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Chapter 1
General introduction

BACKGROUND
Being a major cause of death worldwide, cancer remains one of the key disease areas with the
greatest unmet medical needs. Chemotherapy, the cornerstone of systemic treatment, damages
DNA in cells affecting all dividing cells. Currently, drugs are being developed that target tumors
more selectively. Much experience has been obtained with targeted antibodies, which are
successfully used in daily clinical practice for the treatment of cancer. Among other mechanisms,
antibodies can bind and subsequent inactivate pro-oncogenic proteins. Their successful use
spurred interest in the development of antibody derivatives, including the variable domains of
heavy chain only antibodies (VHHs or nanobodies; Fig. 1A). With their small size of 15 kDa,
high stability and straightforward production1, they can be used as potential antitumor agents by
inactivating pro-oncogenic proteins and as targeted carriers of cytotoxic payloads2. Due to their
specific binding to tumor-associated antigens, nanobodies may also serve as imaging agents.
In addition, antibodies and antibody derivatives can be produced so that they simultaneously
target both tumor and host immune cells. By linking both cell types these proteins can
stimulate the targeted host immune cells to kill the targeted tumor cells. The use of drugs
that stimulate host immune cells to destroy cancer cells is known as cancer immunotherapy.
Cancer immunotherapy is currently gaining much attention and many immune system
stimulating bispecific antibody constructs are in development. However, the first bispecific
antibody (blinatumomab) that activates immune cells (cytotoxic T-cells) to destroy tumor cells
has just recently been approved for the treatment of cancer. Blinatumomab is approved for the
treatment of Philadelphia chromosome-negative relapsed or refractory B-cell precursor acute
lymphoblastic leukemia. Blinatumomab is a member of the novel class of BiTE antibodies that
facilitate the linkage between tumor cells and cytotoxic T-cells. BiTE antibody constructs are
engineered by combining two single-chain (sc)Fv domains of two different antibodies (Fig. 1B).
One scFv domain is directed against the epsilon chain of cluster of differentiation (CD)3, a part
of the T-cell receptor complex, and the other domain is directed against a tumor-associated
antigen. After connecting CD3ε on T-cells with tumor-associated antigens on tumor cells, BiTE
antibodies activate T-cells to destroy adjacent tumor cells.3
In addition to Blinatumomab that targets soluble tumors, other solid tumor targeting BiTE
antibodies are in development, including AMG 110 (MT110; solitomab), AMG 211 (MEDI-565;
MT111) and AMG 212 (BAY2010112). These BiTE antibodies target respectively anti-epithelial cell
adhesion molecule (EpCAM), anti-carcinoembryonic antigen (CEA) and anti-prostate-specific
membrane antigen (PSMA). Several phase I trials with these BiTE antibodies are ongoing or
completed.4,5
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Figure 1: Antibody derivatives used in this thesis. (A) A nanobody or VHH is the variable domain of heavy chain only
antibodies that are produced in camelids. (B) BiTE antibody constructs are engineered by combining two scFv domains,
derived from an anti-CD3ε antibody and an antibody targeting a tumor-associated antigen. (C) The nanobody construct
MSB0010853 is derived from two anti-HER3 nanobodies and an anti-albumin nanobody. MSB0010853 binds HER3 at domain
1 and at a second unknown domain of HER3 (defined as x).
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Many anti-cancer drugs are currently in development, including the nanobody and BITE
antibody constructs described in this thesis. However, only a minority will eventually be approved
for clinical use. Two of the biggest challenges are the identification of the best drug candidates
in early phase clinical studies and the search for an optimal design of late phase clinical studies.
Early insight in tumor uptake, biodistribution and (organ) pharmacokinetics of drug candidates
might facilitate to address these challenges. Insight in tumor uptake might enable optimization of
patient selection, dose finding, dose scheduling and administration (e.g. bolus versus infusion),
while insight in biodistribution and (organ) pharmacokinetics might help to anticipate toxicity
in highly exposed organs.
This thesis focuses on the use molecular imaging in the process of drug development of
nanobodies and BiTE antibodies. By labeling drug candidates with radionuclides, these drugs
can non-invasively be traced in vivo. As a result, tumor uptake, biodistribution and (organ)
pharmacokinetics of drug candidates can be visualized and quantified non-invasively with
molecular imaging.6 The gained information can potentially be used to facilitate their clinical
development. In addition, this thesis focuses on the use of near infrared fluorescent imaging
in order to study the distribution of these drug candidates at a cellular level and to develop
an imaging agent that could facilitate the visualization of tumor tissue in an intra-operative
setting.7,8
The aim of this thesis is to obtain insight in the biodistribution and tumor uptake of novel tumor
targeting antibody derivatives using molecular imaging, in order to support drug development.

OUTLINE OF THE THESIS
The clinical success of therapeutic antibodies has raised interest in the development of other
types of protein drugs. These proteins are currently also modified to try to improve their efficacy,
tumor targeting, dosing frequency and toxicology profile. Examples of frequently used protein
modifications include humanization, glycosylation, polyethylene glycol (PEG)ylation and (non)
covalent albumin binding. In order to support fast preclinical and clinical drug development of
protein drugs, there is an increasing focus on obtaining information about their biodistribution,
their tumor targeting potential and the presence of their targets in tumors. These properties
can be assessed by radiolabeling these drugs and visualize them non-invasively with positron
emission tomography (PET) imaging. However, radiolabeling and other above-mentioned
protein modifications could unintentionally affect tumor uptake, biodistribution and other
pharmacokinetics of protein drugs. In order to optimize the use of molecular imaging and to
interpret the obtained data correctly, insight in protein characteristics that affect biodistribution
and tumor uptake is essential. In chapter 2 we reviewed literature, concentrating on often-applied
protein modifications and their effect on biodistribution and tumor uptake of these proteins.
We searched PubMed to identify data for this review. Full articles were obtained and references
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were checked for additional material as appropriate. The different types of proteins that were
included in this review are antibodies, antibody fragments and non-immunoglobulin protein
scaffolds. In this chapter we first focused on how specific protein properties including size,
target interaction, binding to neonatal Fc receptor, and charge can affect the biodistribution of
proteins. Subsequently, we aimed to describe how protein modification such as glycosylation,
humanization, albumin binding, PEGylation, radioactive labeling and drug conjugation affect
the biodistribution and tumor uptake of these drugs.
Given the fact that optical imaging lacks ionizing radiation, optical imaging is recently gaining
more attention.9 Furthermore, molecular imaging using optical imaging allows image-guided
tumor resection.7 Due to their high and specific target affinity, fluorescently labeled (anti-HER2)
nanobodies could potentially be used as a probe for optical molecular imaging of HER2 positive
breast cancer.1 In chapter 3 we focused on the selection and evaluation of anti-HER2 nanobodies
that are conjugated to the near infrared fluorophore IRDye 800CW. By using phage display, three
anti-HER2 nanobodies (11A4, 18C3, 22G12) were selected. They were subsequently conjugated
with IRDye 800CW to the C-terminal cysteine (site-specific conjugation) or to lysines (random
conjugation). Binding affinities of these probes were tested in vitro using a HER2 positive human
breast cancer cells line (SKBR3). To test the potential of these probes, serial optical imaging was
performed in male nude BALB/c mice, xenografted with human breast cancer cell lines SKBR3
or MDA-MB-231 (HER2 negative). The performance was compared with trastuzumab-800CW
and an IRDye 800CW labeled, non-HER2 binding, control nanobody (R2). To demonstrate
the potential of image-guided surgery, we resected a SKBR3 tumor that was subcutaneously
xenografted in mice, under the guidance of the fluorescent signal of the most potent IRDye
800CW labeled nanobody.
As a third member of the HER family, HER3 activation and subsequent dimerization with
other members of the family can initiate pro-oncogenic signaling. Blocking HER3 signaling
could therefore potentially inhibit cancer progression. Interestingly, a mixture of two anti-HER3
antibodies (A5 and F4) blocked ligand-induced and independent HER3 signaling, and inhibited
tumor cell growth better than each antibody alone.10 Blocking two different HER3 epitopes,
with a biparatopic nanobody construct (MSB0010853), is therefore an interesting option. In
contrast to the single VHH described in chapter 3, MSB0010853 (39.5 kDa) consists of two HER3
targeting nanobodies and an additional third that is able to bind albumin, extending its half-life
(Fig. 1C). The aim of the study described in chapter 4 is to gain insight in the pharmacological
behavior of MSB0010853 by labeling the nanobody construct with 89-Zirconium (89Zr). 89Zr is
a PET isotope with a half-life of 78.4 hours, matching the potential long circulation time of
albumin binding constructs.11 Dose- and time-dependent biodistribution and tumor uptake
of 89Zr-MSB0010853 were evaluated in male nude BALB/c mice bearing subcutaneous human
tumors. In addition, tumor uptake was determined in three tumor models with different HER3
expression. Cross-reactivity of MSB0010853 for HER3 and albumin of mice origin contributed to
a translational mouse model.
Similar to the HER receptor proteins, EpCAM is expressed on many tumor cells. EpCAM
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is expressed on epithelial tumors and cancer stem cells. Therefore, it is an attractive target for
BiTEs. An EpCAM targeting BiTE called solitomab (AMG 110) enables T-cell mediated killing of
EpCAM positive cancer cells.12 Preliminary results of a phase I study with AMG 110 demonstrated
that doses up to up to 48 µg/day were tolerated.4 The study also revealed signs of pharmacological
activity. In addition to AMG 110, another BiTE antibody (AMG 211) has been developed that
targets CEA. In the presence of T-cells, AMG 211 can trigger dose-dependent in vitro cell killing
of CEA-expressing human colon, pancreatic, stomach, lung, breast, and prostate cancer cell
lines.13 For solid tumors of especially the gastrointestinal tract, AMG 211 is an interesting new
BiTE antibody construct, as it in vitro lyses explants of metastatic colorectal cancer cells of
patients who progressed on chemotherapy.14 AMG 211 is currently tested in a phase 1 clinical
trial in colorectal cancer patients.15 In order to support drug development of AMG 110 and AMG
211, we preclinically studied the biodistribution and tumor uptake of radiolabeled/fluorescent
labeled AMG 110 and AMG 211. These data can potentially be used to initiate clinical studies with
radiolabeled BiTEs to determine their biodistribution and tumor uptake in early phase clinical
trials.
In Chapter 5 we studied the tumor targeting potential and tissue distribution of AMG
110 after labeling it with 89Zr or IRDye 800CW. For ex vivo biodistribution studies, 89Zr-AMG
110 at protein doses of 20-500 µg, was administered to nude BALB/c mice xenografted with
EpCAM expressing HT-29 colorectal adenocarcinoma cells. Non-invasive microPET imaging
and ex vivo biodistribution was performed up to 72 hours after 89Zr-AMG 110 injection. Ex
vivo biodistribution of 89Zr-AMG 110 was studied up to 72 hours after injection. Non-specific
distribution was determined using 89Zr labeled Mec14, a non-specific control BiTE targeting a
hapten named mecoprop and human CD3ε. With flow cytometry EpCAM expression has been
determined on the tumor cell lines that were xenografted in nude BALB/c mice, being the HT-29
cell line, the human head and neck squamous cell cancer FaDu cell line and the EpCAM negative
promyelocytic HL-60 cell line. Subsequently, ex vivo tumor uptake of 89Zr-AMG 110 has been
measured and correlated with EpCAM expression. Labeling of AMG 110 with IRDye 800CW
allowed us to determine the intratumoral distribution of AMG 110. Non-specific distribution of
Mec14 was determined in the same by co-injecting IRDye 680RD labeled Mec14.
Chapter 5 proved that molecular imaging with BiTEs was feasible. Chapter 6 therefore
describes the study in which a second BiTE antibody (AMG 211), which is in phase 1 development,
was labeled with 89Zr or IRDye 800CW in order to study its tumor targeting property, tissue
distribution and in vivo integrity. Dose-dependent biodistribution was determined ex vivo after
administration of 89Zr-AMG211 in a dose range of 10-500 µg, in nude BALB/c mice xenografted
with CEA-expressing LS174T colorectal adenocarcinoma cells. Tumor uptake and biodistribution
of 10 μg 89Zr-AMG211 was visualized with non-invasive microPET imaging in LS174T xenografted
mice. To check for CEA-specific tumor uptake, biodistribution and tumor uptake 89Zr-Mec14
was also studied in the same mice models. In order to study the influence of CEA expression on
Zr-AMG211 tumor uptake we determined 89Zr-AMG211 tumor uptake in LS174T, CEA-positive
human breast cancer BT474 and CEA-negative promyelocytic HL-60 cell lines. CEA expression
89
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of these cell lines was determined flow cytometrically. The integrity of 89Zr-AMG211 has been
studied in LS174T xenografted mice, at 24 h after injection. Tumor, liver and kidneys were
lysed and subsequently analyzed, together with serum, with gel electrophoresis combined
with autoradiography image analysis. Co-injection of IRDye 800CW labeled AMG 211 and
IRDye 680RD labeled Mec14 in LS174T xenografted mice enabled us to study CEA dependent
distribution of AMG 211. If PET imaging with 89Zr-AMG211 is feasible, it will be used to study the
distribution and tumor uptake of AMG211 in cancer patients. Therefore, we tested if we could
produce 89Zr-AMG211 according to the Good Manufacturing Practice (GMP) guidelines.
The results of all the studies presented in this thesis are summarized in chapter 7. The future
perspectives following the studies described in this thesis are discussed in chapter 8.
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ABSTRACT
Newly developed protein drugs that target tumor-associated antigens are often modified in order
to increase their therapeutic effect, tumor exposure and safety profile. During the development
of protein drugs, molecular imaging is increasingly used to provide additional information on
their in vivo behavior. As a result, there are increasing numbers of studies that demonstrate
the effect of protein modification on whole body distribution and tumor uptake of protein
drugs. However, much still remains unclear about how to interpret obtained biodistribution
data correctly. Consequently, there is a need for more insight in the correct way of interpreting
preclinical and clinical imaging data. Summarizing the knowledge gained to date may facilitate
this interpretation. This review therefore provides an overview of specific protein properties
and modifications that can affect biodistribution and tumor uptake of anticancer antibodies,
antibody fragments and non-immunoglobulin scaffolds. Protein properties that are discussed in
this review are molecular size, target interaction, FcRn binding and charge. Protein modifications
that are discussed are radiolabeling, fluorescent labeling drug conjugation, glycosylation,
humanization, albumin binding and polyethylene glycolation.
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INTRODUCTION
Protein drugs are increasingly used in oncology. Much clinical experience has been obtained with
monoclonal antibodies (mAbs). Due to their clinical successes, researchers additionally focus
on the development of antibody derivatives and non-immunoglobulin (Ig) protein scaffolds.
These protein drugs, when targeting tumor-associated antigens, are often modified to optimize
therapeutic effects, tumor exposure and safety profile. Examples of such protein modifications
include humanization, glycosylation, polyethylene glycol (PEG)ylation and both covalent and
non-covalent albumin binding (Fig. 1). Currently, ~66% of Food and Drug Administration (FDA)
and European Medicines Agency (EMA) approved mAbs have been humanized to some extent,
conjugated to cytotoxic drugs or conjugated to therapeutic radionuclides.1 Apart from mAbs also
antibody fragments and non-Ig scaffolds are being modified.2,3

Figure 1. Overview of common modifications to proteins. ABD = albumin binding domain.

Clinical development of protein drugs is challenging. Up to 2015 more than 200 different
anticancer mAbs have been tested in clinical trials.4 Currently, only 27 mAbs are FDA or EMA
approved for the treatment of cancer.1 One of the biggest challenges is the identification of
the best drug candidates in early phase clinical studies. Early insight in whole body and organ
pharmacokinetics, as well as tumor uptake of protein drugs, might facilitate this identification.
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Both characteristics can non-invasively be visualized and quantified with molecular imaging.4
In this way, real-time dynamics can be obtained on whole body biodistribution of protein drugs
or protein drug candidates in the same animal or patient. Furthermore, a correlation between
tumor uptake of radiolabeled antibodies, as determined by positron emission tomography (PET)
imaging, and intratumoral target levels, as determined by enzyme-linked immunosorbent assay
or immunohistochemistry, has been observed in cancer patients.5, 6
Protein modification can both intentionally and unintentionally alter in vivo behavior of
protein drugs. Therefore these modifications may hamper a sound interpretation of the obtained
imaging data in both the preclinical and clinical setting. This review aims to give insight into
protein characteristics that affect biodistribution and tumor uptake of tumor-targeting protein
drugs. In this review we included antibodies, antibody derivatives and non-Ig scaffolds that
were retrieved with the search strategy we used. Furthermore, we summarize the influence of
common protein modifications on biodistribution and tumor uptake of these proteins.
Search strategy
Articles for this review were found by searches of PubMed, using the terms as mentioned in table I.
Table I. Used search terms.
Primary search terms

Combined with
‘protein AND affinity AND cancer’
‘FcRn’
‘protein AND charge’
‘labeling AND proteins AND chelator’
‘site AND specific AND labeling’

‘biodistribution

‘(chelator AND conjugation) OR chelated’

OR pharmacokinetics’

‘(antibody AND drug AND conjugate) OR ADC’
‘(glycosylation OR glycosylated) AND protein AND cancer’
‘humanized AND cancer’
‘albumin AND cancer’
‘protein AND cancer AND (PEG OR PEGylation)’
´fluorescent AND protein AND imaging AND cancer`

´EPR effect´

-

Moreover, we included useful studies that were mentioned in the references of obtained articles.
We did not focus on studies that only included small peptides such as somatostatin analogs.
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PROPERTIES OF PROTEIN DRUGS DETERMINING BIODISTRIBUTION
AND TUMOR UPTAKE.
Pharmacokinetics and tumor uptake can be influenced by a multitude of protein properties.
In this review we focus on the influence of size, target interaction, the neonatal fragment
crystallizable (Fc) receptor (FcRn) binding capacity and charge.
Molecular size
Both the molecular weight and size of proteins may affect biodistribution. Due to the fact that
biodistribution studies often mention protein weights rather than the hydrodynamic radius, in
this review we focus on the impact of molecular weight of proteins on their biodistribution.
The different proteins that will be discussed in this review differ in molecular weight, which for
antibodies generally is ~150-160 kDa, antibody fragments ~12-110 kDa and non-Ig scaffold ~<20
kDa (Table II).7,8
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Table II. Targeted proteins and their pharmacokinetics in mice, as adapted from Freise and Wu7.
Approx.
Format

Typical serum

Clearance route

MW(kDa)

t1/2

Intact IgG

150-160

1-3 weeks

Hepatic

F(ab’)2

110

8-10 hr

Hepatic

Minibody

75

5-10 hr

Hepatic

Fab

50-55

12-20 hr

Renal

Diabody

50

3-5 hr

Renal

scFv

28

2-4 hr

Renal

VHH

12-15

30-60 min

Renal

Affibody

7

30-60 min

Renal

F(ab’)2 = antibody of which the Fc domain is removed by pepsin digestion; Fab = antigen-binding fragment; scFv = single
chain variable fragment; VHH = variable domain of a heavy chain of heavy-chain antibodies

It is thought that the pores in the glomerular filtration membrane are approximately 75Å and
that proteins are generally renally filtered until a threshold of around 60-70 kDa proteins.9-12 As a
result proteins smaller than ~60-70 kDa are more prone for fast renal clearance and are therefore
subjected to reabsorption in the proximal tubule as compared to larger proteins. Likely due to the
fact that proteins are flexible constructs, proteins larger than the above-mentioned threshold,
such as a 80 kDa carcinoembryonic antigen (CEA) targeting minibody, can still be prone to
renal clearance.13 Fast renal filtration of small proteins generally results in low accumulation and
exposure to normal and tumor tissue. Increasing the weight of proteins to >60-70 kDa can prolong
serum half-life and increase tissue levels, tumor levels and target exposure.14 However, high tumor
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levels of large proteins are not only the result of antigen binding in the tumor. Due to leakiness
of blood vessels and a poorly developed lymphatic system in tumors, macromolecular particles
tend to penetrate easily into tumors and poorly drain back onto the blood or lymphatic system, a
process known since the 80’s.15 This so-called enhanced permeability and retention (EPR) effect is
size depending and thought to non-specifically increase tumor uptake of nano-sized anticancer
drugs, including particles, vesicles, micelles, antibodies, or macromolecules.16 It is thought
that this effect may increase the intratumoral concentration of nano-sized anticancer drugs by
20-30%.16 This EPR effect is more pronounced in murine models with fast-growing tumors and
immature blood vessel formation as compared to slow-growing tumors.17 In mice with slowly
growing human tumors, which are models closer to the clinical setting, this EPR effect is less
pronounced.17 As a result, the impact of the EPR effect on non-specific tumor accumulation is
likely more pronounced in mice than in patients. In addition, the impact of the EPR effect on
non-specific uptake of nano-sized anticancer drugs likely differs between individual tumors. For
example, tumor uptake of 64Cu-labelled liposomes in 11 canine cancer patients with spontaneous
growing tumors seemed to be EPR-mediated in 6 out of 7 carcinomas and 1 out of 4 sarcomas.18
Due to the fact that large proteins (typically with a molecular weight of >60-70 kDa) are
excreted relatively slow, these proteins show relatively long and high tumor exposure after a
single admission.14 Therefore increasing molecular weight and size may result in a reduction of
the required administration frequency. Consequently, there is a growing interest in increasing
the molecular weight and size of small protein drug candidates, in order to reduce their excretion
rate. Modifications that have been used include the fusion to an elastin-like peptide, gelatin-like
protein, homo-amino acid polymer, proline-alanine-serine polymer, polyethylene glycol and to
antibody fragments.19-23
In conclusion, modifications that increase size can drastically increase blood, tissue and
tumor levels. Such an increase should be taken into account when interpreting molecular
imaging data obtained with radiolabeled modified proteins. As modifications that increase
protein size can increase non-specific tumor uptake, it may complicate the interpretation of
antigen-dependent tumor uptake, particularly in tumors with low antigen levels.
Target interaction
As proposed by Gerard Levy in 1994 and described in a mathematical model by Mager and Jusko
in 2001, target binding can influence antibody pharmacokinetics.24,25 Relative high antigen levels,
as compared to antibody dose, is thought to shorten the half-life of antibodies due to target
binding. Nonlinear kinetics have been observed for antibodies targeting membrane-associated
antigens, such as trastuzumab (targeting human epidermal growth factor receptor 2 (HER2))
and panitumumab (targeting epidermal growth factor receptor).26,27 Furthermore, shedding of
membrane-associated antigens may also affect the half-life of antibodies.28 In a phase II study
the half-life of trastuzumab in patients with low circulating levels of the extracellular domain of
HER2 (<500 µg/L) was 9.1 days (n = 40), while in patients with high circulating levels (>500 µg/L)
the half-life of trastuzumab decreased to 1.8 days (n = 5).28 Both groups received the same dose of
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trastuzumab (loading dose of 250 mg, followed by a 10 weekly dose of 100 mg each).
In addition, the extent of target binding also depends the degree of tumor accumulation of
protein drugs targeting tumor-associated antigen. Their target affinity can majorly affect tumor
uptake. Both decreasing and increasing target affinity can reduce tumor uptake of these protein
drugs.29,30 Increasing target affinity of antibodies and single chain variable fragments (scFvs) to
extremely high levels, prevents them to detach from their targets in the tumor rim, making them
prone for antigen internalization and catabolization, precluding them to bind targets located
deeper in tumors.29,30
The impact of antigen affinity on the penetration depth of proteins may partly depend on
the internalization rate of the targeted antigens when these antigens are expressed on the cell
membrane of tumor cells. At dissociation rates faster than the rate of antigen internalization,
increasing antigen affinity of antibodies may promote antibody catabolism, which prevents them
to penetrate deeply into tumors. This has been demonstrated with anti-HER2 antibodies.29 As
dissociation rates of the studied antibodies were not measured, the authors used the known
dissociation rates of the scFvs of these antibodies. In contrast, at dissociation rates slower than
the rate of antigen internalization, differences in dissociation rates may have less to no effect on
antibody catabolism and tumor penetration.29
The fact that a high affinity can prevent deep tumor penetration is known as the “binding
site barrier effect”.31 This barrier effect has been visualized in mice with four antibodies targeting
the same HER2 epitope with different affinities (G98A, C6.5, ML39 and H3B1).29 These anti-HER2
antibodies have target affinities of respectively 2.7 x 10-7 M, 2.3 x 10-8 M, 7.3 x 10-9 M and 5.6 x
10-10 M, as determined by surface plasmon resonance.32 In severe combined immunodeficient
(SCID) mice xenografted with HER2 expressing human ovarian carcinoma cells (SKOV-3),
tumor penetration of the four antibodies negatively correlated with affinity.29 This was based on
immunohistochemistry at 120 hr after injection. Interestingly, tumor uptake of the high-affinity
iodine-125 (125I)-labeled H3B1 was lower than that of 125I-C6.5, with intermediate affinity. In
contrast, no difference was observed between the tumor uptake of the two antibodies when
radiolabeled with indium-111 (111In). However, a low affinity of 2.7 x 10-7 M did prevent high tumor
accumulation, as observed with 111In-G98A (the lowest affinity antibody). Tumor uptake of
111
In-G98A was lower than that of the other 111In labeled higher affinity antibodies.
The same group also studied the effect of HER2 affinity of anti-HER2 scFvs on tumor
uptake in SKOV-3 xenografted C.B17/Icr-scid mice.30 ScFvs were derived from a single clone
with increasing affinities for the same HER2 epitope (3.2 x 10-7 M, 1.6 x 10-8 M, 1.0 x 10-9 M, 1.2 x
10-10 M, and 1.5 x 10-11 M). This study also showed that a high affinity could prevent deep tumor
penetration of proteins. As demonstrated by fluorescence microscopy, tumor penetration of the
scFv with an affinity of 1.5 x 10-11 M was much less than of the scFv with an affinity of 3.2 x 10-7 M.
Tumor uptake of the 125I labeled scFvs depended on both target affinity and the administered
dose. Increasing HER2 affinity up to 1.0 x 10-9 M resulted in increased tumor uptake of the studied
anti-HER2 scFv, which remained similar at an affinity of 1.2 x 10-10 M. However, increasing the
affinity to 1.5 x 10-11 M resulted in a reduction of tumor accumulation. Noteworthy, this decrease in
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tumor uptake was observed at a 1-μg dose level but not at a higher dose level of 20 μg, suggesting
that this effect is dose-dependent. As both doses are within the range of often used tracer doses
in preclinical imaging studies, this effect might very well be relevant for other HER2 binding
antibody fragments or non-Ig scaffolds. Apart from tumor uptake, this study additionally
demonstrated that a high affinity could prevent deep tumor penetration, as was observed in
ex vivo immunohistochemistry and immunofluorescence experiments. Nephrectomized SCID
mice bearing SKOV-3 tumors were injected with anti-HER2 scFvs with an affinity of 3.2 x 10-7 M
or 1.5 x 10-11 M, at a 100-μg dose. The lowest affinity molecule exhibited diffuse tumor staining
whereas the highest affinity molecule was primarily retained in the perivascular regions of the
tumor.
Although not observed with the above-mentioned HER2 antibodies and scFvs, receptor
binding of proteins could mediate transcytosis instead of catabolism, which may result in
deeper tumor penetration. Under such circumstances, high target affinity may increase tumor
penetrations.
In contrast to the above 125I labeled anti-HER2 scFvs and antibodies, HER2 affinity of
technetium-99m (99mTc) labeled HER2 targeting designed ankyrin repeat proteins and 111In
labeled affibodies in SKOV-3 tumors bearing mice did not affect tumor uptake.33,34 The affinities
of these proteins range between respectively 1 x 10-8 – 1 x 10-11 and 3.8 x 10-9 M - 1.6 x 10-10 M.
In conclusion, antigen binding can affect the pharmacokinetics of proteins, especially when
affinities become extremely high or low. Either extremely high or extremely low affinities may
prevent high tumor uptake, which can be dose-dependent. The effect of extremely high target
affinity can be less pronounced or absent at high doses. Protein modifications that decrease
antigen affinity can, but not necessarily do, decrease target specific tumor uptake. Therefore, the
effect of protein modifications on antigen affinity should be taken into account when interpreting
molecular imaging data.
FcRn binding
Both albumin and the Fc domain of immunoglobulin G (IgG) antibodies are able to bind to the
FcRn receptor.35,36 It is generally accepted that the FcRn receptor protects serum albumin and
endogenous IgG antibodies from catabolism, as they strongly bind to FcRn at low endosomal
pH (<6.5) and weakly at extracellular physiological pH (7.4).37 Upon endosomal FcRn binding,
endogenous and exogenous IgG antibodies are transported back to the cellular surface and are
then released at physiological pH. This process has been visualized with fluorescent microscopy
in FcRn expressing human endothelial cells.38 Upon endocytosis, fluorescently labeled wild-type
IgG1 was transported to the cellular surface, while, fluorescently labeled IgG1 mutant without
detectable FcRn binding was transported to the lysosomes for degradation.38
The impact of FcRn dependent protection from catabolism has been demonstrated in
mice.39 In FcRn-deficient mice, the serum half-life of IgG1 was considerably shorter (1.4 days)
than in sex-matched FcRn wild-type animals with functional FcRn expression (9 days). The fact
that FcRn protects IgG1 from catabolism has also been shown with molecular imaging. Yip et
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al. radiolabeled both wild-type IgG1 and non-FcRn binding IgG1 with 111In.40 Indeed, 111In labeled
non-FcRn binding antibody cleared much faster from plasma. In addition, a lack of FcRn binding
promoted accumulation in the liver, spleen and intestines. These results suggest that FcRn
binding protects antibodies from catabolism in these organs.
Similar findings were observed after the reduction of FcRn affinity of an anti-Lewis-Y
antibody (hu3S193), radiolabeled with lutetium-177 (177Lu). Complete abrogation of mouse
FcRn affinity decreased blood levels from 15.67 ± 2.47% of injected dose per gram (% ID/g) to
1.05 ± 0.27% ID/g, as observed 48 hr after tracer injection in mice.41 This resulted in a reduced
uptake in most organs.41 However, uptake of the non-FcRn binding 177Lu-hu3S193 I253A/H310A,
increased in liver (from 5.99 ± 1.43% ID/g to 14.16 ± 1.28% ID/g) and spleen (from 9.32 ± 1.33% ID/g
to 13.77 ± 2.57% ID/g) as compared with wild-type 177Lu-hu3S193.
In addition to the above preclinical studies, changes in FcRn affinity can also affect in
vivo behavior in humans. Substitutions of specific amino acids located in the Fc domain of
motavizumab (M252Y/S254T/T256E), resulted in a 10-fold increase of in vitro human FcRn
binding at pH 6.0. It prevented high lysosomal degradation of motavizumab and increased its
serum half-life in healthy adults from 19-34 days to 70-100 days.42
In conclusion, modifications that reduce or prevent the binding of antibodies to FcRn can
increase serum clearance and increase organ uptake, which is mostly observed in the liver and
spleen. Therefore, if molecular imaging with modified antibodies shows unexpected high uptake
in these organs, the modification could have reduced FcRn binding.
Charge
Protein modifications that change protein charge may affect charge-dependent interactions in
vivo and potentially alter both tissue accumulation and pharmacokinetics. The effect of charge
on the biodistribution of antibodies, antibody derivatives and non-Ig scaffolds is mainly studied
by using cationizing or anionizing protein modifications.
Cationization of already positively charged particles induced non-specific uptake in normal
tissue.43 This was likely due to increased interaction of the positively charged particle with negative
cell surface charges. Similarly, cationization of antibodies by attaching hexamethylenediamine
tends to increase the deposition of antibodies in both target (e.g. tumor) and normal tissues
in rats and mice.44-48 As studied at 1-2 hr after injection, cationization mainly increased organ
uptake in liver, lung and kidneys. Increased organ uptake additionally resulted in increased
plasma clearance. Interestingly, anionization of antibodies, by diethylenetriaminepentaacetic acid (DTPA) conjugation and/or succinylation also increased plasma clearance in mice and
rats.49-51 While cationization increased non-specific tissue uptake and subsequently plasma
clearance, anionization of antibodies mainly increased whole body clearance. Anionization of
111
In labeled antibodies generally decreased their organ uptake (except for liver), as studied 1-24
hr after injection.49-51 The fact that hepatic uptake did not decrease might be due to the fact that
anionization may have increased the interaction of the modified antibodies with intrahepatic
scavenger receptors.51 At high antibody doses liver uptake of 111In labeled highly succinylated
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bovine IgG could be saturated, suggesting that the binding to these scavenger receptors can be
saturated.51
In contrast to antibodies, charge changing protein modifications can have a different
effect on the biodistribution of smaller proteins. As small proteins (<60 kDa) are prone to
renal excretion, they are exposed to charge dependent renal tubular reabsorption.52 In cancer
patients, high renal accumulation has been observed with small size radiolabeled proteins such
as a trastuzumab antigen-binding fragment (Fab) and an anti-HER2 affibody.53,54 This high renal
uptake potentially hampers the visualization of tumor uptake in tumors that are located in
close proximity of the kidneys. Modifications that affect the charge of small protein drugs can
thus alter renal accumulation, potentially hampering the visualization of their tumor uptake.
Attaching negatively charged glycolate molecules to both an interleukin-2 receptor targeting
Fab and disulfide-bonded variable region fragment, generally reduced renal accumulation in
mice.55,56 As glycolation of the disulfide-bonded variable region fragment hardly increased its
size (a maximum of 2.8%), the observed effect was most likely due to the anionization of the
protein.56 Renal accumulation of the non-glycolated interleukin-2 receptor targeting Fab was
indeed triggered by positive charge interaction in the kidneys, as co-injection with positively
charged lysine drastically reduced renal accumulation (from 196.2 ± 18.8% ID/g to 24.9 ± 2.0%
ID/g).55 In line with this finding, co-injection of cationic amino acids also reduced renal
accumulation of other proteins including Fab, F(ab’)2, scFv and a variable domain of a heavy
chain of heavy-chain only antibodies (VHH).57-61 Similar to cationic proteins, anionic peptides
are also prone for charge dependent renal accumulation. Renal uptake of e.g. negatively charged
111
In-minigastrin, 111In-bombesin and 111In-exendin could be reduced by co-injection of negatively
charged poly-glutamic acid.62 In contrast to that observed with antibodies, the blood clearance of
Fab fragments and disulfide-bonded variable region fragments targeting interleukin-2 receptor
alpha did not increase upon anionization.55,56 Anionization of the disulfide-bonded variable
region fragment had negligible impact on blood levels as measured up to 3 hr after injection in
mice.55 In case of the Fab fragment, anionization decreased the clearance rate in mice.56
As discussed above, the overall charge of proteins can change due to anionizing and
cationizing protein modifications. Likewise, protein modifications can also reduce local and
overall charge, potentially introducing “lipophilic patches” and increasing overall lipophilicity
of proteins. The presence of a lipophilic patch likely promoted hepatic uptake of radiolabeled
peptides in monkeys.63 In addition, increasing the lipophilicity of anti-HER2 affibodies increased
the uptake of these affibodies in the liver and spleen of mice at 4 hr and 24 hr after injection.34
Moreover, protein modifications promoting hydrophobic interactions, such as increasing the
amount of lipophilic drugs to create antibody-drug conjugates (ADCs), can make proteins
prone to aggregation.64 Aggregation may subsequently alter the biodistribution of proteins.
When using lipophilic drugs and drug linkers, increasing the drug to antibody ratio (DAR) can
also promote the uptake of ADCs in sinusoidal endothelium and Kupffer cells in the liver of
rats, increasing their clearance rate.65 The use of less lipophilic drug linkers can prevent a large
increase in clearance rate.65
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In conclusion, both anionizing and cationizing protein modifications can decrease plasma
half-lives of antibodies. However, the underlying mechanisms differ. Anionization of antibodies
usually increases whole body clearance, while cationization of antibodies promotes non-specific
accumulation in normal tissue. In contrast however, anionization of smaller proteins may
decrease clearance rate. For small sized protein drugs that are prone to renal excretion, both
anionization and cationization can trigger accumulation in the kidneys. This accumulation
is primarily due to an increase in charge dependent renal tubular reabsorption rather than an
increase in renal excretion. The discussed findings may be translational to other types of protein
drugs and may explain an unexpected biodistribution seen on imaging scans.
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Table III. Protein properties that can affect biodistibution proteins.
Protein properties

Effect on protein pharmacokinetics / biodistribution

References

Weight

High weight (>60-70 kDa)

Serum half-lifea



9, 10

Renal excretion / uptake



7, 8

Organ uptake (except kidneys)



14

Tumor uptake, including non-specific tumor uptake



14, 15

Serum half-lifeb



26-28

Tumor penetration (anti-HER2 antibodies at an affinity of <7.3 x 10-9 M)



29

Target Interaction
Low protein dose / high
antigen levels

Tumor uptake
(anti-HER2 125I-scFv at an affinity of <1.0 x 10-9 M)



(anti-HER2 111In-antibodies at an affinity of <2.3 x 10-8 M)c

29, 30

Tumor uptake
Increasing target affinity

(anti-HER2 125I-scFv at an affinity of <1.2 x 10-10 M)d



29, 30

~

33, 34

39, 40

(anti-HER2 125I-antibodies at an affinity of <7.3 x 10-9 M)e
Tumor uptake
(anti-HER2 99mTc-designed ankyrin repeat proteins at affinities of 1 x
10-8 - 1 x 10-11 M)
(anti-HER2 In-affibodies at affinities of 3.8 x 10 - 1.6 x 10 M)
111

-9

-10

FcRn Binding

Lack of FcRn binding

Increasing FcRn affinity

Serum half-life



Organ uptake (in most organs)



41

Uptake in liver, spleen and intestines



40, 41

Serum half-life



42

Renal accumulation of a renally excreted proteins/ peptides



55-62
49-51

Charge
Highly charged

Anionization

Cationization

Lipophilic patches

a

Serum half-life of antibodies



Serum half-life of fab fragment



55

Serum half-life of disulfide-bonded variable region

~

56

Organ uptake of antibodies (in most organs)



49-51

Serum half-life of antibodies



44-48

Organ uptake of antibodies



44-48

Liver uptake



34, 63

Serum clearance



65

Exceptions have been described 42; b Trastuzumab 100mg at 10 week interval and shed HER2 blood levels of <500 μg/L vs.

