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Cell sorting microbeads as novel 
contrast agent for magnetic 
resonance imaging
Aman Khurana1,2,3, Francesc Marti3,4, David K. Powell1,5, J. Anthony Brandon6, Adam Dugan7, 
Roberto Gedaly3,4 & Fanny Chapelin2,3*

The success of several cell-based therapies and prevalent use of magnetic resonance imaging (MRI) 
in the clinic has fueled the development of contrast agents for specific cell tracking applications. Safe 
and efficient labeling of non-phagocytic cell types such as T cells nonetheless remains challenging. 
We developed a one-stop shop approach where the T cell sorting agent also labels the cells which can 
subsequently be depicted using non-invasive MRI. We compared the MR signal effects of magnetic-
assisted cell sorting microbeads (CD25) to the current preclinical gold standard, ferumoxytol. We 
investigated in vitro labeling efficiency of regulatory T cells (Tregs) with MRI and histopathologic 
confirmation. Thereafter, Tregs and T cells were labeled with CD25 microbeads in vitro and delivered 
via intravenous injection. Liver MRIs pre- and 24 h post-injection were performed to determine in vivo 
tracking feasibility. We show that CD25 microbeads exhibit T2 signal decay properties similar to other 
iron oxide contrast agents. CD25 microbeads are readily internalized by Tregs and can be detected 
by non-invasive MRI with dose dependent T2 signal suppression. Systemically injected labeled Tregs 
can be detected in the liver 24 h post-injection, contrary to T cell control. Our CD25 microbead-based 
labeling method is an effective tool for Treg tagging, yielding detectable MR signal change in cell 
phantoms and in vivo. This novel cellular tracking method will be key in tracking the fate of Tregs in 
inflammatory pathologies and solid organ transplantation.

Rapid evolution and prevalent use of magnetic resonance imaging (MRI) in the clinic has fueled research in the 
development of contrast agents and methods to improve pathological tissue delineation and to visualize specific 
cell trafficking in vivo. The first reported use of contrast agents in human MRI studies employed oral ferric 
chloride to monitor bowel metabolic  processes1. Nowadays, 25–40% of all clinical MRIs employ contrast agents 
for tissue  enhancement2 and numerous clinical studies have proven the feasibility of using MRI for longitudinal 
tracking of specific cell  populations3.

MRI signal intensity and contrast is controlled by numerous intrinsic factors, including spin density, tissue 
susceptibility, T1 and T2 relaxation times and physiological  motion4. Extrinsic contrast agents usually target pro-
ton relaxation. They are composed of paramagnetic  gadolinium5,  manganese6 ion complexes or superparamag-
netic iron oxide particles nanoparticles (SPIO)7. Although gadolinium chelates are currently the most common 
clinically available option, lack of labeling specificity as well as gadolinium tissue  accumulation8 and freshwater 
 contamination9 concerns have rekindled interest for alternative agents. Accumulation of superparamagnetic 
iron oxides (SPIOs) in tissue provides excellent contrast by altering the T1 and T2 relaxation times of adjacent 
protons, which aids in differentiating these tissues from the adjacent normal tissue  signals10.

Ferumoxytol (Feraheme) is an FDA approved iron-rich nanoparticle originally designed for intravenous 
treatment of patients with iron  deficiency11–13. Following uncovering of its MR properties, ferumoxytol has been 
extensively used off-label for cell tracking in numerous applications, such as cancer immune microenvironment, 
immune disorders, and cell transplant imaging in preclinical  studies14–16. Cell types presenting with low phago-
cytic activity, such as T cells, are not easily labeled with existing contrast agents like ferumoxytol. Additionally, 
in vitro manipulations to increase cell labeling also exacerbates risks of cell death or cell  transformation17,18. 
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Reducing in vitro handling also directly affects time and sterility concerns when using regulatory T cells (Tregs) 
in a transplant surgery setting.

