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Abstract

Objective Tracking the autoreactive T-cell migration in the pancreatic region after labeling with fluorinated nanoparticles
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)propionate]-perfluoro-15-crown-5-ether nanopar-
ticles, PDP-PFCE NPs) in a diabetic murine model using I9F MRL

Materials and methods Synthesis of novel PDP-PFCE fluorine tracer was performed for in vitro labeling of T cells. Labeling
conditions were optimized using different PDP-PFCE NPs concentrations. For in vivo '°F MRI, mice were longitudinally
followed after adoptive transfer of activated, autoreactive, labeled T cells in NOD.SCID mice.

Results Established MR protocols were used for challenging T cell labeling to track inflammation in a model of diabetes
after successful labeling of CD4+ and CD8+ T cells with PDP-PFCE NPs. However, T cells were difficult to be detected
in vivo after their engraftment in animals.

Discussion We showed successful in vitro labeling of T cells using novel fluorinated liposomal nanoparticles. However,
insufficient and slow accumulation of labeled T cells and subsequent T cell proliferation in the pancreatic region remains as
limitations of in vivo cell imaging by '°F MRI.

Keywords '°F MRI - T cells - Inflammation - Nanoparticles - Type 1 diabetes

Introduction

Autoimmune type 1 diabetes (T1D) results from a decline
in insulin-producing pancreatic f-cells, resulting in hyper-
glycemia when P-cells are selectively destroyed by the
autoimmune repertoire. The diagnosis of T1D mainly
includes serological fasting blood glucose measurements
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and identification of genetic markers. Over the past years,
some progress has been made for the in vivo visualiza-
tion of pancreatic f-cells in both pre-clinical and clinical
settings [1-5]. In T1D, autoreactive T cells are the main
culprits responsible for inflammation and the depletion of
insulin-producing pancreatic p-cells. However, the inter-
play between immune cells and p-cells remains poorly
understood and was only visualized by invasive imaging
techniques [6, 7]. Non-invasive assessment of the onset of
inflammation and autoimmunity is currently unavailable
but would improve monitoring of the disease and possible
treatment. Several studies have been conducted to under-
stand the role of T cells, where both CD4+ and CD8+ T
cells are found to be crucial in the induction of T1D [8, 9].
The ability to visualize immune cells after in vitro labeling
with potential contrast agent could provide a powerful tool
to understand the evolution of the disease and establish
testing of novel therapeutic approaches. The potential
value of non-invasive imaging in elucidating underlying

@ Springer


http://orcid.org/0000-0001-9629-8363
http://crossmark.crossref.org/dialog/?doi=10.1007/s10334-018-0720-x&domain=pdf

296 Magnetic Resonance Materials in Physics, Biology and Medicine (2019) 32:295-305

inflammatory processes includes monitoring the dynamics
of cellular interactions and disease progression [10].

In this regard, in vivo cell imaging methods have gained
momentum over the last decade [11, 12]. Hereby, mag-
netic resonance imaging (MRI) is one of the most power-
ful in vivo imaging tools due to its high resolution and soft
tissues contrast. For the visualization of specific cell types,
MRI contrast agents are needed that are (a) highly specific
to the targeted cell type, (b) are sensitive, (c) generate
unambiguous contrast, (d) stably attach to/are incorporated
by the cells, (e) not affecting cell biology and (f) generat-
ing longitudinal contrast changes [13].

Until now, most imaging applications for the in vivo
visualization of inflammatory processes and cells of the
immune system have mainly focused on models with high
numbers of immune cell infiltrating at the site of injury
or disease. The utilization of sensitive superparamagnetic
iron oxide (SPIO) particles as contrast agents was often
hampered by unfavorable background contrast, unspecific
contrast origin and the inability to accurately quantify the
extent of inflammation [14]. Nowadays, fluorine ("F) MRI
has gained increased popularity also for the visualization
of inflammatory processes where the MR signal from the
19F atoms can be directly quantified [15-18]. As a poten-
tial contrast agent for '°F MRI, perfluoro-15-crown-5-ether
nanoparticles (PFCE-NPs) are promising due to the large
number of equivalent fluorine atoms per molecule [19,
20]. It has been shown that, when intravenously injected,
PFCE-NPs do not extravasate but are phagocytozed mainly
by macrophages allowing the measurement of immune cell
infiltration corresponding to the inflammation in disease
models.