<500 μg/L; c not observed with anti-HER2 125I-antibodies; d Observed at a dose of 1 μg but not at a dose of 20 μg; e not observed
with anti-HER2 111In-antibodies; f Renal accumulation likely increases with the increase of overall charge of proteins that are
prone to renal excretion

Influence of protein properties and protein modification on biodistribution and tumor | 31
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

PROTEIN MODIFICATIONS THAT AFFECT PHARMACOKINETICS AND
TUMOR UPTAKE OF PROTEIN DRUGS.
Radiolabeling
Radiolabeling of protein drugs changes their chemical structure, potentially altering their in
vivo behavior. Below we discuss how differences in radionuclide, radiolabeling method, site of
labeling, chelator/protein (c/p) ratio and chelator type can alter the in vivo behavior of protein
drugs.
Radionuclides / radiolabeling method
Protein drugs can be radioactively labeled with different PET and single photon emission
computed tomography (SPECT) radionuclides. Predominant radionuclides that are currently
used in SPECT imaging include 99mTc, iodine-123 (123I) and 111In. Often used PET radionuclides
are carbon-11 (11C), fluorine-18 (18F), copper-64 (64Cu), gallium-68 (68Ga), zirconium-89 (89Zr) and
iodine-124 (124I).
The choice for a specific radionuclide determines which information can be retrieved from
the labeled proteins, as radionuclides can be trapped in cells after internalization of radiolabeled
proteins in these cells. Internalization of protein drugs that are directly labeled with neutrally
charged radiohalogens (e.g. radioactive iodine) are generally catabolized into neutrally charged
catabolites that can pass the cell membrane.66 These radiocatabolites do not accumulate in cells
upon internalization of radiolabeld proteins. However, indirectly radiolabeled protein drugs,
with for example 89Zr or 111In, are often catabolized into charged radiocatabolites that remain
trapped intracellularly.66 Consequently, indirect labeling results in higher tumor signals and is
therefore a more sensitive approach to visualize tumor uptake.67-72 Its use additionally results in
higher signals in normal tissue, which is for antibodies and their fragments most pronounced
in liver, spleen and kidneys.67-72 Extremely high organ uptake may hamper the visualization of
tumor uptake in tumors that are located in or in close proximity of these organs. As charged
radiocatabolites remain trapped intracellularly after internalization and catabolism, their use
could provide additional insight in catabolic sites of therapeutic proteins and delivery of toxic
drugs by for example ADCs.6
One should always take into account that with molecular imaging the biodistribution
of (radio)labels rather than the biodistribution of proteins is studied. When the radiolabel is
attached to the protein, both are the same. However, if these labels detach or if the protein
degrades, respectively the label or labeled protein fragment are traced in vivo. In addition, the
attachment of radiometal labels involves the conjugation of (mainly negatively) charged chelating
agents. The introduction of such charged chelating agents will alter protein charge and may
hamper target and FcRn binding. As discussed earlier in this review this can potentially alter the
biodistribution of protein drugs. Chelating agents require high selectivity and binding capacity
for the radiometal as the human body possess an excess of biometals and biochelators, which
concentrations in the human body are typically much higher than that of injected radiolabeled
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proteins. Copper for example has many chelating biomolecules that may cause transchelation of
radioactive copper to these biomolecules.73,74 Such transchelation occurs when chelators are not
kinetically inert and may cause increased liver levels.75-77 As a result much effort has put into the
development of kinetically inert chelators.78 Like copper, radioactive gallium may transchelate
from chelating moieties as it is well established that gallium(III) has affinity for transferrin.79 It
has been shown that 68Ga-apo-transferrin may accumulate in liver, spine and muscle of mice.80
Similarly, 111In may transchelate to transferrin and accumulate in liver, spleen and bone tissue.81,82
Of the remaining often used radionuclides, free 89Zr likely accumulates in bone tissue83-85,
while non-labeled radioactive iodine and 99mTc may accumulate in thyroid, salivary glands and
stomach.86, 87
In addition to the above-mentioned differences between radionuclides, the choice for a
specific radionuclide is often based on their availability. The radionuclides 123I, 111In, 11C, 18F, 64Cu, 89Zr
and 124I can only be produced in centers that have a cyclotron, hampering their worldwide use. In
contrast, 99mTc and 68Ga can be retrieved from specific generators producing these radionuclides
on site. Furthermore, the choice for a specific radionuclide can be based on its physical half-life
(Table IV) that most often matches the serum half-life of the protein of interest. However, one
may prefer a longer-lived radionuclide in order to study long-term in vivo biodistribution and in
particular tumor uptake.88 A radionuclide with a relative long half-life can additionally be used to
study long-term stability in serum and tumor tissue.89
Table IV. Frequently used SPECT and PET isotopes
SPECT
Radionuclide
99m

Radionuclide

Tc

6.0 hr

11

I

13.2 hr

18

123
111

PET
Half-life

In

2.8 days

Half-life

C

20.4 min

F

109.8 min

Cu

12.7 hr

Ga

67.7 min

Zr

78.5 hr

I

4.2 days

64

68

89

124

Type of chelator or chelating amino acid sequences
Indirect labeling can be performed using a wide range of charged chelators, chelating amino
acid sequences, and charged radioisotopes. Therefore indirect radiolabeling might alter
biodistribution and tumor uptake, depending on the type of chelator used.
Several studies have demonstrated that the use of specific chelating agents can alter the
biodistribution of HER2 targeting affibodies (ZHER2). Switching between the macrocyclic
chelators 4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1-(1,3-carboxypropyl)-4,7-carboxymethyl-1,4,7-triazacyclononane (NOGADA) did alter the biodistribution of ZHER2:S1, as determined 4 hr after
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injection in mice.90, 91 Largest differences in 111In-ZHER2:S1 levels were observed in blood and liver.
Blood levels were lowest for NOGADA conjugated ZHER2:S1 in NMRI mice, but not in BALB/C
nu/nu mice.90,91 Hepatic accumulation of 111In-NOTA-ZHER2:S1 (6.6-6.8% ID/g) was higher than
of 111In-DOTA-ZHER2:S1 and 111In-NOGADA-ZHER2:S1 (<3.0% ID/g) in both mouse strains.90,91 It was
suggested that this difference was due to the fact that 111In-NOTA is positively charged (+1), while
both 111In-DOTA and 111In-NOGADA complexes are neutrally charged. Interestingly, labeling
with another trivalent positively charged radiometal (gallium-68) resulted in less pronounced
differences in hepatic accumulation of ZHER2:S1.91
In addition to macrocyclic chelators, radiometals can be labeled to chelating amino
acid sequences present in protein drugs. The impact of using different chelating amino acid
sequences on the biodistribution of protein drugs has extensively been studied using 99mTc
labeled ZHER2:342 in mice. At 4 hr after injection, differences in 99mTc- ZHER2:342 levels were mainly
observed in liver, kidney, spleen and blood (Table V). The radioactivity of the intestines with
content has been determined to estimate hepatobiliary excretion of radioactivity. Radiolabeled
affibodies were administered subcutaneously or intravenously, which is expected to result in
a similar biodistribution profile at 4 hr after injection.92 Introducing six consecutively placed
positively charged histidines (H6) at the N-terminus of ZHER2:342 increased hepatic uptake nearly
a 5-fold in NMRI mice.93 In addition, it resulted in an unusually high hepatic accumulation (19%
ID/g) in SCID mice.93 Similarly, the use of positively charged lysines in the chelating sequence at
the N-terminus of ZHER2:342 also resulted in high liver (7-23% ID/g), high kidney (36-127% ID/g)
and relatively high spleen (~2.5% ID/g) uptake of mice.94,95 Replacing three of the six histidines
in the N-terminal H6-tag by three hydrophobic isoleucines resulted in increased levels in
both the liver (32 ± 4% ID/g) and spleen (38 ± 9% ID/g) and decreased renal levels (9 ± 2%
ID/g).95 Replacing the same histidines (at the N-terminus) with negatively charged glutamic
acids reduced uptake in liver (<1.5% ID/g) and spleen (~0.2% ID/g).95,96 The use of N-terminal
mercaptoacetyl (ma)-glycine (G)-glycine-glycine (maGGG), a chelating sequence containing
side chain deficient amino acids, decreased renal and hepatic accumulation to respectively
≤8.2% ID/g and ≤0.93% ID/g.97,98 Replacing the glycines with negatively charged glutamic acids
(E), increased renal uptake (≤8.2% ID/g for maGGG, 8.9 ± 0.8% ID/g for maGEG and 95 ± 23%
ID/g for maEEE), while it slightly decreased hepatic uptake (0.93-0.66% ID/g for maGGG, 0.3
± 0.1% ID/g for maGEG and 0.21 ± 0.02% ID/g for maEEE) and decreased the amount of the
intestines with content (29.84-32% ID/g for maGGG, 8.7 ± 0.8% ID/g for maGEG and 3 ± 2%
ID/g for maEEE).92,98 Reducing overall charge of the chelating sequence by using the neutrally
charged mercaptoacetyl-serine (S)-serine-serine (maSSS) chelator, resulted in low uptake in the
liver (0.47 ± 0.05% ID/g) and spleen (<0.5% ID/g), relatively low uptake in the kidneys (33 ± 2%
ID/g) and high radioactive content in the intestines (11 ± 1% ID/g).99
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Histidine/
Isoleucine

Positive/neutral
hydrophobic

Glycine

Negative

No side chains

0.54 ± 0.10
1.1 ± 0.2
0.23 ± 0.01
0.5 ± 0.1
1.7 ± 0.2

H6
H6
maKKK
HKHKHK
HKHKHK
HEHEHE

b

b

b

b

C-terminusb
N-terminusb

0.13 ± 0.01
0.15 ± 0.02

maGEG
maGGG
maGGG
maGGG

N-terminusb
N-terminusa
C-terminusb
C-terminusa

0.12 ± 0.01

0.15 ± 0.02

maEEE

N-terminusb
0.09 ± 0.02

2.4 ± 0.2

HEHEHE

b

C-terminus

0.83 ± 0.06

HEHEHE

N-terminusb

N-terminus

N-terminus

C-terminus

N-terminus

0.33 ± 0.02

1.2 ± 0.1

HIHIHI

b

C-terminus

1.09 ± 0.02

HIHIHI

N-terminusb

Blood
(% ID/g)
0.15 ± 0.01

Chelator
maSSS

N-terminusa,‡

Site of
chelation

8.2 ± 2.9

3.5 ± 0.3

5.98 ± 1.14

8.9 ± 0.8

95 ± 23

117 ± 10

129 ± 15

70 ± 10

84 ± 14

36 ± 3

127 ± 9

67 ± 13

82 ± 9

106 ± 8

9±2

33 ± 2

Kidney
(% ID/g)

0.42 ± 0.05

0.21 ± 0.02

0.06 ± 0.01

N.V. (<0.5)

N.V. (<0.5)

1.1 ± 0.1

0.2 ± 0.2

0.20 ± 0.02

1.5 ± 0.1

2.5 ± 0.5

N.V.

0.8 ± 0.3

1.3 ± 0.5

0.9 ± 0.2

38 ± 9

N.V. (<0.5)

Spleen
(% ID/g)

0.93 ± 0.09

0.9 ± 0.1

0.66 ± 0.16

0.3 ± 0.1

0.21 ± 0.02

3.9 ± 0.4

2.6 ± 0.9

2.0 ± 1.5

29.84 ± 10.83

8.7 ± 0.8

3±2

3.6 ± 0.3

5±1

6±1

0.88 ±
0.05
1.5 ± 0.1

3.6 ± 0.3

7.4 ± 0.6

4.0 ± 0.3

5.1 ± 0.6

4.1 ± 0.7

6±2

4.3 ± 0.4

11 ± 1

Intestines
with content†
(% ID/g)

13 ± 2

23 ± 4

7±2

4.3 ± 0.8

8.1 ± 0.8

6.4 ± 0.8

32 ± 4

0.47 ± 0.05

Liver
(% ID/g)

22.6 ± 4.0 (SKOV3)

7.7 ± 1.5 (DU-145)

6.12 ± 2.02 (LS174T)

N.D

7.9 ± 1.0 (SKOV3)

N.D.

N.D.

2.6 ± 0.4 (LS174T)

N.D.

N.D.

N.D.

3.2 ± 0.9 (LS174T)

2.2 ± 0.3 (LS174T)

N.D.

N.D.

11.5 ± 0.5 (SKOV3)b

Tumor
(% ID/g)

97

97

98

92

92

95

95

96

95

95

94

96

96

95

95

99

References

without a tumor; §Quantitative data obtained from supplementary data of Wallberg et al. 97; aBalb/c nu/nu mice; bNMRI mice

± standard deviation; †Data for intestines with content (estimate of hepatobiliary excretion) as presented as percentage injected activity per whole sample; ‡Organ uptake in mice

N.V. = no exact value given; N.D. = not determined; Ma = mercaptoacetyl; S = serine; H = histidine; I = isoeucine; K = lysine; E = glutamic acid; G = glycine; Data is presented as mean

Glutamic acid

Positive/negative

Histidine/
Lysine

Lysine

Histidine/
Glutamic acid

Positive

Serine

Neutral hydrophilic

Histidine

Amino acids

Charge of amino
acid side chain used
in chelator

Table V. Impact of amino acid containing chelators on biodistribution in mice.
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The above-discussed effects of amino acid-based chelators on the biodistribution
of affibodies strongly depend on their location in affibodies (Table V). This may be due to a
difference in charge distribution. As N-terminal amino acids form a more stable complex with
Tc as compared to the same sequences located at the C-terminus, this may partly explain the
observed differences in biodistribution.95 Weakly bound 99mTc transchelates to blood proteins,
increasing circulation time and blood levels of 99mTc as seen at 4 hr after injection (Table V).95,96
Switching between chelators has a less pronounced effect on the biodistribution of
antibodies in mice. Both DOTA and DTPA conjugation of an anti-EGFR variant III antibody
resulted in a similar biodistribution pattern, as studied with 177Lu labeling of anti-EGFR variant
III monoclonal antibody.100 In addition, no differences in biodistribution and tumor uptake have
been observed after conjugation of cetuximab and anti-cluster of differentiation (CD) 44v6
antibody with similarly charged tetrafluorophenol-N-succinyldesferal or p-isothiocyanatobenzyl-desferrioxamine B and subsequent 89Zr labeling.101
99m

Site-specific labeling
Indirect radiolabeling by attaching chelating agents to amino acid residues located in or in
close proximity of antigen binding domains may interfere with target binding. This may affect
antigen affinity and subsequently affect tumor accumulation. In a study with an anti-HER2
VHH (11A4), random labeling with a fluorescent dye (IRDye CW800) reduced target affinity of
11A4 a 1,000-fold.102 Despite the fact the impact of fluorescent labeling was studied instead of
radiolabeling, it does demonstrate the potential effect of labeling, inlcuding indirect radioactive
labeling. The observed reduction in affinity prevented tumor accumulation of randomly labeled
800CW-11A4 in HER2 overexpressing xenografts. In contrast, using site-specific labeling of IRDye
800CW to a C-terminal cysteine of 11A4, high HER2 affinity could be retained and HER2 positive
tumors could be visualized at 4 hr after tracer injection. However, if conjugation sites are not in or
in close proximity of antigen binding domains, no difference in biodistribution and tumor uptake
between site-specific and random labeling is expected. For that reason, site-specific (cysteine)
and random (lysine) labeling of an anti-HER2 VHH targeting with 111In, resulted in comparable
biodistribution and tumor uptake.103 Nevertheless, indirect labeling is increasingly performed
site-specifically to amino acids not located in or in close proximity of antigen binding domains
e.g. cysteines or oligosaccharides. Given the low quantity and well-known locations of cysteines
present in proteins, site-specific labeling of cysteines increases labeling homogeneity. This
leads to a well-defined stoichiometry, increasing batch-to-batch reproducibility of radiolabeled
targeted protein drugs.
In addition to lysines and cysteines, chelators can be conjugated to oligosaccharides.
Conjugation of DOTA to oligosaccharides of an ephrin type-B receptor 4 targeting antibody
(hAb47) did not reduce its affinity.104 In mice, it did promote hepatic accumulation and reduce
blood levels of copper-64 labeled hAb47. It was suggested that high hepatic uptake might
be due to the fact that DOTA conjugation to the sugar chains could reveal galactose residues
from the CH2 domain of antibodies.104 These could then be recognized by the intrahepatic

36 | Chapter 2

carbohydrate-recognition systems. At 48 hr after injection, conjugation of DOTA to
oligosaccharides of hAb47 also resulted in a tumor uptake that was lower than when DOTA was
conjugated to lysines or cysteines. Tumor uptake was respectively 9.5 ± 0.6% ID/g, 11.8 ± 2.1%
ID/g and 18.1 ± 1.7% ID/g.
Chelate/protein ratio
Like chelator type and the site of chelator conjugation, the number of chelators attached to
protein drugs, expressed in chelate/protein ratios, could also alter in vivo behavior. Increasing
the c/p ratios increases the amount of radioactivity that can be labeled to a specific amount
of protein drug (specific activity). It reduces the amount of radioactively labeled protein drug
that is needed to inject in order to provide good quality PET or SPECT scans. This is especially
of importance in preclinical animal studies, as often small amounts of radioactively labeled
protein drugs are injected into small animals. However, increasing c/p ratio can also increase the
chance that randomly labeled radiolabels attach in or in close proximity of the antigen binding
domains of protein drugs, potentially reducing target affinity and tumor uptake. In addition,
increasing c/p ratio can increase charge differences as compared to parental proteins, potentially
affecting the biodistribution of protein drugs. In order to determine the optimal c/p ratio, both
specific activity and the potential effect on biodistribution and tumor uptake should be taken
into account.
In Table VI we summarized the effect of c/p ratio on the level of antibodies and a F(ab’)2
fragment in blood, liver, kidney, spleen and tumor. A c/p ratio as low as 5.5 altered the
biodistribution of DTPA-conjugated, mesothelin targeting, MORAb-009 in mice.105 Increasing
the c/p ratio of DTPA-MORAb-009 from 2.4 to 5.5 resulted in higher 111In-MORAb-009 levels in the
liver and spleen, and decreased tumor uptake. DTPA conjugation also altered the biodistribution
of a 111In labeled antibody targeting human serum albumin (HSA), in mice.49 Although exact
values were not given, increasing c/p ratio from 2 to 3.2 to 11.2 to 16 gradually increased hepatic
uptake at 24 hr after injection, while uptake in other organs remained unchanged. Contradictory,
increasing the c/p ratio from 3.2 to 5.6 decreased uptake in all studied organs, except for the
liver in which levels did not change. As aggregates were removed prior to administration, ex vivo
aggregation did not cause the increase in hepatic uptake. The largest increase in hepatic uptake
was observed between the c/p ratios of 5.6 and 11.2. This increase in c/p ratio also resulted in the
largest difference in isoelectric point (respectively 6.5 and 5.9), suggesting that the increase in
hepatic uptake is influenced by a difference in overall charge.
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Table VI. Effect of increasing chelation ratio on biodistribution and tumor uptake.
Chelator
(increase in c/p ratio)

Time after injection

Blood

Liver

Kidney

Spleen

Tumor

1 day

−

é

−

é

−

2 days

−

é

−

−

ê

5 days

−

−

−

é

ê

MAG3 (2.9 to 9.5)110

40 hr

ê

ê

ê

ê

ê

BAT (4.3 to 8.3)109

72 hr

ê

é

−

−

ê

DOTA (5 to 20)108

48 hr

ê

é

−

é

ê

ê

é

N.D.

N.D.

N.D.

DTPA (2.4 to 5.5)105

Antibodies

DOTA (7 to 12)107

24 hr (c/p ratio of 7) and
48 hr (c/p ratio of 12)

MAG3 (9.5 to 12.8)110

40 hr

ê

ê

ê

ê

ê

DOTA (3 to 5)106

24 hr

ê

é

ê

é

ê

F(ab’)2

Red arrow = decrease in protein drug levels; blue arrow = increase in protein drug levels; horizontal black line = no significant
change in protein drug levels; BAT = 6-(p-bromoacetamidobenzyl)-1,4,8,11-tetraazacyclotetradecane-1,4,8,11- tetraacetic
acid; N.D. = not determined

Similar to DTPA conjugation, DOTA conjugation can also alter the biodistribution of protein
drugs. Increasing the c/p ratio (from 3 to 5) of a 177Lu labeled F(ab’)2 targeting a L1 cell adhesion
molecule, decreased its accumulation in the kidneys (from ~35% ID/g to ~5% ID/g) and tumor
(from ~15% ID/g to <5% ID/g), while it increased accumulation in the liver (from ~10% ID/g
to ~35% ID/g) and spleen (from ~5% ID/g to ~10% ID/g).106 The labeling of DOTA to the full
antibody, targeting the same target, also affected its biodistribution. However, the lowest tested
c/p ratio was 7. Increasing the c/p ratio from 7 to 12 to 15 gradually increased both clearance
rate and hepatic uptake.107 In addition to these two studies, DOTA conjugation also altered the
biodistribution of a 111In labeled sjögren syndrome type B antigen targeting antibody (DAB4) and
its 111In labeled isotypic control in mice.108 Increasing the c/p ratio from 5 to 20 of 111In-DAB4 and
its 111In labeled isotypic control promoted the uptake in liver and spleen. Tumor uptake was only
affected by c/p ratio for 111In-DAB4 in target positive tumors, suggesting that this is due to the
observed decrease in antigen affinity.
Increasing the c/p ratio of a BAT chelated lymphoma targeting antibody, had a similar effect
on the biodistribution as above described DOTA or DTPA chelated antibodies.109 The tested
c/p ratios were 2.1, 4.3, 8.7, and 11.4. Finding the optimal ratio was triggered by the fact that
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copper-67 was used as an electron-emitting therapeutic radioisotope, which is contaminated
with non-radioactive copper. At 72 hr after injection, tumor uptake significantly decreased at c/p
ratios >4.3 and liver levels increase gradually increased with increasing c/p ratios. The increase
in c/p ration did not affect antibody uptake in other organs. It did affect clearance, which at c/p
ratios of 2.1, 4.3, 8.7, and 11.4 were respectively 4.0, 5.5, 2.6 and 2.8 days.
The fact that increasing c/p ratios result in higher hepatic uptake of radiolabeled protein
drugs, suggests that increasing the c/p ratio promotes hepatic excretion. Indeed, increasing the
c/p ratio (from 7 to 10) of a MaGGG conjugated antibody E48 not only increased hepatic uptake at
24 hr after injection, it also increased the radioactive content (estimation of hepatic excretion) in
the ileum and colon of mice.110 At the same time blood levels decreased. Increasing the c/p ratio
from 2.9 to 9.5 and from 9.5 to 12 also decreased blood levels at 40 hr after injection. This decrease
in blood levels additionally resulted in lower organ uptake. Despite the promotion of hepatic
excretion, the increase in c/p ratio reduced the uptake of rhenium-168 labeled MaGGG-E48 in
the well-perfused liver, as observed 40 hr after injection.
The above-mentioned studies have been performed in mice, in which high c/p ratios are often
used to obtain high-quality scans. However, lower c/p ratios are generally used in non-human
primate and clinical studies.111,112 Such differences can hamper extrapolation of preclinical results
to the clinical setting.
Conclusion
By radiolabeling antibodies, antibody fragments and non-Ig scaffolds, these can be traced in
vivo. However, radiolabeling can also alter their biodistribution and tumor uptake. Such an
impact may hamper a sound interpretation of imaging data, as the data is often used to predict
the biodistribution of non-labeled protein drug candidates or protein drugs. When interpreting
imaging data, one should consider the fact that biodistribution depends on the radiolabeling
method, type and site of chelator conjugation and c/p ratio. Generally, indirect labeling results
in higher organ and tumor uptake as compared to direct labeling, as it results in a more efficient
intracellular accumulation of radiocatabolites over time. Furthermore, the use of cationic
chelating amino acid sequences generally increases hepatic and renal accumulation, as seen with
affibodies. Increasing hydrophilicity of these amino acid sequences tends to increase the uptake
of affibodies in the spleen and liver. These findings may be translational to other small-sized
proteins. In contrast to affibodies, switching between chelators has a less pronounced effect on
antibodies. However, increasing the c/p ratio can decrease antibody levels in blood and tumor
and promote accumulation in spleen and liver. Finally, site-specific labeling can prevent a
reduction in tumor uptake of protein drugs that is caused by chelation to sites in or in close
proximity of antigen binding domains.
Fluorescent labeling
Similar to radioactive labeling of antibodies, antibody derivatives and non-Ig scaffolds, these
proteins can be labeled with non-ionizing fluorescent dyes to enable optical imaging. This
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emerging imaging modality can support researchers to study normal tissue and tumor
distribution of these proteins, which could complement the PET/SPECT imaging modalities.
Moreover, optical imaging may enable real-time tumor visualization in an intra-operative setting
or visualization of tumor margins in excised tissues.113,114 Furthermore, reactive oxygen species
generating fluorescent dyes can be used to load tumor targeting proteins.115 Such labeled proteins
possess antitumor activity.115
Several near-infrared (NIR) fluorescent dyes have been used to label proteins. An often used
NIR dye is IRDye 800CW, as it can be produced under good manufacturing practice conditions,
allowing a fast translation of fluorescent labeled proteins to clinical studies. NIR fluorescent
dyes often have a hydrophobic core with negatively charged groups. Labeling could therefore
affect local charge and hydrophobicity of proteins upon conjugation, which may subsequently
alter their biodistribution. Furthermore, labeling may induce protein aggregation and albumin
binding.116,117 A comparison between the distribution of dual-labeled (89Zr and IRDye 800CW)
anti-CA19.9 antibody (5B1) with 89Zr labeled 5B1 demonstrated that conjugation of IRDye
800CW can increase liver uptake and reduced levels in blood and in other organs, at 120 hr after
injection.118 The decrease in splenic uptake was most pronounced, which decreased from 19.8%
ID/g to 5.7% ID/g. An uptake of 19.8% ID/g is relatively high for antibodies. According to the
authors, the observed decrease in splenic uptake might be the result of a reduced formation of
aggregates. Unfortunately, the formation of aggregates was not studied after tacer production or
post injection. Therefore, the amount of aggregation at the time of injection is unknown.
Although optical imaging holds great promise as a stratagy to visualize tumor tissue both
in vivo and ex vivo, it is challanging to get sufficient high signals from tumor tissue. In order to
overcome this challenge, the administered dose of fluorescent labeled proteins can be increased.
However, the use of high dose fluorescent labeled proteins should be evaluated for safety
pharmacology and toxicology. A safety pharmacology study has been performed with therapeutic
doses of IRDye 800CW labeled cetuximab in cynomolgus macaques.119 Cetuximab-800CW was
well tolerated and all significant treatment effects were due to cetuximab and not to the IRDye
800CW. The only exception was a slightly higher and more persistent prolongation of the corrected
QT interval after injection of cetuximab-800CW, as compared to non-conjugated cetuximab.
This resulted in cardiac monitoring of patients that were injected with cetuximab-800CW, in a
terminated clinical phase 1 study (NCT01987375).
Dye/protein ratio
Instead of increasing the total dose in order to obtain sufficient high signals from tumor tissue,
one could increase the dye/protein ratio (d/p ratio). However, fluorophores can have the
tendency to self-aggregate and to quench each other when placed in near proximity to each
other.120 Therefore, increasing the d/p ratio may result in quenching of fluorescent signal and
may increase the tendency of labeled proteins to aggregate. Aggregation has been observed
with panitumumab conjugated with a NIR fluorescent cyanine dye (FNIR-G-765) at a d/p
ratio of 5 and with an anti-mesothelin antibody that was conjugated with IRDye 800CW at a
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d/p ratio of 4.111,116 For both constructs a d/p ratio of 2 did not result in visible precipitation of
labeled antibodies. Aggregation can be observed directly after conjugation, however, it may also
occur in vivo. Incubation of an IRDye 800CW labeled anti-EpCAM antibody in human serum
promoted aggregation of the labeled antibody.117 This antibody was labeled with a d/p ratio of 2.6
± 0.9. Aggregation increased from ~10% at start of incubation to ~25% at 96 hr of incubation.
Interestingly, incubation in human serum also triggered albumin binding, which was maximal
after 24 hr of incubation (~10%) and remained stable up to 96 hr of incubation.
As compared with 125I labeled 8C2, an antibody targeting an unspecified target, IRDye 800CW
labeled 8C2 showed higher liver exposure, shorter serum half-life and lower organ exposure in all
other studied organs.121 The d/p ratio of 8C2-800CW was 1.2-1.4. It should be noted that the serum
half-life of 8C2-800CW was determined by using enzyme-linked immunosorbent assay, while
the serum half-life of 125I-8C2 was determined by using gamma counting. In mice, increasing
the d/p ratio from 2 to 5 also increased hepatic accumulation and decreased tumor uptake of
IRDye 800CW labeled cetuximab and panitumumab.122 After quantification of ex vivo fluorescent
images at 24 hr after injection, increasing the d/p ratio seemed to increase liver-to-tumor ratio
of cetuximab-800CW with a factor 5.6 and decrease tumor-to-background ratio a factor 3.4.
Similar results were observed with panitumumab-800CW. Increasing the d/p ratio increased
liver-to-tumor ratio a factor 5.6 and decreased tumor-to-background ratio a factor 3.5. D/p
dependent tumor-to-background ratio was not observed with FNIR-774-panitumumab and
FNIR-774-cetuximab. In contrast, liver-to-tumor ratios increased a factor 1.4-1.6 after increasing
d/p ratio from 2 to 5. These results suggest that FNIR-774 labeling has less impact on tumor
and hepatic accumulation of cetuximab and panitumumab as compared to labeling with IRDye
800CW.
Another approach to study the effect of d/p ratio on the biodistribution of proteins is by
dual labeling these proteins with both fluorescent dyes and radionuclides. This approach has
been used to study the effect of d/p ratio of IRDye 800CW labeled cetuximab and bevacizumab
in mice.123 Both antibodies were first conjugated with desferal using a c/p ratio of 0.5 and
subsequently with IRDye 800CW using d/p ratios of 0-2, whereafter the constructs were labeled
with 89Zr. Fluorescent labeling with a d/p ratio of 1 promoted liver uptake and decreased blood
levels of cetuximab at 72 hr after injection. Increasing the d/p ratio to 2, significantly increased
liver uptake and reduced blood levels of both antibodies at 24 and 72 hr after injection. In line,
Oliveira et al. also observed extremely high liver uptake of cetuximab-800CW (~80% ID/g) using
a d/p ratio of 1.4.124 Similar preclinical findings were reported in another biodistribution study with
MN-14 (anti-CEA), girentuximab and cetuximab dual labeled with 111In and IRDye 800CW.125 All
antibodies were conjugated with DTPA using c/p ratios ranging 1.9-4.1 and with d/p ratios of 0-3.
Increasing d/p ratios gradually increase liver uptake in mice, which was significantly increased
for all antibodies at a d/p ratio of 3. The same d/p ratio significantly decreased tumor uptake of
111
In-MN-14-800CW and 111In-cetuximab-800CW, but not 111In-girentuximab-800CW. Although
IRDye 800CW conjugation of cetuximab by using a d/p ratio of 1-2 increased liver uptake and
decreased blood levels in mice, the half-life of therapeutically dosed cetuximab-800CW in

Influence of protein properties and protein modification on biodistribution and tumor | 41
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

cynomolgus macaques (2.5 days) is comparable with that of non-labeled cetuximab when using
a d/p ratio of 1.8.119 Similarly, conjugation of IgG with Cy5 or Cy3, using a c/p ratio of 1-2, did not
affect serum half-life in macaques.126 The macaques were co-injected with 50 mg/kg Cy5 labeled
IgG and 50 mg/kg Cy3 labeled IgG, resulting in a total protein dose of 100 mg/kg labeled IgG.
Site-specific labeling
As discussed in the chapter concerning radiolabeling, labels that are conjugated to proteins
may interfere with their antigen binding. In order to prevent such interference, labeling can
be performed site-specifically at locations distant from antigen binding domains. Additional
advantages of site-specific labeling have been discussed in the section concerning radiolabeling.
Site-specific labeling may need modification of protein structures prior to the conjugation of
fluorescent dyes. In the case of VHHs for example, a C-terminal cysteine can be introduced.
Such a cysteine is able to react with thiol-reactive NIR fluorescent dyes. As discussed earlier,
random labeling of an anti-HER2 VHH (11A4) with IRDye CW800 reduced target affinity of
11A4 a 1,000-fold.102 This decrease in affinity resulted in a drastic decrease in tumor uptake. In
contrast to site-specifically labeled 11A4-800CW, tumor uptake of randomly labeled 11A4-800CW
was not visible at 4 hr after injection. Similar findings have been published with IRDye 680RD
labeled anti-HER2 VHH (2Rs15d) in mice.127 Compared to site-specific labeled 2Rs15d-680RD,
random labeling decreased tumor uptake and, except for the kidneys, increased the levels in
blood and normal organs, at 24 hr after injection. Like for 11A4, site-specific labeling of 2Rs15d
was performed by using cysteine as a conjugation partner of the NIR fluorescent dye. Although
the use of cysteine tagging of VHHs may prevent affinity loss after labeling, potentially resuling
in higher tumor uptake, cysteine tagging of VHHs currently results in a significant reduction
of production yields.103 This may hamper large-scale production, which is necessary for clinical
application. Furthermore, cysteines can form intermolecular disulfide bridges and reduction of
disulfide bridges may reduce crucial intramolecular disulfide bridges.
In contrast to site specific labeling of VHHs, site-specific labeling of huA33, an A33 targeting
antibody, with 89Zr and Dye 680 may have less impact on the distribution.128 No difference in
immunoreactivity was found between random or site-specific labeling of 89Zr-huA33-800CW.
Although the authors concluded that in vivo behavior of both constructs is comparable, data
about organ-specific biodistribution and serum half-life is missing.
Zwitterionic NIR fluorescent dyes
NIR fluorescent dyes often are negatively charged. Conjugation of these charged dyes to proteins
may therefore alter the biodistribution of proteins. In order to prevent a change in total protein
charge, zwitterionic NIR fluorescent dyes have been developed (e.g. ZW800-1, FNIR-Z-759 and
FNIR-G-765). These dyes have a nett charge of +1, which is the same nett charge of the terminal
amine of lysines they replace. As a result, conjugation of a zwitterionic NIR fluorescent dye to
lysines does not change overall protein charge. The labeling with such a zwitterionic dye may
therefore have less impact on the charge-dependent biodistribution of proteins as compared
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to for example anionic fluorescent dyes.129 Labeling of a secondary antibody, used to stain for
α-methylacyl-CoA racemase or HER2, with ZW800-1 resulted in less non-specific cell binding
as compared to the same antibody that was labeled with IRDye 800CW or Cy5.5. Non-specific
binding increased when d/p ratio increased from 1.2 to 2.5. The same study showed that labeling
a cyclic peptide consisting of Arg-Gly-Asp-D-Tyr-Lys with ZW800-1 resulted in tumor uptake
with lower background signal than was observed when was conjugated with IRDye 800CW or
Cy5.5. Although total protein charge is not altered after conjugation with zwitterionic dyes,
small structural changes in NIR fluorescent dyes can alter whole body distribution of antibodies.
This has been observed with panitumumab labeled with the zwitterionic dyes FNIR-Z-759 or
FNIR-G-765.116 Both dyes have a total charge of +1 but different positively charged groups. At the
sites were FNIR-Z-759 has trimethyl ammonium groups, FNIR-G-765 has guanidine groups. The
most pronounced difference was observed in liver accumulation. Hepatic uptake was highest for
panitumumab-FNIR-G-765, as was visible on fluorescent images of injected mice.
Conclusion
Labeling of proteins with fluorescent dyes can cause aggregation of fluorescently labeled proteins,
which is most pronounced at high d/p ratios. Visible precipitation has been observed at d/p
ratios of 4-5. In addition, increasing d/p ratio can alter de biodistribution of proteins. Already
at a d/p ratio of 2 fluorescent labeling could affect the biodistribution and pharmacokinetics of
proteins. However, the impact seems to be depending on the NIR fluorescent dye and protein.
Furthermore, the effect of fluorescent labeling on the half-life of the protein may additionally
depend on the protein dose or species in which the pharmacokinetic study is performed.
Drug conjugation
In order to increase the selectivity of cytotoxic drugs, they can be attached to tumor targeting
proteins. Due to the clinical successes and their high potential, an increasing amount of ADCs
are in development. In 2000 the first ADC (gemtuzumab ozogamicin) gained FDA approval
and due to extensive research over 60 ADCs are in clinical development.130 These successes led
to the interest in the conjugation of cytotoxic drugs to tumor-targeting antibody fragments
and non-Ig scaffolds.131-133 However, drug conjugation can change overall or local charge/
lipophilicity and destabilize proteins, e.g. by affecting their intraprotein charge and lipophilic
interactions or intraprotein disulfide bonds. This may consequently alter the biodistribution
and pharmacokinetics of proteins. Most experience with drug conjugation has been obtained
with ADCs.134-136 Currently, three ADCs are FDA and EMA approved, brentuximab vedotin,
trastuzumab emtansine and inotuzumab ozogamicin, while gemtuzumab ozogamicin is FDA
approved and is under consideration at the EMA.137-140 In addition, over 40 different ADCs are
evaluated in the clinical setting.141 Drugs that have been conjugated to antibodies target tubulin
(e.g. maytansinoids and auristatin), DNA (e.g. calicheamicin), or RNA (e.g. amanitin).142
Each time an antibody is loaded with a cytotoxic drug, the biodistribution and tumor
uptake potentially changes. Due to the increasing amounts of available linkers, cytotoxic drugs
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and protein sites that can be used to attach cytotoxic drugs to antibodies, the impact of drug
conjugation on the distribution of antibodies is potentially different for each new ADC. The
impact of drug conjugation is likely higher when antibodies are loaded with relatively high
amounts of cytotoxic drugs. High DARs might be beneficial for situations in which tumors
marginally express antigens. Current techniques allow the loading of antibodies with drugs using
DARs as high as 20, without compromising in antigen affinity and with increased tumor toxicity
in mice.143 However, such high DARs may change biodistribution in patients and may increase
the uptake in normal organs, potentially increasing toxicity.
These drugs can be conjugated to multiple sites of antibodies. Lysines are often used as
conjugation sites for cytotoxic compounds. However, monoclonal antibodies contain ~90
accessible lysines.144 Therefore this strategy results in highly heterogeneous ADCs. When aiming
at a drug to antibody ratio of 2-4, 1 x 106 different species are statistically possible. This results
in a highly heterogeneous mixture of ADCs. The different structures will likely possess different
efficacies, toxicities and pharmacokinetics, as has been demonstrated with a monomethyl
auristatin E labeled anti-CD30 antibody (cAC10).145 In vitro efficacy and pharmacokinetics in
SCID mice were compared between ADCs with a DAR of 2, 4 or 8. Efficacy directly correlated
with DAR (8 > 4 > 2), while the ADC with a DAR of 8 cleared a 3-fold faster than with a DAR of 4
and a 5-fold faster than with a DAR of 2.
Heterogeneity can be reduced by targeting cysteines instead. Reducing the four available
disulfide bindings in antibodies, an antibody to drug ratio of 2-4 drug will statistically result in
~15 different species.144 Although the disulfide bridges in antibodies covalently interconnect the
heavy chains and connect heavy chains with the light chains, reducing these disulfide bindings
does not affect the chemical structure of antibodies. This is due to the many non-covalent
interactions that primarily determine the chemical structure of antibodies.145,146 Similar to
cysteine conjugation, other conjugation methods can be used to reduce heterogeneity as well.
These include chemo-enzymatic loading of cytotoxic drugs and the conjugation of cytotoxic
drugs to glycans and incorporated cysteines or unusual amino acids.142,147
To study in vivo behavior of ADCs, they can be radiolabeled and traced in vivo using
molecular imaging. However, radiolabeling might decrease the stability of ADCs. To circumvent
potential problems with stability of the radiolabeled ADC, its naked antibody counterpart can
be radiolabeled instead and used to provide insight in its biodistribution. In order to predict
the in vivo behavior of an anti-mesothelin ADC (DMOT4039A), its 89Zr labeled naked antibody
counterpart (MMOT0530A) has been studied in cancer patients.6 This study revealed normal
antibody distribution of 89Zr-MMOT0530A and heterogeneous uptake between tumor lesions.
Tumor uptake differed a 2.4-fold within patients and a 5.3-fold between patients. Tumor
uptake of radiolabeled naked antibody counterparts of ADCs can have predictive value. It has
been demonstrated for trastuzumab emtansine (T-DM1) in the ZEPHIR study.148 By combining
pretreatment 89Zr-trastuzumab PET/computed tomography imaging with early [18F]2-fluoro-2deoxy-D-glucose PET/computed tomography imaging, patients that benefit from T-DM1 could
be distinguished from patients that did not benefit from T-DM1 treatment. This combination
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resulted in positive and negative predictive values of 100%.
However, antibody-drug conjugates can have a different biodistribution pattern as their
naked counterparts. It has been observed in rats with an antibody targeting six-transmembrane
epithelial antigen of prostate 1, conjugated with monomethyl auristatin. Hepatic uptake of the 111In
labeled ADC was 2-fold higher than the 111In labeled parental antibody at 120 hr after injection.149
Drug conjugation only marginally increased spleen uptake of the parental antibody. The observed
increased uptake in these organs did not affect whole blood levels. A more pronounced effect was
observed after conjugation of a humanized anti–Lewis Y antibody (hu3S193) with calicheamicin
in cancer patients.150 As determined after 111In labeling, drug conjugation increased both clearance
and hepatic uptake (4.5-fold, at 24 hr after injection), while it decreased maximum tumor uptake
(nearly 20-fold).150
The impact of drug conjugation on the pharmacokinetics of antibodies could depend on
the site of drug conjugation. This has been demonstrated with the conjugation of maytansine
to lysines on trastuzumab (T-DM1, DAR = 3.4) and to three other enzymatically created sites in
trastuzumab.151 By enzymatically converting cysteines into aldehydes in specific inserted amino
acid sequences (CXPXR, where X is usually serine, threonine, alanine, or glycine), maytansine
could site-specifically be conjugated to trastuzumab through Hydrazino-iso-Pictet-Spengler
ligation. Maytansine was conjugated to trastuzumab in either the light chain, the CH1 domain,
or at the heavy chain C-terminus. This resulted in ADCs with DARs of ~2. The site at which
maytansine was conjugated did impact the half-life of the ADCs. Conjugation of maytansine
at the C-terminus resulted in the ADC with the longest half-life in BALB/c mice, being 7.8 ±
0.5 days. The ADC half-lives were shorter when maytansine was conjugated to incorporated
aldehydes in the light chain (5.2 ± 0.2 days), the CH1 domain (5.7 ± 0.3 days) or to lysines (T-DM1,
6 ± 0.3 days).
In addition to the enzymatic introduction of aldehydes, aldehydes can be created in an
oxidizing environment. Such an environment can affect the pharmacokinetics of ADCs. One
of the strategies to site-specifically conjugate cytotoxic drugs to antibodies is by oxidizing
carbohydrate residues in the native glycans at the Fc-domain of IgG antibodies, in order to
create aldehydes. These aldehydes can then be targeted with activated cytotoxic drugs. However,
over-oxidation could oxidize methionine residues that are located in close proximity of the FcRn
binding site of antibodies, which can negatively affect FcRn binding and subsequently serum
half-life.152 Oxidation was also used in the process to site-specifically conjugate monomethyl
auristatin E and D to modified trastuzumab.147 Zhou et al. post-translationally introduced
sialic acid into native N297 glycans of trastuzumab. Subsequently, mild oxidizing conditions
were used to form aldehyde-functionalized trastuzumab. In addition, these conditions partially
oxidized methionine residues close to the FcRn binding region, roughly 40% of Met-252 and
<10% of Met-428 was oxidized, resulting in a ~15% reduction of FcRn binding. Such oxidation
and reduced FcRn is not likely to majorly affect half-life. Partial oxidation of (∼40%) of Met-252
on trastuzumab reduced its FcRn binding by ~25%, which only had a minimal effect on half-life
in human FcRn transgenic mouse.152 However, a higher degree of oxidation (80%) of Met-252

