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General introduction

Chapter 01

Background
Cancer is a major cause of death and its worldwide annual mortality rate is predicted
to reach 11.5 million in 2030.1 As most of these patients die of metastatic disease,

there is an urgent need for better drugs to improve survival of cancer patients. With the
recent advances in molecular and cellular biology, many molecules and key pathways

involved in the hallmarks of cancer were identified.2 Therefore, over the last decades
next to DNA-damaging chemotherapy, targeted agents and immunotherapy have been

developed. Since the mid-1990s, monoclonal antibodies (mAbs) have grown steadily
into a drug category with currently 34 mAbs approved by the U.S. Food and Drug

Administration and/or European Medicines Agency for oncological indications. In
addition, 32 investigational antibody therapeutics are undergoing evaluation in late-

stage clinical studies.3 To increase their potency, mAbs have always been reshaped

and modified, in order to try to improve their effectiveness.4 For instance, antitumor

activity has been augmented by conjugating antibodies with cytotoxic agents.5-7 These

antibody-drug conjugates are designed to improve the potency of chemotherapy by

increasing the accumulation of the cytotoxic drug within tumor cells, thereby reducing
systemic toxic effects.8,9 In addition, immunotherapy has become a major research

focus in oncology with already firm embedment in the clinic of the immunomodulatory

mAbs called immune checkpoint inhibitors. For example, treatment with cytotoxic

T-lymphocyte associated antigen-4 directed ipilimumab as well as the programmed

cell death protein 1 directed antibodies pembrolizumab and nivolumab have shown
overall survival benefits in stage IV melanoma.10 To increase the effect of antibodies

numerous modifications are tested. For example, bispecific T-cell dependent antibodies
like bispecific T-cell engager (BiTE) antibody constructs, dual-affinity re-targeting

antibodies, and full-length bispecific antibodies, have entered the clinic to exploit the
immune system for cancer treatment.11,12 These drugs are engineered to redirected

T-cells to tumor cells by simultaneously binding to the cluster of differentiation 3
(CD3) subunit of the T-cell receptor complex and a tumor target antigen.11 Since the

binding is independent of antigen specificity, T-cell dependent bispecific antibodies
are considered of potential interest for less immunogenic tumors lacking enough neoantigens.

In the rapidly evolving field of targeted agents and immunotherapy there are

still major questions that have yet to be solved, including which patient and which tumor

type benefits from therapy. In daily patient care, most often immunohistochemistry
(IHC) or quantitative polymerase chain reaction are performed to explore the presence

or absence of tumor targets.13 Limitations of these traditional biomarker analyses

include procedural risks, and the accessibility of primary tumor and metastatic lesions.
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Moreover, biopsies provide only static information of a small part of the tumor, while
tumor heterogeneity and changes in target expression over time are not considered.

It is increasingly being acknowledged that heterogeneity in tumor target expression
exists, and plays an important role in efficacy of targeted therapies.14-17 In this respect,

molecular imaging – defined as the visualization, characterization, and measurement
of biological processes at the molecular and cellular levels – with positron emission
tomography (PET) is of interest.18 This tool provides whole-body information about drug

target expression in a non-invasive matter, but also informs about drug biodistribution.

Furthermore, it may support decisions regarding dosing schedules, since it can show

whether the drug reaches and accumulates in tumors and inform about tumor target

saturation. Antibodies have ideal characteristics for molecular imaging because
they are designed against a specific target and relatively easy to radiolabel. While

antibodies have been extensively studied with molecular imaging, such an approach
has not yet been used to study behavior of bispecific antibodies in patients.

In the era of personalized medicine, identification of novel drugable targets

is of high priority. Broad knowledge concerning frequency of target overexpression

across tumor types is warranted to fully exploit therapeutic possibilities. However,

performing IHC analyses on such a large scale is time-consuming and demands many
resources. Moreover, standardized protocols for IHC staining are seldom available
and it has clearly been demonstrated that lack of standardization has a strong impact

on IHC results.19 To overcome these IHC disadvantages, in silico functional genomic

mRNA profiling (FGmRNA profiling) can be used to predict target overexpression at
the protein level across a broad range of tumors. This technique can be applied to

genetic expression datasets and enables an enhanced view on the downstream effects
of genomic alterations on gene expression levels in tumors.20

Aim of the thesis
The aim of this thesis is to gain insight into the behavior of antibodies in patients,
thereby focusing on novel bispecific T-cell engager antibody constructs, via early

clinical studies and molecular PET imaging. Moreover, we aimed to contribute to a

more personalized anti-cancer treatment approach by predicting overexpression rates
of drugable targets across a plethora of tumor types using functional genomic mRNA
profiling.
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Outline of the thesis
When targeted compounds are used to determine a treatment strategy by combining
diagnostics and therapeutics this is called “theranostics”. Chapter 2 contains a review

about theranostics using radiolabeled antibodies and antibody-related therapeutics

in the oncological field. In addition to describing our own experience, literature was
reviewed by searching PubMed for relevant articles which are summarized and

discussed. Moreover, we explored ongoing clinical trials via a search of ClinicalTrials.
gov and summarized our findings.

While immune checkpoint inhibitors have proven to be a powerful treatment

approach for several tumor types, patients with advanced gastrointestinal tumors
derived only little benefit from these agents except for patients with microsatellite

instability-high or mismatch repair-deficient tumors. This has stimulated the search for
new drugs to induce an anti-cancer immune response and improve survival of patients
with gastrointestinal cancers. One novel approach is the use of BiTE antibody constructs

like AMG 211. AMG 211 is directed against carcinoembryonic antigen (CEA) on tumor
cells and CD3 on T-cells. A first-in-human study with 3 hour infusion once a day on

day 1 through 5 in 28-days treatment cycles, showed linear and dose proportional
pharmacokinetics but no tumor responses.21 To achieve sustained target coverage,

AMG 211 continuous intravenous infusion for 24 hours per day up to 28 days was
subsequently explored in a multicenter phase I study, which is described in chapter 3.

In this dose-escalation dose-expansion study the safety, tolerability, immunogenicity,

pharmacokinetics, and preliminary signs of clinical efficacy of single-agent AMG 211
are determined in patients with advanced and heavily pre-treated gastrointestinal

adenocarcinomas. Moreover, as exploratory objectives, pharmacodynamics like
plasma inflammatory cytokines, and tumor CEA expression were studied. AMG 211 was

administered as continuous intravenous infusion via central venous access for either 7
or 14 consecutive days in 28-days cycles, or 28 consecutive days in 42-days cycles.
At the start of each cycle, patients were hospitalized for a minimum of 48 hours before

treatment continuation in the outpatient setting. Outpatient clinic visits were scheduled
at least once a week (twice during cycle 1) for safety monitoring and blood was

collected for regular laboratory assessments (e.g. hematology, chemistry, coagulation)
and to study antibody-drug antibodies, pharmacokinetics, and pharmacodynamics.

The National Cancer Institute Common Terminology Criteria for Adverse Events (NCI
CTCAE) v4.03 were used for grading of adverse events.22 Response evaluation with

diagnostic CT was performed repeatedly after every 2 treatment cycles and assessed
according to the immune-related response criteria.23 Mandatory pre- and optional
during-treatment biopsies were used to study CEA expression on tumor cells.
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In case of modified bispecific antibodies, the potentially different binding

affinity for the target of each of the arms might affect biodistribution. However,

very limited information is available regarding whole-body distribution of bispecific
antibodies in patients and regarding BiTE antibody constructs.24,25 Improved

understanding of biodistribution of these bispecific antibodies might help to guide

drug dosing schedules and inform about potential target-related drug impact in vivo.

By using zirconium-89 (89Zr)-labeled AMG 211 as tracer for PET imaging, important
information concerning AMG 211 tumor uptake, whole-body biodistribution, and organ
pharmacokinetics can be gathered. In chapter 4 we therefore report a two-center, first-

in-human molecular PET imaging study with 89Zr-AMG 211. Our primary aim was to gain
insight into biodistribution of

89

Zr-AMG 211 in healthy tissues and tumor lesions both

before and during AMG 211 treatment in the parallel running phase I trial (chapter 3).
89

Zr-AMG 211 was developed according to good manufacturing practice.26,27 Patients

eligible for the phase I study were also asked for participation in the imaging study,

which was performed before and/or immediately after the end of the second AMG
211 treatment period of 28 days. A fixed dose of 37 MBq ~200 µg

89

Zr-AMG 211 with

or without cold (“unlabeled”) AMG 211 was intravenously administered over 3 hours,

followed by PET scans at 3, 6, and 24 hours after completion of the injection. After

tracer infusion, patients were observed in the hospital for 24 hours to detect any side
effects, which were graded according to NCI CTCAE v4.03.22 Standardized uptake

values were calculated for healthy tissues and tumor lesions and were compared

within and between patients to study heterogeneity. Blood samples were collected at
each PET scan time point to study tracer pharmacokinetics, tracer integrity using gel
electrophoresis, and tracer binding to immune cells via counting blood fractions.

Identification of novel drugable targets is of great value with anticancer

drug development focusing on personalized approaches. While mAbs were initially
directed against oncogenic “driver” pathways, antigen targets for novel compounds

like bispecific antibodies, antibody-drug conjugates and chimeric antigen receptors,
do not have to be drivers of tumor growth because their main task is to serve as an

anchor to bind the compounds. This clearly increases the total number of available
antigen targets in cancer. In this context, glypican 3, a membrane-bound heparan

sulfate proteoglycan without a clear role in tumorigenesis, is a new target of interest for
anticancer immunotherapy because it is overexpressed by various tumor types, while
expression in healthy tissues in uncommon. Several glypican 3 targeting therapies
are in early phase clinical development. In chapter 5, we aimed to gain insight into

the presence of the glypican 3 protein across a broad spectrum of tumor types using

FGmRNA profiling. This technique was applied to expression profiles of 18,055 patientderived tumor samples to predict glypican 3 overexpression at the protein level, using
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healthy tissues as reference. Moreover, we compared our predictions with results

obtained with IHC staining of a breast cancer tissue microarray, containing 391 tumor

samples with on average 2.74 assessable cores per tumor, and historical IHC data in
literature derived from a systematic search on PubMed.

In chapter 6, we performed a systematic search on PubMed and ClinicalTrials.

gov to identify targets of marketed antibody-drug conjugates or antibody-drug
conjugates in various phases of clinical development to explore if these targets can
potentially also be used in other tumor types than initially planned. In addition, we

collected from the public domain, gene expression profiles of 18,055 patient-derived
tumor samples representing 60 tumor types and 3,520 samples representing 22

healthy tissue types. Next, we applied FGmRNA profiling to predict per tumor type
the overexpression rate at the protein level of the identified antibody-drug conjugate
targets with healthy tissue samples as a reference. With this data we aimed to support
clinicians and drug developers in deciding which antibody-drug conjugate should be
considered for clinical evaluation in which tumor type. This might help to guide the
design of clinical trials in a broad spectrum of tumor types.

Finally, a summary of the obtained results in this thesis is described in chapter

7 and future perspectives are discussed. Chapter 8 provides a summary of the thesis
in Dutch.
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Abstract
Theranostics uses radiolabeled compounds to determine a treatment strategy by

combining therapeutics and diagnostics in the same agent. Monoclonal antibodies

(mAbs) and antibody-related therapeutics are a rapidly expanding group of cancer

medicines. Theranostic approaches utilizing these drugs in oncology are particularly

interesting since antibodies are designed against specific targets on the tumor cell
membrane, on immune cells as well as targets in the tumor microenvironment. In
addition, these drugs are relatively easy to radiolabel.

Non-invasive molecular imaging techniques, such as Single Photon Emission

Computed Tomography (SPECT) and Positron Emission Tomography (PET), provide
information on whole-body distribution of radiolabeled mAbs and antibody-related

therapeutics. Molecular antibody imaging can potentially elucidate drug target
expression, tracer uptake in the tumor, tumor saturation as well as whether there is
heterogeneity for these parameters within the tumor. These data can support drug

development and might aid in patient stratification and monitoring of treatment
response.

Selecting a radionuclide for theranostic purposes generally starts by

matching mAb or antibody-related therapeutic and radionuclide half-life. Furthermore,
PET imaging allows better quantification than the SPECT technique. This has raised

interest for theranostics using PET radionuclides with a relative long physical half-

life such as 89-zirconium. In this review we provide an overview of ongoing research

on mAb and antibody-related theranostics in the preclinical and clinical oncological
setting. We identified 24 antibodies or antibody-related therapeutics labeled with PET
radionuclides used for theranostic purposes in patients. For this approach to become

integrated in standard-care, further standardization is required with respect to the
procedures involved.
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Introduction
Theranostics is a treatment strategy that utilizes a single agent both for diagnostic and
therapeutic purposes. Theranostic procedures are based on radiolabeling compounds

of interest. In cancer patients this potentially enables evaluation of drug target expression

and actual presence of the drug at the tumor site in patients in vivo using imaging
methods such as Single Photon Emission Computed Tomography (SPECT) or Positron

Emission Tomography (PET). Particularly interesting are theranostic approaches

using monoclonal antibodies (mAbs) and antibody-related therapeutics since they

belong to a rapidly expanding group of effective anticancer drugs. Antibody-related
therapeutics include bispecific antibodies (e.g. bispecific T-cell engagers (BiTEs)),

engineered antibody structures (e.g. minibodies, diabodies, nanobodies), antibodydrug conjugates (ADCs) and radiolabeled antibodies for radioimmunotherapy (RIT).
These drugs have ideal characteristics for theranostic approaches since they are

designed against a specific target, often on the cell surface, and are relatively easy to
radiolabel.

As of December 2016, 24 mAbs or antibody-related therapeutics have been

approved by the U.S. Food and Drug Administration (FDA) and/or the European
Medicines Agency (EMA) for use in cancer patients. These drugs comprise 20 mAbs,
one BiTE and three mAbs with a payload of which two are ADCs and one RIT antibody.

The approved mAbs and antibody-related therapeutics are directed against targets on
the tumor cell membrane, immune cells as well as targets in the microenvironment.

MAbs are administered in the non-curative and curative setting. In the non-

curative setting these drugs have proven effect on (disease free) survival.1-3 In the

adjuvant setting, the human epidermal growth factor receptor 2 (HER2) antibody

trastuzumab and the cytotoxic T lymphocyte antigen-4 (CTLA-4) antibody ipilimumab
increase overall survival in breast cancer and melanoma respectively.4,5

In oncology even when a drug has proven clinical benefit for a certain patient

population, not all patients will benefit. This can potentially be related to heterogeneity
in tumor target expression, vascularization of the tumor or the presence of an

immunosuppressive tumor microenvironment. Treatment decisions, both in routine

practice and in drug development, are frequently made using information obtained
from a biopsy of a single tumor lesion. Furthermore, recommended dosing schedules

are mostly determined on blood-based pharmacokinetic analyses. Differences in drug

target expression and drug uptake between the various tumor lesions within a single
patient are almost never taken into account. In this respect, a theranostic approach

21

02

Chapter 02

is of potential interest since it might provide insight into tumor target heterogeneity
and inform on whether the drug reaches the tumor lesions. For this reason, molecular

antibody imaging can also be a valuable tool in drug development, drug decision
making and patient enrichment strategies.

In this review we provide an overview of current research on mAbs and

antibody-related therapeutics visualized using PET imaging both in the preclinical and
clinical oncological setting.

Search strategy
To identify available studies investigating theranostic approaches with mAbs and
antibody-related therapeutics, a PubMed search was performed on November
21st, 2016. The search terms “PET” AND “Cancer” AND “Antibody” OR “ADC” OR

“Bispecific” were used in combination with the most commonly used PET radionuclides
64-copper (64Cu), 68-gallium (68Ga), 86-yttrium (86Y), 89-zirconium (89Zr) and 124-iodine

(124I). We focused on studies published during the last 5 years, to capture most recent

developments, but included relevant studies published earlier. In addition, we searched

ClinicialTrials.gov on November 17th, 2016 for ongoing studies over the past 10 years

with the search terms “Cancer” AND “PET” NOT “FDG”. Both searches were limited to
manuscripts published in English. Case-reports, reviews and books were excluded.
In total 1,448 preclinical and clinical studies were found. All manuscripts and ongoing

studies were manually screened for relevance using the following inclusion criteria:
First, a full-sized mAb, ADC, bispecific antibody or fragment with theranostic potential
was used. Second, in case of a study in which humans were included subjects were

aged 18 years or older. Finally, we limited our search to the most commonly used

PET radionuclides in order to provide a comprehensive overview of relevant agents
with prime theranostic potential. Manuscripts were excluded if (potential) theranostic
applications were not found with the same agent.
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General aspects of molecular imaging using mAbs and
antibody-related therapeutics
MAbs and antibody-related therapeutics can be efficiently labeled with a wide range

of radionuclides. In general, the different labeling techniques can easily be applied to
most mAbs and antibody-related therapeutics. These drugs can therefore be utilized
in studies ranging from mouse to man.6

Chelation and radiolabeling for molecular antibody imaging

Technetium-99m ( 99mTc), copper-64 ( 64Cu), gallium-68 ( 68Ga), yttrium-86 ( 86Y),

zirconium-89 (89Zr), indium-111 (111In), iodine-123 (123I), iodine-124 (124I), iodine-131

(131I) and lutetium-177 (177Lu) are the most commonly used radionuclides for molecular

imaging using mAbs and antibody-related therapeutics in the field of oncology (Table 1).

Selecting a suitable radionuclide generally starts by matching mAb or antibody-related

therapeutic and radionuclide half-life. This is essential to ensure that radioactivity can
be detected sufficiently long for the drug to reach its target while minimizing duration of
exposure to harmful radiation.6 Serum half-life mainly depends on the structure and size

of the mAb or antibody-related therapeutic. Generally, serum half-life is shorter for a

smaller mAb construct in comparison to a full-sized mAb because the molecular weight
is often below the renal clearance threshold of ~70 kDa. For example, the serum half-

life of cetuximab (± 150 kDa) is 3-4 days while the serum half-life of the BiTE antibody
blinatumomab (± 60 kDa) is only several hours. In addition, serum half-life depends on
the IgG subtype the mAb or antibody-related therapeutic is derived from and whether

the (constructed) mAb is fully humane, humanized, murine or chimeric. The serum halflife of mAbs and antibody-related therapeutics can vary from 30 minutes to 30 days.

e.g.

Furthermore a chelator is required in order to link metal-based radionuclides,

64

Cu,

68

Ga,

86

Y,

89

Zr,

111

In and

177

Lu, to a mAb or antibody-related therapeutic.

Deciding on a chelator for human use depends on the radionuclide, the most stable
chemical link and the clinical applicability in terms of validation.

Another important consideration when choosing a nuclide for radiolabeling is

whether the mAb or antibody-related therapeutic becomes internalized after binding
to its target. For example, when radiometal-labeled drugs are metabolized, the metalbased radionuclide is trapped intracellularly in lysosomes through residualization.7 This

results in higher absolute uptake of the tracer and leads eventually to higher tumor-toblood ratios. Iodine-labeled drugs are characterized by rapid renal clearance of the

radionuclide from the tumor cell, since iodinated mAbs do not residualize. However,
methods are available to increase the internalization of iodine-labeled drugs. For
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instance, a bivalent peptide consisting of 4 D-amino acids (D-a.a. peptide) increased
the residence time of the
compared to

Table 1

111

125

I radiolabel in renal cell cancer (RCC) significantly when

In-labeled control peptide.8

Characteristics of radionuclides used in antibody or antibody-related 		
theranostics in oncology

Isotope

Residualizing

Half-life
PET

68

Ga

67.7 min

+

64

Cu

12.7 h

+

86

Y

14.7 h

+

89

Zr

78.4 h

+

I

100.3 h

124

SPECT

6.0 h

+

123

I

13.2 h

-

111

In

67.3 h

+

177

Lu

159.5 h

+

131

I

192.5 h

-

99

mTc

Commonly used radionuclides in molecular antibody imaging

Although radionuclides with different physical half-life are available for radiolabeling,
the clinical use of many nuclides is hampered by the requirement of a cyclotron either

on-site or about one physical half-life of transport time away from the site. An alternative

is using a generator for which a radionuclide laboratory suffices. Then the longlived “mother” radionuclide allows for instant/constant availability of the “daughter”
radionuclide. For example, the

68

Ga radionuclide is produced using a generator –

containing the cyclotron produced “mother” radionuclide 68Ge – allowing radiolabeling

of mAbs or antibody-related therapeutics at the site of administration. Unfortunately,

this radionuclide has a relatively short physical half-life of 68 min, limiting its use for
imaging full-sized antibodies that need several days to achieve sufficient tumor-toblood ratios.

24

Theranostics using antibodies and antibody-related therapeutics

During the past years, molecular imaging using the positron emitter

89

Zr

for antibody labeling has been increasingly used. This radionuclide has suitable

characteristics for molecular antibody imaging, since its physical half-life of 78.4 h
generally matches the serum half-life of most mAbs and antibody-related therapeutics

in vivo and is compatible with the time needed for residualization, generally allowing
high tumor-to-background ratios. Furthermore, procedures have been developed for
production of

89

Zr at large scale and mAbs and antibody-related therapeutics can be

stably labeled with this radionuclide.9

Pharmacokinetics and target visualization of radiolabeled mAbs

Most radiolabeled full-sized antibodies have a relatively long effective half-life of 14-21
days. After administration, the drug is distributed throughout the body and taken up
by the tumor and other tissues that express its target. Over time, generally tumor-to-

background ratios will increase due to tracer binding to the tumor and residualization
of the radiolabel in tumor tissue and clearance of the non-bound tracer from circulation
and background organs/tissues.

When tumor accumulation of the radiolabeled drug takes place, this is

the consequence of target location, target expression levels, target saturation and
internalization of the drug. In addition, several kinetic aspects such as perfusion and
vascularization may influence tumor visualization. For example, tumor uptake of

111

In-

labeled death receptor 5 (DR5) targeting antibody CS-1008 was observed in only
63% of 19 patients with metastatic colorectal cancer even though all patients were
considered to have DR5 positive lesions.10

Interestingly, also tracer uptake data in normal tissue can help explain

observed side-effects.

111

In-trastuzumab scintigraphy revealed an increase in

myocardial uptake shortly after anthracycline treatment in a subgroup of patients.11

This observation might explain why trastuzumab related cardiotoxicity can occur when
this drug is combined with anthracycline-based chemotherapy.

Clinical imaging studies generally start with a protein dose finding and time

point finding phase to explore tumor-to-background ratios and image quality at different

time-points.12 Especially in case of dose-dependent pharmacokinetics the optimal

protein dose may have to be higher. A radioactive dose of 37 MBq with a scan time of

45-60 minutes allows adequate visualization at day 4 – 7 in case of a 89Zr-labeled, full-

sized mAb.13,14 The mAb or antibody-related therapeutic is linked to a certain amount of

radioactivity per mg, so called specific activity expressed in MBq/mg. Specific activity

for most mAbs and antibody-related therapeutics is generally limited to 750-1000 MBq/
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mg due to radiolysis. Unlabeled (naked) antibody is then added to the radiolabeled
mAb in order to allow higher tumor uptake of the tracer for adequate tumor visualization.
When the total protein dose that can be safely administered to the patient is relatively

low, e.g. in the µg range, reaching sufficient radioactive dose for successful imaging
is difficult. In case of T-cell engaging drugs, protein dose is generally low to avoid side
effects, which makes the use of these drugs as theranostics challenging.15

Using theranostics in clinical decision making
We identified six different antibody structures that are currently used as theranostic

agents in patients. In Fig. 1 we illustrate how these compounds are directed against
a specific target located on the tumor cell or in the tumor microenvironment, e.g.

macrophages, dendritic cells and T-cells. In addition, this figure provides a simplified
illustration of the therapeutics in their radiolabeled form for theranostic purposes. Until

now, most molecular imaging clinical trials have been performed using radiolabeled
FDA and/or EMA approved drugs such as trastuzumab in breast cancer, cetuximab in
colorectal cancer and bevacizumab across several indications (Table 2). An example
of

89

Zr-trastuzumab-PET in breast cancer is shown in Fig. 2. We identified 14 clinical

imaging studies with trastuzumab, which makes this the most frequently investigated

therapeutic mAb in molecular imaging (Fig. 1A). Several lessons can be learned from
these studies. First,

111

In-trastuzumab-SPECT imaging showed new HER2-positive

tumor lesions in 13 out of 15 metastatic breast cancer patients that were not detected

using conventional imaging.16 This shows that molecular antibody imaging can help

identify tumor lesions that are missed on conventional imaging techniques. Second,

serial SPECT imaging with 111In-trastuzumab before and after 12 weeks of trastuzumab

treatment showed persistent uptake in all tumor lesions, with only a 20% decrease in

tumor tracer uptake.17 This indicates that HER2 is constantly available at the tumor
cell surface to bind to trastuzumab and that the tumor is not completely saturated by
trastuzumab treatment. Third, a study with

89

Zr-trastuzumab PET in metastatic breast

cancer compared tumor uptake between 10 mg and 50 mg naked trastuzumab in

addition to the tracer dose. In trastuzumab-naïve patients, 50 mg naked trastuzumab
was needed for adequate imaging.13 This is likely due to the dose dependent

pharmacokinetics of trastuzumab. This study showed the relevance of adequate

naked antibody dose for sufficient accumulation of radiolabeled antibody in the tumor.
Fourthly another study showed the additive value of

89

Zr-trastuzumab PET imaging to

biopsies to assess intra-patient tumor heterogeneity and to predict treatment outcome in
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Radiation damage
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ADC

Figure 1
Six different antibody structures which are clinically used. Additionally, in each right corner we illustrate the
radiolabeled compound used for theranostics. Here we present six examples of theranostics A) using mAbs,
e.g. trastuzumab targeting HER2 on tumor cells, B) in angiogenesis, e.g. bevacizumab targeting VEGF-A,
C) using immune checkpoint inhibitors, e.g. PD-L1 antibody targeting PD-L1 on tumor cells and immune
cells, D) using BiTEs, e.g. AMG 211 targeting CEA on tumor cells and CD3ε on T-cells, E) using ADCs, e.g.
trastuzumab emtansine targeting HER2 on tumor cells using the radiolabeled naked trastuzumab, F) using
RITs, e.g. 90Y-ibritumomab tiuxetan.
Abbreviations: ADC, antibody-drug conjugate; BiTE, bispecific T-cell engager; CD, cluster of differentiation;
CEA, carcinoembryonic antigen; HER2, human epidermal growth factor receptor 2; mAb, monoclonal antibody;
PD-L1, programmed death receptor 1 ligand; RIT, radioimmunotherapy; VEGF-A, vascular endothelial growth
factor A.

27

Chapter 02

HER2-positive breast cancer patients treated with trastuzumab emtansine (T-DM1). One
third of the patients with HER2-positive breast cancer showed little or no 89Zr-trastuzumab

uptake across their metastases and experienced a shorter median time-to-treatment failure

compared to patients with a more homogenously positive HER2 PET scan.18 This illustrates
a successful theranostic approach to assess tumor heterogeneity and predict treatment
outcome. Finally,

Zr-trastuzumab PET imaging can serve in patients as functional read

89

out for therapeutics which affect HER2 expression, such as the heat shock protein 90

inhibitor AUY922.19 The ongoing IMPACT-breast study is evaluating the clinical utility
of

Zr-trastuzumab PET and

89

F-fluoroestradiol PET imaging in 200 newly diagnosed

18

metastasized breast cancer patients (ClinicalTrials.gov identifier NCT01957332).

Another well-known drugable target is the epidermal growth factor receptor, which

is targeted by antibodies such as cetuximab and panitumumab. One study demonstrated
large differences in tumor

Zr-cetuximab tracer uptake between intrahepatic and

89

extrahepatic tumors in K-RAS wildtype metastatic colorectal cancer patients. Extrahepatic
tumor uptake of

Zr-cetuximab was demonstrated, while liver metastases appeared

89

as “cold spots”. Four of six patients with

Zr-cetuximab uptake in tumor lesions had

89

clinical benefit while progressive disease was observed in three of four patients without
Zr-cetuximab uptake.14 Another study with

89

Zr-cetuximab was performed in head and

89

neck squamous cell cancer.20 Both studies used a therapeutic dose of naked cetuximab

followed by 89Zr-cetuximab for imaging which might have at least partly saturated the tumor
and therefore might have reduced 89Zr-cetuximab tumor uptake.

Angiogenesis is a hallmark of cancer and is stimulated by vascular endothelial

growth factor (VEGF)-A. Several studies have been performed with the VEGF-A antibody
Zr-bevacizumab (Fig. 1B).21-24 They clearly illustrate that a drug targeting a growth factor in

89

the microenvironment can be visualized using protein tracer doses as low as 5 mg. In RCC
Zr-bevacizumab PET showed heterogeneous tracer accumulation in tumor lesions. Serial

89

Zr-bevacizumab PET showed that a therapeutic dose of bevacizumab and interferon-α

89

reduced the tracer uptake.21 This suggested that one therapeutic dose reduced access

by this angiogenesis inhibitor to the tumor of the antibody. A

Zr-bevacizumab study in

89

advanced non-small cell lung cancer (NSCLC) demonstrated a fourfold higher tracer

uptake in tumor versus non-tumor tissue.22 In children with diffuse intrinsic pontine glioma
treated with radiotherapy, heterogeneity of 89Zr-bevacizumab tumor uptake was shown.23

Zr-bevacizumab tracer uptake is not limited to malignant disease. In the presence of

89

VEGF-A benign lesions can also be visualized, as exemplified in patients with von
Hippel-Lindau disease. 24
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The use of molecular antibody imaging for tumor detection was explored in

a large multicenter phase 3 trial in which 14 centers in the United States participated.

Pre-surgical 124I-girentuximab PET was compared to CT and histopathologic diagnoses

in 195 patients with unclassified renal lesions. Girentuximab targets the membrane

protein carbonic anhydrase IX, which is expressed in more than 95% of clear cell
(cc) RCC.

124

I-girentuximab PET had both superior sensitivity and specificity to CT

in identifying ccRCC from other renal masses, both benign and malignant.25 This

study showed the possibility of performing a novel molecular imaging study across 14
centers. In a multicenter trial in patients with metastatic RCC with good or intermediate
prognosis the value of

89

Zr-girentuximab PET combined with

18

F-2-fluoro-2-deoxy-D-

glucose (FDG)-PET is being tested to see whether it can help in selecting patients with
relatively indolent disease for whom start of treatment can be postponed (ClinicalTrials.
gov identifier NCT02228954).

Table 2

Clinical studies of theranostic uses of antibodies or antibody-related 		
therapeutics labeled with PET radionuclides
No. of
(ongoing)
Tracer

Target

Tracer name

clinical

structure

trials

No. of
Patient population

centers

Tumor
A33

124

CA6

64

CA9

124

I-huA33

Cu-B-Fab

mAb

1

CRC

1

F(ab) fragment

1

Breast-, ovarian cancer

1

I-girentuximab

mAb

5

RCC

16

89

Zr-girentuximab

mAb

2

RCC

3

CEA

89

Zr-AMG 211

BiTE

1

Gastrointestinal adenocarcinoma

2

CD20

89

Zr-ibritumomab tiuxetan

mAb

1

NHL

1

CD44

89

Zr-RG7356

mAb

1

CD44 positive solid tumor

6

EGFR (HER1)

89

Zr-cetuximab

mAb

4

CRC, HNSCC, stage IV cancer

4

89

Zr-panitumumab

mAb

2

CRC, NSCLC, sarcoma, urothelial

1

carcinoma
EphA2

89

Zr-DS-8895a

mAb

1

EphA2 positive cancer

1

HER2

64

Cu-trastuzumab

mAb

7

Breast-, gastric cancer

3

68

Ga-HER2-nanobody

Nanobody

1

Breast cancer

1
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Table 2

continued
No. of
(ongoing)

Target

Tracer name

Tracer

clinical

structure

trials

No. of
Patient population

centers

Tumor
68

Ga-trastuzumab-F(ab)

F(ab) fragment

1

Breast cancer

1

89

Zr-trastuzumab

mAb

7

Breast cancer

7

64

Cu-patritumab

mAb

1

Solid tumors

1

89

Zr-GSK2849330

mAb

1

HER3 positive solid tumors

1

89

Zr-lumretuzumab

mAb

1

HER3 positive solid tumors

12

MSLN

89

Zr-MMOT0530A

mAb

1

Ovarian-, pancreatic cancer

2

PIGF

89

Zr-RO5323441

mAb

1

GBM

1

PSCA

124

Minibody

1

Bladder-, pancreatic-, prostate cancer 1

PSMA

89

Zr-J591

mAb

4

GBM, prostate cancer

2

STEAP1

89

Zr-MSTP2109A

mAb

1

Prostate cancer

1

HER3

I-A11

Microenvironment
PD-1

89

Zr-pembrolizumab

mAb

1

NSCLC, melanoma

2

PD-L1

89

Zr-atezolizumab

mAb

1

Bladder cancer, NSCLC, TNBC

1

TGF-β

89

Zr-fresolimumab

mAb

1

Glioma

1

VEGF-A

89

Zr-bevacizumab

mAb

9

Breast cancer, glioma, MM, NET,

3

NSCLC, RCC

Abbreviations: BiTE, bispecific T-cell engager; CA6, carbonic anhydrase 6; CA9, carbonic anhydrase 9; CD, cluster of
differentiation; CEA, carcinoembryonic antigen; CRC, colorectal carcinoma; EGFR, epidermal growth factor receptor; EphA2,
Eph receptor A2; F(ab), fragment antigen-binding; GBM, glioblastoma multiforme; GCC, guanylyl cyclase c; HER2, human
epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; HNSCC, head and neck squamous cell
carcinoma; IGF-1R, insulin-like growth factor 1 receptor; mAb, monoclonal antibody; MM, multiple myeloma; MSLN, mesothelin;
NET, neuroendocrine tumors; NHL, Non-Hodgkin lymphoma; NSCLC, non-small cell lung cancer; PD-1, programmed death
receptor 1; PD-L1, programmed death receptor 1 ligand; PIGF, placental growth factor; PSCA, prostate stem cell antigen;
PSMA, prostate-specific membrane antigen; RCC, renal cell carcinoma; RIT, radioimmunotherapy; STEAP1, six-transmembrane
epithelial antigen of the prostate family member 1; TGF-β, transforming growth factor beta; TNBC, triple negative breast cancer;
VEGF-A, vascular endothelial growth factor.
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Figure 2
89

Zr-trastuzumab PET imaging. Patient with HER2-positive metastatic breast cancer imaged 4 days after

injection with 37 MBq

89

Zr-trastuzumab and total protein dose of 50 mg. A) Maximum intensity projection

image of the 89Zr-trastuzumab PET/CT-scan showing tracer presence in the circulation, uptake in intra-hepatic
metastases and intestinal excretion. B) Transverse plane of fused PET/ low dose CT of the chest with tracer
uptake in cervical lymph node. C) Transverse plane with tracer uptake in metastasis left-sided in Th7. D)
Transverse plane showing tracer uptake in liver metastases.
Abbreviations: 89Zr, zirconium-89; HER2, human epidermal growth factor 2.

Molecular imaging in immunotherapy
Immune checkpoint inhibitors are immunomodulatory mAbs that block immune

checkpoints by targeting CTLA-4, programmed death receptor 1 (PD-1) or programmed

death ligand 1 (PD-L1) (Fig. 1C). These drugs show activity across multiple tumor
types. The four immune checkpoint inhibitors ipilimumab, nivolumab, pembrolizumab
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(anti-PD-1) and atezolizumab (anti-PD-L1) are FDA and EMA approved to treat specific
tumor types. However, not all patients benefit from these drugs and patients may

experience major immune-related toxicities. Moreover, these drugs are extremely

expensive. Molecular antibody imaging may provide insight into the immune response
and might therefore support better patient and treatment selection.

Five preclinical studies with radiolabeled anti-PD-L1 antibodies showed

antibody uptake in PD-L1 overexpressing tumors. These studies provided data on drug

biodistribution and on the influence of dose escalation on target saturation in mice. In

addition to tumor uptake, high tracer uptake was also observed in organs such as the
spleen, thymus and lymph nodes.26-30 This might reflect expression of PD-L1 by immune

cells, including T-cells, dendritic cells and macrophages.