On the other hand, it has been extremely challenging
to label non-phagocytic immune cells like T cells for their
in vivo follow-up after their engraftment in a suitable T1D
model [21, 22]. To overcome such challenges, chemical
methods like the use of transfection agents are successfully
applied to label non-phagocytic cells like T cells and visu-
alize them in a murine model of diabetes [23]. However,
it has been reported that transfection agents may induce
cellular toxicity or immune activation, potentially disturb-
ing the normal physiological function of T cells [24]. To
achieve a sufficient cellular fluorine concentration for gen-
erating detectable '°F MR signal without using transfection
agents, we applied a lipid modification of PFCE NPs with
PDP (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-
(2-pyridyldithio)propionate]) (PDP-PFCE NPs), facilitating
the interaction of T-cell membrane with the nanoparticles
[25].

In this study, we aimed to visualize islet antigen-specific
(NOD-derived BDC2.5), autoreactive T cells labeled with
novel PDP-PFCE NPs after adoptive transfer in NOD.SCID
mice using '°F MR imaging.
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Materials and methods
Animals

BDC2.5 T cell receptor (TCR)-Tg NOD mice aged
6-8 weeks (n=8) and NOD.SCID mice aged 5-6 weeks
(n=13) were obtained from the breeding facility of Clini-
cal and Experimental Endocrinology (KU Leuven, Leuven,
Belgium). All animals were housed in micro-isolator IVC
cages, fed with standard chow diet, and received tap water
ad libitum. All in vivo experiments were approved by the
Institutional Animal Care and ethical Committee.

Synthesis of PFCE and PDP-PFCE nanoparticles

PFCE NPs were prepared, as described previously [26]. Fur-
ther, 40.2 wt% DOPE (1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine), 50 wt% PE-PDP (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-[3-(2-pyridyldithio)propionate]),
and 9.8 wt% cholesterol (Avanti Polar Lipids, Alabaster,
USA) all dissolved in chloroform was mixed with PFCE-
NPs to synthesize PDP-PFCE NPs.

For flow cytometry, anionic PDP-PFCE NPs were incor-
porated with 2.5 wt% of the lipophilic DiR fluorescent dye
(Thermo Scientific, Cramlington, UK). After evaporation of
chloroform, the lipid film was hydrated in a 1:2:7 of glyc-
erol, propanediol (Thermo Scientific) and MiliQ water to
obtain total lipid concentration of 1.4 x 10> mmol/mL.

Isolation and activation of splenic T lymphocytes

Splenocytes obtained from BDC2.5 TCR-Tg NOD mice
were maintained in RPMI 1640 medium (Invitrogen, Merel-
beke, Belgium) supplemented with Glutamax (Gibco, Ger-
many), 10% FCS, 10 mM HEPES, 1 mM glutamine, 1 mM
Na-pyruvate and 50 uM 2-ME (Invitrogen, Merelbeke, Bel-
gium). After the lysis of red blood cells using NH,CI at
room temperature, T cells were resuspended at 106 cells/mL.
For T-cell activation, splenocytes were pulsed with BDC2.5
mimotope (AnaSpec, Fremont, California, USA) at a con-
centration of 0.1 pg/mL and incubated at 37 °C for 72 h as
described [27]. Purity of T cells was assessed ~90-95% for
individual experiments using flow cytometry.

