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A large-scale '°F MRI-based cell migration
assay to optimize cell therapy

F. Bonetto™”', M. Srinivas® B. Weigelin, L. J. Cruz®, A. Heerschap®,
P. FriedI, C. G. Figdor® and I. J. M. de Vries®*

Adoptive transfer of cells for therapeutic purposes requires efficient and precise delivery to the target organ whilst
preserving cell function. Therefore, therapeutically applied cells need to migrate and integrate within their target
tissues after delivery, e.g. dendritic cells (DCs) need to migrate to lymph nodes to elicit an antigen-specific immune
response. Previous studies have shown that inappropriate cell delivery can hinder DC migration and result in
insufficient immune induction. As migration can be extremely difficult to study quantitatively in vivo, we propose
an in vitro assay that reproduces key in vivo conditions to optimize cell delivery and migration in vivo. Using DC
migration along a chemokine gradient, we describe here a novel '?F MR-based, large-scale, quantitative assay to
measure cell migration in a three-dimensional collagen scaffold. Unlike conventional migration assays, this set-up
is amenable to both large and small cell numbers, as well as opaque tissue samples and the inclusion of chemokines
or other factors. We labeled primary human DCs with a '®F label suitable for clinical use; (0.5-15) x 10° cells in the
scaffolds were imaged sequentially, and migration was assessed using two independent methods. We found no
migration with larger numbers of cells, but up to 3% with less than one million cells. Hence, we show that the cell
density in cell bolus injections has a decisive impact on migration, and this may explain the limited migration

observed using large cell numbers in the clinic. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Dendritic cells (DCs) possess the distinctive ability to initiate
primary immune responses. They originate from bone marrow
and are present in an immature state in blood and peripheral
tissues (1). DCs become activated, for example by infection,
and then mature and migrate to the lymph nodes, where they
present antigen to the effector cells of the immune system,
such as T cells (2). This vital role of the induction of immune
responses forms the basis of immunotherapy to treat cancer
patients: autologous DCs are matured and loaded with tumor
antigen ex vivo, before transfer to the patient, where the DCs
can activate T cells in the lymph nodes to recognize and fight
the tumor (3-6). However, the success of DC immunotherapy
has been limited, as only small numbers of DCs actually reach
the lymph nodes in patients. Although recent clinical trials
have shown positive results, typically less than 4% of the total
injected DCs actually reach the lymph nodes (4,57-9). In
order to improve the efficacy of DC vaccination, a full optimi-
zation process of several technical aspects (preparation of the
injection region, cell bolus injection density, frequency of
vaccination, etc.) is required (10,11). However, this is not
feasible in vivo. Hence, to effectively assess the efficiency of
vaccination procedures, it is crucial to track and quantify
the transplanted cells in vitro with a real size scale and in a
noninvasive manner. Established cell migration assays, typically
based on microscopy or the Transwell system, are restricted
to thousands or, at most, tens of thousands of cells (12),
and therefore are not comparable with the clinical situation
of millions of cells migrating in three dimensions over
longer distances.

Several noninvasive imaging methods have been used to track
DCs in vivo or in vitro: bioluminescence imaging (13), positron
emission tomography (14,15), planar gamma scintigraphy
(7,8,15-17), fluorescence of near-infrared-emitting quantum dots
(18,19) and MRI (8,20-23). Among them, MRI has been
demonstrated to be one of the most successful techniques in the
clinic with exquisite spatial resolution and no use of radioactive
labels. Furthermore, MRI has already been applied to clinical cell
tracking (8).
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The combined use of F/'H MR is a relatively new method
employed to monitor '°F-labeled cells quantitatively (20,24-26);
a '"°F image can be obtained without any background (the
detectable endogenous concentration of '°F in vivo is negligible)
for positive identification and quantification purposes, and a 'H
image is obtained separately for anatomic context. The approach
has been described in detail elsewhere (27). '° F MRl is well suited
for quantitative cell tracking both in vivo and in vitro, as cell
numbers can be quantified from the image data without the
use of radioisotopes and the accompanying restriction on the
length of time the cells remain detectable because of radioactive
decay of the label. Moreover, recently, we have developed
clinically applicable '°F labels, consisting of polymer-encapsulated
perfluorocarbon (PFC) particles (28). The use of particles, in place of
the typical PFC emulsions, results in more stable and reproducible
labeling of cells, which is necessary for accurate quantification.

