
 

 

 University of Groningen

Preclinical molecular imaging to study the biodistribution of antibody derivatives in oncology
Warnders, Jan Feije

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Warnders, J. F. (2018). Preclinical molecular imaging to study the biodistribution of antibody derivatives in
oncology. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/4cada12e-12b2-491e-90bd-d05158f8b39a


Chapter 3
Rapid optical imaging of human breast tumour 
xenografts using anti-HER2 VHHs site-directly 

conjugated to IRDye 800CW for 
image-guided surgery

Marta Kijanka1, Frank-Jan Warnders2, Mohamed El Khattabi3, Marjolijn Lub-de Hooge2, 
Gooitzen M. van Dam4, Vasilis Ntziachristos5, Liesbeth de Vries6, Sabrina Oliveira1,7, and Paul 

M.P. van Bergen en Henegouwen1

Author affiliation: 1 Cell Biology, Department of Biology, Faculty of Science, Utrecht 
University, Utrecht, The Netherlands; 2 Hospital and Clinical Pharmacy, University Medical 

Center of Groningen, Groningen, The Netherlands; 3 QVQ BV, Utrecht The Netherlands; 4 
Department of Surgery, Division of Surgical Oncology, BioOptical Imaging Center, University 

of Groningen, Groningen, The Netherlands; 5 Biological Imaging & Institute for Medical and 
Biological Imaging, Technische Universität München and Helmholtz Zentrum München, 

Munich, Germany, 6Department of Medical Oncology, University Medical Center of Groningen, 
Groningen, The Netherlands; 7 Department of Pathology, Division Laboratories and Pharmacy, 

University Medical Center Utrecht, The Netherlands

Published in:  Eur J Nucl Med Mol Imaging. 2013;40:1718-29.



Rapid optical imaging of human breast tumour xenografts using anti-HER2 VHHs site-directly | 73
conjugated to IRDye 800CW for image-guided surgery 

72 | Chapter 3

ABSTRACT

Molecular optical imaging using monoclonal antibodies is slow with low tumour to background 
ratio. We used anti-HER2 VHHs conjugated to IRDye 800CW to investigate their potential as 
probes for rapid optical molecular imaging of HER2-positive tumours by the determination of 
tumour accumulation and tumour to background levels. 

Methods: Three anti-HER2 VHHs (11A4, 18C3, 22G12) were selected with phage display and 
produced in Escherichia coli. Binding affinities of these probes to SKBR3 cells were determined 
before and after site-specific conjugation to IRDye 800CW. To determine the potential of VHH-IR 
as imaging probes, serial optical imaging studies were carried out using human SKBR3 and 
human MDA-MB-231 xenograft breast cancer models. Performance of the anti-HER2 VHH-IR 
was compared to that of trastuzumab-IR and a non-HER2-specific VHH-IR. Image-guided 
surgery was performed during which SKBR3 tumour was removed under the guidance of the 
VHH-IR signal.

Results: Site-specific conjugation of IRDye 800CW to three anti-HER2 VHHs preserved high 
affinity binding with the following dissociation constants (KD): 11A4 1.9±0.03, 18C3 14.3±1.8 and 
22G12 3.2±0.5 nM. Based upon different criteria such as binding, production yield and tumour 
accumulation, 11A4 was selected for further studies. Comparison of 11A4-IR with trastuzumab-IR 
showed ~20 times faster tumour accumulation of the anti-HER2 VHH, with a much higher 
contrast between tumour and background tissue (11A4-IR 2.5±0.3, trastuzumab-IR 1.4±0.4, 4 h 
post-injection). 11A4-IR was demonstrated to be a useful tool in image-guided surgery.

Conclusion: VHH-IR led to a much faster tumour accumulation with high tumour to background 
ratios as compared to trastuzumab-IR allowing same-day imaging for clinical investigation as 
well as image-guided surgery.
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INTRODUCTION

Breast cancer is the most frequent cancer in the European female population and 18–25 % of 
all these cases have the HER2 gene amplified, resulting in HER2 receptor overexpression. Since 
HER2 is expressed only at very low levels in normal epithelial cells1, it is considered a clinically 
relevant tumour marker. The human HER2 receptor is a 185 kDa transmembrane protein that, 
together with HER1 (epidermal growth factor receptor, EGFR), HER3 and HER4, belongs to the 
ErbB family of receptor tyrosine kinases (RTK). It is an auto-activated receptor, which is present 
on the cell membrane in an extended open conformation, enabling the continuous formation of 
homo- and heterodimers with other family members. As a result, signalling in tumours expressing 
HER2 is enhanced causing more aggressive disease, with greater likelihood of reoccurrence.2,3

