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BACKGROUND
Cancer immunotherapy is one of the most recent successes in cancer drug development. 
Cancer immunotherapy improves patient survival across several tumor types. Most used 
are the immune checkpoint inhibitors directed at the programmed death-1 (PD-1) receptor/
programmed death-ligand 1 (PD-L1) axis. Tumors exploit this checkpoint by suppressing 
T cell activation and thereby preventing tumor cell death. Blocking this axis by PD-1/PD-
L1 inhibitors reinvigorates T cell activity and subsequent tumor cell killing. Unfortunately, 
not all patients respond to immune checkpoint inhibitors, and other strategies are therefore 
needed. An alternative option to activate T cells might be to redirect T cells to the tumor. 
This can potentially be achieved by a category of bispecific antibodies, of which one arm can 
bind to a tumor antigen, and the other arm is directed at CD3ε on T cells. The simultaneous 
binding to the tumor and T cells leads to specific T cell activation and subsequent tumor cell 
killing.1 This approach is used by bispecific T cell engagers (BiTEs), a new class of bispecific 
therapeutics. BiTEs are comprised of two single-chain variable fragments resulting in a 55 
kilodalton (kDa) antibody constructs. The only BiTE that has been registered for clinical 
use is blinatumomab, targeting CD3ε and CD19. Blinatumomab is applied for the treatment 
of patients with relapsed or refractory B-cell precursor acute lymphoblastic leukemia. Next 
to BiTE constructs, also full-sized bispecific monoclonal antibodies (mAbs; ±150 kDa) are 
available, such as ERY974 targeting glypican 3 (GPC3) and CD3ε. Although many bispecific 
antibodies targeting a tumor antigen and T cells are in clinical development for both 
hematologic and solid malignancies, only blinatumomab has been approved for clinical use.1

T cell activation can also be achieved by eliminating immunosuppressive cell types in the 
tumor microenvironment. Tumor-associated macrophages (TAMs), which do suppress T cell 
activity, play a definite role.2 Preclinically, depleting TAMs from the tumor microenvironment 
by TAM-directed antibodies synergizes with other immunotherapeutic strategies.3 Both 
bispecific antibodies and TAM-directed therapeutics are currently in clinical trials. 

A pharmacological audit trail has been proposed by trialists at The Institute of Cancer 
Research (London, United Kingdom) to support drug development. This trail comprises 
a set of critical questions about drug performance, for instance, target engagement and 
pharmacokinetic characteristics.4 Molecular imaging can help understand some of those 
aspects as it allows non-invasive whole body information regarding biodistribution and 
tumor targeting. 

THE AIM OF THE THESIS
This thesis aims to gain insight into the pharmacological behavior of novel antibody-based 
immunotherapeutics using molecular imaging to support cancer drug development. 

OUTLINE OF THE THESIS
Molecular imaging with labeled cancer drugs is used in the preclinical and the clinical setting 
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to understand pharmacological drug behavior better. Directly labeling cancer drugs with 
either a radioactive nuclide to allow positron emission tomography (PET) or a fluorescent 
dye for optical imaging can study the distribution and targeting characteristics of these drugs. 
For radiolabeling, several isotopes can be employed. The PET isotope zirconium-89 (89Zr) 
is well suited for larger biomolecules due to its matching physical half-life of 3.27 days. A 
chelator needs to be linked to the cancer drug to allow 89Zr-labeling. N-succinyl (N-suc) 
desferrioxamine (DFO) is commonly used as a linker. For optical imaging, fluorescent dyes 
in the near-infrared spectrum are suitable, as these dyes have limited autofluorescence. 
Fluorescently labeled biomolecules allow higher spatial resolution at the microscopic level to 
visualize, for example, intratumoral drug distribution. 

To better understand how molecular imaging could support cancer drug development, 
a literature study was performed, which is described in chapter 2. PubMed was searched for 
English literature with a focus on molecular imaging in the context of drug-target expression, 
drug pharmacokinetics, and pharmacodynamics in cancer. Molecular imaging with small 
molecules targeting tyrosine kinases are discussed, as well as imaging with mAbs targeting 
growth factor receptors or the immune system. Moreover, molecular imaging of hormone 
receptors as a pharmacodynamic marker is being described. 

In chapters 3, 4, and 5, we focus on molecular imaging using BiTE antibody constructs. 
Following blinatumomab, other BiTE molecules have been developed. These include multiple 
BiTEs directed at solid tumor targets. To support their drug development, we radiolabeled two 
such BiTEs: AMG-110 and AMG-211, both apart from directed at CD3ε, target the epithelial 
cell adhesion molecule (EpCAM) and carcinoembryonic antigen (CEA), respectively. Labeled 
AMG-110 is preclinically studied in chapter 3. Molecular imaging with 89Zr-labeled AMG211 
was assessed preclinically in chapter 4 and in patients with gastrointestinal adenocarcinomas 
in chapter 5. 

The BiTE AMG-110 targets EpCAM on tumor cells and CD3ε on T cells. EpCAM 
is overexpressed by many solid tumors such as colon, gastric, prostate, ovarian, and lung 
cancer.5 In a phase 1 clinical trial (n = 65; 54 with response assessment), 31% of patients 
showed stable disease as best response with a median duration of 84 days (range, 21-355 
days).6 To better understand AMG-110’s tumor-targeting properties, we assessed in chapter 
3 the biodistribution of 89Zr-labeled AMG-110 in mice using noninvasive small-animal PET 
imaging. We studied [89Zr]Zr-DFO-N-suc-AMG110 (89Zr-AMG110) uptake up to 144 hours 
after intravenous injection in mice bearing an EpCAM expressing HT-29 xenograft model 
using small-animal PET imaging as well as ex vivo biodistribution. Furthermore, we studied 
the effect of increased protein dose up to 500 µg on the biodistribution and tumor-targeting 
of 89Zr-labeled AMG110. The non-EpCAM binding BiTE [89Zr]Zr-DFO-N-suc-Mec14 (89Zr-
Mec14) was used as a control in HT-29 xenografts. 89Zr-AMG110 uptake was also assessed 
in FaDu and HL-60 xenograft models with medium or no EpCAM expression, respectively. 
Subsequently, 89Zr-AMG110 tumor uptake was correlated to EpCAM expression. Finally, we 
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visualized the intratumoral distribution of fluorescently labeled AMG-110. This was done in 
conjunction with Mec14 conjugated to a different fluorescent dye as a non-specific control. 

Clinical development of AMG-110 was discontinued due to toxicity issues. These 
may be related to the expression of EpCAM in normal epithelial tissues.6 To reduce dose-
limiting toxicity, alternative targets that have limited physiological expression and sufficient 
overexpression on tumor cells might be a better target. This led to the development of AMG-
211, targeting CEA. 

In chapter 4, we performed a preclinical approach to study the behavior of [89Zr]Zr-
DFO-N-suc-AMG211 (89Zr-AMG211). This included tumor targeting, tissue distribution, 
and in vivo tracer integrity in blood and tumor lysate. Using ex vivo biodistribution, we 
assessed dose-dependent tissue distribution and tumor targeting of 89Zr-AMG211 in 
immunodeficient mice bearing a CEA expressing LS174T colorectal adenocarcinoma 
xenograft. Tumor uptake and biodistribution of 10 µg 89Zr-AMG211 were visualized with 
small-animal PET imaging in LS174T xenograft bearing immunodeficient mice. To determine 
specific uptake, we visualized 89Zr-Mec14 tumor targeting and tissue distribution in the same 
model. The influence of differential tumor CEA expression on 89Zr-AMG211 tumor uptake 
was assessed in another CEA positive xenograft, namely human breast cancer BT474, and 
a CEA negative promyelocytic leukemia HL-60 xenograft, both in immunodeficient mice. 
Furthermore, we assessed the integrity of 89Zr-AMG211 in both blood and tumor lysate. To 
study the intratumoral distribution of AMG-211, we co-injected AMG-211 and Mec14 labeled 
with different fluorescent dyes in LS174T xenograft bearing immunodeficient mice. The 
intratumoral distribution of AMG-211 and Mec14 was subsequently assessed ex vivo. Finally, 
we manufactured 89Zr-AMG211 according to GMP guidelines to allow the exploration of 
89Zr-AMG211 in a clinical setting.

As the preclinical study was performed in an immunodeficient environment, it was 
unknown how the presence of CD3 target would affect the distribution of 89Zr-AMG211 
in vivo. The GMP-manufactured 89Zr-AMG211 allowed assessment of its biodistribution in 
patients with gastrointestinal carcinomas, described in chapter 5. These tumors are known to 
overexpress CEA. In this feasibility study, we performed PET imaging at 3, 6, and 24 hours 
after tracer administration to study the time-dependent biodistribution. Uptake in organs 
or interest was quantified as standardized uptake values. Next to the impact of time, we 
investigated the effect of different tracer protein doses on the biodistribution of 89Zr-AMG211. 
We used a radiolabeled dose of 200 µg 89Zr-AMG211 and supplemented with 0, 1800, or 4800 
µg unlabeled AMG-211. Furthermore, 89Zr-AMG211 distribution was studied both before 
and on AMG-211 treatment. Integrity of 89Zr-AMG211 in plasma and urine samples was 
studied with gel electrophoresis and autoradiography.

Due to the small size, BiTEs have a relatively short elimination half-life in the human 
circulation as kidneys excrete them. BiTEs like AMG-110 and AMG-211 are administered 
by continuous infusion to allow sufficient exposure to patients. Full-sized antibodies have 
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usually have elimination half-lives up to several days and therefore, do not require continuous 
infusion. An example of a full-sized bispecific antibody is ERY974 that targets CD3ε on T cells 
and glypican 3 on tumor cells. ERY974 demonstrated to be a potent inducer of T cell-mediated 
cytotoxicity in the preclinical setting.7 However, limited information is available about its in 
vivo biodistribution and the impact of T cells on this distribution. In chapter 6, we studied 
with [89Zr]Zr-DFO-N-suc-ERY974 (89Zr-ERY974) the role of T cells on the biodistribution 
of ERY974 in tumor-bearing mice with a humanized immune system. Immunodeficient 
mice bearing a GPC3 expression hepatocellular carcinoma HepG2 xenograft received 89Zr-
ERY974 intravenously. 89Zr-ERY974 distribution over time up to 7 days after administration 
was studied using small-animal PET. 89Zr-ERY974 distribution was additionally studied in 
another GPC3 expressing xenograft, the ovarian clear cell carcinoma cell line TOV-21G, as 
well as in a GPC3 negative hepatocellular carcinoma SK-HEP-1. The influence of T cells on the 
biodistribution of 89Zr-ERY974 was studied in HepG2 xenograft-bearing immunodeficient 
mice reconstituted with human CD3+ T cells via CD34+ hematopoietic stem cells. A 89Zr-
labeled bispecific antibody targeting CD3+ and a non-mammalian target keyhole limpet 
hemocyanin (KLH), served to determine the CD3 arm contribution. Besides, a 89Zr-labeled 
antibody bivalent for KLH served as a negative control molecule. Intratumoral, intrasplenic, 
and intranodal distribution were studied ex vivo using autoradiography. Findings were 
correlated with CD3+ infiltration assessed immunohistochemically. 

Besides T cells, also other immune cells impact cancer biology. These include cells of the 
myeloid lineages of which TAMs are an important player. A literature study was performed 
and described in chapter 7 using breast cancer as a tumor model to better understand the role 
of TAMs in cancer biology. We searched PubMed with the following terms: “macrophage”, 
“tumor-associated macrophage”, “breast cancer”, “prognosis”, “molecular imaging”, and “breast 
tumor” using different combinations. Besides, abstracts of annual oncology meetings of the 
American Society of Clinical Oncology, American Association of Cancer Research, European 
Society of Medical Oncology, and San Antonio Breast Cancer Symposium between 2014-
2018 were reviewed using the same terms. Preclinical studies using models of human breast 
cancer, mammary tumor cell lines, or transgenic mammary tumor models were included. 
Concerning TAM targeting therapies, ClinicalTrials.gov and EudraCT databases were 
searched. This study discusses the rationale of targeting TAMs in breast cancer, including the 
prognostic value of TAMs, its role in tumor growth and metastasis and treatment resistance. 
In addition, the current evidence of TAM targeting is evaluated. 

One of the therapeutic options for targeting TAMs is by inhibiting the colony-stimulating 
factor 1 (CSF1)/CSF1 receptor (CSF1R) axis. Several therapeutic options ranging from small 
molecules to mAbs are currently evaluated in the clinic. To better understand the behavior 
of CSF1R targeting drugs, we radiolabeled a mAb targeting murine CSF1R, with 89Zr. We 
evaluated its distribution in immunocompetent non-tumor and tumor-bearing mice in 
chapter 8. Non-tumor-bearing mice received 0.4 mg/kg of [89Zr]Zr-DFO-N-suc-CSF1R-mAb 
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(89Zr-CSF1R-mAb) intravenously, followed by small-animal PET and ex vivo biodistribution 
at 24 and 72 hours. Ex vivo autoradiography and tissue morphology using hematoxylin and 
eosin staining were performed to study macroscopic tissue distribution. The impact of the 
tracer protein dose up to 10 mg/kg was analyzed using both small-animal PET and ex vivo 
biodistribution at 24 and 72 hours. Next, 89Zr-CSF1R-mAb was evaluated in a tumor-bearing 
mouse model. A donor tumor from K14cre;Cdh1F/F;Trp53F/F mouse model for spontaneous 
mammary tumorigenesis served as a tumor model.8,9 This murine mammary tumor resembles 
human invasive lobular carcinomas and is strongly infiltrated with macrophages.8,9 Smaller 
pieces of a donor tumor were orthotopically transplanted in wild type mice. In tumor-bearing 
mice, [89Zr]Zr-DFO-N-suc-IgG2a was the control molecule to determine CSF1R specific 
uptake. Tumoral infiltration of macrophages was determined with immunohistochemistry 
using the murine pan-macrophage marker F4/80. 

Finally, in chapter 9, we summarized the experimental results of this thesis and discussed 
the implications and perspectives for future studies. 
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NOTEWORTHY

•	 In oncology, there is by far the highest number of new drugs in development 
trajectories.

•	 Molecular imaging can give information about whole-body drug target presence, 
whole-body drug distribution, pharmacokinetic features, and pharmacodynamic 
effects.

•	 For molecular imaging with SPECT and PET, radionuclides with different half-lives 
are available, allowing appropriate matching to serum half-life of the drug of interest 
to be labeled.
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ABSTRACT

Development of new oncology drugs has increased since the improved understanding of 
cancer’s complex biology. The oncology field has become the top therapeutic research area for 
new drugs. However, only a limited number of drugs entering clinical trials will be approved 
for use as the standard of care for cancer patients. Molecular imaging is increasingly perceived 
as a tool to support go/no-go decisions early during drug development. It encompasses a wide 
range of techniques that include radiolabeling a compound of interest followed by visualization 
with SPECT or PET. Radiolabeling can be performed using a variety of radionuclides, which 
are preferably matched to the compound on the basis of size and half-life. Imaging can provide 
information on drug behavior in vivo, whole-body drug target visualization, and heterogeneity 
in drug target expression. This review focuses on current applications of molecular imaging in 
the development of small molecules, antibodies, and antihormonal anticancer drugs.
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In oncology, there is by far the highest number of new drugs in development trajectories.1 These 
include more than 800 medicines and vaccines for cancer, with over 240 immuno-oncology 
drugs.2,3 Illustratively, in 2016, 20 drugs targeting programmed death 1 or programmed death 
ligand 1 were being studied in 803 registered clinical trials with slots for 166,736 patients.4 

Unfortunately, numerous drugs fail to get clinical approval. Only around 12% of the 
compounds entering the clinical trial phase make it to regulatory submission.5 These often-
late failures have made drug discovery extremely expensive. Sums of over $2 billion per single 
drug approval have been named5, although recent estimations suggest a median cost of about 
$648.0 million, with a median revenue after approval of $1,658.4 million.6 Typically, a new 
drug is explored in 3 phases: namely, phase 1 to determine a safe dose and side effects, phase 
2 to measure antitumor effect, and a randomized phase 3 study to define its effect compared 
with standard treatment. 

To improve and streamline cancer drug development, the ‘‘3 pillars of survival’’7, and 
more recently the pharmacological audit trail, were proposed.8 This trail consists of a set 
of key questions to be asked during discovery and development, covering aspects such as 
population identification, pharmacokinetics, pharmacodynamics, and combination therapy.8 
Molecular imaging can give additional information about, for example, target validation; 
tumor targeting; whole-body target expression, including the currently more appreciated 
heterogeneity; whole-body drug distribution; pharmacokinetic features such as central 
nervous system (CNS) penetration; and pharmacodynamic effects (Fig. 1). 

Initially, generic PET tracers such as 18F-FDG for glucose metabolism and 18F-labeled 
3’-deoxy-3’-fluorothymidine for proliferation were used in cancer drug development. After a 
general introduction to imaging modalities, this review addresses more specific tracers, with 
emphasis on radiolabeled drugs for small molecule drugs, monoclonal antibodies (mAbs), 
and antihormonal anticancer drugs.

SEARCH STRATEGY 
We searched the English literature in PubMed, the Dutch trial registry, and the EudraCT and 
ClinicalTrials.gov databases. The abstracts of annual meetings from 2015 until the present 
of the American Society of Clinical Oncology, American Association of Cancer Research, 
European Society of Medical Oncology, and San Antonio Breast Cancer Symposium were 
additionally screened. The search strategy focused on molecular imaging in the context of 
target expression, pharmacokinetics, and pharmacodynamics in cancer. Reference lists of 
articles and citing articles were manually searched for relevance.

GENERAL INTRODUCTION TO IMAGING MODALITIES 
Different molecular imaging modalities can be used to support drug development. These 
include SPECT, PET, MRI, and optical imaging using fluorescence or bioluminescence. 
SPECT and PET are the most commonly used techniques, of which PET provides better 
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resolution and quantification. For SPECT and PET imaging, different radionuclides are used. 
Smaller compounds and peptides tend to be labeled with 99mTc for SPECT and 11C, 68Ga, 
or 18F for PET, with half-lives of 360, 20, 68, and 110 min, respectively. Larger molecules 
such as mAbs can be efficiently labeled with a wider range of SPECT and PET radionuclides. 
These include 123I and 111In for SPECT and 64Cu, 124I, 86Y, and 89Zr for PET. Considering the 
different half-lives of these radionuclides, ranging from 12.7 h for 64Cu to 100.3 h for 124I, 
a radionuclide can be matched to the large molecule of interest on the basis of serum half-
life. 89Zr has a half-life of 78.4 h, which matches the half-life of most full-sized mAbs and 
residualizes on internalization, making it an attractive radionuclide for mAb imaging. For 
fluorescent labeling, near-infrared fluorescent dyes such as IRDye800CW are of increasing 
interest and already clinically applied. 

An interesting concept for clinical evaluation of tracers for first-in-human trials is 
microdosing.9 A microdose is defined as a molecule dose of less than 100 µg, or lower than 
1/100 of the pharmacologically active dose. For larger molecules such as proteins, a molar limit 
of 30 nmol is applied. Given limited drug exposure, less extensive toxicity data are required. 
These so-called phase 0 trials with few participants can provide preliminary information 
about drug pharmacokinetics and thus support drug development in early go/no-go decision 
making. Information from microdose studies can be translated to therapeutic doses only 
with dose-linear pharmacokinetics. As biologics often display non-linear pharmacokinetics, 
extrapolation from microdose to therapeutic dose is less reliable. Remarkably few studies 
using tracer microdosing in drug development have been published, but there may well be 
underreporting.

MOLECULAR IMAGING USING SMALL-MOLECULE CANCER DRUGS 
Within the group of small molecules, kinase inhibitors form a large part. Currently, over 40 
kinase inhibitors are approved for cancer treatment, with many more being in early clinical 
development. Radiolabeling of these small-molecule cancer drugs (<1 kDa) with 11C or 18F 
is challenging. Ideally, an isotopologue of the small-molecule cancer drug would be used. 
However, when this is not possible, analogs are used, which can have altered target affinity 
and pharmacokinetic characteristics. Despite the difficulties in labeling small-molecule 
cancer drugs, several approved drugs are radiolabeled, including 11C-imatinib, 18F-sunitinib, 
11C-sorafenib, 11C-erlotinib, 11C-lorlatinib, and 11C-vandetanib.10 However, clinical 
evaluation of these tracers is limited. We here highlight the application of radiolabeled drugs 
targeting epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and 
poly(adenosine diphosphate ribose) polymerase (PARP).

EGFR inhibitors 
EGFR inhibitors are administered to patients with non-small cell lung cancer (NSCLC) 
bearing an activating EGFR mutation, which has a prevalence of approximately 10%-15%. 
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There are several approved EGFR inhibitors, including the first-generation inhibitors erlotinib 
and gefitinib, the second-generation inhibitor afatinib, and the third-generation inhibitor 
osimertinib. Osimertinib is approved in patients with the most commonly acquired T790M 
mutation, which is involved in resistance to first- and second-generation EGFR inhibitors. 

Discordance can occur between the mutational status of the primary tumor and brain 
metastases measured by genomic analysis in biopsies.11 Examples include EGFR alterations 
in brain lesions that were absent in the primary tumor.11 Molecular imaging can potentially 
provide information on the mutational status of EGFR lesions and thereby facilitate drug 
development by improving patient selection. 18F-N-(3-chloro-4-fluorophenyl)-7-(2(2-(2-
(2-(4-fluorine)ethoxy)ethoxy)-ethoxy)-6-(3-morpholinopropoxy)-quinazolin-4-amine 
(18F-IRS) is a novel radiotracer developed to image the EGFR exon 19 deletion, an EGFR 
aberration leading to constitutive EGFR activation.12 Preclinically, 18F-IRS showed preferential 
uptake in tumors with EGFR exon 19 deletion.12 Uptake with a mean SUVmax of 2.4 was also 
observed in tumor lesions with an exon 19 deletion from 3 NSCLC patients.12 Imaging of the 
mutational status of NSCLC was also pursued using 18F-ODS2004436, a compound chosen 
on the basis of EGFR selectivity. Preclinically, 18F-ODS2004436 showed increased uptake in 
rats with EGFR mutated lung cancer xenografts compared with EGFR wild-type xenografts.13 
Clinical evaluation of 18F-ODS2004436 in NSCLC is ongoing. Whether molecular imaging 
can successfully assess whole-body EGFR mutational status and therefore, aid in patient 
selection has to be studied more extensively. 

Molecular imaging using radiolabeled EGFR tyrosine kinase inhibitors (TKIs) has been 
performed with 11C-erlotinib, 11C-gefitinib, 18F-afatinib, the third-generation inhibitor 
11C-osimertinib, 11C-AZD3759, and 11C-rociletinib (development halted). Finally, 11C-labeled 
4-N-(3-bromoanilino)-6,7-dimethoxyquinazoline (11C-PD153035), a PET tracer based on a 
reversible EGFR TKI, was studied in patients with NSCLC receiving erlotinib treatment. Only 
11C-erlotinib, 18F-afatinib, and 11C-PD153035 have been studied in the clinical setting. 

Most experience in patients with NSCLC is with 11C-erlotinib. In a study on 10 patients, 
full kinetic modeling of 11C-erlotinib via continuous arterial sampling demonstrated volume 
of distribution as the best parameter to represent 11C-erlotinib uptake.14 The study showed 
that the volume of distribution was higher in the 5 patients with an activating EGFR mutation 
than in patients with EGFR wild-type tumors. This effect was independent of EGFR expression 
as measured by immunohistochemistry or of perfusion as assessed by 15O-H2O PET. In a 
subsequent study, 11C-erlotinib was studied in 10 patients during erlotinib treatment.15 
Erlotinib treatment decreased tumor tracer uptake in all patients, whereas perfusion 
measured with 15O-H2O remained similar. In another study, on 13 patients with NSCLC with 
unknown EGFR mutational status, baseline 11C-erlotinib uptake was visualized in the tumors 
of 4 patients.16 Of these 4 patients, 3 showed stable disease on erlotinib treatment. Using 
another radiolabeled EGFR TKI, 11C-PD153035, higher tumor uptake on PET was associated 
with prolonged progression-free and overall survival after erlotinib treatment in a pilot study 
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with 21 NSCLC patients.17 18F-afatinib is being studied in NSCLC patients in an ongoing trial 
(Dutch trial register identifier, NTR5203). 

Brain penetration of the third-generation EGFR TKI osimertinib was studied using 
11C-osimertinib in cynomolgus monkeys.18 CNS penetration of 11C-osimertinib was compared 
with that of 11C-rociletinib and 11C-gefitinib. At PET microdosing conditions with less than 
3 µg of 11C-osimertinib, higher brain exposure was seen than for the other EGFR TKIs. The 
increased osimertinib brain penetration also resulted in regression of brain lesions in a mouse 
brain metastasis model. In the same study, preliminary clinical efficacy for osimertinib was 
shown by noncomplete response-nonprogressive disease in the brain lesions of 2 patients 
with NSCLC.18 The prominent effects of osimertinib for NSCLC brain metastases have now 
been proven even in a large phase 3 trial as first-line treatment.19 Molecular imaging was 
also performed with another third-generation EGFR TKI, AZD3759, which was designed for 
improved CNS penetration. Clear, healthy brain uptake in cynomolgus monkeys (n = 2) was 
shown by 11C-AZD3759 PET.20 In the phase 1 trial with 20 patients with NSCLC and CNS 
involvement, an impressive 63% intracranial objective response rate with AZD3759 (12/19 
evaluable patients) was observed, indicating sufficient brain penetration of AZD3759.21 

All in all, EGFR-TKI PET demonstrates its value in pharmacokinetics, in particular 
CNS penetration. In addition, there is some evidence regarding preferred uptake for EGFR-
mutated tumors and discrimination between responders and nonresponders. However, larger 
studies are needed.

ALK inhibitors 
Several ALK inhibitors have recently been approved by the Food and Drug Administration 
for the treatment of the 5% of patients with NSCLC who have a genetic aberration involving 
ALK, such as echinoderm microtubule-associated proteinlike 4 (EML4)-ALK translocation. 
This translocation can act as an oncogenic driver, thereby promoting cancer cell growth.22 
After approval of the first-generation ALK inhibitor crizotinib, the second-generation 
ALK inhibitors ceritinib, brigatinib, and alectinib became available for patients resistant to 
crizotinib. However, patients can also acquire resistance to second-generation ALK inhibitors. 
Therefore, the third-generation ALK inhibitor lorlatinib was developed, which shows activity 
against all known acquired ALK mutations.23 The brain is a common metastatic site in 
NSCLC, and therefore activity against intracerebral lesions is critical for patient survival and 
quality of life. Alectinib was detected in cerebrospinal fluid24 and improved patient outcome 
regarding CNS progression and progression-free survival.25 However, a new mutation will 
eventually arise on second-generation ALK inhibitor therapy, leading to third-generation 
ALK inhibitor lorlatinib treatment. Lorlatinib has been specifically developed for improved 
CNS penetration.26 To assess CNS penetration of lorlatinib noninvasively, 11C and 18F 
isotopologues of lorlatinib were developed.27 11C-lorlatinib administered to nonhuman 
primates showed that CNS uptake of 11C-lorlatinib peaked at 10 min after injection, with the 
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highest uptake being in the cerebellum.27 Tumor imaging in a human EML4-ALK-positive 
NSCLC xenograft mouse model showed that tumor uptake (2.2%-2.4% injected dose per 
gram of tissue) could be blocked by adding unlabeled lorlatinib (<0.4% injected dose per 
gram of tissue).27 Besides 11C-lorlatinib, 18F-lorlatinib was successfully synthesized, but it has 
not been studied yet in vivo. 

PARP inhibitors
Recently, PARP inhibitors have entered the clinic with Food and Drug Administration-
approved drugs, including olaparib and niraparib. Using molecular imaging, whole-
body PARP expression and pharmacodynamic changes on PARP treatment have been 
assessed in preclinical and clinical settings, as recently reviewed.28 An example includes 
18F-fluorthanatrace, which demonstrated specific tumor uptake by blocking tumor 
uptake by olaparib in preclinical breast cancer models.29 In patients with ovarian cancer, 
18F-fluorthanatrace lesion uptake corresponded to DNA damage as assessed in tissue histology 
by the DNA damage marker γ-H2AX.30 Although 18F-fluorthanatrace has not been studied 
clinically in the context of PARP inhibition, this novel technology has the potential to assess 
whole-body PARP expression and evaluate pharmacodynamic changes on PARP inhibition 
in patients who are eligible for PARP treatment. Particularly in the setting of breast cancer, in 
which the role of PARP inhibitors has not been firmly established, this ability could provide 
relevant insights. Imaging of PARP expression is being further explored in several ongoing 
clinical trials.

MOLECULAR IMAGING WITH MABS
MAbs are directed against a specific target and, in general, have a long half-life of around 3 wk. 
They form a group of anticancer drugs that includes more than 24 mAbs that are registered 
for standard care in curative and noncurative settings and around 200 more that are in clinical 
development.3 MAbs target antigens on the tumor cell affecting receptor signaling and turnover 
(e.g., trastuzumab), the vasculature or stroma (e.g., bevacizumab), or characteristics on other 
cells such as T cells. The immune checkpoint modulators have raised a lot of recent attention 
given their antitumor effects across numerous tumor types, and mAbs are increasingly being 
used to deliver a toxic payload in the form of a cytotoxic agent or radioisotope bound to a 
mAb forming an antibody-drug conjugate (ADC) or radioimmunotherapy, respectively.

Growth factor receptors 
Sufficient target expression and efficacious dose range at the mAb site of action are a 
prerequisite for the drug to work. Moreover, given the fact that there are often few to no side 
effects, it is problematic to determine the optimal mAb dose to be administered to patients. 

The radiolabeled mAb trastuzumab has been studied extensively. In treatment-naïve 
patients with human epidermal growth factor receptor 2 (HER2)-positive metastatic breast 
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cancer, the optimal protein dose for 89Zr-trastuzumab PET was 50 mg.31 In these patients, 
because of the dose-dependent pharmacokinetics of trastuzumab, with a known average 
terminal half-life of 1.1 d, 10 mg of trastuzumab were excreted immediately, not allowing 
proper imaging. After multiple therapeutic doses of trastuzumab, its average terminal half-
life increases to 28.5 d in a steady-state, providing an excellent setting for imaging with 10 mg 
of trastuzumab.32 From a SPECT study with serial 111In-trastuzumab SPECT imaging before 
and after 12 wk of treatment with trastuzumab and paclitaxel, we learned that HER2 target 
saturation is limited.33

In a study with 89Zr-lumretuzumab targeting human epidermal growth factor receptor 
3, increasing doses of lumretuzumab did not lead to a plateau of tumor 89Zr-lumretuzumab 
uptake, possibly because of highly dynamic receptor expression, reflecting the difficulty in 
defining the maximum required mAb dose in the clinic.34

FIGURE 1. 
Information that can be extracted using molecular imaging, categorized by population selection, tumor targeting, 
pharmacokinetics, and pharmacodynamics.7,8 (First panel) Molecular imaging with, for instance, radiolabeled 
antibodies can potentially identify responders and nonrespoxnders. (Second panel) For tumor targeting, several 
tumor aspects can be visualized with molecular imaging, such as tumor cell receptors, environmental factors, and 
immune cells. Example is PET visualization of 89Zr-bevacizumab targeting vascular endothelial growth factor A in 
tumor microenvironment in patient with metastatic renal cell carcinoma (bottom; adapted from60). (Third panel) 
For pharmacokinetics, molecular imaging can provide information about whole-body distribution, normal-tissue 
accumulation of, for instance, 89Zr-bevacizumab (top; adapted from60), and penetration of CNS (bottom). Data on 
normal-tissue uptake might explain drug behavior. (Fourth panel) Pharmacodynamic information can be obtained 
by performing PET before and after treatment. Example is use of 18F-FES for tumor uptake per lesion on antiestrogen 
therapy, resulting in less uptake. By this pharmacodynamic assessment, therapeutic dose with maximal decrease in 
tracer uptake can support further clinical studies. This figure was prepared using template on Servier medical art 
website (https://smart.servier.com/). 
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Not only cell membrane targets but also targets in the tumor microenvironment can 
be visualized, as was shown in multiple studies performed with 89Zr-bevacizumab targeting 
vascular endothelial growth factor A. A pilot study with pretreatment 89Zr-bevacizumab 
PET in 7 NSCLC patients showed a high tumor-to-background ratio in primary tumor 
and metastases, suggesting specific tumor uptake.35 With repeated 89Zr-bevacizumab PET 
imaging of metastatic renal cell cancer before treatment and after 2 and 6 wk of treatment, 
there was a decrease in target visualization highly suggestive of reduced access by inhibition of 
angiogenesis.36 Repeated 89Zr-bevacizumab PET imaging was also performed on 14 patients 
with advanced neuroendocrine tumors at baseline and during treatment with everolimus, 
and intra- and interpatient heterogeneity of 89Zr-bevacizumab lesion uptake was shown.37 
Everolimus treatment is known to reduce vascular endothelial growth factor A secretion, and 
indeed, everolimus treatment for 12 wk reduced 89Zr-bevacizumab uptake compared with 
baseline, illustrating that 89Zr-bevacizumab tracer uptake functioned as a pharmacodynamic 
marker.

Immuno-oncology 
In the rapidly evolving field of immuno-oncology there are still major questions, including 
which patients and tumor types benefit from immune checkpoint inhibitors. Because many 
studies with new cancer drugs are performed on mouse models with a mouse immune system, 
the gap between mouse and human has to be bridged. Use of humanized mice with a human 
immune system is a step forward in translating results to predict drug behavior in humans 
more reliably; however, this model lacks the presence of human cytokines, human leukocyte
 antigen proteins, and human organs. 

Checkpoint inhibitor can be directed at targets on immune cells but also on tumor cells. 
Molecular imaging with the 89Zr-labeled programmed death ligand 1 checkpoint inhibitor 
atezolizumab in metastatic triple-negative breast cancer, NSCLC, and urothelial carcinoma 
showed heterogeneous 89Zr-atezolizumab tumor uptake and, interestingly, uptake in 
lymphoid tissues.38 

MAbs can be modified to serve a specific mechanism of action - for example, bispecific 
antibodies directed against a tumor surface antigen and cluster of differentiation 3ε on T 
cells. These drugs can be a full-sized mAb or a modified antibody such as 2 linked, single-
chain variable fragments resulting in a 55-kDa bispecific T-cell- engaging antibody construct. 
The results of the biodistribution study with the radiolabeled bispecific T-cell engager 
89Zr-AMG211, directed against carcinoembryonic antigen in patients with gastrointestinal 
adenocarcinomas, are awaited (NCT02760199).

ADCs 
ADCs combine high target-specificity with the cytotoxic potential of a chemotherapeutic 
drug. Currently, 2 ADCs are approved for standard care and more than 50 are in clinical 
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development. In one study, the efficacy of an ADC-targeting carcinoembryonic antigen-
related cell adhesion molecule, CEACAM6, and biodistribution of the naked 64Cu-anti-
CEACAM6 mAb were assessed in mice with human xenograft pancreatic adenocarcinoma.39 
Furthermore, in nonhuman primates, the in vivo distribution showed the highest tracer uptake 
to be in bone marrow. During treatment with the ADC, all nonhuman primates experienced 
anemia and thrombocytopenia, suggesting that PET imaging with this mAb predicted the 
toxicity of its ADC. There is one clinical imaging study in relation to ADCs. In patients with 
HER2-positive metastatic breast cancer, a study was performed to assess 89Zr-trastuzumab as 
a biomarker to identify nonresponders to treatment with the ADC trastuzumab emtansine.40 
In 29% of the patients, no 89Zr-trastuzumab uptake in tumor lesions was seen. These patients 
experienced a shorter time to treatment failure than did those with uptake in tumor lesions. 
The combination of a negative pretreatment 89Zr-trastuzumab PET result and absence of 
response on early 18F-FDG PET performed in the week preceding cycle 2 resulted in a negative 
predictive value of 100% for treatment response according to RECIST 1.1 and therefore could 
potentially be a powerful tool in predicting which patients will not benefit from trastuzumab 
emtansine treatment. Also, intrapatient heterogeneity, defined as tracer uptake not in all 
lesions but in a dominant part or minor part of the total tumor load, was detected in 46% of 
the patients, providing insight on the extent of this phenomenon. 

Blood-brain barrier 
Of special interest regarding biodistribution is penetration of the drug across the blood-brain 
barrier into the CNS. A point of discussion is whether mAbs reach brain metastases to the 
same extent as they reach extracranial metastases, since mAbs, being of heavy weight, cannot 
pass the blood-brain barrier. A study with 89Zr-bevacizumab and gadolinium-enhanced 
MRI in 7 children with radiated diffuse intrinsic pontine glioma found heterogeneity in 
tumor tracer uptake.41 Two tumors showed no tracer uptake. In 4 of 5 tumors, tracer uptake 
corresponding to contrast-enhanced areas on MRI was seen, as is highly suggestive of leakage 
in the blood-brain barrier. In another study, with trastuzumab and lumretuzumab, specific 
tracer uptake in multiple brain metastases was seen.31,34 Although clinical evidence is scarce, 
first results demonstrate the potential of molecular imaging for studying CNS penetration of 
mAbs.

ANTIHORMONAL THERAPY AND 18F-FES PET OR 18F-FDHT PET 
Antihormonal therapy is commonly used in patients with breast and prostate cancer. Although 
numerous antihormonal treatments are available, there is a constant search for new drugs. 
In breast cancer, approximately 75% of the tumors express the estrogen receptor (ER), and 
patients with such tumors can potentially be treated with antihormonal therapies.42 Tumor 
ER expression is measured immunohistochemically before such therapy is started. However, 
heterogeneity can occur between the primary and metastatic sites and between metastases.43 
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In that case, a single biopsy may not be representative of the ER expression in all lesions. 
PET-measured 16α-18F-fluoro-17β-estradiol (18F-FES) tumor uptake correlated well with ER 
expression by the tumor.44 To get whole-body information on ER expression, radiolabeled 
estradiol uptake as measured with 18F-FES PET is of interest. 

Paradoxically, besides the better-known antiestrogen therapy for ER-positive breast 
cancer, estrogens can also induce tumor regression. It is thought that long-term estrogen 
deprivation triggers hypersensitivity to estrogens, with an increase in ER expression. To find 
patients eligible for estrogen therapy, knowledge about ER expression might be helpful. To 
this purpose, 19 patients with hormone-resistant metastatic breast cancer underwent baseline 
18F-FES PET followed by treatment with 2 mg of estradiol 3 times daily, with response 
assessment in 15 patients.45 An SUVmax threshold of more than 1.5 was considered as positive 
uptake.46 Baseline 18F-FES PET uptake produced a positive predictive value of 60% and a 
negative predictive value of 80% for treatment response, suggesting that the 18F-FES PET 
especially identified patients unlikely to benefit from estradiol therapy—those with low or no 
18F-FES tumor uptake. 

