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Conclusion:

©RSNA, 2012

To develop a clinically applicable imaging technique for
monitoring differential migration of macrophages into viable
and apoptotic matrix-associated stem cell implants (MASIs)
in arthritic knee joints.

With institutional animal care and use committee approval,
six athymic rats were injected with intravenous ferumoxy-
tol (0.5 mmol iron per kilogram of body weight) to preload
macrophages of the reticuloendothelial system with iron ox-
ide nanoparticles. Forty-eight hours later, all animals received
MASIs of viable adipose-derived stem cells (ADSCs) in an
osteochondral defect of the right femur and mitomycin-pre-
treated apoptotic ADSCs in an osteochondral defect of the left
femur. One additional control animal each received intrave-
nous ferumoxytol and bilateral scaffold-only implants (without
cells) or bilateral MASIs without prior ferumoxytol injection.
All knees were imaged with a 7.0-T magnetic resonance (MR)
mmaging unit with T2-weighted fast spin-echo sequences imme-
diately after, as well as 2 and 4 weeks after, matrix-associated
stem cell implantation. Signal-to-noise ratios (SNRs) of viable
and apoptotic MASIs were compared by using a linear mixed-
effects model. MR imaging data were correlated with histo-
pathologic findings.

All ADSC implants showed a slowly decreasing T2 signal over
4 weeks after matrix-associated stem cell implantation. SNRs
decreased significantly over time for the apoptotic implants
(SNRs on the day of matrix-associated stem cell implantation,
2 weeks after the procedure, and 4 weeks after the procedure
were 16.9, 10.9, and 6.7, respectively; P = .0004) but not for
the viable implants (SNRs on the day of matrix-associated
stem cell implantation, 2 weeks after the procedure, and 4
weeks after the procedure were 17.7, 16.2, and 15.7, respec-
tively; P = .2218). At 4 weeks after matrix-associated stem
cell implantation, SNRs of apoptotic ADSCs were significantly
lower than those of viable ADSCs (mean, 6.7 vs 15.7; P =
.0013). This corresponded to differential migration of iron-
loaded macrophages into MASIs.

Iron oxide loading of macrophages in the reticuloendothelial
system by means of intravenous ferumoxytol injection can
be utilized to monitor differential migration of bone marrow
macrophages into viable and apoptotic MASIs in a rat model.

©RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 12112393/-/DC1
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steochondral defects caused by

degenerative arthritis, inflam-

matory arthritis, or trauma rep-
resent a major cause of chronic joint
pain and related disabilities in our so-
ciety. The limited self-regeneration ca-
pacity of cartilage requires therapeutic
approaches for joint restoration (1,2).
Matrix-associated stem cell implants
(MASIs) have a high potential for bone
and cartilage regeneration (3,4). How-
ever, a major challenge of current ap-
proaches is death of the transplanted
cells because of failed engraftment and/
or immune rejection (5,6). In case of
graft failure, the transplanted cells die
first (eg, because of hypoxia or mechan-
ical factors), which leads to secondary
macrophage influx and clearance of
dead cells (7). In case of graft rejec-
tion, specific stem cell immunopheno-
types attract monocytes, macrophages,
lymphocytes, and dendritic cells, which
recognize, kill, and eliminate the trans-
planted cells (8).

These host immune responses to
stem cell implants represent a major
challenge for tissue engineering out-
comes, especially as host immune re-
sponses refer to macrophage interac-
tions with transplanted cells (9-12).
Dupont et al (9) and Lyons et al (10)
reported that host macrophages exten-
sively migrated into stem cell implants in
bone defects in rat models. Depending

Advances in Knowledge

B [ntravenous injection of feru-
moxytol leads to uptake and iron
oxide labeling of macrophages in
the reticuloendothelial system;
MR imaging can be used to
depict the migration of the
labeled macrophages to stem cell
transplants in vivo.

® MR imaging helped identify mi-
gration of iron oxide-labeled
macrophages into apoptotic stem
cell transplants but not into
viable stem cell transplants.