Three preclinical molecular antibody imaging trials with radiolabeled anti-

PD-1 antibodies to visualize T-cells in mice and one in non-human primates have been
published. All studies showed tracer uptake patterns to be comparable to those of

PD-L1 antibody in healthy mice, with uptake in tumor and secondary lymphoid organs
such as spleen and lymph nodes.29,31,32

The first molecular antibody imaging clinical trials with immune checkpoint

inhibitors are ongoing. One study is investigating the

89

Zr-labeled PD-L1 antibody

atezolizumab in patients with bladder cancer, NSCLC and triple negative breast cancer
(ClinicalTrials.gov identifier NCT02453984) and another is investigating

89

Zr-labeled

PD-1 antibody pembrolizumab in melanoma and NSCLC patients (ClinicalTrials.gov
identifier NCT02760225).

BiTEs are a relatively novel approach in immunotherapy (Fig. 1D). These

bispecific antibodies consist of two linked, single-chain variable fragments directed

against a surface target antigen on cancer cells and the cluster of differentiation
3ε (CD3ε) on T-cells. Simultaneous binding of tumor and T-cells mediates tumor

directed T-cell cytotoxicity and cytokine production without the need for co-stimulatory

molecules.33 Blinatumomab, a CD19/CD3ε BiTE, is approved for the treatment of
Philadelphia chromosome-negative relapsed or refractory B-cell precursor acute
lymphoblastic leukemia. Two BiTEs have been radiolabeled with

mice.

34,35

Zr and studied in

The epithelial cell adhesion molecule (EpCAM) targeting BiTE AMG 110

labeled with

89

Zr at a 20 µg dose was studied in nude BALB/c mice bearing EpCAM

expressing colorectal cancer xenografts. Highest
in kidneys, followed by liver and tumor.

radiolabeled with

32

89

89

34

89

Zr-AMG 110 uptake was found

AMG 211, a CEA/CD3ε directed BiTE

Zr showed protein dose-dependent CEA-specific targeting of

89

Zr-
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AMG 211 in mouse tumor xenograft models.35 An ongoing clinical study is exploring
the biodistribution of

89

Zr-AMG 211 in patients with gastrointestinal adenocarcinomas

(ClinicalTrials.gov identifier NCT02760199).

02

Molecular imaging to study antibodies with a payload
ADCs are a subclass of antibody-related therapeutics (Fig. 1E). These drugs consist
of a tumor specific mAb conjugated to a cytotoxic payload via a linker. ADCs are

designed to improve the potency of chemotherapy by increasing the accumulation of

the cytotoxic drug within neoplastic cells thereby reducing systemic toxic effects. The
antibody part of the ADC does not need to exert a therapeutic effect as it serves as an

anchor to deliver cytotoxins directly to cancer cells. Brentuximab vedotin and T-DM1

are standard of care in respectively patients with CD30 positive Hodgkin’s lymphoma

or anaplastic large cell lymphoma and patients with HER2 overexpressing metastatic
breast cancer. Currently more than 80 ADCs are in clinical development.

The only molecular imaging study performed with a radiolabeled ADC

involved brentuximab vedotin. In mice bearing xenografted tumors with varying levels
of CD30 expression a tumor-to-blood ratio of 15.05 was seen for

vedotin compared to 0.78 for

124

89

Zr-brentuximab

I-brentuximab vedotin 144 hours after administration,

suggesting that 89Zr was a more suitable radionuclide for this ADC.36

Radiolabeling ADCs themselves is considered to increase the risk of instability

of the molecule. Therefore, radiolabeling the naked antibody that is part of an ADC for

PET imaging is a safe alternative. The naked antibody uptake is assumed to reflect
ADC uptake and thus might predict whether the patient will respond to ADC therapy.

Three preclinical trials in mice and one study in both mice and non-human primates
used this approach. Organ biodistribution and tracer tumor uptake was assessed.37-40
One study explored three doses of

89

Zr-labeled naked antibody as part of an ADC

targeting mesothelin in mice bearing human pancreatic tumor xenografts. Tumor uptake
decreased with increasing doses of the naked mAb, indicating dose-dependent and

saturable tracer distribution at doses of 25 and 100 µg in mice.37 Biodistribution and
tumor uptake were also investigated with

89

Zr-labeled anti-mesothelin naked antibody

in patients subsequently treated with a mesothelin directed ADC. Results showed
uptake of the radiolabeled naked antibody in pancreatic and ovarian tumors.41 Others

administered a CEACAM6 directed ADC to monkeys and assessed biodistribution
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with the naked

64

Cu-anti-CEACAM6 mAb. Highest tracer uptake was seen in the

bone marrow. Neutropenia and anemia occurred in all animals treated with this ADC,
suggesting tissue-specific toxicity can be predicted by antibody tracer uptake.38

Two clinical studies explore radiolabeled trastuzumab as a biomarker in

predicting response to T-DM1 treatment in HER2 positive metastatic breast cancer.
The ZEPHIR trial is designed to prospectively investigate the role of pretreatment

89

Zr-

trastuzumab PET combined with early response assessment using FDG-PET to select

patients with metastatic HER2-positive tumors unlikely to benefit from T-DM1 treatment.
An analyzes of the first 56 patients showed that a negative

89

Zr-trastuzumab PET and

absence of response on early FDG-PET resulted in a negative predictive value of

100% for response according to RECIST 1.1 criteria. Substantial inter- and intrapatient
heterogeneity of tracer uptake was observed. Sixteen out of 56 HER2-positive patients
(29%) had a negative

89

Zr-trastuzumab PET result and intra-patient heterogeneity was

detected in 46% of patients.18 The same approach is ongoing for 64Cu-labeled trastuzumab
in predicting response to T-DM1 therapy (ClinicalTrials.gov identifier NCT02226276).

Antibodies can also function as targeted delivery vehicles for radionuclides as

part of RIT to selectively kill tumor cells (Fig. 1F). Currently

90

Y-ibritumomab tiuxetan is

approved for treatment of B-cell non-Hodgkin lymphoma. An example of RIT that is being
investigated in mice is the 177Lu-labeled CD37 directed antibody targeting B lymphocytes

for the treatment of B-cell non-Hodgkin lymphoma.42

Translation of molecular antibody imaging to clinical practice
There are a number of challenges in translating (pre)clinical antibody imaging studies
using theranostics to standardized and ultimately daily-routine patient-care. Knowledge

from preclinical models can often not be extrapolated to humans unconditionally since
most antibodies are specific for human targets. In addition, until now most clinical trials
with mAb or antibody-related therapeutics have been performed in relatively small groups

of patients, precluding firm conclusions regarding clinical relevance. Performing larger

studies will require harmonization and standardization of the radiolabeling and imaging

procedures across centers as well as proper access to the required radionuclide. Larger
studies using 89Zr are easily feasible since transport of this nuclide or 89Zr-labeled drugs
can be well organized because of the relatively long physical half-life. The availability of

64

Cu is more limited by its relatively fast decay.
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When multicenter studies are performed, evidence that the final radiolabeled

drug products and manufacturing processes are comparable should be provided for

all steps in the manufacturing process that are conducted at more than one center.
Fortunately, it is increasingly possible to access templates for routine documentation

such as Investigational Medicinal Product Dossiers for mAb or antibody-related
tracers.

43,44

We identified 46 medical centers, including 24 in the US, 18 in Europe, 3 in

Asia and 1 in Australia which recently participated in clinical trials with antibody or
antibody-based PET theranostics. 89Zr is by far the most used positron-emitting nuclide

for antibody labeling. It is encouraging that of the 24 antibodies or antibody-related
therapeutics labeled with several PET-radionuclides that have been investigated as
theranostics in patients, 11 were investigated in the multi-center setting.

Finally, the integration of antibody PET imaging in clinical practice is costly.

For instance, mAb labeling and a series of PET scans in one patient costs several

thousand US Dollars. However, when proven valuable for making clinical decisions
based on whole-body information obtained with molecular antibody imaging, a

theranostic approach might in the end prevent expensive treatment of patients that
do not benefit from therapy due to lack of target expression or drug uptake and might
therefore lead to less side effects and better outcomes.

Conclusion
Theranostics with antibodies and antibody-related therapeutics can provide meaningful
in vivo insight in biodistribution and tumor uptake of radiolabeled drugs. This approach
is currently being investigated extensively across numerous centers. Properly powered
studies are required to prove that theranostics can play an important role in drug
development and become a valuable tool in patient selection for antibody based
therapies.
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Translational relevance
Despite major impact of immune checkpoint inhibitors in patients with cancer, not all
patients benefit. Therefore, new immune-therapeutics are warranted. A novel approach
is the use of bispecific antibodies such as ~55 kDa bispecific T-cell engager antibody
constructs. After CD19/CD3 directed blinatumomab has provided clinical proof of
concept for the BiTE platform in hematological tumors, studies in solid tumors started.

The carcinoembryonic antigen (CEA)/CD3 directed AMG 211 preclinically

inhibits growth of CEA expressing cancer cells. To optimize drug exposure, we
conducted a phase 1 study with AMG 211 administered continuously intravenously to

patients with advanced gastrointestinal adenocarcinomas. AMG 211 was generally well

tolerated. At higher doses antibody-drug antibody formation reduced drug exposure.

Best tumor response was stable disease in 14% of patients. Increased cytotoxic T-cell
tumor infiltration during treatment showed pharmacodynamic effect, indicating the
potential of a bispecific molecule to create an immunogenic tumor microenvironment.
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Abstract
Purpose

A phase 1 study was performed with AMG 211/MEDI-565, a 55 kDa bispecific

carcinoembryonic antigen (CEA)-directed cluster of differentiation 3 T-cell engager

(BiTE), which inhibits growth of CEA-expressing cancer cells to study safety, tolerability,
immunogenicity, pharmacokinetics (PK), efficacy, and pharmacodynamics (PD).

Methods

Patients with advanced gastrointestinal adenocarcinomas received continuously

intravenous AMG 211 for 7, 14 or 28 days at 200-12,800 µg/day followed by 14 days
drug free interval. Adverse events (AEs) were evaluated using NCI CTCAE v4 and

response with modified immune-related response criteria. Blood was collected for
serum antibody-drug antibodies (ADAs), PK and PD. At baseline, and in 6 paired
biopsies immunohistochemistry (IHC) and NanoString analyses were performed.

Results

Forty-four patients received maximal 7 cycles (median 2) in 8 dose-cohorts. No dose
limiting toxicity occurred. AEs in >20% of patients were fatigue (54.5%), pyrexia
(38.6%), nausea (36.4%), abdominal pain (34.1%), and diarrhea (29.5%). The study

was discontinued because of ADAs reducing AMG 211 exposure in patients receiving ≥
3,200 µg/day. Steady-state drug concentrations were reached < 2 days and maintained

throughout treatment. Best response was stable disease (14-38 weeks) in 6 patients.
Nineteen of 22 available tumors expressed CEA on IHC and CEA transcripts were

detected in all tumors. Increased cytotoxic T-cell tumor infiltration during treatment
indicated PD drug effect.

Conclusion

AMG 211 is generally well tolerated with SD as best response. At higher doses ADA

formation reduced drug exposure. Increased cytotoxic T-cell tumor infiltration showed
the BiTE potential to increase tumor immunogenicity.
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Introduction
The observation that presence of a high number of tumor infiltrating T-cells correlates
with survival in patients with different types of cancer, has encouraged the development
of immune-therapeutics that might unlock cancer immunity.1,2 Twelve cancer immune-

therapeutics have been approved and these new agents have quickly become the
standard of care for many cancer types.3 Moreover, numerous organizations are

developing 1,287 clinical immune-oncological agents, organized into six different

classes based on different mechanisms of action.3 One platform of interest is cluster
of differentiation 3 (CD3)-targeting bispecific antibodies, including bispecific T-cell

engager (BiTE) antibody constructs, dual-affinity re-targeting molecules and tandem
diabodies.4,5

BiTE antibody constructs have a molecular mass of ~55 kDa, which is

significantly smaller than ~150 kDa IgG antibodies. These constructs comprise two
single-chain variable fragment arms directed against a tumor associated antigen and
usually CD3 of the T-cell receptor complex. They are engineered to bridge tumor
cells to cytotoxic T-cells, without the need for antigen specificity of co-stimulatory
molecules,6-8 thereby inducing target cell dependent T-cell activation and proliferation

resulting in apoptosis of bound tumor cells.9-11 The anti-CD19/CD3ε BiTE antibody
construct blinatumomab is the first, and so far, the only BiTE approved by the U.S.

Food and Drug Administration and European Medicines Agency to treat patients with
B-cell precursor acute lymphoblastic leukemia (ALL). It is administered continuously

intravenously (cIV), given its short serum half-life of 2 hours. Moreover, nine potential
BiTE candidates have been or are evaluated in clinical trials.10

The AMG 211 BiTE antibody construct is targeting carcinoembryonic antigen

(CEA) and CD3. In vitro AMG 211 recognized and lyzed metastatic colorectal cancer

cell explants of patients with chemotherapy-refractory disease.12 AMG 211 exposure

induced upregulation of programmed cell death protein 1 (PD-1) and programmed

death-ligand 1 (PD-L1) in CEA positive tumor cell lines at 0.1 – 1 ng/mL.13 Moreover,
1 – 8.9 pg/mL concentrations of AMG 211 monotherapy inhibited growth of CEA-

expressing tumor cells in human xenograft bearing immunocompromised mice that
had received human T-cells.14,15 Activity was not reduced with repeated AMG 211

exposure or by mutational status of tumor cell lines including mutated KRAS, BRAF,
PTEN, P13KCA and TP53 oncogenes, and soluble CEA (sCEA).12,14,15

In a first in human study in patients with advanced gastrointestinal (GI)

adenocarcinomas, AMG 211 was IV administered over 3 hours at 0.75 µg to 7.5 mg/
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day on days 1-5 in 28-day cycles.16 Best response was stable disease in 11 out of 39

patients. AMG 211 pharmacokinetics (PK) was linear and dose-proportional with a dose
dependent serum half-life ranging from 2.2 to 6.5 hour. To achieve continuous target
coverage, we performed a study with AMG 211 administration cIV. In this phase 1 study,
we evaluated the safety, tolerability, immunogenicity, PK, and efficacy of cIV infusion

of single-agent AMG 211 in heavily pretreated patients with relapsed or refractory

GI adenocarcinomas. Moreover, as exploratory objectives, pharmacodynamic (PD)

parameters including plasma inflammatory cytokines were assessed and baseline
and on-treatment biopsies were used to study biomarkers such as CEA expression on
tumor cells and T-cell behavior in the tumor microenvironment.

Patients and methods
Patients

Patients over 18 years of age with pathologically proven GI adenocarcinoma, including

but not limited to esophageal, gastric, small intestine, colorectal, or pancreatic
cancers, who failed standard treatments of for whom no standard treatment was

available, were eligible for study participation. Other inclusion criteria were a life
expectancy of ≥ 3 months, Karnofsky performance status ≥ 70%, body weight ≥ 45

kg, adequate bone marrow (absolute neutrophil count > 1.5 x 109/L, white blood

count > 3.0 x 109/L, hemoglobin > 9.0 g/dL, and platelet count > 100 x 109/L), liver

(total bilirubin < 1.5 x upper limit of normal (ULN), alkaline phosphatase ≤ 2.5 x ULN,
aspartate aminotransferase and alanine aminotransferase < 3 x ULN), renal (creatinine

clearance > 50 mL/min), pancreas (lipase/amylase < 1.5 x ULN) and blood clotting
function (prothrombin time, partial thromboplastin time, and international normalized
ratio ≤ 1.5 x ULN). Finally, willingness to undergo biopsy unless archival tumor tissue

was available and the availability of at least one measurable tumor lesion per modified
immune related response criteria (irRC) were required.17 Major exclusion criteria were

history of allergy or reaction to AMG 211, evidence of uncontrolled systemic disease,

hepatitis B and/or C, human immunodeficiency virus, (recent) history of cardiac

disease including severe congestive heart failure with New York Heart Association
severity classification > class 1, significant central nervous system pathology, and

chronic autoimmune disease apart from stable type 1 diabetes. Treatment with any
therapy for cancer within 14 days prior to study entry or 28 days in case of receiving
another investigational device or study drug was not allowed.
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Study design

This multicenter, dose-escalation and expansion phase 1 study was performed in five
centers, two in the Netherlands and three in Germany.

AMG 211 was administered as cIV infusion via a central venous access at a

constant flow rate for 24 hours per day, for either 14 consecutive days in 28-days cycles,

or 28 consecutive days in 42-days cycles (Supplementary Fig. S1). The standard 3 +
3 dose escalation contained 8 cohorts ranging from 200 µg/day cIV infusion for 7 days

in cycle 1 and 14 days in following cycles (cohort 1) to 12,800 µg/day cIV infusion for

28 days in all cycles (cohort 8) (Supplementary Fig. S1). Subsequently, additional
patients were treated in a dose expansion cohort.

A Bayesian logistic regression model was intended to guide dose escalation

after a first dose limiting toxicity (DLT). Prophylactic dexamethasone was administered

either orally or IV on the evening before the start of each AMG 211 treatment cycle
(day 0; 8 mg), day 1 (3x 8 mg), and 2 (3x 4 mg) from cohort 4 onwards to mitigate the

risk of (re)occurrence of cytokine release syndrome (CRS). Based on the opinion of the
investigator dexamethasone dose adjustments were allowed.

For safety reasons, at the start of each cycle, patients were hospitalized

for a minimum of 72 hours in cycle 1 and for 48 hours from cycle 2 onwards. Safety
was monitored by assessment of vital signs, physical examinations, laboratory tests,

and electrocardiograms. If deemed safe/stable by the investigator, patients were

subsequently allowed to receive AMG 211 cIV infusion in the outpatient setting. During

outpatient cIV infusion patients visited the clinic 2 times a week in cycle 1 and once
a week from cycle 2 onwards. In addition, the patient was contacted by telephone
daily in cycle 1 and every 2 days from cycle 2 onwards by study site personnel or

an ambulant/home care service provider to check for adverse events (AEs) and any
issues with cIV infusion or the infusion pump. In the event of cIV infusion interruption ≥
24 hours, the restart of the infusion was performed in the hospital. Infusion bags were

changed every 4 days to ensure sterility of the infusion. Infusion bags were changed at
the study site or at home by study site personnel or a well-trained ambulant/home care

service provider. Preprogrammed infusion pumps (BodyGuard 323, Caesarea Medical

Electronics) were used and carried together with an infusion bag in a shoulder bag.
The pumps were recharged daily.

Treatment was terminated in case of DLT, unmanageable toxicity, disease

progression, withdrawal of consent, study protocol non-compliance or the occurrence
or progression of a medical condition which could jeopardize patients’ safety.
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The trial was approved by the Medical Ethical Committee of the University

Medical Centre Groningen and the Central Committee on Research Involving Human

Subjects, the competent authority in the Netherlands and by the leading Ethical

Committee of the Ludwig-Maximilian-University Munich and the Paul-Ehrlich Institute
in Germany. All patients provided written informed consent prior to study participation.
The study was registered at ClinicalTrials.gov with identifier NCT02291614.

Safety and immunogenicity

Safety was evaluated according to NCI CTCAE v4.0 criteria.18 DLTs were defined as

any treatment-related grade 3-4 AEs occurring within the first 28 days of AMG 211 cIV

infusion, including grade ≥ 4 neutropenia lasting ≥ 7 days or associated with fever,
grade ≥ 4 thrombocytopenia lasting ≥ 7 days, grade ≥ 3 non-hematologic toxicity

excluding nausea and vomiting non-refractory to anti-emetics, flare-up pain because of

potential increase in tumor volume, CRS manageable with symptomatic treatment and/
or infusion interruption of up to 2 days. The maximum tolerated dose was defined as the

dose at which ≥ 1 of six patients experienced a DLT. For each patient serum anti-drug
antibody (ADA) levels were determined in blood samples before the start of treatment,
at the end of each treatment cycle, at the end of treatment and the end of study.
		

A validated assay was used to detect the presence of anti-AMG 211

antibodies. All available protocol-specified samples were tested in a three-tier
electrochemiluminescence based bridging immunoassay to detect antibodies capable

of binding to AMG 211. Presence of antibodies was tested in the screening assay and
confirmatory assay whereas characterization was done using a titer assay.

Pharmacokinetics

Before study start predictions were made regarding exposure and PK profiles of

AMG 211 cIV infusion and compared to serum concentrations of AMG 211. Therefore,

blood samples were collected at several time points during AMG 211 treatment
(Supplementary Table S1).
The bioanalytical electrochemiluminescence assays ranged from 0.10 ng/mL

lower limit of quantification (LLOQ) to 218.67 ng/mL upper limit of quantification (ULOQ).

Samples above ULOQ were reanalyzed with appropriate predilution. AMG 211 exposure
was assessed by the maximum concentration (Cmax), concentration at steady state (Css),

and area under the curve (AUC). AMG 211 half-life was calculated for patients from
whom AMG 211 cIV serum concentrations were available for at least 3 time points.
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Tumor responses

Response assessments were performed at baseline and after every 2 treatment cycles

using standardized contrast-enhanced CT or MRI of the chest, abdomen, pelvis,
and all other known sites of disease. Radiological imaging was centrally evaluated
according to the modified irRC.17 Response (immune-related complete response or

partial response) and progression required confirmation by a repeat, consecutive
assessment no less than 4 weeks from the date of the first documented assessment.
Until confirmation of immune-related progressive disease, treatment continued if the

subject had stable or improved clinical status. In addition, sCEA was determined
during response evaluation.

Plasma inflammatory cytokines

At predetermined time points blood was collected to evaluate levels of inflammatory
cytokines (Supplementary Table S2).

For analysis of plasma concentrations of the human cytokines interleukin

(IL)-2, IL-4, IL-6, IL-10, tumor necrosis factor alpha (TNFα), and interferon gamma
(IFNγ), the commercially available FACS-based Cytometric Bead Array Human Th1/
Th2 Cytokine Kit II was applied. This is a ready-to-use kit developed by BD Biosciences

(San Jose, CA). The method was modified and optimized for the analysis of serum

samples at Amgen Research (Munich) GmbH, see MET-003504 “Zytokinbestimmung
mittels CBA Kit von BD”. To demonstrate that the method is reliable and reproducible

for the intended use, it was validated according to the requirements of SOP-019326.
For details refer to validation studies VP/VR-BIA-00-003, VP/VR-BIA-00-005, VP/VR-

BIA-00-008, VP/VR-BIA-00-010, VP/VR-BIA-00-015, and VP/VR-BIA-00-025. The LLOQ
of this assay is 125 pg/mL and the ULOQ is 2000 pg/mL Higher concentrations can
be quantified after sample pre-dilution. In the case of ≥ 80% missing or below LLOQ
values for an endpoint, that endpoint was excluded from analysis.

Tumor tissues

Archival tissue or a fresh biopsy from the primary tumor or metastases was collected
before the start of treatment. Patients who provided a separate consent may undergo

an optional on-treatment biopsy at cycle 1 day 8 to 14. CEA tumor expression was
centrally assessed immunohistochemically (IHC). CEA staining was scored as 3+ for
strong, 2+ for moderate, 1+ for weak, and 0 for absence of any staining. In addition,

the percentage stained tumor cells was determined. The histo-score (H-score) was

calculated using the following formula: [1 x (% cells 1+) + 2 x (% cells 2+) + 3 x (% cells
3+)]. Moreover, CEA transcript expression was analyzed by NanoString. In addition to
CEA, NanoString analysis was applied to study 26 biomarkers, including cytokines and
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immune checkpoints, in patients from whom paired biopsies were available. Therefore,
total RNA was isolated from three 10 µm thick formalin-fixed paraffin-embedded (FFPE)

sections and optimal cutting temperature samples. RNA isolation was performed with

the Qiagen RNeasy FFPE total RNA extraction kit (catalog# 73504, QIAgen). NanoString
gene expression profiling was conducted using 300 ng of RNA run on the nCounter

PanCancer Immune Profiling Panel (NanoString Technologies, Seattle, WA) and a
custom 30 gene Plus Panel per manufacturer’s instructions. CEA transcript expression
was considered high at ≥ 500 counts.

03

Statistics

Statistical analyses were performed using SPSS Version 25. The occurrence of AEs
in patients with or without ADAs was compared. Firstly, a test for the comparison of

two binomial populations has been applied as a function of an assumed maximum

number of AEs on the assumption that each AE has the same probability of occurring.
Secondly, the medians of the numbers of AEs observed in patients with or without

ADAs were compared using the Mann-Whitney U test. The test’s assumption of equally
shaped distributions was supported by the two sample Kolmogorov-Smirnov test. The

same tests were performed to study the occurrence of infusion reactions in patients

with or without ADAs. In addition, the association between the occurrence of AEs and
the H-scores has been explored by estimating and testing the Pearson correlation
coefficient. Correlations between PK and sCEA were tested with Spearman rank
correlation. All tests were performed at the 5% level of significance.

Results
Baseline demographics and treatment exposure

A total of 45 patients were enrolled between October 2014 and March 2017. Forty-four

patients received ≥ 1 dose of AMG 211, one patient withdrew consent before the start
of treatment. Patient characteristics of the 44 remaining patients are shown in Table 1.

The cut-off date for analysis was March 6th, 2018. Twenty-six patients received

treatment for 14 consecutive days in 28-days cycles, and 18 patients for 28 consecutive
days in 42-days cycles (Supplementary Fig. S1). Patients received a median of 2 cycles

AMG 211 cIV with a maximum of 7 cycles in one patient. At the time of this analysis all
patients had discontinued study treatment because of disease progression (n = 33;

75.0%), AE (n = 7; 15.9%), patient request (n = 2; 4.5%), and other reasons (n = 2; 4.5%).
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Table 1

Demographics and baseline characteristics

Characteristic
Age, mean in years (range)

63 (41 – 79)

Sex, n (%)
Male

23 (52)

Female

21 (48)

Race, n (%)
White

42 (95)

Asian

1 (2)

Other

1 (2)

Tumor type, n (%)
Colorectal adenocarcinoma

32 (73)

Pancreatic adenocarcinoma

6 (14)

Cholangiocarcinoma

4 (9)

Esophageal adenocarcinoma

1 (2)

Adenocarcinoma of the appendix

1 (2)

Prior chemotherapy, n (%)
1 line

2 (5)

2 lines

12 (27)

≥ 3 lines

30 (68)

Karnofsky performance status, n (%)
80

16 (36)

90

20 (45)

100

8 (18)

Tumor marker in serum
CEA, mean in µg/mL (range)

483 (2 – 9849)

Immunohistochemical CEA expression, n (%)
Positive

19 (43)

Negative

3 (7)

Missing data

22 (50)

Safety and immunogenicity

AEs reported in ≥ 20% of patients were fatigue (54.5%), pyrexia (38.6%), nausea
(36.4%), abdominal pain (34.1%), and diarrhea (29.5%). Treatment-related AEs are
shown in Supplementary Table S3, including 9 grade 3 AEs and 15 serious AEs.
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Grade 2 CRS, a well-known phenomenon of T-cell stimulating therapies,19 was observed
in two patients (6.8%), mild to moderate symptoms associated with cytokine release
were also seen, such as pyrexia or hypoxia. After the first two reports of CRS or CRS

associated symptoms, occurring in cohort 4 at a dose of 800 µg/day, all other patients

received corticosteroid prophylaxis. DLTs were not observed. However the study was
prematurely discontinued after observation of anti-AMG 211 antibodies in all patients (n

= 24) treated at high dose of ≥ 3,200 µg/day. One patient presented with pre-existing
ADAs at treatment start. In 20 patients treated at doses < 3,200 µg/day, ADAs were

present in nine patients (45.0%). In eight out of 15 ADA-positive patients (53.3%) treated
at doses ≥ 3200 µg/day with at least 2 cycles, AMG 211 concentrations were decreased
in cycle 2 or later and for two patients exposure information is lacking after cycle 1.

There was no increased incidence of infusion reactions in patients with ADA

development (P = 0.17). The median number of infusion reactions per patient in the

ADA-positive group was 1, and 0 in the ADA-negative group (P = 0.31). The probability

of occurrence of any AE did not differ between ADA-positive and ADA-negative patients

(P = 0.73). Furthermore, the median number of AEs per patient did not differ between
these groups (eight versus seven, respectively) (P = 0.90).

Pharmacokinetics

PK steady-state concentrations of AMG 211 were reached within 2 days of dosing,

ranged between 18.1 to 238.64 ng/mL, and were maintained throughout the cycle 1

infusion. Mean serum clearance ranged from 1.20 to 3.20 L/hour and half-life from 6.48
to 15.2 hour (Table 2). Exposure to AMG 211 increased dose proportionally, but ADA
presence reduced drug exposure in several patients.

Tumor responses

Among the 44 patients who received ≥ 1 dose of AMG 211, 31 patients (70.5%) had

progressive disease and six patients (13.6%) experienced stable disease with a minimum
duration of 8 weeks, per response evaluation by irRC. The median time to progression

was 124 days (range 99 - 267 days). For two patients (4.5%), the post-baseline scans
were not readable. No post-baseline scans were performed for five patients (11.4%) who
prematurely discontinued treatment because of clinical progression (n = 1), adverse
events (n = 3), or withdrawal of consent (n = 1).

In two patients, the tumor load increased by > 200% according to irRC

investigator assessment and central read between the baseline scan and the first

response evaluation, possibly being indicative for hyperprogression. Two additional
subjects were identified with > 200% increase in tumor load by central read.
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Table 2

Pharmacokinetic parameters of AMG 211 after the first treatment cycle
AUClast
Cmax (SD)

(SD) in

CL (SD) in

Css in

T1/2

AMG 211 dose

n

in ng/mL

ng·day/mL

L/day

(SD) ng/mL

(SD) in hour

200 µg/day,

3

5.32

29.7

2.93

4.32

10.4

(2.26)

(19.4)

(2.18)

(3.27)

(3.34)

11.5

138

1.36

9.92

10.3

(7.21)

(84.7)

(1.28)

(6.05)

(0.7)

13.9

172

1.36

12.4

10.2

(1.13)

(23.0)

(0.175)

(1.73)

(4.37)

19.8

214

2.13

16.6

7.25

(3.67)

(77.5)

(0.61)

(4.42)

(2.63)

55.1

617

1.57

45.3

7.78

(11.0)

(186)

(0.52)

(12.9)

(2.37)

45.4

1040

1.91

35.9

11.1

(8.86)

(245)

(0.41)

(7.50)

(3.45)

116

1540

1.62

88

10.3

(32.4)

(936)

(0.45)

(26.4)

(1.72)

150

3250

1.17

130

6.48

(68.6)

(1700)

(0.45)

(63.9)

(5.16)

129

1420

3.21

96.9

11.9

(51.0)

(666)

(1.31)

(50.8)

(3.53)

145

2610

2.66

109

8.81

(45.0)

(1940)

(0.75)

(36.1)

(4.58)

398

6080

1.75

306

15.2

(NR)

(NR)

(NR)

(NR)

(NR)

7 days
200 µg/day,

3

14 days
400 µg/day,

3

14 days
800 µg/day,

5

14 days
1,600 µg/day,

3

14 days
1,600 µg/day,

3

28 days
3,200 µg/day,

6

14 days
3,200 µg/day,

3

28 days
6,400 µg/day,

3

14 days
6,400 µg/day,

10

28 days
12,800 µg/day,

2

28 days

Abbreviations: SD, standard deviation; NR, not reported; AUClast, AUC from time 0 to time of last quantifiable
concentration; CSS, concentration at steady-state; CL, serum clearance; Cmax, observed maximum
concentration; t1/2, half-life.
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At baseline, in 81% of the patients sCEA results were quantifiable. These

sCEA levels spanned several orders of magnitude (range 2 – 9849 µg/mL), but no
systematic changes from baseline were observed during either cycle. Baseline sCEA

levels did not correlate with subsequent PK. A correlation between post-baseline sCEA
concentrations and PK was observed, with AMG 211 decreasing 1.09-fold ± 0.04 per
doubling of sCEA.

Plasma inflammatory cytokines

Exploratory soluble markers were analyzed for 45 subjects. Four (57%) of seven

cytokines were uniformly reported at levels below the assay’s detection limits (IFNγ,
IL-2, IL-4 and TNFα). In post-baseline blood samples 1% of granzyme B and IL-10, 4%

of IL-6, 79% of monocyte chemo attractant protein-1 (MCP-1) were quantifiable. MCP-

1 transiently increased 1.2 to 1.6 fold 2-8 days after start of treatment in each cycle
but appeared to be a class effect as it was unrelated to AMG 211 dose. The lack of

responders in the study hindered our ability to establish biomarker associations with
response.

Tumor tissues

At baseline, IHC CEA tumor expression was present in 19 out of 22 IHC evaluable patients

(86.4%). The three patients in whom CEA tumor expression was absent, were diagnosed

with cholangiocarcinomas. There was no correlation found between the calculated H-score
for IHC CEA expression at baseline and the occurrence of AEs (P = 0.15). Paired biopsies
for IHC CEA expression analysis were available for two patients. Either archival (n = 1) or
fresh biopsies (n = 1) were used for baseline analysis. In case of archival tissues, these

were obtained ~6 months before study enrollment. While results were comparable for

one patient, in the other patient the percentage of tumor cells with positive CEA staining
decreased from 100% in archival tissue to 15% at day 8 of cycle 1 (Fig. 1).

CEA transcript expression by NanoString was detected in all 26 tumor

samples analyzed. Except for cholangiocarcinomas samples and one colon carcinoma
sample, CEA was moderately to highly expressed (Fig 2A). CEA transcript expression
did not correlate with the duration of study participation of the patient. Moreover, for

CEA transcript analysis paired biopsies were available for four patients. For baseline

analysis, archival tissue was used once (gained ~6 months before on-treatment
biopsy), and fresh biopsies in the remaining three patients. In two patients a reduction

in CEA counts at day 8 in comparison to baseline was detected (Fig 2B). These two
patients were assigned to a higher dose cohort (AMG 211 6,400 µg/day for 14 days in
28-days cycles) than the other two patients who received AMG 211 either 400 or 800
µg/day for 14 days in 28-days cycles.
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Supplementary Table S4 shows NanoString transcript analysis for 26

biomarkers across paired biopsies from four patients. During AMG 211 treatment, a
slight increase in T-cells was seen (Supplementary Table S4). Except for increasing

IL-8 in the first patient, cytokines and activation markers in blood showed little change
from baseline. No changes in response to AMG 211 treatment were observed for
immune checkpoints.

A

B

Figure 1
IHC CEA staining of paired tumor biopsy. Paired tumor biopsy of one patient diagnosed with colorectal cancer
treated with AMG 211 6,400 µg/day for 14 consecutive days in 28-days. A) Baseline sample showing 100%
CEA staining of tumor cells. B) Sample obtained at day 8 of cycle 1 showing CEA staining of 15% of tumor
cells.
Abbreviations: CEA, carcinoembryonic antigen; IHC, immunohistochemistry.
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CEA transcript expression
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Figure 2
CEA transcript expression NanoString analysis at baseline and in paired biopsies. A) CEA transcript expression
at baseline was moderate to high (≥ 500 counts) in all tumor samples except for cholangiocarcinomas and
one colon carcinoma. B) CEA transcript expression was performed on paired biopsies of four patients. In two
patients a reduction in CEA counts at day 8 in comparison to baseline was observed.
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CEA counts in paired biopsies
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CEA transcript expression NanoString analysis at baseline and in paired biopsies. A) CEA transcript expression
at baseline was moderate to high (≥ 500 counts) in all tumor samples except for cholangiocarcinomas and
one colon carcinoma. B) CEA transcript expression was performed on paired biopsies of four patients. In two
patients a reduction in CEA counts at day 8 in comparison to baseline was observed.
Abbreviations: C1D8, cycle 1 day 8; CEA, carcinoembryonic antigen; CRC, colorectal cancer.

Discussion
This phase 1 study shows that AMG 211, a novel CEA/CD3 directed BiTE antibody

construct, is generally well tolerated as single agent cIV infusion in patients with
advanced GI adenocarcinomas. Steady-state concentrations were reached within 48

hours. Paired tumor biopsies in six patients showed decreased IHC CEA staining in one
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out of two patients analyzed and reduced CEA transcript expression in two out of four

patients in on-treatment samples. T-cell infiltration in tumor supports BiTE mechanism
of action in solid tumor types. Best response was stable disease in six patients (13.6%).
Doses of ≥ 3,200 µg/day resulted in ADA formation causing a decrease in serum drug
levels.