Apart from insight on whole-body uptake of estradiol by tumor lesions, 18F-FES PET is 
also used during drug development as a pharmacodynamic marker. This was first evaluated 
for fulvestrant, a pure ER antagonist and a selective ER degrader. Regretfully, more than 50% 
of patients with metastatic breast cancer do not benefit from fulvestrant, which might be 
due in part to administration of an insufficient dose.47 18F-FES PET was therefore used to 
study whether the current dose of fulvestrant therapy is sufficient for optimally abolishing 
estradiol uptake in the tumor.48 Sixteen patients underwent 18F-FES PET at baseline and after 
4 wk of treatment consisting of 500 mg of fulvestrant on days 1, 14, and 28. In 6 patients, 
the predefined relevant 75% reduction in 18F-FES was not reached. The 38% of the patients 
with incomplete reduction of 18F-FES uptake were more likely to develop progressive disease 
within 24 wk of therapy. 

Others have taken a similar approach for a pharmacodynamic readout. 4-hydroxy 
N-desmethyl tamoxifen hydrochloride (Z-endoxifen), a selective ER modulator, has been 
tested in a phase 1 study.49 Z-endoxifen is the most potent tamoxifen metabolite and therefore 
might be more effective than tamoxifen. Patients received 40-300 mg/d orally for 28 d per 
cycle. In 8 of 15 patients who underwent imaging with 18F-FES PET at baseline, uptake in 
tumor lesions (n = 41) was seen.50 In these 8 patients, 18F-FES PET was repeated early after 
administration of Z-endoxifen (1-5 d). At a per-patient level, the average SUVmax among all 
lesions at baseline (4.8) decreased by 33.6% after 1-5 d.

GDC-0810 is a novel ER antagonist that binds to the ER and induces conformational 
changes that lead to receptor degradation.51 18F-FES PET was used in a phase 1 study 
to evaluate ER occupancy and guide dose selection.52 Thirty postmenopausal women 
underwent a baseline scan. The average SUV corrected for background (defined as SUVmax 
- SUVbackground, derived from surrounding normal tissue) of lesions per patient at baseline 



2

MOLECULAR IMAGING IN CANCER DRUG DEVELOPMENT

27

ranged from 0.2 to 9.3, with a median of 3.1. GDC-0810 was given in different dosages of 
200-800 mg daily orally. Follow-up scanning, performed on 24 patients 4 wk after treatment, 
demonstrated an impressive reduction in 18F-FES uptake by more than 90%, ranging from 
63.6% to 100% at the different doses, with a greater 18F-FES reduction at higher-dose groups. 
Selection of the 600-mg daily dose for phase 2 studies was based on the decrease in 18F-FES 
uptake, safety, and pharmacokinetics. Further development has been discontinued.

Elacestrant (RAD1901) is a novel selective ER degrader that binds and targets ER for 
degradation in a dose-dependent manner. 18F-FES PET was performed on healthy volunteers 
at baseline and after 6 d of RAD1901 treatment at doses of up to 1,000 mg/d to assess ER 
engagement. With dosing at 200 and 500 mg/d, a complete attenuation of 18F-FES PET signal 
was observed in tissues with high baseline uptake, such as the uterus.53 Thereafter, 18F-FES 
PET imaging as an early indicator of clinical response to RAD1901 treatment in breast cancer 
patients was explored.54 RAD1901 reduced 18F-FES uptake by 79%-91% on day 14, compared 
with baseline, in patients given 400 mg/d.54 For all these studies, it is important to realize 
that reduction in radiolabeled-estradiol uptake does not necessarily mean that this results in 
antitumor efficacy.

Another example of molecular imaging for pharmacodynamic assessment during 
hormonal therapy is 18F-16β-fluoro-5α-dihydrotestosterone (18F-FDHT) PET in prostate 
cancer. 18F-FDHT tumor uptake measured with PET has shown a good correlation with 
tumor androgen receptor (AR) expression.55 Enzalutamide, an AR antagonist, was selected 
for clinical development because of several characteristics. AR antagonism was assessed in 
vitro in a binding assay in which 18F-FDHT and the compound of interest competed for AR 
binding.56 Enzalutamide and another anti-AR compound, RD162, showed 5- to 8-fold greater 
affinity than bicalutamide in this competition assay. Enzalutamide also showed activity in 
prostate cancer models with overexpressed AR and bicalutamide resistance.56 In 140 patients, 
a 30-600 mg/d dosage of enzalutamide was administrated orally.57 18F-FDHT PET on 
22 patients showed less tumor uptake at dosages of 60 mg/d and above, with an apparent 
maximal effect seen at 150 mg/d. The phase 3 AFFIRM study, with 160 mg of enzalutamide 
per day, showed improved overall survival compared with placebo in castration-resistant 
prostate cancer after chemotherapy58, and enzalutamide is currently an approved drug for 
prostate cancer treatment.

OPTICAL IMAGING IN DRUG DEVELOPMENT
Optical imaging also has a real potential to support drug development. Because of high 
sensitivity with submillimeter resolution, fluorescent tracers can be studied at a microscopic 
level. However, given the low penetration depth of whole-body imaging, it is not feasible, 
and only accessible lesions can be studied. Optical imaging has already been performed with 
fluorescently labeled mAbs such as bevacizumab in the intraoperative setting.59 Although 
the primary aim was to detect tumor lesions intraoperatively, use of the ex vivo specimens 
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also allowed the study of intratumoral drug distribution. The intratumoral drug distribution 
showed specific tumor uptake. These approaches stress the potential role of optical imaging 
in drug development.

CONCLUSION AND FUTURE DIRECTIONS
With the arrival of novel treatment strategies for cancer, cancer drug development is 
rapidly expanding and requires enormous resources. Only a small number of the drugs 
under development obtain approval, with enormous financial costs for those that fail to 
be approved. Molecular imaging studies provide in vivo insight on drug target expression, 
pharmacokinetics, and pharmacodynamics. Although these studies are expensive and require 
time and expertise, valuable information on drug development can be extracted. However, 
molecular imaging should be complemented by other techniques when relevant, such as 
pharmacokinetic analysis, as well as radiomics (analysis extracted from PET, CT, or MR 
images) or analysis of tumor biopsies, circulating tumor DNA, or circulating tumor cells by 
genomics, transcriptomics, or proteomics. This toolbox of techniques has gained interest in 
cancer drug development and allows biomarker exploration, patient selection, and insight on 
the mechanism of action.
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ABSTRACT

AMG 110, a bispecific T cell engager (BiTE) antibody construct, induces T cell mediated 
cancer cell death by cross-linking epithelial cell adhesion molecule (EpCAM) on tumor 
cells with cluster of differentiation 3 epsilon (CD3ε) on T cells. We labeled AMG 110 with 
zirconium-89 (89Zr) or near infrared fluorescent dye (IRDye) 800CW to study its tumor 
targeting and tissue distribution. 

Biodistribution and tumor uptake of 89Zr-AMG 110 was studied up to 6 days after intravenous 
injection in nude BALB/c mice bearing high EpCAM expressing HT-29 colorectal cancer 
xenografts. Tumor uptake of 89Zr-AMG 110 was compared with uptake in head and neck 
squamous cell cancer FaDu (intermediate EpCAM) and promyelocytic leukemia HL60 
(EpCAM negative) xenografts. Intratumoral distribution in HT-29 tumors was studied using 
800CW-AMG 110. 

Tumor uptake of 89Zr-AMG 110 can be clearly visualized using small-animal PET imaging 
up to 72 h after injection. Highest tumor uptake of 89Zr-AMG 110 at a 40 µg dose level of was 
observed at 6 h and 24 h (respectively 5.35 ± 0.22 %ID/g and 5.30 ± 0.20 %ID/g; n = 3 and 
n = 4). Tumor uptake of 89Zr-AMG 110 was EpCAM specific and correlated with EpCAM 
expression. 800CW-AMG 110 accumulated at the tumor cell surface in viable EpCAM 
expressing tumor tissue. 

PET and fluorescent imaging provided real-time information about AMG 110 distribution 
and tumor uptake in vivo. Our data support using 89Zr and IRDye 800CW to evaluate tumor 
and tissue uptake kinetics of BITE antibody constructs in preclinical and clinical settings.



3

Biodistribution and PET Imaging of Labeled Bispecific T Cell-Engaging Antibody Targeting EpCAM

35

INTRODUCTION
Cancer remains a major cause of death worldwide and one of the key disease areas with the 
greatest unmet medical needs. Therefore, new treatment strategies are eagerly awaited. The 
use of T cells, especially cytotoxic T cells, in the battle against cancer has shown promising 
results using several approaches.1 However, most of these strategies are sensitive to inhibitory 
or escape mechanisms, such as major histocompatibility complex class I downregulation or 
induction of T cell tolerance, which can limit antitumor efficacy.2,3 

Bispecific T cell engager (BiTE) antibody constructs are created to circumvent such 
inhibitory or escape mechanisms. They are comprised of 2 single-chain variable antibody 
fragments (scFv) that are covalently linked by a peptide linker and bind cluster of 
differentiation 3 ε (CD3ε) as well as a surface target antigen on cancer cells.4 The activation 
of T cells by BiTE antibody constructs is independent of matching major histocompatibility 
complex class I or costimulatory molecules.5,6 Furthermore, BiTE antibody constructs engage 
a polyclonal population of T cells, including CD4+ and mainly CD8+ T cells.7Binding of tumor 
cells and T cells by BiTE antibody constructs results in the formation of a cytolytic synapse 
between tumor and T cells, which is followed by a release of pore-forming and pro-apoptotic 
components of cytotoxic T cell granules, mediating cancer cell death.5,7 The activation of 
T cells occurs only in the presence of a target cell.8 To date, four BiTE antibody constructs, 
blinatumomab, BAY2010112/AMG 212, MT111/AMG 211 and MT110/AMG 110 are or have 
been tested in clinical trials. Blinatumomab has been approved by the U.S. Food and Drug 
Administration to treat patients with Philadelphia chromosome-negative precursor B-cell 
acute lymphoblastic leukemia.

Epithelial cell adhesion molecule (EpCAM) is expressed on many epithelial tumors 
and cancer stem cells9 and is therefore an attractive target for BiTE antibody constructs. An 
EpCAM targeting BiTE called solitomab (AMG 110, formerly known as MT110) has been 
developed.10AMG 110 mediates lysis of cancer cells by the activation of T cells in vitro and 
showed pharmacological activity at doses administered of at least 24 µg/day in the clinic.11

To support clinical development of AMG 110 and other BiTE antibody constructs, 
molecular imaging can be used as a powerful noninvasive tool to obtain valuable information 
on tumor uptake, biodistribution, and pharmacokinetics. In a clinical setting, this 
information can potentially be used to support patient-tailored drug dosing. Because of its 
long radioactivity decay half-life of 3.27 d, zirconium-89 (89Zr) is well suited for capturing 
the in vivo pharmacokinetics of large molecules, such as antibodies.12 In addition, labeling 
antibodies with the near infrared (NIR) fluorescent dye 800CW can be used to study their 
intratumoral tumor distribution with near infrared fluorescence imaging and to enable 
molecular characterization of tumor and tissue sections ex vivo.13 We therefore labeled 
AMG 110 with 89Zr or IRDye 800CW to study its tumor targeting and tissue distribution via 
noninvasive small-animal positron emission tomography (PET) and fluorescence imaging.
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MATERIALS AND METHODS
BiTE antibody constructs and cell lines
AMG 110 is a BiTE antibody construct targeting human EpCAM and human CD3ε. The 
nonspecific control BiTE Mec14 shares the same anti-CD3ε single-chain antibody arm but 
targets a haptene (mecoprop) with the second arm. Both BiTE antibody constructs, ± 55 kDa 
in size, were provided by Amgen. Two human EpCAM-positive tumor cell lines, the colorectal 
adenocarcinoma HT-29 cell line and the head and neck squamous cell cancer FaDu cell line, 
and a human EpCAM-negative promyelocytic leukemia HL-60 cell line were used. We used 
HT-29 xenografts to study dose- and time-dependent tumor uptake of 89Zr-AMG110 as this 
cell line highly expresses EpCAM.14 We additionally used this cell line to compare EpCAM-
dependent tumor uptake of 89Zr-AMG110 with 89Zr-Mec14. All cell lines were obtained from 
American Type Culture Collection and screened for microbial contamination and tested 
negative. Cell lines were authenticated by Baseclear using short tandem repeat profiling. This 
was repeated once a cell line has been passaged for more than 6 months after previous short 
tandem repeat profiling. HT-29 and HL-60 were routinely cultured in RPMI-1640 medium 
(Invitrogen) containing 10% fetal calf serum (Bodinco BV). FaDu cells were cultured 
in DMEM (Invitrogen) supplemented with 10% fetal calf serum and 2 mM l-glutamine 
(Invitrogen). All cells were cultured under humidified conditions (37°C, 5% CO2).

Animal experiments 
All animal experiments were approved by the Institutional Animal Care and Use Committee 
of the University of Groningen and conducted in male nude BALB/c mice (BALB/cOlaHsd-
Foxn1nu, Harlan). After 1 week of acclimatization, 6- to 8-wk-old mice were subcutaneously 
injected with 10 x 106 HT-29 cells in 0.1 mL phosphate-buffered saline, 5 x 106 FaDu cells 
in 0.1 mL phosphate-buffered saline or 2 x 106 HL-60 cells in 0.1 mL phosphate-buffered 
saline. Tumor growth was monitored by caliper measurements. Penile vein tracer injection 
was performed 3 wk after inoculation of HT-29 cells, 4 wk after inoculation of FaDu cells and 
5 wk after inoculation for HL-60 cells. All scans and invasive proceedings were performed 
with isoflurane/medical air inhalation anesthesia (5% induction, 2.5% maintenance) for a 
maximum of 90 min.

PET acquisition
Two mice were placed above each other in a Focus 220 rodent scanner (CTI Siemens), with 
the tumor in field of view. Mice were kept warm on heating mats. Acquisition times differed 
between 10 min (0.5-h time point) and 75 minutes (144-h time point). A transmission scan of 
515 seconds was performed using a 57Co point source to correct for tissue attenuation.
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In vivo PET imaging and ex vivo biodistribution
For determining the time point for optimal tumor visualization, small-animal PET images 
were obtained 0.5, 3, 6, 24, 48 and 72 h after injection of 20 µg 89Zr-AMG 110 (5 MBq). Data 
up to 24 h was obtained from 6 mice and data at 48 h and 72 h were obtained from 2 mice. 
For ex vivo biodistribution, animals were sacrificed at designated time points. Subsequently, 
organs and tissues were excised and weighed. Samples and prime standards were counted 
for radioactivity in a calibrated well-type γ-counter. Ex vivo tissue activity was expressed as 
percentage of the injected dose per gram tissue (%ID/g). A dose escalation biodistribution 
study was performed with 20 (n = 5), 40 (n = 4) and 500 µg (n = 3) 89Zr-AMG 110 (1 MBq) 
at 24 h post injection. Tumor weights did not differ significantly between the dose groups 
(0.23 ± 0.09, 0.33 ± 0.27 and 0.47 ± 0.62 g, respectively; Supplementary Fig. 1A). Doses higher 
than 20 µg were supplemented with nonradiolabeled AMG 110. For the 40-µg protein dose, 
89Zr-AMG 110 (1 MBq) time-dependent tumor uptake was also determined. Biodistribution 
studies were performed at 6 (n = 3), 24 (n = 4), 72 (n = 4) and 144 (n = 5) h after tracer 
injection. Tumor weights did not differ significantly between different groups (0.20 ± 0.01 g, 
0.33 ± 0.27 g, 0.33 ± 0.10 g and 0.35 ± 0.15 g, respectively; Supplementary Fig. 1B).

To determine nonspecific tumor uptake, 40 µg (1 MBq) of 89Zr-Mec14 (n = 6) or 89Zr-
AMG 110 (n = 4) were administered intravenously to mice harboring HT-29 tumors. Tumor 
weights did not differ significantly between the 2 groups (0.32 ± 0.11 g and 0.33 ± 0.27 g, 
respectively; Supplementary Fig. 1C). Small-animal PET scans and ex vivo biodistribution 
were performed 24 h after tracer injection; at the time when tumor uptake of 89Zr-AMG 110 
would be high and blood levels relatively low. The biologic half-life of 89Zr-AMG 110 in whole 
blood and tumor was calculated using either %ID per cubic centimeter (%ID/cm3) (20-µg 
tracer dose, as used for determining optimal time point) based on small-animal PET scans 
or %ID/g (40-µg protein dose) by nonlinear regression (1-phase exponential decay) using 
GraphPad Prism (GraphPad Software).

EpCAM-specific uptake in relation to EpCAM expression was assessed with small-
animal PET imaging 24 h after injection of 40 µg of 89Zr-AMG 110 in xenografted mice (n = 
4-6 per group) bearing HT-29, FaDu or HL-60 tumors. Thereafter, mice were sacrificed for ex 
vivo biodistribution analysis. Tumor weights did not differ significantly between the tumor 
models (0.33 ± 0.27 g, 0.20 ± 0.13 g and 0.34 ± 0.10 g, respectively; Supplementary Fig. 1D).

PET reconstruction
PET data were reconstructed by using a 2-dimensional ordered subset expectation 
maximization reconstruction algorithm with Fourier rebinning, 4 iterations and 16 subsets. 
After reconstruction, images were quantified using AMIDE Medical Image Data Examiner 
software (version 1.0.4; Stanford University). Regions of interest were drawn for tumor and 
blood (heart). The level of 89Zr-AMG 110 or 89Zr-Mec14 was calculated as %ID/cm3. 
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Ex vivo fluorescent imaging
For NIR fluorescence imaging, mice bearing HT-29 xenografts (n = 4) were coinjected with 40 
μg 800CW-AMG 110 and 40 μg 680RD-Mec14. At 24 h after injection mice were sacrificed, 
tumor tissue was excised, formalin-fixed and paraffin-embedded. Tumor slices were stained 
immunohistochemically for EpCAM (D9S3P, Cell Signaling) and with hematoxylin and eosin. 
Overview images of intratumoral 680RD-Mec14 and 800CW-AMG 110 distribution were 
obtained with the Odyssey infrared imaging system (LI-COR Biosciences). For fluorescence 
microscopy, an inverted Leica DMI600B fluorescence microscope equipped with a Lumen 
Dynamics X-Cite 200DC light source was used. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich).

Statistical analysis
Data are presented as mean ± SD. Statistical analysis between 2 groups was performed using 
Mann-Whitney U test (GraphPad Prism 5). To test whether differences between multiple 
groups were significant, we used a Kruskal-Wallis test (GraphPad, Prism 5). A Bonferroni-
corrected Mann-Whitney U test was subsequently used to compare differences between 2 
groups. P values of 0.05 or less were considered significant.

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

FIGURE 2.
Dose-dependent 89Zr-AMG 110 biodistribution in HT-29 tumor-bearing mice at 24 h after tracer injection. Mice 
were injected with 20- (n = 5), 40- (n = 4), or 500-μg (n = 3) protein doses. No significant differences were observed 
in organ and tumor uptake between dose groups. Data are mean ± SD.

FIGURE 3.
Time-dependent 89Zr-AMG 110 (40 μg) biodistribution in HT-29-bearing mice. (A) Ex vivo biodistribution of 89Zr-
AMG 110 was performed at 6 (n = 3), 24 (n = 4), 72 (n = 4), and 144 h (n = 5) after injection. (B) Corresponding 
tumor-to-blood ratios increased significantly. Data are mean ± SD. Significance has been calculated for differences in 
tumor uptake and tumor-to-blood ratios. * P ≤ 0.05.
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A 40- µg and 500-µg protein dose resulted in a higher (not statistically significant) and 
more reproducible tumor uptake of 89Zr-AMG 110 than 20 µg (5.30 ± 0.21 and 4.9 ± 0.21 vs. 
3.6 ± 1.2 %ID/g; P = 0.57 and 0.75 respectively, Fig. 2A). No statistical significant differences 
were found in tumor-to-blood or tumor-to-muscle ratio among the different protein doses 
tested (Supplementary Figs. 5A and 5B). All organs showed similar 89Zr-AMG 110 levels at 
all protein doses. Highest 89Zr-AMG 110 levels were found in the kidneys followed by liver 
and tumor. Because of a more reproducible tumor uptake, the remainder of the study was 
performed with a 40- instead of 20-µg dose level. 

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

FIGURE 4.
(A) Ex vivo biodistribution 24 h after injection of 89Zr-AMG 110 (40 μg, n = 4) or 89Zr-Mec14 (40 μg, n = 6) in HT-
29-tumor bearing mice. (B) Corresponding tumor-to-blood ratios were significantly higher for 89Zr-AMG 110 than 
for 89Zr-Mec14. (C) Representative coronal small-animal PET images of 89Zr-AMG 110 and 89Zr-Mec14 visualize 
difference in tumor uptake. Yellow arrow indicates tumor. Data are mean ± SD. *P ≤ 0.05. ** P ≤ 0.01.
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HT-29 xenografts specifically retained 89Zr-AMG 110, but not the non-EpCAM binding 
89Zr-Mec14 BiTE. Biodistribution of 89Zr-Mec14 showed low tumor uptake of 0.7 ± 0.1 %ID/g 
compared with 5.3 ± 0.3 %ID/g for 89Zr-AMG 110 at 24 h (Fig. 4A; P < 0.01). Accumulation 
of 89Zr-Mec14 in blood and all organs except the kidneys was lower (≤ 2.4 %ID/g) than 89Zr-
AMG 110 (≤ 5.6 %ID/g). 89Zr-Mec14 tumor uptake was comparable to nonspecific uptake in 
other organs. As a result, a higher tumor-to-blood (33.4 ± 3.1 vs. 7.3 ± 1.2; P < 0.01; Fig. 4B) 
and a higher tumor-to-muscle ratio (18.6 ± 3.6 vs. 6.7 ± 0.8; P < 0.01) were observed for 89Zr-
AMG 110. In line with these results, small-animal PET images showed lower tumor uptake of 
89Zr-Mec14 than 89Zr-AMG 110 (Fig. 4C). 

Tumor uptake of 89Zr-AMG 110 was correlated with the level of cell surface EpCAM 
expression (Fig. 5). It was highest in HT-29 tumors (5.3 ± 0.3 %ID/g) followed by FaDu (2.7 ± 
0.6 %ID/g) and HL-60 (0.8 ± 0.2 %ID/g), whereas no differences were observed in uptake of 
normal organs in mice bearing the different tumor xenografts (Fig. 5A). Difference in tumor 
uptake could be clearly visualized by small-animal PET (Fig. 5B). 

FIGURE 5.
Correlation between 89Zr-AMG 110 tumor uptake and EpCAM expression on tumor cells. (A) Ex vivo biodistribu-
tion of 89Zr-AMG 110 (40 μg) 24 h after tracer injection in mice bearing HT-29 (n = 4; high EpCAM), FaDu (n = 
5; intermediate EpCAM), or HL-60 (n = 6; EpCAM-negative) cells. (B) Representative coronal small-animal PET 
images. Yellow arrows indicate tumor. (C) Differences in EpCAM expression on HT-29 (n = 5), FaDu (n = 5), and 
HL-60 (n = 4) cells correlated with tumor uptake of 89Zr-AMG 110. Data are mean ± SD. *P ≤ 0.05. 
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In vivo and ex vivo fluorescence imaging confirmed AMG 110-specific cell surface binding 
of HT-29 xenografts. Similar to 89Zr-AMG 110, in vivo imaging showed HT-29 retention 
of 800CW-AMG 110, but not 680RD-Mec14 (Supplementary Fig. 6A). In accordance with 
low tumor levels found for 89Zr-Mec14 at biodistribution 24 h after tracer injection, 680RD-
Mec14 was cleared rapidly, with level detectable only ex vivo by 24 h (Supplementary Fig. 
6B). Ex vivo macroscopic fluorescence imaging of HT-29 tumor slices showed 800CW-AMG 
110 colocalizing with viable EpCAM-expressing tumor tissue, as shown by hematoxylin and 
eosin and EpCAM staining (Figs. 6A and 6B). Fluorescence microscopy also showed presence 
of 800CW-AMG 110 on the tumor cell surface (Fig. 6C). In contrast, non-EpCAM binding 
680RD-Mec14 mostly localized in necrotic tumor tissue.

DISCUSSION
We present the first, to our knowledge, noninvasive preclinical imaging study in which a 
bispecific T cell-engaging antibody construct targeting EpCAM is labeled with a radionuclide, 
or a fluorophore, to visualize and quantify tumor uptake, tissue accumulation and clearance 
kinetics in vivo. In this study, 89Zr-AMG 110 showed consistent tumor uptake in xenografts 
that is correlated with EpCAM expression. It also showed prolonged tumor retention that is 
unusual for a reversible extracellular binding exhibiting rapid renal clearance. 

FIGURE 6.
Intratumoral distribution of coinjected 
800CW-AMG 110 (40 μg) and 680RD-
Mec14 (40 μg) in HT-29 tumors. (A) Ep-
CAM was predominantly expressed on 
healthy tumor tissue as visualized with 
hematoxylin and eosin (H&E) and Ep-
CAM immunohistochemical staining. (B) 
Corresponding macroscopic fluorescent 
imaging of 800CWAMG 110 (green) and 
680RD-Mec14 (red) distribution, with 
minor overlapping signal (yellow). (C) 
Fluorescence microscopy images (630x), 
visualizing membrane localization of 
800CW-AMG 110 (green) and DAPI 
stained nuclei (blue).
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Remarkably, HT-29 tumor uptake of 89Zr-AMG 110 remained visible up to 72 h after 
injection, despite minimal cellular internalization. Both tumor uptake and organ uptake of 
89Zr-AMG 110 was higher than of 89Zr-Mec14, likely the result of faster clearance of 89Zr-
Mec14, because blood levels of 89Zr-Mec14 were also lower. NIR fluorescent imaging with 
800CW-AMG 110 confirmed AMG 110 localization at the tumor cell membrane in viable 
HT-29 tumor tissue. Minor accumulation of 680RD-Mec14 was observed in necrotic tumor 
tissue, which is likely due to nonspecific binding. Together, these findings clearly demonstrate 
the advantage of using immuno-PET to determine the dose level of BiTE antibody constructs 
necessary for tumor targeting, to assess the presence of target, and to study in vivo tissue 
exposure in real time.

AMG 110 showed favorable tumor uptake and retention compared with a similar 
EpCAM binding agent. The EpCAM-targeting radiopharmaceutical 68Ga-scFv42

9 also 
comprises 2 scFv fragments and has a molecular weight (51.2 kDa) similar to 89Zr-AMG 
110.15 Furthermore, it exhibits monospecific bivalent binding and higher EpCAM affinity 
than AMG 110 (dissociation constant = 0.24 vs. 170-230 nM, respectively, as determined 
by plasmon resonance analysis).10 Despite bivalent binding and higher affinity, the highest 
tumor uptake (in %ID/g) of 68Ga-scFv42

9 in HT-29 tumors was 2.8-fold lower than 89Zr-AMG 
110.16Maximum tumor uptake of 68Ga-scFv42

9 was reached at 1 h, whereas maximum tumor 
uptake of 89Zr-AMG 110 was reached at 6 h after injection. At these time points, the observed 
tumor-to-blood ratios were comparable (~1 and 1.1 ± 0.30, respectively). The higher tumor 
uptake of 89Zr-AMG 110 is most likely due to its longer circulating half-life (1.4-4.1 h) than 
that of 68Ga-scFv42

9 (0.97 h). 
 In addition to differences in tumor uptake kinetics and circulating half-life, preclinical 

imaging studies also showed that different tracers also vary in the ability to saturate tumor 
uptake. In contrast to membrane tumor targets c-MET and human epidermal growth factor 
receptor 3, saturation of EpCAM binding on HT-29 was not observed even when the 89Zr-
AMG 110 total protein dose was increased to 500 µg.17,18 Thurber et al. also observed no 
saturation of EpCAM binding in HT-29 xenografts after injection of an EpCAM antibody 
labeled with a NIR dye (VivoTag 680) at a total protein dose of 180 µg.14 One possible 
explanation might be related to the abundance of cell surface EpCAM on HT-29 cells (2.3 
x 106 receptors/cell).14 Another example supporting this hypothesis was illustrated by the 
lack of tumor saturation observed for 89Zr-trastuzumab, up to 500 µg in SKOV3-xenografted 
mice.19 Similar to the high level of EpCAM expression on HT-29 cells, expression of the 
human epidermal growth factor receptor 2 on SKOV3 cells is also high (6.6 x 106 receptors/
cell).20 The inability to saturate human epidermal growth factor receptor 2 and EpCAM 
suggest that it may be difficult to saturate receptors when their cell surface expression exceeds 
approximately 2 x 106 receptors/cell at the dose levels evaluated. Alternatively, saturation of 
tumor targets may also depend on their in vivo properties of the antibodies including binding 
on/off kinetics, degree of tumor penetration, and access targets at different protein dose levels. 
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Additional radioactive- and optical-labeled antibody imaging studies, particularly those in 
the clinical setting, will help further elucidate mechanisms for driving uptake in tumors and 
tissues of interest.

Although the current preclinical study examined only the tumor antigen-binding 
component of AMG 110, preclinical and clinical imaging studies showed that it is feasible 
to image tumor uptake of tumor-targeting CD3-bispecific antibodies in the presence of 
circulating T cells. A T cell-mediated increase in tumor uptake has been observed with a 
tetravalent bispecific tandem antibody (TandAb), directed at mouse CD3ε and fibronectin 
extra domain B, in immunocompetent mice.21 125I-labeled TandAb with CD3ε affinity similar 
to that of AMG 110 showed that potential T cell binding outside of the tumor did not block 
tumor uptake or change its biodistribution.21 The mice in our study were immunodeficient, 
so tumor uptake of 89Zr-AMG 110 was not affected by T cells. Because AMG110 does not 
bind mouse CD3e, the effect of T cell binding on 89Zr-AMG 110 distribution and tumor 
uptake could not be studied in immune-competent mice. In a clinical setting, the presence 
of T cells might influence biodistribution and lead to a higher tumor uptake. Furthermore, 
123I-OC/TR F(ab’)2, targeting folate receptor and CD3, has been used successfully to image 
malignant tumor lesions in ovarian cancer patients.22

CONCLUSION 
Given its overexpression by many tumor types, EpCAM is an interesting drug target. 
Different EpCAM-targeted drugs have been developed, including monoclonal antibodies, 
antibody fragments, bispecific antibodies, and antibody-drug conjugates. Similar to these 
other experimental drugs, EpCAM expression on tumor cells is a prerequisite for effective 
treatment with AMG 110. Because EpCAM-dependent 89Zr-AMG 110 tumor uptake has 
been demonstrated preclinically, this tracer, applied clinically, can potentially facilitate patient 
selection for AMG 110 treatment by providing information on drug access across all lesions. 
Moreover, 89Zr-AMG 110 or other radiolabeled BiTE antibody constructs could potentially 
support clinical BiTE development, because they could give additional information about 
tissue pharmacokinetics and uptake in tumors to support optimal dosing and about uptake in 
critical organs to anticipate toxicity.
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SUPPLEMENTARY DATA

SUPPLEMENTARY MATERIALS AND METHODS 
Conjugation and labeling of AMG 110 and Mec14
AMG 110 and Mec14 were first purified with water for injections using a Vivaspin-2 10 kDa filter (GE Healthcare). 
Conjugation was performed by allowing BiTE antibody constructs to react with a 6.7-fold molar excess of 
N-succinyldesferrioxamine-B-tetrafluorphenol (N-suc-Df-TFP, ABX), as described earlier.1 Conjugated BiTE was 
radiolabeled on the same day with 89Zr-oxalate (PerkinElmer). Free 89Zr was removed by using a Vivaspin-2 10 kDa 
filter. For labeling with respectively IRDye 800CW and 680RD, purified AMG 110 and Mec14 reacted with a 3-fold 
molar excess of IRDye as described earlier.2 Unreacted dye was removed using PD10 desalting columns (Fisher 
Scientific). 

Quality control of 89Zr-AMG 110 and 89Zr-Mec14
Aggregation, fragmentation and concentration of 89Zr-AMG 110, 800CW-AMG 110, 89Zr-Mec14 and 680RD-
Mec14 were assessed using size exclusion high performance liquid chromatography (SE-HPLC). The Waters SE-
HPLC system was equipped with a dual wavelength absorbance detector, an in line radioactivity detector and a size 
exclusion column (Superdex 75 10/300 GL column; GE Healthcare). PBS was used as mobile phase at a flow of 0.7 
ml/min. Radiochemical purity (RCP) of 89ZrAMG 110 and 89Zr-Mec14 was determined using trichloroacetic acid 
precipitation.3 

The in vitro binding characteristics (immunoreactive fraction; IRF) of the radiolabeled BiTE antibody 
constructs were determined in a cell binding assay as described by Lindmo et al.4 In short, two series of HT-29 cell 
dilutions were incubated in duplicate with 15 ng/mL 89Zr-AMG 110 for 2 h at 4°C while shaking. To one of the cell 
series a 1000 fold excess of cold AMG 110 was added to block EpCAM specific binding and set the reference used to 
correct for non-specific binding. After 2 h incubation, cells were washed twice with PBS containing 1% human serum 
albumin (HSA). Radioactivity of standards and cell pellets were measured with a calibrated well-type γ-counter 
(LKB 1282; CompuGamma). The IRF was determined for each separate experiment by extrapolating to conditions 
representing infinite antigen excess, corrected for non-specific binding.

In vitro evaluation of 89Zr-AMG 110 
Internalization of 89Zr-AMG 110 was determined by incubating 106 HT-29 cells with 50 ng 89Zr-AMG 110 for 1 h 
at 4°C. Subsequently, unbound 89Zr-AMG 110 was removed by rinsing with PBS containing 1% HSA. Remaining 
activity, defined as initial cell associated radioactivity, was measured in a calibrated well-type γ-counter and set 
to 100%. Next cells were resuspended in culture medium (RPMI + 10% FCS, including T = 0) and incubated 1, 
2 or 4 h at 4°C or 37°C. Thereafter, medium was removed and cell pellet activity, defined as membrane bound + 
internalized, was measured in a calibrated well-type γ-counter. Finally, cells were stripped using urea buffer (4 M 
urea, 2 M glycine, pH 2.0)5 and washed twice with urea buffer. Radioactivity in the stripped pellet, representing the 
internalized radioactivity, was measured in a calibrated welltype γ-counter. Internalization was determined by the 
following formula: (internalized radioactivity/initial cell associated radioactivity) x 100%.
 
Flow cytometry
To determine EpCAM expression by the cell lines, flow cytometry was performed with a BD Accuri™ C6 flow 
cytometer (BD Biosciences). HT-29, FaDu or HL-60 cells were incubated for 1 h at 4 °C, with 20 µg/mL mouse 
anti-human EpCAM antibody (Abcam, ab20160) and washed twice using phosphate buffered saline (PBS; 140 
mmol/L NaCl, 9 mmol/L Na2HPO4, 1.3 mmol/L NaH2PO4; pH = 7.4, UMCG) containing 0.5% FCS and 2 mM 
ethylenediaminetetraacetic acid. Subsequently, cells were incubated for 1 h at 4°C with (0.01 mg/mL) goat anti-mouse 
phycoerythrin secondary antibody (Southern Biotech). Cells were finally washed twice and EpCAM expression was 
assessed. Membrane expression was calculated as mean fluorescent intensity and expressed as percentage of HT-29.

In vivo fluorescent imaging 
For NIR fluorescence imaging, mice bearing HT-29 xenografts (n = 4) were coinjected with 40 μg 800CW-AMG 
110 and 40 μg 680RD-Mec14. Mice undergoing fluorescent imaging were kept on an alfalfa-free diet to minimize 
autofluorescence. Imaging was performed at 0.5, 1, 3, 6 and 24 h after tracer injection, using the IVIS Spectrum 
(Caliper Life Sciences) imaging system. Excitation wavelengths were set at 640 nm for 680RD-Mec14 and 745 nm 
for 800CW-AMG 110. Data were analyzed using Living Image 3.2 software (Caliper Life Sciences). Tumor signal was 
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determined by drawing regions of interest around tumor boundaries for both 680RD-Mec14 and 800CW-
AMG 110.

SUPPLEMENTARY RESULTS
Labeling and quality control of 89Zr-AMG 110 and 89Zr-Mec14
AMG 110 and Mec14 were successfully conjugated with N-suc-Df-TFP (ratio 1:3) and labeled with 89Zr. 
The retention time for AMG 110 and Mec14 was approximately 17 min. 89Zr-N-suc-Df-TFP, low-molecular-
weight impurities and buffer additives eluted around 25 min on the SE-HPLC (Supplementary Fig 2A). Upon 
N-suc-Df-TFP conjugation and 89Zr labeling of AMG 110 and Mec14, SE-HPLC did not show aggregation 
or fragmentation and radiochemical purity was confirmed using trichloroacetic acid precipitation tests 
(respectively 96.8 ± 1.1% and 96.2%; n = 10 and n = 1).

Conjugation of N-suc-Df-TFP to AMG 110 and subsequent labeling with 89Zr resulted in a mean IRF 
of 0.60 ± 0.03 for EpCAM (Supplementary Figs. 2B and 2C; n = 6). Subsequent to EpCAM binding, 89Zr-
AMG 110 showed minimal internalization by HT-29 cells at 37°C in vitro (Supplementary Fig. 3).
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SUPPLEMENTARY FIGURE 2.
Quality control of 89Zr-AMG 110 and 89Zr-Mec 14. Panel (A) shows a typical SE-HPLC chromatogram of 89Zr-
AMG 110 (upper panel) or 89Zr-Mec 14 (lower panel), which is an overlay of 280 nm and radiochemical signal. The 
binding of 89Zr-AMG 110 to an increasing number of HT-29 cells is shown in panel (B). Its reciprocal plot to infinite 
antigen excess was used to determine immunoreactive fraction in panel (C). Data is presented as mean ± SD.

