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24 Abstract

25 Introduction

26 Chimeric antigen receptor (CAR) T-cells have been developed recently, producing impressive 

27 outcomes in patients with hematologic malignancies. However, there is no standardized method for cell 

28 trafficking and in vivo CAR T-cell monitoring. We assessed the feasibility of real-time in vivo 89Zr-p-

29 Isothiocyanatobenzyl-desferrioxamine (Df-Bz-NCS, DFO) labeled CAR T-cell trafficking using 

30 positron emission tomography (PET).

31 Results

32 The 89Zr-DFO radiolabeling efficiency of Jurkat/CAR and human peripheral blood 

33 mononuclear cells (hPBMC)/CAR T-cells was 70–79%, and cell radiolabeling activity was 98.1–103.6 

34 kBq/106 cells. Cell viability after radiolabeling was >95%. Compared with unlabeled cells, cell 

35 proliferation was not significantly different during the early period after injection; however, the 

36 proliferative capacity decreased over time (p = 0.02, day 7 after labeling). IL-2 or IFN- secretion was 

37 not significantly different between unlabeled and labeled CAR T-cells. PET/magnetic resonance images 

38 in the xenograft model showed that most of the 89Zr-DFO-labeled Jurkat/CAR T-cells were distributed 

39 in the lung (24.4%  3.4%ID) and liver (22.9%  5.6%ID) by 1 hour after injection. The cells gradually 

40 migrated from lung to the liver and spleen by day 1, and remained stably until day 7 (on day 7: lung 

41 3.9%  0.3%ID, liver 36.4%  2.7%ID, spleen 1.4%  0.3%ID). No significant accumulation of labeled 

42 cells was identified in tumors. A similar pattern was observed in ex vivo biodistributions on day 7 (lung 

43 3.0%  1.0%ID, liver 19.8%  2.2%ID, spleen 2.3%  1.7%ID). 89Zr-DFO-labeled hPBMC/CAR T-

44 cells showed the similar distribution on serial PET images as Jurkat/CAR T-cells. The distribution of 

45 CAR T-cells was cross-confirmed by flow cytometry, Alu polymerase chain reaction, and 

46 immunohistochemistry.

47 Conclusion

48 Using PET imaging of 89Zr-DFO-labeled CAR T-cells, real time in vivo cell trafficking is 

49 feasible. It can be used to investigate cellular kinetics, initial in vivo biodistribution, and the safety 
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50 profile in future CAR T-cell development.
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51 Introduction

52 Given shifting cancer treatment paradigms, chimeric antigen receptor (CAR) T-cell immunotherapy 

53 has been developed very rapidly [1,2]. CAR T-cells, which have been studied as immune regulatory 

54 cell therapies, harbor fusion proteins with the extracellular scFv domain of an antibody. These proteins 

55 recognize the characteristic antigen on the tumor cell surface and the intracellular co-stimulatory domain 

56 for T-cell activation. When CAR T-cells grab the antigen on the surface of the tumor cell, a sequential 

57 co-stimulatory signal activates the T-cell and triggers the signaling pathway within the cell, thereby 

58 allowing the CAR T-cells to kill the tumor cell [3,4]. Moreover, because of its tumor cell-killing activity, 

59 CAR T-cells are a “living drug” that can proliferate in the body and kill tumor cells. They have 

60 significantly longer action than conventional chemotherapeutics and antibody drugs [5]. CAR T-cell 

61 therapy has shown dramatic anti-cancer effects, particularly in clinical trials for patients with 

62 hematological malignancies such as refractory B-cell malignancies, after standard treatment [6-8].

63 Despite its successful use in patients with B-cell malignancies, there is a lack of substantive 

64 understanding of CAR T-cells in the human body: 1) a limited effect of CAR T-cells on solid tumors, 

65 2) the trafficking and biodistribution of CAR T-cells, and 3) the targeting efficacy of CAR T-cells that 

66 are injected within a patient’s body. To date, there are no available standardized methods for monitoring 

67 in vivo behaviors and targeting efficacy of injected CAR T-cells. The most common (but limited) 

68 techniques used to identify CAR T-cells in the body are flow cytometry, biopsy/immunohistochemistry 

69 (IHC), enzyme-linked immunosorbent (ELISpot) or polymerase chain reaction (PCR) [9-12]. 

70 Unfortunately, none of these can monitor CAR T-cells within a live body. To optimize the efficacy of 

71 CAR T-cell immunotherapy and to predict potential toxicities, it is necessary to develop a noninvasive 

72 imaging system that can enable the monitoring of CAR T-cell trafficking in a real-time manner. Image-

73 based data provides a great deal of information concerning actual tracking, targeting patterns, real-time 

74 distributions, and in vivo maintenance for CAR T-cell therapies.

75 Additionally, the FDA Guidance for Industry: Preclinical Assessment of Investigational Cellular and 

76 Gene Therapy Products (updated 11/2013) acknowledged that the fate of investigational cell therapy, 

77 after in vivo administration is important for characterizing the product’s activity and safety information. 

78 To determine distribution after cell administration, imaging methods such as radioisotope-labeled cells, 
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79 genetically engineered cells (e.g., green fluorescent protein expression), and nanoparticle-labeled cells 

80 (e.g., iron-dextran nanoparticles) are recommended. Unlike conventional drugs, cell therapies must 

81 acquire data through in vitro experiments to determine pharmacological activities or unrecognized 

82 toxicity. Therefore, animal models are generally recommended for evaluating cell therapies because 

83 basic information on the initial behavior, organ distribution, and targeting in the body after cell therapy 

84 are important. Nuclear medical imaging is a proper method that enables real-time monitoring of cells in 

85 the body.

86 Positron emission tomography (PET) is a diagnostic imaging method that can evaluate metabolic 

87 activities in the body by injecting a radioactive tracer as a nuclear medicine functional imaging 

88 technique. PET is a unique and important tool for tracking cells in preclinical and clinical studies 

89 [13,14]. It can be used for translational research, moving from preclinical to clinical studies because the 

90 technology features high sensitivity and spatial resolution. There are two ways to image cells: direct 

91 and indirect labeling. This study was designed to monitor CAR T-cells via direct labeling. Direct 

92 labeling of cells immediately marks the cells with a radioisotope through covalent bond conjugation. 

93 Cell migration and distribution immediately after cell injection can be monitored. Herein we establish 

94 a method of direct labeling for CAR T-cells. Especially since CAR T-cells can be manipulated ex vivo, 

95 it is possible to track the behavior and the distribution of small numbers of radiolabeled cells after in 

96 vitro labeling.

