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Abstract

TRA-1–60 (TRA) is a cell-surface antigen implicated in drug resistance, relapse, and recurrence. 

Its expression has been reported in breast, prostate, pancreatic, ovarian tumors, and follicular 

lymphoma, which paved the development of the therapeutic antibody, Bstrongomab (Bsg), and its 

drug conjugates. Because patient selection is critical to achieve clinical benefit, a noninvasive 

imaging agent to select TRA+ lesions in patients is needed. Herein, we report the development of 

the immunopositron emission tomography (immunoPET) radiotracer 89Zr-radiolabeled Bsg and its 

potential to delineate TRA+ tumors. Bsg was conjugated to the bifunctional chelator 

desferrioxamine (DFO) and radiolabeled with [89Zr]Zr-oxalate. [89Zr]Zr-DFO-Bsg was 

characterized in vitro and evaluated in vivo for uptake and specificity in high and low TRA-

expressing BxPC-3 pancreatic and PC-3 prostate cancer models, respectively. Uptake was 

compared against[89Zr]Zr-DFO-IgG, a nonspecific control radiotracer. Immunohistochemical 

(IHC) staining of patient cancer tissues using Bsg was performed to explore its clinical 
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significance. A specific activity of 0.18 ± 0.01 GBq/mg (4.8 ± 0.3 mCi/mg) was obtained for 

[89Zr]Zr-DFO-Bsg. BxPC-3 xenografts exhibited three-fold higher radiotracer uptake compared to 

[89Zr]Zr-DFO-IgG. Competitive saturation studies using BxPC-3 xenografts further confirmed 

tracer specificity. The TRA-specific probe had lower accumulation in PC-3 xenografts. Ex vivo 
autoradiographs correlated with TRA expression from the histopathology of the resected tumor 

xenografts. Additionally, patient cancer tissues demonstrated positive staining with Bsg with 

metastatic lesions exhibiting the highest staining. This study demonstrates the potential of 

[89Zr]Zr-DFO-Bsg as an imaging agent for noninvasive detection of TRA+ tumors.

Graphical Abstract
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INTRODUCTION

Tumors comprise a diverse population of cells that contributes to their heterogeneity. One 

particular phenotype possesses tumor-initiating potential and was proposed to drive 

treatment resistance, relapse, and metastasis.1–4 Its identification within the tumor can 

potentially provide prognostic information and inform treatment decisions. Putative 

signatures observed solely on these tumor-initiating cells have been reported. One antigen 

that has gained traction as a marker of malignancy and therapy resistance is TRA-1–60 

(TRA),5,6 an established biomarker of pluripotent stem cells.7–9 TRA was discovered by 

Andrews et al. on the surface of treatment refractory human embryonal carcinoma.10 It was 

characterized as a high molecular weight glycoprotein11,12 localized on the surface of the 

transmembranous protein podocalyxin (PODXL).8,11,12 The exact molecular structure of 

TRA antigen has been controversial. One group identified TRA-1–60-specific antibodies 

targeting sialylated keratan sulfate proteoglycans,13 while others investigated different 

antibody clones that targeted a type-1 lactosamine epitope.7
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TRA is expressed in cancer or when applicable, in metastatic lesions, including follicular 

lymphoma, teratocarcinoma, breast, prostate, pancreatic, ovarian, and testicular cancers.
5,14–16 In testicular cancer, TRA was shed in patient sera and presented with elevated levels, 

suggesting its potential use as a serum marker for patients with germ cell tumors.17 A study 

conducted in treatment-refractory follicular lymphoma observed the association of TRA 

expression in cell populations that displayed a resistance phenotype to rituximab and other 

chemotherapies.5 The same study reported greater tumor-initiating capabilities of sorted 

TRA+ follicular lymphoma versus negative cells. This recapitulates the findings observed by 

Rajasekhar et al. in prostate cancer where TRA+ sorted cells implanted in mice developed 

tumors over time.5,14 Of note, a salient retrospective study by Heath et al. demonstrated that 

TRA was highly expressed in a small percentage of high grade prostatic tumors, suggesting 

a correlation between localized prostate cancer that would progress to metastatic disease.9 

These previous findings advocate the unique appeal of TRA as a biomarker and drug target 

due to its implication in resistance, and recurrence.6,8,18–20

The therapeutic IgGκ antibody Bstrongomab (Bsg) and its drug conjugates (Curemeta, LLC) 

were specifically developed to target TRA. The marginal presence of tumor-initiating and 

therapy resistant cells with TRA expression warrants a highly sensitive companion 

diagnostic to select patients who will benefit from Bsg-related therapies. Identification of 

