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Abstract

Purpose—Our previous studies with F-18-labeled anti-HER2 single-domain antibodies (sdAbs) 

utilized 5F7, which binds to the same epitope on HER2 as trastuzumab, complicating its use for 

positron emission tomography (PET) imaging of patients undergoing trastuzumab therapy. On the 

other hand, sdAb 2Rs15d binds to a different epitope on HER2 and thus might be a preferable 

vector for imaging in these patients. The aim of this study was to evaluate the tumor targeting of 

F-18 -labeled 2Rs15d in HER2-expressing breast carcinoma cells and xenografts.

Procedures—sdAb 2Rs15d was labeled with the residualizing labels N-succinimidyl 3-((4-(4-

[18F]fluorobutyl)-1H-1,2,3-triazol-1-yl)methyl)-5-(guanidinomethyl)benzoate ([18F]RL-I) and N-

succinimidyl 4-guanidinomethyl-3-[125I]iodobenzoate ([125I]SGMIB), and the purity and HER2-

specific binding affinity and immunoreactivity were assessed after labeling. The biodistribution of 

I-125- and F-18-labeled 2Rs15d was determined in SCID mice bearing subcutaneous BT474M1 

xenografts. MicroPET/x-ray computed tomograph (CT) imaging of [18F]RL-I-2Rs15d was 

performed in this model and compared to that of nonspecific sdAb [18F]RL-I-R3B23. 

MicroPET/CT imaging was also done in an intracranial HER2-positive breast cancer brain 

metastasis model after administration of 2Rs15d-, 5F7-, and R3B23-[18F]RL-I conjugates.

Results—[18F]RL-I was conjugated to 2Rs15d in 40.8 ± 9.1 % yield and with a radiochemical 

purity of 97–100 %. Its immunoreactive fraction (IRF) and affinity for HER2-specific binding 

were 79.2 ± 5.4 % and 7.1 ± 0.4 nM, respectively. [125I]SGMIB was conjugated to 2Rs15d in 58.4 

± 8.2 % yield and with a radiochemical purity of 95–99 %; its IRF and affinity for HER2-specific 

binding were 79.0 ± 12.9 % and 4.5 ± 0.8 nM, respectively. Internalized radioactivity in BT474M1 
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cells in vitro for [18F]RL-I-2Rs15d was 43.7 ± 3.6, 36.5 ± 2.6, and 21.7 ± 1.2 % of initially bound 

radioactivity at 1, 2, and 4 h, respectively, and was similar to that seen for [125I]SGMIB-2Rs15d. 

Uptake of [18F]RL-I-2Rs15d in subcutaneous xenografts was 16–20 %ID/g over 1–3 h. 

Subcutaneous tumor could be clearly delineated by microPET/CT imaging with [18F]RL-I-2Rs15d 

but not with [18F]RL-I-R3B23. Intracranial breast cancer brain metastases could be visualized 

after intravenous administration of both [18F]RL-I-2Rs15d and [18F]RL-I-5F7.

Conclusions—Although radiolabeled 2Rs15d conjugates exhibited lower tumor cell retention 

both in vitro and in vivo than that observed previously for 5F7, given that it binds to a different 

epitope on HER2 from those targeted by the clinically utilized HER2-targeted therapeutic 

antibodies trastuzumab and pertuzumab, F-18-labeled 2Rs15d has potential for assessing HER2 

status by PET imaging after trastuzumab and/or pertuzumab therapy.
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Introduction

Up to about 25 % of breast cancers express human epidermal growth factor receptor 2 

(HER2), and overexpression of HER2 is associated with tumor aggressiveness and poor 

prognosis [1, 2]. This has led to the development of a variety of HER2-targeted therapies 

including the anti-HER2 antibodies trastuzumab and pertuzumab, T-DM1 (Kadcyla®)—an 

antibody-drug conjugate derived from trastuzumab and emtansine (DM1), and the tyrosine 

kinase inhibitor lapatinib [3–5]. Because only a subset of breast cancer patients has HER2-

expressing tumors, reliable evaluation of HER2 status is a critical step in selecting patients 

who might benefit from these HER2-specific treatments. Current methods for the 

determination of HER2 status, immunohistochemistry, and fluorescence in situ hybridization 

are invasive, requiring biopsy samples [6]. Furthermore, these techniques are of limited use 

for dealing with the heterogeneous nature of HER2 expression in the primary tumor and the 

significant discordance in HER2 expression in primary tumor and metastases as well as 

among metastases in an individual patient [7, 8]. In contrast, molecular imaging techniques 

such as positron emission tomography (PET) are noninvasive and can provide global status 

of HER2 in real time [9]. Moreover, determination of HER2 status by PET imaging can also 

be used to evaluate response to HER2-targeted therapies.

