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Abstract
Purpose—Glioblastoma multiforme (GBM) is a lethal disease, marked by infiltration of
cancerous cells into the surrounding normal brain. The dire outcome of GBM patients stems in
part from the limitations of current neuroimaging methods. Notably, early cancer detection
methodologies are lacking, without the ability to identify aggressive, metastatic tumor cells. We
propose a novel approach for tumor detection using MRI, based on imaging specific tumor
tropism of mesenchymal stem cells (MSCs) labeled with micron-sized iron oxide particles
(MPIOs).

Procedures—MPIO labeled and unlabeled MSCs were compared for viability, multi-lineage
differentiation, and migration, where both chemotactic and chemokinetic movement were assessed
in the presence of serum free medium, serum containing medium, and glioma conditioned
medium. MRI was performed on agarose samples, consisting of MPIO labeled single MSCs, to
confirm the capability to detect single cells.

Results—We determined that MPIO labeled MSCs exhibit specific and significant chemotactic
migration towards glioma conditioned medium in vitro. Confocal fluorescence microscopy
confirmed that MPIOs are internalized and do not impact important cell processes of MSCs.
Lastly, MPIO labeled MSCs appear as single distinct, dark spots on T2* weighted MRI,
supporting the robustness of this contrast agent for cell tracking.

Conclusions—This is the first study to show that MPIO labeled MSCs exhibit specific tropism
toward tumor-secreted factors in vitro. The potential for detecting single MPIO labeled MSCs
provides rationale for in vivo extension of this methodology to visualize GBM in animal models.
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Introduction
Glioblastoma multiforme (GBM) is the most prevalent type of malignant glioma. Diffuse
brain tumors are formed with infiltrating cells along the periphery of the tumor, which
continue to invade into the surrounding normal brain. Despite the combination of surgical
resection, radiation, and chemotherapy, the patient outcome for GBM remains adverse, with
an average survival of only 14.6 months following diagnosis [1, 2]. The poor outcome for
patients with GBM is due in part to the limitations of neuroimaging that preclude early
diagnosis.

Currently, GBM is visualized using T1 or T2 weighted magnetic resonance imaging (MRI).
T1 methods utilize exogenous gadolinium chelates that enter the brain through highly
permeable, compromised neovasculature present within the tumor [3]. Since necrosis is
often a feature of GBM [4], T1 images of these tumors typically show bright ring
enhancement around the non-enhancing dead tissue [5]. T2 methods, however, do not utilize
contrast agents, but rely on intrinsic differences between edematous tumor and surrounding
normal tissue; edema associated with GBM appears bright on T2 images [6]. Both methods
have several drawbacks. First, they cannot visualize nonangiogenic tumors of 1-2 mm3, and
therefore cannot provide early cancer detection. Second, they cannot visualize the
infiltrating brain tumor cells characteristic of GBM that are the cause of tumor recurrence,
within 2 cm of the periphery [7-9]. Third, T1 and T2 imaging techniques indirectly identify
GBM through blood brain barrier (BBB) integrity and edema respectively, making
interpretations about treatment effectiveness and tumor progression/recurrence challenging
[10-12].

In this work, we test the validity of a new method of detecting GBM using cells as
diagnostic agents. Several cell types exhibit specific tropism towards GBM, and follow
metastatic outgrowths from the tumor that infiltrate the normal parenchyma, including
mesenchymal stem cells (MSCs) [13, 14], neural stem cells (NSCs) [15], haematopoietic
progenitor cells [16], macrophages [17, 18], lymphocytes [19], and microglia [20]. These
cell types can be labeled with magnetic particles, and their migration imaged on MRI. There
are several advantages in using labeled cells to migrate to GBM, including that the tumor
can be imaged directly and specifically, and that eventually, anti-tumor therapeutics can be
engineered into those cells. Of the cell types drawn to gliomas, MSCs are of particular
interest, since they can be autologously harvested from the bone marrow or adipose tissue,
expanded in vitro, stably labeled with magnetic particles and/or transfected with transgenes,
and reintroduced back into the patient [21, 22].

MRI is ideal for tracking cell migration and homing in living organisms due to its
noninvasiveness, high spatial resolution, 3D acquisition capability, and potential for serial
monitoring. To enable cell tracking with MRI, cells are loaded with contrast agents.
Particles of superparamagnetic iron oxide have been commonly used for this purpose, and
are commercially available in different sizes. In using MRI to monitor MSC homing to brain
tumors, two imaging scenarios are envisaged. In the first, large numbers of labeled cells
migrate to a tumor mass, in which case, MRI detection will be straightforward. Here, MRI
would detect a large area of dark contrast owing to the presence of many iron oxide labeled
cells. In the second scenario, homing of low numbers of MSCs (1-5 cells) to smaller masses
or even clusters of infiltrating tumor cells will require high resolution and highly sensitive
MRI contrast agents for detection. In the latter case, the selection of a robust magnetic
particle type for cell labeling is more important.