In this article, we present a '°F MR cell migration assay to track
and quantify cell migration in vitro with spatial and time scales rele-
vant to clinical and in vivo settings. Human DCs were embedded in
gel scaffold layers specially designed to mimic living tissue (29-32).
The porosity, stiffness and density were controlled to reproduce
in vivo conditions with high fidelity. The density and volume of
the cell layer were selected to reproduce typical cell bolus injection
in patients. DC migration to an external gradient of chemokines was
monitored and quantified, and the relationship between the cell
density and migration rate was studied. Our study shows that the
present '°F MRI-based migration assay can be used as a comple-
mentary tool to typical light or fluorescence microscopy-based
three-dimensional collagen single-cell migration methods (33-35)
to evaluate the motion of cell populations on a realistic size scale.
This assay also offers the possibility of direct translation to thick
opaque samples, such as real tissues or in vivo conditions. Finally,
we describe two different methods to quantify cell migration over
time using our assay. The cell migration rates obtained here are
comparable with patient data (36), thus validating our novel assay.
Our data suggest a strong dependence of the migration rate on
the initial cell density.

METHODS
9F Jabel

Particles with entrapped perfluoro-[15]-crown-5 ether (CE)
(C40F200s) (Exfluor Research Corp., Round Rock, TX, USA) were
prepared using poly(p,.-lactideco-glycolide) (PLGA; Resomer RG
502 H, lactide : glycolide molar ratio 48 : 52 to 52 : 48;
Boehringer Ingelheim, Ingelheim am Rhein, Germany) as de-
scribed (28). The particles contain 220 ug CE per milligram of
PLGA, with an average diameter of 318 nm (28). The CE mole-
cule contains 20 NMR-equivalent '°F atoms, resulting in a
single resonance peak.

Cell culture and labeling

DCs were generated from adherent peripheral blood mono-
nuclear cells from donor blood by culturing in the presence
of interleukin-4 (500 U/mL) and granulocyte-monocyte
colony-stimulating factor (800 U/mL) (both Cellgenix, Freiburg,
Germany), as described previously (37). Cells were cultured in
X-VIVO-15 medium (BioWhittaker, Walkersville, MD, USA) with
2% human serum (Bloodbank; Rivierenland, Nijmegen, the
Netherlands). A previously optimized dose (10mg per 10° cells)

of PLGA-CE particles was added at day 3 (28). At day 6, the
cells were matured by the addition of 10 pug/mL prostaglandin
E, (Pharmacia & Upjohn, Puurs, Belgium), 10ng/mL tumor
necrosis factor-o, 5ng/mL interleukin-18 and 15 ng/mL interleu-
kin-6 (Cellgenix). On day 8, the cells were harvested using cold
phosphate-buffered saline, and then washed three times in
phosphate-buffered saline to remove excess particles. Cell viabil-
ity was determined by trypan blue exclusion.

Scaffold migration assay

A three-dimensional collagen matrix was used as an interstitial
support network to study DC migration. In brief, buffered
collagen solution, adjusted with sodium bicarbonate (Invitrogen,
Breda, the Netherlands) to pH 7.4, containing 1.67 ug/mL
collagen (PureCol®, Advanced Biomatrix, San Diego, CA, USA) in
X-VIVO-15 medium enriched with minimum essential Eagle’s
medium (Sigma-Aldrich, St. Louis, MO, USA), was homogeneously
mixed and allowed to polymerize for 20-30 min at 37 °C (29,32).