A number of targeting vectors including intact antibodies, F(ab′)2 fragments, minibodies, 

diabodies, and affibodies have been labeled with various positron emitters and evaluated for 

the determination of HER2 status by PET [10–14]. Camelid-derived single-domain 

antibodies (sdAb), a.k.a. VHH molecules or nanobodies, are attractive for this purpose 

because of their ease of production, excellent stability, high water solubility, low 

immunogenicity, and nanomolar to picomolar affinity [15, 16]. Their molecular weight (12–

15 kDa), a tenth of intact antibodies, facilitates deeper tumor penetration compared with 

intact antibodies. A significant advantage for PET imaging applications is that their fast 

blood clearance makes them compatible for use with clinically amenable short-lived positron 

emitters F-18 and Ga-68 [17, 18].
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In a previous study, we evaluated the possibility of labeling a HER2-specific sdAb with F-18 

and developed a novel residualizing F-18 labeling method, to maximize trapping of 

radioactivity in tumor cells after receptor internalization [19]. Although excellent tumor 

targeting properties were observed for F-18-labeled 5F7 anti-HER2 conjugate, this sdAb 

binds to the C-terminus of domain IV of HER2 [20], and its HER2 binding can be blocked 

by trastuzumab [21]. Unfortunately, this compromises its potential utility in radiolabeled 

form as a PET agent for evaluating response to trastuzumab therapy as it will not be able to 

differentiate, for example, between low tumor uptake due to HER2 blocking by circulating 

trastuzumab and receptor downregulation [22]. An intriguing approach that circumvents this 

problem would be to utilize 2Rs15d, identified from a panel of anti-HER2 sdAbs [23] as a 

molecule with good affinity and tumor targeting but recognizing a different epitope on 

HER2 from those targeted by the clinically relevant therapeutic antibodies trastuzumab and 

pertuzumab [18, 24].

The goal of the current study was to label 2Rs15d using the residualizing label N-

succinimidyl 3-((4-(4-[18F]fluorobutyl)-1H-1,2,3-triazol-1-yl)methyl)-5-

(guanidinomethyl)benzoate ([18F]RL-I or [18F]SFBTMGMB; Fig. 1) [19, 25] and evaluate 

the potential utility of this radioconjugate for imaging HER2-expressing tumors by PET. 

Studies were performed in BT474M1 breast carcinoma cells as well as in subcutaneous and 

intracranial xenografts derived from this line and included comparisons to 2Rs15d 

radioiodinated with the prototypical residualizing prosthetic agent SGMIB [26].

Materials and Methods

General

All reagents were purchased from Sigma-Aldrich except where noted. Sodium [125I]iodide 

(81.4 TBq/mmol) in 0.1 N NaOH was obtained from PerkinElmer Life and Analytical 

Sciences (Boston, MA). N-succinimidyl 4-guanidinomethyl-3-[125I]iodobenzoate 

([125I]SGMIB) [26] and the F-18 residualizing prosthetic agent [18F]RL-I [25] were 

synthesized as reported previously. High-pressure liquid chromatography (HPLC) was 

performed using a Beckman Gold HPLC system equipped with a Model 126 programmable 

solvent module, a Model 168 diode array detector, and Beckman System Gold remote 

interface module SS420X; data were acquired using 32 Karat® software. Radioactivity was 

detected using an IN/US γ-RAM detector and Laura Lite® software (IN/US Systems, 

Tampa, FL; now LabLogic); this system has the capability to detect two radionuclides 

simultaneously. Disposable PD 10 desalting columns for gel filtration were purchased from 

GE Healthcare (Piscataway, NJ). Instant thin-layer chromatography (ITLC) was performed 

using silica gel-impregnated glass fiber sheets (Pall Corporation, East Hills, NY) with PBS, 

pH 7.4, as the mobile phase. Developed sheets were analyzed for radioactivity either using 

the TLC scanner described above or by cutting the sheet into small strips and counting them 

in an LKB 1282 (Wallac, Finland) automated gamma counter. Radioactivity levels in various 

samples were assessed using this LKB 1282 device or using a PerkinElmer Wizard II 

(Shelton, CT) automated gamma counter.
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Single-Domain Antibodies, Cells, and Culture Conditions

Single-domain antibody 5F7 was produced and purified as described [27, 28]. Details of the 

production, purification, and characterization of 2Rs15d sdAb have been reported previously 

[23, 24]. An anti-paraprotein sdAb R3B23 [29], with no binding to HER2, was used as a 

control to determine nonspecific uptake. The sdAbs used in these experiments were devoid 

of any tags such as His-tag or Cys-tag. Cell culture reagents were purchased from Invitrogen 

(Grand Island, NY). BT474M1 human breast carcinoma cells [30], a more tumorigenic 

version of the parental BT474 cell line, were grown in DMEM/F12 medium containing 

10 % fetal calf serum (FCS), streptomycin (100 μg/ml), and penicillin (100 IU/ml) (Sigma-

Aldrich, MO). The cells were cultured at 37 °C in a 5 % CO2 humidified incubator.