There are different classes of magnetic particles for MRI-based cell tracking. Ultrasmall
(USPIO) and small (SPIO) superparamagnetic iron oxide particles contain <1% iron by
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weight, while, micron sized particles of iron oxide, or MPIOs, contain over 34.2% iron [23].
Furthermore, the more dense packing of iron into MPIOs results in almost a 50% increase in
T2* relaxivity compared to SPIOs, when normalized for iron content [24]. Indeed, based on
iron content and relaxivity, MPIOs are nearly 500-times more efficient for magnetic cell
labeling than SPIOs [25]. To visualize a single cell on MRI, enough particles have to
accumulate within the labeled cell to reach 1 pg of iron [26, 27]. Since one MPIO contains
roughly 1.1 pg of iron, only one bead is necessary to visualize a single cell on MRI, whereas
millions of (U)SPIOs are needed to reach that level of detection. Typically, (U)SPIO
labeling requires the help of transfection agents [28], whereas, efficient MPIO labeling can
be achieved by simple overnight incubation with a desired amount of beads/cell. Taken
together, MPIOs would be the agent of choice for these endeavors.

In this work, we discovered that MPIO labeled MSCs exhibit specific and significant
migration towards glioma conditioned medium in vitro. We also show that internalized
MPIOs do not alter important cellular processes of MSCs, such as viability and multi-
lineage differentiation. This is the first study to demonstrate the potential of MPIOs for
tracking tumor-tropic MSCs, and that the chemoattraction between magnetically labeled
MSCs and tumor conditioned medium is mediated solely by chemotactic or directional
migration, and does not include any chemokinetic, or random migration interaction. These
findings provide the rationale to investigate the in vivo use of this methodology to visualize
GBM in animal models in future studies. We propose a novel, alternative method for
visualizing gliomas by combining the tumor tropism of MSCs with MRI-based cell tracking.
MRI of MSCs labeled with MPIOs will allow for the spatiotemporal visualization of single
migrating labeled MSCs toward glioma, in vivo.

Materials and Methods
Cells and culture

Primary rat MSCs derived from the bone marrow of adult female Fischer 344 rats were
obtained from Millipore (Cat # SCR027, Billerica, MA). The cells were maintained in low
glucose DMEM without L-glutamine, supplemented with 10% fetal bovine serum (FBS),
1% L-glutamine, and 1% penicillin streptomycin (PS). Rat 9L and RG2 glioma cells
(American Type Culture Collection, Manassas, VA) were cultured in high glucose DMEM,
supplemented with 10% FBS and 1% PS.

Superparamagnetic iron oxide particles
Superparamagnetic MPIOs (Bangs Laboratories, IN) are comprised of an inert poly(styrene/
divinylbenzene) polymer, with carboxyl functional groups on the surface. Each 1.63 m bead
(Cat # ME04F) has an iron oxide core for MRI visualization, with a fluorophore
incorporated into the polymeric coating for histological verification. Beads with the
following fluorophores were utilized in experiments: Dragon Green (480 nm excitation, 520
nm emission) and Suncoast Yellow (540 nm excitation, 600 nm emission).

Cell labeling with MPIOs
Rat MSCs were grown until 80% confluent. To determine optimal magnetic labeling
conditions, Dragon Green MPIOs, suspended in culture medium, were added to each flask at
concentrations of 5, 10, 20, or 40 beads/cell. Control cells received media only. After
overnight incubation with MPIOs, free beads were washed away and cells were examined
on a Leica MZ16FA stereo fluorescence microscope (Leica Microsystems, Cambridge, UK).
Bright field photomicrographs were acquired to visualize MPIO labeled MSCs. Inductively
coupled plasma-optical emission spectrophotometry (ICP-OES) was utilized to determine
the average amount of iron per MPIO labeled cell. Flow cytometry was used to determine
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the percentage of labeled and viable cells (LSR II Flow Cytometer System, BD Biosciences,
Bedford, MA). An additional sample was prepared with unlabeled cells, heated at 100°C for
10 minutes, to serve as the dead control. Viability was assessed using SYTOX Blue dead
cell stain (Cat #S34857, Invitrogen, Carlsbad, CA) that binds to nucleic acids of cells with
compromised membranes. Each sample was assayed in duplicate. Additionally, viability of
unlabeled MSCs and MPIO labeled MSCs (labeled with 40 beads added/cell) was assessed
using trypan blue exclusion immediately and at 1, 2, and 3 weeks following labeling to
determine the impact of internalized beads over time on cell survival. Samples were assayed
in triplicate.