The development of bispecific antibodies, comprising two arms with different

binding affinities for targets which might consequently affect tissue biodistribution, for
clinical use is more challenging than for regular monoclonal antibodies.4 Questions

regarding biodistribution and role of drug characteristics like molecular size, antigen
binding affinities, and stability of the drug are still unanswered.4 Relatively few reports

of clinical studies with such compounds are available and studies with BiTE antibody

constructs are of interest given their smaller size compared to antibodies, which might
benefit tumor tissue penetration. The current study provides several insights. We
showed induction of T-cell infiltration in the tumor. Stable disease as maximal response

and disease control occurred in 6 out of 44 patients (14%) all with advanced GI disease.
This may well be due to the fact that our patients were heavily pretreated and their
tumor types presumably are not very immunogenic, although DNA mismatch repair

deficiency was not tested. Moreover, the low response rate found could also be due to
ADA presence, assuming that neutralization also causes loss of antitumor activity. For

the full-size CEA/CD3 antibody CEA-TCB (ClinicalTrials.gov identifier NCT02650713,
active not recruiting) preliminary results of two ongoing phase 1 studies showed partial
response in 6% and stable disease in 39% of n = 28 pretreated (≥ 2 lines) patients

with advanced CEA-positive solid tumors who received CEA-TCB monotherapy at
doses ≥ 60 mg.20 Mismatch repair status was unknown for 3 patients, the others were

microsatellite stable. Improved efficacy was observed in n = 11 patients when CEA-TCB

was combined with the PD-L1 directed antibody atezolizumab, with partial response

in two patients (18%), including one patient with microsatellite instability colorectal

cancer, and stable disease in 7 patients (64%).20 This study indicates the relevance

of simultaneously targeting CEA on tumor cells and CD3 on T-cells. This is of interest

as this approach might also be of interest for AMG 211 as it did induce T-cell tumor
infiltration. Moreover preclinically, the combination of AMG 211 with PD-1 and PD-L1

directed immune checkpoint inhibitors resulted in a more potent T-cell cytolytic activity
in vitro in comparison to AMG 211 as single agent.13 Immunogenicity data is currently

lacking for CEA-TCB. Knowledge about this would be of interest as in comparison to

full-sized bispecific antibodies, BiTE antibody constructs are considered to be less
immunogenic due to the lack of an Fc domain.21 With AMG 211 mouse residues remain,

eliciting ADA formation.
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Although several plasma cytokine levels were studied, only MCP-1 was

detected at quantifiable levels in ≥ 20% of samples. This data supports the assumption
of incomplete T-cell stimulation, possibly due to insufficient tumor drug exposure. For

solitomab, a CD3/epithelial cell adhesion molecule directed BiTE antibody construct,
cytokine levels peaked after escalation to target dose in patients with advanced solid

tumors.22 However, solitomab was associated with severe toxicity, which precluded

dose escalation to potentially therapeutic levels. With AMG 211, sCEA might be a sink
for the drug and influence PK and response. Although a slight correlation between
sCEA and PK was observed, with lower AMG 211 concentrations observed in patients

with high sCEA, this effect was quite small compared to the 10-1000-fold PK changes
expected for a given patient during the start and end of the infusion. In paired biopsies,
on-treatment lower IHC CEA expression was observed in one out of two patients in

comparison to baseline, and reduced CEA transcript expression levels were found in
two out of four patients at higher AMG dose levels (≥ 6,400 µg/day). This might be an
indication of tumor cell killing.

In a subgroup of the patients in this study, AMG 211 labeled with

administered at a tracer dose for PET imaging, to study

89

89

Zr was

Zr-AMG 211 whole-body

biodistribution in healthy tissues and tumor lesions.23 A clear and presumably CEA-

mediated tumor uptake was seen, that was highly heterogeneous, both within and

between patients. Moreover, a CD3-specific tracer accumulation in lymphoid organs
like the spleen and bone marrow was observed. AMG 211 therapeutic dose resulted

in high and sustained 89Zr-AMG 211 presence in the blood pool and absence of tumor

lesion visualization. These findings reflect (tumor) tissue saturation, thereby supporting
the cIV infusion approach to deliver uninterrupted therapeutic pressure by maintaining
AMG 211 exposure to the tumor as applied in this phase 1 study.

We observed T-cell infiltration induction in the tumor supporting BiTE

mechanism of action in a subset of patients with solid tumor types. Approaches are
ongoing to increase therapeutic benefits. One strategy focuses on prolongation of the

drug circulation time by increasing the size of the drug, for instance via albumin-fusion,
Fc-fusion, or glycosylation.24-26 This could facilitate sustained tumor drug exposure

and accumulation, as has been shown for a CEA/CD3 single chain diabody in mice

bearing CEA-positive tumors.27 Moreover, concomitant administration of BiTE antibody

constructs with other anti-cancer therapeutics might be beneficial with regards to

efficacy. Such an approach is already being investigated for blinatumomab. In an

ongoing phase 1 study in patients with ALL, blinatumomab is combined with nivolumab
alone or with ipilimumab (ClinicalTrials.gov identifier NCT02879695).
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Conclusion
Infiltration of cytotoxic T-cells in tumor indicated PD activity and showed some

evidence of AMG 211 mechanism of action. However, despite an acceptable safety

profile immunogenicity leading to insufficient drug exposure precluded the definition of
a therapeutic window for AMG 211.
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Supplementary Figure S1
Study design. A) AMG 211 cIV infusion for 14 consecutive days in 28-days cycles. Patients were assigned to
the following AMG 211 dosing cohorts: 200 µg/day for 7 days in cycle 1 and 14 days in subsequent cycles
(cohort 1, n = 3), 200 µg/day (cohort 2, n = 3), 400 µg/day (cohort 3, n = 3), 800 µg/day (cohort 4, n = 5),
1,600 µg/day (cohort 5A, n = 3), 3,200 µg/day (cohort 6A, n = 6), or 6,400 µg/day (cohort 7A, n = 3). B) AMG
211 cIV infusion for 28 consecutive days in 42-days cycles via the following AMG 211 dosing cohorts: 1,600
µg/day (cohort 5B, n = 3), 3,200 µg/day (cohort 6B, n = 3), 6,400 µg/day (cohort 7B, n = 3), or 12,800 µg/
day (cohort 8B, n = 2). In addition, n = 8 patients were treated with AMG 211 6,400 µg/day for 28 consecutive
days in 42-days cycles in the expansion cohort. A particular dosing cohort was opened if patients in the
previous dosing cohort did not experience a DLT during the first 28 days of treatment (independent of the
length of the infusion).
Abbreviation: DLT, dose limiting toxicity.
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Supplementary Table S1

Blood sample collection for measurement of serum 		

			

concentration of AMG 211 at several time points
AMG 211 treatment

14 consecutive days in 28-days cycles

28 consecutive days in 42-days cycles

Cycle 1

Cycle 1

Day 1, pre-dose

Day 1, pre-dose

Day 1, 2 hours after start of treatment

Day 1, 2 hours after start of treatment

Day 1, 6 hours after start of treatment

Day 1, 6 hours after start of treatment

Day 2

Day 2

Day 3-5*

Day 3-5*

Day 8

Day 8

Day 15, EOI

Day 15

Day 15, 0.5 hours after EOI

Day 29, EOI

Day 15, 2 hours after EOI

Day 15, 0.5 hours after EOI

Day 15, 4 hours after EOI

Day 15, 2 hours after EOI

Day 15, 8 hours after EOI

Day 15, 4 hours after EOI

Day 16

Day 15, 8 hours after EOI

Cycle 2, 4, 6, 8
Day 2

03

Day 30
Cycle 2, 4, 6, 8

Day 3-5*

Day 2

Day 15

Day 3-5*
Day 15
Day 29

* Blood collection on either day 3, 4 or 5 based on investigators choice.
Abbreviation: EOI, end of infusion.

65

Chapter 03

Supplementary Table S2

Blood sample collection to evaluate levels of inflammatory

			

cytokines at several time points
AMG 211 treatment

14 consecutive days in 28-days cycles

28 consecutive days in 42-days cycles

Cycle 1

Cycle 1

Day 1, pre-dose

Day 1, pre-dose

Day 1, 6 hours after start of treatment

Day 1, 6 hours after start of treatment

Day 2

Day 2

Day 3-5*

Day 3-5*
Day 8

Day 8

Cycle 2, 4, 6, 8

Cycle 2, 4, 6, 8
Day 1, pre-dose

Day 1, pre-dose

Day 2

Day 2

Day 3-5*

Day 3-5*

Day 8

Day 8

* Blood collection on either day 3, 4 or 5 based on investigators choice.

Supplementary Table S3

Blood sample collection to evaluate levels of inflammatory

			

cytokines at several time points
Number of patients (%)
AE

SAE

Grade

Grade

Grade

Grade

1 or 2

3

1 or 2

3

Blood and lymphatic system disorders
Anemia

1 (2)

Cardiac disorders
ECG abnormality

1 (2)

Eye disorders
Eye irritation

1 (2)

Gastrointestinal disorders

66

Abdominal distention

1 (2)

Abdominal pain

2 (5)

Constipation

1 (2)

1 (2)

Supplementary data

Supplementary Table S3

continued
Number of patients (%)
AE

SAE

Grade

Grade

Grade

Grade

1 or 2

3

1 or 2

3

1 (2)

1 (2)

Diarrhea

3 (7)

Dry mouth

1 (2)

Dyspepsia

1 (2)

Nausea

5 (11)

Vomiting

3 (7)

03

General disorders
Catheter site pain

1 (2)

Chills

2 (5)

Fatigue

11 (25)

Feeling hot

1 (2)

Flu like symptoms

2 (5)

Gait disturbance

1 (2)

Infusion site extravasation

1 (2)

Pyrexia

8 (18)

Temperature elevation

1 (2)

1 (2)

2 (5)

Hepatobiliary disorders
1 (2)

Extrahepatic biliary obstruction
Immune system disorders
2 (5)

Cytokine release syndrome
Infections
Bacteremia

1 (2)

Infection of unknown origin

1 (2)
1 (2)

Port infection
1 (2)

Skin infection
Urinary tract infection

1 (2)

Laboratory abnormalities
1 (2)

Alanine aminotransferase increased
Alkaline phosphatase increased

1 (2)

Amylase increased

1 (2)

Aspartate aminotransferase increased

2 (5)

Bilirubin increased

1 (2)

C-reactive protein increased

1 (2)

Hypokalemia					

2 (5)

1 (2)
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Supplementary Table S3

continued
Number of patients (%)
AE

SAE

Grade

Grade

Grade

Grade

1 or 2

3

1 or 2

3

Hypomagnesemia

2 (5)

Hyponatremia

1 (2)

2 (5)
1 (2)

Hypophosphatemia

1 (2)

Lactate dehydrogenase increased
Lipase increased

2 (5)

Liver biochemistry disturbances

2 (5)

2 (5)

1 (2)

Metabolism and nutrition disorders
Appetite decreased

3 (7)

Dehydration

1 (2)

Musculoskeletal and connective tissue disorders
Myalgia

1 (2)

Pain, back

1 (2)

Pain, extremity

1 (2)

Neoplasms, benign, malignant and unspecified
Pain, tumor

1 (2)

Nervous system disorders
Dizziness

1 (2)

Dysgeusia

1 (2)

Headache

3 (7)
1 (2)

Syncope
Respiratory, thoracic and mediastinal disorders
Breath sounds abnormal

1 (2)

Cough

2 (5)

Dyspnea

4 (9)

Epistaxis

1 (2)

Hiccups

3 (7)
1 (2)

Hypoxia
Skin and subcutaneous tissue disorders
Alopecia

1 (2)

Palmar erythema

1 (2)

Rash

3 (7)

Skin exfoliation

1 (2)

Abbreviations: AE, adverse event; ECG, electrocardiogram; SAE, serious adverse event.
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Supplementary Table S4

Transcript biomarker NanoString analysis in paired 		

			 biopsies
Patient

Patient

Patient

Patient

Patient

Patient

Patient

Patient

1,

1,

2,

2,

3,

3,

4,

4,

Biomarker

baseline

C1D8

baseline C1D8

baseline C1D8

baseline C1D8

Annotation

CD4

46

304

291

298

8

143

82

112

Helper T-cell

CD8

52

49

59

144

5

113

85

128

Cytotoxic T-cell

EPCAM

823

1722

6274

1442

16

298

567

695

Epithelial marker

CEA

13213

825

30973

9766

34

1560

686

732

CEA, target

GITR

36

28

39

67

1

32

23

35

T-cell activation

CD28

22

16

28

45

2

50

24

46

T-cell activation

IL2RA

76

89

88

129

17

190

139

244

T-cell activation

GZMA

61

83

253

186

13

149

113

198

Cell lysis

GZMB

43

30

1054

272

10

127

124

233

Cell lysis

GZMH

31

20

29

51

1

78

78

143

Cell lysis

GZMK

42

46

154

154

4

155

92

220

Cell lysis

GZMM

53

26

14

40

3

30

16

42

Cell lysis

IFNG

60

35

19

45

13

149

112

228

Cytokine

IL10

9

13

12

18

2

5

4

8

Cytokine

IL2

52

12

5

26

5

80

57

170

Cytokine

IL4

53

16

4

28

4

137

67

151

Cytokine

IL6

6

33

29

37

1

9

13

13

Cytokine

IL8

76

1178

219

352

49

151

113

203

Cytokine

TNF

39

39

89

86

4

73

52

95

Cytokine

PD-L1

55

35

44

64

7

115

76

142

Immune checkpoint

CD79

75

50

21

46

6

35

38

60

Activation marker

CD86

58

77

88

123

10

162

103

180

Activation marker

FOXP3

36

29

41

54

9

132

68

100

Immune checkpoint

IDO1

95

48

160

105

10

151

39

75

Immune checkpoint

CTLA4

72

41

146

120

10

160

117

259

Immune checkpoint

TIGIT

39

26

106

97

10

128

70

160

Immune checkpoint

03

Abbreviations: CD, cluster of differentiation; EPCAM, epithelial cell adhesion molecule; CEA, carcinoembryonic
antigen; GITR, glucocorticoid-induced tumor necrosis factor receptor related protein; IL2RA, interleukin-2
receptor alpha chain; GZMA, granzyme A; GZMB, granzyme B; GZMH, granzyme H; GZMK, granzyme K;
GZMM, granzyme M; IFNG, interferon gamma; TNF, tumor necrosis factor; PD-L1, programmed death-ligand
1; FOXP3, forkhead box P3; IDO1, indoleamine 2,3-dioxigenase 1; CTLA4, cytotoxic T-lymphocyte associated
protein 4; TIGIT, T-cell immunoreceptor with Ig and ITIM domains.
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Translational relevance
Bispecific antibodies, including ~55 kDa bispecific T-cell engager (BiTE) antibody
constructs, can be used to induce an anti-cancer immune response. While CD19/CD3
directed BiTE blinatumomab already received FDA approval, several other bispecific

antibodies are in various stages of clinical development. Little is known about

biodistribution of these drugs in patients. With bispecific antibodies, the potentially
different binding affinities for the target of each of the arms might affect biodistribution,
as has already been shown in preclinical models. Knowledge about biodistribution
might be helpful regarding drug dosing schedules and can support rational trial
design. In the present study we demonstrated that imaging with

89

Zr-AMG 211 is very

informative regarding CEA/CD3 BiTE antibody construct whole-body biodistribution
and tumor targeting. We showed CD3-specific tracer accumulation in lymphoid organs
and clear tumor uptake that was highly heterogeneous, both within and between
patients.
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Abstract
Purpose

Biodistribution of bispecific antibodies in patients is largely unknown. We therefore

performed a feasibility study in nine patients with advanced gastrointestinal

adenocarcinomas to explore AMG 211 biodistribution (also known as MEDI-565), a
~55 kDa bispecific T-cell engager directed against carcinoembryonic antigen on tumor
cells and cluster of differentiation 3 (CD3) on T-cells.

Methods
89

Zr-labeled AMG 211 as tracer, was administered alone or with cold AMG 211, for

positron emission tomography (PET) imaging before and/or during AMG 211 treatment.

04

Results

Before AMG 211 treatment, the optimal imaging dose was 200 µg

89

Zr-AMG 211 +

1,800 µg cold AMG 211. At 3 hours the highest blood pool standardized uptake value

(SUV)mean was 4.0, and tracer serum half-life was 3.3 hour. CD3-mediated uptake was

clearly observed in CD3-rich lymphoid tissues including spleen and bone marrow

(SUVmean 3.2 and 1.8, respectively), and the SUVmean decreased more slowly than in

other healthy tissues.

89

Zr-AMG 211 remained intact in plasma and was excreted

predominantly via the kidneys in degraded forms. Of 43 visible tumor lesions, 37 were
PET quantifiable, with a SUVmax of 4.0 (interquartile range 2.7 – 4.4) at 3 hours using
the optimal imaging dose. The tracer uptake differed between tumor lesions 5-fold

within and 9-fold between patients. During AMG 211 treatment tracer was present

in the blood pool, while tumor lesions were not visualized, possibly reflecting target
saturation.

Conclusion

This first-in-human study shows high, specific 89Zr-AMG 211 accumulation in CD3-rich

lymphoid tissues, as well as a clear, inter- and intra-individual heterogeneous tumor
uptake.
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Introduction
Immunotherapy with immune checkpoint inhibitors is currently used as part of many

treatment regimens for a wide range of tumor types. Unfortunately, not all patients
benefit from these drugs. This has stimulated the search for new drugs to induce an
anti-cancer immune response, including bispecific antibodies.1

One novel approach is the use of bispecific T-cell engager (BiTE) antibody

constructs. These consist of two single-chain variable fragment arms of which one is

directed against an antigen target on the tumor cell membrane and the other against
cluster of differentiation 3 (CD3) on T-cells. Binding of both arms induces target celldependent T-cell activation and proliferation, leading to apoptosis of tumor cells.2 The

anti-CD19/CD3 BiTE blinatumomab is approved for the treatment of patients with B-cell
precursor acute lymphoblastic leukemia.3 Continuous intravenous (IV) administration is

used due to its short serum half-life of 2 hours. This results from its small molecular size

of approximately 55 kDa, which leads to renal filtration, and the lack of an Fc domain,
which prevents salvation from lysosomal degradation.4,5

AMG 211 (also known as MEDI-565) is a carcinoembryonic antigen (CEA,

CEACAM5) directed BiTE. CEA, a glycosylated human oncofetal antigen, is abundantly
expressed by a variety of tumors, especially adenocarcinomas of the gastrointestinal

tract.6,7 In vitro studies have shown that a low concentration of ~1 ng/mL of anti-CEA/

CD3 AMG 211 is sufficient to activate patient-derived T-cells with subsequent lysis of
patient-derived chemo-refractory CEA-positive colorectal tumor cells.8,9

A study in patients with advanced gastrointestinal adenocarcinomas with 0.75

µg to 7.5 mg/day AMG 211 administered IV over 3 hours on days 1-5 in 28-day cycles
showed linear and dose-proportional pharmacokinetics, but no tumor responses.10 This

might be related to intermittent administration and short exposure of the tumor to the
drug, which has an elimination half-life of 2.2 to 6.5 hour. To achieve sustained target

coverage, thereafter AMG 211 was administered and tested as a continuous IV infusion
for 28 subsequent days in 6-week treatment cycles in a phase 1 study in patients with
advanced gastrointestinal adenocarcinomas.11

In bispecific antibodies, the potentially different binding affinity for the target

of each of the arms might affect biodistribution. However, very limited information
is available regarding whole-body distribution of bispecific antibodies and BiTE
antibody constructs in patients.12,13 Improved understanding of biodistribution of these

bispecific antibody constructs might help to guide drug dosing schedules and inform
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potential target-related drug impact in vivo. Positron emission tomography (PET) with
zirconium-89 (89Zr)-labeled AMG 211 as a tracer has shown specific tracer uptake

in human CEA-expressing tumor bearing mice.14 Therefore, we performed a first-in-

human feasibility study with the 89Zr-labeled BiTE antibody construct AMG 211 and PET
imaging to determine the biodistribution of

89

Zr-AMG 211 in healthy tissues and tumor

lesions before and/or during AMG 211 treatment in the AMG 211 phase 1 study.

Patients and methods
Patients

Patients with pathologically proven gastrointestinal adenocarcinomas were eligible for
this imaging study (ClinicalTrials.gov identifier NCT02760199) if they were participating

in the phase 1 study with AMG 211 (ClinicalTrials.gov identifier NCT02291614) at the

University Medical Center Groningen (UMCG) or the Free University Medical Center
(VUMC). Other eligibility criteria included age ≥ 18 years, written informed consent,
and availability of ≥ 1 measurable lesion as assessed with computed tomography

(CT) per modified immune-related response criteria (irRC).15 For visceral lesions this is

defined as the two longest perpendicular diameters ≥ 10 x 10 mm, and for pathologic
lymph nodes as the longest diameter perpendicular to the longest axis ≥ 15 mm.

This study was conducted in compliance with the Declaration of Helsinki, ICH

Harmonized Tripartite Guideline for Good Clinical Practice and applicable national
and local regulatory requirements. This study was centrally approved by the Medical

Ethical Committee of the UMCG and the Central Committee on Research Involving
Human Subjects, the competent authority in the Netherlands. All patients provided
written informed consent.

Study design

This two-center imaging study was performed at the UMCG and the VUMC, both

university medical centers in the Netherlands. In the phase 1 study, patients received

continuous IV treatment with 6,400 µg/day or 12,800 µg/day AMG 211 via a central
venous access port for 28 subsequent days (“treatment period”) in 42-day cycles. The
imaging study was performed before AMG 211 treatment and/or immediately after the

end of the second AMG 211 treatment period of 28 days (“during AMG 211 treatment”)
as is illustrated in Fig. 1.
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A

Before AMG 211 treatment (n = 8)
89

Zr-AMG 211

89

cold:
0 µg (n = 2)
1,800 µg (n = 4)
4,800 µg (n = 2)

B

PET scan

PET scan

PET scan

Zr

0h

3h

6h

24 h

Zr-AMG 211

89

Start AMG 211
Cycle 1

48 h

Day 7

During AMG 211 treatment (n = 2)
89

PET scan

PET scan

PET scan

PET scan

Zr

AMG 211
Cycle 2

3h

6h

Day 29

24 h

Start AMG 211
Cycle 3
Day 43

Administration with either 0 µg (n = 2), 1,800 µg (n = 4), or 4,800 µg (n = 2) cold AMG 211 up to 3 hours
Administration of 200 µg 89Zr-AMG 211 up to 3 hours
Blood sample for pharmacokinetics

Figure 1
Study design of

89

Zr-AMG 211 PET imaging A) before and B) during AMG 211 treatment. The PET scan at

48 hours is shown vaguely, since this time point was changed into 3 hours after imaging was performed in
the first patient.

The tracer

89

Zr-AMG 211 was produced in the UMCG under good

manufacturing practice conditions, as described previously.14,16 Briefly, AMG 211,

which was produced and provided by MedImmune via collaboration with Amgen, was

reacted with a 4-fold molar excess of the tetrafluorphenol-N-succinyldesferal-Fe ester

(N-Suc-Df; ABX) and purified by gel filtration using PD-10 columns. The conjugate
N-SucDf-AMG 211 was radiolabeled with clinical grade 89Zr-oxalate (PerkinElmer) and

again purified by gel filtration. Individual fractions were pooled based on the amount
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of radioactivity and radiochemical purity. Quality control of intermediate and final drug
product consisted of determination of conjugation ratio, aggregation, radiochemical

purity and stability. Immunoreactivity tests on the extracellular domain of CEA showed
that

89

Zr-AMG 211 was still capable of specific binding to its target. In addition, a

binding assay on CD3+ T-cells was performed to confirm binding of N-SucDf-AMG 211
to CD3.

In eight patients,

89

Zr-AMG 211 imaging was performed before AMG 211

treatment. These patients received, via a separate IV line, a fixed dose of 37 MBq
~200 µg

89

Zr-AMG 211 alone (n = 2), or in combination with 1,800 µg (n = 4) or 4,800

µg (n = 2) cold AMG 211, administered in 3 hours. This 3 hours period was based
on the maximum tolerated dose and infusion rate as assessed in the phase 1 study.

Cold AMG 211 was added to guarantee sufficient tracer availability and was therefore
administered before

89

Zr-AMG 211 (details in Supplementary Methods:

89

Zr-AMG 211

administration). We considered the cold AMG 211 dose to be sufficient when the
circulation could be adequately visualized at each PET scan time point as used in other
studies with comparable design. In order to mitigate AMG 211-related cytokine release

syndrome, 4 mg dexamethasone was administered orally 1 hour before the cold AMG
211 infusion, and at 3 hours and 6 hours thereafter. AMG 211 treatment started 7 days

after tracer injection. Moreover, in two patients, 200 µg 89Zr-AMG 211 was administered

over 3 hours via a separate IV line to study biodistribution immediately after the end

of the second AMG 211 treatment period. In one of these two patients PET imaging

was also performed before AMG 211 treatment. After tracer infusion, patients were
observed in the hospital for 24 hours to detect any side effects. The National Cancer

Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) v4.03 were
used for grading of adverse events.17

PET/CT scans were performed from the top of the skull to mid-thigh with a

40-slice or 64-slice PET/CT camera (Biograph mCT, Siemens in the UMCG and Gemini
TF or Ingenuity TF, Philips in the VUMC) initially 6, 24, and 48 hours after completion of
the tracer injection. This was changed into 3, 6, and 24 hours from the second patient
onwards based on a review of data from the first patient showing rapid

89

Zr-AMG 211

clearance from the circulation (blood pool standardized uptake value (SUV)mean 0.2 at

24 hours). For attenuation correction and anatomic reference, a low-dose CT scan was
acquired immediately before the PET scan.

Diagnostic CT scans of the chest, and abdomen were performed within 21

days before

89

Zr-AMG 211 injection and for response evaluation after every two AMG

211 treatment cycles.
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89

Zr-AMG 211 PET analysis

All PET scans were reconstructed using the harmonized reconstruction algorithm
recommended for multicenter 89Zr PET scan trials.18 A single nuclear medicine physician

analyzed all PET scans for visible tracer uptake in tumor lesions and healthy tissues

including lymph nodes. The total number and location of measurable tumor lesions,

according to irRC, were assessed with diagnostic CT. Tumor lesions with visible tracer
uptake on the

89

Zr-AMG 211 PET were considered quantifiable when the tumor size

was at least 15 mm on CT to minimize potential partial volume effect. Radioactivity was

quantified by manually drawing spherical volumes of interest (VOIs) in healthy tissues

and tumor lesions using A Medical Image Data Examiner (AMIDE) software (version
0.9.3, Stanford University).19 In healthy tissues, VOIs were drawn in the blood pool at

the place of the thoracic aorta, lung, liver, spleen, kidney, intestine, brain, bone marrow,

bone cortex at the place of the femur, thigh muscle, retroperitoneum, and fat tissue.

VOIs were drawn independently by two investigators, KLM and ICK, based on maximumintensity-projection images of

89

Zr-AMG 211 PET or the co-registered low-dose CT if

delineation was unclear on PET.

89

Zr-AMG 211 uptake was measured as SUV (formula

in Supplementary Methods: calculations). We reported SUVmax (maximum voxel intensity

in the VOI) for tumor lesions and SUVmean (mean voxel intensity of all voxels in the VOI)

for healthy tissues. Outliers were re-assessed for accuracy. In case of a discrepancy

≥ 10% between the two investigators, the discrepancies were discussed, and a final
conclusion made. In addition, the percentage injected dose per kilogram (%ID/kg) was
calculated for all VOIs (formula in Supplementary Methods: calculations). For the

brain, lungs, liver, spleen and kidneys, we used mean organ weights as reported in
sudden death autopsy studies to calculate % of the injected dose (%ID).20,21 We used the

percentage body fat and total bodyweight to assess %ID in fat.22 The total blood volume

was calculated according to Nadler’s formula,23 and 89Zr-AMG 211 serum half-life with a
1-phase decay model using GraphPad Prism software version 5.04.

Pharmacokinetic assessments of 89Zr in blood and urine samples

To study 89Zr pharmacokinetics, blood and urine samples were collected at each PET scan

time point. In addition, 89Zr-AMG 211 binding to immune cells was explored by counting
blood fractions, and integrity was analyzed via gel electrophoresis. More details on 89Zr

pharmacokinetics are provided in Supplementary Methods: 89Zr pharmacokinetics.

Soluble CEA, antidrug antibodies and tumor CEA expression

Blood samples for soluble CEA were collected at screening and after the second AMG

211 treatment cycle. Serum soluble CEA upper limit of normal was 5 µg/L. In addition,
serum antidrug antibody (ADA) levels were determined in blood samples, collected
day 1 before and 7 days after tracer infusion, with an electrochemiluminescent assay
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for patients imaged during AMG 211 treatment. Tumor CEA expression was verified in
archival tumor tissues. CEA membranous and cytoplasmic staining was scored as 3+ for
strong, 2+ for moderate, 1+ for weak, and 0 for absence of any staining. A tumor was
considered to express the CEA protein if at least 2+ protein expression was seen.

Statistical analysis

Statistical analyses were performed using SPSS Version 23. Unless stated otherwise, data
are shown as median with interquartile range (IQR) or range in case n ≤ 3. Associations

between parameters were calculated using the Spearman correlation test. P values <
0.05 were considered significant.

04

Results
Patient characteristics

Nine patients were enrolled between August 2016 and May 2017. The

89

Zr-AMG 211

PET imaging study was terminated in May 2017 because of the completion of the AMG
211 phase 1 study. 89Zr-AMG 211 PET imaging was performed in seven patients before

treatment with 6,400 µg/day AMG 211, in one patient during treatment with 12,800 µg/
day AMG 211, and in one patient PET imaging was performed before as well as during
treatment with 6,400 µg/day AMG 211. This makes the total number of PET series studied

10. Patient characteristics are shown in Table 1. CEA tumor expression was positive in all
seven patients, from whom archival tumor tissue was available.
89

Zr-AMG 211 healthy tissue biodistribution before AMG 211 treatment

Median radioactivity dose administered across all patients was 35.77 MBq (IQR 34.90 –
36.99 MBq). Due to technical reasons one 6 hour PET scan of one patient receiving 200
µg 89Zr-AMG 211 + 1,800 µg cold AMG 211 was not evaluable.

With 200 µg 89Zr-AMG 211 (n = 2), SUVmean in the blood pool at 3 hours was 2.2,

which decreased thereafter (Fig. 2A, B). The addition of 1,800 µg cold AMG 211 (n = 4)
resulted in a higher blood pool SUVmean of 4.0 (IQR 3.2 – 5.6) at 3 hours. The addition of
4,800 µg cold AMG 211 (n = 2) did not further increase blood pool SUVmean at any time

point. We therefore determined that 200 µg 89Zr-AMG 211 + 1,800 µg cold AMG 211 was
optimal for

89

89

Zr-AMG 211 PET imaging before AMG 211 treatment. The corresponding

Zr-AMG 211 serum half-life was 3.3 hour (Supplementary Table S1), indicating the

optimal time points for

89

Zr-AMG 211 PET imaging period to be around 3, and 6 hours
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after tracer administration. Figure 2D illustrates whole-body maximum intensity projection

PET images for all time points of one patient in whom imaging was performed before AMG
211 treatment using 200 µg 89Zr-AMG 211 + 1,800 µg cold AMG 211.

Table 1

Patient characteristics at baseline

Characteristic
Age, median years (range)

64 (51-79)

Sex
Male, n

7

Female, n

2

Body weight, median in kg (range)

79 (61-120)

Karnofsky performance status, n
100%

1

90%

3

80%

5

Tumor type, n
Appendix adenocarcinoma

1

Colorectal adenocarcinoma

6

Pancreatic adenocarcinoma

2

Tumor lesions ≥ 10 x 10 mm, median n (range)

6 (2-15)

Prior systemic non-curative therapies, n
1

1

2

3

3

5

AMG 211 treatment dose, n
6,400 µg/day for 28 days

8

12,800 µg/day for 28 days

1

Soluble serum CEA, in µg/L
Appendix adenocarcinoma

2

Colorectal adenocarcinoma, median (range)

130 (6-320)

Pancreatic adenocarcinoma

11, 21

Immunohistochemical CEA expression
on archival tumor tissue, n

80

Positive

7

Negative

0
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Healthy tissue biodistribution in the four patients who received 200 µg

89

Zr-

AMG 211 + 1,800 µg cold AMG 211 showed high (Fig. 2A) and prolonged (Fig. 3)
tracer uptake in the CD3-rich tissues spleen and bone marrow. Liver uptake at 3 hours

showed a SUVmean of 3.1 (IQR 2.4 – 3.5). AMG 211 was at that time already clearly being

excreted by the kidneys. Much lower uptake at 3 hours was observed in lung, bone,
muscle, abdominal cavity, brain and body fat (Fig. 2A). In all healthy tissues analyzed,
SUVmean was highest at 3 hours and decreased over time, except for the intestines, in

which the SUVmean increased from 1.9 (IQR 1.5 – 2.3) at 3 hours, to 2.5 (IQR 1.7 – 3.9) at

24 hours. Accumulation of 89Zr-AMG 211 was visually observed in the colon, but not in

other parts of the GI tract known to physiologically overexpress CEA, like the stomach

or esophagus.7 Healthy tissue biodistribution at 3 hours for all imaging dosing cohorts

is shown in Fig. 2A. Supplementary Table S2 shows median

89

Zr-AMG 211 uptake

in kidneys, liver, spleen, bone marrow, lung, and intestine across all imaging dosing
cohorts per PET scan time point.

In patients receiving 200 µg

89

Zr-AMG 211 + 1,800 µg cold AMG 211, at 3

hours 26.1 %ID was present in the blood pool, 0.4 %ID in the spleen, 6.1 %ID in the
liver, 32.7 %ID in the kidneys, and 3.6 %ID in the total fatty tissue. The %ID at 3 hours
across all imaging dosing cohorts is shown in Supplementary Fig. S1.
89

Zr-AMG 211 uptake in tumor lesions before AMG 211 treatment

A total of 61 tumor lesions ≥ 10 x 10 mm (median per patient: 8, range 2-14) were

identified based on a diagnostic CT scan (Supplementary Table S3). Of these lesions,

62% (n = 38) could be visualized on PET. In addition, visual tracer presence was
observed in four presumably malignant lymph nodes < 10 mm, and one lesion in the

sacral bone, which was positioned outside the view of the diagnostic CT scan. Fourteen
lesions were visible as “hot spots”, while liver (n = 27) and renal (n = 2) metastases

appeared visually as “cold spots” due to the relatively high uptake in the surrounding
healthy tissue. Of the 43 visible tumor lesions, 37 (86%) were PET-quantifiable

(Supplementary Table S3). Two renal lesions were considered not quantifiable due
to the extremely high uptake in the surrounding healthy kidney tissue, while four lymph

nodes suspected to be malignant were not quantifiable due to the small size of these
structures, which impeded quantification.

