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Chapter 1

Introduction

The chapter is adapted from the published review manuscript:

Oncologic Photodynamic Therapy: basic principles, current clinical status and future 

directions

Demian van Straten, Vida Mashayekhi, Henriette S. de Bruijn, Sabrina Oliveira and 

Dominic J. Robinson

Cancers, 2017; 9(2):19
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1. Cancer therapy
The main goal of cancer therapy is the eradication of malignant cells, ideally 

without affecting normal cells. Traditional and well-known therapies consist of surgery, 

chemotherapy and radiotherapy, which can be used alone or in combination to get better 

results. However, each approach has its own drawbacks. Radiotherapy has been used for 

cancer treatment for a long time. In this approach, radiation is targeted to a tumor by only 

irradiating a certain part of the body. Ionizing radiation works by damaging the DNA of 

cancerous cells leading to an inhibition of the cell cycle and consequently apoptotic cell 

death. Although radiotherapy is known as a local treatment, it cannot distinguish cancer from 

healthy cells. For several decades, major efforts have been made to develop more effective 

approaches to improve the therapeutic efficacy and further decrease side effects. 

Photodynamic therapy (PDT) is a promising minimally invasive approach that is used for the 

local treatment of several cancers and has been shown to be more selective among the other 

therapeutic approaches [1]. It is less invasive than surgical procedures and side effects 

usually last for a shorter period than chemotherapy or radiotherapy. PDT is based on a 

photochemical reaction between a light activatable molecule or photosensitizer (PS), light 

that is usually in the visible spectrum, and molecular oxygen. These three components are 

harmless individually, but in combination result in the formation of reactive oxygen (ROS) 

species [2] that are able to directly induce cellular damage to organelles and cell membranes, 

depending on where they are generated [3]. PDT is a two-stage procedure consisting of the 

intravenous, intraperitoneal or topical administration of a PS, or PS precursor, followed by 

local illumination. This two-stage procedure significantly reduces side effects, as the 

harmless PS is activated only via the directed illumination, resulting in local tissue 

destruction. 

2. Principles of PDT

2.1. Photodynamic reactions 
Although the precise mechanism of action of PDT is an ongoing topic of 

investigation, its molecular effects are accepted to be based on the reaction of a light activated 

PS with other molecules, creating radicals [4]. Illumination of a PS leads to the absorption 

of a photon and promotes the PS to its excited singlet state, or S1, in which an electron is 

shifted towards a higher-energy orbital (Figure 1). From this unstable and typically short-
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lived state, the PS can return to its ground state S0 by converting its energy into heat or 

fluorescence, a feature which can be used for the purposes of diagnostics and optical 

monitoring [5]. Alternatively, intersystem crossing can occur resulting in the population of 

the PS as excited triplet state T1. In this T1 state, the PS can transfer its energy by 

phosphorescence or by colliding with other molecules to create chemically reactive species 

via two types of reactions [4,6]. T1 can react with a number of organic substrates or solvents 

and transfer an electron or proton to form radical anion or cation species, respectively. 

Typically, the PS reacts with an electron donating substrate to and subsequently reacts with 

oxygen to form superoxide anion radicals. This is called a type I reaction. In a type II 

reaction, T1 reacts directly with ground state oxygen 3O2, transferring energy to form singlet 

oxygen 1O2, which is one of the highly reactive oxygen species (ROS) [6]. The exact 

molecular mechanisms of these photochemical reactions have been described in detail 

elsewhere [7]. 

Figure 1. Schematic representation of type I and type II reactions following photosensitizer activation 
upon illumination. S0: ground state of the PS molecule; S1: excited singlet state of the PS molecule; 
T1: triplet excited state of the PS molecule; 3O2: ground state oxygen; 1O2: singlet oxygen  

The production of singlet oxygen and superoxide anions will result in cytotoxicity 

as both products can directly react with and damage biomolecules such as lipids, proteins 

and nucleic acids [3]. Singlet oxygen is highly reactive, its lifetime is in the order of 40 ns 

and has a maximum action radius of about 20 nm [8,9]. In addition, it has been reported that 

some species such as hydrogen peroxide and superoxide anion can diffuse several 

micrometres [10]. Besides oxygen species, diffusion of nitrogen species, such as 
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peroxynitrite radicals, has been shown over several micrometres (5-20 µm) [11]. This short 

action radius together with localized PS activation by only illuminating target tissues, 

theoretically, renders PDT very specific and controllable. It also means the localization of 

the PS influences the site of action of PDT at the subcellular level [9]. 

2.2. Mechanism of action of PDT at cellular level 
The cellular response to photodamage is strongly dependent on multiple factors of 

which PS localization is the most important [4]. The intracellular site of action is PS 

dependent and plays a significant part in the fate of the cell. In a study comparing the 

importance of the subcellular location of PS in inducing cell death, the PS Cristal Violet (CV) 

that was less efficient at producing radicals was equally efficient in inducing cell death as 

Methylene Blue (MB), that produced 10 times as much radicals. This is predominately due 

to the subcellular location of the PS, as MB is localized in the cytosol and lysosomes, while 

CV is present in mitochondria, suggesting localization is more important rather than the 

amount of radicals formed [12]. Depending on its characteristics, a hydrophobic PS will 

generally localize in the hydrophobic inner layer of the membrane such as the membrane 

from the plasma membrane, lysosomes, mitochondria, Golgi apparatus or endoplasmic 

reticulum (ER) [13]. The cytoskeleton and cell adhesion components have also been 

described as PS targets [14]. Even though photodynamic action may affect many different 

targets, three main mechanisms of photodamage induced cell death have been described: 

apoptosis, necrosis and autophagic cell death. The ability of PDT to activate multiple cell 

death pathways circumvents the problem of apoptosis resistant cells in tumors, which can be 

a major obstacle for other cancer therapeutics [15]. Overall, determining the outcome of PDT 

on a cellular level is complex. Nevertheless, some general themes can be observed [16]. With 

high doses of PDT or PS localization to the plasma membrane, necrosis is the dominant form 

of cell-death. With mild PDT and damage to the mitochondria or anti-apoptotic components, 

apoptosis is triggered. With low PDT induced damage to organelles, autophagy is initiated 

to try and repair the damage. However, when the protective capacity of autophagy is 

overwhelmed or compromised due to for instance lysosomal damage, autophagy can induce 

cell death. Elucidating the exact effects of PSs and subsequent responses on a cellular level 

is crucial to understand the effect of PDT. 

Chapter 1 

1 



11

2.3. Mechanism of action of PDT at tumor level 
The phototoxic effect of PDT, as currently employed in the clinic, is in general 

minimally tumor selective. PSs are taken up by both healthy and tumor cells. In general, 

normal tissues are capable of eliminating or clearing the PS over time, while tumor tissues 

cannot, due to non-existing lymphatics. This leads to some retention of PS in tumor tissue, 

which combined with the localized activation by specific illumination, gives PDT some 

selectivity. Factors that affect the preferential accumulation of PS towards tumor neoplastic 

tissue are complex and multiple theories exist based on several mechanisms [17]. A popular 

theory which applies to all PSs is based on the morphological differences between healthy 

and tumor tissues. Due to the rapid and uncontrolled growth of tumor cells, solid tumors have 

abnormal, unorganised vasculature with a defective inner lining. Consequently, tumor 

endothelium is leaky, enabling therapeutics (mainly (lipo)protein associated PS) to 

extravasate into the extravascular space. Moreover, they are retained longer compared to 

healthy tissues due to the impaired lymphatic drainage in tumor tissue. This phenomenon is 

called the Enhanced Permeability and Retention (EPR) effect and is often utilized in cancer 

therapeutics [18]. Other theories attribute localization to increased expression of certain 

receptors on tumor cells, decreased intratumoral pH or tumor associated macrophages 

(TAM) that phagocytose PS molecules [19]. These mechanisms are not fully understood and 

are heavily influenced by PS characteristics (hydrophobicity/-philicity), tumor type and 

dosage, amongst other aspects [19]. PDT is considered to have three main mechanisms of 

tumor destruction. Due to the localization and activation of the PS inside the tumor tissue, 

generated ROS can directly kill the malignant tumor cells. Secondly, PDT can affect tumor 

vasculature thereby compromising the supply of oxygen and essential nutrients. The third 

mechanism is the PDT activated immune system, inducing an inflammatory and immune 

response against tumor cells. 

2.3.1. Direct ROS effects
Just as the subcellular PDT site of action is important for the effect on the cell, the 

cellular site of action is important for the effect on the tumor. Tumors are made up of the 

parenchyma consisting of the malignant cells and the stroma, which is the supportive, 

vascularised tissue. Tumor stroma includes plasma protein-rich interstitial fluid, structural 

proteins, fixed connective tissue cells and inflammatory cells and can make up as much as 

90% of the tumor mass [20]. All solid tumors require stroma to grow since it supports the 
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blood vessels that provide nutrients and oxygen and regulate waste disposal [21]. One can 

imagine different PDT outcomes depending on what part of the tumor is affected. The most 

direct form of tumor damage done by PDT is the killing of parenchyma cells. PSs that 

accumulate in tumor parenchyma have the obvious effect of cell damage and subsequent 

tumor cell apoptosis, necrosis or autophagy dependent cell death. However, early studies 

already showed that direct destruction of neoplastic cells alone is not enough for tumor cure 

[4]. This led to the belief that damage to tumor stroma may play a major role in PDT efficacy, 

a hypothesis also recognized in other fields of cancer therapeutics [22]. The interactions 

between tumors and their extracellular matrix play a critical role in tumor cell growth, 

motility and invasiveness indicating the potential effect of modulating these interactions 

[23,24]. PDT induced damage to structural proteins such as integrins could disrupt essential 

stromal-tumor signalling [23]. Also, the destruction of stromal fibroblasts inhibits tumor 

progression and can increase therapeutic response by loosening the tumor extracellular 

matrix [25]. 

The direct cell killing effect of PDT, on both tumor parenchyma and stroma, has the 

potential to be impaired by the dependence of the generation of ROS on the presence of 

oxygen. With the unorganized growth of vasculature, not all tumor tissue is properly 

vascularised leading to insufficient delivery of both oxygen and PS. Similar tumor types had 

different PS distributions, depending on vascularity, which resulted in an increased PDT 

effect in tumors with the most optimally distributed vascularity [26]. Impaired vascularity 

has proven to be an obstacle in direct PDT mediated tumor destruction. 

2.3.2. Vasculature effects 
The formation of new blood vessels, or neovascularization/angiogenesis, is a key 

process in cancer development [27]. The importance of adequate tumor vasculature becomes 

clear by the existence of necrotic and low oxygen regions inside tumors due to the 

unorganized formation of blood vessels. Damaging existing vasculature or inhibiting the 

formation of new vessels has detrimental consequences for tumor proliferation, and anti-

angiogenic therapeutics have been clinically approved for the treatment of cancers [28]. 

Damaging tumor vasculature has been shown to be an important factor in PDT efficacy. For 

example, much of the therapeutic effect of hematoporphyrin derivative (HPD) appears to be 

largely due to the consequences of disrupted blood flow [29]. Following PDT, endothelial 

and subendothelial cells are damaged. The direct damage to vasculature is significantly 

Chapter 1 

1 



13

increased when the time between PS administration and light activation is shortened [30]. 

The influence of the interval between drug administration and light activation on vascular 

damage was investigated when the anti-tumor effect of verteporfin on rat chondrosarcomas 

was evaluated by varying the drug light interval (DLI). Intravascular PDT damages 

endothelial cells, causing them to round up, widening the interendothelial cell junctions and 

exposing the underlying tissue. Damaged endothelial cells may release clotting factors such 

as von Willebrand factor, activating platelets [31,32]. The activated platelets interact with 

the exposed subendothelium leading to platelet aggregation, thrombus formation and vessel 

occlusion [29,33]. Moreover, activated platelets induce vasoconstriction after PDT, further 

decreasing blood flow [34]. The impaired blood flow and blood vessel destruction, in time, 

will result in tissue hypoxia, nutrient deprivation and tumor destruction [29,30]. These 

features of PDT led some research groups to adopt the concept of vascular targeted PDT 

(VTP) to increase therapeutic efficacy. In studies comparing cellular targeted PDT with a 

vasculature targeted approach by modulating the DLI, efficacy increased when tumor 

vasculature was targeted with a short DLI [31,35,36]. 

The enhanced therapeutic effect in these studies is probably due to longer lasting 

tissue hypoxia. When measuring the tissue oxygen levels during and after PDT and 

vasculature targeted PDT, pO2 drops significantly during both procedures due to the 

formation of ROS. However, in PDT tissue oxygen levels quickly recover, while after 

vasculature targeted PDT no such recovery is seen. Tissue reoxygenation after PDT lowers 

its therapeutic outcome, which can be avoided by the destruction of blood vessels ensuring 

long-lasting hypoxia and a better therapeutic outcome [37]. The vasculature disrupting 

effects of PDT are an important component of PDT efficacy. 

2.3.3. Immune reaction 
The third mechanism of PDT-induced tumor destruction is the initiation of an 

inflammatory response that is followed by host tumor immunity. PDT-induced oxidative 

stress can upregulate the expression of heat shock proteins (HSPs), transcription factors 

related to inflammation and release of inflammatory cytokines [38]. Tumor cell death is 

accompanied by the release of proteins and other molecules, called damage-associated 

molecular patterns (DAMPs), that can elicit a strong inflammatory response. Studies show 

that after PDT, HSPs such as HSP70 are either localized on the cell surface or in case of 

necrosis can be released extracellularly [39]. HSPs can bind tumor antigens and interact with 
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Toll like receptors (TLRs), which is a major route of activating antigen presenting cells 

(APC) [40]. In addition, these interactions regulate the expression of inflammatory and 

immune response genes [41]. The origin of HSPs and other DAMPs can vary depending on 

the subcellular location of PDT action [42]. Other DAMPs observed after PDT are membrane 

breakdown products, such as lipid fragments and metabolites of arachidonic acid [43], ATP 

[44] or the ER protein Calreticulin [45]. Innate immune cells such as macrophages,

lymphocytes and dendritic cells (DCs) are recruited by DAMPs during inflammation, to 

remove cellular debris and promote tissue healing [46]. Moreover, it has been suggested that 

adaptive immunity is also triggered leading to the systemic and long-term immunity after 

PDT [47]. 

2.4. Photosensitizers 
PSs have typically been divided in generations based on the time of development 

and their specific characteristics. The first-generation PSs are the hematoporphyrins (Hp) 

that first arose in the 19th century. The first Hp, formed from dried blood, was a mixture of 

several porphyrins, each with their own characteristics [48]. It was initially used as a 

fluorescent diagnostic tool for cancers, but due to its heterotypical nature, large doses were 

needed to achieve desired effects. When processed further, a hematoporphyrin derivative 

was formed that had better tumor localization properties and could be used as a PS to treat 

gliomas by means of PDT. Another purification step resulted in the formation of Porfimer 

Sodium (Photofrin), which was approved by the FDA and EMA to be used in the clinic to 

treat cancers [49–51]. Even though it is the most widely used PS for the treatment of cancers, 

Photofrin still is a complex mixture of molecules with relatively poor tissue selectivity, low 

absorption of light and poor tissue penetration of light. High Photofrin dosage is needed for 

therapeutic effect leading to prolonged patient skin sensitivity after PDT [52]. This led to the 

development of second-generation PSs that were made to overcome the limitations of the 

first generation. They consist of all sorts of porphyrins generally divided into porphyrins, 

chlorins, pheophorbides, bacteriopheophorbides, texaphyrins and phthalocyanines, each 

group consisting of numerous types of PSs (reviewed in [53]). Second-generation PSs aim 

to increase PS purity and reproducibility to have better control over production and drug 

behaviour. The goal of using these second-generation PSs was to achieve better tumor 

selectivity and reduce the overall drug dose. The added effect of lower doses means the 

product is cleared faster and skin photosensitivity which is one of the main limitations of 
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PDT in the clinic, can be reduced from weeks to days. The photochemical properties of these 

new PS were adjusted, so as to utilise the preferential absorption of light at longer 

wavelengths, so they can be used to treat tumors in deeper tissues or utilize fewer implanted 

light sources [52]. A third generation PS refers to modified second-generation PSs using 

nanocarriers or biologic conjugates, such as antibodies to improve their physical, chemical 

and therapeutic properties. This will also ensure lower dosage and fewer unwanted side 

effects. 

2.4.1. An ideal PS 
The definition of an ideal PS is often described based on preferential characteristics. 

Several properties are generally accepted as ideal [51,54]. The PS should have low dark 

toxicity and preferably no toxicity at administration (no allergic reactions or hyposensitivity). 

Moreover, administration should be easy and feasible via different routes without any pain. 

It should have a high absorption band, preferably in the near infrared (NIR), for optimal 

tissue penetration, yet with enough energy to generate singlet oxygen. It should have a high 

yield of ROS during illumination. High tumor selectivity and rapid clearance from the body 

will minimize photosensitivity of the skin. Moreover, the PS should be pure and easily 

produced, as well as be stable enough for long storage. The search for new and improved 

PSs is an active field of research as can be seen by the currently ongoing clinical trials looking 

to assess safety and efficacy of newer PSs and the many preclinical reports of completely 

novel PSs. One of the focus points is water solubility to improve PS circulation and efficacy 

in aqueous surroundings. By rationally designing molecules it is possible to synthesize water-

soluble PSs that also accumulate at desired locations [55]. Adding functional groups to the 

PS allow bio-conjugation of moieties capable of accentuating desirable properties [56]. 

3. What affects PDT efficacy

3.1. Light 
The therapeutic efficacy of PDT depends on the properties of the light used to 

activate the PS. In a superficial approach it has to both penetrate skin and tissue to reach the 

target site and be able to activate the PS in situ. In an intraluminal or interstitial setting, the 

placement of multiple light sources is an important consideration. The penetration of light in 

tissue is a complex process, which is dependent on the optical properties of the tissue at the 

wavelength of light used. There is significant heterogeneity between tissues and even within 
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tissues, with numerous molecules influencing light scattering and absorption. At shorter 

visible wavelengths, efficacy can be limited due to the absorption by endogenous 

chromophores such as haemoglobin, whereas at longer wavelengths water can absorb light. 

This limits the range of wavelengths to optimally penetrate tissue between 600 nm and 1300 

nm. However, light with a wavelength longer than 850 nm does not provide sufficient energy 

needed to activate the PS to its triplet state and to generate singlet oxygen. As such, the 

“therapeutic window” for the majority of PDT applications lies in the red region of the 

spectrum between 620 and 850 nm achieving optimal tissue penetration and PS activation 

[57]. 

For the delivery of light, both lasers and incandescent light have proven to be 

effective [58]. The source of the light should be fitted to the PS photophysical characteristics 

(absorption spectrum), type of disease (location, size of tumor, tissue type) and usability 

(cost, size, handling). With topical lesions, at for instance the skin, it is easier to use lamps 

instead of lasers since they are cheaper to maintain, user friendly and their broad emission 

can be used with several PSs. Lasers are widely used in clinical PDT as they are powerful, 

can be coupled to optical fibres that can be used to interstitially illuminate deeper located 

tumors with the application of diffusing tips. Numerous studies are looking to optimize light 

sources with new approaches. For instance, the use of Light Emitting Diodes (LED) in PDT 

is investigated [59–61]. LEDs are cheap, easy to manufacture, have a high-power output and 

can be used for a broad range of wavelengths. They are however of limited use for large 

tumors where an interstitial approach is required. 

3.2. Oxygen
The availability of sufficient tissue oxygen is crucial in the efficacy of cancer 

therapy. The presence of hypoxic areas in tumors proves to be a major obstacle in the 

treatment of solid tumors [62]. One indirect reason is that hypoxia is usually induced by 

impaired tumor vasculature, meaning drug delivery routes are impaired. Another reason is 

the importance of oxygen for the therapeutic effect of, for instance, radiotherapy and certain 

chemotherapies [62,63]. In PDT, the formation of singlet oxygen needs ground state oxygen, 

therefore tissue oxygenation heavily influences PDT efficacy [64,65]. Hypoxic areas inside 

tumors have proven obstacles for PDT efficacy and tumors with hypoxic areas are considered 

PDT resistant [66]. Indeed, when the main vasculature of a tumor is occluded, the effect of 

PDT is considerably ablated [67]. Increasing tumor oxygenation by hyperbaric oxygen 
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therapy has been shown to improve tumor response to chemotherapy and radiotherapy [68]. 

In PDT studies there are conflicting reports. When Photofrin is used in combination with 

hyperoxygenation by letting tumor bearing mice breathe under pressurized conditions, 

improved cell killing after PDT is observed [69,70]. Other PSs show the same oxygen 

dependent efficacy [71] while yet others seem to be unaffected by lower tissue oxygen 

levels [72]. 

3.3. PS uptake and localization 
With the limited action radius of ROS and especially singlet oxygen, the precise 

localization of the PS is crucial for its therapeutic effect. Understanding and controlling PS 

localization greatly increases the potential of PDT. From the moment of administration, 

until the PS has reached the target location, various physical, chemical and biological 

events take place that together influence the end location of the PS. For example, when 

intravenously administered, the PS will first encounter serum proteins to which it will bind. 

Different PS will associate differently to these proteins and therefore the 

pharmacokinetics and distribution will vary accordingly [19]. The PS has to extravasate 

the blood vessels to reach the tumor site, thereafter associating with the extracellular 

matrix or the cells within the tumor. As mentioned earlier, PSs have been found to 

localize in numerous organelles which is dependent on the structural characteristics of the 

PS. It has been shown that overall charge, lipophilicity and overall structure predominantly 

determine cellular uptake and subcellular localization of a PS and ultimately determine its 

therapeutic effect [73]. 

4. PDT in clinical trials
4.1. Clinically approved PS 

In the clinic, PDT can be used in conjunction with surgery, radiotherapy 

or chemotherapy, due to its mode of action. Because it is activated locally and has limited 

tissue penetration, PDT is relatively tissue sparing with, in some cases, good cosmetic 

outcomes. This makes it especially suitable for skin conditions and sensitive areas such as 

the head and neck [74]. Moreover, it lacks the adverse events seen in radiotherapy 

and systemic chemotherapy. Unfortunately, intravenously administered PSs induce 

prolonged periods of skin photosensitivity, during which patients need to avoid light [74]. 
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Despite PDT having several favourable characteristics to standard treatment 

modalities, only limited number of PSs have received regulatory approval for the treatment 

of cancers by the FDA and EMA. The list of approved PSs is summarized in Table 1. 

Photofrin was the first PS to get clinical approval for the treatment of several cancers. 

However, this PS is a complex mixture of molecules with relatively poor tissue selectivity, 

low absorption of light and, at the wavelength needed for its activation, light has poor tissue 

penetration. A high dosage of Photofrin is needed to achieve the desired therapeutic effect, 

leading to long circulation times and prolonged patient photosensitivity [75]. The second PS 

to receive approval is the second-generation Temoporfin (Foscan), which has been approved 

by the EMA for the treatment of advanced head and neck squamous cell carcinomas. It 

absorbs light at longer wavelengths and has shorter circulation time, improving its safety 

profile compared to first-generation Photofrin. 

For vascular targeted PDT, the first PS Palladium-metalated bacteriopheophorbide, 

known as TOOKADâ (Negma Lerads/Steba Biotech), has been approved in Europe and

Israel for the treatment of men with low-risk prostate cancer in 2017 [75]. This treatment can 

cause fast vascular occlusion and subsequently cancer cell death, within a 5 mm range of the 

optic fibres. Currently, a phase III clinical trial is ongoing in the US, in which TOOKADâ is

applied for the treatment of intermediate risk prostate cancer (NCT04225299). The water-

soluble derivative of TOOKADâ(WST11), is evaluated in phase I clinical trials for the

treatment of esophagogastric cancer (NCT03133650) and upper tract urothelial carcinoma 

(NCT03617003). Despite the ongoing clinical trials, FDA did not approve the application of 

WST11 for the treatment of localized prostate cancer after evaluation of the phase III clinical 

trial results (NCT01310894). 
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Table 1. Overview of clinically approved PSs. 

PS Excitation 
wavelength Approved Indication 

Porfimer sodium / 
Photofrin® 630 nm 

Worldwide, 
withdrawn in EU 
for commercial 

reasons 

High grade dysplasia in 
Barret’s Esophagous. 

Obstructive esophageal or 
lung cancer. 

5-ALA / Ameluz /
Levulan® 635 nm Worldwide 

Mild to moderate actinic 
keratosis/ Image guided 
surgery in brain tumors 

Metvix / 
Metvixia® 

570 – 670 
nm 

Worldwide 
Non-hyperkeratotic actinic 

keratosis and basal cell 
carcinoma 

Temoporfin / 
mTHPC / Foscan® 

652 nm Europe Advanced Head and neck 
cancer 

Talaporfin / NPe6 
/ Laserphyrin® 

664 nm Japan Early centrally located lung 
cancer 

Verteporfin / 
Visudyne® 

690 nm Worldwide Age-related macular 
degeneration 

Synthetic 
hypericin / 
SGX301 

570 – 650 
nm 

Orphan status in 
EU 

Cutaneous T-cell lymphoma 

Redaporfin / 
LUZ11 

749 nm Orphan status in 
EU 

Biliary tract cancer 

TOOKAD® 652 nm Israel/Europe Low-risk prostate cancer 
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4.2. Organ specific PDT in clinical trials 
Even though PDT has been investigated for decades, only few PSs are approved for 

use in a clinical setting, as described in 4.1. However, recognizing the potential of PDT, 

investigators are trying to evaluate the safety, feasibility and efficacy of a variety of PSs for 

PDT for numerous types of cancer and increase utilization of PDT in the clinic. Most trials 

are trying to establish the optimal dosage of PS or administered light for compounds 

clinically approved for different types of cancer. In this section trials and some of the studies 

done during the last ten years that investigate the use of PDT for lung, head and neck, 

pancreas and brain cancers are described. 

4.2.1. Lung 
In case of inoperable disease and failure or refusal of other treatments, PDT has 

potential as a palliative standalone or combination therapy due to lack of systemic effects 

and its organ-function sparing action. Additionally, as opposed to radiotherapy, the working 

mechanism of PDT allows repeated treatments. PDT was deemed well-tolerated and 

effective as part of a multi-modal treatment for endobronchial non-small cell lung cancer 

(NSCLC) in a small retrospective study [76]. The palliative efficacy and safety of PDT as 

part of a multi-modal treatment was evaluated in a single centre prospective pilot study with 

patients suffering from advanced NSCLC with central airway obstruction [77]. PDT 

consisted of an intravenously administered water-soluble chlorin E6 complex (Radachlorin®) 

followed by endoluminal irradiation via fibroptic bronchoscopy. All patients showed 

improvement of their symptoms with significantly improved lung capacity and function. One 

year post-PDT survival was improved significantly for PDT treated patients compared to the 

one-year survival rate mentioned for patients with NSCLC treated with systemic 

chemotherapy alone [77,78]. Talaporfin-PDT, which received approval as a lung cancer 

treatment in Japan, was combined with chemo-radiation therapy, radiotherapy or 

chemotherapy to palliatively treat intractable lung cancer with airway stenosis. This 

multimodal approach significantly relieved airway obstruction, improved lung capacity 

parameters and quality of life, ultimately prolonging patient survival [79]. 

PDT could also be a valuable addition to the adjuvant therapy regimens. A study 

showed patients receiving postoperative Photofrin-PDT have an improved mean survival 

time when compared to patients treated with standard postoperative care [80]. In a different 

study, patients undergoing radical pleurectomy followed by post-operative PDT showed 
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unusually long survival, despite recurrences and no increased progression-free survival, most 

likely due to the preservation of the lung and/or the PDT effect [81]. These studies indicate 

PDT can be easily implemented in standard care regimens to improve therapy outcome. 