Magnetic-activated cell sorting (MACS) is a common method for cell population separation from tissue 
 homogenates19. The technique relies on targeting cell surface markers with specific antibodies bound to super-
paramagnetic nanoparticles also called ‘microbeads’. When placed in a high gradient magnetic field, the labeled 
cells remain trapped while unlabeled cells elute. Labeled cells can be collected by removing the magnetic field. 
Our hypothesis is that the microbeads used for cell separation have magnetic properties pertinent to cell labeling 
and tracking applications. In this study, we aim to compare the MR signal effects of MACS microbeads (CD25) to 
the preclinical off label gold standard ferumoxytol and explore feasibility of in vivo CD25-labeled Treg tracking.

Results
Microbeads MRI characteristics. We tested the magnetic properties of CD25 microbeads compared to 
cell tracking standard ferumoxytol (Fig. 1) and agarose gel controls. Both microbeads exhibit increased T2 short-
ening with increasing concentration, with ferumoxytol demonstrating a weaker effect compared to CD25 micro-
beads (Fig. 1). As expected, T2 times decrease in relation to CD25, and ferumoxytol concentration (Fig. 2a). T2 
decay is more pronounced in CD25 microbead samples compared to ferumoxytol samples. The inverse of T1 and 
T2 values were plotted against iron concentration and the linear fit yielded CD25 microbead and ferumoxytol 
relaxivities  r1 and  r2 (Fit 0.983 <  R2 < 0.999). The measured relaxivities of ferumoxytol at 7 T are  r1 = 1.87  mM−1  s−1 
and  r2 = 97  mM−1  s−1;  r2/r1 = 52 , and those of CD25 microbeads are  r1 = 0.62  mM−1  s−1 and  r2 = 290  mM−1  s−1;  r2/
r1 = 468 (Fig. 2b,c). The  r2 relaxivity difference is consistent with particle size, as CD25 microbeads have a larger 
iron core compared to  ferumoxytol20.

Figure 1.  Magnetic resonance signal effects of CD25 microbeads compared to ferumoxytol. T2-weighted 
magnetic resonance images of agarose gels (200 µl) containing increasing contrast agent concentrations (0, 12.5, 
25, 50 or 100 µg/ml of CD25 microbeads or ferumoxytol) show marked signal decrease (dark) for both contrast 
agents compared to controls (0 = agarose gel alone). Signal decay is more pronounced for CD25 microbeads 
compared to ferumoxytol. Data was acquired on a 7 T MRI with 10 TEs equally spaced from 6.4 to 64 ms.

Figure 2.  Quantitative T2 decay as a function of iron concentration and relaxivity measurement. (a) As 
expected, T2 values for CD25 microbeads and ferumoxytol follow an decreasing curve with increasing iron 
amount. T2 decay is more pronounced in CD25 microbead samples compared to ferumoxytol samples. 
Data are presented as ROI mean ± standard deviation. (b) The inverse of T1 values were plotted against iron 
concentration to yield CD25 microbead and ferumoxytol  r1. (c) The inverse of T2 values were plotted against 
iron concentration to yield CD25 microbead and ferumoxytol  r2. CD25 microbeads display much larger  r2/r1 
ratio than ferumoxytol  (r2/r1 = 468 and 52 respectively).
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Regarding T2 relaxation curves, ferumoxytol exhibits moderate T2 effects compared to agarose which exhibits 
linear relaxation within the echo time range selected (Fig. 3), indicating somewhat long inherent T2 and modest 
impact on MRI signal. However, at equivalent iron concentrations, CD25 microbeads display comparably sharp 
responses (Fig. 3), demonstrating CD25 microbeads’ ability to generate strong T2 signal decay on MR images.

