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Abstract

Purpose: Transplantation of pancreatic islets (Pls) is a promising therapeutic approach for type 1
diabetes. The main obstacle for this strategy is that the outcome of islet engraftment depends on
the engraftment site. It was our aim to develop a strategy for using non-invasive imaging
techniques to assess the location and fate of transplanted Pls longitudinally in vivo.
Procedures: In order to overcome the limitations of individual imaging techniques and cross-
validate findings by different modalities, we have combined fluorine magnetic resonance
imaging (F-19 MRI), fluorescence imaging (FLI), and bioluminescent imaging (BLI) for studying
subcutaneously transplanted Pls and beta cell-like cells (INS-1E cell line) in vivo. We optimized
the transduction (using lentiviral vectors) and labeling procedures (using perfluoro crown ether
nanoparticles with a fluorescence dye) for Pls and INS-1E cell imaging.

Results: The feasibility of using the proposed imaging methods for Pl assessment was
demonstrated both in vitro and in vivo. Our data suggested that F-19 MRI is suitable for high-
resolution localization of transplanted cells and Pls; FLI is essential for confirmation of contrast
localization by histology; and BLI is a reliable method to assess cell viability and survival after
transplantation. No significant side effects on cell viability and function have been observed.
Conclusions: The proposed tri-modal imaging platform is a valuable approach for the
assessment of engrafted Pls in vivo. It is potentially suitable for comparing different
transplantation sites and evaluating novel strategies for improving Pl transplantation technique
in the future.
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magnetic resonance imaging, Fluorescent imaging, Bioluminescent imaging

Electronic supplementary material The online version of this article (https:// Introd uctlon
doi.org/10.1007/s11307-018-1192-0) contains supplementary material,
which is available to authorized users.

Patients with type 1 diabetes (T1D) suffer from hyperglyce-
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mediated by T cells [1]. Current clinical routine therapy,
such as insulin injections or insulin pumps, can control
blood glucose levels to some extent. However, insulin
administration is often not sufficient for T1D patients. Most
of those patients will still have abnormally high levels of
blood glucose and are at risk for long-term complications
like blindness, neuropathy, kidney disease, and others [2].
As a possible alternative therapeutic approach, engraftment
of pancreatic islets is considered, which is currently assessed
in selected patient populations.

After the first introduction of PI and beta cell transplan-
tation in rats [3] and further successful clinical trials on T1D
patients [4], many studies and technical improvements have
been implemented. This includes the process of PI isolation
from donors, strategies for immunosuppression, and man-
agement of immunomodulation of recipients as well as anti-
inflammatory drugs after surgery, both in a pre-clinical and
clinical setting [5, 6]. Some of these initial results have
already been tested in clinical trials or are in the process of
becoming real treatment options for patients [7, 8].

One of the main remaining obstacles for PI transplanta-
tion is the variable outcome of islet engraftment, with a
strong influence on the site of transplantation. Currently, the
liver serves as the most practical clinical transplantation site
for PIs or beta cells [9] with several completed clinical trials
using intraportal transplantation [10, 11]. Other potential
sites for PI or beta cell transplantation have been proposed,
such as subcutaneous tissue, the kidney (subcapsular), the
omentum, the muscle, and the anterior chamber of the eye
[12, 13]. All of these transplantation sites have their own
strengths and limitations in terms of surgery, impact on cell
metabolism, tissue perfusion, or immunological aspects [14].
One of the key steps to validate islet engraftment is
longitudinal, in vivo monitoring of the exact location and
fate of the transplanted PIs, with the possibility of
quantification without invasive intervention.

Non-invasive imaging techniques are increasingly available
for longitudinal in vivo tracking of transplanted islets [15].
Different imaging modalities have been proposed for the
visualization of endogenous and exogenous PIs. Bioluminescence
imaging (BLI) requires prior engineering of islets to express a
luciferase gene to provide a quantitative measure for viable islets
[16, 17]. Fluorescent imaging (FLI) requires either cells that
express fluorescent reporter genes or cells preloaded with
fluorescent dyes and was successfully used for continuous
monitoring of surviving Pls [12]. Radionuclide imaging has also
been used for PI and beta cell imaging after pre-labeling with
radiotracers [18, 19] or by using transfected/ transduced cells for
reporter gene-based approaches [20]. However, PET and SPECT
have a relatively low resolution and require radioactive tracers.
For magnetic resonance imaging (MRI), different contrast agents
have been used for pre-labeling and further enhancement of MR
contrast for in vivo islet and beta cell tracking. This includes super-
paramagnetic iron oxide (SPIOs) nanoparticles and paramagnetic
gadolinium chelates, resulting in retrievable signal for up to
24 weeks [21-23] and 65 days [24], respectively. Recently, cell

tracking using fluorine containing contrast agents and F-19 MR
imaging has opened new perspectives for quantitative in vivo islet
imaging [25, 26]. Advantages and disadvantages of the different
imaging techniques can be linked to the transplantation site. For
example, optical imaging (BLI or FLI) is limited to superficial
tissues due to its limited signal depth penetration and light
scattering. But, it can provide information on in vivo cell viability
(BLI). F-19 MRI is superior in terms of specificity and potential
quantification of transplanted islets or cells due to the lack of MR-
detectable F-19 signal in biological tissues. Its downside is its
relatively low sensitivity so that several thousand cells are required
for sufficient MR signal intensity [27].