In the imaging dosing cohort given 200 µg 89Zr-AMG 211 + 1,800 µg cold AMG

211, a SUVmax of 4.0 (IQR 2.7 – 4.4) at 3 hours was found in tumor lesions, decreasing

to 2.8 (IQR 2.0 – 3.3) at 24 hours. A patient-based analysis showed a slower tumor

89

Zr-AMG 211 washout than from the blood pool and from most healthy tissues, except

for the spleen, bone marrow and intestines, indicating tracer specificity (Fig. 3).
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A

140
120
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200 µg

89

200 µg

89

Zr-AMG 211 ( n = 1)
Zr-AMG 211 + 1,800 µg cold AMG 211 ( n = 4)

200 µg

89

Zr-AMG 211 + 4,800 µg cold AMG 211 ( n = 2)

200 µg

89

Zr-AMG 211 after AMG 211 6,400 µg/day for 28 days ( n = 1)

200 µg

89

Zr-AMG 211 after AMG 211 12,800 µg/day for 28 days ( n = 1)
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Figure 2
89

Zr-AMG 211 healthy tissue biodistribution. A) 89Zr-AMG 211 healthy tissue biodistribution 3 hours post tracer administration for the

different dosing cohorts used for imaging before (green) and during (grey) AMG 211 treatment. Data shown as median SUVmean, error
bars. B) Nonlinear regression curve showing mean SUVmean in the blood pool measured in the thoracic aorta per PET scan time point
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6 hours

24 hours

continued

before AMG 211 treatment, and C) during AMG 211 treatment. D) 89Zr-AMG 211 maximum intensity projection images of one patient
imaged with 200 µg 89Zr-AMG 211 and 1,800 µg cold AMG 211 showing a rapidly decreasing uptake in heart and blood pool over
time. Healthy tissue biodistribution showed very high tracer presence in the kidneys and bladder, and high uptake in liver and spleen
across all PET scan time points. The PET scan performed 6 hours post tracer injection showed high uptake in a tumor lesion localized
in the upper lobe of the left lung (arrow).
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Fig. 4 is a heat map with log ratios for SUV across tumor lesions and healthy tissues for this

imaging dosing cohort, showing that the maximum voxel intensity in tumor lesions exceeds
the mean voxel intensity in healthy tissues, except for the kidneys. In the other imaging
dosing cohorts, at 3 hours a tumor lesion SUVmax of 2.9 (IQR 2.3 – 4.4) was found in the 200

µg 89Zr-AMG 211 cohort, and a tumor lesion SUVmax of 3.1 (IQR 2.7 – 5.3) was found in the

200 µg 89Zr-AMG 211 + 4,800 µg cold AMG 211 cohort. These findings also confirm that

200 µg 89Zr-AMG 211 + 1,800 µg cold AMG 211 is optimal for imaging.

In all imaging dosing cohorts, 89Zr-AMG 211 tumor uptake varied greatly within

and between patients. To study this heterogeneity in tumor lesion uptake, we used

the 6 hour PET scan with higher tumor-to-blood ratios than the 3 hour scan. Lesionbased analysis showed up to a nine-fold difference in

89

Zr-AMG 211 tumor lesion

uptake between patients, irrespective of tumor localization (Fig. 5). Moreover, Fig. 5

illustrates representative PET/CT scans from a patient showing highly heterogeneous
89

Zr-AMG 211 uptake across lung metastases. Patient-based analysis showed a five-

fold difference in tumor lesion tracer uptake within one organ.

Analysis of relation between tumor uptake and tumor response to AMG 211

treatment was not possible, as response evaluation after the second AMG 211 treatment

cycle could only be performed in two patients. In the other patients, treatment was
stopped prematurely due to either rapid clinical progressive disease (n = 4) or adverse

events (n = 1), and one patient did not start with AMG 211 treatment due to clinical
deterioration caused by tumor progression.

Zr-AMG 211 healthy tissue biodistribution and uptake in tumor
lesions during AMG 211 treatment
89

89

Zr-AMG 211 imaging immediately after the end of the second AMG 211 treatment

period was performed in two patients who received 28-days continuous IV treatment

with either 6,400 µg/day or 12,800 µg/day of AMG 211 per cycle. Due to completion
of the phase 1 treatment part of the study, no additional patients were enrolled in this
imaging dosing cohort.

During AMG 211 treatment, we observed a ~2-3-fold higher uptake in the

blood pool and a ~2-3-fold lower uptake in the kidneys when compared to imaging
before AMG 211 treatment (Fig. 2A, C).

89

Zr-AMG 211 serum half-life exceeded 16

hours in one patient (Supplementary Table S1). Seven tumor lesions with a size ≥ 10

x 10 mm were detected with diagnostic CT. None of these lesions, all located outside

the liver and kidneys, visually showed 89Zr-AMG 211 uptake. No lesions were identified
on PET that were not visible on diagnostic CT.
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Figure 3
Percentage change of tracer uptake between the 3 hours and 24 hours PET scan time points. Data is shown
for four patients who received 200 µg

89

Zr-AMG 211 + 1,800 µg cold AMG 211 before AMG 211 treatment.

Each individual patient is represented by either a square, circle, triangle or diamond.

Blood and urine pharmacokinetics
Whole blood and urine samples for

89

Zr-AMG 211 measurements were available for

eight patients who underwent imaging before AMG 211 treatment. The SUV equivalents
of ex vivo measurements of blood samples at 3, 6, 24 and 48 hours correlated well with

PET-derived SUVmean blood pool values (Spearman correlation coefficient = 0.983, P ≤

0.01). In urine, uptake at 3 hours ranged from 13.7 in n = 1 patient receiving 200 µg

89

Zr-AMG 211 to 35.1 in n = 2 patients receiving 200 µg 89Zr-AMG 211 + 4,800 µg AMG

211. In the 200 µg 89Zr-AMG 211 + 1,800 µg AMG 211 cohort, the highest radioactivity
(28.7 at 3 hours) was measured in urine of one diabetic patient with proteinuria.
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Figure 4
Heat map and absolute uptake of healthy tissues and tumor lesions. The heat map shows log ratios obtained
by dividing the

89

Zr-AMG 211 uptake expressed in SUVmax in tumor lesions by uptake expressed in SUVmean

in healthy tissues across patients in whom imaging was performed before AMG 211 treatment using 200 µg
89

Zr-AMG 211 and 1,800 µg cold AMG 211. Quantification of

89

Zr-AMG 211 uptake across healthy tissues

and tumor lesions is shown in the histograms. Data is based on

89

Zr-AMG 211 SUVs at 3 hours in visible

tumor lesions (liver, soft tissue, and lung) across n = 3 patients and healthy tissue (blood pool, bone marrow,
intestine, kidney, liver, lung, and spleen) across n = 4 patients. Tumor lesions of one patient were not PET
quantifiable.
Abbreviation: Mets, metastases.
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A median of 96.07% (IQR 95.84 – 96.19) of

89

Zr-AMG 211 was unbound in

plasma, and 2.56 % (IQR 2.07 - 3.07) was bound to buffy coat at 3 hours. 89Zr-AMG 211

was intact in plasma while in urine 89Zr-AMG 211 was mostly present in degraded form
(Fig. 6).

Soluble CEA and determination of antidrug antibodies

Two patients had high serum soluble CEA levels at screening, while the levels in the
other patients ranged between 2.4 and 42.8 µg/L. In one patient who received 200 µg
89

Zr-AMG 211, the CEA level was 217 µg/L, while in the other patient who received 200

µg

89

Zr-AMG 211 + 1,800 µg cold AMG 211, this level was 320 µg/L. In both patients,

imaging was performed before AMG 211 treatment and showed, in comparison to

patients from the same imaging dosing cohort, the highest tracer presence in the blood
pool.

04
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B

Figure 5
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continued

Heterogeneous tumor uptake illustrated by

89

Zr-AMG 211 PET imaging. A) Patient with lung metastases of

colon cancer imaged 6 hours post tracer injection with 37 MBq 200 µg

89

Zr-AMG 211 + 1,800 µg cold AMG

211. Transverse plane of fused PET/CT (low-dose CT) of the chest showing high tracer presence in aortic
arch (grey arrow) and high uptake in a lung metastasis with a SUVmax of 11.3 (white arrow), while another lung
metastasis did not show visual tracer uptake (green arrow), and B) high tracer presence in the heart (green
arrow) and uptake in a lung metastasis with a SUVmax of 2.6 (white arrow). C) Heterogeneous

89

Zr-AMG 211

uptake in tumor lesions within and in between patients on PET imaging before AMG 211 treatment. Uptake
expressed in SUVmax (on y-axis) at 6 hours post tracer administration, bars display median tumor uptake. Each
imaging dosing cohort is represented by a symbol: circle = 200 µg 89Zr-AMG 211; triangle = 200 µg 89Zr-AMG
211 + 1,800 µg cold AMG 211; and square = 200 µg 89Zr-AMG 211 + 4,800 µg cold AMG 211.
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Figure 6
89

Zr-AMG 211 integrity analysis. Tracer integrity analysis in A) one non-diabetic patient, and B) one diabetic

patient known to have microscopic diabetic proteinuria showing intact

89

Zr-AMG 211 at plasma for 24 hours

and degraded Zr-AMG 211 in urine. In the diabetic patient high molecular weight protein was found in urine.
89

Abbreviations: H, hours; HMW, high molecular weight; LMW, low molecular weight.
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No induction of ADAs by tracer dose was observed in patients in whom

imaging was performed before AMG 211 treatment. When imaging was performed

during AMG 211 treatment, ADAs were measured in serum one week after tracer
administration in both patients.

Adverse events

No 89Zr-AMG 211-related toxicity was seen, apart from known adverse events of AMG 211

itself. Two patients, one participating in the 200 µg 89Zr-AMG 211 imaging dosing cohort
and the other in the 200 µg

Zr-AMG 211 + 4,800 µg cold AMG 211 imaging dosing

89

cohort, experienced fever and/or chills. The first patient also experienced headache. All
adverse events occurred within 24 hours after tracer administration and are most likely due
to cytokine release. Adverse events were CTCAE grade 1, and resolved spontaneously or
after administration of acetaminophen.

Discussion
This is the first-in-human PET imaging study with a small bispecific T-cell engager
antibody construct. With

89

Zr-labeled AMG 211 targeting CEA/CD3, high specific

tracer accumulation was observed in CD3-rich lymphoid tissues such as the spleen,
and bone marrow and in tumor lesions.

89

Zr-AMG 211 was rapidly cleared from the

blood pool by excretion via the kidneys, while uptake in tumor lesions persisted. Tumor
lesions showed a clear but heterogeneous uptake within and between patients with
gastrointestinal adenocarcinomas.

To date, more than one hundred bispecific antibodies have been developed,

including BiTE antibody constructs, dual-affinity re-targeting antibodies and full-length
antibodies.1,24 It is well acknowledged that their development for clinical use has been

more challenging for this “high hanging fruit” compared to conventional monoclonal
antibodies.1 The two arms differ in binding affinity for targets, which consequently

might affect tissue distribution and accumulation in vivo. In human CD3 expressing
transgenic immunocompetent mice bearing a murine tumor transfected with human
HER2, the distribution of a HER2/CD3 full-length bispecific antibody was predominantly

determined by the CD3 arm.25 This is because high affinity for CD3 reduced the

systemic exposure and shifted antibody distribution away from tumors to T-cell

containing tissues.25 Moreover, side effects in cynomolgus monkeys were dependent

on the affinity of the CD3 part of a full-length CLL-1/CD3 bispecific antibody, with the

90
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high-affinity variant being poorly tolerated because of extensive cytokine release.26 In

mice co-grafted with CEA expressing tumor cells, injected into the flank, and human

peripheral blood mononuclear cells, fluorescence imaging with a CEA/CD3 full-length

bispecific antibody showed tumor-specific accumulation mainly through CEA binding,
with only minor contributions from CD3 binding.27 This antibody has a monovalent low

affinity for CD3, in comparison to a higher bivalent affinity for CEA. With respect to
AMG 211, binding affinity is also higher for CEA than for CD3, with an equilibrium
dissociation constant of 5.5 nM for CEA and 310 nM for CD3.28 Despite the lower affinity

for CD3, we observed high

89

Zr-AMG 211 uptake in the spleen, and bone marrow.

Since the CD3 protein complex is a defining feature of the T-cell lineage, uptake in
lymphoid tissues known to be T-cell reservoirs indicate tracer specificity.29 The

89

Zr-

AMG 211 accumulation we observed in the spleen and bone marrow likely represent

CD3-mediated uptake. However, this finding should be interpreted with some caution,
since for some patients uptake in spleen and bone marrow was lower than observed
in the blood pool. This could indicate that to some extent tracer uptake is non-specific,
or tissue target saturation was reached. In the gastrointestinal tract, visual tracer

accumulation was limited to the intestines, which may reflect tracer excretion in the
gut and feces as well as CEA and CD3-mediated tracer uptake in gut tissue. Uptake

increased over time up to the 24 hours time point, indicating that more time is needed
for tracer penetration into gastrointestinal tissues than into organs with a rich blood
supply like kidneys and liver.

We clearly observed uptake in tumor lesions that persisted longer than tracer

presence in the blood. These SUVs were higher than expected based on preclinical

data in mice bearing CEA-expressing LS174T human colorectal adenocarcinoma

xenografts.14 Moreover, in the clinical setting the CD3 arm can be studied, which
is not possible in the preclinical mouse-mouse environment since AMG 211 is not

cross-reactive with mouse CD3. Non-invasive whole-body PET imaging studies used
to investigate biodistribution of other drugs have shown considerable heterogeneity

regarding tracer uptake in tumor lesions.30-32 We observed also striking intra- and interpatient heterogeneity in 89Zr-AMG 211 tumor accumulation before AMG 211 treatment.

This might reflect the fact that tracer accumulation is dependent on target expression as

well as delivery by tumor vasculature, and tissue permeability.33 Immunohistochemical

target staining of multiple tumor lesions within one patient might have shed light on
these difference with regards to the role of target expression. However multiple biopsies
were not part of this trial. Data on heterogeneity was lacking in the small studies

which reported tumor uptake of full-length bispecific antibodies.12,13 In 1996, the first

attempts to radiolabel bispecific antibody OC/TR F(ab’)2 (folate-binding protein-CD3)
were made in a small single-photon emission computed tomography study in patients
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suspected to have ovarian cancer. The tumor could be visualized in two out of three

patients, but the study was stopped prematurely because of unexpected severe tracer
related toxicity due to cytokine release at doses as low as 0.1 mg.12 More recently, a

preliminary report described

89

Zr-labeled cergutuzumab amunaleukin (CEA-IL2v) PET

in 23 patients with solid tumors, showing CEA mediated accumulation in tumors and

uptake in lymph nodes and spleen.13 Uptake in these lymphoid organs, 5 days after

tracer administration, was higher than observed in our study, likely due to the relatively
long half-life of full-length antibodies, enabling prolonged tracer exposure.

Our bispecific antibody construct is small (55 kDa), resulting in a short tracer

half-life as determined via a 1-phase decay model. Fast serum tracer clearance was

also found in PET studies with other small-sized antibody-related radiolabeled ~100
kDa F(ab’)2 fragments of trastuzumab or ~15 kDa nanobodies developed as diagnostics
in breast cancer patients.34-36 These kinetics therefore require imaging assessments at

earlier time points in comparison to ~150 kDa monoclonal antibodies, for which scans
are generally performed 4-7 days after tracer administration, thus matching the halflife of these compounds.30-32,37 The small size of a BiTE antibody construct leads to

fast renal clearance.38 For this reason, the drug was administered as continuous IV

infusion.11 Interestingly currently BiTE antibody constructs are being developed, which
contain a Fc-domain.39,40 This increases their size and leads to an enhanced serum

half-life. In non-human primates, the serum half-life of various BiTE antibody constructs
was extended from 6 to 44-167 hours by the addition of a Fc-domain or albumin.39

These larger BiTE antibody constructs exceed the renal filtration threshold of 60 kDa.

In our study, AMG 211 treatment clearly altered 89Zr-AMG 211 biodistribution,

leading to high and sustained

89

Zr-AMG 211 presence in the blood pool, which could

reflect tissue target saturation. These findings support the continuous IV infusion

approach to deliver uninterrupted therapeutic pressure by maintaining AMG 211
exposure of the tumor.2,10 In addition, the absence of tumor lesion visualization might

be indicative of tumor target saturation. While a ~10-25% reduced uptake in tumor

lesions after treatment has been shown via serial PET imaging for two membrane
receptor targeting antibody tracers, clear evidence of tumor saturation was not found

in these studies.30,32 Also, other factors like perfusion and anatomical location could be

responsible for lack of tumor visualization we observed in patients imaged during AMG

211 treatment. We observed ADAs in both patients in whom imaging during AMG 211

treatment was performed. Previously, in a phase 1 study ADAs were present in 48%
of patients who received AMG 211 treatment on day 1-5 in 28-days cycles,10 despite

the fact that BiTE antibody constructs are thought to be less immunogenic due to the
lack of an Fc domain in comparison to full-length antibodies.41 AMG 211 comprises a
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humanized CEA arm and a de-immunized CD3 arm, therefore mouse residues remain

which may be one cause for ADA generation in the absence of an Fc domain. The

presence of ADAs might have altered 89Zr-AMG 211 pharmacokinetics and could have

led to a reduced 89Zr-AMG 211 availability in the blood pool by triggering an additional

clearance pathway through immune complex formation and subsequent degradation
through phagocytic cells in the liver and spleen.42

Conclusion
In the present study we demonstrated that imaging with 89Zr-AMG 211 is very informative

regarding CEA/CD3 BiTE antibody construct whole-body biodistribution and tumor
targeting. We showed CD3-specific tracer accumulation in lymphoid organs and clear

tumor uptake that was highly heterogeneous, both within and between patients. This

approach can support rational trial design for such innovative antibody targeting
strategies.
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Supplementary methods
89

Zr-AMG 211 administration

The tracer

89

Zr-AMG 211, with or without cold AMG 211, was administered over 3

hours, based on the maximum tolerated dose that was assessed in the AMG 211 phase
1 study at the time the protocol was written. If patients received only 200 µg 89Zr-AMG

211, this was administered in 3 hours. In the 200 µg

89

Zr-AMG 211 + 1,800 µg cold

AMG 211 group, cold AMG 211 was administered first in 162 minutes, followed by 89Zr-

AMG 211 in 18 minutes, while this was 173 minutes and 7 minutes in patients receiving
200 µg

89

Zr-AMG 211 + 4,800 µg cold AMG 211, respectively. When imaging was

performed immediately after the end of the second AMG 211 treatment period, 200 µg

89

Zr-AMG 211 infusion over 3 hours was started within 30 +/- 5 minutes after completion

of AMG 211 continuous IV infusion.

Calculations

AMIDE output (activity concentration in Bq/cc) was used to calculate the standardized
uptake value (SUV) of every volume of interest (VOI) with the following formula:

Subsequently, for all VOIs, the percentage injected tracer dose per kilogram (%ID/kg)
was calculated with the following formula:

Injected activity was corrected for decay between moment of tracer injection and time
of scanning (under the assumption of a tissue density of 1 kg/L).
89

Zr pharmacokinetics

Radioactivity was measured in 1 mL whole blood and 1 mL urine with a calibrated
well-type gamma-counter (LKB Instruments). The SUV on PET in the blood pool was
correlated to the calculated SUV in blood samples at each PET scan time point.
To assess binding of

89

Zr-AMG 211 to immune cells, 4 mL of whole blood

collected at each PET scan time point was separated by Ficoll-Paque PLUS. Plasma,
buffy coat and remaining sample including erythrocytes and granulocytes were

collected after centrifugation, and radioactivity was determined with a gamma counter.
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Buffy coat, containing platelets and most leukocytes, was isolated and washed with

phosphate buffered saline (140 mM NaCl, 9 mM Na2HPO4, 1.3 mM NaH2PO4, pH =
7.4). Radioactivity in plasma, buffy coat and remaining blood was expressed as % of
total radioactivity in blood.
To study

89

Zr-AMG 211 integrity, Mini-PROTEAN®TGX™ Precast Gels (10%;

Bio-Rad) were loaded with 5 µL plasma and 1 µL urine collected at each PET scan time
point, together with

89

Zr-AMG 211 as a positive control. Gels were exposed overnight

to phosphor imaging screens (Perkin Elmer) in X-ray cassettes. The screens were read
using a Cyclone Storage Phosphor System (Perkin Elmer) and Optiquant™ software

version 3.00. Molecular weight was verified using ProSieve™ color protein maker
(Lonza).
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Supplementary Figure S1
89

Zr-AMG 211 presence in healthy tissues at 3 hours expressed as %ID. Each dot represents one patient, and

the different imaging dosing cohorts are represented by symbols either in green (before AMG 211 treatment)
or in grey (during AMG 211 treatment): circle = 200 µg 89Zr-AMG 211; triangle = 200 µg 89Zr-AMG 211 + 1,800
µg cold AMG 211; square = 200 µg

89

Zr-AMG 211 + 4,800 µg cold AMG 211; diamond = 200 µg

211 after AMG 211 6,400 µg/day for 28 days; hexagon = 200 µg

89

89

Zr-AMG

Zr-AMG 211 after AMG 211 12,800 µg/

day for 28 days.

99

Chapter 04

Supplementary Table S1

Calculated 89Zr-AMG 211 serum half-life
200 µg 89Zr-AMG 211
Before treatment

During treatment

Added cold AMG 211 dose (µg)

0

1,800

4,800

0

0

AMG 211 treatment dose (µg/day)

6,400

6,400

6,400

6,400

12,800

Number of patients

2

4

2

1

1

Serum half-life

2.4

3.3

2.6

3.5

16.4

Weight (kg)*

73

84

87

81

84

eGFR (mL/min*1.73 m2)*

107

88

90

82

70

* In case n > 1 data is shown as mean.

Supplementary Table S2
			

Median 89Zr-AMG 211 SUVmean in healthy tissues per dosing
cohort and per PET scan time point

200 µg 89Zr-AMG 211
Before treatment

During treatment

Added cold AMG 211 dose (µg)

0

1,800

4,800

0

0

AMG 211 treatment dose (µg/day)

6,400

6,400

6,400

6,400

12,800

Number of patients

2

4

2

1

1

Kidney, 3 hours

87.2*

89.0

94.1

52.7

30.1

Kidney, 6 hours

95.8

90.1

112.6

73.5

36.4

Kidney, 24 hours

75.7

96.0

111.2

99.6

41.7

Liver, 3 hours

4.5*

3.1

4.7

3.4

4.2

Liver, 6 hours

4.1

2.9

4.0

3.9

3.9

Liver, 24 hours

4.5

2.0

3.8

3.6

5.7

Spleen, 3 hours

2.9*

3.2

4.4

3.4

3.4

Spleen, 6 hours

2.3

3.1

3.3

3.0

2.7

Spleen, 24 hours

1.5

1.4

2.7

2.5

1.8

Bone marrow, 3 hours

1.0*

1.8

1.6

1.6

2.6

Bone marrow, 6 hours

0.9

1.0

1.4

1.2

1.6

Bone marrow, 24 hours

0.9

1.0

0.7

1.0

2.0

Intestine, 3 hours

3.0*

1.9

1.1

3.9

1.6

Intestine, 6 hours

2.8

1.9

2.7

3.0

1.6

Intestine, 24 hours

3.8

2.5

3.2

3.4

0.9
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Supplementary Table S2

continued
200 µg 89Zr-AMG 211
Before treatment

During treatment

Added cold AMG 211 dose (µg)

0

1,800

4,800

0

0

AMG 211 treatment dose (µg/day)

6,400

6,400

6,400

6,400

12,800

Number of patients

2

4

2

1

1

Lung, 3 hours

0.5*

0.6

0.9

1.0

1.0

Lung, 6 hours

0.3

0.4

0.5

0.8

0.9

Lung, 24 hours

0.1

0.2

0.2

0.2

0.6

* This data is based on n = 1 patient since in the other patient in the same dosing cohort PET imaging was
not performed 3 hours post tracer infusion.

Supplementary Table S3
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Quantifiable tumor lesions on 89Zr-AMG 211 PET

Patient

Lesion

Organ

axis (mm)*

3 hours

6 hours

24 hours

1

1

Lung

25

ND

2.0

1.4

2

Lung

18

ND

1.7

2.6

3

Liver

40

ND

3.9

3.4

4

Liver

16

ND

2.6

4.2

5

Liver

52

ND

1.4

2.6

6

Liver

73

ND

3.5

4.5

7

Liver

38

ND

3.8

4.1

8

Liver

45

ND

4.6

5.8

9

Liver

42

ND

4.2

4.2

10

Liver

52

ND

5.0

3.7

11

Liver

36

ND

3.2

4.2

12

Liver

20

ND

4.2

4.0

13

Bone

ND

3.2

1.3

1

Liver

63

4.8

3.5

3.1

2

Liver

67

3.0

3.5

3.8

3

Liver

39

2.8

2.6

3.9

4

Liver

54

2.1

1.3

3.4

1

Lung

22

4.0

2.5

2.8

2

3

Longest

Tumor uptake (SUVmax)
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Supplementary Table S3
Patient

5

7

8

Lesion

continued

Organ

Longest

Tumor uptake (SUVmax)

axis (mm)*

3 hours

6 hours

24 hours

2

Lung

45

2.3

3.0

2.0

3

Lung

26

4.0

3.5

1.9

4

Lung

15

2.4

11.3

3.3

1

Colon

63

3.1

3.8

2.9

2

Lymph node 39

7.6

5.9

2.9

3

Liver

60

2.8

1.5

1.7

4

Liver

49

4.8

1.8

1.6

5

Liver

46

5.3

3.3

3.0

6

Liver

48

2.7

4.2

3.3

7

Liver

49

2.1

5.6

4.4

1

Soft tissue

63

1.4

NE

1.9

2

Liver

19

4.6

NE

3.4

3

Liver

26

4.0

NE

4.1

4

Liver

46

3.0

NE

2.5

5

Liver

34

4.4

NE

2.1

6

Liver

64

3.0

NE

1.4

7

Liver

27

4.4

NE

5.9

8

Liver

27

4.5

NE

3.0

1

Liver

49

3.8

2.7

1.1

* As measured on diagnostic CT.
Abbreviations: ND, not done; NE, not evaluable due to technical reasons.
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Abstract
Glypican 3 (GPC3), a membrane-bound heparan sulfate proteoglycan, is overexpressed

in ~70-80% of hepatocellular carcinomas (HCCs), but uncommonly expressed in healthy
tissues. This raised interest in GPC3 as drug target, and several GPC3-targeting drugs

are in clinical development. We therefore predicted GPC3 protein overexpression
across tumors and validated these predictions. Functional genomic mRNA (FGmRNA)
profiling was applied to expression profiles of 18,055 patient-derived tumor samples

to predict GPC3 overexpression at the protein level in 60 tumor types and subtypes
using healthy tissues as reference. For validation, we compared predictions with 1)

immunohistochemical (IHC) staining of a breast cancer tissue microarray (TMA) and 2)
literature data reporting IHC GPC3 overexpression in various solid, hematological and

pediatric tumors. The percentage of samples with predicted GPC3 overexpression was
77% for HCCs (n = 364), 45% for squamous cell lung cancers (n = 405), and 19% for

head and neck squamous cell cancers (n = 344). Breast cancer TMA analysis showed

GPC3 expression ranging from 12%-17% in subgroups based on ER and HER2 receptor
status. In 28 out 34 tumor types for which FGmRNA data could be compared with IHC
there was a relative difference of ≤10%. This study provides a data-driven prioritization
of tumor types and subtypes for future research with GPC3 targeting therapies.
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Introduction
In personalized medicine identification of targetable tumor specific or tumor

associated characteristics to increase therapeutic possibilities in cancer patients is

of great value. Although many treatment protocols have been enhanced with novel
drugs including molecularly targeted agents that inhibit specific oncogenic “driver”
pathways, not all patients benefit since driver targets are not available for all tumor
types. Interestingly, antigen targets for novel therapeutic approaches like bi-specific

antibodies, antibody-drug conjugates, antibodies or antibody fragments fused with a
toxin, radioimmunoconjugates and chimeric antigen receptors (CARs), do not have
to be drivers of tumor growth because their task is to serve as an anchor to bind the
compounds. This clearly increases the total number of available antigen targets in
cancer.

In this context, glypican 3 (GPC3), a membrane-bound heparan sulfate

proteoglycan, is an interesting antigen target. During embryogenesis, GPC3 is
abundantly expressed in multiple tissues.1 After birth, GPC3 expression is rarely
observed in healthy tissues, although overexpression is seen in regenerating tissues.2

For example, GPC3 overexpression is present in up to 83% of chronic non-tumor
cirrhotic livers, while expression in healthy liver tissue and benign liver lesions is rare.3-8

In addition, GPC3 overexpression is found in several tumors, most notably in ~70-80%
hepatocellular carcinomas (HCCs), but also in yolk sac tumors, gastric carcinoma,
colorectal carcinoma, non-small cell lung cancer and thyroid cancer.9-17

GPC3 has specific characteristics which make it a potentially attractive drug

target: protein expression is absent or at low levels in healthy adult tissues, it is located
at the cell surface and it is overexpressed by several tumor types. In this respect,

it is critical to have good insight into its overexpression across several tumor types.
Immunohistochemical (IHC) analysis enables investigation of protein overexpression
of GPC3 in various tumor types and subtypes. However, gaining insight into a broad
range of tumors using IHC screening for the presence of this drugable target is time

consuming and demands many resources. We therefore used functional genomic

mRNA profiling (FGmRNA profiling) to predict overexpression of GPC3 at the protein
level.18 An advantage of this method is that it can correct a gene expression profile of

an individual tumor for physiological and experimental factors that may not be relevant
for the observed tumor phenotype.

In our study, we applied FGmRNA profiling to a large database containing a

broad spectrum of tumor types and subtypes to predict GPC3 protein overexpression
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for each tumor type/subtype, using healthy tissue samples as reference. We then

validated the predictions from FGmRNA profiling by comparing them with IHC staining
of a breast cancer tissue microarray (TMA), derived from tumors of an independent set

of patients. In addition, predicted GPC3 overexpression was compared with historical
GPC3 protein overexpression IHC data derived from the literature.

Materials and methods
Acquisition of expression data

Publicly available microarray expression data was extracted from the Gene Expression
Omnibus (GEO).19 GEO accession numbers were provided as Supplementary Table

S1. The analysis was restricted to the Affymetrix HG-U133 Plus 2.0 (GPL570) platform

(Affymetrix, Santa Clara, CA). For each sample, metadata including patient information

and experimental conditions was collected in the Simple Omnibus Format in Text
(SOFT) file format. We selected relevant samples using a two-step approach: automatic

filtering on relevant keywords followed by manual curation. Samples were retained when
raw data (CEL files) was available and when the samples were representative tumor
tissue samples of patients or healthy tissue samples. Pre-processing and aggregation

of raw data was performed according to the robust multi-array average algorithm with

RMAExpress (version 1.1.0) using the latest CDF file from Affymetrix.20 Quality control
of the resulting expression data was carried out as previously described.18,21,22 A MD5

(message-digest algorithm 5) hash for each individual CEL file was used to identify and
remove duplicate CEL files. For the breast cancer cohort, receptor status was collected
or inferred as described previously.23-25

Predicting protein overexpression of GPC3 with FGmRNA profiling

The FGmRNA profiling method is described in detail in Fehrmann et al.18 In short,

we analyzed 77,840 expression profiles of publicly available samples with principal
component analysis and found that a limited number of transcriptional components

(TCs) captured the major regulators of the mRNA transcriptome. Subsequently, we

identified a subset of TCs that described non-genetic regulatory factors. We used these
non-genetic TCs as covariates to correct microarray expression data and observed

that the residual expression signal (i.e. FGmRNA profile) captured the downstream
consequences of genomic alterations on gene expression levels.

We then predicted the percentage of samples per tumor type, including
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relevant subgroups, based on histotype (e.g. adenocarcinoma) or receptor status (e.g.
breast cancer) with an increased FGmRNA signal for GPC3, which we used as a proxy

for protein overexpression. The threshold was defined in the set of FGmRNA profiles
of healthy tissues by calculating the 97.5th percentile for the FGmRNA signal of GPC3.
For each tumor sample, GPC3 was marked as overexpressed when the FGmRNA signal

was above the 97.5th percentile threshold as defined in the healthy tissue samples. As
the Affymetrix HG-U133 Plus 2.0 platform contains two probes representing GPC3, we
systematically reported the highest percentage of samples with an increased FGmRNA
signal.

Immunohistochemical GPC3 staining of breast cancer TMA

Seven breast cancer TMAs containing residual tumor samples of patients treated

for primary breast cancer in the University Medical Center Groningen between 1996
and 2005 were stained for GPC3. TMA construction and validation for breast cancer

was described previously.26,27 In brief, TMAs were constructed as follows: the most
representative tumor area was marked on a hematoxylin and eosin (H&E)-stained

section. Using the H&E-stained section for orientation, three 0.6 mm cores were taken
from the selected area in the donor blocks and mounted on a recipient block, using

a manual TMA device (Beecher Instruments, Silver Springs, MD). After this, 3 µm
sections were cut from these TMA blocks using a standard microtome.

Tumor samples were stained using an anti-GPC3 antibody (clone 1G12,

dilution 1:100, BioMosaics, Burlington, VT) on an automated Benchmark Ultra stainer

(Ventana Medical Systems Inc., Tucson, AZ). Normal placenta was used as a positive
control and normal kidney tissue as a negative control.

Two authors (KLM and DJAdG) independently scored three cores of each

tumor sample for intensity of staining. Immunostains were excluded from IHC analysis
if they were unrepresentative or unscorable due to technical issues (e.g. incomplete

tissue transfer to microscopic slide). The staining intensity was semi quantitatively
scored as 0 (negative), 1+ (weak), 2+ (moderate) and 3+ (strong), as described by
Hirabayashi et al.6 A tumor sample was considered positive when weak, moderate or

strong GPC3 staining was seen in at least 5 percent of tumor cells within at least one
core. When staining was present in > 1 core of one tumor sample we consistently

reported highest staining intensity. Different staining patterns (cytoplasmic or nuclear)
were described. In case of a discrepancy between the two observers, a breast
pathologist (BvdV) independently scored the tumor sample during a consensus
meeting and a final verdict was reached.
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Literature search

To collect IHC data for GPC3 protein overexpression in cancer, we searched PubMed

in April 2017 for relevant articles published in English. The following search terms
were used in different combinations and spelling variants: “immunohistochemistry”,
“expression”, “glypican 3”, “GPC3”, “cancer”, “tumor”. The retrieved articles were
completely screened for presence of IHC staining of patient tumor tissue. Case-reports
and reviews were excluded. Subsequently, the number of tumor samples analyzed,

and the percentages of tumor samples marked as GPC3 positive were recorded per

tumor type and per article. GPC3 positivity was defined as being present when it

was determined as positive in the original article. In addition, ClinicalTrials.gov was
searched for on-going studies with GPC3-directed therapies on June 26, 2017. The
search terms [GPC3] or [glypican] were used.

Results
Predicted protein overexpression of GPC3 by FGmRNA profiling

We identified 18,055 samples representing 60 tumor types, including relevant
subgroups, and 3,520 samples representing 22 healthy tissue types. The median

number of tumor samples analyzed per tumor type or subtype was 88 (interquartile
range (IQR) 33-343), ranging from 7 in Burkitt lymphoma to 2,710 in colorectal cancer.
A predicted GPC3 overexpression rate in 77% of samples was observed for

HCC, 45% for squamous cell lung cancer, 19% for head and neck squamous cell
cancer (HNSCC), and 18% for squamous cell esophageal cancer. In lung cancer and

esophageal cancer, the squamous cell histological subtype showed higher predicted
GPC3 overexpression as compared to adenocarcinomas.

In breast cancer, the predicted GPC3 overexpression was receptor status

dependent with 13% for estrogen receptor (ER)-positive, 7% for HER2-positive, 14%
for ER-positive/HER2-positive, and 8% for triple negative breast cancers (TNBC). In
total, 22 out of 60 tumor types and subtypes studied showed predicted overexpression

in ≥ 10% of samples (Figures 1-3). Predicted GPC3 overexpression in at least 1% of
samples was found in 51 out of 60 tumor types and subtypes, including 8% for prostate

cancer and 7% for colorectal cancer. Predicted GPC3 protein overexpression for all

tested solid- , hematological-, and pediatric tumors is shown in Figures 1-3, additional
information is provided as Supplementary Table S2.
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Thyroid cancer

Periampullary cancer

Pancreas cancer

Hepatocellular carcinoma

Gastric cancer

Esophageal squamous cell carcinoma
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0
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Pediatric cancer

cancer

Hematological
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T-cell lymphoma

Primary CNS lymphoma

Mantle cell lymphoma

Follicular lymphoma
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Burkitt lymphoma

Chronic lymphoblastic leukemia
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Acute lymphoblastic leukemia

171

96

0

342

0
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0
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0
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Figure 1

legend

GPC3 overexpression rates in solid tumor types as determined with FGmRNA profiling or IHC analyses
derived from our breast cancer TMA or literature data. The x-axis presents the percentage of samples with
overexpression of GPC3. Tumor types including relevant subgroups are shown on the y-axis.
Abbreviations: ER, estrogen; FGmRNA, functional genomic mRNA; GPC3, glypican 3; HER2, human
epidermal growth factor receptor 2; IHC, immunohistochemical; TMA, tissue microarray; TNBC, triple negative
breast cancer.

