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Development of Timd2 as a Reporter Gene for MRI
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Purpose: To assess the potential of an MRI gene reporter
based on the ferritin receptor Timd2 (T-cell immunoglobulin
and mucin domain containing protein 2), using T1- and T,-
weighted imaging.

Methods: Pellets of cells that had been modified to express
the Timd2 transgene, and incubated with either iron-loaded or
manganese-loaded ferritin, were imaged using T¢- and T,-
weighted MRI. Mice were also implanted subcutaneously with
Timd2-expressing cells and the resulting xenograft tissue
imaged following intravenous injection of ferritin using To-
weighted imaging.

Results: Timd2-expressing cells, but not control cells, showed
a large increase in both R, and Ry in vitro following incubation
with iron-loaded and manganese-loaded ferritin, respectively.
Expression of Timd2 had no effect on cell viability or prolifera-
tion; however, manganese-loaded ferritin, but not iron-loaded
ferritin, was toxic to Timd2-expressing cells. Timd2-expressing
xenografts in vivo showed much smaller changes in R, follow-
ing injection of iron-loaded ferritin than the same cells incu-
bated in vitro with iron-loaded ferritin.

Conclusion: Timd2 has demonstrated potential as an MRI
reporter gene, producing large increases in R, and R4 with ferri-
tin and manganese-loaded ferritin respectively in vitro, although
more modest changes in R, in vivo. Manganese-loaded apo-
ferritin was not used in vivo due to the toxicity observed in
vitro. Magn Reson Med 000:000-000, 2015. © 2015 The
Authors. Magnetic Resonance in Medicine published by
Wiley Periodicals, Inc. on behalf of International Society
for Magnetic Resonance in Medicine. This is an open
access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is
properly cited.
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INTRODUCTION

A variety of MR reporter genes have been developed that
are detectable in T,- and T;-weighted 'H images (1-17),
in F images and spectra (18-20) and in *'P spectra
(20—24). Recent work has also investigated the potential
of MR gene reporter systems that use hyperpolarized
3C-labeled metabolites (25-27) and '*Xe-based probes
(28), although of these only one has been demonstrated
in vivo (27). Chemical exchange saturation transfer
(CEST) is another promising method for producing MR
contrast for which gene reporters have been developed
(29-31). The signal can be switched on and off and,
because contrast agents can have exchangeable protons
at different frequencies, there is the possibility of
“multicolor” imaging. However, the sensitivity of detec-
tion in these systems has so far been relatively low.

Various MR reporter systems have also been devised
that incorporate multimodal imaging, including LacZ
(11,14,18-20,32), tyrosinase (7,13,33-35), mbGlucBiotin
(10), and BAP-TM (9). Two of the more promising multi-
modal approaches use DMT1, which is a transporter for
manganese (15), and Oatp1, which transports a clinically
approved gadolinium-based contrast agent (16). These
produce higher levels of contrast in T;-weighted images
than reporters described previously, as well as function-
ing as radionuclide imaging reporters (16,36) and, in the
case of Oatp1l, enhancing bioluminescence signal from
luciferase-expressing cells as well (37).

Ferritin, a polymeric spherical iron storage protein,
has been one of the more widely used reporters
(1-3,5,38). Accumulation of ferritin above normal back-
ground levels can be detected as a hypointense signal in
T,-weighted images, allowing ferritin transgene expres-
sion to be detected. However, the change in relaxivity
that can be achieved by ferritin overexpression is often
small due to limited iron availability and accumulation,
and therefore the change in image contrast can be diffi-
cult to detect (3). One approach to improving sensitivity
has been to increase iron uptake by overexpression of
the transferrin receptor (4). While this increased the abil-
ity of cells to take up transferrin in vitro, the improve-
ment in image contrast in vivo was still quite modest.

We have investigated here exploitation of another iron
uptake mechanism as an MRI-based gene reporter: the
receptor Timd2 (T-cell immunoglobulin and mucin
domain containing protein 2) that mediates ferritin endo-
cytosis (39-41). T-cell immunoglobulin and mucin
domain containing protein 2 (Timd2; also known as
TIM-2) is a murine protein that is expressed primarily
on immune cells, where it plays a role in signaling.
Timd2 expression elsewhere is limited, but is also found
in both liver and kidney, where it functions primarily as



a ferritin receptor to remove ferritin from the blood (40),
as well as on oligodendrocytes, where it is upregulated
during myelination to meet increased iron demands (39).
Because ferritin can hold up to 4000 iron atoms in its
internal cavity, compared with two atoms in transferrrin,
this reporter offers a potentially more sensitive alterna-
tive to the transferrin receptor-based reporter. In addi-
tion, the iron in ferritin can be exchanged for manganese
(42), making it an effective T, contrast agent (43), as well
as a T, contrast agent.

We demonstrate in vitro that cells expressing Timd2
and incubated with ferritin or manganese-loaded apofer-
ritin showed large increases in R, and R;, respectively.
Cells expressing Timd2 implanted as xenografts in mice
also showed changes in R, following intravenous injec-
tion of ferritin, although these changes in contrast were
more modest than those observed in vitro. Due to the
observed toxicity with manganese-loaded apoferritin in
vitro this agent was not pursued further in vivo. Timd2
represents another addition to the growing number of
proteins that can be used as MRI-based gene reporters.

METHODS
Cell Culture

All experiments were carried out using HEK 293T (human
embryonic kidney) cells. Cells were cultured in 5% CO,,
at 37°C, in Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies), supplemented with 10% fetal bovine
serum and 2 mM L-glutamine (Life Technologies).

Production of the Lentiviral Transfer Plasmid

A sequence encoding mStrawberry (44), E2A (amino acids
QCTNYALLKLAGDVESNPGP) (45), and murine Timd2
(NCBI reference sequence NM_001161356.1), was initially
assembled in a pBluescript II plasmid. The three coding
sequences were arranged in frame, and the stop codon at
the end of mStrawberry was mutated so that only a single
stop codon at the end of Timd2 remained. The transgene
was then cloned into the lentiviral transfer vector back-
bone plasmid pBOBI (46) (a gift from Inder Verma, Salk
Institute, California). A 500 bp shortened mouse phospho-
glycerate kinase (PGK) promoter was inserted upstream of
this sequence. This promoter is constitutively active in
mammalian cells and is homologous to the human pro-
moter (47). The vector was sequenced to confirm that no
errors had been introduced during its construction.