In vitro labeling of splenicT cells with PDP-PFCE
nanoparticles

After 72 h of activation, T cells were washed with serum-
free media and co-incubated with DiR-coupled fluorescent
PDP-PFCE nanoparticles for 3 h at 37 °C. For flow cytom-
etry, labeled T cells were washed for the removal of free



Magnetic Resonance Materials in Physics, Biology and Medicine (2019) 32:295-305 297

nanoparticles with FACS buffer [Phosphate Buffer Saline
(PBS) with 0.1% BSA (Invitrogen, Merelbeke, Belgium) and
2 mM EDTA (Merck, Darmstadt, Germany)]. Pre-incubation
with Fc receptor-blocking antibody and cell surface staining
was performed using an antibody mix of anti-CD4-FITC,
anti-CD8-efluor450 and CD11/b-PE. Dead cells were
excluded from each analysis using Live/Dead yellow dye
(Invitrogen, Merelbeke, Belgium).

Imaging of PDP-PFCE NP-labeled T cells in phantoms
and in vivo using "°F MRI

Splenic T cells were labeled with PDP-PFCE NPs (total fluo-
rine concentration: 20 mM) and embedded in centrifugation
tubes (Eppendorf, Rotselaar, Belgium) containing 2% agar
(Merck, Darmstadt, Germany) and 5 X 10°, 1x 10, 2.5%10°
or 5x10° cells (n=3), respectively. To mimic the in vivo
environment, the same amount of labeled T cells suspended
in 100 pl sterile PBS were subcutaneously engrafted in mice
before acquiring '°F MR images. '°F MRI was performed
within 30-60 min following cell engraftment.

'9F MR imaging of labeled T cells

All "F/"H MR images were acquired on a preclinical 9.4T
Bruker Biospec MR scanner (Bruker Biospec 94/20, Ettlin-
gen, Germany). MR imaging was performed with a pur-
pose-built dual-tuned surface coil for 'H (proton) and °F
(fluorine) MR using the same orientation and placement of
slice packages. For the monitoring of T cells, a first recipi-
ent group of NOD.SCID mice (n=5) received 1x 10° and a

T cell activation

19F MR follow-up

second recipient group of NOD.SCID mice (n=15) received
5% 10° BDC2.5-mimotope-loaded PDP-PFCE-labeled T
cells via intravenous injections, (Fig. 1).

The control group received saline. For the T1D model,
MR images were acquired in coronal orientation. For all
acquisitions, a RARE (Rapid Acquisition with Relaxation
Enhancement) MR sequence was used with the follow-
ing parameters: anatomical images were acquired with
TE=6.121 ms, RARE factor=8, TR =3500 ms, spa-
tial resolution=0.156 mm X 0.156 mm, slice thickness
1 mm. Fluorine images were acquired with TE=6.11 ms,
RARE factor=32, TR =5388 ms, spatial resolu-
tion=1.25 mm X 1.25 mm, slice thickness =2 mm.

For phantom experiments, anatomical images with
TE=6.121 ms, RARE factor=8, TR=3500 ms, spatial
resolution=0.175 mm X 0.175 mm, slice thickness 1 mm
were acquired. Parameters used for fluorine images were:
TE=6.11, rare factor=32, TR =4500 ms, spatial resolu-
tion=1.406 mm X 1.406 mm, slice thickness =2 mm.

In vivo estimation of fluorine concentrations
in various organs

For the data processing, 'H MR images were overlaid on
the °F MR images using MeVislab software version 2.6.1
(MeVis Medical Solutions AG, Bremen, Germany). A refer-
ence tube with known number of '°F atoms was placed next
to the liver of all animals. With the help of Gaussian smooth-
ing and interval thresholding, '°’F MR images were masked
as described previously [26]. The regions of interest from
9F MR images were manually delineated to obtain mean
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Fig.1 Experimental timeline for the in vitro labeling and in vivo '°F MR imaging after adoptive transfer of T cells in a T1D mouse model

@ Springer



298 Magnetic Resonance Materials in Physics, Biology and Medicine (2019) 32:295-305

signal intensities relative to the reference for the quantifica-
tion of fluorine atoms.

