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Metastatic osteosarcoma has a poor prognosis with a 2-y, event-
free survival rate of ∼15 to 20%, highlighting the need for the
advancement of efficacious therapeutics. Chimeric antigen recep-
tor (CAR) T-cell therapy is a potent strategy for eliminating tumors
by harnessing the immune system. However, clinical trials with
CAR T cells in solid tumors have encountered significant challenges
and have not yet demonstrated convincing evidence of efficacy
for a large number of patients. A major bottleneck for the success
of CAR T-cell therapy is our inability to monitor the accumulation
of the CAR T cells in the tumor with clinical-imaging techniques. To
address this, we developed a clinically translatable approach for
labeling CAR T cells with iron oxide nanoparticles, which enabled
the noninvasive detection of the iron-labeled T cells with magnetic
resonance imaging (MRI), photoacoustic imaging (PAT), and mag-
netic particle imaging (MPI). Using a custom-made microfluidics
device for T-cell labeling by mechanoporation, we achieved signifi-
cant nanoparticle uptake in the CAR T cells, while preserving T-cell
proliferation, viability, and function. Multimodal MRI, PAT, and
MPI demonstrated homing of the T cells to osteosarcomas and off-
target sites in animals administered with T cells labeled with the
iron oxide nanoparticles, while T cells were not visualized in ani-
mals infused with unlabeled cells. This study details the successful
labeling of CAR T cells with ferumoxytol, thereby paving the way
for monitoring CAR T cells in solid tumors.

ferumoxytol j CAR T cells j mechanoporation j multimodal imaging j
magnetic resonance imaging

C linical advances in the treatment of osteosarcoma have
reached a plateau, and the survival rate has remained stag-

nant for over two decades (1). The prognosis for children with
refractory, relapsed, and metastasized osteosarcoma remains
poor with typically a 2-y event-free survival rate of 15 to 20%
(2). Therefore, new therapeutics are urgently needed. Recent
studies have shown promising results using chimeric antigen
receptor (CAR) T cells that were targeted to the immune
checkpoint molecule B7-H3 (CD276), a tumor antigen that is
significantly up-regulated in osteosarcoma (3). The molecule is
a member of the B7 and CD28 families and is broadly
expressed on tumor cells, in which it is thought to play an inhib-
itory role on T-cell function (4).

CD19-targeted CAR T-cell therapies have demonstrated
remarkable efficacy in the treatment of CD19-expressing
tumors as well as in advanced, chemotherapy-resistant leuke-
mia and lymphoma (5–7). However, responses in patients
receiving T-cell therapy have been variable (8–10). A diagnostic
technique that could noninvasively monitor the localization and
expansion of the CAR T cells in tumors and off-target sites
would help optimize personalized treatment regimens and com-
bination therapies. Strategies used by clinical investigators to
assess the activity of infused CARTcells consist of flow cytome-
try, immunohistochemistry, and qPCR of peripheral blood sam-
ples or biopsies of sites of CAR T-cell activity including bone
marrow, tumors, and lymph nodes (9, 10). While they provide
suitable information, flow cytometry measurements of the

expression of the CAR gene in circulating Tcells represents the
response in the periphery and not the tumor site (11), and
repeated invasive biopsies are not practical in most clinical
trials (12).

Magnetic resonance imaging (MRI) (13–15) and positron
emission tomography (PET) (16–18) have been used to visual-
ize therapeutic T cells in human subjects. Ahrens and cow-
orkers used perfluorocarbon emulsion to label CAR T cells
expressing antiepidermal growth factor receptor variant III
(EGFRvIII), and they quantified the labeling of the T cells
using fluorine-19 NMR after intravenous injection of the CAR
T cells in mice bearing U87-EGFRvIII tumors (19). Addition-
ally, imaging of EGFRvIII CAR T cells labeled with ultrasmall
superparamagnetic iron oxide nanoparticles trafficking to
human U-87 MG glioblastomas (20) and ferucarbotran-labeled,
pmel-specific DsRed T cells accumulating in murine KR158B
luciferase expressing glioblastomas (21) has also been reported.
Furthermore, others have used enzymes (22), transporters (23),
or membrane proteins (24) that facilitated the accumulation of
radiotracers, for example, 9-(4-[18F]fluoro-3-(hydroxymethyl)
butyl)guanine in glioblastoma (17, 25). This requires genetic
modification of the therapeutic cells, which, using previous viral
packaging capacity, can result in immunogenicity and could
potentially interfere with their function (26).

Significance

Chimeric antigen receptor (CAR) T-cell therapy is approved
by the US Food and Drug Administration (FDA) for the treat-
ment of B-cell acute lymphoblastic leukemia. Efforts are now
underway to evaluate the efficacy of CAR T-cell therapy in
solid tumors. However, a key limitation in the advancement
of T-cell therapy is the lack of information on the biodistri-
bution of the T cells in patients. Therefore, there is a need
for the identification of translatable methods for tracking
the therapeutic T cells noninvasively. We describe the
mechanical labeling of CAR T cells with an FDA-approved
iron oxide nanoparticle to demonstrate the noninvasive and
multimodal imaging of the CAR T cells. This method may be
utilized for monitoring T cells in clinical trials.
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An ideal method for imaging intravenously infused CAR T
cells should 1) utilize a widely available clinical-imaging tech-
nique, 2) use a translatable-imaging agent, 3) be nonimmuno-
genic, 4) provide low background in off-target tissues, and 5)
provide quantitative measurements. To address these require-
ments, we developed a MRI-based cell-tracking technique,
because MRI is already routinely used to monitor osteosarco-
mas in patients. We used the Food and Drug Administration
(FDA)–approved iron supplement, ferumoxytol, “off label” as a
cell marker, because ferumoxytol is composed of iron oxide
nanoparticles that can be detected with MRI (27). Administra-
tion of ferumoxytol nanoparticles in children and young adults
did not result in any signs of liver toxicity, hematologic, or kid-
ney impairments (28); therefore, it is safe to use in humans.
Ferumoxytol nanoparticles can also be detected with magnetic
particle imaging (MPI), which provides high target to back-
ground contrast (29) and quantitative measurements (30).

Other therapeutic cells have been detected with ferumoxytol
MRI in rodents (31–33), porcine animal models (34), and
patients (28). However, no group has successfully labeled and
tracked CAR T cells in vivo with ferumoxytol thus far. This is
because transfection agents that are usually used to shuttle iron
oxide nanoparticles into target cells, show low efficiency in T
cells (35–37), and should be avoided for clinical applications
(35). We used a custom-made microfluidics device (38)
for mechanoporation-labeling of human anti-B7-H3 CAR T
cells with ferumoxytol. This mechanical-labeling method does
not require transfection agents or genetic manipulation of the
cells.

The goal of our study was to develop a clinically translatable
approach to label CARTcells with nanoparticles for noninvasive
cell-tracking using MRI, photoacoustic imaging (PAT), and
MPI, while confirming cell viability with bioluminescence imag-
ing (BLI). We demonstrated the detection of ferumoxytol-
labeled CAR T cells localizing in osteosarcomas using MRI,
PAT, and MPI, paving the way for clinical translation of this
approach.

Results
Expression of the Anti-B7-H3 CAR in Human T Cells. A retroviral
construct was engineered for the expression of the anti-B7-H3-
4–1BBζ CAR (3) with the insertion of a BFP sequence down-
stream of the CD3ζ domain. Flow cytometry of the T cells
transduced with the anti-B7-H3 gene indicated a transduction
efficiency of 74.72 ± 3.23% compared to 0.94 ± 0.26% in the
nontransduced (NT) Tcells (Fig. 1A).

Mechanoporation Leads to Significant Uptake of Nanoparticles in
CAR T Cells. The B7-H3 CAR T cells that were processed
through a microfluidics device with ferumoxytol (10 mg/mL)
demonstrated significantly higher uptake of iron per cell com-
pared to the unlabeled cells (1.19 ± 0.03 pg/cell versus 0.02 ±
0.01 pg/cell, P < 0.0001), as determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES; Fig. 1B). This
was further verified by 3,3’-diaminobenzidine (DAB)-Perl’s
Prussian blue staining (Fig. 1C). A comparison of the labeling
efficiency using mechanoporation and passive coincubation of
the B7-H3 CAR T cells with ferumoxytol indicated that the
uptake of the iron oxide nanoparticles in the CAR Tcells using
the microfluidics device was significantly greater (P < 0.0001)
compared to coincubation of the T cells with ferumoxytol (SI
Appendix, Fig. 1).