Confocal Microscopy
MSCs were labeled overnight in T25s with Suncoast Yellow MPIOs at 40 beads added/cell.
Control cells were not incubated with beads. Following trypsinization, MSCs were stained
with carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) (Cat # C34554,
Invitrogen), which labels the cytoplasm of live cells green. The green MSCs were plated
onto 2 well chamber slides and allowed to attach overnight. The next day, cells were fixed
with 4% paraformaldehyde, washed with phosphate buffered saline (PBS), and mounted
with ProLong Gold antifade with DAPI (Cat # P-36931, Invitrogen). Slides were imaged on
a Leica TCS SP5 Spectral Confocal Microscope. Z-stacks were obtained of a confluent layer
of MSCs and orthogonal cuts of the 3D stacks in two directions were used to show
internalization of beads within the thickness of the cells.

MRI Single Cell Imaging with MPIOs
Unlabeled and MPIO labeled MSCs (labeled with 40 beads added/cell) were trypsinized,
counted, fixed in 10% buffered formalin phosphate, and suspended in PBS. MSCs with and
without beads were suspended in 1% agarose at 200,000 cells/ml; equal amounts of agarose
and cell solution were added to a small glass tube, which resulted in 0.5% agarose with
100,000 cells/ml. Agarose was necessary to prevent sedimentation and promote single cell
suspension. 1 mM ProHance (gadoteridol) (Bracco Diagnostics Inc, Princeton NJ) was
added to the agarose solution to reduce the time for T1 recovery, resulting in faster scan
times. MRI was performed at 4.0 T on a Bruker Biospec horizontal bore spectrometer. 3D
T2* gradient echo images were acquired with the following parameters: TR = 100 msec, TE
= 15 msec, FOV = 2.24 × 0.64 × 0.64 cm, matrix size = 448 × 128 × 128, Resolution = 50
μm. AMIDE (Andreas Loening, MIT) was used for processing and producing sagittal views
of the samples.

Multilineage Differentiation
To assess the effect of MPIOs on the known multilineage differentiation capacity of MSCs,
both unlabeled and MPIO labeled MSCs (labeled with 40 beads added/cell) were induced
down adipogenic and osteogenic lineages. 50,000 rat MSCs were added to each well in 6
well plates, and grown to 80% confluency. Test wells were incubated overnight with Dragon
Green MPIOs at 40 beads added/cell, while control wells received just media. The next day,
all wells were washed and either adipogenic or osteogenic medium was added. Adipogenic
medium was comprised of low glucose DMEM without L-glutamine, supplemented with 1
μM dexamethasone, 10 μg/ml bovine insulin, 100 μM indomethacin, 0.5 mM 3-isobutyl-1-
methylxanthine, 10% FBS, 1% L-glutamine, and 1% PS, adapted from [29]. Osteogenic
medium was comprised of low glucose DMEM without L-glutamine, supplemented with 50
M ascorbic acid, 10 mM β-glycerophosphate, 10 nM dexamethasone, 10% FBS, 1% L-
glutamine, and 1% PS, adapted from [30]. After 3 weeks of incubation, the cells were
stained with either oil red o or alizarin red, to identify adipogenic or osteogenic
differentiation, respectively [29, 30]. Samples were assayed in triplicate.
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The degree of adipogenic differentiation was quantified using ImageJ (NIH, Bethesda, MD).
Images of oil red o stained unlabeled and MPIO labeled MSCs were thresholded to produce
a binary image, with the stained regions in black. From these binary images, the % area of
the black pixels was determined. The % differentiation relative to the control samples was
calculated by dividing the % area for the MPIO labeled samples by the average % area for
the control unlabeled samples. Eight images were assayed for both cells with and without
internalized beads.

Tumor Conditioned Medium
Rat 9L and RG2 glioma cell lines were cultured to 80-90% confluency. After extensive
washing in PBS to remove any traces of serum, serum free medium was added to the flasks
and the cells incubated at 37°C. Twenty four or 48 hours later, the conditioned medium was
collected, centrifuged at 1,000 RPM for 10 minutes to remove debris, and sterile filtered.
The conditioned medium was frozen at −20°C until needed.

Chemokinesis Assay
The Radius 24-well cell migration assay (Cat # CBA-125, Cell Biolabs, San Diego, CA) was
utilized to test the chemokinetic migration, or non-directional, random motion, of rat MSCs.
In this assay, cells are bathed in a uniform concentration of test medium, which allows for
the assessment of random motion, which is different than a chemotactic migration assay that
measures specific, directional motion by providing a gradient of chemotactic factors. Each
well has a gel spot of ~0.68 mm in diameter, on which cells do not attach; however, cells
attach everywhere else on the bottom of the well, around the hydrogel, to form a radial gap.
Once the hydrogel is dissolved, test medium is added and cells are free to migrate. Test
media included serum free medium (negative control), 10% serum containing medium
(positive control), and tumor conditioned media from 9L and RG2 glioma cell lines. Gap
closure indicates chemokinetic migration.