Lentiviral Preparation

Replication defective vesicular stomatitis virus glycopro-
tein (VSV-G) pseudotyped lentiviral vectors were produced
(48), and purified (49) according to published protocols,
using the assembled pBOBI-PGK-mStrawberry-E2A-Timd2
transfer plasmid and three packaging plasmids. The pack-
aging plasmids, pMDL, pVSV-G, and pRSV-REV, were a
gift from Inder Verma (Salk Institute, California).

Fluorescent Labeling of Ferritin

Ten mg of horse spleen ferritin (Sigma-Aldrich) were dis-
solved in sodium borate buffer (100 mM, pH 9), at a con-
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centration of 0.044 mg/mL and reacted with fluorescein
isothiocyanate (FITC, previously dissolved in dimethyl
sulfoxide at 13 mg/mL) for 1 h in the dark, at room tempera-
ture, while stirring at 100 rpm. The reaction was quenched
by the addition of a 500-fold molar excess of Tris-HCI (12
uM; pH 8). Unreacted FITC was removed by extensive
buffer-exchange into HBS buffer (HEPES-buffered saline:
20 mM HEPES, 150 mM NaCl, pH 7.4) using 30 kDa cut-off
spin filters (GE Healthcare). FITC-labeled ferritin was ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), with brightfield and fluorescence
detection to confirm successful labeling.

Confocal Microscopy

Cells were grown on sterile glass cover slips. Before
imaging the growth medium was removed and the cover
slips washed in phosphate-buffered saline (PBS) and
then inverted onto a glass slide with a drop of Prolong®
Gold mounting medium containing DAPI (4',6-diami-
dino-2-phenylindole) nuclear stain (Life Technologies),
and left to dry in the dark. Slides were imaged using a
Leica Tandem confocal microscope with an oil objective.
Images were assembled as maximum projections from Z-
stacks of slices taken at 1-wm intervals.

Western Blot

Cells were lysed in 5 pL of cell lysis buffer (M-Per,
Thermo Scientific) per mg of cells, according to the man-
ufacturer’s instructions. Protein concentration was esti-
mated using the Bradford assay. Twenty pg of whole cell
lysate were mixed with 4x loading buffer (NuPAGE LDS
sample buffer, Life Technologies,) and 10x reduction
buffer (NuPAGE sample reducing agent, Life Technolo-
gies), made up to 20 pL with PBS, and heated to 70°C for
10 min. Samples were run on a 4 to 12% PAGE gel
(NuPAGE Novex Bis-Tris gel 1 mm 10 well, Life Tech-
nologies), with a protein standard ladder (Kaleidoscope
Precision Plus Protein Standards, Bio-Rad), at 150 V for
75 min. Proteins were then blotted onto a nitrocellulose
membrane at 30 V for 60 min using TGS RunBlue trans-
fer buffer. For a-tubulin staining (loading control), mono-
clonal mouse anti-a-tubulin (T1568, Sigma-Aldrich) was
used at 1 in 1000 dilution with overnight incubation at
4°C. For ferritin staining, polyclonal rabbit anti-ferritin
light-chain antibody (ab69090, Abcam) was used at 1 in
500 dilution with overnight incubation at 4°C. For sec-
ondary antibody staining, horseradish peroxidase conju-
gated anti-rabbit and anti-mouse antibodies were used at
1 in 10,000 dilution with an incubation time of 45 min
at room temperature. All antibodies were diluted in Tris-
buffered saline (TBS), pH 7.6,+0.1% tween and 5%
milk powder. Membranes were washed 5 times before
and after all antibody incubations in TBS +0.1% tween.
For imaging, membranes were incubated in SuperSignal
Chemiluminescent substrate for 5 min, then exposed to
CL-XPosure film (both from Thermo-Scientific).

Preparation of Manganese-Loaded Apoferritin

Manganese-loaded apoferritin was prepared according to
(42). Briefly, horse spleen apoferritin was dissolved at a
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concentration of 3 uM in 5 mL AMPSO (N-(1,1-
Dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesul-
fonic acid) buffer (0.05 M, pH 8.9). To this was added
MnCl, to a concentration of 9 mM (~3000 manganese
ions per apoferritin). The solution was left overnight, so
that any large insoluble MnOOH particles not formed in
the ferritin cavity would sediment, and was then buffer
exchanged into HEPES-buffered saline (pH 7.4) using a
Vivaspin centrifugation filter (GE Healthcare) with
molecular cut-off weight of 30 kDa. Protein concentration
was estimated using the Bradford Assay.

Flow Cytometry

A polyclonal population of cells transduced with the
mStrawberry-Timd2 lentivirus, and untransduced cells,
were incubated with various concentrations of FITC-
labeled ferritin at 37°C, washed with PBS, trypsinized,
and suspended in PBS. One thousand events were
recorded per population. Forward and side scatter were
measured to estimate cell viability. Fluorescence at
530 nm was used to detect the presence of FITC-ferritin.
Transgenic cells were identified by increased fluores-
cence at 630 nm, indicating expression of mStrawberry.
Flow cytometry data were acquired using a FACSCalibur
flow cytometer (BD Biosciences), and analyzed using
FlowJo software (Treestar).

Preparation of Cell Pellets for MR

A polyclonal population of HEK 293T cells transduced
with the mStrawberry-Timd2 lentivirus (multiplicity of
infection of 2), or untransduced cells, were grown on
15 cm plates (Nunc), until they were ~80% confluent.
These were incubated for different lengths of time, at
which their relaxivities were measured following incuba-
tion with either 75 nM horse spleen ferritin or 75 nM
manganese-loaded apoferritin. After incubation, cells
were gently washed with PBS, trypsinized with 0.25%
trypsin (Life Technologies), and resuspended in PBS.
The cells were pelleted in Eppendorf tubes using a
microcentrifuge and kept on ice before imaging.

MRI

Experiments were carried out in a 7 Tesla (T) horizontal
magnet (Oxford Instruments, UK) interfaced to a VNMRS
(Varian Inc) imaging console. A 72-mm-diameter quadra-
ture volume coil (Rapid Biomedical) was used in trans-
mit/receive mode. A 2-mm imaging slice was selected
through the sample tubes or mice (field of view 80 x
80 mm). Longitudinal (T;) relaxation times were meas-
ured using an inversion recovery-FLASH sequence (data
matrix 128 x 64, repetition time 5 ms, echo time 3 ms,
26-s delay between inversions, 9 inversion times between
0.1 and 25.6 s, two acquisitions per inversion time).
Transverse (T,) relaxation times were measured using a
multiecho sequence (data matrix 256 x 128, repetition
time 2 s, echo spacing 10 ms, 64 echoes). Imaging data
were fitted to exponentials using Matlab software (Math-
works). During imaging mice were kept under anesthesia
using 2% Isofluorane in oxygen, and breathing rate was

monitored. Body temperature was monitored using a rec-
tal probe, and maintained using heated air.

