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Abstract

One of the most aggressive forms of breast cancer involves the overexpression of human 

epidermal growth factor receptor 2 (HER2). HER2 is overexpressed in ~25% of all breast cancers 

and is associated with increased proliferation, increased rates of metastasis, and poor prognosis. 

Treatment for HER2-positive breast cancer has vastly improved since the development of the 

monoclonal antibody trastuzumab (Herceptin) as well as other biological constructs. However, 

patients still commonly develop resistance, illustrating the need for newer therapies. Nanobodies 

have become an important focus for potential development as HER2-targeting imaging agents 

and therapeutics. Nanobodies have many favorable characteristics, including high stability in 

heat and nonphysiological pH, while maintaining their low-nanomolar affinity for their designed 

targets. Specifically, the 2Rs15d nanobody has been developed for targeting HER2 and has 

been evaluated as a diagnostic imaging agent for single-photon emission computed tomography 

(SPECT) and positron emission tomography (PET). While a construct of 2Rs15d with the positron 

emitter 68Ga is currently in phase I clinical trials, the only PET images acquired in preclinical 

or clinical research have been within 3 h postinjection. We evaluated our in-house produced 

2Rs15d nanobody, conjugated with the chelator deferoxamine (DFO), and radiolabeled with 89Zr 

for PET imaging up to 72 h postinjection. [89Zr]Zr-DFO-2Rs15d demonstrated high stability 

in both phosphate-buffered saline (PBS) and human serum. Cell binding studies showed high 

binding and specificity for HER2, as well as prominent internalization. Our in vivo PET imaging 

confirmed high-quality visualization of HER2-positive tumors up to 72 h postinjection, whereas 

HER2-negative tumors were not visualized. Subsequent biodistribution studies quantitatively 

supported the significant HER2-positive tumor uptake compared to the negative control. Our 

studies fill an important gap in understanding the imaging and binding properties of the 2Rs15d 

nanobody at extended time points. As many therapeutic radioisotopes have single or multiday 

half-lives, this information will directly benefit the potential of the radiotherapy development of 

2Rs15d for HER2-positive breast cancer patients.

Graphical Abstract
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INTRODUCTION

Breast cancer is diagnosed in 12% of women during their lifetime, making it the second 

most common cancer in women.1,2 One of the most aggressive forms of breast cancer 

involves the overexpression of the human epidermal growth factor receptor 2 (HER2). 

HER2 is a membrane tyrosine kinase that is a part of the HER family, which also includes 

HER1, HER3, and HER4 that are all involved in the regulation of normal breast growth and 

development.3 However, 15–25% of all breast cancer diagnoses have an overexpression of 

HER2, which leads to a poor prognosis and lower 5 year and overall survival rates.4–6 HER2 

does not have any known natural binding ligands, but it is the preferred dimerization partner 

for the rest of the HER family.7,8 Moreover, HER2 has the strongest catalytic kinase activity, 

and HER2-containing heterodimers have the strongest signaling activity of any of the HER 

dimers.4,9 These signaling pathways include the mitogen-activated protein kinase (MAPK) 

and the phosphoinositide 3 kinase (PI3K) pathways, leading to downstream effects of cell 

proliferation, growth, and antiapoptosis.4,8,10 Treatments for HER2-positive breast cancer 

have evolved over the years, starting with the development of the monoclonal antibody 

trastuzumab (Herceptin) as the first-line treatment. Other antibodies, including pertuzumab 

(Perjeta) and the trastuzumab antibody-drug conjugate T-DM1 (Kadcyla), are also approved 

for the treatment of HER2-positive breast cancer. However, resistance can develop over time 

to both trastuzumab and pertuzumab.11–13 While the loss of HER2 is a common mechanism 

of resistance to these therapeutic agents, other methods of resistance, i.e., failure to trigger 

antibody-dependent cellular toxicity (ADCC) or increased drug-efflux pump activity show 

the need for continued development of other therapeutics which can overcome these HER2 

alterations.14

The discovery of heavy-chain-only antibodies (HCAbs) and their single variable domains 

has led to the development of nanobodies as potential diagnostic and therapeutic 

biomolecules.15,16 Nanobodies are considered the smallest naturally derived antigen-binding 

fragments (~15 kDa) while still possessing affinities for their receptors in the low nanomolar 

range.15 Nanobodies have specific characteristics that differentiate them from monoclonal 

antibodies (mAbs). Nanobodies are a 10th of the size of mAb (~15 vs ~150 kDa), which 

leads to higher tissue penetration and a more rapid diffusion throughout the body. Moreover, 

they show low immunogenicity as well as resistance to harsh conditions, i.e., low and high 

pH and increased temperature.17 These favorable characteristics have led to the development 

of nanobodies as positron emission tomography (PET) imaging agents. Other antibody 

fragments have been evaluated for HER2 imaging, including affibodies. While affibodies 

have a smaller size (6–7 kDa), the main advantages of nanobodies over affibodies include 

greater stability for longer imaging times, higher affinity, and decreased likelihood of 

immune interaction due to the bacterial origin of affibodies.18
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One nanobody that has been investigated for PET imaging is 2Rs15d. The 2Rs15d nanobody 

was developed from the inoculation of a dromedary with HER2-Fc recombinant protein 

to screen the HCAbs for high-affinity HER2-binding nanobodies.19 Out of a screen of 

