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1
Introduction & Outline of the Thesis

This chapter was edited from the following articles: 

Antibody-based Imaging Strategies for Cancer
Warram JM, de Boer E, Sorace AG, Chung TK, Kim H, Pleijhuis RG, van Dam GM, 
Rosenthal EL. 
Published in Cancer Metastasis Rev., 2014 33(2-3):809-22.
DOI: 10.1007/s10555-014-9505-5

On the Horizon: Optical Imaging for Cutaneous Squamous Cell Carcinoma
de Boer E, Moore LS, Warram JM, Conway CH, Brandwein-Gensler MS, van Dam GM, 
Rosenthal EL, Schmalbach CE. 
Head Neck, 2015 [Epub ahead of print]
DOI: 10.1002/hed.24079
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INTRODUCTION 

Accurate tumor localization is of paramount importance for adequate surgical removal of 
squamous cell carcinoma of the head and neck (HNSCC), with an ultimate goal of surgical 
margins that are free of tumor cells. Obtaining tumor free surgical margins are critical, since 
local recurrence rates increase significantly with positive resection margins.1 Local recurrence 
rates up to 22% have been reported when involved margins are found on histology, compared 
to 4% local recurrences in patients with tumor free margins.2 Involved surgical margins in-
crease the risk of death at 5 years up to 90%, indicating that the status of the surgical margin is 
a critical prognostic factor.3 Nevertheless, in current clinical practice, tumor positive margins 
are found in 40% of HNSCC patients on histopathologic review.4,5

Over the years, significant improvements in preoperative imaging modalities, such as com-
puted tomography (CT) and magnetic  resonance imaging (MRI), have resulted in more ac-
curate tumor localization, staging and preoperative planning.6,7 During surgery, however, the 
surgeon continues to rely on visual and tactile information to subjectively discriminate be-
tween tumorous and normal  healthy tissue, which may contribute to the suboptimal survival 
rates after surgery.8 
The pathology report, the gold standard for confirming the success of a surgical resection, 
usually takes 4-7 days to compile and is therefore of limited use to guide intraoperative de-
cision making. Although frozen section analysis of margins are effective, poor quality and 
sampling errors reduces the benefit of these techniques.9 Interpretative error denotes a failure 
to correctly diagnose the tissue present on the frozen section slide. Sampling error refers to 
the collection and subsequently evaluation of non-representative tissue. Whereas errors in 
interpretation are attributable to the pathologist, sampling errors may be the responsibility 
of the surgeon. Furthermore, frozen sections cannot be performed on all tissue types, such 
as bone and fat tissue. It is clear that the development of strategies to allow the surgeon to 
visualize (sub-) clinical foci of cancer with less dependence on subjective measurements of 
tissue density and subtle changes in surface topography is critically needed for more accurate 
resection and has the potential to greatly improve patient prognosis. 

FLUORESCENCE IMAGING
Intraoperative fluorescence imaging is a novel technique that synchronously registers and 
processes a signal for cancer detection and surgical navigation to fill the gap between preoper-
ative imaging, postoperative pathology and intraoperative reality.7 In order to achieve fluores-
cence imaging, a fluorescence signal is generated when the electrons in a fluorescent molecule 
are excited to a higher energy state by activation of a specific wavelength (excitation wave-
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length), and then relaxes to ground state by emitting a photon of light known as the emission 
wavelength (Fig 1a). To utilize this modality for clinical imaging, the fluorescent agent may be 
administered either topically or systemically (Fig. 1b). If a fluorophore is used that is used as 
blood pool agent, lymphatic imaging or specifically taken up at the site of interest, a special-
ized camera system can be used to point out the extent and exact anatomic location (Fig. 1c). 

Although techniques like CT can achieve high-resolution whole body imaging, smaller le-
sions in the surgical field cannot be visualized intraoperatively.10 Fluorescence imaging has 
several favorable qualities, demonstrating the potential to be an exceptionally powerful tool in 
guiding future patient care in surgical oncology. Fluorescence imaging provides direct feed-
back within the natural surgical field of view. Importantly, high spatial and temporal resolu-
tion images can be obtained for real-time measurement, with no involvement of radiation. 
Altogether, it can be concluded that the possibility for real-time measurement, the seamless 
integration in the current workflow, together with the low costs, flexibility and lack of radia-
tion makes fluorescence imaging attractive for intraoperative imaging.