To overcome the limitations in sensitivity, resolution, and
specificity of individual imaging techniques, multimodal
imaging serves as a potential solution for cross-validation,
better visualization, and follow-up of the fate of transplanted
islets and beta cells in vivo. In this study, we aimed to
combine BLI, FLI, and F-19 MRI techniques in a multi-
modal approach for in vivo monitoring of transplanted
rodent islets and beta cell-like cell lines. Hereby, we have
either used transduced cell lines or cells pre-labeled with F-
19 contrast agents.

Materials and Methods
Fluorinated Particles and Lentiviral Vector

For pre-labeling purpose, cationic perfluoro-15-crown-5
ether (PFCE) particles (particle concentration: 4.5 x 10°
particles/ ml, particle mean size: 0.5+0.1 um) were
prepared as previously reported (see electronic supplemen-
tary material (ESM)) [28].

A lentiviral vector (LV) carrying the human elongation factor
la (hEFla) promoter to drive triple flag tagged firefly luciferase
(3flagFluc) and a puromycin resistance gene (PuroR) was used for
islets/cells transduction as described in [29].

Rodent Pancreatic Islets and Cell Lines

The PIs used in this study were isolated from Wistar rats
(female, 8-10 weeks, 200-250 g) using the collagenase
digestion method (see ESM) [30].

The pancreatic beta cell-like INS-1E cell line, used at
passage 52, was a kind gift from C.B. Wollheim (Depart-
ment of Cell Physiology and Metabolism, University
Medical Center, Geneva, Switzerland). For the preparation
protocol, see ESM.

Lentiviral Vector Transduction Experiments
In order to generate firefly luciferase expressing INS-1E

cells, untreated cells (~4 x 10° cells/well) were seeded into
six-well plates (Sigma) ESM material).
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Cell Labeling Using PFCE Particles

INS-1E cell labeling experiments were performed using different
final fluorine concentrations (10, 15, 20, 30, and 50 mM) with
different incubation times (4 and 24 h) (see ESM).

For optimization of PI labeling, different incubation times
(4, 8, 10, 20, 24, and 48 h) were used in the presence of
PFCE particles, resulting in a 20 mM fluorine concentration.
Similar to the INS-1E cells, PIs were handpicked and
divided for different in vitro assays such as fluorescence
microscopy, confocal microscopy, and NMR spectroscopy
after incubation and washing. Unlabeled Pls/cells were
always included as negative controls in all experiments.

After optimization of PFCE labeling protocols, studies on
the release of the fluorine labels from pre-labeled PIs and
INS-1 cells were also conducted (see ESM).

F-19 NMR Experiments

All F-19 NMR experiments were performed using a 400-
MHz Bruker Avance II NMR spectrometer (Bruker Biospin,
Rheinstetten, Germany) equipped with a 5-mm broadband
probe, which was also tunable to 376.5 MHz for F-19 NMR
spectroscopy (see ESM).

Confocal Microscopy

Confocal microscopy images (including z-stacked images)
were acquired using a Nikon AIR Eclipse confocal
microscope (Nikon, Brussels, Belgium) to verify the
internalization of PFCE by cells of the Pls (see ESM).

In vitro Islet Viability and Functionality
Assessment

To confirm the viability and function of PIs after labeling
and transduction, trypan blue staining, insulin content
measurement, and glucose-stimulated insulin secretion tests
were performed (see ESM).

In vitro BLI, FLI, and F-19 MRI

In vitro BLI, FLI, and F-19 MRI were carried out to
determine the feasibility of imaging pre-labeled and trans-
duced Pls/cells with multimodal imaging and to determine
the advantages and disadvantages of each technique. For
BLI and FLI, phantoms were prepared by placing Pls (n ~
50) or INS-1E cells (n~3 x 10°) in six-well plates contain-
ing PBS. All BLI and FLI experiments were acquired using
an IVIS Spectrum optical imaging system (PerkinElmer,
Massachusetts, USA). For BLI, p-luciferin, dissolved in PBS
(15 mg/ml), was also added prior to the imaging sessions.
Consecutive frames were acquired (one per min) until the
maximum signal intensity was reached. For FLI acquisition,

the EPI mode was used with an excitation wavelength of
648 nm and an emission wavelength of 670 nm for the DiD
fluorescence dye according to the default setting of the
system’s software (Living Imaging, Perkin Elmer).

