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Abstract

Adoptive cell transfer of targeted chimeric antigen receptor (CAR) T cells has emerged as a highly 

promising cancer therapy. Their pharmacodynamic action is closely related to their 

pharmacokinetic profile, because of this as well as risk of non-specific action, it is important to 

monitor their biodistribution and fate following infusion. To this end, we developed a dual-modal 

PET/near infrared fluorescent (NIRF) nanoparticle-based imaging agent as non-genomic labels for 

human CAR T cells. Since the PET/NIRF nanoparticles did not affect cell viability or their 

cytotoxic functionality, this platform enabled long-term whole-body CAR T cell tracking using 
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PET and NIRF in an ovarian peritoneal carcinomatosis model and is a viable imaging technology 

to be applied in other cancer models.
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INTRODUCTION

Immunotherapy has emerged as a powerful addition to the cancer armamentarium. 

Immunotherapy is based on treating cancer patients with therapies that activate or uses 

immune system components to harness their disease. Such immunotherapies can consist of 

antibodies that block important immunomodulatory proteins that are expressed by cancer 

cells [1], or may include cancer vaccines [2, 3] or adoptive cell transfer of lymphocytes [4]. 

In particular, chimeric antigen receptor (CAR) T cell targeting CD19 has shown significant 

benefit in patients with hematological cancers of B cell lineage and has been approved for 

the treatment of refractory pre-B cell acute lymphoblastic leukemia and diffuse large B cell 

lymphoma[5-7]. While targeting of the B cell lineage restricted antigen CD19 has shown 

great promise, so far the success of CAR-T cell therapy beyond hematological cancers has 

been limited. Important reasons for the limited success of CAR-T cell targeting of tumor-

associated antigens in solid tumors are: tumors are often heterogeneous; immune 

checkpoints expressed in the tumor microenvironment compromise CAR-T cell tumor 

penetration; and tumor-associated antigen expression is not restricted to the tumor, leading 

to off-tumor toxicities such as, but not limited to cerebral edema [8-10].

To understand and address the limitations of CAR-T cells and adoptive cell transfer, in 

general, as solid tumor therapy, we developed a strategy to enable whole-body, 

spatiotemporal cell tracking to gain insight into the distribution of adoptively transferred 

cells. We employed a dual-modal positron emission tomography (PET) and near infrared 

fluorescence (NIRF) nanoparticle-based direct, non-genomic labeling strategy to monitor T 

cell distribution following transplantation in tumor-bearing mice (Fig. 1). Typically, in a 

preclinical setting genomic labeling is employed, in which a reporter gene/protein is 

introduced in the cells that can be used to detect or track the labeled cells [11]. However, in a 

clinical setting genomic labeling is not an option. To address this limitation, Thu et al. have 

developed a non-genomic labeling strategy in which protamine and heparin are used to label 

cells with ferumoxytol – a nanoparticle-based MRI imaging agent with low sensitivity (i.e. 
millimolar range) [12]. Therefore to allow more sensitive imaging, we designed a non-

genomic strategy in which we label the cells with a PET/NIRF-active nanotag to offer highly 

sensitive, whole-body imaging based on PET and additionally enables both highly sensitive, 

wide-field imaging as well as high-resolution microscopic NIRF imaging. To this end, 

biocompatible NIRF silica nanoparticles (λex/em: 680/700nm) were intrinsically 

radiolabeled with 89Zr – clinically approved and widely used positron emitter with a half-life 

of 78.4 hours[13, 14] – to accommodate long-term PET-based cell tracking. CAR T cells 

were labeled with the 89Zr-labeled NIR fluorescent silica nanoparticles ex vivo using a 

heparin- and protamine-based cell labeling prior to transplantation[12, 15]. In this paper, we 
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demonstrate that our strategy of using a dual-modal PET/NIRF nanotag to track adoptively 

transferred immune cells was successful for enabling long-term cell tracking as well as 

interrogating the cellular fate and tissue distribution of adoptively transferred immune cells.

MATERIALS AND METHODS

Chemicals

All reagents were obtained from Sigma Aldrich (St. Louis, MO) and used without any 

further purification. 89Zr (t1/2=78.4 h) was produced at Memorial Sloan Kettering Cancer 

Center (New York, NY) on a TR19/9 cyclotron (Ebco Industries Inc., Vancouver, BC) via 

the 89Y(p,n) 89Zr reaction and purified to yield [89Zr]-zirconium oxalate[16].