The migration assay for '°F tracking by MR (Fig. 1a) was
based on three defined regions (from bottom to top): (i) the
control region; (ii) the cell layer; and (iii) the migration region.
The bottom layer (i) in all samples consists of a layer of gel
(volume, 450 pl) to present a flat surface and to study any
migration downwards caused by gravity or random migration;
no chemokine was added. The next layer (ii) is the cell layer.
This consists of the stated number of DCs (0.5-15 million)
embedded in a fixed volume of 450 pL of gel scaffold. Directly
above the cell layer, an external chemokine gradient was
created in order to induce cell migration. A scaffold layer (iii)
and X-VIVO-15 medium on top of it (both with a fixed volume
of 450 L) were set above the cell layer. This set-up results in a
scaffold with a cylindrical shape of approximately 3cm in
length and 1cm in diameter.

The chemokine gradient was established by adding different
chemokine concentrations to both layers; 9 and 18 puL of
recombinant human CCL21 (R&D Systems, Minneapolis, MN,
USA) solutions in phosphate-buffered saline (10 pug/mL) were
added to the scaffold and medium layers, respectively. The
final chemokine concentrations used were optimized via
bright-field, time-lapse microscopy to induce the maximum
migration rates/speed on DCs in scaffolds.

The sample was placed upright in the MR magnet as soon
as it was ready in order to avoid any potential migration
caused by sample movement or gravity. The sample was then
maintained in this position for the entire duration of the imag-
ing experiment. All experiments were performed in triplicate.

Microscopy: speed and locomotion calculation

DCs were incorporated into a three-dimensional collagen
matrix (PureCol®; final concentration, 1.7mg/mL; 5 x 10°
cells/mL) and overlaid with a cell-free second scaffold matrix
layer which contained CCL21 (R&D Systems) at a low concen-
tration (0.5 pg/mL) (Fig. 1b). To establish a steeper chemokine
gradient, medium containing a high concentration of chemo-
kine (CCL21, 1pg/mL) was added adjacent to the cell-free
collagen compartment.

DC migration into the cell-free collagen layer was recorded
by digital time-lapse microscopy at a 2-min frame interval for
up to 12h. Computer-assisted cell tracking of randomly
selected cells was performed as described previously (38).
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Figure 1. Experimental set-up. (a) Schematic view of the scaffold-based assay used to track dendritic cell (DC) migration with 9F MRSI. This assay
design allows performance of the migration and control experiments simultaneously. (b) Migration chamber set-up for microscopy. Chambers were
positioned upright and overlaid with CCL21 to monitor DC migration into the cell-free collagen layer by bright-field, time-lapse microscopy. (c) Frontal
view of the chemical shift imaging grid used to study DC migration. As only the upward direction was considered to be relevant, the slice thickness was

selected to cover the whole sample.

The time of active cell migration was calculated as the
percentage of frames in which the cell moved by more than
1 um/per frame (locomotion). The migration speed was calculated
as the average step length/min within the complete observation
time. The data from populations of 60 cells (two independent
experiments) were combined. Statistical analysis was performed
using a two-tailed Student’s t-test for independent experiments.

MRSI

MRSI experiments were performed on a 7-T horizontal bore MR
system (Clinscan, Bruker Biospin, Ettlingen, Germany), equipped
with a horizontal bore magnet (ultra-shielded) and a gradient
system with an inner diameter of 20 cm and maximum gradient
strength of 300 mT/m. A 15-mm-diameter, 30-mm-long "H/'°F
bird cage/solenoid home-built body coil pair was used for the
experiments.

A "F MRSI sequence with elliptical k-space sampling was
applied to track and quantify cell migration. This sequence
consisted of a slice-selective pulse in a given direction, followed
by phase encoding in the two other perpendicular directions. As
we were interested only in the upward direction, projection