Iron Assay

Cellular iron content was assayed using a published pro-
tocol (50).

Electron Microscopy

Cells were grown to ~80% confluence, washed twice
with 0.9% saline, fixed for 2 h on ice in a mixture of
2.5% glutaraldehyde and 2% formaldehyde, and scraped
into Eppendorf tubes and pelleted. Fixed cells were
rinsed 3 times in 0.1 M PIPES buffer and osmicated by
incubating for 1 h in 1% osmium tetroxide with 1.5%
potassium ferricyanide. They were rinsed four times in
distilled water, bulk stained in 2% uranyl acetate in
0.05 M maleate buffer at pH 5.5, rinsed 3 times in dis-
tilled water and dehydrated with graded solutions of
ethanol (70%, 95%, and 100%) for 5 min in each solu-
tion. They were then incubated in 50% acetonitrile 50%
epoxy resin, without a catalyst. This was followed by
five daily changes of pure resin with no catalyst. Sam-
ples were then placed in coffin molds in degassed resin
and air was excluded by covering the resin with a thin
Aclar sheet (Agar Scientific) and cured at 60°C for 24 h.
Fifty nanometer sections were cut and mounted on bare
300-mesh copper grids and viewed using a Philips
CM100 transmission electron microscope operated at 80
kv.

Toxicity Assay

To measure the effect of reporter gene expression and
uptake of ferritin and manganese-loaded ferritin on cell
growth, the proliferation rate of the cells was measured
over the space of a week. Cells expressing the transgene,
and untransduced cells, were seeded into wells of a six-
well plate (Nunc), and incubated in either growth media,
or growth media containing 75 nM ferritin or
manganese-loaded ferritin. Growth rate was determined
by measuring the percentage area of each well covered
by cells at 3-hourly intervals using an Incucyte system
(Essen Bioscience). Cells were allowed to grow for 24 h
before addition of the contrast agent, to control for cell
growth under normal conditions. Cell viability was
assessed using Trypan blue dye exclusion using an auto-
mated Vi-cell (Beckman-Coulter) counter, according to
the manufacturer’s instructions.

Animal Studies

Female mice with severe combined immunodeficiency
(SCID) were purchased from Charles River, UK. At the
time of cell implantation, animals were aged between 6
and 8 weeks and weighed between 20 and 22 g. Xeno-
grafts, which were obtained by implanting 1 x 10" HEK
293T cells suspended in 100 pL PBS in each flank, were
imaged at 14 days after cell implantation. Procedures
were carried out under the authority of project and per-
sonal licenses issued by the Home Office, UK, and were
approved by local Animal Welfare and Ethical Review
Bodies.
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FIG. 1. Uptake of labeled ferritin by Timd2-expressing cells. a: Fluorescence of Timd2-expressing cells and control cells after 3 hours of
incubation with the indicated concentrations of FITC-labeled ferritin. b: Fluorescence of Timd2-expressing cells and control cells incu-
bated for the indicated times with FITC-labeled ferritin at a concentration of 75 nM. Fluorescence of the cells in (a) and (b) was meas-
ured using flow cytometry, where the points represent the mean fluorescence of four independent populations of 10000 cells, with the
mean for each population representing the mean fluorescence of the total cell population. Error bars show the standard deviation of the
means for the different cell populations. Some error bars are obscured by the data points. ¢: Confocal microscopy images showing
Timd2-expressing cells following incubation with FITC-labeled ferritin for the indicated times in minutes and at 24 h.

RESULTS
Timd2 Expression Mediates Uptake of Ferritin

Previous studies have shown that ferritin is endocytosed
by Timd2-expressing cells and processed by means of
the endocytic pathway into an acidic perinuclear com-
partment within 30 min (40,41,51,52). To confirm this
mechanism of uptake HEK 293T cells, which had been
transduced with a lentiviral vector expressing mStraw-
berry and Timd2, were incubated with FITC-labeled fer-
ritin and ferritin uptake followed using flow cytometry
and confocal microscopy (Fig. 1). There were concentra-
tion- (Fig. 1a) and time-dependent (Fig. 1b) increases in
mean fluorescence intensity following incubation of cells
with FITC-labeled ferritin but no changes in fluorescence
in control cells not expressing the receptor.

The intensity of fluorescein fluorescence is strongly
pH dependent (53,54) and has been used to study pro-
tein trafficking through organelles (55) and the increas-
ingly acidic endocytic pathway (56-59). In cells
incubated with a fixed concentration of FITC-ferritin
(75 nM) there was an increase in fluorescence between 0
and 40 min of incubation, which then remained rela-
tively constant for the next 20 min, before decreasing
over the next 30 min and then steadily increasing again