For F-19 MRI, phantoms were prepared using 2 %
agarose (Sigma) suspensions in 0.5-ml Eppendorf tubes
(Eppendorf, Rotselaar, Belgium). Hereby, Eppendorf tubes
were either filled with PFCE-labeled PIs (n~100), PFCE-
labeled INS-1E cells (n~5 x 10°), pure PFCE particles (final
F-19 concentration: 25 mM, positive control), or PBS
(negative control). The Eppendorf tubes were then placed
parallel in a 25-ml plastic cylinder with a 2.8-cm diameter,
which also contained 2 % agarose.

All MR experiments were performed using an 9.4-T Bruker
Biospec small animal MR scanner (Bruker Biospin, Ettingen,
Germany) equipped with a home-built saddle-shaped surface coil,
which was tuneable and matchable to both the F-19 and H-1
resonances [26]. Both H-1 and F-19 MR images were acquired
using a 2D RARE sequence with the following acquisition
parameters: TE=15.9 ms, TR=3 s (H-1) / 1 s (F-19), RARE
factor=8, FOV=6.4 x 6.4 cm, matrix size=256 x 256 (H-1) /
64 x64 (F-19), NA=2 (H-1) / 256 (F-19), slice thickness=
0.5 mm (H-1) / 2.5 mm (F-19), total acquisition time ~40 min.

Animal Model

All animal experiments were performed in accordance with
national and European regulations and approved by the local
Animal Ethics Committee of KU Leuven. In total, 11 Swiss
Nude mice (female, 7-9 weeks old, Charles River,
Chatillon-sur-Chalaronne, France) were included in the
longitudinal study. Animals were further divided into two
groups according to the engrafted cells: PI group (n=6) and
INS-1E cell group (n=5). After collection in an insulin
syringe (mixed with 100-200 pl medium), either pre-labeled
and transduced Pls (n=200) or INS-1E cells (n=10°) were
subcutaneously engrafted at the right thigh of the animals.
Control injections were performed on the left side for all
animals (200 pl PBS for animals receiving PIs and 10°
unlabeled, transduced INS-1E cells for animals receiving
INS-1E cells). During the transplantation procedure and the
subsequent imaging sessions, animals were anesthetized
with a ketamine 1000 (100 mg/ml, CEVA, Brussels,
Belgium)/domitor (1 mg/ml, Janssen Pharmaceutica, Beerse,
Belgium)/saline cocktail via intra-peritoneal injection. The
following time points were used for imaging the animals of
the two groups: PI group: day 0, 1, 3, 7, 14, 28, 42, and 70
and INS-1E cell group: day 0, 1, 3, 5, 7, 10, 14, and 21. For
PI group animals, single animals were sacrificed for
confirmation by histology at day 1, 3, 7, 21, and 70.

In vivo BLI, FLI, and F-19 MRI

For in vivo imaging, the same instruments (IVIS
Spectrum and 9.4 Bruker MRI) were used for
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multimodal imaging as for the in vifro experiments. Prior
to in vivo BLI sessions, p-luciferin, dissolved in PBS
(15 mg/ml), was injected intravenously (126 mg/kg body
weight). All in vivo optical images were acquired using
the same protocols and settings as for the in vitro
experiments.

For both H-1 and F-19 MRI, animals were fixed using
the manufacturer’s animal holder (Bruker BioSpin). The
tails of animals were left outside of the coil to facilitate
the injection of anesthetics using a pre-fixed infusion line
with a 27-gauge butterfly needle. Anatomical H-1 MR
images were acquired using a rapid spin echo (RARE)
sequence (for more details see ESM). F-19 MRI was
performed using similar parameters as for the H-1 MRI
with the following modifications (TR=1 s; TE=
15.9 ms; number of averages=250; number of slices=
10; slice thickness=2.5 mm; matrix size= 100 x 50;
acquisition time ~30 min). Orientation and dimension
of the slice packages was kept identical for H-1 and F-
19 MRI to facilitate co-registration. All MRI measure-
ments were respiration-gated.

Histology

Animals that underwent PI transplantation were sacrificed at
different time points (day 1, 3, 7, 21, and 70) and perfused
with 4 % paraformaldehyde for fixation. Right femoral
tissue from the PI transplantation was collected for
performing insulin staining (see ESM).

Image Processing

All reported BLI and FLI images were superimposed by
a gray-scale photographic image with anatomical infor-
mation and a pseudo-color image with functional infor-
mation (see ESM). MRI data was processed using the
ImageJ software (NIH, USA) (see ESM). For the
longitudinal study, each animal’s quantified BLI, FLI,
and F-19 MR signals from the different time points were
normalized to the data from the corresponding first time
point.