Ex vivo validation

For the T1D model, pancreases were isolated and prepared
for flow cytometry from all NOD.SCID mice groups on
day 9, after in vivo transfer of activated labeled T cell, as
described previously [27]. Briefly, pancreatic tissue was
finely minced and suspended in RPMI complete medium
containing 1 mg/mL collagenase VIII and 0.02 mg/mL
DNAase I (Merck, Darmstadt, Germany) for tissue diges-
tion. Single cell suspensions were obtained from homog-
enized tissues and strained using a 70 um nylon strainer
(both from Miltenyi Biotec, Leiden, The Netherlands). Cells
were surface-stained for flow cytometry using CD4 + and
CD8+T cell antibodies, for the identification of PDP-PFCE
NP-labeled T cells.

Flow cytometry and confocal microscopy

All antibodies used for flow cytometry were purchased from
eBioscience (San Diego, California, USA). Flow cytome-
try was performed on a Gallios flow cytometer (Beckman
Coulter, Analis, Suarlee, Belgium), and data analyses were
executed on FlowJo software®, (version 10.4.2, FlowJo
LLC, Ashland, Oregon, USA). Confocal microscopy was
performed on a Nikon Eclipse A1R microscope (Nikon,
Tokyo, Japan).

9F nuclear magnetic resonance (NMR)
spectroscopy of cell suspensions

To assess the amount of fluorine label per cell, either
2.5x10%, 5x10% 1x10% 2.5% 10° or 5x 10° PDP-PFCE-
labeled T cells were embedded in agar-filled Eppendorf
tubes and imaged as described above or '°F NMR experi-
ments were performed using a 400 MHz NMR spectrometer
with an Avance II console (Bruker Biospin GmbH, Rhein-
stetten, Germany) as described before [1]. For the latter,
cells were suspended in 5 mm NMR tubes (Wilmad, Vine-
land, NJ, USA). A 5 mm broadband probe was used with an
operating frequency for '°’F NMR of 376.50 MHz. For all
9F NMR experiments, the following parameters were used:
relaxation delay: 5 s, number of acquisitions: 1024, spectral
width: 350 ppm and 128 k data points. NMR data analyses/
quantifications were performed using the TopSpin software
(Bruker Biospin, Rheinstetten, Germany) by integrating '°F
NMR signals after phase and baseline corrections and com-
parison to an internal standard of known concentration. As
a reference compound, 5-fluorocytosine or sodium fluoride
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(0.1 mL, 5 mM 19F concentration) was added to determine
the chemical shift and '°F concentration.

Statistical analysis

Data sets were analyzed using one-way ANOVA and Bon-
ferroni’s multiple comparison tests with Prism (version 6,
GraphPad software, San Diego, USA). Data are represented
as mean + SEM.

Results

In vitro labeling of NOD/BDC2.5 transgenicT cells
with PDP-PFCE nanoparticles

Islet antigen-specific autoreactive T cells isolated from the
spleen of NOD/BDC2.5 TCR Tg mice were isolated as
described [28]. T cells were activated with BDC 2.5 mimo-
tope and labeled with PDP-PFCE NPs. Flow cytometry was
performed for quantitative analysis of labeled T cells at 10
and 20 mM PDP-PFCE NPs concentrations (Fig. 2).

Both CD4+ and CD8+ viable T cells were analyzed for
fluorine concentrations of 10 and 20 mM to assess the asso-
ciation with PDP-PFCE NPs (Fig. 2a). A threshold median
fluorescence intensity (MFI) was applied by implementing
T cells without PDP-PFCE NPs (Fig. 2b). Consequently,
the frequency of PDP-PFCE labeled cells and particles/cell
was determined following exposure to two different parti-
cle concentrations (Fig. 2c). Maximal T cell labeling with
PDP-PFCE NPs was observed at a fluorine concentration
of 20 mM. For the qualitative analysis of the PDP-PFCE
NP-labeled T cells and further confirmation of label associa-
tion, T cells were analyzed by confocal microscopy using a
fluorine concentration of 20 mM (Fig. 2d).