Cell Viability Was Maintained in the T Cells That Were Labeled by
Mechanoporation. The effect of mechanoporation on T-cell via-
bility immediately post labeling was determined by the trypan
blue exclusion method, and the effect of mechanoporation on
T-cell proliferation was assessed with the Cell Counting Kit-

8 (CCK-8) assay at Day 1, 3, and 5 post labeling. The percent-
age cell viability was not significantly different for the anti-
B7-H3 CAR T cells before labeling compared to the anti-B7-
H3 CAR T cells immediately after labeling (96.15 ± 0.63%
versus 96.12 ± 0.35%, P = 0.96; Fig. 1D). Further analysis of
the population doubling time (PDT) revealed that the doubling
time for the iron-labeled T cells was 2.57 d compared to 3.46 d
for the unlabeled T cells, indicating that the cells containing
iron were proliferating 1.35-fold faster than the unlabeled cells
(SI Appendix, Fig. 2). In addition, the CCK-8 assay showed that
the proliferation of the unlabeled and labeled B7-H3 CAR T
cells was not significantly different at D1 (0.110 ± 0.001 versus
0.110 ± 0.001, P = 0.523), D3 (0.139 ± 0.002 versus 0.139 ± 0.
002, P = 0.888), and D5 (0.165 ± 0.002 versus 0.170 ± 0.002, P
= 0.402) post labeling (Fig. 1E).

Fig. 1. The expression profile and labeling efficiency of B7-H3 CAR T cells.
(A) Representative flow cytometry histograms obtained on Day 10 post
transduction displaying the mean transduction efficiency of anti-B7-H3
CAR T cells (74.72 ± 3.23%) and NT T cells (0.94 ± 0.26%). (B) Measure-
ments of the iron per cell levels using ICP-OES revealed significantly higher
(P < 0.0001) uptake of ferumoxytol in the labeled T cells than unlabeled T
cells. (C) Prussian blue staining showing greater accumulation of iron in
the T cells labeled with ferumoxytol than the unlabeled T cells (Scale bar,
50 μm). (D) Trypan blue exclusion method showed no significant differ-
ence in the cell viability of the unlabeled or ferumoxytol-labeled anti-B7-
H3 CAR T cells. (E) Proliferation of the unlabeled or ferumoxytol-labeled
anti-B7-H3 CAR T cells was not significantly different on Day 1, 3, and 5, as
determined by the CCK-8 assay. Data represents mean ± SEM, and n is ≥ 3
per group. Statistical comparisons were performed using an unpaired Stu-
dent t test.
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Labeling the CAR T cells with ferumoxytol does not affect T-cell
function. The ferumoxytol-labeled anti-B7-H3 CARTcells were
subjected to in vitro functional assays to evaluate whether the
mechanoporation process and ferumoxytol-labeling would
affect the function of the anti-B7-H3 CARTcells. Coincubation
of B7-H3 CAR T cells and MG63.3 osteosarcoma cells indi-
cated that mechanoporation did not alter the proliferation and
function of the T cells. The absorbance at 490 nm was not sig-
nificantly different for the unlabeled versus labeled T cells that
were incubated alone (0.10 ± 0.001 versus 0.11 ± 0.001, P >
0.99). There was a 1.2-fold decrease in the viability of the
MG63.3 cells cocultured with the labeled B7-H3 CAR T cells
compared to MG63.3 cells cocultured with the unlabeled T
cells. However, this difference was not significant (0.1576 ±
0.0025 versus 0.1896 ± 0.0121, P = 0.91; Fig. 2A). The cell via-
bility of the tumor cells cultured alone was significantly greater
compared to the viability of the tumor cells cocultured with
either the unlabeled or labeled B7-H3 CAR T cells (0.6803 ±
0.0306 versus 0.1896 ± 0.0121 or 0.1576 ± 0.0025, P < 0.0001).

The release of interferon-gamma (IFN-γ) by the stimulated
anti-B7-H3 CAR T cells was maintained following mechanopo-
ration. The concentration of IFN-γ was significantly greater in
the labeled and unlabeled anti-B7-H3 CAR T cells coincubated
with MG63.3 cells compared to the NT T cells cocultured with

the tumor cells (labeled B7-H3 CAR T cells: 32,476.28 ±
18,750.19 pg/mL and unlabeled B7-H3 CAR T cells: 33,637.16
± 19,420.42 pg/mL versus NT labeled: 0.00 ± 0.00 pg/mL and
NTunlabeled: 0.00 ± 0.00 pg/mL, P < 0.0001) (Fig. 2B). More-
over, cytokine release was not significantly different in unla-
beled and labeled T cells alone (1127.21 ± 650.79 pg/mL versus
0.00 ± 0.00 pg/mL, P > 0.99) nor for unlabeled and labeled
activated T cells coincubated with the tumor cells (33,637.16 ±
19,420.42 pg/mL versus 32,476.28 ± 18,750.19 pg/mL, P >
0.99). The concentration of IFN-γ was negligible in MG63.3
cells, unlabeled or labeled NT T cells cocultured with tumor
cells. However, the concentration of IFN-γ in unlabeled and
labeled activated T cells cocultured with tumor cells was signifi-
cantly greater compared to the MG63.3 cells incubated alone
(labeled B7-H3 CAR T cells: 32,476.28 ± 18,750.19 pg/mL and
unlabeled B7-H3 CAR T cells: 33,637.16 ± 19,420.42 pg/mL
versus MG63.3 only: 0.00 ± 0.00 pg/mL, P < 0.0001).
Detection limit of iron-labeled CAR T cells. Pellets of increasing
numbers of ferumoxytol-loaded anti-B7-H3 CAR Tcells under-
went MRI and MPI to determine the minimum number of cells
that could be detected with these imaging techniques. MRI of
2 × 106 � 2 × 104 ferumoxytol-loaded B7-H3 CAR Tcells dem-
onstrated a significant shortening of the T2* relaxation time
compared to the unlabeled cells (2 × 106 � 2 × 104; P < 0.0001

Fig. 2. Function of the CAR T cells was maintained in vitro. (A) The CCK-8 assay indicated that the proliferation of the T cells labeled with ferumoxytol and
the unlabeled T cells was not significantly different (P > 0.99), while the coculture of the anti-B7-H3 CAR T cells with the target tumor cells at a 1:1 ratio
revealed a 1.2-fold decrease in the viability of MG63.3 cells cocultured with the labeled anti-B7-H3 CAR T cells compared to the unlabeled cells. (B) Cytokine
release was maintained following mechanoporation. The release of IFNγ in the T cells labeled with ferumoxytol and coincubated with or without tumor cells
was not significantly different from the unlabeled cells. (C) Quantitative ROI analysis of T2* images demonstrated that the limit of detection for MRI was 2 ×
104 pelleted T cells labeled with ferumoxytol, while (D) the limit of detection for MPI was 2 × 103 pelleted T cells. Data represents mean ± SEM, and n is ≥ 4
per group. Statistical comparisons were performed using the one-way ANOVA with the Tukey’s honest significant difference test.
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and 2 × 103; P = 0.003) and Ficoll-only samples (2 × 106 � 2 ×
104; P < 0.0001; Fig. 2C). However, from the representative
MR images, the pellets containing 2 × 104 T cells labeled with
ferumoxytol were more clearly distinguishable from the unla-
beled and Ficoll-only pellets when compared to the pellets con-
taining 2 × 103 ferumoxytol-loaded cells. The MPI signal of 2 ×
103 ferumoxytol-loaded B7-H3 CAR T cells was significantly
different compared to controls (P = 0.002; Fig. 2D). Therefore,
the detection limit was 2 × 104 ferumoxytol-loaded B7-H3
CAR T cells for MRI and 2 × 103 ferumoxytol-loaded B7-H3
CARTcells for MPI.
Multimodal imaging of the ferumoxytol-labeled CAR T cells. The
design of the osteosarcoma mouse model to evaluate the in vivo
tumor accumulation of ferumoxytol-labeled CAR T cells
with MRI, PAT, and MPI is summarized in SI Appendix, Fig. 3.
We injected osteosarcoma-bearing mice intravenously with
ferumoxytol-labeled B7-H3 CAR T cells (tumor + CAR + iron
group), unlabeled B7-H3 CARTcells (tumor + CAR group), or
NT ferumoxytol-labeled T cells (tumor + NT + iron group).
Control animals without tumors were injected with ferumoxytol-
labeled B7-H3 CARTcells (CAR + iron). Images were acquired
prior to the injection of the T cells at Day 1 and at Weeks 1, 2,
and 3 post infusion of the Tcells (SI Appendix, Fig. 3).

