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To determine whether intravenous ferumoxytol can be
used to effectively label mesenchymal stem cells (MSCs) in
vivo and can be used for tracking of stem cell transplants.

This study was approved by the institutional animal care
and use committee. Sprague-Dawley rats (6-8 weeks old)
were injected with ferumoxytol 48 hours prior to extrac-
tion of MSCs from bone marrow. Ferumoxytol uptake by
these MSCs was evaluated with fluorescence, confocal,
and electron microscopy and compared with results of tra-
ditional ex vivo-labeling procedures. The in vivo-labeled
cells were subsequently transplanted in osteochondral de-
fects of 14 knees of seven athymic rats and were evaluated
with magnetic resonance (MR) imaging up to 4 weeks af-
ter transplantation. T2 relaxation times of in vivo-labeled
MSC transplants and unlabeled control transplants were
compared by using t tests. MR data were correlated with
histopathologic results.

In vivo-labeled MSCs demonstrated significantly higher
ferumoxytol uptake compared with ex vivo-labeled cells.
With electron microscopy, iron oxide nanoparticles were
localized in secondary lysosomes. In vivo-labeled cells
demonstrated significant T2 shortening effects in vitro
and in vivo when they were compared with unlabeled con-
trol cells (T2 in vivo, 15.4 vs 24.4 msec; P < .035) and
could be tracked in osteochondral defects for 4 weeks.
Histologic examination confirmed the presence of iron in
labeled transplants and defect remodeling.

Intravenous ferumoxytol can be used to effectively label
MSCs in vivo and can be used for tracking of stem cell
transplants with MR imaging. This method eliminates
risks of contamination and biologic alteration of MSCs
associated with ex vivo-labeling procedures.

©RSNA, 2013

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol.13130858/-/DC1
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ach year, arthritis results in 44

million outpatient visits, 992100

hospitalizations, and 700000 knee
replacement procedures (www.cdc.
gov/arthritis) (1-3). The need for knee
replacement is rapidly increasing, with
3.48 million expected procedures by
2030 (4). However, artificial implants
are associated with potential complica-
tions, such as periprosthetic fractures,
loosening, and metal sensitivity (4-6).
Even in the absence of complications,
the lifetime of an artificial prosthesis
is limited to approximately 10 years
because of wear of the implant (7-9).
Cell transplants, particularly stem
cell-scaffold nanocomposites, over-
come these problems by providing
long-term biologic restoration of joint
defects (10-14). Bone marrow-derived
mesenchymal stem cells (MSCs) have
been established as a promising source
for stem cell-mediated joint repair in
a clinical setting. MSCs can be easily
obtained with a bone marrow aspirate,
are efficiently expanded in vitro, and
can differentiate into all joint compo-
nents (15-17). However, interactions

Advances in Knowledge

B Bone marrow mesenchymal stem
cells (MSCs) can be labeled
through intravenous injection of
the Food and Drug Administra-
tion (FDA)-approved iron supple-
ment ferumoxytol; the iron con-
tent of in vivo-labeled MSCs was
2.3 times higher compared with
that of ex vivo-labeled MSCs (P
< .0001).

B In vivo ferumoxytol-labeled
MSC s, harvested from bone
marrow and transplanted into
osteochondral knee defects,
showed significantly shortened
T2 relaxation times compared
with unlabeled control cells
(15.459 vs 24.423 msec, P =
.0002).

B In vivo labeling eliminates safety
concerns associated with ex
vivo-labeling techniques that
require stem cell manipulations
between stem cell harvest and
transplantation.

between transplanted MSCs and the pa-
tient’s host environment are still poorly
understood. To monitor successful en-
graftment and recognize complications
such as graft failure or tumor forma-
tion, MSC therapies require in vivo
tracking of the transplanted stem cells
with noninvasive imaging technologies.

In the past, stem cell tracking has
been achieved on the basis of the con-
cept of ex vivo contrast agent labeling
(18-23). This approach requires multi-
ple ex vivo manipulations of stem cells
between their harvest and transplanta-
tion. Clinical translation of ex vivo-la-
beling procedures is complicated from a
regulatory point of view, as these manip-
ulations greatly enhance the risk of cell
sample contamination (24), alterations
in stem cell biology, or in vivo side effects
from added transfection agents (25-27).
Most transfection agents (Lipofectamine
2000 [Invitrogen, Carlsbad, Calif] or po-
ly-1-lysine [Sigma-P4707; Sigma-Aldrich,
St Louis, Mo]) are not U.S. Food and
Drug Administration (FDA) approved
(28). In addition, some ultrasmall su-
perparamagnetic iron oxide—transfec-
tion agent combinations have induced
cytotoxic effects (29-32) or altered the
stem cell biology (33). To avoid these
complications, we undertook to deter-
mine whether an immediately clinically
applicable approach for stem cell label-
ing, which would not require ex vivo ma-
nipulations of harvested cells and which
would eliminate the need for transfec-
tion agents, could be used to track trans-
planted MSCs. Our approach relies on
intravenous administration of the FDA-
approved iron supplement ferumoxytol
(Feraheme; Advanced Magnetics, Cam-
bridge, Mass) to a stem cell donor prior
to stem cell harvest from bone marrow.
Ferumoxytol is composed of iron oxide
nanoparticles (34), which are taken up