'9F MR imaging and NMR spectroscopy
of PDP-PFCE NP-labeled T cells

To estimate the detectable number of PDP-PFCE NP-labeled T
cells, phantoms that contained different numbers of labeled T
cells were prepared after labeling T cells with PDP-PFCE NPs
using a total fluorine concentration of 20 mM. As expected,
a linear correlation was observed between the '°F MRI sig-
nal intensity with the number of PDP-PFCE NP-labeled T
cells (Fig. 3a, b). The lowest detectable amount of T cells was
approximately 5x 10°. The signal-to-noise ratio (SNR) for
5x10° PDP-PFCE NP labeled T cells in phantoms was 18.
Results obtained from '°F NMR spectroscopy confirmed linear
correlation between the number of '°F spins with the amount
of labeled T cells (Fig. 3c). Based on !°’F NMR spectroscopy, T
cells contained on average 7 +2 X 10'? fluorine atoms/cell. To
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Fig.2 Quantitative and qualitative analyses of T cells labeled with
PDP-PFCE nanoparticles. a Specific T cell markers were used for the
identification of CD4+ and CD8+ T cell populations. b Histogram
representation of PDP-PFCE NP-labeled T cells at concentrations
of 10 and 20 mM, respectively. ¢ Percentage of labeled CD4+ and
CD8+ T cells and the median fluorescence intensities (MFI) were

test the detection limits of PDP-PFCE-labeled T cells in vivo,
we subcutaneously engrafted different amounts of labeled T
cells subcutaneously in healthy mice. Based on the in vivo
F MR imaging, we were also able to detect down to 5x 10°
labeled T cells with an SNR of approximately 8 (Fig. 3d, e).

CD4 T cell marker

measured for fluorine concentrations up to 20 mM PDP-PFCE using
flow cytometery (n=3, mean+ SEM, ****P <(0.0001). d Qualitative
confocal microscopy, showing CD4+ T cells labeled with PDP-PFCE
NPs at the concentration of 20 mM, (blue =nuclei, red = PDP-PFCE
NPs, green =CD4+ T cell marker, scale bar=20 um)

In vivo assessment of autoreactive T cells labeled
with PDP-PFCE NPs post-adoptive transfer in NOD.
SCID mice

Autoreactive T cells were loaded with BDC2.5 mimotope
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NP-labeled T cells and representation of the correlation between
fluorine concentration and the number of PDP-PFCE NP-labeled
T cells at different cell concentrations (R=0.9881), respectively.
¢ "F NMR spectroscopy-based quantification of fluorine atoms

and labeled with 20 mM PDP-PFCE nanoparticles. The
adoptive transfer of PDP-PFCE NP-labeled T cells in NOD.
SCID mice was performed via intravenous injection where
group 1 and 2 received 1x 10° and 5x 10° T cells, respec-
tively. The control group did not receive T cells.

After 24 h following adoptive transfer of PDP-PFCE
NPs labeled T cells, '°F MR images were acquired from
all groups of NOD.SCID mice for up to 8 days. We did not
observe any '°’F MRI-detectable fluorine signal from the
pancreatic or other regions of all groups of NOD.SCID mice
at any of the '°F MR imaging time-points (Fig. 4).

Determination of T1D onset and ex vivo
quantification of T cells in the pancreas

To verify whether transferred labelled T cells were func-
tional in vivo and the loss of label was not because of cell
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from T cell (R=0.9856). The signal intensity of PDP-PFCE NPs
was compared to an internal chemical shift and concentration refer-
ence. d, e Subcutaneous implantation of different concentrations of
PDP-PFCE-labeled T cells in mice, for the quantification of fluorine
signal and estimation of detection threshold (R=0.9229). The PDP-
PFCE concentration used for labeling T cells was 20 mM. 1=5x 10,
2=1x10%3=2.5x10°and 4=5x10°

death or dysfunctional T cells, we monitored blood glucose
level and performed ex vivo flow cytometry. The onset of
T1D was determined by recording the blood glucose levels
on all non-fasted NOD.SCID animals from day 1 until day
12, post adoptive transfer of PDP-PFCE-labeled T cells. As
expected, animals receiving 5x 10° labeled T cells showed
an earlier onset of T1D (day 6) than animals receiving
1% 10° T cells (day 10), as shown in Fig. 5a. The control
group featured normal blood glucose concentrations.