As a stand-alone treatment, Photofrin-PDT proved a good alternative for palliative 

chemotherapy or radiotherapy in unresectable lung cancer as it achieved an overall response 

of nearly 87% and improved patient quality of life. It even showed curative potential with 

several cases of complete remission [82]. However, photosensitivity, secretions and pain 

were common adverse events. Another major drawback of Photofrin-PDT was the fact it 

becomes less effective with tumors over 1 cm in diameter [83,84]. As such, the guidelines of 

the American College of Chest Physicians in 2003 recommended that PDT is only suitable 

for lesions under 1 cm in diameter based on results with Photofrin. However, second-

generation PSs with deeper tissue penetration prove more effective with larger lesions. No 

significant difference in efficacy was observed between tumors under or over 1 cm when 

using Talaporfin [85]. The same group showed that Talaporfin-PDT was also effective in 

treating patients with multiple primary lung cancer (MPLC). All MPLC patients that received 

PDT, either alone or in combination with surgery, achieved complete remission indicating 

PDT can be used for multiple lesions under certain conditions [86]. 

Other newer PSs such as 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a 

(HPPH) are also finding their way to clinical trials. HPPH is a chlorin based PS which 

absorbs light at 665 nm and has a lower risk of skin sensitivity due to its shorter half-life 

compared to Photofrin [87]. A Phase I dose escalation study showed HPPH-PDT is capable 

of achieving high rates of complete remission that is retained for months in patients with 

carcinoma in situ and micro invasive cancer of the central airways [88]. Minor 

photosensitivity was reported but overall adverse events were limited. Two ongoing clinical 

trials are investigating two new PSs for their safety and efficacy in lung cancer. One trial is 

investigating the water-soluble palladium-bacteriochlorophyll (WST11) in obstructive 

NSCLC (EudraCT ID: 2009-011895-31). The other study is an open-label Phase IIb study to 

evaluate the safety, tolerability and efficacy of Fotolon (Chlorin e6-PVP) for the treatment 

of obstructing NSCLC (EudraCT ID: 2013-001876-39). 

4.2.2. Head and Neck 
Initially PDT was explored for treating early stage, easy to reach, head and neck 

cancer and focussed on superficially growing basal and squamous cell carcinoma (SCC) 

Introduction

1 



22

using HPD [89–91]. Photofrin has been shown to be effective in the treatment of oral 

squamous cell carcinoma (OSCC) and dysplasia but post-PDT photosensitivity and limited 

tissue penetration confirm the preference for second-generation PSs [92]. The use of second-

generation PSs, such as 5-aminolevulinic acid and mTHPC (Foscan) for early stage of head 

and neck cancer results in good clinical and cosmetic outcome without the adverse events of 

the prolonged skin-photosensitivity seen after HPD and Photofrin II [93,94]. With HPPH, a 

different second-generation photosensitizer, PDT has also been used for high risk dysplasias, 

carcinoma in situ and SCC and showed promising complete remission rates and mild adverse 

events [95]. Recently a Phase Ib study showed that HPPH-PDT can be safely used to treat 

early stage larynx cancer with 85% complete remission at the maximum tolerated dose [96]. 

Secondary to that, the use of mTHPC with its far-red absorption combined with the 

possibility to illuminate interstitially meant that also thicker lesions could be treated [97,98]. 

Several studies were performed investigating mTHPC-PDT for the treatment of 

OSCC and oropharynx SCC. Complete response rates of 96% and 86% have been reported 

for carcinoma of the lip and oral/oropharynx SCC after a follow-up of 12 months and 37 

months respectively [94,99]. Both studies report good functional and cosmetic outcome. Two 

studies have compared surgery with mTHPC-PDT for OSCC on the tumor response, disease 

free survival and local or overall survival. Recurrent and persistent nasopharyngeal 

carcinoma (NPC) and advanced head and neck cancers are a serious problem as conventional 

treatment options are often exhausted. Treatment of nasopharyngeal carcinoma with 

mTHPC-PDT can result in complete remission and lead to prolonged survival for patients 

[100]. A prospective study using ultrasound guided interstitial PDT for deep seated 

pathologies showed good results with most patients reporting improved quality of life and 

improvement of limb function [101]. In another study, interstitial PDT in a group of 45 

patients with persistent or recurrent head and neck cancer prolonged survival of the 33 

patients (73%) who responded to the treatment to a median of 16 months [98].  

mTHPC is approved in Europe for the palliative treatment of advanced head and 

neck cancers, often when surgery or radiotherapy are no longer viable options. It proved 

effective in inducing tumor reduction and complete remission was achieved in half of the 

patients with head and neck cancer that had exhausted all other curative treatment options. 

Moreover, PDT stabilized disease leading to a significantly prolonged survival in patients 

that responded to treatment compared to non-responders confirming mTHPC-PDT can be 
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considered as a valuable treatment option [102]. A recent report describes a small but 

impressive study investigating the use of mTHPC-PDT for the treatment of recurrent SCC 

of the base of tongue after salvage surgery following (chemo-) radiation failure. The two 

patients treated were disease free after 24 and 42 months follow-up [103]. mTHPC-PDT has 

also been shown to be a safe adjuvant therapy for recurrent malignant tumors of the paranasal 

sinuses and recurrent sino-nasal skull base tumors [104]. Currently, a clinical trial is ongoing 

with Redaporfin (LUZ11), which investigates the tolerability, pharmacokinetics and anti-

tumor effect in a dose escalation study in patients with advanced head and neck cancer 

(EudraCT ID: 2013-003133-14). 

4.2.3. Pancreas 
Owing to its mode of action, PDT circumvents most tumor therapy resistance 

mechanisms and therefore is a modality with potential in effectively treating pancreatic 

cancer. The first clinical trial of PDT in the treatment of locally advanced pancreatic cancer 

was conducted in 2002 using mTHPC [105]. PDT could produce tumor necrosis in all 

patients with low morbidity and mortality. The results of a Phase I trial suggested applying 

PDT for localized cancers in patients who are not surgical candidates. Recently, a Phase I/II 

dose escalation study was completed in which the safety and efficacy of verteporfin were 

evaluated in patients with locally advanced pancreatic carcinoma (EudraCT ID: 2006-

004097-28). However, the results have not been published yet. 

4.2.4. Brain 
The tissue sparing characteristic of PDT could offer an alternative to conventional 

methods for aggressive and difficult to treat tumors such as glioblastoma multiforme. 

Alternatively or in combination, the fluorescence of the PS has been used to guide the 

resection of tumors, known as fluorescence guided resection. Here, 5-aminolevulinic acid 

(5-ALA), which converts into the active fluorescent molecule protoporphyrin IX (PpIX), has 

been mostly used. PpIX is excited by light of 357 – 440 nm wavelength, which although not 

appropriate for deep tissue imaging, is sufficient for superficial detection. Stummer and 

colleagues reported a more complete resection of tumors that led to improved progression–

free survival in patients with malignant glioma [106]. A similar observation was documented 

in a study where 5-ALA fluorescence guided resection was followed by interstitial PDT 

[107]. Here the cumulative 6 months progression free survival rates were 41% and 21%, for 

fluorescence guided resection combined with PDT, compared to PDT alone. 
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In a different study, the combination of 5-ALA and Photofrin was employed for 

fluorescence guided resection, followed by repetitive PDT [108]. This controlled trial 

showed a survival advantage (52.8 weeks of mean survival in the study group of 13 patients, 

compared to 24.6 weeks in the control group of 14 patients) without added risks to the 

patients with glioblastoma multiforme. Muller and colleagues reported on the results of 

Photofrin PDT alone and despite the encouraging results, the authors suggest that higher light 

doses than the ones employed in this study may be required for better responses [109]. 

A preliminary clinical study tested the safety and efficacy of Talaporfin-PDT for 

patients with completely removed, subtotally removed or partially removed gliomas, which 

were either recurrent or newly diagnosed. PDT had positive results in newly diagnosed 

tumors with high rates of tumor response and prolonged patient survival. With recurrent 

gliomas, PDT performed considerably worse with low tumor response, possibly due to 

inadequate penetration of tissue at the light-dose regimen applied in this study [110]. A 

follow-up study further examined the efficacy and safety of intraoperative Talaporfin for 

recurrent or newly diagnosed glioblastoma multiforme [111]. PDT considerably increased 

both overall and local median progression free survival and overall survival was prolonged 

compared to these parameters after chemo-radiation therapy or fluorescence guided resection 

as reported in literature [106,112]. Again, results were better for newly diagnosed gliomas 

[111]. Recently, two clinical trials were conducted. One is a Phase I study assessing PDT for 

recurrent malignant brain tumors with poor prognosis using Photofrin. Here, overall survival 

for 3 years post PDT treatment was followed (NCT01682746). The other is a phase II clinical 

trial investigating PDT with Photofrin for recurrent high-grade gliomas in adult patients 

(NCT01966809). These clinical studies show PDT can be a beneficial addition to glioma 

treatment modalities, especially for newly diagnosed tumors. 

4.3. Current limitations of PDT in the clinic 
PDT proves to be effective in inducing tumor responses as well as improving patient 

survival and quality of life. Efficacy is seen when PDT is part of a multimodal approach or 

used as a first-line treatment for premalignant or early disease and as standalone palliative 

treatment. Even though PDT shows great potential, there are still some limitations that 

prevent a firm position for PDT in standard care management of cancer. When reviewing the 

clinical trials and studies done over the last ten years, some general problems become 

evident. A major problem is related to the adverse events associated with PDT. With 
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systemically administered PSs, especially of the first generation, skin photosensitivity is one 

of the most common adverse events. Patients have to avoid sunlight and strong artificial light 

for weeks, which is highly undesirable when they are nearing the end of life. Another adverse 

event often reported is pain. The main mechanism in PDT induced pain has yet to be 

elucidated, but several studies have found some predictors of pain. The biggest predictors 

appear to be the size of the treated area while location, PS type, lesion type, gender, age and 

light protocol have also been mentioned [113]. Several strategies of pain management have 

been tested, but none fully relieved PDT induced pain [113]. The occurrence of adverse 

events, such as inflammation, fever and nausea are typically location dependent but are often 

successfully managed with medication. Another drawback is the decreasing efficacy of PDT 

for larger lesions, especially with first-generation PSs. Due to inadequate tissue penetration 

of light or PS, bulky or deep seated tumors are difficult to treat with PDT. Especially evident 

with Photofrin and 5-ALA, the limited penetration of the appropriate light prevents sufficient 

depth of tumoricidal action [114]. Even second-generation PSs perform less in larger lesions 

in which case surgery is more effective [115,116]. The most effective PSs tend to be hard to 

dissolve due to hydrophobicity and can form aggregates that have trouble penetrating tumor 

tissue [19]. Finally, due to the longer retention of hydrophobic PSs in the body and 

accumulation in healthy tissues, damage to the surrounding normal tissues, such as nerves 

and muscles often occurs upon illumination. Depending on the cancer type and tissue 

affected, such damage can lead to considerable reduction in quality of life. 

5. Strategies to overcome current limitations and improve therapeutic efficacy
Several strategies can be applied to overcome limitations mentioned above. Using 

more hydrophilic PSs can increase clearance from the body, reducing side effects such as 

photosensitivity and damage to the normal tissues. Therefore, design of new PSs or 

modification of known PSs is an active field of research [117]. To improve PDT tissue 

penetration in bulky or deep seated tumors, interstitial PDT (iPDT) can be applied using 

optical fibers to guide light deeper into the tissues, thereby improving the depth of PDT 

action [118]. Even though iPDT is already applied in the clinic, optimal fiber placement and 

light dosimetry remain topics of research. Over the years, many efforts have been made in 

the field of PDT to target PS specifically to the site of the tumor, also necessary for water 

soluble PS that alone do not associate with cells. Targeting of certain receptors which are 

only present or more abundant on tumor cells or tumor vasculature allows for the usage of 
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different types of targeting moieties such as antibodies, and antibody fragments such as 

nanobodies to deliver the PS specifically to the tumor site. Alternatively, nanotechnology-

based PS delivery systems such as polymeric nanoparticles and liposomes, can improve 

pharmacokinetics of hydrophobic PSs, leading to less damage to surrounding tissues [117]. 

Besides trying to overcome the currently existing limitations of PDT in the clinic, 

research is focussed on improving certain aspects to improve PDT efficacy. PDT can be used 

either pre, intra or post-operatively and in combination with other modalities to improve 

treatment outcome. Due to its mode of action it can easily be used in combination with 

chemotherapy, radiotherapy and surgery. Alternatively, a combined approach of 

conventional PDT that targets both cancer cells and tumor vasculature is one of the 

approaches that can help to improve therapeutic effects of PDT. 

5.1. Combination of cancer and vascular targeted PDT 
As described under 2.3.2, the damage induced to tumor vasculature upon PDT is 

inversely correlated with the duration of the time interval between PS administration and 

illumination. Shorter drug light intervals have been explored for vascular targeted PDT, 

while longer intervals for the conventional cancer targeted PDT. 

In preclinical studies, Dolmans and co-workers investigated simultaneous targeting 

of vasculature and cancer cells in an orthotopic breast cancer model by fractionated PS 

dosing PDT before single light administration (4 h and 15 min after PS MV6401 

administration). The fractionated drug dose PDT more effectively induced tumor growth 

delay than the same total dose given as a single dose, either at 4 h or at 15 min before light 

administration. The long-term effect of the fractionated drug PDT on blood flow was also 

more extensive than single-dose PDT [119]. Similarly, combination of a long interval 

(cellular targeting, 3 h after PS injection) PDT and a short interval (vascular targeting, 15 

min after PS injection) PDT was explored by Chen et al. in a prostate cancer model [36]. 

Fluorescence microscopic studies indicated that tumor localization of verteporfin changed 

from predominantly within the tumor vasculature at 15 min after injection, to being 

throughout the tumor parenchyma at 3 h after injection. Light treatment at 15 min after 

verteporfin injection induced significant tumor vascular damage, as manifested by tumor 

blood flow reduction and increase in the tumor hypoxic fraction. In contrast, the vascular 

effect observed after the same light dose delivered 3 h after administration of verteporfin was 

an initial acute decrease in blood flow, followed by recovery to the level of control. The 
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combination of 3 h interval PDT and 15 min interval PDT were more effective in inhibiting 

tumor growth than each individual PDT treatment. However, it was found that the combined 

treatment with the sequence of 3 h interval PDT before 15 min interval PDT led to a superior 

antitumor effect than the other combined PDT treatments. Histologic studies confirmed that 

this combined treatment led to damage to both tumor vasculature and tumor cells. 

Both studies suggest that targeting both tumor cellular and vascular compartments 

can be an effective and safe way to enhance PDT damage to tumor tissue. 

5.2. Improving PS distribution and specificity 
By improving PS localization, it can be expected that there will be increased 

efficacy in tumor destruction and fewer side effects related to off-target localization [120]. 

Additionally, more effective targeting would also decrease the PS dosage needed, further 

limiting side effects. Targeting can be achieved on tissue, cellular and sub cellular level in 

PDT. Selectively addressing tumor tissue is particularly important in reducing side effects. 

As of now, (partial) tumor selectivity is mostly dependent on the passive EPR effect and the 

localized PS activation by specific tissue illumination. Actively targeting tumor cells can be 

achieved by a variety of approaches, among which conjugating to monoclonal antibodies or 

nanobodies.  

Figure 2. Schematic representation of conventional monoclonal antibody, heavy chain only antibody 
and nanobody. Nanobodies are the variable domains of heavy chain only antibodies. Compared to the 
antibody (~150 kDa), the molecular weight of nanobody is ten times smaller (~15 kDa).
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5.2.1 Antibodies 
Conjugation of PSs to monoclonal antibodies (mAb) has been employed to enhance 

tumor specificity. This approach, referred to as photoimmunotherapy, was first mentioned in 

1983 by Mew and co-workers who conjugated HPD with a mAb to a tumor specific antigen 

on myosarcoma cells [121]. This increased HPD specificity and directed tumor cell killing 

both in vitro and in vivo. Results showed that the mAb conjugated HPD specifically targeted 

the antigen presenting tumor cells in vivo and significantly increased tumor inhibition after 

illumination. By increasing the DLI, the specific targeting effect was even more pronounced 

as the mAb accumulated in the tumor over time [121]. Since then, several mAbs have been 

approved for clinical use in cancer therapies, which could also be used for 

photoimmunotherapy (PIT) [122]. Targeting EGFR proves successful as several studies have 

investigated the use of anti-EGFR mAbs for PS targeting [123–125]. In a proof of concept 

study, verteporfin was coupled to an anti-EGFR mAb. Antibody conjugation increased 

verteporfin uptake by EGFR expressing A431 cells compared to untargeted verteporfin. In 

vivo, increased concentrations of anti-EGFR-verteporfin were detected in EGFR positive 

tumors compared to EGFR negative tumors or healthy tissue. Moreover, tumor inhibition 

and mouse survival after irradiation was increased with targeted verteporfin compared to 

untargeted verteporfin or controls, indicating mAb targeting could both increase selectivity 

and therapeutic effect [123]. 

The phthalocyanine derivative PS IRDye700DX is relatively hydrophilic PS, 

compared to the other PSs, which has been used extensively in preclinical studies for 

therapeutic applications [124,126–128]. This PS absorbs light at a longer wavelength (689 

nm) than most PSs, such as Photofrin or Foscan, increasing depth of light penetration. The 

commercially available mAbs Trastuzumab and Panitumumab, which are directed against 

HER2 and EGFR respectively, were used to provide selectivity to the water-soluble PS 

IRDye700DX [124]. In vitro studies showed that the mAb-IRDye700DX conjugates only 

induced death in cells expressing their respective receptors. Moreover, the conjugates needed 

to be bound to the cell to have photocytotoxic effect, as IRDye700DX alone would not 

associate with cells and unbound conjugates did not induce cell death. In vivo studies using 

xenografted mice bearing both receptor-positive and -negative tumors showed receptor 

dependent IRDye700DX accumulation and tumor eradication [124]. Currently, a Phase III 

trial is ongoing, where the mAb Cetuximab targeting EGFR is conjugated to the PS 
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IRDye700DX for PDT of patients with recurrent head and neck cancers (NCT02422979). 

The outcome of this trial will certainly influence further evaluation of these or other targeted 

PDT approaches in the clinic. 

A known restraint of antibody-targeted therapy is the insufficient intra-tumoral 

distribution of the therapeutics [129]. This occurs especially when an antibody has a high 

binding affinity for its receptor and/or the tumor cells express high levels of target antigen. 

In this case antibodies are saturated in the immediate perivascular space and cannot penetrate 

deeper into the tumor, a phenomenon known as the “binding site barrier”. More uniform 

distribution of antibodies can be achieved by adding a second antibody with either lower 

affinity or lower antigen expression which enables this second antibody to be more 

bioavailable deeper in the tumor. In addition, intratumoral heterogeneity is one of the leading 

causes of therapeutic resistance and treatment failure and one of the main reasons for poor 

overall survival in cancer patients. Single receptor targeted therapies generally eradicate one 

subpopulation while the other surviving subpopulations of tumor cells will proliferate and 

regrow, promoting tumor progression. Therefore, combined approaches can potentiate the 

therapeutic response. Addressing these two concerns a mixture of differentially targeted PS 

conjugations was tested. IRDye700DX was conjugated to either anti-EGFR (Panitumumab) 

or anti-interleukin-2 receptor-alpha (Basiliximab). In vivo studies showed a better intra-

tumoral distribution of the PS and a beneficial anti-tumor effect with improved survival when 

combining Pan-IRDye700DX and Bas-IRDye700DX conjugates compared to either 

conjugate alone [125]. 

5.2.2. Nanobodies 
Despite antibodies’ therapeutic potential, conjugating PSs to relatively large mAbs 

increases the PS half-life, which is an undesired characteristic leading to prolonged 

photosensitivity [130]. As such, it was attempted to use smaller antibody fragments [131–

135]. More recently, nanobodies (NBs) have been evaluated as an alternative for mAbs. NBs 

only consist of the variable binding domain of heavy chain antibodies that, despite their size, 

can specifically bind antigens such as EGFR. Oliveira et al. directly compared anti-EGFR 

NBs with mAbs (cetuximab) as targeting probes for a near-infrared imaging of tumors in 

vivo. The NB conjugates showed faster tumor accumulation and better intra-tumoral 

distribution compared to cetuximab [136]. The same nanobody was evaluated for targeted 

PDT, directly conjugated to IRDye700DX (PS) [137]. Incubating cells with no, or different 
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expression of EGFR with the NB-PS conjugates showed a correlation between EGFR 

expression and NB binding, based on PS fluorescence. No binding to cells was observed of 

free PS or R2-PS (R2 being a negative control nanobody). Subsequently, cell death was only 

observed in cells with high EGFR expression, mediated by NB targeting EGFR conjugated 

to the PS. The first in vivo proof of principle study was conducted with these NBs conjugated 

to PS, where light was applied 1 h post administration of the conjugates, in a model of oral 

squamous cell carcinoma developed in the tongue of mice [126]. This approach led to 

extensive tumor damage, i.e. (80-90% tumor necrosis with minimal toxicity to the 

surrounding tissues, thereby highlighting the selectivity of this approach. In the same study, 

cetuximab-PS led to 25-70% tumor necrosis. Viable tumor areas were clearly left after PIT, 

which was not observed with nanobody-targeted PDT. These observations are in line with 

the difficult tumor penetration of large antibodies, compared to a more homogenous 

distribution for nanobodies. Further evaluation of the nanobody-targeted PDT will reveal the 

full potential of this promising approach. 
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6. Aims and outline of the thesis
Nanobody targeted PDT has recently been described as a promising approach, using 

EGFR targeted nanobodies, allowing illumination of the tumor area shortly after 

administration of the conjugates and, upon illumination, leading to specific tumor damage. 

The first aim of this thesis was to explore nanobody-targeted PDT with molecular targets 

other than EGFR; the second aim was to understand the vascular effects originated from 

nanobody-targeted PDT; and the third aim was to explore the combination of nanobody 

targeting cancer and endothelial cells for more effective PDT. 

In Chapter 2 we investigated the potential of G protein-coupled receptors (GPCRs) 

as targets for nanobody-targeted PDT, using the HCMV-encoded chemokine receptor US28 

as a proof of concept, to eradicate US28 expressing glioblastoma cells in 2D and 3D cell 

models. In Chapter 3 the ability of anti c-Met targeting nanobody to kill Met-expressing 

cells by PDT was explored. In Chapter 4 we investigated the tissue biodistribution of 

monovalent and biparatopic EGFR-targeted nanobody-PS conjugates. Cellular response and 

in particular vascular effects of EGFR-targeted PDT were evaluated in vivo using intravital 

microscopy, and DCE-MRI, complemented with ex vivo analysis of tumor tissues. With the 

intention to explore vascular targeted PDT (VTP) at a molecular level in more detail, studies 

performed in the last 15 years on the molecular targeting of PS to the tumor vasculature were 

reviewed in Chapter 5. The review provides an overview of the targeting moieties which 

have been explored to deliver PS specifically to the tumor vasculature in order to reduce side 

effects and increase treatment efficacy. In Chapter 6 we describe the development of 

nanobodies targeting VEGFR2 for endothelial cell targeted PDT. Higher expression of this 

tyrosine kinase receptor on tumor vasculature and lower expression in normal vessels makes 

it an ideal target for selective delivery of therapeutics to the tumor vasculature. Our 

hypothesis is that dual targeting of endothelial and cancer cells will likely potentiate 

nanobody-targeted PDT and improve therapeutic efficacy. Chapter 7 summarizes the 

obtained results and presents future perspectives on nanobody-targeted photodynamic 

therapy. 
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ABSTRACT 
Photodynamic therapy (PDT) eradicates tumors by the local activation of a photosensitizer 

with near-infrared light. One of the aspects hampering the clinical use of PDT is the poor 

selectivity of the photosensitizer. To improve this, we have recently introduced a new 

approach for targeted PDT by conjugating photosensitizers to nanobodies. Diverse G 

protein-coupled receptors (GPCRs) show aberrant overexpression in tumors and are 

therefore interesting targets in cancer therapy. Here we show that GPCR-targeting 

nanobodies can be used in targeted PDT. We have developed a nanobody binding the 

extracellular side of the viral GPCR US28, which is detected in tumors like glioblastoma. 

The nanobody was site-directionally conjugated to the water-soluble photosensitizer 

IRDye700DX. This nanobody-photosensitizer conjugate selectively killed US28-

expressing glioblastoma cells both in 2D and 3D cultures upon illumination with near-

infrared light. This is the first example employing a GPCR as target for nanobody-directed 

PDT. With the emerging role of GPCRs in cancer, this data provides a new angle for 

exploiting this large family of receptors for targeted therapies. 
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1. Introduction
Photodynamic therapy (PDT) is a minimally invasive modality where cancer cells 

are eradicated through local activation of a photosensitizer, by means of near infrared light. 

Activation of the photosensitizer leads to the production of singlet oxygen species, which 

have detrimental effects on proteins, lipids and nucleic acids, resulting in cell toxicity, 

vascular responses, and additional inflammatory responses [1]. However, one of the main 

aspects hampering the use of PDT in the clinic, is the hydrophobicity of the photosensitizer 

and its poor selectivity. This leads to off-target effects, the need to wait 2-4 days between 

administration of the photosensitizer and light application, and photosensitivity several 

weeks post PDT [1,2]. To improve this, more hydrophilic photosensitizers have been 

generated and/or other approaches like nanoparticles have been used for photosensitizer 

delivery [3-5]. In addition, photosensitizers have successfully been conjugated to 

antibodies directed against tumor antigens [6,7]. Currently, a phase I clinical study, 

involving the water-soluble photosensitizer IRDye700DX conjugated to an epidermal 

growth factor receptor (EGFR) targeting antibody is ongoing, for head and neck cancer [8]. 

The conjugation of a photosensitizer to monoclonal antibodies has increased the selectivity, 

showing promising results, but the large size of these antibody-photosensitizer conjugates 

impedes efficient tumor penetration and has slow clearance [9-11]. As alternative, we have 

introduced nanobody-targeted PDT, for more effective tumor penetration and faster 

clearance of the conjugates [12,13]. 

Nanobodies are antibody-fragments derived from heavy-chain antibodies from 

Camelidae family members, which can be generated by immunization of llamas/alpacas 

with an antigen of interest [14]. Nanobodies display low immunogenicity, are highly 

soluble and physically stable, and have a ten-fold lower molecular weight (12-15 kDa), 

compared to conventional antibodies. This enables enhanced tumor penetration and the 

ability to bind cryptic antigenic sites inaccessible for conventional antibodies [15-17]. In 

previous studies, nanobodies targeting the epidermal growth factor receptor (EGFR), were 

successfully conjugated with the water-soluble photosensitizer IRDye700DX and used for 

targeted PDT in vitro and in vivo resulting in selective toxicity to EGFR-overexpressing 

tumor cells and extensive tumor damage [12,13]. 

G protein-coupled receptors (GPCRs) are a family of receptors that play a 

prominent role in multiple physiological processes and are involved in multiple diseases, 
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including cancer [18-20]. In several types of cancers, GPCR overexpression and/or 

dysregulated signaling contributes to angiogenesis, metastasis and/or tumor growth [21-

23]. These findings have led to an increasing interest in targeting GPCRs in cancer. To 

date, several GPCR-targeting nanobodies have already shown therapeutic potential in 

cancer, by inhibiting GPCR signaling [24-29]. Alternatively, such nanobodies could serve 

as ideal moieties for guiding functional groups, including photosensitizers, towards cancer 

cells. 