 Assessment of HER2 expression is common practice for accurate diagnosis and subsequent 
selection of the treatment protocol for breast cancer patients. At the moment, there are two ex 
vivo tests to assess HER2 expression levels, e.g. immunohistochemistry (IHC) and fluorescence 
in situ hybridization (FISH). Both methods require a biopsy of the primary tumour, which does 
not necessarily reflect the HER2 status of the entire tumour or in metastatic lesions, due to intra- 
and intertumoral heterogeneity of HER2 expression.4-7 Conversely, non-invasive molecular 
imaging with positron emission tomography (PET) imaging of HER2 can give information on 
HER2 expression levels of the entire tumour, its heterogeneity and also provide spatio-temporal 
information of the tumour within the breast at various stages of tumour progression.8 Furthermore, 
molecular imaging can provide instant information on the response to applied treatment, e.g. 
trastuzumab, and possible reoccurrence of the tumour during follow-up.9-11 Moreover, molecular 
imaging using optical imaging modalities allows for imageguided surgery, which can be of great 
help for the surgeon performing more radical tumour resections, but also for the detection of 
metastatic lesions in locoregional lymph nodes. Molecular imaging using a targeted tracer is 
usually performed with radioactive isotopes using single photon emission computed tomography 
(SPECT), PET or Cerenkov luminescence imaging (CLI).12,13 More recently, optical imaging using 
non-radioactive fluorescent tracers is gaining more attention, because of recent advances in the 
technology (e.g. multispectral fluorescence imaging) and tracer development employed14  and 
because it is more patient-friendly, lacks ionizing radiation and is costeffective.
 Advances in molecular imaging relate to novel improvements in technology simultaneously 
with the development of targeted probes which improve both specificity and sensitivity of 
imaging. This is usually done using antibodies or antibody fragments conjugated to fluorophores 
or isotopes. One of the disadvantages of antibodies is their long half-life in the bloodstream, 
which results in high background levels right after systemic administration and, consequently, 
in low tumour to background (T/B) ratios. Moreover, conventional antibodies have a rather slow 
diffusion into the solid tumour, which may even prevent them from reaching and binding to 
the entire tumour mass.10,11,15 For these reasons more interest is now expressed in smaller tracers 
such as affibodies, designed ankyrin repeat proteins (DARPins) and variable domain of the heavy 
chain of heavy-chain only antibodies that are found in animals from the Camelidae, indicated as 
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VHH or nanobody.
 VHHs are the smallest, naturally occurring, functional antigen-binding fragments of only 
15 kDa. We have recently demonstrated that VHHs can be conjugated to near-infrared (NIR) 
fluorescent dyes and function as optical molecular imaging tracers.16 Due to their small size, 
VHHs distribute and diffuse efficiently throughout solid tumours, and due to their high binding 
specificity and affinity (KD<10 nM) to their target antigens, high tumour uptake of VHHs has 
been observed. Importantly, their half-life in the bloodstream is significantly shorter (1.5 h) than 
full-length antibodies (21 days for IgG1), allowing rapid clearance of the unbound fraction by the 
kidneys, leading to the visualization of tumours shortly after their administration.16–18 Moreover, 
VHHs are stable and easily produced in large quantities using industrial grade and qualified 
bacteria, yeast or mammalian cells.
 In this study we focused on selection and evaluation of anti-HER2 VHHs conjugated to the 
NIR fluorophore IRDye 800CW (IR) as a probe for optical molecular imaging of breast cancer. 
Llama glamas were immunized with HER2-expressing MCF7 or BT474 cells and HER2-binding 
VHHs were selected by phage display. We demonstrate the specific and high affinity binding of 
these VHHs to HER2 in vitro. In vivo, visualization of human tumour xenografts was observed 
already 4 h after probe injection. This was found to be 20 times faster than the delineation of the 
tumours with the monoclonal antibody trastuzumab. Moreover, better contrast was obtained 
with the VHHs, which resulted in clear delineation and real-time imaging of the xenografts 
during image-guided surgery. The obtained results highlight the potential of anti-HER2 VHHs 
as probes for optical molecular imaging of breast cancer and in particular image-guided surgery.

MATERIALS AND METHODS

Cell lines
The human breast cancer cell lines SKBR3, BT474 and MDA-MB-231 were obtained from the 
American Type Culture Collection (ATCC) and maintained in DMEM (Gibco) with 7.5 % (v/v) 
fetal bovine serum (FBS), 100 IU/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine. 
These cells were tested and authenticated by the provider.

Ethics statement
The animal experiments were approved by the Animal Ethics Committee Board of Utrecht 
University (DEC#2010.III.03.038) and of the University Medical Center Groningen (DEC#6326A).

Immunization of llamas and construction of VHH libraries
To induce a humoral immune response directed towards the cell surface proteins of human 
breast cancer cells, llamas were immunized with approximately 108 intact human MCF7 or BT474 
cells. Each animal received four (BT474) or seven (MCF7) doses of subcutaneously administered 
cells. Preimmune and immune sera were collected and tested by enzyme-linked immunosorbent 
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assay (ELISA) using HER2 ectodomain (ECD).19 Four days after the last immunization, blood 
was collected, and peripheral blood lymphocytes (PBLs) were purified by density gradient 
centrifugation on Ficoll-Paque™ PLUS gradients (GE Healthcare). Total RNA was extracted from 
these tissues and transcribed into cDNA using reverse transcription polymerase chain reaction 
(RTPCR, Life Technologies). Purified cDNA was then used as a template for creation of immune 
libraries, as described earlier.19

Phage display selection of anti-HER2 VHH fragments
To select VHHs binding human HER2 receptor, several phage display selections were performed. 
In our first approach, phages were panned on live BT474 cells in solution, followed by a second 
round on HER2 ECD biotinylated with EZ-Link® NHS-Biotin (Thermo Scientific, Rockford, IL, 
USA). Dynabeads® M-270 Streptavidin (Invitrogen Dynal AS, Oslo, Norway) were incubated with 
phages and biotinylated HER2 ECD for 1 h at room temperature, and after ten washes with 0.05 
% Tween 20 in phosphatebuffered saline (PBS) and twice in PBS, bound phages were eluted with 
trypsin and used to infect Escherichia coli TG1. In the second approach, anti-HER2 phages were 
selected on recombinant purified HER2 ECD captured on a MaxiSorp plate (Nunc, Rochester, 
NY, USA). Coated wells were blocked with 4 % milk powder in PBS for 1 h at room temperature. 
Phages preblocked with 4 % milk powder for 30 min at room temperature were panned for 
binding to immobilized HER2 ECD. After extensive washing with PBS/0.05 % Tween 20, phages 
were eluted with trypsin (Sigma-Aldrich). In the second round, phages were panned for binding 
to subdomain 1 of HER2 ECD immobilized to the MaxiSorp plate. The coding sequences of the 
obtained VHHs binding to the HER2 ECD were identified by performing sequence analysis.

Production of VHHs and conjugation of the NIR fluorophore IRDye 800CW
Anti-HER2 VHHs genes were re-cloned into expression vector pQVQ72, which enables 
site-directed conjugation of IRDye CW800 (IR). Production of VHHs was induced with 0.1 mM 
isopropyl thiogalactoside (IPTG), when DH5α bacteria reached log phase. VHHs were purified 
from periplasmic fractions using HiTrap protein A HP columns (GE Healthcare). VHHs were 
treated with 20 mM Tris(2carboxyethyl)phosphine (TCEP) in 50 mM Tris–HCl pH 8.5 for 15 
min at room temperature, dialysed with 0.4 mM ethylenediaminetetraacetic acid (EDTA) in PBS 
and incubated with a threefold molar excess of IRDye 800CW maleimide O/N at 4 °C. After 
conjugation, free IR was removed using sequentially two Zeba Spin Desalting columns (Thermo 
Fisher Scientific, Perbio Science Nederland B.V., Etten-Leur, The Netherlands). The degree of IR 
conjugation was determined as described before.16 IR-conjugated proteins were analysed by 15 
% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and gel permeation 
chromatography in a Waters Alliance system (Waters, Milford, MA, USA) on a Superdex 75 
10/300 GL column (GE Healthcare Europe GmbH, Munich, Germany).