Implication for Patient Care

B [n vivo stem cell labeling with the
FDA-approved iron supplement
ferumoxytol eliminates safety
concerns associated with ex
vivo-labeling procedures, such as
contamination and biological al-
teration of MSCs.

by the reticuloendothelial system in vivo
(13,35-39) and which provide a strong
signal intensity effect on magnetic res-
onance (MR) images (13,40-42). On
the basis of these properties, we pos-
tulated that intravenously injected feru-
moxytol would be taken up by MSCs in
bone marrow, would be retained in the
cells through harvesting and ex vivo ex-
pansion, and allow for sensitive in vivo
MSC detection with MR imaging after
transplantation into osteochondral de-
fects. Thus, our aim was to determine
whether intravenous ferumoxytol as a
clinically applicable iron supplement can
be used to effectively label MSCs in vivo
and can be used for tracking of stem cell
transplants.

Materials and Methods

In Vivo MSC Labeling

The study was approved by the ani-
mal care and use committee at Stan-
ford  University  (Stanford,  Calif).
Sixteen 6-8-week-old Sprague-Dawley
rats (Charles River, Wilmington, Mass)
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Abbreviations:

FDA = Food and Drug Administration
FITC = fluorescein isothiocyanate
MSC = mesenchymal stem cell

3D = three-dimensional
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Figure 1:
MR imaging. The technique relies on intravenous injection of ferumoxytol (red arrow) and its phagocytosis by cells in the reticuloendo-
thelial system (liver, spleen, and bone marrow). Ferumoxytol-labeled bone marrow cells are harvested by using bone marrow aspiration
(red square insets) and expanded in vitro for 7 days. Larger inset: A cell. Smaller inset: Cells seeded on a scaffold. The labeled cells
are then seeded in an agarose scaffold and implanted in an osteochondral defect of the distal femur. Sagittal T2-weighted MR image
(repetition time msec/echo time msec, 4000/15, 30, 45, 60) shows monitoring of transplant engraftment (arrow).

served as MSC donors: Seven rats re-
mained untreated, while nine rats were
injected intravenously with ferumoxytol
(n = 7) or fluorescein isothiocyanate
(FITC) (Fisher Scientific, Pittsburgh, Pa)-
conjugated ferumoxytol (n = 2) (hereaf-
ter referred to as FITC-ferumoxytol) at a
dose of 28 mg of iron per kilogram. The
details for synthesis are included in Ap-
pendix E1 (online). This dose had led to
significant MR signal intensity effects of
the bone marrow in rodents in previous
studies (13,43). Seven athymic Sprague-
Dawley rats served as MSC recipients
and underwent MR imaging up to 4
weeks after stem cell transplantation.

MSC Extraction and Cultivation

Donor Sprague-Dawley rats were eutha-
nized by means of CO, inhalation 2 days
after intravenous ferumoxytol injection
to allow sufficient time for phagocytosis
by reticuloendothelial system cells, con-
sidering a blood half-life of 67 minutes
in rodents (13,42,44). Both femurs and
tibias were isolated. The epiphyses were
removed, and the bone marrow was
flushed with Dulbecco’s modified Eagle’s
medium  (Invitrogen), supplemented
with 10% fetal bovine serum (Invitro-
gen). The cells were separated on a cell
strainer (BD, Franklin Lakes, NJ) to pre-
vent adding any coagulated tissue in the

culture flask, centrifuged at 1800 rpm
for 10 minutes and resuspended in 1 mL
of ammonium-chloride-potassium buffer
(ACK Lysing Buffer; Invitrogen) for 2
minutes, washed with phosphate-buff-
ered saline, and spun again at 1800 rpm
for 10 minutes. The cells were plated in
a flask with a 75-cm? flask area (culture
surface area) in full media, supplement-
ed with 50 pg of fibroblast growth factor
(Gibco, Gaithersburg, Md) and main-
tained at 37°C with 5% CO, for 7 days
(Fig 1). The medium was replaced every
72 hours or when cells reached conflu-
ence. Nonadherent hematopoietic stem
cells, red blood cells, and white blood
cells were eliminated with every change
in culture medium, leaving the adher-
ent and expanding MSCs behind. This
“direct adherence” method has shown
improved efficiencies for MSC selection,
compared with “density gradient centri-
fugation” (45,46).

