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Purpose: To determine whether endogenous labeling of macro-
phages with clinically applicable nanoparticles enables 
noninvasive detection of innate immune responses to stem 
cell transplants with magnetic resonance (MR) imaging.

Materials and 
Methods:

Work with human stem cells was approved by the institu-
tional review board and the stem cell research oversight 
committee, and animal experiments were approved by the 
administrative panel on laboratory animal care. Nine im-
munocompetent Sprague-Dawley rats received intravenous 
injection of ferumoxytol, and 18 Jax C57BL/6-Tg (Csf1r-
EGFP-NGFR/FKBP1A/TNFRSF6) 2Bck/J mice received 
rhodamine-conjugated ferumoxytol. Then, 48 hours later, 
immune-matched or mismatched stem cells were implanted 
into osteochondral defects of the knee joints of experimen-
tal rats and calvarial defects of Jax mice. All animals un-
derwent serial MR imaging and intravital microscopy (IVM) 
up to 4 weeks after surgery. Macrophages of Jax C57BL/6-
Tg (Csf1r-EGFP-NGFR/FKBP1A/TNFRSF6) 2Bck/J mice 
express enhanced green fluorescent protein (GFP), which 
enables in vivo correlation of ferumoxytol enhancement at 
MR imaging with macrophage quantities at IVM. All quan-
titative data were compared between experimental groups 
by using a mixed linear model and t tests.

Results: Immune-mismatched stem cell implants demonstrated 
stronger ferumoxytol enhancement than did matched 
stem cell implants. At 4 weeks, T2 values of mismatched 
implants were significantly lower than those of matched 
implants in osteochondral defects of female rats (mean, 
10.72 msec for human stem cells and 11.55 msec for male 
rat stem cells vs 15.45 msec for sex-matched rat stem 
cells; P = .02 and P = .04, respectively) and calvarial de-
fects of recipient mice (mean, 21.7 msec vs 27.1 msec, 
respectively; P = .0444). This corresponded to increased 
recruitment of enhanced GFP– and rhodamine-ferumoxy-
tol–positive macrophages into stem cell transplants, as vi-
sualized with IVM and histopathologic examination.

Conclusion: Endogenous labeling of macrophages with ferumoxytol en-
ables noninvasive detection of innate immune responses 
to stem cell transplants with MR imaging.
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The authors had complete control of 
the study data and the information sub-
mitted for publication.

Human MSCs were purchased from 
Lonza (Walkersville, Md, catalog no. PT-
2501). Human adipose-derived stromal 
cells (ADSCs) were harvested from li-
poaspirates of female patients (age range, 
28–49 years) and isolated by means of a 
series of digestions by using type II colla-
genase as previously described (33,34). 
MSCs and ADSCs were used after no 
more than five passages. Work with hu-
man tissue was approved through the in-
stitutional review board (protocol 2188), 
and work with human ADSCs was ap-
proved by the stem cell research over-
sight committee (protocol 177).

Animal experiments were approved 
by the Stanford Administrative Panel 
on Laboratory Animal Care (protocols 
27357, 24365, and 9999). All animals 
were treated in accordance with the Na-
tional Research Council’s Guide for the 
Care and Use of Laboratory Animals. 
All animal experiments were performed 
with the animal under isoflurane anes-
thesia. Buprenorphine treatment was 
used for pain control after surgeries.

The first set of experiments was 
carried out in an established rat model 

directly, noninvasively, and longitudi-
nally in vivo would substantially im-
prove our ability to support stem cell 
engraftment and achieve more success-
ful tissue regeneration outcomes.

Previous studies involved preclini-
cal imaging tools for the detection of 
immune responses to cell transplants, 
by tracking either the long-term fate 
of labeled stem cells (1,22,23) or the 
migration of T cells (24–26) or macro-
phages (27–32) into the transplant. We 
recently reported an immediately clini-
cally translatable approach for tracking 
macrophage migration into stem cell 
transplants (28). The approach relied 
on intravenous injection of ferumoxytol 
nanoparticles, which are phagocytosed 
by macrophages in bone marrow and 
which can be detected with magnetic 
resonance (MR) imaging. After trans-
plantation of unlabeled stem cells, MR 
imaging could help visualize recruitment 
of nanoparticle-labeled macrophages to 
the transplant (28). We hypothesized 
that this macrophage tracking tech-
nique could be used to detect immune 
rejection processes against stem cell 
transplants. Therefore, the purpose 
of our study was to evaluate whether 
endogenous labeling of macrophages 
with clinically applicable nanoparticles 
enables noninvasive detection of innate 
immune responses to stem cell trans-
plants with MR imaging.