On Day 1, the tumor demonstrated iron enhancement on
the T2*-weighted MRI following intravenous injection of
ferumoxytol-labeled B7-H3 CAR T cells and ferumoxytol-
labeled NT T cells (Fig. 3A). At Week 1, the level of iron
enhancement in the tumor increased only in the ferumoxytol-
labeled B7-H3 CAR T-cell group. The iron signal in the tumor
vasculature slowly dissipated, resulting in an increase in T2*-
enhancement, perhaps indicating enhanced infiltration of the T
cells in the tumor tissue and effective dilution of the iron level
in the CAR T cells. At Weeks 2 and 4, the tumor signal
returned to baseline values. By comparison, the iron signal in
the tumor disappeared at Week 1 after treatment with the
ferumoxytol-labeled NT Tcells, suggesting a lack of tumor infil-
tration and expansion of the non–tumor-targeted T cells. Ani-
mals injected with unlabeled B7-H3 CAR T cells did not show
any tumor enhancement (Fig. 3A), demonstrating the necessity
of ferumoxytol-loading for in vivo cell-tracking.

Accordingly, quantitative analysis revealed significant short-
ening of the tumor T2* relaxation time after the infusion of the
ferumoxytol-labeled B7-H3 CAR T cells at Day 1 (10.88 ± 0.82
ms, P = 0.04) and Week 1 (9.11 ± 0.82 ms, P < 0.0001) com-
pared to pretreatment images (13.85 ± 0.41 ms). At later time
points (W2 and W3), the tumor T2* relaxation times (W2:
12.12 ± 0.52 ms and W3: 11.94 ± 0.25 ms) were not significantly
different compared to the precontrast scans (P > 0.999). Fol-
lowing the injection of ferumoxytol-labeled NT T cells, a minor
shortening of the T2* relaxation time was noted at Day 1, but it
was not significantly lower when compared to the pretreatment
images (11.94 ± 0.31 ms versus 13.96 ± 0.79 ms, P = 0.68). Fol-
lowing the injection of the unlabeled B7-H3 CAR T cells, the
T2* values in osteosarcomas were not significantly different
compared to the pretreatment values at any time point of
observation (D1: 13.77 ± 0.37 ms, P > 0.99; W1: 13.91 ± 0.37
ms, P > 0.99; W2: 12.05 ± 0.18 ms, P = 0.39; and W3: 12.35 ±
0.40 ms, P = 0.62 versus Pre: 14.58 ± 0.54 ms; Fig. 3B).
Accumulation of ferumoxytol-labeled CAR T cells in osteosarco-
mas, as determined with MRI at Week 1, correlates with a
decrease in tumor size at Week 3. The tumor size was not signifi-
cantly different in the four experimental groups prior to treat-
ment (Fig. 3C; P > 0.99). Following the infusion of the
ferumoxytol-labeled B7-H3 CAR T cells, an initial increase in
tumor size was noted during the first week when compared to
the tumor size at baseline (D1: 42.91 ± 1.91 mm2 and W1:
45.39 ± 0.41 mm2 versus Pre: 37.24 ± 1.08 mm2). Next, a
decrease in the tumor size at Week 2 (35.15 ± 1.20 mm2) and a

13-fold decrease in the tumor size at Week 3 (2.86 ± 1.13 mm2,
P < 0.0001) was observed when compared to the pretreatment
images. A comparison of the tumor size in the animals treated
with ferumoxytol-labeled and unlabeled B7-H3 CAR T cells
showed that the tumor size was not significantly different at any
time point of observation (P > 0.99) in both groups, indicating
that labeling with ferumoxytol did not affect the ability of the
B7-H3 CARTcells to eradicate tumor cells in vivo. By compari-
son, the size of the tumors in the animals treated with
ferumoxytol-labeled NT Tcells significantly increased over time
on W1 (72.99 ± 2.70 mm2), W2 (89.05 ± 5.13 mm2), and W3
(105.64 ± 4.11 mm2) when compared with the pretreatment
value (42.90 ± 0.48 mm2, P < 0.0001). Moreover, caliper meas-
urements were consistent with the tumor-size measurements
based on the MR-imaging (SI Appendix, Fig. 4).

To evaluate whether MRI could predict tumor response to
therapy, we correlated tumor T2* values at W1 with the tumor
size measurements at W3. For animals treated with ferumoxytol-
labeled B7-H3 CAR T cells, we found a significant correlation
(r = 0.45, P < 0.001) between tumor T2* values at W1 and the
tumor-size measurements at W3. Therefore, our data suggest
that ferumoxytol MRI could serve as a predictive biomarker for
tumor response to B7-H3 CART-cell therapy.
Histology verifies the accumulation of the ferumoxytol-labeled
CAR T cells at the tumor site. Histological analysis further sup-
ported the findings from the MRI, PAT, and MPI images. Osteo-
sarcomas treated with the unlabeled and ferumoxytol-labeled
anti-B7-H3 CAR T cells revealed widespread infiltration of
CD3+ Tcells and Perl’s Prussian blue staining exposed the coloc-
alization of the CARTcells labeled with iron at the tumor site in
the group injected with ferumoxytol-labeled B7-H3 CARTcells.
By comparison, osteosarcomas treated with ferumoxytol-labeled
NT T cells demonstrated sparsely distributed CD3+ T cells and
negative Prussian blue stains (SI Appendix, Fig. 5).
Ferumoxytol-enhanced MRI detects the accumulation of the iron-
labeled CAR T cells in the tumor and off-target sites in a dose-
dependent manner. To reinforce that ferumoxytol-enhanced
MRI can be used to quantify the distribution of the iron-
labeled CAR T cells, we evaluated the ability to visualize two
doses of ferumoxytol-labeled CAR T cells using MRI. At 1
h post injection, BLI verified the biodistribution of viable anti-
B7-H3 CAR T cells. The whole-body photon radiance was sig-
nificantly greater in the animals treated with 2 × 107 T cells
compared to animals injected with 1 × 107 T cells (4.15 × 107 ±
3.78 × 106 p/sec/cm2/sr versus 1.18 × 107 ± 7.32 × 106 p/sec/
cm2/sr, P = 0.02; Fig. 3D and SI Appendix, Fig. 6). On Day 1
after infusion of 2 × 107 or 1 × 107 iron-labeled B7-H3 CAR-
nLuc T cells, spleens, livers, and tumors of experimental mice
demonstrated strong negative (dark) iron enhancement on
MRI (Fig. 3D). There was a cell concentration–dependent sig-
nal decline in the spleen, liver, and tumor at Day 1 and 3 com-
pared to the pretreatment images. Initially on Day I, the MR
signal of the spleens was significantly lower after injection of
2 × 107 compared to 1 × 107 ferumoxytol-labeled B7-H3
CAR-nLuc T cells (2.66 ± 0.39 versus 5.84 ± 0.77, P = 0.04),
indicating enhanced accumulation of the iron-labeled B7-H3
CAR-nLuc T cells. Additionally, the MRI signal of the spleens
was significantly lower after injection of iron-labeled B7-H3
CAR-nLuc T cells compared to controls (2 × 107: 2.66 ± 0.39,
P = 0.001; 1 × 106: 5.84 ± 0.77, P = 0.0003 versus 9.04 ± 0.35).
On Day 3, the spleens demonstrated a persistent negative MRI
enhancement which was stronger after infusion of 2 × 107

T cells compared to 1 × 107 T cells (4.56 ± 0.72 versus 8.34 ±
0.29, P = 0.02) and compared to the unlabeled B7-H3 CAR-
nLuc Tcells (4.56 ± 0.72 versus 9.47 ± 1.03, P = 0.003; Fig. 3E).