Determination of apparent affinity of VHHs on HER2 ECD and SKBR3 cells
MaxiSorp plates (Nunc, Rochester, NY, USA) were coated overnight at 4 °C with polyclonal 
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rabbit anti-human IgG antibody at dilution 1/500 (DakoCytomation, Glostrup, Denmark). After 
washing with PBS, the plate was incubated with 1 mg/ml of recombinant purified HER2 ECD in 
PBS for 2 h at room temperature and then blocked with 4 % milk powder in PBS for 1 h at room 
temperature. VHHs were added at decreasing concentrations and incubated for 2 h at room 
temperature on a shaker. After washing with PBS, the VHHs were detected with rabbit anti-VHH 
for 1 h at room temperature and donkey anti-rabbit horseradish peroxidase (HRP) for 1 h at room 
temperature. To develop the reaction o-phenylenediamine (OPD) was added, and the reaction 
was stopped by 1 M H2SO4 solution. For apparent affinity determination on SKBR3 cells, 2×104 

cells/well were seeded 1 day in advance. Cells were incubated at 4 °C for 1.5 h with a dilution series 
of VHHs in binding buffer (DMEM without phenol red, supplemented with 25 mM HEPES and 
1 % bovine serum albumin, pH 7.2). After several washes cells were fixed with 4 % formaldehyde 
(FA) for 30 min at room temperature and the fixative was blocked by 10 min incubation with 100 
mM glycine in PBS. The detection of bound VHHs was performed as described above. In the case 
of IRDye 800CW conjugated VHHs, binding was determined directly after washing steps using 
the Odyssey scanner.

Immunofluorescence
SKBR3, BT474 or MDA-MB-231 cells were grown on coverslips for 2 days. Cells were washed 
with CO2-independent medium and incubated for 1.5 h at 4 °C with a 100 nM solution of VHH. 
Unbound VHHs were removed and cells were fixed with 4 % FA. Bound VHH was detected with 
rabbit anti-VHH, followed by goat anti-rabbit Alexa 488 (Invitrogen, Breda, The Netherlands), 
and cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Roche, Almere, The 
Netherlands). Images were acquired using wide field fluorescence microscopy.

In vivo studies
A detailed description of the in vivo studies can be found in supplementary information. In 
short, male nude BALBc mice (BALB/cOlaHSD-foxnu) were obtained from Harlan (Horst, 
The Netherlands). A subcutaneous tumour was induced by inoculating 5×106 of SKBR3 or 
MDA-MB-231 cells in Matrigel (BD Biosciences) at the right shoulder. Mice were anaesthetized 
with isoflurane and intravenously injected with either VHH-IR or trastuzumab-IR. In vivo 
fluorescence images were obtained with IVIS Spectrum (Caliper Life Sciences, Hopkinton, MA, 
USA) and the data were analysed using Living Image 3.2 software (Caliper Life Sciences). Regions 
of interest (ROI) were drawn around the tumour and in normal tissues (in the abdominal area 
in such a way that the signal derived from the kidneys or liver did not overlap the ROI). Values of 
average fluorescence radiance (photons/s/cm2/sr) of these ROIs were used to calculate the T/B 
ratio. Biodistribution studies were performed as described in more detail in the supplementary 
information section following the procedure described by Oliveira et al.16 The location of 
fluorescently labelled VHH was visualized with the realtime intraoperative fluorescence imaging 
system (T3 platform, SurgOptix, Groningen, The Netherlands). Images were generated using 
a 673 nm continuous wave (CW) laser diode (BWF2-673-0, 300 mW, B&W Tek, Newark, DE, 
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USA) for fluorochrome excitation. The collected image was divided into three channels: visible 
light towards the colour camera (670 DCXXR, Chroma, Rockingham, VT, USA) and NIR light to 
the intrinsic and fluorescence channels. A band pass filter 716±20 nm (BrightLine HC 716/40, 
Semrock, Rochester, NY, USA) was used in the fluorescence channel and a laser clean-up filter 
was employed at the intrinsic channel (Laser Clean-up 676/10 Chroma, USA). The optical 
hardware is mounted on a modified arm and can extend over the operating table to gain a vertical 
or lateral view into the field of view. Images and videos were obtained during surgery in which 
HER2-positive tumours were removed under the guidance of the camera system.

Statistical analysis
Student’s t test with Mann–Whitney correction to evaluate the significance of differences 
between two groups and analysis of variance (ANOVA) to evaluate differences among four groups 
were performed using Prism 5. A p value≤0.05 was considered significant.

RESULTS

Affinity selection and characterization of anti-HER2 VHHs
To obtain anti-HER2 VHHs, llamas were immunized with either the human breast cancer 
cell line MCF7 (expresses a low amount of HER2) or BT474 (overexpresses HER2 due to gene 
amplification).20 The development of the immune response against HER2 was confirmed by the 
presence of anti-HER2 heavy-chain only antibodies in serum, as evaluated on the HER2 ECD in 
an ELISA setup (Fig. 1A).
 Two approaches were taken to select for VHHs that bind with high affinities to the human 
HER2 receptor. In our first approach, phages from the MCF7 immune library were panned on live 
BT474 cells in solution, followed by panning on biotinylated HER2 ECD in solution. In the second 
approach, phages from BT474 immune libraries were first selected on captured recombinant 
purified HER2 ECD, followed by panning on subdomain 1 of the HER2 ECD. Together with 11A4, 
which was selected in the first approach, two other VHHs were selected for further research, 
namely 18C3, obtained from the second approach, round one, and 22G12, obtained in the second 
round of the second approach. These three VHHs, i.e. 11A4, 18C3 and 22G12, bind specifically to 
HER2, as confirmed by ELISA assays on ECDs of different ErbB receptors and immunofluorescence 
studies on live cells (Fig. 1B, C). The highest affinity was obtained for 11A4, which was even below 
1 nM (Supplemental Fig. 1). All VHHs showed a clear membrane staining of both SKBR3 and 
BT474 cell lines while no labelling of the HER2-negative MDA-MB-231 cells was observed (Fig. 
1C). Despite the high similarity in the amino acid sequence of the ECDs of HER1, HER2, HER3 and 
HER4, all three VHHs bound exclusively to the ECD of HER2, confirming their high specificity 
(Fig. 1D).
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Figure. 1 Llamas’ heavy chain immune response against HER2. (A) Immunization of Llama glama with HER2 overexpressing 