TRA+ therapy resistant cells via immunopositron emission tomography (immunoPET) will 

bridge this clinical need and identify potential tumor responders for TRA inhibition. In this 

study, we report the preclinical evaluation of a TRA-specific immunoPET imaging agent, 

89Zr-radiolabeled Bstrongomab ([89Zr]Zr-DFO-Bsg), to differentiate high to low-expressing 

TRA tumors using pancreatic BxPC-3 and prostate PC-3 xenografts, respectively, through in 
vitro, in vivo, and ex vivo studies. The presence and levels of TRA expression in these 

cancers were examined and validated through confocal imaging, single cell imaging flow 

cytometry, and Western blots. We compared tumor uptake of [89Zr]Zr-DFO-Bsg against a 
89Zr-labeled nonspecific isotype IgG control through in vivo PET imaging. Pharmacokinetic 

studies in tumor-bearing mice assessed tissue distribution and clearance of the tracer. 

Competitive inhibition with excess unmodified Bsg was performed to assess the tracer’s 

specificity. We then analyzed the spatial localization of the radiotracer through ex vivo 
autoradiography and correlated it against TRA expression via immunohistochemistry (IHC) 

in BxPC-3 tissue sections. Finally, patient tumor and normal tissue samples were stained 

with Bsg to investigate the potential clinical application of the tracer.

EXPERIMENTAL SECTION

Imaging Cytometry.

To assess the presence of TRA on the cell surface, live BxPC-3 cells were imaged via the 

Amnis ImageStream X Mark II Imaging Cytometer. The cells were incubated with anti-

TRA-1–60-AF488 (1:200, Cat. No. sc-21705, Santa Cruz Biotechnology). Following 

incubation, cells were centrifuged for 5 min at 3000 rpm, media were aspirated, and the cells 

were washed twice to remove unbound anti-TRA-1–60-AF488 with 1× phosphate buffered 

saline (PBS). Following the final wash, cells were resuspended in a concentration of 2 × 107 

cells/mL in FACS buffer (7% FBS in 1× PBS) and imaged on the cytometer.
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Conjugation of Bsg to Near-Infrared Dye Cyanine 5.5 (Cy5.5).

Bsg was also conjugated to a Cyanine-5.5 Mono-NHS Ester (Cy5.5, GE Healthcare Cat. No. 

PA15601) at a 1:5 antibody/fluorophore mole ratio for confocal imaging. Excess unbound 

Cy-5.5 was removed by centrifugal filtration with a 30 kDa MWCO at 3000 rpm and 15 min 

increments until the flow through was colorless.

Western Blot.

The expression of TRA in ex vivo tumor lysates was determined via Western blots as 

previously described.21 Briefly, proteins were extracted from BxPC-3, DU-145, and PC-3 

tumors that were mechanically homogenized with a Polytron PT1200E mechanical 

homogenizer (Kinematica Inc.) in 1× RIPA lysis buffer and HALT protease and phosphatase 

inhibitors (ThermoFisher). Tumor lysates (20 μg) were resolved on 4–12% SDS-PAGE, 

transferred to immobilon-P PVDF (Millipore Sigma) membrane, and blocked with 5% milk 

in TBS with 0.1% Tween-20. The membrane was then incubated with anti-TRA-1–60 

(1:200, Santa Cruz Biotechnology sc-21705), Bsg (1:200, Curemeta), or anti-GAPDH 

(Santa Cruz Biotechnology Cat. No. sc-365062) overnight at 4 °C. Blots were then 

incubated with antimouse horse radish peroxidase (HRP) secondary antibody (Amersham 

Cat. No. NA931 V), visualized with Amersham ECL (GE Life Sciences), and read with a 

Bio-Rad ChemiDoc imaging system. Western Blot analysis was conducted with Bio-Rad 

image lab software 2.2.

Bsg Conjugation to Desferrioxamine (DFO).

Bsg and a nonspecific IgG isotype were conjugated to p-isothiocyanatobenzyl-

desferrioxamine (DFO), a common chelator of 89Zr, at a 1:5 antibody/DFO mole ratio 

(Macrocyclics, Inc.) via terminal lysines. DFO (33 nmol of 20 mM stock in dimethyl 

sulfoxide) was added to Bsg (6.6 nmol) in 1× PBS adjusted to pH ~ 8.5–9 with 1 M 

NaHCO3.22,23 The solution was incubated at 37 °C for 1.5 h. Following incubation, unbound 

DFO was removed using centrifugal filtration at 3000 rpm for 10 min using a 30 kDa 

molecular weight cutoff centrifugal filter (MWCO, Vivaspin V-500, Sartorius Stedim 

Biotech). Purification was performed in triplicate using saline as eluent.