Statistical Analysis

All statistical analyses and linear regressions were
performed using the Prism 6 software (GraphPad Soft-
ware, CA, USA). Either an ANOVA test with a
Bonferroni post-test for multiple groups’ comparisons or
a Student’s ¢ test for two group comparisons was used to
determine statistical differences between different exper-
imental groups. P values less than 0.05 were considered
significant.

Results

In vitro Characterization of Labeled and
Transduced INS-1E Cells

Initial experiments were performed with the INS-1E cell line
because of their beta cell-like properties and easy handling.
First, we generated a stable firefly luciferase expressing INS-
1E cell line using a multicistronic LV carrying the hEFla
promoter to drive 3flagFluc and PuroR for selection of
transduced cells after adding puromycin. This resulted in a
transduction rate of over 90 %.

By varying the particle concentration (final fluorine
concentration: 1050 mM) and labeling time (4 and 24 h),
PFCE labeling conditions were optimized to achieve
sufficient PFCE uptake while retaining cell viability and
function. A relatively long labeling time was necessary to
improve the intracellular uptake as shown in Fig. la. Using
the same PFCE concentration, 24-h labeling resulted in
significant higher fluorine concentration per cell when
compared with a 4-h labeling. Unexpectedly, no significant
differences in uptake were seen for concentrations between
10 and 30 mM, while a significantly higher uptake of PFCEs
was seen for a concentration of 50 mM. Cell viability,
relative to unlabeled cells, was assessed for the different
concentrations after labeling for 24 h (Fig. 1b). Although no
significant difference was found between the control group
and PFCE-labeled INS-1E cells, high concentrations (e.g.,
50 mM) showed a marginally lower number of viable cells.
This might be an implicit reflection of adverse effects on the
cellular doubling time, considering the relatively long
doubling times of INS-1E cells. Based on previous work
on the required intracellular fluorine concentrations for
detection by F-19 MRI and to avoid any adverse effects on
cell biology, we established a concentration of 20 mM
fluorine and a labeling time of 24 h for pre-labeling INS-1E
cells with PFCE in subsequent experiments [26]. This results
in an average of 3.7 x 10'? fluorine atoms per cell.

In addition, the stability of the fluorine label inside the
cells was also tested by prolonging the culture time of pre-
labeled cells in the medium in absence of any PFCE contrast
agent for another 24 h. As shown in Fig. lc, no significant
change of intracellular fluorine content was found. Further-
more, we were also not able to detect F-19 NMR signal from
the supernatant of the culture medium with our routine F-19
NMR spectroscopy protocol.

For illustration purposes, in vitro BLI, FLI, and F-19 MR
images of labeled, transduced INS-1E cells are shown in Fig. 1d—
f. In contrast to the negative controls (untreated cells and PBS),
PFCE-labeled and transduced INS-1E cells (3 x 10° cells seeded
in a six-well plate resulting in a few hundred cells/ mm®) were
detectable by both BLI and FLI (Fig. 1d, e). A linear correlation
between signal intensity and viable cells was found for BLI (see
ESM). Furthermore, within an acquisition time of approximately
30 min, 5 % 10° INS-1E cells (~4000-5000 cells/ pixel) could be
detected by F-19 MRI with a signal-to-noise ratio (SNR) of about
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Fig. 1 In vitro characterization of labeled and transduced INS-1E cells (error bars: SD). a PFCE nanoparticle uptake by INS-1E
cells based on F-19 NMR spectroscopy and expressed as fluorine content (number of atoms) per cell. Fluorine uptake was
determined for the different labeling conditions (concentration:10, 15, 20, 30, and 50 mM; time: 4 and 24 h). Significant
differences were found between 4 and 24 h at different concentrations (p <0.001 at 10 mM, p =0.0055 at 15 mM, p =0.0025 at
20 mM, p<0.001 at 30 mM, p =0.0036 at 50 mM), significant difference found between 50 mM with other concentrations at
both 4 and 24 h (p <0.001). b Cell viability determined after exposing INS-1E cells for 24 h to different concentrations of PFCE
particles (fluorine concentration: 10, 15, 20, 30, and 50 mM) for 24 h (no significant difference found). ¢ Assessment of PFCE
released by labeled INS-1E cells. The fluorine content of PFCE-labeled cells (24 h labeled with 20 mM final fluorine
concentration) was assessed after labeling and after extra 24 h incubation in PFCE (fluorine)-free medium. In addition, the
supernatant from the latter cells were also collected for F-19 NMR spectroscopy (no significant difference found). d
Representative BLI images (rainbow scale) of treated INS-1E cells overlaid with background photo (top: PBS; middle:
untransduced control cells; bottom: 3 x 10° PFCE-labeled cells that were transduced with a LV carrying the hEFla promoter, the
3flagFluc and a PuroR gene). e Representative FLI (hot scale, excitation wavelength: 648 nm and emission wavelength: 670 nm)
of treated INS-1E cells overlaid with background photo (top: PBS; middle: unlabeled control cells; bottom: 3 x 10° PFCE-
labeled (24 h labeling with 20 mM fluorine concentration) and transduced cells). f Representative F-19 MR image (hot scale) of a
phantom consisting of Eppendorf tubes in agar. The F-19 MR image is overlaid with its proton MR image (gray scaled). The
respective Eppendorf tubes contain 5 x 10° unlabeled INS-1E cells (negative control), 5 x 10° labeled INS-1E cells, and PFCE
particles (25 mM fluorine, positive control).