Figure 2

legend

GPC3 overexpression rates in solid tumor types as determined with FGmRNA profiling or IHC analyses in
literature. The x-axis presents the percentage of samples with overexpression of GPC3. Tumor types including
relevant subgroups are shown on the y-axis.
Abbreviations: FGmRNA, functional genomic mRNA; GPC3, glypican 3; HNSCC, head and neck squamous
cell cancer; IHC, immunohistochemical.

Figure 3

legend

GPC3 overexpression rates in hematological and pediatric tumors as determined with FGmRNA profiling or
IHC analyses in literature. The x-axis presents the percentage of samples with overexpression of GPC3. Tumor
types are shown on the y-axis.
Abbreviations: CNS, central nervous system; FGmRNA, functional genomic mRNA; GPC3, glypican 3; IHC,
immunohistochemical.
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Table 1

Immunohistochemical analysis of GPC3 overexpression in a breast cancer
tissue microarray containing 391 tumor samples
Number of GPC3

Number of tumor

Number of tumor
samples showing

positive tumor

samples showing

Tumor receptor status

samples (%)

cytoplasmic staining*

nuclear staining*

ER-positive

28/211 (13%)

7 IHC1+, 6 IHC2+

6 IHC1+, 9 IHC2+

HER2-positive†

5/30 (17%)

2 IHC1+, 1 IHC2+

3 IHC1+

2 IHC1+, 2 IHC2+, 1 IHC3+

5 IHC1+

1 IHC1+, 1 IHC2+, 3 IHC3+

2 IHC1+

ER-positive/HER2-positive 10/86 (12%)
TNBC

7/56 (13%)

* Subdivided into staining intensity; † One core showed both cytoplasmic (IHC2+) and nuclear (IHC2+) staining
and is therefore represented twice in the table.
Abbreviations: ER, estrogen; HER2, human epidermal growth factor receptor 2; GPC3, glypican 3; IHC,
immunohistochemically; TNBC, triple negative breast cancer.
05

IHC determined protein overexpression of GPC3 in a breast cancer TMA
A total of 391 tumor samples, with on average 2.74 assessable cores per tumor were
studied. GPC3 overexpression ranged from 12% to 17% in subgroups based on ER and
HER2 receptor status (Table 1). Both GPC3 cytoplasm and nuclear staining patterns of
tumor cells were present in various intensities. Figure 4 shows representative staining

patterns of GPC3 in breast cancer. Thirty tumor samples were unrepresentative or
unscorable and were therefore excluded from analyses.

Literature based GPC3 protein expression

In total, 166 studies were identified that used IHC to determine GPC3 protein overexpression

in 107 different tumor types and subtypes in 20,653 tumor samples. The number of samples
analyzed per tumor type and subtype varied between 1 for Hürthle cell thyroid cancer to

8,446 for HCCs, with a median of 49 (IQR 18-147). In total 19 different antibodies were
used of which the 1G12 monoclonal antibody from BioMosaics, 1G12 from Cell Marque,
Rocklin, CA and 1G12 from Santa Cruz Biotechnology, Dallas, TX were most frequently
applied. Seventy different GPC3 positivity scoring systems were used.
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A

B

C

D

E

F

Figure 4
Representative examples of immunohistochemistry GPC3 staining results. Magnification 40x. Positive GPC3
staining is shown in brown. A) Strong nuclear staining of GPC3 in breast cancer. B) Weak nuclear staining
of GPC3 in breast cancer. C) Strong GPC3 cytoplasm staining in breast cancer. D) Weak GPC3 cytoplasm
staining of breast cancer. E) Strong GPC3 staining in placenta tissue (positive control). F) Negative staining of
GPC3 in kidney tissue (negative control).
Abbreviation: GPC3, glypican 3.
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Table 2

Published results regarding immunohistochemically measured GPC3 		
overexpression in tumors
Median GPC3
Number of

positivity

Number of

patients

across all

manuscripts

reported

manuscripts

Ductal

2

147

5

Lobular

2

94

12

Astrocytoma

3

78

0

Atypical teratoid rhabdoid tumor

3

34

77

Ependymoma

2

24

4

Glioblastoma

2

62

1

Meningioma

2

59

3

Neuroblastoma

2

171

2

Oligodendroglioma

2

37

2

Anaplastic

2

22

0

Follicular

3

60

67

Medullary

2

15

40

Papillary

6

239

25

Anal SCC

3

25

20

Cholangiocarcinoma

12

173

0

0-8

Cholangiocarcinoma, intrahepatic

11

417

2

0-6

Colorectal adenocarcinoma*

7

348

2

0-59

Esophageal adenocarcinoma

2

38

16

Esophageal SCC

3

63

27

Gallbladder cancer

3

160

7

Gastric adenocarcinoma

12

1713

14

Gastric cancer AFP producing

3

53

96

HCC

98

8446

76

61-83

HCC, cholangio combined

6

170

65

38-88

HCC, fibrolamellar

9

135

20

17-60

Hepatoblastoma

6

150

100

90-100

Pancreatic adenocarcinoma

3

89

0

Pancreatic cancer

4

75

42

Tumor types and subtypes

IQR

Breast cancer

CNS tumors

05

Thyroid cancer

0-73

Gastro-intestinal cancer

1-27

6-86
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Table 2

continued
Median GPC3
Number of

positivity

Number of

patients

across all

manuscripts

reported

manuscripts

2

14

29

Cervical SCC

2

48

19

Endometrioid

2

101

6

Endometrioid adenocarcinoma

2

49

4

Endometrioid serous carcinoma

2

42

20

Ovarian clear cell cancer

6

261

41

26-49

Ovarian endometrioid cancer

4

152

8

5-9

Ovarian serous cancer

5

523

11

1-15

Adenocarcinoma

9

476

8

4-15

Large cell carcinoma

2

59

27

Mesothelioma

2

35

4

SCC

8

362

52

Small cell carcinoma

2

59

13

Basal cell carcinoma

2

59

7

Melanoma

5

233

0

Epithelioid sarcoma

2

58

1

Ewing sarcoma

2

15

0

Fibrosarcoma

2

41

9

Leiomyosarcoma

3

237

3

Rhabdomyosarcoma

5

362

20

Synovial sarcoma

2

76

3

Undifferentiated

3

140

50

Bladder cancer

4

97

15

Prostate cancer

3

251

3

Urothelial cancer

6

562

3

0-18

Chromophobe

4

93

14

2-65

Clear cell

4

654

1

0-4

Tumor types and subtypes
Small bowel cancer

IQR

Gynecological cancer

Lung cancer

42-63

Skin cancer
0-55

Sarcoma

22-33

Urogenital cancer
10-29

Renal cancer
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Table 2

continued
Median GPC3
Number of

positivity

Number of

patients

across all

manuscripts

reported

manuscripts

Oncocytoma

3

40

11

Papillary

4

149

5

Wilms tumor

3

87

38

Dysgerminomas

2

29

10

Extragonadal YST

6

125

100

Tumor types and subtypes

IQR
1-21

Germ cell tumors
85-100

3

54

44

Non-dysgerminomas

9

153

100

61-100

Non-seminomas

11

430

52

43-100

Seminomas

7

243

0

0-8

Malignant rhabdoid tumor

3

34

12

NET / NEC

5

321

0

Salivary gland tumor

2

71

3

Germ cell tumors NOS

†

Other

05
0-2

* One manuscript did not specify the histological subtype of colorectal patients; † Testicular/ovarian origin
not clearly specified.
Abbreviations: AFP, alpha-fetoprotein producing; CNS, central nervous system; GPC3, glypican 3; HCC,
hepatocellular carcinoma; IQR, interquartile range; NEC, neuroendocrine carcinoma; NET, neuroendocrine
tumor; NOS, not otherwise specified; SCC, squamous cell cancer; YST, yolk sac tumor.
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In Table 2 GPC3 protein overexpression rates are shown for tumor types and

subtypes for which data from two or more articles was available. Data concerning
GPC3 overexpression in additional tumor types and subtypes can be found in
Supplementary Table S3.

GPC3 overexpression rates predicted by FGmRNA profiling compared
to IHC data of a breast cancer TMA or historical IHC data in various
tumor types as reported in included articles
For 34 tumor types and subtypes, both FGmRNA profiling and IHC protein data was
available (Figures 1-3). For 19 of these tumor types and subtypes, the GPC3 protein

expression predicted by FGmRNA profiling was higher than indicated by IHC data.
For 16 of these, the relative difference was less than 10%. The largest discrepancy

was seen for leiomyosarcoma. For this tumor, a GPC3 protein overexpression of 35%
was predicted by FGmRNA profiling (n = 60), compared to 3% indicated by IHC

analysis in three studies (n = 237). For 13 tumor types and subtypes a higher rate of

GPC3 expression in tumors was reported with IHC compared to FGmRNA profiling.
For 10 of this group, the relative difference was ≤ 10%. In liposarcoma GPC3 protein

overexpression was present in 52% of the 29 cases with IHC analysis in one study

compared to 11% with FGmRNA profiling (n = 76). For ER-positive breast cancer (13%)
and neuroblastoma (2%) FGmRNA profiling and IHC showed exactly the same results.

Discussion
In the present study, we show that FGmRNA profiling can be used as screening tool
to predict GPC3 overexpression across 60 tumor types and subtypes as validated by
comparison with IHC staining of a breast cancer TMA and literature data reporting IHC

GPC3 overexpression in tumors. In HCC, squamous cell lung cancer and HNSCC the
percentages of samples with predicted GPC3 overexpression were 77%, 45% and

19%, respectively, and these tumor types and subtypes are therefore of interest for
GPC3 directed therapies.

In high-incidence tumor types such as colorectal cancer, breast cancer

and prostate cancer, less than 15% of samples overexpress GPC3. Although GPC3
expression is < 15% in 78% of the tumor types and subtypes we studied, this can be

relevant to the increasing use of personalized treatment strategies. This is exemplified
by the 8% of TNBCs with GPC3 overexpression. For this highly aggressive breast
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cancer subtype, targeted treatment options are lacking.28 Recently, the U.S. Food and

Drug Administration approved for the first time a cancer treatment based on a tumor
biomarker: pembrolizumab for treatment of microsatellite instability-high or mismatch-

repair-deficient advanced solid tumors independent of the tumor’s original location.
This approval might pave the way for registration of additional compounds in the near

future to treat tumors with specific features, like GPC3 overexpression, independent of
their origin.

There are some pitfalls concerning FGmRNA profiling, which we used as

screening tool to assess GPC3 overexpression across a very large set of samples
representing many tumor types and subtypes. For example mRNA might not always
be translated to protein or the protein might not end up on the cell membrane and
therefore mRNA data must be interpreted with some caution.29 In addition, FGmRNA

profiling does not inform about target heterogeneity and it cannot distinguish between
tumor cells and non-tumor cells as source of target overexpression. However,
FGmRNA profiling does offer ‘an educated guess’ to answer questions concerning

antigen target overexpression across tumors in a more efficient manner than largescale IHC analyses, which is most often used in the clinic to assess protein presence.
Subsequent IHC validation might be warranted.

To validate predicted GPC3 overexpression at the protein level, we compared

our predictions with our own IHC analysis in breast cancer patients or historical IHC
data from literature. In breast cancer, we showed comparable results for GPC3

overexpression in all subgroups, for other tumor types and subtypes corresponding
results were found in the majority of tumor types and subtypes. However, there are some
limitations to this comparison with historical IHC data in literature. Major heterogeneity

in staining antibodies, scoring methods and cut-off boundaries for GPC3 positivity in

the 166 included studies hampers direct comparison. It has been clearly illustrated that
lack of standardized protocols has a strong impact on IHC results.30

In addition to IHC, other techniques like mass spectrometry or Western

blot analysis can also be applied to study protein abundance in tissues. However,
all these techniques require the availability of tumor tissue samples and therefore

come with limitations including invasiveness, procedural risks, and accessibility of
tumor to biopsy. In addition, only static information is provided and heterogeneity is

not taken into account. Alternatively, molecular imaging, defined as the visualization,

characterization, and measurement of biological processes at molecular and cellular
levels, can be used to study protein expression.31 This tool provides whole-body

information regarding (heterogeneity in) protein expression in a non-invasive manner
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and is increasingly being implemented in drug development and patient care.32

FGmRNA profiling can be used as tool to select suitable targets for molecular imaging,
as has been shown by Koller et al for pancreatic ductal adenocarcinomas.33

Our data shows which percentage of patients per tumor type and subtype

might benefit from GPC3-directed therapies. GPC3-targeting monoclonal antibodies, bi-

specific T-cell redirecting antibodies, peptide vaccinations, dendritic cell vaccinations
and CARs have been engineered and are mainly being explored in early clinical trials

involving HCC patients.34-39 Potentially interesting results have been seen with peptide

vaccinations, provoking partial responses in a subset of patients with advanced HCC
or refractory ovarian clear cell carcinoma.34,40 Dendritic cell vaccine therapy increased

5-year recurrence-free survival rate in a few HCC patients who received dendritic cell

vaccine therapy as compared to 31 historical control patients.36 The role of GPC3
directed bi-specific T-cell redirecting antibodies and CARs are currently being explored
in HCC (ClinicalTrials.gov identifiers NCT02905188, NCT02723942, NCT02715362,
NCT02395250,

NCT02959151,

NCT03130712,

NCT03084380,

NCT03146234),

squamous cell lung carcinoma (ClinicalTrials.gov identifier NCT02876978) and
(pediatric) solid tumors (ClinicalTrials.gov identifiers NCT02748837, NCT02932956).

In conclusion, the present study provides a data-driven prioritization of tumor

types for future research with GPC3 targeting therapies.
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Supplementary Table S1

Gene Expression Omnibus accession numbers

Scan the QR code with your smartphone or go to:
https://www.clinicalkey.com/#!/content/playContent/1-s2.0-S0
002944018301299?returnurl=https:%2F%2Flinkinghub.elsevier.
com%2Fretrieve%2Fpii%2FS0002944018301299%3Fshowall%3Dtrue&referrer=https:%2F%2Fwww.ncbi.
nlm.nih.gov%2Fpubmed%2F29935166

Supplementary Table S2

Predicted GPC3 overexpression in solid-, hematological-,
and pediatric tumors (data shown in percentages)

Gene symbol

209220_at

Gene title

GPC3

Tumor type and subtype

glypican 3

HCC

77,1978022

Lung cancer - squamous cell carcinoma

44,69135802

Leiomyosarcoma

35

Brain cancer - anaplastic oligodendroglioma

34,61538462

Renal cancer - chromophobe

27,02702703

Sarcoma NOS

25

Undifferentiated sarcoma

21,05263158

HNSCC

18,60465116

Lung cancer - neuroendocrine

18,44660194

Brain cancer - ependymoma

17,94871795

Esophageal cancer - squamous cell carcinoma

17,85714286

Cervical cancer

17,74193548

Gastric cancer

17,1686747
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Supplementary Table S2 continued
Gene symbol

209220_at

Gene title

GPC3

Tumor type and subtype

glypican 3

Breast cancer - ER-pos / HER2-pos

14,03162055

Breast cancer - ER-pos / HER2-neg

13,28963051

Bladder cancer

12,82051282

Vulva cancer

12,5

Esophageal cancer - adenocarcinoma

12,19512195

Brain cancer - meningioma

12,10191083

Periampullary cancer

11,11111111

Multiple myeloma

10,79027356

Liposarcoma

10,52631579

Primitive neuroectodermal tumor

9,090909091

Synovial sarcoma

8,823529412

Brain cancer - anaplastic astrocytoma

8,333333333

Breast cancer - TNBC

8,005427408

Prostate cancer

7,792207792

Breast cancer - ER-neg / HER2-pos

7,032967033

Colorectal cancer

6,900369004

Acute lymphoblastic leukemia

6,697108067

Ovarian cancer

6,417112299

Brain cancer - medulloblastoma

6,081081081

Brain cancer - glioblastoma

5,912596401

T-cell lymphoma

5,454545455

Lung cancer - adenocarcinoma

5,201177625

Follicular lymphoma

5,128205128

HNSCC - nasopharynx

4,761904762

Thyroid cancer - anaplastic

4,761904762

Acute myeloid leukemia

4,262672811

Brain cancer - astrocytoma

4,166666667

Ewing’s sarcoma

3,846153846

Osteosarcoma

3,846153846

Melanoma - cutaneous

3,768844221

Renal cancer - papillary

2,702702703

Diffuse large B-cell lymphoma

2,659574468

Brain cancer - pilocytic astrocytoma

2,222222222

Adrenal cancer - neuroblastoma

2,083333333
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Supplementary Table S2

continued

Gene symbol

209220_at

Gene title

GPC3

Tumor type and subtype

glypican 3

Myelodysplastic syndrome

2,046783626

Melanoma - uveal

1,886792453

Renal cancer - clear cell

1,777777778

Pancreas cancer

1,234567901

Chronic lymphoblastic leukemia

0,497512438

Adrenal cancer - adrenocortical

0

Brain cancer - anaplastic oligoastrocytoma

0

Brain cancer - oligoastrocytoma

0

Brain cancer - oligodendroglioma

0

Burkitt lymphoma

0

Mantle cell lymphoma

0

Primary central nervous system lymphoma

0

Thyroid cancer - papillary

0

Abbreviations: ER, estrogen; HCC, hepatocellular carcinoma; HER2, human epidermal growth factor
receptor 2; HNSCC, head and neck squamous cell cancer; GPC3, glypican 3; NOS, not otherwise specified;
TNBC, triple negative breast cancer.
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Supplementary Table S3

Published results regarding immunohistochemically 		

			

measured GPC3 overexpression in additional tumors

			

and pediatric tumors (data shown in percentages)
Number of

Median GPC3

Number of

patients

positivity per

manuscripts

reported

manuscript

Adenocarcinoma

1

5

0

Medullary

1

30

17

Mucinous

1

26

15

Tubular

1

27

11

Choroid plexus neoplasm

1

11

0

Craniopharyngioma

1

4

25

Dysembryoplastic neuroepithelial tumor

1

8

0

Ganglioglioma

1

13

0

Medulloblastoma

1

23

0

Adrenal carcinoma

1

10

0

Pheochromocytoma

1

29

7

Hürthle cell thyroid cancer

1

1

100

Papillary follicular variant

1

6

100

Gastro-intestinal stromal tumor

1

27

27

Hepatoid adenocarcinomas

1

8

50

Endocervical, adenocarcinoma

1

18

18

Ovarian adenocarcinoma

1

14

14

Ovarian mucinous cancer

1

16

6

Uterus adenocarcinoma

1

10

0

Vulva SCC

1

42

12

Adeno/SCC

1

10

60

Bronchoalveolar

1

10

50

1

10

0

Tumor types and subtypes
Breast cancer

CNS tumors

05

Adrenal cancer

Thyroid cancer

Gastro-intestinal cancer

Gynecological cancer

Lung cancer

Lymphoma
Lymphoma
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Supplementary Table S3

continued
Number of

Median GPC3

Number of

patients

positivity per

manuscripts

reported

manuscript

Merkel cell carcinoma

1

6

33

SCC

1

50

2

Chondrosarcoma

1

4

0

Embryonal sarcoma

1

24

58

Hemangiopericytoma

1

11

9

Kaposi sarcoma

1

30

13

Liposarcoma

1

29

52

Malignant fibrous histiocytoma

1

29

24

Penis SCC

1

46

2

Renal cell cancer, subtype unknown

1

10

0

Germinoma

1

3

0

Placental site trophoblastic tumor

1

15

80

Carcinoid tumor

1

15

20

Hepatic epithelioid hemangioendothelioma

1

8

0

Larynx, SCC

1

49

16

Oral cavity, SCC

1

50

10

Thymoma

1

24

4

Tumor types and subtypes
Skin cancer

Sarcoma

Urogenital cancer

Germ cell tumors

Other

Abbreviations: Adeno, adenocarcinoma; GPC3, glypican 3; SCC, squamous cell carcinoma.
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Abstract
Background

Antibody-drug conjugates (ADCs), consisting of an antibody designed against a

specific target at the cell membrane linked with a cytotoxic agent, are an emerging
class of therapeutics. Since ADC tumor cell targets do not have to be drivers of tumor

growth, ADCs are potentially relevant for a wide range of tumors currently lacking clear

oncogenic drivers. Therefore, we aimed to define the landscape of ADC targets in a
broad range of tumors.

Materials and methods

PubMed and ClinicalTrials.gov were searched for ADCs that are or were evaluated
in clinical trials. Gene expression profiles of 18,055 patient derived tumor samples
representing 60 tumor (sub)types and 3,520 healthy tissue samples were collected

from the public domain. Next, we applied Functional Genomic mRNA-profiling to

predict per tumor type the overexpression rate at the protein level of ADC targets with
healthy tissue samples as a reference.

Results

We identified 87 ADCs directed against 59 unique targets. A predicted overexpression

rate of ≥ 10% of samples for multiple ADC targets was observed for high incidence

tumor types like breast cancer (n = 31 with n = 23 in triple negative breast cancer),
colorectal cancer (n = 18), lung adenocarcinoma (n = 18), squamous cell lung cancer

(n = 16) and prostate cancer (n = 5). In rare tumor types we observed, amongst others,

a predicted overexpression rate of 55% of samples for CD22 and 55% for ENPP3 in

adrenocortical carcinomas, 81% for CD74 and 81% for FGFR3 in osteosarcomas, and
95% for c-MET in uveal melanomas.

Conclusion

This study provides a data driven prioritization of clinically available ADCs directed
against 59 unique targets across 60 tumor (sub)types. This comprehensive ADC target
landscape can guide clinicians and drug developers which ADC is of potential interest
for further evaluation in which tumor (sub)type.
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Introduction
Despite progress in anticancer drug treatment including molecularly targeted agents

that inhibit specific oncogenic “driver” pathways, most patients still die of metastatic
disease. Therefore, there remains an unmet need to develop new systemic treatment
options to improve survival of cancer patients.

Numerous patients fail to benefit from molecularly targeted agents because

their tumors lack oncogenic drivers to target. In this context, an interesting emerging

class of therapeutics are antibodies bound to a cytotoxic agent, known as antibody-

drug conjugates (ADCs). ADC targets do not have to be drivers of tumor growth to be
meaningful because they serve as an entry point for the cytotoxic agent. This makes
ADCs potentially relevant for a wide range of tumors.

After an ADC is bound to its tumor specific molecular target, the cytotoxin

is internalized and activated. This allows the selective cellular tumor delivery of a
high concentration of the cytotoxin that would cause severe dose-limiting toxicities

if administered systemically. To prevent unintended biodistribution the total body

target expression should favor the tumor instead of healthy tissues.1 An established
example of an ADC is trastuzumab emtansine, which is currently part of standard of

care in patients with human epidermal growth factor receptor 2 (HER2) overexpressing
metastatic breast cancer.2

06

Immunohistochemical (IHC) analyses allows to investigate the protein

expression of ADC targets in different tumor (sub)types and healthy tissues. However,
large scale IHC analysis for a target is time consuming and demands extensive

resources. Therefore, we currently lack data about the expression of ADC targets for

numerous tumor types, which impedes potential effective treatment with available
ADCs in a significant subset of cancer patients.

To this end, we used the recently developed method of functional genomic

mRNA profiling (FGmRNA profiling) to predict overexpression rates of ADC targets
at the protein level.3 FGmRNA profiling can correct a gene expression profile of an

individual tumor for physiological and experimental factors, which are considered not
to be relevant for the observed tumor phenotype.

In this manuscript, we applied FGmRNA profiling to a large database containing

a broad spectrum of different tumor and healthy tissue (sub)types. Subsequently, we

used the resulting FGmRNA profiles to prioritize potential ADC targets per tumor (sub)
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type. In addition, we present an overview of ADCs which are currently marketed or in
clinical development for anti-cancer treatment.

Materials and methods
Search strategy

To identify targets for clinically available ADCs PubMed was searched at the latest April
2017. The following search terms were used: “antibody-drug conjugate”, “cancer”,

“tumor” and “oncology” in various combinations, spelling variants and synonyms. The
search was limited to manuscripts published in English and involving clinical trials.

Reviews were excluded. In addition, ClinicalTrials.gov was searched in April 2017 for
on-going studies with ADCs with the search terms [antibody-drug conjugate] AND

[cancer]. Finally, abstracts and posters from the ASCO 2015/2016 and ECCO-ESMO

2015 and ESMO 2016 meetings were selected using “antibody-drug conjugate” as
search term.

Moreover, information on ADCs, ADC targets, linked cytotoxins, tumor type

and status of clinical development (phase 1-3) was collected. If we could not find
that information in the previously described sources we searched Embase to collect

additional information using the name of the identified ADC as term. In case an ADC

is in different phases of clinical development for a specific indication, we chose to
systematically report the highest phase.

Data acquisition

Publicly available microarray expression data was extracted from the Gene Expression
Omnibus (GEO).4 The analysis was confined to the Affymetrix HG-U133 Plus 2.0

platform (GEO accession identifier: GPL570). Samples were included for analysis if
they represented healthy tissue or cancer tissue obtained from patients or healthy

individuals and raw data was available. Only tumor (sub)types with ≥ 5 samples were

included for analysis. Pre-processing and quality control was performed as previously
described.3,5 For the breast cancer cohort receptor status was collected or inferred as

described before.5,6

Predicting overexpression rates of ADC targets at the protein level

First, we applied FGmRNA profiling to each individual sample, both cancer and healthy
tissue. For a detailed description of FGmRNA profiling we refer to Fehrmann et al.3
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In short, we analyzed 77,840 expression profiles of publicly available samples with
principal component analysis and found that a limited number of “Transcriptional
Components” (TCs) capture the major regulators of the mRNA transcriptome.

Subsequently, we identified a subset of TCs that described non-genetic regulatory
factors. We used these non-genetic TCs as covariates to correct microarray expression

data and observed that the residual expression signal (i.e. FGmRNA profile) captures
the downstream consequences of genomic alterations on gene expression levels.

Subsequently, for each individual gene that is targeted by ADC(s) we

determined the percentage of samples per tumor (sub)type with a significant increased

FGmRNA signal, which is considered a proxy for protein overexpression. The threshold

was defined in the set of FGmRNA profiles of healthy tissues by calculating the
97.5th percentile for the FGmRNA signal of the target under investigation. For each

individual tumor sample, the gene under investigation was marked as overexpressed
when the FGmRNA signal was above the 97.5th percentile threshold as defined in the

healthy tissue samples. Per tumor (sub)type the percentage of samples with marked

overexpression is reported per target. In addition, we determined the number of ADC
targets showing predicted overexpression in ≥ 75%, ≥ 50% and ≥ 25% of samples

for at least one tumor type. As the Affymetrix HG-U133 Plus 2.0 platform contains

multiple probes representing an individual gene we choose to systematically report
per tumor (sub)type the probe with the highest predicted percentage of samples with
a significant increased FGmRNA signal.

06

In addition, we predicted ADC target overexpression based on regular mRNA

data by applying the same methodology as described above.
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Results
Identified ADCs

A total of 87 ADCs were identified of which 2 are registered for use in humans and 55

are currently under clinical evaluation (Table 1 and Supplementary Table S1). For 16
ADCs, clinical evaluation was terminated for various reasons and the status of clinical
evaluation of 14 ADCs is unknown. In total 61 ADCs are studied in solid tumors, 21

in hematological malignancies and 5 in both solid and hematological malignancies.
In solid tumors, the largest number of ADCs (n = 24) is evaluated in breast cancer

including 12 in triple negative breast cancer (TNBC), followed by non-small cell lung

cancer (NSCLC) (n = 18), gastric cancer (n = 16) and ovarian cancer (n = 16) (Figure

1). Supplementary Figures S1 and S2 provide a comprehensive overview of ADCs in
clinical development for treatment of solid-, hematological- and pediatric tumors.

Eight ADCs are currently in phase 3 trials, including the registered brentuximab

vedotin and trastuzumab emtansine. Twenty-two ADCs are evaluated in phase 2 trials
and 7 ADCs that have been evaluated in phase 2 trials did not proceed to phase 3

for various reasons. In addition, 28 ADCs are tested in phase 1 clinical trials and 22

have been assessed but did not (yet) proceed to phase 2 for several reasons. Detailed
information can be found in Table 1 and Supplementary Figures S1 and S2.

Table 1

Overview of registered ADCs and ADCs in clinical trials for cancer treatment

Target

Cytotoxin

ADC

Phase

5T4

MMAF

PF-06263507a

1

AXL

MMAE

HuMax-AXL-ADC

2

BCMA

MMAF

GSK2857916

1

c-MET

MMAE

ABBV-399

1

C4.4a

Auristatin W derivative

BAY1129980

1

CA6

DM4

SAR566658

2

CA9

MMAE

BAY79-4620

Cadherin-6

Maytansine

HKT288

1

CD19

DM4

Coltuximab ravtansinec

2

CD19

MMAF

Denintuzumab mafodotin

2

CD19

PBD

ADCT-402

1

CD19

PBD

SGN-CD19B

1

CD22

Calicheamicin

Inotuzumab ozogamicin

3
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Table 1

continued

Target

Cytotoxin

ADC

Phase

CD22

MMAE

Pinatuzumab vedotin

2

CD25

PBD

ADCT-301

1

CD27L

DM1

AMG 172d

1

CD30

MMAE

Brentuximab vedotin

Registered

CD33

Calicheamicin

Gemtuzumab ozogamicin

3

CD33

DM4

AVE9633

1

CD33

PBD

Vadastuximab talirine

3

CD37

DM4

IMGN529

2

CD37

MMAE

AGS67E

CD44v6

DM1

Bivatuzumab mertansine

CD56

DM1

Lorvotuzumab mertansinef

2

CD70

Duocarmycin

MDX-1203d

1

CD70

MMAE

Vorsetuzumab mafodotind

1

CD70

MMAF

SGN-CD70A

1

CD74

Doxorubicin

Milatuzumab doxorubicinc

2

CD79b

MMAE

Polatuzumab vedoting

2

CD123

PBD

SGN-CD123A

1

CD138

DM4

Indatuximab ravtansine

2

CEA

DM4

SAR408701

2

CEA

SN-38

Labetuzumab govitecan

2

cKit

Maytansine

LOP628h

1

Cripto protein

DM4

BIIB015

1

CS1

MMAE

ABBV-838

1

DLL3

Not disclosed

SC-002

1

DLL3

PBD

Rovalpituzumab tesirine

3

EDNRB

MMAE

DEDN6526A

1

EFNA4

Calicheamicin

PF-06647263

1

EGFR

DM1

IMGN289b

1

EGFR

MMAF

ABT-414

2

EGFRvIII

DM1

AMG 595

ENPP3

MMAF

AGS-16C3F

2

EPHA2

MMAF

MEDI-547b

1

FGFR2

Auristatin W derivative

BAY1187982e

1

FGFR3

DM4

LY3076226

1

FLT3

Not disclosed

AGS62P1

1

FOLR1

DM4

Mirvetuximab soravtansine

3

e

1
b

d

e

d

1
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Table 1

continued

Target

Cytotoxin

ADC

Phase

GPNMB

MMAE

Glembatumumab vedotin

2

GUCY2C

MMAE

MLN0264

2

HER2

Auristatin payload

XMT-1522

1

HER2

DM1

Trastuzumab emtansine

Registered

HER2

Duocarmycin

SYD-985

1

HER2

DXd

DS-8201A

1

HER2

Liposomal doxorubicin

MM-302i

2

HER2

MMAE

RC48-ADC

2

HER2

MMAF

ARX788

1

HER2

Tubulysin

MEDI-4276

2

HER3

DXd

U3-1402

2

Integrin alpha

DM4

IMGN388a

2

LAMP-1

DM4

SAR428926

1

Lewis Y

Doxorubicin

SGN-15

2

LIV-1

MMAE

SGN-LIV1A

1

LRRC15

MMAE

ABBV-085

1

MSLN

DM4

Anetumab ravtansine

2

MSLN

MMAE

DMOT4039A

e

1

MSLN

Not disclosed

BMS-986148

2

MUC1

DM1

Cantuzumab mertansinej

1

MUC1

DM4

Cantuzumab ravtansinea

2

MUC16

MMAE

Sofituzumab vedotin

d

1

NaPi2b

MMAE

Lifastuzumab vedotin

2

Nectin-4

MMAE

Enfortumab vedotin

1

NOTCH3

Auristatin payload

PF-06650808d

1

p-CAD

Not disclosed

PCA-062

1

PSMA

DM1

MLN2704e

2

PSMA

MMAE

PSMA ADC 1301c

2

PTK7

Auristatin

PF-06647020

1

SLC44A4

MMAE

ASG-5ME

1

SLITRK6

MMAE

ASG-15MEd

1

STEAP1

MMAE

Vandortuzumab vedotind

1

TF

MMAE

Tisotumab vedotin

2

TIM-1

MMAE

CDX-014

1

TROP-2

SN-38

Sacituzumab govitecan

3

Not disclosed

MMAE

DFRF4539Ad

1
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Table 1

continued

Target

Cytotoxin

ADC

Phase

Not disclosed

Not disclosed

AbGn-107

1

Not disclosed

Not disclosed

SC-003

1

a Development discontinued to focus on other product candidates.
b Development terminated due to safety reasons.
c According to ClinicalTrials.gov no on-going phase 2 studies on February 16, 2017. Development status unknown.
d According to ClinicalTrials.gov no on-going phase 1 studies on February 16, 2017. Development status unknown.
e Development discontinued (not further specified).
f Phase 2 study stopped prematurely due to no significant benefit and possible harm in SCLC. Phase 2 studies in leukemia and
pediatric tumors still on-going.
g Development has been discontinued in CLL after phase 1 evaluation, development on-going in NHL.
h Phase 1 study terminated prematurely.
i Phase 2/3 study terminated since it failed to show benefit over control arm per DMC and confirmed via futility analyses.
j Development terminated due to the company’s decision to replace DM1 with DM4.
k Development discontinued in gastric and pancreatic cancer, unknown status in prostate cancer.