97 89Zr has a long physical half-life (78.4 hours) and is therefore suitable for tracking the behavior of 

98 CAR T-cells in the body. In previous reports, cells were directly labeled using isotopes conjugated with 

99 89Zr-oxine or DFO moiety for cell imaging [15-18]. Recently, Weist et al. proposed that 89Zr-oxine 

100 would be a clinically translatable method for real-time evaluation of cell therapies, especially CAR T-

101 cells [19]. However, Bansal et al. [16] reported that the 89Zr-DFO labeling strategy was superior to 89Zr-

102 oxine, with increased cell stability and viability. Based on existing preclinical applications, this study 

103 aimed to assess the feasibility of real-time trafficking of 89Zr-DFO-labeled CAR T-cells using PET 

104 imaging.

105

106 Materials and methods
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107 Study design

108 After preparation of CAR-expressing Jurkat (Jurkat/CAR) T-cells and CAR T-cells from 

109 human peripheral blood mononuclear cells (hPBMC), all cells were radiolabeled with 89Zr-DFO. The 

110 viability, proliferation ability, and function of 89Zr-DFO-labeled cells were evaluated. We completed 

111 then PET/magnetic resonance imaging (MRI) after injection of 89Zr-DFO-labeled Jurkat/CAR T-cells 

112 or CAR T-cells into mice with a xenograft for cell trafficking. The imaging data were compared with 

113 ex vivo experiments performed with unlabeled Jurkat/CAR T-cells. The animal study scheme is shown 

114 in Fig 1.

115

116 Fig 1. Animal study scheme

117

118 The research protocol of this preclinical experimental study with animals was approved by 

119 the Institutional Animal Care and Use Committee of the Asan Institute for Life Science (registration no. 

120 2017-12-085). Mice were maintained in accordance with the Institutional Animal Care and Use 

121 Committee guidelines of the Asan Institute for Life Science.

122

123 Construction of a lentiviral vector containing CD19-specific CAR

124 To construct a lentiviral vector encoding CAR specific to CD19, we generated EF1α 

125 promoter-driven lentiviral expression vector, pLECE3. pLECE3 was constructed by replacing U6 

126 promoter of pLentiLox3.7 with EF1α promoter along with a few additional cloning sites. The 19BBz 

127 consists of anti-CD19 scFv, CD8 Hinge, CD8 transmembrane, 4-1BB, and a CD3 ζ domain, which are 

128 identical with Novartis Kymriah product. DNA products of 19BBz domain were amplified by PCR 

129 (19BBz; 5’-GATCCgccaccATGGCCTTA CCAGTGA-3’ and 5’-

130 GTTAACttaGCGAGGGGGCAGGGCCTGCAT-3’). The PCR product was then sub-cloned into a 

131 pGEM-T-easy vector (Promega, USA). 19BBz was inserted into pLECE3 at the BamHI/HpaI site, under 

132 the EF1a promoter (Fig 2a).

133
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134 Transfection and lentivirus packaging

135 The lentiviral vectors were transfected into 293FT cells with Lipofectamine 3000® (Thermo 

136 Fisher Scientific), following manufacturer’s protocol. Briefly, 7  106 293T cells were plated in 150 

137 mm petri dishes. The cells were treated with a lipofectamine reagent, viral vectors, and packaging DNA. 

138 For high-titer lentiviral purification, cellular supernatants were collected and filtered through a 45 mm 

139 pore filter unit (Sartorius AG, Germany) at 48 hours post-transfection, and purified using 

140 ultracentrifugation. 

141

142 Transduction of lentivirus into Jurkat T-cells

143 We plated 4  105 Jurkat T-cells (ATCC, TIB-152) one day before transduction. The next 

144 day, the cells were infected with the lentiviruses (MOI 1000), with polybrene (8 μl/ml, Merk, Germany) 

145 added to increase the efficiency of transduction. Then, a 90-minute spin infection was performed 

146 (800g). We sorted transduced Jurkat T-cells expressing 19BBz 72-hours later using FACS Aria (BD 

147 Biosciences, USA). Briefly, the biotin-SP-conjugated goat anti-mouse IgG F(ab')2 fragment specific 

148 antibody was used as a primary antibody to capture CAR and the PerCP/Cy5.5 Streptavidin antibody 

149 (Biolegend, USA) was used as a secondary antibody. The CD19 expression levels are shown on Fig 2b. 

150 The sorted cells were cultured again to establish stable Jurkat/CAR T-cell lines.

151

152 Fig 2. Construction of Jurkat/CAR T-cells specific to CD19. a DNA map of pLECE3-19BBz 

153 lentivirus vector. b CAR expression on Jurkat T-cells. Jurkat T-cells were either left alone (left) or 

154 transduced with pLECE-19BBz lentiviruses (right).

155

156 Transduction of lentivirus into hPBMCs

157 CD19 hPBMC CAR T-cells were generated by transduction of hPBMCs with lentivirus 

158 prepared as described elsewhere [7]. hPBMCs were drawn from healthy volunteer donors at the 

159 Research Institute of National Cancer Center following the Institutional Review Board-approved 

160 protocol.
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161

162 Synthesis of the 89Zr-DFO complex for cell labeling

163 89ZrCl4 was prepared from 89Zr-oxalate (Perkin Elmer). 89Zr-DFO complex was synthesized using 

164 2.8 nmol of DFO and 62.9 ± 29.6 MBq of 89ZrCl4 and analyzed with a slight modification of the 

165 previously reported method [16]. We just changed the reagent of neutralization from KOH to NaOH 

166 and incubation time from 1 hr to overnight. 

167

168 Labeling of CAR T-cells with 89Zr-DFO

169 Cell labeling with 89Zr-DFO was performed with a slight modification of the previously described 

170 method [15]. Briefly, the Jurkat/CAR T-cells were counted, harvested and washed once with HBSS 

171 buffer (pH 7.5). Then, 185 kBq/100 l HBSS buffer of 89Zr-DFO was added to each glass tube with 5 

172  106 cells in 500 ml HBSS buffer and incubated in a thermomixer at 37°C for 30 minutes (Eppendorf, 

173 Germany) with gentle shaking. After incubation, we added 1 ml of cold HBSS buffer, and the solution 

174 was centrifuged at with 1200 rpm for 5 minutes at 4C in order to separate the supernatant. The 

175 supernatant was collected in a new tube and we repeated this washing process three times. The final cell 

176 labeling efficiency was calculated as follows: Labeling efficiency (%) = [cell activity (cpm)/ {cell 

177 activity (cpm) + supernatant activity (cpm)}6]  100. CAR T-cells from hPBMC were labeled with the 

178 same procedure as the Jurkat /CAR T-cells, but 89Zr-DFO 74 kBq /100 l HBSS buffer was added to 

179 each tube.

180

181 Cell viability and proliferative activity of 89Zr-DFO-labeled cells

182 To investigate the cell viability and proliferation rates, 89Zr-DFO-labeled and unlabeled cells were 

183 seeded to 2  104 ~ 5  105 cells/well in 6 well plates containing 5 ml of culture medium. After seeding, 

184 the cell viability was assessed using trypan blue exclusion assay at 1 hour, 1 day, 3 days and 7 days. At 

185 the same time, the cell proliferation rate was compared with unlabeled cells. The seeded cells were 

186 maintained at 37°C, 5% CO2 incubator. Unlabeled cells served as controls.