thereafter (Fig. 1b). FITC is most fluorescent above pH 7,
decreasing to below 40% of its maximum level at pH 6,
20% at pH 5.5, and less than 10% at pH 4 (54). Previous
investigations have described the endocytosis of ferritin
as it goes through the endocytic pathway: first to the
early endosome (pH ~6) (51), which it can reach in as
little as 2 min (40), then the late endosome (pH 5-6), and
finally to the lysosome (pH 5.5-4) (57,60), where the iron
core is broken down (61-63). Together with these previ-
ous studies, the results presented in Figure 1b suggest
that ferritin accumulates in an acidic compartment,
which causes a decrease in fluorescence after 60 min.
The subsequent increase in fluorescence is likely to be
due to recycling of Timd2 receptors to the plasma mem-
brane, initiating further uptake, and/or release of FITC-
labeled peptides from the acidic lysosome (60). Confocal
microscopy (Fig. 1c) showed that after 4 min ferritin
appeared bound to the plasma membrane and also in
several small endosome-like compartments, consistent
with previous reports of ferritin uptake to endosomes
within 2 min of incubation (60,64). After 30 min, ferritin
was seen only in punctate cytoplasmic structures, sug-
gesting that all the available Timd2 receptors on the
plasma membrane had been endocytosed. FITC fluores-
cence then decreased at 90 min, and appeared to be
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FIG. 2. a: Western blot showing increase in
ferritin  light-chain content of Timd2-
expressing cells, but not in untransfected
control cells, following incubation with fer-
ritin (75 nM). Bands indicating the pres-
ence of ferritin in untransfected control
cells were detectable after longer exposure
times (not shown). b: Perls’ Prussian blue
staining of fixed Timd2-expressing cells
showing increasing iron content with length
of incubation with ferritin (75 nM). c: T»-
weighted images of pellets of Timd2-
expressing and control cells that had been
incubated for the indicated times with
75 nM ferritin (TR=2000 ms; TE=20 ms;
slice thickness=2 mm). d: R, of Timd2-
expressing and untransfected control cells
incubated for the indicated times with
75 nM ferritin. R®=0.9465 for Timd2-
expressing cells and R?=0.026 for control
cells. The baseline Rys before ferritin incu-
bation were 13.45+2.13 and 14.9 +£2.09
in Timd2-expressing and untransfected
control cells respectively (n=4; =SD). e
Iron content in Timd2-expressing cells and
untransfected control cells after incubation
for the indicated times with 75 nM ferritin.
Cellular iron content is displayed as a per-
centage of the total iron content of the
added ferritin. Points represent the mean
of 3 independent replicates, error bars
show =SD. The baseline iron content in
untransfected control cells and Timd2-
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located around the nucleus, consistent with a peroxiso-
mal location and the results shown in Figure 1b. At later
times the fluorescence increased (Fig. 1c), as was
observed with the flow cytometric studies, suggesting
that the Timd2 receptors had been recycled and that fur-
ther ferritin endocytosis had occurred.

Timd2 Expression Is Detectable Using T»-Weighted
Imaging

Incubating cells with 75 nM ferritin resulted in an
increase in the levels of intracellular ferritin, as deter-
mined by western blotting (Fig. 2a) and a corresponding
increase in iron content, as determined by staining cells
with Perl’s Prussian blue (Fig. 2b), in Timd2-expressing
cells but not in control cells. Cell pellets imaged at 7T
showed an increase in R, in Timd2-expressing cells but
not in control cells (Fig. 2c,d). There was a linear
increase in R, for Timdz2-expressing cells with time, over
a period of nearly 70 h (R*=0.9465), while there was no
significant increase in control cells (P=0.5; r*=0.026)
(Fig. 2d). The relaxation enhancement in Timd2-
expressing cells peaked with a >seven-fold increase in R,
above baseline. The increase in R, in Timd2-expressing
cells was associated with an increase in iron (Fig. 2e) and
ferritin contents (Fig. 2a). These data are consistent with
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previous findings that R, increases linearly with iron-
bound-ferritin concentration in solution (65).

Transmission electron micrographs of Timd2-
expressing cells that had been incubated under the
same conditions as used for the MRI experiments,
showed no aggregation of ferritin initially (Fig. 3a), but
after 4 h ferritin aggregates of up to 200 nm in diameter
could be seen (Figs. 3c,d). By 24 h aggregates over 0.5
pm in diameter had formed (Figs. 3e-h), which
appeared denser at 48 and 72 h. Ferritin aggregates
were also visible in cells stained with Perls’ Prussian
blue (Fig. 2b).

Timd2-Mediated Mn-Loaded Apoferritin Uptake Enhances
T4 and T, Relaxation

Manganese is an effective T; contrast agent due to the
paramagnetism of its five unpaired electrons and can
form solid MnOOH mineral cores in apoferritin (42).
Images of cell pellets obtained from cells that had been
incubated for 30 min with Mn-apoferritin showed that
signal was increased in T,;-weighted images (Fig. 4a)
and decreased in T,-weighted images (Fig. 4b) in cells
expressing Tim2d but not in control cells. This corre-
sponded to a significant increase in R; (P=0.005) (Fig.
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FIG. 3. Representative transmission electron micrographs of Timd2-expressing cells. a: No incubation with ferritin. b: Following 30 min
incubation with 75 nM ferritin, arrow indicates endocytic vesicle containing ferritin. ¢: Four-hour incubation, arrow points to a lysosome
containing ferritin. d: Four-hour incubation. Image of arrowed structure in ¢ at higher magnification. e: Twenty-four-hour incubation,
arrow shows large lysosome containing ferritin. f: Image of arrowed structure in (e) at higher magnification. g: Twenty-four-hour incuba-
tion, arrow points to a group of multivesicular bodies and lysosomes, surrounded by tubular endosome. h: Higher magnification image
of the arrowed structure in g. Ferritin can be seen in the cytoplasm, multivesicular bodies, lysosome, and tubular endosome. i: Forty-
eight-hour incubation, arrow points to a group of three ferritin-containing lysosomes. j: Image of arrowed structure in (i) at higher magni-
fication. Ferritin is more densely packed within the lysosome than at 24 h. k: Seventy-two-hour incubation. Electron dense accumula-
tions are also prominent in the mitochondria, see arrows. I: Higher magnification image of (k), showing three lysosomes containing

ferritin. Ferritin is also visible in the cytoplasm.

4c) and R, (P=0.0003) (Fig. 4d) in cells expressing
Timd2, while there was no change in control cells.

Effect of Timd2 Expression and Incubation with Ferritin on
Cell Growth and Viability

Expression of Timd2 had no effect on the growth of HEK
293T cells when compared with nontransduced control
cells (Fig. 5a) and incubation of these cells with 75 nM
ferritin produced a slight increase in their rate of prolif-
eration. In contrast, incubation of Timd2-expressing cells
with 75 nM Mn-apoferritin markedly inhibited their rate
of proliferation and decreased their viability (Fig. 5b),
whereas it had no significant effect on the growth or via-
bility of control cells.