matrices were applied with 1.3 x 1-mm? in-plane resolution and
a slice thickness of 10 mm (see Fig. 1c), with TR/TE=600/2 ms,
number of averages of 500 (total acquisition time, 61 min) and
matrix size of 8 x 16. For localization, 'H images were taken with
the same resolution as the MRS images. The T; and T, values for
the '®F spins in the fluorinated label were 950+ 30ms and
50 4 8 ms, respectively, at 7T. '°F T; was checked not to change
between the initial and final time points of each experiment.
F T, and T, were determined using well-known inversion recov-
ery and Carr-Purcell-Meiboom-Gill sequences, respectively. No
significant changes to these values were observed when the
compound was internalized into the cells. MRS was used to deter-
mine the "°F content per cell with a calibrated reference of
trifluoroacetic acid by applying an adiabatic 90° pulse to excite
the whole sample. The number of '°F atoms was measured to
be (0.7 £0.1) x 10" atoms/cell. The error value is the standard
deviation of the fluorine content per cell obtained in seven inde-
pendent samples.

The longitudinal tracking study of cell migration was accom-
plished by performing nine sequential experiments (nine time
points) whilst maintaining the temperature of the sample at
37 °C for the entire duration of the experiment.
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MRSI-based quantification

The "F MR spectrum corresponding to every voxel in the MRS
image was collected and the intensity (area) of the peak
corresponding to CE was determined (Syngo MR VB15 software,
Siemens, Erlangen, Germany). The total intensity I+ (sum of all
signal intensities from all voxels) was associated with the known
total cell number Ny initially embedded in the gel scaffold. Finally,
the number of cells N, in a particular voxel v is given by:

Ny

N,
v Ir

where |, is the intensity corresponding to the voxel v.

MRI migration assessment

Two methods were used to evaluate cell migration.

Migration/control regions method

By the arbitrary definition of the regions immediately above
(migration) and below (control) the initial cell layer, the cell
number present in these regions was tracked over time. A
comparison between trends in both regions was made to
assess whether migration caused by the chemokine gradient
was effectively produced. Migration rates were determined
by contrasting cell numbers in the migration region for initial
and final time points. This method tends to underestimate
migration rates, as migration in the central region of the orig-
inal cell layer is not taken into account.

Center of mass analysis

The vertical coordinate of the center of mass of the whole cell
layer was tracked over time. From the trend of these curves,
upward migration was assessed. All cells present in the cell layer
were considered and subjective migration/control regions were
not required. However, migration rates can only be obtained
by estimating the average distance traveled by the cells.

RESULTS

9F-labeling does not affect speed and locomotion
(optical microscopy)

In order to study any effect of the label on cell migration,
' F-PLGA-labeled and unlabeled cells were tested in the three-
dimensional collagen matrix assay (38) and monitored by
bright-field, time-lapse microscopy for migration efficiency
(Fig. 2). The number of cells migrating out of the cell layer was
equal in untreated control and PLGA-loaded DCs (Fig. 2a). Con-
sistently, single-cell tracking of unlabeled and labeled cells
showed that neither the average speed (3 £ 1 pm/min) nor the
time periods over which DCs were actively migrating (Fig. 2b)
were altered by PLGA loading. As a net result, DCs reached a
median total distance of 1.8mm in a 10-h observation time.
Thus, the migration of DCs was not affected by '°F-PLGA
loading.

MRSI

As a proof of principle, the horizontal and vertical spatial cell
number dependences in a given cell layer were calculated
(Fig. 3). A semicircular-like profile was obtained for the horizontal
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Figure 2. Microscopy showed no difference in migration on labeling. (a)
Images of different time points for unlabeled and labeled cells showing
migration towards the chemokine gradient region (upward direction).
(b) Average speed and locomotion (percentage of time the cells were ac-
tively migrating) were quantified from populations of 60 cells (two inde-
pendent pooled experiments). PLGA, poly(p,-lactideco-glycolide).
Statistical analysis was performed using a two-tailed Student’s t-test for
at least three independent experiments.

cell number profile. This result is a clear consequence of the
projection of a cylindrical sample over a plane, as the slice thick-
ness used in the MRSI sequence applied comprised the whole
sample. In contrast, a more rectangular profile was obtained for
the analogous vertical dependence, consistent with the
expected shape of a cell layer. These profile plots provide clear
signs of the reliability and consistency of the quantification
method applied.