8 (Fig. 1f), which indicates a detection limit of a few thousands =~ cannot be maintained for a long time in culture, a modified
cells/pixel. strategy was needed for labeling and transducing PIs. Using the
same protocol as for the INS-1E cell transduction, luciferase
expression by PIs failed almost completely as also shown in the

In vitro Characterization Of Labeled and in vitro BLI experiments (Fig. 2a). Prolongation of the incubation

Transduced Pancreatic Islets time from 24 to 48 h resulted in successful PI transduction and
successful detection by BLIL

Considering the more complex composition of PIs, which consist The same PFCE labeling procedure as used for the INS-

of 1000 to 2000 endocrine cells and the fact that isolated Pls 1E cells could be used to label Pls with PFCE. Maximum
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Fig. 2 In vitro characterization of PFCE-labeled and transduced pancreatic islets (error bar indicates standard deviation). a

Representative BLI image (rainbow scale) of a LV carrying the hEFla promoter to drive 3flagFluc and a PuroR gene transduced
Pls overlaid with background photo (top: 50 Pls with 24 h transduction; middle: 50 controlled Pls; bottom: 50 Pls with 48 h
transduction). b Determination of PFCE particle uptake (final fluorine concentration: 20 mM) by Pls after increasing incubation
times (4, 8, 10, 20, 24, and 48 h) using F-19 NMR spectroscopy (significant difference between short incubation times (4, 8, and
10 h) with long incubation times (20, 24, and 48 h), p =0.0071). ¢ Assessment of PFCE released by pancreatic islets (error bar:
standard deviation). The fluorine content of labeled Pls (24 h labeling with 20 mM final fluorine concentration) were compared
with islets that underwent the same labeling procedure with an extra washing step and 24-/48-h incubation in PFCE/ fluorine-
free medium (no significant difference found). d Representative microscopy images of both labeled and transduced pancreatic
islets (top/bottom left: light microscopy images of Pls; top right: fluorescence microscopy image of Pls; bottom right:
fluorescence microscopy of Pls after trypan blue staining). Scale bar, 50 um. e Time series of confocal microscopy of labeled
pancreatic islets (blue: nuclei counterstained with Hoechst dye; red: PFCE particles containing DiD dye; pink: co-localization of
nuclei and PFCE particles). From left to right: representative islets at different time points after incubation with PFCE particles

(1, 8, 20, 24, and 48 h). Scale bar, 100 ym.

uptake was achieved after 20 to 24 h of exposure to PFCE
resulting in a total fluorine content of 20 mM. On average,
each islet contained approximately 1.44 x 10" fluorine
atoms (Fig. 2b). The release study confirmed that there
was no significant leakage of PFCE label from the PIs even
after 48 h in fluorine-free medium (Fig. 2c). Since the cells
of isolated PI do not proliferate as the INS-1E cells, it can be
expected that the sustainability of the fluorine label in PIs
would be longer than for the cell line. Hence, the final
procedure for PI labeling consisted of an initial 24-h
exposure of PIs to LV (5 ul per well) and a subsequent
addition of PFCE particles (20 mM) to the LV containing
medium with an exposure for another 24 h. Hereby, we were
able to simultaneously label and transduce PIs.

By labeling the lipid shell of the PFCE containing
particles with the red DiD fluorescent dye, uptake and

internalization of the PFCE particles by PIs could be
confirmed by using fluorescence microscopy (Fig. 2d).
Trypan blue staining of treated PIs confirmed the viability
of the intact PIs (Fig. 2d). The insulin content of control PIs
(898 £50 pU/islet) and treated PIs (972 +38 pU/islet) was
similar, suggesting an intact capacity of PIs for insulin
production. Results obtained from the GSIS test showed that
the secretory responsiveness to the hexose is preserved in
both control and transduced PIs. The insulin secretion
increased from 56+ pUislet (n=3, glucose 2.8 mM) to
310+ 89 pUiislet (n=35, glucose 16.7 mM) in the control
group. In the transduced PIs, the insulin secretion increased
from 5043 pU/islet (n=3, glucose 2.8 mM) to 192+
94 nU/ islet (n=5, glucose 16.7 mM).