Influence of protein properties and protein modification on biodistribution and tumor | 45
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

in trastuzumab has been shown to negatively affect both FcRn binding (by ~60%) and serum
half-life (by ~80%).152
Drug conjugation does not always alter the biodistribution of antibodies. It has been
demonstrated in preclinical biodistribution studies with an N-methyl-N-[4-mercapto-4-methyl-1-oxopentyl]-L-alanine ester of maytansinol that was conjugated to lysines of an anti-CanAg
antibody (DAR 3.5-4.0), toxic tubulysin analog TUB-OMOM conjugated to lysines of trastuzumab
(DARs of 2 and 4) and auristatin conjugated to p-Acetylphenylalanine (an unnatural amino acid)
that was site-specifically incorporated into the heavy chains of an anti-HER2 IgG1 antibody (DAR
~2.0).153-155 The pharmacokinetics of these radiolabeled ADCs were comparable with that of the
radiolabeled parental antibodies in non-tumor bearing mice or rats. Due to the use of non-tumor
bearing mice or rats, it is not known if drug conjugation altered tumor uptake of these antibodies.
Similar to tumor targeting antibodies, both tumor targeting antibody fragments and non-Ig
scaffolds can be conjugated with cytotoxic drugs.156,157 Protein backbones that have been used to
target anticancer drugs include diabodies, Fab fragments and designed ankyrin repeat proteins.157
The effect of drug conjugation has been described for an anti-CD30 diabody that was engineered
with two cysteine mutations for site-specific drug conjugation.158 The diabody was conjugated
with monomethyl auristatin E or F (DAR ~4), which negatively altered the clearance rate of the
diabody by roughly a 5-fold. The reason for the observed decrease in diabody clearance is unclear.
As the increase in size was small, from ~38kDa to 47kDa, the increase in size is not likely the
reason. Remarkably the major route of clearance changed from renal to hepatobiliary excretion.
The reason for the change in clearance route was not studied and is therefore unknown. However,
the fact that the lipophilicity of the diabodies increases upon conjugation with both drugs may
have caused the change in clearance route. As the β half-lives between the diabody and the
diabody-drug conjugate were similar, the difference in clearance rate might be due to a difference
in distribution and distribution rate. Unfortunately, no biodistribution study was performed that
could give an answer to that question. Interestingly, drug conjugation of an anti-CD30 an IgG1
antibody (DAR ~4) in the same mouse models did not significantly alter the clearance of the
antibody.
In conclusion, drug conjugation can increase hepatic uptake, clearance from circulation and
decrease tumor uptake of antibodies and decrease the clearance of diabodies. Such an impact
should be taken into account when interpreting imaging data that is obtained with radiolabeled
ADCs or diabody drug conjugates.
Glycosylation
When protein drugs are produced in eukaryotic cell systems, they typically undergo the process
of glycosylation.159 Glycosylation of protein drugs can affect their conformation, solubility,
stability, in vivo activity and immunogenicity.160,161 In addition, glycosylation may also alter the
biodistribution and tumor uptake of protein drugs.
Glycosylation is a complex post-translational modification by which glycans are enzymatically
attached to side chains of asparagine (N-glycosylation), serine or threonine (O-glycosylation) of
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protein drugs.159 This process strongly depends on the expression system of the protein drug. In
yeasts, glycans contain many mannose sugars, plants consistently add α1,3-fucose and β1,3-xylose
sugars and although Escherichia coli bacteria are not capable of adding glycans to proteins, a
glycosylation machinery can be incorporated in their DNA.162-164 Mammalian cells can add a variety
of glycans to proteins, often resulting in highly heterogeneous glycosylated proteins.165 Switching
expression system can therefore change the glycosylation status. Subsequently, it can alter the
biodistribution of protein drugs as has been demonstrated with a 124I labeled anti-HER2 diabody
(C6.5db) in mice.166 Production of C6.5db in yeasts (Pichia pastoris) resulted in the addition of
branched mannose glycans, while production in Escherichia coli resulted in non-glycosylated
C6.5db. In mice, mannose glycosylated 124I-C6.5db cleared faster from the blood as compared
to non-glycosylated 124I-C6.5db, resulting in ~2-fold lower tumor uptake at 24 hr after injection.
The observed increase in clearance of glycosylated 124I-C6.5db may be due to the recognition of
mannose sugars by mannose receptors on intrahepatic cells present in mice and humans.167,168
Contradictory, at 2 hr after injection hepatic uptake of mannose glycosylated 124I-C6.5db was
lower than was observed with non-glycosylated 124I-C6.5db. It was suggested that this was due
to mannose receptor-mediated hepatic clearance that likely occurred within 2 hr after tracer
injection. In contrast to C6.5db, glycosylation without mannose but with fucose, hexose,
N-acetylhexosamine and sialic acid-containing glycans, moderately increased circulation time
of a bispecific single-chain diabodies (scDb) targeting CEA and CD3.169 Except for renal uptake,
glycosylation had a minor effect on the biodistribution of this scDb labeled with iodine-131 (131I).14
Glycosylation did decrease renal uptake from ~25% ID/g to ~5% ID/g at 2 hr after injection.
In order to increase the antibody-dependent cellular cytotoxicity of therapeutic antibodies,
glycosylated antibodies can be defucosylated.170 By removing fucose from the glycans of RG7116,
a HER3 targeting mAb, its antibody-dependent cellular cytotoxicity improved.171 A study
with 89Zr-RG7116 in mice demonstrated a normal antibody biodistribution profile, except for
extremely high splenic uptake of >50% ID/g for all dose groups tested.172 Its 111In labeled naturally
glycosylated IgG control showed much lower splenic uptake in mice. The fact that splenic uptake
of 89Zr-RG7116 in SCID mice was higher than 111In-IgG might be due to the glycosylation status of
RG7116. Glycoengineering of RG7116 increased the affinity to Fc-gamma receptor IIIA. As SCID
mice express a murine homolog of this receptor on monocytes and macrophages, both present
in the spleen, glycoengineering of RG7116 might have enhanced splenic uptake 89Zr-RG7116.
Although a high splenic uptake could be due to the glycosylation status of RG7116, high splenic
uptake (>80% ID/g) was also observed with non-glycoengineered 111In labeled anti-mesothelin
antibody and 89Zr-pertuzumab at respectively 24 hr and 7 days after tracer injection in mice.173,174
High splenic uptake might be mouse strain-specific instead, as in the above three studies only SCID
mice were used. Indeed splenic uptake of 89Zr-pertuzumab was much lower in athymic nu/nu mice
(2.7 ± 1.7% ID/g). In addition, extremely high splenic uptake of 89Zr-RG7116 was not observed in
patients.175 Four days after injection, the concentration of 89Zr-RG7116 in the spleen, quantified as
maximum standardized uptake value, was lower than its concentration in the blood pool.
In conclusion, unexpected organ and tumor uptake might be the result of the glycosylation
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status of proteins. Most relevant organs in which protein uptake can be affected by glycosylation
status are the kidneys, liver and spleen. Both defucosylation and glycosylation, especially
mannosylation, can change the biodistribution of proteins. As the glycosylation status depends
on the expression systems, its effect on biodistribution might be relevant in the search for an
optimal system.
Humanization
Protein drugs can elicit anti-drug antibodies (ADAs) in patients. Formation of ADA-drug
complexes can subsequently increase drug clearance via the liver or spleen.176 Humanization
of targeted proteins reduces the chance of being recognized by the human body as ‘foreign’
and potentially reduces the chance of ADA production. As a result, humanization may affect
the biodistribution of protein drugs. Although humanization may reduce the chance of ADA
production in humans and in cynomolgus monkeys, both humanized and fully human antibodies
can still induce ADA production.177 This may partly be due to factors other than humanization,
e.g. related to clinical use, product formulation and patient characteristics. These factors may
be responsible for the variability in ADA production after administration of drugs and drug
candidates.178 By linking variable domains of murine antibodies to human constant regions,
murine antibodies can be humanized.179 To further enlarge the human content of antibodies,
mouse complementarity-determining residues (CDRs) can be grafted into human antibodies.180
Current technology additionally allows the production of fully human antibodies.181,182 Despite
being fully human, these antibodies can still elicit ADAs.183 In addition to the humanization of
antibodies, VHHs can be humanized as well.184 Given a high homology with the heavy chain
variable domain of human antibodies, humanization of VHHs is rather straightforward.
Similar to antibodies, other human proteins have been used to develop drug candidates,
including anticalins and adnectins. Although these drug candidates have been derived from
human proteins, they still can elucidate an immune response. For example, an anticalin
(PRS-050) targeting vascular endothelial growth factor A, derived from human lipocalins, seems
to be non-immunogenic in cancer patients, while a vascular endothelial growth factor receptor
2 targeting adnectin (CT-322) still provoked ADA production in 31 out of 38 (82%) cancer
patients.185,186
Humanization does affect the half-life of antibodies in humans (Fig. 2). Generally, half-lives
of antibodies in humans correlate with the degree of humanization, in the order of “fully-ro
dent” < chimeric < CDR-grafted human < “fully human”.187 In line, humanization can decrease
the clearance rate in non-human primates. Humanization, using a CDR-grafting method,
of an anti-tumor necrosis factor-alpha murine antibody increased its half-life to 40-90 hr (a
2-3 fold increase) in cynomolgus monkeys.188 In contrast, humanization of antibodies can
increase clearance rate in mice. This has been observed with an astatine-211 labeled humanized
antibody (Rebmab200) and murine antibody (MX35) targeting sodium-dependent phosphate
transporter.189 At 24 hr after tracer injection in tumor-bearing mice, slightly lower blood levels
were observed for astatine-211 labeled Rebmab200 as compared to astatine-211 labeled MX35
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(respectively ~15% ID/g and ~20% ID/g). No differences were observed in organ and tumor
uptake. In contrast to the astatine-211 labeled antibodies, no differences in both blood levels
and tissue levels were observed between when both antibodies were labeled with 125I instead of
astatine-211.

Figure 2. Effect of IgG humanization on imaging characteristics. Based on references 187 and 189.

In rare cases, humanization of antibodies can introduce off-target binding to e.g.
complement component 3 as observed with a humanized anti-fibroblast growth factor receptor
4 antibody in mice.190 This humanized antibody cleared faster than its native chimeric antibody,
due to complement component 3 binding of the humanized antibody in plasma. It resulted in
reduced target specific liver accumulation, which decreased from ~80% ID/g to 35% ID/g. This
interaction was only present in mice and absent in cynomolgus monkey and human plasma,
suggesting that complement component 3 binding and the observed decrease in half-life are
species specific.
Humanization of an anti-CEA VHH (NbCEA5) marginally decreased antigen affinity.191 The
effect of humanization has been studied in mice by labeling both the humanized and parental
form of the VHH with 99mTc. Humanization did majorely effect clearance rate and uptake in lung,
muscle, liver and tumor at 1 hr after injection.
In conclusion, humanization of antibodies generally increases their half-life in humans
an can increase half-life in cynomolgus monkeys, while it can decrease the half-life in mice.
Furthermore, humanization can introduce off-target interaction. Understanding these potential
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effects of humanization may help to interpret imaging data and pharmacokinetic of protein drug
candidates or protein drugs. The effect of humanization on the in vivo behavior of proteins has
not extensively been studied for proteins other than antibodies.
Albumin binding
Albumin, the most abundant protein in human and murine plasma, displays an extraordinary
ligand-binding capacity. The large size of albumin (67 kDa) prevents fast renal filtration and
its FcRn affinity further enhances circulation time. As a result, albumin has a serum half-life of
~19 days in humans.192 Because of its long half-life, albumin can perfectly serve as a carrier in
order to extend the half-life and thus target exposure of targeted proteins. Half-life extension can
be achieved by conjugating targeted protein drugs to albumin or by introducing high-affinity
domains that bind to albumin in vivo. With the introduction of these high–affinity domains,
often anti-albumin affibodies or VHHs, the size of proteins also increases. As mentioned earlier
in this review, an increase may also affect biodistribution of proteins. However, due to the fact
that anti-albumin affibodies and VHHs are small in size, the effect of increasing the protein size
by introducing anti-albumin domains is not discussed in this paragraph. Human serum albumin
(HSA) conjugation and subsequent biodistribution studies have been performed with affibodies
targeting EGFR (177Lu-DO3A-HSA-ZEGFR:1907) and HER2 (111In-DOTA-HSA-ZHER2:342) in mice.193,194 At
4 hr after injection blood levels were respectively 19.07 ± 1.05% ID/g and 20.11 ± 3.5% ID/g, which
are much higher compared to radiolabeled affibodies that do not bind albumin in vivo, typically
<2.4% ID/g (Table V). High blood levels of both HSA conjugated affibodies resulted in high
uptake in normal organs, especially in the liver. High hepatic uptake has been observed with
177
Lu-DO3A-HSA-ZEGFR:1907 (54.93 ± 4.05% ID/g) and 111In-DOTA-HSA-ZHER2:342 (15.56 ± 1.84% ID/g).
Conjugation of a CEA targeting scFv (T84.66) to albumin resulted in a comparable
biodistribution pattern in mice.195 Although exact values were not given, blood levels of 111In labeled
albumin-bound T84.66 were much higher than that of 111In labeled T84.66 diabody, respectively
~25% ID/g and ~5% ID/g at 4 hr after injection. Hepatic uptake of 111In-albumin-T84.66 increased
in time, plateauing between 18 and 72 hr after injection (~11-12% ID/g). Similarly, tumor uptake
increased in time with a maximum uptake of 125I-albumin-T84.66 at 18 hr after injection (22.7 ±
6.0% ID/g). In contrast, maximum tumor uptake of 125I-T84.66 was observed 0.5 hr after injection
in the same tumor model (4.9% ID/g).196
In addition to the conjugation of protein drugs to albumin, introducing albumin affinity
can also extend their half-life. For that reason, a bivalent anti-EGFR VHH has been conjugated
to an albumin binding VHH (αEGFR-αEGFR-αalb).197 Biodistribution studies in mice revealed
that blood levels of 177Lu-αEGFR-αEGFR-αalb were higher than 177Lu-αEGFR-αEGFR. At 6 hr after
injection these levels were respectively 21.2 ± 2.5% ID/g and 0.06 ± 0.02% ID/g. At 24 hr after
injection, in vivo albumin binding additionally increased tumor uptake (from 3.2 ± 0.6% ID/g to
35.2 ± 7.5% ID/g) and organ uptake. The increase in organ uptake was most pronounced in highly
perfused lungs, heart, liver, spleen, kidneys and skin.
Similarly, conjugation of an albumin binding VHH (Hle2) to a non-targeted VHH (Irr3)
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increased the half-life of Irr3 in cynomolgus monkeys.198 Introducing albumin binding capacity
increased the half-life from 0.080 days (Irr3) to 4.9 days (Hle2-Irr3), which was estimated to be
in the same range of serum albumin in cynomolgus monkeys. The half-life of serum albumin in
cynomolgus monkeys was estimated to be ~5.2 days, as was based on a weight of 2.4 kg and the
formula: albumin half-life (days) = 3.75 * body weight (kg)0.368.199
The above studies have been performed in mice. Given the fact that albumin and HSA half-life
in mice (respectively ~1.5 days and ~5.2 days) differ from that in humans (~19 days), translating
these results to a clinical setting is difficult.192,198,200,201 Due to the difference in albumin half-life,
the effect of albumin binding on the clearance of protein drugs might be more pronounced
in humans than in mice. This may also count for biodistribution and tumor uptake, as these
parameters are affected by the clearance of protein drugs. However, despite the long half-life of
albumin in humans, the half-lives of drugs and drug conjugates that are conjugated to albumin
generally do not exceed 5 days in humans.202
In conclusion, albumin binding can increase protein levels in blood, organs and tumors. The
largest increase can be expected in the liver. The effect of albumin binding on the biodistribution
of protein drugs may well be more pronounced in humans than in mice, as albumin is excreted
less efficiently in humans. These findings may facilitate the interpretation of imaging data
obtained with albumin binding proteins.
PEGylation
Although small protein drugs hold great promise as anticancer agents, they are cleared fast and
therefore provide relatively low target exposure. In order to increase circulation time and tumor
exposure, drugs can be PEGylated. PEGylation successfully increased the half-life of antibodies,
antibody fragments and non-Ig scaffolds.14,185,203-206 In addition, PEGylation can increase solubility,
decrease antigenicity and decrease proteolysis.207,208 To date, PEGylation has been used in the FDA
and EMA approved cancer drugs, including PEGylated doxorubicin liposomes, PEGfilgrastim,
PEGasparaginase, PEGintron and pegaptanib.
The effect of PEGylation on circulation time depends on different PEG characteristics,
including chain length and shape. For example, increasing chain length increased the half-life
of a Fab targeting an unspecified antigen, as studied in cynomolgus monkeys.209 PEGylation
with 25 kDa PEG chain resulted in a plasma elimination half-life of 147.3 hr, while PEGylation
with a PEG length of 40 kDa resulted in a plasma half-life of 188.9 hr.209 Increasing chain length
can additionally decrease target affinity, potentially preventing high antigen-specific tumor
uptake.210,211 However, a reduction in target affinity does not necessarily decrease tumor uptake of
PEGylated proteins.212
Like chain length, the shape of PEG chains can influence the effect of PEGylation on
circulation time of PEGylated proteins. Despite the fact that total PEG length was similar, the
use of branched PEG chains (2 x 20 or 4 x 10 kDa) increased the serum half-life of tumor necrosis
factor-alpha targeting VHH more than PEGylation with linear PEG chains (1 x 40 kDa), as studied
in mice, rats and cynomolgus monkeys.213
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PEGylation generally promotes uptake in well-perfused organs, except for the kidneys
and liver.14,204,206 PEGylation can enlarge protein size, decreasing renal excretion. At 2 hr after
injection of a 125I labeled anti-CEA/CD3 scDb in mice, renal levels of 125I-scDb were higher than of
131
I-PEG-scDb.14 However, PEGylation increased renal uptake of this scDb at later time points (24,
48 and 96 hr after injection), which is likely due to the increase in blood levels and the strong
perfusion of the kidneys. At all time points studied (2-96 hr after injection), PEGylation did
increase uptake of this scDb in the well-perfused liver. In contrast, PEGylation reduced hepatic
uptake of an anti-EGFR antibody (C225/cetuximab).206 PEGylation of 111In-C225 with antibody:PEG
ratios of 1:10 and 1:30 decreased liver uptake in mice with respectively 38% and 45%.206 This might
be due to the fact that PEG chains potentially mask sites that could be recognized by scavenger
receptors in the liver.
Like in well-perfused organs, PEGylation can also increase tumor uptake of protein drugs.
This might be the result of both an increased circulation time, resulting in increased exposure to
intratumoral antigens, and the EPR effect in tumor tissue. In mice, tumor uptake of a bispecific
anti-CEA/CD3 scDb increased upon PEGylation. Tumor uptake of 125I-PEG-scDb increased in both
CEA positive and negative tumors as compared to 131I-scDb.14 The fact that 125I-PEG-scDb uptake
was also higher in CEA negative tumors is likely due to an increase in circulation time and due to
the EPR effect. In contrast, PEGylation can also decrease tumor uptake as has been observed with
the humanized A33 antibody, targeting the A33 antigen in colon cancer.205 Although PEGylation
did not affect half-life or decrease target binding by more than 50%, it negatively affected tumor
uptake in mice. Ex vivo staining of these tumors for human IgG, demonstrated that PEGylation
of A33 antibodies reduced the speed of tumor penetration. This suggests that a decrease in tumor
penetration also prevented high tumor uptake.
Although PEGylation generally increases the half-life of proteins, some studies show
that PEGylation decreases the half-life of proteins. Conjugation of 124I-Fab targeting murine
tumor-associated glycoprotein-72 with negatively charged branched maleimide-PEG (2887 Da)
or neutrally charged maleimide-PEG (4229 Da) decreased its half-life in mice.214 Interestingly,
PEGylation using larger negatively charged maleimide-PEG (4473 Da) increased its half-life.
PEGylation of a 111In labeled cetuximab also decreased the level of radioactivity in serum of
mice.215 It was suggested this is due to the detachment of 111In-PEG from cetuximab.215 Remarkably,
a similar study from the same group demonstrated that PEGylation of cetuximab increased blood
levels in mice at 48 hr after injection.206 In both studies DTPA conjugation and subsequent 111In
labeling was performed similarly, at the end of the PEG chain.
As reviewed by Verhoef and Anchordoquy, several mechanisms have been suggested
that could cause the PEG dependent increase in serum clearance.216 PEGylation can e.g.
increase protein adsorption.217 The binding to proteins that interact with receptors on cells of
mononuclear phagocyte system may promote the clearance of PEGylated proteins by these
cells.216 In addition, the innate immune system may recognize PEG, as this system is known
to recognize pathogen-specific repeating structures. Furthermore, human may develop PEG
specific antibodies after repeated exposure to PEG as has been shown in a clinical study with
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PEGasparaginase.218 The results of that same study also indicate that 25% of the study population
had pre-existing PEG recognizing antibodies prior to the study. According to the authors this
could be the result of repeated exposure to PEG in cosmetic products that were likely used by the
patients.
In conclusion, when interpreting molecular imaging data with radiolabeled PEGylated
proteins, one should take into account that PEGylation generally decreases clearance rate,
increasing protein drug levels in blood, tumor and most organs. Both renal and hepatic uptake
can either increase or decrease upon PEGylation. For renal uptake, this can be time-dependent.
The use of branched PEG chains has a more pronounced effect on biodistribution than the use of
linear PEG chains. Although counterintuitive, several studies have demonstrated that PEGylation
may increase serum clearance. Furthermore, PEGylation may reduce target affinity and tumor
penetration resulting in a decrease in tumor uptake.

CONCLUSIONS AND FUTURE PROSPECTS
To date tumor targeting antibodies, antibody derivatives and non-Ig scaffolds have been modified
to enhance their therapeutic effect, tumor exposure and safety profile. Molecular imaging
and biodistribution studies have shown that protein modifications, including radiolabeling
of protein drugs, can intentionally and unintentionally alter their biodistribution and tumor
uptake. Protein modifications often alter the levels of tumor targeting antibodies, antibody
derivatives and non-Ig scaffolds in blood, liver, spleen, kidneys and tumor. The impact of protein
modifications on the in vivo behavior of these proteins depend on the type of protein and should
therefore be determined for each type of protein drug separately.
Currently, the distribution and tumor uptake of clinically studied protein drugs is increasingly
being assessed using molecular imaging. For example, there are currently 24 known recruiting
and active non-recruiting clinical trials in which the biodistribution and tumor uptake of 89Zr
labeled antibodies is studied (www.clinicaltrials.gov). These clinical studies are often based on
preclinical imaging studies. Given dissimilarities, the impact of protein modifications on in vivo
behavior of protein drugs can be species or strain specific. For example labeling, humanization
and albumin binding, as discussed in this review, can affect the biodistribution of protein drugs
differently in preclinical mouse models as compared to non-human primates and humans (Table
VII). As the majority of studies included in this review were performed in the preclinical setting
in mice, further research is warranted to determine to what extent the described effects can be
extrapolated to the clinical setting. Further research may additionally clarify which preclinical
models best approach the clinical setting and which preclinical models should be avoided to
study biodistribution and tumor uptake of protein drugs.
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Observed in mice for humanized anti-fibroblast
growth factor receptor 4 antibody. Binding
reduced serum half-life and target specific organ
uptake

1.6 days, effect of albumin binding on half-life
of proteins is likely less pronounced than in
cynomolgus monkeys and humans

21 hours in NMRI mice, the effect of conjugation
to human serum albumin on half-life of proteins
is less pronounced than in cynomolgus monkeys
and humans

Mice used in oncology research often are
immunodeficient. These mice ar incapabel of
producing anti-drug-antibodies

Non-specific antibody uptake in the spleen Non-specific uptake of 89Zr-RG7116 in the
Non-specific antibody uptake in the spleen
spleen of patients is not extremely high
is not expected to be extremely high in
of SCID, but not athymic nu/nu, mice can be
extremely high (>50% ID/g). Defucosylation could cynomolgus monkeys
further increase the splenic uptake of antibodies,
as observed with 89Zr-RG7116

Relatively high, potentially resulting in increased
tracer levels in liver and spleen and decreased
tracer levels in the tumor and bloodpool

Half-life of albumin

Half-life of human
serum albumin

Anti-drug-antibodies

Splenic uptake of
antibodies

Conjugation ratio

Relatively low, indirect labeling likely
has less impact on biodistribution and
pharmacokinetics

Non-human primates may develop antidrug-antibodies after repeated exposure.
ADA response can be different than in
patients

5.5 days in cynomolgus monkeys, the effect
of conjugation to human serum albumin
on half-life of proteins is more pronounced
than in mice but less compared to human

~5.2 days for cynomolgus monkeys as
based on a weight of 2.4 kg and the
formula: albumin half-life (days) = 3.75
* body weight (kg)0.368. Effect of albumin
binding on half-life of proteins is more
pronounced than in mice but less
compared to human

Binding is absent in plasma of cynomolgus
monkeys

Relatively low, indirect labeling likely
has less impact on biodistribution and
pharmacokinetics

Human may develop anti-drug-antibodies
after repeated exposure and may present
pre-existing PEG recognizing antibodies

~19 days, the effect of conjugation to
human serum albumin on half-life of
proteins is more pronounced than in mice
and cynomolgus monkeys

~19 days, effect of albumin binding on halflife of proteins is likely more pronounced
than in mice and cynomolgus monkeys

Binding is absent in human plasma

Half-lives correlate with the degree of
humanization, in the order of: “fullyrodent” < chimeric < CDR-grafted
human < “fully human

Complement
component 3 binding
of humanized
antibodies

Humanization decreases clearance rate
significantly

Humanization may increase clearance rate

Likely less present due to slower growing
tumors with more mature vasculature

Effect of antibody
humanization on its
half-life

No data available

In human

Likely more prominent due to faster growing
tumors with less matured vasculature

In non-human primates

EPR effect

In mice

Table VII. Effect of protein modifications in murine models and humans.
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Ideally, the effect of protein modifications (including radiolabeling and fluorescent labeling)
on the biodistribution of tumor targeting antibodies, antibody derivatives and non-Ig scaffolds
is known before molecular imaging is implemented in clinical trials. This benefits a scientifically
sound interpretation of the data. Such interpretation of the data can be difficult, raising the need
for a comprehensive overview of specific protein properties and modifications that can affect
biodistribution and tumor uptake of protein drugs. This review may facilitate in addressing this
need by providing such an overview. In order to further increase the knowledge about the effects
protein modifications have on the biodistribution and tumor uptake of proteins, molecular
imaging can be implemented in more clinical trials. Generally, the implementation of molecular
imaging in clinical trials can be further optimized. Especially for nuclear imaging it is critical
to take into account the need for standardized scanning methods and the costs of molecular
imaging.219,220 Furthermore, a good collaboration between academia and industry will expand the
incorporation of molecular imaging in clinical trials.

ACKNOWLEDGMENTS
Supported by CTMM grant (MAMMOTH) and ERC Advanced grant (OnQview)

Influence of protein properties and protein modification on biodistribution and tumor | 55
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

REFERENCES
1.

Reichert JM. Therapeutic monoclonal antibodies approved or in review in the EU or the US. http://www.antibodysociety.
org/news/approved-antibodies (accessed January 14, 2018).

2.

Carter PJ, Lazar GA. Next generation antibody drugs: pursuit of the ‘high-hanging fruit’. Nat Rev Drug Discov 2017;

3.

Skrlec K, Strukelj B, Berlec A. Non-immunoglobulin scaffolds: a focus on their targets. Trends Biotechnol
2015;33(7):408-418.

4.

Lamberts LE, Williams SP, Terwisscha van Scheltinga AG, et al. Antibody positron emission tomography imaging in
anticancer drug development. J Clin Oncol 2015;33(13):1491-1504.

5.

Gaykema SB, Brouwers AH, Lub-de Hooge MN, et al. 89Zr-bevacizumab PET imaging in primary breast cancer. J Nucl
Med 2013;54(7):1014-1018.

6.

Lamberts LE, Menke-van der Houven van Oordt CW, Ter Weele EJ, et al. ImmunoPET with anti-mesothelin antibody
in patients with pancreatic and ovarian cancer before anti-mesothelin antibody-drug conjugate treatment. Clin Cancer
Res 2016;22(7):1642-1652.

7.

Freise AC, Wu AM. In vivo imaging with antibodies and engineered fragments. Mol Immunol 2015;67(2):142-152.

8.

Vazquez-Lombardi R, Phan TG, Zimmermann C, Lowe D, Jermutus L, Christ D. Challenges and opportunities for
non-antibody scaffold drugs. Drug Discov Today 2015;20(10):1271-1283.

9.

Christensen EI, Verroust PJ, Nielsen R. Receptor-mediated endocytosis in renal proximal tubule. Pflugers Arch
2009;458(6):1039-1048.

10.

Akizawa H, Uehara T, Arano Y. Renal uptake and metabolism of radiopharmaceuticals derived from peptides and
proteins. Adv Drug Deliv Rev 2008;60(12):1319-1328.

11.

Maack T, Johnson V, Kau ST, Figueiredo J, Sigulem D. Renal filtration, transport, and metabolism of low-molecular-weight
proteins: a review. Kidney Int 1979;16(3):251-270.

12.

Silbernagl S. The renal handling of amino acids and oligopeptides. Physiol Rev 1988;68(3):911-1007.

13.

Yazaki PJ, Wu AM, Tsai SW, et al. Tumor targeting of radiometal labeled anti-CEA recombinant T84.66 diabody and
t84.66 minibody: comparison to radioiodinated fragments. Bioconjug Chem 2001;12(2):220-228.

14.

Stork R, Campigna E, Robert B, Muller D, Kontermann RE. Biodistribution of a bispecific single-chain diabody and its
half-life extended derivatives. J Biol Chem 2009;284(38):25612-25619.

15.

Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in cancer chemotherapy: mechanism of
tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res 1986;46(12):6387-6392.

16.

Kobayashi H, Choyke PL. Super enhanced permeability and retention (SUPR) effects in tumors following near infrared
photoimmunotherapy. Nanoscale 2016;8(25):12504-12509.

17.

Lammers T, Peschke P, Kuhnlein R, et al. Effect of radiotherapy and hyperthermia on the tumor accumulation of
HPMA copolymer-based drug delivery systems. J Control Release 2007;117(3):333-341.

18.

Hansen AE, Petersen AL, Henriksen JR, et al. Positron Emission Tomography Based Elucidation of the Enhanced
Permeability and Retention Effect in Dogs with Cancer Using Copper-64 Liposomes. ACS Nano 2015;9(7):6985-6995.

19.

Schellenberger V, Wang CW, Geething NC, et al. A recombinant polypeptide extends the in vivo half-life of peptides
and proteins in a tunable manner. Nat Biotechnol 2009;27(12):1186-1190.

20.

Schlapschy M, Binder U, Borger C, et al. PASylation: a biological alternative to PEGylation for extending the plasma

56 | Chapter 2

half-life of pharmaceutically active proteins. Protein Eng Des Sel 2013;26(8):489-501.
21.

Floss DM, Schallau K, Rose-John S, Conrad U, Scheller J. Elastin-like polypeptides revolutionize recombinant protein
expression and their biomedical application. Trends Biotechnol 2010;28(1):37-45.

22.

Schlapschy M, Theobald I, Mack H, Schottelius M, Wester HJ, Skerra A. Fusion of a recombinant antibody fragment
with a homo-amino-acid polymer: effects on biophysical properties and prolonged plasma half-life. Protein Eng Des
Sel 2007;20(6):273-284.

23.

Cignetto S, Modica C, Chiriaco C, et al. Dual constant domain-Fab: A novel strategy to improve half-life and potency of
a Met therapeutic antibody. Mol Oncol 2016;10(6):938-948.

24.

Levy G. Pharmacologic target-mediated drug disposition. Clin Pharmacol Ther 1994;56(3):248-252.

25.

Mager DE, Jusko WJ. General pharmacokinetic model for drugs exhibiting target-mediated drug disposition. J
Pharmacokinet Pharmacodyn 2001;28(6):507-532.

26.

Tokuda Y, Watanabe T, Omuro Y, et al. Dose escalation and pharmacokinetic study of a humanized anti-HER2 monoclonal
antibody in patients with HER2/neu-overexpressing metastatic breast cancer. Br J Cancer 1999;81(8):1419-1425.

27.

Rowinsky EK, Schwartz GH, Gollob JA, et al. Safety, pharmacokinetics, and activity of ABX-EGF, a fully human
anti-epidermal growth factor receptor monoclonal antibody in patients with metastatic renal cell cancer. J Clin Oncol
2004;22(15):3003-3015.

28.

Baselga J, Tripathy D, Mendelsohn J, et al. Phase II study of weekly intravenous recombinant humanized
anti-p185HER2 monoclonal antibody in patients with HER2/neu-overexpressing metastatic breast cancer. J Clin Oncol
1996;14(3):737-744.

29.

Rudnick SI, Lou J, Shaller CC, et al. Influence of affinity and antigen internalization on the uptake and penetration of
anti-HER2 antibodies in solid tumors. Cancer Res 2011;71(6):2250-2259.

30.

Adams GP, Schier R, McCall AM, et al. High affinity restricts the localization and tumor penetration of single-chain fv
antibody molecules. Cancer Res 2001;61(12):4750-4755.

31.

Fujimori K, Covell DG, Fletcher JE, Weinstein JN. Modeling analysis of the global and microscopic distribution of
immunoglobulin G, F(ab’)2, and Fab in tumors. Cancer Res 1989;49(20):5656-5663.

32.

Tang Y, Lou J, Alpaugh RK, Robinson MK, Marks JD, Weiner LM. Regulation of antibody-dependent cellular cytotoxicity
by IgG intrinsic and apparent affinity for target antigen. J Immunol 2007;179(5):2815-2823.

33.

Zahnd C, Kawe M, Stumpp MT, et al. Efficient tumor targeting with high-affinity designed ankyrin repeat proteins:
effects of affinity and molecular size. Cancer Res 2010;70(4):1595-1605.

34.

Tolmachev V, Tran TA, Rosik D, Sjoberg A, Abrahmsen L, Orlova A. Tumor targeting using affibody molecules: interplay
of affinity, target expression level, and binding site composition. J Nucl Med 2012;53(6):953-960.

35.

Martins JP, Kennedy PJ, Santos HA, Barrias C, Sarmento B. A comprehensive review of the neonatal Fc receptor and its
application in drug delivery. Pharmacol Ther 2016;16122-39.

36.

Sand KM, Bern M, Nilsen J, Noordzij HT, Sandlie I, Andersen JT. Unraveling the interaction between FcRn and
albumin: opportunities for design of albumin-based therapeutics. Front Immunol 2015;5682.

37.

Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of age. Nat Rev Immunol 2007;7(9):715-725.

38.

Ward ES, Zhou J, Ghetie V, Ober RJ. Evidence to support the cellular mechanism involved in serum IgG homeostasis in
humans. Int Immunol 2003;15(2):187-195.

39.

Roopenian DC, Christianson GJ, Sproule TJ, et al. The MHC class I-like IgG receptor controls perinatal IgG transport,

Influence of protein properties and protein modification on biodistribution and tumor | 57
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

IgG homeostasis, and fate of IgG-Fc-coupled drugs. J Immunol 2003;170(7):3528-3533.
40.

Yip V, Palma E, Tesar DB, et al. Quantitative cumulative biodistribution of antibodies in mice: Effect of modulating
binding affinity to the neonatal Fc receptor. MAbs 2014;6(3):689-696.

41.

Burvenich IJ, Lee FT, O’Keefe GJ, et al. Engineering anti-Lewis-Y hu3S193 antibodies with improved therapeutic ratio
for radioimmunotherapy of epithelial cancers. EJNMMI Res 2016;6(1):26.

42.

Robbie GJ, Criste R, Dall’acqua WF, et al. A novel investigational Fc-modified humanized monoclonal antibody,
motavizumab-YTE, has an extended half-life in healthy adults. Antimicrob Agents Chemother 2013;57(12):6147-6153.

43.

Weiss L, Zeigel R. Cell surface negativity and the binding of positively charged particles. J Cell Physiol 1971;77(2):179-186.

44.

Hong G, Bazin-Redureau MI, Scherrmann JM. Pharmacokinetics and organ distribution of cationized colchicine-specific
IgG and Fab fragments in rat. J Pharm Sci 1999;88(1):147-153.

45.

Lee HJ, Pardridge WM. Monoclonal antibody radiopharmaceuticals: cationization, pegylation, radiometal chelation,
pharmacokinetics, and tumor imaging. Bioconjug Chem 2003;14(3):546-553.

46.