All in vivo experiments were per-
formed with cells at passage 0 (day 7
of labeling). In vitro studies involved
evaluation of ferumoxytol-labeled cells
and unlabeled cells until day 28, cor-
responding to passage 0-6. Viability
assays were performed at each pas-
sage by using the trypan blue exclusion
test with the use of an automatic cell
counter (Countess; Invitrogen).

Concept of in vivo ferumoxytol labeling of bone marrow MSCs and subsequent in vivo tracking of transplanted MSCs with

MSC Immunostaining

Day 7 cells were fixed with 10% forma-
lin (BDH, West Chester, Pa) and plated
on chamber slides at a concentration of
cells of 60000/cm?. Immunohistochem-
ical stains against CD105 for MSC (En-
doglin M-20; Santa Cruz Biotechnology,
Dallas, Tex) and CD68 for macrophages
(Abcam, Cambridge, Mass) were per-
formed, and slides were counterstained
by using 4',6-diamidine-2-phenylindole.
Two researchers counted the number
of CD105- and CD68-positive cells sep-
arately, and data were averaged over 12
high-power fields (magnification, X20)
for each stain.

Evaluation of Ferumoxytol Uptake by MSCs
MSCs labeled with FITC-ferumoxytol
in vivo or FITC-conjugated ferumoxy-
tol and protamine (hereafter referred
to as FITC-ferumoxytol-protamine) ex
vivo (47), as well as untreated control
cells, were evaluated for the presence
or absence of green FITC fluorescence
by wusing a fluorescence microscope
(Olympus BH-2; Scion, Frederick, Md)
and image processing software (Meta-
morph; Molecular Devices, Sunnyvale,
Calif). Cell samples were also analyzed
by using confocal microscopy (LSM 510;
Carl Zeiss, Thornwood, NY). Fluores-
cence intensities and three-dimensional
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(3D) intensity plots were calculated with
ImagelJ software (http://rsbweb.nih.gov/
ij/) by using an established protocol (48)
and a threshold of 20 fluorescence units.

To evaluate the compartmentali-
zation of iron oxide nanoparticles in
MSCs, 400000 cells (in triplicate) la-
beled in vivo with ferumoxytol, labeled
ex vivo with ferumoxytol and protamine,
or untreated (control cells) were pro-
cessed for electron microscopy (49).
Sections of 100-nm thickness of resin-
embedded cell samples were placed on
100-mesh Formvar-coated copper grids
(FCF2010-Cu; Electron Microscopy Sci-
ences, Hatfield, Pa) and imaged using a
transmission electron microscope (Tec-
nai F20 X-Twin; FEI, Hillsboro, Ore).

In addition, triplicate samples of in
vivo-labeled MSCs (at days 7 and 14),
ex vivo-labeled MSCs, and unlabeled
control cells underwent inductively cou-
pled plasma optical emission spectrom-
etry for quantification of intracellular
iron content. The iron content per sam-
ple was divided by cell concentration to
provide iron content per cell.

Evaluation of in Vitro MR Signal Intensity
Effects of Ferumoxytol-labeled MSCs

Triplicate samples of 400000 labeled and
unlabeled control cells at days 7, 14, 21,
and 28 after extraction were suspended
in 10 pL of agarose scaffold (Sigma-Al-
drich) and underwent MR imaging with a
7-T animal MR imaging unit (“microSigna
7.0” collaboration between GE Health-
care [Waukesha, Wis| and Varian [Wal-
nut Creek, Calif]) using a single-channel
transmit-receive partial birdcage radio-
frequency coil. Sagittal MR images of the
cell samples were obtained with a fast
spin-echo sequence (3000/30) and a mul-
tiple-echo spin-echo sequence (4000/15,
30, 45, 60), using a field-of-view of 3.5 X
3.5 cm, a matrix of 256 X 256 pixels, and
a section thickness of 0.5 mm. Pixelwise
T2 relaxation time maps generated by us-
ing custom research software (Cinetool;
GE Global Research Center, Niskayuna,
NY) were used to measure T2 relaxation
times of each sample through operator-
defined regions of interest. Following MR
imaging, the chondrogenic potential of
the cell samples was evaluated per estab-
lished protocols (50).