Herpesviruses also contain genes encoding for GPCRs with high homology to 

human chemokine receptors. The human cytomegalovirus (HCMV) is a human herpesvirus 

with an estimated seroprevalence of approximately 50 to 90% of the worldwide population 

[30,31]. HCMV and US28, one of the four HCMV-encoded viral GPCRs, have been 

detected in multiple tumors, including gliomas, colorectal cancer and prostate cancer [32-

38]. In particular, US28 activates oncogenic signaling pathways and displays an 

oncomodulatory role in the progression of tumors like glioblastoma [27,32,33,39-41]. We 

recently developed an US28-targeting nanobody, which partially inhibits this US28-

enhanced tumor growth in vitro and in vivo by inhibiting constitutive US28 signaling [27]. 

Since US28 is a foreign viral target expressed in tumors, but not in the surrounding healthy 

tissue, US28 would be an ideal target for selective therapies, including nanobody-targeted 

PDT. 

The aim of this research was to eradicate US28-expressing glioblastoma cells 

using nanobody-targeted PDT. For this, we have selected a new nanobody that binds a 

discontinuous epitope of US28 with high affinity. We have conjugated the water-soluble 

photosensitizer IRDye700DX to an unpaired cysteine in a C-terminal tag of the nanobody 

without compromising the binding affinity. Notably, we were able to selectively kill US28-

expressing glioblastoma cells in 2D cultures, as well as 3D spheroids. These findings show 

the potential of GPCR-targeting nanobodies in nanobody-directed PDT. 

2. Experimental section
DNA constructs 

The pVUN014 phagemid vector was a gift from Prof. Dr. H.J. de Haard (argenx 

BV, Zwijnaarde, Belgium). The pET28a vector for periplasmic production of nanobodies 

in E. coli was described previously [42]. The pcDEF3 vector was a gift from Dr. J.A. 
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Langer [43]. Genes encoding the different US28 mutants (US28-∆2-22) were either 

described previously or were ordered from Eurofins (Ebersberg, Germany) [44]. 

Cell culture 
HEK293T cells and U251 cells were purchased from ATCC (Wesel, Germany). 

Doxycycline-inducible US28 expression in U251 cells (U251-iUS28) and in 

HEK293T cells (HEK293T-iUS28) were described previously [27]. To induce US28 

expression, cells were induced with doxycycline (1 ug/ml, D9891, Sigma-Aldrich, Saint 

Louis, Missouri, USA) for 48 h. Cells were grown at 5% CO2 and 37 °C in Dulbecco’s 

Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

supplemented with 1% Penicillin/Streptomycin (Thermo Fisher Scientific) and 10% Fetal 

Bovine Serum (FBS, Thermo Fisher Scientific). FBS was heat inactivated (30 min, 60 °

C) for the culturing of U251 cells.

Transfection of adherent cells 
Two million HEK293T cells were plated in a 10 cm2 dish (Greiner Bio-one, 

Kremsmunster, Austria). The next day, cells were transfected with 100 ng of the different 

pcDEF3-US28 constructs and adjusted with empty pcDEF3 DNA to a total of 5 μg DNA 

and 30 μg 25 kDa linear polyethyleneimine (Sigma-Aldrich) in 150 mM NaCl solution, 

resulting in a DNA:PEI ratio of 1:6. The DNA-PEI mixture was vortexed for 10 seconds 

and incubated for 15 min at room temperature (RT). Subsequently the mixture was added 

dropwise to the adherent HEK293T cells. 

Membrane extract preparation 
To obtain membrane extracts, HEK293T-iUS28 or U251-iUS28 cells 

were induced with doxycycline as described above. Cells were washed with cold 

PBS and resuspended afterwards in cold PBS. Cells were centrifuged at 1500 g at 4 °C. 

Pellet was resuspended in cold PBS and again centrifuged at 1500 g at 4 °C. The 

pellet was resuspended in membrane buffer (15 mM Tris-Cl, 0.3 mM EDTA, 2 mM 

MgCl2, pH 7.5) and disrupted by the Dounce Homogenizer Potter-Elvehjem at 1200 g. 

Llama immunization and phage display library construction 
Two llamas were immunized using the pcDEF3 vector encoding for VHL/E 

US28. DNA was injected a total of 8 times. Of these, 4 subcutaneous injections occurred in 
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one stretch with 2-week intervals, which was followed by a lag-period of 5 weeks. These 

injections were followed up by two sets of boost injections, each consisting of 2 injections 

with a 2-week interval. One week after the final injections, blood was drawn, and 

peripheral blood mononuclear cells were collected from both llamas and total RNA was 

isolated. cDNA was obtained by reverse transcription-PCR using the SuperScriptTMIV 

First-Strand Synthesis System (Invitrogen, Carlsbad, California, USA). Genes, encoding 

for the variable domains of the heavy-chain only antibodies, of both llamas were amplified 

using PCR and cloned into the pVUN014 phagemid vector and transformed into 

electrocompetent E. coli TG1 (Lucigen), to make 2 libraries. Library sizes were estimated 

by means of a serial dilution of transformants. Different clones were picked, and colony 

PCR was performed using DreamTaq polymerase (Thermo Fisher Scientific) to determine 

the amount of clones containing a nanobody insert. The same PCR product was also cut 

with MvaI FastDigest (Thermo Fisher Scientific) to determine the diversity of clones in the 

library. 

Phage production 
At the start of each selection round, 10 times the size of both nanobody libraries 

were pooled together (for round 1) or the rescues of the previous selection round (for round 

2 and 3) were diluted in 2xTY broth containing 100 μg/ml ampicillin (Melford Biolabs

ltd., Ipswich, UK) and 2% (w/v) glucose and grown until OD600 of 0.5. Cultures were 

infected with VCSM13 helper phage (Stratagene, San Diego, California, USA) at phage-

bacteria ratio of 10:1-20:1. Cultures were grown 30 min without shaking followed by 

30 min with shaking at 37 °C. Bacteria were centrifuged at 4500 g and the pellet was 

resuspended in 2xTY broth containing 50 μg/ml kanamycin (Melford Biolabs ltd.) and

100 μg/ml ampicillin. The culture was grown overnight at 28 °C to allow phage

production. Next day, the culture was centrifuged at 4500 g and supernatant was added to 

ice-cold 20% PEG6000/2.5 M NaCl (ratio 4:1) and incubated for 30 min on ice. The 

supernatant was centrifuged at 4000 g and the phage pellet was resuspended in PBS. The 

phage solution was centrifuged, and the supernatant was again added to ice-cold 

20% PEG6000/2.5 M NaCl and incubated for 10 min on ice. The supernatant was 

centrifuged again, and the phage pellet was resuspended in PBS. 
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Phage display selections 
To obtain US28 specific binding nanobodies, 3 rounds of phage selections were 

performed using membrane extracts of the inducible US28 (VHL/E strain) HEK293T or 

U251 cell lines. Fifty μg of the membrane extracts were coated in a 96 well 

MicroWell™ MaxiSorp™ flat bottom plate (Sigma-Aldrich) overnight at 4 °C. Wells were 

washed 3 times with PBS and blocked with 2% (w/v) skimmed milk (Sigma-Aldrich) in 

PBS for 1 h at RT. Phages were diluted 1:10 (round 1) or 1:100 (round 2 and 3) in 

0.2% (w/v) skimmed milk in PBS and added to the wells for 2 h at RT while shaking. If a 

counter-selection was performed during round 3, phages were first incubated with 250 μg 

of U251 membrane extracts for 1 h head-over-head at RT. The mix was centrifuged at 

4000 g and the supernatant was added to the wells containing the membrane extracts of the 

induced US28 U251 cell line. After phage incubation, wells were washed 20 times with 

PBS with an incubation step of 10 min on a shaker each 5th washing step. Phages were 

eluted with 10 mg/ml Trypsin (Sigma-Aldrich) for 30 min at RT and the eluate was mixed 

with 4 mg/ml 4-benzenesulfonyl fluoride hydrochloride (Sigma-Aldrich). Eluted phages 

were rescued by infecting TG1 cells (OD600 of 0.5) and grown overnight at 37 °C. Rescued 

phages were used for subsequent rounds of phage display. After 2 and 3 rounds of 

selections, bacteria were plated, and single colonies were grown in a 96 wells plate 

containing 2xTY broth and 100 μg/ml ampicillin.

Phage Enzyme-Linked Immunosorbent Assay 
Single colonies, picked after the second or third round of selections, were grown 

in 2xTY broth and 100 μg/ml ampicillin at 37 °C. When cultures were grown until OD600

of 0.5, the bacteria were infected with VCSM13 helper phage (final concentration 

3.75x1013 pfu/ml). Cultures were grown 30 min without shaking followed by 30 min with 

shaking at 37 °C. 2xTY broth and 100 μg/ml ampicillin and kanamycin were added to

obtain a final concentration of 50 μg/ml kanamycin. Cultures were grown overnight at

28 °C. Twenty-five μg of the membrane extracts with or without US28 were coated in a 96 

well MicroWell™ MaxiSorp™ flat bottom plate overnight at 4 °C. Next day, wells were 

washed 3 times with PBS and blocked with 3% (w/v) skimmed milk in PBS for 1 h at RT. 

Phage cultures were centrifuged at 4000 g and supernatant was added to 3% (w/v) 

skimmed milk in a 1:1 ratio and incubated for 1 h at RT on a shaker. Blocked phage 

solution was added to the MaxiSorp™ flat bottom plate containing membrane extracts with 
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and without US28. Phages were incubated for 2 h at RT on a shaker. Wells were washed 

5 times with PBS. Mouse-anti-M13HRP (GE-Healthcare, Chicago, Illinois, USA) was 

diluted 1:5000 in 3% (w/v) skimmed milk in PBS and incubated for 1 h at RT while 

shaking. The plates were washed again 5 times with PBS. O-phenylenediamine (OPD) 

solution (2 mM OPD; Sigma-Aldrich, 35 mM citric acid, 66 mM Na2HPO4, 0.015% H2O2, 

pH 5.6) was added to the wells and the reaction was stopped with 1 M H2SO4. Optical 

density was measured at 490 nm with a PowerWave plate reader (BioTek, Winooski, 

Vermont, USA) and the ratio of binding to the membrane extracts with and without US28 

was determined. 

Nanobody production 
Nanobody gene fragments were recloned in frame with a myc-His6 tag in the 

pET28a production vector and E. coli BL21 were transformed by means of heat shock.

Nanobodies were produced as described previously [25]. Purity of the nanobodies was 

verified by sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under 

reducing conditions (Bio-Rad, Hercules, California, USA). 

ELISA binding assay 
HEK293T or U251 membrane extracts (20-50 µg) with or without US28 were 

coated in a 96 well MicroWell™ MaxiSorp™ flat bottom plate overnight at 4 °C. Next 

day, wells were washed 3 times with PBS and blocked with 2% (w/v) skimmed milk in 

PBS for 1 h at RT. Nanobodies were diluted in 2% (w/v) skimmed milk and incubated for 

1 h at RT on a shaker. During the competition binding ELISA, 20 nM VUN100 was co-

incubated with previously described 100 nM untagged trivalent US28 nanobody or 

untagged trivalent irrelevant nanobody [27]. Nanobodies were detected with mouse-anti-

Myc antibody (1:1000, Clone 9B11, Cell Signaling Technology, Leiden, The Netherlands) 

and horseradish peroxidase (HRP)-conjugated goat-anti-mouse antibody (1:1000, Bio-

Rad). US28 expression was determined by means of rabbit-anti US28 antibody (Covance, 

Denver, USA, 1:2000, described previously) [41] and goat-anti-rabbit HRP-conjugated 

antibody (1:1000, Bio-Rad). All antibodies were diluted in 2% (w/v) skimmed milk and 

incubated for 1 h on a shaker at RT. Between each incubation step, wells were washed 

3 times with PBS. After the last incubation steps, wells were washed 3 times with PBS and 

OPD was added to the wells and the reaction was stopped with 1 M H2SO4. Optical density 
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was measured at 490 nm with a PowerWave plate reader (BioTek). Data was analyzed 

using GraphPad Prism version 7.0 (GraphPad Software, Inc., La Jolla, CA, USA). 

Competition binding 
Membrane extracts of HEK293T and HEK293T overexpressing US28 were used 

during competition binding studies. The experiments were performed as described 

previously [27]. Data was analyzed using GraphPad Prism version 7.0. 

Phospholipase C activation assay 
The activation of phospholipase C was assessed as described previously and data 

was analyzed using GraphPad Prism version 7.0 [41]. 

Immunofluorescence microscopy 
Transiently transfected HEK293T or (US28-overexpressing) U251 cells were 

seeded in poly-L-lysine (Sigma-Aldrich) coated 96 well plates and were grown at 37 °C 

and 5% CO2. Cells were prepared for immunofluorescence microscopy as described 

previously [25]. Briefly, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 

10 min at RT and subsequently permeabilized with 0.5% NP-40 (Sigma-Aldrich) for 

30 min at RT. Nanobodies were incubated for 1 h at RT and detected using Mouse-anti-

Myc antibody (1:1000, 9B11 clone, Cell Signaling). US28 was visualized with the rabbit 

anti-US28 antibody (1:1000, Covance) [41]. Subsequently, cells were washed and 

incubated with Goat-anti-Rabbit Alexa Fluor 546 (1:1000 in 1% (v/v) FBS /PBS, Thermo 

Fisher Scientific) and Goat-anti-Mouse Alexa Fluor 488 (1:1000 in 1% (v/v) FBS/PBS, 

Thermo Fisher Scientific). When binding of VUN100 to CX3CR1 was assessed, receptor 

expression was detected using rat-anti-HA antibody (1:1000 in 1% (v/v) FBS/PBS, Clone 

3F10, Roche) or rabbit-anti-HA antibody (1:1000 in 1% (v/v) FBS/PBS, H6908, Sigma-

Aldrich) and Goat-anti-Rat Alexa Fluor 546 (1:1000 in 1% (v/v) FBS /PBS, Thermo Fisher 

Scientific) or Goat-anti-Rabbit Alexa Fluor 546 (1:1000 in 1% (v/v) FBS/PBS, Thermo 

Fisher Scientific). Cells were visualized with an Olympus FSX-100 microscope. 

ELISA for US28 expression
Transiently transfected HEK293T were seeded in poly-L-lysine (Sigma-Aldrich) 

coated 96 well plates and were grown at 37 °C and 5% CO2. Cells were fixed with 

4% paraformaldehyde (Sigma-Aldrich) for 10 min at RT. To assess total receptor 

expression, cells were subsequently permeabilized with 0.5% NP-40 (Sigma-Aldrich) for 
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30 min at RT. Cells were blocked for 30 min at RT in 1% (v/v) FBS/PBS. US28 constructs 

were detected with a rat-anti-HA antibody (1:1000 in 1% (v/v) FBS/PBS, Clone 3F10, 

Roche). Subsequently, wells were washed and incubated with HRP-conjugated goat-anti-

rat antibody (1:1000 in 1% (v/v) FBS/PBS, Pierce). All antibodies were incubated for 1 h 

on a shaker at RT. Between each incubation step, wells were washed 3 times with PBS. 

After the last incubation steps, wells were washed 3 times with PBS and OPD was added to 

the wells and the reaction was stopped with 1 M H2SO4. Optical density was measured at 

490 nm with a PowerWave plate reader (BioTek). Data was analyzed using GraphPad 

Prism version 7.0 (GraphPad Software, Inc., La Jolla, CA, USA). 

Immunohistochemistry 
The experiments were performed as described previously [27]. US28 expression 

was detected using polyclonal rabbit-anti-US28 antibody (1:700, Covance) while nanobody 

binding was detected using mouse-anti-Myc antibody (1:500, 9B11 clone, Cell Signaling). 

MACH2 Universal HRP-Polymer detection was used as secondary antibody (Biocare 

Medical, Pacheco, California, USA). 

Nanobody-photosensitizer conjugates 
The nanobody gene was re-cloned into a pET28a vector to add a C-terminal 

cysteine (VUN100-Cys) for subsequent modification. Production was performed as 

described previously and the nanobody was purified using chromatography (ÄKTAxpress) 

and 1 ml Histrap FF crude column (GE Healthcare) and 5 ml HiTrap Desalting column (GE 

Healthcare). The VUN100-Cys was incubated with 20 mM tris(2-carboxyethyl)phosphine 

(TCEP) at RT for 15 min. The buffer was replaced with 50 mM sodium phosphate 

containing 500 mM NaCl and 1 mM EDTA using Zeba spin desalting column (Thermo 

Fisher Scientific). The VUN100-Cys concentration was determined with the NanoDrop 

spectrophotometer (NanoDrop Technologies, Wilmington, Delaware, USA) at 280 nm. 

Immediately after buffer exchange, the VUN100-Cys (1 mg/ml) was mixed with 3 molar 

equivalents of the photosensitizer IRDye700DX-maleimide and incubated overnight at 

4 °C on a rotator. The next day, the free photosensitizer was removed by passing the 

solution through 3 consecutive Zeba spin desalting columns which were pre-equilibrated 

with 2 M NaCl in PBS. The degree of conjugation and concentration of the protein was 

determined as described previously [12]. The purity and the integrity of the nanobody-
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photosensitizer conjugate was determined on SDS-PAGE gel. The gel was imaged on an 

Odyssey Infrared scanner at 700 nm (LI-COR Biosciences, Lincoln, Nebraska, USA). 

LC-MS of nanobody-photosensitizer conjugates 
Intact nanobody-photosensitizer conjugates were analyzed with ultra-high 

performance liquid chromatography mass-spectrometry (UHPLC-MS). The system 

consisted of a 1290 Infinity UHPLC-UV system (Agilent Technologies, Waldbronn, 

Germany) connected to an Agilent Technologies 6560 ion mobility quadrupole time-of-

flight mass spectrometer with a jet stream electrospray ionization interface, operated in 

positive ion mode. Separation was achieved using an Acquity UPLC protein BEH C4 

column (50 x 2.1 mm, 300 Å, 1.7 μm particles, Waters, Milford, Massachusetts, USA), 

which was maintained at 70 °C during analysis. A 1 μl sample volume was injected into

the system and analytes were separated using linear gradient elution with 0.1% formic acid 

(solvent A) and 0.1% formic acid:acetonitrile 5:95 (v/v) (solvent B), increasing from 

20-40% B in 10 min at a flow rate of 0.30 ml/min. Detection was performed with UV at

280 nm and MS using a capillary voltage of 5.5 kV, a nozzle voltage of 2 kV, a nitrogen 

nebulizing pressure of 45 psi, a nitrogen sheath gas flow of 11 l/min at 400 °C and a

drying gas flow of 8 l/min at 350 °C. Data were acquired between m/z 300-3200 and

processed using Agilent Technologies MassHunter software (version B.08.00). 

Determination of the expression of US28 receptor 
To determine the number of US28 expressing U251 cells upon induction with 

doxycycline for 48 h, US28 positive cells were seeded in a 96-well plate. Cells were fixed 

with 4% PFA for 10 min at RT and then incubated with 100 mM glycine for 10 min at RT, 

subsequently permeabilized with 0.5% Triton X-100 for 10 min at RT. The cells were 

blocked with 2% BSA for 30 min at RT. Cells were incubated with polyclonal rabbit anti-

US28 primary antibody (1:1000 diluted in blocking buffer) for 1 h at RT. After multiple 

washing steps, goat anti rabbit Alexa 488 secondary antibody (1:1000 diluted in blocking 

buffer) and TO-PRO®-3 (1 μM, Thermo Fisher Scientific) were added to the cells and 

incubated for 1 h at RT. The cells were imaged with an EVOS microscope and analyzed 

with ImageJ. The US28 expressing cells were detected by antibody staining, and the 

percentage was calculated related to the total cell number (detected with TO-PRO®-3). 
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Cell binding assay with nanobody-photosensitizer 
U251-iUS28 were induced for 48 h with doxycycline resulting in U251 cells 

overexpressing US28 (US28 positive) and the control (US28 negative) cells (if not 

induced) as described earlier [45]. US28 positive and US28 negative cells were seeded at 

8000 cells per well in a 96-well plate (Nunc, Roskilde, Denmark). The next day, cells were 

washed once with binding medium (DMEM without phenol red, 25 mM HEPES and 

1% BSA, pH 7.4). Subsequently, different concentrations of nanobody-photosensitizer 

were added to the plate and incubated for 2 h at 4 °C. Unbound nanobody-photosensitizer 

conjugate was removed by washing 3 times with binding buffer. The amount of bound 

nanobody-photosensitizer was detected with Odyssey infrared scanner (Li-COR) at 

700 nm. Data was analyzed using GraphPad Prism version 7.0. 

In vitro PDT 
The US28 positive and negative U251 cells were washed with washing medium 

(DMEM medium without phenol red, 10% FBS, 1% Penicillin/Streptomycin). The cells 

were incubated with different concentrations of nanobody-photosensitizer for 1 h at 37 °C. 

Cells were washed 2 times with washing medium and bound and/or internalized nanobody-

photosensitizer was detected using the Odyssey infrared scanner at 700 nm. Next, cells 

were illuminated 33 min with 5 mW/cm2 fluence rate for a total light dose of 10 J/cm2 

using a 690 nm diode laser through a 600 µm optic fiber (Modulight, Tampere, Finland). 

After overnight incubation of the cells at 37 °C, the viability of the cells was assessed by 

AlamarBlue® reagent, as recommended by manufacturer (Bio-Rad). Cell viability was 

measured with a Fluostar Optima fluorescent plate reader (BMG Labtech GmbH, 

Ortenberg, Germany). Cells that were neither illuminated nor treated were used to 

determine 100% cell viability. The percentage of cell viability was calculated relative to the 

untreated cells and data was analyzed using GraphPad Prism version 7.0. 

Co-culture assay 
The US28 positive and negative U251 cells were co-seeded in a 96-well plate in 

various ratios. After 1 h of incubation with 50 nM of nanobody-photosensitizer, the cells 

were illuminated with total light dose of 10 J/cm2. After overnight incubation of the cells at 

37 °C, cells were incubated with propidium iodide (1 μg/ml, Invitrogen) and calcein AM 

(0.5 μg/ml, Invitrogen) for 10 min at 37 °C. The cells were imaged with an EVOS 
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microscope and counted with ImageJ. The theoretical percentage of positive cells versus 

percentage of dead cells was plotted. 

In vitro PDT in 3D spheroids 
The US28 positive and negative U251 cells were seeded in ultra-low attachment U 

bottom 96 well plate (Corning). Two days after seeding, 50 µl of the medium was removed 

from each well and spheroids were incubated with different concentrations of nanobody-

photosensitizer in washing medium for 1 h at 37 °C. After 3 times washing of the spheroids 

with the same medium, the plate was illuminated 33 min with 5 mW/cm2 fluence rate for a 

total light dose of 10 J/cm2 using a 690 nm diode laser through a 600 µm optic fiber 

(Modulight). After overnight incubation at 37 °C, the viability was assessed by CellTiter-

Glo® 3D reagent as recommended by manufacturer (Promega, Madison, Wisconsin, USA). 

The percentage of cell viability was calculated relative to the untreated cells. Data was 

analyzed using GraphPad Prism version 7.0. 

Statistical analysis 
Statistical significance was determined by unpaired Student’s t test. Significant 

values were set as indicated in figure legends. 

3. Results
Selection and characterization of a new US28 nanobody 

In this study, we set out to develop a novel US28-targeting nanobody-

photosensitizer conjugate to eradicate US28-expressing tumor cells via targeted PDT. This 

approach requires a nanobody with high affinity and specificity for US28. Because of the 

relatively poor binding affinity of the monovalent US28 nanobody published earlier [27], 

we developed new nanobodies with higher affinity for US28. Phage libraries with 

nanobody genes were constructed after immunization of llamas with US28 DNA. Upon 

panning selections, 330 clones were screened for selective binding to US28 by means of a 

phage ELISA. Of these 330 screened clones, 85 were positive for specific binding to US28 

and could be divided in 7 different groups based on their CDR3 regions. Interestingly, one 

of the US28-binding nanobody clones contained a similar CDR3 as the previously 

published US28 nanobody [27]. This new nanobody was named VUN100 and further 

characterized. Importantly, VUN100 bound US28 of membranes obtained from US28-
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overexpressing cells with a binding affinity of 2 ± 1 nM, which is approximately 170-fold 

higher than the previously reported US28 nanobody (US28 NB) (340 ± 80 nM) (Figure 

1A). To ensure selectivity, binding of VUN100 to US28 was compared to the binding of an 

irrelevant NB (binding to the azodye reactive red 6, RR6) (Figure S1A) and binding of 

VUN100 to the chemokine receptor CX3CR1, with which US28 shares the highest 

homology, were assessed (Figure S1B). No binding of the irrelevant nanobody to US28 

was seen, and VUN100 did not show any binding to CX3CR1. VUN100 displaced 
125I-CCL5 with a Ki value of 6 ± 1 nM, compared to 142 ± 49 nM for the previous US28 

nanobody (Figure 1B and C and Table 1). Similarly, VUN100 displaced 125I-CX3CL1 with 

a potency of 6 ± 1 nM, compared to 100 ± 58 nM for the previous US28 nanobody. This 

improvement in potency of approximately a 20-fold was in line with the increased binding 

affinity of VUN100 for US28. Despite this increase in affinity, VUN100 did not affect the 

US28 constitutive activity (Figure 1D). As the previous monovalent US28 NB, VUN100 

did not show any inverse agonistic properties while the previously reported bivalent US28 

NB was able to partially inhibit US28 signaling [27]. In conclusion, new immunizations 

and selections yielded a new US28 targeting nanobody with a superior binding affinity and 

potency in chemokine displacement. 
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Figure 1. VUN100 binds the HCMV-encoded US28 with high affinity. A) Binding of the nanobodies 
VUN100 and US28 NB to US28-expressing membranes, as determined by ELISA. B-C) 
Displacement of 125I-CCL5 (B) and 125I-CX3CL1 (C) from US28-expressing membranes by 
unlabeled ligand or the nanobodies VUN100 and US28 NB. D) Effect of nanobodies on the US28-
mediated phospholipase C activation. No NB: No nanobody; Irr. NB.: Irrelevant nanobody; Biv. 
US28 NB: bivalent US28 nanobody. 

Table 1. Pharmacological characteristics of nanobodies targeting US28. 
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VUN100 binds to the N-terminus and ECL3 of US28 
In order to determine which domains of US28 are essential for binding of 

VUN100, binding was assessed on US28 mutants in immunofluorescence microscopy. 

While clear binding of VUN100 to US28 wild type (WT) was observed, binding of 

VUN100 was lost when the first 22 amino acids of the N-terminus of US28 were removed 

(Figure 2A). This was also observed for the previously published US28 nanobody [27]. 

This observation, together with the similarity in CDR3 regions, suggest that both 

nanobodies bind to a similar epitope of US28. The US28 NB was able to displace binding 

of VUN100 to US28, further corroborating that they bind a similar region of US28 (Figure 

S2A). To study the binding epitope of VUN100 in more detail, binding of VUN100 was 

assessed on US28 mutants with point mutations in the N-terminus. Mutations of the amino 

acids to alanines at position 11 to 15 did not have any effect on the binding of VUN100 

(Figure S2B). Interestingly, mutation of the tyrosine at position 16 to a phenylalanine 

(US28 Y16F) resulted in impaired binding of VUN100. This suggests that this tyrosine is 

important for binding of VUN100 to US28. Since nanobodies are known to bind 

discontinuous epitopes, US28 extracellular loop (ECL)-mutants were constructed. Due to 

the homology of CCR5 with US28 and CCL5 binding to both receptors, chimeric receptors 

were constructed in which the ECLs of US28 were replaced with the corresponding ECLs 

of CCR5. To ensure proper folding and expression of the chimeric receptors, the (surface) 

expression was confirmed by ELISA (Figure 2B). Next, binding of VUN100 to these 

chimeras was assessed (Figure 2C). The substitution of the ECL1 (US28 ECL1-CCR5) 

and ECL2 (US28 ECL2-CCR5) did not influence the binding of VUN100. However, the 

substitution of the ECL3 (US28 ECL3-CCR5) resulted in the loss of binding of VUN100. 