89Zr Radiolabeling of Bsg.

[89Zr]Zr-oxalate (74 MBq, 2 mCi, 3D Imaging, LLC.) was diluted in saline (200 μL) and 

adjusted to pH ~7.0–7.5 with 1 M Na2CO3 and 1 M HCl in metal-free water. Bsg-DFO (0.4 

mg, 2.67 nmol) was added to the solution containing the radioisotope for a final 

concentration of 13.33 μM and incubated for 15–20 min at room temperature.22,24 After 

completion of labeling, 5 μL of 50 mM EDTA was added to quench the reaction. [89Zr]Zr-

DFO-Bsg was purified using a centrifugal filter (30 kDa MWCO, Vivaspin V-500) at 3000 

rpm for 10 min with saline as the eluent; centrifugal purification was conducted in triplicate. 

Radiochemical purity was analyzed by radio-instant thin layer chromatography (radio-iTLC) 

using a silica gel impregnated chromatography paper (Agilent Technologies) as solid phase 

and 50 mM EDTA as the mobile phase. [89Zr]Zr-DFO-Bsg immunoreactivity was assessed 

in triplicate with highly TRA+ NCCIT embryonal carcinoma, by linear extrapolation, as 

previously described.25
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Accessible DFO Chelates on Bsg.

The number of chelates of DFO attached to Bsg was assessed by radiometric isotopic 

dilution with an adapted method similar to those previously described.26,27 A stock solution 

of [89Zr]Zr-oxalate was prepared, and aliquots of 660 kBq (18 μCi) was added to 13 serial 

dilutions (1:2) of 50 μL of nonradioactive ZrCl4 from 49 nM to 200 μM at a pH = 7. 

[89Zr]Zr-oxalate and ZrCl4 were mixed for 30 s before addition of DFO-Bsg (0.07 nmol, 

10.5 μg), then briefly vortexed. The reaction was incubated at room temperature for 1 h and 

quenched with 10 μL, 50 mM EDTA (pH 7). The extent of radiolabeling was assessed by 

counting the activity at the baseline and solvent front with a gamma counter (PerkinElmer 

Wizard2 2480). Control radiolabeling studies confirmed [89Zr]Zr-DFO-Bsg radiolabeling in 

<1 h.

Confocal Imaging.

To examine the specificity of Bsg, BxPC-3 cells (2.5 × 104) were plated on a Millicell EZ 

Slide. After 48 h, cells were incubated at 37 °C with TRA-1–60-AF488, Bsg-Cy5.5 (1:200) 

or both. A separate group of plated cells was incubated in media without TRA-1–60-AF488 

or Bsg-Cy5.5 and used as control. Cells were then fixed with 4% paraformaldehyde, stained 

with DAPI, and imaged with a Zeiss LSM 780 confocal microscope at 63×.

Internalization Assay.

Lysine coated 12-well plates (Corning Cat. No. 354470) were seeded with 150 000 NCCIT 

cells and allowed to adhere overnight. The cells were then incubated with radiolabeled 

[89Zr]Zr-DFO-Bsg (100 ng, 0.3 μCi, 111 kBq) in 0.5 mL of medium at 37 °C for 6 h, 24 h, 

48 h, and 72 h. Following incubation, the media were collected, and the cells were washed 

twice with 1 mL of 1× PBS. Next, cells were washed with cold 100 mM acetic acid + 100 

mM glycine (1:1 in PBS, pH 3–3.5) to remove the membrane bound activity. To assess 

internalized activity, cells were lysed with 1 M NaOH. The washes were collected and 

measured using a gamma counter (PerkinElmer Wizard2 2480). The percent of membrane 

bound and internalized acitivity was calculated as the fraction of the total activity from all 

washes.

Determination of Dissociation Constant (KD) and Maximum Binding (Bmax) of [89Zr]Zr-DFO-
Bsg.

The KD and Bmax values were determined through an in vitro binding assay. NCCIT 

embryonal carcinoma cells were plated at 200 000 cells/well in a poly-D-lysine coated clear 

12-well plate (Corning, Cat. No. 354470) and allowed to adhere for 24 h at 37 °C and 5% 

CO2. The cells were either incubated with 0.62–50 nM of [89Zr]Zr-DFO-Bsg or subjected to 

blocking by coincubation of 0.62–50 nM of [89Zr]Zr-DFO-Bsg with >80-fold excess 

nonradiolabeled Bsg in triplicate for 1 h at room temperature. Following incubation, the 

media were removed, and cells were washed twice with 1× PBS, detached with 0.25% 

trypsin-EDTA, and collected in microcentrifuge tubes. The radioactivity of the samples and 

concentration standards were measured with a gamma counter (PerkinElmer Wizard2 2480) 

and plotted as sites/cell versus antibody concentration (nM). GraphPad Prism was used to 

determine the KD and Bmax with a one-site association curve.
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[89Zr]Zr-DFO-Bsg Stability in Saline.