TARGETING STRATEGIES
The appropriate selection of the fluorophore is of the uttermost importance in cancer detec-
tion purposes. The ideal imaging probe enhances demarcation between normal and cancer-
ous tissue to enable clear distinction. Figure 2 summarizes the four main mechanisms to gen-
erate fluorescent contrast in tumor. Non-targeted probes (Fig. 2a), like ICG, have potential to 
improve sentinel lymph node (SLN) mapping in multiple types of cancer. Furthermore it has 
been proposed that ICG can be used in intraoperative imaging of solid malignancies, other 

Figure 1 Mechanism of fluorescence imaging. If light of a specific wavelength is shed onto the subject, 
the photons will excite the extrinsically administered fluorophore by bringing electrons in a high-energy 
state. When these electrons fall back into their normal state, fluorescent light is emitted (a). A fluorescent 
agent may be administered either locally or systemically (b) for real-time feedback during surgery (c).

a b c NIR camera

Emission

Excitation
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than liver metastasis.11 However, as the efficacy of this agents is based entirely upon passive 
accumulation through the more porous and leaky blood vessels formed in and around tumors 
(i.e. the enhanced permeability and retention (EPR) effect), it is not ideal for tumor specific 
delineation.12

The most commonly known biosynthesis targeted probe (Fig. 2b) is 5-aminolevulinic acid 
(5-ALA), which targets the hemoglobin biosynthesis pathway. Upon intravenous adminis-
tration, 5-ALA accumulates in the mitochondria. Excitation of the 5-ALA causes cancerous 
tissues with higher mitochondrial content, compared to healthy tissue, to fluoresce.13 To date, 
5-ALA is approved for fluorescence-guided cancer resection of glioma in Europe. While the 
application of 5-ALA has shown to have clinical benefit, limitations such as natural autoflu-
orescence of brain tissues have made adequate contrast a challenge.14 Furthermore, because 
only  a limited number of malignancies have increased amounts of mitochondria, it is difficult 
to extent 5-ALA beyond malignant gliomas. 

Target activatable probes (Fig. 2c) are fluorescently inactive (quenched) until cleavage by tu-
mor specific proteolytic enzymes. The fluorescence activity of the probes increases significant-
ly upon specific enzymatic cleavage.15,16 Since such activatable probes are undetectable prior 
to enzymatic cleavage, unwanted background signals are minimized thereby significantly im-
proving detection sensitivity. However, targeting of proteolytic enzymes results in imaging of 
the invasive tumor border only, where these enzymes are most abundant, instead of the actual 
tumor mass itself. Either this is disadvantageous, due to diffusion of the fluorescent probe 
from the tumor border leading to impairment of the surgeons’ decision about which tissues 

Non-targeted probes Biosynthesis targeted 
probes

Target activatable 
probes

Targeted fluorescent 
probes

a b c d

Figure 2 Strategies to achieve contrast for fluorescence imaging. Non-targeted probes are generally 
used for visualization of anatomical structures like blood vessels, lymphatic vessels and lymph nodes 
(a). Biosynthesis targeted probes leverage the differential metabolic activity of tumors. 5-AminoLevulinic 
Acid (5-ALA) causes tumorous tissues with high mitochondrial content to fluoresce (b). Target activatable 
probes are inactive (quenched) upon intravenous administration. When cleaved by tumor associated 
enzymes, the agent becomes active (i.e. dequenched; c). Targeted probes are specifically taken up at the 
site of interest, allowing for site-specific imaging and/or treatment (i.e. a theranostic agent) (d). 
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need to be resected and which tissues need to be preserved, or advantageous by providing 
an inherent tumor margin free zone. Several cysteine based proteases have been identified 
which selectively accumulate within the lysosomal compartment of the cell after cleavage and 
may still be able to clearly demarcate tumor from normal tissue. In a Fluorescence Resonance 
Energy Transfer (FRET) based probe, another example of a targeted activatable probe, two 
fluorophores are linked to separate proteins of interest. When in close approximation to one 
another, the donor fluorophore in the excited state can transfer its excitation energy to the 
neighboring acceptor, which will yield the acceptor emission. If the confirmation of the pro-
tein changes (i.e. after cleavage by tumor specific proteolytic enzymes), the re-association of 
the fluorescent protein fragments allows for independent measurement of the fluorescence of 
each fluorophore and thus enabling target detection. 