These results were further confirmed by determining the binding affinity on membrane 

extracts expressing the different US28 mutants (Figure 2D). These data indicate that 

VUN100 binds a discontinues epitope on the extracellular side of US28 that involves 

tyrosine 16 in the N-terminus and ECL3. 
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Figure 2. VUN100 binds to the N-terminus and ECL3 loop of US28. A) Immunofluorescence 
microscopy of the binding of VUN100 to Mock, US28 wild-type (US28 WT), N-terminus truncated 
US28 (US28 Δ2-22) and US28 with mutation of the tyrosine at position 16 to a phenylalanine (US28 
Y16F). US28 was detected using an anti-US28 antibody (US28). VUN100 binding was detected 
using the Myc-tag and an anti-Myc antibody (VUN100). B) Detection of surface and total expression 
of HA-tagged US28 wildtype (US28 WT) and HA-tagged US28 chimeras with the CL1-3 loop being 
substituted by the corresponding loops of CCR5. Receptor expression was detected by the N-terminal 
HA-tag. C) Immunofluorescence microscopy of the binding of VUN100 to Mock transfected or 
US28 chimeras with the ECL1-3 loop being substituted by the corresponding loops of CCR5. US28 
was detected using an anti-US28 antibody (US28). VUN100 binding was detected using the Myc-tag 
and an anti-Myc antibody (VUN100). D) Binding ELISA of different concentrations of VUN100 to 
membranes of HEK293T cells transfected with wild-type US28 (WT), US28 Y16F (Y16F), US28 
ECL1-CCR5 chimera (ECL1), US28 ECL3-CCR5 chimera (ECL3) and US28 Δ2-22 (Δ2-22). 

In US28-expressing glioblastoma cells, VUN100 was also able to bind US28

(Figure 3A). US28 has been detected in multiple cancers, of which US28 expression in 

glioblastoma is the most widely studied. Therefore, detection of US28 in glioblastoma 
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sections of HCMV-infected glioblastoma patients by these nanobodies was assessed. A 

comparable US28 expression pattern in glioblastoma was detected by both the polyclonal 

anti-US28 antibody directed against the C-terminus of US28 and the two US28 targeting 

nanobodies (Figure 3B). 

Taken together, the newly selected anti-US28 nanobody VUN100 shows high 

affinity for the extracellular domains of US28 and binds to US28 in HCMV-positive 

glioblastoma tissues. This makes VUN100 therefore a suitable targeting moiety for US28-

targeted therapies. 

Figure 3. VUN100 binds US28 in glioblastoma cells and glioblastoma patient material. A) 
Immunofluorescence microscopy of the binding of VUN100 to glioblastoma cells (US28 negative) 
and glioblastoma cells expressing US28 (US28 positive). US28 was detected using an anti-US28 
antibody (US28). VUN100 binding was detected using the Myc-tag and an anti-Myc antibody 
(VUN100). B) Detection of US28 in parallel sections of glioblastoma patient material. Nuclei were 
stained using Hoechst staining (blue).US28 was detected using an anti-US28 antibody (US28). 
Nanobodies were detected via their Myc-tag (brown). An IgG isotype control and irrelevant 
nanobody (Irr. NB) were used as controls. 

Site-directed conjugation of IRDye700DX to VUN100 
To facilitate the specific killing of US28-expressing tumor cells by PDT, the 

water-soluble photosensitizer IRDye700DX was conjugated to VUN100. Previously, this 

conjugation was done for other nanobodies through random labeling of lysine residues 

using NHS-coupling [12,13]. However, conjugation to lysines in VUN100 led to a loss of 

binding capacity to US28 (Figure S3A). This is likely due to presence of lysines in and 

near the CDR regions of VUN100. To resolve this, a VUN100 variant with an additional 

cysteine in a C-terminal tag (VUN100-Cys) was produced. The addition of this cysteine did 

not have any effect on the affinity of the nanobody to US28 (Figure S3B) but enabled site-

directional conjugation of the photosensitizer to VUN100 by maleimide-coupling. Site-
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directed conjugation and purification resulted in a VUN100-PS conjugate of ~15 kDa with 

a degree of conjugation (DOC) of 0.7 molecules of photosensitizer per nanobody and less 

than 2% of free photosensitizer (Figure 4A). Besides the VUN100-PS conjugate, small 

amounts of other fluorescent products were detected on the SDS-PAGE, which are likely 

impurities conjugated to the photosensitizer. VUN100-PS was also analyzed by UHPLC-

MS, providing separation of conjugated and unconjugated nanobody and identification by 

their deconvoluted mass. The mass difference between unconjugated (15.2 kDa) and 

conjugated nanobody (17.1 kDa) corresponded well to the mass of the photosensitizer 

(1.9 kDa), confirming the conjugation of one nanobody with a single photosensitizer 

molecule (Figure S4). The percentage area of conjugated nanobody in the chromatograms, 

with respect to total nanobody area, was 71.3% with UV and 71.8% with MS detection 

which corresponded well with the obtained DOC of 0.7. Directional conjugation of the 

photosensitizer to the nanobody did not affect its binding capacity, as binding of VUN100-

PS to US28 positive cells and not to negative cells was observed by immunofluorescence 

microscopy (Figure 4B). In addition, VUN100-PS bound US28 positive cells with a 

binding affinity of 3.1 ± 0.1 nM, while no specific binding was seen on US28 negative cells 

(Figure 4C). These results indicate that the site-directed conjugation of the photosensitizer 

to VUN100 was successful and did not change the binding properties of VUN100 to US28. 

Figure 4. Binding of VUN100-PS conjugates to US28. A) SDS-PAGE of the VUN100-IRDye 
700DX conjugate (VUN100-PS). A small quantity of free photosensitizer is observed at the gel front 
(arrow). B) Binding of VUN100-PS to US28 negative (US28 negative) and US28 positive U251 
glioblastoma cells (US28 positive). U251-iUS28 were induced for 48 h with doxycycline resulting in 
US28 positive glioblastoma cells US28 negative glioblastoma cells (if not induced). VUN100-PS was 
visualized with a widefield fluorescent microscope. C) Binding of different concentrations of 
VUN100-PS to US28 negative and positive cells on ice. Fluorescence of VUN100-PS bound to cells 
was detected using an Odyssey infrared scanner at 700 nm. 
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VUN100-targeted PDT selectively kills US28 positive cells 
Next, the ability of the VUN100-PS conjugate to kill US28 positive cells was 

assessed. First, the percentage of US28 positive cells upon induction with doxycycline was 

quantified. Immunofluorescence staining showed that 89 ± 3% of the cell population was 

US28 positive after 48 hours of induction (Figure 5A). Next, the effect of VUN100-PS on 

US28 positive and negative cells was assessed. During a pulse of 1 h at 37 °C VUN100-PS 

associated specifically with the US28 positive cells (Figure 5B). One day after the 

activation of the photosensitizer by a light dose of 10 J/cm2, cell viability was determined. 

US28-targeted PDT resulted in up to 90% reduction in cell viability of US28 positive cells 

with an EC50 value of 1.1 ± 0.2 nM (Figure 5C). These percentages of cytotoxicity 

correlated well with the percentage of US28-expressing cells upon induction by 

doxycycline as shown in Figure 5A. The selective cell killing by VUN100-targeted PDT 

was confirmed by staining with propidium iodide (dead cells) and calcein (living cells). 

Staining of propidium iodide in cells correlated well with the VUN100-PS binding, 

indicating that only those cells expressing US28 and able to bind VUN100-PS died (Figure 

5D). The few viable cells that remained did not show association of VUN100-PS or 

propidium iodide staining.  
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Figure 5. VUN100-PS selectively kills US28-expressing cells upon illumination. A) Staining of 
US28 after 48 h of doxycycline-induction of US28-expressing glioblastoma cells. US28 was 
visualized using anti-US28 antibody and the percentage of US28-positive cells was determined using 
ImageJ. B) Detection of different concentrations of bound and internalized VUN100 to US28 positive 
and negative cells. Binding was determined using Odyssey infrared scanner at 700 nm. C) 
Determination of cell viability after incubation with different concentrations of VUN100-PS and 
illumination 10 J/cm2 light dose. Cell viability was determined using AlamarBlue® reagent 
(* p < 0.05; ** p < 0.01, t test). D) Staining of dead cells with propidium iodide (PI) and living cells 
(calcein) 24 h after nanobody-targeted PDT using 50 nM VUN100-PS, performed as described 
above. 

To further determine the selectivity and local effect of nanobody-targeted PDT, 

co-culture experiments with different ratios of US28 positive and US28 negative cells were 

performed. Even in the case of decreasing number of US28 positive cells, a clear decrease 

in number of killed cells is observed, suggesting VUN100-PS targeted PDT killed the 

US28 positive cells and did not affect the US28 negative cells (Figure S5). This confirms 

that, in close proximity of US28 negative and positive cells, the short activity range of the 

activated photosensitizer allows the selective killing of targeted cells, while leaving the 

negative cells unaffected. 
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VUN100-targeted PDT efficiently induces cell toxicity in US28 expressing 3D 
spheroids 

To test the efficacy of VUN100-targeted PDT in a more relevant setting, its effect 

was tested on 3D spheroid cultures of US28 expressing and US28 negative glioblastoma 

cells. After 2 days of seeding, both types of spheroids were viable (Figure 6A). After 1 h 

of incubation with VUN100-PS, association of VUN100-PS to the US28 positive spheroids 

was observed, while no fluorescence of VUN100-PS was observed for the US28 negative 

spheroids (Figure 6B). Next, spheroids were illuminated with near-infrared light and cell 

viability was assessed. In line with the results from the 2D culture experiments, VUN100-

PS selectively induced cell death in up to 90% of the cells in the US28 positive spheroids 

with an EC50 value of 4.1 ± 1.6 nM, while no cell death was observed in the US28 negative 

spheroids (Figure 6C). 

Figure 6. VUN100-PS selectively binds to US28-expressing spheroids and induces cell toxicity upon 
illumination. A) Staining of dead cells with propidium iodide (PI) and living cells (calcein) of US28 
negative spheroids (US28 negative) and US28 positive spheroids (US28 positive). B) Incubation of 
VUN100-PS with US28 negative and positive spheroids. Spheroids and VUN100-PS were visualized 
with an EVOS microscope. C) Determination of cell viability after incubation with different 
concentrations of VUN100-PS and illumination with a 10 J/cm2 light dose. Cell viability was 
determined using CellTiter-GloÒ 3D reagent (* p < 0.05; ** p < 0.01, t test).

4. Discussion
Multiple GPCRs, including chemokine receptors, are overexpressed in tumors 

including melanomas, breast, lung, colorectal, and head and neck cancer making them 

interesting targets for targeted therapies [26,46-50]. In this study, we set out to investigate 

the potential of GPCRs as targets for nanobody-targeted PDT by using the HCMV-encoded 
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chemokine receptor US28 as a proof of concept. We developed a new US28 targeting 

nanobody (VUN100) with a superior binding affinity for US28, compared to our previously 

reported US28 nanobody [27]. Interestingly, different llamas, immunization procedures and 

distinct selection strategies resulted in the identification of a nanobody with high sequence 

similarity in the CDR3 region. Moreover, VUN100 bound the same epitope on US28, as 

the previously described US28 nanobody, although with a higher affinity. Because of the 

high CDR3 homology between these two different nanobodies, the increased affinity can 

be ascribed to differences in the frameworks and other CDR regions. This confirms the 

general notion that the CDR3 region plays a predominant role in determining the binding 

epitope of nanobodies, while affinity variations are more likely the consequence of 

variations in CDR and framework sequences [51-53]. The epitope of VUN100 involved 

both the N-terminus and ECL3 loop of US28. More specifically, although more residues in 

the N-terminus might be involved, the tyrosine at position 16 is important for binding of 

VUN100. In a previous study, this residue (and more specifically the sulfonyl group) was 

also found to be important for ligand binding, which correlates well with the observation 

that VUN100 displaces the known US28 ligands CCL5 and CX3CL1 [54]. Although 

VUN100 could displace multiple types of chemokine ligands from US28, we observed no 

nonspecific binding of VUN100 to CX3CR1, which is the chemokine receptor that shares 

the highest homology with US28, indicating the specificity of VUN100 for US28. 

Our experiments show that nanobody-targeted PDT induced cell death of up to 

90% of the US28 expressing cells. This percentage correlates with the percentage of cells 

with detectable US28 expression. However, it is currently unclear whether the cells that 

escaped PDT-mediated cell death are truly US28 negative or express the receptor at low 

levels. Using a stable cell line, it is likely that these presumably negative cells do express 

low levels of US28, though undetectable. The efficacy of the treatment could be enhanced 

further by increasing the amount of photosensitizer delivered to these cells. In contrast to a 

maximal degree of conjugation of 1 by directional conjugation, higher conjugation 

efficacies could potentially be achieved by random conjugation of photosensitizer to 

multiple lysines. However, conjugation to multiple lysines cannot be controlled easily and 

can also significantly harm the integrity of the nanobody (as was here observed for 

VUN100). Another way of increasing the delivery of photosensitizer is by intracellular 

delivery and residualization of the conjugate, such that the photosensitizer will accumulate 
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in the cell. Depending on the chemical properties and size of fluorescent dyes, these 

molecules can residualize inside cells upon uptake. Using the endocytic machinery in cells, 

extended pulses with nanobody-photosensitizer conjugates could result in intracellular 

accumulation of photosensitizer which would favor PDT efficacy. Near-infrared dye 

IRDye800CW and the photosensitizer IRDye700DX are both known to residualize inside 

cells [12,55]. Previously, we have shown the additional PDT effect with an internalizing 

anti-EGFR nanobody-photosensitizer conjugate [12]. US28 is known to be constitutively 

internalized [56]. Potentially, this would allow repetitive uptake and accumulation of 

photosensitizer-conjugated nanobodies in US28-expressing cells, thereby enhancing PDT 

efficacy. 

Antibodies have already shown to be good targeting moieties for targeted PDT 

[6,7]. However, their relatively large size, together with the binding site barrier hampers 

their tissue distribution [57]. Previous studies have already shown a faster and more 

homogenous distribution of nanobodies compared to antibodies [13,58,59]. Recently, the 

penetration of EGFR targeted nanobodies and the anti-EGFR monoclonal antibody 

cetuximab were assessed in 3D spheroids [60]. A clear delay in accumulation in the 

spheroid was seen for the monoclonal antibody compared to the nanobodies. In this study, 

selective killing of US28-positive glioblastoma cells was observed both in 2D and 3D 

cultures. Furthermore, no significant difference in efficacy was observed between PDT in 

2D or 3D cultures. These results further substantiate the potential use of nanobody-

photosensitizer conjugates for GPCR-targeted PDT. 

Although the blood-brain barrier is considered to be leaky in glioblastoma 

patients, different strategies have been described to enhance the crossing of nanobodies 

through the blood-brain barrier, including the modification of the isoelectric point of 

nanobodies [61-65]. Currently, conventional (untargeted) PDT is approved for 

intraoperative PDT of malignant brain tumors in Japan, making the application of 

nanobody-targeted PDT in the brain therefore conceivable [66,67]. 

In this study, US28 was used as an example for GPCR-targeted PDT. Importantly, 

US28 expression is detected in various tumors, whereas it is only detected in a small 

percentage of latently infected myeloid cells in healthy individuals, making this receptor a 

very interesting (non-human) target for targeted therapies [32-38,68]. In addition, an US28-

targeting fusion toxin protein was able to kill latently infected myeloid cells, indicating the 
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potential of US28-targeted therapies to eradicate HCMV-infected cells [69]. Although we 

are the first to describe GPCRs as targets for nanobody-targeted PDT, GPCR-targeted PDT 

has been reported previously for the type 2 Cannabinoid receptor (CB2R) [70]. A CB2R-

targeting small molecule (mbc94) was conjugated to the photosensitizer IRDye700DX and 

killed around 80% of the CB2R-overexpressing cells. However, this required micromolar 

concentrations of the conjugate, overnight incubation periods with conjugates and 

illumination with higher power density (30 mW/cm2 and a total dose of 36 J/cm2). With 

VUN100-PS, we were able to selectively induce cell toxicity in US28-positive 

glioblastoma cells after 1 h of incubation with conjugates, a power density of 5 mW/cm2 

and a total dose of 10 J/cm2, resulting in nanomolar potency values. For these reasons, 

GPCR-targeting nanobodies have good potential for in vivo PDT. 

To conclude, by using a novel US28-targeting nanobody-photosensitizer 

conjugate we selectively killed US28-expressing glioblastoma cells both in 2D and 3D 

cultures. This study shows the potential of GPCRs as targets for nanobody-directed PDT to 

treat proliferative diseases. In addition, US28-targeting nanobody-photosensitizer 

conjugates hold potential in treatment of HCMV associated malignancies. 
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Supplementary Data 

Figure S1 

Figure S1. VUN100 binds selectively to US28. A) Binding of VUN100 and irrelevant nanobody 
(binding to the azodye RR6; Irr NB) to US28-expressing HEK293T membranes (HEK+US28) and 
mock transfected HEK293T membranes (HEK), as determined by ELISA. B) Immunofluorescence 
microscopy of the binding of VUN100 to US28 and CX3CR1. Receptor expression was detected 
using an N-terminal HA-tag and anti-HA antibody (HA). VUN100 binding was detected using the 
Myc-tag and an anti-Myc antibody (VUN100). 
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Figure S2 

Figure S2. VUN100 binds the same epitope as the US28 NB. A) Competition binding ELISA of 
VUN100 and irrelevant nanobody (binding to the azodye RR6; Irr NB) to US28-expressing 
HEK293T membranes (HEK+US28). Binding of the nanobodies was detected using the Myc-tag and 
an anti-Myc antibody. Nanobodies were displaced by untagged trivalent US28 nanobody (US28 NB) 
or untagged trivalent irrelevant nanobody. B) Immunofluorescence microscopy of the binding of 
VUN100 to N-terminus US28 mutants with the amino acids at positions 11-15 being substituted by 
alanines. 
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Figure S3 

Figure S3. Binding of randomly conjugated VUN100-PS and VUN100-Cys to US28. A) Binding of 
different concentrations of randomly or site-directionally conjugated VUN100-PS to US28 positive 
cells on ice. Fluorescence of VUN100-PS bound to cells was detected using an Odyssey infrared 
scanner at 700 nm. B) Binding of different concentrations of VUN100 and VUN100-Cys to US28-
expressing membranes. Specific binding is shown after subtraction of aspecific binding to US28-
negative membranes. 

Figure S4 

Figure S4. Extracted biomolecule LC-MS chromatogram of VUN100-PS. Photosensitizer conjugated 
(6.7 min) and unconjugated nanobodies (5.1 min) are separated and identified according to their 
deconvoluted mass spectra (inserts). 
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Figure S5 

Figure S5. Nanobody-targeted PDT treatment on different ratios of co cultures of US28 positive and 
US28 negative cells. Different ratios of US28 positive and US28 negative cells were co-cultured (90-
10% and 50-50% of US28 positive and US28 negative cells). Cells were stained with propidium 
iodide (PI) and calcein) 24 h after nanobody-targeted PDT to determine cell viability and the 
selectivity of the nanobody-targeted PDT. 
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ABSTRACT 
Photodynamic therapy (PDT) is an approach that kills (cancer) cells by the local production 

of toxic reactive oxygen species, upon the local illumination of a photosensitizer (PS). The 

specificity of PDT has been further enhanced by the development of new water-soluble PS 

and by the specific delivery of PS via conjugation to tumor-targeting antibodies. To 

improve tissue penetration and shorten photosensitivity, we have recently introduced 

nanobodies, also known as VHH (variable domains from the heavy chain of llama heavy 

chain antibodies), for targeted PDT of cancer cells overexpressing the epidermal growth 

factor receptor (EGFR). Overexpression and activation of another cancer-related receptor, 

the hepatocyte growth factor receptor (HGFR, c-Met or Met) is also involved in the 

progression and metastasis of a large variety of malignanices. Here, we have evaluated 

whether anti-Met VHHs conjugated to PS can also serve as a biopharmaceutical for 

targeted PDT. VHHs targeting the SEMA subdomain of Met were provided with a C-

terminal tag that allowed both straightforward purification from yeast supernatant and 

directional conjugation to the PS IRDye700DX using maleimide chemistry. The generated 

anti-Met VHH-PS showed nanomolar binding affinity and, upon illumination, specifically 

killed MKN45 cells with nanomolar potency. This study shows that Met can also serve as a 

membrane target for targeted PDT. 
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1. Introduction
Photodynamic therapy (PDT) is a type of cancer treatment in which tumor cells 

are killed by reactive oxygen species, such as singlet oxygen, formed by the local and light-

induced activation of a photosensitizer (PS) [1]. By locally reacting with proteins, lipids 

and nucleic acids, the reactive oxygen species generated can hereby induce cell death, 

vascular damage, and an inflammatory response [2]. It is for this mode-of-action that PDT 

is used in the clinic to treat malignancies. Unfortunately, the PS generally used in the clinic 

are relatively hydrophobic, are systemically applied, and are non-targeted. These factors 

combined can result in off-target toxicity and long lasting photosensitivity [2,3]. Improved 

strategies involve the development of more water soluble PS, delivery of PS with 

nanocarriers and photo-immunotherapy (PIT), among others [4–6]. PIT is one of the 

strategies of targeted PDT, in which the PS is delivered selectively to tumors via 

conjugation to tumor-targeting antibodies. 

In order to increase the efficacy of targeted PDT and reduce the period of 

photosensitivity, we have recently introduced smaller PS-conjugates with enhanced tumor 

penetration in combination with reduced blood circulation time [7,8]. These smaller 

conjugates were generated by conjugating a water soluble PS to small antibody fragments, 

i.e. nanobodies or VHHs, of which the latter stands for the variable domain of the heavy

chain from heavy chain-only antibodies found in animals of the Camelidae family [9]. 

Compared to commonly used conventional antibodies of the IgG class, VHHs are ten times 

smaller and consist of only a single domain with in general only one, rarely two disulfide 

bridges [10,11]. These features favour the selection and production process and make them 

very stable [11]. Also, because the C-terminus of a VHH is located opposite to its epitope-

binding loops (i.e. complementary determining regions), C-terminal conjugation to effector 

molecules generally does not affect the binding properties [12–16]. 

Previously, we have described the nanobody-PS or VHH-PS conjugates 

specifically targeting the epidermal growth factor receptor (EGFR), a receptor tyrosine 

kinase which is found overexpressed on a large variety of cancers, such as head and neck, 

lung or colon cancer [17,18]. In vitro, upon illumination, the VHH-PS conjugates 

selectively killed EGFR overexpressing tumor cells with nanomolar EC50 values. In vivo, 

VHH-targeted PDT induced 80-90% tumor necrosis, as measured 24 h after illumination 

[7,8]. Another receptor tyrosine kinase, which is frequently overexpressed or deregulated in 
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a large number of carcinomas, sarcomas, haematopoietic malignancies and other neoplasms 

is the hepatocyte growth factor receptor (HGFR, c-Met or Met) [19,20]. Met is a 195 kDa 

hetero-dimeric single membrane spanning receptor tyrosine kinase that is activated by 

hepatocyte growth factor (HGF, also known as scatter factor) [21]. The extracellular part of 

Met consists of three subdomains: an N-terminal 7-bladed β-propeller-like SEMA 

(semaphorin) subdomain, a PSI (plexin, semaphorin, integrin-like) subdomain and four IPT 

(immuno-globulin-like) subdomains [22,23]. Blades 2-3 of the SEMA subdomain and IPT 

3-4 interact with its natural ligand HGF [24]. In a previous study, multiple VHHs targeting

the extracellular part of Met were developed (i.e. E9, F5 and G2) [25]. Of these VHHs, G2 

was used to target crosslinked albumin nanoparticles to Met-expressing cells [25]. By using 

the anti-Met VHH G2, the targeted nanoparticles showed specific binding and uptake into 

Met-expressing cells. 

In this study, we have characterized these Met targeting VHHs further by 

assessing to which subdomain they bind. Moreover, we have used the best of these VHHs 

for the specific delivery of water soluble PS to Met-expressing cells for targeted PDT. That 

VHH was extended with a C-terminal C-Direct tag that allows for affinity purification from 

yeast supernatant and for directional conjugation of the PS to an unpaired cysteine, using 

maleimide chemistry. Subsequently, binding of this conjugate to cells and their ability to 

kill Met-expressing cells by PDT were evaluated. 

2. Experimental section
Molecular modeling 

The molecular structure of G2c with the C-Direct tag was modelled with 

I-TASSER [26] and vizualized using the PyMOL Molecular Graphics System, Version 2.0

Schrödinger, LLC. NB10 from PDB ID 4DKA:A showed 85% homology to G2 and was 

taken as a reference [27]. 

VHH production and purification 
Selection and characterization of VHH clones targeting Met have been described 

previously [25]. VHH protein for epitope mapping was obtained from production in E. coli 

TG1. For that the VHH genes were clones in E. coli production vector pMEK222 

containing a C-terminal FLAG-His tag. VHHs were produced and purified from E. coli 

TG1 by immobilized metal affinity chromatography (IMAC, Thermo Fisher Scientific, 
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Waltham, Massachusetts, USA) as previously described [7,28]. For production in yeast, 

VHH genes were recloned in the pYQVQ11 yeast production plasmid harboring a 

C-terminal C-Direct tag containing a free thiol (cysteine) and an EPEA purification tag

(C-tag, Thermo Fisher Scientific). To improve production yields and facilitate purification 

from supernatant, C-Direct-tagged VHH were produced in S. cerevisiae strain VWK18 as 

described previously [28-31]. VHHs were purified from the yeast supernatant using an 

Äkta Start (GE Healthcare, Chicago, Illinois, USA), a Capture-Select affinity 

chromatography column (Thermo Fisher Scientific) and size exclusion chromatography 

(Thermo Fisher Scientific) according to the manufacturers protocols. Purified VHH was 

filter sterilized and stored in PBS. 

Cell culture 
Met-overexpressing human gastric cancer cell line MKN45 (ACC-409) was 

obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, 

Braunschweig, Germany). The human ovarian carcinoma cell line TOV112D (CRL-11731) 

was obtained from American Tissue Culture Collection (ATCC, LGC Standards GmbH, 

Wesel, Germany). TOV112D cells that stably express Met (TOV+Met) were previously 

described [25]. These cell lines were cultured as previously described in either DMEM, 

(Thermo Fisher Scientific) for TOV112D cells or RPMI 1640 (Thermo Fisher Scientific) 

for MKN45 cells [25]. HepG2 cells were obtained from ATCC (LGC Standards GmbH) 

and were cultured in DMEM low glucose (Thermo Fisher Scientific). All media was 

supplemented with streptomycin, penicillin, l-glutamine and FCS as described previously 

[25]. 

VHH binding ELISA 
Binding affinity and epitopes were determined by ELISA on Met ectodomain. 