Radiolabeling of Single-Domain Antibodies

The methods for radiolabeling sdAb 2Rs15d with [125I]SGMIB and [18F]RL-I were 

essentially identical to those reported previously for labeling 5F7 with these prosthetic 

agents [25, 31]. Briefly, a solution of 2Rs15d in borate buffer, pH 8.5 (100 μg in 50 μl), was 

added to the dried prosthetic agent (0.37–0.56 GBq for [18F]RL-I and 0.04–0.11 GBq for 

[125I]SGMIB), and the mixture was incubated at 20 °C for 20 min. Labeled protein was 

isolated by gel filtration over a PD10 column preconditioned with human serum albumin 

(HSA) to minimize nonspecific binding and eluted with PBS. R3B23 was labeled using 

[18F]RL-I in a similar fashion. The purity of labeled sdAbs was determined by 

trichloroacetic acid (TCA) precipitation, ITLC, and SDS-PAGE/phosphor imaging as 

described previously [25, 27, 31]. In some cases, size-exclusion HPLC was also performed. 

For this, a TSKgel Super SW2000 4.6 mm × 30 cm column attached with a 4.6 mm × 3.5 cm 

guard column (Tosoh Bioscience, Montgomeryville, PA) was equilibrated and eluted with 

PBS, pH 7.0, at a flow rate of 0.3 ml/min with a run time of 25 min. Under these conditions, 

all sdAbs eluted with a retention time of 16 min.

Immunoreactivity and KD Determination of Radiolabeled 2Rs15d

The immunoreactive fraction of radiolabeled sdAb conjugates was determined by the 

Lindmo method [32] using magnetic beads coated with the extracellular domain of HER2 or, 

as a negative control, with HSA, prepared as described [25, 27, 31]. Briefly, aliquots of 

labeled sdAb (~5 ng) were incubated in duplicate with three doubling concentrations of both 

positive (HER2) and negative (HSA) beads. Reciprocals of the percentage of specific 

binding (positive minus negative) were plotted against the reciprocals of bead concentration, 

and from this, the immunoreactive fraction was calculated, indicating specific binding at the 

infinite antigen concentration [32].

For the saturation binding assay to determine radiolabeled sdAb HER2 binding affinity, 

BT474M1 cells were plated in 24-well plates at a density of 8 × 104 cells/well/ml and 

incubated overnight at 37 °C. Subsequently, the cells were allowed to acclimatize at 4 °C for 

30 min prior to the addition of increasing concentrations of radiolabeled 2Rs15d (0.1–300 

nM; 0.6 ml total volume per well). The cells were incubated with the tracer at 4 °C for 2 h, 

the medium containing unbound radioactivity was removed, and the cells were washed twice 

with cold PBS. Finally, the cells were solubilized by treatment with 0.5 ml 0.1 % SDS at 

37 °C for 10 min. Cell-associated radioactivity was counted using an automated gamma 
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counter. To determine nonspecific binding, parallel assays were performed by co-incubating 

cells with a 100-fold excess of 2Rs15d. The data were fit using GraphPad Prism software to 

determine the KD value.

In Vitro Internalization Assays

These assays were performed in a paired label format as described for other radiolabeled 

sdAbs [19, 31]. BT474M1 cells at a density of 8 × 105 cells per well in 3 ml medium were 

plated in six-well plates. After overnight incubation at 37 °C, the cells were brought to 4 °C 

and incubated for 30 min. The medium was removed and replenished with 2 ml fresh 

medium containing F-18- and I-125 labeled sdAbs (5 nM each), and the cells were further 

incubated at 4 °C for 1 h. Cell culture supernatants containing unbound radioactivity were 

removed, and 2 ml fresh medium at 37 °C was added. The cells were brought to 37 °C and 

incubated for 1, 2, and 4 h and processed as follows. Cell culture supernatants were 

collected, and the cells were washed with an acidic buffer consisting of 50 mM glycine-

HCl/0.1 M NaCl, pH 2.8, to strip off the surface-bound radioactivity. Finally, the cells were 

lysed by incubating with 0.1 % SDS (1 ml). Radioactivity in cell lysates, acid washes, and 

cell culture supernatants was counted, and from these values, the percentage of radioactivity 

initially bound to the cells that were present in cell culture supernatants, acid washes, and 

cell lysates was calculated. To determine nonspecific uptake, a parallel experiment was 

performed as above but with a 100-fold molar excess of 2Rs15d added along with the 

labeled sdAb preparations.