In Vivo MR Tracking of Ferumoxytol-
labeled MSCs

The animal experiments were approved
by the animal care and use committee at
Stanford University. Next, in vivo-labeled
MSCs were implanted into osteochondral
defects of knee joints of seven recipient
rats (14 knees). Osteochondral defects
were created in the distal femoral troch-
lear groove of both knee joints by using a
microdrill (Ideal, Sycamore, 1lI). In each
rat, 1 X 10% in vivo ferumoxytol-labeled
MSCs in an agarose scaffold were im-
planted into the right femur and 1 X 10°
unlabeled MSCs in an agarose scaffold
were implanted into the left femur. MSC
transplants were evaluated with MR im-
aging immediately after stem cell trans-
plantation (n = 7), as well as 2 weeks (n
=7) and 4 weeks (n = 6) after transplan-
tation, by using the same MR technique
described above. T2 relaxation time
maps were generated. After the last MR
image was obtained, at 2 weeks (n = 1)
and 4 weeks (n = 6) after transplantation,
animals were sacrificed, and specimens
were processed for histopathologic corre-
lations, which included hematoxylin-eo-
sin, 3,3'diaminobenzidine-Prussian blue,
and Alcian blue staining. Immunohisto-
chemical staining against CD105 (Endog-
lin M-20; Santa Cruz Biotechnology) and
CD68 (Abcam) were performed to evalu-
ate MSCs and macrophage populations in
osteochondral defects, respectively.

Statistical Analysis

T2 relaxation times and iron uptake data
were compared for significant differences
between different experimental groups by
using t tests. Within each group, changes
in MR data over time were examined by
using ordinary least squares linear regres-
sion analyses. The ¢t tests, analysis of var-
iance, and linear models were computed
by using the t test and the aov and Im
functions in R (version 2.15.2), respec-
tively. Because the right and left knees
of each rat contained different implants,
we assumed that MR images of each rat’s
knee were independent observations. To
examine the possibility that data from the
same rats were dependent (eg, different
rats metabolized the iron labels at differ-
ent rates), multilevel models were fit to
MR data by using the R package Ime4

(version 0.999999-0), with specifications
identical to each linear model. A variable
that identified each rat was added as a
random effect, and the fit of each model
was compared. In each case, the model
fits were not significantly different. For
all analyses, a P value of less than .03
was considered to indicate a significant
difference among different experimental
groups or different times of observation.

MSC Immunostaining

The yield from bone marrow aspirates
was approximately 400 million cells for
both ferumoxytol-injected animals and
untreated control animals. MSC-selec-
tive culture led to separation of MSCs
(attached to the flask) from other cells
(in solution). At day 7, approximately 5
million cells remained attached to the
flask. Staining in a mean of 181.3 day 7
cells per high-power field = 7.9 (stan-
dard deviation) (70.2% = 1.9) was pos-
itive for CD1035, while staining in only a
mean of 33.4 day 7 cells per high-power
field = 5.6 (13.5% = 2.3) was posi-
tive for CD68 (Fig 2). Of note, freshly
extracted MSCs are small in size and
slowly expand in culture (51). Expan-
sion in cell culture is needed prior to
ex vivo labeling to achieve satisfactory
cell survival. Ex vivo labeling requires
4 hours of fetal bovine serum depriva-
tion, exposure to a transfection agent
(protamine), and multiple centrifuga-
tion steps that freshly extracted cells
can hardly withstand (47) (Figs 2, 3).

Evaluation of Ferumoxytol Uptake by MSCs
MSCs labeled with FITC-ferumoxytol
demonstrated cellular iron oxide uptake
at fluorescence and confocal microscopy,
without apparent differences in cytoplas-
mic nanoparticle compartmentalization
between in vivo- or ex vivo-labeled cells
(Fig 3). Electron microscopy localized
iron oxide nanoparticles in secondary
lysosomes (Fig 3). However, confocal
and electron microscopy examinations
revealed a higher quantity of iron oxide
nanoparticles in in vivo-labeled MSCs
compared with ex vivo-labeled MSCs
(Fig 3, Fig E1 [online]). The fluorescence
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Figure 2 MSC and macrophage immunostaining. CD105 and CD68 stains of bone marrow—derived cells after 7 days of MSC-selective culture. Evaluation of 3000
4’ 6-diamidine-2-phenylindole—positive cells in 12 high-power fields (magnification, X< 20) revealed a mean of 70.2% = 1.9 MSCs (CD105-positive cells = green)
and of 13.5% = 2.3 macrophages (CD68-positive cells = red) per high-power field. 4’,6-Diamidine-2-phenylindole (blue) counterstain visualized cell nuclei of all
cells in these samples, including CD105- and CD68-positive cells and other cells. hpf = High-power field.