Detection of Timd2-Expressing Cells In Vivo Using T»-
Weighted Imaging

Xenografts were produced by implanting untransfected
control cells and mStrawberry-Timd2-expressing HEK
293T cells subcutaneously in the contralateral flanks of
mice and imaged at 14 d after implantation. Expression
of Timd2 was confirmed by staining tissue sections
obtained post mortem with an anti-red fluorescent pro-
tein (RFP) antibody that recognizes mStrawberry (Fig.
6a). The coding sequences for mStrawberry and Timd2
in the viral vector were separated by an E2A sequence,
which ensures that they are coexpressed (45). Hematoxy-
lin and eosin (H&E) staining showed that the tissue
architecture and levels of necrosis were similar in the
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FIG. 4. a: T1-weighted images of pellets of Timd2-expressing and control cells that had been incubated with 75 nM Mn-apoferritin for
30 min. (TR=5 ms TE=3 ms). b: To-weighted images of cell pellets of Timd2-expressing and control cells that had been incubated
with 75 nM Mn-apoferritin for 30 min. (TR=2 s TE=30 ms). c: Changes in Ry in Timd2-expressing and control cells after 30 min of
incubation with 75 nM Mn-apoferritin. Points show the mean of at least 4 results, error bars show =SEM. d: Changes in Ry in Timd2-
expressing and control cells after 30 min of incubation with 75 nM Mn-apoferritin. Points show the mean of at least 4 results, error bars

show +=SEM.

control xenografts and in the xenografts expressing
Timd2, consistent with Timd2 expression having no
measurable effect on the growth and viability of these
cells in vitro (Fig. 5). The xenografts were imaged before
i.v. administration of 11.2 mg ferritin and then again at
24 and 48 h, using a T,-weighted imaging sequence. Rep-
resentative images are shown in Figure 6b. There was a
significant increase in R, in Timd2-expressing tissue
after 24 h, although this had disappeared by 48 h.

DISCUSSION

We have shown that Timd2-expression facilitates the cel-
lular accumulation of ferritin and manganese-loaded

Control + ferritin

apoferritin, leading to large enhancements in R, and R;
in vitro. The peak R, enhancement observed here of
greater than seven-fold at 7T is better than or comparable
with enhancements measured previously in vitro in cells
expressing other T,-based reporter genes, including a
four-fold increase in R, at 3T in 293FT cell pellets
expressing the MagA transgene (6), a two- to three-fold
increase at 7T in cells coexpressing the ferritin and
transferrin genes (4), and a two-fold increase in R,, pro-
duced by a chimeric re-engineered ferritin reporter with
improved iron loading, after 24 h of incubation with iron
(66). The increase in R, observed here was much greater
than that expected from the amount of ferritin added to
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FIG. 5. Effect of Timd2 expression and incubation with ferritin or manganese-loaded ferritin on cell growth. Cell growth is expressed as
the percentage cell coverage of the well. a: After 30 h of cell growth Timd2-expressing and control cells were incubated with 75 nM
Mn-apoferritin, or ferritin, as indicated by the vertical dotted line. b: Effect of Timd2 expression and incubation with ferritin or

manganese-loaded ferritin on cell viability.
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the cells. Assuming an R, of 1500 s 'mM " for ferritin,
which was measured at 7T in HEPES buffered saline,
and that all the added ferritin was present in the cell
pellet, then the expected increase in R, is 26 s~" above a
background R, of around 14 s~', which means that the
peak R, should be ~40 s~ *. This is much lower than the
maximum R, observed in Timd2-expressing cells of
116 s ', which represents an increase in R, of over
100 s ', and four-fold greater than the predicted
increase. A possible explanation for this unexpectedly
large increase is the ferritin aggregation that we observed
in the electron micrographs (Fig. 3), which can increase
R, for ferritin by up to five-fold (67).

An unexpected observation was that the baseline R, in
Timd2-expressing cells was lower than in control cells,
both in vitro and in vivo (Figs. 2d,6c), although the dif-
ferences were not significant. Consistent with a lower
R,, Timd2-expressing cells also had 18% less iron than
control cells before the addition of ferritin, although
again the difference was not significant (Fig. 2e). The
reasons for this are unclear.

Incubation of Timd2-expressing cells with 75 nM
manganese-loaded apoferritin resulted in a nearly three-
fold increase in R; after only 30 min of incubation and a
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FIG. 6. Effect of ferritin injection on T,
in Timd2-expressing cells in vivo. a:
Representative H&E stained tissue sec-
tions from control and Timd2 xeno-
grafts obtained 14 days after cell
implantation. Timd2 expression was
confirmed by staining with an anti-RFP
antibody. b: To-weighted images from a
representative mouse from (a), showing
control xenograft (left) and Timd2-
expressing xenograft (right) before, 24
and 48 h after ferritin injection. c:
Changes in T, in Timd2-expressing tis-
sue and controls at the indicated times
after injection of ferritin. The change in
R> was significant in Timd2-expressing
tissue but not in control tissue 24 h
after ferritin injection *P < 0.05 (1-tailed
paired t-Test, n=3). R, values before
ferritin injection for Timd2-expressing

and control xenografts were
19.01 £1.27 and 21.7+1.28,
respectively.

3 O hours

B 24 hours

@ 48 hours

near doubling of R,, with no significant change of R, in
the controls (Figs. 4a,c). The three-fold increase in R,
seen here in Timd2-expressing cells is similar to that
observed in hepatocytes incubated with manganese or
with manganese-loaded transferrin (68), where R; was
increased to 1.6 s ' after 2 h incubation with 31.5 pM
Mn(III)-transferrin. The changes in R, observed following
prolonged incubation with iron-loaded ferritin (Fig. 2)
suggest that further increases in R; would be obtained by
extending the incubation time with manganese-loaded
apoferritin. However, these experiments were not pur-
sued in view of the evident toxicity of this contrast
agent, which was only observed in Timd2-expressing
cells and not with iron-loaded ferritin (Fig. 5). There are
few reports of other T,-based reporter genes with which
our results can be compared directly; however, in a
recent study using another reporter, which used the
same cell type and promoter, we showed increases in R,
of three- to seven-fold in vivo (16). This reporter system
based on Oatpl and gadoxetate may be preferable to
manganese-based systems not only because of the higher
levels of contrast that have been achieved but also
because of the lower toxicity of this clinically-approved
contrast agent.
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Xenografts produced by subcutaneous injection of
Timd2-expressing cells also showed significant increases
in R, in vivo following i.v. injection of ferritin, although
the increases were much lower than those observed in
vitro (Fig. 6). This could be due to several reasons,
including rapid clearance of ferritin from the blood (the
blood half-life in rats has been reported at being between
4 and 30 min) (69,70) and poor delivery of ferritin to the
tissue. With respect to the latter point, reporters that rely
on the use of small molecule contrast agents may have
an advantage (16,27). Contrast may be improved by
changing the timing of imaging after ferritin injection.
Although ferritin is cleared rapidly from the circulation,
we delayed imaging until 24 h to give sufficient time for
ferritin trapped nonspecifically by the enhanced perme-
ability and retention effect (71) to clear from the tissue.
However, imaging at earlier times after injection may
give better contrast. Contrast may also be improved by
giving multiple ferritin injections, because it is clear that
Timd2-expressing cells will continue to accumulate ferri-
tin over prolonged periods of time (Fig. 2). Consistent
with the literature, our data suggest that ferritin is traf-
ficked to acidic endosomal and lysosomal compartments
after uptake (Figs. 1b,c), where it has been shown to
demineralize and release free iron (61-63). As endoge-
nous ferritin expression is controlled at both the tran-
scriptional and translational level by the concentration
of free iron in the cell, this would be expected to lead to
the synthesis of new ferritin (72). This process could
explain the lag we observed between peak iron content
and the peak increase in R, in vitro (Figs. 2d.,e). Coex-
pression of Timd2 with a ferritin transgene may therefore
produce even greater changes in contrast than those
observed here, where we have relied on endogenous iron
homeostasis mechanisms to repackage the degraded ferri-
tin (4). Although manganese-loaded apoferritin would
also be expected to demineralize during uptake [manga-
nite breakdown occurs between pH 6 and pH 4 (73),
while ferrihydrite breakdown in ferritin occurs between
pH 5 and pH 2 (74)], incorporation of manganese into
native ferritin would not be expected as this does not
occur below pH 8.5 (42). A recent study investigated
coexpression of the manganese-binding protein MntR
together with the manganese importer DMT1, which has
previously been shown to function as a gene reporter
(15). However, coexpression did not lead to significant
further contrast enhancement in vivo despite promising
results in vitro (75). Expression of MntR may also pro-
vide a means of reducing the toxicity of free manganese
by binding it, however, its effect on reducing toxicity
was not investigated (75). Recent work suggests that
changes in T;, may be a more sensitive indicator of the
presence of superparamagnetic material in tissue (76),
although this has yet to be demonstrated in vivo.