Cell internalization of the microbeads. Following MACS sorting, CD25 positive Tregs account for 
approximately 15% of all isolated T cells. Overnight Treg cell labeling with CD25 microbeads shows positive 
intracellular Prussian Blue staining, indicating successful uptake of CD25 microbeads (Fig. 4a) without viability 
impairment (94% viable cells, p < 0.01 compared to unlabeled controls). CD25-labeled T cells and unlabeled 
controls do not exhibit positive staining (Fig. 4c,d), signifying that CD25 needs to be present at the surface of the 
cells to enable internalization of the microbead. Intracellular labeling with ferumoxytol is ineffective (Fig. 4b), 
likely due to the non-phagocytic nature of T cells. These findings reinforce the potential of using CD25 micro-
beads as a cell tracking agent.

To confirm CD25 microbead specificity towards regulatory T cells, we incubated murine macrophages, an 
unspecific phagocytic cell type, with either ferumoxytol or CD25 microbeads (Fig. 5). In each case, the findings 
are reversed compared to Tregs. As expected and previously reported, ferumoxytol is abundantly phagocytosed 
by macrophages (Fig. 5) as evidenced by the ample intracellular Prussian Blue deposits. CD25 microbeads-labeled 
macrophages, on the other hand, exhibit minimal positive staining (Fig. 5).

MRI of CD25 microbead-labeled Treg phantoms. CD25 microbead-labeled Tregs (Fig. 6a, 1–2) dis-
played decreased signal on T2-weighted MR images compared to unlabeled cells (Fig. 6a, 3–4) and agarose con-

Figure 3.  T2 relaxation curves of microbeads. CD25 microbeads (12.5 µgFe/ml) and ferumoxytol (12.5 µgFe/
ml) display shortened T2 relaxation compared to agarose gel which exhibits linear signal decay with respect to 
echo time.

Figure 4.  Confirmation of CD25 microbead intracellular uptake by Tregs. Regulatory T cells labeled overnight 
with 10 μl CD25 microbeads (45 μgFe/ml) exhibit positive intracellular Prussian blue staining (a, arrows). Tregs 
labeled with ferumoxytol overnight (b) do not internalize the contrast agent. Unlabeled control Treg (c) and T 
cells (d) do not exhibit staining.
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trols (Fig. 6a, 5), consistent with adequate labeling with a paramagnetic iron oxide. Corresponding T2 relaxation 
maps (Fig. 6b) yielded quantitative T2 signal decay. The T2 of half million Tregs  (T2(2) = 62.67 ms ± 0.67) is signif-
icantly lower than the T2 of unlabeled T cells  (T2(4) = 80.89 ms ± 2.34) and agarose alone  (T2(5) = 78.11 ms ± 2.59, 
P = 0.0001 and 0.0006 respectively, Fig. 6c). T2 signal is further shortened in one million labeled Treg samples 
 (T2(1) = 54.22 ms ± 0.51) and significantly lower than the half million labeled Treg samples (P = 0.0001, Fig. 6c).

In vivo MRI of CD25 microbead-labeled Treg. Mice receiving CD25 microbead-labeled Tregs exhibited 
decreased liver signal on T2-weighted MR images 24 h after systemic injection (Fig. 7a,b) compared to nega-
tive control mice receiving CD25 microbead-labeled T cells (Fig. 7c,d). Mice receiving CD25 microbeads alone 
systemically also displayed strong T2 signal decay at 24 h post-injection (Fig. 7e,f). Quantitative analysis of T2 
values in mice receiving CD25 microbead-labeled Tregs showed significant T2 change between pre and 24 h 
post MRI (p = 0.007, Fig. 8). This was not the case in CD25 microbead-labeled T cells (p = 0.44, Fig. 8). ANOVA 
comparing T2 change in all mice confirmed significant signal change in mice receiving Treg compared to T cells 
and microbeads (p = 0.029 and p = 0.007 respectively, Fig. 8). These results confirm the feasibility of Treg track-
ing in vivo.

Discussion
This study demonstrates that the CD25 microbeads used for magnetic sorting of regulatory T cells constitute an 
excellent cell labeling agent for subsequent MR tracking. The specific antibody binding promotes internalization 
of the magnetic bead, leading to strong MR effects, which have so far been unattainable with other SPIOs. To 
our knowledge, successful labeling of T cells with clinically applicable agents like the gold standard ferumoxytol 
or the CD25 microbeads described here has not been reported in the literature.