To further confirm localization of PFCE particles within
the islets, a series of confocal microscopy images of labeled
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PIs were acquired after exposure to PFCE particles for 1 to
48 h (Fig. 2e). Particles were found both inside the cells and
in the interstitial space of PIs. The different fluorescence
signal intensities for the different PFCE labeling experiments
further confirmed our findings that the optimal labeling time
should be between 20 and 24 h. Z-stack slicing of individual
cells (see ESM) further indicated a notable uptake of PFCE
nanoparticles in the cells of Pls after a 24-h incubation time.

For bioluminescence imaging, several sub-regions of the
well plate showed detectable BLI signal if at least 50 islets
were plated, which indicates a detection limit of a few islets
by in vitro BLI (Fig. 2a). For fluorescence imaging, the high
signal intensity against background showed a similar
detection limit as for BLI (ESM). Using F-19 MRI, ten
islets per pixel were detectable within an acquisition time of
30 min (SNR ~ 12, see ESM).

Multimodal In vivo Imaging of Transplanted INS-
1E Cells

Multimodal in vivo imaging of subcutaneously transplanted INS-
1E cells was performed by grafting one million unlabeled but
transduced (fLuc) INS-1E cells as well as PFCE-labeled and
transduced (fLuc) INS-1E cells subcutaneously at the left and
right thigh of the same animal, respectively. As expected, neither
F-19 MRI signal nor FLI signal could be detected from the
unlabeled and untransduced cells (Fig. 3a, c). Both FLI and F-19
MRI sustained detectable signal for PFCE-labeled cells over a
period of 21 days. A significant drop in signal intensity was
observed over time (Fig. 3b, d). The FLI signal of labeled cells
was gradually reduced to 53 +4.6 % of its original intensity after
implantation. A similar decrease to 68 +£4.1 % of its initial value
was also observed for the F-19 MRI. A linear correlation between
the intensity of F-19 MRI and FLI signal intensity was noticed
(see Fig. 3e).

In contrast to external contrast agents, BLI provides direct
information on the viability of transplanted cells (Fig. 3f),
which results in a considerably larger variability between
different animals. As shown in Fig. 3g, due to the harsh
environment (limited oxygen and nutrition supply) at the
transplantation site and a potential immune response
mediated by the engrafted cells, a rapid loss in BLI signal
intensity (reduction by 70 % within 1 day after transplan-
tation) and hereby of viable cells was observed. Until 3 days
after engraftment, only about 14+ 15.5 % of cells remained
viable. From this time point on, the BLI signal intensity and
number of cells started to increase again (81 % from day 3 to
day 5 and from day 5 to day 7), most likely due to cell
proliferation. However, the time period between day 7 and
day 10 seemed to be critical, as only one animal out of three
showed remaining detectable BLI signal present on day 10
with a further 62.4 % increase in cell number (signal
intensity) until day 21. Besides the increase in BLI signal
intensity, no formation of a (tumor) mass was seen in the H-
1 MRL

Multimodal In vivo Imaging of Transplanted
Pancreatic Islets

Longitudinal in vivo tracking of transplanted Pls was carried out
after transplanting 200 transduced, PFCE-labeled PIs to the right
thigh. PBS injection served as a negative control on the left thigh.
Compared to INS-1E cell engrafiment, PIs were monitored for a
longer period (up to 70 days after engraftment. Similar to the
temporal profile of transplanted INS-1E cells, both FLI and F-19
MRI signal intensity decreased over time. A similar linear
correlation between the two methods was observed (Fig. 4a—e).
More interestingly, after the last time point at day 70, there was
still 47 % of F-19 MRI signal and 9 % FLI signal intensity
remaining. This provides evidence that labeling with PFCE
particles is suitable for longitudinal cell tracking for up to several
months. The larger drop in FLI signal intensity when compared to
the F-19 MRI signal intensity is most likely due to the degradation
of the fluorescent dye.

For BLI, the signal intensity showed a dramatic drop on the first
day (Fig. 4f, g). Starting from day 14, there was no signal detectable
by BLI for all animals. This indicates that the number of remaining
viable islets was below the detection limit of BLI. We were able to
confirm by immunohistochemistry (anti-insulin labeling using
avidin-biotin-peroxidase complex with diaminobenzidine, see
Fig. 4h) that viable, insulin-producing PIs were still present after
day 7 and even after day 21 (in the latter case with considerably
degraded PI morphology). This indicates that most likely the
transduced cells of Pls at the outer rim of the islets started to die first,
while some untransduced cells remained functional.