To assess the stability of the antibody in vitro, 9.25 MBq of [89Zr]Zr-DFOBsg (250 μCi, 

0.33 nmol) was incubated in 0.9% NaCl (saline) at 37 °C with gentle mixing following a 

published protocol.28 The stability was monitored between 4 and 144 h post-incubation 

using radio-iTLC and reported as the ratio of the bound activity to total activity calculated 

from the area under the curve using Graphpad Prism.

Cell Lines and Small Animal Xenografts.

All animal experiments were conducted in accordance with the guidelines set forth by the 

Wayne State University Institutional Animal Care and Use Committee (IACUC) and the 

Division of Laboratory Animal Resources (DLAR). All cell lines unless otherwise state 

were purchased from ATCC (Manassas, VA). The NCCIT embryonal carcinoma cells 

(provided by Curemeta, LLC) are highly positive for TRA and used for confirmatory control 

studies. All cells were cultured at 37 °C at 5% CO2 using aseptic technique with RPMI-1640 

media containing 10% FBS (v/v) and 1% penicillin/streptomycin (v/v). L-Glutamine (1% 

v/v, Corning Cellgro) was added to supplement the growth media for the PC-3 cells. For 

imaging and biodistribution studies, BxPC-3 and PC-3 xenografts (5 × 106 cells) were 

established (1:1 media:Matrigel, Corning, Cat. No. 354428) subcutaneously (s.c.) on the 

shoulder of female and male, athymic nude mice, respectively (Envigo). Tumor growth was 

monitored until volumes reached 150–200 mm3 and calculated according to the equation V 
= L × W × H × π/6.

PET Imaging Experiments.

Mice bearing either BxPC-3 or PC-3 (n = 3–4) xenografts were randomly selected for PET 

imaging with [89Zr]Zr-DFO-Bsg or [89Zr]Zr-DFO-IgG. Each tracer (7.4–9.4 MBq, 200–250 

μCi, 40–50 μg) was administered intravenously (i.v.) in separate mice followed by image 

acquisition (Siemens Concord microPET R4 or Focus 220) at 4–120 h postinjection (p.i.) 

while anesthetized with 2% isoflurane (Henry Schein) in oxygen. Following 120 h p.i., mice 

were euthanized via CO2 asphyxiation, and death was assured by cervical dislocation. The 

PET images were reconstructed via filter back projection, and volumes of interest (VOIs) 

were measured with ASIPro VM software version 6.3.3.0 (Concorde Microsystems). VOIs 

were measured by manually drawing regions of the tumor on multiple planes and expressed 

as % injected dose per gram of tissue (%ID/g).

Tissue Biodistribution Studies.

A separate cohort of mice bearing tumors (n = 5) was administered i.v. in the lateral tail vein 

with 0.74–1.48 MBq (20–40 μCi, 4–8 μg) of [89Zr]Zr-DFO-Bsg. A competitive inhibition 

study was conducted in a separate group of mice by coadministration of the radiotracer and 

~500 μg of nonradiolabeled Bsg-DFO (n = 5). Mice were euthanized by CO2 asphyxiation 

after 24, 48, 72, and 120 h p.i. Wet weights of the harvested tissues, including the tumor, 

were obtained. Bound activity was measured via a gamma counter (PerkinElmer Wizard2 

2480), decay-corrected to the time of injection and presented as %ID/g or% ID.
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Autoradiography and Immunohistochemistry.

After PET imaging, autoradiographs were obtained from excised frozen sections of BxPC-3 

tumors separately administered with [89Zr]Zr-DFO-Bsg and [89Zr]Zr-DFO-IgG. BxPC-3 

tumors were excised and embedded in optimal-cutting-temperature mounting medium (OCT, 

Sakura Finetek) then frozen gradually on dry ice. Digital autoradiography was performed by 

exposing tissue sections (5 μm thick) and activity standards to a phosphor imaging plate 

(Fujifilm BAS-MS2325; Fuji Photo Film) at −20 °C overnight. Phosphor plates were read 

with a Typhoon 7000 IP plate reader (GE Healthcare) at a 25 μm resolution. High and low 

points of localized tracer uptake were measured by fixed size regions-of-interest (ROI) 

within the outlined area for Bsg and IgG using calibration standards.