SUPPLEMENTARY FIGURE 1.
Differences in ex vivo tumor weights between the experiments, as measured after mice were sacrificed. (A) Difference 
in tumor weights after resection from mice injected with 89Zr-AMG 110 at 20 µg (n = 5), 40 µg (n = 4) or 500 µg (n = 
3) dose levels. (B) Difference in tumor weights at 6 (n = 3), 24 (n = 4), 72 (n = 4) and 144 h (n = 5) after injection of 
40 µg 89Zr-AMG 110. (C) Difference in tumor weights at 24 h after injection of 40 µg 89Zr-AMG 110 (n = 4) or 40 µg 
89Zr-Mec 14 (n = 6). (D) Difference in tumor weights between HT-29 (n = 4), FaDu (n = 5) and HL-60 (n = 6) tumors 
at 24 h after injection of 40 µg 89Zr-AMG 110.
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SUPPLEMENTARY FIGURE 3.
Membrane binding and internalization of 89Zr-AMG 110 after binding EpCAM on HT-29 cells. Membrane bound 
and internalized fraction is expressed as percentage of initial cell associated radioactivity. Data is presented as mean 
± SD. At several time points in the graphs of membrane bound 89Zr-AMG 110, SD is not visible due its small size.
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SUPPLEMENTARY FIGURE 4.
Membrane binding and internalization of 89Zr-AMG 110 after binding EpCAM on HT-29 cells. Membrane bound 
and internalized fraction is expressed as percentage of initial cell associated radioactivity. Data is presented as mean 
± SD. At several time points in the graphs of membrane bound 89Zr-AMG 110, SD is not visible due its small size.
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SUPPLEMENTARY FIGURE 6.
(A) Representative sagittal two-dimensional in vivo fluorescence images at indicated time points, after coinjection 
of 40 μg 800CW-AMG 110 and 40 μg 680RD-Mec14. White arrow indicates location of the tumor. (B) Fluorescent 
tracer uptake in HT-29 tumors over time, normalized to absolute fluorescence levels at 30 min after tracer injection. 
Data is presented as mean ± SD.

SUPPLEMENTARY FIGURE 5.
Dose dependent tumor-to-blood (A) and tumor-to-muscle ratios (B). Mice were injected with 20 µg (n = 5), 40 µg 
(n = 4) or 500 µg (n = 3) protein doses. No significant differences were observed in blood or tissue levels between the 
dose groups. Data is presented as mean ± SD. 



4
Molecular Imaging of Radiolabeled 

Bispecific T-Cell Engager 89Zr-AMG 211 
Targeting CEA-Positive Tumors

Stijn J.H. Waaijer1, Frank J. Warnders2, Sabine Stienen3, Matthias Friedrich3, Alexander 
Sternjak3, H. Kam Cheung4, Anton G.T. Terwisscha van Scheltinga2, Carolien P. Schröder1, 

Elisabeth G.E. de Vries1, and Marjolijn N. Lub-de Hooge2

1 Department of Medical Oncology, University Medical Center Groningen, University 
of Groningen, Groningen, The Netherlands, 2 Department of Clinical Pharmacy 

and Pharmacology, University Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands, 3 Amgen Research Munich GmbH, Munich, Germany, 4 

Amgen Inc., Thousand Oaks, California

Clin Cancer Res 2018;24(20):4988-4996



CHAPTER 4

52

TRANSLATIONAL RELEVANCE

Approval of the CD19 and CD3 targeting bispecific T-cell engager (BiTE) antibody construct, 
blinatumomab, for treating relapsed and refractory B-cell precursor acute lymphoblastic 
leukemia patients clearly demonstrated that tumor-targeted immunity is an effective approach. 
BiTE antibody constructs induced tumor cell killing independent of antigen specificity or 
costimulatory factors by connecting cancer cells to cytotoxic T cells. Although this approach 
has offered significant clinical benefits in hematologic malignancy, recent exploration have 
also been focused on solid tumors. This study provides noninvasive molecular imaging insight 
into solid tumor targeting and biodistribution of the carcinoembryonic antigen (CEA) and 
CD3-targeting BiTE antibody construct AMG 211 in preclinical mouse xenograft models. 
89Zr-AMG211 PET-imaging showed dose-dependent accumulation in CEA-expressing 
tumors. Although 89Zr-AMG211 circulating blood half-life was approximately 1 hour, the 
signal persisted in tumors for up to 24 hours. Good Manufacturing Practice compliant 89Zr-
AMG211 was produced and evaluated in a recently completed clinical trial (NCT02760199). 
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ABSTRACT

Purpose: AMG 211, a bispecific T-cell engager (BiTE) antibody construct, targets 
carcinoembryonic antigen (CEA) and the CD3 epsilon subunit of the human T-cell receptor. 
AMG 211 was labeled with zirconium-89 (89Zr) or fluorescent dye to evaluate the tumor-
targeting properties. 

Experimental Design: 89Zr-AMG211 was administered to mice bearing CEA-positive 
xenograft tumors of LS174T colorectal adenocarcinoma or BT474 breast cancer cells, as well 
as CEA-negative HL-60 promyelocytic leukemia xenografts. Biodistribution studies with 2- to 
10-μg 89Zr-AMG211 supplemented with unlabeled AMG 211 up to 500-μg protein dose were 
performed. A BiTE that does not bind CEA, 89Zr-Mec14, served as a negative control. 89Zr-
AMG211 integrity was determined in tumor lysates ex vivo. Intratumoral distribution was 
studied with IRDye800CW-AMG211. Moreover, 89Zr-AMG211 was manufactured according 
to Good Manufacturing Practice (GMP) guidelines for clinical trial NCT02760199. 

Results: 89Zr-AMG211 demonstrated dose-dependent tumor uptake at 6 hours. The highest 
tumor uptake was observed with a 2-μg dose, and the lowest tumor uptake was observed 
with a 500-μg dose. After 24 hours, higher uptake of 10-μg 89Zr-AMG211 occurred in CEA-
positive xenografts, compared with CEA-negative xenografts. Although the blood half-life of 
89Zr-AMG211 was approximately 1 hour, tumor retention persisted for at least 24 hours. 89Zr-
Mec14 showed no tumor accumulation beyond background level. Ex vivo autoradiography 
revealed time-dependent disintegration of 89Zr-AMG211. 800CW-AMG211 was specifically 
localized in CEA-expressing viable tumor tissue. GMP-manufactured 89Zr-AMG211 fulfilled 
release specifications. 

Conclusions: 89Zr-AMG211 showed dose-dependent CEA-specific tumor targeting and 
localization in viable tumor tissue. Our data enabled its use to clinically evaluate AMG 211 
in vivo behavior. 
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INTRODUCTION
Recent advances in immuno-oncology and approval of several immune-enhancing cancer 
therapies have led to great enthusiasm and exploration of various approaches to target 
cytotoxic T cells specifically to the tumor for killing. Novel therapeutic approaches such as 
bispecific T-cell engager (BiTE) antibody constructs are engineered by combining two single-
chain variable fragment (scFv) domains of two different antibodies.1 One scFv domain is 
directed against the epsilon chain of CD3 (CD3ε), a part of the T-cell receptor complex, and 
the other domain is directed against a tumor-associated antigen. Connected by a flexible 
linker, the two single-chain Fv regions have a combined molecular weight of approximately 
54 kilodalton (kDa). Simultaneous binding of both domains to their targets forms a bridge 
between a tumor cell and a T cell eventually resulting in the formation of a cytolytic synapse, 
followed by killing of the tumor cell via perforin and granzyme B-mediated lysis.2  

The first BiTE antibody construct approved was the CD19-targeting molecule 
blinatumomab (Blincyto). It is used to treat patients with Philadelphia chromosome-negative 
relapsed or refractory B-cell precursor acute lymphoblastic leukemia. Other BiTE antibody 
constructs that have been explored in phase I trials include AMG 110 (MT110; solitomab), 
AMG 211 (MEDI-565; MT111), and BAY2010112 for targeting of epithelial cell adhesion 
molecule (EpCAM), carcinoembryonic antigen (CEA), and prostate-specific membrane 
antigen (PSMA)-expressing solid tumors, respectively.3,4 

 For CEA-overexpressing solid tumors, AMG 211 is a potential interesting new BiTE 
antibody construct.  In vitro, AMG 211 lyses explants of metastatic colorectal cancer cells 
of patients who progressed on chemotherapy.5 In addition, immune checkpoint inhibition 
combined with AMG 211 resulted in a more potent cytotoxicity toward CEA-positive tumor 
cells  in vitro.6 Although T-cell inhibition could not be fully reversed in T cells previously 
exposed to AMG 211, prior treatment with checkpoint inhibition is a potential combination 
strategy. AMG 211-mediated cytotoxicity is independent of the presence of soluble CEA, 
CEA splice variants, CEA single-nucleotide polymorphisms or commonly found oncogenic 
mutations in colorectal adenocarcinomas.7-9 A first-in-human study with an intermittent 
administration regimen of 3-hour continuous intravenous infusion once a day, on days 1 
through 5, in 28-day cycles with AMG 211, showed a maximum tolerated dose of 5 mg with 
linear and dose-proportional pharmacokinetics.4 In this study, the best tumor response was 
stable disease, which was observed in 28% of the patients. For BiTE antibody constructs to 
be effective in solid tumors, the molecule should be able to penetrate tumors and be present 
in sufficient amounts to maintain continuous exposure, and the tumor should have sufficient 
T-cell infiltration. To establish prolonged steady-state exposure, continuous intravenous 
administration of AMG 211 over 7 to 28 days was tested in a recently completed phase I trial 
(NCT02291614).

 Strikingly, little is known concerning whole-body distribution and tumor targeting 
of BiTE antibody constructs in patients with cancer. Therefore, to enable clinical exploration 
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of the  in vivo  properties of BiTE antibody constructs, we developed  89Zr-AMG211 for 
testing in preclinical mouse models. With molecular imaging, information on whole-body 
drug distribution, tumor targeting, and tissue pharmacokinetics can be obtained non-
invasively. In this study, 89Zr-AMG211 microPET imaging was also complemented with ex 
vivo  biodistribution and tracer integrity analysis. In addition, AMG 211 was labeled with 
the near-infrared fluorescent dye 800CW to study intratumoral distribution. Finally, we 
manufactured 89Zr-AMG211 according to Good Manufacturing Practice (GMP) guidelines 
that enabled clinical evaluation.

MATERIALS AND METHODS
BiTE antibody constructs and cell lines
The BiTE antibody constructs AMG 211 and Mec14 were provided by Amgen, Inc. AMG 211, 
which binds human CD3ε and human CEA, was formulated in 30 mmol/L sodium citrate, 
75 mmol/L L-lysine hydrochloride, 6.5% mmol/L trehalose dihydrate, and 0.02% (w/v) plant-
derived polysorbate 80; pH 6.0. Mec14, which binds human CD3ε and the herbicide mecoprop, 
was formulated in 10 mmol/L citrate, 75 mmol/L L-lysine hydrochloride, 4% (w/v) trehalose 
dihydrate, and 0.03% (w/v) polysorbate 80, pH 7.0. AMG 211 equilibrium dissociation 
constants were estimated as 5.5 ± 2.2 nmol/L and 310 ± 67 nmol/L for human CEA and CD3ε, 
respectively.7The molecular weight of the BiTE antibody constructs is approximately 54 kDa. 
The human colorectal cancer cell line LS174T (CEA+), human breast cancer cell line BT474 
(CEA+), and promyelocytic leukemia cell line HL-60 (CEA−) were used. All cell lines were 
obtained from the ATCC and confirmed to be negative for microbial contamination. Cell lines 
were authenticated by BaseClear using short tandem repeat profiling. This was repeated once 
a cell line has been passaged for more than 6 months after previous short tandem profiling. 
BT474 and HL-60 were routinely cultured in RPMI-1640 medium (Invitrogen) containing 
10% FCS (Bodinco BV). LS174T cells were cultured in DMEM with high glucose (Invitrogen) 
supplemented with 10% FCS. All cells were cultured under humidified conditions at 37°C 
with 5% CO2.

Flow cytometry
CEA expression by LS174T, BT474, and HL-60 cells was measured using a BD Accuri C6 
flow cytometer (BD Biosciences) as described earlier.10 In short, cells were incubated for 
1 hour at 4°C with either 20 μg/mL mouse anti-human CEACAM5 antibody (Santa Cruz 
Biotechnology; sc-23928) or mouse IgG1 (Dako). After washing, cells were incubated for 1 
hour at 4°C with goat anti-mouse phycoerythrin secondary antibody (Southern Biotech). 
After final washing, expression was assessed and calculated as mean fluorescent intensity 
expressed as percentage of LS174T signal.
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Conjugation and labeling of AMG 211 and Mec14
BiTE antibody constructs AMG 211 and Mec14 were purified against NaCl 0.9% (Braun) using 
a Vivspin-2 10 kDa polyethersulfone filter (Sartorius). Next, N-succinyldesferrioxamine-B-
tertrafluorphenol (N-suc-Df-TFP; ABX) was conjugated to BiTE antibody constructs in a 
fourfold molar excess, as described earlier.11 After PD-10 desalting column (GE Healthcare) 
purification, conjugated BiTE antibody constructs were stored at -80°C. On the day of labeling 
with 89Zr-oxalate (PerkinElmer), N-suc-Df-conjugated BiTE antibody constructs were 
thawed and labeled with a maximum specific activity of 500 MBq/mg. For conjugating IRDye 
800CW to AMG 211 and 680RD to Mec14 (LI-COR Biosciences), purified BiTE antibody 
constructs were reacted with a threefold molar excess of IRDye N-hydroxysuccinimide ester 
as described earlier.12

Quality control of 89Zr-AMG211 and 89Zr-Mec14
Size exclusion high-performance liquid chromatography was used to assess aggregation and 
fragmentation of radiolabeled or fluorescently labeled AMG 211 and Mec14, as described 
previously.10 Protein concentration was determined by ultraviolet-visible spectrophotometry 
(Cary 60; Agilent).

Immunoreactivity of 89Zr-AMG211 toward CEA was tested in a competition assay with 
unlabeled AMG 211. Recombinant human CEACAM5 (11077-H08H; Sino Biologicals Inc.) 
was used as target antigen. CEACAM5 protein was diluted in 0.05 mol/L Na2CO3 (pH 9.6) to 
a concentration of 0.5 μg/mL and 100 μL was coated to MaxiSorp BreakApart ELISA plates 
(Nunc-Immuno) at 4°C overnight. Next day, wells were blocked using 1% milk powder in 
0.05% polysorbate 20 (Sigma-Aldrich)/PBS (140 mmol/L NaCl, 9 mmol/L Na2HPO4, 1.3 
mmol/L NaH2PO4, pH = 7.4, UMCG). After blocking, wells were washed three times with 
0.05% polysorbate 20/PBS. 89Zr-AMG211 and AMG 211 were mixed and diluted in PBS to 
result in a fixed concentration of 185 nmol/L 89Zr-AMG211 and varying concentrations of 
unlabeled AMG 211, ranging from 93 pmol/L to 32 μmol/L. These samples were added to 
the wells and incubated for 2 hours. Samples were washed with 0.05% polysorbate 20 in PBS, 
and  89Zr-AMG211 bound to the CEA-coated wells were measured for radioactivity. CEA 
binding was expressed as percentage radioactivity bound to CEA-coated wells corrected for 
nonspecific binding to uncoated wells. The average amount of CEA bound 89Zr-AMG211 at 
the lowest competing dose of nonradiolabeled AMG 211 was set at 100%. The percentages 
were plotted against the log values of AMG 211 concentration using Prism software 
(GraphPad, Prism 5). The concentration that resulted in 50% inhibition of the maximum 
binding was calculated. Immunoreactivity was calculated by dividing the IC50 value by added 
concentration of 89Zr-AMG211 (185 nmol/L).

Internalization of 89Zr-AMG211
Internalization of  89Zr-AMG211 was assessed as described earlier.10 In short, 106  LS174T 
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cells were incubated with 50 ng (0.93 pmol)  89Zr-AMG211 for 1 hour at 4°C, followed by 
incubation for 1, 2, or 4 hours at 4°C or 37°C in culture medium. Cells were subsequently 
stripped using a stripping buffer (0.05 mol/L glycine, 0.1 mol/L NaCl, pH 2.8). Radioactivity 
of the stripped cell pellet was measured in a calibrated well-type γ-counter (LKB instruments) 
and expressed as percentage of cell-associated activity.

Animal experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee 
of the University of Groningen. Six- to 8-week-old male nude BALB/c mice (BALB/cOlaHsd-
Foxn1nu, Harlan) were allowed to acclimate for 1 week. For xenograft development, 
2 × 106  LS174T cells in 0.1-mL PBS were subcutaneously injected, for BT474 and HL-60 
xenografts, respectively, 5 × 106 and 2 × 106 cells in 1:1 ratio of medium and Matrigel (BD 
Biosciences; 0.3 mL) were subcutaneously injected. BT474 inoculated mice received 1 day 
before tumor inoculation a 17ß-estradiol pellet (0.18 mg, 90-day release; Innovative Research 
of America). Tumor growth was assessed by caliper measurements. Penile vein tracer injection 
was performed when tumors reached a size of 200 mm3. This was reached for LS174T in 
11 days, for HL-60 in 2 weeks, and for BT474 in 4 weeks. Anesthesia was performed with 
isoflurane/medical air inhalation (5% induction, 2.5% maintenance).

In vivo microPET imaging and ex vivo biodistribution
In consecutive experiments, we studied dose and time dependency of biodistribution 
and tumor uptake, specificity of tumor uptake, and variation in uptake in different CEA-
expressing tumor models. Tumor uptake of 89Zr-AMG211 and 89Zr-Mec14 (negative control) 
was analyzed over time. MicroPET scanning was performed at 0.5, 3, 6, and 24 hours after 
injection with 5 MBq (10 μg; 0.19 nmol) of tracer. Mice were sacrificed 24 hours after tracer 
injection and thereafter ex vivo biodistribution was performed.

To study dose-dependent tumor uptake of  89Zr-AMG211, LS174T xenograft-bearing 
mice were injected with a protein dose of 2 (0.04 nmol; n = 6), 10 (0.19 nmol; n = 6), 50 (0.93 
nmol; n = 6), 100 (1.85 nmol; n = 6), and 500 μg (9.26 nmol; n = 3) of 89Zr-AMG211 (1 MBq), 
sacrificed at 6 hours after injection followed by ex vivo biodistribution. Doses higher than 10 
μg (0.19 nmol) were supplemented with nonradiolabeled AMG 211.

Nonspecific uptake was studied in two groups of mice bearing LS174T xenografts. Either 
10 μg (0.19 nmol) 89Zr-AMG211 (n = 6; 5 MBq) or 10 μg (0.19 nmol) 89Zr-Mec14 (n = 6; 5 
MBq) was administered followed by microPET scanning and ex vivo biodistribution at 24 
hours after injection.

To study CEA-dependent uptake, 89Zr-AMG211 was tested in three groups of mice 
bearing tumor xenografts that expressed different levels of the CEA target. Mice bearing 
LS174T, BT474 or HL-60 xenografts were injected with 10 μg (0.19 nmol) of 89Zr-AMG211 
(n = 6/group; 5 MBq). Twenty-four hours after tracer injection, mice were sacrificed for ex 
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vivo biodistribution.
Half of the harvested tumors were paraffin embedded, and the other half were used 

to make tumor lysates. Tumor lysates were obtained by homogenization with a Diax600 
(Heidolph) in RIPA buffer (Thermo Scientific) for 2 to 5 minutes. Blood was collected in BD 
Vacutainer PST Lithium Heparin Tubes (BD Biosciences) and centrifuged to collect plasma.

For all ex vivo biodistribution studies, tumor, whole blood, and organs of interest were 
collected and weighed. Samples together with tracer standards were counted in a calibrated 
well-type γ-counter (LKB Instruments). Uptake is expressed as the percentage injected dose 
per gram of tissue (%ID/g).

The acquisition and reconstruction of microPET scans were performed as previously 
described.10 After reconstruction, images were interpolated using trilinear interpolation and 
filtered using Gaussian smoothing using AMIDE Medical Image Data Examiner software 
(version 1.0.4, Stanford University). Coronal microPET images were used for display. Volumes 
of interest (VOI) of the whole tumor were drawn based on biodistribution tumor weight. For 
the VOI of the heart an ellipsoid of 3 × 4.5 × 4 mm in the coronal plane was drawn. VOIs 
were subsequently quantified. Data are expressed as the mean standardized uptake value 
(SUVmean).

SDS-PAGE autoradiography
Mini-PROTEANTGX Precast Gels (Bio-Rad) were loaded with 40-μg protein of tumor lysates 
or mouse plasma from three mice, tracer alone as positive control, and free 

89Zr-oxalate. Gels 
were exposed overnight to phosphor imaging screens (PerkinElmer) in X-ray cassettes. The 
screens were read using a Cyclone Storage Phosphor System (PerkinElmer) and Optiquant 
software to quantify the intensity of radioactivity. Lanes were split into regions containing 
intact 89Zr-AMG211, high- (>80 kDa) or low-molecular-weight (<40 kDa) protein associated 
radioactivity. Molecular weight was verified using ProSieve color protein maker (Lonza).

Ex vivo fluorescent imaging
For near-infrared fluorescence imaging LS174T xenograft bearing mice were co-injected with 
50 (0.93 nmol), 100 (1.85 nmol) or 250 μg (4.63 nmol) of both 800CW-AMG211 and 680RD-
Mec14. At 24 hours after injection, mice were sacrificed, tumor tissue was harvested, formalin-
fixed and paraffin embedded. Four μm sections were incubated for 2 minutes in xylene 
followed by scanning 800CW-AMG211 and 680RD-Mec14 with Odyssey infrared imaging 
system (LI-COR Biosciences) for intratumoral distribution. After Odyssey scanning, the same 
tumor sections were stained with hematoxylin and eosin (H&E). In addition, subsequent 
tumor slices were stained with immunohistochemistry using 1 μg/mL rabbit monoclonal 
CEA antibody (11077-R327; Sino Biologicals Inc.). For fluorescent microscopy, an inverted 
Leica DMI600B fluorescence microscope equipped with a Lumen Dynamics X-Cite 200DC 
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light source was used. Nuclei were stained with Hoechst 33342 (Life Technologies).

CD3 binding
Binding of N-suc-Df-AMG211 to T cells was assessed using a flow-cytometry approach. 
CD3+  T cells were isolated from peripheral blood mononuclear cells, derived from buffy 
coats of healthy volunteers after informed consent (Sanquin) using Pan T-cell Isolation Kit 
(Miltenyi Biotec). CD3+ T cells (100,000) were plated with AMG 211 or N-suc-Df-AMG211 
(5 μg/mL) for 40 minutes at 4°C. After washing, cells were incubated with biotin labeled 
His-antibody (20 μg/mL; Dianova) for 30 minutes at 4°C. After another washing procedure, 
CD3+ cells were incubated with streptavidin-APC (2 μg/mL; BD Biosciences) for 20 minutes 
at 4°C, followed by propidium iodide staining (1 μg/mL; Thermo Fisher Scientific) to select 
live CD3+ cells. Mean fluorescence intensity of N-suc-Df-AMG211 and AMG 211 bound to 
CD3+  cells was assessed by Accuri C6 flow cytometer (BD Biosciences) and expressed as 
percentage of AMG 211 binding. The assay was used as release test in manufacturing of the 
clinical batch of N-suc-Df-AMG211.

GMP manufacturing
Manufacturing was performed according to GMP guidelines. 89Zr-AMG211 was manufactured 
in a two-step process with first the conjugation resulting after purification in the intermediate 
N-suc-Df-AMG211, followed by the 89Zr labeling, purification, dilution, and sterile filtration 
(Supplementary Fig. S1). Specifications such as conjugation ratio, purity, concentration, 
endotoxins, sterility, residual solvents, radiochemical purity, and immunoreactivity to both 
CD3 and CEA have been assessed. Stability of N-suc-Df-AMG211 stored at -80°C was studied 
up to 6 months.

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

RESULTS
AMG 211 is successfully conjugated with N-suc-Df and labeled with 89Zr
The efficiency of AMG 211 conjugation was 51%. Labeling of N-suc-Df-AMG211 resulted in 
a maximum specific activity of 500 MBq/mg with a radiochemical purity of more than 95%, 
with less than 5% aggregates (Supplementary Fig. S2). To prove that labeling AMG 211 did 
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not alter the immunoreactivity toward CEA, unlabeled AMG 211 was tested in competition 
with 89Zr-AMG211 batches with different chelator to AMG 211 ratios. The 2:1 conjugation 
ratio showed the best preserved immunoreactivity (70.7% ± 7.5% of unlabeled AMG 211) 
and an average IC50  value of 131 ± 14 nmol/L for the competition of CEA binding with 
185 nmol/L 89Zr-AMG211 (Supplementary Fig. S3A). As immunoreactivity decreased upon 
higher conjugation ratios (Supplementary Fig. S3B), a 2:1 conjugation ratio was chosen for 
further experiments.

89Zr-AMG211 is internalized in CEA+ LS174T cells
In vitro, 89Zr-AMG211 was internalized in LS174T cells up to 12% ± 3% of initial cell associated 
radioactivity at 4 hours after incubation at 37°C, whereas only 6% ± 3% was internalized at 
4°C (Supplementary Fig. S4). This allows tumor accumulation over time due to residualizing 
capacity of 89Zr.

89Zr-AMG211 shows dose-dependent tumor uptake
In general, tracer uptake was highest in the kidney, indicating renal elimination, followed by 
tumor and liver (Fig. 1). 89Zr-AMG211 showed an inverse protein dose-dependent tumor 
uptake (Fig. 1; Ptrend < 0.001). 89Zr-AMG211 uptake was relatively highest at the 2-μg dose 
(7.5 ± 1.5%ID/g) and lowest at the 500-μg dose (3.9 ± 0.13%ID/g). The kidneys showed a 
similar trend with uptake ranging from 283 ± 34%ID/g at the lowest dose to 141 ± 33%ID/g 
at the highest dose. Blood levels were 1%ID/g at 6 hours after injection for all dose groups. On 
the basis of sufficient tumor uptake and a maximum specific activity of 500 MBq/mg, 10 μg (5 
MBq) was selected for subsequent 89Zr-AMG211 microPET imaging studies.8

89Zr-AMG211 demonstrates specific tumor uptake in LS174T xenografts
MicroPET images revealed tumor uptake of 89Zr-AMG211 up to 24 hours after injection, 
whereas the nontumor targeting BiTE antibody construct  89Zr-Mec14 did not show 
accumulation in LS174T xenografts (Fig. 2A). Tumor uptake of 89Zr-AMG211 increased up 
to 6 hours after injection (SUVmean 0.64 ± 0.10) with prolonged retention up to at least 24 
hours (SUVmean 0.61 ± 0.06). In contrast, tumor uptake of 89Zr-Mec14 decreased rapidly after 
tracer injection (Fig. 2B), although blood levels of both tracers showed similar elimination 
with a circulating half-life of 0.72 hours [95% confidence interval (CI), 0.51-1.27] for 89Zr-
Mec14 and 0.96 hours (95% CI, 0.76-1.36) for  89Zr-AMG211 (Fig. 2B). Specific tumor 
uptake was confirmed by ex vivo biodistribution analysis (Fig. 2C). Twenty-four hours after 
injection, 89Zr-AMG211 tumor uptake was 6.0 ± 1.3%ID/g compared with 0.5 ± 0.2%ID/g 
for  89Zr-Mec14 (P  < 0.01). SDS-PAGE autoradiography showed intact  89Zr-AMG211, 
whereas 89Zr-Mec14 in LS174T xenografts lysates was absent (Fig. 2D). Both 89Zr-AMG211 
and 89Zr-Mec14 were present intact in the plasma.
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FIGURE 1.
Dose-dependent 89Zr-AMG211 biodistribution in LS174T tumor-bearing mice at 6 hours after injection. Mice were 
injected with 2 (n = 6), 10 (n = 6), 50 (n = 6), 100 (n = 6), or 500 μg (n = 3) protein doses. Data are mean ± SD; *, P 
≤ 0.05; ***, P ≤ 0.001.

FIGURE 2.
Specific tumor uptake of 89Zr-AMG211 in LS174T tumor-bearing mice. A, Representative coronal small-animal PET 
images up to 24 hours after injection of 10 μg 89Zr-AMG211 (n = 6) or 89Zr-Mec14 (n = 6). Li = liver; K = kidney; T = 
tumor. B, Image quantification of LS174T tumors (top) and blood pool (bottom). Ex vivo (C) biodistribution and (D) 
SDS-PAGE autoradiography 89Zr-AMG211 and 89Zr-Mec14 24 hours after injection. +: 89Zr-tracer before injection; 
-: free 89Zr only; tumor: lysates of three different LS174T xenografts; plasma: plasma samples from corresponding 
mice. Data are mean ± SD; *, P ≤ 0.05; **, P ≤ 0.01.
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Tumor uptake of 89Zr-AMG211 is CEA dependent
89Zr-AMG211 was additionally studied in two other xenograft models. BT474 xenografts 
were used as second CEA-positive tumor model, whereas HL-60 represents CEA-negative 
tumor model (Supplementary Fig. S5). CEA-positive xenografts were clearly visualized with 
microPET up to 24 hours after injection whereas HL-60 tumors were not visible (Fig. 3A). 
Quantification of tumor uptake derived from PET images showed SUVmean values between 
0.5 and 0.6 for CEA-positive xenografts and below 0.2 for the CEA-negative xenografts (Fig. 
3B). Ex vivo biodistribution confirmed image-derived quantification of tumor uptake at 24 
hours after injection, with highest uptake in LS174T xenografts (6.0 ± 1.3%ID/g), followed 
by BT474 xenografts (3.8 ± 1.1%ID/g), and lowest uptake in HL-60 xenografts (0.45 ± 
0.05%ID/g; Fig. 3C). 89Zr-AMG211 tumor uptake appeared to reflect CEA expression, with 
more uptake in cells expressing higher levels of CEA (R2 = 0.81). SDS-PAGE autoradiography 
demonstrated presence of intact 89Zr-AMG211 in CEA-positive tumor lysates, whereas it was 
absent in CEA-negative tumor lysate (Fig. 3D), suggesting that intact 89Zr-AMG211 might 
only be retained in the presence of cell surface tumor target.

FIGURE 3.
Uptake of 89Zr-AMG211 in LS174T (n = 6), BT474 (n = 6) or HL-60 (n = 6) tumor-bearing mice. A, Representative 
coronal small-animal PET images up to 24 hours after injection of 10 μg 89Zr-AMG211. Li = liver; K = kidney; T = 
tumor. B, Quantification of tumors (top) and blood pool (bottom). Ex vivo (C) biodistribution and (D) SDS-PAGE 
autoradiography 89Zr-AMG211 24 hours after injection. +: 89Zr-AMG211 before injection; -: free 89Zr only; tumor: 
lysates of three different tumor-bearing mice; plasma: plasma samples from corresponding mice. Data are mean ± 
SD; *, P ≤ 0.05; **, P ≤ 0.01.
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Intratumoral 89Zr-AMG211 disintegration over time
Although total tumor  89Zr signal remained similar at 6 and 24 hours following tracer 
injection, ex vivo tumor lysates indicated time dependent disintegration of 89Zr-AMG211 in 
LS174T xenografts. Autoradiography showed low-molecular-weight species increased from 
4.9% ± 0.5% at 6 hours to 47.6% ± 3.0% at 24 hours after tracer injection (Fig. 4A). In contrast, 
mostly intact 89Zr-AMG211 was detected in the plasma samples, indicating stability of the 
molecule in circulation (Fig. 4B).

FIGURE 4.
Change in integrity of 89Zr-AMG211 in tumor over time. A, Uptake of 89Zr-AMG211 in LS174T xenografts (left) 
and integrity of 89Zr-AMG211 in LS174T lysates (right) at 6 and 24 hours after injection. B, Uptake of 89Zr-AMG211 
in blood (left) and integrity of 89Zr-AMG211 in plasma (right) at 6 and 24 hours after injection. MW = molecular 
weight. Data are mean ± SD.

800CW-AMG211 localizes predominantly to viable CEA-positive tumor
Intratumoral distribution was studied using fluorescently labeled AMG 211 and Mec14. A 
dose-escalation study was performed by co-injecting 50, 100, and 250 μg of both 800CW-
AMG211 and 680RD-Mec14. Ex vivo analysis at 24 hours after injection showed clear uptake 
of 800CW-AMG211 in viable CEA-positive tumor areas and minor uptake in necrotic tumor 
tissue (Fig. 5A). No large differences in the accumulation pattern were observed between the 
different protein dose groups. 680RD-Mec14 was predominantly located in necrotic tumor 
tissue, indicating nonspecific uptake. In addition, a nonspecific signal was found in areas with 
tissue folding. Fluorescent microscopy revealed that 800CW-AMG211 is mainly located at 
the cellular membrane and/or in the cytoplasm and targeted less than 5% of tumor cells (Fig. 
5B). 
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89Zr-AMG211 is manufactured according to GMP guidelines
All three conjugation and labeling batches complied with release specifications 
(Supplementary Table S1), demonstrating robust manufacturing process of  89Zr-AMG211. 
Shelf-life of intermediate N-suc-Df-AMG211 has been set at 6 months at -80°C, and will, if 
within specifications, be extended at future time points. 

FIGURE 5.
Intratumoral distribution of escalating doses of co-injected 800CW-AMG211 and 680RD-Mec14 (50, 100, or 250 
μg) in LS174T tumors. A, Macroscopic fluorescent imaging of 800CW-AMG211 (green) and 680RD-Mec14 (red) 
distribution, with overlapping signal (yellow) in necrotic tissue as visualized by H&E. 800CW-AMG211 mainly 
localizes to viable tissue according to H&E with concordant CEA immunohistochemical staining. B, Fluorescence 
microscopy images (×630), visualizing membrane and/or cytoplasmic localization of 800CW-AMG211 (green) and 
Hoechst stained nuclei (blue).
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The Investigational Medicinal Product Dossier (IMPD) was written, with summaries 
of information related to the quality, manufacture, and control of the Investigation Medical 
Product  89Zr-AMG211 included. The validation results of the three GMP batches and its 
stability data are also part of the IMPD. The IMPD has been approved by the competent 
authorities that has allowed clinical studies.

DISCUSSION
89Zr-labeled bispecific T-cell engager AMG 211 demonstrates CEA-specific tumor uptake and 
prolonged tumor retention up to 24 hours despite rapid elimination from the circulation. 
Furthermore, intact  89Zr-AMG211 was found in circulation as demonstrated by SDS-
PAGE autoradiography of blood samples collected from treated mice. In tumors, 800CW-
AMG211 localizes to the CEA-expressing viable portion and can be found on the cell surface. 
Our findings indicated that  89Zr-AMG211 binds specifically to CEA and stays intact in 
circulation in vivo in mouse xenograft models. 89Zr-AMG211 has been produced for the clinic 
using GMP compliant manufacturing, which was consistent through three validation runs.

 The tumor retention of  89Zr-AMG211 is remarkable. Despite low internalization 
of  89Zr-AMG211 in LS174T cells and rapid decreasing blood levels  in vivo,  89Zr-AMG211 
leads to imageable tumors for at least 24 hours after injection. Although internalization might 
not be useful for the mechanism of action of AMG 211, it might be the case for an imaging 
agent. Internalization allows tumor accumulation over time due to residualizing  89Zr. 
For AMG 211 to induce cytotoxic T-cell-mediated tumor cell killing, membrane bound 
intact AMG 211 is necessary, and our data confirmed that is the case. Interestingly, even 
though intratumoral 89Zr-AMG211 was much longer retained, part of the signal was likely 
contributed by disintegrated 89Zr-species. As a disintegrated molecule might not result in a 
proper immune effector function, data on intratumoral drug integrity could improve insight in 
functional drug exposure. Data on intratumoral drug integrity for other bispecific antibodies 
are currently not available, although essential for biological activity. This study demonstrates 
a new technique to study the intratumoral integrity of T-cell-directed antibodies and 
derivatives. In patients treated with blinatumomab targeting CD19-positive hematological 
malignancies, the serum elimination half-life of blinatumomab is approximately 2 hours.13,14 

In this setting, using continuous infusion, sustainable, predictable, and dose linear drug levels 
in serum are achieved.13,14 Efficacy of such an approach has been shown in non-Hodgkin 
and diffuse large B-cell lymphoma, indicating functional drug exposure in visceral tumor 
lesions.14,15 As shown in our previous studies evaluating  89Zr-AMG110 (targets CD3 and 
EpCAM) in mouse cancer models, prolonged tumor retention for at least 72 hours after a 
single intravenous injection was achieved despite a short circulating half-life similar to 89Zr-
AMG211.10 Together with the current study, our data demonstrate that 89Zr-BiTE antibody 
constructs are able to accumulate in solid tumors rapidly after intravenous administration and 
can be found on target expressing tumor cell surface beyond blood elimination. Our findings 
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also suggest that a constant intravenous supply of AMG 211 should improve functional drug 
exposure in the tumors and perhaps lead to greater antitumor effects.

 Using the 800CW imaging tag, AMG 211 showed to localize to CEA-positive tumor 
cells. The low number of tumor cells targeted by 800CW-AMG211 is likely due to rapidly 
declining blood pools levels after a single bolus injection. To improve tumor uptake, future 
studies with multiple or longer infusion regimens are of interest. The localization to CEA-
expressing tumor tissue was also reported for a full-length bispecific antibody targeting 
CEA and CD3.16 In that study, CEA-expressing tumor cells (LS174T) and human peripheral 
blood mononuclear cells were co-cultured in vitro or co-grafted into immunocompromised 
mice. Fluorescence reflectance imaging and intravital 2-photon microscopy were employed 
to analyze in vivo tumor targeting of the labeled full-length bispecific antibody, whereas in 
vitro confocal and intravital time-lapse imaging served to assess the mode of action of the 
molecule. Authors suggest that specific tumor localization was mainly through CEA targeting 
with only minor contributions from CD3 binding. This may be similar for AMG 211 since 
both therapeutics have similar equilibrium dissociation constants in the submicromolar 
range for CD3 and nanomolar range for CEA.