Nanoparticle synthesis and characterization

NIRF silica nanoparticle synthesis: CF680R (1 μmole, Biotium Inc., Fremont, CA) was 

reacted overnight with 0.4 μl 3-(mercaptopropyl)trimethoxysilane (MPTMS) in 

dimethylformamide (DMF; 100 μL) to yield CF680R-MPTMS. CF680R-MPMTS (4 μL 10 

mM in DMF) was added without purification to a solution of 40 ml isopropanol containing 

2.5 ml tetraethyl orthosilicate (TEOS; 99.99% purity), 3.5 mL water, and 1.5 mL ammonium 

hydroxide (28%). The solution was stirred for 15 min and NIRF silica nanoparticles were 

collected via centrifugation (10,000 g; 10 min) and washed with ethanol. The NIRF 

nanoparticles were redispersed in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) 

buffer (pH 7.3) at a concentration of 10 nM.

89Zr-labeling of NIRF silica nanoparticles: 89Zr-oxalate (1.3 mCi) was neutralized with 

1.0 M sodium carbonate and added to a 100 μL dispersion of NIRF silica nanoparticles (10 

nM) in 10 mM MES buffer (pH 7.3). After 30 min at 70 °C, the reaction mixture was 

centrifuged at 10,000 g for 10 min and the supernatant was removed to rid any free 89Zr. The 

dual-modal PET/NIRF nanotags were redispersed in water (18 MΩ·cm) at a concentration of 

10 nM.

PET/NIRF nanotag characterization: Before radiolabeling, transmission electron 

micrographs were obtained of the NIRF nanoparticles using a JEOL 1200ex-II operated at 

80keV and the hydrodynamic size distribution and the concentration of the NIRF 

nanoparticles were measured using a nanoparticle tracking analyzer (NTA; NS300, Malvern 

Instruments, Malvern, UK). The radiolabeling yield of the PET/NIRF nanotags was 

calculated using the instant thin layer radio-chromatography (iTLC) method. 

Diethylenetriaminepentaacetic acid (DTPA; 5 mM; pH 5) solution was used as the mobile 

phase. Following iTLC, the plates were counted using a Bioscan AR-2000 Radio-TLC 

Imaging Scanner (Eckert & Ziegler Radiopharma, Berlin, Germany).

In vitro cell-labeling and adoptive transfer

CAR T cell labeling with dual-modal PET/NIRF nanotags: The dual-modal PET/NIRF 

nanotags (200 μl 10 nM) were redispersed in 600 μl of serum-free RPMI 1640 cell media 

(Corning, Manassas, VA) supplemented with 40 μg/ml of protamine sulfate (10 mg/ml ; 

Fresenius Kabi, Lake Zurich, IL) and 2U/ml of heparin (10 U/ml; Fresenius Kabi, Lake 
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Zurich, IL) and vortexed for 2 min. Human carcinoembryonic antigen (hCEA)-redirected 

CAR T cells were kindly provided by the Ponomarev Lab at Memorial Sloan Kettering 

Cancer Center. hCEA-CAR T cells (2 × 106 cells) suspended in serum-free RPMI (200 μl) 

were added to the protamine sulfate-heparin complexed PET/NIRF nanotag dispersion and 

incubated for 30 min at 37 °C. After 1 h incubation, the PET/NIRF nanotag-labeled CAR T 

cells were washed twice with serum-free RMPI media. The amounts of radioactivity 

associated with the cells before and after the labeling procedure were determined using a 

CRC-55tR dose calibrator (Capintac Inc., Florham Park, NJ). Cell viability was assessed 

using a trypan blue exclusion test.

CAR T Cell viability: Cell viability was assessed in PET/NIRF nanotag-labeled CAR T 

cells and compared to viability of unlabeled CAR T cells. Cells were suspended in 1× PBS 

at a concentration of 1×106/ml and mixed with 0.4% of trypan blue dye at a 1:1 ratio. Ten μl 

of this mixture was used to count the alive and dead cells either manually by a 

hemocytometer or automatically by Countess Automated Cell Counter (Invitrogen Corp., 

Carlsbad, CA). Cells with an intact membrane excluded the dye and were considered as live 

cells. The percentage of viable cells was determined.