The CD25 microbeads that serve as MRI contrast agents in this project are approved for clinical research 
(NCT00675831, NCT03284242). CD25 microbeads alone displayed strong MR T2 effect, superior to the standard 
ferumoxytol, which is also used ‘off label’ for cell tracking applications. Equivalent CD34 microbeads are FDA 
approved as a humanitarian use device for treatment of patients with acute myeloid  leukemia21,22, which should 
fast-track approval for clinical ‘off-label’ use of CD25 microbeads, thereby enabling researchers and clinicians to 
track regulatory T cells in vivo. In addition, we confirmed that CD25 microbeads generate significant contrast 
on a 1.5 T clinical scanner (data not shown) and sequence adjustments can be made to recover sensitivity loss 
when moving to lower magnetic fields.

Due to their low cytoplasmic capacity and phagocytic activity, T cells have consistently been challenging to 
label for MR tracking  applications23,24. Bulte et al. were the first team to label T cells with a similar magnetic sort-
ing bead strategy, but that technique required a biotin-streptavin intermediate and was not pursued for in vivo 
 tracking25. Yeh et al. were able to label T cells with iron oxide particles but the specific contrast agents used have 
since been  discontinued26. Jin et al. reported successful labeling of T cells using Molday Ion, a preclinical ultras-
mall SPIO, in a murine stroke  model27. Liu et al. developed pegylated iron nanoparticles that were internalized 

Figure 5.  Histological assessment of nanoparticle uptake by macrophages. Light microscopy images of 
macrophages labeled with varying concentrations of CD25 microbeads (top row, low = 10 and high = 20 µl 
CD25 microbeads respectively) or ferumoxytol (bottom row, low = 200 and high = 400 µgFe/ml respectively) are 
displayed. Data shows strong intracellular localization of ferumoxytol (blue), conversely to CD25 microbeads, 
suggesting that the CD25 antibody does not support internalization of the beads by unspecific phagocytic cells. 
Scale bar represents 100 µm.
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in Jurkat cells and detected the infused cells by MRI in a heart transplant rejection  model28. Chandrasekharan 
et al. used similar Miltenyi microbeads to label neutrophils for subsequent tracking with magnetic particle 
imaging, which is to date not clinically  available29. Gordon-Wylie et al. also confirmed the potential of antibody 
conjugated nanoparticles (NP) for  imaging30, but these NP remain in the early stages of development, whereas 
the CD25 microbeads used here are already part of the autologous Treg isolation workflow in the clinic. Garden 
et al. ornated their ultrasmall SPIO with TAT peptides to facilitate labeling, yielding both intracytoplasmic and 
intranuclear  labeling31. Adding contrast agents and transfection reagents to improve cell labeling presents a major 
limitation for subsequent FDA approval as adding external agents increases the risk of introducing pathogens 
and cellular  atypia17,18,32.

When used for labeling Treg cells, CD25 microbeads were able to initiate internalization, likely through 
specific binding to the CD25-containing high affinity IL2  receptor33. The endocytic mechanism is probably 
the result of a clathrin-independent, cargo-induced internalization of the IL2  receptor34,35. T cells that do not 
express CD25 were not able to bind and internalize the CD25 microbeads (data not shown). We were able to 
detect a significant MR signal change with as few as 0.5 ×  106 cells in a large voxel. Conversely, ferumoxytol was 
not internalized in Tregs. Using the microbeads which are already used for Treg cell sorting can therefore obviate 
unnecessary cell manipulation with acceptable labeling efficiency. Our labeling method would provide one-stop 
shop approach where the Treg sorting step also labels the cells which can be readily tracked once they home to 
specific organs using non-invasive MRI.