38 nanobodies, 2Rs15d was described as having a Kd of 3.9 nM and showed no binding 

competition against trastuzumab or pertuzumab that bind to domains IV and II of the HER2 

extracellular domain (ECD), respectively. This is an important property of a potential HER2 

PET imaging agent since it can be used to monitor trastuzumab and/or pertuzumab therapy 

without competing for the same binding site.19 2Rs15d has been shown to bind to the 

domain I of the HER2 ECD, confirming that 2Rs15d binds to a different epitope.20 The 

2Rs15d nanobody has since been evaluated as a PET imaging agent using both 68Ga and 
18F, resulting in high-quality images as quickly as 1 h postinjection in HER2-positive tumor 

xenograft mouse models.21,22 2Rs15d has also been investigated as a therapeutic targeting 

agent using alpha emitters, including 225Ac and 213Bi.23,24 With the emerging use of alpha 

emitters, with most half-lives between 10 h and 20 days, evaluating 2Rs15d for longer 

imaging time points may give insight into its ability to target HER2 for multiple days and 

thus the full capabilities for using alpha emitters combined with 2Rs15d for therapy. While 

2Rs15d biodistribution at longer time points has been completed with the single-photon 

emission computed tomography (SPECT) imaging radioisotope 131I, to the best of our 

knowledge, no PET images have been acquired past 4 h postinjection. PET imaging has 

higher sensitivity and easier quantification compared to SPECT and could better evaluate the 

location of the nanobody in vivo.25 This would be an important consideration for potential 

alpha emitter dosimetry and therapeutic potential, as this would allow for the acquisition of 

multiple PET images over time from a single injection of the radiolabeled nanobody.

The goal of this study was to evaluate the 2Rs15d nanobody for PET imaging using 89Zr. 

Using 89Zr, we were able to gain a greater understanding of the 2Rs15d nanobody’s 

distribution multiple days after injection, which may aid in an understanding of the 

feasibility of 2Rs15d for use with longer-lived alpha emitters in the future.

EXPERIMENTAL SECTION

Chemicals and Reagents.

All chemicals were purchased from Thermo Fisher Scientific (Waltham, MA, USA) 

unless otherwise stated. Hydrochloric acid (HCl), sodium hydroxide (NaOH), and sodium 

phosphate were purchased from Millipore Sigma (Burlington, MA, USA). Deferoxamine-

p-benzyl-isothiocyanate (DFO-Bz-NCS) was purchased from Macrocyclics (Plano, TX, 

USA). The UAB Cyclotron Facility prepared 89Zr-oxalate according to previously published 

procedures.26

Cell Culture.

MDA-MB-468 (HER2−) and BT474 (HER2+) cells were purchased from the American 

Type Culture Collection (Manassas, VA, USA). Both cell lines were grown in Gibco’s 

high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 80 μM gentamicin. The BT474 cell line media also had the addition 

of 1.8 mM of insulin. All cells were maintained and grown in humidified incubators at 37 
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°C with a 5% CO2 atmosphere. DMEM media, FBS, and gentamicin were purchased from 

Thermo Fisher, and the insulin was purchased from Millipore Sigma.

Production and Purification of the 2Rs15d Nanobody.

The coding sequence of the 2Rs15d nanobody was modified to contain C-terminal FLAG 

and 6× His sequences for detection, and NTA-Ni2+ purification was codon optimized for 

Escherichia coli expression and chemically synthesized (Integrated DNA Technologies, 

Coralville, Iowa, USA).20 The synthesized sequence was cloned into the pET22b(+) 

expression vector using NcoI and XhoI restriction sites and transformed into BL21 in one 

shot (DE3) Chemically Competent E. coli (Invitrogen). Recombinant nanobody was isolated 

via periplasmic extraction and purified by immobilized metal affinity chromatography using 

a GE AKTA FPLC instrument with a HisTrap HP 5 mL NTA-Ni2+ resin column (Cytiva 

Life Sciences). Additional purification of the nanobody was achieved by size exclusion 

chromatography. Fractions containing nanobodies were identified via the UV peaks on the 

FPLC and verified via running SDS-PAGE gels. The nanobody-containing fractions were 

then buffer-exchanged using a 0.5 mL 3 K spin column (Millipore) and diluted in phosphate 

buffer saline (PBS).

2Rs15d Conjugation.