Human Met, llama Met, the llama/human chimeric Met ectodomains and the control 

antibody c224G11 were described previously [32]. Maxisorp 96-wells plates (Thermo 

Fisher Scientific) were coated overnight with 100 μl of 2 μg/ml of ectodomain and

subsequently blocked with 4% milk in PBS. Bound c224G11 was detected with donkey-

anti-mouse-HRP (Bio-Rad, Hercules, California, USA) and bound VHH was detected 

using mouse-anti-FLAG (clone M2, Sigma-Aldrich, St. Louis, Missouri, USA) followed by 

donkey-anti-mouse-HRP (Bio-Rad) and TMB Ultra as substrate (Thermo Fisher 

Scientific). Antibody incubations were performed in 1% milk in PBS and for 1 h at room 
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temperature. Absorbance was measured using a Multiskan Go plate reader (Thermo Fisher 

Scientific). Binding of PS-conjugated VHH was carried out in cells in binding medium 

(DMEM without phenol red, 50 mM HEPES pH 7.5, supplemented with 1% bovine serum 

albumin) for 2 h at 4 ˚C to prevent internalization. Bound VHH-PS was detected using the 

Odyssey near-infrared scanner (LI-COR Biosciences, Lincoln, Nebraska, USA). Data was 

plotted and fitted for one-site-specific binding using Prism 7 software (GraphPad, La Jolla, 

California, USA). 

Surface plasmon resonance (SPR) 
Met ectodomain variants (human, llama, chimera LS1 and LS5) were amine-

coupled on a pre-activated G-COOH sensor chip (SensEye) with a Continuous Flow 

Microspotter (CFM, Wasatch Microfluidics) at pH 4.5 (50 mM Sodium acetate buffer, 

0.005% Tween 20). Beforehand, the sensor chip was equilibrated in 50 mM MES buffer 

pH 5.5 and then activated with 400/100 mM EDC/NHS 

[1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-Hydroxysuccinimide]. 

After ectodomain coupling, excess reactive esters were deactivated with 100 mM 

ethanolamine pH 8. The amount of immobilized protein ranged from 700 to 3000 response 

unit (RU). 1 RU corresponds to approximately 1 pg of protein per mm2. Surface plasmon 

resonance (SPR) experiments were performed at a constant temperature of 25 °C on a 

MX96 (IBIS Technologies). G2 was flowed over the sensor chip as analyte at 

concentrations ranging from 20 pM to 200 nM for 60 min in buffer containing 25 mM 

phosphate-buffered saline pH 8.0 and 0.005 % Tween 20. After each injection, an 8 min 

dissociation time was set, followed by a regeneration step of 30 sec with 50 mM acetic acid 

buffer, pH 4.5. Calibration of sensor signals and reference subtraction was evaluated with 

SprintX (IBIS Technologies), and further analyses was performed in Scrubber 2 (BioLogic 

Software). Association and dissociation rate constants (ka/kd) were determined by globally 

fitting the SPR data to a 1:1 Langmuir binding model. The dissociation constant (KD) was 

calculated from the ka and kd parameters. In addition, the KD was determined from the 

steady state analyte binding levels (averaged between 40 to 60 min association time) 

plotted against concentration and by fitting a one-site saturation model. 

Conjugation of the VHH to PS IRDye700DX 
VHH were site-directionally conjugated to the photosensitizer IRDye700DX-

maleimide (LI-COR Biosciences). First, the VHHs were incubated with an 2.75-fold molar 
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excess of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, VWR International, 

Radnor, Pennsylvania, USA) to reduce the C-terminal cysteine upon which the VHH were 

incubated with a 4-fold molar excess of IRDye700DX-maleimide for 16 h at 4 ˚C. Free 

label was removed by size exclusion chromatography using 3 consequent Zeba desalting 

columns (Thermo Fisher Scientific) according to the manufacturers protocols. Degree of 

conjugation determined on the Multiskan Go spectrophotometer (Thermo Fisher Scientific) 

and the amount of free dye was determined after size separation by SDS-PAGE (Bio-Rad) 

on the Odyssey scanner (Li-COR Biosciences). Afterwards, the SDS-PAGE gel was 

stained with Page Blue (Thermo Fisher Scientific) to show total protein. For the 

internalization assay, G2c was conjugated to HiLyte Fluor 647 (HL647)-maleimide 

(Eurogentec, Liege, Belgium) according to the protocol described above. 

Internalization assay 
MKN45 cells were seeded in 8 well chamber slide (Lab-Tek, Nunc) 2 days before 

the experiment. Cells were incubated with 1 µM of G2-Alexa647 conjugate for 2 h at 

37 °C. Unbound conjugate was removed by 3 times washing with PBS. Then, cells were 

fixed in 4% PFA for 10 min at RT. PFA-induced autofluorescence was quenched using 

100 mM Glycine in PBS (10 min, RT). Cells were washed with PBS and then incubated 

with DAPI (0.25 µg/ml, Thermo Scientific) for 10 min at RT. The slides were mounted 

using SlowFade (Invitrogen) and pictures were taken with LSM700 confocal microscope 

using 63x oil immersion objective (Carl Zeiss Microscopy, Jena, Germany). The images 

were analyzed with ImageJ. 

Photodynamic therapy 
Photodynamic therapy was performed similarly to as previously described [7,8]. 

Cells (12000/well) were seeded in 96-wells cell culture plates (Greiner) and allowed to 

adhere overnight. Cells were then pulsed with VHH-PS in medium without phenol red for 2 

h at 37 ˚C after which unbound VHH-PS was removed by washing the cells twice with 

100 μl medium. Bound VHH-PS was then detected using the Odyssey scanner and an 

EVOS fluorescence microscope (Thermo Fischer Scientific). Cells were illuminated for 1 h 

using a 690 diode laser (Modulight, Tampere, Finland) with a 5 mW/cm2 fluence rate for a 

total light dose of 18 J/cm2 and were incubated overnight at 37 ˚C in the cell culture 

incubator. The next day, the cells were screened for viability. For this, a) cells were 

incubated with calcein (Thermo Fisher Scientific) and propidium iodide (Thermo Fisher 
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Scientific) to stain live and dead cells and were subsequently imaged on an EVOS 

fluorescence microscope. Also, b) cell viability was quantified using the AlamarBlueÒ 

reagent (Thermo Fisher Scientific), which was quantified using an FluoStar Optima plate 

reader (BMG Labtech, Ortenberg, Germany). Data was plotted and fitted using 

Prism 7 software (GraphPad, La Jolla, California, USA). 

3. Results
Three previously selected VHHs recognizing the Met ectodomain were taken for 

further characterization, i.e. E9, G2 and F5 [25]. These VHHs were recloned in an E. coli 

production vector and binding to the human Met ectodomain was assessed by ELISA 

(Figure 1A-C). The two VHH clones E9 and G2 bound human Met ectodomain with 

apparent binding affinities (KD) of respectively 7 ± 3 nM and 2.2 ± 1 nM. The KD value of

F5 could not be determined properly but was estimated to be at least higher than 50 nM. 

To investigate to which subdomain these VHHs bind, ELISAs on chimeric human/llama 

Met ectodomains were performed. In these chimeric constructs, either the first 122 (LS1) or 

473 (LS5) amino acids of human Met were replaced by those of llama Met (Figure 1B) 

[32]. Integrity of these constructs was confirmed by the binding of the anti-Met 

antibody c224G11 (ABT-700 or Telisotuzumab), which is directed against the first 

IPT region (Figure 1C, left) [32-34]. c224G11 showed a similar binding affinity to either 

human Met or the two chimeric mutants, whereas no binding of c224G11 to llama Met was 

observed. Because the VHHs were raised in llama, no cross-reactivity of these VHHs to 

llama Met or parts of llama Met was expected. The binding affinity and Bmax of all 

three VHHs was completely lost for LS5 and strongly reduced on LS1, as compared 

to human Met, suggesting that the binding epitopes for all three VHHs involve propeller 

blades 2-6 of the SEMA subdomain. Due to its high affinity for Met and the additional 

characterization performed previously [25], G2 was selected as the lead clone for Met-

targeted PDT. 
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Figure 1. Selected VHH recognize SEMA subdomain on human Met ectodomain. (A) Met 
ectodomain consisting of a large SEMA subdomain (a cleaved 7 bladed propeller alpha and beta 
subunit), a PSI subdomain and four IPT subdomains. HGF binds with low affinity to the SEMA 
subdomain and with high affinity to the IPT subdomains. (B) Schematic representation of human 
(blue) and llama (white) Met and the two chimeric variant in which either the first 122 or 473 amino 
acids of the human Met were replaced by those from llama. (C) Representative figure of binding of 
either the conventional control antibody c224G11 or the VHHs E9, G2 or F5 to the four Met variants 
in ELISA (n=2). 

In order to facilitate directional conjugation of photosensitizers to VHHs without 

affecting their binding integrity, an additional cysteine was introduced to the C-terminus of 

G2 via incorporation into the C-terminal C-Direct tag, thereby creating G2c (Figure 2A). 

Molecular modelling of G2c was performed based on the published structure of a VHH 

with high homology (NB10, PDB ID 4DKA:A, C-score 0.13) [27]. This model showed that 

the unpaired cysteine in the C-Direct tag is located opposite of the CDRs and close to its 

framework, which should allow functionalization of VHHs without affecting their binding 

characteristics (Figure 2B). For higher yield productions, G2c was produced in 

S. cerevisiae and purified from supernatant using affinity chromatography and size

exclusion chromatography. 
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Figure 2. Production of G2 with a C-terminal tag containing a free thiol (G2c) and conjugation to PS. 
(A) Schematic representation of the anti-Met VHH G2, expressed as a FLAG-His tagged protein
(top) and G2c carrying an additional cysteine in its C-terminal C-Direct tag. The molecular weight of
the proteins are indicated, as well as the expression vector and production organism used. LS, pelB
leader sequence. SS, Suc2 secretion sequence. (B) Predicted model of G2c in which the C-terminal
tag (purple) containing the unpaired cysteine and the EPEA affinity tag is indicated with red arrows.
CDRs are located on the opposing end of the VHH. The model was based on the structure of NB10
(85% amino acid sequence homology with QME-G2) as published by Park et al. (PDB ID 4DKA:A,
C-score 0.13) [27].

We examined the propensity of G2c to interact with the four variants of Met 

ectodomain (human, llama, LS1 and LS5) using Surface Plasmon resonance (SPR). In 

agreement with the ELISA data (Figure 1), the SPR experiments confirm that G2c 

interacts with both human Met and the LS1 variant but not with llama Met or the LS5 

variant (Figure 3A), suggesting the involvement of propeller blades 2-6 of the Met SEMA 

subdomain to be involved in the binding of G2c. While G2c showed similar dissociation 

rates for human Met and LS1, the association constant was four times lower towards LS1 

compared to human Met (Figure 3B and C). Kinetic parameters calculated at equilibrium 

conditions (Figure 3D) showed that the binding affinity of G2c for LS1 is lower as 

compared to its affinity to human Met (KD of 2.3 ± 0.1 nM for human Met and 4.7 ± 0.5 nM 

for LS1, n = 3). In conclusion, addition of a cysteine residue to the C-terminal region of G2 

did not affect binding affinity to human Met nor did it affect domain specificity. 
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Figure 3. Binding analysis of G2c on Met using Surface Plasmon Resonance (SPR). (A) Binding of 
G2c to wildtype human Met ectodomain and the LS1 llama/human chimera, but not the llama or the 
LS5 chimeric Met ectodomain proteins. (B and C) Representative SPR sensorgrams of the 
association phase and dissociation phase (starting at arrow) of G2c binding to human Met (B) and 
LS1 chimera (C). Kinetic fitting is shown in orange. (D) Equilibrium binding plot of G2c to human 
Met and LS1 chimeric variant. Kinetic parameters and equilibrium dissociation constants are the 
average ± SD of three independent measurements. 

Subsequently, the free thiol in G2c was conjugated to the water-soluble PS 

IRDye700DX using maleimide chemistry, resulting in a degree of conjugation of ~1, as 

determined spectrophotometrically. However, because ~40% of the signal in the solution 

was still free PS (Figure 4A), a degree of conjugation of ~0.6 would be a more realistic 

estimation. Because of the hydrophylic nature of IRDye700DX and the lack of toxicity 

observed for free PS in our previous study [7], we decided to continue with the conjugated 

G2c-PS. Conjugation of PS to G2c only mildly affected its apparent binding affinity for 

Met, as determined by ELISA (apparent affinity values of 2.2 ± 0.2 nM for G2, 1.8 ± 0.1 

nM for G2c and 5.9 ± 0.3 nM for G2c-PS, Figure 4B). 

Figure 4. Conjugation of G2c to photosensitizer IRDye700DX. (A, left) Reducing SDS-PAGE gel 
showing purified G2 from E. coli, G2c from S. cerevisiae and G2c-PS. Size-separated proteins were 
stained with PageBlue stain. (A, right) G2c-PS and free PS in the gel shown on the left, as detected 
on an Odyssey scanner before the PageBlue stain. (B) Binding of G2, G2c and G2c-PS to Met 
ectodomain in ELISA (representative figure, mean ± SD). 
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In addition, G2c-PS was also still able to bind to the Met-overexpressing MKN45 

cells (Figure 5A). No binding of G2c was detected on Met-negative TOV112D cells. For 

the in vitro PDT experiments, cells were pulsed with a concentration range of G2c-PS for 

1 h at 37 ˚C, a pulse duration that reflects the circulation of VHHs in blood and the time 

required for tumor uptake of fluorescently labeled VHHs [35]. Besides acting as a PS via 

the production of reactive oxygen species, IRDye700DX is also a fluorophore and can 

therefore be used for detecting binding of the conjugate to cells. During the pulse, G2c-PS 

was able to associate with Met-expressing MKN45 cells with half-max signals being 

obtained at concentrations comparable to the binding affinity of the VHH for Met 

ectodomain (Figure 5B). Little association of G2c-PS was observed for the Met-negative 

TOV112D cells. Uptake of G2c-PS by MKN45 cells was initially suggested in wide field 

microscopy images (Figure 5C), which was confirmed by confocal microscopy imaging 

(Figure 5D). 

Figure 5. Met-targeting G2c-PS conjugates associate with Met-overexpressing MKN45 cells. (A) 
Binding of G2c-PS to MKN45 cells and not to TOV112D cells. Cells were incubated with 50 nM 
G2c-PS for 2 h on ice and PS fluorescence was detected with an Odyssey infra-red scanner. Mean ± 
SD of n=2 is shown. (B) Increased cell association of G2c-PS with MKN45 cells with increasing 
concentrations. MKN45 or TOV112D cells were pulsed with G2c-PS for 2 h at 37 ˚C. PS 
fluorescence was detected with an Odyssey infra-red scanner. Mean ± SD of n=3 is shown. (C) 
Association of G2c-PS in MKN45 cells. Cells were pulsed for 1 h with 1 μM of G2c-PS and imaged 
by widefield fluorescent microscopy. (D) Uptake of G2c-HL647 in MKN45 cells. Cells were pulsed 
for 2 h with 1 μM of G2c-HL647 (red) and imaged by confocal laser scanning microscopy.

Exposure of MKN45 cells to different concentrations of G2c-PS, combined with 

illumination, resulted in ~0% cell viability at nanomolar concentrations (Figure 6A). This 

was also confirmed by fluorescence microscopy, in which almost all cells pulsed with G2c-

PS and illuminated showed uptake of propidium iodide and absence of calcein staining 

(Figure 6B). We subsequently assessed the ability of G2c-PS to induce cell death of two 

other Met-expressing cell lines. Although showing lower EC50 values compared MKN45 
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cells, G2c-PS could reduce the viability of the previously described TOV+Met cell line and 

the liver hepatocellular carcinoma cell line HepG2 in a dose-dependent manner (Figure 

6C).

Figure 6. Met-targeting G2c-PS induce cell death of Met-expressing cells upon activation by 
illumination (A) Selective killing of Met-overexpressing MKN45 tumor cells and not of Met-negative 
TOV112D cells by G2c-targeted PDT. Cells were pulsed for 2 h at 37 ˚C and subsequently 
illuminated to activate the PS. Cell viability was assessed 1 day later. Mean ± SD of n=3 is shown. 
(B) Phase contrast and fluorescence microscopy (EVOS) of PDT-treated MKN45 cells showing G2c-
PS (blue in merge, visible as magenta (red+blue), live cells (calcein, green) and dead cells (propidium
iodide, red). (C) Induction of cell death of Met expressing TOV+Met and HepG2 cells by G2c-PS
upon a 2 h pulse followed by PS activation by illumination. Representative plot of n=2.

4. Discussion
PDT is valuable method for inducing local cell death of malignant cells by the 

local activation of PS. Unfortunately, clinically employed PS are administered 

systemically, are relatively hydrophobic, and passively accumulate in the tumor as a result 

of their hydrophobicity in combination with the enhanced permeability and retention (EPR) 

effect [36,37]. This results in sub-optimal tumor uptake of PS, off-target toxicity and long 

photosensitivity [38]. To enhance the specific tumor uptake of photosensitizers, PS-

delivering nanocarriers have been developed and water soluble PS have been conjugated to 

tumor-specific peptides or antibodies (the latter is also known as photo-immunotherapy, or 
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PIT) [39–41]. Because the extent of damage caused by PDT is correlated to the amount of 

PS delivered, ideal targets for these approaches are highly expressed on tumor cells and 

preferably in a homogeneous fashion throughout the solid tumor mass. Examples of tumor 

targets are the typical tumor-related receptors EGFR [42,43] and HER2 [44], but also 

interleukin-2 receptor [43] and carcinoembryonic antigen have been used as valuable tumor 

biomarkers [45–47]. In some types of cancers (e.g. non-small cell lung cancer, or colorectal 

cancer), treatment with anti-EGFR therapy resulted in the intratumoral, clonal selection of 

therapy resistant cells [48]. This can be the result of activating mutations of signaling 

proteins from the EGFR signaling pathways, such as KRAS. Alternatively, other receptor 

tyrosine kinases (RTK) can become activated and, in most of these cases, upregulation of 

the Met receptor tyrosine kinase is regarded as one of the main mechanisms for this type of 

resistance [49–52]. The Met RTK is also considered as a good tumor target and therapeutic 

anti-Met antibodies have been developed [32,34,53]. In order to expand the possible 

therapeutic strategies for many of those cancers, we here evaluated whether Met could also 

serve as a target for targeted PDT. 

Targeted PDT using antibodies as targeting agents, i.e. PIT, is currently being 

evaluated in the clinic for head and neck cancer (NCT02422979). These results are eagerly 

awaited, as these are the first tests in patients and thus can significantly advance this field 

of targeted PDT. Nevertheless, we consider there is necessity for further improvements, 

and in the current study, we have employed nanobodies or VHHs as targeting agents. 

Conventional antibodies of the IgG type are large, dimeric molecules, typically designed 

for extended blood circulation. These characteristics may lead to slow tumor 

penetration/accumulation, poor tumor to normal tissue ratios, and long photosensitivity 

[54]. Reduction of the duration of photosensitivity might be achieved by the rapid tumor 

accumulation and subsequent rapid clearance of the PS from the body. Antibody fragments 

smaller than IgG like Fabs, scFv or VHH/nanobodies have these properties without 

compromising their affinity for their tumor biomarkers [55]. As we have described before, 

particularly the VHHs are indeed characterized by rapid tumor accumulation, rapid blood 

clearance, combined with the ability to bind targets with high affinity [16,35]. Another 

argument for using VHHs over conventional antibody fragments, might be the short 

distance between the conjugated PS and the paratope on the target (~4 nm). Because the 

reactive oxygen species generated by PS are short lived (<40 ns) and may travel only a 
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short distance (<20 nm), the delivery of the PS close to the cell membrane or to vital cell 

organelles might favor its potency [56,57]. For that same reason, it would be of interest to 

assess the potency of Met-targeting PS conjugates recognizing epitopes closer to the 

membrane than the SEMA subdomain, such as the PSI or IPT subdomains [23]. This would 

require new PSI or IPT specific VHHs. 

By using chimeric constructs, consisting of different human and Llama Met 

fragments, we were able to show that all three Met targeting VHHs used in this study bind 

the SEMA subdomain of the Met-ectodomain. The best SEMA binder, i.e. G2, was 

provided with a C-terminal tag containing an unpaired cystein to allow conjugation to the 

PS using maleimide chemistry. The addition of this thiol-containing C-Direct tag did not 

affect the binding characteristics of the VHH, which is in line with previous studies of C-

terminally labeled VHH via an unpaired cysteine [14–16]. Multiple methods have been 

described to site directional functionalize antibody fragments [15,58]. In our experience, 

incorporation of an unpaired cysteine in the C-terminal tag, as we described in this study, 

allowed the straightforward production, purification and conjugation to commercially 

available tracers with the use of a single tag [15,16,59]. 

The binding affinity of G2c for Met was determined on purified ectodomains 

using two different technologies: ELISA and SPR. In these experiments, the apparent 

binding affinity of G2c in ELISA was comparable (low nanomolar range) to the KD values 

determined under equilibrium by SPR. The SPR analysis does however allow the 

determination of the association and dissociation rate constants, which provided additional 

information on the binding kinetics of G2c on wild type and chimeric Met proteins. 

Moreover, similar affinities for G2 were found for binding to Met-expressing cells [25], 

indicating that cellular components do not influence VHH binding. 

Application of the anti-Met conjugate G2c-PS in in vitro PDT resulted in the 

efficient and specific killing of the Met overexpressing MKN45 cells and the Met-

expressing TOV+Met and HepG2 cells, while the Met negative cell line TOV112D 

remained undisturbed. The observation that the treated cells could be stained with 

propidium iodide suggest cells could have died through necrosis. Further studies would be 

needed to determine the exact mechanism of cell death. The potency of G2c-PS in killing 

MKN45 cells was in the nanomolar range. In the two other cell lines, the Met expressing 

HepG2 tumor cells and the TOV112D cells stably expressing Met (TOV+Met), the 
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observed potencies were lower. These differences in potencies might be related to the 

relative Met expression levels of these cells. MKN45 is an highly Met-overexpressing cell 

line due to genomic amplification of the Met gene [60]. It would be interesting to assess the 

potencies and efficacies of Met-targeted PDT on a wider range of Met-expressing tumor 

cells types. As a consequence of the high expression in MKN45 cells, the receptor is 

constitutively auto-active and internalized, allowing uptake and intracellular accumulation 

of the Met-targeted PS [61]. This is in line with what we have observed for G2c-PS and 

G2c-HL647. As the subcellular localization of PS can influence the mechanism of cell 

death and the overall potency of the PDT, as suggested in our previous study with different 

formats of EGFR-targeted VHHs [62], it would be interesting to determine the contribution 

of PS-uptake in the observed effects. The potency and efficacy of the VHH-PS conjugates 

could be further enhanced by employing a mixture of these Met-targeting conjugates with 

the previously developed EGFR targeting ones. This could also affect a larger population 

of tumor cells, including cells that upregulated Met expression as resistance mechanism 

against anti-EGFR therapy and could be an advantage in tumors with heterogeneously 

expressed markers, such as EGFR and Met [24,51]. 

In conclusion, this study has demonstrated that targeting Met using site-

directionally conjugated VHH-PS has the ability to specifically kill Met overexpressing 

tumor cells. Follow up studies should evaluate the potency of this approach in more 

relevant models (in vivo). Taken together, Met-targeted PDT might serve as alternative or 

complementary approach for combating cancer. 
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ABSTRACT 
Targeted photodynamic therapy (PDT) has the potential to selectively damage tumor tissue 

and to increase tumor vessel permeability. Here we characterize the tissue biodistribution 

of two EGFR-targeted nanobody-photosensitizer conjugates (NB-PS), the monovalent 

7D12-PS and the biparatopic 7D12-9G8-PS. In addition, we report on the local and acute 

phototoxic effects triggered by illumination of these NB-PS which have previously shown 

to lead to extensive tumor damage. Intravital microscopy and the skin-fold chamber model, 

containing OSC-19-luc2-cGFP tumors, were used to investigate a) the fluorescence kinetics 

and distribution, b) the vascular response and c) the induction of necrosis after illumination 

at 1 or 24 h post administration of 7D12-PS and 7D12-9G8-PS. In addition, dynamic 

contrast enhanced magnetic resonance imaging (DCE-MRI) of a solid tumor model was 

used to investigate the microvascular status 2 h after 7D12-PS mediated PDT. Image 

analysis showed significant tumor colocalization for both NB-PS which was higher for 

7D12-9G8-PS. Intravital imaging showed clear tumor cell membrane localization 1 and 2 h 

after administration of 7D12-9G8-PS, and fluorescence in or close to endothelial cells in 

normal tissue for both NB-PS. PDT lead to vasoconstriction and leakage of tumor and 

normal tissue vessels in the skin-fold chamber model. DCE-MRI confirmed the reduction 

of tumor perfusion after 7D12-PS mediated PDT. PDT induced extensive tumor necrosis 

and moderate normal tissue damage, which was similar for both NB-PS conjugates. This 

was significantly reduced when illumination was performed at 24 h compared to 1 h after 

administration. Although differences were observed in distribution of the two NB-PS 

conjugates, both led to similar necrosis. Clearly, the response to PDT using NB-PS 

conjugates is the result of a complex mixture of tumor cell responses and vascular effects, 

which is likely to be necessary for a maximally effective treatment. 
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1. Introduction
Targeted strategies to deliver a photosensitizer to tumor cells have the potential to 

improve the therapeutic effect of photodynamic therapy (PDT) [1-5]. PDT involves the 

administration of a photosensitizer and the application of light with the appropriate 

wavelength [1,2]. After absorption of light by the photosensitizer, a range of photochemical 

reactions occur that, in the presence of oxygen, leads to the formation of predominantly 

singlet oxygen [1,2]. The highly reactive singlet oxygen causes damage to nearby proteins 

and lipids resulting in cellular, vascular and immunological responses that ultimately 

encompass the PDT response [1]. In general, clinically used photosensitizers are 

hydrophobic, which promotes cell binding but provides no tumor specificity. As a result, a 

2 to 4 days interval between photosensitizer administration and light delivery is common to 

obtain an optimum tumor to normal tissue ratio. In addition, patients become light 

sensitive, for several weeks, due to skin-photosensitization. Increased tumor specific uptake 

of the photosensitizer has the potential to lead to significantly better tumor responses, much 

less normal tissue damage and a decreased skin photosensitization [1-3]. Increased 

expression levels of specific receptors on tumor cells can be used to target these cells. In 

head and neck cancer, 83% of tumors show overexpression of the epidermal growth factor 

receptor (EGFR), which is commonly used as a target for various targeted therapies [6]. 

For targeted PDT a range of approaches have been explored, such as the direct conjugation 

of photosensitizer to antibodies or peptides, or targeted drug delivery systems where 

multiple photosensitizer are loaded into a liposome or other nanoparticles [4,5,7-14]. 

We have been developing an alternative approach using nanobodies [15-18]. 

Nanobodies are the smallest naturally derived antigen-binding fragments that consist of the 

variable domain of a heavy-chain antibody [19]. The characteristics of nanobodies make 

them favorable for targeted drug delivery as they bind specifically and with high affinity to 

their antigens, are relatively small, stable, water soluble and have low immunogenic 

potential [19-22]. The monovalent 7D12 and the biparatopic 7D12-9G8 nanobodies 

specifically target EGFR and compete with EGF for binding to EGFR [23]. In contrast to 

the monovalent 7D12 nanobody, the biparatopic 7D12-9G8 leads to a more rapid EGFR 

internalization by inducing receptor clustering [15,24]. After conjugation to the water 

soluble photosensitizer IRDye700DX, a silicon-phthalocyanine derivative that absorbs and 
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emits NIR light, these nanobodies act as a carrier of photosensitizer and can be used for 

targeted PDT or tumor targeted fluorescence guided imaging [4,25,26]. 