Materials and Methods

MR imaging data for this study were 
analyzed with Cinetool Postprocessing 
Software, which was provided by Sand-
eep Gupta, PhD, from GE Research 
(Niskayuna, NY). Dr Gupta did not par-
ticipate in data collection or analyses. 
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Advances in Knowledge

 n Host immune responses against 
stem cell transplants can be 
detected with a noninvasive MR 
imaging technique in which intra-
venous ferumoxytol is used to 
label and track macrophages in 
vivo.

 n Implantation of metal-free window 
chambers and injection of rhoda-
mine-conjugated ferumoxytol 
enable combined MR imaging and 
in vivo microscopy studies, which 
can link real-time histopathologic 
findings with signal intensity 
changes at MR imaging.

 n Injection of unmodified ferumoxy-
tol labels only a fraction of exist-
ing macrophages.

Implications for Patient Care

 n The described macrophage MR 
imaging approach could provide 
noninvasive information about 
stem cell engraftment or failure.

 n The results could motivate ad-
ministration of immune response 
modifiers to patients who show 
imaging signs of stem cell 
rejection.

S tem cells can possess major and 
minor histocompatibility antigen 
incompatibilities, which can be 

recognized by the host immune system 
and lead to rejection (1–4). Although 
allogeneic mesenchymal stromal cells 
(MSCs) were initially thought to be im-
mune privileged, evidence now suggests 
that MSCs are recognized and rejected 
by the immune system of histocompat-
ibility antigen-mismatched hosts (5,6). 
Because the use of third party (“off 
the shelf”) MSC transplants is advo-
cated (7–13), and thus rejection may 
be a common occurrence, a noninva-
sive diagnostic test for in vivo detec-
tion of immune responses against cell 
transplants is critically needed to en-
able timely immune-modulating inter-
ventions. Immune rejection involves a 
complex crosstalk between transplant-
ed stem cells and host immune cells 
(1,2,4,7,14–20). Contrary to T cell–me-
diated immune responses against solid 
organ transplants, immune rejection of 
stem cell transplants is typically initi-
ated by the innate immune system (21). 
Monocytes and macrophages recognize 
“foreign” cell transplants and release 
inflammatory mediators such as reac-
tive oxygen species, which leads to a 
vicious cycle of tissue inflammation, cell 
damage, and, ultimately, loss of the cell 
transplant (5,6). An imaging test that 
could depict these immune responses 
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chambers consisting of a polyether ether 
ketone ring and a glass window, which 
were implanted above the cell trans-
plants (Figs E3, E4 [online]). All im-
plants were imaged with a 7.0-T animal 
MR unit at 1, 5, 10, 14, and 21 days after 
surgery by using the same T2-weighted 
spin-echo sequence described earlier.

Directly after each MR examina-
tion, IVM images were acquired with a 
microscope (IV-100; Olympus, Tokyo,  
Japan) by using Olympus UplanFL ob-
jectives and Olympus FluoView FV300 
software. An argon laser at 488 nm, a 
diode-pumped solid-state laser at 561 
nm (both from Melles Griot, Carlsbad, 
Calif), and a diode laser at 748 nm 
(Olympus) excited enhanced GFP, rho-
damine, and AngioSense 750 (Perkin-
Elmer, Boston, Mass), respectively. To 
collect the light from the aforemen-
tioned fluorophores simultaneously, 
custom-built dichroic filters (SDM-570 
nm, SDM-630 nm, and SDM-750 nm) 
and emission filters (BA 505–550 nm, 
BA 585–615 nm, and BA 770 nm IF 
[Olympus]) were used. Time per pixel 
was set to 8–12.5 µsec, and voltage was 
set to 500–600 V. The objective was set 
to focus onto the center of the cranial 
window. Time-lapse images were ac-
quired over 5–10 minutes by using a 
310 objective to assess the motility of 
the cells. The vertical regions of interest 
were defined areas with fluorescent sig-
nal within the transplant, and Z-stack 
images (vertical stacks) were acquired 
by optically sectioning through the 
transplant in 30-mm steps by using the 
310 objective (typically 10220 sections 
per region), resulting in an imaging 
depth of 0.2–1.5 mm. The size of mac-
rophages was determined with ImageJ 
software (National Institutes of Health; 
Bethedsda, Md) on the basis of the size 
distribution of GFP-positive cells in the 
field of view (Fig E5 [online]), and the 
number of GFP-positive cells, rhoda-
mine-positive cells, and double-positive 
cells was counted on each Z stack and 
averaged for each transplant.