 89Zr-AMG211 showed uptake in both LS174T (CEA high) and BT474 (CEA low) 
xenografts, but not in CEA-negative HL-60 xenograft. Despite lower expression of CEA in 
BT474, microPET images reveal only slightly lower uptake of  89Zr-AMG211 at 24 hours. 
Besides target expression, many aspects may play a role in drug uptake and efficacy such 
as perfusion, presence of stroma, tumor interstitial pressure, and anatomical location. More 
interestingly, in vitro potency of redirected lysis is similar between LS174T and BT474, despite 
difference in receptor expression.7 This suggests that although CEA expression is required 
for drug efficacy, the amount of CEA expression may not be the only factor determining 
antitumor cytotoxicity. In time, blood pool levels of  89Zr-AMG211 showed no difference 
between the three tumor models, suggesting limited pharmacokinetic impact of potential 
serum CEA. This is in line with  in vitro  potency data of AMG211 showing no impact of 
soluble CEA antigen levels up to 5 μg/mL, simulating higher levels than typically found in 
serum of patients with CEA-positive cancers.7

 The field of CD3-targeting bispecific antibodies is rapidly expanding and several 
different formats, including BiTE constructs, dual-affinity re-targeting molecules (DART), 
Tandem Diabodies, and others17 have been extensively studied in the preclinical setting. 
Although many studies have been focused on efficacy, a few of them also addressed the 
interaction between drug and T cells. A bispecific antibody targeting CD3 and CEA increased 
T-cell infiltration in a human LS174T xenograft in a mouse model containing human 
peripheral blood mononuclear cells.18

 Different tumor targeting CD3 bispecific molecules may exhibit different  in 
vivo properties. In a small SPECT study in five patients with ovarian cancer, flow-cytometry 
analysis indicated the binding of the bispecific F(ab’)2-targeting CD3 and the folate receptor 
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to peripheral blood T cells.19 However, it is currently unknown whether bispecific antibody 
constructs like AMG 211 are first bound to circulating T cells and subsequently recruit 
them to the tumors, or whether the drug travels as a free agent to penetrate tumors and then 
induces local T-cell activation and proliferation, or both. In the current study, the impact of 
host effector cells could not be taken into account, because AMG 211 is not cross-reactive 
with mouse CD3. Progress has been made in this regard; however, modeling the human 
immune system in a mouse system is still far from perfect.20 Recently, a clinical study has 
been completed with 89Zr-AMG211 (NCT02760199). In this clinical trial, nine patients with 
relapsed/refractory gastrointestinal adenocarcinoma received  89Zr-AMG211 PET scan(s) 
before and/or during AMG 211 treatment. Serial blood sampling and peripheral blood 
mononuclear cell isolation, together with PET scanning, could aid in analyzing the influence 
of T cells on  89Zr-AMG211 distribution and assist interpretation of  in vivo  mechanisms 
underlying tissue accumulation kinetics of the molecule.

In conclusion, this study illustrated the feasibility of using  89Zr-AMG211 to assess 
dose-dependent CEA-specific tumor uptake and tissue distribution using PET imaging. 
Furthermore, 89Zr-AMG211 can be manufactured according to GMP guidelines. Therefore, 
our data enabled the use of 89Zr-AMG211 in clinical trials to support further drug development.
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SUPPLEMENTARY DATA

SUPPLEMENTARY FIGURE 1.
Flow chart of the drug substance (N-suc-Df-AMG211) manufacturing process and drug product (89Zr-AMG211) 
formulation and filling process.
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SUPPLEMENTARY FIGURE 2.
Quality control of 89Zr-AMG211. 
Representative size exclusion high 
performance liquid chromatography 
chromatogram of 89Zr-AMG211 with 280 
nm signal (top panel), radiochemical signal 
(middle panel) and the overlay (lower 
panel). 

SUPPLEMENTARY FIGURE 3.
Immunoreactivity of 89Zr-AMG211. A) Representative competition assay using an effective N-suc-Df:AMG 211 ratio 
of 2:1. Curve fit with 95% confidence interval is visualized. B) Immunoreactivity towards CEA of different ratios 
N-suc-Df:AMG 211. Data are mean ± SD.
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SUPPLEMENTARY FIGURE 4.
Membrane binding and internalization of 89Zr-AMG211 after CEA binding on LS174T cells (n = 3). Membrane 
bound and internalized 89Zr-AMG211 are expressed as percentage of initial cell associated activity. Data are mean 
± SD.

SUPPLEMENTARY FIGURE 5.
Expression of CEA on LS174T, BT474 and HL 60 cell lines (n = 3). Membrane expression is expressed as percentage 
of LS174T signal. Data are mean ± SD. 
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SUPPLEMENTARY TABLE 1.
GMP manufacturing of N-suc-Df AMG211 and 89Zr-AMG211. Release criteria are fulfilled for batch 1, 2, and 3. 
In addition stability are shown for N-suc-Df AMG211 stored at -80°C for 6 months, all quality criteria are still met.

* Preserved immunoreactivity indicates more than 50% binding compared to unconjugated for CD3 and more than 
50% immunoreactivity for CEA.
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TRANSLATIONAL RELEVANCE

Bispecific antibodies, including approximately 55 kDa bispecific T-cell engager (BiTE) 
antibody constructs, can be used to induce an anticancer immune response. Although 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 this 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 cluster of differentiation 3 (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: 89Zr-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. 

Results: Before AMG 211 treatment, the optimal imaging dose was 200 µg 89Zr-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. 89Zr-
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 anticancer 
immune response, including bispecific antibodies.1

One novel approach is the use of bispecific T-cell engager (BiTE) antibody constructs 
(a registered trade mark of Amgen Inc.). 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 often against cluster of differentiation 3 (CD3) on T-cells. Binding of both arms induces 
target cell-dependent T-cell activation and proliferation, leading to apoptosis of tumor 
cells.2The anti-CD19/CD3 BiTE blinatumomab is approved for the treatment of patients with 
B-cell precursor acute lymphoblastic leukemia.3 Continuous intravenous administration is 
used because of 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 approximately 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 intravenously over 3 hours on days 1 to 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 hours. To achieve sustained target coverage, 
thereafter AMG 211 was administered and tested as a continuous intravenous infusion for 
28 subsequent days in 6-week treatment cycles in a phase I 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 potential target-related drug impact in vivo. 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 89Zr-AMG 211 in healthy tissues and tumor lesions before 
and/or during AMG 211 treatment in the AMG 211 phase I study.
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MATERIALS 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 I study with AMG 211 (ClinicalTrials.gov identifier NCT02291614) at the University 
Medical Center Groningen (UMCG; Groningen, the Netherlands) or the Free University 
Medical Center (VUMC; Amsterdam, the Netherlands). Other eligibility criteria included 
age ≥18 years, written informed consent, and availability of ≥1 measurable lesion as assessed 
with CT per modified immune-related response criteria (irRC15). For visceral lesions, this is 
defined as the two longest perpendicular diameters ≥10 × 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 (ICH-GCP) 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 I study, patients received continuous 

FIGURE 1.
Study design of 89Zr-AMG 211 PET imaging before (A) and during (B) AMG 211 treatment. The PET scan at 48 
hours is shown vaguely, because this time point was changed into 3 hours after imaging was performed in the first 
patient.
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intravenous 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.

The tracer  89Zr-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-suc-Df-AMG 211 was radiolabeled 
with clinical grade 89Zr-oxalate (PerkinElmer) and again purified by gel filtration. Individual 
fractions were pooled on the basis of the amount 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 89Zr-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-suc-Df-AMG 211 to CD3.

In 8 patients, 89Zr-AMG 211 imaging was performed before AMG 211 treatment. These 
patients received, via a separate intravenous line, a fixed dose of 37 MBq approximately 200-
μg 89Zr-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-hour period was based on the MTD and infusion 
rate as assessed in the phase I study. Cold AMG 211 was added to guarantee sufficient tracer 
availability and was therefore administered before 89Zr-AMG 211 (details in Supplementary 
Materials and Methods: 89Zr-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. 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 2 patients, 200-μg 89Zr-AMG 211 was administered 
over 3 hours via a separate intravenous line to study biodistribution immediately after the end 
of the second AMG 211 treatment period. In one of these 2 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 NCI 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  89Zr-AMG 211 clearance from the circulation 
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[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 89Zr-
AMG 211 injection and for response evaluation after every two AMG 211 treatment cycles.

89Zr-AMG 211 PET analysis
All PET scans were reconstructed using the harmonized reconstruction algorithm 
recommended for multicenter  89Zr PET scan trials.18A single nuclear medicine physician 
analyzed all the 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  89Zr-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 (VOI) in healthy tissues and tumor lesions 
using A Medical Image Data Examiner (AMIDE) software (version 0.9.3, Stanford University, 
Stanford, CA.19In healthy tissues, VOIs were drawn in the blood pool at the place of the 
thoracic aorta, lung, liver, spleen, kidney, intestine, brain, bone marrow, and bone cortex 
at the place of the femur, thigh muscle, retroperitoneum, and fat tissue. VOIs were drawn 
independently by two investigators, K.L. Moek and I.C. Kok, based on maximum intensity 
projection images of 89Zr-AMG 211 PET or the coregistered low-dose CT if delineation was 
unclear on PET.  89Zr-AMG 211 uptake was measured as SUV (formula in Supplementary 
Materials and 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 reassessed 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 Materials and Methods: calculations). For the brain, lungs, liver, spleen, and 
kidneys, we used mean organ weights as reported in sudden death autopsy studies to calculate 
percentage of the injected dose (%ID20,21). We used the percentage body fat and total body 
weight to assess %ID in fat.22 The total blood volume was calculated according to Nadler’s 
formula23 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 the integrity was analyzed via gel electrophoresis. More details 
on  89Zr pharmacokinetics are provided in Supplementary Materials and Methods:  89Zr 
pharmacokinetics.
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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 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.

TABLE 1.
Patient characteristics at baseline
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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.

RESULTS
Patient characteristics
Nine patients were enrolled between August 2016 and May 2017. The 89Zr-AMG 211 PET 

FIGURE 2.
89Zr-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 (blue) and 
during (green) 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 before AMG 211 
treatment, and during AMG 
211 treatment (C). 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). H, 
hours.
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imaging study was terminated in May 2017 because of the completion of the AMG 211 phase 
I study.  89Zr-AMG 211 PET imaging was performed in 7 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 7 patients, from whom archival 
tumor tissue was available.

89Zr-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). Because of 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 and 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 

FIGURE 3.
Percentage change of tracer uptake between the 3 hours and 24 hours PET scan time points. Data is shown for 4 patients who 
received 200-μg 89Zr-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.
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for  89Zr-AMG 211 PET imaging before AMG 211 treatment. The corresponding  89Zr-
AMG 211 serum half-life was 3.3 hours (Supplementary Table S1), indicating the optimal 
time points for 89Zr-AMG 211 PET imaging period to be around 3, and 6 hours 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.

Healthy tissue biodistribution in the 4 patients who received 200-μg 89Zr-AMG 211 + 
1,800-μg cold AMG 211 showed high (Fig. 2A) and prolonged (Fig. 3) tracer uptake in the 
CD3-rich tissues in 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 gastrointestinal (GI) tract 
known to physiologically overexpress CEA, like the stomach or esophagus.7Healthy tissue 
biodistribution at 3 hours for all imaging dosing cohorts is shown in Fig. 2A. Supplementary 
Table S2 shows median 89Zr-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 89Zr-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.

89Zr-AMG 211 uptake in tumor lesions before AMG 211 treatment
A total of 61 tumor lesions ≥10 × 10 mm (median per patient: 8, range 2-14) were identified 
on the basis of 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”, whereas 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, 
whereas 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 89Zr-AMG 211 washout 
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than from the blood pool and from most healthy tissues, except for the spleen, bone marrow, 
and intestines, indicating tracer specificity (Fig. 3). Figure 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. Lesion-based analysis showed 
up to a 9-fold difference in 89Zr-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 89Zr-AMG 211 uptake across lung metastases. Patient-

FIGURE 4.
Heat map and absolute uptake of healthy tissues and tumor lesions. The heat map shows log ratios obtained by 
dividing the 89Zr-AMG 211 uptake expressed in SUVmax in tumor lesions by the uptake expressed in SUVmean in 
healthy tissues across patients in whom imaging was performed before AMG 211 treatment using 200-μg 89Zr-AMG 
211 and 1,800-μg cold AMG 211. Quantification of 89Zr-AMG 211 uptake across healthy tissues and tumor lesions is 
shown in the histograms. Data is based on 89Zr-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. Mets, metastases.
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based analysis showed a 5-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 2 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.

FIGURE 5.
Heterogeneous tumor uptake illustrated by 89Zr-AMG 211 PET imaging. A, Patient with lung metastases of colon 
cancer imaged 6 hours post tracer injection with 37 MBq 200-μg 89Zr-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 (pink 
arrow) and high uptake in a lung metastasis with a SUVmax of 11.3 (white arrow), whereas another lung metastasis 
did not show visual tracer uptake (green arrow), and high tracer presence in the heart (B; blue arrow) and uptake in a 
lung metastasis with a SUVmax of 2.6 (white arrow). C, Heterogeneous 89Zr-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.

89Zr-AMG 211 healthy tissue biodistribution and uptake in tumor lesions during AMG 
211 treatment
89Zr-AMG 211 imaging immediately after the end of the second AMG 211 treatment period 
was performed in 2 patients who received 28-day continuous intravenous treatment with 
either 6,400-μg/day or 12,800-μg/day of AMG 211 per cycle. Because of completion of the 
phase I treatment part of the study, no additional patients were enrolled in this imaging 
dosing cohort.

During AMG 211 treatment, we observed an approximately 2-3-fold higher uptake in the 
blood pool and an approximately 2-3-fold lower uptake in the kidneys when compared with 
imaging before AMG 211 treatment (Fig. 2A and C). 89Zr-AMG 211 serum half-life exceeded 
16 hours in one patient (Supplementary Table S1). Seven tumor lesions with a size ≥10 × 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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Blood and urine pharmacokinetics
Whole-blood and urine samples for  89Zr-AMG 211 measurements were available for 8 
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 

89Zr-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.

A median of 96.07% (IQR 95.84-96.19) of 89Zr-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, whereas in urine, 89Zr-AMG 211 was mostly present in degraded form (Fig. 6). 

FIGURE 6.
89Zr-AMG 211 integrity analysis. Tracer integrity analysis in one nondiabetic patient (A), and one diabetic patient (B) 
known to have microscopic diabetic proteinuria showing intact 89Zr-AMG 211 at plasma for 24 hours and degraded 
89Zr-AMG 211 in urine. In the diabetic patient, high molecular weight protein was found in urine. H, hours; HMW, 
high molecular weight; LMW, low molecular weight.

Soluble CEA and determination of ADAs
Two patients had high serum soluble CEA levels at screening, whereas the levels in the other 
patients ranged between 2.4 and 42.8 μg/L. In one patient who received 200-μg 89Zr-AMG 
211, the CEA level was 217 μg/L, whereas in the other patient who received 200-μg  89Zr-
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 with patients from the 
same imaging dosing cohort, the highest tracer presence in the blood pool.
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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 1 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 89Zr-AMG 211 + 4,800-μg cold AMG 211 imaging dosing 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 BiTE antibody construct. With 89Zr-
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. 89Zr-
AMG 211 was rapidly cleared from the blood pool by excretion via the kidneys, whereas 
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 retargeting antibodies, and full-length antibodies.1,24It 
is well acknowledged that their development for clinical use has been more challenging for 
this “high hanging fruit” compared with conventional mAbs.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 high-affinity 
variant being poorly tolerated because of extensive cytokine release.26 In mice cografted 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 with 
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 nmol/L for CEA and 
310 nmol/L for CD3.28 Despite the lower affinity for CD3, we observed high 89Zr-AMG 211 
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uptake in the spleen, and bone marrow. Because 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 89Zr-AMG 211 accumulation we observed in the spleen and bone marrow 
likely represents the CD3-mediated uptake. However, this finding should be interpreted 
with some caution, because 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 
nonspecific, or tissue target saturation was reached. In the GI 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-hour time point, indicating that more time is needed for tracer penetration into GI 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 on the basis of 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 because AMG 211 is not cross-reactive with mouse 
CD3. Noninvasive whole-body PET imaging studies used to investigate the biodistribution 
of other drugs have shown considerable heterogeneity regarding tracer uptake in tumor 
lesions.30-32 We also observed 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 IHC target staining of multiple tumor lesions within one patient 
might have shed light on these differences 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 CT study in patients suspected 
to have ovarian cancer. The tumor could be visualized in 2 of 3 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 89Zr-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 approximately 100 
kDa F(ab’)2  fragments of trastuzumab or approximately 15 kDa nanobodies developed as 
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diagnostics patients with in breast cancer.34-36 These kinetics, therefore, require imaging 
assessments at earlier time points in comparison with approximately 150 kDa mAbs, for 
which scans are generally performed 4 to 7 days after tracer administration, thus matching 
the half-life 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 intravenous 
infusion.1 1Interestingly, currently BiTE antibody constructs are being developed, which 
contain an Fc-domain.39,40 This increases their size and leads to an enhanced serum half-life. 
In nonhuman primates, the serum half-life of various BiTE antibody constructs was extended 
from 6 to 44-167 hours by the addition of an 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 89Zr-AMG 211 presence in the blood pool, which could reflect tissue 
target saturation. These findings support the continuous intravenous 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. Although an approximately 10% to 25% reduced uptake in tumor lesions 
after treatment has been shown via serial PET imaging for two membrane receptors 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 I study, ADAs were present in 48% of patients who received AMG 211 treatment 
on days 1 to 5 in 28-day cycles10, despite the fact that BiTE antibody constructs are thought 
to be less immunogenic due to the lack of an Fc domain in comparison with full-length 
antibodies.41 AMG 211 comprises a humanized CEA arm and a deimmunized 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 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

In this 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 DATA
SUPPLEMENTARY METHODS
89Zr-AMG 211 administration
The tracer 89Zr-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 89Zr-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 89Zr-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 89Zr-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 

VOI with the following formula: 
SUV=(Activity concentration (Bq/cc)x 0.001)/(Injected activity (MBq)/ Weight patient (kg) )

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

following formula: 
%ID/kg=(Activity concentration (Bq/cc)x 0.001)/(Injected activity (Bq) )x100%

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).
 
89Zr 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 89Zr-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. 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 89Zr-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 89Zr-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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SUPPLEMENTARTY TABLE S1.
Calculated 89Zr-AMG 211 serum half-life

SUPPLEMENTARTY FIGURE S1.
89Zr-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 blue (before AMG 211 treatment) or in green 
(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 89Zr-AMG 211 + 4,800 µg cold AMG 211; diamond = 200 µg 89Zr-AMG 211 after AMG 211 
6,400 µg/day for 28 days; hexagon = 200 µg 89Zr-AMG 211 after AMG 211 12,800 µg/day for 28 days.
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SUPPLEMENTARTY TABLE S2.
Median 89Zr-AMG 211 SUV mean in kidneys. liver, spleen, bone marrow, lung, and intestine per dosing cohort and 
per PET scan time point

* This data is based on n = 1 patient since in the other patient in the same dosing cohort PET imaging was not 
perfomred 3 hours post tracer infusion
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* As measured on diagnostic CT. ND, not done; NE, not evaluable due to technical reasons. 

SUPPLEMENTARTY TABLE S3.
Quantifiable tumor lesions on 89Zr-AMG 211 PET.
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ABSTRACT

Background: Bispecific antibodies redirecting T cells to the tumor obtain increasing interest 
as potential cancer immunotherapy. ERY974, a full-length bispecific antibody targeting CD3ε 
on T cells and glypican 3 (GPC3) on tumors, has been in clinical development However, 
information on the influence of T cells on biodistribution of bispecific antibodies, like 
ERY974, is scarce. Here, we report the biodistribution and tumor targeting of zirconium-89 
(89Zr) labeled ERY974 in mouse models using immuno-positron emission tomography (PET) 
imaging.

Methods: To study both the role of GPC3 and CD3 on the biodistribution of [89Zr]Zr-N-
suc-Df-ERY974, 89Zr-labeled control antibodies targeting CD3 and non-mammalian protein 
keyhole limpet hemocyanin (KLH) or KLH only were used. GPC3 dependent tumor targeting 
of [89Zr]Zr-N-suc-Df-ERY974 was tested in xenograft models with different levels of GPC3 
expression. In addition, CD3 influence on biodistribution of [89Zr]Zr-N-suc-Df-ERY974 
was evaluated by comparing biodistribution between tumor-bearing immunodeficient mice 
and mice reconstituted with human immune cells using microPET imaging and ex vivo 
biodistribution. Ex vivo autoradiography was used to study deep tissue distribution.

Results: In tumor-bearing immunodeficient mice, [89Zr]Zr-N-suc-Df-ERY974 tumor uptake 
was GPC3 dependent and specific over [89Zr]Zr-N-suc-Df-KLH/CD3 and [89Zr]Zr-N-suc-
Df-KLH/KLH. In mice engrafted with human immune cells, [89Zr]Zr-N-suc-Df-ERY974 
specific tumor uptake was higher than in immunodeficient mice. Ex vivo autoradiography 
demonstrated a preferential distribution of [89Zr]Zr-N-suc-Df-ERY974 to T cell rich tumor 
tissue. Next to tumor, highest specific [89Zr]Zr-N-suc-Df-ERY974 uptake was observed in 
spleen and lymph nodes.

Conclusion: [89Zr]Zr-N-suc-Df-ERY974 can potentially be used to study ERY974 
biodistribution in patients to support drug development.
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BACKGROUND
Cancer treatment regimens increasingly contain monoclonal antibodies (mAb) with 
established mechanisms of action. These mAbs include drugs designed to block immune 
checkpoints, which are approved for multiple indications including melanoma, non-small-
cell lung cancer and renal cell carcinoma.1 Unfortunately, not all patients with these tumor 
types treated benefit. Moreover, immunotherapy is still not effective in many tumor types. 
Therefore, novel approaches are exploited. This includes challenging approaches such as T 
cell redirecting bispecific antibodies, which target both T cells and tumor cells.2 By engaging 
T cells via CD3 and an antigen on tumor cells, T cells get activated to kill cancer cells.3,4 The 
activity of the anti-CD19/CD3 bispecific T cell engager blinatumomab in adult and pediatric 
patients with relapsed and refractory precursor B-cell acute lymphoblastic leukemia and with 
minimal residual disease resulted in the first approval of such an approach by the US Food 
and Drug administration and European Medicines Agency.5  For solid tumors, currently, 
several T cell redirecting bispecific antibodies are studied in clinical trials.4

ERY974 is a T cell redirecting bispecific antibody that targets human CD3 on T cells 
(Kd 207 nM) and glypican 3 (GPC3; Kd 1.5 nM) on tumor cells.6 GPC3 is an oncofetal cell 
surface protein that is overexpressed in several tumor types while its expression is suppressed 
in healthy tissue.7 ERY974 is a fully humanized IgG4 antibody. It has preserved neonatal Fc 
receptor binding properties to allow extended circulating half-life by reducing lysosomal 
degradation, but lacks binding to Fcγ receptors (FcγR) to prevent GPC3-independent 
cytokine release by engaging FcγR and CD3.6 Preclinically, ERY974 inhibits growth of several 
solid tumor types in a mouse model with reconstituted human immune cells.6 ERY974 is in 
clinical development.8

Molecular imaging could accelerate drug development by gaining insight in biodistribution 
and target engagement.9  Recent interesting preclinical data showed that distribution of a 
radiolabeled bispecific antibody targeting CD3ε and human epidermal growth factor receptor 
2 (HER2) is largely dependent on the affinity of the CD3ε arm of the antibody.10 It is difficult 
to predict the drug distribution of an engineered drug such as ERY974 that has two targets 
with different affinities. Studying ERY974’s biodistribution might be informative for optimal 
treatment of patients. Prior to a clinical study, a preclinical study would allow studying 
additional experimental conditions by using multiple tumors and mouse models combined 
with different control antibodies. Therefore, to improve the understanding of ERY974’s 
behavior we aimed to characterize the impact of T cells on the biodistribution of ERY974 in 
a mouse model. We coupled ERY974 to chelator N-succinyl desferal (N-suc-Df), followed by 
radiolabeling with the positron emission tomography (PET) isotope zirconium-89 (89Zr) to 
enable non-invasive molecular imaging of ERY974 to study its behavior in a tumor-bearing 
mouse model. To study both the role of GPC3 and CD3 on the biodistribution of [89Zr]Zr-N-
suc-Df-ERY974, 89Zr-labeled control antibodies targeting CD3 and non-mammalian protein 
keyhole limpet hemocyanin (KLH) or KLH only were used. CD3 influence was evaluated 
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by comparing biodistribution between tumor-bearing immunodeficient mice and mice 
reconstituted with human immune cells. In addition, GPC3-dependent tumor targeting was 
tested in xenograft models with different levels of GPC3 expression. Ex vivo autoradiography 
was used to study deep tissue distribution.

METHODS
Bispecific antibody constructs and cell lines
Bispecific antibody constructs ERY974 (IgG4), KLH/CD3 (IgG1), KLH/KLH (IgG1) and 
bivalent GPC3 antibody were provided by Chugai Pharmaceutical. The dissociation constants 
for the binding of ERY974 to human GPC3 and human CD3ε were 1.5±0.4 nM and 207±7, 
respectively. ERY974 was formulated in 150 mM arginine, 20 mM histidine, 171 mM l-aspartic 
acid and 0.52 mg/mL poloxamer 188, pH 6.0. KLH/CD3 binds KLH and human CD3ε with 
similar affinity than ERY974, whereas KLH/KLH binds KLH only. The molecular weight of 
the antibodies is approximately 146 kDa and all were engineered to abolish FcγR binding.6

The human hepatocellular carcinoma cell line HepG2 (GPC3+), human ovarian clear 
cell carcinoma cell line TOV-21G (GPC3+) and human hepatocellular carcinoma cell line 
SK-HEP-1 (GPC3-) were used. All cell lines were obtained from American Type Culture 
Collection and confirmed to be negative for microbial contamination. Cell lines were 
authenticated by BaseClear using short tandem repeat profiling. This was repeated once a cell 
line has been passaged for more than 6 months after previous short tandem profiling. HepG2 
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen), TOV-21G 
in a 1:1 mixture of Ham’s F12/DMEM, SK-HEP-1 in DMEM with high glucose (Invitrogen) 
supplemented with 10% fetal bovine serum (Bodinco BV). All cells were cultured under 
humidified conditions at 37°C with 5% CO2.

Animal experiments
We used female NOD.Cg-Prkdcscid IL2rgtm1Sug/JicTac(NOG; median body weight 22 g with 
IQR of 21-23 g) mice (Taconic) or female humanized NOG (huNOG; 22 g with IQR 20-23) 
mice that were engrafted with human CD34 +hematopoietic stem cells (Taconic11). Human 
leukocyte reconstitution was checked by flow cytometry at 16 weeks post engraftment and 
CD3+ engraftment was similar between experimental groups (Supplementary Figure S1). 
Mice were housed per five mice in specific pathogen-free cages, with cage enrichment, on 
a 12-hour day/night cycle, and ad libitum access to food and water. Mice were allowed to 
acclimate for at least 1 week on arrival. At approximately 25 weeks of age 10×106 HepG2, 
TOV-21G or SK-HEP-1 cells in 1:1 ratio of medium and Matrigel (BD Biosciences; 0.3 mL) 
were subcutaneously injected for xenograft development. Tumor growth was assessed by 
caliper measurements and body weight was monitored twice weekly. Retro-orbital tracer 
injection (for description of tracer manufacturing see Supplementary Additional Methods) 
was performed when tumors reached a size of 200 mm3. This was reached for TOV-21G in 
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14 days and for HepG2 and SK-HEP-1 in 24 days. Anesthesia during microPET scanning 
was performed with isoflurane/oxygen inhalation (5% induction, 2.5% maintenance). Details 
regarding number of animals, microPET scans and time of biodistribution are included in the 
figure legends.

MicroPET scanning and ex vivo biodistribution
All microPET scans were performed in a Focus 200 rodent scanner (CTI Siemens). Mice 
were kept warm on heating mats. A transmission scan of 515 s was obtained using a 57Co 
point source for tissue attenuation. The reconstruction of microPET scans was performed 
as previously described.12  After reconstruction, images were interpolated with trilinear 
interpolation using PMOD software (v3.7, PMOD Technologies). Coronal microPET images 
or maximal intensity projection images were used for display. Volumes of interest (VOI) of the 
whole tumor were drawn based on biodistribution tumor weight. For the heart, a 92 mm3 VOI 
in the coronal plane was drawn. VOIs were subsequently quantified. Data are expressed as the 
mean standardized uptake value (SUVmean).

For all ex vivo biodistribution studies, tumor, whole blood and organs of interest were 
collected and weighed. Samples together with tracer standards were counted in a calibrated 
well-type g-counter (LKB Instruments). Uptake is expressed as the percentage injected dose 
per gram of tissue (%ID/g).

To determine binding to peripheral blood mononuclear cells, whole blood of huNOG 
mice was separated using SepMate-15 tubes (STEMCELL Technologies) with Ficoll-Paque 
PLUS (GE Healthcare). Buffy coat fraction was washed twice using phosphate buffered saline 
(PBS; 140 mM/L NaCl, 9 mM/L Na2HPO4, 1.3 mM/L NaH2PO4, pH 7.4, UMCG) with 2% 
fetal calf serum. Radioactivity was counted of whole blood and PBMCs.

Ex vivo autoradiography and immunohistochemistry
Tumors, spleen or mesenteric lymph nodes were fixed in formalin overnight, followed by 
paraffin embedding. Four µm sections were subsequently exposed overnight to a phosphor 
screen (PerkinElmer) in an X-ray cassette. Signal was detected with a Cyclone Storage 
Phosphor System (PerkinElmer). Slides used for ex vivo autoradiography were deparaffinized 
then stained with H&E and digitalized with NanoZoomer and NDP software (Hamamatsu). 
Subsequent slides were stained for GPC3 (tumor only) and CD3ε (Supplementary Additional 
Methods).

For ex vivo tissue, autoradiography quantification of tumor sections, regions of interest 
(ROIs) were drawn for tumor cells and stromal regions based on H&E. ROIs were exported 
to ImageJ (National Institutes of Health, USA), rescaled for ex vivo autoradiography and ROIs 
were measured.

For tumor lysate and plasma analysis, samples were heated for 10 min at 70°C and 40 µg 
protein of tumor lysates or mouse plasma from three mice, tracer alone as positive control 
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were loaded on mini-PROTEAN TGX Precast Gels (Bio-Rad). Gels were exposed overnight 
to phosphor imaging screens (PerkinElmer) in X-ray cassettes and analyzed using a Cyclone 
Storage Phosphor System (PerkinElmer).

Statistical analysis
Statistical analyses were performed using GraphPad Prims v7.02. Unless otherwise stated, 
data are presented as median±IQR. Mann-Whitney U test was performed to test differences 
between two groups. Bonferroni correction was applied when more than two groups were 
compared. P values ≤ 0.05 were considered significant.

RESULTS

In vitro characterization of [89Zr]Zr-N-suc-Df-ERY974 and control tracers
We successfully radiolabeled ERY974 and control antibodies with 89Zr with a molar activity 
(Am) of 72.8 MBq/nmol at the end of synthesis. Radiochemical purity exceeded 95% after 
labeling and high molecular weight species were below 5%. In vitro, the intermediate N-suc-
Df-ERY974 binds GPC3 and CD3ε similarly to unconjugated ERY974 in an ELISA-based 
binding assay, indicating preserved binding to both targets (Supplementary Figure S2A and 
B). The T cell activation potency of N-suc-Df-ERY974 was not affected, being similar to 
unmodified ERY974 (Supplementary Figure S2C). This in vitro data demonstrate that N-suc-
Df-ERY974 can be used as a surrogate for ERY974 to study its biodistribution. In GPC3-
positive HepG2 tumor cells, 12.9%±3.2% [89Zr]Zr-N-suc-Df-ERY974 internalized after 4 
hours (Supplementary Figure S2D). Control tracers KLH/CD3 and KLH/KLH did not bind 
to GPC3 and only [89Zr]Zr-N-suc-Df-KLH/CD3 bound CD3ε (Supplementary Figure S2E 
and F).

Tumor xenograft accumulation of [89Zr]Zr-N-suc-Df-ERY974 in time in  
immunodeficient NOG mice
The optimal time point for microPET imaging with [89Zr]Zr-N-suc-Df-ERY974 providing 
the highest tumor-to-blood ratio in HepG2 xenograft bearing immunodeficient NOG mice 
was 168 hours after injection. MicroPET images revealed clear tumor uptake of [89Zr]Zr-
N-suc-Df-ERY974 already at 24 hours after intravenous injection (Figure 1A). After tracer 
injection over time, the blood levels decreased and tumor levels increased up to 120 hours, 
resulting in a maximal tumor-to-blood ratio of 2.2±0.3 at 168 hours (Figure 1B,C).

Biodistribution and tumor uptake of [89Zr]Zr-N-suc-Df-ERY974 in immunodeficient 
NOG mice bearing tumor xenografts with different GPC3 expression
In both GPC3 positive tumor models, HepG2 (GPC3 high) and TOV-21G (GPC3 
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low; Supplementary Figure S3A), [89Zr]Zr-N-suc-Df-ERY974 tumor uptake was visualized 
with microPET, whereas GPC3-negative xenograft SK-HEP-1 revealed lower uptake 
(Figure 2A,B; Supplementary Figure S3A). Ex vivo biodistribution at 168 hours after tracer 
administration confirmed GPC3-dependent uptake of [89Zr]Zr-N-suc-Df-ERY974, with 
higher uptake in TOV-21G xenografts and lower uptake in SK-HEP-1 compared with HepG2 
xenografts (Figure 2C). [89Zr]Zr-N-suc-Df-ERY974 tumor-to-blood ratio was highest in 
HepG2 tumors (Figure 2D). Ex vivo autoradiography of tumor tissue at 168 hours after 
tracer administration, showed [89Zr]Zr-N-suc-Df-ERY974 presence mainly confined to 
GPC3 expressing tumor tissue areas of HepG2 and TOV-21G xenografts (Supplementary 
Figure S3A). In contrast, GPC3 negative SK-HEP-1 xenografts showed predominantly 89Zr 
localization in non-tumor tissue (Supplementary Figure S3A). In all xenograft models, 89Zr-
uptake reflected intact but also fragments of [89Zr]Zr-N-suc-Df-ERY974 in tumor lysates and 
blood plasma (Supplementary Figure S3B). 

[89Zr]Zr-N-suc-Df-ERY974 biodistribution demonstrated highest physiological uptake 
in spleen followed by liver, lung and kidney at 168 hours after tracer administration (Figure 
2C). [89Zr]Zr-N-suc-Df-ERY974 blood levels in TOV-21G xenograft bearing mice were 
higher and liver uptake was lower, compared with HepG2 xenograft bearing mice (Figure 2C).

FIGURE 1.
[89Zr]Zr-N-suc-Df-ERY974 distribution in time. (A) Maximal intensity projection images of [89Zr]Zr-N-suc-Df-
ERY974 in HepG2 tumor (white dotted circle) bearing NOG mice at 24 hours, 72 hours, 120 hours and 168 hours 
post 10 µg [89Zr]Zr-N-suc-Df-ERY974 injection. (B) Quantification of tumor and blood pool (n = 6). data are shown 
as median SUVmean and IQR. (C) Tumor-to-blood ratio based on SUVmean. Data are shown as median tumor-to-
blood ratio and IQR. Cr, cranial; Ca, caudal; H, heart; L, liver; SUVmean, standardized uptake value; T, tumor.
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Spleen and bone marrow uptake of [89Zr]Zr-N-suc-Df-ERY974 in immunodeficient 
NOG mice
[89Zr]Zr-N-suc-Df-ERY974 uptake in the spleen was ±18 %ID/g in all tumor-bearing NOG 
mice and thereby the highest uptake observed compared with any organ (Figure 2C). As shown 
earlier for severely immunodeficient NOD.Cg-PrkdcscidIL2rgtm1Wjl  (NSG) mice13,  spleen 
uptake in our experiment was also influenced by FcγR-modification of the mAb, with lower 
spleen uptake for FcγR-silenced mAbs (Supplementary Figure S4A and B). In addition, with 
high radioactive dose spleens of our mice shrunk in time and aplasia was observed 168 hours 

FIGURE 2.
[89Zr]Zr-N-suc-Df-ERY974 distribution in immunodeficient NOG mice bearing different tumor xenografts. (A) 
Coronal microPET images (upper panel) and maximal intensity projection (MIP) images (lower panel) of NOG mice 
bearing HepG2, TOV-21G or SK-HEP-1 xenografts (white circle) 168 hours post 10 µg [89Zr]Zr-N-suc-Df-ERY974 
injection. (B) Quantification of HepG2 (n = 6), TOV-21G (n = 6) or SK-HEP-1 (n = 6) uptake of [89Zr]Zr-N-suc-Df-
ERY974 (upper graph) and corresponding blood pool uptake (lower graph) at 72 hours and 168 hours post-tracer 
injection. Data are shown as median SUVmean and IQR. (C) Ex vivo biodistribution of [89Zr]Zr-N-suc-Df-ERY974 
168 hours post-tracer administration. Data are expressed as median with IQR. *P≤0.05; **P≤0.01; ***P≤0.001 
(Mann-Whitney U). (D) Tumor-to-blood ratio based on ex vivo biodistribution of C. Data are expressed as median 
with IQR. **P≤0.01; ***P≤0.001 (Mann-Whitney U). Cr, cranial; Ca, caudal; H, heart; L, liver; PET, positron emission 
tomography; SUVmean, standardized uptake value; T, tumor; 89Zr, zirconium-89.
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after injection with median weight of 10 mg IQR 8-12 at higher radioactive dose versus24 
mg IQR 20-33 at a lower radioactive dose (Supplementary Figure S4C-G).13 Spleen uptake 
is also affected by mouse strain, as our less immunodeficient nude (BALB/cOlaHsd-Foxn1nu) 
mice demonstrated lower relative spleen uptake of [89Zr]Zr-N-suc-Df-ERY974 than NOG 
mice (Supplementary Figure S4H), similarly described for an 89Zr-labeled antibody targeting 
delta-like protein 3.14  Interestingly, absolute spleen uptake of [89Zr]Zr-N-suc-Df-ERY974 
was higher in nude mice (Supplementary Figure S4I and J). Relative bone marrow uptake 
of [89Zr]Zr-N-suc-Df-ERY974 was also lower in nude mice than NOG mice, while cortical 
bone uptake was similar (Supplementary Figure S4K). In summary, a relative high spleen 
uptake of 89Zr-mAb in NOG mice is related to host and mAb characteristics and mediated by 
radiation dose, as demonstrated earlier in NSG mice.13

Influence of ERY974 protein dose on [89Zr]Zr-N-suc-Df-ERY974 tumor xenograft up-
take and biodistribution in immunodeficient NOG mice
To test the effect of protein dose on [89Zr]Zr-N-suc-Df-ERY974 tumor targeting and 
biodistribution, 10 µg [89Zr]Zr-N-suc-Df-ERY974 was supplemented with a dose of unlabeled 
ERY974. A 200-fold excess of unlabeled protein (2 mg) was unable to reduce HepG2 tumor 
uptake of [89Zr]Zr-N-suc-Df-ERY974 and even increased uptake in HepG2 xenografts at 
168 hours after injection (Supplementary Figure S5A). However, this dose did lower [89Zr]
Zr-N-suc-Df-ERY974 liver uptake while [89Zr]Zr-N-suc-Df-ERY974 blood levels remained 
unchanged (Supplementary Figure S5B and D). HepG2 xenograft uptake of [89Zr]Zr-N-suc-
Df-ERY974 could also not be blocked with 100-fold excess of unlabeled bivalent GPC3 mAb, 
but resulted in increased blood levels leading to a lower tumor-to-blood ratio (Supplementary 
Figure S5B and C). In TOV-21G xenografts, which express less GPC3, data suggests that 2000 
µg total protein dose ERY974 reduced, although non-significant, tumor uptake of [89Zr]Zr-
N-suc-Df-ERY974 with 62.1% (Supplementary Figure S5A; P = 0.07).