Discussion

Thanks to negligible background signal, F-19 MRI has found its
position in cellular imaging [31]. Together with high-resolution
H-1 MRI, which provides an anatomical reference, F-19 MRI can
offer accurate information regarding the location of transplanted
cells in vivo and the possibility of direct quantification. Among
different fluorinated contrast agents described in the literature [32,
33], about two thirds are perfluocarbon (PFC) based. A
remarkable strength of PFC is its often high payload of fluorine
atoms per molecule. PFCEs used in this study contain 20
equivalent fluorine atoms, which exhibits one single resonance
peak in its F-19 NMR spectrum. By using positively charged
PFCE particles, we showed for INS-1E cells and PIs can be
labeled with fluorinated particles without using transfection agents
or targeting moieties. The average fluorine atom uptake per INS-
1E cell or islet cell was about 1.5 to 4 x 10", which is comparable
with the typical range of cellular fluorine label required for F-19
MRI-based cell tracking (10''~10"%) [27, 34]. Using our
experimental setup, 10'® fluorine spins per voxels are required
to achieve sufficient SNR, which results in a detection limit of
several thousand cells or ten PIs. PFCE particles are biologically
inert, resulting in no or only limited impact on cell phenotypes and
function [15, 32]. This has been confirmed in our study where no
adverse effects of the fluorine label on cell viability and
functionality was observed. However, the side effects on cells
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Fig. 3 Multimodal in vivo imaging of transplanted INS-1E cells (10° cells suspended in 100-200 pl medium were injected at
both the right (labeled and transduced) and left (only transduced) thigh, n =6, Swiss nude mice, female, 7-9 weeks old) (error
bar indicates standard deviation). a Representative in vivo FLI images (hot scaled) of transplanted INS-1E cells overlaid with
background photographic images at different time points after engraftment (from left to right: day 0, day 3, day 5, day 14, and
day 21). b Quantification of in vivo FLI signal intensity of transplanted INS-1E cells over 21 days (significant difference found
between all time points to day 0, p =0.007 for day 1 and p <0.001 for all other time points). ¢ Representative in vivo F-19 MR
images (hot scale) of INS-1E cells overlaid with anatomical H-1 MR image (gray scaled) at different time points (from left to right:
day 0, day 0 (only F-19 MRI without anatomical background), day 7, day 14, and day 21). R represents a reference containing
15 mM (fluorine) of PFCE particles. d Quantification of in vivo F-19 MRI signal intensity of engrafted INS-1E cells over 21 days.
For quantification purposes, regions-of-interest from the site of engraftment were compared with respective regions in the
Eppendorf tube containing 15 mM (fluorine) of PFCE particles as a reference (significant difference found between all time
points to day 0, p =0.0014 for day 1 and p <0.001 for all other time points). e Correlation between in vivo FLI and F-19 MRI
signal intensity of transplanted INS-1E cells over a time period of 21 days (Y (FLI signal) = 1.621 x X (F-19 signal) — 0.6345, R =
0.9671). f Representative in vivo BLI (rainbow scale) of transplanted INS-1E cells overlaid with background photo at different
time points (left - right: day 0, day 1, day 5, day 14, and day 21). g Quantification of in vivo BLI signal intensity of the region
containing transplanted INS-1E cells over a time period of 21 days (significant difference found between day 1, 3, 5, and 7 to
day 0, p=0.0032 for day 1 and p <0.001 for other time points).
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Fig. 4 Multimodal in vivo imaging of transplanted pancreatic islets (200 Pls (labeled and transduced) mixed with 100—200 pl
medium at right thigh and 200 pl PBS at left thigh, n = 6, Swiss nude mice (female, 7-9 weeks old)). a Representative in vivo FLI
images (hot scaled) of transplanted pancreatic islets overlaid with background photo at different time points (left - right: day 0,
day 3, day 7, day 28, and day 70). b Quantitative FLI signal of in vivo tracking transplanted pancreatic islets over 70 days
(significant difference found between all time points to day 0, p <0.001). ¢ Representative in vivo F-19 MRI signal (hot scale) of
transplanted pancreatic islets overlaid with overlaid with proton image (gray scaled) at different time points (left - right: day 0,
day 7, day 28, and day 70). d Quantitative F-19 signal of in vivo tracking transplanted pancreatic islets over 70 days (significant
difference found between all time points to day 0, p =0.0054 for day 1 and p <0.001 for all other time points). e Correlation
between FLI signal with F-19 signal of in vivo tracking transplanted pancreatic islets over 70 days (Y (FLI signal)=1.647 x X
(F-19 signal) - 0.7528, R=0.9628). f Representative in vivo BLI images (rainbow scaled) of transplanted pancreatic islets
overlaid with background photo at different time points (left - right: day 0, day 1, day 3, and day 7). g Quantitative BLI signal of
in vivo tracking transplanted pancreatic islets over 70 days (significant difference found between day 1 to day 0, p =0.0347 and
day 3 to day 0, p <0.001). h Light microscopy of pancreatic islets using Guinea pig anti-insulin antibodies (left - right: day 1,
day 3, day 7, day 21). Arrow points to labeled Pls.

are known to be strongly dose-dependent [35]. With the highest ~ effect of fluorine particle labeling on the migratory and
fluorine concentration in culture medium (50 mM), the reduction ~ proliferation capacity on neural stem cells was found.