The 2Rs15d nanobody was buffer-exchanged in 1× PBS (pH ~ 7) using a 0.5 mL 7 K 

MWCO Zeba Spin Desalting Column before conjugation. DFO-Bz-NCS was dissolved in 

dimethyl sulfoxide (DMSO) at a concentration of 2 μg/μL (2.6 mM). A five times molar 

excess of DFO-Bz-NCS was added to the 2Rs15d nanobody with 30 μL of 0.1 M sodium 

carbonate (pH 9) for a final pH of ~8.5. The solution was maintained at room temperature 

overnight while being shaken at 1200 rpm. The solution was purified using a fresh 0.5 mL 

7 K MWCO Zeba Spin Desalting Column and buffer-exchanged into 1 M HEPES (pH 7) to 

remove any excess DFO-Bz-NCS.

Radiolabeling of DFO-2Rs15d with 89Zr-Oxalate.
89Zr-oxalate was neutralized using 1 M HEPES and 5 M NaOH to a pH of 7 before labeling. 

~3 μL (10 μg) of conjugated and purified DFO-2Rs15d, 10 μL (37 MBq) of neutralized 89Zr-

oxalate, and 15–20 μL of 1 M HEPES were combined and incubated at 37 °C while shaking 

at 1200 rpm for 1 h. Instant thin-layer chromatography (iTLC) using silica-embedded iTLC 

plates was used to determine radiolabeling efficiency and analyzed on an Eckert & Ziegler 

AR-2000 radio-TLC scanner. iTLC plates were developed in a 50 mM DTPA solution. No 

purification was required for radiolabeling >95% efficiency.

Stability of [89Zr]Zr-DFO-2Rs15d.

Ten μg of [89Zr]Zr-DFO-2Rs15d was added to 100 μL of PBS or human serum (human 

origin; Fisher Scientific; lot 207624) and incubated at 37 °C while shaking for 800 rpm. 

For iTLC analysis, 1 μL aliquots were taken at 1, 4, 24, 72, 120, and 168 h. Intact 

[89Zr]Zr-DFO-2Rs15d was determined by drawing regions of interest (ROIs) of radioactivity 

and comparing them with the initial peak of unbound 89Zr (Rf ~ 0.26) and the [89Zr]Zr-
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DFO-2Rs15d peak (Rf = 0.0). Studies were repeated twice with 3 samples each for a total of 

n = 6 per medium.

Cell Binding, Specificity, and Internalization Studies.

For cell binding experiments, 2.5 × 105 of MDA-MB-468 and BT474 cells were seeded in 

24-well plates 48 h before the experiments. Cells were washed with room temperature PBS 

once before nanobody incubation. Cells were incubated at room temperature for 1 h with 

0.5 mL of 10 nM [89Zr]Zr-DFO-2Rs15d solution only, [89Zr]Zr-DFO-2Rs15d with 500 nM 

of unlabeled 2Rs15d, or [89Zr]Zr-DFO-2Rs15d with 500 nM of trastuzumab, all in PBS, to 

determine cell specificity to HER2 and binding competition with trastuzumab (all groups 

n = 8). After incubation, the initial PBS was removed, and cells were washed in triplicate 

with ice-cold PBS. Cells were removed from the plate with 250 μL of 1 M NaOH, and all 

contents within each individual well were collected into microcentrifuge tubes. A final wash 

of 250 μL of PBS was used to remove all contents and was pipetted into the same tube. 

Activity per well was evaluated on a HIDEX AMG gamma counter (HIDEX Oy. Turku, 

Finland). Values were normalized to total protein concentration per well determined by a 

BCA assay (Thermo Fisher) to give final values in percent activity per mg of protein (% 

activity/mg).

A similar procedure was followed for cell internalization studies, with a few modifications. 

Five × 105 BT474 cells were plated in 12-well plates (n = 6) 48 h prior to the experiment. 

Cells were incubated with 0.5 mL of 10 nM of [89Zr]Zr-DFO-2Rs15d in complete media 

for either 1, 2, 4, 24, or 72 h at 37 °C. After incubation, media was removed, and cells 

were washed in triplicate with ice-cold PBS. To isolate and recover the surface-bound 

[89Zr]Zr-DFO-2Rs15d, cells were incubated once with 250 μL of an acid wash (0.1 M 

sodium citrate buffer pH ~ 2) for 5 min at room temperature. The acid wash was collected 

separately, the cells were removed, and activity was determined as described previously.

Biodistribution and Imaging of [89Zr]Zr-DFO-2Rs15d.