DAB-Prussian Fluorescence Confocal 3D Fluorescent
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Figure 3:  Ferumoxytol uptake by MSCs, labeled in vivo via ferumoxytol injection or labeled ex vivo via protamine transfection. 3,3’ Diaminobenzidine (DAB)}-Prussian
blue staining, fluorescence microscopy, confocal microscopy, and corresponding 3D fluorescent plots show intracellular iron uptake for in vivo— and ex vivo—labeled
cells, with a higher effectiveness of the in vivo—labeling technique compared with ex vivo labeling. Transmission electron microscopy images show compartmentali-
zation of iron oxide nanoparticles (arrows) in secondary lysosomes in in vivo— and ex vivo—labeled cells, with relatively higher intralysosomal nanoparticle quantities

in the in vivo—labeled cells. Nonlabeled control cells are shown for comparison. 4’,6-Diamidine-2-phenylindole (blue), rhodamine (red), and FITC (green) signals rep-
resent nuclei, cytoskeleton, and iron nanoparticles, respectively. Colocalization of red and green signals indicates the presence of iron nanoparticles in the cytoplasm.
This colocallization of green and red signals results in yellow signal for high concentrations of iron nanoparticles in in vivo—labeled cells and orange color for smaller
concentrations of iron nanoparticles in ex vivo—labeled cells. The 3D plots reveal the amount of FITC-positive signal (iron nanoparticles) as peaks per pixel in each cell.
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intensity of in vivo-labeled cells (A in-
tensity = 47.025) was 3.2 times higher
compared with the fluorescence inten-
sity of ex vivo-labeled cells (A intensity =
14.527, P = .00005). The 3D plots, repre-
senting FITC-ferumoxytol concentrations
as peaks per pixel on the area of indi-
vidual cells (Fig 3) confirm that labeled
in vivo cells are smaller in size and con-
tain more iron nanoparticles than labeled
ex vivo cells. Both labeling techniques
showed significantly higher fluorescence
intensities as compared with control cells
(P < .001) (Fig 3).

Evaluation of in Vitro MR Signal Intensity
Effects of Ferumoxytol-labeled MSCs

In vivo-labeled MSCs displayed strong
signal intensity effects on T2-weighted
MR images with significantly short-
ened T2 relaxation times (mean, 8.292
msec * 2.326) compared with un-
labeled control cells (mean, 33.614
msec * 35.111; P = .024) (Fig 4a).
Follow up studies demonstrated a slow
decline in T2 signal intensity effects of
labeled MSCs over time, which cor-
responded to a slow decline in cel-
lular iron content (Fig 4). After 3
weeks of cell culture, the T2 signal
intensity of in vivo-labeled MSCs was
not significantly different from that of
unlabeled control cells (P = .167) (Fig
4b). A two-way analysis of variance con-
firmed that differences between groups
(F = 52.75; df = 1, 20; P = .00000002)
and between weeks (F = 20.99; df = 1,
20; P = .00006) and the interaction be-
tween the two (F=6.29; df=1, 20; P =
.017) were all significant. Accordingly,
the iron uptake per cell, as measured by
inductively coupled plasma optical emis-
sion spectrometry, was significantly high-
er for in vivo-labeled MSCs at day 7 (at
day of transplantation, mean was 4.276
pg per cell = 0.190) compared with un-
labeled cells (mean, 0.490 pg per cell £
0.063; P < .0001) and ex vivo-labeled
cells (mean, 1.877 pg per cell £ 0.183;
P < .0001) (Fig 4b). Labeled cells at day
14 showed significantly higher iron up-
take than unlabeled cells (P = .02) but
not ex vivo-labeled cells (P > .03) (Fig
4b). In vivo-labeled MSCs and unlabeled
control cells showed no differences in
chondrogenic differentiation (Fig 5).