Biodistribution Studies

All experiments involving animals were performed using a protocol approved by the Duke 

University Institutional Animal Care and Use Committee. Subcutaneous BT474M1 tumor 

xenografts in 10–12-week-old NOD.CB17-Prkdcscid/J female mice weighing about 20 g 

were established as described previously [27]. When tumors reached a volume of 300–500 

mm3, a paired label experiment was performed to directly compare the biodistribution of 

[18F]RL-I-2Rs15d with that of [125I]SGMIB-2Rs15d. For this, 185 kBq (5 μCi; 0.7 μg) of 

[125I]SGMIB-2Rs15d and 222 kBq (6 μCi; 0.8 μg) of [18F]RL-I-2Rs15d were injected 

intravenously into three groups of five mice and serial necropsies were performed at 1, 2, 

and 3 h post-injection (p.i.). At each time point, blood and urine were collected, and mice 

were killed by isoflurane overdose. Tumor and solid tissues were isolated, blot-dried, and 

weighed. Radioactivity in these tissues, as well as in blood and urine, was counted along 

with injection standards using an automated gamma counter. From these data, the percentage 

of the injected dose (ID) per organ and per gram of tissue (%ID/g) was calculated. Statistical 

significance of difference in uptake between co-administered sdAbs was determined by a 

paired Student’s t test using the Microsoft Excel program; a P value of <0.05 was considered 

significant.

MicroPET/CT Imaging—Subcutaneous Model

Imaging was performed on a Siemens Inveon microPET/CT system (Malvern, PA) in mice 

with BT474M1 subcutaneous xenografts. Three mice were imaged at 1, 2, and 3 h after 

intravenous administration of [18F]RL-I-2Rs15d, one mouse with one batch (5.5 MBq/149 

μCi; 13 μg) and the other two with another batch (2.2 MBq/60 μCi; 7.2 μg and 1.7 MBq/46 
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μCi; 5.4 μg) on a different day. The latter two mice were also imaged at 1 and 2 h after 

injection of ~3.6 MBq (97 μCi; 8 μg) of [18F]RL-I-R3B23 on the next day. The mice were 

anesthetized using 2–3 % isoflurane in oxygen and placed prone in the scanner gantry for a 

5-min PET acquisition followed by a 5-min CT scan. List-mode PET data were histogram-

processed and the images reconstructed using a standard OSEM3D/MAP algorithm—2 

OSEM3D iterations and 18 MAP iterations—with a cutoff (Nyquist) of 0.5. Images were 

corrected for attenuation (based on CT scan) and for radioactive decay. Image analysis was 

performed using Inveon Research Workplace software. Regions of interest (ROI) were 

drawn around tumors on the co-registered PET and CT images, and F-18 uptake was 

expressed as SUV and %ID/g.

MicroPET/CT Imaging—Intracranial Model

MicroPET/CT imaging also was performed in two athymic nu/nu female mice bearing 

intracranial xenografts of HER2-expressing breast cancer brain metastases, BT474M1BrM3 

modified to express firefly luciferase (BT474M1BrM3-Fluc). This model was established as 

described [33] by implanting ~6 × 105 BT474M1BrM3-Fluc cells in the mouse brain and 

allowing tumors to grow for about 8 weeks prior microPET/CT imaging. Tumor growth was 

monitored by bioluminescence imaging (data not shown). MicroPET/CT imaging was 

performed 1 h after tail vein injection of 3.1 MBq (84 μCi; 7 μg) of [18F]RL-I-2Rs15d or 3.3 

MBq (90 μCi; 10 μg) of [18F]RL-I-R3B23. One animal was also imaged after administration 

of ~2.2 MBq (60 μCi; 3 μg) of [18F]RL-I-5F7. The excised brain from one mouse was fixed 

in 4 % paraformaldehyde and paraffin-embedded. Four-micrometer tissue sections were 

stained with hematoxylin and eosin (H&E) dye in order to corroborate the imaging and 

histological findings.

Results

[18F]RL-I-2Rs15d and [18F]RL-I-R3B23 Synthesis

The average yield for labeling 2Rs15d via conjugation to [18F]RL-I was 40.8 ± 9.1 % (n = 

12) with a specific activity of 0.2–0.8 GBq/mg. The overall radiochemical yield for the 

synthesis of [18F]RL-I-2Rs15d starting with aqueous [18F]fluo-ride was 3–4 %, and the total 

duration of the synthesis was 150 min. SDS-PAGE/phosphor imaging analysis of [18F]RL-

I-2Rs15d indicated the presence of a single radioactive band with a molecular weight of 

about 12–13 kDa, corresponding to the molecular weight of a sdAb monomeric species (Fig. 

2a). High radiochemical purity of F-18-labeled 2Rs15d was further corroborated by size-

exclusion HPLC (Fig. 2b), ITLC (98.2 ± 2.5 %), and TCA precipitability (97.1 ± 0.2 %). 

The immunoreactive fraction determined by the Lindmo assay for [18F]RL-I-2Rs15d was 

79.2 ± 5.4 % (Fig. 2c). A KD value of 7.1 ± 0.4 nM was obtained from a saturation binding 

assay using the HER2-expressing BT474M1 cell line (Fig. 2d). The control sdAb R3B23 

was labeled with [18F]RL-I in 28.9 ± 7.6 % (n = 2) yield, and SDS-PAGE of the labeled 

sdAb indicated a purity of >97 %.