Recently we have shown promising results in vitro and in vivo using nanobody-

photosensitizer (NB-PS), as an alternative approach for targeted PDT [15,16]. In vitro we 

have shown a clear relationship between level of EGFR expression, fluorescence intensity 

and PDT efficacy for both 7D12-PS and 7D12-9G8-PS [15]. Subsequently, in an in vivo 

study employing an orthotopic tongue model transplanted with an oral squamous cell 

carcinoma expressing green fluorescent protein (OSC-19-luc2-cGFP), we used quantitative 

fluorescence spectroscopy to determine the NB-PS distribution in time after administration 

[16]. The fluorescence intensity in tumor and normal skin tissue was significantly higher 

for 7D12-9G8-PS compared to 7D12-PS. 7D12-PS showed a peak fluorescence intensity in 

the tongue tumor already at 30 min after administration after which it slowly decreased. 

7D12-9G8-PS showed a high fluorescence intensity in the tumor up to 4 h after 

administration after which it started to decrease. The tumor to normal ratio at 1 h after 

administration was 1.8 ± 0.3 and 3.8 ± 0.5, respectively. Although the tumor to normal 

ratio increased to 16.1 ± 4.5 and 30.8 ± 0.9, respectively at 24 h after administration, the 

tumor fluorescence intensity was significantly lower. Therefore, in that study, light was 

applied 1 h after administration for both NB-PS. Histological examination 24 h after PDT 

showed extensive tumor necrosis and damage to the vasculature in and close to the tumor 

[16]. 

These promising results encouraged us to further investigate, in the present study, 

the distribution of the NB-PS conjugates and PDT-induced response in vivo within tumor 

and normal tissue. The (sub-) cellular localization of photosensitizer is considered to be 

important as it determines the initial site of photodamage due to the short diffusion distance 

of singlet oxygen [27]. Antitumor effects induced by PDT are known to be mediated not 

only by cellular damage but also by vascular responses [1]. Interestingly, PDT, and more 

recently targeted PDT, have been shown to be capable of increasing the enhanced 

permeability and retention (EPR) effect by improving tumor vessel permeability [28-31]. 

Since this could potentiate the delivery of other nanomedicines to the tumor site in future 

combined therapies, in this study we also carefully investigate the vascular effects of NB 

targeted PDT. 
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Intravital imaging in a skin-fold chamber model can be used to provide 

longitudinal information on the kinetics and localization of fluorophores in detail in a living 

animal, and be used to investigate direct effects on the vasculature [8,32-39]. Therefore, in 

the present study, we used intravital imaging in the mouse skin-fold chamber model 

transplanted with the OSC-19-luc2-cGFP tumor, a tumor model we have previously 

investigated in the mouse tongue [16]. We investigated the biodistribution of the conjugates 

and the vascular responses induced by NB-PS mediated PDT; constriction and leakage, as 

well as the induction of necrosis after illumination at 1 or 24 h post administration [16,40-

43]. To complement intravital microscopy, contrast-enhanced MRI and dynamic contrast 

enhanced (DCE) MRI were also used, as these have shown to be effective tools to 

determine the vascular effects and measure the microvascular status of tumors early after 

PDT [43-50]. We employed the same tumor cell line but now grown subcutaneously in 

mice for DCE-MRI, to interrogate the microvascular status of the tumor and underlying 

muscle [50]. Here, the degree of blood perfusion and vessel integrity can be quantified by 

measuring the tissue influx and wash out of a small gadolinium-based contrast agent. 

Histological examination of tissues collected directly after or up to 48 h after PDT was also 

used to determine the tumor necrotic fraction, vascular perfusion and damage to endothelial 

and normal tissue in both models. 

2. Experimental section
Study design 

Intravital microscopy and DCE-MRI were used to investigate the distribution and 

the direct effects of two EGFR-targeted NB-PS conjugates. 

Intravital microscopy combined with the skin-fold chamber tumor model was used 

to study fluorescence distribution and PDT response longitudinally. Mice wearing the skin-

fold chamber were divided over 6 groups (Table 1). Fluorescence distribution was 

investigated intravitally in groups 1-3 by imaging at 1, 2 and 24 h after administration of 

the NB-PS and before PDT. After the last time-point (24 h) PDT was performed in an 

attempt to use the high tumor to normal ratio (TNR) observed previously [16]. In groups 

4-6 PDT was performed 1 h after administration. Groups 3 and 6 were light only controls.

PDT responses were investigated intravitally in all groups by imaging directly, 2, 24 and 

48 h after PDT. At 2 h post illumination tetramethylrhodamine dextran was administered 
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and imaged in all groups to investigate vascular leakage and flow. At 24 h post illumination 

the necrosis marker HQ4 [41,42] was administered and imaged 24 h later. Tissue was 

harvested for ex vivo necrosis marker imaging and histological analysis. 

Table 1. Overview of nanobody-photosensitizer treatment schemes studied intravitally for 
distribution and tumor and normal tissue damage. 

Group n 
Nanobody-PS 

conjugate 
Illumination 

at HQ4 
Harvest 
after ill. 

1 8 *, ** 7D12-PS 24 h Yes 48 h 

2 8 *, ** 7D12-9G8-PS 24 h Yes 48 h 

3 3 Saline 24 h Yes 48 h 

4 8 *, ** 7D12-PS 1 h Yes 48 h 

5 8 *, ** 7D12-9G8-PS 1 h Yes 48 h 

6 3 Saline 1 h No 48 h 

* 1 animal without tumor, serving as normal tissue control

** 1 animal sacrificed before PDT for fluorescence distribution 

DCE-MR imaging of the solid tumor model was used to investigate the PDT 

response in 2 groups. One group of animals (n=5) was injected with 7D12-PS and the 

control group (n=4) received saline. For practical reasons only one of the two NB 

conjugates could be investigated, and 7D12-PS was chosen. To compensate for the 

prolonged gas-anesthesia necessary for the procedure, illumination was performed at 2 h 

instead of 1 h after administration. MR imaging was performed on 3 consecutive days, 

1 day before illumination, approximately 1 h after illumination inside the bore of the 

scanner on the second day and 1 day after illumination, after which animals were 

sacrificed. Histological analysis was performed on a selection of two control animals and 

three 7D12-PS mediated PDT-treated animals, which received a perfusion marker (Hoechst 

33342) 5 min prior to sacrifice. 

Nanobody conjugates 
The nanobody-photosensitizer conjugates (NB-PS) 7D12-PS and 7D12-9G8-PS 

were prepared as described previously [15,16]. His-tagged nanobodies were produced in 

E. coli BL21and purified from the periplasmic fraction using Nickel-NTA agarose [23,51].

The monovalent nanobody 7D12 binds to domain III of the EGFR, preventing EGF-
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binding to the receptor [52]. The biparatopic nanobody 7D12-9G8 was composed of two 

nanobodies that bind to different epitopes on domain III and due to the short linker 

sequence they cannot bind simultaneously to the same receptor, therefore being able to 

create clusters of receptors [52]. Conjugation of photosensitizer to the nanobodies was 

performed as described in Heukers et al. 2014 [15], except that the molar ratios for 

conjugation was 1 to 4 for 7D12 and 1 to 3 for 7D12-9G8. In short, the nanobodies were 

incubated with the photosensitizer IRDye700DX (LI-COR Biosciences, Lincoln, Nebraska) 

for 2 h at room temperature. Afterwards, the NB-PS conjugates were separated from the 

free photosensitizer using three consequent Zeba spin desalting columns (ThermoFisher 

Scientific, Perbio Science Nederland). The degree of the conjugation was determined using 

a Nanodrop spectrophotometer as recommended by the provider by measuring the 

absorbance at 280 nm and 689 nm. The purity of the NB-PS conjugates was determined on 

15% SDS-PAGE and imaged on an Odyssey infrared scanner (LI-COR Biosciences) using 

700 nm. Afterwards, PageBlue staining was performed to show the total protein content. 

The concentration of NB-PS administered was corrected for the degree of conjugation, so 

that every mouse received the same amount of photosensitizer, i.e. 6 nmol IRDye700DX).

Cell line 
The oral squamous cell carcinoma line, OSC-19-luc2-cGFP, was cultured in 

Dulbecco’s Modified Eagle’s Medium (containing 4.5 g D-Glucose/L, 110 mg Sodium 

Pyruvate/L) plus GlutaMAXTM, supplemented with 10% Fetal Bovine Serum, 1x Minimal 

Essential Medium non-essential amino acids solution and 1x Minimal Essential Medium 

vitamin solution as before [53]. 

Intravital microscopy 
Skin-fold chamber model 

The mouse skin-fold chamber was prepared on the back of female Balb/c nu or 

BalB/cAnNRj mice and transplanted with the oral squamous cell carcinoma (OSC-19-luc2-

cGFP) using a procedure adapted from previous studies [54-56]. In brief, mice received 

analgesia 1 h (1 mg/kg rimadyl cattle s.c; Pfizer, Capelle a/d IJssel, NL) and anesthesia 

(75 mg/kg ketamine i.p.; Alfasan, Woerden, NL and 1 mg/kg medetomidine i.p.; Eurovet, 

Bladel, NL) 20 min before the procedure. The dorsal skin was folded and fixed between 

two frames after removal of one side of the skin in 1 cm diameter up to the fascia of 

the opposed skin. A tumor cell suspension of 5x104 cells in 10 µl was injected superficially
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in the fascia/subcutaneous musculature and the window was closed with a sterile

microscope cover glass of 12 mm diameter secured with a retaining ring. Glass spacers 

(thick cover glasses of 9 mm diameter) were placed on the epidermal side of the skin 

and another 12 mm circular microscopic cover glass was used to close the window on 

that side. Mice were housed individually in climate-controlled cabinets with an ambient 

temperature of 30 °C and a humidity of 70%. 

Experiments started 6-9 days after preparation of the chambers. Mice were awake 

during all i.v. administrations. From two weeks prior to the experiments, all mice were fed 

a chlorophyll free diet (catalogue number 4208.00, Hope Farms b.v., Woerden, NL or 

#100208, Altromin, Germany) to minimize the contribution of pheophorbides to the 

autofluorescence emission spectrum. The animal ethics committee of the Erasmus MC 

approved the experimental protocols of the study.

Fluorescence distribution 
The microscopic distribution of 7D12-PS and 7D12-9G8-PS was intravitally 

imaged under gas anesthesia at 1, 2 and 24 h after i.v. administration. Mice injected with 

physiological saline served as a control. A Zeiss Laser Scanner Confocal Microscope 

510 equipped with 2x, 10x and 20x air Plan-Neofluar objectives, a heated stage and a gas 

anesthesia supply unit was used. Fluorescence images were recorded with the 2.5x (whole 

chamber), 10x (1 or 2 tumor areas of maximal 7.6 mm2 and 1 normal tissue area) and 20x 

objectives (3 z-stacks of 7 slices, 2 in tumor and 1 in normal tissue) using 633 nm 

excitation and long pass 650 nm detection for the nanobody-conjugates and 488 nm 

excitation and 505-530 nm band pass detection for the GFP signal of the tumor. 

Corresponding transmission images were recorded for orientation purposes using 488 nm 

light. Fluorescence and transmission images were recorded before, 1, 2 and 24 h after i.v. 

administration of the nanobody-conjugates under 2-3% isoflurane in oxygen anesthesia. 

Reference standards were recorded every day to correct for differences between 

experiments. Images were analyzed using ImageJ-Fiji. Regions of interest (ROI) were 

drawn around tumor and normal tissue areas excluding the large venules and arteries based 

on the transmission and GFP images. The ROI’s for normal tissue were drawn in regions 

without any GFP signal and distant from larger blood vessels. Integrated density was 

determined and normalized to an area of 5000 µm2 rather than the mean fluorescence 

intensity of the pixels since the fluorescence was expected to be heterogeneous due to the 
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receptor specific binding of the nanobody conjugates and the spatial resolution of the 

images. The integrated density was corrected for the dark current, variation in the reference 

standard and the individual autofluorescence. For each animal, time point and tissue type, 

2-6 regions of interest’s were drawn and averaged. Colocalization analysis between the

GFP and red fluorescence signals was performed after correction for the dark current, using 

the Coloc2 plugin. 

In parallel, for ex vivo microscopy, skin-fold chamber tissue of 4 mice was 

dissected at 1 or 24 h after administration of 7D12-PS or 7D12-9G8-PS (group 1, 2, 4 and 

5). Tissue was snap-frozen and stored at -80 °C. Cryosections were made and stained with 

anti-CD31 Brilliant Violet (AntibodyChain BV, The Netherlands) for fluorescence 

microscopy. Images were collected using a Leica SP5 Microscope equipped with 40x oil 

Plan-Neofluar objective, 633 nm excitation and 650-800 nm HyD detection for the NB-

conjugates and 405 nm excitation and 420-450 nm detection for the Brilliant Violet signal. 

Reference standards were recorded to correct for differences between experiments. 

PDT 
Illumination was performed under gas anesthesia on the microscope stage 1 or 

24 h after i.v. administration of 7D12-PS or 7D12-9G8-PS. A 690 nm laser (ML7700, 

Modulight, Inc. Tampere, Finland) and a frontal light distributor (Medlight SA, Ecublens, 

Switzerland) was used to deliver a dose of 100 J.cm-2 at an irradiance of 50 mW.cm-2. Mice 

injected with physiological saline served as a light only control. 

Cellular response to PDT 
The GFP signal of the tumor cells was used to observe changes in the morphology 

in time after PDT. Necrosis was detected intravitally using the necrosis avid agent HQ4 

(20 nMol/mouse [41,42]) i.v. administered 24 h post PDT and imaged 24 h later using 

633 nm excitation and 650 nm long pass detection. Tissue was dissected for ex vivo 

necrosis avid agent imaging and histological analysis. The skin-fold chamber tissue was cut 

in two halves through the tumor, snap-frozen in liquid nitrogen and stored in -80 °C until 

sectioning. Sections were collected at three depths with alternating thickness of 50 and 

8 µm for HQ4 fluorescence imaging and histology respectively and stored in -80 °C until 

imaging. The 50 µm sections were defrosted, dried and imaged unfixed and uncovered 

using a Zeiss laser scanner confocal microscope. Fluorescence images were recorded with 

the 10x objective using 633 nm excitation and long pass 650 nm detection for HQ4 
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fluorescence and 488 nm excitation and 505-530 nm band pass detection for the GFP signal 

of the tumor. Corresponding transmission images were recorded for orientation purposes 

using 488 nm. Images were analyzed using ImageJ-Fiji. Regions of interest were drawn 

around tumor and normal tissue areas. The ROI’s selection of tumor were created by 

thresholding the GFP signal and creating a mask of it to ensure that only tumor tissue was 

measured. The fluorescence intensity was corrected for the dark current and variation in the 

reference standard for the different recording days. 

Thereafter tissues were formalin fixed and paraffin embedded (FFPE) for 

histological examination. The FFPE tissues were sectioned and stained with hematoxylin 

and eosin (H&E) and analyzed as described by van Driel et al. [16]. 

Vascular response to PDT 
The vascular responses to PDT were investigated using both transmission imaging 

and tetramethylrhodamine dextran imaging. Tetramethylrhodamine dextran (2000 kDa, 

1 mg/ml, 0.1 mg mouse, D7139, ThermoFisher Scientific, Molecular Probes, Eugene, 

Oregon, USA) was administered 2 h post PDT and imaged intravitally within 20 min using 

543 nm excitation and 560-615 nm bandpass detection and the 20x objective. The number 

of animals showing leakage in tumor or normal tissue, i.e., tetramethylrhodamine 

fluorescence outside the vessels, was counted. Tumor vascular flow was scored based on 

the appearance of the tetramethylrhodamine fluorescence according to three criteria, i.e., 

lack of flow (no fluorescence in the vessels), reduced flow (disrupted fluorescence in the 

vessels) or normal flow (fluorescence confined to the vessels). The proportional area of 

tumor tissue that was affected by each criterion was estimated. Transmission images using 

488 nm were recorded immediately, 2, 24 and 48 h after PDT using the 2.5x objective to 

investigate changes in vascular architecture. The severity of the changes in vascular 

architecture in normal tissue was scored as follows: No change in vascular lumen and flow 

visible (-), minimal changes in vascular lumen of the larger vessels and/or capillary 

shutdown (+), severe changes in vascular lumen and flow visible in areas (++) and severe 

changes in vascular lumen and no flow visible (+++). 

DCE-MRI 
Solid tumor model 

Female BALB/c nude mice (Charles River) aged 8-11 weeks were subcutaneously 

injected with 1x106 cells in the right hind limb. Tumors became palpable after 3 to 6 days 

Chapter 4 

4 

104



and were measured with a caliper every 2 or 3 days. MRI experiments were started when 

the tumors reached a volume of approximately 300 mm3. The Animal Care and Use 

Committee of Maastricht University approved the protocol. All applicable institutional 

and/or national guidelines for the care and use of animals were followed. 

PDT 
Mice were anesthetized during injection of 7D12-PS or physiological saline until 

PDT and MRI imaging using 2-3% isoflurane in oxygen anesthesia. Body temperature was 

monitored with a rectal probe and maintained at 37 °C using a warm water circuit. 

Respiration rate was monitored using a pressure balloon. PDT was performed 2 h after 

administration and not 1 h to compensate for the lower metabolism caused by the 

prolonged gas anesthesia needed for the procedures. Light was delivered using a 690 nm 

laser (ML7700, Modulight, Inc. Tampere, Finland) via a fiber and collimating lens into the 

MR magnet to a dose of 100 J.cm-2 at an irradiance of 50 mW.cm-2. A black paper mask 

was placed surrounding the tumor to protect the rest of the animal from stray light. 

MRI 
Experiments were performed using a 7T MRI scanner (BioSpec 30/70 USR, 

Bruker, Billerica, Massachusetts, USA) with a 72 mm diameter quadrature transmit and 

receive birdcage coil. Briefly, T2-weighted anatomical reference scans were acquired 

followed by a 3D pre-contrast T1 map. Then, a 15 min 3D DCE-MRI scan was performed 

with a temporal resolution of 3.5 s, to capture the dynamic influx of contrast agent 

(Dotarem) in the tissue. Based on the DCE-MRI data, all pixels were classified as enhanced 

or non-enhanced, and the following variables were calculated for each pixel: the area under 

the curve (AUC) of the Dotarem concentration, and Ktrans (transfer constant describing 

contrast exchange between blood plasma and the extravascular extracellular space). For 

anatomical reference a T2 weighted multi-slice spin echo scan was acquired with 12 to 

14 axial slices, covering the entire tumor. Scan parameters were: TR=1000ms, TE=30 ms, 

matrix=128x128, slice thickness=1.0 mm, slice gap=0.1 mm, FOV=4x4 cm2. For T1-

mapping, a 3D FLASH sequence with variable flip angle was used [57]. Sequence 

parameters were: TR-20 ms, TE=3.2 ms, 7 flip angles (2º, 3º, 5º, 7º, 10º, 13º and 20º), 

matrix=128x128x39, FOV=40x40x22 mm3. DCE-MRI was performed using the same 3D 

FLASH sequence with shorter TE and TR and a fixed flip angle (1 ms, 3 ms and 7º 

respectively) and an acquisition matrix of 128x128x17 (zero-filled to 128x128x39). Two 
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min after the start of the scan, a dose of 0.3 mmol/kg b.w. Dotarem (Guerbet, Villepinte, 

France) was injected in 5 s using a syringe pump (Fusion 100, Chemyx Inc., Stafford, 

153 TX, USA), followed by a saline flush. 

Manual segmentation of tumors was performed in ITK-SNAP [58], based on T2-

weighted spin echo images. Tumor was hyper intense compared to muscle tissue. All 

further analysis was performed using home-made scripts in Matlab 2016a (Mathworks, 

Natick, MA). Muscle ROI’s of 5x5 pixels were selected in four central tumor slices, with 

1 pixel spacing to the tumor border and centered on the optical axis of the light beam. T1 

maps were reconstructed pixel by pixel by fitting the data signal intensities at different FA 

to the spoil gradient echo sequence equation:  

𝑠 =	∝ sin(𝐹𝐴) (1 − exp 1− !"
!#
2)/(1 − cos(𝐹𝐴) exp 1− !"

!#
2).

Dynamic changes in R1(t) = 1/T1(t) were calculated from the DCE-MRI scan, 

based on the pre-contrast relaxation rate R1,pre = 1/T1,pre and the signal during contrast agent 

influx, using the same equation. Next, Dotarem concentration curves C(t) were calculated 

using:  

R1(t)=R1,pre + r1C(t), where r1 = 3.53 s-1mM-1 is the longitudinal relaxivity of 

Dotarem [59]. Pixels were classified as non-enhanced when the median of the 

concentration curve after time of contrast injection was smaller than twice the SD before 

injection. Tracer kinetic modelling was performed using the standard Tofts-Kermode 

model [60], to estimate Ktrans and ve (the volume fraction of the extravascular extracellular 

space). The arterial input function was defined as a bi-exponential function with amplitudes 

A1 = 5.36 mM and A2 = 1.27 mM, and time constants 𝜏1 =5.36 s and 𝜏2 = 915 s, as 

previously described [49]. 

Histological analysis 
The subcutaneous solid tumor tissue samples were collected 5 min after 

administration of Hoechst 33342 (i.v., 32 mg/kg b.w. B2261, Sigma Aldrich, St. Louis, 

MO, USA), snap-frozen in liquid nitrogen and stored in -80 °C until sectioning and 

analysis. A series of sections were collected from a central and peripheral transverse plane 

and subjected to either hematoxylin and eosin staining (H&E) or CD31 

immunofluorescence staining to detect endothelial cells. For CD31 detection, sections were 

fixed in acetone (5 min RT), air dried, incubated with biotin-conjugated rat anti-mouse 
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CD31 antibodies (1 h 1:250 RT, #102503, Biolegend, San Diego, CA, USA) and DyLight 

649-conjugated streptavidin (1 h 1:100 RT, #405224, Biolegend). Bright field and

fluorescence imaging were performed by mosaic acquisition at 40x and 20x respectively. 

Viable and necrotic regions in H&E were manually segmented in ImageJ 1.51. All other 

data analysis, including segmentation of tumors in CD31 images were performed using 

home-made scripts in Matlab 2016a. In the CD31 images, tissue was classified as perfused 

or non-perfused by applying a manually selected threshold on the fluorescence signal 

intensity of Hoechst 33342. 

Statistics 
Results of the fluorescence intensity of NB-PS or necrosis marker are presented as 

weighted mean ± SD, weighted by the SD of the mean fluorescence intensity of 2-6 ROI’s 

at a certain time point for a certain tissue type. For each tissue type and time point the 

individual fluorescence intensity at a certain time point was weighted by its SD to result in 

a weighted mean calculated by averaging the different ROIs and weighted by the SD of that 

mean. The significance of differences was determined using the student 

t-test/ANOVA/SNK and p<0.05 was considered significant. The Spearman’s rank

correlation coefficient of the colocalization of the photosensitizer with the GFP 

fluorescence is presented as mean ± SEM and statistically analyzed using the student t-test 

and p<0.05 was considered significant. 

3. Results
Fluorescence distribution of NB-PS conjugates 

Intravital microscopy imaging was performed to determine potential differences in 

the distribution between the two EGFR-targeted NB-PS in tumor and in normal tissue 

immediately surrounding the tumor (Figure 1A). With respect to the intensity, both 

conjugates showed more fluorescence in tumor than in distant normal tissue, at either 1 or 

2 h after administration with p=0.04 and 0.03 for 7D12-PS, and p=0.04 and 0.06 for 7D12-

9G8-PS, respectively (Figure 1B). The tumor to normal tissue ratio for the two conjugates 

was significantly higher for 7D12-9G8-PS (p<0.01) but only at 2 h after administration. 

The tumor to normal tissue ratio at 1 and 2 h after administration was 3.0 ± 0.7 and 2.6 ± 

0.4 for 7D12-PS, and 2.9 ± 0.6 and 4.0 ± 0.2 for 7D12-9G8-PS, respectively. Comparing 
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the two conjugates, more fluorescence was observed in tumor and normal tissue after 

7D12-9G8-PS administration at all time points.  

Figure 1. (A) Example of intravital fluorescence images recorded of the tumor in the skin-fold 
chamber 1 h after administration of 7D12-PS or 7D12-9G8-PS. Bar is 200 µm. White arrows 
highlight fluorescence close to vessels that surround tumor tissue. (B) Fluorescence intensity in tumor 
(solid squares and lines) and normal tissue far from tumor and not showing GFP signal (open squares 
and dashed lines) in the skin-fold chamber after administration of physiological saline, 7D12-PS or 
7D12-9G8-PS. Weighted mean ± SD, n=3, 6, 8 respectively. Significant differences between tumor 
and normal tissue with p<0.05 (*). 
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Distinct differences could be observed in the sub-cellular distribution of the two 

NB-PS conjugates using z-stack imaging with a higher magnification (Figure 2A). 7D12-

9G8-PS showed an intense, membrane localized, fluorescence pattern in tumor cells. This 

was different after 7D12-PS administration, for which the fluorescence in the tumor tissue 

was more diffuse. In one animal we were able to image the internalization of 7D12-9G8-PS 

(Figure 2B). At 1 h after administration the fluorescence was visible at the membrane, and 

at 2 h fluorescence was clearly visible in the interior of the cell. 

Colocalization analysis between the NB-PS fluorescence and the GFP signal in the 

tumor showed significant higher Spearman’s rank correlation coefficients for 7D12-PS at 1 

and 2 h after administration, compared to before administration, suggesting tumor specific 

binding with p<0.01 for both time points (Figure 2C). For 7D12-9G8-PS, all time points 

after administration showed significant higher Spearman’s rank coefficients compared to 

before administration with p<2x10-6 for 1 and 2 h, and p<2x10-4 for 24 h after 

administration. Overall, 7D12-9G8-PS showed a significantly higher correlation between 

NB-PS fluorescence and GFP signal compared to 7D12-PS at all time points with p<0.003. 
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Figure 2. (A) Example of high magnification fluorescence images recorded 1 h after administration 
of 7D12-PS and 7D12-9G8-PS. Bar is 50 µm. (B) Consecutive images recorded in one animal at 
1 and 2 h after administration of 7D12-9G8-PS fluorescence (red) in tumor (green) cells. Bar is 20 
µm. (C) The Spearman’s rank correlation coefficient for GFP fluorescence of tumor (green) and NIR 
fluorescence (red) of 7D12-PS (white bars) and 7D12-9G8-PS (black bars). Mean ± SEM and n=6 
and 7 respectively. Significantly difference between time before and after administration with p<0.01 
(*), p<2x10-4 (#) or p<2x10-6 (+). Significant difference between 7D12-PS and 7D12-9G8-PS with 
p<0.003(§). 
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Normal tissue showed a heterogeneous fluorescence pattern. For both conjugates, 

fluorescence was present in close proximity of vasculature in chambers, with and without 

tumor (white arrows in Figure 1A). Line profiles obtained perpendicularly over larger 

vessels showed up to a 4x higher fluorescence intensity close to the vessels compared to 

further from the vessel (data not shown). In order to determine the localization of the 

fluorescence more carefully, tissue was harvested at 1 or 24 h after administration of the 

NB-PS, sectioned and stained for endothelial cells (CD31 fluorescent detection). Ex vivo 

fluorescence microscopy showed high fluorescence intensities for both NB-PS in normal 

tissue associated with the endothelial cells of (larger) blood vessels (Figure 3). 
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Responses to nanobody targeted PDT 

Since the acute response to PDT is a complex mixture of cellular and vascular 

responses, we investigated both using different techniques. Initial tumor cell responses 

were assessed by observing changes in the GFP signal using intravital imaging. Vascular 

responses were investigated with intravital fluorescence imaging for vascular flow and 

leakage (tetramethylrhodamine dextran), intravital transmission imaging for vascular 

architecture; and DCE-MRI for assessment of vascular perfusion. These were combined 

with ex vivo histology for evaluation of necrosis marker (HQ4) and of (permanent) tissue 

necrosis. 