The chemokinesis assay was carried out per manufacturer’s instructions, with the following
additional details: Passage 10 unlabeled MSCs and Suncoast Yellow MPIO labeled MSCs
(labeled with 40 beads added/cell) were stained with CFDA-SE dye as in the confocal
imaging section. 75,000 cells were added to each well and incubated at 37°C for 24 hours to
reach desired confluence. Migration proceeded for 24 hours at 37°C, and then plates were
fixed with 4% paraformaldehyde. Radial gaps were imaged immediately before migration
and 24 hours after migration at 100x with an Olympus IX51 inverted fluorescence
microscope (Olympus, Tokyo, Japan). The fluorescein isothiocyanate (FITC) filter was
utilized to visualize the migrated green MSCs, while the red fluorescent protein (RFP) filter
detected the presence of Suncoast Yellow beads inside the migrated cells. FITC and RFP
images were overlayed using Adobe Photoshop CS5. The extent of gap closure was
computed using ImageJ. The perimeter of the radial gap was manually traced in ImageJ, and
the area of the gap for each sample was determined at 0 hours and 24 hours following
migration. Percent closure was calculated for each sample by using the following equation:

Samples were assayed in quadruplicate.

Chemotaxis Assay
The BD Falcon HTS FluoroBlok 96 Multiwell Insert System with 8 μm pores (Cat #
351163, BD Biosciences) was used to assess the chemotactic migration of rat MSCs. In
these transwell plates, a gradient forms at the membrane interface, between the cells in the
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top compartment and the test mediums in the bottom compartment, to measure directional
migration. The membranes in the transwell plates are coated with a dye that blocks the
excitation/emission wavelengths of light between 490 nm and 700 nm. These plates allow
for direct visualization of fluorescently labeled cells that have migrated to the bottom side of
the membranes, without having to scrape off non-migrated cells from the top.

First, passage 9 unlabeled MSCs and Suncoast Yellow MPIO labeled MSCs (labeled with
40 beads added/cell) were stained green fluorescent with CFDA-SE dye, which has an
excitation/emission spectrum of 492 nm/517 nm. Cells were resuspended in serum free
medium and 50 μl (10,000 cells total) was added to each top well on the FluoroBlok plates,
while 200 μl of chemoattractant solution was added to each bottom well. The same
mediums used in the chemokinesis assay above were utilized in the chemotaxis assay. After
a 17 hour incubation at 37°C, the FluoroBlok membranes were washed with PBS and fixed
in 4% paraformaldehyde. The bottom sides of the membranes were imaged similar to the
cells in the chemokinesis assay. Next, a grid was placed over each image using ImageJ and
the number of cells was counted in 4 non-overlapping, adjacent fields. The average number
of cells per field for each image was determined and divided by the average number of cells
per field from the serum free images to calculate the chemotactic index (CI). Samples were
assayed in triplicate.

Statistics
Results are shown as mean ± standard deviation. Statistical significance was determined
using the unpaired two-tailed Student’s t-test, where *p < 0.05 is significant and **p < 0.01
is highly significant.

Results
Cell labeling with MPIOs

Optimal magnetic labeling conditions for rat bone marrow derived MSCs were determined.
The bright field photomicrographs in Figure 1a-d show successful labeling of rat MSCs with
increasing amounts of added MPIOs/cell that appear as dark spots within cell boundaries.
Through comparison of bright field images, it was evident that a greater number of added
beads/cell resulted in enhanced labeling, or a greater amount of internalized iron/cell, as
confirmed by ICP-OES (table in Figure 1). As displayed in Figure 1e-h and in the table,
flow cytometry analysis showed that as the number of beads added/cell increased from 5 to
40, the percentage of cells labeled with MPIOs rose from roughly 40% to 76%, while
viability remained consistently high (between 96%-98%). Unlabeled cells and heat-killed
cells were used as controls, and exhibited high (98.7%) and low viability (<1%),
respectively (data not shown). Over the course of 3 weeks in culture, viability was found to
be ≥ 96% for cells with and without endocytosed beads, with the difference in viability
between control unlabeled and MPIO labeled MSCs not being statistically significant (data
not shown). Since 40 beads added/cell resulted in the greatest percentage of labeled MSCs,
the maximum average number of endocytosed beads per labeled cell, and a high percentage
of viability, this labeling paradigm was utilized in all subsequent experiments.

Confocal Microscopy
Confocal microscopy was utilized to evaluate whether MPIOs were endocytosed within cells
or associated with the cell surface. Figure 2 shows that the morphology of control unlabeled
MSCs (2a) and MPIO labeled MSCs (2b) appears similar. More importantly, Figure 2b also
displays two orthogonal cuts through an acquired z-stack, highlighting a fully internalized
bead present throughout the thickness of the cell (as shown by the white arrows). Surface
associated beads, in contrast, would appear on top of the cell in these profile cuts and do not
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overlap with the cell thickness. Multiple particles were analyzed and confocal imaging
confirmed that most MPIOs were endocytosed within MSCs, with only a small fraction
being surface associated beads.