BT474 cells induces anti-HER2 humoral immune response. The reactivity of pre-immune (day 0) and immune (days 28 and 

43) sera towards HER2 ECD was determined in ELISA on HER2 ECD. Results are plotted in duplicate±SEM. (B) Binding of 

three selected VHHs, 11A4, 18C3 and 22G12, was tested in dose response using immobilized HER2 ECD in ELISA. Bound VHHs 

were detected with an anti-VHH polyclonal antibody and a secondary anti-rabbit antibody coupled to HRP. The amount 

of bound HRP was developed using OPD and absorption at 490 nm. Absorbance (490 nm) is shown in triplicate±SEM. 

(C) HER2positive (SKBR3 and BT474) or HER2-negative (MDA-MB-231) cells were incubated with the VHHs at 100 nM 

concentration and imaged using confocal microscopy (scale bar=20 μm). (D) Selected anti-HER2 VHHs bind specifically to 

HER2 ECD. VHHs were incubated with ECDs of HER1–4. Triplicate data are expressed±SEM. (E) Binding of anti-HER2 VHHs 

to SKBR3 cells. Bound VHHs were detected through a primary antibody followed by an HRP-conjugated secondary antibody. 

Absorbance (490 nm) is shown in triplicate±SEM with increasing concentrations of the purified VHH.
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 As the HER2 ECD may not mimic the receptor in its natural environment, we determined 
the apparent binding affinities of the selected VHHs to HER2 present on the surface of SKBR3 
cells. Very high apparent affinities were obtained for VHH 11A4 and 18C3 (less than 1 nM) (Fig. 
1E, Supplemental Fig. 1). The differences in affinities of the VHHs in binding were to HER2 
ECD and to cells, indicating that binding of the VHHs is sensitive to HER2 ECD conformation. 
Moreover, the Bmax of 22G12 was considerably lower than the Bmax of 11A4 and 18C3, which may 
reflect differences in epitope access (Supplemental Fig. 1). In conclusion, the employed selection 
strategy resulted in obtaining three VHHs that bind specifically and with high affinity to the ECD 
of the human HER2 in its natural surroundings.

Characterization of anti-HER2 VHHs conjugated to IRDye 800CW
The three HER2-specific VHHs were subsequently evaluated for their potential use as 
probes for optical molecular imaging. In these experiments, the VHH R2, which recognizes 
copper-containing azo-dye RR6, was used as negative control.16 VHHs were randomly conjugated 
to the NHS-IRDye 800CW (IRr) by coupling to the primary amines of the VHHs, i.e. N-terminal 
amino acid and lysine residues. Upon the IRr conjugation, a strong affinity drop was observed for 
all VHHs, especially for 11A4, which showed a 1,000-fold reduction (Fig. 2, Supplemental Fig. 1). 
This particular case was most likely due to the presence of a lysine residue in the complementarity 
determining region 3 (CDR3). The effect on the binding of the other two VHHs may reflect 
steric hindrance of the fluorophore during epitope binding. In order to avoid any effect of the 
fluorophore on the VHH binding capacity, all VHHs were provided with a C-terminal cysteine, 
which was used to couple the VHH to maleimide IRDye 800CW (IR). The obtained IR-conjugated 
VHHs are referred to as VHH-IR. The apparent affinity of the directionally coupled VHH-IR was 
higher than that of the randomly conjugated VHHs: 11A4-IR 1.9±0.3 nM, 18C3IR 14.3±1.8 nM and 
22G12-IR 3.2±0.5 nM (Fig. 2A, B) and marginally affected when compared to the non-conjugated 
VHHs (Fig. 1A, 2B, Supplemental Fig. 1). All standard quality controls (SDS-PAGE and gel 
permeation chromatography) were within acceptable parameters (Supplemental Fig. 2-4). All 
VHH-IR preparations contained less than 5.5 % of free IRDye 800CW.
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Figure. 2 High affinity of VHH can be preserved by site-directed conjugation of IRDye 800CW. (A) Reduced affinity after 

random labelling. SKBR3 cells were incubated with various concentrations of randomly labelled 11A4-IRr, 18C3-IRr and 

22G12-IRr. Bound VHHs were directly detected with an Odyssey scanner. Fluorescence intensity at 800 nm is shown in 

triplicate±SEM with increasing concentrations of the purified VHH. (B) High affinity binding of site-directionally labelled 

VHHs. SKBR3 cells were incubated with various concentrations of site-directly labelled 11A4-IR, 18C3-IR, 22G12-IR and the 

negative control R2-IR. Bound VHHs were directly detected with an Odyssey scanner. Fluorescence intensity at 800 nm is 

shown in triplicate±SEM with increasing concentrations of the purified VHH. (C) Specific binding of fluorescent VHHs to 

HER2. Site-directly labelled VHHs were incubated with HER2-positive SKBR3 cells and HER2-negative MDA-MB-231 cells. 

Bound VHHs were directly detected with an Odyssey scanner. Fluorescence intensity at 800 nm is shown in triplicate±SEM

HER2-targeted in vivo optical molecular imaging
To determine the potential of the IR-labelled anti-HER2 VHHs as probes for molecular optical 
imaging, mice bearing human tumour SKBR3 xenografts were injected with either 11A4-IR, 
18C3-IR or 22G12-IR and imaged at different time points after injection (Fig. 3). Already 1 h 
post-injection (p.i.) a clear accumulation of IR fluorescence was found at the tumour site in the 
cases of 11A4-IR and 22G12-IR. Surprisingly, no IR fluorescence was detected at the tumour area 
in mice injected with 18C3-IR (Fig. 3A). As expected, no IR fluorescence was detected in the 
case of the negative control VHH R2-IR. Optimal imaging (i.e. the highest tumour uptake of 
the probe combined with the best contrast) was obtained at 4 h p.i., when the IR fluorescence 



3

Rapid optical imaging of human breast tumour xenografts using anti-HER2 VHHs site-directly | 81
conjugated to IRDye 800CW for image-guided surgery 

80 | Chapter 3

of both 11A4-IR and 22G12-IR perfectly overlapped with the tumour area (Fig. 3B, red arrows). 
In all animals, immediately after injection of the IR-conjugated VHH, kidneys became clearly 
delineated (Fig. 3A, B, green arrows). The accumulation of IR fluorescence in the kidneys was 
expected due to the low molecular weight of VHH (15 kDa).