Specificity of HepG2 xenograft uptake of [89Zr]Zr-N-suc-Df-ERY974 in  
immunodeficient NOG mice
To demonstrate that tumor uptake is GPC3 dependent, control tracers [89Zr]Zr-N-suc-
Df-KLH/CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH were administered to HepG2 bearing 
immunodeficient NOG mice. At 168 hours after injection, tumor uptake on microPET 
images of [89Zr]Zr-N-suc-Df-ERY974 was better visible than of [89Zr]Zr-N-suc-Df-KLH/
CD3 or [89Zr]Zr-N-suc-Df-KLH/KLH (Figure 3A). Scan quantification of tumor uptake 
showed less tumor uptake for [89Zr]Zr-N-suc-Df-KLH/CD3 and [89Zr]Zr-N-suc-Df-KLH/
KLH, with a median SUVmean of 0.75 with an IQR of 0.59-0.91 and 1.08 (IQR 0.71-1.82) vs 
2.91 (IQR 2.74-3.03) for [89Zr]Zr-N-suc-Df-KLH/CD3, [89Zr]Zr-N-suc-Df-KLH/KLH and 
[89Zr]Zr-N-suc-Df-ERY974, respectively (Figure 3B). Furthermore, ex vivo biodistribution 
results at 168 hours after injection supported the findings with the microPET images. This 
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also revealed additional differences in tracer distribution such as lower blood levels for [89Zr]
Zr-N-suc-Df-KLH/CD3 and higher for [89Zr]Zr-N-suc-Df-KLH/KLH compared with [89Zr]
Zr-N-suc-Df-N-suc-Df-ERY974 (Figure 3C). Similarly, liver uptake was higher for [89Zr]
Zr-N-suc-Df-KLH/KLH and lower for [89Zr]Zr-N-suc-Df-KLH/CD3 compared with [89Zr]
Zr-N-suc-Df-ERY974 (Figure 3C). [89Zr]Zr-N-suc-Df-ERY974, [89Zr]Zr-N-suc-Df-KLH/
CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH all showed relatively high distribution to spleens of 
immunodeficient NOG mice (Figure 3C).

Biodistribution and tumor xenograft uptake of [89Zr]Zr-N-suc-Df-ERY974 in NOG mice 
engrafted with human immune cells
To study the biodistribution and tumor-targeting properties of [89Zr]Zr-N-suc-Df-ERY974 

FIGURE 3.
Distribution of [89Zr]Zr-N-suc-Df-ERY974 and control tracers in HepG2 xenograft bearing immunodeficient NOG 
mice (A) coronal microPET images of HepG2 (white dotted circle) bearing NOG mice injected with 10 µg [89Zr]Zr-
N-suc-Df-ERY974, [89Zr]Zr-N-suc-Df-KLH/CD3 or [89Zr]Zr-N-suc-Df-KLH/KLH 168 hours post tracer injection. 
(B) Quantification of [89Zr]Zr-N-suc-Df-ERY974 (n = 6), [89Zr]Zr-N-suc-Df-KLH/CD3 (n = 5) or [89Zr]Zr-N-suc-
Df-KLH/KLH (n = 6) uptake in HepG2 tumor and blood pool. Data are shown as median SUVmean and IQR. *P≤0.05; 
**P≤0.01 (Mann-Whitney U). (C) Ex vivo biodistribution of [89Zr]Zr-N-suc-Df-ERY974, [89Zr]Zr-N-suc-Df-KLH/
CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH 168 hours post-tracer administration. Data are expressed as median with 
IQR. *P≤0.05; **P≤0.01; ***P≤0.001 (Mann-Whitney U). Cr, cranial; Ca, caudal; KLH, keyhole limpet hemocyanin; 
L, liver; PET, positron emission tomography; SUVmean, standardized uptake value; T, tumor; 89Zr, zirconium-89.
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with additional availability of human CD3 on T cells, HepG2 tumor-bearing huNOG mice 
reconstituted with human immune cells were studied. Compared with HepG2 xenograft 
bearing NOG mice, [89Zr]Zr-N-suc-Df-ERY974 showed increased tumor uptake in HepG2 
bearing huNOG mice with median SUVmean of 7.3 (IQR 4.3-9.3) at 168 hours after injection 
(Figure 4A,B;  Supplementary Figure S6). Compared with [89Zr]Zr-N-suc-Df-ERY974, 
control tracers [89Zr]Zr-N-suc-Df-KLH/CD3 and KLH/KLH administered to huNOG mice 
were taken up lower by the tumor with a median SUVmean of 0.6 (IQR 0.3-0.7) and 1.6 (IQR 
1.5-1.9), respectively (Figure 4B).

Apart from tumor uptake, highest organ uptake for [89Zr]Zr-N-suc-Df-ER974 was 
observed for spleen, followed by mesenteric lymph nodes (MLN) and liver (Figure 4C). Both 
CD3 targeting molecules [89Zr]Zr-N-suc-Df-ERY974 and [89Zr]Zr-N-suc-Df-KLH/CD3 
revealed twofold to threefold higher uptake in lymphoid organs such as spleen and MLN 
than [89Zr]Zr-N-suc-Df-KLH/KLH (Figure 4C). Median spleen weight of huNOG mice, as 
determined by biodistribution at 7 days after tracer administration, was 26 mg (IQR 22-32) 
and not different between groups. Interestingly, [89Zr]Zr-N-suc-Df-KLH/CD3 showed higher 

FIGURE 4.
Distribution of [89Zr]Zr-N-suc-Df-ERY974 and control tracers in HepG2 xenograft bearing humanized NOG mice 
(A) coronal microPET images of HepG2 (white dotted circle) bearing humanized NOG mice reconstituted with 
human immune cells injected with 10 µg [89Zr]Zr-N-suc-Df-ERY974, [89Zr]Zr-N-suc-Df-KLH/CD3 or [89Zr]Zr-N-
suc-Df-KLH/KLH 72 hours and 168 hours post-tracer injection. (B) Quantification of [89Zr]Zr-N-suc-Df-ERY974 
(n = 5), [89Zr]Zr-N-suc-Df-KLH/CD3 (n = 4) or [89Zr]Zr-N-suc-Df-KLH/KLH (n = 6) uptake in HepG2 tumor 
and blood pool. Data are shown as median SUVmean and IQR. (C) Ex vivo biodistribution of [89Zr]Zr-N-suc-Df-
ERY974, [89Zr]Zr-N-suc-Df-KLH/CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH 168 hours post-tracer administration. 
Data are expressed as median with IQR. *P≤0.05 (Mann-Whitney U). Cr, cranial; Ca, caudal; KLH, keyhole limpet 
hemocyanin; L, liver; MLN, mesenteric lymph node; PET, positron emission tomography; SUVmean, standardized 
uptake value; T, tumor; 89Zr, zirconium-89.



CHAPTER 6

108

blood levels in huNOG mice than in NOG mice at 168 hours after tracer administration 
(Supplementary Figure S6B). Furthermore, higher binding of [89Zr]Zr-N-suc-Df-ERY974 
and [89Zr]Zr-N-suc-Df-KLH/CD3 than [89Zr]Zr-N-suc-Df-KLH/KLH to peripheral blood 
mononuclear cells of huNOG mice was observed (Supplementary Figure S7). Collectively, 
[89Zr]Zr-N-suc-Df-ERY974 demonstrated increased tumor uptake between NOG and 
huNOG mice and CD3 specific uptake in lymphoid tissues of huNOG mice.

Ex vivo autoradiography of tumor and lymphoid tissues of huNOG mice
We performed ex vivo autoradiography and evaluated T cell infiltration to determine 
microscopic colocalization of tracers in tumors and lymphoid tissues of mice engrafted with 
human immune cells. In HepG2 tumors, [89Zr]Zr-N-suc-Df-ERY974 gave higher radioactive 
signal in stromal regions with high CD3+ T cells infiltrate than tumor nests (Figure 5A-C). 
Total radioactivity signal measured by ex vivo autoradiography correlated well with %ID/g 
of the individual tumor (R2=0.7178; Figure 5C). For lymphoid organs spleen and mesenteric 
lymph nodes, both CD3-targeting tracers located to regions with human CD3+ cells (Figure 
5E,F). [89Zr]Zr-N-suc-Df-KLH/KLH distributed independent of CD3+ cells (Figure 5G). 

The T cell infiltration of HepG2 xenografts observed in huNOG mice injected with[89Zr]
Zr-N-suc-Df-ERY974 was not observed following injection of [89Zr]Zr-N-suc-Df-KLH/
CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH, in both tumor and stromal regions (Supplementary 
Figure S8A). Quantification of CD3+ T cells confirmed less T cell infiltration with 41 (IQR 
21-303) CD3+ cells/mm2  for [89Zr]Zr-N-suc-Df-KLH/CD3, 50 (IQR 22-85) CD3+ cells/
mm2 for [89Zr]Zr-N-suc-Df-KLH/KLH and 707 (IQR 670-1133) CD3+ cells/mm2 for [89Zr]
Zr-N-suc-Df-ERY974, (Supplementary Figure S8B). This difference might be explained by 
the pharmacological effect of 10 µg of [89Zr]Zr-N-suc-Df-ERY974 that leads to immune 
cell infiltration as demonstrated earlier6, which effect is absent for [89Zr]Zr-N-suc-Df-KLH/
CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH. Tumor weight at 7 days after [89Zr]Zr-N-suc-Df-
ERY974 administration was lower compared with [89Zr]Zr-N-suc-Df-KLH/CD3 or [89Zr]
Zr-N-suc-Df-KLH/KLH, with median weight of 238 mg (IQR 194-367) vs 676 mg (IQR 479-
807), respectively (P < 0.05; data not shown). We therefore studied the distribution of [89Zr]
Zr-N-suc-Df-KLH/CD3 and [89Zr]Zr-N-suc-Df-KLH/KLH in a HepG2 bearing huNOG 
mice co-injected with 10 µg of N-suc-Df-ERY974. N-suc-Df-ERY974 coinjection resulted in 
strong CD3+ T cell infiltration in HepG2 tumors of huNOG administered with [89Zr]Zr-N-
suc-Df-KLH/CD3 or [89Zr]Zr-N-suc-Df-KLH/KLH, in similar range as [89Zr]Zr-N-suc-Df-
ERY974 (Supplementary Figure S9). ERY974 coinjection did not result in major differences 
in physiological organ uptake of [89Zr]Zr-N-suc-Df-KLH/CD3 or [89Zr]Zr-N-suc-Df-KLH/
KLH, but did increase tumor uptake from 3.4 (IQR 2.0-3.6) to 10.0 (IQR 9.9-16.3) and from 
6.1 (IQR 4.0-7.9) to 16.6 %ID/g (IQR 10.4-23.8) for [89Zr]Zr-N-suc-Df-KLH/CD3 and [89Zr]
Zr-N-suc-Df-KLH/KLH, respectively (Supplementary Figure S6).



6

PRECLINICAL  PET IMAGING OF BISPECIFIC ANTIBODY ERY974  TARGETING CD3 AND
 GLYPICAN 3 REVEALS THAT TUMOR UPTAKE CORRELATES TO T CELL INFILTRATE

109

FIGURE 5.
Intratumoral distribution of [89Zr]Zr-N-suc-Df-ERY974 in HepG2 bearing huNOG mice 
Figure legend continues on the next page. 
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DISCUSSION
This is the first study using molecular imaging to study the influence of T cells on the 
distribution and tumor uptake of the therapeutic T cell redirecting bispecific antibody 
ERY974 targeting CD3ε and GPC3. [89Zr]Zr-N-suc-Df-ERY974 tumor uptake was higher in 
human immune cell engrafted mice than in immunodeficient mice, and localized in the T cell 
infiltrated stromal regions. Next to tumor uptake, second highest [89Zr]Zr-N-suc-Df-ERY974 
uptake was found in CD3+ lymphoid tissues such as spleen and mesenteric lymph nodes, 
followed by liver.

The role of T cells on the biodistribution of T cell redirecting antibodies is poorly 
understood since its biodistribution is mainly studied in immunocompromised mice, which 
prohibits to study the influence of the CD3 arm of the bispecific antibody.12,15 The current 
study shows that in the presence of T cells, specific physiological uptake is observed in 
CD3+ T cell containing organs such as spleen and lymph nodes. In contrast, for antibodies 
targeting tumor cell and growth factors highest physiological uptake is usually observed in 
liver.16  However, a recent clinical molecular imaging study with the immune checkpoint 
inhibitor atezolizumab demonstrated that lymphoid tissues can also be an important 
compartment for drug biodistribution.17  For example, [89Zr]Zr-N-suc-Df-atezolizumab, 
targeting the immune checkpoint programmed death-ligand 1, showed highest physiological 
uptake in spleen of patients with cancer. Furthermore, in the majority of the patients molecular 
PET imaging with [89Zr]Zr-N-suc-Df-atezolizumab was able to detect healthy lymph nodes.

The role of the CD3ε directed arm of a bispecific T cell redirecting antibody will be 
impacted by its affinity. An interesting study evaluated the impact of a CD3ε binding arm on 
the biodistribution of T cell redirecting antibodies in a human CD3ε transgenic mouse model 
using a HER2/CD3 bispecific antibody with different affinities for CD3ε.10  A low affinity 
for CD3ε (CD3εL), which was considered 50 nM, did not redirect a non-tumor targeting 
bispecific antibody to lymphoid organs. In contrast, subnanomolar (0.5 nM) and picomolar 
(0.05 nM) affinity to CD3ε showed extensive distribution to lymphoid tissues such as spleen 

FIGURE 5.  - continued
(A) autoradiography (first panel) of [89Zr]Zr-N-suc-Df-ERY974 in HepG2 bearing huNOG mice with subsequent 
slides stained for human CD3 (second panel), (H&E; third panel) and human GPC3 (fourth panel). Scale bar length 
represents 5 mm for whole tissue and 500 µm for magnified tissue. (B) ROI drawing of tumor cells and stromal 
regions based on H&E staining (upper panel) and the overlay on autoradiography (lower panel). Scale bar length 
represents 2.5 mm. (C) Quantification of tumor and stromal regions on autoradiography. Circle and square with an 
inner dot represent the quantification of the tumor and stroma shown in (B). Checked circle and square represent 
the quantification of tumor and stroma depicted in (A). (D) Mean total tumor value on autoradiography correlated 
with the %ID/g of the same tumor. (E) Autoradiography (top panel), CD3 immunohistochemistry (middle panel) 
and H&E staining (bottom panel) of spleen and mesenteric lymph node (MLN) of huNOG mice injected with [89Zr]
Zr-N-suc-Df-ERY974. Autoradiography and H&E were performed on the same slide. Scale bar length represents 2.5 
mm. (F) Autoradiography (top panel), CD3 immunohistochemistry (middle panel) H&E staining (bottom panel) of 
spleen and MLN of huNOG mice injected with [89Zr]Zr-N-suc-Df-KLH/CD3. Scale bar length represents 2.5 mm. 
(G) Autoradiography (top panel), CD3 immunohistochemistry (middle panel) and H&E staining (bottom panel) of 
spleen and MLN of huNOG mice injected with [89Zr]Zr-N-suc-Df-KLH/KLH. Scale bar length represents 2.5 mm. 
GPC3, glypican 3; huNOG, humanized NOG; KLH, keyhole limpet hemocyanin; 89Zr, zirconium-89.
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and lymph nodes, which could be blocked by a 100-fold excess of unlabeled CD3 single 
arm antibody. For the tumor targeting of HER2/CD3ε antibody, the antibodies with high 
affinity for CD3ε lowered tumor targeting compared with HER2/CD3εL. Tumor uptake of 
HER2/CD3εL could only be reduced by an excess of unlabeled HER2 single arm antibody 
and not by CD3 single arm antibody, suggesting limited effect of CD3ε on tumor uptake. 
[89Zr]Zr-N-suc-Df-ERY974 and [89Zr]Zr-N-suc-Df-KLH/CD3, with a submicromolar (207 
nM) affinity for CD3ε, have a lower affinity compared with the CD3εL. Despite the lower 
affinity for CD3ε, specific uptake in spleen and lymph nodes was shown for [89Zr]Zr-N-suc-
Df-ERY974 and [89Zr]Zr-N-suc-Df-KLH/CD3 in huNOG mice. Moreover, tumor uptake 
of [89Zr]Zr-N-suc-Df-ERY974 was threefold higher compared with uptake in the tumors of 
mice lacking T cells. On administration of a pharmacologically active dose of [89Zr]Zr-N-suc-
Df-ERY9746 tumors got heavily infiltrated with T cells, both in intratumoral and in stromal 
regions. Autoradiography illustrated that [89Zr]Zr-N-suc-Df-ERY974 was predominantly 
localized to T cell infiltrated stromal regions. The T cell infiltration of the tumor might be due 
to local proliferation of resident T cells on activation by the bispecific antibody as demonstrated 
in earlier studies6,18,19 or by bispecific antibody mediated migration. In our study [89Zr]Zr-
N-suc-Df-ERY974 specifically bound to peripheral blood cells. On encountering the tumor, 
[89Zr]Zr-N-suc-Df-ERY974-bound T cells might get into the tumor due to GPC3 expression, 
resulting in increased tumorous T cell infiltration and ERY974 uptake. An immunoPET 
study in a CD3 transgenic mouse model bearing a mucin16 (MUC16) positive xenograft with 
an 89Zr-labeled full-length bispecific T cell redirecting antibody REGN4018 targeting MUC16 
and CD3ε also demonstrated tumor and secondary lymphoid organ targeting.20  However, 
affinities for both targets were not disclosed and tumor uptake of 89Zr-labeled REGN4018 was 
not compared with control tracers or tumor-bearing wild type mice.

As T cell redirecting bispecific antibodies have not shown antitumor effects in patients 
with solid tumors yet, it is key to better understand its behavior to support drug development. 
Clinical information regarding the biodistribution of T cell redirecting antibodies could 
provide additional insight in tumor targeting properties and off-target distribution. However, 
clinical data are strikingly limited. The distribution of an 89Zr-labeled 54 kDa bispecific T cell 
engager AMG211 targeting CD3ε (affinity 310 nM) and carcinoembryonic antigen (affinity 
5.5 nM) was studied in a feasibility study in nine patients with advanced gastrointestinal 
adenocarcinomas.21  [89Zr]Zr-N-suc-Df-AMG211 clearly accumulated in spleen and bone 
marrow, both CD3-rich tissues. Uptake of [89Zr]Zr-N-suc-Df-AMG211 in tumor lesions 
was highly heterogeneous within and between patients. For [89Zr]Zr-N-suc-Df-ERY974, 
evaluation in a clinical trial would be helpful to further understand ERY974’s behavior and 
tumor targeting properties. Whole body non-invasive imaging of [89Zr]Zr-N-suc-Df-ERY974 
might help to inform potential target-related drug impact in vivo including off-tumor/on-
target or off-target uptake. Information regarding distribution of [89Zr]Zr-N-suc-Df-ERY974 
at baseline and during ERY974 treatment, could further aid in the drug development of 
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ERY974. Biopsies would allow to correlate PET signal with multiple parameters such as 
tumorous T cell infiltration and GPC3 protein expression. Furthermore, biopsies combined 
with tissue autoradiography could provide information regarding 89Zr distribution in both 
stroma and tumor areas, as shown in this preclinical study. With the potency of T cell 
redirecting bispecific antibodies, radiolabeling a low protein dose would be a challenge in a 
clinical study. In the end, results from such a clinical study could support rational future trial 
design.

Although the engraftment of human immune cells allowed us to study the influence of 
T cells on the biodistribution of [89Zr]Zr-N-suc-Df-ERY974, the mouse model used in this 
study does not fully recapitulate the human environment. The reconstituted immune cells 
that were present in the mice in this study did home to lymphoid tissues and were able to 
infiltrate xenografts, leading to CD3 specific uptake of [89Zr]Zr-N-suc-Df-ERY974 and [89Zr]
Zr-N-suc-Df-KLH/CD3. Uptake of [89Zr]Zr-N-suc-Df-ERY974 found in lymphoid organs of 
these mice needs to be interpreted and potentially translated with caution. We observed CD3 
independent uptake of [89Zr]Zr-N-suc-Df-ERY974 in spleens due to the genetic background 
of the mice used in this study. This effect was mediated by radioactivity-related spleen aplasia 
and mAb affinity for FcγR. The non-specific spleen uptake was observed earlier in SCID 
mice22, NOG mice23 and NSG mice.14 In a more comprehensive study, the role of radioactivity, 
mouse strain and FcγR affinity of the mAb confirmed the underlying mechanism.13 Besides 
the lack of a fully intact and functional human immune system, lack of cross-reactivity 
toward GPC3 did not allow us to study the non-tumor targeting of ERY974 to organs with 
physiological GPC3 expression and is therefore a limitation of this study. However, GPC3 
expression in healthy tissues in adult mammals is rarely observed and is, therefore, less likely 
to influence biodistribution of [89Zr]Zr-N-suc-Df-ERY974.

In our study, we did not observe a reduction in HepG2 xenograft uptake of [89Zr]Zr-
N-suc-Df-ERY974 in the presence of an excess of unlabeled ERY974. This might be due to 
several reasons. First, high GPC3 expression of HepG2 in vitro and ex vivo was observed, 
and might be too high to be blocked by excess of unlabeled ERY974 in vivo. In the TOV-21G 
xenograft, which expresses lower levels of GPC3, an excess of unlabeled ERY974 was able to 
reduce tumor uptake of [89Zr]Zr-N-suc-Df-ERY974. Second, the monovalent character of 
ERY974 might be partial responsible for the lack of reduction in HepG2 xenograft uptake 
on an excess of unlabeled ERY974. Adding an excess of bivalent GPC3 mAb namely reduced 
tumor-to-blood ratio. Furthermore circulating GPC3 protein shedded from the HepG2 tumor 
xenograft might redirect [89Zr]Zr-N-suc-Df-ERY974 to the liver and prevent tumor uptake. 
This phenomenon has been described for the epidermal growth factor receptor (EGFR) and an 
EGFR targeting mAb imgatuzumab. Shed EGFR in the circulation derived from the xenograft 
A431, that expresses high levels of EGFR, was able to redirect the 89Zr-labeled imgatuzumab 
to the liver at a low tracer protein dose.24 In that study, increasing the tracer protein dose led 
to a reduced liver and increased tumor uptake. Although we do not have data on the levels of 
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circulating GPC3 protein in our study, in the presence of an excess of unlabeled ERY974 liver 
uptake of [89Zr]Zr-N-suc-Df-ERY974 was reduced. The cell line HepG2 has been shown to 
gradually increase secretion of GPC3 protein up to 48 hours of in vitro culture.25 In addition, 
concentration of GPC3 protein in serum has been described in patients with hepatocellular 
carcinoma ranging from 150 to 3000 ng/mL.26

These data provide a rationale to study the biodistribution and tumor targeting properties 
of [89Zr]Zr-N-suc-Df-ERY974 in a clinical trial to support ERY974 drug development.
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SUPPLEMENTARY DATA

SUPPLEMENTAL METHODS
Conjugation, radiolabeling and quality control
ERY974, KLH/CD3, KLH/KLH and IgG4 were conjugated with tertrafluorphenol-N-succinyl desferal-Fe (N-suc-
Df; ABX) as described before.1,2In short, antibodies were purified using Vivaspin-2 30,000 MWCO PES centrifugal 
concentrators (Sartorius) in 0.9% NaCl (Braun). After pH adjustment to 9.0 using 0.1 M Na2CO3, a 4-fold excess 
of N-suc-Df was added for 30 minutes. Subsequently Fe3+ was removed using EDTA and the solution was purified 
using PD-10 column (GE Healthcare) and 0.9% NaCl as eluent. Quality of conjugated antibody was assessed using 
size exclusion high-performance liquid chromatography as described before1, using a TSKgel G3000SWXL column 
(Tosoh). Radiolabeling of antibodies with [89Zr]Zr-oxalate (PerkinElmer) was performed as described before.2 After 
1 hour incubation, radiochemical purity was above 95% for all experiments and purification was not performed. 
Molar activity for all experiments was 72.8 MBq/nmol, unless stated otherwise.
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Binding to GPC3 and CD3ε was tested using an ELISA based method. Recombinant human GPC3 (10088-
H08H; Sino Biologicals Inc.) or CD3ε (10977-H08H; Sino Biologicals Inc.) were diluted in 0.05M Na2CO3 to a 
concentration of 0.1 µg/mL. Nunc-Immuno 96 well MicroWell MaxiSorp plates (Thermo Fisher Scientific) were 
coated with 100 µL recombinant protein at 4°C overnight. Wells were washed with 0.05% Tween20 in phosphate 
buffered saline (PBS; 140 mM/L NaCl, 9 mM/L Na2HPO4, 1.3 mM/L NaH2PO4, pH 7.4, UMCG). Next, wells were 
blocked with 0.5% bovine serum albumin (BSA), 0.05% Tween20 in PBS for 2 hours at room temperature (RT). After 
blocking, wells were incubated with a concentration series (0.02 nM - 137.4 nM) of mAb diluted in 0.5% BSA/0.05% 
Tween20/PBS for 1 hour at RT. Subsequently, wells were washed three times with 0.05% Tween20/PBS followed by 
1 hour incubation at RT of rabbit anti-human IgA, IgG, IgM, Kappa, Lambda HRP (1:8000; Agilent DAKO). Again, 
wells were washed three times with 0.05% Tween20/PBS followed by addition of 100 µL substrate SureBlue Reserve 
TMB microwell substrate (KPL Inc.). Reaction was stopped with 1 M hydrochloric acid (UMCG) and absorbance at 
450 nm was determined with a microplate reader (Bio-Rad).

T cell activation potency was determined using a co-culture of HepG2 cells with Jurkat cells that express a 
luciferase reporter driven by a Nuclear Factor of Activated T cells response element (Jurkat-NFAT; Promega). In 
a 96-well plate, 12,500 HepG2 cells and 75,000 Jurkat-NFAT effector cells were incubated overnight at 37°C with a 
concentration of ERY974 or N-suc-Df-ERY974 ranging from 0.05 pM to 137.4 nM. After incubation, 75 µL Bio-Glo 
reagent (Promega) was added and bioluminescence was determined with a Synergy plate reader (Biotek). 

Internalization of [89Zr]Zr-N-suc-Df-ERY974
To determine internalization of [89Zr]Zr-N-suc-Df-ERY974, 106 HepG2 cells were incubated with 50 ng [89Zr]Zr-
N-suc-Df-ERY974 in 1 mL medium on ice for 1 hour. After initial binding, unbound [89Zr]Zr-N-suc-Df-ERY974 
was washed three times using 1% human serum albumin in PBS. Next, cells were incubated at 4°C or 37°C for 1, 2, 
or 4 hours. After incubation, cell membranes were stripped with 1 mL stripping buffer (0.05 M glycine, 0.1 M NaCl, 
pH 2.8) at 4°C. Radioactivity of the cell pellet (internalization) was expressed as percentage of radioactivity initially 
bound to cells. 

Immunohistochemistry
Formalin-fixed paraffin-embedded 4 µm tissue slides were stained with immunohistochemistry using 2 µg/mL rabbit 
monoclonal GPC3 antibody (SP86; Abcam) or isotype control (EPR25A; Abcam), followed by rabbit EnVision HRP 
(Agilent). Human placenta and HepG2 tumor of [89Zr]Zr-N-suc-Df-ERY974 injected huNOG mice were used as 
positive control tissue (Fig. S10A). For CD3, tissues were stained using 0.15 µg rabbit monoclonal CD3 antibody 
(SP162; Abcam) or isotype control (EPR25A; Abcam), followed by rabbit EnVision HRP (Agilent). Human liver and 
HepG2 tumors of [89Zr]Zr-N-suc-Df-ERY974 injected mice were used as positive control tissue (Supplementary Fig. 
S10B). CD3+ cells were quantified using positive cell detection using QuPath.3

Flow cytometry
HepG2, TOV-21G and SK-HEP-1 cells were harvested and suspended in 20 µg/mL of ERY974 or human IgG4 in 0.5% 
fetal bovine serum (FBS)/2 mM EDTA/PBS. Cells were incubated for 1 hour at 4°C, subsequently washed twice with 
0.5% FBS/2 mM EDTA/PBS and incubated with PE-labeled goat anti-human IgG (1:50; Thermo Fisher Scientific) at 
for 1 hour 4°C. After two more washes with 0.5% FBS/2 mM EDTA/PBS, cells were measured using a BD Accuri C6 
flow cytometer (BD Biosciences). 
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SUPPLEMENTAL FIGURE S1.
Human CD3+ engraftment in huNOG mice. Percentage of human CD3+ of human CD45+ cells in the experimental 
groups involving huNOG mice. 

SUPPLEMENTAL FIGURE S2.
In vitro characteristics of N-suc-Df-conjugated tracers. (A) Representative binding curve of N-suc-Df-ERY974 and 
ERY974 binding to human GPC3 protein. (B) Representative binding curve of N-suc-Df-ERY974 and ERY974 
binding to human CD3ε protein. (C) Potency of ERY974 and N-suc-Df-ERY974 to activate reporter T cells upon 
co-culture with HepG2 cells. (D) Internalization up to 4 h of [89Zr]Zr-N-suc-Df-ERY974 in HepG2 cells at 4 and 
37 °C (n = 3). (E) Representative binding curve of N-suc-Df-KLH/CD3 and N-suc-Df-KLH/KLH to human GPC3 
protein. (F) Representative binding curve of N-suc-Df-KLH/CD3 and N-suc-Df-KLH/KLH to human CD3ε protein.
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SUPPLEMENTAL FIGURE S3.
Tumor characteristics of HepG2, TOV-21G and SK-HEP-1. (A) Hematoxylin and eosin (H&E), autoradiography and 
glypican-3 (GPC3) staining of HepG2, TOV-21G and SK-HEP-1 xenografts. Scale bar length represents 5 mm for 
HepG2, 1 mm for TOV-21G and 2.5 mm for SK-HEP-1, and 250 µm for the zoomed slides. Autoradiography and 
H&E were performed on the same slide. For each cell line, flow cytometry was performed using ERY974 as primary 
antibody (black), including IgG4 as control (red; right panel). (B) SDS-PAGE autoradiography of different individual 
HepG2 (left), TOV-21G (middle) and SK-HEP-1 (right) lysates and corresponding plasma samples. + represents 
activity matched [89Zr]Zr-N-suc-Df-ERY974 tracer from injected solution. kDa = kilodalton.
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SUPPLEMENTAL FIGURE S4.
Influence of FcγR binding and radioactive dose on biodistribution of different tracers in mice. (A) Spleen uptake at 
168 h after administration of 10 µg of [89Zr]Zr-N-suc-Df-ERY974 (n = 6), [89Zr]Zr-N-suc-Df-KLH/CD3 (n = 5), 
[89Zr]Zr-N-suc-Df-KLH/KLH (n = 6) and [89Zr]Zr-N-suc-Df-IgG4 (n = 5) expressed as median % injected dose 
per gram (%ID/g) with interquartile range. (B) Spleen weight of [89Zr]Zr-N-suc-Df-ERY974 (n = 6), [89Zr]Zr-N-
suc-Df-KLH/CD3 (n = 5), [89Zr]Zr-N-suc-Df-KLH/KLH (n = 6) and [89Zr]Zr-N-suc-Df-IgG4 (n = 5) expressed 
as median weight in mg with interquartile range. (C) Spleen weight of NOG mice injected with 10 µg of [89Zr]Zr-
N-suc-Df-ERY974 labeled with 5 MBq (Am: 14.6 MBq/nmol) at 72 h (n = 2), 120 h (n = 2) and 168 h (n = 12) after 
administration expressed as median weight with interquartile range (IQR). Am = molar activity. (D) Spleen uptake 
of NOG mice injected with 10 µg of [89Zr]Zr-N-suc-Df-ERY974 labeled with 1 MBq (Am: 14.6 MBq/nmol; n = 6) or 
5 MBq (Am: 72.8 MBq/nmol; n = 12) at 168 h expressed as median % injected dose per gram with IQR. (E) Spleen 
weight of NOG mice injected with 10 µg of [89Zr]Zr-N-suc-Df-ERY974 labeled with 1 MBq (Am: 14.6 MBq/nmol; n 
= 6) or 5 MBq (Am: 72.8 MBq/nmol; n = 12) at 168 h expressed as median weight with IQR. (F) Radioactivity dose of 
the spleen of NOG mice injected with 10 µg of [89Zr]Zr-N-suc-Df-ERY974 labeled with 1 MBq (Am: 14.6 MBq/nmol 
n = 6) or 5 MBq (Am: 72.8 MBq/nmol; n = 12) at 168 h expressed as median dose with IQR. (G) Hematoxylin and 
eosin (H&E; 400x) staining of a NOG mice spleen injected with 1 MBq (Am: 14.6 MBq/nmol) or 5 MBq (Am: 72.8 
MBq/nmol) of [89Zr]Zr-N-suc-Df-ERY974 at 168 h after tracer administration. Scale bar length represents 250 µm. 
(H) Uptake of [89Zr]Zr-N-suc-Df-ERY974 in spleen, bone, liver and blood in NOG (n = 6) and BALB/cnu (n = 6) at 
168 h after tracer administration expressed as median % injected dose per gram of tissue (%ID/g) with interquartile 
range (IQR). (I) Uptake of [89Zr]Zr-N-suc-Df-ERY974 in spleen in NOG (n = 6) and BALB/cnu (n = 6) at 168 h after 
tracer administration expressed as median % ID/g with IQR. (J) Spleen weight of NOG (n = 6) and BALB/cnu (n = 6) 
mice at 168 h after tracer administration expressed as median weight with IQR. (K) Pooled data of [89Zr]Zr-N-suc-
Df-ERY974 uptake in spleen, femur, cortical femur, femur bone marrow of NOG (n = 18) and BALB/cnu (n = 6) mice 
at 168 h after administration expressed as median %ID/g with IQR.
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SUPPLEMENTAL FIGURE S5.
Dose escalation of [89Zr]Zr-N-suc-Df-ERY974 in immunodeficient NOG mice bearing different tumor xenografts. 
(A) Ex vivo biodistribution of [89Zr]Zr-N-suc-Df-ERY974 in HepG2 at 168 h post injection with 10 µg in (n = 12), 
2000 µg (n = 6), or 1000 µg GPC3 bivalent (n = 3), and in TOV-21G with 10 µg (n = 6) or 2000 µg (n = 2). Doses 
higher than 10 µg were supplemented with non-labeled ERY974 or GPC3 bivalent antibody. Data is expressed as 
median %ID/g with interquartile range (IQR). **P ≤ 0.01 (Mann-Whitney U). (B) Uptake of [89Zr]Zr-N-suc-Df-
ERY974 dose groups in blood expressed as median %ID/g with IQR. *P ≤ 0.05 (Mann-Whitney U). (C) Tumor-to-
blood ratio of [89Zr]Zr-N-suc-Df-ERY974 dose groups expressed as median with IQR. *P ≤ 0.05; ** P ≤ 0.01 (Mann-
Whitney U). (D) Uptake of [89Zr]Zr-N-suc-Df-ERY974 dose groups in liver expressed as median %ID/g with IQR. 
*P ≤ 0.05 (Mann-Whitney U).
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SUPPLEMENTAL FIGURE S6.
Ex vivo biodistribution of different tracers in different mice models at 168 h after tracer administration. (A) 
Biodistribution of 10 µg [89Zr]Zr-N-suc-Df-ERY974 in NOG (n = 12) and huNOG (n = 5) mice expressed as median 
% injected dose per gram of tissue (% ID/g) with interquartile range (IQR). (B) Biodistribution of 10 µg [89Zr]Zr-N-
suc-Df-KLH/CD3 in NOG (n = 5), huNOG (n = 4), or huNOG mice co-injected with 10 µg ERY974 (n = 3) expressed 
as median % ID/g with IQR. (C) Biodistribution of 10 µg [89Zr]Zr-N-suc-Df-KLH/KLH in NOG (n = 6), huNOG (n 
= 6), or huNOG mice co-injected with 10 µg ERY974 (n = 3) expressed as median % ID/g with IQR.
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SUPPLEMENTAL FIGURE S7.
Binding to peripheral blood mononuclear sites of huNOG mice 
injected with [89Zr]Zr-N-suc-Df-ERY974, [89Zr]Zr-N-suc-Df-
KLH/CD3 or [89Zr]Zr-N-suc-Df-KLH/KLH. Percentage of 
bound tracer to peripheral blood mononuclear cells (PBMCs) 
isolated from blood from huNOG mice injected with [89Zr]Zr-
N-suc-Df-ERY974 (n = 3), [89Zr]Zr-N-suc-Df-KLH/CD3 (n = 
4) or [89Zr]Zr-N-suc-Df-KLH/KLH (n = 4).