While CD25 microbeads specifically labeled T regs, they were not as readily internalized by macrophages. 
Macrophages and other phagocytes such as dendritic cells have been an MR cell labeling reference for dec-
ades for both practical and clinical  reasons15,36–41. Due to their phagocytic nature, uptake of large amounts of 
contrast agents is comparatively  straightforward36,38,42,43 thereby enabling elegant non-invasive investigation of 
immune processes in vivo in cancer, auto-immune and transplant  applications39,40,44–47. Although  peculiar48,49, 
the finding that CD25 microbeads are not as easily internalized by macrophages offers a desirable edge over the 
gold standard ferumoxytol (Fig. 5) for in vivo applications. Uptake of free CD25 contrast from dead Tregs by 
macrophages resulting in confounding MR signal may therefore be minimized in vivo. Qie et al. showed that 
surface modification of nanoparticles enables evasion from phagocytosis in certain  applications50. Based on this, 

Figure 6.  Magnetic resonance signal effects of CD25 microbead-labeled Tregs. T2-weighted magnetic 
resonance images (a) and corresponding T2 relaxation time maps (b) of agarose gels containing CD25 
microbead-labeled Tregs (1–2) show marked signal reduction compared to unlabeled T cells (3–4) and agarose 
(5) controls. Quantitative analysis of the T2 relaxation times (c) confirms significant T2 shortening in CD25-
microbead labeled cells. T2 of half million Tregs is 22% lower than the T2 of unlabeled T cells and agarose 
alone (*P = 0.0001 and 0.0006 respectively). T2 is further shortened (33%) in one million labeled Treg samples 
(*P = 0.001 compared to half million Treg sample). Data are presented as mean ± standard deviation.
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our hypothesis is that the CD25 antibodies block access to the dextran coating, thereby altering the phagocytic 
activity towards the microbeads.

T2 effects of intracellular iron oxide-based contrast agents (ferumoxytol & CD25 microbeads) can be meas-
ured in the tissues where therapeutic cells distribute via creation of T2 maps. Imaging-based cellular tracking is 
reliable, reproducible, and non-invasive with  MRI14,51,52. Multiple animal and clinical MRI scanners have in-built 
multi-echo sequences with T2 map calculation capability to quantify dynamic change of hypointense clusters in 
the organ of the  interest27. One limitation of iron oxide contrast agents is that it only enables semi-quantitative 
assessment of cell infiltration in a given tissue rather than an absolute number. Fluorinated contrasts agents have 
shown promise for the labeling and fully quantitative tracking of T  cells53–57. Nonetheless, this method requires 
fluorine-specific MRI hardware and software that is only sparsely available in the clinical setting to  date16.

Transplant graft rejection is driven by a decline in the frequency of Treg cells or impairment in Treg cell 
function, which controls alloantigen specific T  cells58,59. To prevent graft rejection, shifting the immune balance 
via adoptive transfer of Treg cells has become a very promising therapeutic  option60,61. Oo et al. have demon-
strated that approximately 22–44% of infused Tregs homed to and were retained in the livers of patients with 

Figure 7.  Axial T2-weighted liver MR images of mice pre and 24 h post-intravenous injection of labeled cells 
or CD25 microbeads. Representative images of CD25 microbead-labeled Treg receiving mouse pre (a) and 
24 h-post (b) IV injection show T2 signal reduction compared to CD25 microbead-labeled T cells (c and d, 
negative control). Positive control mice receiving CD25 microbeads alone intravenously show marked T2 signal 
decrease 24 h post-injection (e,f).