[125I]SGMIB-2Rs15d Synthesis

For use in paired label experiments, the [125I]SGMIB-2Rs15d conjugate was produced by 

reaction of [125I]SGMIB and 2Rs15d with a coupling efficiency of 58.4 ± 8.2 % (n = 7). The 
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overall radiochemical yield for the synthesis of [125I]SGMIB-2Rs15d starting from 

[125I]iodide was 25 % in a total duration of 150 min. The radiochemical purity of 

[125I]SGMIB-2Rs15d, determined by ITLC, SDS-PAGE, TCA precipitation, and size-

exclusion HPLC was 95–99 %. The immunoreactive fraction determined by the Lindmo 

assay for [125I]SGMIB-2Rs15d was 79.0 ± 12.9 %, and the saturation binding assay 

performed on BT474M1 cells yielded a KD value of 4.5 ± 0.8 nM.

Paired-Label Internalization of [18F]RL-I-2Rs15d and [125I]SGMIB-2Rs15d

A paired label assay on BT474M1 cells was performed to compare the internalized and total 

cell-associated radioactivity for 2Rs15d labeled using [18F]RL-I and [125I]SGMIB 

residualizing labels. As shown in Fig. 3, internalized radioactivity and total cell-associated 

radioactivity were similar for 2Rs15d labeled using both prosthetic agents and declined with 

time, particularly in the intracellular radioactivity levels. For example, with [18F]RL-

I-2Rs15d, the fraction of activity initially bound to BT474M1 cells declined significantly 

from 43.7 ± 3.6 % at 1 h to 21.7 ± 1.2 % at 4 h (P < 0.05).

Paired-Label Biodistribution of [18F]RL-I-2Rs15d and [125I]SGMIB-2Rs15d in Mice with 
Subcutaneous BT474M1 Xenografts

The percent of injected dose per gram uptake of I-125 and F-18 in tumor and normal tissues 

after intravenous co-administration of [18F]RL-I-2Rs15d and [125I]SGMIB-2Rs15d in SCID 

mice with subcutaneous BT474M1 xenografts are summarized in Table 1. Tumor levels for 

both tracers were greater than 15 %ID/g and remained stable from 1 to 3 h; however, tumor 

uptake of [18F]RL-I-2Rs15d was 16–20 % lower (P < 0.05) than that of 

[125I]SGMIB-2Rs15d at all time points. Sequestration of radioactivity from [18F]RL-

I-2Rs15d in the liver, spleen, and lungs was five to more than ten times higher than that seen 

for 2Rs15d radioiodinated using the [125I]SGMIB prosthetic agent. Kidney uptake of 

[18F]RL-I-2Rs15d was about 15 % higher than that of [125I]SGMIB-2Rs15d. Tumor-to-

tissue ratios for [18F]RL-I-2Rs15d in general were much lower than those seen for co-

injected [125I]SGMIB-2Rs15d (data for selected tissues shown in Fig. 4). However, except 

for the kidneys, tumor-to-tissue ratios for [18F]RL-I-2Rs15d were greater than unity for all 

tissues with values greater than 10:1 observed for the heart, stomach, muscle, blood, bone, 

and brain by 2 h after injection.

MicroPET/CT Imaging

Maximum intensity projection (MIP) images obtained in one of two SCID mice bearing a 

subcutaneous BT474M1 xenograft after intravenous administration of [18F]RL-I-2Rs15d 

(5.4 μg) are shown in Fig. 5a. For comparison, images obtained after injection of [18F]RL-I-

R3B23 nonspecific control sdAb in the same mouse are also shown (Fig. 5b). The %ID/g 

and, in parentheses, SUV values for tumor after injection of [18F]RL-I-2Rs15d were 11.1 

± 3.4 %ID/g (1.9 ± 0.7), 10.8 ± 4.5 %ID/g (1.9 ± 0.8), and 10.9 ± 4.0 %ID/g (1.9 ± 0.7) at 1, 

2, and 3 h p.i., respectively. In comparison, the values for [18F]RL-I-R3B23 were 0.6 

± 0.2 %ID/g (0.1 ± 0.0) and 0.4 ± 0.1 %ID/g (0.1 ± 0.0) at 1 and 2 h, respectively, 

demonstrating HER2-specific uptake of [18F]RL-I-2Rs15d in BT474M1 tumors. Tumor 

uptake in the second mouse injected with the same batch of [18F]RL-I-2Rs15d was only 

~5 %ID/g; however, at necropsy, this xenograft was found to have a large necrotic 
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component. Tumor-to-muscle ratios for [18F]RL-I-2Rs15d over the 1–3-h study period for 

these two mice were 10–58:1. As seen in the necropsy experiment, liver uptake was rather 

high. Another mouse was imaged on an earlier date after administration of [18F]RL-

I-2Rs15d (13 μg) and had a %ID/g (SUV) tumor uptake of 4.8 %ID/g (0.8), 13.9 %ID/g 

(2.4), and 15.5 %ID/g (2.7) at 1, 2, and 3 h, respectively. With this preparation, liver uptake 

was only 0.5–1.3 %ID/g, considerably lower than that observed with the other batch.