SUPPLEMENTAL FIGURE S8.
CD3 immunohistochemistry 
in HepG2 tumors of huNOG 
mice injected with [89Zr]Zr-
N-suc-Df-ERY974, [89Zr]Zr-
N-suc-Df-KLH/CD3 or [89Zr]
Zr-N-suc-Df-KLH/KLH. (A) 
Intratumoral (top panel; scale 
bar length represents 100 µm) 
and stromal (bottom panel; 
scale bar length represents 100 
µm) CD3+ T cells in HepG2 
tumors (middle panel; scale 
bar length represents 5 mm) 
of huNOG mice injected with 
[89Zr]Zr-N-suc-Df-ERY974, 
[89Zr]Zr-N-suc-Df-KLH/CD3 
or [89Zr]Zr-N-suc-Df-KLH/
KLH. (B) Quantification of 
T cell infiltrations expressed 
as CD3+ cells/mm2. Lines 
represent median with 
interquartile range. *P < 0.05. 
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SUPPLEMENTAL FIGURE S9.
CD3 immunohistochemistry in HepG2 tumors of huNOG mice co-injected with ERY974. (A) Intratumoral CD3+ 
T cells in HepG2 tumors of huNOG mice injected with [89Zr]Zr-N-suc-Df-KLH/CD3 or [89Zr]Zr-N-suc-Df-KLH/
KLH co-injected with ERY974. Scale bar length represents 100 µm. (B) Quantification of CD3+ T cells expressed as 
CD3+ cells/mm2. 

SUPPLEMENTAL FIGURE S10.
Immunohistochemical staining validation. (A) Glypican 3 (GPC3) or isotype control staining on human placenta 
tissue or huNOG HepG2 tumors. Scale bar length represents 100 µm for placenta and 2.5 mm for HepG2 tumor. (B) 
CD3 or isotype control staining on human liver or huNOG HepG2 tumors. Scale bar length represents 50 µm for 
liver and 500 µm for HepG2 tumor.
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ABSTRACT

Tumor-associated macrophages (TAMs) are important tumor-promoting cells in the breast 
tumor microenvironment. Preclinically TAMs stimulate breast tumor progression, including 
tumor cell growth, invasion and metastasis. TAMs also induce resistance to multiple types 
of treatment in breast cancer models. The underlying mechanisms include: induction 
and maintenance of tumor-promoting phenotype in TAMs, inhibition of CD8+ T cell 
function, degradation of extracellular matrix, stimulation of angiogenesis and inhibition of 
phagocytosis. Several studies reported that high TAM infiltration of breast tumors is correlated 
with a worse patient prognosis. Based on these findings, macrophage-targeted treatment 
strategies have been developed and are currently being evaluated in clinical breast cancer 
trials. These strategies include: inhibition of macrophage recruitment, repolarization of TAMs 
to an antitumor phenotype, and enhancement of macrophage-mediated tumor cell killing or 
phagocytosis. This review summarizes the functional aspects of TAMs and the rationale and 
current evidence for TAMs as a therapeutic target in breast cancer.
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INTRODUCTION
Breast cancer is the most commonly occurring cancer and the leading cause of cancer related 
death in women worldwide, with an estimated 1.7 million new cases and 521,900 deaths in 
20121. Breast cancer mortality is decreasing but still accounts for 15% of cancer death in 
females especially due to metastatic disease and resistance to systemic therapy.1

Initially, research exploring mechanisms involved in metastasis and treatment resistance 
in breast cancer focused solely on tumor cells themselves. However, in recent years involvement 
of the tumor microenvironment in inducing distant metastasis and therapeutic resistance has 
been recognized.2 Several strategies have been explored to target the non-malignant cells and 
components in the tumor microenvironment, such as immune cells and extracellular matrix.3 
Tumor-associated macrophages (TAMs) are also part of this tumor microenvironment. 
TAMs can change their phenotypes, depending on the signals from the surrounding 
microenvironment, and can either kill tumor cells or promote tumor cell growth and 
metastasis.4 Moreover, they can induce resistance to multiple types of treatment in preclinical 
breast cancer models. Inhibiting the recruitment of macrophages or reprogramming their 
phenotype improved treatment response in mouse models.5-7 In a meta-analysis including 
over 2,000 patients with all-stage breast cancers, high TAM infiltrate density in the primary 
tumor predicted worse patient prognosis.8 Therefore, TAMs are increasingly considered of 
interest as a potential therapeutic target in breast cancer. Here, we review the functional 
aspects of TAMs, as well as the rationale and current evidence for targeting TAMs in breast 
cancer.

Search strategy
We searched articles published until June 2018 in PubMed using the following terms: 
“macrophage”, “tumor-associated macrophage”, “breast cancer”, “prognosis”, “molecular 
imaging”, and “breast tumor” in various combinations. Abstracts of articles in English were 
reviewed for relevance. We also searched abstracts of annual meetings of the American 
Society of Clinical Oncology, American Association of Cancer Research and European 
Society of Medical Oncology, San Antonio Breast Cancer Symposium in 2014-2018 with the 
same search terms. Reference lists of articles were manually searched for relevant articles. We 
included in vitro and/or in vivo studies with human breast cancer, mammary tumor cell lines 
and/or transgenic mammary tumor models. Studies reporting the prognostic value of TAMs 
in breast cancer with more than 200 patients since 2010 were included. These studies were 
scored according to REMARK criteria (Table S1).9 Finally, ClinicalTrials.gov and EudraCT 
were searched for trials with macrophage-targeted drugs.

Functional aspects of macrophages in cancer
Under physiological conditions, tissue-resident macrophages are innate immune cells 
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with phagocytic functions. They have extremely heterogeneous characteristics with tissue- 
and niche-specific functions, thereby playing a role in maintaining tissue homeostasis and 
hosting defense against pathogens. In many tissues, such as skin, liver, brain, lung, pancreas 
and kidney, these macrophages originate from both fetal tissue (yolk sac and/or fetal liver) 
and hematopoietic cells (blood monocytes). An exception is the colon, where resident 
macrophages are solely derived from blood monocytes under physiological conditions.10

In cancer, TAMs are involved in tumor biology by mediating tumor growth and 
progression as well as contributing to therapy resistance.11 In breast cancer, TAMs can be 
abundantly present, and may constitute over 50% of the number of cells within the tumor. 

FIGURE 1.
The tumor microenvironment of breast cancer. The breast tumor microenvironment comprises several stromal 
cell types, including adipocytes, fibroblasts and immune cells. Tumor-associated macrophages (TAMs) are very 
important components in this microenvironment. Breast cancer cells secrete colony stimulating factor 1 (CSF1) 
and chemokine (C-C motif) ligand 2 (CCL2) to recruit monocytes from blood vessels. Under the influence of the 
microenvironmental signals, the recruited monocytes develop into a wide range of TAMs with different functions. 
M1-like and M2-like TAMs may represent the two extremes of the TAMs population. M1-like TAMs are activated 
by cytokines secreted from type 1 helper cell (Th1) such as interferon—γ (IFN-γ) or tumor necrosis factor (TNF) 
and show antitumor capacity. M2-like TAMs are activated by cytokines secreted from type 2 helper cell (Th2) such 
as interleukin (IL)-4, IL-10 and IL-13. M2-like TAMs promote tumor progression by secretion of cytokines such as 
matrix metalloproteases (MMPs), vascular endothelial growth factor A (VEGF-A), CCL18 and IL-10. This figure was 
prepared using a template on the Servier medical art website (http://www.servier.fr/servier-medical-art).
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The breast cancer microenvironment also consists of fibroblasts, adipocytes and several types 
of leukocytes, such as neutrophils, lymphocytes and dendritic cells (Figure 1).12 Resident 
macrophages and recruitment of circulating monocytes sustain TAM accumulation in breast 
cancer.13 Recruited monocytes develop into non-polarized (M0) macrophages by monocyte 
colony stimulating factor (M-CSF, also known as CSF1; Figure 1).14 M0 macrophages are 
highly plastic and can change their phenotypes under influence of environmental signals. 
The resulting intratumoral macrophage populations can be classified along a functional 
scale.15,16 In this classification, M1-like and M2-like macrophages represent two extremes 
of this functional continuum.15,16 The M1-like macrophages, also called classically activated 
macrophages, are stimulated by the type 1 T helper cell (Th1) cytokines such as interferon-γ 
(IFN-γ) or tumor necrosis factor (TNF). They exhibit antitumor capacity by releasing pro-
inflammatory cytokines (such as TNF and interleukin (IL)-2), together with reactive nitrogen 
and oxygen intermediates.17,18 In contrast, the M2-like macrophages, also called alternatively 
activated macrophages, are stimulated by the type 2 T helper cell (Th2) cytokines such as 
IL-4, IL-10 and IL-13, and show protumor characteristics (Figure 1).18 Most TAMs in the 
tumor microenvironment are closely related to the M2-like phenotype.16 Next to the binary 
model of M1-like and M2-like macrophages, attention has been focused on a more spectral 
polarization model in which a monocyte can develop into different subtypes based on their 
molecular profile.19

In the tumor microenvironment, cancer cells secrete cytokines to recruit macrophages. 
M2-like TAMs in return produce high amounts of protumor cytokines to influence tumor 
progression (Figure 1).16,20,21 TAMs inhibit infiltration and function of antitumor CD8+ 
T-cells (CTLs), stimulate angiogenesis in the tumor, and promote tumor cell proliferation 
and metastasis.5,22 Moreover, TAMs induce treatment resistance in breast cancer xenografts 
in mice.5-7

RATIONALE FOR THERAPEUTIC TARGETING TAMS IN BREAST CANCER
Prognostic value of TAMs present in breast cancer tissue
High density of cells expressing macrophage-associated markers in primary breast cancer was 
associated in general with worse patient prognosis (Table 1).23-32 In general, included studies 
were of high quality according to REMARK criteria (Table 1; Supplementary Table 1). CD68, 
a glycoprotein mainly localized in the endosomal compartment, has been widely used as a 
human pan-macrophage marker.33 CD68+ macrophage infiltration was associated with poor 
prognostic breast cancer characteristics: larger tumor size, higher tumor grade, lymph node 
metastasis, vascular invasion, hormone receptor negativity, human epidermal growth factor 
receptor 2 (HER2) expression and basal phenotype.23,25 Moreover, high infiltration of CD68+ 
macrophages in general was associated with worse disease-free survival (DFS), breast cancer 
specific survival (BCSS) and overall survival (OS).23-25,27 However, only few studies have 
shown CD68+ macrophage infiltration to be an independent predictor of patient prognosis, 
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when corrected for TAM spatial localization in the tumor or breast cancer subtype.27 The 
prognostic value of CD68+ macrophages may be breast cancer subtype dependent. High 
infiltration of CD68+ macrophages was associated with shorter DFS and/or OS in patients 
with triple negative breast cancer (TNBC: absence of estrogen receptor (ER), progesterone 
receptor and HER2 expression) and ER+ breast cancer.24,27 Contradictory data regarding 
the prognostic value of CD68+ macrophages has been reported in literature, in which high 
infiltration of CD68+ macrophages was associated with improved RFS and BCSS in patients 
with ER- breast cancer.28 This discrepancy may be due to the different methodologies used 
for histological assessment of TAMs, e.g. quantification of stromal, intratumoral or total 
macrophages and different cut-off points chosen to define a high CD68+ macrophages 
infiltration (Table 1). Moreover, CD68 as marker for TAMs has some limitations. Firstly, 
in humans, CD68 is expressed by a wide range of cells, including fibroblasts, granulocytes, 
dendritic cells, endothelial cells and some lymphoid subsets.22,33 Secondly, as a pan-
macrophage marker, CD68 cannot distinguish TAM subpopulations.

Additional markers have been used to identify TAM phenotypes. CD163 has been 
validated as marker for protumor M2-like macrophages.8,34 CD163+ TAMs in primary breast 
cancers were strongly associated with adverse clinicopathological characteristics20,25,26,29,30, 
and were independently prognostic for DFS, BCSS or OS in most studies (Table 1).20,25,26,29,30 
Similarly, the prognostic value of CD163+ macrophages may depend on breast cancer 
subtype. High infiltration of CD163+ macrophages was an independent prognostic factor 
for worse DFS and/or OS in patients with both TNBC and HER2+ breast cancers.25,29 A 
few studies reported other markers such as macrophage receptor with collagenous structure 
(MARCO), CD206 and CD204 to detect the M2-like TAMs. Data about the prognostic value 
of these markers for breast cancer patients is limited.35-37

Gene-expression-based data confirmed the prognostic value of TAMs and demonstrated 
the predictive value in patients with breast cancer. These prognostic and predictive values 
of TAMs, generated from gene expression profile analysis using the CIBERSORT algorithm, 
were demonstrated in a breast cancer subtype dependent manner (Table 1). In ER- tumors, 
a higher fraction M2 TAMs was strongly associated with a lack of pathologically complete 
response (pCR) to neoadjuvant chemotherapy and a poorer outcome.31 In ER+/HER2- 
tumors, a higher fraction of M0 TAMs was associated with poorer outcome,31,32 while a higher 
fraction of M1 TAMs was associated with a higher pCR rate and better patient prognosis.32

Taken together, in general, high infiltration of TAMs is associated with unfavourable 
clinicopathological features and survival in patients with primary invasive breast cancer. Their 
polarization, localization and the relative amount related to other immune type fractions in a 
tumor lesion may be more important than their mere presence. For instance, it is conceivable 
that M1/M2 ratio affects outcome in breast cancer, as has been shown in ovarian cancer.38 
Besides aspects regarding TAMs, tumor aspects such as breast cancer molecular subtype 
could be taken into account for determining the prognostic and/or predictive role of TAMs.
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PRECLINICAL EVIDENCE FOR ROLE OF TAMS IN BREAST TUMOR GROWTH  

AND METASTASIS
Tumor growth 
Protumor TAMs were required for primary invasive mammary tumor formation in a 
transplantable p53-null mouse model studied for early progression.39 Targeting TAMs with 
either selective monocyte targeting chemotherapeutic agent trabectedin, or CSF1 inhibitors, 
decreased TAM infiltration, reduced tumor growth and metastasis formation, while 
prolonging survival in a breast cancer xenograft mouse model.40,41

Overexpression of cyclooxygenase-2 (COX-2) in macrophages by adenoviral COX-
2 transfection maintained the protumor M2-like phenotype.42 In human peripheral blood 
mononuclear cell culture experiments, epinephrine-induced COX-2 expression increased 
IL-10 and indoleamine 2,3-dioxygenase (IDO) levels, which inhibited CTL proliferation 
and IFN-γ production. This CTL suppression could be reversed in in vivo and ex vivo 
breast tumor cultures by means of COX-2 inhibitor celecoxib.43 Moreover, COX-2+ TAMs 
enhanced MCF-7 and MDA-MB-231 proliferation, by activating phosphoinositide 3-kinase 
(PI3K)-Akt signaling as well as apoptosis inhibition through increased Bcl-2 and decreased 
Bax expression (Figure 2).42 Blocking PI3K-Akt signaling with adenoviral siRNA Akt1 
transfection suppressed this.42

Metastasis
In animal models, TAMs regulated all metastatic processes, including local invasion, blood 
vessel intravasation, extravasation at distant sites and metastatic cell growth promotion (Figure 
2).2 Local invasion largely depends on extracellular matrix (ECM) characteristics. TAM 
production of matrix metalloproteinases (MMPs), cysteine cathepsins and serine proteases, 
allowed ECM disruption and subsequent tumor cell invasion into the surrounding tissue.44 
Also secretion of secreted protein acidic and rich in cysteine (SPARC)45, chemokine (C-C 
motif) ligand 18 (CCL18)46 and epidermal growth factor (EGF)47 by TAMs had protumor 
effects (Figure 2). These factors mediated tumor cell adherence to fibronectin46, increased 
tumor infiltration by regulatory T cells48, and destabilized ECM by activating E2F3 signaling 
in TAMs49. Interfering with these processes reduced tumor cell invasiveness and metastasis 
in in vitro and in vivo breast cancer models.45-47

A subset of TAMs, the perivascular TIE2-expressing TAMs, promoted intravasation by 
expressing vascular endothelial growth factor A (VEGF-A) (Figure 2).50 Inhibition of TIE2 
kinase or blocking TIE2 ligand angiopoietin-2 (Ang2), inhibited intravasation and metastasis 
in the PyMT mammary tumor model.51,52 In the same model, macrophages induced epithelial 
mesenchymal transition and early intravasation in pre-malignant lesions, thereby fueling late 
metastasis.53

Macrophages played a major role in tumor cell extravasation, by establishing the pre-
metastatic niche at distant metastatic sites.54 The CCL2-CCR2 signaling pathway promoted 
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FIGURE 2.
Mechanisms of tumor-associated macrophages (TAMs) in promoting breast tumor growth and metastasis. Tumor 
growth Over-expression of cyclooxygenase-2 (COX-2) in TAMs increases the expression of interleukin 10 (IL-10) 
and indoleamine 2,3-dioxygenase (IDO) and further suppresses CD8+ T cell proliferation and interferon γ (IFN-γ) 
production. Thereby, this reduces tumor cell killing by CD8+ T cells. In addition, COX-2+ TAMs activate the PI3K-
Akt pathway in cancer cells and increase the anti-apoptotic factor Bcl-2 and decrease the pro-apoptotic factor Bax 
expression. Together, these promote tumor cell growth. Local invasion TAMs secret proteases that degrade extracellular 
matrix (ECM). Furthermore, TAMs facilitate tumor cell migration and invasion through interacting with each other. 
These interactions include secreted protein acidic and rich in cysteine (SPARC) and αvβ5 integrins, Chemokine 
(C-C motif) ligand 18 (CCL18) and phosphatidylinositol transfer protein 3 (PITPNM3), epidermal growth factor 
(EGF) and EGF receptor (EGFR), colony stimulating factor 1 (CSF1) and CSF1 receptor (CSF1R). Intravasation 
Vascular endothelial growth factor A (VEGF-A) is secreted from macrophages in the tumor microenvironment of 
metastasis (TMEM) structure, which consists of the direct contact of a TIE2-expressing TAM, a mammalian enabled 
overexpressing tumor cell and an endothelial cell. TMEM-derived VEGF-A promotes tumor cell intravasation. 
Extravasation In the metastatic sites, macrophages contribute to premetastatic niche establishment. The metastasis-
associated macrophages (MAMs) derived VEGF-A promotes tumor cell extravasation. Metastatic tumor cell growth 
VEGF-A promotes breast tumor cell seeding and persistent growth after seeding through activation of the VEGFR1-
Focal adhesion kinase (FAK1)-CSF1-C-ets-2 (ETS2)-microRNAs signaling in MAMs. In return, tumor cells secrete 
CCL2 to recruit monocytes which further develop into MAMs. Moreover, the CCL2-CCR2 signaling in MAMs can 
activate the CCL3-CCR1 signaling, which prolongs the retention of MAMs in the metastatic site and eventually 
promotes tumor cell extravasation and seeding. In addition, the angiopoietin-2 (Ang2)-TIE2 signaling promote the 
post-seeding tumor cell growth. Macrophages also interact with other immune cells in the tumor microenvironment; 
however, it is beyond the scope of this article. This figure was prepared using a template on the Servier medical art 
website (http://www.servier.fr/servier-medical-art).
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the early recruitment of inflammatory monocytes to the pre-metastatic niche. Here the 
recruited monocytes developed into metastasis-associated macrophages (MAMs). MAM-
derived VEGF-A promoted tumor cell extravasation and seeding.55 Moreover, CCL2-
CCR2 signaling also activated CCL3-CCR1 (receptor of CCL3) signaling in MAMs, which 
supported MAM accumulation at the metastatic site. This process promoted breast cancer cell 
extravasation and seeding in several mouse models of breast cancer metastasis (Figure 2).56 
In addition, TAM production of IL-1β, induced by CCL2, resulted in systemic inflammatory 
cascades leading to neutrophil-mediated promotion of mammary tumor metastasis in mice.57 
These data indicate that one or multiple CCL2-CCR2 signaling dependent pathways mediate 
breast cancer progression.

In breast cancer mouse models for lung metastases, metastatic cell growth after tumor 
cell seeding continuous macrophage recruitment54,55, and could be decreased by conditional 
macrophage deletion.54 Metastatic cell growth promotion was mediated by FMS-like 
tyrosine kinase 1 (FLT1, also known as VEGFR1)-focal adhesion kinase (FAK1)-CSF1 and 
CSF1-C-ets-2-microRNAs signaling pathways in macrophages (Figure 2).58,59 In addition, 
the Ang2-TIE2 pathway contributed to post-seeding metastatic growth. Blocking these 
pathways dramatically reduced metastases outgrowth in mouse models.52,58,59 Also pattern 
recognition scavenger receptor MARCO, co-expressed with M2-like markers on TAMs, 
played a role in promoting breast cancer metastasis.35 MARCO antibody treatment of mice 
bearing 4T1 mammary carcinoma repolarized M2-like to M1-like TAMs, thus inhibiting 
metastasis. Additionally, it increased germinal center formation and CD4+/CD8+ T cell ratio 
in the draining lymph nodes thereby improving tumor immunogenicity.35 The granulocyte-
macrophage colony stimulating factor (GM-CSF) and CCL18 feedback loop also contributed 
to macrophage stimulated metastasis. In a humanized mouse model bearing a human 
breast cancer xenograft, GM-CSF activated TAMs, which induced epithelial-mesenchymal 
transition and metastasis through CCL18. Inhibition of GM-CSF or CCL18 with antibodies 
broke the feedback loop and reduced metastasis formation.21

Together, these results show that several signaling pathways in macrophages are likely to 
be involved in tumor progression, including tumor growth and all steps in tumor metastasis 
(Figure 2). Reduction of macrophage infiltration, inhibition of involved signaling pathways, 
or interruption of the interaction between TAMs and tumor cells could thus be potential 
targets in breast cancer therapy.

Preclinical evidence for a role of TAMs in breast cancer treatment resistance
In multiple cancer types including breast cancer, TAMs profoundly influence therapy efficacy 
of conventional treatments such as chemotherapy and radiotherapy, but also targeted drugs 
and immunotherapy, including checkpoint blockade.60

 



7

TUMOR-ASSOCIATED MACROPHAGES IN BREAST CANCER: INNOCENT BYSTANDER OR IMPORTANT PLAYER?

133

Chemotherapy
In mouse tumor models and breast cancer tissue of patients, paclitaxel treated tumors showed 
higher infiltration of TAMs compared to non-treated tumors.6,61 Preclinically, TAM infiltration 
was mediated by elevated CSF1 mRNA expression in tumor cells following exposure to 
paclitaxel.6 The recruited TAMs suppressed paclitaxel-induced mitotic arrest and promoted 
earlier mitotic slippage in breast cancer cells.62 Inhibiting TAM recruitment by blocking CSF1-
CSF1 receptor (CSF1R) signaling, enhanced paclitaxel effect and prolonged survival of the 
mice.6,62 This was accompanied by enhanced CTL infiltration, and decreased vascular density 
through reducing VEGF mRNA expression.6 CTLs were required for the improved paclitaxel 
effect, since CTL depletion diminished the effect of the anti-CSF1R-paclitaxel treatment.6 
Macrophages also inhibited the antitumor effect of other chemotherapeutic agents, such as 
doxorubicin, etoposide, gemcitabine and CMF regimen (cyclophosphamide, methotrexate, 
5-fluorouracil), in in vitro or in vivo studies.62,63 

However, TAM recruitment was only partially blocked by CSF1-CSF1R inhibition, 
leaving a population of perivascular TAMs unaffected.6 Although the phenotype of remaining 
TAMs has not been identified, at least a proportion of them were perivascular TIE2-expressing 
TAMs22, which were an essential source of VEGF-A.50 Together, these data indicate that other 
mechanisms, besides VEGF-A secretion, may contribute to TAM-mediated chemoresistance 
in breast cancer. One of those mechanisms might involve TAM-derived cathepsins, 
specifically cathepsin B and cathepsin S, which protected murine mammary tumor cells from 
paclitaxel-, etoposide- or doxorubicin induced cell death in ex vivo co-cultures.61 Although 
the downstream signaling pathways were ill-defined, this protective effect was abrogated by 
a cathepsin inhibitor both in vivo and ex vivo.61 Another chemoprotective effect resulted 
from TAM-derived IL-10. An IL-10 antibody reversed IL-10 mediated paclitaxel resistance 
of human breast cancer cells in ex vivo co-culture studies.64 Possibly, IL-10-mediated drug 
resistance is associated with up-regulation of signal transducer and activator of transcription 
3 (STAT3) signaling and elevation of anti-apoptotic bcl-2 gene expression in tumor cells.64 
The importance of TAM-derived factors such as IL-10 in chemoresistance, suggests that 
repolarization to a more M1-like phenotype is a potential strategy to enhance chemotherapy 
efficacy. This was already shown for selective class IIa histone deacetylase (HDACIIa) 
inhibitor TMP195. This drug modulated TAMs into the M1-like phenotype, and decreased 
tumor burden in MMTV-PyMT mice, particularly when combined with paclitaxel.65

Taken together, TAM-targeted therapy could be a potential strategy to reverse 
chemoresistance and improve chemotherapeutic efficacy in breast cancer.

Radiotherapy
In MMTV-PyMT mice, radiation induced tumor CSF1 expression dose dependently.6 TAM 
depletion by CSF1R blockade enhanced the effect of radiotherapy for mammary tumors in 
the same mouse model.7 CSF1R blockade increased CTL infiltration and reduced presence 
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of CD4+ T cells in the tumors. Interestingly, depleting CD4+ T cells had the same effect 
as CSF1R blockade when combined with radiotherapy, highlighting the interaction of 
macrophages with other immune cells.7 MMP14 expression may also account for TAM-
induced radiotherapy resistance. In a 4T1 tumor bearing mouse model, MMP14 blockade 
repolarized M2-like to M1-like TAMs. Moreover, MMP14 blockade inhibited angiogenesis, 
increased vascular perfusion and enhanced the effect of radiotherapy.66 Topical application of 
the cream imiquimod, a toll-like receptor 7 (TLR7) agonist, on mammary tumor lesions also 
repolarized TAMs to the M1-like phenotype and enhanced the effect of local radiotherapy.67

In summary, TAM depletion or repolarization could be a potential strategy to enhance 
radiotherapeutic efficacy in breast cancer.

Anti-HER2 targeted therapy
Trastuzumab has antitumor activity by interference with HER2 oncogenic signaling and the 
activation of antibody dependent cellular cytotoxicity (ADCC).68 The adaptive immune system 
also plays a role in the antitumor efficacy of trastuzumab.69 In HER2+ TUBO mammary tumor 
bearing mice, CTLs were essential for the therapeutic effect of anti-HER2 antibody treatment. 
CTL infiltration in the tumor increased after antibody treatment, accompanied with tumor 
regression. However, rapid tumor regrowth was seen after CTL depletion by an anti-CD8-
depleting antibody69, suggesting a T cell dependent mechanism for HER2 antibody treatment 
resistance. This may be mediated by TAMs, as they inhibited CTL infiltration in TUBO tumor 
bearing mouse model.5 TAM depletion as well as repolarizing M2-like to M1-like TAMs, 
dramatically increased the therapeutic effect of a HER2 antibody. Also CTL infiltration and 
IFN-γ-production in the tumor increased.5 However, merely increasing the tumor infiltrating 
CTLs without removal of TAMs failed to reverse anti-HER2 resistance.70 Also, blocking the 
interaction between CD47 and signal-regulatory protein alpha (SIRPα) may be a macrophage-
mediated way to improve trastuzumab efficacy. Blocking CD47, the ‘don’t eat me’ signal 
expressed by tumor cells, increased phagocytosis of breast cancer cells in vitro. Furthermore, 
CD47 antibody inhibited growth of a human breast cancer xenograft.71 However, targeting 
SIRPα with high-affinity monomers did not increase direct macrophage phagocytosis. But 
combined with trastuzumab, the monomers increased macrophage-mediated antibody 
dependent cellular phagocytosis (ADCP) by lowering the ADCP threshold. In a breast cancer 
xenograft, the combination showed synergistic antitumor effect.72 The ADCP capacity of 
macrophages appeared to be dependent of their phenotype. In vitro, M1-like macrophages 
in the presence of trastuzumab were more potent in phagocytosis compared to M2-like 
macrophages.73 Moreover the combination of CD47 blockage and trastuzumab enhanced 
neutrophil-mediated ADCC.74 Additionally, blocking the CD47-SIRPα axis increased DNA 
sensing in dendritic cells, which improved the antitumor immunity with an enhanced CTLs 
response.75

Together, these data provide a new paradigm of potential combination therapeutic strategy 
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with TAM-targeted treatment for breast cancer patients receiving anti-HER2 treatment. The 
anti-HER2/TAM targeting combination in clinical trials is summarized in Table 2. 

Immunotherapy
The programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) axis, which induces 
immune tolerance of activated T cells, has become a target in cancer immunotherapy. 
Intravital imaging of a MC-38 colon cancer allograft illustrated that macrophages mediated 
PD-1 therapy resistance through capturing the PD-1 antibody by the Fcγ receptor, thereby 
preventing T cell drug exposure.76 Furthermore, TAMs expressed PD-1 and PD-L1.22,77 PD-1 
expression on TAMs correlated negatively with their phagocytic capacity both in vitro and 
in vivo.77 This has raised interest in the combination of macrophage-targeted therapy and 
immune checkpoint modulation in breast cancer. Proof of concept was demonstrated by 
combining CSF1R blockade with PD-1 and CTLA4 inhibitors in a mouse model bearing a 
mouse pancreatic tumor. The combination potently elicited tumor regression, while PD-1 and 
CTLA4 inhibitors as single agents showed limited efficacy.78 The HDACIIa inhibitor TMP195 
changed macrophage function and rescued the inhibitory tumor microenvironment by 
activating CTLs in MMTV-PyMT mice.65 Combining TMP195 with PD-1 antibody resulted 
in tumor shrinkage, which the PD-1 inhibitor alone did not. This suggests that the immune 
suppressive environment created by TAMs induces anti-PD-1 resistance in this model. 

Stimulating macrophages via the co-stimulatory CD40 molecule by agonistic antibodies, 
resulted in macrophage-mediated tumor regression in a pancreatic cancer bearing mouse 
model.79 Moreover, CD40 stimulation accompanied upregulation of PD-L1 expression on 
TAMs.80 Combining CD40 stimulation and PD-L1 inhibition had synergistic antitumor 
effects in mice bearing EMT-6 mammary tumors.80 This combination showed also synergistic 
antitumor effects accompanied by increased infiltration of dendritic, monocytic and T cells 
in the HER2/neu-expressing mammary tumor allograft.81 Innate immune cells, such as 
macrophages, can also be stimulated by pathogen-associated molecular patterns (PAMPs). 
An example is BTH1677, a fungal-derived 1,3-1,6 beta-glucan, which increased direct 
killing of antibody-targeted tumor cells by macrophages in vitro, through Fcγ receptors and 
complement receptor 3 (CR3).82 BTH1677 also repolarized M2-like to M1-like TAMs in vitro 
and enhanced CD4 T cell proliferation and IFN-γ production.83 Furthermore, BTH1677 
demonstrated synergistic antitumor effects with anti-PD-1 and PD-L1 antibodies in a 4T1 
tumor bearing mouse mode.84

Overall, macrophage-targeted therapy can augment immune checkpoint inhibition 
efficacy in preclinical breast cancer models. Table 2 summarizes ongoing studies with this 
combination in patients with breast cancer.
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CURRENT EVIDENCE FOR THERAPEUTIC TARGETING OF TAMS IN PATIENTS WITH 
BREAST CANCER 
Based on the tumor-promoting functions of TAMs, several drug interventions are employed 
in clinical trials. These drugs mainly focus on repolarizing or depleting TAMs, but also on 
stimulating anti-tumoral macrophages. 

FIGURE 3.
Macrophage-targeted therapies in breast cancer. Macrophage-targeted therapies are aimed at activating 
macrophages’ tumor killing activity, or inhibiting their recruitment and tumor-promoting functions. Activation of 
macrophages’ antitumor activity can be achieved by stimulating the co-stimulatory receptor CD40, complement 
receptor 3 (CR3) and Toll-like receptor 7 (TLR7). These treatment strategies have been demonstrated to repolarize 
the tumor-promoting M2-like tumor-associated macrophages (TAMs) to an antitumor M1-like phenotype. In 
addition, blocking the interaction between CD47 and signal-regulatory protein alpha (SIRPα), a ‘don’t eat me’ 
signal, can enhance macrophages’ phagocytic function and thereby improve their antitumor activity. Inhibition 
of macrophage accumulation within the breast tumor microenvironment has been demonstrated to reduce tumor 
growth and metastasis in preclinical studies. This treatment strategy includes inhibition of colony stimulating factor 
1 (CSF1)-CSF1 receptor (CSF1R) axis or chemokine (C-C motif) ligand 2 (CCL2)-CCL2 receptor (CCR2) axis. 
Besides, caspase-8 dependent TRAIL receptor-mediated monocyte apoptosis induced by a DNA-binding marine 
alkaloid trabectedin has also shown to cause TAMs depletion in tumor microenvironment. Other macrophage-
targeted therapies in breast cancer include angiopoietin 2 (Ang2)-TIE2 axis inhibition, cyclooxygenase-2 (COX-
2) inhibition and bisphosphonates. The Ang2-TIE2 signaling mediates angiogenesis and metastasis. Expression of 
COX-2 in TAMs is essential to maintain their immunosuppressive function and promote tumor cell proliferation. 
Bisphosphonates have been widely used in breast cancer. Only preclinical evidence suggests that bisphosphonates 
cause TAM apoptosis. This figure was prepared using a template on the Servier medical art website (http://www.
servier.fr/servier-medical-art).
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CD47-SIRPα inhibition
Several drugs targeting the CD47-SIRPα axis are in early clinical development (Figure 3; Table 
2). In a phase I trial, intratumoral injection of TTI-621, a SIRPα-Fc fusion protein, showed 
tolerability and some antitumor efficacy in patients with cutaneous T cell lymphoma.87 In 
addition, intravenous administration of fusion protein ALX148 that binds CD47 is studied in 
combination with trastuzumab or the PD-1 antibody pembrolizumab (NCT03013218).

CD40 stimulation
CD40 agonistic antibodies are studied in early clinical trials, some of which also include breast 
cancer patients (Table 2). Two phase I trials with selicrelumab, a fully human CD40 agonist 
monoclonal antibody, showed tolerability. Partial tumor responses were observed in four and 
stable disease in seven of 29 patients in one trial and stable disease was the best response in 
the other trial.88,89 Interestingly, a patient with advanced pancreatic ductal adenocarcinoma 
showed a partial response, with extensive macrophage infiltration in a biopsied lesion after 4 
cycles.79 Selicrelumab plus the Ang-2 and VEGF-A bispecific antibody vanucizumab or plus 
emactuzumab is studied in a phase I trial in patients with breast cancer (Table 2). 

CR3 stimulation
BTH1677 has been studied in a randomized phase II study in 90 patients with non-small 
cell lung cancer. The addition of BTH1677 to cetuximab, carboplatin, paclitaxel increased 
objective response rate from 23.1% to 36.6%.90 In patients with metastatic triple negative breast 
cancer, there is an ongoing phase II study of BTH1677 with pembrolizumab (NCT02981303). 
Pharmacodynamic assessment using multiplex immunohistochemistry on paired biopsies 
showed repolarization from M2-like to M1-like TAMs upon BTH1677 and pembrolizumab 
treatment.91

TLR7 stimulation
Imiquimod, a cream for topical administration to treat basal cell carcinomas, was studied in 
a prospective phase II trial in 10 patients with breast cancer skin metastases.92 Two patients 
showed a partial response, which was defined as residual disease less than 50% of original 
tumor size. In one partial responder, T-cell infiltration increased. In the other responder, the 
immunosuppressive environment was reversed, with lower levels of IL-6 and IL-10 in the 
tumor supernatant. The lower cytokine levels suggest macrophage repolarization, but this was 
not studied directly. 

In a phase I trial, 10 patients received single imiquimod application on one skin metastasis 
and a combination with radiotherapy on another skin metastasis. Complete response was 
observed in one-, and partial response in four of nine patients who received imiquimod only. 
For the combination, complete and partial responses were observed in three and five out of 
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the nine patients, respectively. Imiquimod was tolerated well, with mostly low grade adverse 
effects such as dermatitis and pain.93 

Another TLR7 stimulant 852A, was administrated subcutaneously in a phase II trial in 
heavily pretreated patients with recurrent ovarian (n = 10), breast (n = 3) and cervical (n = 2) 
cancers.94 Best response was stable disease in two patients. Moreover, unanticipated toxicities 
such as myocardial infarction and infection occurred. 

CCL2-CCR2 inhibition
Halting CCL2 neutralization accelerated breast cancer metastasis in a preclinical study.95 
Development of the monoclonal antibody carlumab against CCL2 in breast cancer was 
discontinued because of the lack of clinical efficacy.96 Other drugs targeting the CCL2-CCR2 
axis, like small molecules CCX872-b and BMS-81360 are currently in phase I-II trials, but 
they are not including patients with breast cancer (Table S2).

CSF1-CSF1R inhibition
Several small molecules and antibodies have been developed to target the CSF1-CSF1R axis, 
and are or have been evaluated in clinical trials for solid tumors including breast cancer 
(Figure 3; Table 2). These drugs were well tolerated in phase I trials, also when combined 
with paclitaxel.85,86 Moreover, emactuzumab, a CSF1R-antibody, decreased CD163+ TAMs 
infiltration in serially collected tumor biopsies of patients with various solid tumors, including 
breast cancer.86 

Ang2-TIE2 inhibition
Several drugs have been designed to target the Ang2-TIE2 axis and studied in patients with 
breast cancer (Figure 3; Table 2). In a randomized study 228 patients received paclitaxel 90 
mg/m2 once weekly (3-weeks-on/1-week-off) and were randomly assigned 1:1:1:1 to also 
receive blinded bevacizumab 10 mg/kg once every 2 weeks plus either trebananib 10 mg/kg 
once weekly (Arm A) or 3 mg/kg once weekly (Arm B), or placebo (Arm C); or open-label 
trebananib 10 mg/kg once a week (Arm D). The primary endpoint progression-free survival 
did not differ between the treatment arms.97

In a phase Ib study trebananib (10 mg/kg or 30 mg/kg) was combined with paclitaxel 
and trastuzumab in patients (n = 20 for each trebananib dose group) with HER2+ recurrent 
or metastatic breast cancer. This combination was tolerable and three out of 17 achieved 
complete responses with 30 mg/kg compared to none out of 20 at the 10 mg/kg dose.98 So far, 
Ang2-TIE2 inhibition shows limited clinical efficacy in patients with breast cancer.

Trabectedin
In TAMs and tumor cells derived from ascitic fluid of ovarian cancer patients, ex vivo 



7

TUMOR-ASSOCIATED MACROPHAGES IN BREAST CANCER: INNOCENT BYSTANDER OR IMPORTANT PLAYER?