187
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188 Function test for 89Zr-DFO-labeled cells

189 To determine the function of 89Zr-DFO-labeled Jurkat/CAR T-cells, we evaluated the target cell-

190 specific cytokine IL-2 production ability with CD19 positive Raji cells (Burkitt lymphoma, ATCC, 

191 CCL-86) and CD19 negative K562 cells (chronic myelogenous leukemia, ATCC, CCL-243) as target 

192 cells. We then compared the results from 89Zr-DFO-labeled cells with the results obtained from 

193 unlabeled Jurkat/CAR T-cells. For IL-2 secretion assay, 89Zr- DFO-labeled cells were seeded 4  104 

194 cells/well in 6 well plates and were cultured for 12 or 36 hours at a 4:1 ratio [effector cells: target cells 

195 (Raji or K562 cells)]. Human IL-2 ELISA assay (RayBiotech, GA, USA) was performed according to 

196 the instructions of the manufacturer. To observe the function of 89Zr-DFO-labeled hPBMC CAR T-

197 cells, we additionally performed IFN- release assay (RayBiotech, GA, USA) according to the 

198 instructions of the manufacture. 

199

200 Animal model establishment 

201 To develop a mouse xenograft model, NSG mice (female, 5–6 weeks old, 20–22 g) from Jackson 

202 Laboratory (USA) were used. To compare tumor targeting of CAR T-cells, 5 × 106 of Raji cells were 

203 injected into the left flank and 5 × 105 of K562 cells were injected into the right flank of each mouse at 

204 the same time. Over the following 5–7 days, the tumors reached a volume of 50 to 100 mm3. Tumor 

205 volume was measured 3 times per week and calculated as length × width × height × π/6 (mm3).

206

207 Animal PET-MR imaging and image analysis

208 PET-MRI fusion imaging was done using nanoScan PET/MRI (1T, Mediso, Hungary). 89Zr-DFO-

209 labeled Jurkat/CAR T-cells (n, median: 4.1 × 106, range: 3.1–5.4 × 106; radioactivity, median: 907 kBq, 

210 range: 481–1221 kBq) were slowly injected intravenously through a tail vein using a 26 G syringe. 

211 Before PET image acquisition, the mice were kept under anesthesia (1.5% isoflurane in 100% O2 gas). 

212 Imaging was performed on days 0 (1 hour after the injection), 1, 2, 5, 6 and 7. The T1 weighted with 

213 gradient-echo 3D sequence (TR = 25 ms, TEeff = 3.4, FOV = 64 mm, matrix = 128×128) MR images 

214 were acquired, followed by static PET images for 10 minutes (days 0 and 1), 20 minutes (day 2), or 30 
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215 minutes (days 5, 6 and 7) in a 1:5 coincidence mode in a single field of view with the MRI range. Body 

216 temperature was controlled with heated air on the animal bedding (Multicell, Mediso, Hungry), and a 

217 pressure-sensitive pad was used for respiratory triggering. PET images were reconstructed using Tera-

218 Tomo 3D, in full detector mode, with all the corrections on, high regularization and 8 iterations. A three-

219 dimensional volume of interest (VOI) was applied to organs and tumors on the reconstructed PET and 

220 MR images using the InterView Fusion software package (Mediso, Hungary) and quantitative analysis 

221 procedures. Then, % injected dose (ID; radioactivity in each organ divided by injected radioactivity) 

222 were calculated. VOIs, with a fixed 2 mm diameter sphere, were also drawn for the tumors (Raji and 

223 K562), brains, hearts (left ventricle), lungs, livers, kidneys, spleens, and bones (femur), and they were 

224 analyzed using the following formula: standardized uptake value (SUV) = (radioactivity in the VOI 

225 with the unit of Bq/cc × body weight) divided by injected radioactivity.

226  

227 Ex vivo biodistribution study

228 Immediately after the PET-MR image acquisition on day 7, all mice were sacrificed. Their organs 

229 (brain, heart, lung, liver, spleen, kidney, stomach, intestine, bone, muscle, etc.) and tumors were excised, 

230 weighed, and counted by a gamma-counter for 5 minutes. The % ID values were obtained after 

231 normalization to the weight of each organ.  

232

233 Flow cytometry analysis

234 To validate the biodistribution of Jurkat/CAR T-cells after injection, we performed ex vivo 

235 immunostaining of organs. The mouse organs (liver, spleen) were harvested on day 3 after injection of 

236 unlabeled Jurkat/CAR T-cells (2 × 107/200 μl) into the NSG mice with tumors via their tail veins (n=2). 

237 Tissues were ground using a gentleMACS™ dissociator (Miltenyi Biotec, Germany) according to the 

238 supplier’s protocol. A mouse cell depletion kit (Miltenyi Biotec, Germany) was used to separate the 

239 Jurkat/CAR T-cells from mouse cells. After counting the live cells, the human T-cell isolation kit 

240 (Miltenyi Biotec, Germany) was used according to the supplier’s protocol. Red blood cells were 

241 removed using a RBC lysing buffer (Sigma Aldrich, MO) for 1 minute, followed by washing and re-

242 suspension in 1 x HBSS containing 1% FBS. The separated cells were used with PE-conjugated anti-
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243 CD3. The analysis staining process was the same as that used in vitro. Data were acquired from the 

244 stained cells using BD FACS CantoII flow cytometry (BD Biosciences). The results were evaluated 

245 with FlowJo software (Treestar Inc., Ashland, OR).

246

247 Preparation of genomic DNA and Alu PCR analysis

248 To validate the biodistribution of Jurkat/CAR T-cells after injection, we also performed PCR 

249 analysis of ex vivo tissue (n = 3). At 3 days after injection of 2 × 107 of Jurkat/CAR T-cells into the 

250 mice through the tail veins, the mice were sacrificed and brain, heart, lung, liver, spleen, and kidney 

251 samples were collected. For Alu PCR assay to detect injected human cells, genomic DNA was extracted 

252 from tissue samples using the QIAamp® (Qiagen, Germany) according to the protocol of the 

253 manufacturer. The primers used in this study were as follows: for human Alu, 5’- 

254 CACCTGTAATCCCAGCACTTT-3’ (forward primer) and 5’-CCCAGGCTGGAGTGCAGT-3’ 

255 (reverse primer). Real-time PCR was performed by SYBR® Green Realtime PCR Master Mix 

256 (TOYOBO, Japan) and the ABI 7500 Fast Real-Time PCR System (Applied Biosystems, CA, USA) 

257 according to the manufacturers’ instructions. The PCR experimental conditions were 95°C for 10 

258 minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. This was followed by 

259 melting curve cycles at 95°C for 15 seconds, at 60°C for 1 minute, and finally at 95°C for 15 seconds. 

260 We used concentrations that were 1, 5, and 25 dilutions based on 106 cells of Jurkat/CAR T-cells 

261 expressing CD19 as a standard. The results indicated the amount of Alu expression, based on the 

262 standard. 