Figure. 3 In vivo optical molecular imaging. (A) Imaging of mice 1 h p.i. Male nude BALBc mice bearing SKBR3 human 

tumour xenografts at their shoulder were intravenously injected with 25 μg of site-directly labelled HER2-specific 11A4-IR, 

18C3-IR or 22G12-IR and negative control VHH R2-IR and imaged under anaesthesia at 1 h p.i. Tumours are indicated with red 

arrow and kidneys with green arrow. (B) Images of mice at 4 h p.i. (C) Average fluorescence radiance of tumours imaged by 

11A4-IR (n=6), 18C3-IR (n=6), 22G12-IR (n=6) and R2-IR (n=4). For all images obtained ROI were drawn around the tumour 

areas and the corresponding values of fluorescence radiance (p/s/cm2/sr) were plotted±SEM. (D) The T/B ratio of tumours 

imaged with 11A4-IR (n= 6), 18C3-IR (n=6), 22G12-IR (n=6) and R2-IR (n=4). For all of the images obtained ROI were drawn 

around the tumour areas and for normal tissue in the abdominal area and the corresponding values of fluorescence radiance 

(p/s/cm2/sr) were used to calculate T/B ratios.

 Fluorescence intensity was maximal shortly after injection and gradually decreased as 
a result of clearance of the unbound VHHs (Fig. 3C). The T/B ratios of 11A4-IR and 22G12-IR 
increased over time, reaching after 24 h p.i. ratios of 2.0±0.4 and 1.6±0.7, respectively. The T/B 
ratios of approximately 1.0 in the case of 18C3-IR remained constant over time, suggesting no 
specific accumulation of the probe at the tumour site. The same result was obtained for the 
negative control R2-IR, which is in agreement with the in vitro results (Fig. 2B), as well as our 
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previous study.16 Already 4 h p.i., the T/B ratio in animals injected with 11A4IR was significantly 
higher than the T/B ratio in animals injected with control R2-IR (p=0.03). Based on both the 
in vitro data and optical molecular imaging data, 11A4-IR was selected as the most promising 
imaging agent among the tested VHHs. Further in vivo studies and biodistribution studies were 
carried out with this VHH-IR. 
 The initial dose of 25 μg of IR-labelled VHH was determined based on previous studies.16 
However, an increase to 50 μg turned out to be beneficial, as indicated by the higher T/B ratio 
obtained 4 h p.i.: 1.9±0.8 in the case of 25 μg compared to 2.9±1.2 of 50 μg (p=0.03) (Fig. 4A). 
Further increase of the dose to 75 μg did not result in increased T/B ratios (T/B 2.4±1.0). On the 
basis of these results, 50 μg was considered as the optimal dose.
 As a confirmation of our expectations, the affinity loss due to the random conjugation of 
the IR (Fig. 4B, Supplemental Fig. 1) would render 11A4-IRr unsuitable for optical molecular 
imaging. Accordingly, T/B ratios of the randomly conjugated 11A4 remained approximately 1 
and no tumour delineation was observed (Fig. 4C). This clearly proved the advantage of the 
site-directed conjugation procedure for this particular VHH.
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Figure. 4 High affinity of the probe is essential for successful imaging. (A) Optimization of probe concentration. Male nude 

BALBc mice bearing SKBR3 human tumour xenografts at their shoulder were intravenously injected with 25, 50 or 75 μg 

of 11A4-IR and imaged under anaesthesia at indicated points p.i. (B) T/B ratios of randomly and/or site-directly labelled 

11A4-IR; mice were injected with 50 μg of randomly (11A4-IRr) or site-directionally labelled VHH (11A4-IR) and imaged at 

indicated time intervals. ROI were drawn around the tumour and in normal tissue (the abdomen), and the corresponding 

values of fluorescence radiance were used to calculate T/B ratios. The T/B ratio±SEM is shown (n=6). (C) Images of mice 

were taken 1 h p.i. and 4 h p.i. Tumours are indicated with red arrows and kidneys with green arrows; the yellow arrow shows 