Targeted fluorescent probes (Fig. 2d), use as a targeting moiety antibodies, peptides or engi-
neered antibody or receptor fragments as carriers to selectively deliver a diagnostic probe or 
therapeutic agent to cancer cells. Differential expression of the target antigen or receptor in 
tumor cells allows a high concentration of the probe to be selectively delivered to cancerous 
tissue relative to normal tissue which is highly appropriate in diagnostic imaging (resulting 
in a high tumor-to-background-ratio (TBR), section I of this thesis), whereas a targeted drug 
as for instance based on a therapeutic antibody that affects only highly specific tumor cells 
and not healthy cells may increase both diagnostic and therapeutic (theranostic) efficacy and 
decrease morbidity (section II of this thesis).

ANTIBODIES AS TARGETING AGENTS
The upregulation of certain genes lead to the overexpression of growth factor receptors, a 
hallmark underlying the onset and limitless replicative potential of cancer.17,18 These molec-
ular changes, selectively exhibited by cancer have been exploited as a target for a wide range 

Antibody Target Type Indication Approval date
Bevacizumab VEGF Humanized Glioblastoma, NSCLC, colorectal, kidney 2004
Cetuximab EGFR Chimeric Colorectal, head and neck 2004
Ipilimumab CTLA-4 Human Melanoma 2011
Panitumumab EGFR Human Colorectal 2006
Pertuzumab HER2 Humanized Breast 2012
Trastuzumab HER2 Humanized Breast, gastric 1998

Table 1 – FDA approved therapeutic monoclonal antibodies for solid malignancies

EGFR = Epidermal growth factor receptor; NSCLC = Non-small cell lung cancer; VEGF = Vascular en-
dothelial growth factor
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of therapeutic antibodies. Over the past couple of decades the European Medicines Agency 
(EMA) and Food and Drug Administration (FDA) has approved more than a dozen antibod-
ies to treat certain cancer for their inhibitory therapeutic effect on tumor-associated growth 
and growth factor signaling receptors. Table 1 summarizes the EMA and FDA-approved an-
tibodies for solid malignancies. 

The advantage of repurposing therapeutic antibodies for imaging is that the pharmacokinetic 
profile, biodistribution, side effects, and potential toxicity of these FDA-approved antibodies 
are generally well known and therefore the safety well defined.  Furthermore, they are avail-
able under GMP conditions and therefore production as imaging agents would have lower 
developmental costs. Moreover, because the dosing of the antibodies as imaging agents often 
requires less than therapeutic levels, the toxicity profile is usually limited to non-dose depen-
dent events such as immunological reactions. This makes the antibody based approach ideal 
for safely pioneering the use of targeted imaging and treatment in the clinic.19,20

Early clinical trials in oncology for antibody based radioactive imaging were performed with 
success, and have demonstrated that image-guided cancer surgery has the potential to be a 
very powerful tool in guiding patient care in surgical oncology.21 While this modality is prom-
ising, to date its clinical value in head and neck oncology has not yet been evaluated. 

Figure 3 Overview. After the tumor mass is identified by the surgeon (a), and debulked (b) fluorescence 
imaging (section I of this thesis) has the potential to be a powerful tool guiding the surgeon in visualizing 
(sub-) clinical foci of cancer (c). Photoimmunotherapy (PIT) is a theranostic concept (section II of this 
thesis), which combines image-guided surgery (d) and intraoperative treatment of residual disease (e). 
Photosensitizers absorb light at a certain wavelength and generate measurable fluorescence as well as 
highly cytotoxic singlet oxygen molecules (f), which leads to cell death of microscopic residual disease

a b c

d e f

Section II

Section I
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OVERVIEW
As outlined in Figure 3, this dissertation presents the systematic evaluation of repurposed 
therapeutic antibodies for antibody based imaging (section I of this thesis) and an antibody 
based theranostic approach (section II of this thesis) to assist surgical treatment.

SECTION I ANTIBODY BASED IMAGING TO ASSIST SURGICAL TREAT-
MENT
Section I of this thesis is focused on utilizing antibodies as carriers to selectively deliver a 
fluorescent agent to cancer cells and exploit disease-specific fluorescence for cancer detec-
tion and surgical navigation. In Chapter 2 of this section, we provide a review of the most 
promising innovative optical imaging methodologies. This review article focuses on optical 
imaging techniques and the potential to shift the field of tumor margin detection from surgi-
cal pathology to the operating theatre for a more efficient and reliable decision-making tool. 
In Chapter 3 we evaluate the ability of a systemically administered antibody-dye conjugate 
(cetuximab-IRDye800CW) to provide sufficient fluorescent contrast for surgical resection of 
disease in both subcutaneous and orthotopic animal models of glioblastoma multiforme. 