Quantitative MR imaging and IVM 
data from stem cell transplants were 
tested for significant differences over 
time by using a mixed linear model 
with a random effect for each rat knee 

which express an enhanced green fluo-
rescent protein (GFP) under the con-
trol of the Cftr1 promoter and thus 
have green fluorescent mononuclear 
cells, including macrophages, mono-
cytes, and dendritic cells. We injected 
18 mice with rhodamine-labeled feru-
moxytol as an MR imaging–detectable 
macrophage marker (three doses of 0.5 
mmol iron per kilogram of body weight 
over 5 days). Then, 48 hours later, we 
created calvarial defects and implant-
ed 5 3 105 murine ADSCs (n = 9) or 
mismatched human ADSCs in alginate 
scaffold (n = 9) into these defects (40). 
The scaffold consisted of polyethylene 
glycol (molecular weight, 3000 Da) con-
jugated to dimethacrylate. The ammo-
nium persulfate and tetramethylethyl-
enediamine were used to catalyze the 
polymerization of acrylamide to form a 
polyacrylamide gel (Fig E2 [online]).

To confirm engraftment of matched 
cell transplants and lack of engraftment 
of mismatched cell transplants, nine 
pilot mice received luciferase-transfect-
ed murine ADSC transplants (n = 3), 
human ADSC transplants (n = 3), or 
scaffold-only transplants (n = 3) and 
underwent serial computed tomogra-
phy (CT) and optical imaging studies 
after intravenous injection of d-luciferin 
(see details in Appendix E1 [online]). 
In addition, we confirmed the osteo-
genic differentiation potential of the 
murine and human ADSCs by culturing 
6 3 104 cells per square centimeter in 
osteogenic differentiation media, which 
consisted of low glucose Dulbecco’s 
modified Eagle’s medium supplemented 
with 10% fetal bovine serum (Gibco, 
Langley, Okla), 100 U/mL penicil-
lin, 100 µg/mL streptomycin (Gibco), 
10% l-glutamine (Gibco), 50 µg/mL 
l-ascorbic acid 2-phosphate sequimag-
nesium (Sigma, Carlsbad, Calif), 100 
mmol/L sodium pyrovate (Gibco), 0.1 
µmol/L dexamethasone (Sigma), and 10 
mmol/L b-glycerophosphate. Cells were 
harvested on day 21 and stained with 
Alizarin red S (Sigma-Aldrich, St Louis, 
Mo) for calcium deposits.

To compare MR imaging signal in-
tensity changes with macrophage re-
cruitment to cell transplants, we de-
signed MR imaging–compatible window 