B The described MR imaging ap-
proach can be used to detect
host immune responses to apo-
ptotic stem cell transplants.

on underlying pro- or antiinflammatory
physiologic conditions, the macrophage
migration into MASIs could facilitate
bone and cartilage remodeling (10,13)
or counteract the engraftment process
(10,14,15). In the majority of cases,
the natural immunity to MASIs was not
protective but instead led to clearance
of transplanted cells from the implant
(9,16). Transplants with a large quan-
tity of apoptotic cells led to a release
of chemoattractant factors, such as
lysophosphatidylcholine, which induce
a migration of bone marrow macro-
phages into MASIs to phagocytose the
transplanted cells (17-19).

An imaging technique that could di-
rectly visualize macrophage migration
into MASIs could serve as an imaging
biomarker for host immune responses
to matrix-associated stem cell implan-
tation and could thereby help diagnose
apoptotic transplants. We and other
investigators have shown in preclinical
and clinical investigations (20,21) that
macrophages in bone marrow phago-
cytose intravenously administered ul-
trasmall superparamagnetic iron oxide
(USPIO) nanoparticles. In addition, we
have shown that iron oxide-labeled cells
can be depicted in MASIs by using mag-
netic resonance (MR) imaging (22-25).
On the basis of these previous observa-
tions, we hypothesized that it should be
possible to detect the in vivo migration
of iron oxide-loaded macrophages into
MASIs by using MR imaging.

Thus, the purpose of this study was
to develop a clinically applicable imag-
ing technique for monitoring differen-
tial migration of macrophages into vi-
able and apoptotic MASIs in arthritic
knee joints. If successful, this imaging

Implication for Patient Care

B The approach presented of “pre-
loading” macrophages with iron
oxide nanoparticles for subse-
quent in vivo tracking of host
immune responses is in principle
clinically translatable through an
“off-label” use of the U.S. Food
and Drug Administration—-ap-
proved iron supplement
ferumoxytol.

technique could serve as a novel poten-
tially clinically applicable biomarker for
host immune responses to transplanted
cells and could help identify apoptotic
implants soon after matrix-associated
stem cell implantation.

Materials and Methods

Contrast Agent

Ferumoxytol (Feraheme; Advanced
Magnetics, Cambridge, Mass) is an
iron supplement that has been ap-
proved by the U.S. Food and Drug Ad-
ministration for intravenous treatment
of iron deficiencies (26). Ferumoxytol
consists of USPIO nanoparticles with
a mean hydrodynamic diameter of
30 nm. The nanoparticles are com-
posed of an iron oxide core (mean
diameter, 6.76 nm * 0.41 [standard
deviation]) and a semisynthetic car-
bohydrate coating of polyglucose sor-
bitol carboxymethylether. Ferumoxytol
nanoparticles have an effect on signal
intensity on T1- and T2-weighted MR
images because of their r1 relaxivity of

Published online before print
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Abbreviations:

ADSC = adipose-derived stem cell

DAB = diaminobenzidine

MASI = matrix-associated stem cell implant

RES = reticuloendothelial system

SNR = signal-to-noise ratio

USPIO = ultrasmall superparamagnetic iron oxide

Author contributions:

Guarantors of integrity of entire study, A.K., H.E.D.; study
concepts/study design or data acquisition or data analysis/
interpretation, all authors; manuscript drafting or manu-
script revision for important intellectual content, all authors;
manuscript final version approval, all authors; literature
research, AK., H.N., R.G., S.L., TEL., H.E.D.; experimental
studies,AK., H.N,,R.G., G.L, S.L.,R.C,N.D., LP,TFL,,
H.E.D.; statistical analysis, H.N., S.M., L.P, T.F.L.; and
manuscript editing, AK., H.N., N.D., L.P, TFL., H.E.D.

Funding:

This research was supported by the National Institutes of
Health (grant RO1AR054458).

Potential conflicts of interest are listed at the end

of this article.

See also Science to Practice in this issue.