MRSI migration results are shown in Fig. 4. Initial and final five
times interpolated cell layer maps are shown with the respective
color chart for 15 x 10° (Fig. 4a), 10 x 10° (Fig. 4b), 5 x 10°
(Fig. 4c), 1 x 10° (Fig. 4d) and 0.5 x 10° (Fig. 4e) cell layers. At first
sight, slight migration can be observed in the top left part of
Fig. 4c (5 x 10° cells) and mainly in the top right and left regions
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Figure 3. Proof of principle of the method. Cell layer profile for
N=5 x 10° cells. The top graph plots the interpolated cell number as a
function of the x position through the horizontal yellow line. A typical cir-
cular plot corresponding to the cylindrical shape of the Eppendorf tube is
obtained. The cell number dependence in the y direction (relevant direc-
tion) for the vertical yellow line is shown in the right plot. A rectangular
profile is obtained consistent with the expected shape of the layer.

of Fig. 4d (1 x 10° cells), and strong and clear upward migration
is observed in the central region of Fig. 4e (0.5 x 10° cells). No
apparent migration is observed in Fig. 4a and 4b, i.e. the higher
cell numbers. Finally, no cells moved into the lower level, indicat-
ing that the movement in the upper level was caused by active
migration.

It should be noted that all data analyses were performed on
raw images or signal, although Figs 3 and 4 show interpolated
images for easier visualization.

Migration assessment

Figure 4 (right) shows the evolution of the cell number in the mi-
gration (red) and control (blue) regions for 15 x 10°, 10 x 10°,
5% 105 1 x 10° and 0.5 x 10° cell layers. ‘Migration’ and ‘control’
regions are arbitrarily defined as zones immediately above and
below the cell layer. These regions are plotted with broken
yellow lines in Fig. 4a-e. It should be noted that chemokine-
directed migration must occur in an upward direction, i.e.
against gravity, in our set-up (Fig. 1).

For 15 x 10° cells, a variable trend was found in both the
migration and control layers, without conclusive migration
towards the chemokine gradient. With 10 x 10° cells, a variable
trend was observed for the migration region, with a tendency
to increase the cell number with time in the control region.
Again, this indicates that no cell migration to the chemokine
gradient region occurred. With 5 x 10° cells, the number of cells
in the migration region increased over time, whereas a variable
pattern was observed for the control region. This behavior clearly
indicates upward migration to the chemokine gradient region.
For the 1 x 10° cell layer, the observed trend for the migration
region was even more pronounced than that of the 5 x 10° cell
layer and, similarly, a nonsteady trend was observed for the
control region. Here, upward migration is even more clearly
demonstrated. For the 0.5 x 10° cell layer, upward migration
was again clearly observed in the migration region but, also, a
steady trend associated with random migration was clearly

observed in the control region. It should be noted, however, that
the former process was much more significant than the latter.
Random migration was only detected in this (0.5 x 10°) case.

In order to quantify the number of cells moving to the migra-
tion region, the difference between the final and initial cell numb-
ers in the migration region was calculated. For the 0.5 x 10° cell
layer, migrating cells in the migration and control regions were
subtracted. The results of three independent experiments are
shown in Fig. 5 as a percentage of the total initial number of cells
in the whole layer. From this plot, it is clear that cell migration to
the chemokine gradient region increases when the cell density
decreases below approximately 10* cells/jL. A one-sample, two-
tailed Student’s t-test was applied in order to establish whether
migration occurred: the p values obtained were 0.015, 0.0057,
0.0059, 0.42 and 1 for the 0.5 x 10% 1 x 10% 5x 10°% 10 x 10°
and 15 x 10° cases. In the first three cases, the p values obtained
(< 0.05) indicate a statistically significant migration. In the other
two cases, the p values indicate no significant differences be-
tween the rates obtained and null migration.