of osteochondral defects of the knee 
joint (28): Nine female immunocom-
petent Sprague-Dawley rats received 
intravenous injection of ferumoxytol 
(Feraheme; Advanced Magnetics, Cam-
bridge, Mass) at a dose of 0.5 mmol 
iron per kilogram of body weight. Feru-
moxytol is a U.S. Food and Drug Ad-
ministration–approved iron supplement 
composed of iron oxide nanoparticles 
that are phagocytosed by macrophages 
in liver, spleen, and bone marrow and 
which can be detected with MR im-
aging by means of a low (dark) signal 
intensity on T2-weighted MR images 
(35–37). At 48 hours after ferumoxytol 
administration, osteochondral defects 
were created in the bilateral femurs of 
injected rats and MSCs were implanted 
in these defects. Six knee defects re-
ceived immune-matched female rat 
MSC implants, six received immune-
mismatched male rat MSC implants 
(obtained from bone marrow aspirates 
of Sprague-Dawley rats as described 
previously [35]), and six received 
immune-mismatched human MSC im-
plants. All stem cell implants were im-
aged with a 7.0-T MR unit (Discovery 
MR901; collaboration between Agilent 
[Santa Clara, Calif] and GE Healthcare 
[Waukesha, Wis]) by using a T2-weight-
ed spin-echo sequence (repetition time 
msec/echo times msec, 4000/15, 30, 
45, 60; number of signal acquired, one) 
at 0, 2, and 4 weeks after MSC implan-
tation (Fig E1 [online]). T2 relaxation 
times were calculated by using custom-
designed software (Cinetool, GE Re-
search). Animals were then sacrificed 
and knees explanted and processed for 
histopathologic correlations.

To better understand the relation-
ship between MR imaging signal inten-
sity changes, iron oxide nanoparticle 
compartmentalization, and macrophage 
recruitment, we designed a novel mouse 
model for integrated MR imaging and 
intravital microscopy (IVM) studies of 
immune responses to stem cell trans-
plants. The model relies on creation of 
5-mm calvarial defects, which can be re-
paired by transplanting MSCs in growth 
factor–enriched scaffold (33,38,39). We 
used Jax C57BL/6-Tg (Csf1r-EGFP-NG-
FR/FKBP1A/TNFRSF6) 2Bck/J mice, 
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apparently due to the high proton con-
tent of the scaffold. T2 relaxation times 
decreased significantly over time for all 
transplants (Figs 1, E1 [online]). The 
linear mixed model was fit by means 
of restricted maximum likelihood. The 
log likelihood was 93.601, 90.042, and 
79.806; the Akaike information crite-
rion was 101.601, 98.042, and 87.806; 
and the Bayesian information criterion 
was 104.691, 101.132, and 90.362 for 

considered indicative of a statistically 
significant difference.

Results

Stem Cell Transplants in Osteochondral 
Defects of Rat Knee Joints
All stem cell transplants demonstrated 
hyperintense signal on T2-weighted 
MR images directly after implantation, 

or calvarial defect. Differences be-
tween matched and mismatched ADSC 
transplants were tested with a t test. 
The linear mixed model was used to 
analyze changes in quantitative values 
over time within each experimental 
group (matched, sex-mismatched, 
and species-mismatched transplants), 
whereas t tests were used to compare 
matched and mismatched transplants 
at specific time points. P , .05 was 

Figure 1

Figure 1: Noninvasive MR imaging detection of macrophage recruitment to stem cell implants in rat knee joints. (a) Sagittal T2-weighted fast spin-echo MR images 
(300/30) with superimposed T2 color maps of representative rat knee joints with matched stem cells (upper row) or mismatched MSC transplants (lower row) in osteo-
chondral defects. (b) Chart shows corresponding T2 relaxation times of matched and mismatched stem cell transplants at different time points after stem cell implan-
tation. Data are means and standard deviations of six transplants in each group. ∗ = significant difference. (c) Corresponding photomicrographs. Matched transplants 
showed negative 3,3’-diaminobenzidine (DAB) –Prussian blue (iron), negative CD3 stains, and few CD68-positive macrophages while mismatched transplants exhibited 
strongly positive diaminobenzidine–Prussian blue and CD68 staining and presence of several CD3-positive T cells (arrows). H&E = hematoxylin-eosin. Bars = 200 µm.
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(Fig E6 [online]), and pilot CT studies 
showed that there was no significant 
in vivo bone regeneration in the cen-
ter of the defect during the early post-
transplant period, up to 21 days after 
ADSC implantation (Fig E7 [online]). 
Because both ferumoxytol and mature 
bone cause low signal intensity on T2-
weighted MR images, we wanted to ex-
clude significant bone formation in the 
defect during our observation period as 
a potentially confounding variable. Re-
sults showed peripheral defect repair 

Prussian blue–positive iron, CD68-
positive macrophages, and CD3-posi-
tive T cells in mismatched transplants 
when compared with matched trans-
plants (Figs 1, E1 [online]).