MRI Single Cell Imaging with MPIOs
T2* weighted MRI was utilized to demonstrate the robustness of MPIOs to delineate single
labeled MSCs in an agarose suspension. Figure 3 shows that control unlabeled cells, without
any internalized iron, did not significantly impact the signal intensity of the sample (3a),
whereas the same number of MSCs labeled with MPIOs induced distinctive, single dark
spots throughout the sample (3b); each hypointense spot represents a single MSC labeled
with multiple MPIOs. MRI confirmed that it is possible to distinguish MPIO labeled MSCs
from unlabeled cells using T2* weighted gradient echo imaging.

MSC Multilineage Differentiation
While in this study, we are not intending or expecting MSCs to differentiate into tissue
specific cells, it is important to determine the impact of MPIOs on cellular processes. Figure
4 shows robust adipogenesis and osteogenesis for both unlabeled MSCs (a,d) and MPIO
labeled MSCs (b,e), indicating that internalized MPIOs (shown in green) do not affect the
ability of MSCs to differentiate into fat and bone cells. It may appear in Figure 4b that many
extracellular beads are present, however, these beads are internalized within undifferentiated
MSCs that do not possess any oil red o staining. In addition, the degree of adipogenic
staining for MSCs with and without internalized beads was quantified using ImageJ. Figure
4c illustrates that there was no significant difference between the amount of adipogenic
differentiation of unlabeled and MPIO labeled MSCs, which further supports the negligible
impact of MPIOs on multilineage differentiation.

Chemokinesis Assay
The Radius 24-well cell migration assay was utilized to evaluate chemokinetic migration, or
non-directional, random motion of unlabeled and MPIO labeled MSCs. As shown in Figure
5a, the only condition that produced a chemokinetic response was the positive control (10%
serum containing medium), as evidenced by the disorganized encroachment of cells into the
interior portion of the radial gap after 24 hours. The % closure for MPIO labeled MSCs in
serum positive medium was similar to unlabeled MSCs: 55 ± 7% compared to 51 ± 5%,
respectively. The radial gaps in the negative control (serum free medium) and tumor
conditioned mediums remained perfectly intact after 24 hours (5b), and therefore did not
indicate any chemokinetic migration. A lack of random migration of MSCs in tumor
conditioned mediums confirmed that any migration towards these solutions in the
chemotactic assay would indeed be directional and specific; the desired interaction between
MSCs and tumor cells should be as specific as possible, since we aim to use MSCs as a
diagnostic tool for accurately delineating GBM.

Chemotaxis Assay
The chemotactic, or directional, migration of unlabeled and MPIO labeled MSCs was
evaluated using the FluoroBlok 96 Multiwell Insert System. Representative subsections of
the total area of migrated cells are shown in Figure 6 for each medium type tested. The
serum free medium had very few migrated cells (6a,b) in contrast to 10% serum containing
medium, which exhibited a robust migration response (6c,d). Conditioned medium from the
9L and RG2 glioma cell lines also produced chemotactic migration (6e-j), with the
exception of the RG2 48 hour samples (6k,l). In addition, chemotactic migration between
cells ± MPIO (MPIOs shown in red) for each condition appeared similar. Insets in d, f, h,
and j highlight migrated cells containing MPIOs. Confirming the presence of MPIOs within
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migrated cells was crucial to assessing magnetically labeled MSC functionality, since 24%
of MSCs still remained unlabeled after incubation with MPIOs.

Chemotactic migration towards 10% serum containing medium, 9L 24 hour, 9L 48 hour,
and RG2 24 hour glioma conditioned medium was highly significant (**p < 0.01) compared
to serum free medium, as graphically summarized in Figure 6. The highest chemotactic
index (CI) was exhibited by 10% serum containing medium, followed by RG2 24 hour and
9L 24/48 hour conditioned medium, which produced a response between 30%-45% of the
positive control. It is important to note that the migration towards the positive control was so
high because it contained a combination of chemotactic as well as chemokinetic migration,
whereas the migration towards glioma conditioned medium was purely chemotactic.
Furthermore, the CI for unlabeled and MPIO labeled MSCs was not significantly different
for any medium type tested, indicating that internalized MPIOs did not affect MSC
chemotactic migration. Most importantly, we have shown that magnetically labeled MSCs
are attracted to glioma conditioned medium in vitro, and that this migration is robust,
specific, and directional.

Discussion
Recently, MPIOs have been utilized for tracking transplanted MSCs with MRI for a number
of applications with promising results, including periventricular white matter injury [31],
myocardial infarction [32], cartilage regeneration [33], and spinal cord injury [34].
However, there have been no studies using MPIO labeled MSCs to delineate and monitor
GBM. In this work, we demonstrate for the first time that MPIO labeled MSCs exhibit
specific migration towards tumor conditioned medium, and further show that the response is
chemotactic, not chemokinetic. The goal of our study was to provide the rationale of using
the larger, micron-sized iron oxide particles to track MSC tropism to glioma in vitro, before
moving into animals in future experiments.