263

264 Immunohistochemistry analysis 

265 IHC analysis was performed as previously described [20]. The mice were sacrificed on day 3 (n = 

266 3) or day 7 (n = 2) after Jurkat/CAR or hPBMC CAR T-cells were injected into tumor-bearing mice. 

267 For the day 3 group, after injection of Jurkat/CAR T-cells, the liver, spleen, and tumors were harvested, 

268 and fixed within paraffin blocks for IHC staining. The slides were stained with an anti-CD3 antibody 

269 (Abcam, UK) with the Dako REAL™ EnVision™ Detection System (Agilent Technologies, Inc., CA, 

270 USA) and were counter-stained with hematoxylin.
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271

272 Statistical analysis

273 Data are shown as mean ± SD unless otherwise stated. A value of p < 0.05 was considered 

274 statistically significant. The Kruskal-Wallis test was used to determine differences between time points 

275 after 89Zr-DFO labeling. And the Mann-Whitney test was used to determine differences between 89Zr-

276 DFO-labeled and unlabeled cells. Statistical analyzes were performed by GraphPad Prism (GraphPad 

277 Software, CA, USA).

278

279 Results

280 Labeling efficiency, viability and proliferative ability of 89Zr-

281 DFO-labeled Jurkat/CAR T-cells and CAR T-cells  

282   The 89Zr-DFO labeling efficiency of Jurkat/CAR T-cells was 72.8% ± 11.0% at 185 kBq (Fig 3a). 

283 Cell viability after 89Zr-DFO labeling was 95.2% ± 1.2%, similar to levels obtained before labeling. The 

284 concentration of radioactivity for Jurkat/CAR T-cells was 103.6 kBq/106 cells. The labeling of hPBMC 

285 CAR T-cells proceeded to 74 kBq. 89Zr-DFO labeling efficiency was similar to Jurkat/CAR T-cells (Fig 

286 3a). The 89Zr-DFO-labeled hPBMC CAR T-cells showed a radioactivity concentration of 98.1 kBq/106 

287 cells. 

288    We checked cell viability and cell proliferative ability at 1 hour, day 1, day 3 and day 7 after 89Zr-

289 DFO cell labeling. There was no statistically significant difference in cell viability, although viability 

290 decreased over time after cell labeling (p = 0.24, 1 hour: 92.6% ± 3.1%, day 1: 89.4% ± 4.4%, day 3: 

291 85.7% ± 8.1%, day 7: 89.0% ± 4.9%, respectively) (Fig 3b). However, the 89Zr-DFO-labeled cells 

292 showed decreased proliferative ability in a time-dependent manner (Fig 3c). At 1 hour after cell labeling, 

293 cell proliferation ability was not significantly changed, compared with unlabeled cells (p = 0.25). 

294 However, cell proliferation significantly decreased over time (1 hour: 1.28 ± 0.44, day 1: 0.69 ± 0.13, 

295 day 3: 0.54 ± 0.15, and day 7: 0.49 ± 0.32, respectively).

296
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297 Fig 3. 89Zr-DFO-labeled CAR T-cells labeling efficiency, cell viability and relative cell 

298 proliferation. a hPBMC CAR T-cells labeling efficiency after 89Zr-DFO labeling. b The cell viability 

299 after cell labeling was measured up to 7 days. c Relative cell proliferation of the labeled CAR T-cells 

300 was compared to that not labeled. Data are representative at least three independent experiments. All 

301 data are expressed as the mean and standard deviation.  

302

303 Functional test for 89Zr-DFO-labeled Jurkat/CAR T-cells or 

304 CAR T-cells

305 CAR T-cell function was assessed by target cell-specific cytokine IL-2 production ability at 12 and 

306 36 hours after cell labeling. Both 89Zr-DFO-labeled and unlabeled Jurkat/CAR T-cells induced IL-2 

307 release in the positive target cells (Raji) at similar levels (74.1 vs 76.5 ng/ml at 12 hours, p = 0.99; 86.4 

308 vs 87.1 ng/ml at 36 hours, p = 0.85) (Fig 4a). IL-2 was not released in negative target cells (K562) which 

309 did not react with Jurkat/CAR T-cells. 

310 The IL-2 secretion of hPBMC 89Zr-DFO-labeled CAR T-cells was also similar with that observed 

311 in unlabeled cells (Fig 4b). When hPBMC CAR T-cells were added to Raji cells expressing the targeted 

312 CD19 cells, the secretion of IFN- involved in cell cytotoxicity was maintained after 89Zr-DFO labeling 

313 (69.3 vs 71.6 ng/ml, p = 0.67) (Fig 4c). 

314

315 Fig 4. Cell function test after 89Zr-DFO-labeled Jurkat/CAR T-cells and hPBMC CAR T-cells. a 

316 Function test by IL-2 production of 89Zr-DFO-labeled Jurkat/CAR T-cells after incubation with Raji 

317 (CD19 positive) or K562 (CD19 negative) cells. Incubation time was for 12 hours or 36 hours and 

318 unlabeled cells were used in the experiment as a control group. b Function test by IL-2 production of 

319 89Zr-DFO-labeled Jurkat/CAR T-cells or hPBMC CAR T-cells after incubation with Raji or K562 cells. 

320 c IFN- test of 89Zr-DFO-labeled hPBMC CAR T-cells with Raji or K562 cells. Data are representative 

321 at least two independent experiments. All data expressed as means and standard deviations.

322

323 Trafficking of 89Zr-DFO-labeled Jurkat/CAR T-cells with 
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324 PET/MR imaging 

325  After injection of 89Zr-DFO-labeled Jurkat/CAR T-cells through the tail veins of the mice, we used 

326 PET/MR images for noninvasive real-time tracking of injected cells in vivo. The Jurkat/CAR T-cells 

327 were initially located in the lungs, then redistributed to the liver and spleen (Fig 5a). In more detail, the 

328 injected 89Zr-DFO-labeled Jurkat/CAR T-cells were found mainly in the lung (24.4%  3.4%ID) and 

329 liver (22.9%  5.6%ID) during the first 1 hour. Over time, the CAR T-cells gradually migrated from 

330 the lungs and accumulated mainly in the liver, some in spleen (Fig 5b). However, radioactivity 

331 accumulation was not evident in either CD19-positive Raji or CD19-negative K562 tumors. The 

332 detailed quantitative values of the PET images analyzed by SUV are shown in Table 1. Immediately 

333 after PET/MR imaging on day 7, the mice were sacrificed, then their organs and tumors were isolated 

334 to measure the radioactivity of injected cells ex vivo. Biodistribution data measured ex vivo on day 7 

335 showed similar patterns of distribution assessed by PET images as shown in Fig 5c and Table 2.