804

radiology.rsna.org = Radiology: \olume 264: Number 3—September 2012



Radiology

MOLECULAR IMAGING: MR Imaging Monitoring of Macrophage Migration into Stem Cell Transplants

Khurana et al

15mM~"-sec™! (15 L -mmol™" - sec™")
and r2 relaxivity of 89 mM™! - sec™!
(89 L -mmol™" - sec” ") at 1.5 T (27).

Stem Cell Gulture and Apoptosis Induction

Adipose-derived stem cells (ADSCs)
were extracted and characterized (G.L.
and T.F.L.) from male Sprague-Dawley
rats (28). ADSCs were cultured in Dul-
becco’s modified Eagle’s medium (Invi-
trogen, Carlsbad, Calif) supplemented
with 10% fetal bovine serum (Invitro-
gen), 100 TU/mL penicillin, and 100 pg/
mL streptomycin (Invitrogen) at 37°C
in a humidified 5% CO, atmosphere.
At 80%-90% confluency, the ADSCs
were trypsinized and were either cul-
tured further or used for experiments.
Before transplantation into the joints
of the animals, half of the cells under-
went apoptosis induction with mitomy-
cin C (Sigma-Aldrich, St Louis, Mo), as
previously described (22,29). In brief,
ADSCs were incubated with 0.5 mg
mitomycin C per milliliter of serum-
free media for 6 hours at standard cell
culture condition. Cells were carefully
washed three times with Dulbecco’s
phosphate-buffered saline (Invitrogen)
and were used for the in vivo experi-
ment. A Sensolyte Homogeneous AMC
Caspase 3/7 Assay Kit (AnaSpec, Fre-
mont, Calif) was used to quantify cas-
pase production by mitomycin-treated
cells by means of the Ac-DEVD-AMC
substrate (22). Caspase 3/7 production
induces cleavage of Ac-DEVD-AMC,
which generates the fluorophore AMC,
which can be detected at an excitation
of 354 nm and an emission of 442 nm.
The caspase assay was prepared by
using standard protocols. In brief, cell
extracts were prepared for mitomycin-
treated cells, viable cells, and serum-
free media-treated cells. The cell
extracts were mixed with caspase sub-
strate solution on a plate shaker for 60
seconds at 100-200 rpm. Caspase 3/7
production was measured on a plate
reader as the relative fluorescent inten-
sity at an excitation of 354 nm and an
emission of 442 nm.

Animal Model and ADSC Implantation

The study was approved by the institu-
tional animal care and use committee

of Stanford University. We examined
eight athymic female Harlan rats
(mean weight, 131 g = 6). Seven rats
received intravenous injections of feru-
moxytol at a dose of 0.5 mmol iron per
kilogram of body weight. Forty-eight
hours after ferumoxytol administra-
tion, six of these rats received ADSC
implants, and one control rat received
scaffold implants only. One additional
control rat received ADSC implants
but no intravenous contrast agent in-
jection. Matrix-associated stem cell
implantation surgeries were performed
in sterile conditions and with isoflu-
rane anesthesia by an animal surgeon
(N.D., with 30 years of experience).
A circular osteochondral defect (2 mm
in diameter and 1.5 mm deep) was
created in the intertrochlear groove of
the femur by using a microdrill (Ideal,
Sycamore, IlI). Six rats (previously in-
jected with ferumoxytol) and one con-
trol rat (not injected with ferumoxytol)
received implants of 7.5 X 10° viable
ADSCs in an agarose scaffold in the
defect of the right knee joint and 7.5
X 10° apoptotic ADSCs in an agarose
scaffold in the defect of the left knee
joint. The location and consistency of
the implants was confirmed visually.
One additional control rat (previously
injected with ferumoxytol) received
agarose scaffold implants without cells
(Type VII agarose; Sigma-Aldrich) in
defects in both knees. The skin inci-
sion was closed, and buprenorphine
(0.05 mg/kg) was administered to con-
trol pain.