We assessed two different migration phenomena of magnetically labeled MSCs: chemotaxis,
or directional and specific movement, and also chemokinesis, or non-directional and random
movement. We show that MPIO labeled MSCs migrate specifically and directionally (via
chemotaxis not chemokinesis) toward glioma conditioned medium from 9L and RG2 cell
lines in vitro. The finding that MSCs are specifically attracted to gliomas was important
because we aim to use MSCs as a diagnostic tool for delineating GBM, and thus need the
MSCs to directly target the tumor cells without any random deviation away into the normal
brain.

In the transwell assay, we found that MPIO labeled MSC migration was significant towards
9L 24 hour, 9L 48 hour, and RG2 24 hour tumor conditioned medium. Since the conditioned
medium did not contain any serum, the MSC chemotaxis towards those solutions was due to
the chemoattractants present within the medium that had been produced by the glioma cell
lines. Several studies propose that MSC tumor tropism may be mediated by the following
factors: platelet-derived growth factor BB (PDGF-BB), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), insulin-like growth factor (IGF), stromal cell-derived
factor 1 alpha (SDF-1 ), and monocyte chemotactic protein-1 (MCP-1), among others
[35-38]. Increasing the expression of chemoattractant receptors of interest, which are present
on the surface of MSCs, could serve to intensify in vivo MSC migration to gliomas. Studies
have found that enhancement of CXCR4 (the receptor for SDF-1 ) on MSCs has improved
migration to the heart following myocardial infarction and also to the bone marrow
following irradiation.[39] Overexpression has been achieved through incubation of MSCs
with various cytokines [40] or through retroviral transduction [41].
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The only tumor conditioned medium that did not induce significant MPIO labeled MSC
chemotaxis was RG2 tumor medium collected after 48 hours. It is likely that this
conditioned medium was nutrient depleted due to the rapid expansion of RG2 cells in
culture (RG2 cells grew faster than 9L), as supported by our observation of a change in color
(and thus pH) of the medium from pink to orange. It is also possible that the concentrations
of chemoattractants secreted by the RG2 cells after 48 hours may not be optimal for MSC
chemotaxis; specifically, the concentrations of the factors secreted may be too high. Xu et al.
[36] and Ozaki et al. [37] have shown that for chemotaxis of MSCs towards single factors in
vitro, there exists a bell shaped curve, with an optimal concentration causing maximum
migration, and a steady decline in chemoattraction for any concentrations above the
optimum.

We acknowledge that the chemotactic assay was an in vitro experiment, using conditioned
medium from rat glioma cell lines, and has some inherent limitations. First, the tumor
conditioned medium was collected under static conditions, with the concentration of
chemoattractants most likely dependent on the volume of collection media and the number
of plated cells secreting them. While this does not represent the dynamic in vivo
environment, it provides rationale to pursue the in vivo extension of this methodology.
Second, we have only tested the chemoattraction of MSCs to medium conditioned only by
tumor cells. The in vivo tumor environment is more complex than this, with other cell types
making up the glioma (and secreting their own chemoattractants) including astrocytes,
microglia, endothelial cells, and stromal cells. However, for small clusters of infiltrating
tumor cells, this may represent a reasonable cellular makeup.

Other studies have investigated the specificity of MSC migration towards tumors both in
vitro and in vivo. In standard chemotaxis transwell assays, MSCs were observed to migrate
significantly towards various glioma cell lines grown in the bottom of the transwells
including F98, U87MG, LN18, U138, and U251 [42-44]. In contrast, MSC migration was
found to be negligible towards lysis of normal brain tissue and towards conditioned medium
from noncancerous cells, such as astrocytes and fibroblasts [35, 44, 45]. In addition, in vivo
studies found that intracranially or intra-arterially injected MSCs will home specifically to
the main tumor mass and infiltrating glioma cells, but largely avoid normal tissue adjacent to
tumors and the contralateral brain [35, 46]. These results complement our study to further
establish that MSCs have the capability to specifically home and migrate to glioma versus
other cells.