the bladder signal

Comparison of HER2 targeting by 11A4-IR and trastuzumab-IR in HER2-positive and 
HER2-negative xenografts models
The performance of 11A4-IR as an optical imaging probe was compared to that of the 
conventional antibody trastuzumab. Trastuzumab was randomly conjugated to IRDye 800CW 
and employed as previously described.15 HER2 binding specificity of both probes was evaluated 
in vivo using mice xenografted with either SKBR3 or MDA-MB-231 cells. Histochemical staining 
of the xenografts with an anti-HER2 antibody clearly evidenced the overexpression of HER2 in 
the SKBR3 xenograft and its absence in the MDA-MB-231 xenograft (Supplemental Fig. 5). The 
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SKBR3 xenografts were rapidly delineated with the 11A4-IR probe; at 4 h p.i. the xenografts were 
clearly visible (Fig. 5A). Remarkably, trastuzumab-IR reached a similar image and T/B ratio 72 
h p.i. (Fig. 5B), which is a difference of approximately 20x. Importantly, target specificity was 
also demonstrated in vivo. A clear difference in tumour accumulation between HER2-positive 
(SKBR3) and HER2-negative (MDA-MB-231) xenografts were observed for VHH-IR as 4 h p.i. 
the negative tumour was completely devoid of fluorescence from 11A4-IR. With trastuzumab-IR, 
even 72 h p.i. fluorescence was still present in the negative tumour (Fig. 5A).
 To determine the uptake of different probes in the tumour and in the main organs 
quantitatively, we analysed the fluorescence signals in SKBR3 tumours and several organs ex vivo 
according to a recently described method.21 This method was specifically designed to determine 
the fluorescent signal quantitatively allowing determination of percentage of injected dose per 
gram tissue (%ID/g) of optical probes. Animals were sacrificed at the time points at which the 
best T/B ratios for 11A4-IR and trastuzumab-IR were obtained, which is 4 h p.i. for the VHH 
and 72 h p.i. for the mAb (Fig. 5A, B). The R2-IR VHH was included in this experiment as a 
negative control. The data clearly show that the biodistribution of the VHHs and trastuzumab 
differ significantly and are in agreement with previous studies (Fig. 5C, Supplemental Fig. 6).15,16 
In the case of mice injected with VHH-IR (both 11A4-IR and R2-IR), a high percentage of injected 
dose was detected in kidneys, while in the case of mice injected with trastuzumab-IR the largest 
percentage %ID/g was found in the liver (Fig. 5C). Interestingly, 4 h p.i. only very low levels of 
VHH-IR were present in the blood. In contrast, at 72 h p.i. trastuzumab-IR was still detected 
in the blood pool (2.7 %ID/g) and in highly perfused organs, such as spleen and lungs, while 
VHH-IR levels were low in these organs. Importantly, tumour uptake of injected probes differed 
significantly: 1.8 %±0.5 ID/g of 11A4-IR was found at the tumour site 4 h p.i. and 13 %± 3.5 ID/g of 
trastuzumab-IR 72 h p.i. As expected from the imaging data the negative control, R2-IR, did not 
accumulate at the tumour. The amount of R2-IR probe found at the tumour was similar to the 
amount present in the skin or lungs (∼0.3 %ID/g). The quantification of the IR-conjugated probes 
in the tumours and organs was used to determine the tumour to organ tissue ratios. Interestingly, 
in almost all cases the tumour to organ ratios were higher for 11A4IR (except for bladder). A 
tumour to blood ratio of 11A4IR was calculated to be ∼82, whereas for trastuzumab-IR it was 
hardly 4.5, indicating that even though 11A4-IR accumulates at the tumour to a lower extent 
than trastuzumab-IR, a much better contrast was obtained. In conclusion, 11A4-IR outperformed 
trastuzumab-IR in respect to overall T/B ratios and time at which clear imaging of tumours was 
possible.
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Figure. 5 Comparison of optical imaging using site-directly labelled 11A4-IR and randomly labelled trastuzumab-IR. (A) 

Tumour imaging. Representative pictures of male nude BALBc mice bearing HER2-positive SKBR3 human tumour xenografts 

(upper panel) and HER2-negative MDA-MB-231 human tumour xenografts (lower panel) at shoulders intravenously injected 

with 50 μg of site-directly labelled 11A4-IR or 100 μg randomly labelled trastuzumab-IR, imaged under anaesthesia at 

different time points p.i. (B) T/B ratio. T/B ratios were determined as described in the legend to Fig. 4, for both 11A4 and 

trastuzumab in HER2-positive (SKBR3) and HER2-negative (MDA-MB-231) tumours. (C) Biodistribution study. At 4 h p.i. 

mice injected intravenously with 11A4-IR and R2-IR, and at 72 h p.i. mice injected with trastuzumab-IR were sacrificed and 

their tumours and organs were collected for quantification of IR-conjugated proteins. Values are presented as percentage of 

injected dose per gram tissue/ tumour±SEM (n=5 for trastuzumab-IR and R2-IR group, n=7 for 11A4-IR group (left panel). 

From the values obtained for tumours and organs or tissues, ratios of tumour to organs were calculated and plotted±SEM 

(n=5 for trastuzumab-IR and R2-IR group, n=7 for 11A4-IR group (right panel).
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Image-guided surgery
With the results described above, the 11A4-IR probe seemed to be suitable for complementary 
approaches, where good contrast between tumour and background tissues is essential, such as in 
surgical resection of an HER2-positive xenograft from a mouse, when guided by the fluorescence 
of the probe specifically accumulated at the tumour. Assisted by a clinical NIR multispectral 
fluorescence camera system, 11A4-IR probe accumulation in the tumour guided the surgical 
removal of an HER2-positive xenograft.15 Both tumour and kidney were clearly visible through 
the skin, as depicted by the fluorescence and overlaid images (Fig. 6), as well as in the animation. 
The SKBR3 tumour was removed under the guidance of the real-time fluorescent images obtained 
by the camera system. In conclusion, contrast provided by the 11A4-IR probe was sufficient to 
allow the successful removal of the tumour by fluorescence image-guided surgery. 

Figure. 6 NIR fluorescence image-guided surgery. Representative intraoperative images of SKBR3 tumour removal after 

intravenous injection of 50 μg 11A4-IR 4 h p.i. Red arrows show the tumour and green arrows show the kidneys
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DISCUSSION

Optical molecular imaging is an important and rapidly developing technology, which in due 
time could have a great impact on clinical management of various cancer patients with solid 
tumours. In this study, we preclinically evaluated three fluorescent VHHs as potential molecular 
optical imaging probes suitable for clinical translation. Important criteria for optical probes are 
rapid accumulation into the tumour resulting in high T/B ratio. This enables a clear visualization 
and delineation of the tumour. High contrast depends on two parameters: specific binding 
leading to accumulation of the probe in the tumour next to clearance of the unbound probe from 
surrounding tissues and bloodstream, which decreases the background levels. Both parameters 
depend heavily on the molecular weight of the probe: a small probe of 15 kDa is expected to 
penetrate the tumour more rapidly than aconventional antibody with a molecular weight of 150 
kDa. At the same time, clearance from the body of such small probes by the kidneys will be fast 
(molecular weight of VHH is below the glomerular filtration threshold of 60 kDa), leading to 
short circulation and thus targeting times.
 Therefore, probes like VHHs require high affinities in order to accumulate sufficiently 
into the tumour.22 Despite the small size of the VHH, these antibody fragments bind with high 
affinities to their target proteins.16,23 Selections performed in this study were specifically aimed 
at high affinity binders to HER2. The final lead compound 11A4 showed a binding affinity for 
HER2 on SKBR3 cells of <2 nM. This VHH highlighted the tumour already 1 hr p.i. VHH 18C3-IR, 
which has a significantly lower affinity (13 nM), as compared to 11A4-IR and 22G12-IR, did not 
accumulate at the tumour at all. This observation may entirely depend on the low affinity of 
18C3-IR, which is in good agreement with predictions made on the basis of the Schmidt and 
Wittrup model.22