139

trabectedin treatment reduced TAM viability and inflammatory mediators CCL2 and IL-6 
production by TAMs and tumor cells.99 Furthermore, seven out of nine trabectedin treated 
patients with ovarian cancer, showed reduced peripheral monocyte counts.99 Trabectedin 
was studied in several phase II trials in patients with metastatic breast cancer. The drug was 
tolerable with transient and manageable adverse events. Trabectidin 1.3 mg/m2 intravenous 
infusion every 3 weeks resulted in objective responses in three out of 25 patients and a 
progression free survival (PFS) of 3.1 months at a median follow-up of 7 months.100 Another 
phase II trial in patients with HER2+ (n = 37) or triple negative (n = 50) metastatic breast 
cancer showed only partial responses in four out of 34 evaluable HER2+ patients with median 
PFS of 3.8 months.101 

Commonly used drugs in oncology that may affect macrophages 
Bisphosphonates
Bisphosphonates such as zoledronic acid are commonly used in clinical practice for breast 
cancer. Accumulating evidence suggests that macrophages contribute to the antitumor effect 
of bisphosphonates. Preclinically bisphosphonates caused apoptosis in macrophage in vitro.102 
However, the precise effect of bisphosphonates on TAMs in patients with breast cancer has 
not yet been studied.

COX-2 inhibition
Selective COX-2 inhibitor celecoxib showed changes in RNA expression in for example 
proliferation related genes in pre- and post-treatment primary tumor material of patients 
with breast cancer.103 Interestingly, M1-like macrophage marker HLA-DRα was upregulated 
in tumors after treatment with celecoxib, suggesting increased presence of M1-like 
macrophages.103 Antitumor activity of celecoxib in patients with breast cancer however is 
disappointing.104 In a window of opportunity trial, tumor/stroma response to preoperative 
celecoxib will be studied by determining CD68 and CD163 expression in tumor biopsies before 
and after celecoxib treatment in patients with primary invasive breast cancer (NCT03185871). 

Other drugs
Despite the preclinical support for a TAM mediated protumor role of GM-CSF21, in the 
clinical setting no evidence was found for a detrimental effect of this- or other commonly 
used growth factors such as granulocyte colony-stimulating factor.

Taken together, data from early clinical trials in breast cancer patients are now becoming 
available. So far, evidence in general shows limited clinical efficacy.
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CONCLUSIONS AND FUTURE PERSPECTIVES
Collectively, many preclinical studies illustrated the protumor function of TAMs in breast 
cancer. TAMs play a role in tumor growth, progression, treatment resistance and immune 
suppression. However, the clinical efficacy of targeting TAMs in breast cancer so far has been 
limited. Potential options to improve this include combination strategies. Particularly in 
view of the immunosuppressive role of TAMs in the breast cancer microenvironment, results 
of clinical trials combining TAM targeting and checkpoint inhibition are eagerly awaited. 
First results of anti-CSF1R antibody cabiralizumab and anti-PD-1 antibody nivolumab 
combination showed a tolerable safety profile and four partial responses in 31 patients with 
advanced pancreatic cancer.105 Data on clinical efficacy of TAM-targeted therapies in patients 
with breast cancer is limited. A careful approach in targeting the total population monocytes 
or macrophages is needed, for example classical CD14+CD16−CD33+HLA-DRhi monocytes 
may be beneficial to obtain a response to immunotherapy.106 Also strategies combining 
TAM-targeted agents with chemotherapy, radiotherapy or HER2 targeted drugs may induce 
synergistic therapeutic effects. Additional macrophage-targeted agents, are currently being 
evaluated in other cancer types (Table S2). 

To improve targeting TAMs, also a number of challenges need to be addressed. For some 
targets such as CD47, the effect is probably not solely mediated by TAMs. Some drugs such 
as CSF1R tyrosine kinase inhibitor pexidartinib target more tyrosine kinases, which makes 
it difficult to study the contribution of targeting TAMs on its antitumor effect.6 Improving 
insight in these interactions can potentially improve these intervention strategies. This is 
of particular importance when considering for instance resistance to macrophage-targeted 
therapy involving cross talk between TAMs and other cells. This was described in a recent 
study, demonstrating that tumor-associated fibroblasts impaired the antitumor effects of a 
CSF1R inhibitor.107 Furthermore, the timing of the anti-TAM treatment may influence results 
of TAM targeting treatments, especially regarding combination strategies. For instance, the 
increasing awareness of macrophage activation syndrome after T cell-engaging therapies, 
which is characterized by severe immune activation and immune mediated multiple organ 
failure, may call for upfront macrophage-directed therapies in this setting, such as IL-6 
blockade.108

To improve TAM directed therapy, monitoring whole body TAM dynamics and 
phenotype upon TAM targeting therapy is crucial. Techniques such as molecular imaging 
might provide whole body insight in macrophages populations, heterogeneity (between 
primary and metastatic tumors), and pharmacodynamics. This approach has been tested 
preclinically using imaging modalities such as a radiolabeled nanobody PET tracer targeting 
M2 marker CD206.109 Clinically, the FDA and EMA approved imaging agent Lymphoseek 
(99mTc-tilmanocept) targeting CD206 has been used for lymphatic mapping in sentinel lymph 
node biopsy in multiple cancer types, including breast cancer.110
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SUPPLEMENTARY TABLE 2.
Clinical trials with drugs targeting macrophages for non-breast cancer indication.

Ang2: angiopoietin-2; C: colorectal cancer; CCL2: chemokine (C-C motif) ligand 2; CCR2: CCL2 receptor; COX-
2: cyclooxygenase-2; CR3: complement receptor 3; CSF1(R): colony stimulating factor 1 (receptor); E: esophageal 
carcinoma; L: non-small cell lung cancer; M: melanoma; na: not applicable; Pa: pancreatic cancer; S: solid tumors; 
SIRPα: signal-regulatory protein alpha; T: tenosynovial giant cell tumor; TLR7: toll-like receptor 7. 

Drugs: ABBV-428: CD40 agonistic bispecific mAb; ADC-1013: CD40 agonistic mAb; AMG820; anti-CSF1R mAb; 
APX005M: CD40 agonistic mAb; BMS-813160: CCR2 antagonist; cabiralizumab: anti-CSF1R monoclonal antibody 
(mAb); CCX872-b: CCR2 antagonist; CC-90002: anti-CD47 mAb; ChiLob 7/4: CD40 agonistic mAb; DCC-3014 : 
anti-CSF1R mAb; Hu5F9-G4: anti-CD47 mAb; MEDI3617: anti-Ang2; MEDI9197: TLR7/8 agonist; PF-04136309: 
CCR2 antagonist; plozalizumab: anti-CCR2 mAb; rovelizumab: anti-CR3 antibody; SEA-CD40: CD40 agonistic 
mAb.

Drugs combined with: durvalumab: anti-programmed death ligand 1 (PDL1) mAb; ipilimumab: anti- cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4) mAb; nivolumab: anti-programmed death 1 (PD1) mAb; 
pembrolizumab: anti-PD1 mAb; tremelimumab: anti-CTLA4 mAb
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ABSTRACT

Macrophages can promote tumor development. Preclinically, targeting macrophages by 
colony-stimulating factor 1 (CSF1)/CSF-1 receptor (CSF1R) monoclonal antibodies (mAbs) 
enhances conventional therapeutics in combination. The biodistribution and tumor uptake of 
CSF1R mAbs are unknown. Therefore, we radiolabeled a murine CSF1R-mAb and preclinically 
visualized its biodistribution by positron emission tomography (PET). CSF1R-mAb was 
conjugated to N-succinyl-desferrioxamine (N-suc-DFO) and subsequently radiolabeled with 
zirconium-89 (89Zr). Optimal protein tracer dose was determined in non-tumor-bearing mice 
to assess physiological distribution. Next, biodistribution of optimal tracer dose and 89Zr-
labeled isotype control were compared with PET and ex vivo biodistribution after 24 and 72 
hours in mammary-tumor-bearing mice. Tissue autoradiography and immunohistochemistry 
determined radioactivity distribution and tissue macrophage presence, respectively. [89Zr]
Zr-DFO-N-suc-CSF1R-mAb optimal protein dose was 10 mg/kg, with circulatory levels of 
10±2 % injected dose per gram tissue (ID/g) and spleen and liver uptake of 17±4 and 11±4 
%ID/g at 72 hours. In contrast, 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb was eliminated 
from circulation within 24 hours, spleen and liver uptake were 126±44 % and 34±7 %ID/g, 
respectively. Tumor-bearing mice showed higher uptake of [89Zr]Zr-DFO-N-suc-CSF1R-mAb 
in liver, lymphoid tissues, duodenum, and ileum, but not in tumor compared to 89Zr-labeled 
control at 72 hours. 89Zr was localized to macrophages within lymphoid tissues. Following 
[89Zr]Zr-DFO-N-suc-CSF1R-mAb administration, tumor macrophages were almost absent, 
whereas isotype tumors contained over 500 cells/mm2. We hypothesize that intratumoral 
macrophage depletion by [89Zr]Zr-DFO-N-suc-CSF1R-mAb precluded tumor uptake 
higher than 89Zr-labeled control. Translation of molecular imaging of macrophage targeting 
therapeutics to humans may support macrophage-directed therapeutic development.
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INTRODUCTION
The tumor microenvironment comprises several cell types, including fibroblasts and many 
different immune cells. Recently, macrophages gained attention as an important part of the 
intratumoral immune cell compartment. A high number of tumor-associated macrophages 
(TAMs) correlates with higher tumor grade and a worse prognosis for patients with several 
cancer types.1-4

In various preclinical mouse tumor models, TAMs have been targeted with small molecules 
or antibodies, resulting in depletion, repolarizing, activation, or inhibiting recruitment to the 
tumor.5-12 These strategies synergized with antitumor effects of cancer therapies, including 
immune checkpoint inhibitors, chemotherapy, and radiotherapy.5-14 Especially in preclinical 
models of mammary tumors, strong synergistic antitumor effects were seen when treatment 
modalities were combined with targeting TAMs.9-11,13,14 One of these preclinical models is 
the K14cre;Cdh1F/F;Trp53F/F (KEP) mouse model for spontaneous mammary tumorigenesis. 
Mammary tumors arising in KEP mice resemble human invasive lobular carcinomas15 and 
are strongly infiltrated with macrophages.11 Targeting TAMs in the KEP model provoked a 
type 1 interferon response, which enhanced the efficacy of platinum-based chemotherapies.11 

One of the major routes for targeting TAMs is inhibition of the colony-stimulating 
factor-1 (CSF1) - CSF1 receptor (CSF1R) axis. The CSF1-CSF1R axis is a crucial macrophage 
survival and differentiation pathway.16 Multiple monoclonal antibodies (mAbs) targeting 
CSF1R have been developed to disrupt the immunosuppressive tumor microenvironment, 
and are evaluated in early clinical trials. They generally appear tolerable, but monotherapy 
efficacy is still limited.1,17 Macrophage targeting as an adjunct to potentiate chemo-, immuno- 
or radiotherapy may be more successful. However, whole-body distribution and tumor uptake 
of CSF1R mAbs is lacking. 

Breast cancer is thought to be relatively insensitive to immunotherapy compared to other 
tumor types, which is why combination strategies to improve efficacy are potentially relevant.18 
Noninvasive imaging of CSF1R mAb biodistribution could provide information regarding 
physiological distribution and tumor targeting, and thereby support the rational design of 
combination strategies that include macrophage targeting for breast cancer.19-21 Choosing a 
preclinical model reflecting the complexity of the tumor immune microenvironment and its 
components is thereby essential to mimic the human setting.

Therefore, in the present study, we radiolabeled a CSF1R mAb that targets murine 
CSF1R with chelate N-succinyl (N-suc) desferrioxamine (DFO) coupled to positron emission 
tomography (PET) isotope zirconium-89 (89Zr). Thus, its behavior in a mouse model bearing 
an orthotopically transplanted KEP tumor can be studied. We tested the impact of protein dose 
on [89Zr]Zr-DFO-N-suc-CSF1R-mAb pharmacokinetics. Furthermore, with complementary 
ex vivo techniques including autoradiography and immunohistochemistry, mAb localization, 
and the presence of tissue macrophages were assessed.
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MATERIALS AND METHODS
Antibody conjugation and labeling
Anti-mouse CSF1R mAb (rat IgG2a; clone AFS98) and rat IgG2a isotype control (clone 2A3) 
were obtained from BioXCell. Antibodies were conjugated to tetrafluorophenol-N-succinyl 
desferrioxamine B-Fe (TFP-N-suc-DFO-Fe; ABX). To improve conjugation efficiency, 
antibodies were concentrated using Vivaspin 2, 10 kilodalton (kDa) centrifugal concentrators 
(Sartorius). The pH was adjusted to 9.5 using 0.1 M Na2CO3, followed by a 7-fold molar excess 
of TFP-N-suc-DFO-Fe. After a 1-hour incubation at room temperature with mild agitation, 
conjugation efficiency was determined using a Waters size-exclusion high-performance liquid 
chromatography (SE HPLC) system. This SE HPLC system is equipped with a dual-wavelength 
absorbance detector (280 nm versus 430 nm), and TSK-gel SW column G3000SWXL 5 µM, 
7.8 mm (Joint Analytical Systems) using phosphate-buffered saline (PBS; 9.0 mM sodium 
phosphate, 1.3 mM potassium phosphate, 140 mM sodium chloride, pH 7.4; UMCG; flow 0.7 
mL/min) as mobile phase. On average, 4 molecules of TFP-N-suc-DFO-Fe were conjugated to 
1 antibody molecule CSF1R-mAb or IgG2a. Next, pH was adjusted to 4.5 using 0.25 M H2SO4, 
and a 50-fold molar excess EDTA was added to remove Fe during 90 minutes of incubation at 
37 °C with mild agitation. The reaction mixture was purified using a PD Minitrap G-25 (GE 
Healthcare Life Sciences) according to manufacture gravity protocol to deplete unbound TFP-
N-suc-DFO and EDTA. After purification, protein concentration and purity were assessed by 
UV-Vis spectrophotometry (Cary 60 Agilent) and SE HPLC, respectively. 

Thus obtained purified intermediates DFO-N-suc-CSF1R-mAb and DFO-N-suc-IgG2a 
were radiolabeled with [89Zr]Zr-oxalate (Perkin Elmer) as described before.22 Radiochemical 
purity was assessed by a trichloroacetic acid precipitation assay23, and antibody purity was 
assessed by SE-HPLC using an absorbance detector (280 nm) and in-line radioactivity 
detector.22 

CSF1R binding assay
Maintained immunoreactivity of DFO-N-suc-CSF1R-mAb to CSF1R extracellular domain 
was determined using an ELISA assay. A Nunc 96-well polystyrene conical bottom microwell 
plate (Thermo Fisher Scientific) was coated overnight at 4 °C with 1 µg/mL recombinant mouse 
CSF1R protein (Sino Biological) in a 100 µL 0.05 M Na2CO3 solution; pH 9.6. Next, wells were 
washed three times, with 0.05% polysorbate 20/PBS. The aspecific binding was blocked with 
a 0.5% bovine serum albumin (BSA; Sigma-Aldrich)/0.05% polysorbate 20/PBS for 2 hours. 
Subsequently, the plate was incubated at room temperature with 100 µL concentration series 
of parental CSF1R-mAb or DFO-N-suc-CSF1R-mAb ranging from 0.001 - 20 nM. After 1 
hour incubation, wells were washed 3 times and incubated with peroxidase-conjugated rabbit 
anti-rat polyclonal Ab (P0450; Dako) for 30 minutes at room temperature. Finally, wells were 
washed three times and incubated for 5 minutes with 3,3’,5,5’-tetramethylbenzidine (SureBlue 
Reserve; Seracare) followed by 1 M of hydrochloric acid to stop the reaction. Absorbance was 
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measured at 450 nm in a microplate reader. 

Animal experiments
All animal experiments were approved by both the Institutional Animal Care and Use 
Committee of the University of Groningen and the Netherlands Cancer Institute. Food and 
water were provided ad libitum. Female FVB/N mice of 10-12 weeks of age (Janvier Labs) 
were studied. Mammary tumors from the KEP mouse model for spontaneous mammary 
tumorigenesis were collected to be implanted in FVB/N female mice.11,15 In short, KEP 
tumors were collected in ice-cold PBS and cut into small pieces and resuspended in DMEM 
F12 containing 60% FCS and 20% dimethyl sulfoxide and stored at -150 °C. KEP tumor pieces 
(1x1 mm) were placed into the mammary fat pad of FVB/N female mice. Tumor growth was 
monitored twice weekly by palpation and caliper measurements. The tracer was retro-orbitally 
injected when tumors reached a size of 200 to 400 mm3. Mice were allocated randomly to 
tracer groups. Tracer doses comprised 0.4 mg/kg (10 µg, 0.067 nmol) 89Zr-labeled antibody, 
and at higher doses, an unlabeled antibody up to 4 mg/kg (100 µg, 0.67 nmol) or 10 mg/
kg (250 µg, 1.67 nmol) was added. Mice were anesthetized during microPET scanning with 
isoflurane/oxygen inhalation (5% induction, 2.5% maintenance). Details regarding tracer 
dose, number of animals, microPET scans, and time of biodistribution are included in the 
figure legends.

MicroPET scanning and ex vivo biodistribution
All microPET scans were executed in a Focus 200 rodent scanner (CTI Siemens). Mice 
were kept warm on heating mats. A transmission scan of 515 s was obtained using a 57Co 
point source for tissue attenuation. The reconstruction of microPET scans was performed 
as previously described.24 After reconstruction, images were interpolated with trilinear 
interpolation using PMOD software (v3.7, PMOD Technologies LLC). Coronal microPET 
images or maximal intensity projection images were used for display. Volumes of interest 
(VOI) of the whole tumor were drawn based on biodistribution tumor weight. For the heart, 
a 92 mm3 ellipsoid VOI in the coronal plane was drawn. Furthermore, representative VOIs 
were drawn for spleen and liver and subsequently quantified. Data are expressed as the mean 
standardized uptake value (SUVmean). 

For all ex vivo biodistribution studies, tumor, whole blood, and organs of interest were 
retrieved and weighed. Whole blood was collected in sodium heparin tubes (BD) and was 
fractionated by centrifugal force to obtain plasma. Samples, together with tracer standards, 
were counted in a calibrated well-type g-counter (LKB Instruments). Tracer uptake is 
expressed as the percentage injected dose per gram of tissue (%ID/g).
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Ex vivo autoradiography and immunohistochemistry
Organs of interest, including tumors, were fixed in formalin (4% paraformaldehyde/
PBS) overnight, followed by paraffin embedding. Four µm sections were subsequently 
exposed overnight to a phosphor screen (PerkinElmer) in an X-ray cassette. Signal was 
detected with a Cyclone Storage Phosphor System (PerkinElmer). Slides used for ex vivo 
autoradiography were deparaffinized. After that, they were stained with H&E and digitalized 
with NanoZoomer and NDP software (Hamamatsu). Subsequent slides were stained for 
murine pan-macrophage marker F4/80 with a rat anti-mouse F4/80 mAb (CI:A3; Bio-Rad) by 
immunohistochemistry. For antigen retrieval, slides were incubated for 15 minutes at 95 °C in 
citrate buffer (10 mM, pH 6). The primary antibody was used in a 1:250 dilution for overnight 
incubation at 4°C. This incubation was followed by a rabbit anti-rat (1:100; P0450; Dako), 
and a peroxidase-conjugated goat anti-rabbit polyclonal Ab (1:100; P0448; Dako). Peroxidase 
activity was visualized by the addition of 3,3’-diaminobenzidine. Any membrane staining was 
considered positive. Tumoral F4/80 staining was quantified by counting positive cells in three 
representative fields containing both epithelial and stromal tumoral tissue and expressed as 
the average number of cells per mm2. 

Statistical analysis 
Statistical analyses were performed using GraphPad Prism 7.02. Unless otherwise stated, data 
are presented as mean ± standard deviation. Unpaired t-test served to test differences between 
two groups. P values ≤ 0.05 were considered significant.

RESULTS
In vitro characterization of [89Zr]Zr-DFO-N-suc-CSF1R-mAb
We successfully conjugated and radiolabeled CSF1R-mAb and IgG2a with 89Zr at a specific 
activity of 60-75 MBq/nmol. Radiochemical purity exceeded 95%, and high molecular weight 
species were below 5% (Fig. 1A). The intermediate DFO-N-suc-CSF1R-mAb maintained 
binding to CSF1R comparable to unconjugated CSF1R-mAb in the ELISA-based binding 
assay (Fig. 1B). 

Biodistribution of 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb biodistribution in 
non-tumor-bearing FVB/N mice
PET imaging in non-tumor-bearing mice revealed low blood pool levels of [89Zr]Zr-DFO-N-
suc-CSF1R-mAb with SUVmean of 0.3 ± 0.04 at 24 and 0.2 ± 0.04 at 72 hours after injection 
(Fig. 2A and B). Spleen uptake showed a mean SUVmean of 5.6 ± 1.1 at 24 and 5.8 ± 1.0 at 72 
hours (Fig. 2B). Similar high uptake was observed in the liver with SUVmean of 5.4 ± 0.5 and 
4.8 ± 0.7 at 24 hours and 72 hours, respectively (Fig. 2B). High uptake in spleen and liver, with 
spleen uptake at 72 hours after injection of 115 ± 23 %ID/g and liver uptake of 31 ± 5 %ID/g, 
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was confirmed by ex vivo biodistribution (Fig. 2C). Also, ex vivo biodistribution showed 
uptake in mesenteric and axillary lymph nodes, duodenum, ileum, and bone marrow (Fig 2C). 
Autoradiography at 72 hours showed a 89Zr distribution pattern for the spleen overlapping 
with the macrophage containing red pulp, and for mesenteric lymph nodes overlapping with 
the macrophage containing non-follicular regions (Fig. 2D). For the ileum, no specific 89Zr 
distribution pattern was observed, except for some slightly elevated aspecific uptake in regions 
showing autolysis (Fig. 2D). Thus, 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb distributed 
quickly to spleen and liver, with macrophage-specific localization in lymphoid organs. 

Biodistribution of 4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb biodistribution in 
non-tumor-bearing FVB/N mice
MicroPET imaging 24 hours after 4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb administration, 
revealed a higher SUVmean of 1.9 ± 0.3 in the blood pool (Fig. 3A and B) and 11.2 ± 1.8 %ID/g 
by ex vivo biodistribution (Fig. 3C). Again no [89Zr]Zr-DFO-N-suc-CSF1R-mAb was present 
in the blood pool 72 hours after injection, as shown by PET with a SUVmean of 0.2 ± 0.04 
and by ex vivo biodistribution 0.4 ± 0.2 %ID/g (Fig. 3B and C). Also for the 4 mg/kg dose 
after 24 and 72 hours, there was clear spleen and liver uptake (Fig. 3A), but uptake was lower 
compared to the 0.4 mg/kg group at both time points (Fig. 2B and 3B). Ex vivo biodistribution 
was in line with microPET findings (Fig. 3C). Ex vivo biodistribution at 24 hours after tracer 
administration further revealed enriched [89Zr]Zr-DFO-N-suc-CSF1R-mAb in plasma over 
whole blood levels (Fig. 3C). In short, this demonstrates that 4 mg/kg [89Zr]Zr-DFO-N-suc-
CSF1R-mAb marginally increased circulating levels and visualized spleen and liver.

FIGURE 1.
In vitro characteristics of CSF1R-mAb, DFO-N-suc-conjugated and 89Zr-labeled mAb. (A) Representative binding 
curve of CSF1R-mAb and IgG2a binding to mouse CS1R recombinant protein. (B) Representative binding curve of 
DFO-N-suc-CSF1R-mAb and CSF1R mAb binding to mouse CSF1R recombinant protein. (C) Representative SE 
HPLC of [89Zr]Zr-DFO-N-suc-CSF1R-mAb 280 nm signal (black) with the radiochemical signal overlay (green). 
mAb, monoclonal antibody; AU, absorbance unit. 
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FIGURE 2.
Biodistribution of 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice (A) 
Representative maximal intensity projection PET images of non-tumor-bearing FVB/N mice 24 and 72 hours after 
intravenous administration of 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb. (B) PET quantification of spleen, liver 
and blood pool at 24 (n = 8) and 72 (n = 4) hours after [89Zr]Zr-DFO-N-suc-CSF1R-mAb administration. Data are 
represented as mean SUVmean ± standard deviation. (C) Ex vivo biodistribution at 24 (n = 4) and 72 (n = 4) hours 
after administration of 0.4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb intravenously. (D) Ex vivo autoradiography of 
spleen, mesenteric lymph node, and ileum tissue (upper panel) and matching hematoxylin and eosin staining on 
the same tissue slide. Spleen, mesenteric lymph node, and ileum were exposed to different phosphor plates. Ileum 
magnification depicting autolysis. L, liver; S, spleen; BAT, brown adipose tissue; MLN, mesenteric lymph nodes; 
ALN, axillary lymph nodes. %ID/g, percentage injected dose per gram of tissue; H&E, hematoxylin and eosin. 
of [89Zr]Zr-DFO-N-suc-CSF1R-mAb 280 nm signal (black) with the radiochemical signal overlay (green). mAb, 
monoclonal antibody; AU, absorbance unit. 
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Biodistribution of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb biodistribution in 
non-tumor-bearing FVB/N mice
After administration of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb, microPET visualized 
blood pool as well as liver and spleen (Fig. 4A). Blood pool levels at 24 and 72 hours showed 
a SUVmean of 2.8 ± 0.4 and 1.8 ± 0.2, respectively (Fig. 4B). Spleen SUVmean was 1.3 ± 0.2 at 
24 hours and 1.5 ± 0.02 at 72 hours after tracer administration (Fig. 4B). Liver SUVmean was 
2.6 ± 0.3 at 24 hours and 2.4 ± 0.1 at 72 hours. Ex vivo biodistribution confirmed PET results, 
with a high presence in blood pool and high uptake in liver, and spleen 24 and 72 hours after 
tracer administration (Fig. 4C). Ex vivo biodistribution showed for liver, spleen, duodenum, 
and ileum no change in uptake between 24 and 72 hours after tracer administration (Fig. 4C). 

Comparing all three dose groups, ex vivo biodistribution of [89Zr]Zr-DFO-N-suc-
CSF1R-mAb showed a clear dose-dependent increase in blood levels (Suppl. Fig 1A-B), with 

FIGURE 3.
Biodistribution of 4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice (A) Representative 
maximal intensity projection PET images of non-tumor-bearing FVB/N mice 24 and 72 hours after administration of 
4 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb intravenously. (B) PET quantification of spleen, liver and blood pool at 
24 (n = 7) and 72 (n = 4) hours after [89Zr]Zr-DFO-N-suc-CSF1R-mAb administration. Data are presented as mean 
+ standard deviation. (C) Ex vivo biodistribution at 24 (n = 3) and 72 (n = 4) hours after administration of 4 mg/kg 
[89Zr]Zr-DFO-N-suc-CSF1R-mAb intravenously. Data are expressed as mean + standard deviation. B, blood pool; 
L, liver; S, spleen; SUVmean, mean standardized uptake value; BAT, brown adipose tissue; MLN, mesenteric lymph 
nodes; ALN, axillary lymph nodes. % ID/g, percentage injected dose per gram of tissue.



CHAPTER 8

160

the lowest dose rapidly eliminating from circulation and distributing predominantly to liver 
and spleen. Increasing the tracer dose decreased uptake in spleen and liver and increased 
blood levels of [89Zr]Zr-DFO-N-suc-CSF1R-mAb at 24 hours (Suppl. Fig 1A) and 72 hours 
(Suppl. Fig 1B). Increasing tracer dose trended to a dose-dependently decrease in duodenum 
and ileum uptake (Suppl. Fig 1A and B).

Uptake of [89Zr]Zr-DFO-N-suc-CSF1R-mAb and [89Zr]Zr-DFO-N-suc-IgG2a in 
KEP tumor-bearing FVB/N mice
As 10 mg/kg of [89Zr]Zr-DFO-N-suc-CSF1R-mAb showed blood pool levels up to 72 hours, 
we compared the biodistribution of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb and 10 mg/
kg isotype control [89Zr]Zr-DFO-N-suc-IgG2a in orthotopic KEP tumor-bearing FVB/N 

FIGURE 4.
Biodistribution of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N mice (A) 
Representative maximal intensity projection PET images of non-tumor-bearing FVB/N mice 24 and 72 hours after 
intravenous administration of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb. B = blood pool; L = liver; S = spleen. 
(B) PET quantification of spleen, liver and blood pool at 24 (n = 6) and 72 (n = 3) hours after [89Zr]Zr-DFO-N-suc-
CSF1R-mAb administration. Data are presented as mean SUVmean ± standard deviation. (C) Ex vivo biodistribution 
at 24 (n = 3) and 72 (n = 4) hours after administration of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb. Data are 
expressed as mean + standard deviation. B, blood pool; L, liver; S, spleen; SUVmean, mean standardized uptake value; 
BAT, brown adipose tissue; MLN, mesenteric lymph nodes; ALN, axillary lymph nodes. % ID/g, percentage injected 
dose per gram of tissue.
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FIGURE 5.
Biodistribution of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb and [89Zr]Zr-DFO-N-suc-IgG2a antibody in KEP 
tumor-bearing FVB/N mice (A) Representative maximal intensity projection PET images of KEP tumor-bearing 
FVB/N mice 24 and 72 hours after intravenous administration of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb or 
[89Zr]Zr-DFO-N-suc-IgG2a antibody. PET quantification of (B) tumor,              legend continues on next page
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mice. Tumor, liver, and heart region, representing the blood pool, showed visual uptake by 
microPET with both tracers (Fig. 5A). Spleen was only visualized following [89Zr]Zr-DFO-
N-suc-CSF1R-mAb administration (Fig. 5A). At 72 hours after [89Zr]Zr-DFO-N-suc-IgG2a 
administration, there was a higher presence in tumor and blood pool and less in liver and 
spleen than for [89Zr]Zr-DFO-N-suc-CSF1R-mAb (Fig 5B-E). When corrected for blood pool 
levels, tumor SUVmean was similar for both tracers (data not shown). This was confirmed by 
ex vivo biodistribution, which also showed no specific tumor uptake of [89Zr]Zr-DFO-N-suc-
CSF1R-mAb (Fig. 5F). Ex vivo analyses showed at 72 hours higher uptake of [89Zr]Zr-DFO-
N-suc-CSF1R-mAb than [89Zr]Zr-DFO-N-suc-IgG2a in primary and secondary lymphoid 
tissues. These included spleen, mesenteric lymph nodes, axillary lymph nodes, thymus, and 
bone marrow (Fig. 5F). In addition, specific uptake of [89Zr]Zr-DFO-N-suc-CSF1R-mAb 
was observed in liver, duodenum, and ileum (Fig. 5F). Ten-fold fewer macrophages were 
observed in tumors from mice that received 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb (47 
± 77 per mm2) compared to [89Zr]Zr-DFO-N-suc-IgG2a (525 ± 111 per mm2) as assessed by 
immunohistochemistry (Fig. 5G and H).

DISCUSSION
This is the first molecular imaging study to analyze the biodistribution of a CSF1R mAb. 
A low protein dose of [89Zr]Zr-DFO-N-suc-CSF1R-mAb resulted within 24 hours in tracer 
elimination from the blood pool due to distribution to CSF1R rich organs, such as liver, spleen, 
lymph nodes, duodenum, and ileum. Increasing the protein dose up to 10 mg/kg resulted in 
circulating tracer levels up to 72 hours. There was CSF1R specific uptake by macrophages in 
spleen and liver but not in the tumor with [89Zr]Zr-DFO-N-suc-CSF1R-mAb most likely due 
to tracer-mediated depletion of intratumoral macrophages. 

Macrophages are widely spread across many organs in which they are involved in 
tissue homeostasis. Many different tissue-resident macrophages express CSF1R, such 
as Kupffer cells in the liver, red pulp macrophages in the spleen, and macrophages in the 
intestine.25-27 Besides, macrophages can have tumor-promoting characteristics in the tumor 
microenvironment.5-12 The CSF1R mAb has to reach the tumor to deplete these protumor 
macrophages. This study demonstrates that [89Zr]Zr-DFO-N-suc-CSF1R-mAb is not 
exclusively targeting tumor macrophages but preferably distributes to other organs with high 

FIGURE 5. - continued 
(C) blood pool, (D) liver, (E) spleen at 24 (n = 3) and 72 (n = 3) hours after [89Zr]Zr-DFO-N-suc-CSF1R-mAb 
or [89Zr]Zr-DFO-N-suc-IgG2a antibody administration. Data are presented as mean + standard deviation. (E) Ex 
vivo biodistribution at 72 hours after administration of 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb (n = 3) or 
[89Zr]Zr-DFO-N-suc-IgG2a (n = 3) antibody. Data are expressed as mean + standard deviation. (G) Representative 
immunohistochemistry of F4/80 in KEP tumors of FVB/N mice at 72 hours after administration of [89Zr]Zr-
DFO-N-suc-CSF1R-mAb or [89Zr]Zr-DFO-N-suc-IgG2a intravenously. (H) Quantification of tumoral F4/80 
immunohistochemistry. *P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 (unpaired t-test). B, blood pool; L, liver; S, spleen; T, 
tumor; SUVmean, mean standardized uptake value; BAT, brown adipose tissue; MLN, mesenteric lymph nodes; ALN, 
axillary lymph nodes. % ID/g, percentage injected dose per gram of tissue.
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macrophage presence such as liver and spleen, removing the antibody from circulation. The 
low number of intratumoral macrophages observed in our study after 10 mg/kg of [89Zr]
Zr-DFO-N-suc-CSF1R-mAb administration, can explain the lack of specific tumor uptake 
of [89Zr]Zr-DFO-N-suc-CSF1R-mAb. [89Zr]Zr-DFO-N-suc-CSF1R-mAb still reached 
the tumor, and due to the relatively high protein dose already eliminated CSF1R positive 
macrophages within the 72 hours exposure. CSF1R single antibody activity on the tumor 
microenvironment in this tumor model was also reported earlier.11 In this study, 225 mm3 
KEP tumors were treated with 60 mg/kg CSF1R-mAb intraperitoneally loading dose and 30 
mg/kg intraperitoneally once per week, corresponding to 1.5 mg and 0.75 mg based on a 25 g 
mouse.11 CSF1R-mab-treated tumors showed less tumoral macrophages compared to control 
treatment as assessed by immunohistochemistry and flow cytometry.11 In that study, CSF1R-
mAb alone, however, did not demonstrate antitumor effects, whereas the combination with 
cisplatin showed synergistic antitumor effects.11

Similar to our study, using single-photon emission computed tomography (SPECT) 
isotope indium-111 (111In) labeled antibody targeting the pan-mouse macrophage marker 
F4/80, antibody tumor uptake did not differ from isotype control in a human breast cancer 
cell line MDA-MD-231 xenograft.28 When corrected for blood pool levels, tumor uptake was 
higher for 111In-labeled anti-F4/80 than isotype control. However, this was only tested at a 
low protein dose of 10 µg (~0.4 mg/kg), and thus, a major difference in elimination half-life. 
This tracer was studied in an immunodeficient SCID/beige mouse model with an impaired 
immune system to allow the engraftment of a human breast cancer xenograft. The impaired 
immune system and a xenograft tumor make it challenging to translate these results into 
an immunocompetent model. Noteworthy, F4/80 has no human macrophage equivalent and 
is therefore not a drug target. Another SPECT study in mice used a radiolabeled antibody 
against a different macrophage marker, namely CD206. In that study, biodistribution was 
determined as early at 24 hours after 125I-labeled tracer administration reporting whole blood 
pool levels of 10 %ID/g.29 Of interest, in that study specific tumor uptake was observed. We 
could not use a CD206-mAb, as CD206 showed low expression by the tumor-associated 
macrophages in our model.11

By ex vivo biodistribution in our study, high specific uptake was observed in the 
duodenum and ileum. This uptake could be explained by the presence of an abundant number 
of macrophages in the lamina propria of the murine small intestine.26 PET allowed us to 
demonstrate the uptake in liver, spleen, and blood over time. Nevertheless, PET was unable 
to detect clear uptake in lymph nodes and the intestine, possibly related to the detection limit 
of the camera. Gastrointestinal specificity is in line with specific duodenum uptake observed 
with ex vivo biodistribution in a study using 111In-labeled F4/80 mAb.28 

In our study at a dose of 0.4 mg/kg, low blood pool levels of CSF1R mAb were observed at 
24 hours post-administration. The extensive availability of the CSF1R target as a macrophage 
marker in organs such as liver and spleen might act as an antibody sink. Similarly, 111In-
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labeled F4/80-mAb demonstrated low blood pool levels and high uptake in liver and spleen at 
24 hours post-injection of 10 µg tracer.28 In that study, increasing the protein dose by 10-fold 
only slightly increased blood pool levels of 111In-F4/80-mAb. Besides, SPECT visualized the 
kidneys at 24 hours post 100 µg tracer administration, which questions the tracer’s in vivo 
stability.

These findings demonstrate that antibodies targeting macrophages distribute fast to their 
target and are thus rapidly eliminated from circulation at low tracer doses in the preclinical 
setting. Similar results were observed in a clinical trial where pharmacokinetic analysis in 
healthy volunteers of a clinical mAb binding CSF1. This trial suggested target-mediated 
drug disposition as the mechanism responsible for the decline of free CSF1 mAb in serum 
at low doses up to 5 mg/kg.30 In oncology, many CSF1/CSF1R-targeting drugs are in clinical 
trials, often in combination with immune checkpoint blockade.1 In early-phase clinical trials 
in patients with advanced cancer, elevation of liver enzymes has been observed with the 
CSF1 mAb AMG 820 and the CSF1R mAb MCS110.31,32 This increase could be related to 
the depletion of CSF1R positive Kupffer cells without any actual liver tissue damage, as seen 
in cynomolgus macaques treated with a CSF1-mAb.33 In turn, this could be linked to our 
observation of high liver uptake of [89Zr]Zr-DFO-N-suc-CSF1R-mAb. 

As the CSF1-CSF1R axis results in pan-macrophage depletion, reprogramming or 
activating TAMs more specifically to a more antitumor role may elicit additional benefits. 
An example is targeting the macrophage receptor with collagenous structure (MARCO). 
This scavenging receptor is constitutively expressed by subpopulations of macrophages, 
particularly those of the spleen’s marginal zone, lymph node medulla, and by residential 
peritoneal macrophages.34 MARCO expression on liver macrophages showed conflicting 
results, with both absence as well as higher immunohistochemical MARCO expression 
on peritumoral macrophages compared to intratumoral macrophages of hepatocellular 
carcinoma.34-36 MARCO is expressed by TAMs in human breast cancer and correlated with 
poor clinical outcome.37,38 AntiMARCO mAb arrested tumor growth and lowered metastasis 
in a mouse 4T1 mammary carcinoma model by reprogramming TAMs.36 No clinical trials 
for MARCO targeting therapy are described. Biodistribution of such novel therapeutics is 
still unknown, and future studies may provide more insight in TAM biology and support the 
development of drugs selectively targeting TAMs.