of cellular viability based on cell density could be expected. This Incorporation of a fluorescent dye into PFC emulsions has
is not surprising according to a previous study [36], where an  been described before, which allows confirmation of cell labeling



Liang S. et al.: Tri-modal imaging of transplanted pancreatic islets 949

by fluorescence microscopy, flow cytometry, and in vivo optical
imaging [37]. Similarly, radiotracer-based in vivo imaging
approaches have been combined with optical validation ex vivo
[38]. We have used a lipophilic membrane-bound red fluorescent
DiD dye in our PFCEs, which can be integrated rapidly and in a
stable manner with long retention and limited toxicity [39]. The
internalization of PFCE particles into cells was hereby confirmed
even several months after PI engraftment. The red-shift of the DiD
dye also allowed reliable in vivo detection, resulting in a linear
correlation between in vivo F-19 MRI and FLI signal intensities of
transplanted INS-1E cells and Pls, which is in agreement with
another similar reagent [34]. As the PFC emulsions were stable
mside the INS-1E cells/PIs, both F-19 MRI and FLI allow
quantification of cell/PI numbers in vivo after in vitro pre-
calibration and under the assumption that cell labeling is uniform.
However, translation to the in vivo situation is not straightforward,
where cell division, phagocytosis of dead cells, or released labels
could lead to misinterpretation.

One limitation of MRI and FLI is the fact that direct assessment
of the cell viability is not possible. In contrast, in vivo BLI of
genetically modified INS-1E cells and Pls to express fLuc can
provide semi-quantitative information on cell viability, as the
generation of bioluminescence by flLuc expressing cells requires
ATP and oxygen. As shown before, genetically engineered cells
and PIs did show survival rates and cell functionality comparable
to wild-type cells/PIs [40]. In vivo monitoring of INS-1E cells and
PIs by using BLI identified early onset of some substantial graft
rejection (almost immediately after the transplantation), while
both F-19 MRI and FLI showed delayed response, which
underlies the importance of multimodal imaging approaches for
cross-validation and proper image interpretation.

The selected subcutaneous transplantation site is an attractive
location for cell/PI tracking since the related transplantation
procedure is minimally invasive. From an imaging point of view,
the superficial location of the subcutaneous space is perfectly
suited for performing optical imaging due to only marginal light
scattering. For conventional transplantation sites like intraportal
engraftment into the liver, true 3D imaging methods like MRI or
PET are needed. For similar reasons, optical imaging methods are
less suitable for translation to the clinic. Radionuclide imaging like
PET and SPECT have been used for targeting beta cells (for
example by targeting HTP/ GLP-1 analogs) [41, 42]. PET and
SPECT are in particular relevant for the assessment of intrinsic
beta cell mass and beta cell function. The relatively short half-life
of PET tracers limits its application [20, 29]. For monitoring
engrafted islets/beta cells independent of remaining intrinsic beta
cells, transfected/ transduced cells for reporter gene-based
approaches were suggested [20, 29].

As shown by our data, another downside of subcutaneous
transplantation is the poor survival rate of transplanted cells/
PIs due to a potentially evoked immune response together
with hypoxia and a hypo-vascular environment [43]. As
such, the minimum number of islets required for recovering
diabetic animal models are reported to be 800 for mice and
5000 for rats [44, 45]. Improved outcome can be achieved
by induction of angiogenesis/pre-vascularization using

biodegradable foreign material such as biodegradable PGA
polymers [46] and stainless steel mesh [47] or scaffolds
made of extracellular matrices [48]. Other novel methods,
such as encapsulation of PIs for immune isolation [49], co-
transplanted PIs with adipose and bone marrow stem cells
for vascularization [50] are also potentially beneficial.

In summary, we optimized the transduction and labeling
protocols for both PIs and INS-1E cells, which confirmed
internalization of PFCE particles and expression of firefly
luciferase. No significant side effects on cell viability and function
were noticed for the conditions used in this study, making this a
safe approach. Our data suggested F-19 MRI is suitable for high-
resolution localization of transplanted cells and PlIs; FLI is
essential for confirmation of contrast agent localization by
histology; and BLI is a reliable method to assess cell viability
and survival after transplantation. This imaging platform is not
only limited to subcutaneous transplantation but can also be
applied to compare different transplantation sites, such as
intramuscular, intraportal liver injection, into the omentum, into
the anterior chamber of the eye, and others [9].

Conclusions

We propose a tri-modal imaging platform by combining
BLI, FLI, and F-19 MRI for tracking subcutaneously
transplanted PIs or INS-1E cells for the in vivo characteri-
zation of experimental models for islet transplantation. With
this imaging approach, novel strategies for improving
outcome of PI transplantation could be better evaluated and
compared in longitudinal studies, reducing the number of
animals needed and reducing statistical variability when
compared with studies entirely relying on histology at
particular time points.
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