 A serious problem with the small size VHH is the possible effect of the conjugation of 
the ∼1 kDa fluorophore on binding affinity. Random conjugation, which involves fluorophore 
attachment to the primary amine groups, was reported previously by Oliveira et al. not to 
have a detrimental effect on the affinity of anti-EGFR VHH.16 However, there is a real chance 
of inactivation of VHHs displaying lysine residues in the CDR, which are involved in binding 
to the antigen, after conjugation to the fluorophore. The affinity of the anti-HER2 VHH 11A4 
was strongly affected by the conjugation to NHSIR, resulting in the inability to image the 
tumour (Fig. 4). To avoid affinity loss, site-directed conjugation using a maleimide group on 
the fluorophore reacting with a thiol group from an additional C-terminal cysteine was used. 
VHHs that were conjugated to maleimide IRDye 800CW showed a minor effect on the binding 
affinity. Nevertheless, the affinities of maleimide IR-labelled VHHs tested in vitro on SKBR3 cells 
remained in the low nanomolar range. The efficiency of the coupling of maleimide to thiol was 
reproducibly 50–70 %, depending on the VHH. This is in agreement with studies from Mume et 
al. and Lee et al. who reported conjugation efficiency between 60 and 80 %.24,25

 To the best of our knowledge, this is the first study in which a direct comparison is made 
between an antiHER2 VHH-IR and the conventional anti-HER2 antibody, trastuzumab-IR. 
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As could be expected due to the difference in molecular size, and based on our previous 
study16, trastuzumab-IR required more time to accumulate at the tumour site. 11A4-IR allows 
clear visualization of the tumour already 4 h p.i., obtaining a similar T/B ratio as found with 
trastuzumab-IR after 72 h. 11A4-IR accumulated only in HER2-positive tumours, whereas 
trastuzumab-IR was also found in HER2-negative tumours. This non-specific accumulation 
can be explained by an enhanced permeability and retention effect (EPR) described earlier for 
conventional antibodies.26 The biodistribution study was performed at the time point at which 
the highest T/B ratios were obtained based upon fluorescence images. The amount of 11A4-IR in 
the HER2-positive tumours 4 h p.i. was sixfold higher than the amount of the negative control 
VHH R2-IR. Similar ratios between target receptor-specific and non-specific VHH-IR were 
observed by Oliveira et al.16. The amount of trastuzumab-IR 72 h p.i. was in agreement with 
the data reported in previous studies.27 The %ID/g of 11A4-IR at the tumour was significantly 
lower than in the case of trastuzumab-IR. Vaneycken et al. reported slightly higher %ID/g at the 
tumour of the 99mTc-VHH, with values ranging from 0.78 to 4.44 %ID/g. This difference may be a 
result of different VHH, tumour xenograft model used (SKOV-3 instead of SKBR3), conjugation 
chemistry and time p.i. (1.5 h instead of 4 h).23 Biodistribution studies showed that the tumour 
to blood ratios are much better for 11A4-IR, which is in agreement with the T/B ratios obtained 
from the fluorescence images. For imaging, the contrast between tumour and healthy tissue 
is more important than the absolute amount of probe that reaches the tumour. We therefore 
conclude that in imaging at early time points (< 5 h) the VHH-based probes outperform the 
conventional antibody-based ones. The application of this novel optical probe for molecular 
imaging was clearly demonstrated in image-guided surgery. For this technology, especially 
the rapid accumulation into the tumour and high T/B ratios are important. Using VHH as the 
imaging tool, the probe would be administered intravenously to the patient a few hours prior to 
initiating surgery. This would ameliorate some of the aspects of using antibody injections 3 days 
prior to surgery from a logistical standpoint.
 In contrast to the antibody-based probe, the anti-HER2 VHH was present to a high degree 
in the kidneys obviously due to its renal clearance. This may be of concern when the VHH is used 
for radioactive imaging modalities such as SPECT or PET. It has been suggested that retention 
of the probe in the kidneys is enhanced by the presence of a positively charged HIS tag.28 In this 
study, VHHs were used devoid of the HIS tag; nevertheless, biodistribution of 11A4-IR revealed 
that ∼120 %ID/g was present in the kidney. As described by Gainkam et al., renal retention of 
anti-HER2 VHH, 99mTc-7C12, was reduced by 45 % upon co-injection of the probe with gelofusine 
and lysine, while the tumour uptake was increased.29 It would be interesting to determine whether 
co-injection of 11A4-IR with gelofusine and/or lysine would result in lower renal retention and 
higher tumour uptake leading to even higher T/B ratios. High accumulation of probe in the 
kidneys may not be critical when imaging is not focused on kidneys or tissues in their proximity.
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CONCLUSION

In conclusion, three high affinity anti-HER2 VHHs were selected from a phage display library 
and coupled to maleimide IRDye 800CW. They were evaluated in vitro and in vivo and proved 
to be a valuable tool for the optical molecular imaging of HER2-positive breast cancer. When 
successfully translated into the clinic by executing animal toxicity studies according to US Food 
and Drug Administration/European Medicines Agency guidelines, followed by a phase I-III 
study according to good clinical practice guidelines for each specific oncological indication, 
this could render more precise and specific identification and classification of HER2-positive 
tumours non-invasively, allow assessment of response to HER2 therapies in a patient-friendly and 
patient-tailored manner, and assist surgeons performing more radical tumour resections with 
improved cosmesis, thereby improving the management and welfare of breast cancer patients.
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SUPPLEMENTARY INFORMATION 