PET/NIRF nanotag post-labeling retention: PET/NIRF nanotag-labeled CAR T cells 

were seeded (105 cells/well) in a clear-bottom black 96-well plate. At day 1, 4, 7, the 

supernatant was transferred to an empty well and near-infrared fluorescence intensity of 

CAR T cell- and supernatant containing wells were measured on an Odyssey Near-Infrared 

Fluorescence Imaging System (LI-COR Biosciences, Lincoln, NB).

In vivo studies—All animal studies were performed under a Memorial Sloan Kettering 

Cancer Center protocol #05-07-012 approved by the Institutional Animal Care and Use 

Committee.

Cell tracking of adoptively transferred PET/NIRF nanotag-labeled CAR T 
cells: Female NOD/SCID Il2rg−/− (NSG) mice (5–6 weeks of age) were obtained from The 

Jackson Laboratory (Bar Harbor, ME) and these tumor-naïve animals were randomly 

divided into two groups (n=5/group) and injected intravenously (i.v.) or intraperitoneally 

(i.p.) with 1 × 106 PET/NIRF nanotag-labeled CAR T cells, respectively. The spatiotemporal 

distribution of the PET/NIRF nanotag-labeled CAR T cells was monitored using microPET 

imaging (Focus 120; Siemens Medical Solutions USA, Inc.) over the course of 14 days post 

injection (p.i.). During each session a background scan and an image of the standard were 

also acquired. With the exception of the background, a minimum of 15 × 106 true counts per 

scan were collected to ensure adequate image quality. This required acquisition times of 5 

min (day 0 p.i.), 5 min (day 1 p.i.), 15 min (day 7 p.i.), and 20 min (day 14 p.i.). The mice 

were anesthetized during image acquisition using isoflurane (Forane; Baxter). PET images 

were registered and reconstructed using ASIPro image-display software (Siemens Medical 

Solutions USA, Inc.). After the final scan at day 14 p.i., the animals were sacrificed, and the 

major organs were harvested. NIRF imaging of the organs was performed on an Odyssey 

Imaging System (LI-COR Biosciences, Lincoln, NB).
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Adoptive cell transfer in an intraperitoneal carcinomatosis animal model: Female 

NOD/SCID Il2rg−/− (NSG) mice (n=5) were injected intraperitoneally (i.p.) with 1 × 106 

SKOV3:hCEA(+) cells (kindly provided by the Ponomarev Lab at Memorial Sloan Kettering 

Cancer Center) in 150 μL RPMI 1640. Tumor growth was monitored using bioluminescent 

imaging (BLI). Bioluminescence images were collected in a Xenogen IVIS Imaging System. 

For imaging tumor cells, a single retro-orbital (RO) injection of 150 mg/kg D-luciferin 

(Gold Biotechnology, St. Louis) in PBS was administered to each mouse 10–15 mins before 

imaging, on the first day of injected labeled T cells. For imaging T cells, similarly we 

administered bolus RO injection with 10 μg of coelenterazine (Nanolight Technology) 10–15 

s before imaging, on the second day of labeled T cells. We imaged the mice individually 

when coelenterazine substrate was used. Two weeks following intraperitoneal administration 

of SKOV3;hCEA(+), PET/NIRF nanotag-labeled hCEA-redirected CAR T cells (20 × 106 

cells) were adoptively transferred via intraperitoneal administration. Distribution of PET/

NIRF nanotag-labeled CAR T cells over time was assessed via PET, BLI, and optical 

imaging. At 15 days (~5 half-lives of 89Zr), animals were sacrificed and the carcasses were 

processed for histopathological assessment and multiplex immunofluorescence microscopy.

Histology: The carcasses were fixed in 4% paraformaldehyde and processed for paraffin 

embedding using Leica ASP6025 tissue processor (Leica Biosystems, Buffalo Grove, IL). 