MR Imaging

All rats underwent three MR imaging
studies performed with a 7.0-T animal
MR imaging unit (“microSigna 7.0”
collaboration between GE Healthcare
[Waukesha, Wis| and Varian [Wal-
nut Creek, Calif]). These studies were
performed immediately after matrix-
associated stem cell implantation and
at 2 and 4 weeks after matrix-associ-
ated stem cell implantation. The con-
trol animal that was not injected with
ferumoxytol was only imaged immedi-
ately after matrix-associated stem cell
implantation. Animals were anesthe-
tized with 1.5%-2.0% isoflurane and

were placed in the supine position in
a custom-built single-channel transmit-
receive partial birdcage radiofrequency
coil with an inner diameter of 2 cm.
Sagittal MR images of both knee joints
were obtained with fast spin-echo se-
quences with the following parameters:
repetition time msec/echo time msec,
3000/30; field of view, 2.5 X 2.5 cm;
matrix, 256 X 256 pixels; section thick-
ness, 0.5 mm; and 16 acquisitions. The
mean signal intensity (SI) of all MASIs
and the SI of noise in air were mea-
sured in consensus by two postdoctoral
research fellows (A.K. and H.N., with 5
and 6 years of medical training, respec-
tively), who used regions of interest
(ROIs) and Osirix software (Pixmeo,
Geneva, Switzerland). For each knee
joint, average Sls were calculated for
three 8-10-pixel ROIs in each MASI and
for two 30-pixel ROIs in the background
in front of (ie, in the phase-encoding
direction of) the MASI. The signal-to-
noise ratio (SNR) was calculated as the
SI of the transplant divided by the SI
of noise.

Histopathologic Examination

Animals were sacrificed after the last
MR imaging procedure, and knee joints
were explanted, dissected, and placed
in a fixative and decalcifier (Cal-Ex II;
Fisher Scientific, Fair Lawn, NJ) for
5-8 days to fix and decalcify the tissue
simultaneously. The specimens were
dissected parasagittally, were dehy-
drated through graded alcohol washes,
and were embedded in paraffin. Tissue
slices (5 pm thick) on glass slides were
stained with standard hematoxylin-
eosin to define the morphology of the
ADSC transplants and with Prussian
blue diaminobenzidine (DAB) to local-
ize iron oxides in MASIs. We performed
additional immunostaining of the depa-
raffinized and formalin-fixed specimens,
including anti-CD68 staining to localize
macrophages in the MASIs and fluores-
cence in situ hybridization (Rat IDetect
Chromosome Paint Probes; ID Labs
Biotechnology, London, Ontario, Cana-
da) against chromosome Y to evaluate
the presence and viability of implanted
ADSCs from male donors in female re-
cipient rats.
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Statistical Analyses

SNRs for the viable and apoptotic MASI
groups were tested for significant dif-
ferences over time by using a mixed
linear model with a random effect for
each rat knee (Table). SNRs for viable
and apoptotic MASI groups were also
compared at week 4 by using a t test.
Differences in caspase production be-
tween mitomycin-treated cells and un-
treated cells were compared by using
a t test. P < .05 was considered to in-
dicate a significant difference, except
for the SNR comparison at week 4, for
which P < .0033 was considered to in-
dicate a significant difference, in line
with the Bonferroni correction.

Caspase production was significantly
higher in the mitomycin-treated cells
than in the untreated cells (P = .0052)
(Fig 1). Animals injected with feru-
moxytol demonstrated markedly de-
creased bone marrow signal on T2-
weighted MR images in comparison
with the control animal that had not
received any ferumoxytol injection
(Fig 2), indicating reticuloendothelial
system (RES) uptake and macrophage
phagocytosis of ferumoxytol (Figs El
and E2 [online]). All ADSC transplants
in osteochondral defects demonstrated
high T2 signal immediately after ma-
trix-associated stem cell implantation
(Fig 2). The T2 signal of apoptotic
MASIs markedly decreased at subse-
quent follow-up studies (2 and 4 weeks
after matrix-associated stem cell im-
plantation), while the T2 signal of
viable MASIs decreased only slightly
(Fig 2). The control animal that had
received intravenous ferumoxytol and
implants of agarose scaffold only (with-
out stem cells) also showed a marked
decline in T2 signal 2 and 4 weeks af-
ter matrix-associated stem cell implan-
tation, similar to that seen in apoptotic
ADSC implants (Fig 2).

