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ABSTRACT

Magnetic resonance imaging (MRI) cell tracking has become an important non-invasive technique to interrogate the fate
of cells upon transplantation. At least 6 clinical trials have been published at the end of 2010, all of which have shown
that real-time monitoring of the injection procedure, initial engraftment, and short-term biodistribution of cells is critical
to further advance the field of cellular therapeutics. In MRI cell tracking, cells are loaded with superparamagnetic iron
oxide (SPIO) particles that provide an MRI contrast effect through microscopic magnetic field disturbances and
dephasing of protons. Magnetic particle imaging (MPI) has recently emerged as a potential cellular imaging technique
that promises to have several advantages over MRI, primarily linear quantification of cells, a higher sensitivity, and “hot
spot” tracer identification without confounding background signal. Although probably not fully optimized, SPIO
particles that are currently used as MRI contrast agent can be employed as MPI tracer. Initial studies have shown that
cells loaded with SPIO particles can give a detectable MPI signal, encouraging further development of MPI cell tracking.
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1. WHAT HAS MRI CELL TRACKING TAUGHT US?

MRI cell tracking using superparamagnetic iron oxide (SPIO) particles has now found many applications in
understanding the fate of cells following transplantation, potentially facilitating the translation of promising new cell
therapies into the clinic2. SPIO particles endow the cells of interest with hypointense contrast after proper labeling®. One
SPIO formulation, Feridex®, was initially approved by the FDA in 1996 and was sold in Europe under the name of
Endorem™, It was originally developed as a liver contrast agent (uptake by Kupffer cells) but did not live up to its
promise and has, at this time, been taken off the market. It has so far been the only pharmaceutical-grade MR contrast
agent used for clinical cell tracking.

The easiest and safest method of SPIO-labeling is spontaneous uptake of particles by phagocytic cells, such as
macrophages, microglia, and immature dendritic cells. Neutral, smaller particles, such as ultrasmall SPIO (USPIO) are
designed for longer blood half-life applications (e.g., lymph node imaging) and are less efficient for cell labeling.

For non-phagocytic cells that do not spontaneously take up SPIO particles, the most widely used labeling strategy is to
use cationic (positively charged) transfection agents to shuttle these contrast agents into cells’.

The first pre-clinical studies and the concept of MRI cell tracking were introduced in the early 1990s°”. Several studies
appeared over the years, describing mostly the use of SP10-labeled immune cells in immunotherapy. It was not until the
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first serial in vivo studies of cell migration were reported °, and the use of transfection agents for efficient
intracellularlabeling was introduced®*°, that MRI cell tracking saw an explosive growth of pre-clinical studies showing
proof-of-concept in many cell migration/homing scenarios™ . Because of the emergence of cellular therapeutics, and the
need for high-resolution, non-invasive tracking methods that can be used for translational studies, MRI cell tracking
entered the clinic in 2005 (Figure 1)*
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Figure 1. First clinical MRI cell tracking study. Monocytes are obtained by cytopheresis from stage-I1l melanoma
patients. They are cultured and labeled with SPIO particles and ***In-oxine. Cells are then injected intranodally
into a (either cervical, inguinal or axillary) lymph node basin that is to be resected and their biodistribution is
monitored in vivo by scintigraphy and MRI at 3 Tesla. The resected lymph nodes can be visualized with high
resolution MRI at 7 Tesla and histology. Adapted from Ref.*2

What have we learned from MRI cell tracking? First, it is feasible, using a clinical routine setup, to detect SPIO-labeled
cells, not only in the injected lymph node, but also in the nearby lymph nodes they migrated to (Figure 1). This occurred
with cells containing approximately 30 pg iron per cell**, with MRI performed at 3 Tesla and using conventional pulse
sequences. Using labeling with **!In-oxine in parallel, it was estimated that the sensitivity at the coil set-up at a
resolution of 0.5 x 0.5 x 3.5 mm was approximately 15,000 cells'. It also became evident that, due to its flexible 3D
multi-planar nature, MRI was superior to radionuclide imaging with regard to the detection of the accurate number of
nodes that contained injected DCs.