The animal study protocol (protocol IACUC-21530) was approved by the Institutional 

Animal Care and Use Committee of The University of Alabama at Birmingham in February 

2019. Female athymic nude mice at 5 weeks of age were purchased from Charles River 

Laboratories (Wilmington, MA, USA). After 1 week of acclimation, homemade estrogen 

pellets were implanted into the right shoulder of mice who would be implanted with BT474 

cells to aid in the frequency and growth of the BT474 xenografts. The pellet was made by 

combining 0.72 mg of β-estradiol with 19.28 mg of cholesterol in a pestle and mortar until it 

was fine and homogeneous. Using a hand-sized tabletop pellet press, 20 mg of total powder 

was pressed using a hammer to form pellets. One week after pellet implantation, mice were 

injected with 107 cells in a 1:1 ratio of normal Matrigel and PBS (~150 μL) of either MDA-

MB-468 (HER2−) or BT474 (HER2+) in their left shoulder. Tumors were allowed to grow 

until palpable (approximately 5 × 5 × 5 mm) about 4 to 6 weeks after injection. Mice were 

injected with 8.5 μg of [89Zr]Zr-DFO-2Rs15d (0.5 nmol: ~2.6 MBq) in 100 μL of a mixture 

of sterile water and sterile saline to achieve a final osmolality of 300 mOsm. Mice were 

anesthetized with 2.5% isoflurane in oxygen for injections and PET/CT imaging acquisition. 

In between injections and imaging, mice were allowed to roam freely in their cages. Mice 
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were imaged 24 h postinjection on a Sofie GNEXT PET/CT with an acquisition time of 20 

min followed by a 5 min CT at 80 kVp, at 48 h (25 min PET acquisition, 5 min CT) and 

72 h (30 min PET acquisition, 5 min CT). Groups of HER2-positive and HER2-negative 

tumor-bearing mice were immediately euthanized after the 24 and 72 h imaging time points 

for biodistribution. After euthanasia, organs were dissected and weighed, and radioactivity 

was measured on a HIDEX AMG automated gamma counter. The uptake of radioactivity 

was calculated as the percent injected dose per gram of tissue (% ID/g).

PET images were reconstructed with a 3D ordered subset expectation maximization 

(OSEM) algorithm (24 subsets and 3 iterations), with random, attenuation, and decay 

correction, and CT images were reconstructed with the modified Feldkamp algorithm and 

analyzed using VivoQuant (Invicro) software. After images were reconstructed, standard 

uptake values (SUVs) were determined by hand-drawing regions of interest (ROIs) from 

both the HER2-positive and HER2-negative tumors and an adjacent muscle within the same 

mouse using CT anatomical guidelines. Radioactivity in each ROI was calculated as the 

SUV (eq 1).

SUV =
concentration of radioactivity in tumor MBq

mL
injected radioactivity MBq /mouse weight g

(1)

Statistical Analysis.

Quantitative analysis was expressed as mean ± SD. Comparisons were made using Prism 8 

software running an ordinary one-way ANOVA with multiple comparisons, unless otherwise 

stated. P values of less than 0.05 were considered significant.

RESULTS

2Rs15d Production and Purification.

2Rs15d was expressed and purified through SEC and isolated in fraction 6 of the FPLC 

method (Figure 1A). A sample from fraction 6 was run on SDS-PAGE and had a confirmed 

mass of ~17 kDa (Figure 1B). After confirmation of 2Rs15d and qualitative purity through 

SDS-PAGE, the fraction was concentrated, further purified through the 3 kDa spin column, 

and buffer-exchanged to yield the starting material in PBS.

Molar Activity and Stability of [89Zr]Zr-DFO-2Rs15d.

DFO was conjugated to 2Rs15d and resulted in an average protein recovery of 86.5 ± 

12.8% after purification. Radiolabeling of DFO-2Rs15d with 89Zr resulted in radiolabeling 

percentages >95% confirmed by iTLC. Radiolabeling purity was determined before all in 

vitro and in vivo experiments. The molar activity of [89Zr]Zr-DFO-2Rs15d ranged between 

2.5 and 6.20 MBq/nmol.

[89Zr]Zr-DFO-2Rs15d showed high stability in human serum and PBS for up to 7 days 

(Figure 2). While there was a modest decrease of intact [89Zr]Zr-DFO-2Rs15d over time, 

Ducharme et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2024 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[89Zr]Zr-DFO-2Rs15d was 77.0 ± 5.2 and 80.3 ± 11.8% intact after 7 days in human serum 

and PBS, respectively.

In Vitro Cell Binding and Cell Internalization Studies of [89Zr]Zr-DFO-2Rs15d.

[89Zr]Zr-DFO-2Rs15d with a purity of >95% was used for cell studies. Cell binding and 

blocking studies were performed to investigate the specific binding to HER2 (Figure 3A). 

There was significantly higher uptake (percent radioactivity per mg of total protein) in 

HER2-positive BT474 cells compared to HER2-negative MDA-MB-468 cells (54.7 ± 2.6 

versus 6.1 ± 0.6; p < 0.0001), indicating binding to HER2. Specificity for HER2 was further 

shown through cell-blocking studies with unlabeled DFO-2Rs15d. There was a significant 

decrease in binding of [89Zr]Zr-DFO-2Rs15d when blocking with unlabeled DFO-2Rs15d 

(54.7 ± 2.6 versus 13.5 ± 3.4; p < 0.0001). Blocking with trastuzumab did show a significant 

difference in the amount of binding of [89Zr]Zr-DFO-2Rs15d (54.7 ± 2.6 versus 50.1 

± 3.1; p < 0.01). While there was a significant difference in the amount of binding of 

[89Zr]Zr-DFO-2Rs15d, it is likely that the slight decrease in binding with the trastuzumab 

blocking group is most likely due to the occupation and internalization of HER2 initiated 

by trastuzumab binding. This is supported by the drastic difference in [89Zr]Zr-DFO-2Rs15d 

binding between the trastuzumab (50.1 ± 3.1) and unlabeled DFO-2Rs15d (6.1 ± 0.6) 

blocking groups.