336

337 Table 1. Quantitative analyses of 89Zr-DFO-labeled Jurkat/CAR T-cells on PET images with SUV 

338 (mean ± SD, n = 4)

Tissues Day 0 (1 hour) Day 1 Day 2 Day 5 Day 6 Day 7

Raji 0.29 ± 0.04 0.26 ± 0.04 0.25 ± 0.05 0.21 ± 0.01 0.19 ± 0.00 0.20 ± 0.03

K562 0.51 ± 0.18 0.43 ± 0.09 0.53 ± 0.22 0.42 ± 0.11 0.37 ± 0.04 0.35 ± 0.10

Brain 0.05 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.12 ± 0.02 0.13 ± 0.02 0.15 ± 0.02

Heart 1.19 ± 1.16 0.39 ± 0.03 0.36 ± 0.07 0.23 ± 0.04 0.26 ± 0.07 0.24 ± 0.07

Lung 11.72 ± 1.84 4.31 ± 0.67 3.50 ± 0.40 2.63 ± 0.49 2.67 ± 0.60 2.22 ± 0.46

Liver 7.02 ± 0.69 9.40 ± 0.60 10.24 ± 0.86 10.16 ± 0.69 10.28 ± 0.83 9.54 ± 0.51

Spleen 5.29 ± 0.49 7.71 ±0.99 9.02 ± 2.78 10.59 ± 0.89 9.81 ± 1.22 10.22 ± 0.59

Kidney 0.36 ± 0.04 0.35 ± 0.04 0.39 ± 0.05 0.49 ± 0.08 0.42 ± 0.04 0.51 ± 0.09

Bone 0.23 ± 0.04 0.79 ± 0.23 0.81 ± 0.36 0.98 ± 0.19 0.88 ± 0.17 0.81 ± 0.16

339

340 Table 2. Quantitative analyses of ex vivo biodistribution of 89Zr-DFO-labeled Jurkat/CAR T-cells 

341 study on day 7 (%ID/g; mean ± SD, n = 4)
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Tissues %ID/g

Raji 0.09 ± 0.01

K562 0.08 ± 0.01

Blood 0.04 ± 0.01

Brain 0.01 ± 0.01

Heart 0.12 ± 0.05

Lung 24.01 ± 8.05

Liver 27.01 ± 2.96

Spleen 118.65 ± 87.60

Kidney 0.30 ± 0.10

Stomach 0.06 ± 0.01

S-intestine 0.04 ± 0.01

L-intestine 0.03 ± 0.01

Ovary 0.26 ± 0.25

T-spine 1.13 ± 0.17

Femur 2.31 ± 1.06

Muscle 0.04 ± 0.01

342

343 Fig 5. Serial 89Zr-DFO-labeled Jurkat/CAR T-cells animal PET/MR images and analysis of 

344 biodistribution. a PET images of the whole-body distribution of intravenously injected 89Zr-DFO-

345 labeled CAR T-cells in NSG mouse xenograft following until day 7. Yellow arrow and white arrow 

346 represent Raji tumor and K562 tumor, respectively. b The distribution of in vivo organ measured by 

347 89Zr-DFO-labeled Jurkat/CAR T-cells PET imaging over the following 7 days. c The distribution of ex 

348 vivo organ measured by model sacrifice after acquisition of the last PET imaging. (n = 4)

349

350 PET/MR imaging with 89Zr-DFO-labeled CAR T-cells from hPBMC also showed similar 

351 biodistribution of cells after tail vein injection. We did not observe increased radioactivity in the tumors, 

352 which would have suggested CAR T-cell homing (Fig 6). The detailed quantitative values analyzed by 
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353 SUV are shown in Table 3.

354

355 Fig 6. Serial 89Zr-DFO-labeled hPBMC CAR T-cells animal PET/MR images and analysis of 

356 biodistribution. a PET images of whole-body distribution for intravenously injected 89Zr-DFO-labeled 

357 hPBMC CAR T-cells in NSG mouse xenograft following until day 6. Yellow arrow and white arrow 

358 represent Raji tumor and K562 tumor, respectively. b The distribution of in vivo organ measured by 

359 89Zr-DFO PET imaging during 6 days. (n = 2)

360

361 Table 3. Quantitative analyses of 89Zr-DFO-labeled hPBMC CAR T-cells on PET images with 

362 SUV (mean ± SD, n = 2)

Tissues Day 0 (1 hour) Day 0 (4 hours) Day 1 Day 3 Day 6

Raji 0.57 ± 0.12 0.74 ± 0.45 0.55 ± 0.16 0.34 ± 0.12 0.47 ± 0.23

K562 0.14 ± 0.02 0.20 ± 0.11 0.20 ± 0.03 0.18 ± 0.00 0.29 ± 0.07

Brain 0.10 ± 0.01 0.12 ± 0.02 0.12 ± 0.04 0.15 ± 0.04 0.51 ± 0.43

Heart 0.74 ± 0.37 0.56 ± 0.20 0.27 ± 0.14 0.32 ± 0.04 0.32 ± 0.02

Lung 5.79 ± 0.25 3.71 ± 0.03 2.18 ± 0.33 2.15 ± 0.20 1.99 ± 0.63

Liver 9.07 ± 0.04 10.51 ± 1.23 10.20 ± 0.31 10.38 ± 0.16 8.81 ± 3.19

Spleen 4.34 ± 0.32 7.29 ± 0.88 6.12 ± 0.37 3.78 ± 0.27 4.30 ± 1.09

Kidney 0.81 ± 0.50 0.62 ± 0.15 0.43 ± 0.09 0.54 ± 0.00 1.22 ± 0.61

Bone 0.30 ± 0.15 0.49 ± 0.14 0.64 ± 0.35 0.48 ± 0.40 1.19 ± 0.71

363

364 Flow cytometry, Alu PCR and immunohistochemistry for ex 

365 vivo organ study  

366  We evaluated biodistribution after injection of unlabeled Jurkat/CAR T-cells using non-imaging 

367 methods, for the comparison with using imaging method. For flow cytometry, the liver and spleen tissue 

368 samples from mice were separated into single cells. After the initial separation an average number of 

369 3.05 × 107 and 1.67 × 106 cells per mouse were harvested. After depletion of mouse liver cells, an 
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370 average of 4.74 × 104 cells was obtained after using a human T-cell isolation kit. In contrast to the 

371 negative control stained with isoform antibody, CD3 expressing CAR T-cells were distributed in 95.7% 

372 of the spleen and 60.3% of the liver (Fig 7a).

373 Organ distributions of Jurkat/CAR T-cells were confirmed through Alu PCR. The blood, heart, lung, 

374 liver, spleen and kidney were sampled, and CD19 CAR T-cells were distributed in all 6 organs. The 

375 relative Alu expression was determined by measuring blood, and the fold was as follows: brain (15.1  

376 5.8), heart (6.2  7.2), lung (38.5  34.8), liver (212.2  225.4), spleen (70.3  9.4), kidney (9.4  6.4) 

377 and gut (17.5  8.9) (Fig 7b).