Pardridge WM, Kang YS, Yang J, Buciak JL. Enhanced cellular uptake and in vivo biodistribution of a monoclonal
antibody following cationization. J Pharm Sci 1995;84(8):943-948.

47.

Pardridge WM, Kang YS, Diagne A, Zack JA. Cationized hyperimmune immunoglobulins: pharmacokinetics, toxicity
evaluation and treatment of human immunodeficiency virus-infected human-peripheral blood lymphocytes-severe
combined immune deficiency mice. J Pharmacol Exp Ther 1996;276(1):246-252.

48.

Pardridge WM, Buciak J, Yang J, Wu D. Enhanced endocytosis in cultured human breast carcinoma cells and in vivo
biodistribution in rats of a humanized monoclonal antibody after cationization of the protein. J Pharmacol Exp Ther
1998;286(1):548-554.

49.

Gangopadhyay A, Petrick AT, Thomas P. Modification of antibody isoelectric point affects biodistribution of
111-indium-labeled antibody. Nucl Med Biol 1996;23(3):257-261.

50.

ten Kate CI, Fischman AJ, Rubin RH, et al. Effect of isoelectric point on biodistribution and inflammation: imaging
with indium-111-labelled IgG. Eur J Nucl Med 1990;17(6):305-309.

51.

Yamasaki Y, Sumimoto K, Nishikawa M, et al. Pharmacokinetic analysis of in vivo disposition of succinylated proteins
targeted to liver nonparenchymal cells via scavenger receptors: importance of molecular size and negative charge
density for in vivo recognition by receptors. J Pharmacol Exp Ther 2002;301(2):467-477.

52.

Vegt E, de Jong M, Wetzels JF, et al. Renal toxicity of radiolabeled peptides and antibody fragments: mechanisms,
impact on radionuclide therapy, and strategies for prevention. J Nucl Med 2010;51(7):1049-1058.

53.

Holloway CM, Scollard DA, Caldwell CB, Ehrlich L, Kahn HJ, Reilly RM. Phase I trial of intraoperative detection of tumor
margins in patients with HER2-positive carcinoma of the breast following administration of 111In-DTPA-trastuzumab
Fab fragments. Nucl Med Biol 2013;40(5):630-637.

54.

Sorensen J, Sandberg D, Sandstrom M, et al. First-in-human molecular imaging of HER2 expression in breast cancer
metastases using the 111In-ABY-025 affibody molecule. J Nucl Med 2014;55(5):730-735.

55.

Kim IS, Yoo TM, Kobayashi H, et al. Chemical modification to reduce renal uptake of disulfide-bonded variable region
fragment of anti-Tac monoclonal antibody labeled with 99mTc. Bioconjug Chem 1999;10(3):447-453.

56.

Kobayashi H, Le N, Kim IS, et al. The pharmacokinetic characteristics of glycolated humanized anti-Tac Fabs are
determined by their isoelectric points. Cancer Res 1999;59(2):422-430.

57.

Behr TM, Sharkey RM, Juweid ME, et al. Reduction of the renal uptake of radiolabeled monoclonal antibody fragments
by cationic amino acids and their derivatives. Cancer Res 1995;55(17):3825-3834.

58 | Chapter 2

58.

Gainkam LO, Caveliers V, Devoogdt N, et al. Localization, mechanism and reduction of renal retention of
technetium-99m labeled epidermal growth factor receptor-specific nanobody in mice. Contrast Media Mol Imaging
2011;6(2):85-92.

59.

Behr TM, Becker WS, Sharkey RM, et al. Reduction of renal uptake of monoclonal antibody fragments by amino acid
infusion. J Nucl Med 1996;37(5):829-833.

60.

Kobayashi H, Yoo TM, Kim IS, et al. L-lysine effectively blocks renal uptake of

I- or

125

99m

Tc-labeled anti-Tac

disulfide-stabilized Fv fragment. Cancer Res 1996;56(16):3788-3795.
61.

DePalatis LR, Frazier KA, Cheng RC, Kotite NJ. Lysine reduces renal accumulation of radioactivity associated with
injection of the [177Lu]alpha-[2-(4-aminophenyl) ethyl]-1,4,7,10-tetraaza-cyclodecane-1,4,7,10-tetraacetic acid-CC49
Fab radioimmunoconjugate. Cancer Res 1995;55(22):5288-5295.

62.

Mogensen CE, Solling. Studies on renal tubular protein reabsorption: partial and near complete inhibition by certain
amino acids. Scand J Clin Lab Invest 1977;37(6):477-486.

63.

Rusckowski M, Qu T, Gupta S, Ley A, Hnatowich DJ. A comparison in monkeys of

99m

Tc labeled to a peptide by 4

methods. J Nucl Med 2001;42(12):1870-1877.
64.

Adem YT, Schwarz KA, Duenas E, Patapoff TW, Galush WJ, Esue O. Auristatin antibody drug conjugate physical
instability and the role of drug payload. Bioconjug Chem 2014;25(4):656-664.

65.

Lyon RP, Bovee TD, Doronina SO, et al. Reducing hydrophobicity of homogeneous antibody-drug conjugates improves
pharmacokinetics and therapeutic index. Nat Biotechnol 2015;33(7):733-735.

66.

Press OW, Shan D, Howell-Clark J, et al. Comparative metabolism and retention of iodine-125, yttrium-90, and
indium-111 radioimmunoconjugates by cancer cells. Cancer Res 1996;56(9):2123-2129.

67.

Stillebroer AB, Franssen GM, Mulders PF, et al. ImmunoPET imaging of renal cell carcinoma with 124I- and 89Zr-labeled
anti-CAIX monoclonal antibody cG250 in mice. Cancer Biother Radiopharm 2013;28(7):510-515.

68.

Knowles SM, Zettlitz KA, Tavare R, et al. Quantitative immunoPET of prostate cancer xenografts with
124

69.

89

Zr- and

I-labeled anti-PSCA A11 minibody. J Nucl Med 2014;55(3):452-459.

Brouwers AH, Buijs WC, Oosterwijk E, et al. Targeting of metastatic renal cell carcinoma with the chimeric monoclonal
antibody G250 labeled with 131I or 111In: an intrapatient comparison. Clin Cancer Res 2003;9(10):3953S-60S.

70.

Mendler CT, Gehring T, Wester HJ, Schwaiger M, Skerra A.

Zr-labeled versus

89

124

I-labeled alphaHER2 Fab with

optimized plasma half-life for high-contrast tumor imaging in vivo. J Nucl Med 2015;56(7):1112-1118.
71.

Postema EJ, Frielink C, Oyen WJ, et al. Biodistribution of 131I-,

Re-,

186

177

Lu-, and 88Y-labeled hLL2 (Epratuzumab) in

nude mice with CD22-positive lymphoma. Cancer Biother Radiopharm 2003;18(4):525-533.
72.

Tolmachev V, Malmberg J, Estrada S, Eriksson O, Orlova A. Development of a

124

I-labeled version of the anti-PSMA

monoclonal antibody capromab for immunoPET staging of prostate cancer: Aspects of labeling chemistry and
biodistribution. Int J Oncol 2014;44(6):1998-2008.
73.

Kim BE, Nevitt T, Thiele DJ. Mechanisms for copper acquisition, distribution and regulation. Nat Chem Biol
2008;4(3):176-185.

74.

Rosenzweig AC. Copper delivery by metallochaperone proteins. Acc Chem Res 2001;34(2):119-128.

75.

Wadas TJ, Wong EH, Weisman GR, Anderson CJ. Copper chelation chemistry and its role in copper radiopharmaceuticals.
Curr Pharm Des 2007;13(1):3-16.

76.

Smith-Jones PM, Fridrich R, Kaden TA, et al. Antibody labeling with copper-67 using the bifunctional macrocycle

Influence of protein properties and protein modification on biodistribution and tumor | 59
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

4-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic acid. Bioconjug Chem 1991;2(6):415-421.
77.

Boswell CA, Sun X, Niu W, Weisman GR, Wong EH, Rheingold AL, Anderson CJ. Comparative in vivo stability of
copper-64-labeled cross-bridged and conventional tetraazamacrocyclic complexes. J Med Chem 2004;47(6):1465-1474.

78.

Bass LA, Wang M, Welch MJ, Anderson CJ. In vivo transchelation of copper-64 from TETA-octreotide to superoxide
dismutase in rat liver. Bioconjug Chem 2000;11(4):527-532.

79.

Harris WR, Pecoraro VL. Thermodynamic binding constants for gallium transferrin. Biochemistry 1983;22(2):292-299.

80.

Kumar V, Boddeti DK, Evans SG, Roesch F, Howman-Giles R. Potential use of 68Ga-apo-transferrin as a PET imaging
agent for detecting Staphylococcus aureus infection. Nucl Med Biol 2011;38(3):393-398.

81.
82.

Beamish MR, Brown EB. The metabolism of transferrin-bound 111In and 59Fe in the rat. Blood 1974;43(5):693-701.
Lub-de Hooge MN, Kosterink JG, Perik PJ, et al. Preclinical characterisation of 111In-DTPA-trastuzumab. Br J Pharmacol
2004;143(1):99-106.

83.

Perk LR, Visser GW, Vosjan MJ, et al. 89Zr as a PET surrogate radioisotope for scouting biodistribution of the therapeutic
radiometals 90Y and 177Lu in tumor-bearing nude mice after coupling to the internalizing antibody cetuximab. J Nucl
Med 2005;46(11):1898-1906.

84.

Perk LR, Visser OJ, Stigter-van Walsum M, Vosjan MJ, et al. Preparation and evaluation of 89Zr-Zevalin for monitoring
of 90Y-Zevalin biodistribution with positron emission tomography. Eur J Nucl Med Mol Imaging 2006;33(11):1337-1345.

85.

Abou DS, Ku T, Smith-Jones PM. In vivo biodistribution and accumulation of

89

Zr in mice. Nucl Med Biol

2011;38(5):675-681.
86.

Ullberg S, Ewaldsson B. Distribution of radio-iodine studied by whole-body Autoradiography. Acta Radiol Ther Phys
Biol 1964;224-32.

87.

Franken PR, Guglielmi J, Vanhove C, Koulibaly M, Defrise M, Darcourt J, Pourcher T. Distribution and dynamics of
99m

Tc-pertechnetate uptake in the thyroid and other organs assessed by single-photon emission computed tomography

in living mice. Thyroid 2010;20(5):519-526.
88.

Warnders FJ, Waaijer SJ, Pool M, et al. Biodistribution and PET Imaging of Labeled Bispecific T Cell-Engaging Antibody
Targeting EpCAM. J Nucl Med 2016;57(5):812-817.

89.

Waaijer SJ, Warnders FJ, Lub-de Hooge MN, et al. Preclinical evaluation of the radiolabeled bispecific T-cell engager
Zr-AMG 211 targeting CEA-positive tumors [abstract]. Mol Cancer Ther 2015;14 (suppl 2)A85.

89

90.

Malmberg J, Perols A, Varasteh Z, et al. Comparative evaluation of synthetic anti-HER2 Affibody molecules
site-specifically labelled with 111In using N-terminal DOTA, NOTA and NODAGA chelators in mice bearing prostate
cancer xenografts. Eur J Nucl Med Mol Imaging 2012;39(3):481-492.

91.

Strand J, Honarvar H, Perols A, et al. Influence of macrocyclic chelators on the targeting properties of 68Ga-labeled
synthetic affibody molecules: comparison with 111In-labeled counterparts. PLoS One 2013;8(8):e70028.

92.

Tran T, Engfeldt T, Orlova A, et al. 99mTc-maEEE-ZHER2:342, an affibody molecule-based tracer for the detection of HER2
expression in malignant tumors. Bioconjug Chem 2007;18(6):1956-1964.

60 | Chapter 2

93.

Ahlgren S, Wallberg H, Tran TA, et al. Targeting of HER2-expressing tumors with a site-specifically 99mTc-labeled
recombinant affibody molecule, ZHER2:2395, with C-terminally engineered cysteine. J Nucl Med 2009;50(5):781-789.

94.

Tran TA, Ekblad T, Orlova A, et al. Effects of lysine-containing mercaptoacetyl-based chelators on the biodistribution
of 99mTc-labeled anti-HER2 affibody molecules. Bioconjug Chem 2008;19(12):2568-2576.

95.

Hofstrom C, Altai M, Honarvar H, et al. HAHAHA, HEHEHE, HIHIHI, or HKHKHK: influence of position and
composition of histidine containing tags on biodistribution of [99mTc(CO)3]+ -labeled affibody molecules. J Med Chem
2013;56(12):4966-4974.

96.

Tolmachev V, Hofstrom C, Malmberg J, et al. HEHEHE-tagged affibody molecule may be purified by IMAC, is
conveniently labeled with [99mTc(CO)3]+, and shows improved biodistribution with reduced hepatic radioactivity
accumulation. Bioconjug Chem 2010;21(11):2013-2022.

97.

Wallberg H, Orlova A, Altai M, et al. Molecular design and optimization of

99m

Tc-labeled recombinant affibody

molecules improves their biodistribution and imaging properties. J Nucl Med 2011;52(3):461-469.
98.

Engfeldt T, Orlova A, Tran T, et al. Imaging of HER2-expressing tumours using a synthetic affibody molecule
containing the

99m

Tc-chelating mercaptoacetyl-glycyl-glycyl-glycyl (MAG3) sequence. Eur J Nucl Med Mol Imaging

2007;34(5):722-733.
99.

Engfeldt T, Tran T, Orlova A, et al. 99mTc-chelator engineering to improve tumour targeting properties of a HER2-specific
affibody molecule. Eur J Nucl Med Mol Imaging 2007;34(11):1843-1853.

100. Hens M, Vaidyanathan G, Zhao XG, Bigner DD, Zalutsky MR. Anti-EGFRvIII monoclonal antibody armed with 177Lu: in
vivo comparison of macrocyclic and acyclic ligands. Nucl Med Biol 2010;37(7):741-750.
101.

Perk LR, Vosjan MJ, Visser GW, Budde M, Jurek P, Kiefer GE, van Dongen GA. p-Isothiocyanatobenzyl-desferrioxamine: a new bifunctional chelate for facile radiolabeling of monoclonal antibodies with zirconium-89 for immuno-PET
imaging. Eur J Nucl Med Mol Imaging 2010;37(2):250-259.

102. Kijanka M, Warnders FJ, El Khattabi M, et al. Rapid optical imaging of human breast tumour xenografts using
anti-HER2 VHHs site-directly conjugated to IRDye 800CW for image-guided surgery. Eur J Nucl Med Mol Imaging
2013;40(11):1718-1729.
103. Massa S, Xavier C, De Vos J, et al. Site-specific labeling of cysteine-tagged camelid single-domain antibody-fragments
for use in molecular imaging. Bioconjug Chem 2014;25(5):979-988.
104. Liu S, Li D, Park R, et al. PET imaging of colorectal and breast cancer by targeting EphB4 receptor with 64Cu-labeled
hAb47 and hAb131 antibodies. J Nucl Med 2013;54(7):1094-1100.
105. Shin IS, Lee SM, Kim HS, et al. Effect of chelator conjugation level and injection dose on tumor and organ uptake of
In-labeled MORAb-009, an anti-mesothelin antibody. Nucl Med Biol 2011;38(8):1119-1127.

111

106. Grunberg J, Novak-Hofer I, Honer M, et al. In vivo evaluation of

177

Lu- and

67/64

Cu-labeled recombinant fragments

of antibody chCE7 for radioimmunotherapy and PET imaging of L1-CAM-positive tumors. Clin Cancer Res
2005;11(14):5112-5120.
107. Knogler K, Grunberg J, Novak-Hofer I, Zimmermann K, Schubiger PA. Evaluation of 177Lu-DOTA-labeled aglycosylated

Influence of protein properties and protein modification on biodistribution and tumor | 61
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

monoclonal anti-L1-CAM antibody chCE7: influence of the number of chelators on the in vitro and in vivo properties.
Nucl Med Biol 2006;33(7):883-889.
108. Al-Ejeh F, Darby JM, Thierry B, Brown MP. A simplified suite of methods to evaluate chelator conjugation of antibodies:
effects on hydrodynamic radius and biodistribution. Nucl Med Biol 2009;36(4):395-402.
109. Kukis DL, DeNardo GL, DeNardo SJ, et al. Effect of the extent of chelate substitution on the immunoreactivity and
biodistribution of 2IT-BAT-Lym-1 immunoconjugates. Cancer Res 1995;55(4):878-884.
110.

van Gog FB, Visser GW, Klok R, van der Schors R, Snow GB, van Dongen GA. Monoclonal antibodies labeled with
rhenium-186 using the MAG3 chelate: relationship between the number of chelated groups and biodistribution
characteristics. J Nucl Med 1996;37(2):352-362.

111.

Ter Weele EJ, Terwisscha van Scheltinga AG, Kosterink JG, et al. Imaging the distribution of an antibody-drug conjugate
constituent targeting mesothelin with 89Zr and IRDye 800CW in mice bearing human pancreatic tumor xenografts.
Oncotarget 2015;6(39):42081-42090.

112.

Cole EL, Kim J, Donnelly DJ, et al. Radiosynthesis and preclinical PET evaluation of 89Zr-nivolumab (BMS-936558) in
healthy non-human primates. Bioorg Med Chem 2017;25(20):5407-5414.

113.

Lamberts LE, Koch M, de Jong JS, et al. Tumor-Specific Uptake of Fluorescent Bevacizumab-IRDye800CW Microdosing
in Patients with Primary Breast Cancer: A Phase I Feasibility Study. Clin Cancer Res 2017;23(11):2730-2741.

114.

van Dam GM, Themelis G, Crane LM, et al. Intraoperative tumor-specific fluorescence imaging in ovarian cancer by
folate receptor-alpha targeting: first in-human results. Nat Med 2011;17(10):1315-1319.

115.

Mitsunaga M, Ogawa M, Kosaka N, Rosenblum LT, Choyke PL, Kobayashi H. Cancer cell-selective in vivo near infrared
photoimmunotherapy targeting specific membrane molecules. Nat Med 2011;17(12):1685-1691.

116.

Sato K, Gorka AP, Nagaya T, et al. Effect of charge localization on the in vivo optical imaging properties of near-infrared
cyanine dye/monoclonal antibody conjugates. Mol Biosyst 2016;12(10):3046-3056.

117.

van Driel PB, Boonstra MC, Prevoo HA, et al. EpCAM as multi-tumour target for near-infrared fluorescence guided
surgery. BMC Cancer 2016;16(1):884-016-2932-7.

118.

Houghton JL, Zeglis BM, Abdel-Atti D, et al. Site-specifically labeled CA19.9-targeted immunoconjugates for the PET,
NIRF, and multimodal PET/NIRF imaging of pancreatic cancer. Proc Natl Acad Sci U S A 2015;112(52):15850-15855.

119.

Zinn KR, Korb M, Samuel S, et al. IND-directed safety and biodistribution study of intravenously injected cetuximab-IRDye800 in cynomolgus macaques. Mol Imaging Biol 2015;17(1):49-57.

120. Zhegalova NG, He S, Zhou H, Kim DM, Berezin MY. Minimization of self-quenching fluorescence on dyes conjugated
to biomolecules with multiple labeling sites via asymmetrically charged NIR fluorophores. Contrast Media Mol Imaging 2014;9(5):355-362.
121.

Conner KP, Rock BM, Kwon GK, Balthasar JP, Abuqayyas L, Wienkers LC, Rock DA. Evaluation of near infrared fluorescent labeling of monoclonal antibodies as a tool for tissue distribution. Drug Metab Dispos 2014;42(11):1906-1913.

122. Sato K, Nagaya T, Nakamura Y, et al. Impact of C4’-O-Alkyl Linker on in Vivo Pharmacokinetics of Near-Infrared Cyanine/Monoclonal Antibody Conjugates. Mol Pharm 2015;12(9):3303-3311.

62 | Chapter 2

123. Cohen R, Stammes MA, de Roos IH, Stigter-van Walsum M, Visser GW, van Dongen GA. Inert coupling of IRDye800CW
to monoclonal antibodies for clinical optical imaging of tumor targets. EJNMMI Res 2011;1(1):31-219X-1-31.
124. Oliveira S, van Dongen GA, Stigter-van Walsum M, et al. Rapid visualization of human tumor xenografts through
optical imaging with a near-infrared fluorescent anti-epidermal growth factor receptor nanobody. Mol Imaging
2012;11(1):33-46.
125. Rijpkema M, Bos DL, Cornelissen AS, Franssen GM, Goldenberg DM, Oyen WJ, Boerman OC. Optimization of dual-labeled antibodies for targeted intraoperative imaging of tumors. Mol Imaging 2015;14348-355.
126. Schneider JR, Carias AM, Bastian AR, et al. Long-term direct visualization of passively transferred fluorophore-conjugated antibodies. J Immunol Methods 2017;45066-72.
127. Debie P, Van Quathem J, Hansen I, et al. Effect of Dye and Conjugation Chemistry on the Biodistribution Profile of
Near-Infrared-Labeled Nanobodies as Tracers for Image-Guided Surgery. Mol Pharm 2017;14(4):1145-1153.
128. Zeglis BM, Davis CB, Abdel-Atti D, et al. Chemoenzymatic strategy for the synthesis of site-specifically labeled immunoconjugates for multimodal PET and optical imaging. Bioconjug Chem 2014;25(12):2123-2128.
129. Choi HS, Gibbs SL, Lee JH, et al. Targeted zwitterionic near-infrared fluorophores for improved optical imaging. Nat
Biotechnol 2013;31(2):148-153.
130. Beck A, Goetsch L, Dumontet C, Corvaia N. Strategies and challenges for the next generation of antibody-drug conjugates. Nat Rev Drug Discov 2017;16(5):315-337.
131.

Zielinski R, Lyakhov I, Hassan M, et al. HER2-affitoxin: a potent therapeutic agent for the treatment of HER2-overexpressing tumors. Clin Cancer Res 2011;17(15):5071-5081.

132. Kreitman RJ, Wilson WH, White JD, et al. Phase I trial of recombinant immunotoxin anti-Tac(Fv)-PE38 (LMB-2) in
patients with hematologic malignancies. J Clin Oncol 2000;18(8):1622-1636.
133. Kreitman RJ, Wilson WH, Bergeron K, et al. Efficacy of the anti-CD22 recombinant immunotoxin BL22 in chemotherapy-resistant hairy-cell leukemia. N Engl J Med 2001;345(4):241-247.
134. Alley SC, Okeley NM, Senter PD. Antibody-drug conjugates: targeted drug delivery for cancer. Curr Opin Chem Biol
2010;14(4):529-537.
135. Huang Y, Liu L. Protein modification: Standing out from the crowd. Nat Chem 2016;8(2):101-102.
136. Sievers EL, Senter PD. Antibody-drug conjugates in cancer therapy. Annu Rev Med 2013;6415-29.
137. Perini GF, Pro B. Brentuximab vedotin in CD30+ lymphomas. Biol Ther 2013;315-23.
138. Haddley K. Trastuzumab emtansine for the treatment of HER2-positive metastatic breast cancer. Drugs Today (Barc)
2013;49(11):701-715.
139. Castaigne S, Pautas C, Terre C, et al, Acute Leukemia French Association. Effect of gemtuzumab ozogamicin on survival of adult patients with de-novo acute myeloid leukaemia (ALFA-0701): a randomised, open-label, phase 3 study.
Lancet 2012;379(9825):1508-1516.

Influence of protein properties and protein modification on biodistribution and tumor | 63
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

140. Kantarjian HM, DeAngelo DJ, Stelljes M, et al. Inotuzumab Ozogamicin versus Standard Therapy for Acute Lymphoblastic Leukemia. N Engl J Med 2016;375(8):740-753.
141.

Polakis P. Antibody drug conjugates for cancer therapy. Pharmacol Rev 2016;68(1):3-19.

142. Kim EG, Kim KM. Strategies and advancement in antibody-drug conjugate optimization for targeted cancer therapeutics. Biomol Ther (Seoul) 2015;23(6):493-509.
143. Yurkovetskiy AV, Yin M, Bodyak N, et al. A Polymer-Based Antibody-Vinca Drug Conjugate Platform: Characterization
and Preclinical Efficacy. Cancer Res 2015;75(16):3365-3372.
144. Chudasama V, Maruani A, Caddick S. Recent advances in the construction of antibody-drug conjugates. Nat Chem
2016;8(2):114-119.
145. Hamblett KJ, Senter PD, Chace DF, et al. Effects of drug loading on the antitumor activity of a monoclonal antibody
drug conjugate. Clin Cancer Res 2004;10(20):7063-7070.
146. Sun MM, Beam KS, Cerveny CG, et al. Reduction-alkylation strategies for the modification of specific monoclonal
antibody disulfides. Bioconjug Chem 2005;16(5):1282-1290.
147. Zhou Q, Stefano JE, Manning C, et al. Site-specific antibody-drug conjugation through glycoengineering. Bioconjug
Chem 2014;25(3):510-520.
148. Gebhart G, Lamberts LE, Wimana Z, et al. Molecular imaging as a tool to investigate heterogeneity of advanced
HER2-positive breast cancer and to predict patient outcome under trastuzumab emtansine (T-DM1): the ZEPHIR trial.
Ann Oncol 2016;27(4):619-624.
149. Boswell CA, Mundo EE, Zhang C, et al. Impact of drug conjugation on pharmacokinetics and tissue distribution of
anti-STEAP1 antibody-drug conjugates in rats. Bioconjug Chem 2011;22(10):1994-2004.
150. Herbertson RA, Tebbutt NC, Lee FT, et al. Phase I biodistribution and pharmacokinetic study of Lewis Y-targeting
immunoconjugate CMD-193 in patients with advanced epithelial cancers. Clin Cancer Res 2009;15(21):6709-6715.
151.

Drake PM, Albers AE, Baker J, et al. Aldehyde tag coupled with HIPS chemistry enables the production of ADCs conjugated site-specifically to different antibody regions with distinct in vivo efficacy and PK outcomes. Bioconjug Chem
2014;25(7):1331-1341.

152. Wang W, Vlasak J, Li Y, et al. Impact of methionine oxidation in human IgG1 Fc on serum half-life of monoclonal antibodies. Mol Immunol 2011;48(6-7):860-866.
153. Axup JY, Bajjuri KM, Ritland M, et al. Synthesis of site-specific antibody-drug conjugates using unnatural amino acids.
Proc Natl Acad Sci U S A 2012;109(40):16101-16106.
154. Erickson HK, Lambert JM. ADME of antibody-maytansinoid conjugates. AAPS J 2012;14(4):799-805.
155. Cohen R, Vugts DJ, Visser GW, et al. Development of novel ADCs: conjugation of tubulysin analogues to trastuzumab
monitored by dual radiolabeling. Cancer Res 2014;74(20):5700-5710.
156. Deonarain MP, Yahioglu G, Stamati I, Marklew J. Emerging formats for next-generation antibody drug conjugates.
Expert Opin Drug Discov 2015;10(5):463-481.

64 | Chapter 2

157. Merten H, Brandl F, Pluckthun A, Zangemeister-Wittke U. Antibody-drug conjugates for tumor targeting-novel conjugation chemistries and the promise of non-IgG binding proteins. Bioconjug Chem 2015;26(11):2176-2185.
158. Kim KM, McDonagh CF, Westendorf L, et al. Anti-CD30 diabody-drug conjugates with potent antitumor activity. Mol
Cancer Ther 2008;7(8):2486-2497.
159. Costa AR, Rodrigues ME, Henriques M, Oliveira R, Azeredo J. Glycosylation: impact, control and improvement during
therapeutic protein production. Crit Rev Biotechnol 2014;34(4):281-299.
160. Helenius A, Aebi M. Intracellular functions of N-linked glycans. Science 2001;291(5512):2364-2369.
161.

Li H, d’Anjou M. Pharmacological significance of glycosylation in therapeutic proteins. Curr Opin Biotechnol
2009;20(6):678-684.

162. Gemmill TR, Trimble RB. Overview of N- and O-linked oligosaccharide structures found in various yeast species. Biochim Biophys Acta 1999;1426(2):227-237.
163. Gomord V, Sourrouille C, Fitchette AC, et al. Production and glycosylation of plant-made pharmaceuticals: the antibodies as a challenge. Plant Biotechnol J 2004;2(2):83-100.
164. Wacker M, Linton D, Hitchen PG, et al. N-linked glycosylation in Campylobacter jejuni and its functional transfer into
E. coli. Science 2002;298(5599):1790-1793.
165. Rich JR, Withers SG. Emerging methods for the production of homogeneous human glycoproteins. Nat Chem Biol
2009;5(4):206-215.
166. Miller J, Doss M, McQuillen R, et al. Impact of expression system on the function of the C6.5 diabody PET radiotracer.
Tumour Biol 2012;33(3):617-627.
167. Takahashi K, Donovan MJ, Rogers RA, Ezekowitz RA. Distribution of murine mannose receptor expression from early
embryogenesis through to adulthood. Cell Tissue Res 1998;292(2):311-323.
168. Otter M, Zockova P, Kuiper J, van Berkel TJ, Barrett-Bergshoeff MM, Rijken DC. Isolation and characterization of the
mannose receptor from human liver potentially involved in the plasma clearance of tissue-type plasminogen activator.
Hepatology 1992;16(1):54-59.
169. Stork R, Zettlitz KA, Muller D, Rether M, Hanisch FG, Kontermann RE. N-glycosylation as novel strategy to improve
pharmacokinetic properties of bispecific single-chain diabodies. J Biol Chem 2008;283(12):7804-7812.
170. Niwa R, Sakurada M, Kobayashi Y, et al. Enhanced natural killer cell binding and activation by low-fucose IgG1 antibody results in potent antibody-dependent cellular cytotoxicity induction at lower antigen density. Clin Cancer Res
2005;11(6):2327-2336.
171.

Mirschberger C, Schiller CB, Schraml M, et al. RG7116, a therapeutic antibody that binds the inactive HER3 receptor
and is optimized for immune effector activation. Cancer Res 2013;73(16):5183-5194.

172. Terwisscha van Scheltinga AG, Lub-de Hooge MN, Abiraj K, et al. ImmunoPET and biodistribution with human epidermal growth factor receptor 3 targeting antibody 89Zr-RG7116. MAbs 2014;6(4):1051-1058.
173. Misri R, Saatchi K, Ng SS, Kumar U, Hafeli UO. Evaluation of 111In labeled antibodies for SPECT imaging of mesothelin

Influence of protein properties and protein modification on biodistribution and tumor | 65
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

expressing tumors. Nucl Med Biol 2011;38(6):885-896.
174. Marquez BV, Ikotun OF, Zheleznyak A, et al. Evaluation of 89Zr-pertuzumab in breast cancer xenografts. Mol Pharm
2014;11(11):3988-3995.
175. Bensch F, Lamberts LE, Lub-de Hooge MN, et al. Phase I imaging study of the HER3 antibody RG7116 using

89

Zr-

RG7116-PET in patients with metastatic or locally advanced HER3-positive solid tumors [abstract]. J Clin Oncol
2014;32;5(suppl):11095
176. Rojko JL, Evans MG, Price SA, et al. Formation, clearance, deposition, pathogenicity, and identification of biopharmaceutical-related immune complexes: review and case studies. Toxicol Pathol 2014;42(4):725-764.
177. van Meer PJ, Kooijman M, Brinks V, et al. Immunogenicity of mAbs in non-human primates during nonclinical safety
assessment. MAbs 2013;5(5):810-816.
178. Krishna M, Nadler SG. Immunogenicity to Biotherapeutics - The Role of Anti-drug Immune Complexes. Front Immunol 2016;721.
179. Morrison SL, Johnson MJ, Herzenberg LA, Oi VT. Chimeric human antibody molecules: mouse antigen-binding domains with human constant region domains. Proc Natl Acad Sci U S A 1984;81(21):6851-6855.
180. Jones PT, Dear PH, Foote J, Neuberger MS, Winter G. Replacing the complementarity-determining regions in a human
antibody with those from a mouse. Nature 1986;321(6069):522-525.
181.

Ahmadzadeh V, Farajnia S, Feizi MA, Nejad RA. Antibody humanization methods for development of therapeutic
applications. Monoclon Antib Immunodiagn Immunother 2014;33(2):67-73.

182. Lonberg N. Human antibodies from transgenic animals. Nat Biotechnol 2005;23(9):1117-1125.
183. Bartelds GM, Krieckaert CL, Nurmohamed MT, et al. Development of antidrug antibodies against adalimumab and
association with disease activity and treatment failure during long-term follow-up. JAMA 2011;305(14):1460-1468.
184. Vincke C, Loris R, Saerens D, Martinez-Rodriguez S, Muyldermans S, Conrath K. General strategy to humanize a camelid single-domain antibody and identification of a universal humanized nanobody scaffold. J Biol Chem
2009;284(5):3273-3284.
185. Mross K, Richly H, Fischer R, et al. First-in-human phase I study of PRS-050 (Angiocal), an anticalin targeting and
antagonizing VEGF-A, in patients with advanced solid tumors. PLoS One 2013;8(12):e83232.
186. Tolcher AW, Sweeney CJ, Papadopoulos K, et al. Phase I and pharmacokinetic study of CT-322 (BMS-844203), a targeted adnectin inhibitor of VEGFR-2 based on a domain of human fibronectin. Clin Cancer Res 2011;17(2):363-371.
187. Lobo ED, Hansen RJ, Balthasar JP. Antibody pharmacokinetics and pharmacodynamics. J Pharm Sci 2004;93(11):26452668.
188. Stephens S, Emtage S, Vetterlein O, et al. Comprehensive pharmacokinetics of a humanized antibody and analysis of
residual anti-idiotypic responses. Immunology 1995;85(4):668-674.
189. Lindegren S, Andrade LN, Back T, et al. Binding affinity, specificity and comparative biodistribution of the parental murine monoclonal antibody MX35 (anti-NaPi2b) and Its humanized version Rebmab200. PLoS One

66 | Chapter 2

2015;10(5):e0126298.
190. Bumbaca D, Wong A, Drake E, et al. Highly specific off-target binding identified and eliminated during the humanization of an antibody against FGF receptor 4. MAbs 2011;3(4):376-386.
191.

Vaneycken I, Govaert J, Vincke C, et al. In vitro analysis and in vivo tumor targeting of a humanized, grafted nanobody
in mice using pinhole SPECT/micro-CT. J Nucl Med 2010;51(7):1099-1106.

192. Peters T. Metabolism: albumin in the body. In: all about albumin. San Diego: Academic Press; 1995. p188–250,
193. Hoppmann S, Qi S, Miao Z, et al.

177

Lu-DO3A-HSA-ZEGFR:1907: characterization as a potential radiopharmaceutical for

radionuclide therapy of EGFR-expressing head and neck carcinomas. J Biol Inorg Chem 2012;17(5):709-718.
194. Hoppmann S, Miao Z, Liu S, et al. Radiolabeled affibody-albumin bioconjugates for HER2-positive cancer targeting.
Bioconjug Chem 2011;22(3):413-421.
195. Yazaki PJ, Kassa T, Cheung CW, et al. Biodistribution and tumor imaging of an anti-CEA single-chain antibody-albumin fusion protein. Nucl Med Biol 2008;35(2):151-158.
196. Wu AM, Chen W, Raubitschek A, et al. Tumor localization of anti-CEA single-chain Fvs: improved targeting by noncovalent dimers. Immunotechnology 1996;2(1):21-36.
197. Tijink BM, Laeremans T, Budde M, et al. Improved tumor targeting of anti-epidermal growth factor receptor nanobodies through albumin binding: taking advantage of modular Nanobody technology. Mol Cancer Ther 2008;7(8):22882297.
198. Hoefman S, Ottevaere I, Baumeister J, Sargentini-Maier ML. Pre-clinical intravenous serum pharmacokinetics of albumin binding and non-half-life extended nanobodies®. Antibodies 2015;4141-156.
199. Nguyen A, Reyes AE, Zhang M, et al. The pharmacokinetics of an albumin-binding Fab (AB.Fab) can be modulated as
a function of affinity for albumin. Protein Eng Des Sel 2006;19(7):291-297.
200. Dixon FJ, Maurer PH, Deichmiller MP. Half-lives of homologous serum albumins in several species. Proc Soc Exp Biol
Med 1953;83(2):287-288.
201. Chaudhury C, Mehnaz S, Robinson JM, et al. The major histocompatibility complex-related Fc receptor for IgG (FcRn)
binds albumin and prolongs its lifespan. J Exp Med 2003;197(3):315-322.
202. Strohl WR. Fusion proteins for half-life extension of biologics as a strategy to make biobetters. BioDrugs 2015;29(4):215239.
203. Olwill SA, Joffroy C, Gille H, et al. A highly potent and specific MET therapeutic protein antagonist with both ligand-dependent and ligand-independent activity. Mol Cancer Ther 2013;12(11):2459-2471.
204. Terwisscha van Scheltinga AG, Lub-de Hooge MN, Hinner MJ, et al. In vivo visualization of MET tumor expression and
anticalin biodistribution with the MET-specific anticalin 89Zr-PRS-110 PET tracer. J Nucl Med 2014;55(4):665-671.
205. Deckert PM, Jungbluth A, Montalto N, et al. Pharmacokinetics and microdistribution of polyethylene glycol-modified
humanized A33 antibody targeting colon cancer xenografts. Int J Cancer 2000;87(3):382-390.

Influence of protein properties and protein modification on biodistribution and tumor | 67
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

2

206. Wen X, Wu QP, Ke S, Ellis L, Charnsangavej C, Delpassand AS, Wallace S, Li C. Conjugation with 111In-DTPA-poly(ethylene glycol) improves imaging of anti-EGF receptor antibody C225. J Nucl Med 2001;42(10):1530-1537.
207. Harris JM, Chess RB. Effect of pegylation on pharmaceuticals. Nat Rev Drug Discov 2003;2(3):214-221.
208. Caliceti P, Veronese FM. Pharmacokinetic and biodistribution properties of poly(ethylene glycol)-protein conjugates.
Adv Drug Deliv Rev 2003;55(10):1261-1277.
209. Chapman AP, Antoniw P, Spitali M, West S, Stephens S, King DJ. Therapeutic antibody fragments with prolonged in
vivo half-lives. Nat Biotechnol 1999;17(8):780-783.
210. Lee LS, Conover C, Shi C, Whitlow M, Filpula D. Prolonged circulating lives of single-chain Fv proteins conjugated
with polyethylene glycol: a comparison of conjugation chemistries and compounds. Bioconjug Chem 1999;10(6):973981.
211.

Delgado C, Pedley RB, Herraez A, et al. Enhanced tumour specificity of an anti-carcinoembrionic antigen Fab’ fragment by poly(ethylene glycol) (PEG) modification. Br J Cancer 1996;73(2):175-182.