Similarly, there was a significant dose-dependent MRI signal
decline in the liver on Day 1 after infusion of 2 × 107 iron-
labeled B7-H3 CAR-nLuc T cells compared to 1 × 107 iron-
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labeled B7-H3 CAR-nLuc T cells (5.18 ± 0.35 versus 10.51 ±
0.29, P = 0.049) and compared to unlabeled cells (2 × 107: 5.18
± 0.35, P < 0.0001; 1 × 107: 10.51 ± 0.29, P = 0.006 versus 17.37
± 0.87). On Day 3, the liver MRI signal was significantly lower

after infusion of 2 × 107 iron-labeled T cells compared to unla-
beled cells (8.45 ± 0.80 versus 17.09 ± 0.71 P = 0.0002; Fig. 3F).

The tumors demonstrated a significant MRI signal decline
after infusion of 2 × 107 or 1 × 107 ferumoxytol-labeled B7-H3

Fig. 3. Detection of ferumoxytol-labeled
CAR T cells using MRI. (A) Representative cor-
onal T2*-weighted MR images of the osteo-
sarcomas in the tibia of experimental mice
fused with superimposed, color-coded T2*
maps. (B) Corresponding quantitative tumor
T2* relaxation times at different time points
before and after infusion of the anti-B7-H3
CAR T cells. There was significant enhance-
ment of the tumor on Day 1 (P = 0.04) and
Week 1 (W1, P < 0.0001) in the labeled tumor
+ CAR + iron group compared to the pre-
treatment images. (C) Serial tumor-size (milli-
meters2) measurements on the MRI images
noted a decrease in tumor size at W2 and W3
(P < 0.0001) in the labeled tumor + CAR +
iron group. (D) Representative biolumines-
cence images acquired 1 h post injection con-
firmed the viability of the anti-B7-H3 CAR-
nLuc T cells and coronal gradient echo MR
images of animals injected with either 2 × 107

or 1 × 107 B7-H3 CAR-nLuc T cells visualized
the colocalization of the iron-labeled CAR T
cells to off-target sites (orange arrows). (E–G)
Quantitative analysis indicated significantly
greater and dose-dependent accumulation of
the ferumoxytol-labeled anti-B7-H3 CAR-nLuc
T cells in the spleens and livers of the animals
treated with 2 × 107 T cells compared to ani-
mals injected with 1 × 107 T cells on Day 1
(spleen, P = 0.04; liver, P = 0.049). Alterna-
tively, there was a dose-dependent enhance-
ment of the signal in the tumor in the animals
administered with 2 × 107 T cells compared to
the animals injected with 1 × 107 T cells on
Day 3 (P = 0.04). (H) Representative histologi-
cal images of paraffin-embedded tissue sec-
tions obtained from mice on D3 post treat-
ment stained with Prussian blue DAP (Left) as
well as the anti-CD3 primary antibody and cy-
5-conjugated secondary antibody (Right).
(Scale bars, 50 μm.) Magnification is ×20. (I)
Quantitatively, the localization of the iron-
labeled B7-H3 CAR-nLuc T cells in the spleen,
liver, and tumor was significantly greater in
the animals administered with 2 × 107 T cells
compared to the animals injected with 1 ×
107 T cells (spleen, P = 0.011; liver, P = 0.00;
and tumor, P = 0.020). Tumor + CAR + iron
group (n = 5); animals injected with
ferumoxytol-labeled CAR T cells, tumor + CAR
group (n = 5); animals injected with unla-
beled CAR T cells, tumor + NT + iron group
(n = 5); animals injected with NT ferumoxytol-
labeled T cells and CAR + iron group (n = 3);
and animals without tumors injected with
ferumoxytol-labeled CAR T cells. Tumor +
CAR + iron 2 × 107 group (n = 5); animals
injected with 2 × 107 ferumoxytol-labeled
B7-H3 CAR-nLuc T cells, Tumor + CAR + iron 1
× 107 group (n = 4); animals injected with 1 ×
107 ferumoxytol-labeled B7-H3 CAR-nLuc T
cells, Tumor + CAR 2 × 107 group (n = 3); and
animals injected with 2 × 107 unlabeled
B7-H3 CAR-nLuc T cells. D = day, W = week,
and NT = nontransduced. Data represents
mean ± SEM. Statistical comparisons were
performed using the one-way ANOVA with
the Tukey’s honest significant difference test.
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CAR-nLuc T cells compared with the unlabeled B7-H3
CAR-nLuc T cells on Day 1 (2 × 107: 13.92 ± 1.32, P < 0.0001;
1 × 107: 16.12 ± 0.84, P = 0.007 versus 18.76 ± 1.73; SI
Appendix, Fig. 7 and Fig. 3G) and Day 3 of treatment (2 × 107:
7.07 ± 0.39, P < 0.0001; 1 × 107: 12.39 ± 1.12, P = 0.03 versus
15.59 ± 0.93). Moreover, the tumor signal intensity at Day 3
after injection of 2 × 107 iron-labeled B7-H3 CAR-nLuc T cells
was significantly lower compared with the animals injected with
the 1 × 107 iron-labeled B7-H3 CAR-nLuc T cells (7.07 ± 0.39
versus 12.39 ± 0.12 P = 0.04).
Perl’s Prussian blue staining confirmed the distribution of the
iron-labeled B7-H3 CAR-nLuc T cells in the tumor and off-target
sites. The colocalization of the ferumoxytol-labeled B7-H3
CAR-nLuc Tcells in the spleen, liver, and tumor was further ver-
ified by histological analysis on Day 3 post treatment (Fig. 3H).
A significant dose-dependent, enhanced accumulation of the
iron-labeled B7-H3 CAR-nLuc Tcells was evident in the spleens
of the animals administered with 2 × 107 T cells compared to
animals treated with 1 × 106 T cells (370.60 ± 37.20 versus
202.50 ± 32.19, P = 0.01). Additionally, a significantly greater
number of the ferumoxytol-labeled B7-H3 CAR-nLuc T cells
accumulated in the spleens of animals treated with 2 × 107

or 1 × 107 iron-labeled B7-H3 CAR-nLuc T cells compared
to controls (2 × 107: 370.60 ± 37.20, P < 0.0001; 1 × 107:
202.50 ± 32.19, P = 0.01 versus 5.67 ± 1.45). Similarly, a signifi-
cantly greater number of the iron-labeled B7-H3 CAR-nLuc
T cells colocalized in the livers of animals treated with 2 × 107

Tcells compared to the animals administered with 1 × 107 Tcells
(100.60 ± 18.85 versus 17.25 ± 3.71, P = 0.005) and compared to
animals administered with the unlabeled B7-H3 CAR-nLuc T
cells (100.60 ± 18.85 versus 0.00 ± 0.00, P = 0.002). In addition,
there was a significantly greater number of the ferumoxytol-
labeled B7-H3 CAR-nLuc T cells in the tumors of animals
administered with 2 × 107 T cells compared to animals treated
with 1 × 107 T cells (111.80 ± 17.62 versus 48.00 ± 5.48, P =
0.02) and animals treated with unlabeled B7-H3 CAR-nLuc T
cells (111.80 ± 17.62 versus 0.00 ± 0.00, P = 0.001; Fig. 3I).
Imaging of ferumoxytol-labeled CAR T cells with PAT. To confirm
the MR-imaging findings, we also assessed whether the accu-
mulation of ferumoxytol-labeled CAR Tcells in the osteosarco-
mas can be visualized using PAT, a relatively inexpensive,
clinically applicable modality that does not require the use of
ionizing radiation. Following the intravenous injection of the
ferumoxytol-labeled B7-H3 CAR T cells, a significant increase
in the photoacoustic signal was evident at Week 1 compared to
the pretreatment scans (15.87 ± 5.91% versus 4.66 ± 1.12%,
P = 0.04; Fig. 4A). Similar to the signal kinetics observed on
MRI, the photoacoustic signal was 2.3-fold lower in the second
week compared to the first week (6.91 ± 2.67% versus 15.87 ±
5.91%; Fig. 4B) in the animals treated with the ferumoxytol-
labeled B7-H3 CAR T cells. On Week 1, the photoacoustic sig-
nal of the tumors treated with ferumoxytol-labeled NT CAR T
cells was significantly lower compared to the tumors treated
with the ferumoxytol-labeled B7-H3 CAR Tcells (3.95 ± 1.44%
versus 15.87 ± 5.91%, P = 0.03). The photoacoustic signal did
not significantly change in the animals treated with the unla-
beled B7-H3 CAR T cells on W1 and W2 post infusion when
compared to the pretreatment images (W1: 1.37 ± 0.65%, P =
0.98; W2: 5.01 ± 1.04%, P > 0.99 versus Pre: 4.97 ± 1.43%).