Migration was also assessed by monitoring the evolution of
the vertical coordinate of the center of mass of the cell layer
(Fig. 6). Although erratic patterns were obtained for the
15 x 10° and 10 x 10° cell layers, the vertical position of the
center of mass steadily increased with time for the 5 x 10°,
1% 10°% and 0.5 x 10° cell layers. All graphs are shown with the
same y-scale step (0.01 mm). Consistent with the previous
method, a stronger increase in the center of mass position was
observed for the 0.5 x 10° and 1 x 10° cell layers when com-
pared with the 5x 10° case. To prove our point, the same
analysis was applied to the horizontal position of the center of
mass and the corresponding evolutions are shown in the insets
of Fig. 6. An erratic pattern was observed in all of them and the
maximum shift in the horizontal position of the center of mass
was 0.02 mm. This result was used to calculate the p values of a
one-sample Student’s t-test. The p values obtained (where the
hypothetical mean was taken as 0.02mm) were 0.41, 0.35,
0.045, 0.015 and 0.01 for the 15 x 10% 10 x 10°% 5 x 10° 1 x 10°
and 0.5 x 10° cell layers, respectively. It should also be noted that
the general trends observed in the main plots of Figs. 6 and cell
numbers in the migration region (red charts in Fig. 5) are similar,
showing the consistency between the two methods.

DISCUSSION

We have developed and applied a novel cell migration assay
using '°F MRI to monitor DC migration to optimize DC vaccine
delivery to patients. The microscopy results showed that labeling
does not affect the speed or locomotion of labeled cells (Fig. 1).
Previously, cell viability has been shown to be unchanged after
loading 0.7 x 10'® " F atoms/cell (28). The sensitivity of this tech-
nique under these conditions was determined to be about 5000
cells per voxel for a 1-h measurement (signal-to-noise ratio, 3).
Cell migration in the MRSI assay was assessed by two indepen-
dent methods, both of which showed that cells migrated
upwards because of the chemokine. The migration/control
regions method has the disadvantage that only migration in
the region above or below the cell layer was considered. This
method tends to underestimate migration rates as any potential
migration in the central part of the cell layer is disregarded.
The center of mass method accounts for migration anywhere
in the sample, but quantitative migration cell rates are difficult

NMR Biomed. (2012)

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/nbm



NMR
INBIOMEDICINE

F. BONETTO ET AL.

15x10¢ cells _ 19.0x10°

a) 0-000 6.0x10°
£ 1 9.000E+04 soxte’ O
E 1.800E+05 00 2
=4 ||
_'5) 2.700E+05 1x10° g—
L i
T 3.600E+05

0
2 345 6 7 8 91 2 3 45 8 4.500E+05 1.3 5 7 9
Width [mm] Time [h]
5
b) 10x108 cells 3x10
14 0.000 2x10°
'S 12 R 4.800E+04 1x10° &
E 1 9.600E+04 o 2
< " 1.440E+05 2x10° 3
Rey @
[ 1.920E+05 I_I_I_IJ1x1o5 p
T
. lllllllll: : .2400E+05 O
1 RenGregueBunGuuifans§usg | "FuuBuuepniy 39 1 §|— 5 7h9
Width [mm] ime [h]

c) 5x106 cells 1.5x10°
4 l0.000 1.0x10° -
E 12 . 2.300E+04 5.0x10" &
=10 4.600E+04 0.0 2
= 6.900E+04 @ ix10° =
E 9.200E+04 g

- 1.150E+05 0
: 1357 9
Width [mm] Time [h]
4x10°*

d) 1x108 cells 3x10*
_ 14 .OAOOO [ 2%10° O
g 12§ 4800 1x10° &
E 10f 9600 90t 2
€ 8 " 1.440E+04 . B
S - 2x10* §
2, | 1.920E+04 1510°

2 B 2.400E+04 A,
: . 13 56 7 9
1°2..3.4.5..6..7..8.9 1:2..3..4.5.6..7..8.9 .
Width [mm] Time [h]
e) 0.5x106 cells 4x10°*
0.000 3x10*
12 5800 2x10* Q
4 =
E 1.160E+04ll 1x10 .
- || 1.740E+04
< 2x10* 3
oy 2.320E+04 o
) 4+ @
T 2.900E+04 1x10
3 B 3.480E+04 0
4 5678910111213 4 56 7 8 910111213 13 57 9