212. Kubetzko S, Balic E, Waibel R, Zangemeister-Wittke U, Pluckthun A. PEGylation and multimerization of the anti-p185HER-2 single chain Fv fragment 4D5: effects on tumor targeting. J Biol Chem 2006;281(46):35186-35201.
213. Vugmeyster Y, Entrican CA, Joyce AP, et al. Pharmacokinetic, biodistribution, and biophysical profiles of TNF nanobodies conjugated to linear or branched poly(ethylene glycol). Bioconjug Chem 2012;23(7):1452-1462.
214. Ding H, Carlton MM, Povoski SP, et al. Site specific discrete PEGylation of 124I-labeled mCC49 Fab’ fragments improves
tumor microPET/CT imaging in mice. Bioconjug Chem 2013;24(11):1945-1954.
215. Wen X, Wu QP, Lu Y, et al. Poly(ethylene glycol)-conjugated anti-EGF receptor antibody C225 with radiometal chelator
attached to the termini of polymer chains. Bioconjug Chem 2001;12(4):545-553.
216. Verhoef JJ, Anchordoquy TJ. Questioning the use of PEGylation for drug delivery. Drug Deliv Transl Res 2013;3(6):499503.
217. Betker JL, Gomez J, Anchordoquy TJ. The effects of lipoplex formulation variables on the protein corona and comparisons with in vitro transfection efficiency. J Control Release 2013;171(3):261-268.
218. Armstrong JK, Hempel G, Koling S, et al. Antibody against poly(ethylene glycol) adversely affects PEG-asparaginase
therapy in acute lymphoblastic leukemia patients. Cancer 2007;110(1):103-111.
219. Saleem A, Murphy P, Plisson C, Lahn M. Why are we failing to implement imaging studies with radiolabelled new
molecular entities in early oncology drug development? ScientificWorldJournal 2014;269605.
220. de Vries EG, de Jong S, Gietema JA. Molecular imaging as a tool for drug development and trial design. J Clin Oncol
2015;33(24):2585-2587.
221. Andersen JT, Dalhus B, Viuff D, et al. Extending serum half-life of albumin by engineering neonatal Fc receptor (FcRn)
binding. J Biol Chem 2014;289(19):13492-13502.
222. Myzithras M, Bigwarfe T, Li H, et al. Utility of immunodeficient mouse models for characterizing the preclinical pharmacokinetics of immunogenic antibody therapeutics. MAbs 2016;8(8):1606-1611.

68 | Chapter 2

2

Influence of protein properties and protein modification on biodistribution and tumor | 69
uptake of anticancer antibodies, antibody derivatives and non-Ig scaffolds

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.

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 intraand 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
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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).

3

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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ABSTRACT
The human epidermal growth factor receptor 3 (HER3) is an interesting target for antitumor
therapy. For optimal HER3 signaling inhibition, a biparatopic Nanobody construct (MSB0010853)
was developed that binds 2 different HER3 epitopes. In addition, MSB0010853 contains a third
epitope that binds albumin to extend its circulation time. MSB0010853 is cross-reactive with
HER3 and albumin of mouse origin. We aimed to gain insight into MSB0010853 biodistribution
and tumor uptake by radiolabeling the Nanobody construct with 89Zr.
Methods: MSB0010853 was radiolabeled with

Zr. Dose- and time-dependent tumor uptake
was studied in nude BALB/c mice bearing a subcutaneous HER3 overexpressing H441 non–small
cell lung cancer xenograft. Dose-dependent biodistribution of 89Zr-MSB0010853 was assessed ex
vivo at 24 h after intravenous injection. Protein doses of 5, 10, 25, 100, and 1,000 µg were used.
Time-dependent biodistribution of MSB0010853 was analyzed ex vivo at 3, 6, 24, and 96 h after
intravenous administration of 25 µg of 89Zr-MSB0010853. PET imaging and biodistribution were
performed 24 h after administration of 25 µg of 89Zr-MSB0010853 to mice bearing human H441,
FaDu (high HER3 expression), or Calu-1 (no HER3 expression) tumor xenografts.
89

Results: Radiolabeling of MSB0010853 with 89Zr was performed with a radiochemical purity
of greater than 95%. Ex vivo biodistribution showed protein dose– and time-dependent
distribution of 89Zr-MSB0010853 in all organs. Uptake of 89Zr-MSB0010853 in H441 tumors
was only time-dependent. Tumor could be visualized up to at least 96 h after injection. The
highest mean SUV of 0.6 ± 0.2 was observed at 24 h after injection of 25 µg of 89Zr-MSB0010853.
89
Zr-MSB0010853 tumor uptake correlated with HER3 expression and was highest in H441 (6.2 ±
1.1 percentage injected dose per gram [%ID/g]) and lowest in Calu-1 (2.3 ± 0.3 %ID/g) xenografts.
Conclusion: 89Zr-MSB0010853 organ distribution and tumor uptake in mice are time-dependent,
and tumor uptake correlates with HER3 expression. In contrast to tumor uptake except for kidney
uptake, organ distribution of 89Zr-MSB0010853 is protein dose–dependent for the tested doses.
89
Zr-MSB0010853 PET imaging gives insight into the in vivo behavior of MSB0010853.
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INTRODUCTION
Members of the human epidermal growth factor receptor (HER) family, consisting of epidermal
growth factor receptor (EGFR), HER2, HER3, and HER4, play a key role in tumor growth,
differentiation, survival, metastasis, and angiogenesis.1 Incorrect signaling of EGFR and HER2
underlies the pathogenesis of a variety of cancers. Therefore, these prooncogenic receptors are
targets of several therapies used for cancer treatment. Unfortunately, many patients do not
respond to these drugs or experience tumor progression after an initial response.
Unlike other members of the family, HER3 has reduced kinase activity but can form
highly activated heterodimers with EGFR and HER2. HER3 overexpression is associated with
resistance against EGFR- and HER2-targeted therapy.2 In preclinical models, a combination of
HER3-targeting antibodies with cetuximab, erlotinib, pertuzumab, trastuzumab, or lapatinib
plus trastuzumab resulted in increased antitumor activity.3–8 Several clinical trials evaluate this
approach as well.9
Interestingly, a mixture of 2 anti-HER3 antibodies (A5 and F4) blocked ligand-induced and
independent HER3 signaling and inhibited tumor cell growth better than each antibody alone.10
Blocking 2 different HER3 epitopes, with a biparatopic Nanobody construct (MSB0010853;
Ablynx), is therefore an interesting option.
With their small size (15 kDa), high stability, and straightforward production, monovalent
Nanobodies are ideal building blocks to develop biparatopic constructs.11 Nanobodies show rapid
tumor penetration and fast renal clearance.12 MSB0010853 (39.5 kDa) consists of 2 HER3-targeting
Nanobodies and an additional third that is able to bind albumin, extending its half-life (Fig. 1A,
B). MSB0010853 binds HER3 at domain 1 and at a second unknown domain. All 3 Nanobodies
target human and mouse antigen.

A

B

A		 B

MSB0010853

Nanobody
(12-15kDa)

HER3
(domain 1)

Albumin

HER3
(domain x)

Heavy chain only
antibody
Figure 1. Composition of MSB0010853 (molecular weight, 39.5 kDa). (A) Nanobody is the variable domain of a heavy chain–
only antibody. (B) MSB0010853 contains 3 Nanobodies that are linked together. The individual Nanobodies bind 2 different
epitopes of HER3 and albumin. MSB0010853 binds HER3 at domain 1 and at a second unknown domain (defined as x).
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Currently, little information on the pharmacologic behavior of MSB0010853 is available.
Molecular imaging can provide additional insight in biodistribution and tumor accumulation.
Molecular imaging is currently used in drug development of monoclonal antibodies13 and might
facilitate decision making in future early clinical trials with MSB0010853. We radiolabeled
MSB0010853 with 89Zr, because the long half-life of 89Zr (78.4 h) allows us to follow MSB0010853
in vivo and determine tumor uptake up to several days after injection.
The purpose of this study was to assess 89Zr-MSB0010853 biodistribution and in vivo imaging
in different HER3-expressing human tumor–bearing mouse models.

MATERIALS AND METHODS
Cell lines
We used the non–small cell lung cancer cell line H441 (HER3-positive), head and neck squamous
cell cancer cell line FaDu (HER3-positive), and non–small cell lung cancer cell line Calu-1
(HER3-negative), obtained from American Type Culture Collection.14 FaDu and H441 cells were
cultured in Dulbecco modified Eagle medium (Invi-trogen), supplemented with 10% fetal calf
serum (Bodinco BV) and 2mM L-glutamine (Invitrogen). Calu-1 was cultured in RPMI 1640
(Invitrogen) supplemented with 10% fetal calf serum and 2 mM L-glutamine. All cells were
grown at 37°C in a fully humidified atmosphere containing 5% CO2.
Synthesis and quality control of conjugated and radiolabeled 89Zr-MSB0010853
MSB0010853 was formulated (10.24 mg/mL) in a buffer containing 20 nM L-histidine (Merck),
8% (w/v) sucrose (Calbiochem), and 0.01% (w/v) polysorbate 20 (Merck), pH 6.5. MSB0010853
was purified with water for injections (B. Braun), using a Vivaspin-2 10-kDa filter (GE
Healthcare). MSB0010853 was reacted with a 4-fold molar excess of N-succinyldesferrioxamine-B-tetrafluorphenol-Fe (N-sucDf-TFP-Fe; ABX) as described previously.15 We used a different
size-exclusion column (Superdex 75 10/300 GL column; GE Healthcare). Quality control was
performed as described earlier.16 Because Fe3+ (in N-sucDf-TFP-Fe) absorbs light at 430 nm, we
used size-exclusion high-performance liquid chromatography to determine the conjugation
efficiency. Chelated MSB0010853 was stored in the original formulation buffer at -20°C and
radiolabeled with 89Zr (PerkinElmer) on the day of the experiments, as described previously.15
Radiochemical yields equaled the radiochemical purity after radiolabeling because purification
was not necessary.
The binding of 89Zr-MSB0010853 to human serum albumin (HSA [Sanquin]) was assessed
in a competitive radioimmunoassay. Nunc-Immuno BreakApart enzyme-linked immunosorbent
assay wells were incubated overnight at 4°C with 100 µL HSA solution (30 µg/mL in bicarbonate
buffer: 15 mM sodium carbonate [Merck], 35 mM sodium bicarbonate [Merck], pH 9.6), blocked
with 1% skimmed milk powder (Fluka) in phosphate-buffered saline (PBS; 140 mmol/L NaCl,
9 mmol/L Na2HPO4, 1.3 mmol/L NaH2PO4; UMCG) at room temperature, and washed with
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0.1% polysorbate 20 (Sigma-Aldrich) in PBS. 89Zr-MSB0010853 (final concentration, 200 nM)
was mixed with varying final concentrations of unlabeled MSB0010853 (2 nM to 2 µM). Dilution
series were prepared using 1% skimmed milk powder and 0.1% polysorbate 20 in PBS. The wells
were incubated with the solutions for 2 h. Hereafter, the wells were washed twice with 0.05%
polysorbate 20 in PBS. Radioactivity was measured by a well-type LKB-1282-Compu-γ-system
(LKB Wallac) and set to 100% for wells without nonlabeled MSB0010853. HSA affinity of
89
Zr-MSB0010853 was compared with unlabeled MSB0010853 by dividing the concentration
of 89Zr-MSB0010853 (200 nM) by the concentration of MSB0010853 needed to block 50% of
89
Zr-MSB0010853 binding to HSA.
Internalization experiments were started by harvesting 106 H441 cells with Accutase
(Millipore) and suspending in 1% bovine serum albumin in PBS. Cells were incubated for 1 h
on ice with 50 ng of 89Zr-MSB0010853 with or without 4 µg of HSA. The excess of non-bound
89
Zr-MSB0010853 was removed and culture medium (4°C) added. Radioactivity was counted
in a well-type γ-counter (LKB 1282 [CompuGamma]; membrane-bound activity at time zero
[T0]). Hereafter, cells were incubated at 37°C or on ice for 1, 2, or 4 h, and medium was removed.
Internalized (cell pellet) and membrane-bound 89Zr-MSB0010853 (medium) were separated after
10-min incubation in 4 M urea buffer supplemented with 0.2 M glycine (pH 2). The internalized
amount of radioactivity was calculated as a fraction of initial membrane-bound radioactivity at
T0.
In vitro HER3 binding of 89Zr-MSB0010853
The immunoreactivity of 89Zr-MSB0010853 to HER3 was assessed with H441 cells in the
cell-binding assay.17 Two series of H441 cell dilutions (50 x 106 cells/mL and 6.6 x 106 cells/mL)
were incubated with 89Zr-MSB0010853 (20 ng/mL) for 2 h at 4 °C while being shaken. To 1 of
the cell series, a more than 3,000-fold molar excess of MSB0010853 was added to correct for
nonspecific binding. After 2 h of incubation, cells were washed twice with PBS containing
1% bovine serum albumin to reduce nonspecific tube binding. Cell-bound radioactivity was
measured with a well-type γ-counter. Data obtained with 50 x 106 cells/mL (n = 4) were used to
demonstrate that a more than 3,000-fold excess of nonlabeled MSB0010853 could block HER3
binding of 89Zr-MSB0010853 (20 ng/mL).
Animal studies
The institutional animal care and use committee of the University of Groningen approved
all animal experiments. Animal studies were performed in male nude BALB/c mice (BALB/
cOlaHsd-Foxn1nu [Harlan]; 5–7 wk old at arrival). Animals were allowed to feed ad libitum,
and experiments were performed under isoflurane inhalation anesthesia (induction, 5%;
maintenance, 2%).
Tumor cells were harvested by trypsinization and diluted in PBS. Mice were injected
subcutaneously in the flank with 4 x 106 H441, 5 x 106 FaDu, or 5 x 106 Calu-1 cells in 0.1 mL of PBS.
Tumor growth was followed with caliper measurements. Tracer injection was performed 4–7 wk
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(H441), 3–5 wk (FaDu), or 19 wk (Calu-1) after tumor cell inoculation, when tumors were around
100–200 mm3.
Protein dose escalation biodistribution study
Dose-dependent tumor uptake of 89Zr-MSB0010853 was assessed in H441 tumor–bearing mice.
Five dose groups of 5 µg (n = 5), 10 µg (n = 4), 25 µg (n = 5), 100 µg (n = 4), and 1,000 µg
(n = 5) were included. 89Zr-MSB0010853 was administered intravenously via penile injection,
using a fixed volume of 150 µl. Four standards (5, 10, 15 and 20 µl) of the injected protein dose
were stored to calculate the injected dose accurately. For the 5 µg,-, 10 µg and 25 µg doses, no
unlabeled MSB0010853 was mixed with 89Zr-MSB0010853. For the 100-µg protein dose, 75 µg
of unlabeled MSB0010853 were mixed with 25 µg of 89Zr-MSB0010853. To reach 1,000 µg, 10 µg
of 89Zr-MSB0010853 were supplemented with 990 µg of unlabeled MSB0010853. One batch of
N-sucDf-TFP–chelated MSB0010853 was used for radiolabeling. The specific activity of injected
89
Zr-MSB0010853 varied between 1 and 200 MBq/mg, as a fixed amount of radioactivity (1 MBq)
was administered. For ex vivo biodistribution, animals were sacrificed 24 h after injection.
Subsequently, organs and tissues were excised and weighed. Samples and standards were counted
for radioactivity in a well-type γ-counter. Ex vivo tissue activity is expressed as percentage injected
protein dose per gram of tissue (%ID/g).
PET acquisition
Two mice were placed (one on top of the other) in a Focus 220 rodent scanner (CTI Siemens),
with the tumor in the field of view. Mice were kept warm on heating mats. Acquisition times
differed between 10 min (24-h time point) and 75 min (96-h time point). A transmission scan of
515 s was obtained using a 57Co point source to correct for tissue attenuation.
Time-dependent biodistribution and small-animal imaging of 89Zr-MSB0010853
Time-dependent biodistribution of 89Zr-MSB0010853 (25 µg, 1–5 MBq = 40–200 MBq/mg)
was evaluated in H441 tumor–bearing mice at 3, 6, 24, or 96 h after injection (n = 4–6).
One batch of N-sucDf-TFP–chelated MSB0010853 was radiolabeled with 89Zr for each time point
separately. Small-animal PET images were obtained 24, 48, 72, and 96 h after injection of 25
µg of 89Zr-MSB0010853 (5 MBq = 200 MBq/mg, n = 5). PET data were reconstructed using a
2-dimensional ordered-subset expectation maximization reconstruction algorithm with Fourier
rebinning, 4 iterations and 16 subsets. Images were quantified using Amide’s medical image data
examiner software (version 1.0.4; Stanford University). Regions of interest were drawn for tumors
at 50% of maximum intensity, and images were quantified using Amide’s medical image data
examiner software. The data are presented as the SUVmean or SUVmax.
Small-animal PET imaging and biodistribution in different tumor models
Mice bearing FaDu, H441, or Calu-1 tumors were scanned 24 h after injection of 25 µg of
89

Zr-MSB0010853 (1 MBq = 40 MBq/mg; n = 3–5/group). After scanning, mice were sacrificed for
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ex vivo bio-distribution analysis.
Statistical analysis
Data are presented as mean ± SD. Statistical analysis between 2 non-parametric groups was
performed using the Mann–Whitney U test (Prism 5; GraphPad). P values of 0.05 or less were
considered significant.

RESULTS
Zr-MSB0010853 production and quality control
On average, 1 mol of N-sucDf-TFP-Fe was conjugated to 1 mol of MSB0010853. After MSB0010853
was labeled with 89Zr, the radiochemical purity and radiochemical yields were greater than
95%. Size-exclusion high-performance liquid chromatography analyses did not show any
fragmentation or aggregation of the 89Zr labeled MSB0010853 (Supplemental Fig. 1). The relative
affinity to HSA of 89Zr-MSB0010853 compared with unlabeled MSB0010853 was 67% ± 9%. A
small amount of 89Zr-MSB0010853 was internalized within 4 h of incubation, 5.5% ± 11.3% in the
absence of HSA and 12.2% ± 9.6% in the presence of HSA (Supplemental Fig. 2).
89

In vitro HER3 binding of 89Zr-MSB0010853
The immunoreactive fraction of 89Zr-MSB0010853 against HER3 on H441 cells was 0.68 ± 0.11 (Fig.
2A). HER3-specific binding of 89Zr-MSB0010853 could be blocked with an excess of unlabeled
MSB0010853 (Fig. 2B).

A

B

Figure 2. In vitro HER3 binding of

Zr-MSB0010853. (A) Reciprocal plot of

89

to determine immunoreactivity. (B) In vitro blocking of

89

Zr-MSB0010853 binding to H441 cells

89

Zr-MSB0010853 HER3 binding on H441 tumor cells. Data are

presented as mean ± SD (n = 4).
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Protein dose escalation biodistribution study
Protein dose escalation biodistribution studies in H441-xenografted mice showed comparable
tumor uptake of 89Zr-MSB0010853 in all tested dose groups, ranging between 4.3 and 5.7 %ID/g
(Fig. 3A). Tumor-to-blood and tumor-to-muscle ratios, however, decreased from, respectively,
8.0 ± 6.8 to 0.6 ± 0.2 and 17.8 ± 3.9 to 4.8 ± 2.5, when the protein dose was increased from 5 to 100
µg (Figs. 3B and 3C). Both tumor-to-blood and tumor-to-muscle ratios did not further decrease
by increasing the protein dose to 1,000 µg. Renal uptake was protein dose–independent, ranging
between 14.3 and 15.4 %ID/g. Blood levels of 89Zr-MSB0010853 correlated with the administered
dose, which was lowest in the 5-µg dose group (0.8 ± 0.4 %ID/g) and 15-fold higher in the
1,000-µg protein dose group (12.1 ± 1.1 %ID/g). In most organs, uptake increased with increasing
protein doses (up to 25–100 µg). Liver uptake negatively correlated with the administered dose,
which was highest in the 5-µg protein dose group (15.4 ± 0.9 %ID/g) and a 2.8-fold lower in the
1,000-µg protein dose group (5.5 ± 1.8 %ID/g). Because 25 µg of 89Zr-MSB0010853 resulted in
relatively high tumor uptake and low blood levels, further animal studies were performed using
this protein dose.
A

B

C

Figure 3. Protein dose–dependent ex vivo biodistribution of 89Zr-MSB0010853 in mice bearing H441 tumors injected with 5,
10, 25, 100, or 1,000 μg at 24 h after tracer injection, expressed as %ID/g (A), tumor-to-blood ratios (B), and tumor-to-muscle
ratios (C). Data are presented as mean ± SD (n = 4–5).
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Time-dependent biodistribution and small-animal PET imaging of 89Zr-MSB0010853
Up to 24 h after injection, tumor uptake of 89Zr-MSB0010853 increased in time (to 6.2 ± 1.1
%ID/g), which decreased subsequently (Fig. 4A). 89Zr-MSB0010853 rapidly cleared from the
bloodstream, resulting in tumor-to-blood ratios increasing in time up to 33.1 ± 7.9 at 96 h after
tracer injection (Fig. 4B). In addition, tumor-to-muscle ratios increased up to 96 h after injection
to 13.4 ± 5.3 (Fig. 4C). Although 89Zr-MSB0010853 showed minimal internalization in H441 cells
in vitro (Supplemental Fig. 2), H441 tumors were still clearly visible up to 96 h after injection (Fig.
5). The highest SUVmean (0.6 ± 0.2) was observed 24 h after injection, decreasing subsequently
(Fig. 5B).

4

A

C

B

Figure 4. Time-dependent ex vivo biodistribution of

Zr-MSB0010853 in mice bearing H441 xenografts injected with 25

89

μg of Zr-MSB0010853 at 3, 6, 24, and 96 h after tracer injection, expressed as %ID/g (A), tumor-to-blood ratios (B), and
89

tumor-to-muscle ratios (C). Data are presented as mean ± SD (n = 4–6). pi = after injection.
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A

Figure 5. (A) Representative coronal PET images of mice bearing H441 xenografts injected with 25 μg of 89Zr-MSB0010853
obtained at 24, 48, 72, and 96 h after tracer injection. (B) Small-animal PET data quantification was performed for tumor
uptake at 24, 48, 72, and 96 h after tracer injection in all mice. Data are presented as mean ± SD (n = 5).

Small-animal PET imaging and biodistribution in different tumor models
Tumor uptake of 89Zr-MSB0010853 could be visualized 24 h after injection in HER3-expressing
H441 and FaDu xenografts. Less tumor uptake was observed in HER3-negative Calu-1 xenografts
(Fig. 6A). Because Calu-1 cells do not express HER3, tumor uptake of 89Zr-MSB0010853 in Calu-1
tumors is nonspecific. Ex vivo biodistribution data confirmed this observation. Tumor uptake
in the HER3-negative Calu-1 model was 2.3 ± 0.3 %ID/g, which was 2.4-fold lower than in
HER3-positive H441 (6.2 ± 1.1 %ID/g; P = 0.04) and 2.2-fold lower than in FaDu (5.1 ± 0.4 %ID/g;
P = 0.04) xenografts (Fig. 6B).

A

B

Figure 6. Representative coronal PET images of mice bearing H441, FaDu, or Calu-1 xenografts 24 h after injection of 25
μg of 89Zr-MSB0010853 (A), with corresponding tumor uptake (B). Data are presented as mean ± SD (n = 3–5). *P ≤ 0.05,
Mann–Whitney.
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DISCUSSION
To our knowledge, this is the first report describing dose- and time-dependent biodistribution
of a biparatopic anti-HER3 Nanobody construct in mice. With small-animal PET imaging,
biodistribution and tumor uptake of 89Zr-MSB0010853 were visualized up to at least 96 h after
injection. This study illustrated that PET imaging with 89Zr-MSB0010853 provides noninvasive
information on MSB0010853 biodistribution and tumor uptake.
We demonstrated that tissue distribution of 89Zr-MSB0010853 in mice is dose-dependent.
At 24 h after injection, 89Zr-MSB0010853 blood levels in the 1,000-µg dose group were 15-fold
higher than in the 5-µg dose group. This increase might be due to saturation of hepatic uptake of
Zr-MSB0010853, because hepatic uptake inversely correlated with blood levels. Increasing the
protein dose of an albumin-binding anti-hepatocyte growth factor Nanobody construct18 and an
albumin-binding anti-HER2 Affibody construct19 did not affect liver uptake. Therefore, saturation
of 89Zr-MSB0010853 liver uptake was not due to in vivo albumin binding. Because MSB0010853
is cross-reactive with mouse HER3 and HER3 is expressed on hepatocytes and bile duct cells in
the liver, saturation is more likely due to intrahepatic HER3 binding.20 In line with our results,
saturation of HER3-dependent liver uptake was also observed in mice injected with 99mTc-labeled
anti-HER3 Affibody molecules, cross-reactive for mouse HER3 (99mTc(CO)3-Z08699-H6 and
99m
Tc(CO)3-HEHEHE-ZHER3:08699).21,22 However, saturation of the liver did not increase blood levels
of 99mTc(CO)3-Z08699-H6 and 99mTc(CO)3-HEHEHE-ZHER3:08699, 4–6 h after injection. This was likely
due to the fast clearance of these small anti-HER3 Affibody molecules, without albumin-binding
capacity that extends half-life.
Apart from the liver, saturation of 89Zr-MSB0010853 was also observed in other organs
that express HER3, such as the lung, stomach, small intestines, colon, and skin.18 Uptake
of 89Zr-MSB0010853 in these organs increased with increasing protein doses up to 25–100 µg.
This might well be due to increased delivery of the tracer to these tissues, given the increased
tracer blood levels. At higher protein doses, blood levels continued to increase whereas uptake
indicating saturation of HER3-dependent organ uptake. We additionally observed saturation of
HER3-specific tumor uptake. This can best be perceived from Figures 3B and 3C. Increasing the
protein dose resulted in a decreased tumor-to-blood and tumor-to-muscle ratio. If tumor uptake
of 89Zr-MSB0010853 was solely due to nonspecific uptake, the drastic 15-fold increase in blood in
these HER3-expressing organs did not, levels would promote tumor uptake.
Renal uptake of 89Zr-MSB0010853 is relatively low (<15 %ID/g) as compared with
HER3-targeting 99mTc(CO)3-Z08699-H6 and 99mTc(CO)3-HEHEHE-ZHER3:08699 (>70 %ID/g).21,22
However, it is comparable with the renal uptake of 177Lu-aEGFR-aEGFR-aAlb, a similar-sized
EGFR binding Nanobody construct with albumin-binding capacity.23 Additionally, blood
radioactivity levels of 177Lu-aEGFR-aEGFR-aAlb and 89Zr-MSB0010853 were also comparable
(~10 %ID/g) at 24 h after injection in mice. Injected protein doses were similar for both tracers
(100 µg), demonstrating a similar effect of albumin binding on half-life extension of both
Nanobody constructs. The half-life of murine serum albumin in mice is 1.1–1.6 d, much shorter
89
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than the half-life of 15–19 d for HSA in humans.24–27 Therefore, we expect a slower clearance of
89
Zr-MSB0010853 in humans than in mice, allowing a longer 89Zr-MSB0010853 accumulation
time in tumors of patients, likely resulting in higher tumor accumulation in patients than in
mice.
PET imaging is increasingly used in the development of targeting agents.13 It could provide
useful information about the pharmacologic behavior and tumor-targeting properties of these
agents, facilitating patient selection and the management of clinical dose-finding studies.13,28
PET imaging in patients will likely give us additional information on MSB0010853 in vivo
behavior and tumor targeting. The presence of target does not mean that targeted drugs are
able to accumulate in target-positive tumors.29 This may be due to many factors such as tumor
perfusion, presence of stroma, tumor interstitial fluid pressure, and anatomic location of the
tumor.29 Although the level of tumor accumulation is currently missing in many early-phase
clinical trials, it is obtainable by including PET imaging in these studies.
Preclinical and clinical PET imaging has also been used in the development of RG7116
and patritumab, 2 intact anti-HER3 antibodies. Pre-clinical biodistribution studies in mice
showed HER3-specific tumor uptake of both radiolabeled antibodies.14,30 Compared with
89
Zr-MSB0010853, maximum 89Zr-RG7116 tumor uptake at 6 d after injection was higher, with
19.0, 13.9, and 7.6 %ID/g in H441, FaDu, and Calu-1 xenografts. This could be due to a high
amount of nonspecific 89Zr-RG7116 tumor uptake, because uptake of control 111In-IgG in these
tumors was, respectively, 16.5, 9.1 and 8.3 %ID/g.14 Because 89Zr-RG7116 is not cross-reactive for
mouse HER3, it lacks specific organ binding. Therefore, tumor-to-organ ratios were higher than
observed with 89Zr-MSB0010853. However, tumor-to-blood ratios were comparable. Preliminary
results with 64Cu-labeled patritumab and 89Zr-RG7116 in patients show that biodistribution
and tumor uptake of HER3-targeting agents can noninvasively be visualized with whole-body
PET imaging.31,32 Differences in species (humans vs. mice) and the expected longer circulation
time of 89Zr-MSB0010853 in humans preclude quantitative comparison with our preclinical
89
Zr-MSB0010853 findings.

CONCLUSION
Biodistribution of 89Zr-MSB0010853 is protein dose– and time-dependent and can be studied
noninvasively using PET imaging. In addition, tumor uptake of 89Zr-MSB0010853 correlated with
HER3 expression. As demonstrated in our study, PET imaging gives noninvasive insight into the
in vivo behavior of MSB0010853. In early-phase clinical trials, 89Zr-MSB0010853 can potentially
be used to study biodistribution and tumor uptake of MSB0010853 in cancer patients to facilitate
clinical development.
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SUPPLEMENTARY INFORMATION

Supplemental figure 1. A typical HPLC chromatogram of 89Zr-MSB0010853. At 280 nm 89Zr-MSB0010853 could be detected
with a retention time of approximately 18 min, corresponding with co-registered radioactive signal. The small peak at ~25
min represents the solvent of 89Zr-MSB0010853.

Supplemental figure 2. Internalization of 89Zr-MSB0010853 in H441 cells with and without the presence of HSA. Data is
presented as mean ± SD.

114 | Chapter 4

4

Human epidermal growth factor receptor 3–specific tumor uptake and biodistribution of | 115
89
Zr-MSB0010853 visualized by real-time and noninvasive PET imaging

Chapter 5
Biodistribution and PET imaging of labeled
bispecific T cell–engaging antibody targeting
EpCAM

Frank J. Warnders1, Stijn J.H. Waaijer*2, Martin Pool*2, Marjolijn N. Lub–de Hooge1,3, Matthias
Friedrich4, Anton G.T. Terwisscha van Scheltinga1, Petra Deegen4, Sabine K. Stienen4, Peter C.
Pieslor5, H. Kam Cheung5, Jos G.W. Kosterink1,6, and Elisabeth G.E. de Vries2
Author affiliation: 1Department of Clinical Pharmacy and Pharmacology, University of
Groningen, University Medical Center Groningen, Groningen, The Netherlands; 2Department
of Medical Oncology, University of Groningen, University Medical Center Groningen,
Groningen, The Netherlands; 3Department of Nuclear Medicine and Molecular Imaging,
University of Groningen, University Medical Center Groningen, Groningen, The Netherlands;
4
Amgen Research (Munich) GmbH, Munich, Germany; 5Amgen, Thousand Oaks, California;
and 6Department of Pharmacy, Section of Pharmacotherapy and Pharmaceutical Care,
University of Groningen, Groningen, The Netherlands
*
both authors contributed equally to this work.
Published in: J Nucl Med. 2016;57:812-7.

ABSTRACT
AMG 110, a bispecific T cell engager (BiTE) antibody construct, induces T cell–mediated cancer
cell death by cross-linking epithelial cell adhesion molecule (EpCAM) on tumor cells with a
cluster of differentiation 3 ε (CD3ε) on T cells. We labeled AMG 110 with 89Zr or near-infrared
fluorescent dye (IRDye) 800CW to study its tumor targeting and tissue distribution.
Methods: Biodistribution and tumor uptake of 89Zr-AMG 110 was studied up to 6 d after
intravenous administration to nude BALB/c mice bearing high EpCAM-expressing HT-29
colorectal cancer xenografts. Tumor uptake of 89Zr-AMG 110 was compared with uptake in head
and neck squamous cell cancer FaDu (intermediate EpCAM) and promyelocytic leukemia HL60
(EpCAM-negative) xenografts. Intratumoral distribution in HT-29 tumors was studied using
800CW-AMG 110.
Results: Tumor uptake of 89Zr-AMG 110 can be clearly visualized using small-animal PET imaging
up to 72 h after injection. The highest tumor uptake of 89Zr-AMG 110 at the 40-μg dose level was
observed at 6 and 24 h (respectively, 5.35 ± 0.22 and 5.30 ± 0.20 percentage injected dose per gram;
n = 3 and 4). Tumor uptake of 89Zr-AMG 110 was EpCAM-specific and correlated with EpCAM
expression. 800CW-AMG 110 accumulated at the tumor cell surface in viable EpCAM-expressing
tumor tissue.
Conclusion: PET and fluorescent imaging provided real-time information about AMG 110
distribution and tumor uptake in vivo. Our data support using 89Zr and IRDye 800CW to evaluate
tumor and tissue uptake kinetics of bispecific T cell engager antibody constructs in preclinical
and clinical settings.
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INTRODUCTION
Cancer remains a major cause of death worldwide and one of the key disease areas with the
greatest unmet medical needs. Therefore, new treatment strategies are eagerly awaited. The use
of T cells, especially cytotoxic T cells, in the battle against cancer has shown promising results
using several approaches.1 However, most of these strategies are sensitive to inhibitory or escape
mechanisms, such as major histocompatibility complex class I downregulation or induction of T
cell tolerance, which can limit antitumor efficacy.2,3
Bispecific T cell engager (BiTE) antibody constructs are created to circumvent such inhibitory
or escape mechanisms. They comprise 2 single-chain variable antibody fragments (scFv) that are
covalently linked by a peptide linker and bind cluster of differentiation 3 ɛ (CD3ɛ) as well as a
surface target antigen on cancer cells.4 The activation of T cells by BiTE antibody constructs is

independent of matching major histocompatibility complex class I or costimulatory molecules.5,6
Furthermore, BiTE antibody constructs engage a polyclonal population of T cells, including CD4+
and mainly CD8+ T cells.7 Binding of tumor cells and T cells by BiTE antibody constructs results
in the formation of a cytolytic synapse between tumor and T cells, which is followed by a release
of pore-forming and pro-apoptotic components of cytotoxic T cell granules, mediating cancer
cell death.5,7 The activation of T cells occurs only in the presence of a target cell.8 To date, 4 BiTE
antibody constructs, blinatumomab, BAY2010112/AMG 212, MT111/AMG 211, and MT110/AMG 110,
are or have been tested in clinical trials. Blinatumomab has been approved by the U.S. Food and
Drug Administration to treat patients with Philadelphia chromosome–negative precursor B-cell
acute lymphoblastic leukemia.
Epithelial cell adhesion molecule (EpCAM) is expressed on many epithelial tumors
and cancer stem cells9 and is therefore an attractive target for BiTE antibody constructs.
An EpCAM-targeting BiTE called solitomab (AMG 110, formerly known as MT110) has been
developed.10 AMG 110 mediates lysis of cancer cells by the activation of T cells in vitro and showed
pharmacologic activity at doses administered of at least 24 µg/d in the clinic.11
To support clinical development of AMG 110 and other BiTE antibody constructs, molecular
imaging can be used as a powerful noninvasive tool to obtain valuable information on tumor
uptake, biodistribution, and pharmacokinetics. In a clinical setting, this information can
potentially be used to support patient-tailored drug dosing. Because of its long radioactivity
decay half-life of 3.27 d, 89Zr is well suited for capturing the in vivo pharmacokinetics of large
molecules, such as antibodies.12 In addition, labeling antibodies with the near-infrared (NIR)
fluorescent dye 800CW can be used to study their intratumoral tumor distribution with NIR
fluorescence imaging and to enable molecular characterization of tumor and tissue sections ex
vivo.13 We therefore labeled AMG 110 with 89Zr or IRDye 800CW to study its tumor targeting and
tissue distribution via noninvasive small-animal PET and fluorescence imaging.
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MATERIALS AND METHODS
BiTE antibody constructs and cell lines
AMG 110 is a BiTE antibody construct targeting human EpCAM and human CD3ɛ. The
nonspecific control BiTE Mec14 shares the same anti-CD3ɛ single-chain antibody arm but targets
a haptene (mecoprop) with the second arm. Both BiTE antibody constructs, 55 kDa or more
in size, were provided by Amgen. Two human EpCAM-positive tumor cell lines, the colorectal
adenocarcinoma HT-29 cell line and the head and neck squamous cell cancer FaDu cell line, and
a human EpCAM-negative promyelocytic leukemia HL-60 cell line were used. We used HT-29
xenografts to study dose- and time-dependent tumor uptake of 89Zr-AMG110 because this cell
line highly expresses EpCAM.14 We additionally used this cell line to compare EpCAM-dependent
tumor uptake of 89Zr-AMG110 with 89Zr-Mec14. All cell lines were obtained from American Type
Culture Collection and screened for microbial contamination and tested negative. Cell lines were
authenticated by Baseclear using short tandem repeat profiling. This was repeated once a cell
line had been passaged for more than 6 mo after previous short tandem repeat profiling. HT-29
and HL-60 were routinely cultured in RPMI-1640 medium (Invitrogen) containing 10% fetal calf
serum (Bodinco BV). FaDu cells were cultured in Dulbecco modified Eagle medium (Invitrogen)
supplemented with 10% fetal calf serum and 2 mM L-glutamine (Invitrogen). All cells were
cultured under humidified conditions (37°C, 5% CO2).
Animal experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee of
the University of Groningen and conducted in male nude BALB/c mice (BALB/cOlaHsd-Foxn1nu;
Harlan). After 1 wk of acclimatization, 6- to 8-wk old mice were subcutaneously injected with
10 x 106 HT-29 cells in 0.1 mL of phosphate-buffered saline, with 5 x 106 FaDu cells in 0.1 mL
of phosphate-buffered saline, or with 2 x 106 HL-60 cells in 0.1 mL of phosphate-buffered
saline. Tumor growth was monitored by caliper measurements. Penile vein tracer injection was
performed 3 wk after inoculation of HT-29 cells, 4 wk after inoculation of FaDu cells, and 5
wk after inoculation for HL-60 cells. All scans and invasive proceedings were performed with
isoflurane/medical air inhalation anesthesia (5% induction, 2.5% maintenance) for a maximum
of 90 min.
PET acquisition
Two mice were placed above each other in a Focus 220 rodent scanner (CTI Siemens), with the
tumor in the field of view. Mice were kept warm on heating mats. Acquisition times differed
between 10 min (0.5-h time point) and 75 min (144-h time point). A transmission scan of 515 s
was obtained using a 57Co point source to correct for tissue attenuation.
In vivo PET imaging and ex vivo biodistribution
For determining the time point for optimal tumor visualization, small-animal PET images were
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obtained 0.5, 3, 6, 24, 48, and 72 h after injection of 20 µg of 89Zr-AMG 110 (5 MBq). Data up to 24
h were obtained from 6 mice, and data at 48 and 72 h were obtained from 2 mice.
For ex vivo biodistribution, animals were sacrificed at designated time points. Subsequently,
organs and tissues were excised and weighed. Samples and prime standards were counted
for radioactivity in a calibrated well-type γ-counter. Ex vivo tissue activity was expressed as
percentage injected dose per gram of tissue (%ID/g).
A dose escalation biodistribution study was performed with 20 (n = 5), 40 (n = 4), and 500 µg
(n = 3) of 89Zr-AMG 110 (1 MBq) at 24 h after injection. Tumor weights did not differ significantly
between the dose groups (0.23 ± 0.09, 0.33 ± 0.27, and 0.47 ± 0.62 g, respectively) (Supplemental
Fig. 1A). Doses higher than 20 µg were supplemented with nonradiolabeled AMG 110. For the
40 µg protein dose, 89Zr-AMG 110 (1 MBq) time-dependent tumor uptake was also determined.
Biodistribution studies were performed at 6 (n = 3), 24 (n = 4), 72 (n = 4), and 144 (n = 5) h after
tracer injection. Tumor weights did not differ significantly between different groups (0.20 ± 0.01,
0.33 ± 0.27, 0.33 ± 0.10, and 0.35 ± 0.15 g, respectively) (Supplemental Fig. 1B).
To determine nonspecific tumor uptake, 40 µg (1 MBq) of 89Zr-Mec14 (n= 6) or 89Zr-AMG
110 (n = 4) were administered intravenously to mice harboring HT-29 tumors. Tumor weights
did not differ significantly between the 2 groups (0.32 ± 0.11 and 0.33 ± 0.27 g, respectively)
(Supplemental Fig. 1C). Small-animal PET scans and ex vivo biodistribution were performed
24 h after tracer injection, at the time when tumor uptake of 89Zr-AMG 110 would be high and
blood levels relatively low. The biologic half-life of 89Zr-AMG 110 in whole blood and tumor was
calculated using either %ID per cubic centimeter (%ID/cm3) (20 µg tracer dose, as used for
determining optimal time point) based on small-animal PET scans or %ID/g (40 µg protein
dose) by nonlinear regression (1-phase exponential decay) using GraphPad Prism (GraphPad
Software).
EpCAM-specific uptake in relation to EpCAM expression was assessed with small-animal
PET imaging 24 h after injection of 40 µg of 89Zr-AMG 110 in xenografted mice (n = 4–6 per
group) bearing HT-29, FaDu, or HL-60 tumors. Thereafter, mice were sacrificed for ex vivo
biodistribution analysis. Tumor weights did not differ significantly between the tumor models
(0.33 ± 0.27, 0.20 ± 0.13, and 0.34 ± 0.10 g, respectively) (Supplemental Fig. 1D).
PET reconstruction
PET data were reconstructed using a 2-dimensional ordered-subset expectation maximization
reconstruction algorithm with Fourier rebinning, 4 iterations, and 16 subsets. After reconstruction,
images were quantified using AMIDE Medical Image Data Examiner software (version 1.0.4;
Stanford University). Regions of interest were drawn for tumor and blood (heart). The level of
89

Zr-AMG 110 or 89Zr-Mec14 was calculated as %ID/cm3.