MIP images obtained from a mouse bearing the intracranial BT474M1Br-Fluc tumor 1 h 

after administration of [18F]RL-I-5F7, [18F]RL-I-2Rs15d, and [18F]RL-I-R3B23 are shown 

in Fig. 6a. Clear delineation of tumor can be seen in mice injected with the HER2-reactive 

sdAbs 5F7 and 2Rs15d but not when the mouse was injected with irrelevant sdAb R3B23. 

Percent injected dose per gram (SUV in parentheses) values for tumor were 6.4 %ID/g (1.5), 

6.4 %ID/g (1.5), and 1.2 %ID/g (0.2) for [18F]RL-I-5F7, [18F]RL-I-2Rs15d, and [18F]RL-I-

R3B23, respectively. The PET detection of the intracranial tumor using our anti-HER2 

radiotracers correlated well with the anatomical location of the tumor in the mouse brain 

(Fig. 6b).

Discussion

The significance of assessing HER2 status either for stratification of breast cancer patients 

for HER2-targeted therapy or for determining the effectiveness of these therapies has been 

emphasized [34, 35]. PET imaging is a noninvasive method that is being actively 

investigated for accurate quantification of HER2 status. Among the various targeting vectors 

that are being pursued for this purpose, sdAbs are attractive due to their favorable properties 

for PET imaging including rapid tumor targeting and fast clearance from normal tissues. 

Earlier, we evaluated an anti-HER2 sdAb 5F7 labeled with F-18 using a novel residualizing 

label as a radiotracer for potential assessment of HER2 status [19]. Because of the rapid 

internalization of 5F7 after binding to HER2 [36], a labeling method that generates labeled 

species that are trapped within the cell after receptor-mediated internalization could help 

maximize F-18 signal in HER2-positive tumor cells. However, the fact that binding of the 

5F7 sdAb to HER2 is blocked by trastuzumab complicates its use in the evaluation of the 

effectiveness of HER2-targeted therapy because tracer uptake could be hampered by 

circulating therapeutic antibody. Another anti-HER2 sdAb, 2Rs15d, which binds to an 

HER2 epitope distinct from those targeted by trastuzumab and pertuzumab, has been labeled 

with Ga-68 and evaluated in a phase I study in HER2-positive breast cancer patients [17]. 

Motivated by these promising results and the potential advantages that might be gained by 

utilizing a longer half-life radionuclide with lower energy positron emission [37], we 

embarked on the current study, to evaluate the potential usefulness of 2Rs15d labeled with 

F-18 using the residualizing label [18F]RL-I [25].

In the internalization and cell processing assays, the total cellular retention and intracellular 

radioactivity levels in BT474M1 cells for [18F]RL-I-2Rs15d and co-incubated 

[125I]SGMIB-2Rs15d were similar at all time points. This indicates that, as seen with 5F7 

sdAb [19], the ability of the RL-I prosthetic agent to retain radioactivity within tumor cells 

after receptor-mediated internalization was comparable to its conceptual parent SGMIB 

[26], which utilizes a guanidino substituent to achieve residualizing ability. Compared with 
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the results obtained with [18F]RL-I-5F7 (~50 % internalized maintained for 4 h) [19], the 

percentage of initially bound [18F]RL-I-2Rs15d that internalized in BT474M1 cells was 

lower (44 %) and decreased to 22 % by 4 h, indicating differences between the two anti-

HER2 sdAb with regard to both initial degree of internalization and intracellular retention 

kinetics. With regard to the effect of radionuclide and labeling method on these parameters, 

we note that in a previous study with 5F7 (with a cys-tag) labeled using [125I]SGMIB, 

intracellular retention in this cell line was maintained at about 60 % for up to 24 h as was the 

case with another residualizing radioiodination agent [36]. The 2Rs15d sdAb has been 

radiolabeled with several radionuclides including F-18 [18], Ga-68 [24], Tc-99m [23], and 

Lu-177 [38, 39]; however, these publications did not include internalization experiments for 

comparison to the current study.