Width [mm]

Time [h]

Figure 4. MRSI results — migration assessment. Initial (1 h) and final (9 h) cell maps obtained with '®F MRSI for 15 x 10° (a), 10 x 10° (b), 5 x 10° (c),
1% 10° (d) and 0.5 x 10° (e) dendritic cells (DCs) embedded in three-dimensional collagen scaffolds. The migration and control selected regions are
indicated by broken yellow line boxes. The color chart indicates the cell number associated with a given color. The corresponding changes in cell num-
ber within the migration and control regions are plotted as red and blue bar charts, respectively (right). A clear trend is observed for the cell number
time dependence in the migration region for 5 x 10°% 1 x 10% and 0.5 x 10° cell layers. No pattern is observed for higher cell numbers.

to extract. Two main factors can be responsible for a shift in the
center of mass position: the number of migrating cells and the
average distance traveled. As cells cannot be tracked individually
(sensitivity issues), the average distance cannot be determined,

and the migrating cell number can only be calculated approxi-
mately by estimating the average distance traveled. For instance,
for the 1 x 10° experiment, if the average distance traveled is
roughly assumed to be 1 mm in 10 h, the observed 0.08-mm shift
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dent experiments are plotted. The dotted line represents the general
trend observed.

in the center of mass position translates to a migration rate of
8%. This value is higher, but in the same order of magnitude,
as the value obtained with the previous method. It is important
to remark that the previous calculation does not include poten-
tial counter-effects by cells migrating in the downward direction.

Another remarkable observation is that no cells were found
further than 2mm from their original location. This result is
consistent with the average speed determined using microscopy
as, according to this result, cells travel, on average, 1.8 mm.
Although cells travel to a preferred direction in the x-y plane
(vertically), horizontal motion certainly occurs. Therefore, no cells
are expected to be found at a distance greater than 1.8 mm from
the borders of the initial cell layer for the time window studied. It

should be noted that we were only interested in migration along
the chemokine gradient, and thus the voxels have higher resolu-
tion in the vertical plane. Higher resolution or three-dimensional
imaging can be used to study migration in the horizontal plane.
The main limitation of the method is the signal-to-noise ratio
achieved by the image acquisition technique, as discussed in a
review on '°F MRI for cell tracking (30). With our imaging condi-
tions, we could detect down to 5000 cells per voxel per hour of
imaging time. We chose to measure the samples every hour, but,
in principle, fewer time points are necessary, and thus longer
acquisitions are possible to enhance the signal-to-noise ratio.
Given the typical distances traveled by cells in the time scale of
the total experiment (~ 10h), the voxel size (spatial resolution)
was selected to have the maximum volume (to maximize the
signal-to-noise ratio) for the minimum necessary size to detect
migration during the experiment. A lower spatial resolution
could be used if detailed information on cell motion is required,
provided that migration rates are sufficiently high to allow cell
detection.

Any partial volume effect typically occurring in MRSI acquisi-
tion was neglected in the present quantification method.
Although partial volume effects might become important when
detecting small signals, they have no influence on the final
results as all the results are referred to the zero time point exper-
iment, thus removing any potential influence on the migration
ratios. Moreover, this effect might cause a slight underestimation
of the minimum detectable cell number (overestimation of the
sensitivity) because of the method used to calculate the number
of cells from the total signal (see Methods).

We also found that free PLGA-Perfluoro-15-crown-5-ether parti-
cles do not diffuse in the collagen matrix over the time period of the
experiment. This was tested using free label in place of labeled cells in
a similar migration set-up (data not shown). Thus, any leaked label
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Figure 6. Migration assessment with center of mass analysis. The vertical position of the center of mass is plotted as a function of time for different cell
layer densities. An erratic pattern is observed for the evolution of the center of mass horizontal position (CMHP) (insets). A clear trend indicating upward

migration is observed for 5 x 10%, 1 x 10° and 0.5 x 10° cell layers.