Freshly cut 5 micron paraffin sections of the peritoneal cavity were stained for sequential 

double immunofluorescence on Leica Bond RX (Leica Biosystems, Buffalo Grove, IL) with 

0.6 ug/ml CD3 Rabbit Polyclonal (Dako cat#A0452, Santa Clara, CA) for 1 hour and using 

10 min of 1:200 Tyramide Alexa Fluor488 detection (Life Technologies, Gaithersburg, MD) 

on Protocol F, followed by 4 ug/ml hCEA Rabbit Monoclonal (Abcam cat#15987, 

Cambridge, MA) for 1 hour and using 10 min of 1:200 Tyramide Alexa Fluor568 detection 

(Life Technologies, Gaithersburg, MD) on Protocol F. The sections were pre-treated with 

Leica Bond ER2 Buffer (Leica Biosystems, Buffalo Grove, IL) for 20 min at 100°C before 

each staining. After staining the sections were dehydrated and mounted with Permount for 

digital scanning with Pannoramic Confocal (3DHistech, Budapest, Hungary) using 40X 

water objective.

RESULTS

Synthesis and radiolabeling of near-infrared fluorescent silica nanoparticles

The synthesis of the NIRF silica nanoparticles was a two-step process. First, we produced 

silane-appended CF680R (CF-MPTMS) by reacting CF680R-maleimide with 3-

mercaptopropyltrimethoxysilane (MPTMS). Then, the silane-appended dye (CF680R-

MPTMS) was used without further purification to synthesize the NIRF nanoparticles using a 

modified Stöber method[17]. As shown in Fig. 2, the NIRF nanoparticles had a mean 

hydrodynamic diameter of 120 nm and a limit of detection of ~70 fM as measured on an 

Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). The NIRF nanoparticles 

were labeled with neutralized 89Zr using our previously reported chelator-free radiolabeling 

protocol[13] affording dual-modal PET/NIRF nanotags. The 89Zr-radiolabeling efficiency of 

the NIRF silica nanoparticles was determined to be >98% based on instant thin layer 

chromatography (iTLC; Fig. 2c), which was similar to the previously reported efficiency for 
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radiolabeling of non-fluorescent silica nanoparticles[13]. Of note, all radioactivity was 

associated with the PET/NIRF nanotags and no free 89Zr was present in the aqueous PET/

NIRF nanotag dispersion after washing (Fig. 2c). We determined that on average 1525 89Zr 

isotopes were associated with one NIRF nanotag.

Ex vivo CAR T cell labeling with PET/NIRF nanotags

As shown in Fig. 3, CAR T cell labeling with PET/NIRF nanotags was markedly improved 

when performed in the presence of protamine and heparin. Using a dose calibrator, it was 

determined that the cell labeling yield of the CAR T cells with PET/NIRF nanoparticles was 

82.6% (±5.1) with a cell viability of >90%. We found that the PET/NIRF nanotags were 

retained by the CAR T cells up to 7 days post labeling (Fig. 3e-f). As shown in Movie 1, 

when co-cultured with CEA-overexpressing SKOV3 cells, the PET/NIRF nanotag-labeled 

CAR T cells retained their functional activity and were able to induce apoptosis of the CEA-

overexpressing SKOV3 cells in vitro.

Cell tracking of PET/NIRF nanotag-labeled CAR T cells in naïve animals

Next, we studied the feasibility of using PET/NIRF nanotag-labeled CAR T cells for long-

term cell tracking and biodistribution studies following different routes of administration. 

The PET/NIRF nanotag-labeled CAR T cells (20 × 106 cells) were adoptively transferred to 

naïve wild-type NSG mice (n=5) via either an intravenous or an intraperitoneal route of 

administration. PET imaging demonstrated that the intravenously injected PET/NIRF 

nanotag-labeled cells distributed mostly to the lungs and liver, while the intraperitoneally 

administered cells distributed to liver and spleen (Fig. 4a, b). Interestingly, it was observed 

that within 3 days following i.p. administration of the nanotag-labeled CAR T cells, the PET 

signal from the intraperitoneal cavity in these tumor-naïve animals completely disappeared 

and mostly focused in the liver and spleen. Of note, both routes of administration resulted in 

background signal in the bones (t>3 days). Immunohistochemical examination of the bone 

marrow demonstrated the presence of human CD3+ T cells (Fig. 4c). Furthermore, while 

unchelated Zr4+-ions are known for their high osteophilicity, in a previous study we have 

shown that silica nanoparticles bind Zr4+ with high affinity and we found no evidence of any 

bone uptake as a result of dissociated 89Zr4+ following intravenous injection of 89Zr-labeled 

silica nanoparticles[13]. After 14 days (approximately 5 half-lives of 89Zr), the animals were 

sacrificed and endpoint NIRF imaging showed a good correlation between PET imaging and 

NIRF imaging. The endpoint NIRF signal was associated with the lungs and liver and with 

the liver and spleen following intravenous and intraperitoneal administration, respectively.