Abbreviations: AXL, AXL receptor tyrosine kinase; BCMA, B-cell maturation antigen; CA6, carbonic anhydrase 6; CA9,
carbonic anhydrase 9; CD, cluster of differentiation; CEA, carcinoembryonic antigen; CLL, chronic lymfocytic leukemia; DLL3,
delta-like canonical notch ligand 3; DMC, data monitoring committee; EDNRB, endothelin receptor type B; EFNA4, ephrin A4;
EGFR, epidermal growth factor receptor; ENPP3, ectonucleotide pyrophosphatase/phosphodiesterase 3; EPHA2, EPH receptor
A2; FGFR2, fibroblast growth factor receptor 2; FGFR3, fibroblast growth factor receptor 3; FLT3, FMS-like tyrosine kinase 3;
FOLR1, folate receptor 1; GPNMB, glycoprotein non-metastatic B; GUCY2C, guanylate cyclase 2C; HER2, human epidermal
growth factor receptor 2; HER3, human epidermal growth factor receptor 3; LAMP-1, lysosomal-associated membrane protein
1; LRRC15, leucine rich repeat containing 15; MMAE, monomethyl auristatin E; MMAF, monomethyl auristatin F; MSLN,
mesothelin; MUC1, mucin 1; MUC16, mucin 16; NaPi2b, sodium-dependent phosphate transport protein 2B; NHL, nonHodgkin lymphoma; NOTCH3, notch 3; p-CAD, p-cadherin; PBD, pyrrolobenzodiazepine; PSMA, prostate-specific membrane
antigen; PTK7, protein tyrosine kinase 7; SLC44A4, solute carrier family 44 member 4; SCLC, small cell lung cancer; SLITRK6,
SLIT like family member 6; STEAP1, STEAP family member 1; TF, tissue factor; TIM-1, T cell immunoglobulin and mucin
protein-1; TROP-2, trophoblast cell-surface antigen.
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A

Phase I
Phase II
Phase III

NEC

Germ
cell tumor

Thyroid
cancer

Osteosarcoma
Mesothelioma
Melanoma

1

0

HNSCC

0

0

Solid cancers

0

3

2

GBM

26

1
AA

Peritoneal /
Fallopian tube
cancer

1

3

10

2

2

1
Endometrial
cancer

1

1

3

0
0
0
0
1
0
0

3
0

3

3
1

0

0

6

Cervix
cancer

0 0 0 0

0

0

8

6
0

0 0
0
0 0

0

0

3

0

0

1
1
0
0
1

10

3

3

0

4

1

0

1

1

RCC

1

NSCLC

Esophageal
cancer

9

3
5
4

5

Urothelial/
bladder
cancer

3

6

6

Prostate
cancer

8

2

5

10

SCLC

2

2

5

Ovarian
cancer

TNBC

4

4

3

Breast cancer

Gastric and/or
GEJ cancer

Pancreas cancer

1

0

CRC
GIST

GI

Cholangio
carcinoma

HCC

Figure 1
ADCs in clinical trials for treatment of A) solid tumors, and B) hematological and pediatric tumors. The total number
of identified ADCs under clinical evaluation are shown per tumor type and per stage of clinical development. More
extensive information can be found in Supplementary Figure S1 and S2. The U.S. Food and Drug Administration
and European Medicines Agency registered trastuzumab emtansine for treatment of HER2-positive metastatic
breast cancer and brentuximab vedotin for treatment of NHL are not shown.
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B

Phase I
Phase II

Pediatric
tumors

Phase III

ALL

Hematological
tumors

AML

2

0

5
0
1

2

APL

1

1

0

MM

4

0

0

2

3

1

0
1

4

1

0

1
1

0

0

0

1

6

0

0
0

7

CLL

1

1

1

MDS

0

1

0

CML

0

NHL

1
1
1

HCL

1

06

HL

PLL

Figure 1

JMML

continued

Abbreviations: AA, anaplastic astrocytomas; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia;
APL, acute promyelocytic leukemia; cholangio, cholangio carcinoma; CLL, chronic lymphocytic leukemia; CML,
chronic myeloid leukemia; CRC, colorectal cancer; GBM, glioblastoma multiforme; GEJ, gastro-esophageal
junction; GI, gastrointestinal; GIST, gastrointestinal stromal tumor; HCC, hepatocellular carcinoma; HCL, hairy
cell leukemia; HER2, human epidermal growth factor receptor 2; HL, Hodgkin lymphoma; HNSCC, head and
neck squamous cell carcinoma; JMML, juvenile myelomonocytic leukemia; MDS, myelodysplastic syndrome; MM,
multiple myeloma; NEC, neuroendocrine carcinoma; NHL, non-Hodgkin lymphoma; NSCLC, non-small cell lung
cancer; PLL, prolymphocytic leukemia; RCC, renal cell cancer; SCLC, small cell lung cancer; TNBC, triple negative
breast cancer.
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Identified ADCs targets

Targets are publicly disclosed for 84 of the 87 ADCs (Table 1). These 84 ADCs target

59 unique targets. Eight ADCs are directed against HER2, including trastuzumab
emtansine. In addition, the cluster of differentiation (CD) proteins CD19, CD33, CD70
and epidermal growth factor receptor (EGFR) and mesothelin (MSLN) are each targeted
by at least 3 different ADCs.

Cytotoxins linked to ADCs

We identified 13 cytotoxins that are utilized in the set of 87 ADCs (Table 2). For 6 ADCs,

the cytotoxin used is not publicly disclosed. The most frequently identified cytotoxins
are the auristatins MMAE (n = 26) and MMAF (n = 8) and the maytansine derivates DM4

(n = 13) and DM1 (n = 8). Detailed information is provided in Table 2.

Predicted protein overexpression rates of ADC targets by FGmRNA
profiling
We identified 18,055 samples representing 60 different tumor (sub)types and 3,520

samples representing 22 healthy tissue (sub)types. We predicted protein overexpression
rates for the 59 identified ADC targets. A predicted protein overexpression rate of ≥
75% of samples was observed for 17 ADC targets in at least 1 tumor (sub)type, ≥

50% for 38 and ≥ 25% for 56. Figure 2 shows predicted protein overexpression rates
for all 59 unique ADC targets in each of the 60 different tumor (sub)types. Detailed
information can be found in Supplementary Table S2.

Predicted overexpression for 59 unique ADC targets across 60 tumor (sub)

types based on regular mRNA data is available as Supplementary Table S3.

Predicted protein overexpression for ADC targets in frequently diagnosed tumor
(sub)types

Predicted overexpression rates of ≥ 10% of samples for multiple ADC targets was
observed in colorectal cancer (n = 18), lung adenocarcinoma (n = 18), squamous cell

lung cancer (n = 16) and prostate cancer (n = 5). Predicted overexpression rate of ≥

10% of samples was observed for 25 ADC targets in estrogen receptor (ER)-negative/

HER2-positive breast cancer, 23 in TNBC, 18 in ER-positive/HER2-positive breast

cancer and 17 in ER-positive/HER2-negative breast cancer. Next, for the frequently
occurring breast-, lung-, and prostate cancer we highlight ADC targets with potential
clinical impact as they have not been clinically explored in these tumor types.

For solute carrier family 44 member 4 (SLC44A4) a predicted overexpression

rate of ≥ 35% of samples was observed in all breast cancer subtypes except for only
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9% in TNBC. In HER2-positive breast cancer a predicted overexpression rate of 44%
was observed for nectin-4 (PVRL4) and in ER-positive breast cancer 41% for fibroblast

growth factor receptor 3 (FGFR3). In TNBC, the highest predicted overexpression rate
with 51% was observed for nectin-4, followed by 39% for mucin 16 (MUC16). In lung
adenocarcinomas we observed predicted overexpression rates of 36% for nectin-4

and 34% for ectonucleotide pyrophosphatase/phosphodiesterase 3 (ENPP3), while in
squamous cell lung cancer 43% for carbonic anhydrase (CA9) and 42% for nectin-4.

For protein tyrosine kinase 7 (PTK7) 11% predicted overexpression was found in
prostate cancer.

Predicted protein overexpression for ADC targets in rare tumor (sub)types

We observed predicted overexpression of ≥ 10% of samples for several ADC targets that
have not been clinically explored in rare tumor types, with currently only limited treatment

options, like adrenocortical carcinomas, osteosarcomas, squamous cell esophageal
cancer and uveal melanomas (Figure 2). We observed a predicted overexpression

rate of 55% of samples for CD22 and 55% for ENPP3 in adrenocortical carcinomas,

and 46% of samples for glycoprotein non-metastatic b (GPNMB) in squamous cell
esophageal cancer. In osteosarcomas, we show high predicted overexpression of
FGFR3 and CD74 both in 81% of samples, followed by neural cell adhesion molecule 1

(NCAM1) and ephrin type-A receptor 2 (EPHA2) (73%). In most other sarcoma subtypes
tested, these ADC targets show similar overexpression patterns except for EPHA2. In

uveal melanomas c-MET ranked highest with an observed predicted overexpression
rate of 95%, followed by CD44 (94%).

Predicted protein expression for ADC targets in healthy tissues

Detailed information concerning the distribution of individual ADC target mRNA-signals
across 22 different healthy tissues is provided as Supplementary Figure S3. For

example, we observed relative high levels of mRNA-signals for GPNMB in a subset
of healthy skin samples. In a phase 2 trial in 124 TNBC patients, being treated with

the GPNMB directed ADC glembatumumab vedotin, treatment related skin rash was

observed in 47% of patients, ranging from mild erythema to more involved maculopapular
dermatologic toxicity.7 In addition, treatment related pruritus, hyperpigmentation and
peeling was seen. Supplementary Table S4 shows per healthy tissue type the median

ranked mRNA-signal for all ADC targets, which can be used to predict per healthy

tissue type the ADC target with potential the highest toxicity. Supplementary Figure

S4 shows the distribution of individual ADC target FGmRNA signals across 22 different
healthy tissues.
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Urogenital - Vulva cancer

Gastrointestinal - Gastric cancer

Gastrointestinal - Hepatocellular carcinoma

Gastrointestinal - Pancreas cancer

Gastrointestinal - Periampullary cancer

Head and Neck - Nasopharynx

Head and Neck - Squamous cell carcinoma

Lung cancer - Adenocarcinoma

Lung cancer - Neuroendocrine

Lung cancer - Squamous cell carcinoma

Melanoma - Cutaneous

Melanoma - Uveal

Sarcoma - Ewings

Sarcoma - Leiomyo

Sarcoma - Lipo

Sarcoma - Not otherwise specified

Sarcoma - Osteo

Sarcoma - Synovial

Sarcoma - Undifferentiated

Urogenital - Bladder cancer

Urogenital - Cervical cancer

Urogenital - Ovarian cancer

Urogenital - Prostate cancer

Urogenital - Renal chromophobe carcinoma

Urogenital - Renal clear cell carcinoma

Urogenital - Renal papillary carcinoma

Breast cancer - ER-neg / HER2-pos

Breast cancer - ER-pos / HER2-neg

Breast cancer - ER-pos / HER2-pos

Breast cancer - TNBC

Central nervous system - Anaplastic astrocytoma

Central nervous system - Anaplastic oligoastrocytoma

Central nervous system - Anaplastic oligodendroglioma

Central nervous system - Astrocytoma

Central nervous system - Ependymoma

Central nervous system - Glioblastoma

Central nervous system - Medulloblastoma

Central nervous system - Meningioma

Central nervous system - Oligoastrocytoma

Central nervous system - Oligodendroglioma

Central nervous system - Pilocytic astrocytoma

Endocrine - Adrenocortical carcinoma

Endocrine - Anaplastic thyroid cancer

Endocrine - Papillary thyroid cancer

Gastrointestinal - Colorectal cancer

Gastrointestinal - Esophageal adenocarcinoma

Gastrointestinal - Esophageal squamous cell carcinoma
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TPBG
TNFRS
TNFRS
TACST
STEAP
SLITRK
SLC44
SLC39
SLC34
SLAM
SDC1
PVRL4
PTK7 NOTC
NCAM
MUC1
MUC1
MSLN
MET LYPD3
LRRC1
LAMP
KIT - c
ITGAV
IL3RA
IL2RA
HAVC
GUCY
GPNM
FUT3
FOLR1
FOLH1
FLT3 FGFR3
FGFR2
F3 - TF
ERBB3
ERBB2
EPHA2
ENPP3
EGFR
EFNA4
EDNRB
DLL3 CFC1B
CEACA
CDH6
CD79B
CD74
CD70
CD44
CD37
CD33
CD22
CD19
CAD CA9 CA6 AXL -
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TPBG- 5T4
TNFRSF8 - CD30
TNFRSF17 - BCMA
TACSTD2 - TROP-2
STEAP1 - STEAP1
SLITRK6 - SLITRK6
SLC44A4 - SLC44A4
SLC39A6 - LIV-1
SLC34A2 - NaPi2b
SLAMF7 - CS1
SDC1 - CD138
PVRL4 - Nectin 4
PTK7 - PTK7
NOTCH3 - NOTCH3
NCAM1 - CD56
MUC16 - MUC16
MUC1 - MUC1
MSLN - MSLN
MET - C-MET
LYPD3 - C4.4a
LRRC15 - LRRC15
LAMP1 - LAMP1
KIT - cKIT
ITGAV - Integrin alpha
IL3RA - CD123
IL2RA - CD25
HAVCR1 - TIM-1
GUCY2C- GUCY2C
GPNMB- GPNMB
FUT3 - LewisY
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Figure 2

legend

Predicted ADC target overexpression analyzed by FGmRNA profiling in A) solid tumors, and B) hematological
and pediatric tumors. Predicted ADC target overexpression profiles per tumor type are represented as dots. The
size of the dots indicates the percentage of patient derived tumor samples with predicted overexpression of an
ADC target, e.g. the larger the diameter the more samples show target overexpression. The x-axis represents 59
identified ADC targets, both the gene and protein name are shown.

Table 2

Cytotoxins part of ADCs and their mechanism of action
Number

Cytotoxin

Mechanism of action

of ADCs

Auristatin*

Inhibitor of tubulin polymerization

3

Auristatin W derivative

Inhibitor of tubulin polymerization

2

Calicheamicin

Causes DNA double strand breaks

3

DM1

Inhibitor of tubulin polymerization

8

DM4

Inhibitor of tubulin polymerization

13

Doxorubicin

Inhibitor of DNA relegation, causing DNA double strand breaks

2

Duocarmycin

Breaks down adenine-specific molecules in DNA

2

DXd

Topoisomerase inhibitor

2

Liposomal doxorubicin

Inhibitor of DNA relegation, causing DNA double strand breaks

1

Maytansine*

Inhibitor of tubulin polymerization

1

MMAE

Inhibitor of tubulin polymerization

26

MMAF

Inhibitor of tubulin polymerization

8

PBD

Interferes with the action of endonuclease enzymes on DNA and blocks

6

transcription by inhibiting DNA polymerase in a sequence specific
manner
SN-38

Topoisomerase inhibitor

2

Tubulysin

Inhibitor of tubulin polymerization

1

* Not further specified.

Abbreviations: MMAE, monomethyl auristatin E; MMAF, monomethyl auristatin F; PBD, pyrrolobenzodiazepines.
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Predicted protein overexpression rates for all genes present in our dataset (n

= 22,484) for the 60 tumor (sub)types as determined with FGmRNA profiling or regular
mRNA based analysis is provided in respectively Supplementary Table S5 and S6.

Discussion
A systematic search identified 87 ADCs directed against 59 unique targets that are
or were evaluated in clinical trials for cancer treatment. Subsequently, we predicted

protein overexpression rates for these 59 ADC targets in 60 tumor (sub)types utilizing
FGmRNA profiling.

FGmRNA profiling is a recently developed method that is capable to correct

a gene expression profile of an individual tumor for physiological and experimental
factors, which are considered not to be relevant for the observed tumor phenotype.3

We considered the residual mRNA levels (FGmRNA signal) a better proxy for protein

expression in tumor samples than regular mRNA expression levels. FGmRNA profiling
can only be applied to gene expression profiles generated with the Affymetrix HG-U133
Plus 2.0 platform, as this platform formed the basis for its development. The samples

available for the Affymetrix HG-U133 Plus 2.0 platform currently still represent the most

extensive collection of human gene expression profiling data available generated
using a single uniform platform.

FGmRNA profiling allows us to determine predicted protein overexpression

rates for many potential drugable targets across a broad spectrum of tumor types
in a rapid, efficient and consistent manner. In this manuscript, we predicted 93%

HER2 overexpression in histological proven ER-negative/HER2-positive and 85% in
ER-positive/HER2-positive breast cancer, which serves as a positive validation of our
methodology. Predicted overexpression of EGFR in NSCLC is ~30% lower than IHC
data in literature, however, contrary to HER2 IHC testing, a standardized protocol

for EGFR IHC analysis is lacking which might have a strong impact on IHC results.8
Moreover, we used FGmRNA profiling to detect overexpression of AXIN2, CEMIP,
CD44 and JUN in expression profiles of colorectal adenomas when compared to a

set of normal colon samples and confirmed these predictions in an independent set of
colorectal adenomas with IHC analysis.9
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However, mRNA data must be interpreted with some caution, since mRNA

transcripts might not always be translated to the protein, protein levels might be low due
to high turn-over or might not end up on the cell membrane.10 In addition, expression

profiles of complex biopsies obtained from tumors cannot inform us about tumor

heterogeneity. Moreover, distinction between tumor cells and surrounding non-tumor

cells as source of ADC target overexpression is difficult.6 By using a large set of various

healthy tissue samples as a reference to determine the threshold for “overexpression” we

could minimalize the effect of ADC target overexpression in non-tumor cells. However,
IHC analyses has also some well-known disadvantages. Often highly heterogeneous

scoring methods or different staining antibodies with varying antibody-target affinities are
used, which impedes accurate comparison of IHC patterns in different studies of different

tumor types. Also, it precludes a general cut off for IHC indicating overexpression of the
protein of interest. To illustrate this problem, we previously reported on 5 different anti-

MSLN staining antibodies and 13 different scoring systems used in literature to study
MSLN IHC expression in cancer, showing broad variation in MSLN-positivity, for example
varying between 0-69% in NSCLC.6 Therefore, to obtain a final estimated expression rate

for a specific ADC target in a specific tumor type based on IHC results from literature
is very hard and this hampers direct comparison with our predicted rates. However, the

provided predicted expression rates in this manuscript – which are approximations of

expression rates obtained with IHC – have the advantage over IHC based results that they
are all obtained with exactly the same methodology. This allows researchers to directly

compare the predicted expression rates between tumor (sub)types and target antigens

to prioritize which ADC targets should be considered for subsequent recommended IHC
validation and enables them to use resources more efficiently.

Design of effective ADCs requires appropriate target selection which has proven

to be surprisingly complex. ADC targets can be present either on tumor cells, tumorassociated cells (e.g. tumor endothelial cells), or in the tumor microenvironment.11 Ideally

the ADC target is highly overexpressed with limited heterogeneity at the cell membrane
of tumor cells but is not, or only very limited, expressed at the cell membrane of healthy
cells making the target (nearly) “tumor-specific”.12 However, most ADC targets are

tumor-associated instead of tumor-specific and therefore the relative bio-distribution of
ADCs to tumor and healthy tissue is often a limiting factor for broad clinical applicability.1

Extensive information about ADC target overexpression in healthy cells is not available

in literature. Therefore, we also provided the mRNA based expression levels for the 59
ADC targets in a set of 22 healthy tissue types, including organs at risk of toxicity such
as liver, heart, and lung. Potentially, this data can be used to generate hypotheses with
regards to the potential toxicity of an ADC with a specific target.
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In this study, we focused on predicted protein overexpression rates of ADC

targets in 60 tumor (sub)types. The ADC target landscape we created can also be

applied to other antibody-related therapeutics, like bi-specific antibodies, immunotoxins
(antibodies or antibody fragments fused with a toxin), radioimmunoconjugates

(radiolabelled antibodies) and chimeric antigen receptors. In line with ADCs, these
treatment approaches do not require a driver target to be successful.

In conclusion, our data provides clinicians and drug developers with an

instrument that facilitates for further evaluation.
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Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

Supplementary Figure S1
Overview of ADCs in clinical trials for treatment of solid tumors. Identified ADCs that are currently in clinical
evaluation or have been evaluated in patients with solid tumors. Results are shown per tumor type and per stage of
clinical evaluation (phase 1-3). The U.S. Food and Drug Administration and European Medicines Agency registered
trastuzumab emtansine for treatment of HER2-positive metastatic breast cancer is not shown.
Abbreviations: AA, anaplastic astrocytomas; cholangio, cholangio carcinoma; CRC, colorectal cancer; GBM,
glioblastoma multiforme; GEJ, gastro-esophageal junction; GI, gastrointestinal; GIST, gastrointestinal stromal
tumor; HCC, hepatocellular carcinoma; HER2, human epidermal growth factor receptor 2; HNSCC, head and
neck squamous cell carcinoma; NEC, neuroendocrine carcinoma; NSCLC, non-small cell lung cancer; RCC, renal
cell cancer; SCLC, small cell lung cancer; TNBC, triple negative breast cancer.
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Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

Supplementary Figure S2
Overview of ADCs in clinical trials for treatment of hematological and pediatric tumors. Identified ADCs that are
currently in clinical evaluation or have been evaluated for treatment of hematological or pediatric tumors. Results are
shown per tumor type and per stage of clinical evaluation (phase 1-3). The FDA and EMA registered brentuximab
vedotin for treatment of NHL is not shown.
Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; APL, acute promyelocytic
leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; EMA, European Medicines
Agency; FDA, U.S. Food and Drug Administration; HCL, hairy cell leukemia; HL, Hodgkin lymphoma; JMML,
juvenile myelomonocytic leukemia; MDS, myelodysplastic syndrome; MM, multiple myeloma; NHL, non-Hodgkin
lymphoma; PLL, prolymphocytic leukemia.
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Supplementary Figure S3
Predicted protein expression for ADC targets in healthy tissues. For each ADC target we show regular mRNA based
signals across 22 healthy tissues. The figure headings contain the ADC target and the probe used for analyses.
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Supplementary Figure S4
Predicted protein expression for ADC targets in healthy tissues. For each ADC target we show regular mRNA based
signals across 22 healthy tissues. The figure headings contain the ADC target and the probe used for analyses.
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Supplementary Table S1

Identified registered ADCs and ADCs in clinical trials for

			

cancer treatment and related references

ADC

Reference

ABBV-085

ClinicalTrials.gov identifier NCT02565758.

ABBV-399

Strickler JH, Nemunaitis JJ, Weekes CD, et al. Phase 1, open-label, dose-escalation and expansion study
of ABBV-399, an antibody drug conjugate (ADC) targeting c-Met, in patients (pts) with advanced solid
tumors. J Clin Oncol 2016; 34 (Suppl abstr 2510).
Angevin E, Strickler J, Weekes C, et al. First-in-human phase 1 study of ABBV-399, an antibody-drug
conjugate (ADC) targeting c-MET, in patients with non-small cell lung cancer (NSCLC). J Thorac Oncol
2017; 12: 5395-5396.

ABBV-838

ClinicalTrials.gov identifiers NCT02462525, NCT02951117.

AbGn-107

ClinicalTrials.gov identifier NCT02908451.

ABT-414

Reardon DA, Lassman AB, van den Bent M, et al. Efficacy and safety results of ABT-414 in combination
with radiation and temozolomide in newly diagnosed glioblastoma. Neuro Oncol 2016; doi: 10.1093/
neuonc/now257 [Epub ahead of print].
Phillips AC, Boghaert ER, Vaidya KS, et al. ABT-414: an anti-EGFR antibody-drug conjugate as a potential
therapeutic for the treatment of patients with squamous cell tumors. Mol Cancer Ther 2013; 12 (Suppl 1
abstr A250).
Goss GD, Vokes EE, Gordon MS, et al. ABT414-in patients with advanced solid tumors likely to overexpress
the epidermal growth factor receptor (EGFR). J Clin Oncol 2015; 33 (Suppl abstr 2510).
Van Den Bent MJ, Gan HK, Lassman AB, et al. Efficacy of a novel antibody-drug conjugate (ADC), ABT414, as monotherapy in epidermal growth factor receptor (EGFR) amplified, recurrent glioblastoma (GBM).
J Clin Oncol 2016; 34 (Suppl abstr 2542).

ADCT-301

Tallman MS, Feingold JM, Spira AI, et al. A phase 1, open-label, dose-escalation, multicenter study to
evaluate the tolerability, safety, pharmacokinetics, and activity of ADCT-301 in patients with relapsed or
refractory CD25-positive acute myeloid leukemia. J Clin Oncol 2016; 34 (Suppl abstr TPS7071).

ADCT-402

Chung KY, Hamadani M, Kahl BS, et al. A phase 1 adaptive dose-escalation study to evaluate the
tolerability, safety, pharmacokinetics, and antitumor activity of ADCT-402 in patients with relapsed or
refractory B-cell lineage non Hodgkin lymphoma (B-NHL). J Clin Oncol 2016; 34 (Suppl abstr TPS7580).

AGS-16C3F

Thompson JA, Motzer R, Molina AM, et al. Phase 1 studies of anti-ENPP3 antibody drug conjugates
(ADCs) in advanced refractory renal cell carcinomas (RRCC). J Clin Oncol 2015; 33 (Suppl abstr 2503).

AGS62P1

ClinicalTrials.gov identifier NCT02864290.

AGS67E

Sawas A, Savage KJ, Perez RP, et al. A first in human experience of the anti-CD37 antibody-drug
conjugate AGS67E in lymphoid malignancies. J Clin Oncol 2016; 34 (Suppl abstr 7549).

AMG 172

ClinicalTrials.gov identifier NCT01497821.

AMG 595

ClinicalTrials.gov identifier NCT01475006.

Anetumab

Blumenschein GR, Hassan R, Moore KN, et al. Phase I study of anti-mesothelin antibody drug conjugate

ravtansine

anetumab ravtansine (AR). J Clin Oncol 2016; 34 (Suppl abstr 2509).
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Reference
Hassan R, Jennens R, Van Meerbeeck JP, et al. Randomized phase II study of anetumab ravtansine or
vinorelbine in patients with metastatic pleural mesothelioma. J Thorac Oncol 2017; 12: S1087-S1088.

ARX788

ClinicalTrials.gov identifier NCT02512237.

ASG-5ME

Coveler AL, Ko AH, Catenacci DV, et al. A phase 1 clinical trial of ASG-5ME, a novel drug-antibody
conjugate targeting SLC44A4, in patients with advanced pancreatic and gastric cancers. Invest New
Drugs 2016; 34: 319-328.
Morris M, Bruce J, Reyno L, et al. Phase 1 trial of ASG-5me in metastatic castration resistant prostate
cancer (CRPC). J Clin Oncol 2012; 30 (Suppl abstr 4568).

ASG-15ME

Petrylak DP, Heath EI, Sonpavde G, et al. Anti-tumor activity, safety and pharmacokinetics (PK) of AGS15E
(ASG-15ME) in a phase I dose escalation trial in patients (pts) with metastatic urothelial cancer (mUC). J
Clin Oncol 2016; 34 (Suppl abstr 4532).

AVE9633

Lapusan S, Vidriales MB, Thomas X, et al. Phase I studies of AVE9633, an anti-CD33 antibodymaytansinoid conjugate, in adult patients with relapsed/refractory acute myeloid leukemia. Invest New
Drugs 2012; 30: 1121-1131.

BAY79-4620

ClinicalTrials.gov identifiers NCT01028755, NCT01065623.

BAY1129980

ClinicalTrials.gov identifier NCT02134197.

BAY1187982

ClinicalTrials.gov identifier NCT02368951.

BIIB015

ClinicalTrials.gov identifier NCT00674947.

Bivatuzumab

Riechelmann H, Sauter A, Golze W, et al. Phase I trial with the CD44v6-targeting immunoconjugate

mertansine

bivatuzumab mertansine in head and neck squamous cell carcinoma. Oral Oncol 2008; 44: 823-829.

06

Rupp U, Schoendorf-Holland E, Eichbaum M, et al. Safety and pharmacokinetics of bivatuzumab
mertansine in patients with CD44v6-positive metastatic breast cancer: final results of a phase I study.
Anticancer Drugs 2007; 18: 477-485.
Tijink BM, Buter J, de Bree R, et al. A phase I dose escalation study with anti-CD44v6 bivatuzumab
mertansine in patients with incurable squamous cell carcinoma of the head and neck or esophagus. Clin
Cancer Res 2006; 12: 6064-6072.
BMS-986148

ClinicalTrials.gov identifiers NCT02341625, NCT02884726.

Brentuximab

Pro B, Advani R, Brice P, et al. Brentuximab vedotin (SGN-35) in patients with relapsed or refractory

vedotin

systemic anaplastic large-cell lymphoma: results of a phase II study. J Clin Oncol 2012; 30: 2190-2096.
Younes A, Gopal AK, Smith SE, et al. Results of a pivotal phase II study of brentuximab vedotin for patients
with relapsed or refractory Hodgkin’s lymphoma. J Clin Oncol 2012; 30:2183-2189.

Cantuzumab

Moskowitz CH, Nademanee A, Masszi T, et al. Brentuximab vedotin as consolidation therapy after

mertansine

autologous stem-cell transplantation in patients with Hodgkin’s lymphoma at risk of relapse or progression
(AETHERA): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2015; 385: 1853-1862.

Cantuzumab

Rodon J, Garrison M, Hammond LA, et al. Cantuzumab mertansine in a three-times a week schedule: a
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ADC

Reference

ravtansine

phase I and pharmacokinetic study. Cancer Chemother Pharmacol 2008; 62: 911-919.

CDX-014

Goff LW, Papadopoulos K, Posey JA, et al. A phase II study of IMGN242 (huC242-DM4) in patients with
CanAg-positive gastric or gastroesophageal (GE) junction cancer. J Clin Oncol 2009; 27 (Suppl abstr
e15625).

Coltuximab

ClinicalTrials.gov identifier NCT02837991.

ravtansine

Coiffier B, Thieblemont C, de Guibert S, et al. A phase II, single-arm, multicentre study of coltuximab
ravtansine (SAR3419) and rituximab in patients with relapsed or refractory diffuse large B-cell lymphoma.
Br J Haematol 2016; 173: 722-730.
Kantarjian HM, Lioure B, Kim SK, et al. A phase II study of coltuximab ravtansine (SAR3419) monotherapy
in patients with relapsed or refractory acute lymphoblastic leukemia. Clin Lymphoma Myeloma Leuk 2016;
16: 139-145.

DEDN6526A

Infante JR, Sandhu SK, McNeil CM, et al. A first-in-human phase I study of the safety and pharmacokinetic
(PK) activity of DEDN6526A, an anti-endothelin B receptor (ETBR) antibody-drug conjugate (ADC), in
patients with metastatic or unresectable melanoma. Cancer Res 2014; 74 (Suppl abstr CT233).

Denintuzumab

Chen RW, Jacobsen ED, Kostic A, Liu T, Moskowitz CH. A randomized, phase 2 trial of denintuzumab

mafodotin

mafodotin and RICE vs RICE alone in the treatment of patients (pts) with relapsed/refractory (r/r) diffuse
large B-cell lymphoma (DLBCL) who are candidates for autologous stem cell transplant (ASCT). J Clin
Oncol 2016; 34 (Suppl abstr TPS7584).
Fathi AT, Borate U, DeAngelo DJ, et al. A phase 1 study of denintuzumab mafodotin (SGN-CD19A) in
adults with relapsed or refractory B-lineage acute leukemia (B-ALL) and highly aggressive lymphoma.
Blood 2015; 126: 1328 (abstr).

DFRF4539A

ClinicalTrials.gov identifier NCT01432353.

DMOT4039A

Weekes CD, Lamberts LE, Borad MJ, et al. Phase I Study of DMOT4039A, an antibody-drug conjugate
targeting mesothelin, in patients with unresectable pancreatic or platinum-resistant ovarian cancer. Mol

DS-8201A

Cancer Ther 2016; 15: 439-447.
ClinicalTrials.gov identifier NCT02564900.

Enfortumab

Rosenberg JE, Heath EI, Van Veldhuizen PJ, et al. Anti-tumor activity, safety and pharmacokinetics (PK)

vedotin

of ASG-22CE (ASG-22ME; enfortumab vedotin) in a phase I dose escalation trial in patients (pts) with
metastatic urothelial cancer (mUC). J Clin Oncol 2016; 34 (Suppl abstr 4533).

Gemtuzumab

Bross PF, Beitz J, Chen G, et al. Approval summary: gemtuzumab ozogamicin in relapsed acute myeloid

ozogamicin

leukemia. Clin Cancer Res 2001; 7: 1490-1496.
Hills RK, Castaigne S, Appelbaum FR, et al. Addition of gemtuzumab ozogamicin to induction
chemotherapy in adult patients with acute myeloid leukaemia: a meta-analysis of individual patient data
from randomised controlled trials. Lancet Oncol. 2014; 15: 986-996.
Castaigne S, Pautas C, Terre C, et al. Effect of gemtuzumab ozogamicin on survival of adult patients with
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Reference
de-novo acute myeloid leukaemia (ALFA-0701): a randomised, open-label, phase 3 study. Lancet 2012;
379: 1508-1516.

Glembatumumab

Yardley DA, Weaver R, Melisko ME, et al. EMERGE: A randomized phase II study of the antibody-drug

vedotin

conjugate glembatumumab vedotin in advanced glycoprotein NMB-expressing breast cancer. J Clin Oncol
2015; 33: 1609-1619.
Ott PA, Hamid O, Pavlick AC, et al. Phase I/II study of the antibody-drug conjugate glembatumumab
vedotin in patients with advanced melanoma. J Clin Oncol 2014; 32: 3659-3666.
Bendell J, Saleh M, Rose AA, et al. Phase I/II study of the antibody-drug conjugate glembatumumab
vedotin in patients with locally advanced or metastatic breast cancer. J Clin Oncol 2014; 32: 3619-3625.

GSK2857916

Cohen AD, Popat R, Trudel S, et al. First in human study with GSK2857916, an antibody drug conjugated
to microtubule-disrupting agent directed against b-cell maturation antigen (BCMA) in patients with
relapsed/refractory multiple myeloma (MM): results from study BMA117159 part 1 dose escalation. Blood
2016; 128 (abstr 1148).

HKT288

ClinicalTrials.gov identifier NCT02947152.

HuMax-AXL-ADC

ClinicalTrials.gov identifier NCT02988817.

IMGN289

ClinicalTrials.gov identifier NCT01963715.

IMGN388

Thompson DS, Patnaik A, Bendell JC, et al. A phase I dose-escalation study of IMGN388, in patients with
solid tumors. J Clin Oncol 2010; 28 (Suppl abstr 3058).

IMGN529
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Stathis A, Freedman AS, Flinn IW, et al. A phase I study of IMGN529, an antibody-drug conjugate (ADC)
targeting CD37, in adult patients with relapsed or refractory B-cell non-Hodgkin’s lymphoma (NHL). Blood
2014; 124: 1760 (abstr).

Indatuximab

Kelly KR, Sigel DS, Chanan-Khan AA, et al. Indatuximab ravtansine (BT062) in combination with low-dose

ravtansine

dexamethasone and lenalidomide or pomalidomide: clinical activity in patients with relapsed/refractory
multiple myeloma. Blood 2016; 128: 4486 (abstr).

Inotuzumab

Goy A, Forero A, Wagner-Johnston N, et al. A phase 2 study of inotuzumab ozogamicin in patients with

ozogamicin

indolent B-cell non-Hodgkin lymphoma refractory to rituximab alone, rituximab and chemotherapy, or
radioimmunotherapy. Br J Haematol 2016; 174: 571-581.
Kantarjian HM, DeAngelo DJ, Stelljes M, et al. Inotuzumab ozogamicin versus standard therapy for acute
lymphoblastic leukemia. N Engl J Med 2016; 375: 740-753.

Labetuzumab

Cohen SJ, Starodub AN, Lieu CH, et al. Labetuzumab govitecan (IMMU-130), an anti-CEACAM5 / SN-38

govitecan

antibody-drug conjugate is active in patients (pts) with heavily pretreated metastatic colorectal cancer
(mCRC): phase II results Efrat Dotan. Cancer Research 2016; 76 (Suppl abstr CT065).

Lifastuzumab

Banerjee SN, Oza AM, Birrer MJ, et al. A randomized, open-label, phase II study of anti-NaPi2b antibody-

vedotin

drug conjugate (ADC) lifastuzumab (Lifa) vedotin (DNIB0600A) compared to pegylated liposomal

LOP628

doxorubicin (PLD) in patients (pts) with platinum-resistant ovarian cancer (PROC). J Clin Oncol 2016; 34
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Lorvotuzumab

ClinicalTrials.gov identifier NCT02221505.

mertansine

Shah MH, Lorigan P, O’Brien ME, et al. Phase I study of IMGN901, a CD56-targeting antibody-drug
conjugate, in patients with CD56-positive solid tumors. Invest New Drugs 2016; 34: 290-299.
Socinski MA, Kaye FJ, Spigel DR, et al. Phase 1/2 study of the CD56-targeting antibody-drug conjugate
lorvotuzumab mertansine (IMGN901) in combination with carboplatin/etoposide in small-cell lung cancer
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Berdeja JG. Lorvotuzumab mertansine: antibody-drug-conjugate for CD56+ multiple myeloma. Front
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MDX-1203

Owonikoko TK, Hussain A, Stadler WM, et al. First-in-human multicenter phase I study of BMS-936561
(MDX-1203), an antibody-drug conjugate targeting CD70. Cancer Chemother Pharmacol 2016; 77: 155162.

MEDI-547

Annunziata CM, Kohn EC, LoRusso P, et al. Phase 1, open-label study of MEDI-547 in patients with
relapsed or refractory solid tumors. Invest New Drugs 2013; 31: 77-84.

MEDI-4276

ClinicalTrials.gov identifier NCT02576548.

Milatuzumab

ClinicalTrials.gov identifier NCT01101594.

doxorubicin
Mirvetuximab

Moore KN, Martin LP, O’Malley DM, et al. Safety and efficacy of mirvetuximab soravtansine (IMGN853), a

soravtansine

folate receptor alpha-targeting antibody-drug conjugate, in platinum-resistant ovarium, fallopian tube, or
primary peritoneal cancer: a phase 1 expansion study. J Clin Oncol 2017; 35: 1112-1118.
Moore KN, Borghaei H, O’Malley DM, et al. Phase 1 dose-escalation study of mirvetuximab soravtansine
(IMGN853), a folate receptor α-targeting antibody-drug conjugate, in patients with solid tumors. Cancer
2017; doi: 10.1002/cncr.30736 [Epub ahead of print].
O’Malley DM, Martin LP, Moore KN, Nepert DL, Ruiz-Soto R, Vergote I. FORWARD II: A phase Ib study
to evaluate the safety, tolerability and pharmacokinetics of mirvetuximab soravtansine (IMGN853) in
combination with bevacizumab, carboplatin or pegylated liposomal doxorubicin in adults with folate
receptor alpha (FRa)-positive advanced epithelial ovarian cancer (EOC), primary peritoneal, fallopian tube,
or endometrial cancer. J Clin Oncol 2016; 34 (Suppl abstr TPS5611).