Analysis of the tumor volume using ultrasound indicated a
significant increase in the tumor volume in the animals treated
with the anti-B7-H3 CAR Tcells labeled with ferumoxytol (Pre:
269.28 ± 12.96 mm3; W1: 466.77 ± 10.59 mm3, P < 0.001),
unlabeled anti-B7-H3 CAR T cells (Pre: 294.83 ± 9.58 mm3;
W1: 412.52 ± 30.16 mm3, P = 0.04), and NT T cells labeled
with ferumoxytol (Pre: 266.03 ± 21.85 mm3; W1: 452.08 ± 48.78
mm3, P < 0.001) on Week 1 following infusion (Fig. 4 C–E). By
the second week, the tumor volume in the animals injected

with anti-B7-H3 CAR T cells labeled with ferumoxytol and
unlabeled anti-B7-H3 CAR T cells was significantly lower than
in the group injected with NT T cells labeled with ferumoxytol
(313.14 ± 25.79 mm3 and 228.51 ± 16.54 mm3 versus 687.34 ±
12.55 mm3, P < 0.0001). Additionally, the tumor volume in the
animals administered with the anti-B7-H3 CAR T cells labeled
with ferumoxytol and unlabeled B7-H3 CARTcells was not sig-
nificantly different on pre (P > 0.99), W1 (P = 0.85), and W2
(P = 0.54) images. Measurements of the oxygen saturation
(SO2) are described in the SI Appendix, Fig. 8.
Imaging of the ferumoxytol-labeled CAR T cells with MPI. While
MRI is immediately clinically applicable, quantification of
nanoparticle-induced MRI signal effects is complicated. MPI
has the advantage that it allows for direct quantification of iron
particles. In addition, MPI only displays the signal from the
iron oxide nanoparticles without any background noise. MPI
images after the intravenous infusion of the ferumoxytol-
labeled B7-H3 CAR T cells confirmed the accumulation of
anti-B7-H3 CARTcells in the tumor tissue (Fig. 4F). Quantita-
tively, at Week 1, a significantly greater concentration of iron
was detected in the tumors treated with the ferumoxytol-
labeled B7-H3 CAR T cells compared to the animals infused
with the unlabeled B7-H3 CAR T cells (5.56 ± 0.38 μg versus
0.21 ± 0.01 μg, P < 0.0001; Fig. 4G).

Following the infusion of the ferumoxytol-labeled NT CAR
T cells, a significantly higher iron nanoparticle signal was noted
at Week 1 compared to the animals injected with the unlabeled
B7-H3 CAR T cells (2.86 ± 0.24 μg versus 0.21 ± 0.01 μg, P <
0.0001). However, this initial signal enhancement in the animals
infused with the ferumoxytol-labeled NT CAR T cells was sig-
nificantly lower compared to tumors treated with ferumoxytol-
labeled B7-H3 CAR T cells during Week 1 (2.86 ± 0.24 μg
versus 5.56 ± 0.38 μg, P < 0.0001) and Week 2 (0.18 ± 0.01 μg
versus 3.87 ± 0.06 μg, P < 0.0001). By comparison, no MPI sig-
nal enhancement and no significant increase in the level of the
iron oxide nanoparticles was noted in the tumor after infusion
of unlabeled B7-H3 CAR T cells (W1: 0.21 ± 0.01 μg versus
W2: 0.20 ± 0.01 μg, P > 0.99; Fig. 4G).

Discussion
We found that ferumoxytol-labeled CAR T cells could be
detected in osteosarcomas with MRI, PAT, and MPI. These
results demonstrated the use of ferumoxytol-enhanced MRI to
monitor the trafficking of the CAR T cells in on-target and off-
target sites in a dose-dependent manner. Real-time in vivo
imaging of therapeutic CAR T cells can enhance our under-
standing of the variables that influence the accumulation of
CAR T cells in the tumor microenvironment (39). Quantitative
MRI is a dynamic and noninvasive tool that enables longitudi-
nal imaging of labeled therapeutic cells (40–42). Previous imag-
ing studies of T cells labeled with iron have detected human
gamma delta T cells labeled with ferumoxytol in vitro (43),
human anti-EGFRvIII CAR T cells labeled with ultrasmall,
superparamagnetic iron oxide nanoparticles (20), murine pmel-
specific DsRed T cells labeled with ferucarbotran (21), rat T
cells labeled with superparamagnetic, nano-sized iron oxide
nanoparticles trafficking to the heart and lung 48 h in vivo (15)
using MRI, and mouse CD4+ T cells labeled with fluorescently
conjugated iron oxide nanoparticles using confocal microscopy
(44, 45). In comparison, our study provided a microfluidics-
based mechanical method for labeling human CAR Tcells with
ferumoxytol, and we used a multimodal approach to image
intravenously infused CAR T cells labeled with iron in vivo in a
preclinical model that has the potential for clinical translation.
The feasibility for translation is demonstrated by the first in
human study imaging CAR T cells labeled with copper-64
superparamagnetic iron oxide nanoparticles with dual PET-
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Fig. 4. Visualization of CAR T cells labeled with ferumoxytol using PAT and MPI. (A) Representative photoacoustic images showing the accumulation of
CAR T cells labeled with ferumoxytol in the tumor + CAR + iron group (green). (Scale bar, 10 mm.) (B) Quantitative photoacoustic data demonstrating
the percentage photoacoustic signal (% PA). (C) Representative 3D rendering of the photoacoustic images of osteosarcomas at different time points
before and after CAR T-cell treatment. (Scale bars, 4 mm.) (D) Tumor volume (millimeters3) was acquired by drawing ROI on the 3D-rendered photoacous-
tic images of osteosarcomas. At W2, there was a significant decrease in the tumor volume in both the tumor + CAR + iron (P < 0.05) and tumor + CAR (P
< 0.001) groups when compared to the tumor + NT + iron group. (E) Representative bright-field images acquired on W2 postinfusion of the T cells show-
ing the tibiae of the animals from the tumor + CAR + iron, tumor + CAR and tumor + NT + iron groups. (F) Representative MPI showed the detection of
iron in the animals administered with CAR T cells labeled with ferumoxytol. (G) Quantification of the MPI data indicated that the level of iron was signifi-
cantly greater (P < 0.0001) in the labeled tumor + CAR + iron group than in the unlabeled tumor + CAR and the untreated tumor + NT + iron groups.
Tumor + CAR + iron group (n = 5); animals injected with ferumoxytol-labeled CAR T cells, tumor + CAR group (n = 5); animals injected with unlabeled
CAR T cells, tumor + NT + iron group (n = 5); and animals injected with NT ferumoxytol-labeled T cells. D = day, W = week, and NT = nontransduced.
Data represents mean ± SEM. Statistical comparisons were performed using the one-way ANOVA with the Tukey’s honest significant difference test.
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MR, which found that the functionality of the iron-labeled
T cells was maintained and the labeled T cells remained persis-
tent for an extended period of time in subjects (46).

Mechanoporation to label CAR T cells with ferumoxytol was
chosen for a variety of reasons. Firstly, our specialized microflui-
dics device provided highly efficient labeling of more than 1 pg
iron per cell (47). Others have achieved comparable labeling effi-
ciencies following the incubation of pmel-specific DsRed T cells
(1 pg/cell) with ferucarbotran (200 μg Fe/mL) for 24 h (21). Addi-
tionally, protamine sulfate was used to deliver ferumoxides (1.5
pg/cell) in mesenchymal stem cells (37) and cross-linked iron
oxide nanoparticle to ovalbumin specific murine CD8+ T cells
(0.7 pg/cell) (13). Physical methods including electroporation
(48), magnetofection (43) scrape loading (49), cavitation induc-
tion (50), microinjection (51), nanoneedles (52), and fluid shear
loading (53) have been used for the delivery of biological material
in cells. However, low recovery rate accompanied by a substantial
decrease in cell viability limits the widespread use of these meth-
ods in clinical trials, in which the large-scale production of viable
therapeutic cells is required. Contrary to the methods listed
above, the cell viability and functionality was not significantly
affected by our approach using mechanoporation. Secondly, feru-
moxytol is FDA approved and immediately available for use in
humans as an “off label” contrast agent (54, 55). It is currently
used for intravenous iron supplementation in pediatric patients
with iron deficiency anemia (27, 56) to visualize suspected venous
occlusion in patients with renal failure using three-dimensional
(3D) ferumoxytol-enhanced cardiovascular magnetic resonance
venography and imaging macrophages in the human cerebral
aneurysm walls (57). The iron oxide nanoparticle has desirable
features; it is coated with a low–molecular weight semisynthetic
carboxymethyl-dextran coat (58), which is desirable for labeling T
cells because it consists of hydroxyl and carboxyl functional groups
that allow efficient chemical modification. The coating also exhib-
its high biocompatibility, biodegradability, and solubility in water
(59). Thirdly, a transfection reagent is not required for the label-
ing of the T cells with ferumoxytol by mechanoporation. The use
of the transfection agents for introducing macromolecules in T
cells has been shown to have detrimental effects on immune cell
function, and many agents are not clinically translatable. Transfec-
tion of human primary immune cells with polymer or lipid-based
nanoparticles using lipofectamine 2000 resulted in a reduction in
the expression of genes that are vital for immune cell proliferation
(35), while lipofection of cytokine-induced killer lymphocytes led
to the induction of apoptosis, characterized by the enhanced
secretion of the tumor necrosis factor alpha (TNFα) in the trans-
fected cells than in the control nontransfected cells (36).