IHC was performed on sequential sections to demonstrate the specificity of the radiotracer. 

Adjacent sections were fixed with ice-cold acetone for 10 min, dried at room temperature for 

20 min, then rehydrated with PBS. Tissue sections were blocked with protein block (Abcam) 

at room temperature for 1 h and incubated with TRA-1–60 (sc-21705, Santa Cruz 

Biotechnology, 1:100) for 1 h at room temperature. Slides were developed using a mouse- 

and rabbit-specific HRP/DAB (ABC) detection IHC kit (Abcam Cat. No. ab64264,), 

dehydrated with 70–100% ethanol, followed by incubation with xylene and covered with 

Permount mounting medium (Fisher Chemical Cat No. SP15–500). The tissues were then 

imaged at 40× with Leica SCN400 SL801 Slide Scanner (Leica Microsystems).

Matching areas of IHC tissues were quantified with ImageJ software by color deconvolution 

using the H DAB protocol. A correlation between tracer uptake using the autoradiographs 

and TRA expression was determined by measuring expression and tracer uptake of the 

aforementioned measured areas.

Patient IHC Staining and Analysis.

Tissues obtained from US Biomax (Derwood, MD) were formalin-fixed, paraffin embedded, 

and sectioned at 5 μm. The sections were then deparaffinized, rehydrated in water, and 

prepared by heat-induced antigen retrieval by Diva Decloaker (Biocare Medical Cat. No. 

DV2004MX), and Decloaking Chamber (Biocare Medical). Sections were stained with Bsg 

(1 mg/mL, 1:500) or Mouse IgG1κ isotype control antibody (Biolegend Cat. No. 401407, 

1:500) by using PowerVision+ poly-HRP IHC detection systems (Leica Cat. No.PV6106).

Statistical Analysis.

Statistical analyses were conducted with a one-way ANOVA with Tukey post test unless 

otherwise noted. Ex vivo autoradiography ROI values were compared with a nonparametric t 
test. Correlation of IHC to autoradiographs was conducted by a two-tailed Spearman r 

correlation. All analyses were conducted using GraphPad Prism 7.03. All values are reported 

as mean ± SD. In all tests, a p-value of ≤ 0.05 was considered statistically significant.
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RESULTS

In Vitro and Ex Vivo Assessment of TRA Expression and Bsg Binding.

Western blot analysis of TRA using Bsg as the detecting antibody displayed the highest 

expression in BxPC-3, followed by DU-145, while PC-3 showed minimal TRA expression 

(Figure S1A, left). A separate Western blot using a commercial TRA-1–60 antibody (mAb) 

validated these results (Figure S1A, right).

Single cell imaging using an imaging flow cytometer stained with anti-TRA-1–60-AF488 

was utilized to demonstrate in vitro localization of the antigen in BxPC-3 (Figure 1A). 

Confocal images of BxPC-3 cells incubated with anti-TRA-1– 60-AF488 (Figure 1B) and 

Bsg-Cy5.5 (Figure 1C, Figure S1B) demonstrated extracellular cell surface staining. No 

staining was observed in the negative control cells (Figure S1C).

Radiosynthesis, Characterization, and In Vitro Stability of [89Zr]Zr-DFO-Bsg.

Optimized [89Zr]Zr-labeling of Bsg-DFO ([89Zr]Zr-DFO-Bsg) was achieved by titrating 

Bsg-DFO with different mole ratios of [89Zr]Zr-oxalate. A final specific activity of 0.18 ± 

0.01 GBq/mg (4.8 ± 0.3 mCi/mg) with a > 99% radiochemical purity was obtained (Figure 

S2A). The immunoreactivity of [89Zr]Zr-DFO-Bsg toward TRA-1–60 was retained at 67.0 ± 

1.7% (Figure S2B). Radiometric isotopic dilution assays (n = 3) determined an average of 

5.3 ± 0.8 accessible chelates per mAb. In vitro competitive binding of varied concentrations 

of [89Zr]Zr-DFO-Bsg with excess cold Bsg in NCCIT cells demonstrated a dissociation 

constant (KD) of 2.0 ± 0.4 nM with a Bmax = 6303.5 ± 389.6 sites/cell (Figure S2C).

We next examined the ability of [89Zr]Zr-DFO-Bsg to internalize with the high TRA-

expressing NCCIT cell line. The membrane bound fraction remained consistent over 72 h, 

whereas an increase in the internalized fraction was observed (Figure 1D, Table S1).