MLN0264

Almhanna K, Kalebic T, Cruz C, et al. Phase I study of the investigational anti-guanylyl cyclase antibodydrug conjugate TAK-264 (MLN0264) in adult patients with advanced gastrointestinal malignancies. Clin
Cancer Res 2016; 22: 5049-5057.
Almhanna K, Miron ML, Wright D, et al. Phase II study of the antibody-drug conjugate TAK-264 (MLN0264)
in patients with metastatic or recurrent adenocarcinoma of the stomach or gastroesophageal junction
expressing guanylyl cyclase C. Invest New Drugs 2017; 35: 235-241.
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Almhanna K, Wright D, Mercade TM, et al. A phase II trial of TAK-264, a novel antibody-drug conjugate
(ADC), in patients with pancreatic adenocarcinoma expressing guanylyl cyclase C (GGC). Cancer Research
2016; 76 (Suppl abstr CT117).

MLN2704

Milowsky MI, Galsky MD, Morris MJ, et al. Phase 1/2 multiple ascending dose trial of the prostate-specific
membrane antigen-targeted antibody drug conjugate MLN2704 in metastatic castration-resistant prostate
cancer. Urol Oncol 2016; 34: doi: 10.1016/j.urolonc.2016.07.005.

MM-302

Miller K, Cortes J, Hurvitz SA, et al. HERMIONE: a randomized phase 2 trial of MM-302 plus trastuzumab
versus chemotherapy of physician’s choice plus trastuzumab in patients with previously treated,
anthracycline-naive, HER2-positive, locally advanced/metastatic breast cancer. BMC Cancer 2016; 16:
352-363.

PCA-062

ClinicalTrials.gov identifier NCT02375958.

PF-06263507

Shapiro GI, Vaishampayan UN, LoRusso P, et al. First-in-human trial of an anti-5T4 antibodymonomethylauristatin conjugate, PF-06263507, in patients with advanced solid tumors. Invest New Drugs
2017; 35: 315-323.

PF-06647020

Tolcher AW, Calvo E, Maitland ML, et al. A phase 1 study of PF-06647020, an antibody-drug conjugate
targeting PTK7, in patients with advanced solid tumors. Eur J Cancer 2015; 51 (Suppl abstr 28LBA).
Sachdev JC, Maitland M, Sharma M, et al. A phase 1 study of PF-0664720, an antibody-drug conjugate
(ADC) targeting protein tyrosine kinase 7 (PTK7), in patients with advanced solid tumors including platinum
resistant ovarian cancer (OVCA). Ann Oncol 2016; 27: 1-36 (abstr LBA35). 10.1093/annonc/mdw435.

PF-06647263

Hong DS, Garrido-Laguna I, Krop IE, et al. First-in-human dose escalation, safety, and PK study of a novel
EFNA4ADC in patients with advanced solid tumors. J Clin Oncol 2015; 33 (Suppl abstr 2520).

PF-06650808

Rosen LS, Wesolowski R, Gibson B, et al. A phase 1 dose escalation, safety, and pharmacokinetic study
of PF-06650808, an anti-Notch3 antibody drug conjugate, in adult patients with advanced solid tumors.
Eur J Cancer 2015; 51 (Suppl abstr 30LBA).

Pinatuzumab

Advani RH, Lebovic D, Chen A, et al. Phase I study of the anti-CD22 antibody-drug conjugate pinatuzumab

vedotin

vedotin with/without rituximab in patients with relapsed/refractory B-cell non-Hodgkin’s lymphoma. Clin
Cancer Res 2017; 23: 1167-1176.
Morschhauser F, Flinn I, Advani RH, et al. Preliminary results of a phase II randomized study (ROMULUS)
of polatuzumab vedotin (PoV) or pinatuzumab vedotin (PiV) plus rituximab (RTX) in patients (pts) with
relapsed/refractory (R/R) non-Hodgkin lymphoma (NHL). J Clin Oncol 2014; 32 (Suppl abstr 8519).

Polatuzumab

Palanca-Wessels MC, Czuczman M, Salles G, et al. Safety and activity of the anti-CD79B antibody-drug

vedotin

conjugate polatuzumab vedotin in relapsed or refractory B-cell non-Hodgkin lymphoma and chronic
lymphocytic leukaemia: a phase 1 study. Lancet Oncol 2015; 16: 704-715.
Morschhauser F, Flinn I, Advani RH, et al. Preliminary results of a phase II randomized study (ROMULUS)
of polatuzumab vedotin (PoV) or pinatuzumab vedotin (PiV) plus rituximab (RTX) in patients (pts) with
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PSMA ADC 1301

Petrylak D, Smith D, Appleman L, et al. A phase 2 trial of prostate-specific membrane antigen antibody
drug conjugate (PSMA ADC) in taxane refractory metastatic castration-resistant prostate cancer (mCRPC).
J Clin Oncol 2014; 32 (Suppl abstr 5023).
Elinzano H, Hebda N, Luppe D, et al. PSMA ADC for progressive glioblastoma: Phase II Brown University
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RC48-ADC

ClinicalTrials.gov identifiers NCT02881190, NCT02881138, NCT03052634.

Rovalpituzumab

Rudin CM, Pietanza MC, Bauer TM, et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug

tesirine

conjugate, in recurrent small-cell lung cancer: a first-in-human, first-in-class, open-label, phase 1 study.
Lancet Oncol 2017; 18: 42-51.
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Bardia A, Mayer IA, Diamond JR, et al. Efficacy and safety of anti-trop-2 antibody drug conjugate
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sacituzumab govitecan (IMMU-132) in heavily pretreated patients with metastatic triple-negative breast
cancer. J Clin Oncol 2017; doi: 10.1200/JCO.2016.70.8297 [Epub ahead of print].
Faltas B, Goldenberg DM, Ocean AJ, et al. Sacituzumab govitecan, a novel antibody-drug conjugate, in
patients with metastatic platinum-resistant urothelial carcinoma. Clin Genitourin Cancer 2016; 14: e75-79.
Camidge DR, Heist RS, Masters GA, et al. Therapy of metastatic, non-small cell lung cancer (mNSCLC)
with the anti-Trop-2-SN-38 antibody-drug conjugate (ADC), sacituzumab govitecan (IMMU-132). J Clin
Oncol. 2016; 34 (Suppl abstr 9011).
Starodub A, Camidge DR, Scheff RJ, et al. Trop-2 as a therapeutic target for the antibody-drug conjugate
(ADC), sacituzumab govitecan (IMMU-132), in patients (pts) with previously treated metastatic small-cell
lung cancer (mSCLC). J Clin Oncol 2016; 34 (Suppl abstr 8559).

SAR408701

Gazzah A, Stjepanovic N, Ryu MH, et al. First-in-human phase I trial of the anti-CEACAM5 antibody-drug
conjugate SAR408701 in patients with advanced solid tumors (NCT02187848). Eur J Cancer 2016; 69
(Suppl abstr 23).

SAR428926

ClinicalTrials.gov identifier NCT02575781.

SAR566658

Gomez-Roca CA, Boni V, Moreno V, et al. A phase 1 study of SAR566658, an anti CA6-antibody drug
conjugate (ADC), in patients (Pts) with CA6-positive advanced solid tumors (STs) (NCT01156870). J Clin
Oncol 2016; 34 (Suppl abstr 2511).

SC-002

ClinicalTrials.gov identifier NCT02500914.

SC-003

ClinicalTrials.gov identifier NCT02539719.

SGN-15

Ross HJ, Hart LL, Swanson PM, et al. A randomized, multicenter study to determine the safety and efficacy
of the immunoconjugate SGN-15 plus docetaxel for the treatment of non-small cell lung carcinoma. Lung
Cancer 2006; 54: 69-77.
Ajani JA, Kelsen DP, Haller D, Hargraves K, Healey D. A multi-institutional phase II study of BMS182248-01 (BR96-doxorubicin conjugate) administered every 21 days in patients with advanced gastric
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SGN-CD70A
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SGN-LIV1A

Forero-Torres A, Modi S, Specht J, et al. Phase 1 study of the antibody-drug conjugate (ADC) SGN-LIV1A
in patients with heavily pretreated metastatic breast cancer. Cancer Res 2017; 77 (Suppl abstr P6-12-04).

Sofituzumab

Xu J, Zhang R, Saad O, et al. Pharmacokinetics of an antibody-drug conjugate (ADC)-DMUC5754A in a
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Clin Pharmacol Ther 2015; 97: S34-5 (abstr).

SYD-985

Van Herpen CM, Banerji U, Mommers EC, et al. Phase I dose-escalation trial with the DNA-alkylating antiHER2 antibody-drug conjugate SYD985. Eur J Cancer 2015; 51 (Suppl abstr 333).

Tisotumab

ClinicalTrials.gov identifiers NCT02552121, NCT02001623.
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Trastuzumab

Verma S, Miles D, Gianni L, et al. Trastuzumab emtansine for HER2-positive advanced breast cancer. N

emtansine

Engl J Med 2012; 367: 1783-1791.
Krop IE, Kim SB, Gonzalez-Martin A, et al. Trastuzumab emtansine versus treatment of physician’s choice
for pretreated HER2-positive advanced breast cancer (TH3RESA): a randomised, open-label, phase 3 trial.
Lancet Oncol 2014; 15: 689-699.
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Stein AS, Walter RB, Advani AS, Ho PA, Erba HP. SGN-CD33A (Vadastuximab Talirine) followed by

talirine

allogeneic hematopoietic stem cell transplant (AlloHSCT) results in durable complete remissions (CRs) in
patients with acute myeloid leukemia (AML). Biol Blood Marrow Transplant 2016; 22 (Suppl abstr 292).
Yang J, Ravandi F, Advani A, et al. A phase 1b study of vadastuximab talirine as maintenance and in
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128: 340 (abstr).
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Danila DC, Szmulewitz RZ, Baron AD, et al. A phase I study of DSTP3086S, an antibody-drug conjugate
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(ADC) targeting STEAP-1, in patients (pts) with metastatic castration-resistant prostate cancer (CRPC). J
Clin Oncol 2014; 32 (Suppl abstr 5024).

Vorsetuzumab

Tannir NM, Forero-Torres A, Ramchandren R, et al. Phase I dose-escalation study of SGN-75 in patients
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with CD70-positive relapsed/refractory non-Hodgkin lymphoma or metastatic renal cell carcinoma. Invest
New Drugs 2014; 32: 1246-1257.
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165

Chapter 06

Supplementary Table S2

Predicted protein overexpression rates of ADC targets
across 60 tumor (sub)types by FGmRNA profiling

Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

Supplementary Table S3

Predicted protein overexpression rates of ADC targets
across 60 tumor (sub)types based on regular mRNA data

Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

166

Supplementary data

Supplementary Table S4

Median mRNA expression of ADC targets per healthy
tissue type

Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

Supplementary Table S5

Predicted protein overexpression rates for 22,484 genes
across 60 tumor (sub)types by FGmRNA profiling

Scan the QR code with your smartphone or go to:

06

https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

167

Chapter 06

Supplementary Table S6

Predicted protein overexpression rates for 22,484 genes
across 60 tumor (sub)types based on regular mRNA data

Scan the QR code with your smartphone or go to:
https://academic.oup.com/annonc/article/28/12/3083/4211055#supplementary-data

168

Supplementary data

06

169

07

Summary and future
perspectives

Chapter 07

Summary
Over the last decades many molecules and key pathways in cancer were identified, which

facilitated a shift in anticancer drug development from DNA-damaging chemotherapy
to a more personalized approach with targeted antibody therapeutics.1 Moreover

antibodies have been reshaped and modified in order to improve their efficacy.2 For

instance antibody-drug conjugates, and several types of bispecific antibodies, including

bispecific T-cell engager (BiTE) antibody constructs and dual-affinity re-targeting
antibodies, have been developed. To date, 34 antibodies including five antibody-drug

conjugates and one BiTE antibody construct are approved by the U.S. Food and Drug
Administration and/or European Medicines Agency for oncological indications.

A major challenge in oncology is to identify those patients that will benefit

from targeted antibody therapeutics. Eventually this should lead to “personalized

medicine” in which a specific drug is used to treat a tumor with specific molecular or
genetic characteristics in a specifically selected patient. Therefore, it is important to

assess tumor selective expression of molecular targets. Nowadays this can be done
by performing immunohistochemistry (IHC) or quantitative polymerase chain reaction

on serum and/or tumor samples. However, there may also be a role for molecular
positron emission tomography (PET) imaging in selecting patients and predicting tumor
responses. The advantage of molecular imaging over conventional methods is that it is

non-invasive and enables whole-body assessment of tumor lesions, thereby addressing
tumor heterogeneity and circumventing sampling errors. For these reasons, molecular
antibody imaging can be a valuable tool in drug development, and patient enrichment
strategies.

With a plethora of targeted agents becoming available to treat patients

with cancer, broad knowledge concerning frequency of target expression across

tumor types is of importance to fully exploit therapeutic options. Performing largescale, golden standard, IHC analyses for many drug targets is time-consuming and
demands many resources. Moreover standardized protocols for IHC staining are

rarely available which has a strong impact on IHC results.3 Alternatively one could

use in silico functional genomic mRNA profiling (FGmRNA profiling) to predict target
overexpression at the protein level across a broad range of tumors.4 Although mRNA

data should be interpreted with some caution, e.g. mRNA transcripts might not always
be translated to the protein or proteins may not end up on the cell membrane, predicted
overexpression rates have all been obtained with exactly the same methodology.5

This approach allows researchers to directly compare predicted overexpression rates
between tumor types and tumor subtypes.
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The research performed in this thesis aimed to gain insight into antibody

behavior in cancer patients, thereby focusing on novel bispecific T-cell engager

antibody constructs, using early clinical development studies and molecular PET

imaging. In addition, we aimed to contribute to a more personalized anti-cancer
treatment approach by predicting overexpression rates of various drugable targets
across a plethora of tumor types using FGmRNA profiling.

Chapter 1 provides a general introduction of the topic and outlines the thesis.

In chapter 2 we present an overview of theranostic approaches using antibodies

and antibody-related therapeutics visualized with molecular PET imaging, in both the
preclinical and clinical setting. We reviewed the available literature on PubMed and
explored ongoing clinical trials on ClinicalTrials.gov.

We identified 24 different antibodies and antibody-related therapeutics used

for theranostic purposes across 58 PET imaging studies in patients with cancer. The

most frequently investigated antibody and radionuclide are respectively trastuzumab

(n = 14; serum half-life several days) and zirconium-89 (89Zr) (n = 18; physical half-life

78.4 hours). For theranostic PET approaches to become integrated in standard care,
further standardization with respect to procedures involved is required.

Despite the highly dynamic field of drug discovery in cancer, there remains an

urgent need for new therapeutics to improve survival in patients who have derived no
or only minor benefits so far. In chapter 3 we present data from a phase I study using

~55 kDa AMG 211, a carcinoembryonic antigen (CEA) and cluster of differentiation 3
(CD3) directed BiTE antibody construct. In this 3+3 dose-escalation dose-expansion
study the safety, tolerability, immunogenicity, pharmacokinetics, and preliminary

signs of clinical efficacy of single agent AMG 211 were determined in patients with
advanced gastrointestinal adenocarcinomas. Moreover, pharmacodynamics including
plasma inflammatory cytokines and CEA expression on tumor cells were studied in
paired biopsies. Via central venous access, AMG 211 was administered as continuous

intravenous infusion for 24 hours per day for either 7 or 14 consecutive days in 28days cycles, or 28 consecutive days in 42-days cycles. At the start of each cycle,
patients were admitted to the hospital for at least 48 hours. Afterwards, treatment

was continued in the outpatient setting. Patients visited the outpatient clinic at least

once a week for safety monitoring according to The National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI CTCAE) v4.0 criteria.6 Blood was drawn

for regular laboratory tests, and to study antibody-drug antibodies, pharmacokinetics,

and inflammatory markers. Response evaluation with diagnostic CT was assessed at
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baseline and after every 2 cycles according to the immune-related response criteria.7

Finally, mandatory archival and optional freshly gained biopsies were used to study
CEA expression on tumor cells and the tumor microenvironment.

Forty-four patients with adenocarcinomas of the gastrointestinal tract were

treated with AMG 211 for a maximum of 7 cycles (median 2) across 8 dosing cohorts.
The maximum evaluated dose was 6,400 µg/day for 14 consecutive days in 28-days

cycles, and 12,800 µg/day for 28 consecutive days in 42-days cycles. Dose limiting
toxicities were not observed. Adverse events reported in > 20% of patients were

fatigue (54.5%), pyrexia (38.6%), nausea (36.4%), abdominal pain (34.1%), and
diarrhea (29.5%). Cytokine release syndrome, a well-known phenomenon of T-cell

stimulating therapies, occurred in two patients (4.5%).8 The study was discontinued

after observation of anti-AMG 211 antibody formation in all patients treated at high
doses of > 3,200 µg/day resulting in a drop in AMG 211 exposure with high anti-AMG
211 antibody titers. Pharmacokinetic steady-state concentrations were reached within 2

days of dosing and maintained throughout treatment, and dropped rapidly afterwards.
Longest half-life was 15.2 hours in the two patients receiving AMG 211 12,800 µg/day
for 28 days. Best response was stable disease, which occurred in 6 patients (13.6%)
and ranged between 14 to 38 weeks. Nineteen of 22 available tumors expressed CEA

on IHC analyses, while CEA transcript expression by NanoString was detected in all

samples analyzed. This study showed that AMG 211 continuous intravenous infusion
was generally well tolerated but did not lead to objective antitumor efficacy.

With modified bispecific antibodies, the potentially different binding affinity for

the target of each of the arms might affect biodistribution. However, knowledge about

biodistribution in patients of bispecific antibodies including BiTE antibody constructs
is largely unknown. Therefore, we performed in chapter 4 a first-in-human, two-center

molecular PET imaging study with 89Zr-labeled ~55 kDa AMG 211 as tracer. We aimed

to study whole-body biodistribution of

89

Zr-AMG 211 in healthy tissues and tumor

lesions before AMG 211 treatment and/or immediately after the end of the second
AMG 211 treatment period of 28 days (“during AMG 211 treatment”) as described in
chapter 3.

89

Zr-AMG 211 was produced in the University Medical Center Groningen

under good manufacturing practice conditions. Patients with relapsed or refractory
gastrointestinal adenocarcinomas eligible for the phase I study received 37 MBq

89

Zr-

AMG 211 intravenously with or without cold (“unlabeled”) AMG 211. Subsequently
patients were admitted for observation of side effects, which were graded according to

NCI CTCAE v 4.03.6 PET scans were performed at 3, 6, and 24 hours after completion
of the tracer injection. Standardized uptake values (SUVs) were calculated for healthy
tissues and tumor lesions and were compared within and between patients. At each
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PET scan time point blood samples were collected to study tracer pharmacokinetics,
tracer integrity, and tracer binding to immune cells.

Nine patients were enrolled. Before AMG 211 treatment, the optimal imaging

dose was 200 µg

89

Zr-AMG 211 + 1,800 µg cold AMG 211. At 3 hours, the highest

blood pool SUVmean was 4.0, and tracer serum half-life was 3.3 h. CD3-mediated uptake
was observed in CD3-rich lymphoid tissues like spleen and bone marrow (SUVmean 3.2

and 1.8, respectively), and the SUVmean decreased slower than in other healthy tissues.

89

Zr-AMG 211 remained intact and mainly unbound as measured in plasma, and was

excreted predominantly via the kidneys in degraded forms. 37 out of 43 visible tumor

lesions were PET quantifiable, with a SUVmax of 4.0 (interquartile range 2.7 – 4.4) at

3 hours using the optimal imaging dose. The tracer uptake differed 5-fold between

tumor lesions and 9-fold between patients. During AMG 211 treatment more tracer was
present in the blood pool, which is reflected by a longer serum

89

Zr-AMG 211 half-life

of 16.4 h, while tumor lesions were not visualized, possibly indicating target saturation.
This study demonstrated that imaging with

89

Zr-AMG 211 is very informative about the

CEA/CD3 BiTE antibody constructs whole-body biodistribution and tumor targeting.
We showed CD3-specific tracer accumulation in lymphoid organs and clear tumor
uptake that was highly heterogeneous, both within and between patients.

In the era of personalized medicine, identification of novel drugable targets to

increase therapeutic possibilities in cancer patients is of great value. The membranebound heparan sulfate proteoglycan glypican 3 is currently exploited as a novel

drug target because it is a highly specific tumor marker. In this respect, it is critical
to have good insight into its overexpression across several tumor types. In chapter

5, we aimed to predict glypican 3 protein overexpression across 60 different tumor

types and subtypes with FGmRNA profiling. This technique was applied to expression

profiles of 18,055 patient-derived tumor samples to predict glypican 3 overexpression
at the protein level with healthy tissues as reference. In addition, we compared our

predictions with IHC staining of a breast cancer tissue microarray containing 391 tumor
samples with an average of 2.74 assessable cores per tumor, and historical IHC data
in literature derived from a systematic search on PubMed.

Predicted glypican 3 overexpression was observed in 77% of hepatocellular

carcinoma samples, 45% of squamous cell lung cancer samples, 19% of head and
neck squamous cell cancer samples, and 18% of squamous cell esophageal cancer

samples. The overexpression found in head and neck squamous cell cancer was not
yet reported with IHC analysis in the literature. In breast cancer, predicted glypican 3

overexpression was receptor status dependent with 13% for estrogen receptor (ER)-
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positive, 7% for human epidermal growth factor receptor 2 (HER2)-positive, 14% for ER-

positive/HER2-positive, and 8% for triple negative breast cancer. Since IHC glypican
3 overexpression in breast cancer subgroups based on receptor status was not yet

reported in literature, we compared our predictions with IHC staining measured with
a breast cancer tissue microarray. This analysis showed glypican 3 overexpression in

13% of ER-positive, 17% of HER2-positive, 12% of ER-positive/HER2-positive and 13%
of triple negative breast cancers. For 34 tumor types and subtypes FGmRNA profiling

data could be compared with IHC data showing a relative difference of ≤ 10% for 28
out of 34 tumor types. This study provides a data-driven prioritization of tumor types
and subtypes for future research with glypican 3 targeting therapies.

In chapter 6 we reviewed available literature and ongoing clinical trials

concerning antibody-drug conjugates, both marketed and in clinical development, and
the targets to which they are directed. We subsequently aimed to define the landscape

of predicted antibody-drug conjugate target overexpression across a broad range of 60
different tumor types, which could be helpful to guide clinicians and drug developers

in deciding which antibody-drug conjugate is of potential interest for further evaluation
in which tumor type. We therefore applied FGmRNA profiling to expression profiles of
18,055 patient-derived tumor samples to predict, per tumor type, the antibody-drug

conjugate target overexpression rate at the protein level, using healthy tissue samples
as reference.

We identified 87 antibody-drug conjugates directed against 59 unique targets.

In frequently diagnosed breast cancer, 31 of these 59 antibody-drug conjugate targets
had a predicted overexpression rate ≥ 10% of samples, including 23 antibody-drug
conjugate targets in triple negative breast cancer. A predicted overexpression rate of

≥ 10% of samples for multiple antibody-drug conjugate targets was also observed for
other high incidence tumor types like colorectal cancer (n = 18), lung adenocarcinoma
(n = 18), squamous cell lung cancer (n = 16), and prostate cancer (n = 5). In rare

tumor types we observed, amongst others, a predicted overexpression rate of 55%

of samples for cluster of differentiation 22 and ectonucleotide pyrophosphatase/
phosphodiesterase 3 in adrenocortical adenocarcinomas, 81% for cluster of

differentiation 74 and fibroblast growth factor receptor 3 in osteosarcomas, and 95%

for c-MET in uveal melanomas. In conclusion, our data provides clinicians and drug
developers with an instrument that facilitates further evaluation.
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Discussion and future perspectives
Bispecific T-cell engager antibody constructs in cancer patients

Tumor development resembles micro-evolution, and the concept of cancer immune-

editing is now widely accepted as a mechanistic basis consisting of the three

subsequent phases elimination, equilibrium, and escape.9 During elimination, the
innate and adaptive immune system successfully recognizes and destroys tumor cells.

However, relatively less immunogenic tumor cells can remain undetected for years,
and finally escape immune surveillance and grow into clinically relevant tumors.10

Specific recognition and subsequently killing of tumor cells is mostly accomplished

by the adaptive immune system and in particular by cytotoxic T-cells.11 Currently

several therapeutic approaches that utilize the cytotoxic potential of T-cells to destroy
tumor cells have successfully entered the clinic including adoptive T-cell therapy, and
immune checkpoint inhibitors.

CD19/CD3 directed blinatumomab has provided clinical proof of concept

for the BiTE platform in hematological tumors.12,13 More recently the application of

BiTE antibody constructs in solid tumors has been explored. The CEA/CD3 BiTE
AMG 211 was generally well tolerated in our phase 1 study in patients with advanced

gastrointestinal adenocarcinomas, but objective responses were not seen. In a phase

1 study with EpCAM/CD3 directed solitomab in patients with refractory solid tumors,
significant target-related adverse events such as an increase in liver parameters and
severe diarrhea prevented dose escalation to therapeutic levels.14 Future research has to

elucidate whether solid tumors can respond to BiTE molecules. Approaches are ongoing

to prolong drug circulation time by increasing its size, for instance via albumin-fusion,
Fc-fusion, or glycosylation.15,16 This could facilitate sustained tumor drug exposure and

accumulation, as has been shown for a CEA/CD3 single chain diabody in mice bearing
CEA-positive tumors.17 For the full-size CEA/CD3 antibody CEA-TCB preliminary results

of two ongoing phase 1 studies in patients with advanced colorectal cancers report
metabolic partial response, assessed with

18

F-fluorodeoxyglucose PET at week 4-6,

in 28% of patients when applied as single agent and 60% when combined with the
programmed cell death ligand-1 antibody atezolizumab. This suggested the relevance

of simultaneously targeting CEA on tumor cells and CD3 on T-cells.18 As seen from this
study, concomitant administration of BiTE antibody constructs with other anti-cancer

therapeutics might also be of interest. Preclinically, the combination of AMG 211 and

immune checkpoint inhibition resulted in a more potent cytotoxicity towards CEA-positive
tumor cells.19 In patients, such an approach is being investigated for blinatumomab. In an

ongoing phase 1 study in patients with acute lymphoblastic leukemia, blinatumomab is

combined with nivolumab or with ipilimumab (ClinicalTrials.gov identifier NCT02879695).
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Molecular PET imaging using radiolabeled bispecific antibodies

It is well acknowledged that the development of bispecific antibodies like BiTE antibody
constructs for clinical use has been more challenging compared to the low hanging
fruit comprising conventional monoclonal antibodies.20 In bispecific antibodies, the

two arms differ in binding affinity for targets, which might consequently affect tissue

distribution and accumulation in patients, as has already been shown in mice and
monkeys.21-23 However, little is known about biodistribution of bispecific antibodies in

patients.24,25 Molecular PET imaging can be used as tool to expand our knowledge

concerning whole-body target expression, biodistribution, and tumor accessibility for
targeted antibody therapeutics including bispecific antibodies. This approach can

support rational trial design for such innovative antibody targeting strategies. In the
PET scan study (chapter 4), we demonstrated that imaging with

89

Zr-AMG 211 was

very informative regarding CEA/CD3 directed AMG 211 whole-body biodistribution
and tumor targeting. We showed high specific 89Zr-AMG 211 accumulation in CD3-rich

lymphoid tissues like the spleen and bone marrow, as well as a clear but heterogeneous
tumor uptake both within patients and between patients.
Comprehensive

lesion

assessment

via

non-invasive

molecular

PET

imaging might provide useful support in treating patients. For instance, because of
heterogeneity in tumor target expression patterns, some tumor lesions will be effectively

targeted by the drug, while others remain untreated and will contribute to poor clinical
outcomes. Lesions with low uptake may benefit more by local treatment. Alternatively,

extensive lesion assessment via conventional methods like IHC could be used, but

are burdensome to patients, given the invasive techniques involved, especially
when repeated assessment is required. Pretreatment imaging of HER2 targeting,
combined with early metabolic response assessment using

18

F-fluorodeoxyglucose

PET, showed heterogeneity in target expression and was able to accurately predicted

morphological response to therapy.26 This therefore holds great promise for improving
the understanding of tumor heterogeneity in metastatic HER2-positive breast cancer
and for selecting patients who will or will not benefit from HER2 directed therapy with

the antibody-drug conjugate trastuzumab emtansine.26 More recently, the additive
value of molecular PET imaging with

89

Zr-labeled programmed cell death ligand-1

directed atezolizumab was reported. Tumor responses correlated better with tumor
uptake at baseline PET than with IHC determined programmed cell death ligand-1
status.27 The lack of responders in the AMG 211 phase 1 study hindered our ability to

establish molecular PET imaging associations with response.

Although molecular PET imaging is a valuable tool to study antibody

biodistribution and tumor uptake, future studies are needed to confirm their role
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as a biomarker in a larger patient population. Performing larger studies will require

harmonization and standardization of radiolabeling and imaging procedures, as well
as access to the required radionuclide. Large multicenter studies using

89

Zr probably

will be feasible, as tracer sharing is easy given the relatively long physical half-life
enabling transportation to other centers.

Functional genomic mRNA profiling to predict target overexpression
for targeted therapeutics in cancer patients
We showed the potential of in silico FGmRNA profiling as screening tool to predict

overexpression for the highly specific tumor target glypican 3, and for 59 unique
antibody-drug conjugate targets across 60 tumor types and tumor subtypes. In the

clinic, IHC analyses are most often used to assess protein presence. However, gaining
insight into a broad range of tumors using IHC screening for the presence of various
drugable targets is time consuming and demands many resources. Our studies showed

that FGmRNA profiling provides “an educated guess” to answer questions concerning

antigen target overexpression across tumors in a more efficient manner than largescale IHC analyses. Nevertheless, some pitfalls concerning FGmRNA profiling must
be considered. For example, mRNA is not always translated to protein and a protein

does not always end up on the cell membrane and therefore mRNA data must be
interpreted with some caution.5 In addition, FGmRNA profiling does not inform about

target heterogeneity and it cannot distinguish between tumor cells and non-tumor

cells as source of target overexpression. Subsequent IHC validation or results might
therefore be warranted. On the other hand, with IHC, major heterogeneity in staining
antibodies, scoring methods and cut-off boundaries hamper direct comparison of

results. It has clearly been illustrated that standardized protocols are critical in order to
use IHC results for validation.3
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Samenvatting
Na hart- en vaatziekten vormt kanker, wereldwijd gezien, de belangrijkste doodsoorzaak.

In 2012 overleden ongeveer 8,2 miljoen mensen aan kanker, in de meeste gevallen
omdat de tumor uitgezaaid was. Het is daarom van belang dat de behandeling

van kanker verbeterd wordt. Tot voor kort bestond de behandeling van kanker uit
chirurgische, radiotherapeutische of DNA-schade inducerende chemotherapeutische

opties, dan wel een combinatie van deze behandelingen. De laatste jaren is de kennis
over de aanwezigheid van eiwitten, hun functie en bijbehorende signaleringsroutes –

die een belangrijke rol spelen bij het ontstaan, groeien en uitzaaien van kanker – sterk

toegenomen. Dit heeft geleid tot de ontwikkeling van verschillende nieuwe medicijnen,

waaronder immunotherapie en medicijnen gericht op een bepaald doel (“target”) in
de tumor en daarmee de opkomst van therapie op maat (“personalized medicine”).

Voorbeelden van medicijnen gericht op een bepaald doel in de tumor zijn antilichamen
(“antibodies”). Steeds vaker worden deze antilichamen gemodificeerd tot onder andere

bispecifieke antilichamen zoals full-size antilichamen en bispecific T-cell engagers
(BiTEs). Antilichamen kunnen ook worden gekoppeld aan een toxine en vormen dan

de zogenaamde antibody-drug conjugaten. Op dit moment zijn 34 antilichamen in de

Verenigde Staten en/of Europa geregistreerd als medicijn tegen kanker, inclusief één

BiTE en vijf antibody-drug conjugaten. Nog eens 32 antilichamen bevinden zich in de
laatste fase van de ontwikkeling en de verwachting is dat een deel van deze nieuwe
medicijnen op korte termijn op de markt beschikbaar komt.

Met het beschikbaar komen van deze nieuwe doelgerichte medicijnen, is er

een nieuwe uitdaging ontstaan in de dagelijkse oncologische praktijk, namelijk het
kiezen van de juiste medicatie voor de individuele patiënt. Het is daarom vaker van

belang om voor een patiënt na te gaan of de tumor moleculaire eigenschappen bezit
waaraan doelgerichte medicijnen kunnen binden. In de dagelijkse patiëntenzorg wordt

dit vaak gedaan met behulp van immunohistochemische analyse (IHC) of kwantitatieve
polymerase ketting reactie op tumorbiopten. Mogelijk kan moleculaire beeldvorming

met positron emissie tomografie (PET) in de toekomst gebruikt worden om patiënten te

selecteren voor de juiste behandeling. Moleculaire beeldvorming is een non-invasieve

techniek die in staat is om naar alle tumorlokalisaties in het lichaam van een patiënt
te kijken. Op deze manier kan heterogeniteit in target expressie afgebeeld worden.

Moleculaire beeldvorming met PET is daarom een potentieel interessante techniek bij
de ontwikkeling van nieuwe medicijnen en voor het selecteren van geschikte patiënten
voor doelgerichte therapie.

Met het beschikbaar komen van een scala aan nieuwe doelgerichte
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medicijnen, is het van belang om inzicht te krijgen welke patiënten bepaalde targets
in hun tumoren tot expressie brengen. Zo is bijvoorbeeld bekend dat ongeveer 20-

25% van de patiënten met borstkanker het eiwit human epidermal growth factor
receptor 2 (HER2) tot expressie brengt, maar is deze kennis vaak niet aanwezig voor
andere tumortypes en voor andere eiwitten. Kennis over target expressie is nodig

om de therapeutische mogelijkheden van nieuwe doelgerichte medicijnen maximaal
te benutten. Deze kennis zou verkregen kunnen worden door op grote schaal IHC-

analyses uit te voeren. Gestandaardiseerde protocollen voor IHC-analyse zijn echter

voor veel targets niet beschikbaar, wat een eenduidige interpretatie bemoeilijkt. Als

alternatief kan in silico functional genomic mRNA profiling (FGmRNA profiling) worden
gebruikt om target expressie op eiwitniveau te voorspellen. FGmRNA profiling is een

techniek waarmee biologisch relevante overexpressie van eiwitten gedestilleerd kan

worden uit een robuuste dataset van mRNA assays. Hoewel mRNA data met enige
voorzichtigheid geïnterpreteerd dient te worden, omdat bijvoorbeeld niet altijd translatie
naar eiwit plaatsvindt en niet elk eiwit uiteindelijk op de celmembraan terechtkomt, is
het grote voordeel van deze techniek dat de voorspelde target expressie elke keer op

dezelfde manier wordt bepaald. Dit maakt het mogelijk de resultaten van verschillende
tumortypes direct met elkaar te vergelijken.

Het onderzoek in dit proefschrift is uitgevoerd om inzicht te krijgen in het

gedrag van antilichamen in patiënten met kanker, waarbij de focus lag op bispecific
T-cell engagers, door middel van vroeg klinische studies en moleculaire beeldvorming
met behulp van PET. Voorts is gekeken naar het gebruik van FGmRNA profiling om
target overexpressie te voorspellen voor een breed scala tumor(sub)types.

Hoofdstuk 1 geeft een algemene introductie tot dit proefschrift. In hoofdstuk

2 beschrijven wij de huidige stand van zaken met betrekking tot het gebruik van

theranostics met antilichamen en PET scans in de preklinische en klinische oncologie.