The BT474 cells were used to determine the internalization of [89Zr]Zr-DFO-2Rs15d over 

time (Figure 3B). As early as 1 h after incubation, 48.5 ± 0.8% of the activity associated 

with the cells was internalized, with a steady increase in the amount of cell-associated 

[89Zr]Zr-DFO-2Rs15d internalized over time to 95.2 ± 0.2% after 72 h.

PET Imaging and Biodistribution.

[89Zr]Zr-DFO-2Rs15d preparations for PET imaging and biodistribution studies were 

confirmed to have a purity of >95% before injection. Athymic nude mice bearing tumor 

xenografts were injected with [89Zr]Zr-DFO-2Rs15d and imaged at 24, 48, and 72 h 

postinjection. HER2-positive tumors could be visualized by PET (Figure 4) after image 

reconstruction, while clear identification of HER2-negative tumors in the same signal 

window was not possible on PET images alone (Figure 5).

ROIs of tumors yielded mean standard uptake value (SUVmean) values (Figure 6) for 

HER2-positive tumors, which were significantly higher than the HER2-negative tumors at 

all time points (24 h: 0.7 ± 0.1 versus 0.1 ± 0.0/48 h: 0.6 ± 0.1 versus 0.1 ± 0.0/72 h: 0.5 ± 

0.0 versus 0.1 ± 0.0; p < 0.0001 for all time points).

The biodistribution data support the findings from the PET imaging data of both HER2-

positive and HER2-negative tumor-bearing mice at 24 and 72 h (Figure 7A,B). Kidneys 

showed the highest amount of radioactivity at both time points (>100% ID/g), which is 

expected due to the known excretion pathway of [89Zr]Zr-DFO-2Rs15d through the kidneys. 

The mice bearing the MDA-MB-468 (HER2−) tumors had higher kidney uptake than the 

BT474 (HER2+) tumors at both time points, including a significant difference at 24 h (179.4 

± 47.8 versus 100.2 ± 23.7; p < 0.05). There was modest uptake in the liver (~3% ID/g) and 

spleen (~2% ID/g) in all groups. The femur also showed some uptake (0.3–1.3% ID/g). At 
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both time points, femur uptake was significantly higher in our HER2+ tumor-bearing mice 

versus HER2− tumor-bearing mice (24 h: 1.3 ± 0.3 versus 0.3 ± 0.1; p < 0.01/72 h: 0.7 ± 0.1 

versus 0.4 ± 0.0; p < 0.001). The rest of the vital organs had low uptake at <0.5% ID/g.

There was a significant difference in tumor uptake with HER2-positive BT474 tumors 

compared to that with HER2-negative MDA-MB-468 tumors (Figure 7C). At 24 h, HER2-

positive tumors had an uptake of 3.6 ± 1.4% ID/g, which was significantly higher than 

the HER2-negative tumors (0.3 ± 0.1% ID/g; p < 0.001). There was a similar significance 

difference between the HER2-positive and HER2-negative tumors at 72 h (1.8 ± 0.1% 

ID/g versus 0.2 ± 0.0% ID/g; p < 0.05). HER2-positive tumor binding was significantly 

higher at 24 h versus 72 h (3.6 ± 1.4% ID/g versus 1.8 ± 0.1% ID/g; p < 0.05). There 

was also a significant difference in tumor-to-blood ratios between the HER2-positive and 

HER2-negative tumor mice at both 24 and 72 h (24 h: 13.3 ± 7.7 versus 1.0 ± 0.4; p < 

0.01/72 h: 14.5 ± 0.3 versus 1.6 ± 0.3; p < 0.01: Figure 7D). Tumor-to-muscle ratios were 

also significantly higher at 24 and 72 h for HER2-positive tumor-bearing mice compared to 

HER2-negative tumor-bearing mice (24 h: 39.9 ± 29.0 versus 2.5 ± 1.0; p < 0.05/72 h: 18.8 

± 2.1 versus 2.4 ± 1.0; p < 0.0001).