Ex vivo fluorescent imaging
For NIR fluorescence imaging, mice bearing HT-29 xenografts (n = 4) were coinjected with 40
μg of 800CW-AMG 110 and 40 μg of 680RD-Mec14. At 24 h after injection mice, were sacrificed
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and tumor tissue was excised, formalin-fixed, and paraffin-embedded. Tumor slices were stained
immunohistochemically for EpCAM (D9S3P; Cell Signaling) and with hematoxylin and eosin.
Overview images of intratumoral 680RD-Mec14 and 800CW-AMG 110 distribution were obtained
with the Odyssey infrared imaging system (LI-COR Biosci-ences). For fluorescence microscopy,
an inverted Leica DMI600B fluorescence microscope equipped with a Lumen Dynamics X-Cite
200DC light source was used. Nuclei were stained with 49,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich).
Statistical analysis
Data are presented as mean ± SD. Statistical analysis between 2 groups was performed using the
Mann–Whitney U test (GraphPad Prism 5). To test whether differences between multiple groups
were significant, we used a Kruskal–Wallis test (GraphPad Prism 5). A Bonferroni-corrected
Mann–Whitney U test was subsequently used to compare differences between 2 groups. P values
of 0.05 or less were considered significant.

RESULTS
In vivo evaluation of 89Zr-AMG 110 and 800CW-AMG 110
Small-animal PET images of the 20 µg 89Zr-AMG 110 dose showed time-dependent tumor
accumulation, with a maximum of 3.25 ± 0.24 %ID/cm3 at 6 h after injection (Fig. 1A, B) and
decreasing subsequently. Following the same pattern, kidneys showed the highest tissue uptake
across time points, reaching a maximum of 60.26 ± 4.01 %ID/cm3 at 6 h, indicating renal
clearance. Blood levels of 89Zr-AMG 110 dropped rapidly (biologic half-life, 1.51 h; Supplemental
Fig. 4A). The washout of the tumor was relatively slow (biologic half-life, 99.9 h; Supplemental
Fig. 4B), starting at 6 h after injection. This resulted in increasing tumor-to-blood ratios over
time, reaching 1.13 ± 0.29, 3.67 ± 0.29, 4.10 ± 0.42, and 3.53 ± 1.03, respectively, at 6, 24, 48, and
72 h.
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Figure 1. Biodistribution of 89Zr-AMG 110 at 20-μg dose level. (A) Representative serial small-animal PET imaging at 0.5, 3, 6,
24, 48, and 72 h after injection in 1 HT-29-bearing mouse. Yellow arrows indicate tumor. (B) In vivo quantification of tumor
and blood levels of 89Zr-AMG 110 in time as presented in %ID/cm3. Data up to 24 h were obtained from 6 mice, and data at
48 and 72 h were obtained from 2 mice. Data are mean ± SD.

A 40- and 500-µg protein dose resulted in a higher (not statistically significant) and more
reproducible tumor uptake of 89Zr-AMG 110 than 20 µg (5.30 ± 0.21 and 4.9 ± 0.21 vs. 3.6 ± 1.2
%ID/g; P = 0.57 and 0.75, respectively, Fig. 2A). No statistically significant differences were
found in tumor-to-blood or tumor-to-muscle ratios among the different protein doses tested
(Supplemental Figs. 5A and 5B). All organs showed similar 89Zr-AMG 110 levels at all protein
doses. Highest 89Zr-AMG 110 levels were found in the kidneys, followed by liver and tumor.
Because of a more reproducible tumor uptake, the remainder of the study was performed with a
40- instead of a 20-µg dose level.
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Figure 2. Dose-dependent 89Zr-AMG 110 biodistribution in HT-29– tumor bearing mice at 24 h after tracer injection. Mice
were injected with 20- (n = 5), 40- (n = 4), or 500-μg (n = 3) protein doses. No significant differences were observed in organ
and tumor uptake between dose groups. Data are mean ± SD.

The duration and level of 89Zr-AMG 110 tumor exposure was protein-dose-dependent and
differed from blood. Biodistribution of 40 µg of 89Zr-AMG 110 in time resulted in a maximum
tumor uptake at 6 and 24 h after injection of 5.4 ± 0.2 and 5.3 ± 0.3 %ID/g, respectively (Fig.
3A), declining subsequently. In contrast, tumor uptake after injection of 20 µg of 89Zr-AMG 110
already peaked at 6 h and declined steadily thereafter (Fig. 1B). The biologic half-life of 89Zr-AMG
110 after injection of a protein dose of 40 µg in blood was 4.1 h compared with 1.5 h for the 20
µg protein dose (Supplemental Fig. 4C). Washout of signal from the tumor was relatively slow
compared with blood (half-life, 40.2 h; Supplemental Fig. 4D). The prolonged tumor retention
of 40 µg of 89Zr-AMG 110 resulted in increasing tumor-to-blood ratios over time, reaching 65.1 ±
15.5 at 144 h (Fig. 3B). The maximal tumor-to-muscle ratio was reached at 24 h (18.6 ± 3.6).
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Figure 3. Time-dependent 89Zr-AMG 110 (40 μg) biodistribution in HT-29–bearing mice. (A) Ex vivo biodistribution of
Zr-AMG 110 was performed at 6 (n = 3), 24 (n = 4), 72 (n = 4), and 144 h (n = 5) after injection. (B) Corresponding

89

tumor-to-blood ratios increased significantly. Data are mean ± SD. Significance has been calculated for differences in tumor
uptake and tumor-to-blood ratios. *P ≤ 0.05.

HT-29 xenografts specifically retained

Zr-AMG 110 but not the non-EpCAM binding

89

Zr-Mec14 BiTE. Biodistribution of Zr-Mec14 showed low tumor uptake of 0.7 ± 0.1 %ID/g
compared with 5.3 ± 0.3 %ID/g for 89Zr-AMG 110 at 24 h (Fig. 4A; P < 0.01). Accumulation of
89
Zr-Mec14 in blood and all organs except the kidneys was lower (≤ 2.4 %ID/g) than 89Zr-AMG 110
(≤ 5.6 %ID/g). 89Zr-Mec14 tumor uptake was comparable to non-specific uptake in other organs.
As a result, a higher tumor-to-blood (33.4 ± 3.1 vs. 7.3 ± 1.2; P <, 0.01; Fig. 4B) and a higher
tumor-to-muscle ratio (18.6 ± 3.6 vs. 6.7 ± 0.8; P < 0.01) were observed for 89Zr-AMG 110. In line
with these results, small-animal PET images showed lower tumor uptake of 89Zr-Mec14 than
89
Zr-AMG 110 (Fig. 4C).
89

89
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Figure 4. (A) Ex vivo biodistribution 24 h after injection of

Zr-AMG 110 (40 μg, n = 4) or 89Zr-Mec14 (40 μg, n = 6) in

89

HT-29–tumor bearing mice. (B) Corresponding tumor-to-blood ratios were significantly higher for 89Zr-AMG 110 than for
Zr-Mec14. (C) Representative coronal small-animal PET images of

89

89

Zr-AMG 110 and

89

Zr-Mec14 visualize difference in

tumor uptake. Yellow arrow indicates tumor. Data are mean ± SD. *P ≤ 0.05. **P ≤ 0.01.

Tumor uptake of 89Zr-AMG 110 was correlated with the level of cell surface EpCAM expression
(Fig. 5). It was highest in HT-29 tumors (5.3 ± 0.3 %ID/g) followed by FaDu (2.7 ± 0.6 %ID/g)
and HL-60 (0.8 ± 0.2 %ID/g), whereas no differences were observed in uptake of normal organs
in mice bearing the different tumor xenografts (Fig. 5A). Difference in tumor uptake could be
clearly visualized by small-animal PET (Fig. 5B).
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Figure 5. Correlation between 89Zr-AMG 110 tumor uptake and EpCAM expression on tumor cells. (A) Ex vivo biodistribution
of 89Zr-AMG 110 (40 μg) 24 h after tracer injection in mice bearing HT-29 (n = 4; high EpCAM), FaDu (n = 5; intermediate
EpCAM), or HL-60 (n = 6; EpCAM-negative) cells. (B) Representative coronal small-animal PET images. Yellow arrows
indicate tumor. (C) Differences in EpCAM expression on HT-29 (n = 5), FaDu (n = 5), and HL-60 (n = 4) cells correlated with
tumor uptake of 89Zr-AMG 110. Data are mean ± SD. *P ≤ 0.05.

In vivo and ex vivo fluorescence imaging confirmed AMG 110–specific cell surface binding
of HT-29 xenografts. Similar to 89Zr-AMG 110, in vivo imaging showed HT-29 retention of
800CW-AMG 110 but not 680RD-Mec14 (Supplemental Fig. 6A). In accordance with low tumor
levels found for 89Zr-Mec14 at biodistribution 24 h after tracer injection, 680RD-Mec14 was
cleared rapidly, with a level detectable only ex vivo by 24 h (Supplemental Fig. 6B). Ex vivo
macroscopic fluorescence imaging of HT-29 tumor slices showed 800CW-AMG 110 colocalizing
with viable EpCAM-expressing tumor tissue, as shown by hematoxylin and eosin and EpCAM
staining (Fig. 6A, B). Fluorescence microscopy also showed presence of 800CW-AMG 110 on the
tumor cell surface (Fig. 6C). In contrast, non-EpCAM binding 680RD-Mec14 mostly localized in
necrotic tumor tissue.
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Figure 6. Intratumoral distribution of coinjected 800CW-AMG 110 (40 μg) and 680RD-Mec14 (40 μg) in HT-29 tumors.
(A) EpCAM was predominantly expressed on healthy tumor tissue as visualized with hematoxylin and eosin (H&E) and
EpCAM immunohistochemical staining. (B) Corresponding macroscopic fluorescent imaging of 800CW-AMG 110 (green)
and 680RD-Mec14 (red) distribution, with minor overlapping signal (yellow). (C) Fluorescence microscopy images (630x),
visualizing membrane localization of 800CW-AMG 110 (green) and DAPI stained nuclei (blue).
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DISCUSSION
We present the first, to our knowledge, noninvasive preclinical imaging study in which a
bispecific T cell–engaging antibody construct targeting EpCAM is labeled with a radionuclide,
or a fluorophore, to visualize and quantify tumor uptake, tissue accumulation, and clearance
kinetics in vivo. In this study, 89Zr-AMG 110 showed consistent tumor uptake in xenografts that is
correlated with EpCAM expression. It also showed prolonged tumor retention that is unusual for
a reversible extracellular binder exhibiting rapid renal clearance.
Remarkably, HT-29 tumor uptake of 89Zr-AMG 110 remained visible up to 72 h after injection,
despite minimal cellular internalization. Both tumor uptake and organ uptake of 89Zr-AMG 110
was higher than those of 89Zr-Mec14, likely the result of faster clearance of 89Zr-Mec14, because
blood levels of 89Zr-Mec14 were also lower. NIR fluorescent imaging with 800CW-AMG 110
confirmed AMG 110 localization at the tumor cell membrane in viable HT-29 tumor tissue.
Minor accumulation of 680RD-Mec14 was observed in necrotic tumor tissue, which is likely
due to nonspecific binding. Together, these findings clearly demonstrate the advantage of using
immune-PET to determine the dose level of BiTE antibody constructs necessary for tumor
targeting, to assess the presence of target, and to study in vivo tissue exposure in real time.
AMG 110 showed favorable tumor uptake and retention compared with a similar EpCAM
binding agent. The EpCAM-targeting radiopharmaceutical 68Ga-scFv429 also comprises 2 scFv
fragments and has a molecular weight (51.2 kDa) similar to 89Zr-AMG 110.15 Furthermore, it
exhibits monospecific bivalent binding and higher EpCAM affinity than AMG 110 (dissociation
constant = 0.24 vs. 170–230 nM, respectively, as determined by plasmon resonance analysis).10
Despite bivalent binding and higher affinity, the highest tumor uptake (in %ID/g) of 68Ga-scFv429
in HT-29 tumors was 2.8-fold lower than 89Zr-AMG 110.16 Maximum tumor uptake of 68Ga-scFv429
was reached at 1 h, whereas maximum tumor uptake of 89Zr-AMG 110 was reached at 6 h after
injection. At these time points, the observed tumor-to-blood ratios were comparable (~1 and 1.1
± 0.30, respectively). The higher tumor uptake of 89Zr-AMG 110 is most likely due to its longer
circulating half-life (1.4–4.1 h) than that of 68Ga-scFv429 (0.97 h).
In addition to differences in tumor uptake kinetics and circulating half-life, preclinical
imaging studies also showed that different tracers also vary in the ability to saturate tumor
uptake. In contrast to membrane tumor targets c-MET and human epidermal growth factor
receptor 3, saturation of EpCAM binding on HT-29 was not observed even when the 89Zr-AMG
110 total protein dose was increased to 500 µg.17,18 Thurber et al. also observed no saturation of
EpCAM binding in HT-29 xenografts after injection of an EpCAM antibody labeled with a NIR
dye (VivoTag 680) at a total protein dose of 180 µg.14 One possible explanation might be related
to the abundance of cell surface EpCAM on HT-29 cells (2.3 x 106 receptors/cell).14 Another
example supporting this hypothesis was illustrated by the lack of tumor saturation observed
for 89Zr-trastuzumab, up to 500 µg in SKOV3-xenografted mice.19 Similar to the high level of
EpCAM expression on HT-29 cells, expression of the human epidermal growth factor receptor 2
on SKOV3 cells is also high (6.6 x 106 receptors/cell).20 The inability to saturate human epidermal
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growth factor receptor 2 and EpCAM suggest that it may be difficult to saturate receptors when
their cell surface expression exceeds approximately 2 x 106 receptors/cell at the dose levels
evaluated. Alternatively, saturation of tumor targets may also depend on other in vivo properties
of the antibodies including binding on/off kinetics, degree of tumor penetration, and access
to targets at different protein dose levels. Additional radioactive- and optical-labeled antibody
imaging studies, particularly those in the clinical setting, will help further elucidate mechanisms
for driving uptake in tumors and tissues of interest.
Although the current preclinical study examined only the tumor antigen binding
component of AMG 110, preclinical and clinical imaging studies showed that it is feasible to
image tumor uptake of tumor-targeting CD3-bispecific antibodies in the presence of circulating
T cells. A T cell–mediated increase in tumor uptake has been observed with a tetravalent
bispecific tandem antibody (TandAb), directed at mouse CD3ɛ and fibronectin extra domain
B, in immunocompetent mice.21 125I-labeled TandAb with CD3ɛ affinity similar to that of AMG
110 showed that potential T cell binding outside of the tumor did not block tumor uptake or
change its biodistribution.21 The mice in our study were immunodeficient, so tumor uptake of
89
Zr-AMG 110 was not affected by T cells. Because AMG 110 does not bind mouse CD3ɛ, the effect
of T cell binding on 89Zr-AMG 110 distribution and tumor uptake could not be studied in immune
competent mice. In a clinical setting, the presence of T cells might influence biodistribution and
lead to a higher tumor uptake. Furthermore, 123I-OC/TR F(ab´)2, targeting folate receptor and
CD3, has been used successfully to image malignant tumor lesions in ovarian cancer patients.22
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CONCLUSION
Given its overexpression by many tumor types, EpCAM is an interesting drug target. Different
EpCAM-targeted drugs have been developed, including monoclonal antibodies, antibody
fragments, bispecific antibodies, and antibody-drug conjugates. Similar to these other
experimental drugs, EpCAM expression on tumor cells is a prerequisite for effective treatment
with AMG 110. Because EpCAM-dependent 89Zr-AMG 110 tumor uptake has been demonstrated
preclinically, this tracer, applied clinically, can potentially facilitate patient selection for AMG
110 treatment by providing information on drug access across all lesions. Moreover, 89Zr-AMG
110 or other radiolabeled BiTE antibody constructs could potentially support clinical BiTE
development, because they could give additional information about tissue pharmacokinetics
and uptake in tumors to support optimal dosing and about uptake in critical organs to anticipate
toxicity.
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SUPPLEMENTARY INFORMATION
MATERIALS AND METHODS
Conjugation and labeling of AMG 110 and Mec14.
AMG 110 and Mec14 were first purified with water for injections using a Vivaspin-2 10 kDa filter
(GE Healthcare). Conjugation was performed by allowing BiTE antibody constructs to react
with a 6.7-fold molar excess of N-succinyldesferrioxamine-B-tetrafluorphenol (N-sucDf-TFP,
ABX), as described earlier.1 Conjugated BiTE was radiolabeled on the same day with 89Zr-oxalate
(PerkinElmer). Free 89Zr was removed by using a Vivaspin-2 10 kDa filter.
For labeling with respectively IRDye 800CW and 680RD, purified AMG 110 and Mec14
reacted with a 3-fold molar excess of IRDye as described earlier.2 Unreacted dye was removed
using PD10 desalting columns (Fisher Scientific).
Quality control of 89Zr-AMG 110 and 89Zr-Mec14.
Aggregation, fragmentation and concentration of 89Zr-AMG 110, 800CW-AMG 110, 89Zr-Mec14
and 680RD-Mec14 were assessed using size exclusion high performance liquid chromatography
(SE-HPLC). The Waters SE-HPLC system was equipped with a dual wavelength absorbance
detector, an in line radioactivity detector and a size exclusion column (Superdex 75 10/300 GL
column; GE Healthcare). PBS was used as mobile phase at a flow of 0.7 ml/min Radiochemical
purity (RCP) of 89Zr-AMG 110 and 89Zr-Mec14 was determined using trichloroacetic acid
precipitation.3
The in vitro binding characteristics (immunoreactive fraction; IRF) of the radiolabeled BiTE®
antibody constructs were determined in a cell binding assay as described by Lindmo et al.4 In
short, two series of HT-29 cell dilutions were incubated in duplicate with 15 ng/mL 89Zr-AMG 110
for 2 h at 4°C while shaking. To one of the cell series a 1000 fold excess of cold AMG 110 was added
to block EpCAM specific binding and set the reference used to correct for non-specific binding.
After 2 h incubation, cells were washed twice with PBS containing 1% human serum albumin
(HSA). Radioactivity of standards and cell pellets were measured with a calibrated well-type
γ-counter (LKB 1282; CompuGamma). The IRF was determined for each separate experiment
by extrapolating to conditions representing infinite antigen excess, corrected for non-specific
binding.
In vitro evaluation of 89Zr-AMG 110.
Internalization of 89Zr-AMG 110 was determined by incubating 106 HT-29 cells with 50 ng
89
Zr-AMG 110 for 1 h at 4°C. Subsequently, unbound 89Zr-AMG 110 was removed by rinsing with
PBS containing 1% HSA. Remaining activity, defined as initial cell associated radioactivity, was
measured in a calibrated well-type γ-counter and set to 100%. Next cells were resuspended in
culture medium (RPMI + 10% FCS, including T = 0) and incubated 1, 2 or 4 h at 4°C or 37°C.
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Thereafter, medium was removed and cell pellet activity, defined as membrane bound +
internalized, was measured in a calibrated well-type γ-counter. Finally, cells were stripped using
urea buffer (4 M urea, 2 M glycine, pH 2.0)5 and washed twice with urea buffer. Radioactivity
in the stripped pellet, representing the internalized radioactivity, was measured in a calibrated
well-type γ-counter. Internalization was determined by the following formula: (internalized
radioactivity/initial cell associated radioactivity) x 100%.
Flow cytometry.
To determine EpCAM expression by the cell lines, flow cytometry was performed with a BD
Accuri™ C6 flow cytometer (BD Biosciences). HT-29, FaDu or HL-60 cells were incubated for
1 h at 4 °C, with 20 µg/mL mouse anti-human EpCAM antibody (Abcam, ab20160) and washed
twice using phosphate buffered saline (PBS; 140 mmol/L NaCl, 9 mmol/L Na2HPO4, 1.3 mmol/L
NaH2PO4; pH = 7.4, UMCG) containing 0.5% FCS and 2 mM ethylenediaminetetraacetic acid.
Subsequently, cells were incubated for 1 h at 4°C with (0.01 mg/mL) goat anti-mouse phycoerythrin
secondary antibody (Southern Biotech). Cells were finally washed twice and EpCAM expression
was assessed. Membrane expression was calculated as mean fluorescent intensity and expressed
as percentage of HT-29 signal.
In vivo fluorescent imaging
For NIR fluorescence imaging, mice bearing HT-29 xenografts (n = 4) were co-injected with
40 μg 800CW-AMG 110 and 40 μg 680RD-Mec14. Mice undergoing fluorescent imaging were
kept on an alfalfa-free diet to minimize autofluorescence. Imaging was performed at 0.5, 1, 3, 6
and 24 h after tracer injection, using the IVIS Spectrum (Caliper Life Sciences) imaging system.
Excitation wavelengths were set at 640 nm for 680RD-Mec14 and 745 nm for 800CW-AMG 110.
Data were analyzed using Living Image 3.2 software (Caliper Life Sciences). Tumor signal was
determined by drawing regions of interest around tumor boundaries for both 680RD-Mec14 and
800CW-AMG 110.

RESULTS
Labeling and quality control of 89Zr-AMG 110 and 89Zr-Mec14.
AMG 110 and Mec14 were successfully conjugated with N-sucDf-TFP (ratio 1:3) and labeled with
89
Zr. The retention time for AMG 110 and Mec14 was approximately 17 min. 89Zr-N-sucDf-TFP,
low-molecular-weight impurities and buffer additives eluted around 25 min on the SE-HPLC
(Supplemental Fig. 2A). Upon N-sucDf-TFP conjugation and 89Zr labeling of AMG 110 and Mec14,
SE-HPLC did not show aggregation or fragmentation and radiochemical purity was confirmed
using trichloroacetic acid precipitation tests (respectively 96.8 ± 1.1% and 96.2%; n = 10 and n = 1).
Conjugation of N-sucDf-TFP to AMG 110 and subsequent labeling with 89Zr resulted in
a mean IRF of 0.60 ± 0.03 for EpCAM (Supplemental Figs. 2B and 2C; n = 6). Subsequent to
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EpCAM binding, 89Zr-AMG 110 showed minimal internalization by HT-29 cells at 37°C in vitro
(Supplemental Fig. 3).

A

B

C

D

Supplemental figure 1. Differences in ex vivo tumor weights between the experiments, as measured after mice were
sacrificed. (A) Difference in tumor weights after resection from mice injected with 89Zr-AMG 110 at 20 µg (n = 5), 40 µg (n
= 4) or 500 µg (n = 3) dose levels. (B) Difference in tumor weights at 6 (n = 3), 24 (n = 4), 72 (n = 4) and 144 h (n = 5) after
injection of 40 µg 89Zr-AMG 110. (C) Difference in tumor weights at 24 h after injection of 40 µg 89Zr-AMG 110 (n = 4) or 40
µg 89Zr-Mec 14 (n = 6). (D) Difference in tumor weights between HT-29 (n = 4), FaDu (n = 5) and HL-60 (n = 6) tumors at 24
h after injection of 40 µg 89Zr-AMG 110.
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Supplemental figure 2. Quality control of
89

Zr-AMG 110 and

89

Zr-Mec 14. (A) A typical SE-HPLC chromatogram of

89

Zr-AMG 110 (upper panel) or 89Zr-Mec 14 (lower panel), which is an overlay of 280 nm and radiochemical signal. (B) Binding

of 89Zr-AMG 110 to an increasing number of HT-29 cells. Its reciprocal plot to infinite antigen excess was used to determine
immunoreactive fraction. Data is presented as mean ± SD.
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Supplemental figure 3. Membrane binding and internalization of

89

Zr-AMG 110 after binding EpCAM on HT-29 cells.

Membrane bound and internalized fraction is expressed as percentage of initial cell associated radioactivity. Data is
presented as mean ± SD. At several time points in the graphs of membrane bound 89Zr-AMG 110, SD is not visible due its
small size.
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Supplemental figure 4. Biological half-life of 89Zr-AMG 110 in blood and tumor. Biological half-life of 20 µg 89Zr-AMG 110
in blood (A) and tumor (B), based on %ID/cm3. Biological half-life of 40 µg 89Zr-AMG 110 in blood (C) and tumor (D), based
on %ID/g. Data is presented as mean ± SD.

A

B

Supplemental figure 5. Dose dependent tumor-to-blood (A) and tumor-to-muscle ratios (B). Mice were injected with 20
µg (n = 5), 40 µg (n = 4) or 500 µg (n = 3) protein doses. No significant differences were observed in blood or tissue levels
between the dose groups. Data is presented as mean ± SD.
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Supplemental figure 6. (A) Representative sagittal two-dimensional in vivo fluorescence images at indicated time points,
after coinjection of 40 μg 800CW-AMG 110 and 40 μg 680RD-Mec14. White arrow indicates location of the tumor. (B)
Fluorescent tracer uptake in HT-29 tumors over time, normalized to absolute fluorescence levels at 30 min after tracer
injection. Data is presented as mean ± SD.
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CEA-positive tumors

Stijn J.H. Waaijer1, Frank J. Warnders2, Sabine Stienen3, Matthias Friedrich3, Alexander
Sternjak3, H. Kam Cheung4, Anton G.T. Terwisscha van Scheltinga2, Carolien P. Schröder1,
Elisabeth G.E. de Vries1, and Marjolijn N. Lub-de Hooge2
Author affiliation: 1Department of Medical Oncology, University Medical Center Groningen,
Groningen, the Netherlands; 2Department of Clinical Pharmacy and Pharmacology, University
Medical Center Groningen, Groningen, the Netherlands; 3Amgen Research Munich GmbH,
Munich, Germany; 4Amgen Inc, Thousand Oaks, CA
Submitted
TRANSLATIONAL RELEVANCE
Recent approval of the CD19 and CD3 targeting bispecific T-cell engager (BiTE®) antibody construct, Blincyto, for treating
B-cell precursor acute lymphoblastic leukemia patients clearly demonstrated that tumor targeted immunity is an
effective therapeutic approach. BiTE® antibody constructs induced tumor cell killing independent of antigen specificity or
costimulatory factors by connecting cancer cells to cytotoxic T cells. While this approach has offered significant clinical
benefits in hematologic malignancy, recent exploration have also been focused on solid tumors.
This study provides noninvasive molecular imaging insight in solid tumor targeting and biodistribution of the
carcinoembryonic antigen (CEA) and CD3 targeting BiTE® antibody construct AMG 211 in preclinical mouse xenograft
models, 89ZrAMG211 PET-imaging showed dosedependent accumulation in CEA-expressing tumors. Although 89Zr-AMG211
circulating blood half-life was ~1, hour, the signal persisted in the tumors for up to 24 hours. Good Manufacturing Practice
compliant 89Zr-AMG211 was produced and evaluated in a recently completed clinical trial (NCT02760199).

ABSTRACT
Background: AMG 211, a bispecific T-cell engager (BiTE®) antibody construct, targets
carcinoembryonic antigen (CEA) and the CD3 epsilon subunit of the human Tcell receptor
complex. AMG 211 was labeled with zirconium-89 (89Zr) or fluorescent dye to study drug behavior.
The goal of this study is to evaluate the tumor targeting properties of 89Zr-AMG211.
Experimental Design: 89Zr-AMG211 was administered to mice bearing CEApositive LS174T
human colorectal adenocarcinoma and BT474 breast cancer as well as CEAnegative HL60
promyelocytic leukemia xenografts. Dose-escalating biodistribution with 210 µg 89Zr-AMG211
supplemented with unlabeled AMG 211 up to 500 µg total protein dose was performed. Non-CEA
binding BiTE®, 89ZrMec14, served as negative control. 89Zr-AMG211 integrity was determined
in tumor lysates ex vivo. Intratumoral distribution was studied with IRDye800CW-AMG211.
Moreover, 89Zr-AMG211 was manufactured according to Good Manufacturing Practice (GMP)
guidelines for clinical trial NCT02760199.
Results: 89Zr-AMG211 demonstrated dose-dependent tumor uptake at 6 hours. Highest tumor
uptake was observed with 2 μg and lowest with 500 μg total protein dose. After 24 hours, 10 μg
89
Zr-AMG211 resulted in higher uptake in CEA-positive than CEA-negative xenografts. Although
blood halflife of 89Zr-AMG211 was ~1 hour, tumor retention persisted for at least 24 hours.
89
Zr-Mec14 did not accumulate beyond background level in CEA-positive tumors. Ex vivo
autoradiography revealed time-dependent disintegration of 89Zr-AMG211. 800CW-AMG211 was
specifically localized in CEAexpressing viable tumor tissue. GMP-manufactured 89Zr-AMG211
fulfilled release specifications.
Conclusions: 89Zr-AMG211 showed dosedependent CEA-specific tumor targeting and localization
in viable tumor tissue. Our data support its use as surrogate to evaluate AMG 211 in vivo behavior
in the clinical setting.

INTRODUCTION
Recent advances in immuno-oncology and approval of several immune-enhancing cancer
therapies have led to great enthusiasm and exploration of various approaches to target cytotoxic
T cells specifically to tumor for killing. Novel therapeutic approaches such as bispecific T-cell
engager (BiTE®) antibody constructs are engineered by combining two single-chain variable
fragment (scFv) domains of two different antibodies.1 One scFv domain is directed against the
epsilon chain of CD3 (CD3ε), a part of the T-cell receptor complex, and the other domain is
directed against a tumor-associated antigen. Simultaneous binding of both domains to their
targets forms a bridge between a tumor cell and a T cell eventually resulting in the formation of
a cytolytic synapse, followed by killing of the tumor cell via perforin and granzyme B mediated
lysis.2
The first BiTE® antibody construct approved is the CD19-targeting molecule blinatumomab.
It is used to treat patients with Philadelphia chromosome-negative relapsed or refractory B-cell
precursor acute lymphoblastic leukemia. Other BiTE® antibody constructs that have been
explored in phase I trials include AMG 110 (MT110; solitomab), AMG 211 (MEDI565; MT111),
and BAY2010112 for targeting of epithelial cell adhesion molecule (EpCAM), carcinoembryonic
antigen (CEA), and prostate-specific membrane antigen (PSMA) expressing solid tumors,
respectively.3,4
For CEA overexpressing solid tumors, AMG 211 is a potential interesting new BiTE® antibody
construct. In vitro, AMG 211 lyses explants of metastatic colorectal cancer cells of patients who
progressed on chemotherapy.5 In addition, immune checkpoint inhibition combined with AMG 211
resulted in a more potent cytotoxicity towards CEA-positive tumor cells in vitro.6 Although T-cell
inhibition could not be fully reversed in T cells previously exposed to AMG 211, prior treatment
with checkpoint inhibition is a potential combination strategy. AMG 211 mediated cytotoxicity
is independent of the presence of soluble CEA, CEA splice variants, CEA singlenucleotide
polymorphisms or commonly found oncogenic mutations in colorectal adenocarcinomas.79
A first-in-human study with an intermittent administration regimen of 3-hour continuous
intravenous infusion once a day, on days 1 through 5, in 28-day cycles with AMG 211, showed
a maximum tolerated dose of 5 mg with linear and dose-proportional pharmacokinetics.4 Best
tumor response was stable disease in 28% of the patients. For BiTE® antibody constructs to be
effective in solid tumors, the molecule should significantly penetrate tumors, be present in
sufficient amount to maintain exposure and the tumor should have sufficient T-cell infiltration.
To establish prolonged steady state exposure, continuous intravenous administration over 7 to 28
days is currently tested in an ongoing AMG 211 phase I trial (NCT02291614).
Strikingly, little is known concerning whole body distribution and tumor targeting of
BiTE® antibody constructs in cancer patients. Therefore, to enable clinical exploration of BiTE®
antibody constructs’ in vivo properties, we developed 89Zr-AMG211 for testing in preclinical
mouse models. With molecular imaging, information on wholebody drug distribution, tumor
targeting and tissue pharmacokinetics can be obtained non-invasively. In this study, 89Zr-AMG211
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microPET imaging was also complemented with ex vivo biodistribution and tracer integrity
analysis. In addition, AMG 211 was labeled with the near-infrared fluorescent dye 800CW to
study intratumoral distribution. Finally, we manufactured 89Zr-AMG211 according to Good
Manufacturing Practice (GMP) guidelines in preparation for clinical evaluation.

MATERIALS AND METHODS
BiTE® antibody constructs and cell lines
The BiTE® antibody constructs AMG 211 (binds human CD3ε and human CEA; formulated
in 30 mM sodium citrate, 75 mM L-lysine hydrochloride, 6.5% mM trehalose dihydrate, and
0.02% (w/v) plant derived polysorbate 80; pH 6.0), and Mec14 (binds human CD3ε and the
herbicide mecoprop; formulated in 10 mM citrate, 75 mM L-lysine hydrochloride, 4% (w/v)
trehalose dihydrate, and 0.03% (w/v) polysorbate 80, pH 7.0), were provided by Amgen. AMG 211
equilibrium dissociation constants are estimated at 5.5 ± 2.2 nM and 310 ± 67 nM for human CEA
and CD3ε, respectively.7 Molecular weights of the BiTE® antibody constructs are approximately
55 kDa. The human colorectal cancer cell line LS174T (CEA+), human breast cancer cell line
BT474 (CEA+), and promyelocytic leukemia cell line HL60 (CEA) were used. All cell lines were
obtained from American Type Culture Collection, screened for microbial contamination and
tested negative. Cell lines were authenticated by BaseClear using short tandem repeat profiling.
This was repeated once a cell line has been passaged for more than 6 months after previous short
tandem profiling. BT474 and HL-60 were routinely cultured in RPMI-1640 medium (Invitrogen)
containing 10% fetal calf serum (Bodinco BV). LS174T cells were cultured in Dulbecco’s Modified
Eagle’s Medium with high glucose (Invitrogen) supplemented with 10% fetal calf serum. All cells
were cultured under humidified conditions at 37°C with 5% CO2.
Flow cytometry
CEA expression by LS174T, BT474, and HL-60 cells was measured using a BD Accuri™ C6 flow
cytometer (BD Biosciences) as described earlier.10 In short, cells were incubated for 1 hour at
4 °C with either 20 µg/mL mouse antihuman CEACAM5 antibody (Santa Cruz; sc-23928) or
mouse IgG1 (Dako). After washing, cells were incubated for 1 hour at 4 °C with goat antimouse
phycoerythrin secondary antibody (Southern Biotech). After final washing, expression was
assessed and calculated as mean fluorescent intensity expressed as percentage of LS174T signal.
Conjugation and labeling of AMG 211 and Mec14
BiTE® antibody constructs AMG 211 and Mec14 were purified against NaCl 0.9% (Braun) using
a Vivaspin-2 10 kDa polyethersulfone filter (Sartorius). Next, N-succinyldesferrioxamine-B-tertrafluorphenol (N-sucDf-TFP; ABX) was conjugated to BiTE® antibody constructs in a 4-fold
molar excess, as described earlier.11 After PD-10 desalting column (GE Healthcare) purification,
conjugated BiTE® antibody constructs were stored at -80 °C. On the day of labeling with
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Zr-oxalate (PerkinElmer), N-sucDf conjugated BiTE® antibody constructs were thawed and
labeled with a maximum specific activity of 500 MBq/mg. For conjugating IRDye 800CW to
AMG 211 and 680RD to Mec14 (LICOR Biosciences), purified BiTE® antibody constructs were
reacted with a 3-fold molar excess of IRDye N-hydroxysuccinimide ester as described earlier.12
89