Critical to the use of magnetically labeled MSCs as a diagnostic tool is the assurance that the
magnetic label is fully internalized within the cell, and is non-interfering in important
cellular processes. MPIOs are heavy and will sink to the bottom of the cell culture flask
during overnight labeling; cells will fully internalize some of these beads by endocytosis,
while other beads remain on the cell surface, and must be washed away extensively with
PBS. Any beads left that are weakly associated to the cell surface could either fall off
through trypsinization or detach in vivo and be picked up by other cells within the body,
most likely immune cells. The dark spots on T2* weighted MRI from the magnetically
labeled immune cells would appear similar to the MPIO labeled MSCs, confounding
diagnostic imaging results. Consequently, we confirmed with confocal imaging that most
MPIOs were completely endocytosed within the MSCs, and that the presence of surface
associated beads was minimal. Although most beads were endocytosed within cells, MSCs
were observed to label non-uniformly, where the maximum percentage of labeled cells
reached 76% in the highest labeling condition. This points to the heterogeneous nature of
MSCs as a whole, and indicates that magnetic cell sorting may be worth pursuing to enrich
the fraction of labeled cells even further in future experiments. In addition, we have shown
that internalized MPIOs did not affect MSC functionality. Specifically, unlabeled and
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magnetically labeled MSCs had similar viability, differentiation capacity, and migration
response. Furthermore, we showed the robustness of this contrast agent for cell tracking by
demonstrating the ability to view MPIO labeled single cells in agarose phantoms on T2*
weighted MRI, similar to Shapiro et al. [26].

Two previous studies, by Chien et al. [42] and Wu et al. [44], have investigated migration of
nanometer sized SPIO labeled MSCs towards glioma. Chien et al. [42] found that human
MSCs, labeled with SPIOs, migrated towards glioma (U87MG cells) in vitro and that SPIO
labeling did not negatively affect the extent of cell movement compared to the unlabeled
control; however, the presence of SPIOs within migrated cells was not confirmed, and the
mechanism of MSC migration (chemotactic vs. chemokinetic) was not determined. Still, the
in vivo work from these two studies does show some promising preliminary results: Iron
labeled MSCs were visible on MRI as dark contrast regions near/within the glioma,
providing evidence that SPIO labeled MSCs are attracted to gliomas in vivo. Yet, this
tropism was most convincingly shown through histology in both studies. Even so, both
experiments utilized 1.5 T imaging, resulting in poor quality images with low resolution. In
addition, the use of SPIOs requires the presence of tens to hundreds of thousands of cells for
robust visualization. This problem does not occur with MPIOs, which have enough iron in
one bead to be visualized on T2* weighted MRI [26, 27] and allow for robust single cell
detection and tracking in vivo [47]. While both papers are important proofs of principle, the
use of low field MRI and SPIO does not allow delineation of the whole tumor with MSCs,
nor are the images clear enough to distinguish or quantify single labeled MSCs.
Consequently, there is room for improvement in this field of research.

Our strategy can be manipulated to form a cellular “theragnostic” approach to treating and
diagnosing GBM, whereby MSCs would be used as agents to provide treatment through
genetic engineering, and at the same time, enable visualization of the target via MRI-based
cell tracking. Various studies have begun to investigate a therapeutic approach using
genetically engineered MSCs as vehicles to specifically target and deliver antitumor factors
to gliomas. In particular, these MSCs have been utilized to deliver interferon-β [35, 48],
interleukin-2 (IL-2) [13], IL-7 [49], IL-18 [50], Δ24-RGD [51], and secretable tumor
necrosis factor-related apoptosis-inducing ligand (S-TRAIL) [52, 53] to gliomas, which
have resulted in a decrease in tumor size and an increase in survival for treated animals over
controls. Still missing in these treatment modalities is a method for monitoring transplanted
cells in vivo. Therefore, the combination of the diagnostic capability of MRI cell tracking
with genetic engineering of antitumor factors would provide a valuable tool to combat
GBM.

The ultimate utility of MSCs in glioma diagnosis and/or treatment remains to be determined,
however, we envision the use of theragnostic MSCs in patients who are already diagnosed
with GBM or who may be predisposed to acquiring the disease. Since it is known that MSCs
are also attracted to tissue damage and inflammation, such as stroke [54], periventricular
white matter injury [31], myocardial infarction [32], and wounded skin [55], it would be
challenging to use labeled MSCs to perform differential diagnosis between these conditions,
which most likely share similar chemoattractants. After GBM diagnosis, theragnostic MSCs
would be utilized to track and target the main tumor mass and invasive tumor cells that have
infiltrated the normal brain. There is even evidence of enhanced MSC migration to
irradiated tumors [56] and tissues [57], due to increased cytokine expression, which can be
exploited to create a more efficient treatment paradigm for GBM patients.

MSCs are proposed to home and transmigrate across endothelial cells in a similar fashion to
leukocytes, due to shared chemokine and adhesion receptors [58]. Therefore, we envision
systemic injection of MSCs, particularly intra-arterial delivery, to GBM patients. Studies
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have shown that intravenous injection of MSCs results in substantial trapping of cells within
the lungs, liver, and spleen [59-61]. Alternatively, intra-arterial injection allows more direct
access of MSCs to the brain through bypassing systemic organs, thus causing greater MSC
cerebral engraftment, as confirmed by Walczak et al. [54] in a stroke model. Once in the
brain, Walczak et al. [54] have shown that MSCs will localize to the cerebral capillaries
within ischemic regions one day after injection, but extravasate to enter the brain
parenchyma within ten days following injection. A similar paradigm seems reasonable for
MSC homing within the tumor environment. MSCs are proposed to be neoangiotropic [62]
because they can associate along newly formed vasculature within the tumor bed [44]. As a
result, MSCs are thought to share characteristics with pericytes [46]. In addition to
distributing throughout the tumor, MSCs have been observed to migrate towards single and
small groups of infiltrative glioma cells [44, 46], which have no developed vasculature,
indicating that MSCs do transmigrate across endothelial cells into the brain parenchyma.