DISCUSSION

Identification of HER2-positive breast cancer with PET imaging with radiolabeled 

trastuzumab and pertuzumab has been an important area of research to help understand 

which patients would benefit from HER2-targeted therapy.27–35 Patients whose lesions 

show high uptake of the antibodies are likely to be positive responders to antibody-

based therapies. The ZEPHIR trial showed that out of 39 HER2-positive patients, 28 

patients (71.8%) showed objective response, whereas 14 out of 16 HER2-negative patients 

(87.5%) had stable or progressive disease with trastuzumab emtansine (T-DM1) treatment.28 

However, HER2-positive breast cancer has been shown to become resistant to antibody-

based therapy through a variety of mechanisms.11–14 Development of new specific-targeting 

therapeutic agents that utilize other methods, including radiotherapy, is showing progress 

in several cancer types. Our studies evaluated the 2Rs15d nanobody for PET imaging of 

HER2-positive breast cancer with 89Zr. 89Zr has a half-life of 78.4 h with an average 

positron energy of 395.5 keV, which gives it favorable characteristics including good 

imaging resolution and a half-life which permits imaging several days postinjection.36 

While there have been preclinical studies with 2Rs15d at longer time points using 131I, 

the improved spatial resolution for PET imaging is an advantage worth exploring. These 

are the first preclinical PET images acquired for the 2Rs15d nanobody radiolabeled with 

the positron-emitter 89Zr. As 2Rs15d is drawing interest for use in radiotherapy, it is 

important to evaluate the biodistribution of 2Rs15d at longer time points to understand the 

potential dosimetry of the radiolabeled 2Rs15d before exposure to therapeutic radioisotopes 

that give a high amount of ionizing radiation. This study allowed us to evaluate the 

biodistribution of 2Rs15d at longer time points and show that 89Zr could be a suitable 

isotope for these imaging studies. PET image acquisition utilizing [89Zr]Zr-DFO-2Rs15d 

will give insight into the extended time points, which will be beneficial to gain a better 

understanding of the long-term binding capabilities, tumor retention, and off-target effects of 

the radiotherapeutics.
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Our in-house-prepared 2Rs15d was successfully conjugated to deferoxamine (DFO) and 

efficiently radiolabeled with 89Zr showing the first DFO-89Zr labeling of the 2Rs15d 

nanobody. This also showed that bifunctional chelators possessing the R-Bn-NCS moiety 

can be conjugated to the 2Rs15d nanobody in a similar procedure as antibodies.37 To show 

in vitro stability, serum and PBS stability studies were performed and showed that ~80% of 

the original nanobody remained intact after 7 days of incubation.

The in vitro binding properties of [89Zr]Zr-DFO-2Rs15d showed significantly higher 

binding (% activity/mg of total protein) in the HER2-overexpressing BT474 cells compared 

to the triple-negative MDA-MB-468 cells (54.7 ± 2.6 versus 6.1 ± 0.6; p < 0.0001). 

Specificity for HER2 was indicated by blocking the binding of [89Zr]Zr-DFO-2Rs15d using 

unlabeled DFO-2Rs15d (54.7 ± 2.6 versus 13.5 ± 3.4; p < 0.0001). Somewhat surprisingly, 

the addition of trastuzumab resulted in a modest decrease in 2Rs15d binding (54.7 ± 2.6 

versus 50.1 ± 3.1; p < 0.01). It was first described by D’Huyvetter et al. that 2Rs15d 

binds to domain I of the extracellular domain, different from trastuzumab or pertuzumab.20 

Trastuzumab has been shown to bind to domain IV on the extracellular domain.11,38,39 It 

has also been shown that trastuzumab binding to HER2 can induce internalization.40 A 

possible explanation for lower nanobody binding is that the addition of the higher molar 

value (500 nM) of trastuzumab occupied the HER2 receptor and led to the decrease of 

HER2 on the cell surface via internalization, thus leading to less HER2 availability for 

binding of [89Zr]Zr-DFO-2Rs15d. While there was a significant difference in binding with 

the addition of trastuzumab, the amount of binding in the trastuzumab blocking group (50.1 

± 3.1) was significantly higher than the unlabeled 2Rs15d blocking group (13.5 ± 3.4; p 
< 0.0001), indicating that true epitope blocking was most likely not the factor that caused 

lower binding.

Our studies showed that [89Zr]Zr-DFO-2Rs15d was internalized at 48.5 ± 0.8% after 1 h 

and 95.2 ± 0.2% after 72 h. Previous internalization studies with 2Rs15d derivatives showed 

only ~9% of nanobody was internalized after 1 h and ~29% after 24 h.20 The current 

study’s 24 h time point showed 83.5 ± 0.4% was internalized, which may be caused by 

modifications of our nanobody, including the 6× His-tag, sortase, and FLAG, which can 

alter the internalization or efflux of the nanobody from the cell. It is also possible that the 

amount of efflux differs with 89Zr as compared to other radioisotopes such as 18F, which has 

different chemical properties. It has been hypothesized that after internalization, 89Zr will 

bind to intracellular components, decreasing the efflux out of the cell.41 The combination of 

high binding to HER2 and a high internalization rate shows that 2Rs15d has a high potential 

for continued therapeutic development.