Quality control of 89Zr-AMG211 and 89Zr-Mec14
Size exclusion high performance liquid chromatography (SE-HPLC) was used to assess aggregation
and fragmentation of radiolabeled or fluorescently labeled AMG 211 and Mec14, as described
previously.10 Protein concentration was determined by ultraviolet-visible spectrophotometry
(Cary 60; Agilent).
Immunoreactivity of 89Zr-AMG211 towards CEA was tested in a competition assay with
unlabeled AMG 211. Recombinant human CEACAM5 (11077-H08H; Sino Biologicals Inc.) was used
as target antigen. CEACAM5 protein was diluted in 0.05 M Na2CO3 (pH 9.6) to a concentration
of 0.5 µg/mL and 100 µL was coated to Nunc-Immuno BreakApart ELISA plates (NUNC) at
4°C overnight. Next day, wells were blocked using 1% milk powder in 0.05% polysorbate 20
(Sigma-Aldrich)/PBS (140 mM NaCl, 9 mM Na2HPO4, 1.3 mM NaH2PO4, pH = 7.4, UMCG). After
blocking, wells were washed three times with 0.05% polysorbate 20/PBS. 89Zr-AMG211 and AMG
211 were mixed and diluted in PBS to result in a fixed concentration of 185 nM 89Zr-AMG211 and
varying concentrations of unlabeled AMG 211, ranging from 93 pM to 32 µM. These samples were
added to the wells and incubated for 2 hours. Samples were washed with 0.05% polysorbate
20 in PBS and 89Zr-AMG211 bound to the CEA–coated wells were measured for radioactivity.
CEA binding was expressed as percentage radioactivity bound to CEA–coated wells corrected
for non-specific binding to uncoated wells. The average amount of CEA bound 89Zr-AMG211 at
the lowest competing dose of non-radiolabeled AMG 211 was set at 100%. The percentages were
plotted against the logvalues of AMG 211 concentration using Prism software (GraphPad, Prism
5). The concentration that resulted in 50% inhibition of the maximum binding was calculated.
Immunoreactivity was calculated by dividing the half maximal inhibitory concentration (IC50) by
added concentration of 89Zr-AMG211 (185 nM).
Internalization of 89Zr-AMG211
Internalization of 89Zr-AMG211 was assessed as described earlier.10 In short, 106 LS174T cells were
incubated with 50 ng 89Zr-AMG211 for 1 hour at 4 °C, followed by incubation for 1, 2 or 4 hours at 4
°C or 37 °C in culture medium. Cells were subsequently stripped using a stripping buffer (0.05 M
glycine, 0.1 M NaCl, pH 2.8). Radioactivity of the stripped cell pellet was measured in a calibrated
well-type γ-counter (LKB instruments) and expressed as percentage of cell associated activity.
Animal experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee of
the University of Groningen. Six to 8 weeks old male nude BALB/c mice (BALB/cOlaHsd-Foxn1nu,
Harlan) were allowed to acclimate for 1 week. For xenograft development, 2 x 106 LS174T cells in 0.1
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mL PBS were subcutaneously injected, for BT474 and HL-60 xenografts, respectively 5 x 106 and
2 x 106 cells in 1:1 ratio of medium and Matrigel™ (BD Biosciences; 0.3 mL) were subcutaneously
injected. BT474 inoculated mice received 1 day prior to tumor inoculation a 17-ßestradiol pellet
(0.18 mg, 90day release; Innovative Research of America). Tumor growth was assessed by
caliper measurements. Penile vein tracer injection was performed when tumors reached a size
of 200 mm3. This was reached for LS174T in 11 days, for HL-60 in 2 weeks, and for BT474 in 4
weeks. Anesthesia was performed with isoflurane/medical air inhalation (5% induction, 2.5%
maintenance).
In vivo microPET imaging and ex vivo biodistribution
In consecutive experiments, we studied dose and time dependency of biodistribution and tumor
uptake, specificity of tumor uptake, and variation in uptake in different CEA-expressing tumor
models. Tumor uptake of 89Zr-AMG211 and 89Zr-Mec14 (isotype control) was analyzed over time.
MicroPET scanning was performed at 0.5, 3, 6, and 24 hours after injection with 5 MBq (10 µg) of
tracer. Mice were sacrificed 24 hours after tracer injection and thereafter ex vivo biodistribution
was performed.
To study dose dependent tumor uptake of 89Zr-AMG211, LS174T xenograft bearing mice were
injected with a protein dose of 2 (n = 6), 10 (n = 6), 50 (n = 6), 100 (n = 6), and 500 µg (n = 3) of
89
Zr-AMG211 (1 MBq), followed by ex vivo biodistribution at 6 hours after injection. Doses higher
than 10 µg were supplemented with nonradiolabeled AMG 211.
Non-specific uptake was studied in two groups of mice bearing LS174T xenografts. Either 10
µg 89Zr-AMG211 (n = 6; 5 MBq) or 10 µg 89Zr-Mec14 (n = 6; 5 MBq) was administered followed by
microPET scanning and ex vivo biodistribution at 24 hours after injection.
To study CEA-dependent uptake, 89Zr-AMG211 was tested in 3 groups of mice bearing differentially
CEA-expressing tumor models. Mice bearing LS174T, BT474 or HL-60 xenografts were injected
with 10 µg of 89Zr-AMG211 (n = 6 per group; 5 MBq). Twentyfour hours after tracer injection, mice
were sacrificed for ex vivo biodistribution.
Half of the harvested tumors were paraffin embedded and the other half were used to make
tumor lysates. Tumor lysates were obtained by homogenization with a Diax600 (Heidolph) in
RIPA buffer (Thermo Scientific) for 2-5 min. Blood was collected in BD Vacutainer® PST Lithium
Heparin Tubes (BD Biosciences) and centrifuged to collect plasma.
For all ex vivo biodistribution studies, tumor, whole blood, and organs of interest were
collected and weighed. Samples together with tracer standards were counted in a calibrated
well-type γ-counter (LKB Instruments). Uptake is expressed as % injected dose per gram of tissue
(%ID/g).
The acquisition and reconstruction of microPET scans were performed as previously
described.10 After reconstruction, images were interpolated using trilinear interpolation and
filtered using Gaussian smoothing using AMIDE Medical Image Data Examiner software (version
1.0.4, Stanford University). Coronal microPET images were used for display. Volumes of interest
(VOI) of the whole tumor were drawn based on biodistribution tumor weight. For the VOI of
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the heart an ellipsoid of 3x4.5x4 mm in the coronal plane was drawn. VOIs were subsequently
quantified. Data are expressed as the mean standardized uptake value (SUVmean).
SDS-PAGE autoradiography
MiniPROTEAN®TGX™ Precast Gels (Bio-Rad) were loaded with 40 µg protein of tumor lysates
or mouse plasma from 3 mice, tracer alone as positive control, and free 89Zr-oxalate. Gels were
exposed overnight to phosphor imaging screens (Perkin Elmer) in Xray cassettes. The screens
were read using a Cyclone Storage Phosphor System (Perkin Elmer) and Optiquant™ software to
quantify the intensity of radioactivity. Lanes were split into regions containing intact 89Zr-AMG211,
high (> 80 kDa) or low molecular weight (< 40 kDa) protein associated radioactivity. Molecular
weight was verified using ProSieve™ color protein maker (Lonza).
Ex vivo fluorescent imaging
For nearinfrared fluorescence imaging LS174T xenograft bearing mice were coinjected with 50,
100 or 250 µg of both 800CW-AMG211 and 680RD-Mec14. At 24 hours after injection, mice were
sacrificed, tumor tissue was harvested, formalinfixed and paraffin embedded. Four µm sections
were incubated for 2 min in xylene followed by scanning 800CW-AMG211 and 680RD-Mec14
with Odyssey infrared imaging system (LICOR Biosciences) for intratumoral distribution. After
Odyssey scanning, the same tumor sections were stained with hematoxylin and eosin (H&E).
In addition, subsequent tumor slices were stained with immunohistochemistry using 1 µg/mL
rabbit monoclonal CEA antibody (11077-R327; Sino Biologicals Inc.). For fluorescent microscopy,
an inverted Leica DMI600B fluorescence microscope equipped with a Luman Dynamics X-Cite
200DC light source was used. Nuclei were stained with Hoechst 33342 (Life Technologies).
CD3 binding
Binding of N-sucDf-AMG211 to T cells was assessed using a flow cytometry approach. CD3+ T
cells were isolated from peripheral blood mononuclear cells, derived from buffy coats of healthy
volunteers after informed consent (Sanquin) using Pan T-cell Isolation Kit (Miltenyi Biotec). CD3+
T cells (100,000) were plated with AMG 211 or N-sucDf-AMG211 (5 µg/mL) for 40 min at 4°C. After
washing, cells were incubated with biotin labeled His-antibody (20 µg/mL; Dianova) for 30 min
at 4°C. After another washing procedure, CD3+ cells were incubated with streptavidin-APC (2 µg/
mL; BD Biosciences) for 20 min at 4°C, followed by propidium iodide staining (1 µg/mL; Thermo
Fisher Scientific) to select live CD3+ cells. Mean fluorescence intensity of N-sucDf-AMG211 and
AMG 211 bound to CD3+ cells was assessed by Accuri™ C6 flow cytometer (BD Biosciences) and
expressed as percentage of AMG 211 binding. The assay was used as release test in manufacturing
of the clinical batch of N-sucDf-AMG211.
GMP manufacturing
Manufacturing was performed according to GMP guidelines.

Zr-AMG211 was manufactured
in a 2-step process with first the conjugation resulting after purification in the intermediate
89

Molecular imaging of radiolabeled bispecific T-cell engager 89Zr-AMG211 targeting | 149
CEA-positive tumors

6

N-sucDf-AMG211, followed by the

Zr labeling, purification, dilution, and sterile filtration
(Supplemental Fig. 1). Specifications such as conjugation ratio, purity, concentration, endotoxins,
sterility, residual solvents, radiochemical purity, and immunoreactivity to both CD3 and CEA
have been assessed. Stability of N-sucDf-AMG211 stored at -80°C was studied up to 6 months.
89

Statistical analysis
Data are presented as mean ± standard deviation (SD). Mann-Whitney U-test was performed to
test differences between two groups (GraphPad, Prism 5). A Bonferroni corrected Mann-Whitney
U-test was performed to compare more than two groups. To test for a dose-dependent relation,
Cuzick’s test for trend was used. Blood half-life was calculated using one phase decay (GraphPad,
Prism 5). P values ≤ 0.05 were considered significant.

RESULTS
AMG 211 is successfully conjugated with NsucDf and labeled with 89Zr
The efficiency of AMG 211 conjugation was 51%. Labeling of N-sucDf-AMG211 resulted in a
maximum specific activity of 500 MBq/mg with a radiochemical purity of more than 95%, with
less than 5% aggregates (Supplemental Fig. 2). To prove that labeling AMG 211 did not alter the
immunoreactivity towards CEA, unlabeled AMG 211 was tested in competition with 89Zr-AMG211
batches with different chelator to AMG 211 ratios. The 2:1 conjugation ratio showed the best
preserved immunoreactivity (70.7 ± 7.5% of unlabeled AMG 211) and an average IC50 of 131 ±
14 nM for the competition of CEA binding with 185 nM 89Zr-AMG211 (Supplemental Fig. 3A).
As immunoreactivity decreased upon higher conjugation ratios (Supplemental Fig. 3B), a 2:1
conjugation ratio was chosen for further experiments.
Zr-AMG211 is internalized in CEA+ LS174T cells
In vitro, 89Zr-AMG211 was internalized in LS174T cells up to 12 ± 3% of initial cell associated
radioactivity at 4 hours after incubation, allowing over time tumor accumulation due to
residualizing capacity of 89Zr (Supplemental Fig. 4).
89

Zr-AMG211 shows dose-dependent tumor uptake
In general, tracer uptake was highest in the kidney, indicating renal elimination, followed by
tumor and liver (Fig. 1). 89Zr-AMG211 showed an inverse protein dose-dependent tumor uptake
(Fig. 1; Ptrend < 0.001) that was highest at 2 µg (7.5 ± 1.5%ID/g) and lowest at 500 µg (3.9 ± 0.13%ID/g).
Kidneys showed a similar trend with uptake ranging from 283 ± 34%ID/g at the lowest and 141 ±
33%ID/g at the highest protein dose. Blood levels were 1%ID/g at 6 hours after injection for all
dose groups. Based on sufficient tumor uptake and a maximum specific activity of 500 MBq/mg,
10 µg (5 MBq) was selected for subsequent 89Zr-AMG211 microPET imaging studies.

89
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Figure 1. Dose dependent 89Zr-AMG211 biodistribution in LS174T-tumor bearing mice at 6 hours post injection. Mice were
injected with 2 (n = 6), 10 (n = 6), 50 (n = 6), 100 (n = 6) or 500 µg (n = 3) protein doses. Data are mean ± SD. * P ≤ 0.05; ***
P ≤ 0.001.

Zr-AMG211 demonstrates specific tumor uptake in LS174T xenografts
MicroPET images revealed tumor uptake of 89Zr-AMG211 up to 24 hours after injection, whereas
non-tumor targeting BiTE antibody construct 89Zr-Mec14 did not show imageable accumulation
in LS174T xenografts (Fig. 2A). Tumor uptake of 89Zr-AMG211 increased up to 6 hours after
injection (SUVmean 0.64 ± 0.10) with prolonged retention up to at least 24 hours (SUVmean 0.61 ±
89

0.06). In contrast, tumor uptake of 89Zr-Mec14 decreased rapidly after tracer injection (Fig. 2B),
although blood levels of both tracers showed similar elimination from blood with a circulating
half-life of 0.72 hours (95% confidence interval 0.51-1.27) for 89Zr-Mec14 and 0.96 hours (95%
confidence interval 0.76 – 1.36) for 89Zr-AMG211 (Fig. 2B). Specific tumor uptake was confirmed by
ex vivo biodistribution analysis (Fig. 2C). Twenty-four hours after injection, 89Zr-AMG211 tumor
uptake was 6.0 ± 1.3%ID/g compared to 0.5 ± 0.2%ID/g for 89Zr-Mec14 (P < 0.01). SDS-PAGE
autoradiography showed intact 89Zr-AMG211, while 89Zr-Mec14 in LS174T xenografts lysates was
absent (Fig. 2D), although both 89Zr-AMG211 and 89Zr-Mec14 were present intact in the plasma.
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Figure 2. Specific tumor uptake of

Zr-AMG211 in LS174T tumor bearing mice. (A) Representative coronal small-animal

89

PET images up to 24 h after injection of 10 µg 89Zr-AMG211 (n = 6) or 89Zr-Mec14 (n = 6). Li = liver; K = kidney; T = tumor.
(B) Image quantification of LS174T tumors (upper panel) and blood pool (lower panel). Ex vivo (C) biodistribution and (D)
SDS-PAGE autoradiography 89Zr-AMG211 and 89Zr-Mec14 24 hours after injection. + : 89Zr-tracer prior to injection; : free 89Zr
only; tumor: lysates of 3 different LS174T xenografts; plasma: plasma samples from corresponding mice. Data are mean ±
SD. * P ≤ 0.05; ** P ≤ 0.01.

Tumor uptake of 89Zr-AMG211 is CEA dependent
89
Zr-AMG211 was additionally studied in two other xenograft models. BT474 xenografts were used
as second CEA-positive tumor model, whereas HL-60 represents CEA-negative tumor model
(Supplemental Fig. 5). CEA-positive xenografts were clearly visualized with microPET up to 24
hours after injection while HL-60 tumors were not visible (Fig. 3A). Quantification of tumor
uptake derived from PET images showed SUVmean values between 0.5 and 0.6 for CEA-positive
xenografts and below 0.2 for the CEA-negative xenografts (Fig. 3B). Ex vivo biodistribution
confirmed image derived ranking of tumor uptake at 24 hours after injection, with highest uptake
in LS174T xenografts (6.0 ± 1.3%ID/g), followed by BT474 xenografts (3.8 ± 1.1%ID/g), and lowest
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uptake in HL-60 xenografts (0.45 ± 0.05%ID/g; Fig. 3C). 89Zr-AMG211 tumor uptake appeared
to reflect CEA expression (R2 = 0.81). SDS-PAGE autoradiography demonstrated presence of
intact 89Zr-AMG211 in CEA-positive tumor lysates, whereas it was absent in CEA-negative tumor
lysate (Fig. 3D), suggesting that intact 89Zr-AMG211 might only be retained in the presence of cell
surface tumor target.
A

B
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Figure 3. Uptake of 89Zr-AMG211 in LS174T (n = 6), BT474 (n = 6) or HL-60 (n = 6) tumor bearing mice. (A) Representative
coronal small-animal PET images up to 24 hours after injection of 10 µg 89Zr-AMG211. Li = liver; K = kidney; T = tumor.
(B) Quantification of tumors (upper panel) and blood pool (lower panel). Ex vivo (C) biodistribution and (D) SDS-PAGE
autoradiography 89Zr-AMG211 24 hours after injection. + : 89Zr-AMG211 prior to injection; : free 89Zr only; tumor: lysates of 3
different tumor bearing mice; plasma: plasma samples from corresponding mice. Data are mean ± SD. * P ≤ 0.05; ** P ≤ 0.01.

Intratumoral 89Zr-AMG211 disintegration over time
While total tumor 89Zr signal remained similar at 6 and 24 hours following tracer injection, ex
vivo tumor lysates indicated time dependent disintegration of 89Zr-AMG211 in LS174T xenografts.
Autoradiography showed low molecular weight species increased from 4.9 ± 0.5% at 6 hours to
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47.6 ± 3.0% at 24 hours after tracer injection (Fig. 4A). In contrast, mostly intact 89Zr-AMG211
was detected in the plasma samples, indicating stability of the molecule in circulation (Fig. 4B).

A

B

Figure 4. Change in integrity of 89Zr-AMG211 in tumor over time. (A) Absolute uptake of 89Zr-AMG211 in LS174T xenografts
(left panel) and integrity of
89

Zr-AMG211 in LS174T lysates (right panel) at 6 and 24 hours after injection. (B) Uptake of

89

Zr-AMG211 in blood (left panel) and integrity of 89Zr-AMG211 in plasma (right panel) at 6 and 24 hours after injection. MW

= molecular weight. Data are mean ± SD.

800CW-AMG211 localizes predominantly to viable CEA-positive tumor
Intratumoral distribution was studied using fluorescently labeled AMG 211 and Mec14. A doseescalation study was performed by co-injecting 50, 100, and 250 µg of both 800CW-AMG211 and
680RD-Mec14. Ex vivo analysis at 24 hours after injection showed clear uptake of 800CW-AMG211
in viable CEA-positive tumor areas and minor uptake in necrotic tumor tissue (Fig. 5A). No large
differences in the accumulation pattern were observed between the different protein dose groups.
680RD-Mec14 was predominantly located in necrotic tumor tissue, indicating non-specific
uptake. In addition, non-specific signal was found in areas with tissue folding. Fluorescent
microscopy revealed that 800CW-AMG211 is mainly located at the cellular membrane and/or in
cytoplasm (Fig. 5B).
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Figure 5. Intratumoral distribution of escalating doses of coinjected 800CW-AMG211 and 680RD-Mec14 (50, 100 or 250 μg)
in LS174T tumors. (A) Macroscopic fluorescent imaging of 800CW-AMG211 (green) and 680RD-Mec14 (red) distribution,
with overlapping signal (yellow) in necrotic tissue as visualized by hematoxylin and eosin (H&E). 800CW-AMG211 mainly
localizes to viable tissue according to H&E with concordant CEA immunohistochemical staining. (B) Fluorescence
microscopy images (630×), visualizing membrane and/or cytoplasmic localization of 800CW-AMG211 (green) and Hoechst
stained nuclei (blue).

Zr-AMG211 is manufactured according to GMP guidelines
All 3 conjugation and labeling batches complied with release specifications (Supplemental
Table I), demonstrating robust manufacturing process of 89Zr-AMG211. Shelf-life of intermediate
N-sucDf-AMG211 has been set at 6 months at -80°C, and will, if within specifications, be extended
at future time points.
The Investigational Medicinal Product Dossier (IMPD) was written, summaries of
information related to the quality, manufacture and control of the Investigation Medical Product

89

Molecular imaging of radiolabeled bispecific T-cell engager 89Zr-AMG211 targeting | 155
CEA-positive tumors

Zr-AMG211 are included. The validation results of the three GMP batches and its stability data
are also part of the IMPD. The IMPD has been approved by the competent authorities to allow
clinical studies.
89

DISCUSSION
Zr-labeled bispecific T-cell engager AMG 211 demonstrates CEA-specific tumor uptake and
prolonged tumor retention up to 24 hours despite rapid elimination from the circulation.
Furthermore, intact 89Zr-AMG211 was found in circulation as demonstrated by SDS-PAGE

89

autoradiography of blood samples collected from treated mice. In tumors, 800CW-AMG211
localizes to the CEA-expressing viable portion and can be found on the cell surface. Our findings
indicated that 89Zr-AMG211 binds specifically to CEA and stays intact in circulation in vivo, clinic
ready 89Zr-AMG211 has been produced, GMP compliant manufacturing was performed and
consistent through three validation runs.
The tumor retention of 89Zr-AMG211 is remarkable. Despite low internalization of
89
Zr-AMG211 in LS174T cells and rapid decreasing blood levels in vivo, 89Zr-AMG211 leads to
imageable tumors for at least 24 hours after injection. For AMG 211 to induce cytotoxic T-cell
mediated tumor cell killing, membrane bound intact AMG 211 is necessary, and our data confirmed
that is the case. Interestingly, even though intratumoral 89Zr-AMG211 was much longer retained,
part of the signal was likely contributed by disintegrated 89Zr-species. Data on intratumoral
drug integrity for other bispecific antibodies are currently not available, although essential for
biological activity. This study demonstrates a new technique to study the intratumoral integrity
of T-cell directed antibodies and derivatives. In patients treated with blinatumomab targeting
CD19-positive hematological malignancies, the serum elimination half-life of blinatumomab
is ~ 2 hours.13,14 In this setting, using continuous infusion, sustainable, predictable, and dose
linear drug levels in serum are achieved.13,14 Efficacy of such an approach has been shown in
non-Hodgkin and diffuse large B-cell lymphoma, indicating functional drug exposure in visceral
tumor lesions.14,15 As shown in our previous studies evaluating 89Zr-AMG110 (targets CD3 and
EpCAM) in mouse cancer models, prolonged tumor retention for at least 72 hours after a single
intravenous injection was achieved despite a short circulating halflife similar to 89Zr-AMG211.10
Together with the current study, our data demonstrates that 89Zr-BiTE® antibody constructs are
able to accumulate in solid tumors rapidly after intravenous administration and can be found on
target expressing tumor cell surface beyond blood elimination. Our findings also suggest that a
constant intravenous supply of AMG 211 should improve functional drug exposure in the tumors
and perhaps lead to greater anti-tumor effects.
AMG 211 localization in CEA-expressing tumor tissue was further demonstrated using the
800CW imaging tag. Similar observation was also made for a full length bispecific antibody
targeting CEA and CD3.16 In that study, CEA-expressing tumor cells (LS174T) and human peripheral
blood mononuclear cells were co-cultured in vitro or co-grafted into immunocompromised mice.
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Fluorescence reflectance imaging and intravital 2-photon microscopy were employed to analyze
in vivo tumor targeting of the labeled full length bispecific antibody, while in vitro confocal
and intravital time-lapse imaging served to assess the mode of action of the molecule. Authors
suggest that specific tumor localization was mainly through CEA targeting with only minor
contributions from CD3 binding. This may be similar for AMG 211 since both therapeutics have
similar equilibrium dissociation constants in the submicromolar range for CD3 and nanomolar
range for CEA.
In tumors with difference in CEA expression, 89Zr-AMG211 showed uptake in both CEApositive LS174T (high) and BT474 (low) xenografts, but not in CEA-negative HL-60 xenograft.
Despite lower expression of CEA in BT474, microPET images reveal only slightly lower uptake of
Zr-AMG211 at 24 hours. Besides target expression, many aspects may play a role in drug uptake
and efficacy such as perfusion, presence of stroma, tumor interstitial pressure, and anatomical
location. More interestingly, in vitro potency of redirected lysis is similar between LS174T and
BT474, despite difference in receptor expression.7 This suggests that although CEA expression is
required for drug efficacy, the amount of CEA expression may not be the only factor determining
anti-tumor cytotoxicity.
The field of CD3-targeting bispecific antibodies is rapidly expanding and several different
formats, including BiTE constructs, dual-affinity re-targeting molecules (DART), Tandem
Diabodies, and others17 are extensively studied in the preclinical setting. While many studies
have been focused on efficacy, a few of them also addressed the interaction between drug and
T cells. A bispecific antibody targeting CD3 and CEA increased T-cell infiltration in a human
LS174T xenograft in a mouse model containing human peripheral blood mononuclear cells.18
Different tumor targeting CD3 bispecific molecules may exhibit different in vivo properties.
In a small SPECT study in five ovarian cancer patients, flow cytometry analysis indicated the
binding of the bispecific F(abʹ)2 targeting CD3 and the folate receptor to peripheral blood T
cells.19 However, it is currently unknown whether bispecific antibody constructs like AMG 211
are first bound to circulating T cells and subsequently recruit them to the tumors, or whether
the drug travels as a free agent to penetrate tumors and then induces local T-cell activation and
proliferation, or both. In the current study, the impact of host effector cells could not be taken
into account, since AMG 211 is not cross-reactive with mouse CD3. Progress has been made in this
regard, however, modeling the human immune system in a mouse system is still far from perfect.20
Recently, a clinical study has been completed with 89Zr-AMG211 (NCT02760199). Serial blood
sampling and peripheral blood mononuclear cell isolation, together with PET scanning could
aid in analyzing the influence of T cells on 89Zr-AMG211 distribution and assist interpretation of
in vivo mechanisms underlying tissue accumulation kinetics of the molecule.
In conclusion, this study illustrated the feasibility for using 89Zr-AMG211 to assess
dose-dependent CEA specific tumor uptake and tissue distribution using PET imaging.
Furthermore, 89Zr-AMG211 can be manufactured according to GMP guidelines. Therefore, our
data support translating this approach to assess 89Zr-AMG211 in clinical trials to support further
89

drug development.

Molecular imaging of radiolabeled bispecific T-cell engager 89Zr-AMG211 targeting | 157
CEA-positive tumors

6

DISCLOSURE
S. Stienen, M. Friedrich, A. Sternjak and H.K. Cheung are employed by Amgen and have
ownership interest (including patents) in Amgen. Amgen provided a research grant to E.G.E de
Vries, made available to the UMCG.

FUNDING
This study was supported by ERC Advanced grant OnQview and Dutch Cancer Society grant
(RUG 2010-4739).

158 | Chapter 6

REFERENCES
1.

Klinger M, Benjamin J, Kischel R, Stienen S, Zugmaier G. Harnessing T cells to fight cancer with BiTE® antibody
constructs-past developments and future directions. Immunol Rev 2016;270:193-208.

2.

Offner S, Hofmeister R, Romaniuk A, Kufer P, Baeuerle PA. Induction of regular cytolytic T cell synapses by bispecific

3.

Fiedler WM, Wolf M, Kebenko M, et al. A phase I study of EpCAM/CD3-bispecific antibody (MT110) in patients with

4.

Pishvaian M, Morse MA, McDevitt J, et al. Phase 1 dose escalation study of MEDI-565, a bispecific T-cell engager

5.

Osada T, Hsu D, Hammond S, et al. Metastatic colorectal cancer cells from patients previously treated with

6.

Osada T, Patel SP, Hammond SA, Osada K, Morse MA, Lyerly HK. CEA/CD3-bispecific T cell-engaging (BiTE)

7.

Oberst MD, Fuhrmann S, Mulgrew K, et al. CEA/CD3 bispecific antibody MEDI-565/AMG 211 activation of T cells and

8.

Peng L, Oberst MD, Huang J, et al. The CEA/CD3-bispecific antibody MEDI-565 (MT111) binds a nonlinear epitope in

9.

Lutterbuese R, Raum T, Kischel R, et al. Potent control of tumor growth by CEA/CD3-bispecific single-chain antibody

10.

Warnders FJ, Waaijer SJ, Pool M, et al. Biodistribution and PET imaging of labeled bispecific T cell-engaging antibody

11.

Verel I, Visser GW, Boellaard R, Stigtervan Walsum M, Snow GB, van Dongen GA. 89Zr immuno-PET: Comprehensive

12.

Terwisscha van Scheltinga AG, van Dam GM, Nagengast WB, et al. Intraoperative near-infrared fluorescence tumor

13.

Zhu M, Wu B, Brandl C, et al. Blinatumomab, a bispecific T-cell engager (BiTE®) for CD-19 targeted cancer

14.

single-chain antibody constructs on MHC class I-negative tumor cells. Mol Immunol 2006;43:76371.

advanced solid tumors. J Clin Oncol 2012;30 (suppl; abstr 2504).

that targets human carcinoembryonic antigen, in patients with advanced gastrointestinal adenocarcinomas. Clin
Colorectal Cancer 2016;15:345-51.

chemotherapy are sensitive to T-cell killing mediated by CEA/CD3-bispecific T-cell-engaging BiTE antibody. Br J
Cancer 2010;102:124-33.

antibody-mediated T lymphocyte cytotoxicity maximized by inhibition of both PD1 and PD-L1. Cancer Immunol
Immunother 2015;64:677-88.

subsequent killing of human tumors is independent of mutations commonly found in colorectal adenocarcinomas.
MAbs 2014;6:1571-84.

the fulllength but not a short splice variant of CEA. PLoS One 2012;7:e36412.

constructs that are not competitively inhibited by soluble CEA. J Immunother 2009;32:341-52.

targeting EpCAM. J Nucl Med 2016;57:812-17.

procedures for the production of 89Zr-labeled monoclonal antibodies. J Nucl Med 2003;44:1271-81.

imaging with vascular endothelial growth factor and human epidermal growth factor receptor 2 targeting antibodies.
J Nucl Med 2011;52:1778-85.

immunotherapy: Clinical pharmacology and its implications. Clin Pharmacokinet 2016;55:1271-88.
Goebeler ME, Knop S, Viardot A, et al. Bispecific T-cell engager (BiTE) antibody construct blinatumomab for the
treatment of patients with relapsed/refractory non-Hodgkin lymphoma: Final results from a phase I study. J Clin
Oncol 2016;34:1104-11.

Molecular imaging of radiolabeled bispecific T-cell engager 89Zr-AMG211 targeting | 159
CEA-positive tumors

6

15.

Viardot A, Goebeler ME, Hess G, et al. Phase 2 study of the bispecific T-cell engager (BiTE) antibody blinatumomab in

16.

Lehmann S, Perera R, Grimm HP, et al. In vivo fluorescence imaging of the activity of CEA TCB, a novel Tcell bispecific antibody,

17.

Zhukovsky EA, Morse RJ, Maus MV. Bispecific antibodies and CARs: Generalized immunotherapeutics harnessing T

18.

Bacac M, Fauti T, Sam J, et al. A novel carcinoembryonic antigen T-cell bispecific antibody (CEA TCB) for the treatment

19.

Tibben JG, Boerman OC, Massuger LF, Schijf CP, Claessens RA, Corstens FH. Pharmacokinetics, biodistribution and

20.

Zitvogel L, Pitt JM, Daillere R, Smyth MJ, Kroemer G. Mouse models in oncoimmunology. Nat Rev Cancer 2016;16:759-73.

relapsed/refractory diffuse large B-cell lymphoma. Blood 2016;127:1410-16.

reveals highly specific tumor targeting and fast induction of T-cellmediated tumor killing. Clin Cancer Res 2016;22:4417-27.

cell redirection. Curr Opin Immunol 2016;40:24-35.

of solid tumors. Clin Cancer Res 2016;22:3286-97.

biological effects of intravenously administered bispecific monoclonal antibody OC/TR F(ab’)2 in ovarian carcinoma
patients. Int J Cancer 1996;66:477-83.

160 | Chapter 6

SUPPLEMENTARY INFORMATION

6

Supplemental figure. 1. Flow chart of the drug substance (N-sucDf-AMG211) manufacturing process and drug product
(89Zr-AMG211) formulation and filling process.
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Supplemental figure. 2. Quality control of 89Zr-AMG211. Representative SE-HPLC chromatogram of 89Zr-AMG211 with 280
nm signal (top panel), radiochemical signal (middle panel) and the overlay (lower panel).
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Supplemental figure. 3. Immunoreactivity of

ZrAMG-211. (A) Representative competition assay using an effective

89

N-sucDf-AMG 211 ratio of 2:1. Curve fit with 95% confidence interval is visualized. (B) Immunoreactivity towards CEA of
different ratios N-sucDf-AMG 211. Data are mean ± SD.

6

Supplemental figure. 4. Membrane binding and internalization of 89Zr-AMG211 after CEA binding on LS174T cells (n = 3).
Membrane bound and internalized 89Zr-AMG211 are expressed as percentage of initial cell associated activity. Data are mean
± SD.
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Supplemental figure. 5. Expression of CEA on LS174T, BT474 and HL-60 cell lines (n = 3). Membrane expression is
expressed as percentage of LS174T signal. Data are mean ± SD.

Supplemental table I. GMP manufacturing of N-sucDf-AMG211 and 89Zr-AMG211. Release criteria are fulfilled for batch 1,
2, and 3. In addition stability are shown for Ns-ucDf-AMG211 stored at -80°C for 6 months, all quality criteria are still met.
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Chapter 7
General discussion and future perspectives

Positron emission tomography (PET) imaging and drug development
The development of targeted anticancer drugs is a slow and expensive process. Generally
targeted drugs are effective in a subpopulation of the patients that are included in clinical trails.
Therefore, there is a growing interest in the selection of patients that most likely benefit from
targeted drugs. As PET imaging gives insight into whole body distribution and tumor uptake
of radiolabeled drugs, it might facilitate the selection of the patients that most likely respond.
Such an enrichment of the study population may reduce the number of patients required in the
later phase of clinical development. Furthermore, PET imaging may support the optimization of
drug dosing and dose scheduling.1,2 This approach is increasingly used during drug development.
To optimize implementation of PET imaging in clinical trials, it is critical to take into account
the need for standardized scanning methods and the costs of PET imaging.3,4 Moreover a good
collaboration between academia and industry will expand the incorporation of molecular
imaging in general and PET-imaging in particular, in clinical trials.
Optical imaging of tumors
Optical imaging with fluorescent tracers that bind tumor associated antigens might facilitate
real-time tumor visualization in an intra-operative setting and visualization of tumor-margins in
excised tissue. Optical imaging can additionally be used to study drug distribution on a cellular
level in excised or biopsied tumor tissue. In chapter 3 we fluorescently labeled anti-human
epidermal growth factor receptor (HER)2 nanobodies with a near infrared fluorescent dye: IRDye
800CW. The fluorescently labeled nanobody 800CW-11A4 enabled tumor visualization of HER2
overexpressing tumors in mice as soon as 4 hours after injection. Fast tumor visualization might
enable administration and tumor visualization/resection on the same day. Given the slower
pharmacokinetics of antibodies, same day resection is less likely possible for fluorescently labeled
anti-HER2 antibodies. Nanobodies have a high stability and can be produced straightforward
production.5 Clinical trials with 800CW-11A4 are therefore of potential interest and comparison
with 800CW-trastuzumab would give an answer what the best approach is in which setting.
Penetration of near infrared light is limited due to strong scattering of light in tissue.6
Therefore the use of real-time optical imaging might be restricted to the visualization of
tumor lesions during surgery and endoscopic examination. Optoacoustic imaging may support
visualization of deeper positioned tumors. This modality allows the use of specific dyes that
absorb light and generate ultrasonic waves, detectable at multiple positions. The penetration
depth can therefore be enlarged up to multiple centimeters.7 The drawback of optoacoustic
imaging however, is its small field of view. Real-time visualization of tumors with molecular
imaging might therefore require the combination of optoacoustic with fluorescent imaging.
Half-life extension of therapeutic proteins
Anticancer drugs that are smaller than the renal cut-off value of 60-70kDa are prone to fast
renal excretion, resulting in relative low tumor exposure. In order to increase tumor exposure,
these drug need to be administered frequently. For example, blanitumumab is given as a 4-week
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continuous infusion. Alternatively, the circulation half-life of these anticancer drugs can be
extended by introducing albumin affinity, as has been realized for MSB0010853 (chapter 4).
Other used methods include the conjugation of drugs to polyethylene glycol (PEG), fragment
crystallizable (Fc)-domains of IgG antibodies or to albumin.8 However, conjugation to Fc-domains
of IgG antibodies or to albumin does not necessarily result in half-lives similar to respectively
IgG antibodies or albumin. Although half-life of IgG1, 2 and 4 antibodies in humans is ~21 days and
that of albumin in humans is ~19 days, half-lives of protein constructs that are conjugated to
Fc-domains of IgG antibodies or albumin generally do not exceed 5 days in humans.8 Clinical
studies have to demonstrate to what extent the half-life of MSB0010853 is increased in cancer
patients. Incorporation of PET imaging in clinical studies with 89-Zirconium (89Zr) labeled
MSB0010853 could reveal whole body distribution and tissue pharmacokinetics of a nanobody
construct that is able to bind serum albumin in cancer patients.
Cancer immunotherapy and bispecific T-cell engagers (BiTEs)
Immunotherapy is gaining much attention as a novel treatment of cancer patients. With
immunotherapy the immune system of cancer patients is stimulated to kill cancer cells more
effectively. Currently, researchers mainly focus on new strategies, effective combinations and
biomarkers to assess the effectiveness of new therapeutic options.
As a novel class of immunotherapy drugs, BiTEs can potentially be used to stimulate the host
immune system to attack tumor cells. To date, the U.S. Food and Drug Administration (FDA) and
European Medicines Agency (EMA) have approved one BiTE antibody (blinatumomab) for the
treatment of Philadelphia chromosome-negative relapsed and refractory acute lymphoblastic
leukemia. In contrast to blinatumomab that targets CD 19, the BiTEs AMG 110 and AMG 211,
studied in chapters 5 & 6, target respectively epithelial cell adhesion molecule (EpCAM) and
carcinoembryonic antigen (CEA) positive tumor cells in solid tumors. Solid tumors present
additional challenges as given heterogeneous antigen expression, accessibility and a complex
microenvironment that could suppress immune responses.9 A clinical study with AMG 110
(NCT00635596) did demonstrate signs of biological activity, namely decreased tumor markers,
anti-tumor activity in biopsied tumors and decreased circulating tumor cells.10 Clinical evaluation
of AMG 211 is currently ongoing (NCT02291614 and NCT01284231). Incorporating clinical PET
imaging with 89Zr labeled BiTEs in early phase clinical trials may provide information about
tumor uptake and distribution in cancer patients. This information could potentially be used
to facilitate the search for the optimal dosing regimen for BiTEs and help to identify patients
that may benefit from BiTE treatment. For that reason the biodistribution and tumor uptake of
89
Zr-AMG211 is currently studied in a phase one clinical study (NCT02760199).
Preclinical data suggest that it might be of interest to combine BiTEs with other anti-cancer
therapies. One such strategy to maximize T-cell mediated cancer cell death is combining BiTE
treatment with the inhibition of immune checkpoints.11 To date the FDA and EMA already
approved several immune checkpoints inhibitors (e.g. ipilimumab, nivolumab, pembrolizumab
and atezolizumab). In addition, there is a rational to evaluate immunotherapy combined
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with other anticancer treatments.12 Unfortunately, the population of cancer patients in which
combinations can be tested is limited and determining effectiveness by overall survival is
time-consuming and costly. Furthermore, the response patterns of immunotherapy can be
completely different from response patterns seen with conventional chemotherapy. For example,
response to immunotherapy may be preceded by apparent disease progression.13 Therefore
there is a strong need for consistent biomarkers that can be used to accurately select patient
that most likely benefit from cancer immunotherapy. Important predictive biomarkers might
be target expression, the presence of immune cells (e.g. T-cells) in tumors and the ability of the
drug to penetrate and accumulate in tumors. Molecular imaging with imaging probes, including
radiolabeled drugs, might enable whole body quantification of these biomarkers. Therefore
there is a real opportunity for the clinical use of molecular imaging in order to monitor treatment
response.
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Chapter 8
Summary