ACKNOWLEDGMENTS

We thank Dr. Jeremy Skepper at the Department of Phys-
iology, Development and Neuroscience, University of
Cambridge, for fixing, staining, and sectioning the sam-
ples for electron microscopy. This work was supported
by the Medical Research Council and Cancer Research

UK (CRUK) doctoral training grants (to P.S.P.) and a
CRUK Program Grant to K.M.B. T.B.R. was in receipt of
Intra-European Marie Curie and Long-Term European
Molecular Biology Organization fellowships.

REFERENCES

1. Cohen B, Dafni H, Meir G, Harmelin A, Neeman M. Ferritin as an
endogenous MRI reporter for noninvasive imaging of gene expression
in C6 glioma tumors. Neoplasia 2005;7:109-117.

2. Genove G, DeMarco U, Xu H, Goins WF, Ahrens ET. A new transgene
reporter for in vivo magnetic resonance imaging. Nat Med 2005;11:
450-454.

3. Vande Velde G, Rangarajan JR, Toelen ], et al. Evaluation of the spec-
ificity and sensitivity of ferritin as an MRI reporter gene in the mouse
brain using lentiviral and adeno-associated viral vectors. Gene Ther
2011;18:594-605.

4. Deans AE, Wadghiri YZ, Bernas LM, Yu X, Rutt BK, Turnbull DH.
Cellular MRI contrast via coexpression of transferrin receptor and fer-
ritin. Magn Reson Med 2006;56:51-59.

5. Jordanova B, Ahrens ET. In vivo magnetic resonance imaging of
ferritin-based reporter visualizes native neuroblast migration. Neuro-
image 2012;59:1004-1012.

6. Zurkiya O, Chan AWS, Hu X. MagA is sufficient for producing mag-
netic nanoparticles in mammalian cells, making it an MRI reporter.
Magn Reson Med 2008;59:1225-1231.

7. Weissleder R, Simonova M, Bogdanova A, Bredow S, Enochs WS,
Bogdanov A. MR imaging and scintigraphy of gene expression
through melanin induction. Radiology 1997;204:425—429.

8. Weissleder R, Moore A, Mahmood U, Bhorade R. In vivo magnetic
resonance imaging of transgene expression. Nat Med 2000;6:351-354.

9. Tannous BA, Grimm J, Perry KF, Chen JW, Weissleder R, Breakefield
XO. Metabolic biotinylation of cell surface receptors for in vivo imag-
ing. Nat Methods 2006;3:391-396.

10. Niers JM, Chen JW, Lewandrowski G, Kerami M, Garanger E,
Wojtkiewicz G, Waterman P, Keliher E, Weissleder R, Tannous BA.
Single reporter for targeted multimodal in vivo imaging. ] Am Chem
Soc 2012;134:5149-5156.

11. Cui W, Liu L, Kodibagkar VD, Mason RP. S-Gal, a novel 1H MRI
reporter for beta-galactosidase. Magn Reson Med 2010;64:65-71.

12. Zhang X-Y, Robledo BN, Harris SS, Hu XP. A bacterial gene, mms6,
as a new reporter gene for magnetic resonance imaging of mammalian
cells. Mol Imaging 2014;13:1-12.

13. Alfke H, Stoppler H, Nocken F, Heverhagen JT, Kleb B, Czubayko F,
Klose KJ. In vitro MR imaging of regulated gene expression. Radiol-
ogy 2003;228:488—492.

14. Louie AY, Huber MM, Ahrens ET, Rothbacher U, Moats R, Jacobs RE,
Fraser SE, Meade TJ. In vivo visualization of gene expression using
magnetic resonance imaging. Nat Biotechnol 2000;18:321-325.

15. Bartelle BB, Szulc KU, Suero-Abreu GA, Rodriguez JJ, Turnbull DH.
Divalent metal transporter, DMT1: a novel MRI reporter protein.
Magn Reson Med 2013;70:842—-850.

16. Patrick PS, Hammersley J, Loizou L, et al. Dual-modality gene reporter
for in vivo imaging. Proc Natl Acad Sci U S A 2014;111:415-420.

17. Westmeyer GG, Emer Y, Lintelmann J, Jasanoff A. MRI-based detec-
tion of alkaline phosphatase gene reporter activity using a porphyrin
solubility switch. Chem Biol 2014;21:422-429.

18. Kodibagkar VD, Yu J, Liu L, Hetherington HP, Mason RP. Imaging
beta-galactosidase activity using 19F chemical shift imaging of LacZ
gene-reporter molecule 2-fluoro-4-nitrophenol-beta-D-galactopyrano-
side. Magn Reson Imaging 2006;24:959-962.

19. Liu L, Kodibagkar VD, Yu J-X, Mason RP. 19F-NMR detection of lacZ
gene expression via the enzymic hydrolysis of 2-fluoro-4-nitrophenyl
beta-D-galactopyranoside in vivo in PC3 prostate tumor xenografts in
the mouse. FASEB | 2007;21:2014-2019.