Differences in cellular retention of the two anti-HER2 sdAbs most likely reflect the fact that 

they bind to different sites on the HER2 molecule. The sdAb 5F7 competes with 

trastuzumab, which binds to domain IV of HER2, which is closest to the cell membrane 

[40]. On the other hand, 2Rs15d does not compete with trastuzumab or another clinically 

utilized anti-HER2 therapeutic antibody pertuzumab, which binds to the central region of 

domain II of HER2 [41]. Our previous work with intact antibodies targeting different HER2 

epitopes demonstrated considerable differences in internalization and intracellular trapping 

of radioactivity [42]. In addition to the location of the binding epitope, studies with intact 

antibodies have shown that other factors including affinity can also play a role in 

determining internalization behavior [43]. Because lysosomal degradation is proportional to 

the internalization rate [44], we posit that 5F7 may be internalizing faster than 2Rs15d and 

thus undergoing more rapid intracellular degradation than 2Rs15d. This in turn may result in 

higher residualization of radioactivity from 5F7 due to a greater trapping of its labeled 

catabolites. On the other hand, more non-degraded 2Rs15d may be recycling back to the cell 

surface. However, Ward and Kaplan [45] have concluded that recycling cannot account for 

the differences in internalization rate. Finally, a lower degree of internalization increases 

residence time on the cell membrane where dissociation from the receptor can occur.

Necropsy experiments indicated a high level of tumor uptake for [18F]RL-I-2Rs15d in 

BT474M1 xenografts, which was comparable to that seen for co-injected 

[125I]SGMIB-2Rs15d. However, unlike the results obtained with [125I]SGMIB-2Rs15d or 

observed previously with [18F]RL-I-5F7 [19], unexpectedly high liver, lung, and spleen 

activity levels were seen with [18F]RL-I-2Rs15d. Consistent with this, microPET/CT 

imaging studies with [18F]RL-I-2Rs15d also showed that while the BT474M1 xenografts 

could be clearly delineated, there was considerable hepatic uptake in addition to the high 

uptake seen in the kidneys and bladder that is typically observed with sdAb molecules. The 

presence of aggregates in the labeled sdAb could explain this behavior; however, SDS-PAGE 

did not indicate the presence of significant aggregation of [18F]RL-I-2Rs15d in the 

preparations used for these animal studies. The liver is not known to express HER2 at high 

levels; moreover, this sdAb does not cross-react with mouse HER2. We note that hepatic 

uptake in mice bearing SKOV3 xenografts and receiving either [68Ga]NOTA-2Rs15d or 

[18F]SFB-2Rs15d [18, 24] was lower than that reported in the current study. However, we 

also note that [68Ga]2Rs15d uptake in the liver, lungs, and spleen decreased with increasing 

mass of administered sdAb. For example, spleen uptake of Ga-68-labeled 2Rs15d decreased 
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by nearly a factor of 4 when the injected mass was increased from 0.1 to 10 μg. It is highly 

likely that the mass amount of 2Rs15d administered had a role in the difference seen in liver 

uptake of [18F]RL-I-2Rs15d between the two imaging experiments in the current study. 

Although not to the same degree as observed with [18F]RL-I-2Rs15d, the uptake of [18F]RL-

I-5F7 in the liver, spleen, and lungs was somewhat high [19]. Given that the uptake of co-

administered [125I]SGMIB-2Rs15d in the liver and other normal tissues was much lower in 

the necropsy experiment, it appears that the triazole moiety, and specifically the triazole 

moiety-2Rs15d combination, plays a role in causing higher uptake in these organs. 

Identification of catabolites in these organs may throw light on this, and we plan to 

investigate this in future experiments. Nonetheless, it is encouraging to note that the 

specificity of [18F]RL-I-2Rs15d tumor uptake was demonstrated by the fact that tumor could 

not be visualized with [18F]RL-I-R3B23, which exhibited a tumor uptake less than 10 % that 

of [18F]RL-I-2Rs15d.

With the caveat that a different tumor model was used, the uptake of [18F]RL-I-2Rs15d in 

HER2-expressing BT474M1 xenografts was 3–4-fold higher than that reported for 2Rs15d 

labeled using [18F]SFB in the SK-OV-3 model [18]. Further, the tumor uptake of 

[18F]SFB-2Rs15d decreased by 1.6-fold from 1 to 3 h. In contrast, the tumor uptake of 

[18F]RL-I-2Rs15d remained constant (17.4 ± 2.8 %ID/g at 1 h, to 19.4 ± 2.6 % at 3 h), 

presumably reflecting the residualizing nature of the [18F]RL-I prosthetic agent. As seen 

with [18F]RL-I-5F7 [19], defluorination was minimal for [18F]RL-I-2Rs15d with bone 

uptake values of 1 %ID/g or less, which may be due in part to defluorination. Tumor-to-

blood and tumor-to-muscle ratios were high as seen for [18F]RL-I-5F7 [19] and considerably 

higher than those reported for [18F]SFB-2Rs15d [18]. However, tumor-to-liver and tumor-to-

spleen uptake ratios for [18F]RL-I-2Rs15d were lower, which might interfere with the 

detection of liver metastases that frequently occur in breast cancer patients.