To quantify the number of migrating PDP-PFCE NP-
labeled T cells in the pancreas, we performed ex vivo flow
cytometry on day 12. We did not observe PDP-PFCE NP-
labeled T cells as confirmed by flow cytometry. However,
CD4+ T cells were observed in both the recipient NOD.
SCID groups with a higher percentage in the group receiv-
ing more cells (Fig. 5b). This shows that the T cells were
functional and effectively migrated to the pancreas although,
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Fig.4 Longitudinal in vivo

MR imaging to follow-up
PDP-PFCE NP-labeled T cells
after adoptive transfer in a T1D
model. All groups of animals
were monitored by acquiring

'H and '°F MR images of the
pancreatic regions from day 1 to
day 8. The images shown above
are from a representative animal
that has received 5x 10° labeled
T cells. A fluorine reference

(30 mM) was placed next to the
animal for the quantification of
19F signal
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Fig.5 Onset of type-1 diabetes and ex vivo flow cytometry of the
pancreas. a After the labeled T cells engraftment, blood glucose level
was measured for up to 12 days from non-fasted NOD.SCID animals

-e- Control
-+ 1x10° T cells group
-+ 5x10° T cells group

to determine the onset of T1D. b Ex vivo flow cytometry on pancre-
ases, showing the presence of CD4+ T cells detected on day 12 post
transplantation in both mice groups (mean+ SEM, *P <0.05)
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no association of PDP-PFCE NPs was observed with the
isolated T cells.

In vitro assessment of PDP-PFCE label dilutionin T
cells

To explain the low degree of T cell labeling in the pan-
creatic region, we have assessed the dilution of PDP-PFCE
NP-labeling of T cells with continued proliferation in vitro.
Hereby, 5x 10° T cells were labeled with 20 mM PDP-PFCE
nanoparticles and labeling was assessed at different time-
points using flow cytometry. We found a decrease in the
number of CD4+ and CD8+ T cells labeled with PDP-PFCE
nanoparticles after 24 h (Fig. 6a, c¢). The median fluores-
cence intensities showed that the number of PDP-PFCE
nanoparticles associated with T cells decreased rapidly over
time (Fig. 6b—d).

Discussion

In T1D, the breach of tolerance mechanisms results in the
emergence of self-reactive T cells, which infiltrate the islets
along with monocytes/macrophages and destroy the pan-
creatic p-cells [9, 29]. As inflammation is a hallmark of
autoimmune diseases like T1D, it is important to assess the
onset and progression of these immunological processes.
The high contrast specificity of '’F MR imaging when com-
pared to the use of SPIO agents is hence a promising imag-
ing tool, which has been exploited for in vitro and in vivo
visualization of tracer-labeled immune cells and to quantify

b
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Fig.6 In vitro assessment of PDP-PFCE labeling on BDC 2.5-acti-
vated T cells. ad—d Quantification of the labeling and MFI of CD4+
and CD8+ T cells with PDP-PFCE particles (20 mM fluorine con-
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inflammation [16, 23, 30-32]. In this study, we employed
adoptive transfer of novel PDP-PFCE tracer-labeled auto-
reactive T cells into immunodeficient T1D-susceptible
animals. We followed the T cell recipient NOD.SCID mice
aiming to visualize pancreatic inflammation by longitudinal
F MR

Delivery of magnetic nanoparticles (MNPs) in vivo has
already been successful in demonstrating changes in the pan-
creatic vasculature of diabetic mouse models, after accumu-
lation of labeled nanoparticles in infiltrating macrophages
[33]. However, labeling of non-phagocytic immune cells
like T cells is challenging, as they do not follow the endo-
cytic pathway for cellular uptake. While transfection agents
are readily used to enhance the labeling of T cells also for
F MRI-based tracking [23], chemical methods may affect
physiological immune function of labeled T cells [34]. Other
large scale industrial processes were also exploited to label T
cells using commercially available '°F tracers for monitoring
T cell immunotherapy; however, this procedure is difficult
to implement for small-scale laboratory experiments [35].
We therefore assessed whether lipid modification of PFCE-
containing nanoparticles can facilitate their interaction with
the T cell membrane, where we successfully labeled CD4+
and CD8+ T cells in vitro with PDP-PFCE nanoparticles.
Comparison with previous attempts to label T cells with
fluorine-containing contrast agents for in vivo monitor-
ing showed labeling efficiencies between 1 and 22 x 10
fluorine atoms per cell [22, 23]. Without using transfection
agents, we were able to achieve T cell labeling in a simi-
lar concentration range (7 x 10'2 fluorine atoms per T cell).
From our '°F MR imaging data of phantoms, we were able
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to quantify T cells in a range from 0.5 to 5 million T cells
labeled with PDP-PFCE NPs, potentially suitable for accu-
rate and quantitative cell tracking.