As a combination approach, theragnostic cells can provide several advantages over current
methods in our proposed paradigm. Specific tumor tropism of genetically engineered MSCs
will provide more localized treatment, resulting in less damage to normal tissue and thus
reduced side effects. Internalized magnetic particles will allow for tracking of therapeutic
cells and hence detection of cancerous and metastatic cells, providing the possibility of
targeting infiltrative cells prior to recurrence.

Conclusions
In summary, we have shown the promise of utilizing MPIOs to label and track the migration
of MSCs towards glioma. MPIOs achieved efficient labeling of MSCs without the need for
transfection agents, and did not affect important cell processes of viability, differentiation,
and migration in vitro. In addition, glioma conditioned medium caused directional and
specific chemotaxis of MPIO labeled MSCs in the transwell assay. Our study provides the
feasibility of combining MRI-based cell tracking with the specific tumor tropism of MSCs
to delineate GBM in vivo. A theragnostic approach can also be created by genetically
engineering magnetically labeled MSCs to produce antitumor factors to provide treatment as
well as visualization of the target.
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Figure 1.
Bright field photomicrograph and corresponding flow cytometry plot for rat MSCs labeled
with a,e) 5 beads/cell b,f) 10 beads/cell c,g) 20 beads/cell and d,h) 40 beads/cell. Insets are
magnified images of a small number of cells containing internalized beads for each labeling
condition, with MPIOs shown in black in a-d). The FITC-A channel displays MPIO cell
labeling and the Pacific Blue-A channel displays viability. The table shows MSC labeling
and viability for increasing amounts of added MPIOs/cell; the values presented are mean ±
standard deviation. Scale bars shown are 100 μm.
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Figure 2.
Confocal images of a) unlabeled and b) MPIO labeled MSCs. The cytoplasm of MSCs is
shown in green, nuclei in blue, and MPIOs in red. Note how the orthogonal projections
through the z-stack show a representative fully internalized particle, as marked by the white
arrows in b).
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Figure 3.
T2* weighted MRI of single cell suspensions of a) unlabeled MSCs and b) MPIO labeled
MSCs in agarose. Cells without internalized iron created minimal signal loss (a), whereas
the MSCs labeled with MPIOs induced single, distinctive dark spots throughout the sample
(b). Each dark spot corresponds to an MSC with several internalized MPIOs. The MRI
images were acquired at a resolution of 50 m.
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Figure 4.
Bright field photomicrograph with fluorescence overlay of adipogenic and osteogenic
differentiation of unlabeled and MPIO labeled MSCs. Oil red o staining confirmed
adipogenic differentiation of a) unlabeled and b) MPIO labeled MSCs. The degree of
adipogenic differentiation for cells with and without endocytosed particles was quantified
using ImageJ and is shown in c). N.S. indicates not significantly different. Alizarin red
staining confirmed osteogenic differentiation of d) unlabeled and e) MPIO labeled MSCs.
MPIOs are shown in green.
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Figure 5.
Fluorescence photomicrographs of chemokinetic migration of MPIO labeled MSCs after 0
and 24 hours of incubation in a) 10% serum containing medium and b) 9L 48 hour tumor
conditioned medium. Cells are shown in green and MPIOs in red. Only MSCs in serum
containing medium a) showed a chemokinetic response, which resulted in a % closure of
~55 ± 7%. MSCs incubated in serum free medium or any of the tumor conditioned mediums
did not migrate into the circular gap, and therefore, did not exhibit a chemokinetic response
as shown in b). The scale bars shown are 200 μm.
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Figure 6.
Fluorescence photomicrographs of chemotactic migration of unlabeled and MPIO labeled
MSCs after 17 hours towards a,b) serum free medium c,d) 10% serum containing medium
e,f) 9L 24 hour conditioned medium g,h) 9L 48 hour conditioned medium i,j) RG2 24 hour
conditioned medium and k,l) RG2 48 hour conditioned medium. Cells are shown in green
and MPIOs in red. Each image displays a representative subsection of migrated MSCs on
the bottom side of the FluoroBlok membranes. Insets are magnified images of single or
small groups of migrated cells containing internalized MPIOs. Pores are marked by white
arrows in a). The scale bars shown are 100 μm. The bar graph shows the chemotactic index
(CI) for unlabeled and MPIO labeled MSCs in this transwell assay. **p<0.01 indicates a
highly significant CI compared to serum free medium and N.S. indicates CI pairs that are
not significantly different.
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