Cell tracking of PET/NIRF nanotag-labeled CAR T cells in a mouse model of peritoneal 
carcinomatosis

Intraperitoneal administration proved to be a viable route for adoptive transfer of the 

NIRF/PET nanotag-labeled hCEA-redirected CAR T cells in animals bearing peritoneal 

tumor deposits of hCEA-overexpressing SKOV3 cells. As shown in Figure 5, 1 day 

following adoptive transfer of the CAR T cells, the BLI signal of SKOV3:hCEA(+) (Fig. 5a) 

and CAR T cells were overlapping, particularly in the lesion indicated by the arrowhead (Fig 

5a, b; day 1). At 1 week post PET/NIRF nanotag-labeled CAR T cells administration, the 

BLI of the CAR T cells and PET image demonstrated marked overlap. Only one hotspot was 
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present on the PET image, but this did not match with CAR T cell BLI results (Fig. 5b; day 

7; lesion 4). Interestingly, at 2 weeks post i.p. administration of PET/NIRF nanotag-labeled 

CAR T cells, the BLI signal of the CAR T cells was mostly localized to a single focus (Fig. 

5b; day 14; lesion 4). As shown in Fig. 5c, the CAR T cells co-localized with a peritoneal 

lesion of SKOV3:hCEA(+) but were mostly found on the periphery of the tumor.

Of note, the PET image at day 14 showed more overlap with the BLI signal of the CAR T 

cells at day 7 than at day 14. This discrepancy between BLI and PET imaging could indicate 

that in the second week post CAR T cell administration, the PET/NIRF nanotags are 

released from the CAR T cells and deposit at the site of release. This is further corroborated 

by microscopic imaging of the PET/NIRF nanoparticles using NIRF. As shown in Fig. 5d, at 

day 14 the PET/NIRF nanotags were no longer associated with the hCEA-redirected CAR T 

cells, but their signal co-localized with the SKOV3:hCEA(+) cells, indicating that the PET/

NIRF nanotags were transported to the tumor deposit, dissociated from the CAR T cells, and 

co-localized with the tumor cells. This timeframe is in line with our in vitro findings (Fig 3e-

f) in which we found that the CAR T cells start to release PET/NIRF nanotags around day 7 

post labeling.

DISCUSSION

In the current study, we demonstrated the development and feasibility of a dual-modal PET/

NIRF nanotag imaging agent that enables straightforward and highly efficient non-genomic 

cell labeling to study the fate of adoptively transferred CAR T cells using whole-body PET 

as well as high-resolution near-infrared fluorescence imaging up to 1 week post adoptive 

transfer.

Non-genomic ex vivo labeling of (immune) cells with radionuclides traditionally involved a 

radiometal (e.g. 111In, 64Cu, 89Zr, etc.) complexed to a ligand (e.g. oxine, 

pyruvaldehydebis(N4- methylthiosemicarbazone (PTSM), protamine sulfate, etc.) to 

facilitate active transport of the radiometal complex across the membrane into immune 

cells[18-21]. However, such approaches markedly affect the functionality and viability of 

labeled cells, and, in addition, active efflux of radiometals limits labeling efficiency, long-

term cell tracking, and reduced signal to background. Therefore, cell labeling strategies were 

developed that were aimed at ex vivo labeling of cell surface proteins using radiolabeled, 

non-internalizing antibodies or covalent binding of radiometal-chelator complexes[22, 23]. 

While these strategies generally enabled robust cell labeling, it is unclear whether the 

(random) modifications of cell surface proteins affects the functionality or immunogenicity 

of the labeled cell. To mitigate this, Griessinger et al. demonstrated an intracellular 

radiolabeling approach that was based on the internalization of 64Cu-labeled antibodies upon 

antigen-binding[24]. Using this cell labeling strategy, they showed labeling efficiencies of 

>97%, cell tracking ability using PET for up to 48 h post adoptive transfer, and, as a result of 

improved intracellular trapping of the radioisotope they achieved low, unspecific background 

signals that enabled the use of less activity for quantitative imaging studies. Drawbacks of 

this approach however are 1) that it relies on antibodies against a certain target; 2) only a 

limited amount of radioisotopes can be conjugated to the antibody; 3) the antigen has to be 
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expressed on the target cell; 4) upon binding, the antigen should be internalized and display 

continuous plasma membrane turnover to achieve sufficient uptake of the radiotracer.