Figure 4
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Figure 4:  Longitudinal in vitro evaluations of FITC-ferumoxytol-labeled MSCs. (a) Fluorescence microscopy

demonstrates green fluorescence signal of in vivo FITC-ferumoxytol-labeled cells. The fluorescence signal
slowly declines over time. Corresponding T2 relaxation time maps of cell pellets in test tubes show shorten-
ing of T2 relaxation times of in vivo—labeled cell pellets compared with unlabeled control pellets, which also
decreases slowly over time. Color spectrum = color scale for T2 time (milliseconds) that signifies MR signal
intensity of the pellet; the more iron (ferumoxytol) the cells contain, the lower the T2 value. L/V = labeled

in vivo, C = control cells. (b) Quantitative T2 relaxation times of in vivo—labeled cell pellets and unlabeled
control cells at weeks 1, 2, 3, and 4 after extraction from bone marrow show shortening of T2 relaxation
times of in vivo—labeled cell pellets compared with unlabeled control cells. (c) Iron content per cell of in
vivo—labeled cells, ex vivo—labeled cells, and control cells, as measured by inductively coupled plasma optical
emission spectrometry. In vivo—labeled cells show significantly higher iron uptake at day 7 compared with ex
vivo—labeled cells and control cells. Data are displayed as means and standard errors (error bars) of triplicate
samples per experimental group, with 4 X 10° cells per sample.
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In vivo—labeled MSCs maintain their chondrogenic differentiation potential in vitro. MSC pellets

after differentiation in chondrogenic media for 4 weeks maintain a 3D structure, as shown by hematoxylin-
eosin (H & E) stains. Alcian blue— and safranin O—positive stains confirm chondrogenic matrix production for

both in vivo—labeled cells and control cells.

In Vivo MR Tracking of Ferumoxytol-labeled
MSCs

MSCs from ferumoxytol-treated do-
nors, transplanted into osteochondral
defects of recipient rats, showed strong
signal intensity effects on T2-weighted
MR images with significantly shortened
T2 relaxation times (mean, 15.459
msec * 0.729) compared with unla-
beled control cells (mean, 24.423 msec
+ 1.213 P = .0002) (Fig 6). Longitu-
dinal follow-up studies revealed slowly
decreasing T2 signal intensity effects of
unlabeled control cells over time, appar-
ently because of local cell proliferation
and decreasing proton (water) content
of the scaffold. Conversely, the T2 sig-
nal intensity effects of iron-labeled cells
remained stable over time, with the co-
efficient on week, B, of —0.465 msec
+ 0.311 (P=.152), which may be due to
combined effects of decreasing scaffold
proton (water) content and slow iron
metabolism over time. T2 relaxation
times of iron-labeled MSC transplants
were significantly lower compared with
those of unlabeled control cells at all
times of observation (P < .05) (Fig 6),

although the difference between labeled
and unlabeled cells decreased slowly
during 4 weeks. A two-way analysis of
variance confirmed that differences be-
tween groups (F = 17.14; df = 1, 20; P
=.0003) and between weeks (F = 5.60;
df=1, 20; P = .028) and the interaction
between the two (F = 6.64; df =1, 20;
P = .018) were all significant. A power
analysis indicated that future validation
studies will need at least five samples in
each treatment group to achieve 80%
power by using a two-sample ¢ test to
detect an effect at week 2 and at least
eight samples per treatment group to
detect an effect at week 4.
Corresponding 3,3'diaminobenzidine—-
Prussian blue stains confirmed decreas-
ing iron staining of labeled MSC trans-
plants over time, indicating slow iron
metabolization (Fig 7). Hematoxylin-
eosin staining in histopathologic exam-
inations demonstrated engraftment of
ferumoxytol-labeled MSCs in the os-
teochondral defect, without any nota-
ble morphologic difference, compared
with unlabeled control cells (Fig 7).
At 4 weeks after MSC implantation,

both labeled and unlabeled implants
had started to remodel the defect and
to produce a chondrogenic matrix, as
evidenced by staining that was positive
for Alcian blue (Fig 7). A stain that
was positive for CD105 for both week
2 and week 4 implants confirmed im-
plantation of MSCs (Fig E2 [online]).
Immunohistochemical stains revealed
staining that was negative for CDG68 for
week 2 implants but slightly positive for
CDG68 surrounding the defect in week 4
implants, suggesting minimal host mac-
rophage influx (Fig E2 [online]).