Our study highlights the need for more biodistribution studies to enhance our 
understanding of macrophage targeting antibodies. Studying CSF1R biodistribution in 
humans may support elucidating the role of CSF1R positive macrophages in healthy tissues as 
well as breast cancer treatment and optimizing (combination) targeting strategies. 
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SUPPLEMENTAL FIGURE 1.
Ex vivo biodistribution of 0.4, 4 and 10 mg/kg [89Zr]Zr-DFO-N-suc-CSF1R-mAb in non-tumor-bearing FVB/N 
mice. (A) Ex vivo biodistribution at 24 hours after administration of 0.4 (n = 4), 4 (n = 3) or 10 mg/kg (n = 3) [89Zr]Zr-
DFO-N-suc-CSF1R-mAb intravenously. Data are expressed mean + standard deviation. (B) Ex vivo biodistribution 
at 72 hours after administration of 0.4 (n = 4), 4 (n = 4) or 10 mg/kg (n = 4) [89Zr]Zr-DFO-N-suc-CSF1R-mAb. 
Data are expressed as mean + standard deviation. BAT, brown adipose tissue; MLN, mesenteric lymph nodes; ALN, 
axillary lymph nodes. % ID/g, percentage injected dose per gram of tissue.

SUPPLEMENTARY DATA
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SUMMARY 
Cancer is a significant cause of death worldwide.1,2 Treatment consists of surgery, radiation 
therapy, and systemic therapy. Monoclonal antibodies (mAb) have become an increasing 
part of the systemic treatment of cancer.3 With the landscape-transforming arrival of 
cancer immunotherapy, such as drugs that block immune checkpoints, durable responses 
are observed for several different cancer types, including melanoma and non-small-cell 
lung cancer. Regrettably, only part of the patients initially respond, and once responded, 
resistance to immune checkpoint blockade may occur.4 Therefore, new treatment options are 
explored to enhance the immune system. These approaches include engaging T cells or inhibit 
immunosuppressive cell types like tumor-associated macrophages (TAMs). 

By redirecting T cells to infiltrate the tumor, T cells might release their cytotoxic 
potential.5 Bispecific T cell engagers (BiTEs) or T cell-directed bispecific antibodies redirect 
T cells to a predefined tumor target. BiTEs redirect T cells by the CD3ε binding arm and 
the other arm directed at the tumor target. Tumor targets include epithelial cell adhesion 
molecule (EpCAM), carcinoembryonic antigen (CEA) and glypican 3 (GPC3). Upon the 
simultaneous binding of a T cell to CD3ε and its tumor target, T cells become activated and 
can kill tumor cells in an antigen-specific manner. The CD19 BiTE blinatumomab is the 
only bispecific anticancer drug approved.5 For solid malignancies, multiple T cell-directed 
bispecific antibody-based immunotherapeutics are in development.6 

TAMs in the tumor microenvironment can act as an immunosuppressive cell type 
promoting tumor progression.7 Targeting TAMs by for example targeting the survival 
pathway colony-stimulating factor 1 (CSF1)/CSF1 receptor (CSF1R) using mAbs, promotes 
the anti-tumor effect of other treatment strategies in preclinical cancer models. Multiple TAM 
targeting approaches are being evaluated in clinical trials.7 

Limited information is available regarding the pharmacological behavior of these new 
molecular entities. Radiolabeling these types of drugs with positron emission tomography 
(PET) isotopes allows molecular imaging using PET to assess whole-body drug distribution 
and tumor targeting. Ex vivo, techniques like tissue autoradiography, radioactive gel 
electrophoresis of plasma or tissue lysate, and ex vivo biodistribution complement PET 
imaging. Thus, information is obtained on respectively intratumoral drug distribution, tracer 
integrity, and quantitative organ distribution. Overall, molecular imaging of radiolabeled 
drugs could provide information to support drug development. 

The research described in this thesis aims to gain insight in the pharmacological behavior 
of antibody-based immunotherapeutics using molecular imaging. 

In chapter 1, the background and outline of this thesis are described. In chapter 2, we 
aimed to define the role of molecular imaging in cancer drug development. We searched 
the literature with a focus on molecular imaging in the context of target expression, 
pharmacokinetics, and pharmacodynamics in cancer. We provide applications of molecular 
imaging regarding small-molecule cancer drugs, including inhibitors of epidermal growth 
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factor receptor, anaplastic lymphoma kinase, and poly(adenosine diphosphate ribose) 
polymerase. Also, molecular imaging applications of monoclonal antibodies are highlighted 
for growth factor receptors, immuno-oncology, and antibody-drug conjugates.

Furthermore, examples of monitoring pharmacodynamic responses upon anti-hormonal 
treatment using molecular imaging have been reported. Molecular imaging can answer 
multiple questions regarding in vivo drug behavior. Together with complementary techniques 
such as genomics, transcriptomics or proteomics, molecular imaging can serve as a tool to 
improve biomarker discovery, patient selection, and gain insight into drug mechanism of 
action and target engagement. 

Radiolabeling new cancer therapeutics allows us to study tumor targeting and whole-
body biodistribution. A new class of cancer therapeutics is BiTEs, a 55-kDa drug comprised 
of two single-chain Fv binding CD3ε and a tumor-associated antigen. AMG 110 is such a 
BiTE, directed at CD3ε on T cells and EpCAM on tumor cells, which is often overexpressed 
in epithelial malignancies. In chapter 3, we aimed to assess the tumor-targeting properties of 
zirconium-89 (89Zr) labeled and fluorescently labeled AMG 110 in xenograft bearing mice. 
Tumor uptake of 89Zr-AMG110 in an EpCAM positive xenograft was clearly visualized by 
PET imaging up to 72 hours after intravenous administration. Tumor uptake peaked at 6 and 
24 hours after 89Zr-AMG110 administration, reaching around 5% injected dose per gram of 
tissue. EpCAM negative xenografts were barely visible on PET images. Fluorescently labeled 
AMG 110 showed intratumoral distribution associated with viable tumor tissue. A non-
tumor targeting BiTE predominantly localized to necrotic tumor tissue. Together the data 
in this chapter showed proof-of-concept ability of BiTEs to distribute to tumor tissue in an 
antigen-dependent fashion.

AMG 110 showed limited anti-tumor efficacy and dose-limiting toxicity associated 
with physiological gastrointestinal EpCAM expression.8 The development of AMG 110 was 
subsequently discontinued. To improve the anti-tumor efficacy of the BiTE platform for 
solid tumors, a more restrictive tumor antigen is required. This led to the development of 
AMG 211, targeting human CEA, a pronounced tumor-associated antigen in gastrointestinal 
malignancies. We aimed to determine its tumor-targeting properties and biodistribution. For 
this, 89Zr-labeled and fluorescently labeled AMG 211 were studied in preclinical xenograft 
models in chapter 4. On top of in vivo distribution, we used ex vivo techniques to study 
AMG 211 integrity and intratumoral distribution. Finally, we manufactured 89Zr-AMG211, 
according to Good Manufacturing Practice (GMP), for a future clinical trial. 89Zr-AMG211 
showed dose-dependent tumor uptake at 6 hours after intravenous administration. The highest 
tumor uptake was observed with 2 µg and lowest tumor uptake with 500 µg of 89Zr-AMG211. 
Also, PET visualized only CEA positive xenografts after 10 µg administration at 24 hours after 
89Zr-AMG211 administration. Despite an elimination half-life of approximately 1 hour, the 
tumor retained tracer uptake for at least 24 hours. 89Zr-AMG211 showed a time-dependent 
and tumor-specific disintegration, resulting in low molecular weight species over 50% at 24 
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hours. Fluorescently labeled AMG211 localized predominantly to viable CEA-positive tumor 
tissue. Lastly, 89Zr-AMG211 was successfully manufactured according to GMP guidelines, 
fulfilling all predefined release specifications. This study illustrated the feasibility for assessing 
the in vivo pharmacological behavior and tumor-targeting properties of 89Zr-AMG211 in a 
preclinical setting, and GMP-compliance allowed for a subsequent clinical study. 

In the preclinical setting, as described in chapter 4, physiological tissue expression of 
human CEA and human CD3ε were absent. Therefore in chapter 5, we aimed to characterize 
the biodistribution and tumor uptake of 89Zr-AMG211 in a first-in-human study. This two-
center, molecular PET imaging phase I study was performed in patients with advanced 
gastrointestinal adenocarcinomas. We studied the biodistribution of 89Zr-AMG211 in healthy 
tissues and tumor lesions before and/or directly succeeding AMG 211 treatment. Patients 
received 37 MBq 89Zr-AMG211 intravenously with or without unlabeled AMG 211. Following 
tracer infusion, adverse events were monitored and graded according to NCI CTCAE v 4.03.9 
Before AMG 211 treatment, optimal imaging dose was 200 µg 89Zr-AMG211 and 1,800 µg 
unlabeled AMG 211. This dose resulted in a mean standardized uptake value (SUVmean) 
of 4.0 in the blood pool 3 hours after intravenous tracer administration. PET imaging 
revealed CD3ε-mediated uptake in spleen and bone marrow, with corresponding SUVmean 
of 3.2 and 1.8, respectively. Of 43 visible tumor lesions, 37 were quantifiable with PET with 
a median maximum SUV of 4.0 (interquartile range 2.7 - 4.4). Within and between patients, 
heterogeneity in tumor uptake was reflected by a 5-fold and 9-fold difference, respectively. Ex 
vivo analysis showed intact 

89Zr-AMG211 in the blood plasma and disintegrated species in 
the urine. After AMG 211 treatment, 89Zr-AMG211 was present in the circulation but was 
unable to visualize tumor lesions. The data presented in this chapter showed an accumulation 
of 89Zr-AMG211 in CD3ε-rich lymphoid tissues, as well as a clear, inter- and intra-individual 
heterogeneous tumor uptake. 

BiTEs are relatively small antibody-based therapeutics with serum half-lives of only 
several hours.5 They are prone to be eliminated from the circulation by kidneys due to the 
55-kDa size. Consequently, BiTEs are administered through continuous intravenous infusion 
to achieve stable serum levels and, thereby, sufficient drug exposure.5 Using a full-sized 
bispecific antibody format of around 150 kDa, circulating half-lives usually range from days 
to weeks in human, allowing a more patient-friendly dosing scheme. An example of such 
a full-sized T cell-redirecting antibody is ERY974, targeting CD3ε on T cells and glypican 
3 on tumor cells. Glypican 3 is overexpressed by several solid tumors, including a majority 
of hepatocellular carcinoma and a subset of breast cancers.10 In chapter 6, we radiolabeled 
ERY974 with 89Zr and studied its biodistribution by PET imaging in both xenograft-bearing 
immunodeficient as immunoproficient mouse models reconstituted with human immune 
cells. 89Zr-labeled control antibodies targeting CD3ε and non-mammalian protein keyhole 
limpet hemocyanin (KLH) or KLH only served to determine the impact of each arm on 
its biodistribution. Information on deep tissue distribution was obtained by ex vivo tissue 
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autoradiography. In immunodeficient mice, 89Zr-ERY974 tumor uptake was dependent on 
tumoral GPC3 expression. In mice engrafted with human immune cells, 89Zr-ERY974 tumor 
uptake was higher than for the same xenograft in immunodeficient mice. Ex vivo tissue 
autoradiography demonstrated preferential accumulation of 89Zr-ERY974 in stromal T-cell 
rich infiltrate. Next to the tumor, the highest uptake for 89Zr-ERY974 was observed in the 
spleen and lymph nodes. This study allows for a future clinical trial with 89Zr-ERY974 to 
study its pharmacological behavior in patients with cancer.

In contrast to cytotoxic T cells, TAMs play an important role in creating an 
immunosuppressive tumor microenvironment, thereby promoting cancer progression. 
TAMs are known to be involved in breast cancer progression.11 In a meta-analysis including 
over 2,000 patients with all-stage breast cancer, high TAM infiltration in the primary tumor 
predicted worse patient prognosis.12 In chapter 7, we aimed to define the landscape of the role 
of TAMs in breast cancer. We reviewed the available literature and clinical trials to identify the 
influence of TAMs on tumor progression and potential targets to alter TAM biology. TAMs 
are associated with poor prognosis in patients with breast cancer. In the preclinical setting, 
TAMs were found to promote breast cancer growth, invasion, and metastasis. In addition, we 
pointed out that TAMs mediate resistance to chemotherapy, radiotherapy, targeted therapy, 
and immunotherapy in mouse models of mammary carcinoma. Furthermore, we provided 
an overview of clinical trials with therapeutics targeting TAMs. Based on this data, targeting 
TAMs is a potential therapeutic strategy for breast cancer.

Targeting TAMS by inhibiting the pro-survival axis CSF1/CSF1R with mAbs is currently 
evaluated in clinical trials, as described in chapter 7. However, limited information is available 
regarding the biodistribution and tumor-targeting of such mAbs. Therefore in chapter 8, 
we radiolabeled an anti-murine CSF1R mAb to evaluate its biodistribution. For this, we 
used an immunocompetent mouse model of mammary carcinoma. First, the distribution 
of 89Zr-CSF1R-mAb to healthy tissues was determined in non-tumor-bearing mice in a 
dose-escalation study. Ex vivo autoradiography and immunohistochemistry were served to 
study the intratumoral distribution of 89Zr-CSF1R-mAb and the presence of TAMs. Next in 
tumor-bearing mice, the biodistribution of 89Zr-CSF1R-mAb was compared to a 89Zr-labeled 
isotype control. In non-tumor-bearing mice, 10 mg/kg resulted in circulating levels of 89Zr-
CSF1R-mAb for up to 72 hours. In contrast, 0.4 mg/kg 89Zr-CSF1R-mAb distributed mainly 
to spleen and liver, resulting in no tracer in the circulation at 24 hours after administration. 
In a mammary tumor model, 10 mg/kg 89Zr-CSF1R-mAb resulted in higher uptake in liver, 
lymphoid tissues, duodenum, and ileum, but not in tumor compared to 89Zr-labeled isotype 
control at 72 hours. Tissue autoradiography demonstrated CSF1R-specific localization of 89Zr 
in lymphoid tissues. Following 89Zr-CSF1R-mAb administration, TAMs were near absent 
as assessed by immunohistochemistry, whereas over 500 TAMs per mm2 were observed 
after 89Zr-labeled control. We hypothesize that the depletion of TAMs resulted in lower 
tumor uptake of 89Zr-CSF1R-mAb compared to 89Zr-labeled isotype control. In this study, 
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we provided data that show the potential of evaluating molecular imaging of macrophage-
targeting therapeutics in clinical trials to understand their pharmacological behavior. 

In conclusion, this thesis describes the development, characterization, and in vivo 
evaluation of radiolabeled antibody or antibody constructs to study its biodistribution and 
tumor targeting properties. 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES
Pharmacological behavior of T cell-directed therapeutics and new drug classes
Not all patients benefit from current cancer therapies. Therefore, new treatment modalities 
are explored. The drug distribution of such novel modalities is often poorly understood. As 
summarized in chapter 2, molecular imaging allows studying whole body drug distribution, 
target visualization, and heterogeneity in drug target expression, thereby supporting drug 
development. In chapters 3, 4, 5, and 6, we studied the biodistribution of a new class of drugs, 
namely T cell-directed bispecific antibody-based therapeutics. We showed distribution to 
the tumor in both the preclinical and the clinical setting. In an environment with CD3ε, 
the CD3ε binding arm also directs the bispecific drug to lymphoid tissues such as spleen 
and lymph nodes. So far, there are no approved T cell-directed bispecific therapeutic in the 
solid tumor setting. However, different novel formats are being developed, such as half-life 
extended versions or a full-sized antibody with a 2:1 format, creating bivalent tumor binding 
and monovalent T cell binding.6 Molecular imaging with these new compounds might gain 
additional insight into solid tumor targeting of T cell-directed bispecific antibody therapeutics. 

Besides the bispecific antibody class, other new approaches, such as gene therapy using 
oligonucleotides or cell therapy using chimeric antigen receptor (CAR) engineered T cells, 
are being developed. However, information about the pharmacological behavior of these 
therapeutics is scarce. By incorporating a PET reporter gene into a CAR T cell construct, 
PET imaging allows longitudinal tracking of CAR T cells. Several studies have demonstrated 
the potential of this approach, including a small clinical trial in patients with recurrent 
glioma.13-16 Monitoring the persistence of CAR T cells in the tumor might provide additional 
insight next to the persistence in the systemic circulation by flow cytometry approaches. 

Another emerging drug class is oligonucleotides.17,18 These are synthetic therapeutics 
comprised of a single strand of deoxyribonucleic acid or ribonucleic acid. Oligonucleotide 
therapies can explicitly target genetic aberrations. Although in oncology, there are no clinically 
approved drugs available, other areas like in the case of patients with rare diseases and 
neurological disorders have shown encouraging results.17 Single-photon emission computed 
tomography imaging of a radiolabeled antisense oligonucleotide (ASO) was studied after 
lumbar intrathecal administration in rats.19 The radiolabeled ASO distributed to the cranium, 
associated with the meningeal lymphatics, egressed through peripheral lymph nodes, and was 
eliminated from the systemic circulation by the kidneys. Molecular imaging in future small-
scale clinical trials using PET imaging may help in better understanding the pharmacological 
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behavior of these novel therapeutics and support their development. However, for all 
indications, the radiation burden has to be taken into account, especially in the non-oncology 
setting. Nevertheless, the development of the total-body PET scanner has led to improved 
sensitivity and allows lower radiation exposure with a similar resolution.20,21 Alternatively, 
non-radioactive labeling with near-infrared fluorophores allows assessing tissue distribution 
in the intraoperative setting.22,23 

Molecular imaging of immune cells to support cancer drug development
Directly radiolabeling a drug of interest to study its biodistribution helps to understand 
its pharmacological behavior. Nevertheless, visualizing pharmacodynamic changes in cell 
populations upon treatment might provide additional information for drug development. The 
field of immunotherapy is rapidly expanding, and many cells of the tumor microenvironment 
are involved. Therefore, several cell populations might be a candidate for pharmacodynamics 
assessment by molecular imaging. Many immunotherapeutics, including T cell-directed 
bispecific antibody-based therapeutics, rely on the cytotoxic potential CD8 T cells to kill 
tumor cells. Imaging CD8 T cells could potentially identify patients likely to respond to 
immunotherapy. Moreover, it might allow to monitor changes in CD8 T cells in the tumor upon 
immunotherapy treatment and thereby identify early responders.24 Multiple clinical trials are 
studying CD8 populations using molecular imaging (e.g., NCT03802123, NCT04029181), 
and first-in-human data (n = 6) has recently been described.25 

Besides cytotoxic T cells, TAMs play an important role in cancer, particularly in breast 
cancer, as summarized in chapter 7. Strategies include the depletion of TAMs but also 
reprogramming macrophages to a more anti-tumoral phenotype. An example of a TAM 
depleting strategy is by targeting CSF1R, a crucial receptor for macrophage survival. In chapter 
8, we describe the distribution of a CSF1R mAb by PET imaging and ex vivo biodistribution. 
CSF1R mAb distributed mainly to the liver and spleen, showing limited tumor selectivity. 
However with a high tracer dose, tumoral macrophages were depleted. Instead of macrophage 
depletion, the anti-tumoral role of macrophages has gained interest. Activation of the signal 
regulatory protein α (SIRPα)-CD47 axis, of which SIRPα is expressed by macrophages and 
CD47 by tumor cells, inhibits phagocytosis by macrophages.26 Another interesting approach 
is the use of macrophages as a cellular therapy. Recently, macrophages with a CAR were found 
to enhance tumor-antigen specific phagocytosis.27 Administration of CAR-macrophages 
resulted in decreased tumor burden and prolonged overall survival in mice bearing a solid 
tumor xenograft.27 

Preclinical models usually do not provide a full context to study the biodistribution 
of immunotherapeutics or specific immune cells with molecular imaging.28 Although 
immunocompetent mouse models can serve to study the interaction between murine tumors 
and the murine immune system, mice are still inherently different from humans. Therefore, 
early phase clinical trials with novel imaging tracers are ultimately warranted. 
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SAMENVATTING 
Kanker is wereldwijd een belangrijke doodsoorzaak.1,2 Behandeling bestaat uit chirurgie, 
bestraling en systemische behandeling. Monoklonale antilichamen zijn in toenemende 
mate onderdeel van de systemische kankerbehandeling.3 Met de komst van baanbrekende 
immuuntherapieën, zoals medicijnen die immunologische checkpoints blokkeren, zijn 
er duurzame tumorresponsen gerapporteerd voor verschillende kankertypes, waaronder 
melanoom en niet-kleincellige longkanker. Spijtig genoeg reageert alleen een deel van de 
patiënten op immuuntherapie, en bij de patiënten die responderen kan resistentie ontstaan.4 
Daarom wordt er gezocht naar nieuwe behandelmogelijkheden die het immuunsysteem 
activeren om de tumor aan te vallen. Deze mogelijkheden omvatten het stimuleren van 
T-cellen of het remmen van immuunonderdrukkende celtypes zoals tumor-geassocieerde 
macrofagen (TAMs).

Door T-cellen te stimuleren de tumor te infiltreren, kunnen T-cellen mogelijk hun 
cytotoxische functies uitoefenen.5 Bispecific T cell engagers (BiTEs) of T-celgerichte 
bispecifieke antilichamen zijn een nieuwe groep geneesmiddelen die ontwikkeld zijn om 
die T-cellen te richten op een vooraf gedefinieerd tumordoelwit. BiTEs zijn 55 kilodalton 
groot, bestaande uit twee single-chain Fv. Ze koppelen via een CD3ε-bindende arm aan 
T-cellen en via de andere arm aan een doelwit op tumorcellen. Enkele tumorceldoelwitten 
zijn het epitheliale celadhesiemolecuul (EpCAM), het carcino-embryonaal antigeen (CEA) 
en glypican 3 (GPC3). Bij de gelijktijdige binding aan CD3ε op de T-cel en het tumordoelwit, 
wordt de T-cel geactiveerd en kan deze de tumorcel doden op een tumorantigeen specifieke 
manier. Blinatumomab, een BiTE bindend aan CD19, is het enige goedgekeurde bispecifieke 
antikankermedicijn.5 Voor solide tumoren zijn er verschillende op antilichaam gebaseerde 
T-celgerichte bispecifieke immuuntherapeutica in ontwikkeling.6

TAMs in het tumormicromilieu kunnen zich gedragen als immuunonderdrukkende 
cellen en daarbij tumorprogressie promoten.7 TAM-gerichte medicijnen versterkten het 
antitumoreffect van andere behandelstrategieën in preklinische kankermodellen. Een 
voorbeeld hiervan zijn antilichamen die de pro-overleving signaleringsroute colony-
stimulating factor 1 (CSF1)/CSF1 receptor (CSF1R) blokkeren. Verschillende TAM-gerichte 
therapieën worden geëvalueerd in klinische studies.7 

Er is beperkte informatie beschikbaar over het farmacologisch gedrag van deze nieuwe 
therapeutische moleculen. Het radioactief labelen van deze medicijnen met positron emissie 
tomografie (PET) isotopen maakt het mogelijk om de lichaams- en tumordistributie te 
bestuderen met moleculaire beeldvorming. Ex vivo technieken zoals weefselautoradiografie, 
radioactieve gel-elektroforese van plasma of weefsellysaat en ex vivo biodistributie ondersteunen 
moleculaire beeldvorming met PET. Met deze technieken kan er informatie worden 
verzameld over intratumorale distributie, tracer integriteit en kwantitatieve orgaandistributie. 
Concluderend kan gesteld worden dat moleculaire beeldvorming van radioactief gelabelde 
geneesmiddelen informatie kan verschaffen die de geneesmiddelenontwikkeling ondersteunt. 
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Het onderzoek beschreven in dit proefschrift heeft als doel inzicht te vergaren in het 
farmacologische gedrag van op antilichaam gebaseerde immuuntherapeutica met behulp van 
moleculaire beeldvorming. 

Hoofdstuk 1 bevat een overzicht van de achtergrond en de hoofdstukken van dit proefschrift. 
In hoofdstuk 2 hadden we als doel de rol van moleculaire beeldvorming in de ontwikkeling 
van kankergeneesmiddelen te bepalen. We doorzochten de literatuur met een focus op 
moleculaire beeldvorming in kanker in de context van doelwitexpressie, farmacokinetiek en 
farmacodynamiek. We beschrijven toepassingen van moleculaire beeldvorming van ‘small-
molecule’ kankermedicijnen, zoals remmers van epidermale groeifactorreceptor, anaplastisch 
lymfoomkinase en poly-adenosine-difosfaat-ribose polymerase. Ook worden toepassingen 
toegelicht van moleculaire beeldvorming van monoklonale antilichamen gericht op 
groeifactorreceptoren, immuunoncologie en antibody-drug conjugaten. Verder worden er 
voorbeelden gegeven over het monitoren van farmacodynamische responsen als gevolg van 
anti-hormonale behandeling met behulp van moleculaire beeldvorming. 

Moleculaire beeldvorming kan ook meerdere aspecten over het in vivo gedrag 
van medicijnen nader tonen. Samen met complementaire technieken zoals genomics, 
transcriptomics of proteomics, kan moleculaire beeldvorming als hulpmiddel dienen voor het 
ontwikkelen van biomarkers. Deze biomarkers kunnen potentieel selectie van patiënten voor 
een therapie ondersteunen en inzicht verschaffen in het werkingsmechanisme en effectiviteit 
van een medicijn. 

Het radioactief labelen van nieuwe kankermedicijnen maakt het mogelijk om de 
tumoropname en de biodistributie te onderzoeken. Een nieuw kankermedicijn is AMG110, 
een BiTE gericht op CD3ε op T-cellen en EpCAM op tumorcellen, dat vaak tot overexpressie 
komt in epitheliale tumoren. Het doel van hoofdstuk 3 was om de tumoropname van 
zirconium-89 (89Zr) en fluorescent gelabeld AMG 110 in tumordragende muizen te 
bestuderen. Tumoropname van 89Zr-AMG110 in een EpCAM-positieve tumor werd duidelijk 
gevisualiseerd met PET-scans tot 72 uur na intraveneuze toediening, en deze opname piekte 
op 6 en 24 uur na toediening van 89Zr-AMG110, tot ongeveer 5% van de geïnjecteerde dosis 
per gram weefsel. EpCAM-negatieve tumoren waren nauwelijks zichtbaar op de PET-scan. 
Fluorescent gelabeld AMG 110 toonde intratumorale distributie die overeenkwam met 
levend tumorweefsel. Een BiTE zonder tumorbindende arm lokaliseerde voornamelijk naar 
necrotisch tumorweefsel. Samenvattend leverde deze studie proof-of-concept dat BiTEs naar 
de tumor distribueren op een antigeen-afhankelijke manier.

AMG 110 liet weinig antitumor effectiviteit zien en bovendien was er sprake van dosis-
limiterende toxiciteit gerelateerd aan de fysiologische expressie van EpCAM in het gastro-
intestinale stelsel.8 De verdere ontwikkeling van AMG 110 werd daarom niet voortgezet. Om 
de antitumor activiteit van het BiTE platform voor solide tumoren te verbeteren, is een meer 
restrictief tumorantigeen nodig. Dit heeft geleid tot AMG 211, dat aangrijpt op humaan CEA, 
een tumor-geassocieerd antigeen in gastro-intestinale tumoren. Ons doel was om van AMG 
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211 de tumoropname en biodistributie te bepalen. Hiervoor werd 89Zr- en fluorescent-gelabeld 
AMG 211 in preklinische tumormodellen bestudeerd. Dit is beschreven in hoofdstuk 4. Naast 
in vivo biodistributie, gebruikten we ex vivo technieken om de integriteit en intratumorale 
distributie van AMG 211 vast te stellen. Tot slot hebben we 89Zr-AMG211 geproduceerd 
volgens de Good Manufacturing Practice (GMP) voor een toekomstige klinische studie. 
89Zr-AMG211 liet 6 uur na intraveneuze toediening dosisafhankelijke tumoropname zien. 
Tumoropname was het hoogste met 2 µg en het laagst met 500 µg 89Zr-AMG211. Daarnaast 
visualiseerde PET alleen CEA-positieve xenografts 24 uur na toediening van 10 µg 89Zr-
AMG211. Hoewel de halfwaardetijd in de circulatie ongeveer 1 uur was, was de tumoropname 
tot tenminste 24 uur zichtbaar. Tumor-specifieke desintegratie van 89Zr-AMG211 nam in 
de tijd toe, resulterende in meer dan 50% moleculen van laagmoleculair gewicht na 24 uur. 
Fluorescent gelabeld AMG211 lokaliseerde zich voornamelijk in vitaal tumorweefsel dat CEA 
tot expressie bracht. Tot slot werd 89Zr-AMG211 succesvol gefabriceerd volgens de GMP-
richtlijnen en voldeed daarbij aan alle vooraf gedefinieerde criteria. Dit onderzoek liet de 
haalbaarheid zien om in vivo het farmacologisch gedrag van de tumoropname van 89Zr-
AMG211 te bestuderen in een preklinische omgeving. Met deze succesvolle GMP-productie 
van 89Zr-AMG211 kan dit ook worden onderzocht in een klinische vervolgstudie.  

In de preklinische modellen zoals beschreven in hoofdstuk 4 ontbrak fysiologische 
weefselexpressie van zowel humaan CEA en humaan CD3ε. Daarom hebben we in hoofdstuk 
5 de biodistributie en tumoropname van 89Zr-AMG211 onderzocht in een first-in-human 
klinische studie. Een fase 1 studie werd gecombineerd met 89Zr-AMG211 PET-scan fase 
1 in patiënten met een vergevorderd stadium van gastro-intestinaal adenocarcinoom. 
De 89Zr-AMG211 PET-scan substudie werd in 2 centra uitgevoerd. We bestudeerden de 
biodistributie van 89Zr-AMG211 in zowel gezonde organen als tumorlaesies voor en/of direct 
na AMG 211 behandeling. Patiënten kregen 37 MBq 89Zr-AMG211 intraveneus toegediend, 
met of zonder ongelabeld AMG 211. Bijwerkingen als gevolg van de tracerinfusie werden 
gemonitord en gegradeerd volgens de NCI CTCAE v4.03.9 Voordat AMG 211 behandeling 
plaatsvond, was de optimale dosis voor beeldvorming 200 µg 89Zr-AMG211 en 1800 µg 
ongelabeld AMG 211. Deze dosis resulteerde in een gemiddelde standardized uptake value 
(SUVmean) van 4.0 in de circulatie 3 uur na tracer toediening. PET-scans onthulden CD3ε-
afhankelijke opname in de milt en het beenmerg, met een respectievelijke SUVmean van 3.2 
en 1.8. Van de 43 zichtbare tumorlaesies waren er 37 kwantificeerbaar door middel van PET 
met een mediaan maximale SUV van 4.0 (interkwartielafstand 2.7 – 4.4). Binnen en tussen 
patiënten verschilde tumoropname respectievelijk 5- en 9-voud. Ex vivo analyse liet intact 
89Zr-AMG211 zien in bloedplasma en gedesintegreerde moleculen in de urine. Hoewel er 
tijdens AMG 211 behandeling 89Zr-AMG211 aanwezig was in de circulatie, werden er geen 
tumorlaesies gevisualiseerd. Dit laat zien dat de AMG211 behandeling het medicijn in de 
tumor kan verzadigen.

Resultaten in hoofdstuk 5 tonen zowel de accumulatie van 89Zr-AMG211 in CD3ε-rijke 
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lymfoïde weefsel als een duidelijk, inter- en intra-individuele heterogene tumoropname. 
BiTEs zijn relatief kleine medicijnen waarbij ze voornamelijk geëlimineerd worden via de 

nieren. Dit resulteert in een serumhalfwaardetijd van slechts enkele uren.5 Als gevolg hiervan 
worden BiTEs continue intraveneus toegediend om stabiele serumspiegels te bereiken en 
daardoor voldoende blootstelling te verkrijgen.5 T-celgerichte bispecifieke antilichamen met 
een moleculairgewicht van 150 kDa hebben in mensen een serumhalfwaardetijd van dagen 
tot weken, en hoeven daarom niet continu toegediend te worden. Een voorbeeld van zo’n 
T-celgericht bispecifieke antilichaam is ERY974. Het is gericht via CD3ε op T-cellen en via 
glypican 3 (GPC3) op tumorcellen. GPC3 komt tot overexpressie op verschillende soorten 
solide tumoren, inclusief de meerderheid van hepatocellulaire carcinomen en een subset van 
borsttumoren.10

In hoofdstuk 6 hebben we ERY974 radioactief gelabeld met 89Zr en de biodistributie 
bestudeerd met behulp van PET in zowel tumordragende immuundeficiënte als 
immuuncompetente muismodellen geconstitueerd met humane immuuncellen. Om de 
impact van elk van de bindingsarmen op de biodistributie te bestuderen hebben we gebruik 
gemaakt van twee controle moleculen. Het eerste 89Zr-gelabelde controle antilichaam is 
gericht tegen niet-zoogdier eiwit keyhole limpet haemocyanine (KLH) en het tweede is 
een bispecifiek antilichaam gericht tegen KLH en CD3ε. De verdeling van ERY974 in het 
weefsel werd bestudeerd met ex vivo weefselautoradiografie. In immuundeficiënte muizen 
was de tumoropname van 89Zr-ERY974 afhankelijk van de GPC3 expressie op de tumoren. 
In muizen met humane immuuncellen was de tumoropname van 89Zr-ERY974 hoger dan in 
hetzelfde tumortype in immuundeficiënte muizen. Ex vivo weefsel autoradiografie toonde 
voornamelijk 89Zr-ERY974 accumulatie in T-celrijk stroma. Naast tumoropname, was de 
hoogste opname van 89Zr-ERY974 in de milt en lymfeklieren. Met behulp van deze studie kan 
het farmacologisch gedrag van 89Zr-ERY974 mogelijk worden bestudeerd in kankerpatiënten. 

In tegenstelling tot cytotoxische T-cellen spelen TAMs een belangrijke rol in het creëren 
van een immuunonderdrukkend tumormicromilieu leidend tot tumorgroei. Het is bekend dat 
TAMs betrokken zijn bij de groei en progressie van borstkanker.11 In een meta-analyse met 
meer dan 2000 patiënten met diverse stadia borstkanker voorspelde een hoge TAM-infiltratie 
in de primaire tumor een slechtere uitkomst voor de patient.12 In hoofdstuk 7 hadden we 
als doel de huidige stand van zaken omtrent de rol van TAMs in borstkanker te definiëren. 
We doorzochten de beschikbare literatuur en klinische studies om de invloed van TAMs op 
tumorprogressie te bepalen en mogelijke doelwitten te vinden om de TAMs te beïnvloeden. 
De preklinische setting liet zien dat TAMs zowel betrokken zijn bij het bevorderen van 
kankergroei als bij de invasie en verspreiding van tumorcellen. Verder reduceren TAMs 
het effect van chemotherapie, bestraling, doelgerichte therapie en immuuntherapie in 
borstkankermuismodellen. Tot slot gaven we een overzicht van de klinische studies met 
TAM-gerichte geneesmiddelen. Op basis van deze data kan worden opgemaakt dat TAMs 
een potentieel doelwit zijn voor medicijnen die gebruikt kunnen worden in de behandeling 
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van borstkanker. 
Therapie gericht op TAMs door het remmen van de pro-overlevingsignaleringsroute 

CSF1/CSF1R met behulp van monoklonale antilichamen wordt op dit moment geëvalueerd in 
klinische studies, zoals beschreven in hoofdstuk 7. Er is echter weinig informatie beschikbaar 
over de biodistributie en tumoropname van zulke antilichamen. Daarom hebben we in 
hoofdstuk 8 een anti-muis CSF1R antilichaam radioactief gelabeld om de biodistributie te 
bestuderen. Hiervoor hebben we gebruik gemaakt van een immuuncompetent muismodel 
met een muizenborsttumor. Allereerst werd de distributie van 89Zr-CSF1R-antilichaam 
in gezonde organen bepaald door middel van een dosisescalatie studie in muizen zonder 
tumor. Ex vivo autoradiografie werd ingezet om de distributie binnen een orgaan te bepalen 
en immuunhistochemie om het aantal TAMs in de organen te bepalen. Vervolgens werd in 
tumordragende muizen de biodistributie van 89Zr-CSF1R-antilichaam vergeleken met een 
89Zr-gelabeld isotype controle antilichaam. In muizen zonder tumor resulteerde 10 mg/kg 
tracer in 89Zr-CSF1R-mAb in de circulatie tot aan 72 uur na injectie. In tegenstelling resulteerde 
0.4 mg/kg 89Zr-CSF1R-antilichaam voornamelijk in milt- en leveropname, waardoor er 24 
uur na intraveneuze toediening geen tracer meer in de circulatie was. In een muis variant 
van het mammacarcinoom zorgde 10 mg/kg 89Zr-CSF1R-antilichaam, 72 uur na toediening 
voor hoge opname in lever, lymfoïde organen, duodenum en ileum, maar niet in de tumor 
vergeleken met het 89Zr-gelabelde isotype controle antilichaam. Weefselautoradiografie 
van 89Zr-CSF1R-mAb liet accumulatie zien in CSF1R-rijk weefsel. Door toediening van 
89Zr-CSF1R-antilichaam waren er nauwelijks meer TAMs aanwezig in de tumor, maar na 
toediening van het 89Zr-gelabeld isotype controle antilichaam werden er meer dan 500 per 
mm2 vastgesteld met immuunhistochemie. We hypothetiseren dat de depletie van TAMs 
resulteerde in lagere tumoropname van 89Zr-CSF1R-antilichaam vergeleken met 89Zr-
gelabeld isotype controle antilichaam. In hoofdstuk 8 hebben we de potentie laten zien 
van het bestuderen van farmacologisch gedrag van macrofaag-gerichte medicijnen om hun 
gedrag beter te begrijpen voor toekomstige klinische studies. 

Concluderend beschrijft dit proefschrift de ontwikkeling, karakterisatie en de in 
vivo evaluatie van radioactief gelabelde antilichamen of antilichaamfragmenten om de 
biodistributie en tumoropname te bestuderen. 
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