The stability of the [89Zr]Zr-DFO-Bsg complex was assessed in vitro by incubating the 

tracer at 37 °C in 0.9% saline. After 24 h of incubation, the tracer remained intact (98.7 ± 

1.2%) when compared to bound fractions at the start of the incubation (99.7 ± 0.4%). 

Minimal demetalation was observed at 48 h (95.2 ± 0.1%). The intact tracer fraction, 

however, decreased at 72 h (90.3 ± 5.6%); this plateaued over time (89.9 ± 2.9% at 96 h; 

90.7% ± 4.4% at 120 h; and 88.7 ± 4.7% at 144 h) (Figure S2D).

[89Zr]Zr-DFO-Bsg PET Imaging Identified Distinct TRA Tumor Expression.

In vivo PET images of BxPC-3 tumor-bearing mice exhibited tracer uptake (Figure 2A) 

within 4 h (4.1 ± 0.4%ID/g), which increased by three-fold at 24 h p.i. (12.2 ± 2.0%ID/g) 

(Table S2). The tracer uptake was retained between 48 h and 120 h p.i. (48 h: 15.4 ± 2.0% 

ID/g; 72 h: 15.4 ± 2.4% ID/g; 120 h: 17.0 ± 2.4%ID/g). A plot of radioactivity accumulation 

(Figure 2B, Table S2) in select organs displayed decreasing liver (the main route of 

excretion29) and blood (using VOIs drawn on the heart) tracer binding over time. To 

determine tumor-specific uptake of [89Zr]Zr-DFO-Bsg in vivo, we compared the tracer 

versus a 89Zr-labeled nonspecific IgG isotype control. Tumor binding of [89Zr]Zr-DFO-IgG 
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was significantly lower compared to the TRA-specific tracer throughout all time points (p < 

0.0001, Figure 2C, Table S2).

In low TRA-expressing PC-3 xenografts, the tumor uptake of [89Zr]Zr-DFO-Bsg was 

constant throughout the imaging experiment (4 h, 5.8 ± 0.9%ID/g; 24 h, 7.0 ± 1.1%ID/g; 48 

h, 6.9 ± 1.1%ID/g; 72 h, 7.4 ± 1.0%ID/g; 120 h, 6.5 ± 1.3% ID/g, Figure 2D, Table S3) and 

was not significantly different from the [89Zr]Zr-DFO-IgG uptake (Figure 2F, Table S3). 

Tracer binding and retention in blood, liver, and muscle (Figure 2E, Table S3) remained 

similar to the BxPC-3 tumor model. From this study, [89Zr]Zr-DFO-Bsg was able to 

measure and identify tumors with varying TRA expression.

Tissue Biodistribution.

Acute tissue distribution studies were conducted in mice-bearing BxPC-3 tumors at 24–120 

h p.i. Tumor uptake at 24 h p.i. was measured at 12.6 ± 2.7%ID/g (Figure 3, Table S4). The 

maximal accumulation occurred at 48 h p.i. at 19.3 ± 2.4%ID/g. The probe was retained in 

the tumor at 72 h (13.5 ± 3.5%ID/g) and 120 h (15.5 ± 8.1%ID/g). Blood pool residency at 

24 h p.i. was measured at 29.8 ± 4.5%ID/g, which continued to decrease over time. 

Nonspecific binding of the tracer in other normal tissues (e.g., stomach, brain, bone, and 

muscle), especially in the pancreas, was minimal throughout all time points with <2%ID/g. 

A blocking study in a separate cohort of mice was conducted with coinjection of ~500 μg of 

nonradiolabeled Bsg together with the radiotracer (4–8 μg, 20–40 μCi) and assessed at 72 h 

p.i. Not accounting for tumor weights, the uptake of the nonblocked groups (8.4 ± 3.0%ID) 

was 6.7-fold higher than the blocked cohort (Figure 3, inset, Table S5) (1.3 ± 0.7%ID, p = 

0.011).

Ex Vivo Autoradiography Correlates with TRA Immunohistochemical Expression.

Ex vivo autoradiographs from tumors excised postimaging were obtained to determine 

spatial localization of the tracer vis-à-vis TRA IHC. [89Zr]Zr-DFO-Bsg exhibited 

heterogeneous but focal tissue localization (Figure 4A, Figure S3A), whereas [89Zr]Zr-

DFOIgG was observed to accumulate within the tumor periphery (Figure S3B). 