To address these limitations, we developed a strategy that does not rely on the expression of 

a specific target protein. Our approach is based on the labeling of (immune) cells with 

nanoparticles as first reported by Thu et al. in which they used self-assembling 

nanocomplexes by combining three FDA-approved drugs – protamine, heparin, and 

ferumoxytol (superparamagnetic iron oxide nanoparticle (SPION)) – in medium containing 

cells leading to direct cell labeling for cell tracking and MRI detection[12]. While MRI 

enables whole-body imaging, it has lower sensitivity relative to PET. We therefore used 

near-infrared fluorescent nanoparticles that were intrinsically labeled with 89Zr using our 

previously described nanoparticle radiolabeling protocol to yield a dual-modal PET/NIRF 

nanotags[13, 14]. By complexing these PET/NIRF nanotags with protamine and heparin in 

the presence of CAR T cells, this allowed us to directly and efficiently label these cells to 

achieve sufficient uptake of the radiotracer and enable whole-body cell tracking using PET 

for up to 1 week following adoptive cell transfer.

Our labeling strategy has been designed to be clinically applicable. In fact, all major 

reagents are already used in the clinic. Protamine and heparin are FDA-approved, 89Zr is 

routinely used in immuno-PET imaging, and fluorescent silica nanoparticles have recently 

successfully been translated to the clinic. The radiation dose of 92 kBq/106 CAR T cells did 

not affect cell viability and efficacy, which is supported by a study of Weist et al. who 

demonstrated that below 140kBq/106 cells no effect on viability and functionality are to be 

expected [18]. Our immune cell labeling protocol has been designed to seamlessly fit within 

the workflow for CAR T cell manufacturing directly after the T cell expansion step (Fig. 1)

[25] and can be extended to other immune cells such as NK cells as well[26, 27]. In this 

way, cell-based therapies can be produced via a non-genomic labeling procedure that allow 

the dynamic monitoring of immune cells for up to 1 week post adoptive transfer, which is 

within the most critical window for monitoring of engraftment/trafficking.

With a half-life of 78.4 h (3.3d), 89Zr theoretically should enable PET-based cell tracking for 

up to ~2 weeks post adoptive cell transfer. However, post mortem analysis using near-

infrared fluorescence demonstrated that at >1 week post adoptive cell transfer, the dual-

modal PET/NIRF nanotags are no longer associated with immune cells. This has been 

reported for other nanoparticle-based cell-labeling strategies as well. Important underlying 

reasons for the release of nanoparticle-based imaging agents from labeled cells due to 

apoptosis[28]. However, while this is regarded as a major drawback of nanoparticle-based 

labeling agents, we demonstrate using post mortem NIRF imaging of a peritoneal tumor 

section that the released PET/NIRF nanotags are taken up by the tumor cells. Although 

beyond the scope of the current study, this observation has important implications that we 

briefly would like to discuss. The use of immune cells as carriers to improve the delivery of 

nanomedicines to tumors has been previously explored. To achieve high nanoparticle 

loading efficiencies either 1) phagocytic cells (e.g. monocytes or macrophages) were used, 

but these lack tumor specificity[29], or, 2) tumor specific T cells, which, as a result 

phagocytosis capabilities, were labeled with nanodrugs through non-specific conjugation to 

cell surface receptors, which may affect cell functionality, homing, or could induce 
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immunogenicity[30]. By contrast, our direct T cell labeling approach enabled high 

nanoparticle loading efficiency (>80%), stable intracellular trapping, efficient tumor homing, 

and release of the nanotag at the tumor site. In future studies, we would like to address 

whether we can use our direct cell labeling approach to deliver clinically applied 

nanomedicines such as Doxil using CAR T, NK, or other immune cells.