Theranostics wil zeggen dat radioactief gelabelde medicijnen worden gebruikt voor

zowel diagnostiek (“diagnostics”) als behandeling (“therapeutics”). Met behulp van

de beschikbare literatuur op PubMed en lopende klinische studies op ClinicalTrials.
gov identificeerden wij 24 verschillende antilichamen, inclusief gemodificeerde

antilichamen zoals een BiTE, die gebruikt werden in 58 verschillende theranostische
PET scan studies. Het meest gebruikte antilichaam is trastuzumab (n = 14, serum
halfwaardetijd van enkele dagen) en de meest gebruikte radionuclide is

89

Zr (n = 18,

fysische halfwaardetijd van 78,4 uur). Om implementatie in de standaard patiëntenzorg
mogelijk te maken is het van belang dat de procedures met betrekking tot theranostics
wereldwijd worden gestandaardiseerd.
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Ondanks het feit dat er de laatste jaren veel nieuwe oncologische medicijnen

beschikbaar zijn gekomen, blijft het van belang om meer nieuwe medicijnen te
ontwikkelen om de prognose van patiënten met kanker (verder) te optimaliseren. In

hoofdstuk 3 beschrijven we de fase 1 studie met het medicijn AMG 211 in patiënten
met vergevorderde tumoren (adenocarcinomen) van het maagdarmstelsel. Dit relatief

kleine medicijn, met een moleculaire massa van ~55 kDa, behoort tot de BiTE groep
en is gericht op twee targets, namelijk carcinoembryonic antigen (CEA) op tumorcellen

en cluster of differentiation 3 (CD3) op T-cellen. Het doel van deze studie was de
veiligheid, immunogeniciteit, farmacokinetiek en klinische effectiviteit van AMG 211
monotherapie te onderzoeken binnen deze specifieke patiëntenpopulatie. Daarnaast
hebben wij de farmacodynamische eigenschappen van AMG 211 onderzocht door
inflammatoire cytokines in het plasma te meten en CEA-expressie op tumorcellen

te bestuderen. Via een centraal veneuze toegangsweg werd AMG 211 24 uur per
dag gedurende 7 of 14 dagen intraveneus toegediend in een kuur van 28 dagen, of

gedurende 28 dagen in een kuur van 42 dagen. Met behulp van een 3+3 design werd
de medicijndosering per drie patiënten verder opgebouwd. Aan het begin van iedere
kuur werden patiënten tenminste 48 uur in het ziekenhuis opgenomen, waarna de
behandeling thuis werd gecontinueerd. Bijwerkingen werden beoordeeld aan de hand

van specifieke criteria (The National Cancer Institute Common Terminology Criteria for
Adverse Events (NCI CTCAE) v4.0). In het bloed werd naast regulier bloedonderzoek,

ook gekeken of er antibody-drug antilichamen aanwezig waren en werden

medicijnspiegels en farmacodynamische parameters bestudeerd. Diagnostische CT

scans werden gemaakt voor de start van de behandeling en na iedere 2 kuren om het
effect van de therapie te beoordelen. Tenslotte werd met behulp van archiefweefsel en

vers verkregen tumorweefsel de CEA-expressie op de tumorcel bepaald met behulp
van IHC-analyse en werd de tumor microenvironment bestudeerd. NanoString gen
expressie profiling werd toegepast voor CEA transcriptexpressie-analyse.

Vierenveertig patiënten werden in vijf ziekenhuizen behandeld. Acht

verschillende doseringen werden onderzocht, waarbij patiënten maximaal 7 kuren
kregen (mediaan 2). De hoogste dosering AMG 211 gedurende 14 dagen in een
kuur van 28 dagen was 6.400 µg/dag, terwijl dit 12.800 µg/dag was voor 28 dagen

behandeling in een kuur van 42 dagen. Geen van de patiënten had klinisch relevante

bijwerkingen. Bijwerkingen die bij minimaal 20% van de patiënten optraden waren

vermoeidheid (55%), koorts (39%), misselijkheid (36%), buikpijn (34%) en diarree

(30%). Twee patiënten vertoonden symptomen van het cytokine release syndroom, een
bekende bijwerking van T-cel stimulerende therapieën. Farmacokinetisch onderzoek

toonde dat steady-state AMG 211 concentraties binnen 48 uur na de start van de
behandeling werden bereikt, maar dat de concentraties AMG 211 na het voltooien
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van de kuur snel afnamen. De langst gemeten halfwaardetijd was 15,2 uur in twee
patiënten die AMG 211 12.800 µg/dag gedurende 28 dagen kregen. Bij alle patiënten
die werden behandeld met een AMG 211 dosering ≥ 3.200 µg/dag werden antibody-

drug antilichamen gevonden, die samengingen met verlaagde AMG 211 spiegels.
De beste tumorrespons was stabiele ziekte bij zes patiënten gedurende 14 tot 38
weken. In 19 van de 22 geanalyseerde tumorbiopten werd met IHC-analyse CEA-

expressie aangetoond. NanoString-analyse toonde CEA transcriptexpressie aan in
alle geanalyseerde samples. Concluderend hebben wij met deze studie aangetoond
dat continue intraveneuze behandeling met AMG 211 over het algemeen goed wordt
verdragen en als beste respons stabiele ziekte liet zien.

Een bispecifiek antilichaam is gericht op twee targets waarbij elke arm van

het medicijn een eigen bindingsaffiniteit heeft voor zijn target. Hoewel het aannemelijk

is dat verschillen in bindingsaffiniteit tussen de armen van invloed kunnen zijn op

de verdeling van een medicijn in het lichaam, is er op dit moment nog maar weinig
bekend over de biodistributie van bispecifieke antilichamen in mensen. In hoofdstuk
4 beschrijven we een first-in-human studie met moleculaire beeldvorming door middel
van PET, waarvoor wij gebruik maakten van

89

Zr-gelabeled AMG 211 als speurstof

oftewel tracer. Deze studie werd uitgevoerd in twee centra om de biodistributie
van

89

Zr-AMG 211 in gezond weefsel en tumoren te onderzoeken voor en/of tijdens

de behandeling met AMG 211 zoals beschreven in hoofdstuk 3. Een deel van de

patiënten met vergevorderde adenocarcinomen uitgaande van het maagdarmstelsel

die tevens waren geïncludeerd in de fase 1 studie beschreven in hoofdstuk 3, namen
ook deel aan deze moleculaire beeldvorming studie. Zij kregen hiervoor 37 MBq

89

Zr-

AMG 211 +/- on-gelabeld AMG 211 gedurende 3 uur geïnfundeerd. Vervolgens werden
patiënten opgenomen ter observatie van eventuele bijwerkingen en werden 3, 6, en

24 uur later PET scans gemaakt. Bijwerkingen werden beoordeeld aan de hand van

de NCI CTCAE v4.0 criteria. Traceropname, uitgedrukt als standardized uptake value

(SUV), werd berekend voor de gezonde weefsels en tumorlaesies en de resultaten
werden zowel binnen één patiënt als tussen verschillende patiënten vergeleken. Naast

PET scans werden er ook bloedmonsters afgenomen om de farmacokinetiek, integriteit
en de binding van de tracer aan immuuncellen te onderzoeken.

Negen patiënten werden in deze studie geïncludeerd. Voor de behandeling

met AMG 211 was de optimale tracer dosis vastgesteld op 200 µg

89

Zr-AMG 211 +

1.800 µg on-gelabeld AMG 211. Drie uur na het voltooien van de tracerinjectie (met de
optimale dosis) werd de hoogste traceropname in het bloed gemeten met een SUVmean

van 4,0. Tracer halfwaardetijd was 3,3 uur. In CD3-rijke lymfoïde weefsels, zoals de milt
en het beenmerg, werd een hoge en langdurige CD3 gemedieerde opname gevonden
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– met SUV’s van respectievelijk 3,2 en 1,8. In het plasma was

89

Zr-AMG 211 intact,

terwijl de tracer voornamelijk gedegradeerd werd uitgescheiden via de nieren. Met

diagnostische CT scans werden in totaal 61 tumorlaesies ≥ 10 x 10 mm geïdentificeerd.
Traceropname werd gezien in 43 tumorlaesies, waarvan 37 te kwantificeren waren.
Drie uur na de tracerinjectie met de optimale dosis, werd een mediane SUVmax van 4,0

(interkwartiele range 2,7 – 4,4) gemeten in tumorlaesies. Binnen patiënten was er een

gemiddeld vijfvoudig verschil in traceropname tussen verschillende tumorlaesies. Dit

verschil was negenvoudig tussen verschillende patiënten. Tijdens de behandeling met
AMG 211 werd een hogere traceropname in het bloed gevonden en een langere tracer

halfwaardetijd van 16,4 uur. Opname van de tracer in tumoren werd in deze setting
niet gezien, wat mogelijk verklaard wordt door het optreden van tumor-target-saturatie.
Concluderend bleken
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biodistributie en tumor-targeting in patiënten met vergevorderde adenocarcinomen
van het maagdarmstelsel. CD3 specifieke tracer accumulatie werd geobserveerd in

lymfoïde organen. Tevens werd een duidelijke, maar heterogene, tracer tumoropname
gezien, zowel binnen één patiënt als tussen verschillende patiënten.

Het is relevant om nieuwe targets te identificeren die mogelijk voor doelgerichte

therapieën gebruikt kunnen worden. Het eiwit glypican 3, een specifieke tumormarker,

wordt sinds kort geëxploiteerd als een nieuwe target. Er zijn echter weinig gegevens
beschikbaar over glypican 3 overexpressie in humane tumoren. In hoofdstuk 5 hebben
wij de overexpressie van glypican 3 in 60 verschillende tumor(sub)types bepaald met

behulp van FGmRNA profiling. Met deze techniek hebben we met behulp van een
publiekelijk beschikbare microarray database van 18.055 tumoren bij 60 verschillende
tumor(sub)types het percentage tumorsamples bepaald dat overexpressie van

glypican 3 liet zien. Hierbij werd gezond weefsel als referentie gebruikt. Voorts hebben
wij IHC-analyses verricht op een tissue microarray met 391 borstkankersamples en

hebben wij de beschikbare literatuur op PubMed met betrekking tot IHC glypican 3
overexpressie samengevat. Deze IHC-data hebben wij vergeleken met de voorspelde
glypican 3 overexpressie zoals gevonden met behulp van FGmRNA profiling.

FGmRNA profiling toonde glypican 3 overexpressie aan in 77% van de

hepatocellulaire carcinomen, in 45% van de plaveiselcellongcarcinomen, in 19% van
de hoofd-hals plaveiselcelcarcinomen en in 18% van de plaveiselcelcarcinomen van

de slokdarm. De voorspelde overexpressie in hoofd-hals plaveiselcelcarcinomen
was nog niet eerder beschreven in de literatuur. In borstkanker was de voorspelde

glypican 3 overexpressie 13% voor oestrogeenreceptor (ER) positieve borstkanker,
7% voor HER2 positieve borstkanker, 14% voor ER/HER2 positieve borstkanker en bij

de triple negatieve borstkankers werd in 8% van de gevallen glypican 3 overexpressie
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gevonden. Deze resultaten in borstkanker zijn vergeleken met de IHC-analyses van

de borstkanker tissue microarray, waarbij ook 13% glypican 3 overexpressie werd

gevonden bij ER positieve borstkanker, 17% bij HER2 positieve borstkanker, 12% bij
ER/HER2 positieve borstkanker en 13% bij triple negatieve borstkanker. Voor in totaal
34 tumor(sub)types kon data van FGmRNA profiling vergeleken worden met IHC. Voor

28 van deze 34 tumor(sub)types was het relatieve verschil ten aanzien van glypican 3
overexpressie tussen beide technieken ≤ 10%. Concluderend geeft deze studie een

data-gedreven overzicht van tumor(sub)types die interessant zouden kunnen zijn voor
toekomstig onderzoek met glypican 3 gerichte therapieën.

In hoofdstuk 6 hebben we de beschikbare literatuur over antibody-drug

conjugaten en lopende klinische trials met antibody-drug conjugaten systematisch
samengevat. Wij hebben hierbij gekeken naar zowel antibody-drug conjugaten die

reeds geregistreerd waren voor de behandeling van kanker als naar antibody-drug
conjugaten die zich nog in de ontwikkelingsfase bevonden. Voorts hebben wij een
overzicht gemaakt van de targets waarop de gevonden antibody-drug conjugaten

gericht waren. Vervolgens hebben wij een landschap gecreëerd van voorspelde
antibody-drug conjugaat target overexpressie voor 60 verschillende tumortypes,

dat als leidraad kan dienen voor onderzoekers om te besluiten welk antibody-drug

conjugaat interessant kan zijn voor evaluatie in welk tumortype. Hiervoor hebben wij
FGmRNA profiling toegepast op expressie profielen van 18.055 humane tumorsamples

om, per tumortype, het percentage van de tumoren te voorspellen dat een bepaald
antibody-drug conjugaat target tot overexpressie brengt, waarbij gezonde weefsels als
referentie zijn gebruikt.

Via een systematische review hebben wij 87 antibody-drug conjugaten

geïdentificeerd, die gericht waren op 59 unieke targets. In borstkanker hadden 31 van
deze 59 unieke targets een voorspelde overexpressie in ≥ 10% van de tumorsamples.

In het subtype triple negatieve borstkanker hadden 23 antibody-drug conjugaat

targets een voorspelde overexpressie in ≥ 10% van de tumorsamples. Een voorspelde

overexpressie in ≥ 10% van de tumorsamples werd ook gevonden voor verscheidene
andere frequent voorkomende tumor types zoals darmkanker waarbij 18 antibody-drug

conjugaat targets in meer dan 10% van de tumorsamples tot expressie kwamen, maar
ook adenocarcinomen van de long (n = 18), plaveiselcelcarcinomen van de long (n

= 16), en prostaatkanker (n = 5). Ook in zeldzame tumoren vonden we antibody-drug

conjugaat targets die veel voorkwamen. Ter illustratie, bij samples van adenocarcinomen

uitgaande van de bijnierschors, vonden we een voorspelde overexpressie van 55%

voor de antibody-drug conjugaat targets cluster of differentiation 22 en ectonucleotide
pyrophosphatase/phosphodiesterase 3. Bij osteosarcomen was in 81% van de samples
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zowel overexpressie van cluster of differentiation 74 als van fibroblast growth factor

receptor 3, terwijl voor melanomen een voorspelde c-MET overexpressie van 95%
werd gezien. Concluderend hebben wij met onze data een landschap gecreëerd dat

als leidraad gebruikt kan worden voor verdere evaluatie van antibody-drug conjugaten
in patiënten.
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Dankwoord
Dit proefschrift is de bekroning van vijf hele mooie jaren als arts-onderzoeker bij
de afdeling medische oncologie van het Universitair Medisch Centrum Groningen.
Albert Einstein schreef eens “Logic will get you from A to Z; imagination will get you

everywhere”. Alhoewel ik een redelijk groot voorstellingsvermogen bezit, had ik vijf en
een half jaar geleden niet kunnen bedenken dat ik zou starten aan promotieonderzoek

in Groningen. Ik heb het als een voorrecht ervaren om de tijd en de mogelijkheid te

hebben om mij te kunnen verdiepen in interessante medisch-wetenschappelijke
vraagstukken. Het is vooralsnog moeilijk voor te stellen dat “het boekje nu af is” en

mijn promotietijd dientengevolge op zijn einde loopt. Er zijn veel mensen die hebben
bijgedragen aan het tot stand komen van dit proefschrift en daarom wil ik dit laatste
hoofdstuk gebruiken om hen te bedanken.

In de eerste plaats wil ik de patiënten en hun familieleden bedanken die

bereid waren om – in een moeilijke en kwetsbare periode van hun leven – mee te doen

aan mijn studie(s). Met velen van jullie was er intensief contact en jullie gedrevenheid
en persoonlijke verhalen hebben mij geraakt en (extra) gemotiveerd om dit proefschrift
tot een goed einde te brengen.

In de tweede plaats wil ik graag mijn promotor, prof. dr. E.G.E. de Vries, en

mijn copromotoren, dr. D.J.A. de Groot en dr. R.S.N. Fehrmann bedanken voor de

begeleiding en samenwerking tijdens de afgelopen jaren. Beste Liesbeth, inmiddels
zo’n zes jaar geleden kreeg ik van jou een sms “of ik óók dacht dat wij zo een afspraak
hadden” én “of ik hulp/vervoer nodig had aangezien er vanaf Zwolle geen treinen meer

reden”. Alhoewel ik op dat moment zo’n 200 kilometer verderop aan het werk was

– en de postbode overduidelijk gefaald had de uitnodiging voor dit gesprek in mijn
Amsterdamse brievenbus te deponeren – bleek dit wel het startpunt te zijn van mijn
promotietijd. Ik wil je bedanken dat ik onder jouw leiding de interessante wereld van de

wetenschap – inclusief de bijbehorende politiek – mocht leren kennen, ik heb er een

hoop van geleerd! Tevens wil ik je bedanken voor je aanstekelijke enthousiasme en je
oneindige hoeveelheid energie, je kritische vragen om het onderzoek altijd nog beter

te maken en de enorme snelheid waarmee je mijn manuscripten altijd van feedback
voorzag. Het is een mooi avontuur geweest. Beste Derk Jan, het was fantastisch om

onderzoek en patiëntenzorg te kunnen doen onder jouw dagelijkse begeleiding! Met

jou heb ik het meeste samengewerkt en ik heb een hoop van je geleerd. Altijd – maar

dan ook echt áltijd – stond jouw deur voor mij open. Het maakte hierbij niet uit of dat
was voor wetenschappelijk advies, patiëntenzorg, carrière overleg of “gewoon” een

gezellig gesprek, waarvoor enorm veel dank! Beste Rudolf, wetenschapper in hart en
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nieren! Opeens schoof jij – met je laptop – aan bij één van mijn “boekjesbesprekingen”

en sindsdien ben je niet meer weggeweest. Ik wil je graag bedanken voor al je goede
ideeën en de mogelijkheid die je mij hebt geboden om die ideeën verder uit te werken.
Mede dankzij jou heb ik een poster voor boven mijn bed (lees: cover bij gerenommeerd

oncologisch tijdschrift)! Alhoewel je in mijn ogen soms Russisch sprak en we soms
even moesten “level-en” heb ik uiteindelijk veel van je kunnen leren!

Vervolgens wil ik graag de leden van mijn leescommissie, prof. dr. G.A.P.

Hospers, prof. dr. G.A. Huls en prof. dr. E.F. Smit, bedanken voor het beoordelen van
mijn proefschrift.

Daarnaast wil ik alle coauteurs bedanken voor hun bijdrage aan de artikelen.

Dankzij jullie expertise, kritische blik en feedback werden de manuscripten elke keer
beter! Dear Sabine Stienen and Kam Cheung, thank you so much for the collaboration

on the AMG 211 studies. Dear Marta Duran, it has been a pleasure talking to you by

telephone every Wednesday evening for nearly two years! Dr. C.W. Menke-van der
Houven van Oordt, beste Willemien, en de andere collega’s van het Amsterdam UMC

locatie VUMC, bedankt voor jullie inzet en samenwerking met betrekking tot de AMG
211 studies.

Aan alle stafleden van de afdeling medische oncologie van het UMCG, dank

jullie wel voor de fijne samenwerking, supervisie en de bereidheid om altijd mee te
willen denken over studies. Tevens bedankt dat ik soms jullie poliklinische patiënten

mocht “lenen”. Aan alle fellows, bedankt voor de samenwerking en het feit dat ook jullie
mij wisten te vinden voor studies!

Het uitvoeren van PET imaging studies is onmogelijk zonder een intensieve

samenwerking met de afdelingen nucleaire geneeskunde en moleculaire beeldvorming
en klinische farmacie en farmacologie. Imagen met een BiTE als tracer bleek nog
een hele uitdaging en graag wil ik iedereen – en enkele personen in het bijzonder

– bedanken voor jullie bereidheid om samen met mij te denken in “mogelijkheden”

in plaats van in “onmogelijkheden”. Dr. A.H. Brouwers, beste Adriënne, dankjewel
voor jouw uitleg over
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Zr-PET scans en voor jouw hulp als ik er even niet meer uit

kwam. Dr. M.N. Lub-de Hooge en dr. A. Jorritsma-Smit, beste Marjolijn en Annelies,
dank jullie wel voor jullie hulp bij de tracer ontwikkeling/productie en het meedenken
over farmacologische vraagstukken. Beste Johan (de Jong), Johan (Wiegers), Eelco,

Linda en de planners van de nucleaire geneeskunde, bedankt voor al jullie hulp en de
prettige samenwerking.
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Dr. H. Timmer-Bosscha en dr. J. Meijer, beste Hetty en Coby, dank jullie wel

voor jullie hulp en ondersteuning tijdens mijn werkzaamheden in “Lab MOL de Vitrine”!
Beste Stijn, Frans en Danique, dank jullie wel voor de samenwerking. Stijn, bedankt voor
al jouw inzet ten aanzien van “onze” tracer, maar ook dat je mij – als echte klinische
dokter – mee hebt genomen naar de wereld van preklinisch (muizen) onderzoek. Frans,
dankjewel voor het samen brainstormen en de gezellige koffiemomenten door de jaren

heen. Heel leuk dat je altijd te porren was voor gezelligheid na het werk! Danique, jij
was mijn “pre-clinicus buddy” en samen hebben we er een missie van gemaakt om
– ook buiten de “lab-dagen” – de klinische en preklinische groepen meer te mixen!

Bedankt voor de gezellige avonden en de goede gesprekken! Dat wielrennen op de
Veluwe (met taart en drankjes!) moet er nu echt snel van komen! 		

De afgelopen jaren ben ik héél vaak blij geworden van alle ondersteuning

binnen de afdeling medische oncologie. In de eerste plaats de dames van het

secretariaat, Gretha, Hilda en Bianca, dank jullie wel voor al jullie kennis en kunde
met betrekking tot de logistieke uitdagingen rondom het doen van wetenschappelijk
onderzoek en het afronden van een proefschrift. Gretha, ik wil jou in het bijzonder

bedanken voor alle “snelle hulp op afstand” gedurende de laatste maanden! Anouk, jij

hebt mij geleerd welke mogelijkheden er allemaal zijn binnen software programma’s als
Adobe Illustrator en GraphPad Prism. Dankjewel voor al je hulp met het optimaliseren

van figuren en manuscripten, ook tijdens de afronding van mijn proefschrift. Daarnaast

wil ik je ook bedanken voor de gezelligheid naast het werk, laten we snel weer een keer
(halverwege) gaan eten! Arja, alhoewel jij als research nurse al een hoop ervaring had,
weet ik zeker dat de AMG 211 studies voor jou toch nog een hele nieuwe uitdaging

vormden! Ik zou niet weten waar ik zonder jou was geweest ten aanzien van buisjes,

planningen, infuuszakken, infuuspompen, storingen en nog zoveel meer, waarvoor veel
dank! Gerry, als er iemand is die iedereen kent in het UMCG dan ben jij het wel! Ik heb

veel bewondering voor je eindeloze inzet om studies correct uit te voeren en tot een
goed einde te brengen! Dankjewel voor de fijne samenwerking! Greetje en Martine,

bedankt voor jullie “inspring-kunsten” als dat nodig was! Tenslotte dank aan de overige
research-nurses, data-managers en medewerkers van de polikliniek.

Beste Margreet Jansen en Esther Wijmer, dank jullie wel voor jullie

ondersteuning van de patiënten die in poliklinische setting behandeld werden binnen

de AMG 211 studies. Wij hadden gelukkig hele korte lijntjes en ik ben blij dat onze
samenwerking altijd zo plezierig is verlopen.

Lieve lotgenoten (collega promovendi) van Y3 en U4, Iris, Pieter, Lars, Lotte,

Thijs, Clarieke, Suzanne, Frederike, Sjoukje, Niek, Kees, Johannes, Bart, Grytsje, Laura,
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Jorianne, Bertha, Maaike, Harm, Gabriela, Emma, Marjory, Elmire en Jolien, dankzij jullie
is mijn Groningen tijd geslaagd! Alhoewel het niet niks is om tweehonderd kilometer

verderop te gaan wonen voelde ik mij dankzij jullie al heel snel thuis! Met veel plezier
denk ik terug aan alle borrels, pub-quizzen, feestjes, weekendjes weg, Frederike’s
“Fleisch und Bierfest” avonden en Pieter’s magical nights op de Amsterdamse grachten!
We houden ongetwijfeld contact (gelukkig is Nederland niet zo groot)!

Naast alle oud collega’s uit het UMCG zijn er ook een aantal nieuwe collega’s

die ik graag in dit dankwoord wil noemen.

Aan alle longartsen van het Spaarne Gasthuis, Ivo, Frans, Carla, Maarten,

Kris, Martin, Dominic, Joline, Bibi en Sylvia, dank jullie wel voor het warme welkom
binnen jullie groep, de prettige samenwerking, de persoonlijke interesse en de

gezelligheid zowel binnen als buiten het ziekenhuis. Ik verheug me op de opleidingstijd
bij jullie! Lieve A(N)IOS, Burak, Crissie, Maarten, Dionne, Eline, Marielle, Wouter,
Fatih, Illaa, Suzanne, Azar, Bart en Sjoerd, dank jullie wel voor de fijne samenwerking
en de gezelligheid tijdens werk en daarbuiten! Met een aantal van jullie ga ik weer

samenwerken, maar gelukkig hebben we ook nog de reünie-dinertjes (Suzanne en ik

gaan na dit boekje weer organiseren, no worries)! Lieve Dionne en Eline, wat ben ik
blij met onze vriendschap en dat we elkaar ook privé – met onze pluizige vrienden! –
regelmatig zien.

Aan alle internisten van het Alrijne Ziekenhuis, Sander, Lizan, Antonio, Carmen,

Nathalie, Nienke, Anita, Frank, Erwin, Leontine, Erdogan, Hans, Simon, Antoinette, Bas

en Martien, dank jullie wel voor jullie bijdrage aan de fijne start van mijn opleiding!
Alhoewel het initieel een “random gok” was om voor het Alrijne Ziekenhuis te kiezen,

ben ik er inmiddels van overtuigd dat ik mij geen betere plek had kunnen wensen! Lieve
collega A(N)IOS – jullie zijn met teveel om jullie allemaal persoonlijk op te noemen –
bedankt voor de gezellige tijd binnen en buiten het ziekenhuis! Daarnaast wil ik ook de

stafleden van de Maag-, Darm-, Leverziekten en de Longgeneeskunde bedanken voor
de prettige samenwerking tijdens diensten.

Alle mensen die mij ook maar een beetje kennen, weten dat ik een enorme

waarde hecht aan alle vrienden en familie om mij heen. Het slot van dit dankwoord wil
ik daarom aan hen wijden.
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Lieve vrienden en vriendinnen (uit de randstad) – Joeri en Kim, Paul en Ellen,

Bob en Deborah, Anne, Sarah, Wally en Irene, Erik en Nienke, Jorien en Rick, Myrthe

en Wouter, Silvia en Jeroen, Rosanne, Aafke – dank jullie wel dat jullie allemaal bereid
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waren om ook in het “hoge noorden” met mij/ons af te spreken en voor jullie interesse in
mijn promotietraject en de steun tijdens de afronding hiervan. Ik kijk uit naar het voorjaar
van 2020, vanaf dan is er weer volop tijd voor gezellige avonden, uitjes en weekendjes

weg! Lieve Bas en Marjolein, wat is het fijn dat onze dinertjes en borrelmomenten weer
net zo zijn als vroeger!

Lieve Jan en Marry, dank jullie wel dat jullie bereid waren om een aantal

weken in Groningen op Spyder en Porsche te komen passen zodat wij met een gerust
hart naar Afrika konden! Ik wens jullie – en Fabio – het allerbeste en hoop op veel
zonneschijn voor 2020!

Lieve Iris, mijn steun en toeverlaat op de Y3 én degene met precies dezelfde

auto (hoe hebben we dat toch voor elkaar gekregen?)! Dankjewel voor alle goede

gesprekken, peptalks en steun tijdens de eindeloze uren op de imaging computer en
alle bijbehorende (afgrijselijke!) punten en komma’s in Excel. We hebben elkaar er
soms echt doorheen gesleept, heel veel succes met het afronden van jouw boekje!
Helaas zien we elkaar nu een stuk minder vaak en hebben mijn diensten de neiging roet

in het eten te gooien met betrekking tot jouw leuke lastminute plannen voor festivals en/
of kerstshoppen in Londen. Het kan vanaf nu dus alleen nog maar beter worden!

Lieve Suzanne, jij bent degene die op de meeste plekken thuishoort in dit

dankwoord! Ik was het bijna vergeten – en jij refereerde er laatst aan – maar weet je nog

dat wij een paar jaar geleden in het UMCG onze toekomst uitstippelden en allebei tot

de conclusie kwamen dat we longarts wilden worden? Wat is het fijn dat deze droom nu

werkelijkheid is geworden! In het UMCG waren we in het begin primair collega’s, nu zijn

we – naast oud collega’s in het Spaarne Gasthuis en toekomstig collega’s in het Alrijne
Ziekenhuis – primair vriendinnen! Ik wil je bedanken voor alle goede gesprekken,
gezelligheid en je nuchtere en welkome visie op het afronden van het boekje!

Lieve Clarieke, Kiki voor intimi, als naamgenoot en “randstad buddy” kon

het niet anders dan dat we vriendinnen zouden worden! Van jou heb ik geleerd in

“020” en “010” te denken, maar ook dat het fenomeen “ruggengraat van een visstick”
bestaat! Dank voor alle steun en gezellige momenten in Groningen, samen was het

zo veel leuker in het hoge noorden! Inmiddels zijn we allebei weer “thuis” en gelukkig
zien we elkaar nog vaak! Dankjewel dat ik naast jou mocht staan bij jouw promotie,

vanzelfsprekend sta je ook naast mij tijdens mijn promotie! Cheers, op alle leuke dingen

die nog komen gaan! Lieve Jurjen, Luuk en Laura, dank jullie wel voor de gezellige tijd
met elkaar!
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Lieve schoonfamilie, Jean-Pierre, Ans, Vivian, Eric, Maurice, Marissa en Evani,

dank voor jullie steun en dat alles bij jullie altijd ongedwongen is. De combinatie van
het starten van de opleiding, het afronden van een promotietraject én het kopen van
een huis (van “er hoeft alleen geschilderd te worden” tot “het hele huis is nu wel zo’n

beetje gestript”) bleek niet het beste recept voor een hoop tijd samen. Dank jullie wel
voor de flexibiliteit van een “Amerikaans kerstdiner” en voor het dulden van (meer

dan eens) vroeg afhaken, het voelde – zeker de laatste maanden – soms als een
kluizenaarsbestaan en ik kijk uit naar de verhuizingen, klusmomenten, logeerpartijen,

game-nights, weekendjes en etentjes die al voor 2020 op de planning staan. Na 24-022020 ben ik overal weer voor te porren!

Ik heb het geluk dat ik naast mijn eigen familie nog twee “bonus” families heb

die uiteraard in dit dankwoord niet mogen ontbreken!

Lieve Lia en Carolien, al zo lang als ik mij kan herinneren horen jullie er gewoon

bij en gelukkig delen we alle mooie en belangrijke momenten zoals etentjes, uitjes,

feestdagen en/of vakanties met elkaar! Lieve Lia, dankjewel voor alle gezelligheid en
voor de vele fijne avonden die samen met Leo – al dan niet in de blokhut – ongetwijfeld

nog gaan volgen. Gelukkig houden we allemaal van tradities! Lieve Carolien, lief zusje,
wat is het fijn dat “wij” bestaan! Samen zijn we opgegroeid en wat hebben we al veel
beleefd (het wordt tijd voor een (beter) vervolg op onze bezemkast-avonturen op Times
Square!). Ik ben trots op alles wat je hebt bereikt en het is fijn om te weten dat wij

er altijd voor elkaar zullen zijn. Straks woon je samen met Hera om de hoek en dan
gaan we elkaar vast nog veel vaker zien (als dit boekje af is en jij uitgeklust bent)!

Dankjewel dat jij bereid was om een persoonlijke touch aan mijn boekje te geven! Jij
kent me als geen ander en ik had mij geen betere grafisch vormgever kunnen wensen!
Lieve Marjolein, laten we snel een vervolg geven aan onze spontane ontmoetingen

in het Spaarne Gasthuis, ik ben zo weer terug! Lieve Roy, wat had ik je er graag bij
gehad!

Lieve Twan en Jelle, mijn semi-broertjes, wat is onze band toch speciaal! Sinds

jaar en dag zijn wij betrokken bij elkaars leven en altijd op de hoogte van alles wat er
speelt! Lieve Twan, inmiddels zijn we allebei “groot” en heeft de Super Nintendo plaats
moeten maken voor Nintendo Switch, maar verder is de basis nog redelijk hetzelfde.
Het is leuk om te zien hoe jij óók voor geneeskunde hebt gekozen en inmiddels

gestart bent met de coschappen. Als iemand weet wat het is om onder druk te moeten

presteren ben jij het wel! Dankjewel dat je als paranimf naast mij wilt staan! Lieve
Jelle, gelukkig mogen de lichten inmiddels aanblijven! Nu ik met dit proefschrift mijn
“tweede studententijd” afrond gaat jouw studententijd bijna starten, heel veel plezier!
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Dankjewel dat je samen met mij wilde brainstormen over mijn promotieborrel. Lieve
Wim en Monique, dank jullie wel voor het met regelmaat “lenen” van jullie kinderen,
maar uiteraard ook voor alle betrokkenheid, gezelligheid en warmte al die jaren!

Lieve opa en oma, niets dan leuke herinneringen aan alle momenten die we

samen hebben gedeeld! Wat was het fijn om tijdens mijn promotietijd opeens “dichtbij”
te wonen en dat wij daardoor zo maar konden komen aanwaaien voor een broodje

hamburger! Dank jullie wel voor de aanhoudende interesse en alle gezellige momenten

met elkaar en alle steun die jullie mij altijd op zoveel vlakken hebben gegeven.
Allerliefste opa, wat is het ongelofelijk verdrietig dat ik je nu moet missen...

Lieve papa en mama, zonder jullie hulp en advies had ik hier nooit gestaan,

maar was ik misschien wel Frans gaan studeren! Ik ben jullie heel dankbaar voor de
onvoorwaardelijke steun, het warme thuis dat er altijd is en het grenzeloze vertrouwen

dat jullie in mij hebben. Van jullie heb ik geleerd om door te zetten, je geen (of in ieder
geval niet teveel) zorgen te maken over dingen waar je toch geen invloed op hebt,

maar vooral om altijd rustig te blijven (uiteindelijk komt het echt goed). Na jaren ver
weg realiseer ik mij nu pas goed hoe fijn het is om “ook zo maar even voor koffie langs

te kunnen wippen”. Dank jullie wel voor de vele keren dat jullie kwamen “invliegen”

om voor Spyder en Porsche te zorgen, maar ook dat jullie mij hebben laten zien dat

er meer in de wereld is dan je eigen veilige thuis. Ik hoop dat er in de toekomst nog
meerdere mooie reizen (oh dat schitterende Afrika!) gaan volgen en kijk uit naar alle
fijne momenten die samen nog komen gaan! Lief Poppetje – zwemkampioen – wat
breng je een hoop positieve afleiding en wat is het gezellig dat je er bent!

Lieve Donovan, jij was degene die mij overtuigde om aan ons grote Groningen

avontuur te beginnen en wat dat betreft sta jij dus ook aan de basis van dit proefschrift!
Waar ik vaak beren op de weg zie, zie jij vaak kansen en mogelijkheden! Dankjewel
voor je eindeloze geduld en steun, maar ook voor het doen van de boodschappen

(en talloze verwante zaken!) gedurende de laatste maanden. Naast het afronden van
”dit grote project” is inmiddels ook “ons grote project” zo goed als af. Bedankt dat

jij al mijn gedachtenspinsels om ons huis nog nét wat mooier te maken vaak zonder
enige aarzeling in iets moois kon omzetten. Zoals beloofd neem ik vanaf nu de “klus

honneurs” waar (gelukkig is het af!). Ik ben blij dat we nu – samen met Spyder en
Porsche – in rustiger vaarwater terecht komen en wat is het heerlijk dat we zoveel

interesses delen (laten we snel afreizen naar Zuid Amerika!).Ik kan niet wachten op alle
leuke dingen die we samen nog gaan beleven! PS: I love you!
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