Quantification of both bound tracers displayed a higher accumulation of [89Zr]Zr-DFO-Bsg 

in different regions (ROIs) compared to [89Zr]Zr-DFO-IgG (1.5 ± 0.4 nCi, n = 15 ROIs 

versus 0.4 ± 0.2 nCi, n = 13 ROIs, p < 0.0001) (Figure 4B). IHC displayed positive TRA 

staining (Figure 4C) in areas of tracer accumulation. An analysis upon coregistration of the 

TRA IHC and autoradiographs exhibited a strong, positive association (r = 0.69) (Figure 4D) 

wherein higher tracer uptake directly correlated with high TRA expression.

Patient IHC Analysis.

To establish clinical relevance, we probed for TRA expression using unmodified Bsg in 

various malignant and benign tissues obtained from patients. In TRA+ embryonal 

carcinoma, Bsg staining displayed high TRA expression compared to staining with a 

control, nonspecific IgG (Figure 5A), indicative of specificity of the antibody. In a panel of 

tumor tissues (Figure 5B–E, Table 1), the highest Bsg staining was observed in gastric 

cancer with 100% of tissue samples staining positive. Endometrial cancer displayed 86% 

positive staining, followed by prostate cancer with 55%. Ovarian (43%), pancreatic (41%), 
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and breast (38%) carcinoma showed moderate TRA expression, whereas colon and lung 

(squamous and adenocarcinoma) had the lowest expression. Of note, metastatic prostate 

(Figure 5F, left) and colon (Figure 5F, right) had higher Bsg staining. Benign tissues (e.g., 

cardiac, bone, and peripheral nerve) showed minimal to no staining. (Figure S4A). Normal 

pancreatic tissue exhibited focal staining between 0 and 10% (Figure S4B, right), while 

tubule staining (1%, Figure S4B left) was observed in all benign kidney tissues.

DISCUSSION

Our work herein laid down the development and preclinical evaluation of an imaging tracer 

for a different yet novel tumor-initiating target, TRA-1–60, also a known marker of 

pluripotent stemness as established by the Cancer Stem Cell Initiative.30 The rationale and 

significance of our work stemmed from the study reported by our group, which centered on 

the pathological analysis of the expression of TRA-1–60 and other markers of pluripotency 

and tumor initiation in primary prostate cancer patient tissues. TRA-1–60 was highly 

expressed in 13% of the high-grade and 9% of the low-grade tumors, suggesting that these 

high-grade tumors with increased staining correlated with cases that can potentially develop 

into metastatic disease.9 Indeed, several groups have proven the tumorigenicity of TRA-1–

60+ sorted prostate14 and treatment-refractory follicular lymphoma cells,5 establishing this 

antigen as a driver of tumor initiation. These seminal works, together with the minimal 

imaging agents in this space, clearly underscores the need for the development of a 

noninvasive TRA-1–60 immunoPET agent for in situ identification of patient populations 

with a high likelihood for metastasis and tumor initiation. From our perspective, [89Zr]Zr-

DFO-Bsg is a preliminary step to bridge this unmet clinical need.

To the best of our knowledge, [89Zr]Zr-DFO-Bsg is the first imaging probe developed to 

target TRA+ tumors. We established proof-of-principle studies demonstrating specific 

detection of high versus low TRA-expressing tumors via [89Zr]Zr-DFO-Bsg PET. This was 

supported by the low tumor accumulation of the nonspecific radiolabeled IgG, and a positive 

relationship shown between the accumulation of [89Zr]Zr-DFO-Bsg from autoradiographs 

and TRA expression from the IHC. We have further proven that TRA is membranous with 

colocalization of the Cy5.5-conjugated Bsg through in vitro imaging, making it a viable 

extracellular target for antibody-based therapeutic and detection payloads. While expression 

of the antigen in 2D cultures appear minimal and may look clinically insignificant, it does 

not recapitulate our findings in xenografts and patient tumor tissues with established tertiary 

structures. Histopathological examination of TRA expression in a number of tissue samples 

exhibited positive Bsg staining in primary malignancies with stronger staining displayed in 

metastatic lesions. The high percentages of strongly positive Bstrongomab staining 

identified in various malignant tissues underscore the broad applicability of a TRA-1–60 

targeted tracer.

The tissue distribution studies exhibited correlation with the imaging data; however, 

improved pharmacokinetics, specifically for blood clearance, is warranted. Modifications on 

the antibody are underway to address this issue. The competitive inhibition seemed 

inadequate even with ~100-fold addition of unmodified Bsg with normalized tissue weights 

(%ID/g). This likely stems from the shedding of TRA into the blood, a phenomenon that has 
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been previously reported in germ cell tumors.6,17 Of note, insufficient blocking has also 

been observed with other shed antigens. In the case of a CA19.9 immunoPET imaging, 

blocking of [89Zr]Zr-hu5B1 accumulation in BxPC-3 pancreatic tumors with excess hu5B1 

antibody was unsuccessful when normalized for tissue weight (%ID/g) but proven blocked 

when accounting only for injected radioactivity (%ID).24 Another plausible explanation can 

be derived from the glycosylation structure of TRA forming repeat tetracarbohydrate units 

(targeted by Bsg) on numerous sites of podocalyxin, its protein anchor.7,8 This polymeric 

structure likely has multiple epitopes, which can require higher doses to saturate. 