Labeling of Tcells with iron did not affect the viability and func-
tion of murine CD8+ T cells (43), murine CD4+ Tcells (44), and
rat T cells (15). In addition, following stimulation by lipopolysac-
charide, Jurkat T cells labeled with polyethylene glycol–coated,
superparamagnetic iron oxide nanoparticles, IOPC-NH2 (0.57 ±
0.12 pg iron/T-cell) demonstrated similar levels of the release of
interleukin-6 and TNF-α cytokines compared to unlabeled Tcells
(15). Conversely, we demonstrated that the cell viability of the
anti-B7-H3 CAR T cells pre- and post labeling was maintained
(Fig. 1D) and the proliferation of the ferumoxytol-labeled T cells
from Day I to 5 was persistent (Fig. 1E). Additionally, the cocul-
ture assays confirmed that the ability of the ferumoxytol-labeled T
cells to decrease the cell viability of the MG63.3 cells and the
release of IFN-γ was sustained (Fig. 2 A and B). Furthermore, the
ferumoxytol-labeled B7-H3 CAR T cells exhibited a comparable
pattern of tumor remission in animals administered with the unla-
beled and ferumoxytol-labeled B7-H3 CAR T cells (Fig. 3 A–C
and Fig. 4 C–E), indicating that mechanoporation-labeling with
ferumoxytol did not impair the function of the CARTcells. More-
over, histology data illustrated the colocalization of iron-labeled
anti-B7-H3 CAR Tcells in the tumor site (Fig. 3 H and I and SI

Appendix, Fig. 5). This further verified that the MRI, PAT, and
MPI signals corresponded to the accumulation of the iron-labeled
Tcells at the tumor site. Overall, ferumoxytol-labeled anti-B7-H3
CARTcells have maintained their ability to proliferate, decrease
the viability of the MG63.3 cells, release IFN-γ, and migrate to the
tumor site to exert antitumor effects that were evident by the
decreased tumor sizes that were measured by multiple modalities.

Iron regulation plays a critical role in immunometabolism,
particularly for T-cell development, activation, and proliferation
(60, 61). We found that the PDT of the iron-labeled B7-H3
CAR T cells was 1.35-fold faster compared to the unlabeled
B7-H3 CAR Tcells (SI Appendix, Fig. 2). The exact mechanism
in which exogenous iron enhances the proliferation of CAR T
cells remains to be defined. Nevertheless, treatment of CD4+ T
cells with the iron chelator deferoxamine mesylate (DFO) to
reduce the levels of endogenous iron resulted in the inhibition
of T-cell proliferation in a dose-dependent manner, a sharp
decrease in mitochondrial function, as well as a reduction in
the surface expression of the transferrin receptor protein 1, fer-
ritin, and ferroportin. Furthermore, insufficient iron levels led
to defective 1L-2 receptor–mediated signaling in DFO-treated
CD4+ T cells, suggesting that iron modulated T-cell prolifera-
tion by intracellular IL-2-signaling (62).

We found significant MRI signal effects of ferumoxytol-
labeled T cells. This is in accordance with a previous in vitro
study in which imaging of ferucarbotran-labeled human
cytomegalovirus–specific cytotoxic T lymphocytes revealed
shortening of the T2*-relaxation times on day 0, 2, and a lack
of detection after 14 d (63). Near-infrared dyes have frequently
been used to detect T cells with PAT (64), and iron oxide nano-
particles have previously been used as contrast agents in PAT
(65–67). However, studies on PAT imaging of T cells labeled
with iron oxide nanoparticles are sparse. Similarly, MPI has not
yet been widely used to monitor iron-labeled T cells, although
recently, imaging of ferucarbotran-labeled, pmel-specific
DsRed T cells in mice bearing KR158B glioblastomas at 24
h post intravenous injection was reported (21).

Limit of detection and defining the optimal-imaging window
are essential considerations for clinical utilization of a
molecular-imaging strategy. Our in vitro studies indicated the
ability to visualize T-cell pellets containing 2 × 104 cells with
MRI and T-cell pellets containing 2 × 103 cells with MPI. Others
have labeled human gamma delta T cells with ferumoxytol using
protamine sulfate combined with magnetofection and detected
9 × 105 labeled cells in vitro using a 3 Tesla MRI scanner (43).
The difference in the detection capability may be due to a variety
of factors including the differences in type of Tcells, efficiency of
the labeling method, and the gradient strength of the instrumen-
tation used. We found that the optimal time point for visualizing
the ferumoxytol-labeled B7-H3 CAR Tcells was on Week 1 post
treatment, at which the T2*-relaxation times were the lowest
(Fig. 3B). Imaging of the biodistribution of the iron-labeled
B7-H3 CAR T cells revealed a dose-dependent and greater
enhancement of the T1-weighted MRI signal in the spleen and
liver at Day 1 than Day 3, while accumulation of the iron-labeled
B7-H3 CAR T cells in the tumor was minimal at Day 1 and sig-
nificantly pronounced by Day 3 (Fig. 3 D–I and SI Appendix, Fig.
7). This aligns with previous work that demonstrated the
enhanced colocalization of lymphocytes labeled with anionic
maghemite nanoparticles (1.3 ± 0.1 pg of iron per cell) in the
spleens with limited accumulation in ovalbumin-expressing
tumors at 24 h post treatment, while greater accumulation in the
tumor was detected at 48h and 72 h post treatment (68, 69).
Additionally, we found a marginal increase in the tumor size
after 24 h. This may be a result of pseudoprogression, which is a
prominent feature in various immunotherapy studies resulting
from increased accumulation of effector cells in the tumor
microenvironment (70, 71).
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A potential use of our imaging strategy is in cell-based clinical
trials, in which a baseline MR image of the patient would be
acquired, followed by the therapeutic cells undergoing a rapid
mechanoporation based cell-labeling procedure with iron oxide
nanoparticles, which is suitable for labeling therapeutic doses of
cells within a relatively short amount of time without affecting
the cell viability proliferation and function. Subsequently, the
labeled cells would be administered in the patient, and follow-up
MR-imaging would be performed at early time points and the
shortening of the T2* or T1 relaxation times would be utilized as
an imaging biomarker to quantify the localization of the thera-
peutic cells. While an osteosarcoma model is used here, it is pos-
sible to use this imaging strategy for tracking other therapeutic
cells including CARTcells targeted to glioblastoma, where strate-
gies for tracking therapeutic cells in the brain are limited.

Conclusion
This work has demonstrated the feasibility of using a microfluidics
platform to mechanically label CAR Tcells with iron oxide nano-
particles with a labeling efficiency that is capable of detecting
adoptively transferred T cells labeled with iron using MRI, PAT,
and MPI. The imaging approach can be used to monitor the
localization of the therapeutic cells in a dose-dependent manner
and contribute to elucidating the factors that give rise to respond-
ers and nonresponders of T-cell therapy for solid tumors.