Figure 8.  Quantitative summary of in vivo T2 measurements. T2 relaxation times show significantly shorter T2 
values in Treg-receiving mice 24 h post-injection compared to prescan (p = 0.007). Contrarily, T cell-receiving 
mice show no differences in T2 (p = 0.44). Positive control mice receiving CD25 microbeads alone show drastic 
T2 reduction as expected. The difference between Treg and T cell receiving mice is also significant (p = 0.029). 
Data are displayed as T2 means for each animal (9 measurements per animal per data point).
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autoimmune hepatitis for up to 72 h after leukapheresis, labeling, and re-infusion62. The authors used indium 
isotope for labeling and tracked the cells with single photon emission computed tomography (SPECT-CT), 
which utilizes ionizing radiation. To date, there are no MRI based cellular tracking methods for Tregs. More 
importantly, success of Treg homing to the transplant may be an early marker of organ-targeted efficacy and 
transplant acceptance and should be determined non-invasively. Our platform which integrates the CD25 sort-
ing agent as an ‘off label’ contrast agent may become a key resource in determining homing and fate of Tregs in 
inflammatory pathologies and solid organ transplantation.

In conclusion, our novel CD25 microbead-based labeling method is an effective tool for Treg tagging, yield-
ing detectable MR signal change in vivo. Further experiments are warranted to unlock the full translational 
potential of this novel cellular labeling method. Nonetheless, given use of this agent in the existing clinical Treg 
sorting workflow, this method offers ease of use for Treg labeling during transplant surgery given time and 
sterility constraints.

Materials and methods
Contrast agents. Microbeads developed by Miltenyi Biotec for magnetic-assisted cell sorting (MACS) are 
composed of an antibody tethered to a dextran-coated iron bead. Here, we used the CD25 microbeads (Clini-
MACS CD25, Miltenyi Biotec, Somerville, MA) which enable positive regulatory T cell (Treg) sorting. The beads 
average 50 nm in  diameter63. The iron concentration of CD25 microbeads was determined by acid dissolution 
and established UV–VIS spectrophotometric  method25,64. CD25 microbeads were measured at 2.24 mgFe/ml.

Ferumoxytol (AMAG Pharmaceuticals, Waltham, MA) nanoparticles are polymer-coated iron cores with 
a mean diameter of 30  nm65. Ferumoxytol’s magnetic properties and its use for cell labeling and subsequent 
tracking are well  studied47,66–70.

Bead phantom preparation. Phantoms were prepared by diluting different amounts of CD25 microbeads 
or ferumoxytol in 1% agarose for a final volume of 200 µl. Concentrations tested included 0, 12.5, 25, 50 and 
100 µgFe/ml. Dilutions were chosen based on in vitro working volumes that would be suitable for preserved cell 
viability.

For relaxivities measurements, phantoms were prepared by diluting different amounts of CD25 microbeads 
or ferumoxytol in PBS for a final volume of 200 µl. Concentrations tested included 0, 3.1, 6.25, 12.5, 25 and 
50 µgFe/ml. Dilutions were chosen to obtain optimal recovery curves for T1 and T2 measurement at different 
concentrations.

MRI measurements of bead phantoms. All MRI images in this study were acquired on a preclinical 
Bruker BioSpec 7 T imaging system (Bruker, Billerica, MA) using a mouse birdcage body coil (Bruker). Axial 
images of phantoms were acquired using a Turbo RARE sequence with parameters TR/TE = 2000/20 ms, Matrix 
size = 96 × 96, FOV = 36 × 36  mm2, Slice thickness = 1.2  mm, Averages = 2, Slice number = 16. A T2map Multi 
Slice Multi Echo (MSME) sequence with TR = 2000 ms and 10 TEs equally spaced from 6.4 to 64 ms, Matrix 
size = 96 × 96, FOV = 36 × 36  mm2, Slice thickness = 1.2  mm, Averages = 3, Slice number = 16 was acquired for 
T2 and  r2 calculations. A T1map RARE sequence with TE = 25.7  ms and 8 TRs equally spaced from 900 to 
5000 ms, Matrix size = 256 × 192, FOV = 36 × 26  mm2, Slice thickness = 1.2 mm, Averages = 1, Slice number = 16 
was acquired for  r1 calculations. T1 and T2 values were extracted using the system’s inbuilt Image Sequence 
Analysis (ISA T2vtr and T1sat, Paravision 360, V3.0) software by defining three circular ROIs in the center of 
the PCR tubes.