In Chapter 4 we report on the first-in-human clinical trial using a fluorescently labeled an-
tibody, cetuximab-IRDye800CW, in patients with head and neck cancer for the purpose of 
fluorescence-guided resection of cancer. We evaluate safety, toxicity and tumor specificity in 
twelve patients with biopsy proven HNSCC in a dose-finding study. Chapter 5 assesses op-
tical molecular imaging (i.e. In vivo fluorescence immunohistochemistry) using fluorescent-
ly labeled cetuximab and determine whether (peri-) tumoral distribution to morphological 
(peri-)tumoral characteristics would help us to evaluate localization of fluorescently labeled 
cetuximab to improve our understanding about true tumoral antibody delivery ad co-local-
ization with (peri-)tumoral characteristics. 

Currently, the use of fluorescence guided surgical resection is rapidly advancing towards 
broader clinical use. However reporting levels of fluorescence intensities remains subjective 
and largely qualitative. In Chapter 6 we introduce a ratiometric threshold methodology to 
provide a strategy for objective assessment of tumor fluorescence during fluorescence-guided 
surgery to accurately and objectively predict presence of cancer in real-time and in a repro-
ducible matter. 

Surgically removing cancer and obtaining tumor free surgical resection margins is obviously 
a collaborative effort between surgeons and pathologists. Currently, surgeons lack adequate 
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intraoperative tools to distinguish normal from tumorous tissue and consequently determine 
the actual tumor free margin. Although very sensitive in intraoperative margin assessment, 
frozen section consultation is fraught to interpretative and sampling errors. In current clinical 
practice, surgeons lack the tools to accurately evaluate resection margin involvement. Fur-
thermore tissues like bone and fat cannot be analyzed for tumor involvement by frozen sec-
tion analysis. Chapter 7 assesses the potential of fluorescent-guided histopathology to shift 
tumor margin assessment from surgical pathology to the operating room to provide a more 
accurate method for disease localization in frozen room and permanent pathology.

SECTION II ANTIBODY BASED THERANOSTICS TO ASSIST SURGICAL 
TREATMENT
The use of receptor-targeted antibodies conjugated to cytotoxic fluorescence photosensitizers 
is actively being explored to enhance surgical treatment efficacy of for instance microscopic 
residual disease.22 Antibody based photodynamic therapy (i.e. photoimmunotherapy (PIT)) 
combines the tumor specificity of antibodies with the toxicity induced by photosensitizers. 
The use of PIT may be applied to improve detection and treatment of (subclinical) disease in 
a theranostic approach in standardized pre-clinical and clinical settings. Therefore, there is a 
great need to develop and characterize a standardized light source for PIT application for pre-
clinical evaluation in vitro and in vivo. We designed and manufactured a light-emitting diode 
(LED)/PIT device and validated the technical feasibility, applicability, safety, and consistency 
of the system for standardized PIT in cancer treatment in a preclinical setting as a platform 
and methodology serving the clinical development and evaluation. This study is described in 
Chapter 8. 

The objective of the study described in Chapter 9, was to determine if PIT could be used as an 
adjuvant treatment modality to assist in surgical resection of squamous cell carcinoma of the 
head and neck. First, the therapeutic efficacy of PIT in combination with the antibody-pho-
tosensitizer conjugate panitumumab-IRDye700DX in a sub-total resection animal model was 
evaluated. Additionally, we tested this approach ex vivo using freshly excised patient-derived 
squamous cell carcinoma specimen of the head and neck to evaluate the translational poten-
tial of the technique in human tissue. 

As our primary goal of PIT is effective and safe translation for therapy in humans, we further-
more assessed the biodistribution of an EGFR-targeted antibody labeled with the fluorescent 
photosensitizer IRDye700DX cetuximab-IRDye700DX in non-human primates. Non-human 
primates have historically been used in safety evaluation studies for cetuximab since they car-
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ry the EGFR epitope with a high degree of homology to humans, unlike to mice or rats.23 This 
animal toxicology, pharmacokinetic and biodistribution study is described in Chapter 10.
Finally, in Chapter 11 the results of this thesis are summarized and discussed, including the 
advantages and limitations of antibody based imaging techniques and PIT as well as the po-
tential and pitfalls that are likely to be encountered in the future. All results are summarized 
in an English and Dutch Summary, Chapter 11 and Chapter 12 respectively of this thesis.
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