Being a major cause of death worldwide, cancer remains one of the key disease areas with the
greatest unmet medical needs. Chemotherapy, the cornerstone of systemic treatment, damages
all dividing cells. Currently, drugs are being developed that target tumors more selectively.
Much experience has been obtained with targeted antibodies, which are successfully used in
daily clinical practice for the treatment of cancer. Among other mechanisms, antibodies can
bind and subsequent inactivate pro-oncogenic proteins. Their successful use has spurred
interest in the development of antibody derivatives, including the variable domains of heavy
chain only antibodies (VHHs or nanobodies). Nanobodies are small with a molecular weight of
15 kDa, highly stable and straightforward to produce. Therefore these proteins are ideal building
blocks to create a large variety of tumor targeting constructs. These tumor targeting nanobody
constructs potentially have therapeutic properties as they can block pro-oncogenic receptors and
target cytotoxic payloads. Due to their specific binding to tumor-associated antigens, nanobody
constructs may also serve as imaging agents.
In addition, antibodies and antibody derivatives can be produced so that they simultaneously
target both tumor and host immune cells. By linking both cell types these proteins can stimulate
the targeted host immune cells to kill the targeted tumor cells. The use of drugs that stimulate
host immune cells to destroy cancer cells is known as cancer immunotherapy. Due to the
successes in the field of cancer immunotherapy, it is gaining much attention as an innovative
treatment to fight cancer. As a novel and relatively new type of anticancer drug Bispecific T-cell
Engagers (BiTEs) can stimulate the host immune system to kill cancer cells. By linking cytotoxic
T lymphocytes (CTLs) to tumor cells BiTEs stimulate CTLs to kill adjacent tumor cells. BiTEs
bind the epsilon chain of cluster of differentiation 3 (CD3ε), a part of the T-cell receptor complex
on CTLs and a tumor-associated antigen. As many tumor cells highly express epithelial cell
adhesion molecule (EpCAM) or carcinoembryonic antigen (CEA), BiTE antibodies that connect
EpCAM or CEA-positive tumor cells with CTLs have the potential to treat a large variety of solid
cancers.
Many anti-cancer drugs are currently in development, including the nanobodies and BITE
antibody constructs described in this thesis. However, only a minority will eventually be approved
for clinical use. Two of the biggest challenges are the identification of the best drug candidates
in early phase clinical studies and the search for an optimal design of late phase clinical studies.
Early insight in tumor uptake, biodistribution and (organ) pharmacokinetics of drugs might help
to address these challenges. These characteristics can be visualized and quantified non-invasively
with positron emission tomography (PET) imaging. When incorporated in early phase clinical
studies PET imaging can potentially support decision making with regard to clinical development
of these drugs.
This thesis aimed to obtain insight in the biodistribution and tumor uptake of antibody
derivatives using molecular imaging, in order to support their drug development.
Chapter 1 provides a concise background and introduction to this thesis. In chapter 2 we
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reviewed the literature on how protein modification can affect the biodistribution and tumor
uptake of protein drugs. Newly developed protein drugs that target tumor-associated antigens
are often modified to increase their therapeutic effect, tumor exposure and safety profile. During
the development of protein drugs, molecular imaging is increasingly used to obtain additional
information about their in vivo behavior. Although molecular imaging is increasingly being used
in the process of protein drug development, much still remains unclear about how to interpret
molecular imaging data correctly. Consequently, there is a need for gaining more insight in the
correct way of interpreting (pre)clinical imaging data. Therefore, an overview has been presented
of which protein properties and protein modifications can affect biodistribution and tumor
uptake of protein drugs. Protein modifications discussed are: radiolabeling, drug conjugation,
glycosylation, humanization, albumin binding and polyethylene glycol (PEG)ylation. Protein
modifications often alter protein levels in blood, liver, spleen, kidneys and tumor. However,
the impact of protein modification on the in vivo behavior of proteins is depending on the
type of protein and should therefore be determined for each type of protein drug separately.
Furthermore, the model in which the in vivo behavior is tested could affect the outcome. The
overview of specific protein properties and modifications that affect biodistribution and tumor
uptake of protein drugs, as presented in this chapter, may facilitate a correct interpretation of
(pre)clinical imaging data with protein based radiopharmaceuticals and fluorescently labeled
proteins.
Fluorescent imaging can potentially facilitate the visualization of tumors overexpressing
specific tumor-associated antigens. Due to the fact that nanobodies show fast tumor
accumulation, fluorescent nanobodies might enable tumor visualization shortly after injection.
Chapter 3 describes the selection and evaluation of high affinity anti-human epidermal growth
factor receptor (HER)2 nanobodies, which were labeled with the near-infrared fluorophore
(IRDye 800CW). By studying their biodistribution and tumor uptake we aimed to facilitate the
development of a potential imaging drug that enables visualization of HER2 overexpressing
tumors. Site-specific conjugation of IRDye 800CW to three anti-HER2 VHHs preserved high
affinity binding with the following dissociation constants: 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 tumor
accumulation, 11A4 was selected for further studies. Comparison of 11A4-IR with trastuzumab-IR
showed ∼20 times faster tumor accumulation of the anti-HER2 VHH, with a much higher
contrast between tumor and background tissue (11A4-IR 2.5 ± 0.3, trastuzumab-IR 1.4 ± 0.4, 4 h
post-injection). 11A4-IR demonstrated to be a potentially useful tool in image-guided surgery.
HER3, unlike other members of the HER family, has reduced kinase activity. However,
HER3 activation and subsequent dimerization with other members of the HER family can
initiate pro-oncogenic signaling. Blocking HER3 signaling can therefore potentially inhibit
cancer progression. A recent study showed that blocking two HER3 epitopes with two anti-HER3
antibodies inhibited tumor cell growth more effectively than each antibody alone. Blocking two
HER3 epitopes with MSB0010853, a biparatopic nanobody construct, is therefore an interesting
option. Chapter 4 describes the development and preclinical evaluation of an 89-zirconium
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(89Zr) labeled MSB0010853. In addition to HER3, MSB0010853 binds albumin to extend its
circulation time, potentially enhancing tumor uptake. MSB0010853 binds HER3 at domain
1 and at a second unknown domain. All three Nanobodies target human and mouse antigen.
Radiolabeling of MSB0010853 with 89Zr was performed with a radiochemical purity of >95%. Ex
vivo biodistribution showed protein dose- and time-dependent distribution of 89Zr-MSB0010853
in all organs. Uptake of 89Zr-MSB0010853 in H441 non-small cell lung cancer tumors was only
time-dependent. Tumor could be visualized up to at least 96 h after injection. Highest mean
standard uptake value of 0.6 ± 0.2 was observed at 24 h after injection of 25 µg 89Zr-MSB0010853.
89
Zr-MSB0010853 organ distribution and tumor uptake in mice were time-dependent. Tumor
uptake correlated with HER3 expression. In contrast to tumor uptake except for kidney uptake,
organ distribution of 89Zr-MSB0010853 was protein dose-dependent for the tested protein doses
(5, 10, 25, 100 and 1000 µg). 89Zr-MSB0010853 PET imaging gives insight in in vivo behavior of
MSB0010853.
The first bispecific antibody that activates cytotoxic T-cells to destroy tumor cells
(blinatumomab) has just recently been approved for the treatment of cancer. Blinatumomab is
a member of the novel class of BiTE antibodies that facilitate the linkage between tumor cells
and cytotoxic T-cells. After connecting CD3ε on T-cells with tumor-associated antigens on tumor
cells, BiTE antibodies activate T-cells to destroy adjacent tumor cells. We used molecular imaging
as a non-invasive tool to study the biodistribution and tumor uptake of BiTEs, in order to gain
insight in their in vivo behavior. In chapter 5 we labeled an EpCAM recognizing BiTE antibody
(AMG 110) with 89Zr or IRDye 800CW. EpCAM is expressed on many epithelial tumors and cancer
stem cells, it therefore is an interesting target for BiTEs. Specific binding to EpCAM positive
HT-29 human colorectal adenocarcinoma cells was maintained after 89Zr labeling of AMG 110. In
mice, HT-29 tumors could clearly be visualized as soon as 3 h after 89Zr-AMG 110 injection and up
to at least 72 h. Increasing the protein dose from 20 µg to 500 µg did not affect biodistribution
of 89Zr-AMG 110. Maximum tumor uptake of 89Zr-AMG 110 was obtained 6 h after tracer injection
(5.35 ± 0.22 %ID/g). Non-specific distribution was determined using 89Zr labeled Mec14, a
non-specific control BiTE targeting a hapten named mecoprop and human CD3ε. At 24 h after
injection, tumor uptake of 89Zr-Mec14 was significantly lower than 89Zr-AMG 110, respectively 0.7
± 0.1 %ID/g and 5.3 ± 0.3 %ID/g. Tumor uptake of 89Zr-AMG 110 depended on and correlated with
EpCAM expression on tumor cells. Intratumoral distribution of 800CW-AMG 110 demonstrated
that AMG 110 accumulated in vital EpCAM expressing tumor tissue, as determined ex vivo. In
contrast, IRDye 680RD labeled Mec14 accumulated in necrotic areas of the tumor, confirming
EpCAM specific tumor uptake of 800CW-AMG 110. The data in chapter 5 support using 89Zr and
IRDye 800CW to evaluate tumor and tissue uptake kinetics of bispecific T cell engager antibody
constructs in preclinical and clinical settings.
Chapter 5 proved that molecular imaging with BiTEs was feasible. In chapter 6 a second
BiTE (AMG 211), currently studied in a phase one clinical study (NCT02291614), was radiolabeled
with 89Zr. Tumor and tissue uptake kinetics and in vivo integrity of 89Zr-AGM211 was preclinically
evaluated in mouse models in order determine the feasibility to study
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behavior in the clinical setting. AMG 211 is a BiTE antibody that targets carcinoembryonic antigen
(CEA) on tumor cells and CD3ε on T cells. For solid tumors of especially the gastrointestinal
tract, AMG 211 is an interesting new BiTE antibody construct. Chapter 6 provides insight in
tumor targeting and biodistribution of AMG 211 in preclinical models by non-invasive molecular
imaging. 89Zr-AMG211 tumor uptake is dose dependent as determined at 6 h after injection.
Highest relative tumor uptake was observed with 2 μg (7.5 ± 1.5 %ID/g) and lowest tumor uptake
with 500 μg (3.9 ± 0.1%ID/g). Ten μg 89Zr-AMG211 resulted in a higher uptake in CEA-positive
xenografts than CEA-negative xenografts. Although blood half-life of 89Zr-AMG211 was 1 hour,
tumor retention occurred up to 24 h. Ex vivo autoradiography showed intact 89Zr-AMG211 only in
CEA-positive xenograft lysates. Ex vivo autoradiography revealed a time-dependent disintegration
of 89Zr-AMG211. 89Zr-Mec14 did not accumulate in CEA-positive tumors. 800CW-AMG211 was
specifically localized in CEA-expressing vital tumor tissue. GMP-produced 89Zr-AMG211 fulfilled
production specifications. The results in chapter 6 already allowed to perform PET imaging with
89
Zr-AMG211 in a currently ongoing clinical trial (NCT02760199).
The results of the studies performed in this thesis are discussed in chapter 7, along with
the future prospectives regarding the imaging modalities used in this thesis, half-life extention
of therapeutic proteins and the clinical use of BiTEs. Both nuclear and optical imaging hold
great promise to support drug development. Intensifying the collaboration between academia
and industry and standardization of imaging protocols would help to spur the implementation
of molecular imaging in clinical trials. The biodistribution and tumor uptake of 89Zr-AMG211 is
currently studied in a phase one clinical study.
In conclusion, this thesis described the development en preclinical evaluation of a fluorescent
and/or radioactive labeled BiTEs and VHHs/nanobodies to assess biodistribution, tumor uptake
and in vivo integrity of these drug candidates.
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Chapter 9
Nederlandse samenvatting

Nederlandse samenvatting
Wereldwijd is kanker één van de belangrijkste doodsoorzaken en daarom een ziekte met een
grote vraag naar nieuwe geneesmiddelen. Chemotherapie, de hoeksteen van de systemische
behandeling van kankerpatiënten, vernietigt alle delende cellen. Momenteel worden veel
geneesmiddelen ontwikkeld die selectiever tumorcellen kunnen aanvallen. Er is veel ervaring
opgedaan met antilichamen, eiwitten met een hoge affiniteit voor specifieke stoffen (antigenen)
die een afweer reactie kunnen opwekken tegen deze antigenen. Antilichamen herkennen
ongewenste indringers in het lichaam, zoals virussen en bacteriën, en helpen bij het vernietigen
van deze indringers. In sommige gevallen kunnen ze ook kankercellen herkennen en helpen
bij het vernietigen van de herkende kankercellen. Hiernaast kunnen antilichamen binden
aan pro-oncogene eiwitten op tumorcellen en deze vervolgens inactiveren. Het blokkeren van
deze eiwitten kan de tumorgroei remmen. Momenteel zijn er verschillen antilichamen op de
markt die gebruikt worden in de behandeling van kankerpatiënten. Het succesvolle gebruik
van dergelijke antilichamen heeft ervoor gezorgd dat onderzoekers ook zijn gaan zoeken naar
andere vergelijkbare eiwitten met potentiële anti-kankereigenschappen, bijvoorbeeld eiwitten
die zijn afgeleid van antilichamen. Zo zijn er antigen bindende domeinen van lama antilichamen
(nanobodies) geïsoleerd. Deze nanobodies zijn klein (molecuulgewicht van 15 kDa), stabiel en
relatief eenvoudig te produceren. Ze kunnen binden aan pro-oncogene eiwitten op tumorcellen
en net zoals antilichamen de pro-oncogene eiwitten inactiveren. Ook kunnen er toxische
verbindingen aan worden gekoppeld, zodat die verbindingen met name door tumorcellen
worden opgenomen. Daarnaast kunnen fluorescent gelabelde nanobodies, gericht tegen eiwitten
die in hoge mate aanwezig zijn op tumorcellen, potentieel worden gebruikt om tumorweefsel
zichtbaar te maken in een intra-operatieve of endoscopische setting.
Antilichamen en afgeleiden daarvan kunnen zo worden geproduceerd dat ze tegelijkertijd
binden aan zowel tumorcellen al immuuncellen. Door beide celtypen aan elkaar te koppelen,
kunnen immuuncellen worden gestimuleerd om aangrenzende tumorcellen aan te vallen.
Momenteel zijn er verschillende geneesmiddelen op de markt die het immuunsysteem van
kankerpatiënten activeert om kankercellen op te ruimen. Een dergelijke therapie wordt
immuuntherapie wordt genoemd. Eén van de nieuwere geneesmiddelen in deze categorie zijn
de bispecific T-cell engagers (BiTEs). BiTE antilichamen verbinden ‘het differentiatie cluster 3
epsilon’ (CD3ε), een eiwit op cytotoxische T-lymfocyten (immuuncellen), met specifieke eiwitten
op tumorcellen. Hierdoor worden cytotoxische T-lymfocyten geactiveerd om aangrenzende
tumorcellen te vernietigen. Epitheliaal cel adhesiemolecuul (EpCAM) en carcino-embryonaal
antigeen (CEA) zijn eiwitten die in hoge mate aanwezig zijn op verschillende type kankercellen.
Door BiTEs te ontwikkelen tegen deze eiwitten, kunnen cytotoxische T-lymfocyten worden
aangezet tot het vernietigen van EpCAM/CEA positieve tumorcellen.
Om de ontwikkeling van geneesmiddelen zoals verschillende BiTEs en nanobodies te
ondersteunen, kan er gebruik gemaakt worden van moleculaire beeldvorming. Dergelijke
ondersteuning is nodig, omdat slechts een deel van de geneesmiddelen, die zich in klinische
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ontwikkeling bevinden, uiteindelijk zullen worden toegelaten tot de markt. Hierbij is belangrijk
om de meest potente geneesmiddelen te selecteren en zo snel mogelijk te begrijpen hoe de
klinische studies met deze middelen het best uitgevoerd kunnen worden. Door deze middelen
radioactief te labelen, kan met behulp afbeeldende diagnostiek met positron emissie tomografie
(PET) informatie worden verkregen over de farmacokinetiek, biodistributie en tumoropname.
Wanneer vroegtijdig toegepast in klinische studies, kan deze informatie mogelijk bijdragen aan
het optimaliseren en versnellen van klinisch onderzoek.
Het doel van dit proefschrift is om met behulp van beeldvormende technieken inzicht te
verkrijgen in de biodistributie en tumoropname van eiwitten die zijn afgeleid van antilichamen,
om daarmee geneesmiddelonderzoek van deze eiwitten te ondersteunen.
Hoofdstuk 1 geeft een beknopte achtergrond en een introductie voor dit proefschrift.
Hoofdstuk 2 betreft een literatuuronderzoek naar hoe modificaties aan eiwitgeneesmiddelen
de biodistributie en tumoropname van deze middelen kan beïnvloeden. Hierbij is voornamelijk
gefocust op antilichamen, eiwitten die zijn afgeleid van antilichamen en “protein scaffolds”.
Modificaties worden meestal toegepast om de effectiviteit en veiligheid te verbeteren. Gedurende
de ontwikkeling van oncologische geneesmiddelen wordt steeds vaker gebruik gemaakt van
moleculaire beeldvorming om informatie te verkrijgen over farmacokinetiek, biodistributie en
tumoropname. Echter modificaties kunnen de farmacokinetiek, biodistributie en tumoropname
beïnvloeden, waardoor het lastig is om de data, die wordt verkregen met moleculaire beeldvorming,
goed te interpreteren. Het is daarom belangrijk om te weten waarom en hoe deze modificaties
de farmacokinetiek, biodistributie en tumoropname kunnen beïnvloeden. Om die reden is
samengevat welke chemische eigenschappen van eiwitten het in vivo gedrag kunnen beïnvloeden.
Verder is beschreven hoe radioactief labelen, fluorescent labelen, binding aan cytotoxische
geneesmiddelen, glycosylering, humanisatie, albumine binding en polyethyleen glycol (PEG)
ylatie, de biodistributie en tumoropname van eiwitten kunnen beïnvloeden. Bovengenoemde
modificaties blijken voornamelijk de systemische klaring van eiwitten te beïnvloeden alsmede de
accumulatie van eiwitten in de lever, milt, nieren en tumor. Echter, de impact van modificaties
op het in vivo gedrag van eiwitgeneesmiddelen is afhankelijk van meerdere factoren. De
belangrijkste zijn: het type eiwit en het organisme waarin het gedrag onderzocht wordt. Dit
hoofdstuk geeft een overzicht hoe de chemische eigenschappen van eiwitten en eiwitmodificaties
de biodistributie en tumoropname van eiwitgeneesmiddelen kan beïnvloeden. In dit hoofdstuk
is een overzichtelijk gemaakt hoe verschillende chemische eigenschappen en modificaties van
eiwitten de biodistributie en tumoropname kunnen beïnvloeden, waardoor het mogelijk kan
bijdragen aan het juist interpreteren van de data die wordt verkregen met radioactief dan wel
fluorescent gelabelde eiwitten.
Fluorescente beeldvorming kan mogelijk gebruikt worden om tumorweefsel in
kankerpatiënten te detecteren. Nanobodies gericht tegen eiwitten op de celmembraan van
tumorcellen, kunnen zich snel na injectie ophopen in tumorweefsel. Fluorescent gelabelde

Nederlandse samenvatting | 181

9

nanobodies kunnen daardoor in potentie gebruikt worden om tumorweefsel eenvoudiger zichtbaar
te maken in een intra-operatieve setting. Een eiwit dat, in een subpopulatie van kankerpatiënten,
sterk verhoogd aanwezig is op tumorcellen, is de pro-oncogene receptor: humaan epidermale
groeifactor receptor (HER)2. Dit eiwit kan daarom goed worden gebruikt om als doeleiwit te
fungeren voor fluorescent gelabelde nanobodies. In hoofdstuk 3 is beschreven hoe nanobodies
gericht tegen HER2 zijn geselecteerd, gelabeld met een fluorfoor (IRDye 800CW) en preklinisch
zijn geëvalueerd. Doordat IRDye 800CW licht uitzendt in het nabij infrarode gebied van het
lichtspectrum, penetreert het uitgezonden licht relatief diep door weefsel. Vervolgens hebben
we de biodistributie en tumoropname van deze fluorescent gelabelde nanobodies bestudeerd,
met als doel een probe te ontwikkelen die HER2 positieve tumoren zichtbaar zou kunnen maken
in een intra-operatieve setting. Het conjugeren van IRDye 800CW aan C-terminale cysteines van
drie anti-HER2 nanobodies (11A4, 18C3 en 22G12) resulteerde in fluorescent gelabelde nanobodies
die hun hoge affiniteit voor HER2 op SKBR3 borstkankercellen behielden. De gemeten
dissociatie constanten voor 800CW-11A4, 800CW-18C3 en 800CW-22G12 waren respectievelijk
1,9 ± 0,03, 14,3 ± 1,8 en 3,2 ± 0,5 nM. Op basis van verschillende eigenschappen waaronder binding,
opbrengst tijdens productie en tumor accumulatie, werd 11A4 geselecteerd voor verdere studies.
Vergeleken met 800CW-trastuzumab bleek 800CW-11A4 veel sneller in HER2 positieve SKBR3
tumoren te accumuleren. Vier uur na injectie gaf 800CW-11A4 een sterker contrast te tussen
tumor en achtergrond weefsel dan 800CW-trastuzumab, met tumor tot achtergrond ratio’s van
respectievelijk 2,5 ± 0,3 en 1,4 ± 0,4. Dit hoofdstuk liet zien dat 800CW-11A4 mogelijk ingezet kan
worden bij het vergoten van de zichtbaarheid van HER2 positieve tumoren tijdens chirurgie.
Net zoals HER2 is HER3 ook een pro-oncogene receptor uit de HER familie. Echter, in
tegenstelling tot de andere receptoren binnen deze receptor familie heeft HER3 een sterk
verminderde kinase activiteit en is daardoor zelf niet erg actief. HER3 kan wel de overige
receptoren van de HER familie activeren door aan deze receptoren te binden (dimerisatie). Deze
activatie kan zo tumorgroei stimuleren. Het blokkeren van de binding tussen deze receptoren
kan tumorgroei mogelijk remmen. Een recente studie liet zien dat twee antilichamen, die twee
verschillende plekken (domeinen) van HER3 binden, de groei van tumorcellen effectiever
kon remmen dan de afzonderlijke antilichamen apart. Het blokkeren van HER3 dimerisatie
met MSB0010853, een anti-HER3 nanobody construct dat twee HER3 domeinen tegelijk bindt
(domein 1 en een tweede onbekend domein), is daarom een interessante optie. Naast HER3 bindt
MSB0010853 ook albumine, waardoor het langer in het bloed blijft circuleren en het meer tijd
heeft om aan HER3 te binden. MSB0010853 is opgebouwd uit drie verschillende nanobodies.
Twee nanobodies binden HER3 en één nanobodie bindt albumine. De nanobodies binden beide
targets van zowel humane als muizen oorsprong. Hoofdstuk 4 beschrijft de ontwikkeling en
preklinische evaluatie van 89Zr-gelabeld MSB0010853. Het labelen van MSB0010853 met 89Zr
resulteerde in een radiochemisch zuiver product (zuiverheid > 95%). Ex vivo biodistributie liet zien
dat orgaanopname van 89Zr-MSB0010853 zowel dosis- als tijdsafhankelijk was. De tumoropname
van 89Zr-MSB0010853 in H441 niet-kleincellig longkankertumoren was tijdsafhankelijk en tot 96
uur na injectie nog zichtbaar op PET scans. De hoogste tumoropname werd gemeten 24 uur na
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injectie van 25 µg 89Zr-MSB0010853 (‘mean standard uptake value’ = 0,6 ± 0,2). Tumoropname
van 89Zr-MSB0010853 correleerde met het aantal HER3 receptoren op de tumorcel. Dit hoofdstuk
liet zien dat met 89Zr-MSB0010853 PET imaging de in vivo eigenschappen van MSB0010853 kan
worden onderzocht.
Vanwege het succesvolle gebruik van en de recente ontwikkelingen binnen de
immuuntherapie, is er een sterke focus op de ontwikkeling van geneesmiddelen die het
immuunsysteem stimuleren om kankercellen te vernietigen. Dat kan mogelijk worden
bewerkstelligd door het gebruik van bispecifieke (antilichaam) constructen, die immuuncellen
koppelen aan tumorcellen. Ondanks het feit dat er veel van dergelijke bispecifieke antilichamen
in ontwikkeling zijn, is het eerste bispecifieke antilichaam construct (Blinatumomab) pas
recent goedgekeurd voor de behandeling van kankerpatiënten. Blinatumomab is een BiTE
antilichaam dat cytotoxische T-lymfocyten stimuleert om kankercellen, die het CD-19 eiwit op
de celmembraan vertonen, te vernietigen. In dit proefschrift is gebruik gemaakt van moleculaire
beeldvorming als een niet-invasieve techniek om de biodistributie en tumoropname van
BiTEs te bestuderen. In hoofdstuk 5 is AMG 110, een BiTE antilichaam gericht tegen EpCAM,
gelabeld met 89Zr en IRDye 800CW. EpCAM komt veelvuldig voor op verschillende epitheliale
kankercellen en kanker stamcellen, waardoor het een interessant target antigen is voor BiTEs.
Na het radioactief labelen van AMG 110 met 89Zr, bleef de specifieke binding van AMG 110 aan
EpCAM op humane colorectale adenocarcinoom (HT-29) kankercellen behouden. In muizen
kon de tumoropname van 89Zr-AMG 110 al vanaf 3 uur en tot en met 72 uur na injectie duidelijk
zichtbaar worden gemaakt met PET imaging. Het stapsgewijs verhogen van de eiwitdosering van
20 µg naar 500 µg had geen invloed op de biodistributie van 89Zr-AMG 110. Zes uur na injectie was
de tumoropname van 89Zr-AMG 110 maximaal, namelijk 5,35 ± 0,22 % van de geïnjecteerde dosis
per gram weefsel (%ID/g). Niet-specifieke distributie werd onderzocht met 89Zr gelabeld Mec14,
een controle BiTE antilichaam dat zich wel bindt aan humaan CD3ε, maar niet aan EpCAM. In
plaats daarvan bindt het aan een hapteen (mecoprop). De opname van 89Zr-Mec14 in HT-29
tumoren was 24 uur na injectie significant lager (0,7 ± 0,1 %ID/g) dan dat van 89Zr-AMG 110
(5,3 ± 0,3 %ID/g). Tumoropname bleek afhankelijk van en correleerde met EpCAM expressie op
tumorcellen. EpCAM specifieke tumoropname werd ook aangetoond met 800CW-AMG 110, dat
zich voornamelijk lokaliseerde in vitaal EpCAM positief tumorweefsel. Daarentegen lokaliseerde
IRDye 680RD gelabeld Mec14 zich voornamelijk in necrotisch tumorweefsel. Dit hoofdstuk liet
zien dat het labelen van BiTE antilichamen met 89Zr en IRDye 800CW gebruikt kan worden om
de tumor- en weefselopname van BiTE antilichamen te bestuderen.
In hoofdstuk 6 is het in vivo gedrag van een tweede BiTE (AMG 211), momenteel in
fase 1 onderzoek (NCT02291614), bestudeerd door het radioactief te labelen met 89Zr. De
tumoropname, weefselopname alsook de in vivo integriteit van 89Zr-AMG211 zijn onderzocht in
muismodellen. Het uiteindelijke doel hiervan is om de haalbaarheid te toetsen of het vivo gedrag
van 89Zr-AMG211 te onderzoeken is in de klinische setting. AMG 211 is een BiTE antilichaam
gericht tegen humaan CEA op tumorcellen en humaan CD3ε op T-lymfocyten. De tumoropname
van 89Zr-AMG211 was dosis-afhankelijk 6 uur na injectie. Een eiwitdosering van 2 μg resulteerde
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in de hoogst gemeten tumoropname (7,5 ± 1,5 %ID/g) en een eiwitdosering van 500 μg in de laagst
gemeten tumoropname (3,9 ± 0,1%ID/g). Tumoropname van 89Zr-AMG211 (10 μg) was hoger in
CEA-positieve tumoren dan in CEA-negatieve tumoren. Ondanks een halfwaardetijd in het
bloed van 1 uur, was tumoropname van 89Zr-AMG211 tot 24 uur na injectie zichtbaar op PET scans.
Echter lieten ex vivo integriteitstesten zien dat 89Zr-AMG211 wordt afgebroken in de tumor. Waar
89
Zr-AMG211 accumuleerde in CEA-positieve tumoren, deed 89Zr gelabeld controle BiTE (Mec14)
dat niet. Met behulp van fluorescente beeldvorming werd aangetoond dat 800CW-AMG211
zich vooral lokaliseert in vitaal tumor weefsel dat CEA tot expressie brengt. 89Zr-AMG211 kon
worden geproduceerd volgens de wereldwijd erkende richtlijnen die de goede manieren van
produceren (GMP) van geneesmiddelen beschrijven. De resultaten van hoofdstuk 6 hebben het
mogelijk gemaakt om de distributie en tumoropname van 89Zr-AMG211 te bestuderen in klinisch
onderzoek (NCT02760199).
De resultaten van de studies beschreven in dit proefschrift zijn bediscussieerd in hoofdstuk
7, tezamen met de toekomstperspectieven gericht op de beeldvormende technieken beschreven
in dit proefschrift, halfwaardetijd verlenging van geneesmiddelen en het klinische gebruik
van BiTEs. Zowel nucleaire als optische beeldvorming zijn veel belovende technieken die
geneesmiddelonderzoek kunnen ondersteunen. Een intensievere samenwerking tussen de
academie en de industrie als het standaardiseren van protocollen in de moleculaire beeldvorming
zou de implementatie van deze beeldvorming in klinische studies doen versnellen.
Samenvattend beschrijft dit proefschrift de ontwikkeling en preklinische evaluatie van fluorescent
en/of radioactief gelabelde BiTEs en nanobodies om de weefseldistributie, tumoropname en in
vivo stabiliteit van deze kandidaat-geneesmiddelen te bestuderen.
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Dankwoord
Promoveren doe je grotendeels alleen, wat echter niet wegneemt dat ik erg fijn heb samengewerkt.
Zonder deze samenwerking was dit proefschrift er niet geweest. Daarnaast zijn er natuurlijk
mensen om mij heen die me altijd hebben gesteund en die altijd in mij hebben geloofd. Mede
door hen was ik in staat dit proefschrift af te ronden.
Hierbij wil ik iedereen bedanken die heeft bijgedragen aan dit proefschrift, waarbij ik een aantal
mensen in het bijzonder wil bedanken.
Allereerst wil ik mijn promotoren Prof. dr. J.G.W. Kosterink, Prof. dr. E.G.E. de Vries en
co-promotor dr. M.N. Lub-de Hooge bedanken.
Prof. dr. Kosterink, Jos, bedankt voor de plek die je mij hebt gegeven in de ziekenhuisapotheek
van het Universitair Medisch Centrum Groningen (UMCG) en de mogelijkheid om vanuit daar
mijn promotie vorm te geven. Zonder deze plek was dit boekje nooit tot stand gekomen. De
goede samenwerking tussen de ziekenhuisapotheek, oncologie en nucleaire geneeskunde is echt
uniek. De grote lijnen van mijn promotie zijn bij jou altijd veilig geweest. Daarnaast heeft jouw
positieve blik bijgedragen aan de voortgang van mijn promotie.
Prof. dr. De Vries, Liesbeth, de vele uren die je in mij gestoken hebt, hebben zijn vruchten
afgeworpen. Zowel tijdens mijn promotie als daarvoor heeft de toewijding die jij liet zien mij
altijd gemotiveerd om door te gaan. Op zondag mailen betekende vaak nog diezelfde dag een
antwoord. Of het antwoord nu gegeven werd vanuit Nederland, of van daarbuiten, was daarbij
ook geen probleem! Veel respect heb ik dan ook voor jouw onuitputtelijke inzet. Je was voor mij
een inspirator, zowel wetenschappelijk inhoudelijk, als op andere aan onderzoek aangrenzende
gebieden.
Dr. Lub-de Hooge, Marjolijn, naast je reguliere werkzaamheden in de ziekenhuisapotheek had je
ook vaak tijd voor mij om de voortgang te bespreken. De vele suggesties tijdens onze overleggen
waren altijd erg welkom. Met vragen wist je me altijd uit te dagen om verder te denken. Hierbij
bracht jouw klinische ervaring mij verder.
Verder wil ik ook de leden van de leescommissie bedanken voor het beoordelen van het
manuscript: Prof. dr. N.H. Hendrikse, Prof. dr. P.H. Elsinga en Prof. dr. J.A. Gietema.
Dank gaat tevens uit naar alle co-auteurs en andere personen die nauw betrokken zijn geweest bij
het tot stand komen van de artikelen. In het bijzonder wil ik bedanken:
Dr. Terwisscha van Scheltinga, Anton, ik kon altijd langskomen met vragen en met mijn verhaal
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over de dagelijkse gang van zaken in het onderzoek. Jouw ervaring en interesse in hetzelfde
onderzoeksgebied zorgde ervoor dat ik constructief met je kon sparren.
Drs. Waaijer, Stijn, het was fijn om jou te begeleiden tijdens je stage in het UMCG. Zeer gedreven,
geïnteresseerd en meedenkend. Daarnaast ben jij ook een belangrijke kracht geweest voor twee
hoofdstukken in dit proefschrift. Bedankt voor een fijne en goede samenwerking en succes met
jouw eigen promotietraject!
Dr. Pool, Martin, met jouw inzet en meedenken hebben we hoofdstuk 5 iets extra’s kunnen geven.
Waarschijnlijk komen we elkaar als toekomstige collega’s ziekenhuisapotheker weer tegen.
Prof. dr. Van Dam, Go, jouw Nature Medicine publicatie m.b.t. het visualiseren van tumoren met
fluorescente beeldvorming is een inspiratiebron voor velen, waaronder ikzelf. Bedankt voor het
beschikbaar stellen van jouw kennis en de faciliteiten op jullie afdeling.
Dr. Kijanka, Marta, despite the distance Groningen-Utrecht it was great working together with
you. Our study with luminous mice is grafted in my memory.
Dr. De Vries, Erik, dank voor alle hulp die je mij hebt geven op m.n. het chemische vlak van
tracerontwikkeling. De verschillende projecten op de afdeling van de nucleaire geneeskunde en
medische beeldvorming hebben mijn kennis rondom radiochemie en productie van radiofarmaca
zeker vergroot. Helaas heeft onze samenwerking niet geresulteerd in het aantal publicaties waar
wij samen op hoopten.
Dr. Cheung, Kam, thank you for all the constructive conversations we had and the confidence
you have in me.
Zonder het werk van mijn voorgangers had ik de onderzoeken in dit proefschrift niet kunnen
uitvoeren. Veelal kon ik de door mijn voorgangers verkregen informatie goed gebruiken om
mijn onderzoek efficiënt en correct uit te voeren. Dank daarvoor. Wouter Nagengast, onder
jouw leiding en mede door jouw enthousiasme is mijn interesse in de moleculaire beeldvorming
binnen de oncologie aangewakkerd. Dank!
Hetty Timmer-Bosscha en Coby Meijer, wat vond ik het fijn om met jullie samen te werken.
Hetty jouw praktische ervaring heeft bijgedragen aan het juist kunnen uitvoeren van mijn
experimenten. Coby, niet alleen kon ik bij jou terecht voor bestellingen, maar tevens voor goed
(wetenschappelijk) advies.
Esther van Straten en Anouk Funke, dank voor alle hulp bij het verkrijgen van subsidies, het
organiseren van meetings en de organisatie rondom de grote projecten.
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Ondersteuning heb ik ook gekregen van het secretariaat van de Klinische Farmacie en
Farmacologie en de Medische Oncologie. Annemiek van Dijk, Jessica Tuinstra, Wianda Goense,
en Gretha Beuker, Bianca Smit en Anja Bos, dank voor jullie administratieve hulp de afgelopen
jaren.
In een grote moderne organisatie is het altijd goed om ondersteuning te krijgen op gebied van
ICT. Hierbij wil ik dan ook de ICT-medewerkers bedanken van de afdeling Klinische Farmacie en
Farmacologie. Dick Frieswijk, 27 maart proost ik nu ook op jouw verjaardag.
Wat is het fijn dat ik gewerkt heb samen met meedenkende analisten! Silke Bonsing-Vedelaar
en Linda Pot-de Jong. Niet alleen was het een feest om met jullie samen te werken, jullie konden
ons als promovendi altijd helpen met praktische en bruikbare tips. Dank daarvoor! Om dezelfde
reden wil ik ook alle medewerkers van het medisch oncologisch laboratorium bedanken.
Het samenwerken met verschillende disciplines, zoals binnen het “imaging team” van het UMCG,
heb ik altijd erg leerzaam gevonden. Bruikbare aanvullingen en kritische vragen resulteerden
vaak in beter onderzoek. Ik wil dan ook alle leden van het imaging team bedanken waarmee ik
samengewerkt heb!
Moleculaire beeldvorming loopt als rode draad door dit proefschrift. Een goede samenwerking
met de afdeling Nucleaire Geneeskunde en Moleculaire Beeldvorming (NGMB) van het UMCG
was dan ook van groot belang. Iedereen binnen deze afdeling stond altijd paraat om mee te
denken om zowel praktische als theoretische vragen te beantwoorden. Graag wil ik een aantal
personen in het bijzonder bedanken: Andrea Parente, Aniek Visser, Bram Maas, David Vallez
Garcia, Inês Farinha Antunes, Jürgen Sijbesma, Johan de Jong en Philip Elsinga. Bedankt voor
een fijne samenwerking.
Wie zie je tijdens het werk als promovendus vaker dan je kamergenoten? Wat ben ik dan ook blij
met de kamergenoten die ik in het UMCG heb gehad! Arianna Pranger, Eva ter Weele, Kim van
der Elst en Marjolijn van Wanrooy, wat vond ik het fijn om jullie als kamergenoot te hebben. Veel
kon er onderling met elkaar gedeeld worden, zowel een lach als een traan. Eva, jouw gelukstekens
hebben uiteindelijk toch geholpen! ;-) Eva en Kim, met jullie heb ik de laatste periode in het
UMCG een kamer gedeeld. Die bijzondere periode zal ik niet snel vergeten.
Ook wil ik mijn nieuwe collega’s bedanken van Ziekenhuisgroep Twente, dank voor het
meedenken in de afrondende fase van mijn proefschrift! Wat is het fijn om de opleiding tot
ziekenhuisapotheker te mogen starten met zulke collega’s! Dank! Hiernaast wil ik de Raad van
Bestuur van Ziekenhuisgroep Twente bedanken voor de financiële bijdrage aan het proefschrift.
Naast het werk mag een goed sociaal leven niet worden onderschat. Ondanks het feit dat ik

188 |

voetballen al bijna ben verleerd geniet ik nog steeds van de weekenden weg en ongezouten
meningen van de leden van niet het beste maar wel het gezelligste voetbalelftal dat ik ken, ofwel
HALEN 2. Jullie kunnen als geen ander ervoor zorgen dat de beide benen gewoon op de grond
blijven staan.
Daarnaast ben ik ongelooflijk dankbaar dat ik een actieve vriendengroep om me heen heb
gehad die mij door de moeilijke perioden heen heeft getrokken. De momenten van klaverjassen,
bierproeverijen, stedentrips, stapavonden en goede gesprekken zal ik dan ook nooit vergeten.
Laten we daar dan ook vooral mee doorgaan. Wat ben ik dankbaar om deel uit te maken van
zo’n geweldige groep vrienden!! Bedankt: Bert Geerts, Christian Scheper, Ewoud Meijer, Gertjan
Tijms, Hans Roosjen, Koen van de Ven, Sander Dijk, Sander Koenen en Sander van der Kolk.
Heren, dank voor al die fantastische momenten!!
Een laatste groep die niet mag worden vergeten is mijn familie! Ooms, tantes, neven, nichten
wat is het toch fijn om zo’n leuke, gezellige en grote familie te hebben!
Pa, ma en Jeroen, wat ben ik dankbaar dat ik in dit gezin groot ben gebracht! Zonder jullie hulp
was deze reis als promovendus een heel stuk lastiger geweest. Jullie hebben mij altijd gesteund,
zowel voor, als tijdens mijn promotietraject. Niks was voor jullie te gek. Bezoek uitstellen vanwege
mijn werkzaamheden rondom mijn promotie hoeft niet meer. Hierbij wil ik ook Ellen, Femke,
René, Nienke en Joost bedanken. Vaak hebben jullie mijn verhalen moeten aanhoren. En als ik
weer eens op Terschelling was, hadden René, Nienke en Joost niet veel aan mij. Ik waardeer het
enorm dat jullie altijd begrip hebben getoond voor de tijd en aandacht die ik in mijn promotie
heb gestoken.
Als laatste wil ik stil staan bij de personen die het dichtst bij mij staan, namelijk Laura, Feline
en Benthe. Laura, woorden komen tekort als ik wil beschrijven hoeveel jij voor mij betekend
hebt tijdens mijn promotietraject! Bij deze een diepe buiging. Wat heb ik een kracht gehaald uit
onze relatie en ons gezin! Hoe jij bent omgegaan met mijn promotietraject en de manier waarop
jij altijd klaar stond en staat om onze “uitdagingen” aan te gaan is geweldig. Wat is het dan ook
enorm fijn om met jou, Feline en Benthe een gezin te vormen!!!! Feline en Benthe, ook al hebben
jullie het nog niet door, jullie zijn een bron van kracht voor mij. Feline, de manier hoe jij de
wereld in kijkt, daar kunnen veel mensen (waaronder ikzelf) veel van leren! Benthe, de lach op
jouw gezicht verzacht véél.
Ondanks dat ik mijn best heb gedaan en veel mensen heb genoemd, heb ik waarschijnlijk nog
wel mensen vergeten te noemen. Die wil ik bij deze dan nog bedanken!
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