In vivo evaluation of [89Zr]Zr-DFO-2Rs15d was completed with PET image acquisition at 

24, 48, and 72 h postinjection and biodistribution at 24 and 72 h. HER2-positive tumor 

uptake was significantly higher at 24 h than at 72 h (3.6 ± 1.4 versus 1.8 ± 0.1% ID/g; p 
< 0.05). Similar biodistribution studies showed similar values of 3.6 ± 0.3 and 2.9 ± 0.6% 

ID/g of 177Lu-DTPA-2Rs15d and 5.1 ± 1.9 and 0.4 ± 0.1% ID/g of 131I-2Rs15d at 24 and 72 

h, respectively.20,42 It is important to note that the 177Lu-DTPA-2Rs15d was evaluated in a 

cell model (SKOV3) different from our BT474 cell model. This, combined with a different 

chelator/isotope combination, may lead to a difference in values. The [89Zr]Zr-DFO-2Rs15d 
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nanobody had the highest uptake in the kidneys (>100% ID/g) at all time points, which may 

be a dosimetry concern when developing radiotherapeutics. We expected that the kidneys 

would have the highest uptake since nanobodies are excreted through the kidneys. It has also 

been shown that the nanobody is retained in the proximal tubule of the kidney cortex.43 Our 

nanobody was purified using a nickel column and still possesses a histidine tag used for 

association with the nickel column. Studies with the his-tagged version of 2Rs15d have also 

been completed by Xavier et al. using 68Ga at a 1 h postinjection time point.22 The tumor 

uptake at 1 h was reported at 3.1 ± 0.1% ID/g, with a tumor-to-blood ratio of 9.5 ± 2.9. In 

comparison, we have tumor uptakes of 3.6 ± 1.4 and 1.8 ± 0.1 with tumor-to-blood ratios of 

13.3 ± 7.7 and 14.5 ± 0.3 at 24 and 72 h, respectively. This data supports the previous data 

with PET imaging of 2Rs15d but also lays the foundation for using the 89Zr-labeled 2Rs15d 

for PET imaging for multiple days postinjection. Currently, in clinical trials, 68Ga-2Rs15d 

is only imaged 1–2 h postinjection. We believe that imaging with 89Zr may allow us to 

image a patient multiple times through one injection. Gaining this insight supports using 

2Rs15d for potential radiotherapy. Future development of this nanobody will include the 

removal of the histidine tag, as it has been shown to decrease kidney retention.22,42,44 Other 

methods to decrease kidney retention include the injection of gelofusine, which works by 

reducing the amount of binding and uptake of radiopharmaceuticals that are excreted by 

the kidneys.42 Decreasing kidney retention would be a significant focus for developing 

2Rs15d for potential use for radiotherapy. The remaining vital organs showed low uptake 72 

h postinjection. The liver and spleen were the only organs that showed uptake ≥1% ID/g, 

suggesting that off-target binding and uptake of the [89Zr]Zr-DFO-2Rs15d were minimal. 

While the femur contained ~1% ID/g at the 24 and 72 h time points, this may be attributed 

to the unbound 89Zr decoupled from the nanobody after being metabolized. There was 

significantly higher uptake in the femur in our HER2-positive tumor mice than in the 

HER2-negative tumor mice. An explanation for this result could be a difference in excretion 

between the HER2-positive tumor and HER2-negative tumor mice, as indicated by the 

difference in kidney uptake between the models. Once decoupled from the nanobody, or 

more specifically, the DFO chelator, free 89Zr is known to localize in the bone in mice.45 

However, we were able to clearly visualize HER2-positive tumors at 24, 48, and 72 h 

postinjection, which is the first PET image acquired past 3 h using this nanobody to the best 

of our knowledge. While 64Cu (t1/2 = 12.7 h) could have also been a suitable isotope for our 

studies, 89Zr (t1/2 = 78.4 h) had greater advantages with its longer half-life. At our 72 h time 

point, only ~2% of the starting dose of 64Cu would be left, whereas with 89Zr, there is 53% 

remaining when considering physical decay. Using 89Zr for both time points gave us a more 

direct comparison and provided sufficient radioactivity for our later time point.

Peptides have also been evaluated for HER2 PET imaging but do not favorably compare 

with respect to the binding capabilities of antibodies or nanobodies. The KCCYSL peptide 

motif is the most evaluated and resulted in a tumor uptake range of 0.34 ± 0.03% ID to 

0.66 ± 0.11% ID/g at 2 h postinjection.46–48 Affibodies have also been evaluated in clinical 

trials but struggle with affinity, off-target binding, and expensive production.18,49 Antibodies 

will have a superior binding ability with low nanomolar affinity; however, we believe that 

[89Zr]Zr-DFO-2Rs15d has strong characteristics for binding affinity, stability, and imaging 

potential.
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2Rs15d has been evaluated preclinically using a variety of different therapeutic isotopes 

including the beta-emitter 177Lu, and the alpha-emitters 213Bi, 211At, and 225Ac.23,42,50,51 

While it was shown that 177Lu-DTPA-2Rs15d can target SKOV3 tumors as described 

earlier, there are some advantages of using alpha emitters over beta emitters for therapy. 