In summary, we have developed a clinically translatable PET/NIRF nanotag-based direct 

immune cell labeling approach that enables whole-body cell tracking for up to 1 week post 

adoptive cell transfer. Moreover, our approach has the potential to be transformative for 

immune cell-based nanodrug delivery to improve tumor accumulation of nanomedicines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design.
Near infrared fluorescent (NIRF) silica nanoparticles are synthesized using a Stöber method 

containing the silane-appended near-infrared fluorophore (CF-MPTMS) and radiolabeled 

with 89Zr (ii) to yield dual-modal PET/NIRF nanotags, which are coated with protamine and 

heparin (iii) to facilitate chimeric antigen receptor (CAR) T cell labeling (iv). The PET/

NIRF nanotag-labeled hCEA-redirected CAR T cells are transplanted into tumor-bearing 

subjects. Reaction conditions: i. isopropanol, 30 min; ii. 89Zr-oxalate (pH 7), 30 min, 70 °C; 

iii. Protamine (40 μg/ml), heparin (2 IU/ml); iv. 60 min, 37 °C.
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Figure 2. Characterization of PET/NIRF nanotags.
a, Nanoparticle tracking analysis (NTA) and transmission electron microscopy (inset; scale 

bar, 100 nm) of unlabeled NIRF nanoparticles. b, Detection limit of NIRF nanoparticles 

(inset; actual NIRF image) of dilution curve in 384-well plate. c, Instant thin layer 

chromatography (iTLC) of PET/NIRF nanoparticles after radiolabeling demonstrates that all 
89Zr is chelated to the NIRF nanoparticle and no free 89Zr ions are present in the dispersion. 

d, CAR T cell viability of cells labeled with the PET/NIRF nanotag (labeled) and without 

labeling (non-labeled). e,f, Near-infrared fluorescence intensity of PET/NIRF nanotag-

labeled CAR T cells and respective supernatants at days 1, 4, and 7 post labeling. The data 

represent the mean±standard deviation (n=3).
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Figure 3. CAR T cell PET/NIRF nanotag labeling.
CAR T cells (10 × 106 cells) were labeled with nanotags alone or in the presence of 

protamine/heparin. PET imaging of a vial containing the cells was performed at 6 h post 

PET/NIRF nanotag labeling. NIRF imaging was performed on labeled cells that were 

seeded, grown, and fixed in a 6 well plate. Cells were stained with DAPI and fluorescence 

microscopy was performed to image DAPI and the PET/NIRF nanotags.
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Figure 4. Biodistribution of PET/NIRF nanoparticle-labeled T cells.
a, Coronal PET maximal intensity projections (MIP) at the indicated time points post 

injection (p.i.) of intravenously (i.v.; top panel) or intraperitoneally (i.p.; bottom panel) 

infused PET/NIRF nanotag-labeled hCEA-redirected CAR T cells (1.85 MBq; 20 × 106 

cells/mice) in tumor-naïve NSG mice (n=5). b, Near-infrared fluorescence imaging of the 

indicated organs at t=14 days p.i. following adoptive transfer (i.v. or i.p.) of the PET/NIRF 

nanotag-labeled hCEA-redirected CAR T cells. c, Immunohistochemistry staining of CD3 

(arrow heads) in the liver, lungs, bone marrow, and muscle (negative control) of a mouse that 

received PET/NIRF nanotag-labeled hCEA-directed CAR T cells (i.p.). Scale bar, 50 μm.
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Figure 5. CAR T cell accumulation at the tumor site.
a, Bioluminescence imaging (BLI) of SKOV3:hCEA(+) in an NSG mouse prior to (t=0) and 

post adoptive T cell (t=7, 14 days). At t=14 post adoptive cell transfer one major lesion was 

present (arrow head) b, BLI and PET imaging at 1 h, 14 days post adoptive cell transfer 

(i.p.) administration of PET/NIRF nanotag-labeled hCEA-redirected CAR T cells. c, 
Immunofluorescence image of the remaining tumor (red) demonstrates that the majority of 

CAR T cells (green) were found most prominently in the tumor periphery (scale bar, 1000 

μm). d, In another section (box) of the tumor it was found that at t=14 days (p.i.) the PET/

NIRF nanotags (yellow) are no longer associated with the hCEA-redirected CAR T cells, but 

have been released and subsequently taken up by the SKOV3:hCEA(+) cancer cells (scale 

bars, 100 μm)
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