stem cells implanted into the peri-
infarct parenchyma of a stroke promote recovery, whereas
cells injected into the lateral ventricle did not [11].
Considering the varied extent and topology of lesions caused
by neurological conditions, such as stroke and traumatic brain
injury, guidance of injection to the parenchyma is, hence, a
crucial step to ensure that the transplanted cells can be effica-
cious [12]. Nevertheless, in other cases, direct targeting of the
lesion cavity is important and MRI can provide the required
guidance in terms of volume and location to perform a safe
and efficient injection [13, 14]. Although most preclinical
studies in rodents use a predefined implantation site irrespec-
tive of lesion size and location, neurosurgical planning is an
essential component for other species, such as non-human
primates [15], pig [16], and, of course, humans [17]. MR
imaging can also be used to assess potential iatrogenic com-
plications, such as injection tract damage [11] or the formation
of cerebral microemboli after intra-arterial (i.a.) infusion of
cells [18]. Real-time monitoring of the delivery of cells has
been described by tagging cells with MRI contrast agents prior
to injection [19]. This approach can also afford a determina-
tion of the accuracy of cell placement using cellular MRI [20],
although consideration has to be given to the potential biolog-
ical effects of the contrast agents that could potentially inter-
fere with the cells’ efficacy [21]. Co-injection of contrast agent
in the infusate could, however, serve as a short-lived substitute
to monitor delivery [22]. As the brain is a highly specialized
organ and the efficacy of cells is likely due to their interaction
with local tissue environments, defining the anatomical site, as
well as the tissue characteristics of the environment, will likely
be important to gain a mechanistic understanding of the cells’
physiological action and will likely form the basis for future
studies.
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The characterization of the microenvironment can be
achieved using advanced MRI techniques, such as diffusion
MR histology and microtractography [23], as well as blood
flow measurements and microvasculature [24]. However, in
contrast, to define the determinants of the transplanted cell
therapeutic efficacy, their distribution within the tissue and
their sphere of spatial activity require serial monitoring. As
cell suspensions permeate seamlessly into the existing paren-
chyma, visualization of the distribution of implanted cells and
their migration requires the use of contrast agents to provide a
surrogate marker of the cells. The preferred contrast agent for
“cell tracking” by MR1 is iron oxide, as it can provide a robust
signal that can be detected against most tissue backgrounds for
over 1 year [25]. This approach has found some clinical trans-
lation to assess the migration of neural progenitors after intra-
parenchymal administration into a patient with traumatic brain
injury [26], as well as umbilical cord blood-derived stem cells
upon intra-cerebroventricular injection into a patient with
global cerebral ischemia [27]. However, small bleeds and air
can induce an equivalent hypointense signal as that caused by
iron oxide agents and lead to false positives. T1 agents could
potentially produce an unequivocal signal for measuring the
distribution of transplanted cells, but there can be significant
quenching of this signal, which would prevent its detection
[28]. Re-designing of contrast agents can overcome some of
these shortcomings and provide a means for a robust and
unequivocal mapping of transplanted cells within damaged
brain tissue (Fig. 1) [29].

A different strategy for the detection of transplanted cells is
to use multi-nuclei MRI and exploit the '°F signal to visualize
implanted cells [30]. However, fluorine imaging is inherently
low signal and is, hence, best suited to report on the distribu-
tion of large number of cells, as in the case of tissue engineer-
ing [31]. For tissue engineering in which multiple cell types
might be implanted, differential contrast is needed to distin-
guish not only cells from the tissue background, but also each
fraction of cells from one another. T1 and T2 imaging can be
used for this purpose [32], but more selective imaging can be
achieved using paramagnetic chemical exchange saturation
transfer contrast agents (paraCEST) [33¢]. In one study,
paraCEST imaging afforded the visualization of the selective
distribution of both neural stem cells (NSCs) and endothelial
cells within a stroke cavity (Fig. 2). It can hence potentially
be used to assess the dynamics of tissue morphogenesis.
However, for i.a. or intra-venous (i.v.) cell injection, whole-
body cell distribution will be required to determine the circu-
lation time of cells, as well as their accumulation in different
organs, such as the brain, lung, or spleen. MRI is not well
suited to this type of analysis, whereas single-photon emission
tomography (SPECT) achieves a high sensitivity that, in small
rodents, is sufficient for whole-body imaging and revealed
very few cells being retained in the brain after i.v. infusion,
with a preferential localization to internal organs [34, 35].
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Fig. 1 MR imaging of intra-cerebrally transplanted NSCs. An MRI
contrast agent consisting of DNA strands with gadolinium (Gd*")
attached to gold (Au) nanoparticles (DNA-Gd@AuNP) efficiently
labels cells in vitro (red fluorescent tag) and affords the in vivo MR
imaging of the distribution of implanted cells with histological

Imaging can, hence, address essential mechanistic questions
as to how the delivery and distribution of therapeutic cells
affect behavioral efficacy, while eliciting the next level of
analysis, notably if cells survive and if these differentiate into
appropriate phenotypes.