HER2-positive breast cancers are known to metastasize to the brain, and this has become an 

increasingly significant problem in part because trastuzumab can frequently control systemic 

disease but is ineffective against brain metastases because of its inability to cross the blood-

brain barrier [46, 47]. The ability to image HER2-positive brain metastases in breast cancer 

patients could be an important tool in the management of these patients. Despite the inability 

of trastuzumab to cross the intact blood-brain barrier, Dijkers et al. [48] have demonstrated 

that brain metastases in breast cancer patients could be visualized by PET with Zr-89-

labeled trastuzumab, presumably reflecting disruption of the blood-brain barrier in these 

lesions. However, given the about 10-fold lower molecular weight of sdAbs compared with 

intact mAbs, sdAbs may be a better vehicle for this purpose because of potentially lower 

nonspecific uptake in tumors due to the EPR effect. To evaluate this possibility, F-18-labeled 

sdAbs were injected intravenously into mice bearing intracranial HER2-expressing 

BT474M1BrM3 tumors. Interestingly, while both 5F7 and 2Rs15d were able to target the 

intracranial tumor, this was not the case with nonspecific control sdAb. Although 

preliminary, our results indicate that specific targeting of HER2-expressing intracranial 

tumors after intravenous injection is possible. Further investigation of the influence of 

factors such as blood-tumor barrier permeability, tumor size, and heterogeneity of HER2 

expression on specific uptake of radiolabeled sdAbs in HER2-positive brain metastases is 

warranted.
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Conclusion

The anti-HER2 sdAb 2Rs15d was labeled with F-18 using the residualizing labeling agent 

[18F]RL-I in reasonable yields with preservation of immunoreactivity and affinity for HER2. 

In vitro studies demonstrated significant internalization of [18F]RL-I-2Rs15d by HER2-

expressing BT474M1 cells, although retention of radioactivity in the intracellular 

compartment was less than that observed previously with [18F]RL-I-5F7. Tumor retention of 

F-18 activity in both subcutaneous and intracranial BT474M1 xenografts was greater than 

15 and 6 %ID/g, respectively, and higher than that observed in the same animals for non-

HER2-targeted control sdAb. While these results are encouraging, further optimization is 

required to decrease liver accumulation, which could interfere with detection of hepatic 

metastases.
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Fig. 1. 
Structures of residualizing prosthetic agents [*I]SGMIB and [18F]RL-I.
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Fig. 2. 
Quality control data for a typical batch of [18F]RL-I-2Rs15d. a SDS-PAGE/phosphor 

imaging showing only one band corresponding to the molecular weight of sdAb—left lane 
molecular weight markers and right lane [18F]RL-I-2Rs15d. b Size-exclusion HPLC profile 

of labeled 2Rs15d (solid line). As a reference, the UV HPLC profile of standards of different 

molecular weight is also shown (dashed line)—1 thyroglobulin (670 kDa), 2 γ-globulin (158 

kDa), 3 ovalbumin (44 kDa), 4 myoglobin (17 kDa), 5 vitamin B12 (1.4 kDa). c 
Immunoreactivity assay data. d Saturation binding assay data obtained using BT474M1 

cells.
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Fig. 3. 
Paired-label internalization of [125I]SGMIB-2Rs15d and [18F]RL-I-2Rs15d. BT474M1 cells 

were incubated with [125I]SGMIB-2Rs15d (black) and [18F]RL-I-2Rs15d (white) at 4 °C for 

an hour, unbound radioactivity was removed, and after adding fresh medium, cells were 

brought to 37 °C and processed at 1, 2, and 4 h as described in the text. Data shown are 

percent of initially cell-bound radioactivity a that was internalized and b that was cell-

associated (internalized + surface-bound).
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Fig. 4. 
Tumor-to-tissue ratios calculated for F-18 (circle) and I-125 (triangle) from the data (Table 

1) obtained from the paired-label biodistribution of [18F]RL-I-2Rs15d and 

[125I]SGMIB-2Rs15d in SCID mice bearing BT474M1 xenografts.
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Fig. 5. 
MicroPET/CT images obtained at a 1, 2, and 3 h p.i. of [18F]RL-I-2Rs15d and b 1 and 2 h 

after injection of [18F]RL-I-R3B23 in SCID mice bearing BT474M1 xenografts. The green 

(2Rs15d) and red (R3B23) arrows point to the position of tumor in the mice
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Fig. 6. 
a MicroPET/CT images obtained 1 h after i.v. injection of (left to right) [18F]RL-I-5F7, 

[18F]RL-I-2Rs15d, and [18F]RL-I-R3B23 in mice bearing BT474M1BrM3-Fluc intracranial 

xenografts. b After microPET/CT imaging, mouse brains were collected and preserved as 

described in “Materials and Methods.” Four-micrometer brain tissue sections were stained 

with H&E dye to confirm the tumor distribution in the mouse brain.
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