Mean SNRs of apoptotic cell trans-
plants were 16.9, 10.9, and 6.7 on the
day of matrix-associated stem cell im-
plantation, 2 weeks after the proce-
dure, and 4 weeks after the procedure,
respectively. Conversely, mean SNRs

SNR in MASIs over Time

Coefficient* Estimate Standard Error of Estimate ¢ Value PValue
Intercept 17.522 1.196 14.647 <.001
Apoptotic implants —0.894 1.692 —0.529 597
Scaffold only 8.028 2.393 3.355 .001
Week (viable trend) —0.500 0.409 —1.222 222
Interaction between apoptotic and —2.058 0.579 —3.557 <.001
week

Interaction between scaffold and —3.775 0.818 —4.613 <.001
week

Knee random effect variance 1.889 1.374

Residual variance 8.038 2.835

Note.—The linear mixed model was fit by using Ime4 (a software package for the R statistical programming language) by means
of restricted maximum likelihood, with rat knee as a random effect. We inserted a random effect for each rat knee to account for
the within-observation correlation over time. Knees could differ substantially for each rat, so the best modeling strategy was to
model the variation between each knee as a random effect. The results are nearly identical when each rat rather than each knee
was used as a random effect. The number of observations was 42, the number of groups was 14 (at three time points), the log
likelihood was —100.575, the deviance was 201.150, the Akaike information criterion was 217.150, and the Bayesian

information criterion was 231.051.

*Effects relative to baseline factor “viable.”

[ ]

Lysis buffer

Viable Cell

Lysate

SF-Treated

Cell Lysate

Cell Group
¢

Mitomycin Treated
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Figure 1:

15000 20000 25000
RFU

10000

Graph shows relative fluorescence of viable serum-free media—treated cells and

mitomycin-treated cells. Mitomycin-treated cells showed significant caspase production (P <
.01). All data are means = standard errors of the mean. RFU = relative fluorescence units,

SF = serum-free media.

of viable cell transplants were 17.7,
16.2, and 15.7 on the day of matrix-
associated stem cell implantation, 2
weeks after the procedure, and 4 weeks
after the procedure, respectively. The
linear mixed-effects model revealed
that SNR declined significantly over
time for apoptotic implants (P = .0004
[Fig 3, Table]|). There was no significant

trend for viable implants (P = .2218).
At 4 weeks after matrix-associated
stem cell implantation, SNRs of apopto-
tic ADSCs were significantly lower than
those of viable ADSCs (P = .0013).
Hematoxylin-eosin staining 4 weeks
after matrix-associated stem cell im-
plantation revealed engraftment of vi-
able ADSCs in osteochondral defects,
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Figure 2

Figure 2:  Sagittal T2-weighted fast spin-echo MR images (30/3000) of representative rat knees with viable MASIs (upper
row) and apoptotic MASIs (lower row) in osteochondral defects, with zoomed insets of the implants. A, £, Images in control
animal without ferumoxtyol injection, and, B-D, and, F—H, serial images in an animal that had been injected with ferumoxytol
48 hours before matrix-associated stem cell implantation. Directly after matrix-associated stem cell implantation (week 0), the
T2 signal of the viable implant (in B) and that of the apoptotic implant (in £} are not significantly different. However, follow-up
images obtained 2 weeks (C and G) and 4 weeks (D and H) after matrix-associated stem cell implantation show a gradually
decreasing T2 signal in apoptotic implants (G and H) but not in viable implants (Cand D).

Viable Apoptotic Scaffold only
25 I
.