Methods
Generation of the Anti-B7-H3 CAR T Cells. All cell culture medium and supple-
ments were obtained from Thermo Fisher Scientific unless otherwise stated.
Additional methodological details are provided in SI Appendix. The retroviral
vector used for the anti-B7-H3-4–1BBζ CARs (3) and the B7H3-BBz-SYFP-P2A-
NLuc CAR (72) have been described previously. Briefly, six B7-H3 single-chain
variable fragments (scFv) were codon optimized followed by synthesis by
GeneArt (Life Technologies). Subsequently, they were introduced in a murine
stem cell–based splice-gag vector (MSGV1) comprised of a CD8-α hinge-trans-
membrane domain, a CD137 (4-1BB) costimulatory motif, and a CD3ζ-
signaling domain. A construct containing the CD3ζ-signaling domain and
both 4–1BB and CD28 costimulatory motifs was used to test for the most effi-
cient CARs. Moreover, a sequence of the human IgG1 constant domain (CH2
and CH3) was added between the transmembrane domain and the scFv. Cus-
tomized Sequence verification (Macrogen) of the B7-H3 CAR constructs was
performed (3). The B7-H3-4–1BBζ-BFP fusion protein was made using
In-Fusion (Takara Bio, Mountain View) cloning techniques to add a BFP
sequence downstream of the CD3ζ-signaling domain. For the B7H3-BBz-SYFP-
P2A-NLuc CAR construct, the yellow fluorescent protein SYFP2 (73) was fused
to the C terminus of the CD3ζ-signaling domain, using a P2A ribosome-
skipping site (74) followed by NanoLuc luciferase (75). The production of the
retroviral supernatant and the transduction of the isolated T cells was per-
formed as previously described (76). The transduced CAR+ T cells were
detected by flow cytometry (BD Biosciences, San Jose), and the data were ana-
lyzed with the FlowJo software (Tree Star, Ashland).

T-Cell Labeling Using a Microfluidics Device. The design of the T-cell labeling
microfluidics devicewas based on two previously developed devices that facili-
tated the sorting of viable cells and dead cells based on differences in their
stiffness (38) and labeling of adipose-derived stem cells using ferumoxytol
(47). The labeling device consisted of an inlet, outlet, and a central chamber
made up of five channels containing multiple angular chevron ridges that are
3.6 μm to accommodate the labeling of the T cells with the ferumoxytol (Fera-
heme, AMAG Pharmaceuticals, Waltham) through a process known as cell vol-
ume exchange for convective transfer. The labeling chambers were molded in
polydimethylsiloxane (PDMS) and plasma bonded using a PDC-32G Harrick
(Harrick Plasma, Ithaca) to a glass slide. A standard two-step photolithography
on a silicon wafer was used to generate an epoxy resin SU-8 mold. The micro-
fluidic channel was formed by mixing a 10:1 ratio of PDMS and the crosslink-
ing agent that was poured on the SU-8 mold. This was followed by degassing
of the PDMS in a vacuum chamber and curing for 1 h at 80 °C. Once the PDMS
had cooled, it was removed from the mold to allow for the indentation of the
inlet and outlet using biopsy punches. Finally, the PDMS was bonded to clean
glass slides, placed in a 80 °C oven for 1 h, and cooled. A solution of 1% bovine
serum albumin (BSA, Sigma-Aldrich, St Louis) in 1× phosphate buffer saline

(PBS) was left to flow through the chamber overnight at 4 °C (77). The B7-H3
CAR T cells (8 × 106/mL) were isolated from culture and resuspended in flow
buffer containing 0.04% ethylenediaminetetraacetic acid and 0.1% BSA in
1× PBS. Ferumoxytol was added to the CAR T cells at a concentration (10 mg
iron/mL) that has been previously reported to result in the uptake of 1 to 10
pg per cell, which aligns with the minimum level of iron required for detec-
tion with MRI (1 pg per cell) (78, 79). The hydrodynamic diameter of the
FDA-approved ferumoxytol iron oxide particles is 20 to 30 nm with a Zeta
potential of ×24.4 ± 9.32 mV. These iron oxide nanoparticles have an r1
relaxivity of 15 mM�1/s�1 and a r2 relaxivity of 89 mM�1/s�1 at 1.5 Tesla and
37 °C (80).

The CAR T cells and iron oxide nanoparticle suspension was infused
through the inlet of the microfluidics device at a rate of 0.65 mL/min using a
syringe pump (PHD 2000, Harvard Apparatus). Within the central microfluidics
chamber, the cells permeate through multiple ridges where they are com-
pressed, resulting in a transient loss of the intracellular volume. When the cell
volume is recovered, connective fluid transfer occurs, resulting in the sur-
rounding fluid containing the ferumoxytol nanoparticles accumulating in the
cells. The lower that the size of the ridges is, the higher the compression rate
and the volume loss, resulting in higher intracellular delivery of the iron oxide
nanoparticles when the cell recovers (81). The labeled CAR T cells were col-
lected from the outlet and washed twice using 1× PBS. Triplicate samples of
the iron-labeled as well as unlabeled CAR T cells (2 × 105/mL) were prepared,
and the cellular iron uptake was determined with ICP-OES (Optima 5300 DV,
Perkin-Elmer, Waltham). Additionally, DAB-enhanced Perl’s Prussian blue
staining was performed on a subset of the unlabeled and labeled CAR T cells
to detect the intracellular labeling of the CAR T cells with iron using the
BZ-X700 series fluorescencemicroscope (Keyence, Itasca).

In Vitro Characterization of the Ferumoxytol-Labeled CAR T Cells.
Detection with MRI and MPI. The limit of detection of the ferumoxytol-
labeled CAR T cells with MPI and MRI was assessed by preparing a serial dilu-
tion of the labeled (2 × 103, 2 × 104, 2 × 105, 2 × 106), unlabeled CAR T cells
(2 × 106), and a Ficoll-only solution. The samples containing T cells were pel-
leted and placed in either NMR glass tubes (Sigma-Aldrich, St. Louis) for
MR-imaging using the 7T MR scanner (Bruker Biospin, Billerica) consisting of
an eight-channel radiofrequency coil or 1-mL Eppendorf tubes for MPI using
the Momentum MPI scanner (Magnetic Insight Inc, Alameda), which is a pro-
jection field-free line scanner operating with a magnetic field gradient
strength of 6 × 6T/m. The imaging parameters for the in vitro MRI were a
multi-echo spin echo sequence with a repetition time (TR) of 1,200 ms, echo
time (TE) of 10, 20, 30, 40, 50, 60, 70, and 80 ms, flip angle (FA) of 90°, 192 ×
192 matrix size, 1.1-mm slice thickness (SL), acquisition time (TA) of 13 min,
14-cm field of view (FOV), and a fast spin echo sequence with fat saturation
(TR = 2,700 ms, TE = 32 ms, FA = 110°matrix size = 192 × 192, SL = 1 mm, FOV
= 14 cm, and TA =16min).

Viability and Proliferation. The viability and proliferation of the anti-B7-H3
CAR T cells was assessed before and immediately after passage through the
microfluidics device using the trypan blue exclusion method and at Day 1, 3,
and 5 post labeling using the colorimetric CCK-8 (Sigma-Aldrich, St. Louis). Cell
counting using the CCK-8 is a stable method for assessing the cell number of
viable cells in cytotoxicity and proliferation assays with a higher detection sen-
sitivity than assays using other tetrazolium salts such as MTT, XTT, MTS, or
WST-1. The CCK8 assay utilizes a tetrazolium salt that is reduced to an orange
water-soluble formazan product by dehydrogenases in viable cells. The
amount of formazan produced is directly proportional to the number of living
cells, and it is detected by absorbance at 490 nm.

The anti-B7-H3 CAR T cells were coincubated with the MG63.3 cells to eval-
uate their viability and proliferation in the presence of the tumor antigen.
Human MG63.3 osteosarcoma cells (1 × 106/mL) were plated on a tissue
culture–treated round-bottom 96-well plate (Thermo Fisher Scientific, Hamp-
ton, NH). Following adhesion of the tumor cells, the medium was aspirated,
and the labeled or unlabeled B7-H3 CAR T cells (1 × 106/mL) were added to
the MG63.3 cells. The tumor and B7-H3 CAR T cells were cocultured while con-
trols were incubated alone for 48 h. The CCK-8 assay was used to determine
the proliferation of the MG63.3 osteosarcoma cells that were cocultured with
the unlabeled or labeled CAR T cells, MG63.3 cells cultured alone, as well as
the unlabeled and the labeled B7-H3 CAR T cells incubated alone.