Stem Cell Transplants in Bone Defects of 
Mouse Calvaria
An overview of the technical design of 
our mouse model is shown in Figure 2, 
and details are shown in Figures E2–E5 
(online). In vitro studies helped confirm 
that the applied ADSC formed bone 

matched, sex-mismatched, and spe-
cies-mismatched (human) transplants, 
respectively. At 4 weeks after trans-
plant, both sex-mismatched and hu-
man stem cell transplants showed sig-
nificantly shorter T2 relaxation times 
(mean 6 standard deviation, 10.72 
msec 6 1.19 [P = .02] and 11.55 msec 
6 1.3 [P = .04], respectively) com-
pared with immune-matched trans-
plants (mean, 15.45 msec 6 1.99 
[P = .037]). Histopathologic correla-
tions revealed increased quantities of 

Figure 2

Figure 2: Experimental design for integrated MR imaging and IVM of cell transplants in calvarial defects. (a) ADSCs were expanded in cell culture. (b) ADSCs 
were seeded in scaffold. (c) ADSCs in scaffold were implanted in calvarial defects of recipient mice. (d) A custom-made MR imaging–compatible window chamber 
was implanted above scaffold. (e) A cannula was attached to window chamber for connection with a holding device. (f) Holding device was tailored to aperture of 
microscope and avoided motion artifacts during IVM sessions (see further details in Figs E1–E3 [online]).
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(mean, 21.7 msec 6 1.9) were signifi-
cantly lower than those of the matched 
transplants (mean, 27.1 msec 6 1.0)  
(P = .0444) (Figs 6, 7).

Corresponding IVM studies dem-
onstrated an increasing accumula-
tion of GFP-positive macrophages in 
both matched and mismatched ADSC 
transplants over time (Figs 4–6). Mis-
matched transplants showed peak 
macrophage quantities at day 14, with 
a significantly higher mean quantity 
of macrophages (mean, 697 6 52) 
compared with matched transplants 
(mean, 405 6 59) (P = .0498) (Fig 
7). This corresponded to the stronger 

T2 signal intensity over time (Fig 4),  
whereas mismatched transplants 
showed a stronger decrease in MR im-
aging signal intensity at the internal, du-
ra-facing edge of the transplant (Fig 5).  
This corresponded to a significant de-
crease in the T2 relaxation times of 
mismatched transplants over time (T2 = 
33.7, 27.6, 23.0, 20.5, and 21.7 msec at 
1, 5, 10, 14, and 21 days, respectively; P 
= .0129); the decrease in the T2 relax-
ation times in matched transplants was 
not significant (T2 = 35.2, 33.0, 27.5, 
26.9, and 27.1 msec; P = .1052). At 21 
days after transplantation, the T2 relax-
ation times of mismatched transplants 

in animals with a matched transplant 
and no defect repair in animals with 
mismatched transplants (Fig E7 [on-
line]). Serial luminescence images after 
implantation of luciferase-transfected 
ADSC showed persistent luminescence 
of murine but not human cell trans-
plants during an observation time of 
21 days, which confirms engraftment 
of murine ADSC but not human ADSC 
(Fig 3). Control mice with scaffold only 
showed no significant background sig-
nal intensity (Fig 3).

Accordingly, serial MR images of 
matched murine ADSC transplants 
demonstrated only a slight decrease in 

Figure 3

Figure 3: Bioluminescence imaging of matched and mismatched ADSC implants in calvarial defects. (a, b) Representative 
images obtained 3 (a) and 21 (b) days after implantation of luciferase-transfected murine ADSC (mADSC), luciferase-transfect-
ed human ADSC (hADSC), or scaffold only (control). Images were obtained with IVIS 200 system (PerkinElmer, Hopkinton, Mass) 
after intravenous injection of 15 mg/mL d-luciferin. (c) Chart shows corresponding bioluminescence imaging signal of implants 
during 1-second exposure time. Data are means and standard deviations of three implants in each group. Data were analyzed 
with living image software (Xenogen, PerkinElmer) by integrating the total photon flux emission (photons per second) within 
region of interest, normalized to background signal.
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potentially readily clinically translat-
able imaging approach could be used 
to evaluate immune responses to stem 
cell transplants noninvasively and re-
petitively in patients. This is important 
as, contrary to solid organ transplants, 
most stem cell transplants cannot be 
sampled for biopsy owing to their small 
size (eg, in cartilage defects), because 
of biomechanical reasons (eg, stability 
of a healing bone defect), or because of 
their critical location (eg, in the brain 
or around vessels).