Figure 3. Example of PS fluorescence in the 
subcutaneous musculature and lower dermis 
of the skin-fold chamber tissue after 
administration of (A) saline, 7D12-PS at (B) 
1 h or (C) 24 h after administration, or 7D12-
9G8-PS at (D) 1 h or (E) 24 h after 
administration. Photosensitizer fluorescence is 
depicted in red, CD31 in blue and 
colocalization is shown in magenta. Bar is 
50 µm. 
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Tumor cellular responses 
Distinct changes to the morphology of tumor cells were observed in the GFP 

fluorescence images recorded in time, after illumination at 1 h (Figure 4). Before 

illumination, the GFP signal was confined to the tumor cells, with high fluorescence 

intensity in the cytoplasm compared to the nucleus. In light only controls, the number of 

GFP containing cells increased in the 24 h after illumination, thus reflecting tumor growth. 

In NB-PS treated animals that were illuminated 1 h after administration, the normal cellular 

GFP fluorescence pattern, in some cases, changed significantly. In those cases the GFP 

fluorescence appeared more diffuse and/or confined to circular spots of different diameters 

with high fluorescence intensities, suggesting tumor cell damage. This was seen in more 

animals treated with 7D12-9G8-PS than with 7D12-PS (10/13 fields vs 3/12 fields, 

respectively) and was not observed for PDT treatments 24 h after administration (data not 

shown). Fluorescence imaging of cryosections of the tissues collected 48 h after PDT 

showed similar results (Figure 4). 
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Figure 4. Examples of the effect of PDT on the morphology of tumor cells intravitally imaged in the 
skin-fold chamber, at 1 h post administration of saline (top), 7D12-PS (middle) and 7D12-9G8-PS 
(bottom) up to 24 h after PDT. Arrows point to the same cell cluster in every image for each group. 
The last column displays the GFP fluorescence images of cryosections obtained 48 h after PDT. Bar 
50 µm. 

Vascular responses 
Vascular leakage of tumor and normal tissue vessels was observed for both NB-

PS treated groups. But there was no clear relationship between the number of tumors that 

showed leakage and the conjugate used or the time at which the light was delivered (Table 

2). The proportional area of tumor that showed either lack of flow or reduced flow 2 h post 

PDT was similar for both conjugates when light was applied 1 h after administration 

(Figure 5). The severity of the vascular response decreased significantly when the light 

was delivered at 24 h after administration, as the size of the area with lack of flow 

decreased from 51% to 8% with p=0.029 for 7D12-PS and from 55% to 10% with p=0.033 

for 7D12-9G8-PS. Comparing the two conjugates, a larger area of tumor showed reduced 

flow 2 h post illumination at 24 h after administration of 7D12-PS compared to 7D12-9G8-

PS (Figure 5). 
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Table 2. Number of animals showing vascular leakage in tumor and normal tissue 2 h post 
PDT using either 7D12-PS or 7D12-9G8-PS and illumination at either 1 or 24 h after 
administration. 

Conjugate 

Tumor Normal tissue close to tumor 

1 h 24 h 1 h 24 h 

7D12-PS 4/6 2/6 1/3 *2 3/4 *1 

7D12-9G8-PS 3/8 4/6 5/6 3/5 
* number of animals not scored due to lack of flow

DCE-MRI imaging of the solid tumors after 7D12-PS mediated PDT showed 

tumor non-enhancement values that were in agreement with the proportion of tumor 

showing lack of flow in the skin-fold chambers (Figure 6A-B). Directly after and 24 h 

after 7D12-PS mediated PDT, 42.8 ± 22.6% and 61.9 ± 21.4% of the tumor showed non-

enhancement, i.e., loss of contrast agent uptake, which was significantly increased 

compared to baseline (p=0.01 and 4.6810-4, respectively). In agreement with the loss of 

Figure 5. Representative images 
showing the different tumor vascular 
responses observed 2 h after PDT 
recorded using GFP fluorescence 
(green) and tertramethylrhodamine 
dextran fluorescence (yellow). Bar is 
100 µm. (A) Normal blood flow in the 
tumor and leakage (L) just outside the 
tumor. (B) Tumor with an area of no 
flow (I), reduced flow (II) and normal 
flow with leakage (III). (C) Qualitative 
analysis of vascular flow in tumor 
determined 2 h after PDT using 7D12-
PS or 7D12-9G8-PS and illuminated 
either at 1 or 24 h post administration. 
The relative area in tumor that showed 
either no flow (black), reduced flow 
(gray) or normal flow (white) was 
determined and averaged in 6 animals.  
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contrast agent, uptake in tumors showed negligible Ktrans values throughout the whole tumor 

at both time points (Figure 6C-D). The remaining pixels with residual contrast 

enhancement mostly showed lower Ktrans values compared to untreated tumor tissue. Most 

parts of the underlying muscle showed a decrease in Ktrans immediately and 24 h after PDT, 

suggesting impaired microvascular perfusion, although this was not statistically significant 

(p=0.13 and 0.24 respectively). 

Figure 6. (A) Representative AUC maps of a control and 7D12-PS mediated PDT treated animals 
recorded at baseline, post PDT and 24 h post PDT. The red contours outline the tumor, the red 
squares represent muscle ROI. (B) Group averages of the non-enhanced fraction pre PDT (black), 
post PDT (grey) and 24 h post PDT (white) in enhanced tumor and muscle ROI’s. Significant 
differences from pre PDT in same group are indicated with p=0.05 (*) or p=0.005 (**). (C) 
Representative Ktrans maps of a control and 7D12-PS mediated PDT treated animal recorded at 
baseline, post PDT and 24 h post PDT. The red contours outline the tumor, the red squares represent 
muscle ROI. (D) Group averages of the mean Ktrans pre PDT (black), post PDT (gray) and 24 h post 
PDT (white) in enhanced tumor pixels and muscle ROI’s. Significant differences from pre PDT from 
same group or between groups are indicated with p=0.05 (*) or p=0.005 (**). 

The normal skin vasculature showed constriction of the larger arterioles and 

venules, and also changed vascular architecture post NB-PS mediated PDT. Comparing the 

two conjugates, slight differences were observed, 1 animal showed more severe 

constriction 2 h post PDT using 7D12-PS compared to 7D12-9G8-PS but this was reversed 

48 h after PDT. Illumination at 24 h after administration resulted in slightly more vascular 
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constriction at 24 and 48 h post PDT for 7D12-PS compared to 7D12-9G8-PS. Overall, 

these effects were not significantly different for the two conjugates, only more severe for 

illumination at 1 h compared to 24 h after administration (Figure 7). 

Figure 7. (A) Representative images of the changes in vascular architecture in the skin-fold chamber 
tissue collected longitudinally before and in time after NB-PS mediated PDT delivered 1h post 
administration. Bar = 1000 µm. (B) Severity of the change in vascular architecture in normal tissue 
per mouse scored at different time points after PDT at 1 or 24 h using 7D12-PS or 7D12-9G8-PS. No 
change in vascular lumen and normal blood flow was scored white (-), capillary shutdown and or 
small changes in vascular lumen (light grey, +), severe changes is vascular lumen but blood flow 
observed (dark grey, ++) and severe changes in vascular lumen and no flow observed (black, +++). 
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Tumor and normal tissue viability and necrosis 
The PDT induced vascular responses and edema significantly changed the tissue 

optical properties of tissues in the window chamber, rendering intravital imaging of the 

necrosis avid agent HQ4 48 h after PDT impossible. Therefore, imaging of HQ4 was 

performed on cryosections of excised tissues. More fluorescence of HQ4 was observed in 

tumors treated with NB targeted PDT compared to the light only controls (Figure 8). While 

it is unknown if there is a linear relationship between HQ4 fluorescence intensity and 

necrosis, the data suggests more necrosis for illumination at 1 h after administration 

compared to 24 h after administration. 

H&E staining of the skin-fold chamber tissues also showed more tumor necrosis 

for illumination at 1 h compared to 24 h post administration (Figure 9A-D). PDT at 1 h 

after administration induced 88 or 80% necrosis in tumors compared to 30 or 0% at 24 h 

for 7D12-PS and 7D12-9G8-PS, respectively. Complementary to this, a similar average 

necrotic tumor fraction was determined in H&E sections of the solid tumor model for 

treatment with 7D12-PS mediated PDT at 2 h (89 ± 9%, compared to 23 ± 20% in light 

only controls). Fluorescence imaging of Hoechst 33342 in adjacent sections showed co-

localization of those areas with the non-perfused areas (74 ± 17% and 23 ± 33%, 

respectively). Tumors treated with 7D12-PS mediated PDT hardly showed any uptake of 

Figure 8. Fluorescence intensity of the 
necrosis marker HQ4 in cryosections of 
the skin-fold chamber collected 48 h 
after PDT at 1 h post administration of 
physiological saline, 7D12-PS, 7D12-
9G8-PS, and after PDT at 24 h post 
administration of 7D12-PS and 7D12-
9G8-PS ROI’s were drawn around 
tumor (black bar) and sub cutaneous 
musculature around and away from 
tumor (fat or thin dashed bar) 
respectively. Weighted mean ± SD, 
n=1-6 animals per group and 2-3 
sections per animal. 
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Hoechst 33342 and fewer blood vessels were detected. Blood vessels had weak staining 

and indistinct morphology, possibly due to disruption and closed lumina (Figure 9E-H). 

Figure 9. Example of H&E stained sections of the skin-fold chamber 48 h after PDT at 1 h post 
administration of (A) physiological saline, (B) 7D12-PS or (C) 7D12-9G8-PS. Tumor is outlined 
with dashed lines. Black bar is 200 µm. (D) Individual percentages of tumor necrosis and the median 
per treatment. Representative examples of (E,G) H&E bright-field images and (F,H) CD31 & 
Hoechst 33342 fluorescence images of (E,F) control and (G,H) 7D12-PS mediated PDT treated solid 
tumors. CD31 is displayed in red and Hoechst in blue. White bar is 100 µm. 

Concerning normal tissues, damage to these in the skin-fold chamber model was 

similar for both NB-PS conjugates used (Table 3). PDT delivered 1 h after administration 

resulted in severe damage to the normal tissues close to tumor. Away from the tumor, the 

damage was mild. No damage to normal tissues was observed when PDT was performed 

24 h after administration. Also, the skin-fold chambers without tumor showed no damage 

to normal tissues 48 h after PDT at either 1 or 24 h post administration (n=1 per group). 
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Table 3. Degree of tissue damage scored in H&E sections of the skin-fold chamber 
collected 48 h after PDT with 2 anti-EGFR nanobody-photosensitizer conjugates. Mean of 
3 to 5 animals per group. 

Control 7D12-PS 7D12-9G8-PS No tumor 

1 h 24 h 1 h 24 h All NB-

PS 

1 or 24 h 
Damage to 
epithelium 

- +++ + +++ - - 

Damage to muscle 
cells 

around tumor 
- +++ - +++/++ - - 

Damage to muscle 
cells 

away from tumor 
- ++ - ++/+ - - 

Damage to blood 
vessels 

around tumor 
- +++ - +++ - - 

Damage to blood 
vessels 

away from tumor 
- ++ - ++/+ - - 

Neutrophils Few Some Some Few Few - 

4. Discussion
The present study was designed to investigate the biodistribution of two NB-PS, 

the cellular responses to and the vascular effects of EGFR-targeted PDT in vivo using 

intravital microscopy and DCE-MRI, complemented with ex vivo analysis of necrosis. 

The overall fluorescence kinetics determined with intravital microscopy were 

similar to those we have previously reported for the orthotopic mouse tongue model using 

quantitative fluorescence fiber optic spectroscopy [16]. In both cases, we have shown more 

NB-PS fluorescence in tumor than in normal tissue, and that the mean intensity was higher 

after administration of biparatopic 7D12-9G8-PS, compared to monovalent 7D12-PS. 

Intravital microscopy imaging however, revealed a heterogeneous fluorescence pattern in 

tumor that was different for the two conjugates. 7D12-9G8-PS showed a membrane bound 

fluorescence pattern in tumor, which was not observed for 7D12-PS. The reduced 

dissociation kinetics of 7D12-9G8-PS compared to 7D12-PS and/or the induced 

Chapter 4 

4 

120



internalization of 7D12-9G8-PS might play a role in the observed higher fluorescence 

intensity and the more membrane bound fluorescence pattern for 7D12-9G8-PS [15]. 

Previously, the highest fluorescence intensity of 7D12-PS was detected in tumor 30 min 

after administration with a clear decrease thereafter, whereas for 7D12-9G8-PS the 

fluorescence intensity remained high for at least 4 h after administration [16]. 7D12-PS 

may be already dissociating from the receptor at early time points after administration and 

therefore showing less membrane localization at 1 and 2 h after administration. 

Internalization of 7D12-9G8-PS has been shown in vitro and was observed only once 

intravitally, possibly because of the many factors that influence the effective resolution of 

intravital imaging [24]. 

Consistent with the visual observation, colocalization analysis between GFP 

signal and photosensitizer fluorescence showed significantly higher Spearman’s rank 

correlation coefficients, compared to the background, for both conjugates, suggesting 

tumor specific binding in time after administration which was significantly higher for 

7D12-9G8-PS compared to 7D12-PS.While this study was focused on targeted PDT, 

targeted NB-PS conjugates have the potential to be used in fluorescence image guided 

surgery [51,61-63]. Complete tumor resection relies on the surgeon’s ability to differentiate 

between malignant and benign tissue but the infiltrative nature of cancerous tissue may 

hinder this. Fluorescence image guided surgery may assist a surgeon in delineating the 

cancerous tissue in the surgical field. NB-PS conjugates with their small size, high 

penetration and targeting characteristics, combined with fast clearance when unbound, 

could be excellent candidates for fluorescence image guided surgery. Clearance should be 

rapid enough to not have side effects of being photosensitive and long enough to last 

through the surgical procedure. Comparing the two conjugates in this study, 7D12-9G8-PS 

seems to be a good candidate, because of the high correlation coefficient between 7D12-

9G8-PS fluorescence and tumor cells and the prolonged increased tumor fluorescence 

intensity in time after administration. 

In normal tissue, a similar heterogeneous fluorescence distribution was found for 

both NB-PS, each showing fluorescence in the fascia and endothelial tissue up to 24 h after 

administration. We have previously detected NB-PS fluorescence in normal mouse tissues, 

such as tongue and skin, using fiber optic spectroscopy [16]. But fiber optics spectroscopy 

reveals only information in intensity and not on cellular distribution. In the present 
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intravital microscopy study, we observe that there are inhomogeneously distributed high 

intensities in the fascia and (close to) endothelial cells. Based on our current understanding 

of EGFR-targeted NB-PS, it is unclear why conjugates are present in normal tissue of the 

skin-fold chamber. 

PDT induced damage is, in general, the result of a complex mixture of direct 

tumor cell damage, the influence of the (tumor) vascular responses and the immunological 

responses to these effects [1]. In the previous study, we showed necrosis of the tumor 

combined with loss of CD31 and an increased presence of neutrophils after NB-PS 

mediated PDT [16]. Our results here show membrane-localized fluorescence in tumor cells 

and also endothelial cell-associated fluorescence in the vasculature, thus considering the 

short diffusion distance of singlet oxygen, these are likely the primary sites of 

photodamage [27]. 

To assess the effects of NB-targeted PDT, first the morphology of the tumor cells 

was visualized using GFP fluorescence imaging. In some cases, the cellular GFP 

fluorescence pattern showed diffuse fluorescence and/or high fluorescence intensities 

confined to circular spots of different diameters, as early as 2 h after PDT, suggesting the 

degradation of tumor cells. In agreement with the difference in fluorescence intensity, and 

probably also with the differences in localization, more animals treated with 7D12-9G8-PS 

mediated PDT at 1 h post administration showed degradation of tumor cells compared to 

7D12-PS. Based on these results, a difference in PDT-induced necrosis between the two 

conjugates might be expected but was not observed to be statistically significant. Ex vivo 

fluorescence imaging of HQ4, a necrosis avid cyanine probe [41,42], showed more tumor 

necrosis after 7D12-9G8-PS compared to 7D12-PS mediated PDT when light was applied 

1 h after administration. However, while it is unknown if there is a linear relationship 

between HQ4 fluorescence intensity and necrosis, little can be said about the significance 

of this result. Histological evaluation of tumor necrosis showed slightly, but not 

significantly more, necrosis post 7D12-PS compared to 7D12-9G8-PS mediated PDT. 

Vascular responses are a known contributor to the overall PDT response and those 

were broadly similar for both conjugates. Tumor vascular leakage was observed in more 

than 50% of the treated tumors within 2 h after PDT (Table 2). In our previous study we 

showed damage to the vasculature by histological evaluation 24 h post PDT [16]. In the 

present study we did not find large differences in the magnitude of vascular responses for 
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each conjugate. We did not investigate the effects of different NB-PS doses on the 

vasculature and overall response to PDT. It is likely that higher or lower doses of NB-PS 

will lead to different vascular responses in tumor and normal tissue depending also on the 

oxygen availability and the light applied. 

The vascular effect of PDT could be utilized to enhance the EPR effect, in 

combined therapies with nanosized drug delivery systems [29-31]. Employing a NB 

specifically designed to target the tumor vasculature could possibly increase this response 

even further. However, this should be investigated with caution, as tumor vascular stasis 

was also observed in 51-54% of the tumor areas 2 h after PDT, detected with rhodamine 

dextran fluorescence. This decreased perfusion was also confirmed through DCE-MRI of 

the subcutaneous tumor model, 1 h after 7D12-PS mediated PDT. This illustrates that any 

combination with PDT needs to be carefully investigated so that there is an optimal 

enhancement of the EPR effect. Tumor cell targeted, endothelial cell targeted, and 

conventional PDT might affect the vasculature differently. Therefore, intravital 

microscopic detailed studies, such as the one we present here, are critical to investigate a 

possible time window in which leakage could be exploited, before perfusion is 

compromised. 

In line with the fluorescence localization of the conjugates, normal tissue showed 

significant changes in the vascular architecture of skin-fold chambers after PDT that were 

more severe for PDT at 1 h compared to 24 h. Histological examination revealed abundant 

damage to the subcutaneous musculature and fascia after PDT at 1 h but not at 24 h (Table 

3). It would be interesting to investigate the vascular effects with a slightly longer time 

between administration and illumination, but significantly shorter than 24 h, or with lower 

doses of the NB-PS conjugates. Perhaps then less vascular damage in normal surrounding 

tissues would be observed, though with the risk of decreased tumor damage, which after all 

is the main goal. Skin-fold chambers not transplanted with tumors showed similar changes 

in the vascular architecture (detected with intravital microscopy) but no damage to the 

musculature or to blood vessels (detected in tissue sections). This suggests that the vascular 

effects in normal tissue are transient when no tumor is present, and that, when tumor is 

present, the responding tumor contributes to the damage of surrounding normal tissue. 

PDT at 24 h post administration was investigated in an attempt to utilize the 

higher tumor to normal ratio. Increasing the time between administration and illumination 
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from 1 h to 24 h resulted in less vascular responses in tumor and normal tissue (much 

smaller tumor area showed lack of flow and less changes in normal vascular architecture) 

but also significantly less tumor response. At 24 h after administration, 7D12-9G8-PS still 

showed significant, although lower, colocalization of photosensitizer fluorescence with 

GFP suggesting that tumor cells would respond to PDT. However, the GFP fluorescence 

pattern of tumor cells after PDT had not changed, suggesting lack of tumor cell 

degradation. Indeed, histological evaluation showed a much lower necrotic tumor fraction 

after PDT at 24 h. In addition, HQ4 fluorescence also showed decreased necrosis in tumor 

and normal tissue after PDT at 24 h compared to 1 h. Although the TNR is much higher at 

24 h after administration, the fluorescence intensity in the tumor was significantly lower. 

The current data clearly show that a high TNR is not the only factor in an effective 

treatment scheme: the concentration of NB-PS in the tumor is critically important. This 

result is in agreement with results from our previous study in the oral cavity [16]. 

The data presented here confirm that the overall acute response to EGFR-targeted 

NB-PS mediated PDT is not just a tumor cell specific response but a complex mixture of 

tumor cell responses and vascular effects. From a clinical perspective the combination of 

direct tumor cell death and tumor vascular damage is likely to be necessary for a maximally 

effective treatment. 

In summary, we have obtained insights with unprecedented detail for targeted 

PDT, which are significant at present, since EGFR-targeted PDT using antibodies as 

carriers is currently being tested in phase I/II clinical trials [64]. NB-PS conjugates 7D12-

PS and 7D12-9G8-PS targeting EGFR showed significant tumor localization in vivo, which 

was higher for 7D12-9G8-PS. The significant higher tumor colocalization combined with 

the prolonged fluorescence intensity in time after administration makes 7D12-9G8-PS a 

good candidate for fluorescence image guided surgery. Illumination at 1 h after 

administration of either conjugates leads to significant tumor necrosis. Despite the 

difference in fluorescence intensity, no significant difference was observed in the overall 

acute tissue response; both EGFR-targeted NB-PS mediated PDT treatments lead to similar 

amount of tumor necrosis 2 days post treatment and no large differences in vascular 

responses. Growth delay studies are now needed to show the long-term efficacy of 

nanobody-targeted PDT. 
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ABSTRACT 
The therapeutic value of vascular targeted photodynamic therapy (VTP) for cancer has 

already been recognized in the clinic: TOOKADâ has been clinically approved in Europe

and Israel for treatment of men with low-risk prostate cancer. When the light is applied 

shortly after intravenous administration of the photosensitizer, the damage is primarily 

done to the vasculature. This results in vessel constriction, blood flow stasis, and thrombus 

formation. Subsequently, the tumor is killed due to oxygen and nutrient deprivation. To 

further increase treatment specificity and to reduce undesired side effects, such as 

damaging to the surrounding healthy tissues, efforts have been made to selectively target 

the PS to the tumor vasculature, an approach named molecular targeted VTP (molVTP). 

Several receptors have already been explored for this approach, namely CD13, CD276, 

Extra domains of fibronectin (A, B), Integrin αvβ3, Neuropilin-1, Nucleolin, PDGFRβ, TF, 

and VEGFR-2, which are overexpressed on tumor vasculature. Preclinical studies have 

shown promising results, further encouraging the investigation and future application of 

molVTP, to improve selectivity and efficacy of cancer treatment. This strategy will 

hopefully lead to even more selective treatments for many cancer patients.
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1. Introduction
Photodynamic therapy (PDT) involves three components to create local 

cytotoxicity: a light-activatable drug, named photosensitizer (PS), light with a specific 

wavelength that can activate the PS, and oxygen. Separately, the three components are 

harmless. Together, the light activated PS will transfer energy to oxygen, forming cytotoxic 

reactive oxygen species (ROS), which can cause cytotoxicity due to the damage to 

biomolecules such as lipids, proteins, and nucleic acids. Consequently, the produced ROS 

can kill cancer cells, damage tumor vasculature, and can also induce inflammatory and 

immune responses. 

The PDT procedure is carried out in two steps: first, the PS is administered, and 

this is followed by site-specific light exposure [1]. The degree in which cancer cells or 

tumor vasculature are preferentially killed can be influenced by varying the time between 

PS administration and illumination, named the drug-light interval (DLI). When a PS is 

administered systemically in the body, it is first present in the vasculature. Most commonly 

in the clinic, a 2 to 4 days DLI is employed to favour the accumulation of the PS in the 

tumor. This has been described to be driven by the enhanced permeability and retention 

(EPR) effect. This phenomenon is caused by the unorganised structure of tumor 

vasculature, enabling macromolecules to extravasate into the extravascular space [2]. In 

addition, lymphatic drainage is impaired, causing the macromolecules to be retained longer 

in tumor tissue. Thus, a long DLI provides a strategy to preferentially damage tumor cells 

using PDT, without any molecular targeted approach, which we here refer to as 

conventional PDT. Alternatively, using a short DLI preferentially damages tumor-

associated vessels, as the PS is still present in the vasculature, which has been named 

vascular targeted PDT (VTP) [3]. VTP mainly damages tumor vasculature, causing vessel 

constriction, blood flow stasis, and thrombus formation [4]. This vascular shutdown blocks 

the oxygen and nutrient supply to the tumor and therefore causes necrosis of the tumor. 

VTP is a promising therapeutic approach and is expected to have several 

advantages compared to conventional PDT. First, very hydrophobic PSs are used in 

conventional PDT, which are retained in the body for longer periods of time in order to 

accumulate in the tumor. The longer a PS is present in the body, the longer patients can 

experience photosensitivity after treatment [5,6]. Second, although light is applied locally 

in conventional PDT, surrounding healthy tissues are in many cases damaged due to poor 

5 

Vascular targeted photodynamic therapy: a review of the efforts towards molecular targeting of tumor vasculature

131



tumor selectivity of the PS. Third, lack of oxygen in some areas of the tumors due to the 

acute hypoxia, impairs production of the cytotoxic ROS [7]. Alternatively, in the tumor 

vasculature, oxygen is more readily available, and the vasculature is directly accessible to 

the PS. 

The therapeutic value of VTP for cancer has already been proven in the clinic. In 

November 2017, the first PS Palladium-metalated bacteriopheophorbide, known as 

TOOKADâ (Negma Lerads/Steba Biotech), has been approved in Europe and Israel for the

treatment of men with low-risk prostate cancer [8]. This treatment can cause fast vascular 

occlusion and subsequently cancer cell death, within a 5 mm range of the optic fibres. 

Currently, a phase II clinical trial is ongoing in the US, in which TOOKADâ is applied for

the treatment of intermediate risk prostate cancer (NCT03315754). The water-soluble 

derivative of TOOKADâ(WST11), is now under evaluation in phase I clinical trials for the

treatment of esophagogastric cancer (NCT03133650) and upper tract urothelial carcinoma 

(NCT03617003). 

Although VTP is already used in the clinic, efforts have been made beyond this 

approach to increase selectivity and efficacy of the therapy. For a more general overview of 

different approaches employed to increase PDT selectivity, the reader is referred to [9]. 

More selective accumulation of the PS at the vasculature of the tumor would improve the 

efficacy of the treatment and reduce the risk of side effects. Severe side effects can occur 

due to PS accumulation in non-targeted tissues, such as surrounding nerves and muscles, or 

the bladder and the rectum in particular cases of prostate cancer. In the past two decades, 

efforts have been made to render the PS specific to the tumor vasculature, namely by 

targeting particular tumor endothelial markers, a strategy here described as molecular 

targeted VTP or molVTP [10]. In this review, we describe research studies that have been 

performed in the last 15 years, focused on the molecular targeting of PSs to the tumor 

vasculature for more cancer specific PDT. 