Assessing Survival and Differentiation of Implanted
Cells

In organ transplantation, the survival of the “replacement
organ” is essential for the survival of the host. However, in
cell therapy, the host organ remains and, hence, the survival or
rejection of injected cells might not be crucial for survival of
the host or even for clinical efficacy of the cells administered.
Although one would expect cell survival to be essential for
recovery, there is evidence that this is not the case. Indeed, for
some applications, the rejection response or short-term
immunomodulation of the local inflammatory environment
may be sufficient to promote improvement [36]. Non-
invasive monitoring of the survival or rejection of cells

Fig. 2 MR imaging of in situ tissue engineering. To visualize the
distribution of neural stem cells (NSCs) and endothelial cells (ECs), an
imaging strategy that can afford the distinction of multiple signals needs
to be employed. For this, paramagnetic chemical exchange saturation
transfer (paraCEST) agents using Europium (Eu) and Ybtterium (Yb)
were used to label NSCs and ECs, respectively, to afford the

Post-mortem

validation and assessment of detection accuracy. This approach
can be used to interrogate the relationship of cell position in relation to
the tissue microenvironment to provide an indication as to which location
of cells is important for therapeutic efficacy (adapted from [29])

therefore provides a unique means to assess the presence of
implanted cells in a given tissue. Survival of cells, however, is
not merely a function of “seeing” implanted cells tagged with
a MRI contrast agent, as these can persist after cell death [37].
It has been suggested that surviving cells will yield a dilution
and gradual attenuation of the signal due to proliferation and
migration within the tissue, whereas contrast agent from dead
cells will be more clustered around the injection site [38]. An
alternative approach is to use MR-based nanosensors that, for
instance, report on local pH changes surrounding transplanted
cells to report on their viability [39]. However, interpretation
of these signals is complicated and reliance on an additional
imaging modality, such as bioluminescence, which only pro-
duces a signal for live cells is advocated to further develop cell
vitality-based MR imaging [40]. Indeed, bioluminescence
currently provides the gold standard for the non-invasive
in vivo assessment of cell survival [41].

Beyond cell survival, the phenotypic differentiation of cells
is key for some stem cells to exert their physiological functions
within a tissue (e.g., neural stem cells function to produce
differentiated neuronal cells). Evidence from fetal tissue

NSCs vs. ECs
'
\ .

visualization of their in vivo distribution within a stroke cavity. Post-
mortem histology validated the distribution of these two populations of
transplanted cells with single channel comparisons highlighting the
selective detection of either cell type. This approach can be used
in the context of tissue engineering to determine tissue morphogenesis
and the interaction between multiple cell types (adapted from [33¢])
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transplantation in Parkinson’s disease shows that dyskinetic
side effects can be due to the ratio of serotonergic neurons
within the dopaminergic transplant [42], highlighting the im-
portance of achieving appropriate differentiation of transplanted
cells. The in vivo assessment of cell phenotypes remains, nev-
ertheless, a major challenge for MR imaging and is also reliant
on using specific markers. At a more general level, the ability to
distinguish between undifferentiated and differentiated cells can
be considered. Undifferentiated cells typically proliferate,
which leads to a higher metabolic activity, but also certain
specific metabolites being present. To this end, MR spectrosco-
py can be used to distinguish between undifferentiated and
differentiated cells based on elevated levels of phosphocholine
+ glycerophosphocholine, as well as myo-inositol [43].
However, MR spectroscopy does not readily lend itself to im-
aging, i.e., the ability to localize signals to a small area of tissue
with a small number of cells, although it is suitable to charac-
terize large tissue grafts in patients [44]. Thymidine analogs for
PET imaging have been described to measure cell proliferation
[45], and there is some effort to achieve a similar visualization
using MRI [46], but so far, no study has applied these ap-
proaches to the imaging of cell therapy. Contrast agent-based
approaches have been described to assess the functional status
of transplanted cells [47], as well as their differentiation into
inhibitory GABAergic neurons [48]. Although reliable cell sur-
face imaging (e.g., receptors) for specific cell types is available
using PET imaging [49], the poor spatial resolution and the
inability to distinguish transplanted from host cells still limit
its use to monitor differentiation of transplanted cells.
However, in the case of Parkinson’s disease, where dopaminer-
gic cells are placed ectopically in the striatum, it is well suited to
provide a macroscopic assessment of dopamine replacement in
this location through the differentiation of cells into dopaminer-
gic neurons [9]. At present, therefore, there is a dramatic lack of
in vivo tools to directly visualize the differentiation of
transplanted cells.