Bone injuries are among the most 
costly and debilitating to individuals 
and our society (8,10,41,42). They 
are most commonly seen as a result 

increasing quantities of rhodamine-
positive macrophages and increasing 
double-labeled macrophages; that is, 
even though rhodamine-conjugated 
ferumoxytol nanoparticles did not label 
all macrophages, the MR imaging–de-
tectable fraction of ferumoxytol-labeled 
macrophages represented the overall 
macrophage population.

Discussion

Our data showed that stem cell trans-
plant rejection can be diagnosed with 
MR imaging by detecting recruitment 
of iron oxide nanoparticle–labeled 
macrophages to the transplant. This 

T2 signal seen in human ADSC trans-
plants at MR imaging.

There were fewer rhodamine-pos-
itive macrophages than GFP-positive 
macrophages in both groups (Figs 
4–7); that is, not all macrophages 
were labeled by the clinical marker 
ferumoxytol. However, 90.1% of the 
rhodamine-positive cells were also 
GFP positive, which indicates that the 
ferumoxytol label was fairly specific for 
mononuclear cells. Only 9.9% of red 
fluorescent cells did not show green 
fluorescence. Increasing accumulations 
of GFP-positive macrophages in mis-
matched transplants compared with 
matched transplants correlated with 

Figure 4

Figure 4: Representative images from MR imaging and IVM of matched ADSCs in calvarial defect of transgenic mouse, which has intrinsic 
GFP-expressing macrophages and which was injected with rhodamine-conjugated iron oxide nanoparticles (ferumoxytol). A, Coronal T2-weight-
ed fast spin-echo MR images (3000/30) of matched murine ADSC implant (arrows) show minimal decrease in T2 signal intensity over time. B, 
Optical images with GFP filter show corresponding accumulation of green fluorescent cells in transplant. C, Optical images with rhodamine filter 
show corresponding accumulation of red fluorescent cells, which contain rhodamine-labeled ferumoxytol nanoparticles. D, Overlay of images 
in B and C shows that most rhodamine-labeled cells are also GFP positive (exhibiting yellow color), which indicates that rhodamine-ferumoxytol 
label localizes to macrophages.
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even autologous induced pluripotent 
stem cells, or iPS cells (14,20), can pos-
sess major and minor histocompatibility 
antigen differences, which can be rec-
ognized as foreign by the host immune 
system and lead to their rejection. Mac-
rophages play a major role in immune 
responses to stem cell transplants (5). 
The underlying tissue injury initiates 
the production of damage-associated 
molecular patterns, which leads to ac-
tivation of the complement system and 
recruitment and activation of innate im-
mune cells (49). Our data showed that 
we can detect this immune response 
with a noninvasive MR imaging tech-
nique. Our macrophage marker feru-
moxytol has the distinct advantage over 

cells that could help the implant bet-
ter integrate with existing bone. As a 
consequence, they provide incomplete 
repair or break within a year in up 
to 30% of patients (43). Stem cells 
represent “live” sources for bone en-
gineering and have many advantages, 
including higher tissue regeneration 
potential, immediate availability, po-
tentially unlimited quantities, and 
generally better engraftment out-
comes (8,10,41,42).