Regulatory T cell isolation. The study was approved by University of Kentucky’s Institutional Review 
Board (IRB #48583). Peripheral blood mononuclear cells were isolated from buffy coats of healthy anonymous 
blood donors (Kentucky Blood Center, Lexington, KY) in accordance with relevant guidelines and regulations 
via Ficoll density gradient (Histopaque 1077, Sigma Aldrich, St Louis, MO). Informed consent was obtained 
from all participants. T cells were isolated via EasySep Human T cell Isolation Kit (Stemcell Technologies, Cam-
bridge, MA), and CD25 Microbeads II (Miltenyi Biotec) were used to further isolate  CD25+ T cells (here referred 
to as Tregs to model future Treg isolation). Treg and T cells (CD25 negative) were maintained in RPMI media 
(Corning, Corning, NY) supplemented with 10% fetal bovine serum (Hyclone, GE Healthcare, Marlborough, 
MA), 1% penicillin streptomycin (VWR, Radnor, PA), and 100 units/ml of recombinant human interleukin 2 
(IL-2, Peprotech, Rocky Hill, NJ). On the first day of culture, cells were activated with T cell Transact (Miltenyi 
Biotec) per manufacturer’s instructions. Cells were expanded for up to 14 days to obtain cell amounts needed.

Regulatory T cell labeling and histological staining. To optimize labeling efficacy, Tregs and T cells 
(CD25-) were plated at a density of 2 million cells per ml of full media in 24 well plates in triplicates. CD25 
microbeads were added to the culture media in varying amounts (0, 10, 20 µl per million cells, equivalent to 
0, 45 and 90 µgFe/ml) and several incubation times (0, 6, 16 h) were tested. Triplicates of Tregs labeled with 
ferumoxytol with final concentration of 400 µgFe/ml were also prepared. Triplicates of unlabeled Tregs and T 
cells were also prepared as controls. After incubation, excess label was removed by three washes followed by cen-
trifugation. T cells were resuspended at a density of 1 million cells in 100 µl phosphate buffered saline and gently 
spread on a histology slide (Superfrost slide, Fisherbrand, Waltham, MA). Samples were allowed to air dry and 
were subsequently fixed with 10% formalin (VWR, Radnor, PA) for 15 min. Samples were then stained using a 
Prussian blue iron staining kit (Polysciences, Warrington, PA) consisting of 15-min incubation of 1:1 potassium 
ferrocyanide and hydrochloric acid followed by 5 min of nuclear fast red counterstain. Samples were thoroughly 
washed and allowed to fully air dry. Coverslips were secured onto the slide with Permount (Fisher Scientific, 
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Waltham, PA) mounting media. Histological images were acquired on a Nikon Ti-U Microscope (Nikon, Tokyo, 
Japan) with 20X and 60X objectives.

Macrophage labeling and histological staining. TIB-67 murine macrophage cells were kindly pro-
vided by Melissa Hollifield (Scientist, University of Kentucky) and cultured in DMEM media supplemented with 
10% fetal bovine serum and 1% penicillin streptomycin. Triplicate samples of 40,000 cells were plated in cham-
ber slides at a density of 40,000 cells/cm2. ferumoxytol was added to each well to reach a final concentration of 
200 (low) or 400 (high) µgFe/ml and one well did not receive ferumoxytol and served as control. Alternatively, 
10 (low) or 20 (high) µl of CD25 microbeads were added to each well and one beadless well served as control. 
Chamber slides were kept in the incubator at 37 °C and 5%  CO2 overnight. Excess contrast agent was aspirated 
with the media and chamber slides were washed three times before proceeding to histological staining. Samples 
were fixed and stained for iron and imaged as described above.

MRI measurement of regulatory T cell phantoms labeled with CD25 beads. Triplicate samples 
of half and one million Treg were labeled overnight (16 h) with 10 µl CD25 microbeads per million Tregs. After 
incubation, excess microbeads were removed by three washes followed by centrifugation. Triplicate samples of 
unlabeled half and one million T cells were also prepared. All cell samples were resuspended in 100 µl agarose 
gel (1% dilution in PBS) and transferred to 0.2 ml PCR tubes for MR imaging.