201+
o 1 i
CZD 15 I

10

5 1 ‘

0o 1 2 3 40 1 2 3 40 1 2 3 4

Week

Figure 3:  Graph shows SNRs of viable and apoptotic implants at different time points after matrix-associated stem cell
implantation. Data are means and standard errors of mean for viable and apoptotic MASIs in six knee joints each and means for
two knee joints with scaffold-only implants.
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with remodeling of the joint surface.
Conversely, apoptotic implants demon-
strated persistent osteochondral defects
(Fig 4, A and B). Prussian blue DAB
staining revealed iron oxide particles in
MASIs, with a relatively higher quan-
tity of iron oxide particles in apoptotic
MASIs than in viable MASIs (Fig 4, C
and D). Anti-CD68 immunostaining re-
vealed macrophages in both viable and
apoptotic MASIs, with more abundant
CD68-positive cells in apoptotic MASIs
than in viable MASIs (Fig 4, E and F).
To confirm the presence of implanted
ADSCs from male donors in female rat
recipients, fluorescence in situ hybrid-
ization against the Y chromosome was
performed. It demonstrated Y-positive
cells in viable MASIs but not in apopto-
tic MASIs (Fig 4, G and H).

Our data demonstrated the feasibility
of depicting host immune responses to
stem cell transplants in vivo with MR
imaging by preloading macrophages
with intravenously administered feru-
moxytol prior to stem cell transplan-
tation. The presented macrophage
tracking technique could help detect
differential macrophage accumula-
tion in viable versus apoptotic MASIs
and could potentially also be applied
in comparative investigations of mac-
rophage responses to other stem cell
transplants.

Our observations of macrophage
migration into cell transplants are
in accordance with findings by other
investigators, who showed with post-
mortem histologic analyses that host
macrophages migrate into MASIs in
response to cell death and/or inflam-
matory reactions (9,14,15). Lyons et
al (10) showed that macrophage mi-
gration also occurred into the scaffold
only (without stem cells) in bone de-
fects. On the other hand, evaluations
by Arinzeh et al (30) confirmed that
successful bone regeneration was not
associated with marked immune re-
sponses. Compared with previously
applied histopathologic evaluations,
our MR imaging approach has the

Figure 4

Figure 4: Histopathologic findings in osteochondral defects 4 weeks after matrix-associated
stem cell implantation. A, B, Hematoxylin-eosin stains of, A, viable ADSC implant and, B,
apoptotic ADSC implant in osteochondral defects. C, D, Prussian blue DAB stains show rela-
tively more areas of iron (arrowheads) in, D, apoptotic implant than in, C, viable implant. £, F,
Anti-CD68 staining shows more macrophages in, F, apoptotic implant than in, £, viable implant.
G, H, Fluorescence in situ hybridization analysis shows presence of rat Y chromosome—positive
cells in, G, viable MASI but not in, H, apoptotic MASI.

advantage of being noninvasive and Intravenously administered US-
applicable in vivo, thereby allowing PIO nanoparticles have been applied
close longitudinal evaluations of host extensively for MR imaging of mac-
immune responses in living subjects. rophages in organs of the RES, such
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as the liver (31,32), the spleen (31),
lymph nodes (32,33), and bone mar-
row (34-36). The relatively large
nanoparticles, which have a size on
the order of plasma proteins, initially
distribute in the blood pool, where
they cause strong T1 and T2 relaxation
time enhancement (37). The nanopar-
ticles subsequently slowly extravasate
across the sinusoids of microvessels
in RES organs and accumulate in the
interstitium, where they are slowly
phagocytosed by macrophages. This
process takes several hours (34,38).
At 24 hours after injection, the persis-
tent enhancement on T2-weighted MR
images in RES organs corresponds to
intracellular USPIO nanoparticles in
macrophages at histopathologic exam-
ination (39,40). We chose to preload
RES macrophages with the USPIO
nanoparticle ferumoxytol 48 hours be-
fore planned stem cell transplantation
to allow enough time for macrophage
phagocytosis and to ensure minimal
or no residual nanoparticles in the
blood, considering a blood half-life of
67 minutes for ferumoxytol in rodents
(21). This allowed subsequent track-
ing of labeled macrophages into unla-
beled MASIs with MR imaging.