Proc. of SPIE Vol. 7965 79650Z-2



Second, in eight patients, cells were found to be accidentally misinjected in half the cases, This poor successful injection
rate for procedures performed by experienced radiologists was not known until the results of the MRI cell tracking were
available. On the radionuclide scans, only a “cloud” of radioactivity was visible, in the area of the draining lymph node
bed, but, when this was cross-referenced with the MRI scans containing anatomical information, it was clear that the
cells were either injected in the surrounding muscle or subcutaneous fat. The results of this first clinical MRI cell
tracking study are a testament to the absolute need for a non-invasive technique that can assess the accuracy of
successful cell injections, and which can preferably guide the actual injection itself as well, in real-time.

2. WHAT ARE THE LIMITATIONS OF MRI CELL TRACKING?

Due to its indirect detection of cells through the SPIO effect on proton relaxation, there are several limitations inherent
to MRI cell tracking. These include 1) the difficulty to absolutely quantify cell concentration and iron content - part of
the difficulty relies in the existence of different relaxation regimes (dependent on the agglomeration state and size of
SPI10 cluster); 2) the difficulty of discriminating SP10-labeled cells in areas of hemorrhage and traumatic injury (which
are often present in targets of cell therapy), as caused by the proton dephasing effects of methemoglobin, ferritin, and
hemosiderin (especially at higher fields); 3) the occasional misinterpretation of isolated “black spots” due to differences
in magnetic susceptibility effects around blood vessels and air-tissue interfaces (i.e. stomach and Gl tract); and 4) the
inability to track cells in areas devoid of proton signal (i.e., the lungs).

In addition, MRI cell tracking using SPIO labels cannot discriminate live from dead cells, as the label persists upon cell
death. Also, when cells divide rapidly, parental cells dilute the label among daughter cells and at some point the label
will become undetectable. These two limitations will also exist in MPI. In order to only image live cells, and with a
marker that does not dilute, MRI reporter genes are required. While several approaches have been pursued (see review
by Gilad et al.)*, no widely used, robust MRI reporter gene-based cell tracking system yet exists.

3. WHAT IS THE PROMISE OF MPI CELL TRACKING?

MPI promises to take away some of these limitations. First described in 2005, it relies on the non-linear response of
magnetic material as a direct manner for detecting the presence of a SPIO nanoparticle agent in an oscillating magnetic
field. Spatial encoding can be realized by a static, inhomogeneous magnetic field, saturating the magnetic material
almost everywhere except in the vicinity of a special point, the field free point.

As the detection is through direct effects, it is a true “hot spot” or tracer technique, without any confounding other
sources of signal. Therefore, SP10-labeled cells should be detectable in areas of hemorrhage or traumatic injury, as
neither methemoglobin, ferritin, or hemosiderin are superparamagnetic. There should also be no MPI signal present
originating from magnetic susceptibility effects around blood vessels or air-tissue interfaces, and cells should be
detectable in the lungs. Experimental studies need to be performed in order to determine whether or not it is possible to
absolutely quantify cell concentration and iron content, that is, if the MPI signal is the same for single isolated SP1O
particles as it is for clustered, larger agglomerates often encountered in biological samples.

At the present time, preliminary studies have shown that stem cells can be readily detected with an MPI spectrometer at
biologically relevant concentrations, and that MPI enables a linear quantification of both cell number and iron content
over a wide range of concentrations, regardless of the state of SPIO as free or intracellular entity. It was also evident that
SPIO particles having equivalent efficacy (“molar relaxivity”) on MRI displayed significant differences in generating
MPI signal. The underlying physicochemical phenomena are, at present, poorly understood, opening up up a new avenue
of research in synthesizing and testing of novel SP10 formulations that can be used as MPI tracers.

4. WHAT IS NEEDED TO DEVELOP MPI CELL TRACKING?

MPI cell tracking is still in its infancy. Pre-clinical prototype animal scanners have been built, but are not yet
commercially available. An alliance of Philips Healthcare and Bruker Biospin has been announced, and it is expected
that machines will become available during the next year. This will allow investigators to test novel SPIO particles,
determine MPI cell tracking sensitivity, and its spatial resolution, which are both inherent to the physical properties of
SPIO particles. There appear to be no physical constraints towards developing a whole body human scanner'®, but a
clinical SPIO agent will have to be developed now that the clinical MRI agents Feridex® (Endorem) and Resovist® are
no longer available. At the 2011 SPIE conference, some new SPIO formulations were presented with promising results'’.
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To exploit its full potential, an anatomical imaging modality combined with MPI is highly desirable, and whether this
will be MRI or computed tomography (CT) remains to be seen.
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