Our data showed that transplanted
MSCs could be detected and tracked
with MR imaging, if the donor is treat-
ed with an intravenous injection of the
FDA-approved iron supplement feru-
moxytol prior to MSC harvesting. The
described in vivo-MSC labeling proce-
dure with ferumoxytol may provide an
immediately clinically applicable ap-
proach for in vivo stem cell tracking in
patients (52,53). Thousands of patients
have received intravenous ferumoxytol
injections for the purpose of anemia
treatment (54-57). An off-label use of
this drug for in vivo MSC labeling would
not require any changes of the FDA-
approved administration route or dose.
In vivo labeling may eliminate safety
concerns associated with ex vivo stem
cell manipulations and enable in vivo
detection of lost or rejected stem cell
transplants early enough for corrective
actions. The presented approach might
not only affect patients with MSC trans-
plants in arthritic joints, but also pa-
tients with a variety of other stem cell
transplants in other target organs.
Classic methods of tracking the in
vivo distribution of stem cells rely on
introducing a genetic marker (eg, a vec-
tor carrying the lacZ gene that encodes
B-galactosidase) into transplanted stem
cells that can be specifically stained af-
ter extraction (58,59). This approach
is limited to preclinical investigations.
Imaging techniques, on the other hand,
enable noninvasive, longitudinal investi-
gations of engraftment processes in pa-
tients. Among various available imaging
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techniques for cell tracking (60-63),
MR imaging is the only technique that
can allow visualization of cartilage di-
rectly (without any adjustments or treat-
ment beforehand) (64). Stem cells have
been tracked in cartilage defects after
ex vivo labeling with either gadolinium
chelates (65-67) or iron oxide nanopar-
ticles (12,13,42,68,69). However, none
of these labeling techniques have been
translated to clinical stem cell tracking
applications in arthritic joints so far.

Human neural stem cells (70), MSCs
(71), dendritic cells (72), and pancre-
atic islet cells (73) have been tracked
in patients in other anatomic and bio-
logic contexts, such as traumatic brain
injury, stroke, cancer, and islet grafts
for diabetes mellitus treatment (70-74).
These studies relied on ex vivo cell la-
beling with the superparamagnetic iron
oxide nanoparticle compound ferumox-
ides (Feridex; Bayer HealthCare Phar-
maceuticals, Montville, NJ), which had
the advantage of being spontaneously
phagocytosed by stem cells. Unfortu-
nately, ferumoxides is no longer pro-
duced by the pharmaceutical industry
(75). Meanwhile, newer, second-genera-
tion, ultrasmall superparamagnetic iron
oxides, such as ferumoxytol, have been
introduced (13,40-42) and they require
assisted labeling techniques with trans-
fection agents, such as protamine (68)
or protamine-heparin combinations
(76). Heparin may cause cartilage dam-
age and secondary bleeds (77,78). Con-
cerns related to side effects of transfec-
tion procedures can be circumvented by
using in vivo labeling (24).

It is unclear why MSCs efficiently
phagocytose ferumoxytol without trans-
fection agents in vivo but not ex vivo.
Possible explanations include longer ex-
posure of MSCs to ferumoxytol or in
vivo signaling events that facilitate MSC
phagocytosis (44,79). Our data showed
that in vivo ferumoxytol phagocytosis
by MSCs was more efficient than ex
vivo ferumoxytol labeling with prot-
amine transfection. Probably because
of this higher initial iron load, we found
a longer in vivo detectability of in vivo
ferumoxytol-labeled MSCs (4 weeks)
compared with ex vivo ferumoxytol-
labeled MSCs (2 weeks) (76). On the
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Figure 6: Sagittal T2-weighted MR images (4000/15, 30, 45, 60) of matrix-associated stem cell implants
in osteochondral defects of rat knee joints. (a) Representative T2 relaxation time maps show shortened T2
relaxation times of in vivo—labeled MSC transplants (arrow) compared with unlabeled control transplants
(arrowhead) at weeks 0, 2, and 4 after transplantation. The T2 signal effect of labeled transplants slowly
decreases over time. Color spectrum = color scale for T2 time (milliseconds) that signifies MR signal intensity
of the implant; the more iron (ferumoxytol) the implanted cells contain, the lower the T2 value. (b) Corre-
sponding T2 relaxation times show significantly shorter T2 values of in vivo—labeled transplants compared
with unlabeled control transplants up to 4 weeks after implantation. Data are displayed as means and

standard errors (error bars) of six animals in each group.

other hand, in vivo labeling with the
ultrasmall ~ superparamagnetic  iron
oxide ferumoxytol was less efficient
compared with previously published
ex vivo-labeling procedures with the

larger superparamagnetic iron oxides
such as ferumoxides (mean, 4.5 pg per
cell = 0.27) (80) and ferucarbotran
(mean, 7.08 pg per cell = 0.48) (81).
However, the iron load achieved with
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Figure 7:  Histopathologic correlation of matrix-associated stem cell implants. Representative sections at

DAB-Prussian Blue

B ATAY

Alcian Blue

ﬂﬁ' |

200pm

2 weeks and 4 weeks after implantation. Hematoxylin-eosin (H & E) stains show engraftment of all implants,
and 3,3'diaminobenzidine (DAB}-Prussian blue stains show implanted cells containing iron (brown staining)
at 2 and 4 weeks for labeled in vivo transplants, whereas unlabeled control transplants remain unstained.
Alcian blue stains show cartilage formation in all implants.

our technique was sensitive enough
for in vivo detection and did not cause
any impairment in chondrogenesis,
whereas the previously described su-
perparamagnetic iron oxide caused a
dose-dependent impairment in chon-
drogenesis (29,50).