378

379 Fig 7. FACS staining and Alu PCR in mouse organs. a Post sacrificing the mice on day 3 after 

380 Jurkat/CAR T-cells injection, graphs of FACS staining for liver and spleen tissues of mice were plotted 

381 against the control group. b Alu PCR analysis data of mouse blood, brain, heart, lung, liver, spleen, 

382 kidney and gut tissues obtained from sacrifice 3 days after Jurkat/CAR T-cells injection.

383

384 Immunohistochemical staining with CD3 of liver and spleen tissues confirmed the presence of 

385 Jurkat/CAR T-cells in the liver and spleen, in contrast to control tissue from mice not injected with 

386 Jurkat/CAR T-cells (Fig 8a). Immunohistochemical staining of Raji and K562 tumors of the day 3 group 

387 with CD3 showed barely visible stained cells in the periphery of the tumors. In the day 7 group, hPBMC 

388 CAR T-cells showed proliferation throughout Raji tumors; however, Jurkat/CAR T-cells were not 

389 visualized (Fig 8b). No K562 tumors were stained with CD3 antibody.

390

391 Fig 8. IHC staining in mouse organs. a IHC staining with CD3 antibody demonstrates increased 

392 staining in liver and spleen tissue after Jurkat/CAR T-cells were injected into a mouse, compared to 

393 control mouse spleen. Red arrows show CD3 targeting T-cells in IHC staining. b IHC staining with 

394 CD3 antibody in Raji and K562 tumor tissues on day 7 after Jurkat/CAR or hPBMC CAR T-cells 

395 injection.

396

397 Discussion
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398 In this study, in vivo CAR T-cell trafficking was feasible for 7 days after intravenous injection by 

399 89Zr-DFO labeling and PET/MR images. CAR T-cells initially reached the lungs and gradually migrated 

400 to the liver by day 1, where they remained for the rest of the experimental period. Migration to the 

401 spleen was also evident and showing high SUV on PET/MR images, although %ID was relatively low 

402 and size of the spleen is small in immunocompromised NSG mice. The organ distribution of 89Zr-DFO-

403 labeled cells quantitatively assessed by PET/MR images was confirmed with an ex vivo biodistribution 

404 study where we analyzed the radioactivity of each organ harvested from the mice on day 7. This pattern 

405 of distribution was observed in both 89Zr-DFO labeling of Jurkat/CAR T-cells and CAR T-cells from 

406 human peripheral blood. The distribution of cells after injection of unlabeled Jurkat/CAR T-cells was 

407 also confirmed by flow cytometry, Alu PCR, and IHC with isolated tissues from sacrificed mice on day 

408 3. We could reliably and noninvasively track the distribution after cell administration using 89Zr-DFO 

409 labeling of CAR T-cells and PET/MR imaging, as suggested by FDA guidance. In quantitative analysis 

410 of organ distribution of cell populations, previous studies with radioisotope labeling had a lack of 

411 specific organ distribution data because of the difficulties in gathering anatomical information with PET 

412 alone. The current study was performed using a hybrid imaging system. Here PET and MR allowed 

413 organ-specific detection of the cell signal, along with structural information. The quantitative nature of 

414 PET allows for longitudinal studies that provide information on relative levels of CAR T-cells at both 

415 the site of disease and potential off-target sites of accumulation. Monitoring the locations and potential 

416 secondary sites involved in CAR T-cell trafficking enables us to characterize the activity of 

417 administered cells and safety profile.

418 89Zr-DFO was used for labeling CAR T-cells in this study, instead of 89Zr-oxine complex, which 

419 was used by Weist et al. [19], because it has more stable covalent binding between DFO and cell surface 

420 protein [16]. With 89Zr-DFO labeling of human immune cells, radioactivity concentrations of 

421 radioisotope-labeled cells of up to 0.5 MBq/106 cells were executed without an unfavorable effect on 

422 cellular viability and cell efflux studies showed high radiolabel stability, with virtually no loss of tracer 

423 for up to 7 days [16]. Whereas a significant amount of 89Zr-oxine can efflux from various kind of cells, 

424 and there is potential uptake of small amount of free 89Zr released from cells into the bones or kidneys, 

425 as shown in the report by Weist et al. [19]. In our PET images of 89Zr-DFO-labeled cells, less 

426 radioactivity accumulated in the bones and kidneys until 7 days after injection, compared with the 
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427 results reported with 89Zr-oxine labeled cells. Furthermore, decay corrected injected activity was 

428 maintained on serial PET images (98.9 ± 8.3%) without significant loss of activity from the body. These 

429 findings suggest stable cell labeling by 89Zr-DFO in vivo, as demonstrated in other studies.  

430 The cell viability and functionality such as cytokine production were not affected by labeling CAR 

431 T-cells with 89Zr-DFO, at radioactivity cell concentration of 98 kBq/106 cells. However, proliferation 

432 ability was slightly decreased over the next several days compared with unlabeled cells. It is important 

433 to consider the effect of radiation dose on cells of hematopoietic origin, which are relatively radiation 

434 sensitive. Especially, 89Zr has high-energy gamma emissions of 908.97 keV, which may limit the 

435 radioactive dose; further, the radiolabeling procedure is potentially cytotoxic. Therefore, we reduced 

436 the dose of 89Zr-DFO when labeling CAR T-cells from hPBMC to 74 kBq/106 cells, compared with 185 

437 kBq/106 cells in the labeling of Jurkat/CAR after careful dose optimization because of hPBMC 

438 sensitivity.

439 The distribution pattern of CAR T-cells in this study was similar with previous studies. Following 

440 intravenous administration, human T-cells migrated in a manner similar to that reported in humans, but 

441 penetrated poorly into established tumors. Following intravenous administration, human T-cells initially 

442 reached the lungs where they remained for more than 4 hours. After that, the T-cells redistributed to the 

443 liver, spleen, and lymph nodes [20]. This pattern was seen using all T-cell populations tested, regardless 

444 of tumor status or transgene cargo, and closely mimicked patterns of migration seen in human (via 

445 infusion) [21-23] or murine T-cell [24,25] recipients. According to Charoenphun et al., 89Zr-oxine 

446 labeled myeloma cells were injected intravenously and were found within the lungs at 30 minutes after 

447 injection, but migrated to the liver and spleen on day 1. This distribution continued until day 7 [26]. 