Alpha emitters can deliver a higher linear energy transfer than beta emitters and have 

a shorter distance at which they cause ionizing radiation.52 Pruszynski et al. evaluated 
225Ac-DOTA-2Rs15d up to 48 h postinjection and observed 1.3 ± 0.2% ID/g in HER2-

positive tumors with relatively low kidney retention (7.6 ± 1.0% ID/g).24 Rodak et al. also 

reported 225Ac-DOTA-2Rs15d uptake in SKOV3 (HER2-positive) tumors of 6.2 ± 1.0 and 

4.2 ± 0.7% ID/g at 48 and 72 h, respectively.53 Our biodistribution data illustrated [89Zr]Zr-

DFO-2Rs15d uptake in HER2-positive tumors up to 72 h postinjection (1.8 ± 0.1% ID/g), as 

well as the highest tumor-to-blood ratio (14.5 ± 0.3), while studies at 24 h illustrated higher 

tumor uptake (3.6 ± 1.4% ID/g). This work illustrates that continued evaluation and potential 

modifications to the 2Rs15d nanobody may be needed for longer time points to optimize use 

with 225Ac (t1/2 = 9.9 d).

Our work demonstrates that the 2Rs15d nanobody can specifically target HER2-positive 

tumors up to 3 days after injection. 2Rs15d can potentially be used to identify HER2-

positive lesions, to monitor treatment during current first-line antibody therapy, and has 

potential future use as a radiotherapeutic. The continued development of this nanobody will 

be to extend imaging time points past 72 h and to decrease the amount of kidney binding and 

retention to improve pharmacokinetics and thus decrease the amount of dose to the kidneys.

CONCLUSIONS

2Rs15d was successfully conjugated with DFO to support radiolabeling with 89Zr. [89Zr]Zr-

DFO-2Rs15d showed specific binding to HER2 and high in vitro stability for up to 7 days in 

human serum. In vivo evaluation confirmed that specific targeting of HER2-positive tumors 

could be achieved up to 72 h postinjection, yielding the first PET targeting agent based 

on 2Rs15d to be evaluated past 4 h. [89Zr]Zr-DFO-2Rs15d uptake was visualized up to 

72 h postinjection in HER2-positive tumor-bearing mice, whereas HER2-negative tumors 

were not distinguished using PET. Overall, our work supports the continued development of 

the 2Rs15d nanobody for HER2 PET imaging as well as supports further investigation for 

radiotherapeutic use.
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Figure 1. 
Purification of the 2Rs15d nanobody. (A) FPLC chromatogram showing the fraction 

collected of 2Rs15d with (B) the SDS-PAGE gel showing the molecular weight of ~17 

kDa, confirming 2Rs15d production.
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Figure 2. 
Stability of [89Zr]Zr-DFO-2Rs15d up to 7 days in human serum and PBS. After 7 days, 

[89Zr]Zr-DFO-2Rs15d was ~80% intact in both conditions. (n = 6 for each group).
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Figure 3. 
Cell binding studies evaluating [89Zr]Zr-DFO-2Rs15d. (A) Cell binding and specificity 

studies show [89Zr]Zr-DFO-2Rs15d has specific binding to HER2 while binding to a 

different epitope than trastuzumab. (n = 8 for each group) (B) Internalization studies showed 

a steady increase of cell-associated [89Zr]Zr-DFO-2Rs15d internalized over 72 h. (n = 6 for 

each group) **p < 0.01 and ****p < 0.0001.
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Figure 4. 
PET/CT images at 24, 48, and 72 h postinjection of a HER2-positive tumor-bearing mouse 

(SUVmean scale 0.3–2). The tumor can be clearly visualized on the left shoulder of the 

mouse at all time points in both the maximum intensity projection (MIP) and transverse slice 

images.
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Figure 5. 
PET/CT images at 24, 48, and 72 h postinjection of a HER2-negative tumor-bearing mouse 

(SUVmean scale 0.3–2). No PET signal could be visualized in the tumor at the selected 

window to compare with the HER2-positive mice. The tumor is located on the left shoulder 

in the same area as the HER2-positive tumor-bearing mice.

Ducharme et al. Page 20

Mol Pharm. Author manuscript; available in PMC 2024 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
HER2-positive tumors had a higher SUVmean than HER2-negative tumors at 24, 48, and 72 

h postinjection of [89Zr]Zr-DFO-2Rs15d. Analysis was completed using a student’s t-test. 

****p < 0.0001.
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Figure 7. 
Biodistribution of [89Zr]Zr-DFO-2Rs15d in HER2-positive and HER2-negative tumor-

bearing mice. Full body biodistribution at (A) 24 h and (B) 72 h shows high kidney 

radioactivity levels with modest liver, spleen, and femur uptake. (C) HER2-positive 

tumors had significantly higher tumor uptake and (D) tumor-to-blood ratios of [89Zr]Zr-

DFO-2Rs15d compared to HER2-negative tumors at both time points. (n = 4 for all groups). 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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