We recognize several limitations
of our study. We found different T2

relaxation times of labeled stem cells in
an agarose scaffold in our in vitro and
in vivo studies. This observation can
be explained by a well-described deg-
radation and replacement of the scaf-
fold by an extracellular matrix in vivo
(82,83): At every time in vitro (weeks
0, 2, and 4), a new scaffold was used
for our in vitro MR images, while in

vivo, the same scaffold was evaluated
during 4 weeks. A faster increase in T2
relaxation times of labeled cells in vi-
tro (significant for 3 weeks) may be due
to higher cell proliferation and stable
water content of the scaffold. By com-
parison, nearly constant T2 relaxation
times during 4 weeks in vivo may be
due to a combined effect of iron me-
tabolization of labeled cell transplants
(increasing T2 relaxation times) and
scaffold degradation with extracellular
matrix production (decreasing T2 re-
laxation times). More important, the
MR imaging signal intensity of labeled
and unlabeled stem cell transplants was
significantly different at week 0 and
week 2, thereby allowing a diagnosis
of successful stem cell deposition and
short-term persistence in the defect.
Clinical translations of longitudinal im-
aging studies have to take into account
signal intensity changes of both labeled
stem cells and scaffolds.

Investigators in several previous
studies confirmed uptake of iron oxide
nanoparticles by bone marrow macro-
phages in animal models and in patients
(13,38). We have previously described
that bone marrow macrophages are
labeled by means of intravenous feru-
moxytol injection and that these iron-
labeled macrophages migrate into ap-
optotic stem cell transplants, but not
viable transplants (13). This effect could
be an additional variable for our stem
cell tracking approach, if stem cell do-
nor and recipient were the same. On the
basis of our previous observations, we
would expect that ferumoxytol-labeled
viable stem cell transplants would dem-
onstrate stable or decreasing T2 signal
intensity effects over time, while apo-
ptotic transplants would be expected to
show increasing T2 signal intensity ef-
fect (ie, T2 shortening, lower signal in-
tensity) over time owing to the influx of
iron-labeled macrophages.

Our data were acquired in rodents
and have to be confirmed in humans.
Researchers in previous studies (38,84)
have confirmed bone marrow T2 signal
intensity enhancement after intrave-
nous ultrasmall superparamagnetic iron
oxide injection in patients, corroborat-
ing the feasibility of our approach in
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a clinical setting. We found relatively
small T2 signal intensity effects of our
labeled cells, but previous groups (85)
were able to diagnose an acute rejec-
tion of cardiac transplants on the ba-
sis of T2 relaxation time changes as
low as 7 milliseconds. We could use
more sensitive T2*-weighted sequences
or increase the intravenously admin-
istered iron dose if needed. Although
some clinical protocols also use MSC
expansion times of 7 days or shorter
(86), other clinical protocols expand
MSCs for longer intervals (87,88) or
not at all (89,90). This would lead to
more or less dilution of the iron label
and require adjustment of MR pulse se-
quences for sensitive in vivo cell detec-
tion. Moreover, even though ferumoxy-
tol is generally well tolerated (56), rare
events of serious anaphylactic reactions
(0.2%) have been described (91). This
risk would apply to any ferumoxytol-
related imaging approach (intravenous
injection or transplantation of ex vivo-
labeled cells). Patients will have to be
screened carefully for any history of al-
lergies, especially in regard to dextran
and iron compounds. Investigators in
a study (92) similar to ours reported
no major adverse effects during a fol-
low-up of 25 months after intravenous
and intrathecal injection of autologous
superparamagnetic iron oxide-labeled
MSCs in patients with multiple sclerosis
and amyotrophic lateral sclerosis.

In summary, we developed an im-
mediately available, potentially clinically
applicable approach for in vivo stem
cell labeling with an FDA-approved iron
supplement. This approach eliminates
risks of contamination and biologic al-
teration of bone marrow-derived stem
cells caused by ex vivo-labeling proce-
dures and could be immediately applied
in a clinical setting for in vivo tracking
of bone marrow-derived stem cells in
arthritic joints or other target tissues.
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