Our MR imaging approach could
indirectly depict failed, apoptotic stem
cell implants by depicting influx of iron-
labeled macrophages into MASIs. This
approach is closer to potential clinical
applications than direct labeling of stem
cells with iron oxides, as previously per-
formed by our group and others (41-44).
In addition, direct iron oxide labeling
provided limited information about the
viability of the transplanted cells (41).

We recognize the following limita-
tions of our study: To ensure maximal
RES preloading, we injected a higher
dose of ferumoxytol into our animals
(0.5 mmol iron per kilogram) than the
usual ferumoxytol dose in patients (0.1
mmol iron per kilogram). Increased US-
PIO nanoparticle doses are recommend-
ed for rodent studies to compensate
for the faster biodistribution in rodents
than in humans (45). Of note, allergic
reactions to ferumoxytol, presumably
against the carboxymethyl dextran
coating, have recently been described.

Novel, third-generation iron oxide
nanoparticles, which are also phagocy-
tosed by macrophages but have an im-
proved safety profile, are currently en-
tering clinical trials (46). Future studies
have to show if ferumoxytol loading of
macrophages in humans will allow trans-
lational applications of our approach. In
addition, we did not prove the origin
of the iron oxide-loaded macrophages
that migrated into the MASIs. Owing
to the close proximity of the MASIs to
the bone marrow, it is most likely that
bone marrow macrophages migrated
into the MASIs. However, we cannot
exclude that macrophages from other
RES organs, particularly the spleen,
may have migrated into our implants.
Neither our MR imaging technique nor
the histopathologic techniques available
to us would have been able to help dif-
ferentiate between macrophages in the
transplant that may have originated
from bone marrow and those that may
have originated from the spleen or the
liver. With regard to differentiating vi-
able from apoptotic MASIs, the origin
of the observed macrophage influx may
be of academic, but not clinical, impor-
tance. Our animal model served as a
model for graft failure—that is, primary
stem cell apoptosis (eg, that caused by
hypoxia)—followed by secondary mac-
rophage influx to clear the dead cells.
Our imaging technique would in princi-
ple also be applicable to detecting stem
cell rejection—that is, primary influx of
immune cells into immunogenic trans-
plants (eg, allogeneic transplants) with
secondary immune cell-induced death
of the transplanted cells. Combinations
of our macrophage tracking technique
with imaging markers of cell death may
help elucidate the timing between trans-
plant death and macrophage influx and
may thereby help differentiate graft fail-
ure from rejection.

Preloading RES macrophages with
intravenous ferumoxytol before stem
cell transplantation may provide a
new tool for assessing host immune
responses to stem cell transplantation
noninvasively with MR imaging. Our
in vivo macrophage tracking technique
may enable us to overcome the bottle-
neck of diagnosing stem cell transplant

failures early after the transplantation,
may help us avoid long-term and inva-
sive follow-up studies of lost transplants,
and may help in assigning patients with
transplant failure to early interven-
tions or alternative treatment options.
Potential further applications include
comparative in vivo investigations of
the host immune response to differ-
ent stem cell types (human embryonic
stem cells, human mesenchymal stem
cells, human-induced pluripotent stem
cells), comparisons of autologous and
allogeneic transplants, investigations
of genetically engineered stem cells,
comparisons of different scaffolds and
growth factors, and assessments of de-
mographic effects on stem cell engraft-
ment outcomes. By exploiting novel and
immediately clinically applicable imag-
ing techniques as a new, critical tool for
monitoring stem cell engraftment out-
comes noninvasively in vivo, we antici-
pate substantially improving and accel-
erating the development of successful
therapies for cartilage regeneration in
patients, thereby alleviating long-term
disabilities and related costs to our so-
ciety. Our imaging technique might also
be applicable to monitoring immune re-
sponses to other stem cell transplants
or immune responses to solid-organ
transplants.
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