NMR Biomed. (2012)

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/nbm



NMR
INBIOMEDICINE

F. BONETTO ET AL.

from dead or dying cells would be stationary and not be reflected as
migration in our assay. Moreover, the '°F content per cell is known to
be homogeneous with PLGA-Perfluoro-15-crown-5-ether (28).

The cell migration rates obtained in this study showed a
strong dependence on the initial cell layer density. Migration
rates increased with decreasing cell density. A possible explana-
tion for this behavior is that cells suffer from overcrowding
conditions: a lack of oxygen and nutrients may cause cell death
or loss of migratory capabilities. It should be noted that our
migration gels were incubated in humidified, sterile conditions
in the presence of culture medium to ensure good oxygenation
throughout the sample at the start of the experiment. Further-
more, the temperature was maintained throughout the experi-
ment. We also found that the T; of PFC did not change over
the course of the experiment, although some PFCs are known
to be oxygen sensitive (9,39). CE encapsulation by polymeric
PLGA particles is probably responsible for the apparent insensi-
tivity of the fluorinated compound T; to the oxygen partial pres-
sure. Nevertheless, PLGA encapsulation is necessary as the CE is
otherwise insoluble and therefore not available for cell uptake.

We observed a ‘saturation behavior’ for the migration rate
versus cell layer density curve, once the optimum density condi-
tions had been reached. Assuming spherical cells, an average
diameter of 25um for each labeled cell translates to a total
volume of about 122 pL for 15 x 10° cells. Given that the total
volume of the cell layer is 450 pL, this gives an average space
per cell of about 3.75 times its own volume. This results in an
average distance of about 39 um between adjacent cells. For
1 x 10° cells, this average distance increases to almost 100 m
and the average space per cell becomes 15 times higher. To
examine this conjecture, it is essential to monitor the viability
of the cells under the same experimental conditions as in the
MRI experiments. In addition, the optimum cell density for a
specific application will vary depending on whether the total
number of migratory cells or the percentage of the total cell
number needs to be maximized.

In this article, we have presented a novel '°F MR-based three-
dimensional assay to study cell migration in a large-scale sample,
comparable with the clinical situation. As MRI is not an optical
technique, all the results obtained in the present work can be
translated directly to opaque samples, giving the chance to
assess cell migration in vitro under conditions very close to the
in vivo situation. Unlike conventional assays for migration, such
as microscopy or the Transwell assay (40), this assay can be
applied to both larger numbers of cells and opaque samples.
Here, we tested the effect of labeling itself on cell migration
using a more conventional light microscopy assay for migration.
However, we could not test the effect of different cell densities
using the same technique, because of the total cell number
limitation and the nonquantitative character of the technique.
The " F-based migration assay presented here is not intended
to replace optical assays, but is a complementary tool to these
assays for cell migration analysis.

Furthermore, as certain PFCs are sensitive to oxygen partial
pressure, the particles and measurement technique could also
be adjusted to assess oxygen tension in different regions of
the sample. This application could be very important if migration
is influenced by the oxygen content and overcrowding effects.
Moreover, here, we tested a single chemokine and a single
CCL21 chemokine gradient (typical of migration assays) that
are known to be directly involved in DC migration as a proof of
principle, although the assay itself could be easily amended to

test different chemokines, chemokine gradients or even combi-
nations of chemokines. Finally, the same imaging and quantifica-
tion technique could be adapted directly to in vivo applications,
even in the clinic. Thus, the assay is highly suited to optimize the
migration of clinical cellular therapy in vitro in a cost-effective
and reproducible manner, without the logistic and technical
difficulties associated with clinical imaging studies.
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A novel '°F MR-based, large-scale quantitative assay to measure cell migration in three-dimensional opaque samples is
introduced. Migration rates in the present assay were assessed for different cell densities of '°F-labeled human dendritic
cells using two different methods. No migration was found for high cell densities, and up to 3% was found for low cell
densities. Consequently, we show that cell density has a decisive impact on migration in cell bolus injections.