20. Yu JX, Kodibagkar VD, Hallac RR, Liu L, Mason RP. Dual 19F/1H MR
gene reporter molecules for in vivo detection of B-galactosidase. Bio-
conjug Chem 2012;23:596-603.

21. Koretsky AP, Brosnan MJ, Chen LH, Chen JD, Van Dyke T. NMR
detection of creatine kinase expressed in liver of transgenic mice:
determination of free ADP levels. Proc Natl Acad Sci U S A 1990;87:
3112-3116.

22. Auricchio A, Zhou R, Wilson JM, Glickson JD. In vivo detection of
gene expression in liver by 31P nuclear magnetic resonance



10

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

spectroscopy employing creatine kinase as a marker gene. Proc Natl
Acad Sci U S A 2001;98:5205-5210.

Walter G, Barton ER, Sweeney HL. Noninvasive measurement of gene
expression in skeletal muscle. Proc Natl Acad Sci U S A 2000;97:
5151-5155.

Ki S, Sugihara F, Kasahara K, Tochio H, Okada-Marubayashi A,
Tomita S, Morita M, Ikeguchi M, Shirakawa M, Kokubo T. A novel
magnetic resonance-based method to measure gene expression in liv-
ing cells. Nucleic Acids Res 2006;34:e51.

Jamin Y, Gabellieri C, Smyth L, Reynolds S, Robinson SP, Springer
CJ, Leach MO, Payne GS, Eykyn TR. Hyperpolarized (13)C magnetic
resonance detection of carboxypeptidase G2 activity. Magn Reson
Med 2009;62:1300-1304.

Chen AP, Hurd RE, Gu Y, Wilson DM, Cunningham CH. (13)C MR
reporter probe system using dynamic nuclear polarization. NMR
Biomed 2011;24:514-520.

Patrick PS, Kettunen MI, Tee S-S, Rodrigues TB, Serrao E, Timm KN,
McGuire S, Brindle KM. Detection of transgene expression using
hyperpolarized (13) C urea and diffusion-weighted magnetic reso-
nance spectroscopy. Magn Reson Med 2015;73:1401-1406.

Shapiro MG, Ramirez RM, Sperling L], Sun G, Sun J, Pines A,
Schaffer DV, Bajaj VS. Genetically encoded reporters for hyperpolar-
ized xenon magnetic resonance imaging. Nat Chem 2014;6:629-634.
Gilad AA, McMahon MT, Walczak P, Winnard PT, Raman V, van
Laarhoven HWM, Skoglund CM, Bulte JWM, van Zijl PCM. Artificial
reporter gene providing MRI contrast based on proton exchange. Nat
Biotechnol 2007;25:217-219.

Bar-Shir A, Liu G, Liang Y, et al. Transforming thymidine into a mag-
netic resonance imaging probe for monitoring gene expression. ] Am
Chem Soc 2013;135:1617-1624.

Bar-Shir A, Liu G, Chan KWY, et al. Human protamine-1 as an mri
reporter gene based on chemical exchange. ACS Chem Biol 2014;9:
134-138.

Liu L, Mason RP. Imaging beta-galactosidase activity in human tumor
xenografts and transgenic mice using a chemiluminescent substrate.
PLoS One 2010;5:12024.

Paproski RJ, Forbrich AE, Wachowicz K, Hitt MM, Zemp R]. Tyrosin-
ase as a dual reporter gene for both photoacoustic and magnetic reso-
nance imaging. Biomed Opt Express 2011;2:771-780.

Laufer J, Jathoul A, Johnson P, Zhang E, Lythgoe M, Pedley RB, Pule
M, Beard P. In vivo photoacoustic imaging of tyrosinase expressing
tumours in mice. Proc SPIE 2012;8223:82230M-1-82230M-5.

Qin G, Cheng K, Chen K, et al. Tyrosinase as a multifunctional
reporter gene for Photoacoustic/MRI/PET triple modality molecular
imaging. Sci Rep 2013;3:1490.

Lewis CM, Graves SA, Hernandez R, Valdovinos HF, Barnhart TE,
Cai W, Meyerand ME, Nickles R], Suzuki M. 52 Mn production for
PET/MRI tracking of human stem cells expressing Divalent Metal
Transporter 1 (DMT1). Theranostics 2015;5:227-239.

Patrick PS, Lyons SK, Rodrigues TB, Brindle KM. Oatpl enhances
bioluminescence by acting as a plasma membrane transporter for D-
luciferin. Mol Imaging Biol 2014;16:626—634.

Ziv K, Meir G, Harmelin A, Shimoni E, Klein E, Neeman M. Ferritin as a
reporter gene for MRI: chronic liver over expression of H-ferritin during
dietary iron supplementation and aging. NMR Biomed 2010;23:523-531.
Todorich B, Zhang X, Slagle-Webb B, Seaman WE, Connor JR. Tim-2
is the receptor for H-ferritin on oligodendrocytes. ] Neurochem 2008;
107:1495-1505.

Chen TT, Li L, Chung D-H, et al. TIM-2 is expressed on B cells and
in liver and kidney and is a receptor for H-ferritin endocytosis. J Exp
Med 2005;202:955-965.

Han J, Seaman WE, Di X, Wang W, Willingham M, Torti FM, Torti
SV. Iron uptake mediated by binding of H-ferritin to the TIM-2 recep-
tor in mouse cells. PLoS One 2011;6:€23800.

. Meldrum FC, Douglas T, Levi S, Arosio P, Mann S. Reconstitution of

manganese oxide cores in horse spleen and recombinant ferritins.
J Inorg Biochem 1995;58:59-68.

Kalman FK, Geninatti-Crich S, Aime S. Reduction/dissolution of a
beta-MnOOH nanophase in the ferritin cavity to yield a highly sensi-
tive, biologically compatible magnetic resonance imaging agent.
Angew Chem Int Ed Engl 2010;49:612—615.

Shaner NC, Campbell RE, Steinbach PA, Giepmans BNG, Palmer AE,
Tsien RY. Improved monomeric red, orange and yellow fluorescent
proteins derived from Discosoma sp. red fluorescent protein. Nat Bio-
technol 2004;22:1567-1572.

45.

46.

47.

48.

49.

50.

51

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Patrick et al.