448 Similar distributions of 89Zr -oxine labeled dendritic cells were observed by Sato et al. [18]. Weist et al. 

449 also found that the highest CAR T-cell activity in the spleen, followed by the liver [19]. In these studies, 

450 lung activity was significantly lower on day 7 than activity in the liver or spleen. In contrast, Bansal et 

451 al. found that mesenchymal stem cells exhibited persistently high activity in lung images, up to day 7, 

452 and their biodistribution study also showed the highest activity in the lung (approximately 50%ID), 

453 followed by the liver (approximately 25%ID) [16]. It has been suggested that the slow migration of 

454 transferred T-cells through the lungs may be due to low pulmonary circulatory pressure, coupled with 

455 the narrowing of capillaries during expiration [23]. Importantly, activated T-cells cross the pulmonary 
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456 circulation with reduced intravascular velocity, compared to their inactivated or naive counterparts 

457 [27,28]. This delay may reflect an enhanced interaction between high-affinity state LFA-1 (T-cells) and 

458 ICAM-1 (endothelium), in part [27]. Delayed clearance of activated T-cells during their first pass 

459 through the lungs may be highly related with pulmonary toxicity that can occur following infusion of 

460 CAR T-cells. In one published incident, fatal adult respiratory distress syndrome occurred rapidly 

461 following infusion of >1010 T-cells, targeted against ErbB2 using a trastuzumab scFv coupled to a fused 

462 CD28/4-1BB/CD3ζ endoplasmic domain [29].

463 In this study, T-cell migration to the target tumor was not observed on PET images, unlike reports 

464 by Sato et al. and Weist et al. It was disappointing to observe that only a minority of intravenously 

465 administered CAR T-cells migrated to tumor deposits, even though we used CD19 CAR T-cells with 

466 proven efficacy in animals and humans. There are several potential causes of this phenomenon. We 

467 used Jurkat/CAR T-cells in this study are leukemia cells, and not true T-cells. Although Jurkat cells 

468 were used for convenience in this experiment, their actual biologic behavior may be different from 

469 normal T-cells. Second, the solid subcutaneous tumor xenograft model used in this study was a different 

470 tumor environment from that of human acute lymphocytic leukemia of the blood, for which CD19-CAR 

471 T-cells have shown a dramatic therapeutic effect. Also, the differences in the antigen-presenting status 

472 of the tumor, tumor microenvironment etc. between the xenograft model generated from Raji cells and 

473 those of previous studies by Sato et al. (B16 murine melanoma cells [18]) and Weist et al. (prostate 

474 cancer PC3-overexpressed cells [19]) may have affected the accumulation of CAR-T-cells within tumor 

475 tissue [30]. Third, detection of cell trafficking by imaging carries important limitations. Cell trafficking 

476 may not be detectable via PET imaging when small amounts of T-cells, below detectable limits, are 

477 injected. Furthermore, after homing to the tumor, activated CAR T-cells can proliferate and dilute the 

478 labeling signal. In our IHC & PET imaging data, hPBMC CAR T-cells showed proliferation within Raji 

479 tumor tissues after CD19 targeting (Fig 8b); however, there are rare PET imaging signals in tumors.

480 There are several limitations to this study. First, we did not show a therapeutic effect for CAR T-

481 cells, because our experiments were conducted mainly with Jurkat/CAR T-cells instead of hPBMC CAR 

482 T-cells. Limited imaging experiments were possible with hPBMC CAR T-cells and only two mice. 

483 Second, the biodistribution study was only performed using direct cell labeling strategies. The direct 

484 cell labeling method cannot visualize cell proliferation after homing to the target tumor [31].
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485 In this study, 89Zr-DFO labeling CAR T-cells direct imaging had great advantages to be able to 

486 observe the initial behavior of the injected cells and the distribution in the whole body in real-time with 

487 very low background activities which is in principle not present in other host tissues or cells. And this 

488 direct labeling did not involve genetic manipulation of the therapeutic cells therefore it was a simple 

489 way to trace initial injected CAR T-cells.

490 Further studies that use both direct and indirect labeling strategies, where reporter genes are 

491 inserted in the vector, should be carried out with hPBMC CAR T-cells.

492

493 Conclusion

494 With 89Zr-DFO labeling of CAR T-cell, real-time in vivo cell trafficking was feasible through PET 

495 imaging after administration of cells to the body. Thus, 89Zr-DFO-labeled CAR T-cell PET imaging can 

496 be used to investigate cell kinetics, in vivo cell biodistribution, and the safety profile of CAR T-cell 

497 therapies that are developed.

498

499 Supporting Information

500 S1 File. Original data of the present study

501

502 Acknowledgements

503 Not applicable.

504

505 References

506 1. Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression of glioblastoma 

507 after chimeric antigen receptor T-cell therapy. N Engl J Med. 2016; 375: 2561-2569. doi: 

508 10.1056/NEJMoa1610497. PMID: 28029927

509 2. Curran KJ, Pegram HJ, Brentjens RJ. Chimeric antigen receptors for T cell immunotherapy: 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


22

510 current understanding and future directions. J Gene Med. 2012; 14: 405-415. doi: 

511 10.1002/jgm.2604. PMID: 22262649

512 3. Ho WY, Blattman JN, Dossett ML, Yee C, Greenberg PD. Adoptive immunotherapy: engineering 

513 T cell responses as biologic weapons for tumor mass destruction. Cancer Cell. 2003; 3: 431-437. 

514 PMID: 12781360

515 4. Sadelain M, Riviere I, Brentjens R. Targeting tumours with genetically enhanced T lymphocytes. 

516 Nat Rev Cancer. 2003; 3: 35-45. doi: 10.1038/nrc971. PMID: 12509765

517 5. Kershaw MH, Westwood JA, Darcy PK. Gene-engineered T cells for cancer therapy. Nat Rev 

518 Cancer. 2013; 13: 525-541. doi: 10.1038/nrc3565. PMID: 23880905

519 6. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, et al. CD19-targeted T cells 

520 rapidly induce molecular remissions in adults with chemotherapy-refractory acute lymphoblastic 

521 leukemia. Sci Transl Med. 2013; 5: 177ra138. doi: 10.1126/scitranslmed.3005930. PMID: 

522 23515080

523 7. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, et al. Chimeric antigen 

524 receptor-modified T cells for acute lymphoid leukemia. N Engl J Med. 2013; 368: 1509-1518. doi: 

525 10.1056/NEJMoa1215134. PMID: 23527958

526 8. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T cells with chimeric antigen 

527 receptors have potent antitumor effects and can establish memory in patients with advanced 

528 leukemia. Sci Transl Med. 2011; 3: 95ra73. doi: 10.1126/scitranslmed.3002842. PMID: 21832238

529 9. De Oliveira SN, Wang J, Ryan C, Morrison SL, Kohn DB, Hollis RP. A CD19/Fc fusion protein 

530 for detection of anti-CD19 chimeric antigen receptors. J Transl Med. 2013; 11: 23. doi: 

531 10.1186/1479-5876-11-23. PMID: 23360526

532 10. Teachey DT, Lacey SF, Shaw PA, Melenhorst JJ, Maude SL, Frey N, et al. Identification of 

533 predictive biomarkers for cytokine release syndrome after chimeric antigen receptor T-cell therapy 

534 for acute lymphoblastic leukemia. Cancer Discov. 2016; 6: 664-679. doi: 10.1158/2159-8290.Cd-

535 16-0040. PMID: 27076371

536 11. Wang H, Du X, Chen WH, Lou J, Xiao HL, Pan YM, et al. Establishment of a quantitative 