Cytokine Release. A cytokine-release assay was used to evaluate the effect
that mechanoporation-labeling had on the function of the B7-H3 CAR T cells.
Human MG63.3 cells (1 × 106/mL) were plated and cocultured with either the
labeled or unlabeled B7-H3 CAR T cells (1 × 106/mL) or incubated alone. The
cocultures were coincubated for 24 h in medium that was not supplemented
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with IL-2. The cells were subsequently spun down, the supernatant was har-
vested, and the concentration of IFN- γ was determined by enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis).

Multimodal In Vivo Imaging of CAR T Cells.
Mouse osteosarcoma model. All animal procedures were carried out in accor-
dancewith the institutional ethics regulations detailed in the Stanford Admin-
istrative Panel on Laboratory Animal Care protocol. All animals were treated
as established by the National Research Council’s Guide for the Care and Use
of Laboratory Animals. All animal procedures were performed under isoflur-
ane. Male nonobese diabetic scid gamma mice 8 wks-old (Jackson Laboratory,
n = 30) were used. For the longitudinal in vivo model (n = 18), 15 animals
were anesthetized and injected with human MG63.3 (1 × 106) cells into the
right tibia, which led to intra- and extraosseous tumors similar to the tumors
encountered in human patients. Three animals did not receive tumor injec-
tions. An additional 12 animals were injected with human MG63.3 (1 × 106)
cells for the short-term in vivo model (n = 12). The tumor size was monitored
weekly using a digital caliper, and the tumor area was calculated by multiply-
ing the length of the major and minor axes. A total 4 wks following tumor
inoculation, when the tumor size was 39.58 ± 1.0 mm2, animals were intrave-
nously injected with either 2 × 107 or 1 × 107 ferumoxytol-labeled B7-H3 CAR
T cells, ferumoxytol-labeled NT T cells, or unlabeled B7-H3 CAR T cells.
The three animals that were not administered with the tumor cells received
2 × 107 ferumoxytol-labeled B7-H3 CAR T cells. The administration of 1 × 107

or 2 × 107 CAR T cells is within the range of the dose used in a clinical setting,
which typically range from 1 × 105/kg to 1 × 1010/kg CAR T cells (82, 83). Longi-
tudinal in vivo imaging was performed on the animals prior to the infusion of
the B7-H3 CAR T cells and over a period of 3 wks post treatment and short-
term imaging of the biodistribution of the B7-H3 CAR-nLuc T cells in on-target
and off-target tissues was conducted over a 3-d period.

MRI Acquisition and Processing. Imaging using MRI was performed at 4 wks
post tumor inoculation (preferumoxytol), 24 h after T-cell infusion, as well as
1, 2, and 3 wks following T-cell injection (post ferumoxytol). The pre ferumox-
ytol MRI was acquired to ensure that all osteosarcoma-bearing animals had
tumors with an average size of 39.58 ± 1.0 mm2, and the post ferumoxytol
MRI was performed to monitor the trafficking and distribution of the
ferumoxytol-labeled B7-H3 CAR T cells at the tumor and off-target sites. The
following pulse sequences were used before and after intravenous injection
of the T cells: T2 multi-echo gradient echo sequence with a TR of 2,400 ms, TE
of 33ms, and an FA α: 80°, a multi-echo spin echo sequence with a TR of
1,000ms, TE of 3.07, 7.38, 11.70, 16.01, 20.33, 24.65, 28.96, 33.28, 37.59, and
41.91 ms, and α: 90°, and am FOV of 3 cm×3 cm and an SL of 0.75 mm. A
spoiled gradient recalled (SPGR) echo sequence was used for imaging the bio-
distribution of the iron-labeled CAR T cells in the spleen and liver. The SPGR
sequence had a TR of 85.8 ms, TE of 1.8 ms α: 85°, a FOV of 4 cm×4 cm, and
an SL of 0.75 mm. The T2* relaxation times of the inner core and the whole
tumorwere generated by drawing regions of interest (ROIs) that were 14.08 ±
0.02 mm2 on the generated T2* maps using the Osirix software version 8.0
(Pixmeo SARL, Bernex, Switzerland).

Photoacoustic and Ultrasound Imaging Acquisition and Processing. Prior to
in vivo imaging, the photoacoustic properties of ferumoxytol and the iron-
labeled anti-B7-H3 CAR T cells were assessed in an in vitro phantom study (SI
Appendix, Fig. 9). For in vivo imaging, mice were anesthetized and fixed in
the prone position. Photoacoustic and ultrasound images were collected using
a Vevo 2100 LAZR imaging system (VevoLAZR, VisualSonics, Inc., Canada) with
the photoacoustic-mode and ultrasound B-mode, respectively. Images ren-
dered in 3D presented as a colored photoacoustic layer overlaid on top of the
ultrasound images were produced using the VevoLAB software (VisualSonics,
Inc., Canada). The “ROI” tool in VevoLAB was used to draw contours within
the tibia and determine the volume of the ROI. For ferumoxytol images, the
photoacoustic spectrum of ferumoxytol was imported, and the signal from
ferumoxytol was isolated using the “multiplexing” tool. Multiplexed
signals of oxygenated and deoxygenated hemoglobin were subtracted from
the obtained ferumoxytol signal to reduce any interference caused by the

background hemoglobin signal (67, 84). The photoacoustic signal produced
from ferumoxytol was overlaid on the 3D-rendered ultrasound image and
quantified as the percentage signal within the ROI.

MPI Acquisition and Processing. The post ferumoxytol images were obtained
1, 2, and 3, wks following T-cell infusion. The use ofMPI to visualize iron oxide
nanoparticles is emerging as a valuable molecular-imaging methodology due
to its high resolution and sensitivity. An oscillating magnetic gradient is uti-
lized to generate the MPI signal that increases linearly with increasing nano-
particle concentration and penetrates the tissue with negligible attenuation
and zero background (85, 86). Samples are translated along the z-axis of the
scanner using a single-axis translation stage, with field-free line along the y-
axis and excitation field (45 kHz, 20-mT peak amplitude) along the z-axis. The
x-spaceMPI reconstruction algorithm is used for image reconstruction (87–89).
Two-dimensional coronal projection images of the animals were acquired
(FOV, 6 cm × 10 cm), and to quantify the MPI signal, fiducials with known con-
centrations (0.03, 0.3, 3, and 30 mg/mL) of ferumoxytol were imaged. Image
processing was performed using the VivoQuant software (InviCRO, Boston,
MA) in which ROIs were drawn at the tumor site or fiducials and the signal lin-
earity was measured using a linear-regression model. The MPI signal from the
fiducials with known iron concentration was used to extrapolate the iron con-
tent at the tumor site (55).

Histology. On Day 3 post injection, the spleens, livers, and osteosarcoma xeno-
grafts were harvested, fixed in 4% paraformaldehyde in 1× PBS, embedded in
paraffin, and cut using a microtome (Leica, Wetzlar, Germany) to produce sec-
tions that were 5 μm. Immunostaining of the paraffin-embedded sections was
performed using an anti-CD3 antibody (1:150, AbCam, Cambridge) and the cy-5
AffiniPure Goat Anti-Rabbit IgG secondary antibody (1:1,000, Jackson Immuno
Research Laboratories Inc., West Grove). Perl’s Prussian blue staining to detect
iron was performed by staining the fixed sections for 30 min in 2% potassium
ferrocyanide and 2% hydrochloric acid and counterstaining with 0.5% eosin
solution (Sigma-Aldrich, Oajville, Ontario, Canada) to identify the cytoplasm. A
coverslip was placed on the dehydrated slides for imaging. Images were
obtained using the BZ-X700 series fluorescence microscope (Keyence, Itasca).

Statistical Analysis. All in vitro labeling experiments were repeated at least
three times, and an unpaired Student's t test was used to compare statistical
significance between two experimental groups, while a one-way ANOVAwith
correction using the Tukey’s honest significant difference post hoc test was
used to assess the statistical significance between three or more groups. Data
were visualized, and statistical analysis was performed using GraphPad Prism
(version 6.0) as well as verified by a statistician. All data represents group
mean values ± SEM. A P < 0.05 was considered statistically significant, and
P values were denoted with asterisks as follows: P > 0.05; not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data Availability. All study data are included in the article and/or supporting
information. All data have been deposited in the Open Science Framework,
https://osf.io/4ysgn/?view_only=1cb265c8a49641828a399ab056df01b8.
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