Determining Functional Effects and Circuit
Integration

As in the case of cell differentiation into dopaminergic cells in
Parkinson’s disease, one aspect is to visualize the differentia-
tion of cells using appropriate surrogate markers; the other is
to demonstrate functional effects. In the case of Parkinson’s,
administration of a ligand acting on the dopamine system can
be used to demonstrate that functional activity in the striatum
has been re-established. Using amphetamine, a functional
effect of fetal tissue grafts was demonstrated in a rat model
of Parkinson’s disease using pharmacological MRI (phMRI)
[9] and the same principle was used to interrogate if NSC
implantation preserved function through neuroprotection
(Fig. 3) [50]. A functional integration of fetal tissue transplants
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Fig. 3 Monitoring preservation of function using pharmacological MRI.
Implantation of NSCs into a progressive pathological condition, such as
Huntington’s disease, revealed a spared functional response of tissue after
administration of a D2 receptor agonist, indicating the cells’ potential
for neuropreservation. The use of functional or pharmacological MRI
can provide unique insights into brain activity changes and functional
connectivity due to cell therapy in the living brain that cannot be
captured in histological studies (adapted from [50])

into the brain was demonstrated by functional MRI (fMRI). In
patients with Huntington’s disease, motor activity produced a
functional input to grafted fetal tissue, which responded by
producing neuronal activity that was detected on fMRI [51].
Using fMRI, NSCs have also been shown to alter brain plas-
ticity after a stroke to promote recovery in the absence of
significant neuroprotection or tissue replacement in animal
models [52], as well as patients [53], further highlighting the
unique potential of MRI to assess functional effects of cell
therapy. Functional integration, therefore, can range from re-
placement of a critical signaling molecule, such as dopamine,
to the formation of specific synapses within a neural circuitry.

A major advance to probe for circuit integration of
transplanted cells has been achieved through the combi-
nation of optogenetics and fMRI (ofMRI). This approach
takes advantage of being able to specifically activate cells
containing optical actuators that are genetically encoded
(e.g., channelrhodopsin). If only transplanted cells contain
this gene, light can selectively stimulate transplanted cells
to produce neuronal activity. Using fMRI, in contrast, can
measure the response to this stimulus across the whole
brain to indicate which areas are being activated by the
optogenetic stimulus. Unlike the fMRI of activity in the
fetal transplants, ofMRI affords probing of the down-
stream connectivity of implanted cells [54¢¢], hence, the
effect of transplanted cells on host signal processing. An
improvement of this approach over electrophysiology is
that localization of implanted cells for recordings through
an electrode is very challenging, and it is difficult to de-
termine where the downstream connections are formed,
whereas optogenetics can stimulate all relevant
transplanted cells within a region of interest and record
the global downstream effects using fMRI. Nevertheless,
one has to be cautious and question as to how many cells
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will need to form connections within a given region to
yield of a sufficient fMRI signal.

A further question that arises with implanted cells is
their anatomical connectivity, which provides the sub-
strate for functional connectivity within and across brain
regions. Conventional histological methods are rather
poor at highlighting this type of connectivity, but diffu-
sion tensor imaging (DTI) is widely used clinically, as
well as preclinically in animal models, to assess white
matter connectivity and integrity. This approach has, for
instance, been used in patients with Pelizaeus-Merzbacher
disease to demonstrate remyelination by implanted NSCs,
which differentiated into oligodendrocytes, hence, provid-
ing a putative biomarker in this phase I trial to assess
efficacy in subsequent trials [55]. An increase in brain
connectivity using DTI was also evidenced after autolo-
gous or allogeneic umbilical cord blood transfusions in
children with cerebral palsy [56°, 57]. Yet, no clear mech-
anism of this change was determined. At present, this
approach has found little use in larger trials of adult mor-
bidities or preclinical studies, but a recent study highlight-
ed its potential to uncover tissue integrity changes after
endothelial progenitor cell infusion in mice subjected to
stroke [58]. Although mostly applied to visualize fiber
tracts of major white matter in the brain, DTI has the
potential to interrogate tissue microstructure, including
gray matter [59]. It is therefore widely underused as a
“histological technique” to determine change in tissue
characteristics due to pathology, as well as therapy. With
sufficient spatial resolution, it can nevertheless afford a
very detailed investigation of connectivity at the meso-
scale (um to mm) level (Fig. 4) [23] to characterize the
tissue microenvironment in pathological, as well as regen-
erative, conditions.

Fimbria

7/

Fig. 4 MR histology and microtractography. DTI can trace fiber tracts
that indicate inter- and intra-regional connectivity, as demonstrated here at
an isotropic scale of 100 um in a human hippocampus biopsy. This
approach can reveal changes in connectivity due to transplanted cells,
either by indicating sparing of connections or by the re-establishment of
appropriate connections (adapted from [23])

Conclusion

Uncovering putative mechanisms and their interaction is es-
sential to progress cell therapy from an interesting and prom-
ising innovation to a robust and consistent treatment.
Nevertheless, considering the varied modes of action of cell
therapy, as well as its interaction and responsiveness to the
tissue environment over time, histological studies are insuffi-
cient to investigate putative mechanisms. Non-invasive
in vivo imaging techniques constitute an essential comple-
mentary line of analysis. Specifically, the biodistribution of
cells within a treated organ or the whole organism, their mi-
gration, and survival within regions of damage, in addition to
their impact on local and distant tissue function, are all pivotal
aspects of their mode of action that will be crucial to guarantee
the success of cell therapy in the clinic. A greater emphasis on
in vivo imaging is, hence, required with a specific focus on
uncovering the sufficient and necessary conditions for cell
therapy to be efficacious.
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