537 polymerase chain reaction assay for monitoring chimeric antigen receptor T cells in peripheral 

538 blood. Transplant Proc. 2018; 50: 104-109. doi: 10.1016/j.transproceed.2017.11.028. PMID: 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


23

539 29407291

540 12. Zheng Z, Chinnasamy N, Morgan RA. Protein L: a novel reagent for the detection of chimeric 

541 antigen receptor (CAR) expression by flow cytometry. J Transl Med. 2012; 10: 29. doi: 

542 10.1186/1479-5876-10-29. PMID: 22330761

543 13. Adonai N, Adonai N, Nguyen KN, Walsh J, Iyer M, Toyokuni T, et al. Ex vivo cell labeling with 

544 64Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone) for imaging cell trafficking in mice with 

545 positron-emission tomography. Proc Natl Acad Sci U S A. 2002; 99: 3030-3035. doi: 

546 10.1073/pnas.052709599. PMID: 11867752

547 14. Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L, Hertenstein B, et al. Monitoring of 

548 bone marrow cell homing into the infarcted human myocardium. Circulation. 2005; 111: 2198-

549 2202. doi: 10.1161/01.Cir.0000163546.27639.Aa. PMID: 15851598

550 15. Abou DS, Ku T, Smith-Jones PM. In vivo biodistribution and accumulation of 89Zr in mice. Nucl 

551 Med Biol. 2011; 38: 675-681. doi: 10.1016/j.nucmedbio.2010.12.011. PMID: 21718943

552 16. Bansal A, Pandey MK, Demirhan YE, Nesbitt JJ, Crespo-Diaz RJ, Terzic A, et al. Novel 89Zr cell 

553 labeling approach for PET-based cell trafficking studies. EJNMMI Res. 2015; 5: 19. doi: 

554 10.1186/s13550-015-0098-y. PMID: 25918673

555 17. Roca M, de Vries EF, Jamar F, Israel O, Signore A. Guidelines for the labelling of leucocytes with 

556 111In-oxine: inflammation/infection taskgroup of the European association of nuclear medicine. 

557 Eur J Nucl Med Mol Imaging. 2010; 37: 835-841. doi: 10.1007/s00259-010-1393-5. PMID: 

558 20198474

559 18. Sato N, Wu H, Asiedu KO, Szajek LP, Griffiths GL, Choyke PL. 89Zr-oxine complex PET cell 

560 imaging in monitoring cell-based therapies. Radiology. 2015; 275: 490-500. doi: 

561 10.1148/radiol.15142849. PMID: 25706654

562 19. Weist MR, Starr R, Aguilar B, Chea J, Miles JK, Poku E, et al. PET of adoptively transferred 

563 chimeric antigen receptor T cells with 89Zr-oxine. Journal of Nuclear Medicine. 2018; 59: 1531-

564 1537. doi: 10.2967/jnumed.117.206714. PMID: 29728514

565 20. Parente-Pereira AC, Burnet J, Ellison D, Foster J, Davies DM, van der Stegen S, et al. Trafficking 

566 of CAR-engineered human T cells following regional or systemic adoptive transfer in SCID beige 

567 mice. J Clin Immunol. 2011; 31: 710-718. doi: 10.1007/s10875-011-9532-8. PMID: 21505816

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


24

568 21. Fisher B, Packard BS, Read EJ, Carrasquillo JA, Carter CS, Topalian SL, et al. Tumor localization 

569 of adoptively transferred indium-111 labeled tumor infiltrating lymphocytes in patients with 

570 metastatic melanoma. J Clin Oncol. 1989; 7: 250-261. doi: 10.1200/jco.1989.7.2.250. PMID: 

571 2644399

572 22. Pittet MJ, Grimm J, Berger CR, Tamura T, Wojtkiewicz G, Nahrendorf M, et al. In vivo imaging 

573 of T cell delivery to tumors after adoptive transfer therapy. Proc Natl Acad Sci U S A. 2007; 104: 

574 12457-12461. doi: 10.1073/pnas.0704460104. PMID: 17640914

575 23. Read EJ, Keenan AM, Carter CS, Yolles PS, Davey RJ. In vivo traffic of indium-111-oxine labeled 

576 human lymphocytes collected by automated apheresis. J Nucl Med. 1990; 31: 999-1006. PMID: 

577 2112185

578 24. Smith ME, Ford WL. The recirculating lymphocyte pool of the rat: a systematic description of the 

579 migratory behaviour of recirculating lymphocytes. Immunology. 1983; 49: 83-94. PMID: 6840811

580 25. Wagstaff J, Gibson C, Thatcher N, Ford WL, Sharma H, Crowther D. Human lymphocyte traffic 

581 assessed by indium-111 oxine labelling: clinical observations. Clin Exp Immunol. 1981; 43: 443-

582 449. PMID: 7285388

583 26. Charoenphun P, Meszaros LK, Chuamsaamarkkee K, Sharif-Paghaleh E, Ballinger JR, Ferris TJ, 

584 et al. [89Zr]oxinate4 for long-term in vivo cell tracking by positron emission tomography. Eur J 

585 Nucl Med Mol Imaging. 2015; 42: 278-287. doi: 10.1007/s00259-014-2945-x. PMID: 25359636

586 27. Hamann A, Klugewitz K, Austrup F, Jablonski-Westrich D. Activation induces rapid and 

587 profound alterations in the trafficking of T cells. Eur J Immunol. 2000; 30: 3207-3218. doi: 

588 10.1002/1521-4141(200011)30:11<3207::Aid-immu3207>3.0.Co;2-l. PMID: 11093136

589 28. Looney MR, Thornton EE, Sen D, Lamm WJ, Glenny RW, Krummel MF. Stabilized imaging of 

590 immune surveillance in the mouse lung. Nat Methods. 2011; 8: 91-96. doi: 10.1038/nmeth.1543. 

591 PMID: 21151136

592 29. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA. Case report of a 

593 serious adverse event following the administration of T cells transduced with a chimeric antigen 

594 receptor recognizing ERBB2. Mol Ther. 2010; 18: 843-851. doi: 10.1038/mt.2010.24. PMID: 

595 20179677

596 30. Chen Y-P, Zhang Y, Lv J-W, Li Y-Q, Wang Y-Q, He Q-M, et al. Genomic analysis of tumor 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


25

597 microenvironment immune types across 14 solid cancer types: immunotherapeutic implications. 

598 Theranostics. 2017; 7: 3585-3594. doi: 10.7150/thno.21471. PMID: PMC5596445

599 31. Kircher MF, Gambhir SS, Grimm J. Noninvasive cell-tracking methods. Nat Rev Clin Oncol. 

600 2011; 8: 677-688. doi: 10.1038/nrclinonc.2011.141. PMID: 21946842

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 1, 2019. ; https://doi.org/10.1101/789727doi: bioRxiv preprint 

https://doi.org/10.1101/789727
http://creativecommons.org/licenses/by/4.0/