Szymczak AL, Workman CJ, Wang Y, Vignali KM, Dilioglou S, Vanin
EF, Vignali DAA. Correction of multi-gene deficiency in vivo using a
single “self-cleaving” 2A peptide-based retroviral vector. Nat Biotech-
nol 2004;22:589-594.

Miyoshi H, Blémer U, Takahashi M, Gage FH, Verma IM. Develop-
ment of a self-inactivating lentivirus vector. J Virol 1998;72:8150—
8157.

Adra CN, Boer PH, McBurney MW. Cloning and expression of the
mouse pgk-1 gene and the nucleotide sequence of its promoter. Gene
1987;60:65-74.

Tiscornia G, Singer O, Verma IM. Production and purification of len-
tiviral vectors. Nat Protoc 2006;1:241-245.

Kutner RH, Zhang X-Y, Reiser J. Production, concentration and titra-
tion of pseudotyped HIV-1-based lentiviral vectors. Nat Protoc 2009;
4:495-505.

Riemer J, Hoepken HH, Czerwinska H, Robinson SR, Dringen R. Col-
orimetric ferrozine-based assay for the quantitation of iron in cul-
tured cells. Anal Biochem 2004;331:370-375.

. Blight GD, Morgan EH. Transferrin and ferritin endocytosis and recy-

cling in guinea-pig reticulocytes. Biochim Biophys Acta 1987;929:
18-24.

. Hulet SW, Heyliger SO, Powers S, Connor JR. Oligodendrocyte pro-

genitor cells internalize ferritin via clathrin-dependent receptor medi-
ated endocytosis. ] Neurosci Res 2000;61:52-60.

Martin MM, Lindqvist L. The pH dependence of fluorescein fluores-
cence. ] Lumin 1975;10:381-390.

Diehl H, Markuszewski R. Studies on fluorescein-VII The fluores-
cence of fluorescein as a function of pH. Talanta 1989;36:416—
418.

Wu MM, Llopis J, Adams S, McCaffery JM, Kulomaa MS, Machen
TE, Moore HP, Tsien RY. Organelle pH studies using targeted avidin
and fluorescein-biotin. Chem Biol 2000;7:197-209.

Reibetanz U, Halozan D, Brumen M, Donath E. Flow cytometry of
HEK 293T cells interacting with polyelectrolyte multilayer capsules
containing fluorescein-labeled poly(acrylic acid) as a pH sensor. Bio-
macromolecules 2007;8:1927-1933.

Ohkuma S, Poole B. Fluorescence probe measurement of the intraly-
sosomal pH in living cells and the perturbation of pH by various
agents. Proc Natl Acad Sci U S A 1978;75:3327-3331.

Geisow M]J. Fluorescein conjugates as indicators of subcellular pH. A
critical evaluation. Exp Cell Res 1984;150:29-35.

Geisow MJ, Evans WH. pH in the endosome. Measurements during
pinocytosis and receptor-mediated endocytosis. Exp Cell Res 1984;
150:36—46.

Saftig P, Klumperman J. Lysosome biogenesis and lysosomal mem-
brane proteins: trafficking meets function. Nat Rev Mol Cell Biol
2009;10:623-635.

Marchetti A, Lelong E, Cosson P. A measure of endosomal pH by
flow cytometry in Dictyostelium. BMC Res Notes 2009;2:7.

Nunez MT, Gaete V, Watkins JA, Glass J. Mobilization of iron from
endocytic vesicles. The effects of acidification and reduction. J Biol
Chem 1990;265:6688—6692.

Roberts S, Bomford A. Ferritin iron kinetics and protein turnover in
K562 cells. ] Biol Chem 1988;263:19181-19187.

Li L, Fang CJ, Ryan JC, et al. Binding and uptake of H-ferritin are
mediated by human transferrin receptor-1. Proc Natl Acad Sci U S A
2010;107:3505-3510.

Vymazal J, Zak O, Bulte JW, Aisen P, Brooks RA. T1 and T2 of ferri-
tin solutions: effect of loading factor. Magn Reson Med 1996;36:61—
65.

Tordanova B, Robison CS, Ahrens ET. Design and characterization of
a chimeric ferritin with enhanced iron loading and transverse NMR
relaxation rate. ] Biol Inorg Chem 2010;15:957-965.

Koenig SH, Brown RD, Gibson JF, Ward R], Peters TJ. Relaxometry of
ferritin solutions and the influence of the Fe3+ core ions. Magn
Reson Med 1986;3:755-767.

Sotak CH, Sharer K, Koretsky AP. Manganese cell labeling of murine
hepatocytes using manganese(IlI)-transferrin. Contrast Media Mol
Imaging 2008;3:95-105.

Siimes MA, Koerper MA, Licko V, Dallman PR. Ferritin turnover in
plasma: an opportunistic use of blood removed during exchange
transfusion. Pediatr Res 1975;9:127-129.

Mack U, Cooksley WG, Ferris RA, Powell LW, Halliday JW. Regula-
tion of plasma ferritin by the isolated perfused rat liver. Br ] Haema-
tol 1981;47:403-412.



Timd2 as a Reporter Gene for MRI

71.

72.

73.

Prabhakar U, Maeda HK, Jain R, Sevick-Muraca EM, Zamboni W,
Farokhzad OC, Barry ST, Gabizon A, Grodzinski P, Blakey DC. Chal-
lenges and key considerations of the enhanced permeability and
retention effect for nanomedicine drug delivery in oncology. Cancer
Res 2013;73:2412-2417.

Munro H.N. Iron Regulation of Ferritin Gene Expression. J Cell Bio-
chem 1990;44:107-115.

Ramstedt M, Shchukarec AV, Sjéberg S. Characterization of hydrous
manganite (y-MnOOH) surfaces—an XPS study. 2002. Surf Interface
Anal; 34:632-636.

74.

75.

76.

11

Hoppler M, Schonbachler A, Meile L, Hurrell RF, Walczyk T. Ferri-
tin-iron is released during boiling and in vitro gastric digestion.
J Nutr 2008;138:878—-884.

Bartelle BB, Mana MD, Suero-Abreu GA, Rodriguez JJ, Turnbull DH.
Engineering an effective Mn-binding MRI reporter protein by subcellular
targeting. Magn Reson Med 10.1002/mrm.25566. [Epub ahead of print].
Moonen RPM, van der Tol P, Hectors SJCG, Starmans LWE, Nicolay
K, Strijkers GJ. Spin-lock MR enhances the detection sensitivity of
superparamagnetic iron oxide particles. Magn Reson Med 2014.
10.1002/mrm.25544 [Epub ahead of print].