MRI images were acquired on the same system as above (Bruker BioSpec 7 T) using a mouse birdcage 
body coil. Axial images of the cell samples were acquired using a Turbo RARE sequence with parameters TR/
TE = 2500/33 ms, Matrix size = 128 × 128, FOV = 28 × 28  mm2, Slice thickness = 0.7 mm, Averages = 2, Slice num-
ber = 16 and a T2map Multi Slice Multi Echo (MSME) sequence with TR = 2200 ms and 14 TEs equally spaced 
from 7 to 90 ms, Matrix size = 96 × 96, FOV = 28 × 28  mm2, Slice thickness = 0.7 mm, Averages = 1, Slice num-
ber = 16. T2 values were extracted using the system’s inbuilt Image Sequence Analysis (ISA T2vtr) software by 
defining circular ROIs over each tube and averaged over 3 slices.

In vivo MRI tracking of CD25 microbeads-labeled Tregs. Animal experiments were approved by 
University of Kentucky’s institutional animal care and use committee (IACUC #2019-3341) and all experiments 
were conducted in accordance with IACUC guidelines and reported in accordance with ARRIVE guidelines. 
Fresh human Tregs (CD25+) cells were incubated for 6 h with 10 µl CD25 microbeads per million Tregs (45 
µgFe/ml) and maintained at a concentration of 2 ×  106 cells/ml of full media in 6-well plates. After incubation, 
excess microbeads were removed by three washes followed by centrifugation. Fresh human T cells (CD25-) were 
prepared under the same conditions. Cell samples were resuspended at a concentration of 1.5 ×  107 cells in 100 µl 
PBS for intravenous injection. Twelve six to eight week-old female NSG mice were sourced from Jackson Labora-
tory (strain #005557). Liver MRI prescans were acquired for all mice prior to intravenous injections. Five mice 
received CD25 microbead-labeled Tregs, five mice received CD25 microbead labeled T cells (negative control) 
and 2 mice received CD25 microbeads alone (20 µl diluted in 80 µl PBS, final concentration of 450 µgFe/ml, 
positive control). Liver MRIs were acquired again 24 h post-injection.

MRI images were acquired on the same system as above (Bruker BioSpec 7 T) using a mouse birdcage 
body coil. Axial images of mouse liver were acquired using a Turbo RARE sequence with parameters TR/
TE = 2000/20 ms, Matrix size = 128 × 128, FOV = 36 × 24  mm2, Slice thickness = 1.2 mm, Averages = 2, Slice num-
ber = 16 and a T2map Multi Slice Multi Echo (MSME) sequence with TR = 2000 ms and 10 TEs equally spaced 
from 6.4 to 64 ms, Matrix size = 128 × 128, FOV = 36 × 24  mm2, Slice thickness = 1.2 mm, Averages = 3, Slice 
number = 16. T2 values were extracted using the system’s inbuilt Image Sequence Analysis (ISA T2vtr, Paravision 
360, V3.0) software by defining three circular liver ROIs over 3 slices (9 measurements per mouse per time point).

Statistical analyses. Statistical comparisons between phantoms and cell samples were performed using 
a t-test. P values less than 0.05 were considered significant. For in vivo experiments, a total of 216 T2 observa-
tions from 12 mice were available for analysis. Statistical significance was set at  p ≤ 0.05p ≤ 0.05  and all tests 
were two-sided. Missing observations were reported and were excluded on an analysis-by-analysis basis. Paired 
t-tests were performed for comparisons of prescan and 24-h T2 measurements within treatment group and a 
one-way ANOVA was performed for comparisons between groups. All analyses were done in R programming 
language, version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria). All graphics were produced 
using the R package ggplot2, version 3.3.5 (Hadley Wickham).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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