However, in vivo '°’F MR images showed no detectable
fluorine signal from the pancreatic region of NOD.SCID
recipient mice, engrafted with different amounts of labeled
T cells. Transplanted animals became diabetic 5 days after
adoptive transfer of labeled T cells, indicating that the
engrafted T cells were able to migrate to the pancreas for the
destruction of p-cells. Further, based on our in vitro PDP-
PFCE label dilution experiments, we can conclude that the
PDP-PEFCE label was probably diluted due to T cell prolif-
eration in the pancreatic region. Based on these findings, T
cells were sufficiently labeled with PDP-PFCE NPs for up
to 48 h, but the number of particles/cell was not sufficient
to achieve detectable in vivo '°F MR signal after sufficient
local accumulation of T cells in the pancreatic region 5 days
after engraftment. As measured by the '°F MRI experiments
of phantoms, the detectability threshold was estimated to
be~10'® fluorine atoms/pixel, which is comparable with pre-
vious publications [36, 37]. This is sufficient for models of
relative rapid local in vivo accumulation of labeled cells like
the LPS model [15], but the in vivo detection of PDP-PFCE
NP-labeled T cells in a T1D model remains elusive and chal-
lenging using '°F MR imaging. This illustrates the ‘biologi-
cal’ requirements for making in vivo '°F MRI-based cell
imaging successful: (1) sufficiently high amounts of locally
accumulated labeled cells are needed, and (2) cell prolifera-
tion and associated label dilution should be minimal.

If these ‘biological’ requirements cannot be met, ‘techni-
cal’ improvements are needed like the development of more
efficient fluorinated nanoparticles to achieve labeling of T
cells, that is sufficient for in vivo monitoring by '°F MRI.
Synthesis of fluorine tracers with high number of fluorine
atoms is required to compensate for the dilution after the
cell divisions. To avoid the utilization of tranfection agents,
which have been used with fluorinated contrast agents for
in vivo monitoring of T cells [23] we have used NPs with
a modified surface (PDP-PFCE NPs). Although, we have
achieved almost as high cellular fluorine concentrations as
have been achieved with transfection agents [23] we failed
to monitor T cell infiltration in vivo. Considering the efforts
also taken by other research groups, this is not completely
unexpected [22]. Using terminally divided T cells or higher
numbers of engrafted T cells than routinely used in this
model are ‘biological’ modifications for achieving high
in vitro labeling and in vivo visualization upon transfer in
T1D model. However, as proliferation of T cells is their
characteristic feature for the generation of adaptive immune
response, such a model would be irrelevant to study inflam-
mation in this disease model.

In conclusion, the utilization of transfection agents is
currently the only approach that has resulted in sufficiently

high fluorine concentrations for in vivo monitoring of T
cells. As the utilization of transfection agents for diag-
nostic imaging in the clinic is currently not approved,
other ways for achieving sufficient sensitivity of in vivo
9F MRI of non-phagocytic cells may include more sen-
sitive and dedicated '°F coils like cryogen-cooled coils
and improved processing methods like compressed sens-
ing techniques [38, 39]. However, it remains to be seen
if these improvements will be sufficient to overcome the
detectability limitations of '°F MRI cell imaging applica-
tions for non-phagocytic cells. These improvements will
further aid in the translation of preclinical methods to the
clinical settings.
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