Nevertheless, analysis of the blocked versus unblocked cohorts without accounting for tissue 

weight revealed a 6.7-fold lower probe accumulation in the blocked groups. Additionally, 

the tumor to blood ratio decreased between the unblocked (0.73) and the blocked cohorts 

(0.56), suggestive of moderate blocking of the target epitope.

Taken collectively, we have demonstrated the potential of [89Zr]Zr-DFO-Bsg to delineate 

TRA+ malignancies. TRA immunoPET can potentially be utilized as a tool to select patients 

who can benefit from targeted therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In vitro imaging of TRA in BxPC-3 by (A) single cell imaging flow cytometry and (B) 

confocal imaging with TRA-1–60-AF488. (C) Counterstain with Bsg-cy5.5 showed 

localization of the probe on the cell surface. All confocal images were captured in 63×.(D) 

[89Zr]Zr-DFO-Bsg exhibited internalization with the high TRA-expressing NCCIT 

embryonal carcinoma cell line.
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Figure 2. 
(A) In vivo PET 2D slices of BxPC-3 xenografts imaged with [89Zr]Zr-DFO-Bsg from 4 to 

120 h p.i. (B) Time activity curve of [89Zr]Zr-DFO-Bsg injected mice examines tumor, 

heart, liver, and muscle uptake from 4 to 120 h. (C) [89Zr]Zr-DFO-IgG imaging of mice for 

comparison of nonspecific uptake and EPR effect. (D) PC-3 xenografted mice imaged with 

[89Zr]Zr-DFO-Bsg from 4–120 h p.i. with (E) time activity curve uptake and the (F) 

[89Zr]Zr-DFO-IgG comparison. Tumors are marked by the white circle.
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Figure 3. 
Tissue uptake of [89Zr]Zr-DFO-Bsg in BxPC-3 tumor bearing mice at 24, 48, 72, and 120 h 

p.i. time points (n ≥ 3). A competitive dose of excess ~500 μg nonradiolabeled antibody was 

coinjected with the tracer with the tissue uptake measured at 72 h p.i. The inset shows %ID 

tumor uptake from 24 to 120 h p.i. Tracer uptake was significantly higher in the 72 h 

unblocked cohort compared to the 72 h blocked cohort (p = 0.011). Error bars represent S.D.
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Figure 4. 
BxPC-3 tumors were resected from mice following immunoPET imaging for 

autoradiography and immunohistochemical analyses. (A) Ex vivo autoradiography of 

BxPC-3 demonstrated focal uptake. The white box displays the area where tracer uptake was 

measured. Inset: H&E staining of representative area. (B) Comparison of tracer 

accumulation in tumors (nCi) from autoradiographs of [89Zr]Zr-DFO-Bsg and [89Zr]Zr-

DFO-IgG. (C) Immunohistochemistry of tumor sections (5 μm, 400×) exhibited TRA 

expression. (D) Spearman correlation analysis comparing tracer uptake in the tumor (nCi) 

versus %TRA-1–60 staining by IHC showed a positive correlation. Error bars represent SD 

****p <0.0001.
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Figure 5. 
Bstrongomab immunohistochemical staining of benign and malignant tissues. (A) 

Embryonal carcinoma demonstrates positive staining with Bstrongomab (left) compared to a 

nonspecific isotype control (right). (B–E) Comparison of TRA expression in primary 

cancerous tissues (left) compared to benign (right) samples of (B) prostate, (C) breast, (D) 

ovarian, and (E) colon. (F) Presence of TRA-1–60 was examined in metastatic prostate (left) 

and metastatic colon (right) carcinomas. Benign prostate, benign breast, and benign ovarian 

images are 200×, all other images are 400×.
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Table 1.

TRA IHC Expression from Primary Carcinoma Solid Tumors

primary carcinoma total # patients % strong positive Bstrongomab

pancreatic 38 41%

prostatic 38 55%

breast 149 38%

ovarian 30 43%

gastric 8 100%

endometrium 8 86%

colon 30 30%

lung 66 25% squamous cancer, 30% adenocarcinoma
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