“Off the shelf” allogeneic stem cells 
represent the most common source of 
stem cells for clinical transplantations. 
However, allogeneic adult stem cells 
(1,3,4,45), embryonic stem cell–de-
rived progenitors (16,19,46–48), and 

of osteoarthritis, trauma, or tumor 
surgery and often do not heal with-
out substantial medical intervention. 
More than 2 000 000 bone grafts are 
transplanted every year to provide 
support, fill voids, and enhance repair 
of bone defects, thereby representing 
the second most commonly transplant-
ed material after blood product trans-
plantations (43). Considering escalat-
ing demands and limited availabilities 
and efficacies of bone grafts, stem cell 
transplants represent an attractive 
alternative to bone repair (44). Bone 
allografts must be processed to avoid 
transmitting diseases from the donor 
to the patient, leaving the bone sterile 
but dead. Bone allografts lack living 

Figure 5

Figure 5: Representative images from MR imaging and IVM of mismatched ADSCs in calvarial defect of transgenic mouse, which has 
intrinsic GFP-expressing macrophages and which was injected with rhodamine-conjugated iron oxide nanoparticles (ferumoxytol). A, Coronal 
T2-weighted fast spin-echo images (3000/30) of mismatched human ADSC implant (arrows) show marked decrease in T2 signal intensity over 
time, apparently due to accumulation of ferumoxytol nanoparticles in transplant. B, Optical images with GFP filter show corresponding accumu-
lation of green fluorescent cells in transplant. C, Optical images with rhodamine filter show accumulation of rhodamine-labeled cells. D, Overlay 
of images from B and C shows that rhodamine-labeled cells co-localize to GFP-positive cells (exhibiting yellow color).
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macrophages (35), and mesenchymal 
stromal cells (35,53) in the transplant, 
reducing the specificity of our MR im-
aging approach.

The blood half-life of ultrasmall 
superparamagnetic iron oxide parti-
cles differs in humans and rodents. 
The blood half-life of ultrasmall super-
paramagnetic iron oxide particles with 
a hydrodynamic diameter of 30–40 
nm is about 2 hours in rats and 24–36 
hours in humans (54). In rats, increas-
ing the dose significantly prolonged 
the blood half-life (54). Because the 
access of iron oxide nanoparticles to 
macrophages is favored by prolonged 
blood residence time, animal imaging 
experiments are generally performed 
by using high doses of ultrasmall su-
perparamagnetic iron oxide particles 
(200–1000 mmol iron per kilogram 
body weight) compared with clinical 
doses (54). Therefore, we adminis-
tered a high ferumoxytol dose of 0.5 
mmol iron per kilogram body weight 
on 3 days (3 3 28 mg iron per ki-
logram body weight or 1.68 mg iron 
total to a 20-g mouse). By compar-
ison, a patient receives a U.S. Food 
and Drug Administration–approved 
dose of 2 3 510 mg, or 1020 mg iron 
per 70-kg patient (14.5 mg iron per 
kilogram body weight). Future studies 
must determine if the human dose is 
sensitive enough for in vivo macro-
phage tracking.

Numerous preclinical and clinical 
studies have shown that intravenously 
injected ferumoxytol is phagocytosed 
by macrophages in vivo (28,37,55–57). 
Ferumoxytol uptake in the liver is seen 
as early as 10 minutes after its intrave-
nous administration (36). Our studies 
showed that rhodamine-ferumoxytol–
labeled macrophages can be tracked in 
vivo with both MR imaging and IVM. 
However, our data also showed that 
ferumoxytol labels only a fraction of 
the overall macrophage population. 
This is in accordance with previous 
reports that showed that certain mac-
rophage-like cells are not labeled with 
unmodified nanoparticles (58) and that 
the shape and chemical properties of 
nanoparticles can influence nanopar-
ticle uptake into specific macrophage 

achieved intrinsic macrophage labeling 
and high specificity of our MR imag-
ing approach for macrophage imaging. 
Intravenous ferumoxytol administra-
tion after stem cell implantation would 
have led to nanoparticle accumulation 
in microvessels, the interstitium (52), 

previously described cell labels that it 
is approved by the U.S. Food and Drug 
Administration as an iron supplement 
and, thus, immediately clinically avail-
able via an “off-label” use (36,37,50,51). 
By injecting ferumoxytol nanoparticles 
before stem cell transplantation, we 