The goal of the first part of this experiment was to determine the lead compound from the 3 
tested VHH-IR, namely 11A4-IR, 18C3-IR or 22G12-IR. 25µg of tested VHH-IR was injected via 
the penile vein into mice inoculated with SKBR3 cells (for 11A4-IR, 18C3-IR and 22G12-IR n=6, 
for R2-IR n=4, dose was based on previous study16). Animals were then imaged immediately after 
injection, 15 min p.i., 30 min p.i., 1 h p.i., 2 h p.i., 4 h p.i. and 24 h p.i. Based on in vivo and in vitro 
data 11A4-IR was chosen as a lead compound. This VHH exclusively was then further evaluated 
in vivo.
 To compare in vivo performance of 11A4 conjugated with IRDye800CW site-specifically 
(11A4-IR) with 11A4 conjugated to the dye randomly (11A4-IRr), mice bearing SKBR3 tumors 
were injected intravenously with 25 µg 11A4-IRr (n=6) and imaged as described above. Results 
obtained for these animals were compared with results obtained in part one of the in vivo study 
for animals injected with 25 µg 11A4-IR.
  In the second part of in vivo study the optimal dose of lead compound was determined. 
Mice bearing SKBR3 tumors were injected via penile vein with 25µg (n=6), 50µg (n=6) or 75µg 
(n=5) of 11A4-IR and imaged at the same time points p.i. as in first part of in vivo study. 
The goal of the third part was to compare performance of 11A4-IR as an optical imaging probe 
with trastuzumab-IR both in HER2 positive and HER2 negative tumor models. For this purpose 
mice inoculated with either HER2 positive cells (SKBR3) or HER2 negative cells (MDA-MB-231) 
were injected via penile vein with either 50 µg of 11A4-IR (n=6, based on results from second part 
of this in vivo study) or 100 µg trastuzumab-IR (n=6, dose of monoclonal antibody was based on 
previous study15). Animals were imaged immediately after injection, 15 min p.i., 30 min p.i., 1 h 
p.i., 2 h p.i., 3 h p.i., 4 h p.i., 5 h p.i., 24 h p.i., 48 h p.i. and 72 h p.i. 
 Biodistribution study was performed as described earlier.16,21 Briefly, mice bearing SKBR3 
tumors were injected via penile vein with 50µg 11A4-IR (n=7), 50 µg R2-IR (n=5) or 100 µg 
trastuzumab-IR (n=5). Mice were sacrificed by heart puncture under anaesthesia. Animals 
injected with VHH-IR were sacrificed 4 h p.i., whereas animals injected  with trastuzumab-IR 72 
h p.i.. Organs were then collected; their weight was determined and they were snap frozen until 
further analysis.  
 To determine fluorescence signals quantitatively according to the method of Oliveira et 
al.21, organs/tissues and tumors were lysed with a Tissue Lyser II system  (Qiagen, Venlo, The 
Netherlands) using pre-cooled Eppendorf holders, 5-mm stainless steel beads, and RIPA buffer (50 
mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS) supplemented with 
a complete EDTA-free mini tablet protease inhibitor cocktail (Roche Applied Science, Penzberg, 
Germany). For detection of the fluorescence present in the lysates, a series of 1:2 step dilutions of 
homogenates were prepared in 96-well plates using RIPA buffer to determine the range in which 
fluorescence signal is linearly dependent on IR-probe concentration. As a reference, a dilution 
series of the injected probe was prepared in the same way. The intensity of the IR fluorescence 
was detected by an Odyssey scanner at 800 nm. Using GraphPad Prism 5 programme (GraphPad 
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Software Inc., La Jolla, California, USA), the concentration of IR probes detected in homogenates 
of organs/tissues or tumors was extrapolated from the calibration curves made with the reference 
probe. Knowing the concentration of IR probe in the homogenate as well as the homogenates’ 
volume and weight of collected organs and tumors prior to homogenization the percentage of 
injected dose per gram of tissue (%ID/g) were calculated.

 To prove the imaging potential of VHH-IR in an intraoperative setting mice bearing SKBR3 
tumors (n=2) were injected intravenously with 50 µg of 11A4-IR. 4h p.i. the fluorescent signal of 
the probe was used to guide the tumor resection. Organs of these mice were then removed and 
included in the biodistribution study.  

Supplemental figure 1. Apparent affinities of anti-HER2 VHHs (A) and IR-conjugated anti-HER2 VHHs (B). HER2-ECD 

or attached SKBR3 were incubated with increasing concentrations of indicated anti-HER2 VHHs. Affinity (KD) and maximal 

binding (Bmax) was determined as described in Materials & methods.

Supplemental figure 2. SDS-PAGE of IR-conjugated proteins. Samples of purified IR-conjugated proteins were size 

separated by SDS-PAGE and imaged using an Odyssey: green corresponds to the IR signal, and in red the molecular weight 

marker. For each protein 2 bands were found, of which the high molecular weight protein corresponds with the expected 

size of the IR conjugated VHHs (13 kDa). The second band with a lower molecular weight protein was due to the loss of the 

epitope tag during the production procedure (except for 11A4-IRr). As this modification did not affect the binding properties 

of the probe, we decided to continue with these proteins. 
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Supplemental figure 3. Gel Permeation Chromatography of IR-conjugated proteins. Samples of site-specifically labeled 

11A4-IR, 18C3-IR, 22G12-IR and R2-IR, and randomly labeled 11A4-IRr were analyzed by gel permeation chromatography, 

absorbance was recorded at 280nm (protein) and 774nm (IR) wavelength. Overlap of retention times was observed of peaks 

detected at 280nm and 774nm, which confirms the conjugation of IR to the protein. 
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Supplemental figure 4. IR/Protein ratios of IR-conjugated proteins. Quantitative assessment of the peaks shown in B, IR/

Protein ratios have been determined as described in Materials and Methods.

Supplemental figure 5. Immunohistochemical staining of HER2 receptor in MDA-MB-231 and SKBR3 tumor sections. 

Xenografts were removed from mice, fixed and processes for immunohistochemistry as described in materials and methods. 

Note the absence of staining in the HER2 negative xenografts consisting of MDA-MB-231 cells and the clear staining of 

SKBR3 cells.
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Supplemental figure 6. Biodistribution study of IR-conjugated proteins. Top table shows percentage of injected dose per 

gram of organ or tumor ± SEM (%ID/g) (n=5 for trastuzumab-IR and R2-IR group, n=7 for 11A4-IR group), and table below 

shows tumor to organ ratios (n=5 for trastuzumab-IR and R2-IR group, n=7 for 11A4-IR group).
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