Figure 6

Figure 6: Comparative MR and IVM images of matched and mismatched ADSC implants in calvarial de-
fects of transgenic mice. A, Coronal T2-weighted fast spin-echo images (3000/30) with superimposed R2 (1/
T2) color maps show stronger R2 enhancement of mismatched compared with matched ADSC transplants in 
calvarial defects. B, Corresponding IVM images with GFP and AngioSense 750 filter show more GFP-positive 
macrophages in mismatched compared with matched transplants. C, Corresponding IVM images with rhoda-
mine and AngioSense 750 filter show more rhodamine-positive macrophages in mismatched compared with 
matched transplants. GFP- and rhodamine-positive cells localize to extravascular space.
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subtypes (59). Further studies must 
show if modification of ferumoxytol can 
provide higher yield or more specific 
macrophage labeling. The advantage of 
using unmodified ferumoxytol is its im-
mediate clinical applicability.

A limitation of the preinjection 
technique is that it can only be ap-
plied during the first 3 weeks after 
cell transplantation. However, this 
time window aligns well with acute 
rejection processes of allogeneic cell 
transplants (5,6). Alternatively, we 
can detect graft failure by labeling the 
transplanted stem cells (60,61). This 
requires ex vivo iron labeling for allo-
geneic cell transplants and knowledge 
of cell-specific proliferation and iron 
dilution, exocytosis, and metaboliza-
tion processes. Combinations of our 
macrophage tracking technique with 
imaging markers of cell death (62) or 
other markers for T cells (63–65) and 
proinflammatory enzymes and cyto-
kines (66–68) could further elucidate 
the timing between stem cell death and 
macrophage recruitment and elucidate 
the event cascade that leads to graft 
failure and, thereby, help us develop 
more successful cell therapies.

We did not prove the origin of the 
iron oxide–loaded macrophages, which 
migrated into stem cell transplants. In 
our knee model, it is most likely that 
bone marrow macrophages migrated 
from the adjacent bone marrow into 
osteochondral defects. However, we 
cannot exclude that macrophages from 
other organs, particularly the spleen, 
may have migrated into our implants. 
Neither our MR imaging technique nor 
histopathologic techniques available to 
us can enable the differentiation be-
tween macrophages that originated 
from bone marrow, spleen, or liver. 
With regard to the diagnosis of immune 
rejection processes, the origin of the 
observed macrophage influx may be of 
academic interest but does not seem to 
be clinically important.

Our study builds on our extensive 
experience with evaluations of iron ox-
ide nanoparticles as MR contrast agents 
in phase II and III clinical trials during 
the past 2 decades (69–77). These 
agents are generally well tolerated and 

Figure 7

Figure 7: Bar charts show corresponding quantitative MR imaging and IVM data at different time points 
after implantation of matched and mismatched ADSC implants into calvarial defects. A, T2 relaxation times 
of mismatched human ADSC (hADSC) implants in mice preinjected with ferumoxytol are significantly shorter 
than those in mice with matched murine ADSC (mADSC). ∗ = significant difference. B, Macrophage counts 
in mismatched human ADSC implants on IVM images reveal parallel increase in both GFP- and rhodamine-
labeled macrophages. C, Macrophage counts in matched murine ADSC implants on IVM images show 
recruitment of fewer GFP- and rhodamine-labeled macrophages compared with that in B. All data are means 
and standard deviations from six animals in each group.
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the-shelf bone tissue engineering applica-
tion. Biomaterials 2012;33(9):2656–2672. 
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laboratory bench to patients’ bedside: con-
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cells. Clin Transl Sci 2011;4(5):380–386. 
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imaging studies reveal macrophage re-
sponses to allogeneic ADSC and MSC 
transplants in patients, then this might 
motivate concomitant immune suppres-
sion or renewed focus on autologous 
cell transplants.

In summary, we developed a clini-
cally translatable imaging approach for 
diagnosing innate immune responses to 
cell transplants. This imaging test may 
be helpful for diagnosing stem cell trans-
plant rejection early enough to initiate 
immune-modulating therapies and save 
the transplant. This imaging approach 
might also be useful to better under-
stand and alleviate in vivo host immune 
response to different stem cell types (hu-
man embryonic stem cells, human MSC, 
human induced pluripotent stem cells), 
genetically engineered stem cells, and 
different scaffolds and growth factors.
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