2. Molecular targeting of tumor vasculature
Certain proteins are only present or more abundant on tumor vasculature, which 

allows for the usage of different types of targeting moieties, such as peptides, antibodies or 

antibody fragments, and nanocarrier systems, to deliver the PS specifically to the tumor 

vasculature for molVTP [11] (Figure 1). 
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Figure 1. Schematic representation of molVTP. Different targeting moieties that have been 

investigated to selectively target PS to the tumor vasculature, for improving selectivity and efficacy 

of cancer treatment: A. small peptide, B. affibody, C. single chain variable fragment (scFv), D. 

antigen-binding fragment (Fab), E. small immunoprotein (SIP), F. antibody (IgG), and G. nanocarrier 

systems. 

Importantly, some of these targets are described to be present not only on tumor-

associated vasculature but also on cancer cells, thereby also leading to tumor-cell targeted 

PDT, or molecular targeted PDT (molPDT) [12–14]. Even though molecular targeting of 

tumor cells has also developed considerably over the last decade, such studies are outside 

the scope of this review. It is nevertheless important to highlight that when both tumor-cells 

and tumor-vasculature are targeted, the corresponding effects may be difficult to separate in 

preclinical studies. In the following sections, the proteins or markers that have been 

explored for molVTP are described in alphabetical order, and the overview of the chemical 

structures of the PSs employed is given in Figure 2. 

Vascular targeted photodynamic therapy: a review of the efforts towards molecular targeting of tumor vasculature

5 

133



Figure 2. Overview of the chemical structures of the PSs used in the studies discussed in this review. 
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Vascular targeted photodynamic therapy: a review of the efforts towards molecular targeting of tumor vasculature

CD13/aminopeptidase N 
CD13/aminopeptidase is an ubiquitous enzyme which exists in a variety of human 

cell types (epithelial, endothelial, fibroblast, leukocyte) [15]. This receptor has a role in 

several biological processes, such as cell proliferation, secretion, invasion and angiogenesis 

[16]. The overexpression of this receptor in tumor cells and angiogenic vessels, makes it a 

potential target for molecular targeted therapies. 

The peptides containing asparagine-glycine-arginine (NGR) were found to bind 

selectively to CD13 on tumor vasculature in vivo [17]. However, only one study described 

the application of the NGR peptide as targeting moiety in the context of PDT [18]. The PS 

diadduct malonic acid C60 (DMA-C60) was conjugated to NGR peptide and applied in 

vitro in human MCF-7 breast cancer cells. The cells were irradiated for 1 h using a light 

intensity of 60 mW/cm2. Cell viability was significantly decreased and the highest 

concentration (10 μg/ml) caused a decrease in viability to 20%. Although NGR is

potentially a suitable moiety to target tumor vasculature, no studies have been conducted 

on the effects of DMA-C60-NGR on endothelial cells or in vivo models. 

CD276 
The transmembrane glycoprotein CD276 is an immunoregulatory molecule 

overexpressed on endothelial cells of tumor vasculature and in different types of tumors, 

while limited expression is seen in normal cells [19,20]. The physiological functions of 

CD276 is still unclear [21]. Due to the high level of expression in cancer and endothelial 

cells, CD276 could be a potential target for combined molVTP and molPDT. In a recent 

study conducted by Bao et al., the Fab fragment of an anti-CD276 antibody (αCD276/Fab) 

was conjugated to the PS IRDye700-N-hydroxysuccinimide (IR700) and the efficacy after 

PDT was determined in 4T1 tumor-bearing mice [22]. First, it was shown that 4T1 cells 

and tumor vasculature overexpress CD276, using immunofluorescence staining with an 

αCD276 antibody, conjugated to Fluorescein (FITC). The FITC-staining colocalized with a 

marker of 41T cells (integrin β6) and a marker of vasculature (CD31). Thereafter, the 

tumor uptake of the αCD276/Fab-IR700 was determined in vivo in mice subcutaneously 

xenografted with 4T1 cells. A similar conjugate with irrelevant affinity was used as a 

control. The uptake was expressed as the percentage of fluorescence intensity, by 

normalizing uptake values to the total dose. The uptake of the αCD276/Fab-IR700 and the 

control conjugate was 10% and 4%, respectively. Thus, targeting of CD276 enhanced the 
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uptake of the PS conjugate. Subsequently, the PDT efficacy was determined in 4T1 tumor-

bearing mice by measuring tumor growth for 16 days after the treatment. PDT was 

performed using a light dose of 70 J/cm2 and a DLI of 2 h. The targeted conjugate 

significantly inhibited tumor growth between days 8 to 16, in contrast to the control 

conjugate. It was already known that 4T1 cells metastasize to lungs when subcutaneously 

xenografted [23], and in control mice, lung metastases were evident on day 16. However, 

when the primary xenograft tumor was treated with the αCD276/Fab-IR700, the lungs 

showed substantially less metastatic foci and weighed significantly less than control lungs. 

The αCD276/Fab-IR700 conjugate was able to inhibit the formation of lung metastasis by 

recruiting the tumor infiltration of CD8+ T cells in treated mice. The data suggested that 

PDT targeted to CD276 can potentially be employed to selectively kill tumor vasculature 

and directly or indirectly tumor cells. The vascular effects of the conjugate were not 

investigated further, and more studies are needed to determine the utility of αCD276/Fab-

IR700 in molVTP. 

Extra domains of fibronectin 
Among several splice variants of fibronectin, extra domain A and B (ED-A and 

ED-B) have been reported to be potential targets for molVTP [10]. Many angiogenic 

processes, such as invasion, migration, and proliferation of vascular cells are regulated by a 

number of cell-surface and extracellular adhesion molecules. Fibronectin as an extracellular 

matrix (ECM) component, expressed in a variety of normal tissues. However, ED-A and 

ED-B expression is undetectable or negligible in normal adult tissues [24–26]. 

Extra domain A (ED-A) 
Using an ED-A specific antibody named F8, Rybak and co-workers found that 

ED-A is strongly expressed in the neovasculature of human lung and liver metastases, as 

well as multiple other human tumors, whereas in normal tissues the ED-A expression was 

negligible [26]. Furthermore, a comprehensive study of human lung tumors showed that 

ED-A is abundantly expressed in all important subtypes of lung cancer. In order to target 

this neovascular marker, a small immunoprotein (SIP) of the monoclonal F8 antibody was 

developed [27]. The SIP(F8) was conjugated to the PS 5-[4-(succinimide-N-

oxycarbonyl)phenyl]-10,15,20-tris-(4-N-methylpyridimiumyl)porphyrin trichloride (Tri-

PyPhSUCCMeCl-1) and microcirculatory effects of the conjugate mediated PDT were 

assessed by intravital microscopy in mice xenografted subcutaneously with human SF126 
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glioma cells in a dorsal skinfold chamber [28]. molVTP was performed using a light dose 

of 150 J/cm2 and a DLI of 12 h. The results demonstrated that ED-A-targeted molVTP led 

to hypoperfused areas in the center of the tumor, as a result of stasis and thrombosis. In 

contrast, the hypoperfused areas were surrounded by hyperperfused areas in the tumor 

periphery starting 48 h after PDT. This could be the result of molVTP-induced hypoxia, 

that initiates angiogenesis [29]. When molVTP was applied only once, the hyperperfused 

areas led to recovery of the tumor vascular circulation, and therefore the anti-tumor effects 

were only temporary. Importantly, repetitive illumination (12, 24, 36, and 48 h after 

injection of the conjugate), resulted in sustained reduction of glioma growth after 5 days of 

observation. The positive effects after repetitive illumination might be attributed to long 

lasting vascular dysfunction and lower recovery capacity. Even though the authors 

suggested Tri-PyPhSUCCMeCl-1-SIP(F8) conjugate as a promising candidate in molVTP, 

in clinical context, repetitive PDT might be inconvenient for the patients. 

Extra domain B (ED-B) 
 Interestingly, the ED-B domain is highly conserved in different species, with 

100% homology between human, mouse and rat. Therefore, the same targeting moieties 

can be used in the clinic and in preclinical studies, which can expedite the translational step 

to the clinic [30]. 

A human IgG antibody called L19 has been developed, that binds the ED-B 

domain with high affinity. In this study conducted by Borsi et al., biodistribution of the 

different formats of L19 antibody, i.e. single-chain variable fragment (scFv) and SIP, was 

compared to determine which format is the most suitable for targeting applications. The 

results showed that the SIP might be preferable for a number of tumor targeting 

applications, compared to scFv and complete antibody (IgG), due to the most suitable 

clearance rate and in vivo stability in tumor-bearing [30]. 

Afterwards, the same group conjugated scFv(L19) and SIP(L19) to the PS 

bis(triethanolamine)Sn(IV) chlorin e6 (SnChe6) [31]. The molVTP efficacy of the 

conjugates was compared in 3 different subcutaneous tumor models: FE8 sarcoma, F9 

teratocarcinoma, and C51 colon adenocarcinoma. PDT was performed using a light dose of 

150 J/cm2 and a DLI of 5 h for scFv(L19) and 24 h for SIP(L19). Seven days after 

treatment, the tumors were collected and weighed. In FE8 bearing mice, untreated control 

tumors weighed on average 1.03 g, while the SnChe6-scFv(L19) and SnChe6-SIP(L19) 
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treated tumors weighed about 0.14 g and 0.04 g, respectively. As SIP(L19)-SnChe6 was 

suggested to be the most potent, further analysis was continued with this format only. 

SIP(L19)-SnChe6 conjugate caused an arrest in tumor growth, in all three models. In 

addition, tissue sections of the FE8 tumors were analysed under the microscope, which 

showed completely occluded vessels in the SIP(L19)-SnChe6 treated tumor. This suggested

that the growth arrest happened due to the rapid blood coagulation. 

In another study, SIP(L19) was conjugated to a porphyrin-based PS (5-[4-

(succinimide-N-oxycarbonyl)phenyl]-10,15,20-tris-(4-methylpyridimiumyl)-porphyrin 

trichlorideand) and anti-cancer effects of molVTP were assessed in 2 models grafted 

subcutaneously in mice, either F9 murine teratocarcinoma cells or A431 human epidermoid 

carcinoma cells [32]. molVTP was performed using a light dose of 60 J/cm2 after 24 h and 

48 h post intravenous injection. Selective accumulation of the conjugate around the tumor 

vessels caused a selective disruption of the tumor neovasculature after illumination and, 

subsequently, inhibited long-lasting tumor growth (100 days post treatment). Furthermore, 

natural killer cells were shown to be essential elements for induction of long-term anti-

tumor responses. The findings of this study supported molVTP as a promising strategy to 

inhibit tumor growth. 

Integrin αvβ3 
The effects of the ECM on cell survival, proliferation and differentiation are 

primarily mediated by integrins, which are heterodimeric transmembrane glycoprotein 

receptors [33]. Multiple integrins are involved in angiogenesis, but especially αvβ3 integrin 

has a key role in endothelial survival and migration. Furthermore, αvβ3 integrin is widely 

expressed on tumor neovasculature, but not on the vasculature of healthy tissues, which 

makes it a very suitable receptor for molVTP [34]. 

In 1987, RGD (Arginine, Glycine and Aspartate) peptide sequence was discovered 

as the cell attachment site in fibronectin [35]. This sequence was found to be present in 

many natural ligands of αvβ3 integrin receptor [36]. Without surprise, this RGD peptide 

was conjugated to different PSs in several studies in order to explore its potential as a 

tumor vasculature targeting moiety for molVTP. Importantly, αvβ3 integrin receptor 

expression is also found in multiple types of cancer cells. Therefore, the RGD peptide is 

also widely studied as a potential targeting moiety for tumor-cell targeted PDT, or 
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molPDT. However, in this review, only the vascular-targeting potential of RGD is 

discussed. 

In the first paper which explored the vascular-targeting potential, linear RGD and 

cyclic RGDfK peptides were synthesized via solid-phase approach and then conjugated to 

5-(4-Carboxyphenyl)-10,15,20-triphenylchlorin (TPC) [37]. The targeting potential of the 

conjugates was tested in vitro by comparing the uptake in HUVEC cells overexpressing 

αvβ3 integrin, with the murine EMT-6 mammary carcinoma cells lacking αvβ3 integrin. 

Results showed that both conjugates accumulated on average 5 times more in HUVEC cells 

than in EMT-6 cells. Subsequently, authors showed that the PDT efficacy was higher in 

HUVEC when using the conjugated PS, compared to the free PS, with comparable results 

obtained for the two forms of peptide. No phototoxicity was in fact observed in HUVEC 

nor in EMT-6 cells treated with the free PS. 

 It has been known that small cyclic peptides are more resistant to proteolysis and 

have the ability to bind with higher affinity to integrin receptors [38]. Another approach 

that has been explored to increase the avidity for αvβ3 integrin binding and slow down the 

rapid washout of RGDfK from tumor vasculature, is by increasing the number of RGDfK 

peptides per PS/particle. A study by Haedicke and co-workers described the conjugation of 

the RGDfK peptide to silica-modified calcium phosphate nanoparticles (NPs), decorated 

with the PS temoporfin (mTHPC) and fluorescent molecule DY682-NHS for near-infrared 

fluorescence (NIRF) optical imaging [39]. The PDT potency using the NP-DY682-mTHPC 

was determined in mice subcutaneously xenografted with human CAL-27 tongue-

squamous epithelium carcinoma cells. PDT was performed using a light dose of 100 J/cm2 

and a DLI of 24 h. The reduction in tumor vascularization was assessed (up to 4 weeks 

after treatment) by measuring a reduction of fluorescence intensity of the contrast agent 

IRDye800CW RGD. Two days after PDT, apoptosis was detected in the tumor and the 

strongest reduction in tumor vascularization occurred 1 week after the treatment. Tumor 

volume was significantly reduced in three out of four mice. However, in one mouse, the 

outer tumor area significantly started to grow 2 weeks after the treatment. According to the 

authors, a possible explanation for this is the heterogenous distribution of the PS and the 

incomplete coverage of the tumor during illumination. 

This strategy of increasing the number of RGDfK peptide per PS was also studied 

by Dou et al. in the context of PDT [40]. They conjugated the PS IRDye700DX and cyclic 
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RGDfK (cRGD) to a polymer with a polyethylene glycol-poly L-glutamic acid (PEG-PGlu) 

backbone. The resulting conjugates contained 5 cRGD peptides (IR700-PEG-PGlu-

cRGD5) or 15 cRGD peptides (IR700-PEG-PGlu-cRGD15). In addition, a control with 

1 cRGD peptide (IR700-PEG-cRGD) and a control lacking affinity for αvβ3 (IR700-PEG-

PGlu-RAD15) were used. The distribution of the conjugates was compared in vivo in mice 

subcutaneously xenografted with U87 cells. The IR700-PEG-PGlu-RAD15 conjugate and 

the free PS did not show tumor-specific accumulation. The monomeric IR700-PEG-cRGD 

conjugate slightly improved the accumulation. In comparison, the accumulation of IR700-

PEG-PGlu-cRGD5 and IR700-PEG-PGlu-cRGD15 were substantially higher, indicating 

that multiple peptides enhanced the avidity for binding to αvβ3 integrin. Furthermore, the 

IR700-PEG-PGlu-cRGD5 and IR700-PEG-PGlu-cRGD15 accumulated preferentially 

within tumor cells and tumor neovasculature, respectively. These results showed that the 

distribution of the conjugates can be controlled by varying the number of cRGD peptides. 

Using the U87 tumor-bearing mice, the potency of the conjugates was determined in vivo. 

PDT was performed using a light dose of 100 J/cm2 and a DLI of 3 h. No statistical 

difference in tumor growth inhibition was observed between the free PS, IR700-PEG-

PGlu-RAD15 and the monomeric 700DX-PEG-cRGD. On the other hand, IR700-PEG-

PGlu-cRGD5 and IR700-PEG-PGlu-cRGD15 significantly reduced tumor growth, of 

which the effect of IR700-PEG-PGlu-cRGD15 was stronger, although the tumor 

accumulation was similar at the time of the illumination. This suggests that the preferential 

accumulation in tumor neovasculature improves the PDT efficacy. In conclusion, the study 

showed that by fine-tuning the number of cRGD peptides on this particular system, the 

avidity for binding αvβ3 integrin can be improved and the PS distribution can be modified. 

In another study conducted by Li et al., multiple cRGD peptides and PS IR700 

were conjugated to human serum albumin (HSA) molecule (cRGD-PEG-HSA-IR700) [41]. 

Albumin is the most abundant circulating protein in blood and has already been 

successfully used as a drug carrier, due to the biodegradability and safety profile [42]. 

Furthermore, albumin has high affinity for secreted protein acidic and rich in cysteine 

(SPARC), which is often overexpressed in cancers’ extracellular matrix [42–44]. 

Therefore, this characteristic can potentially improve the affinity of the nanoconjugates. 

The in vitro cellular uptake study showed 121-fold increase in uptake of the targeted 

cRGD-PEG-HSA-IR700 nanoconjugates into human TOV21G ovarian cancer cells (αvβ3 
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overexpressing cells) compared to non-targeted control nanoconjugates. Moreover, cRGD-

PEG-HSA-IR700 selectively induced cell death in TOV21G cells with EC50 value of 

~10 nM, while NIH3T3 cells (no αvβ3 expression) were not affected. Furthermore, the 

results of live/dead staining confirmed induction of a strong phototoxicity in SKOV-3 

spheroids treated with targeted nanoconjugates, indicating penetration of the conjugate into 

the 3D spheroids model. 

Neuropilin-1 
Neuropilin-1 (NRP-1) is known to play a role in neural development, cell survival, 

migration, angiogenesis, and invasion and it has been implicated in the vascularisation and 

progression of tumors [45]. 

A comprehensive analysis of NRP-1 expression in human cancer (consisting of 

65 primary breast carcinomas, 95 primary colorectal adenocarcinomas, 90 primary lung 

carcinomas, and 59 metastases) in 98-100% of all the tumor sections, overexpression of 

NRP-1 was observed in the tumor-associated vessels [46]. NRP-1 overexpression was also 

detected in some tumor cells such as breast, prostate, and melanoma cells [12], which 

indicates using a NRP-1-specific moiety could lead to both tumor cell and tumor 

vasculature targeting. Consequently, several studies have been conducted exploring the 

potential of NRP-1 for cancer-cell targeted PDT (or molPDT) and molVTP. 

Tirand et al., conjugated a heptapeptide (ATWLPPR) to the PS tetraphenylchlorin 

(TPC) via 6-aminohexanoic acid (Ahx) linker. The PDT efficacy was determined in 

HUVEC cells 24 h after incubation with free TPC or TPC-Ahx-ATWLPPR. Treatment 

with free TPC showed little photodynamic activity, whereas HUVECs treated with TPC-

ATWLPPR had 10.4-fold lower viability. In nude mice, subcutaneously xenografted with 

human U87 glioma cells, 2.3% of the injected TPC-Ahx-ATWLPPR per gram of tumor 

tissue accumulated in the tumor at 1 h, and 2.2% at 6 h after intravenous administration. 

Furthermore, immunohistochemical analysis of the tumor sections revealed that this 

accumulation at the tumor site is predominantly in the neovasculature. Due to the 

expression of NRP-1 in U87 tumor cells, this targeting strategy may potentiate tumor cell 

and molVTP in vivo [47]. The in vivo molVTP efficacy of TPC-Ahx-ATWLPPR was 

investigated later by Bechet et al., in the same U87 glioblastoma mouse model. PDT was 

performed using a light dose of 120 J/cm2 and a DLI of 4 h [48]. TPC-Ahx-ATWLPPR 

treatment led to a significant decrease in tumor tissue blood flow compared to treatment 
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with free TPC. Following the expression of tissue factor immediately post treatment, 

thrombi formation was observed, which resulted in blood vessels’ congestion. Moreover, 

the induced vascular shutdown caused a significant tumor growth delay, compared to the 

control group. In order to improve the in vivo stability of the peptide moiety, Thomas et al. 

created a peptidase-resistant pseudopeptide of ATWLPPR [49]. This was performed by 

replacing the amide bond between amino acid A and T by –CH2NH– bond. The resulting 

peptide (Aψ[CH2NH]TWLPPR) was coupled to the PS TPC via Ahx linker. The results of 

MALDI-TOF mass spectrometry, confirmed no degradation of the conjugate, TPC-Ahx-

Aψ[CH2NH]TWLPPR, up to 4 h after intravenous injection in mice. 

Benachour et al., developed silica-based gadolinium oxide NPs, encapsulating the 

PS TPC and the surface-localized conventional ATWLPPR peptide. The gadolinium oxide 

core of the NPs was used as a MRI contrast agent. Human MDA-MB-231 breast cancer 

cells over-expressing the vascular neuropilin-1 (NRP-1) receptor were used to analyse in 

vitro PDT efficacy. The light dose that is able to kill 50% of the cells (LD50) for NP-TPC-

ATWLPPR-treated cells were determined for two different PS concentrations: 9.16 J/cm2 

(0.1 µM PS) and 2.80 J/cm2 (1.0 µM PS). In contrast, no significant cytotoxicity was 

observed in the cells treated with non-targeted NPs. Therefore, the results showed that NP-

TPC-ATWLPPR is a selective and potent agent for therapeutic and imaging purposes [50]. 

Importantly, the results of the in vivo study in rats bearing an orthotopic U87 glioblastoma, 

demonstrated selective accumulation of targeted NPs in the endothelial cells of tumor 

vessels after intravenous injection. 

Later, the same group developed other peptides targeting NRP-1, of which two 

were selected for further investigation, named DKPPR and TKPRR [51]. The advantage of 

these peptides is that they show higher displacement of the ligands of NRP-1, compared to 

ATWLPPR. The two peptides were conjugated to TPC via Ahx linker, PEG9 or PEG18 

(the number refers to the number of PEG molecules) as a spacer, to ensure some distance 

between TPC and the peptide. The conjugation was done by solid-phase approach, to gain 

specific conjugation of the PS to the amino-terminal of the peptides. The stability and 

distribution of the conjugates were then investigated in healthy mice [51]. DKPPR 

conjugates showed better tissue distribution and plasma stability, therefore this peptide was 

chosen for the production of NRP-1-targeted AGuIX NPs (polysiloxane-based), containing 

the PS TPP and gadolinium as contrast agent [52]. In order to graft the targeting peptide on 
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the surface of the NPs via solid-phase approach, an additional lysine (K) was added, 

resulting in KDKPPR as targeting moiety. To assess NPs distribution in the tumor, 

U87 cancer cells were implanted in a skinfold chamber in nude mice. The intravital 

microscopy results showed selective localisation of the targeted AGuIX-TPP-KDKPPR in 

tumor vasculature 1 h post injection and remained visible for 24 h, in contrast to the 

untargeted AGuIX-TPP which was found free in the blood vessels and removed after 6 h. 

In order to evaluate PDT in vitro, HUVEC cells were treated with AGuIX-TPP-KDKPPR 

or AGuIX-TPP for 4 h and then cell survival was measured after illumination (5 or 

10 J/cm2). Cells treated with targeted-NPs and illuminated with light dose of 5 and 

10 J/cm2, caused 50% and 98% cell death, respectively, while untargeted NPs induced low 

toxicity. 

Nucleolin/C23 
Nucleolin/C23 is mainly located in nucleus and plays a role in modulation of 

cellular progression. However, the expression of this protein is significantly increased in 

many types of cancers and also mainly localized on the cell surface of both tumor and 

tumor-associated endothelial cells [53]. High expression of cell surface nucleolin 

participates in cell adhesion, migration, and invasive behaviour [54]. A fragment of the 

human high-mobility group protein 2 (HMGN2), called vascular homing peptide 3 (F3), 

has been shown to bind to cell surface nucleolin and holds cell-penetrating properties 

[55,56]. 

Reddy et al. reported the application of iron oxide NPs with the F3 peptide in rats 

with 9L rat glioma cells orthotopically implanted in the brain [57]. The NPs contained the 

PS Photofrin and iron oxide as contrast agent for imaging. PDT was performed using a DLI 

of 24 h. When compared to the non-targeted NPs or free Photofrin, rats treated with the 

targeted NPs exhibited a significantly enhanced overall survival. The median survival of 

untreated mice, mice treated with the non-targeted NPs, or the targeted NPs was 7.0, 13.0 

and 33 days, respectively. Out of the 5 mice treated with targeted-NPs, 2 mice were still 

disease free 6 months after treatment. These survival rates are promising, thus further 

studies are awaited to explore the efficacy of these NPs in molVTP. 

The F3 peptide can potentially be explored for tumor-targeted PDT strategies as 

well, as NPs coated with F3 peptide have shown to give specific targeting to selected tumor 

cells in vitro, including 9L, MDA-MB-435, and F98 [58].
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Platelet-derived growth factor receptor β 
Thus far, only markers on endothelial cells have been discussed as potential 

targets for molVTP. However, it is known that the walls of tumor vasculature 

predominantly consist of irregularly lined endothelial cells and pericytes [59]. 

Consequently, pericyte-targeted PDT has also been explored, namely through targeting of 

the platelet-derived growth factor receptor β (PDGFRβ) [60]. PDGFRβ is a tyrosine kinase 

receptor, crucial for the development of kidney, lung and cardiovascular system in the 

embryo. This receptor is overexpressed on the pericytes of many types of tumors, including 

lymphomas, colon, ovarian, prostate, lung, and breast cancers. The stimulation of PDGFRβ 

has been shown to increase the coverage of the tumor vessels and subsequently improve 

vessel function. Moreover, in some cases the activation of this receptor increased tumor 

growth rate [61]. 

To target PDGFRβ, a dimeric ZPDGFRβ affibody was developed [60]. Affibody 

molecules are non-immunoglobulin-derived affinity proteins based on a three-helical 

bundle protein domain [62]. The dimeric ZPDGFRβ affibody was conjugated to the PS IR700 

(ZIR700) and tested in vivo in mice subcutaneously xenografted with human LS174T 

colorectal cancer cells. molVTP was performed using a light dose 120 J/cm2 and a DLI of 

4 h. Tumor grafts were removed and weighed at different time points and HIF1α-

expressing cells were visualized using confocal laser scanning microscopy with an anti-

HIF1α antibody. The expression of HIF1α was significantly increased in tumor tissue after 

treatment with ZIR700, which reflects tumor hypoxia. In addition, histological staining 

revealed that blood clots were present in tumor tissue 4 h after treatment with ZIR700 and 

light, in contrast to the control in the absence of light. Thus, the results showed that 

targeting pericytes can cause hypoxia in the tumor due to thrombosis. The average mass of 

mice tumor grafts after treatment with ZIR700 was approximately 20–30% of that of the mice 

treated with PBS or ZIR700 in the absence of light. This indicates the vascular damage can 

inhibit tumor growth and pericyte-targeted PDT can be an efficient approach in cancer 

treatment. Importantly, some cancer cells such as several types of ovarian and breast 

cancers also express PDGFRβ [63,64] and therefore using the ZPDGFRβ affibody as targeting 

moiety can potentially be used in the combination of molPDT and molVTP. 
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Tissue factor 
Yet another potential target for molVTP is Tissue Factor (TF). TF is a 

transmembrane glycoprotein, which plays an important role in hemostasis and thrombosis. 

In normal conditions, active TF is not expressed but when damage of vascular wall 

happens, subendothelial TF is expressed/exposed to blood circulation and binds to plasma 

factor VIIa [65]. In cancer, TF is expressed by active macrophages, stromal cells, and 

tumor-associated endothelial cells, which has been described to contribute to metastasis, 

tumor growth, and angiogenesis [66]. 

Hu et al. were the first group to describe targeting of a PS to TF using factor VII 

(fVII, a natural ligand of TF). In this study, murine fVII (mfVII) was conjugated to the PS 

verteporfin via N'-3-dimethylaminopropyl-N-ethylcarbodiimide hydrochloride (EDC) 

linker and the potency was determined in vitro in murine EMT6 and human MDA-MB-31 

breast cancer cells. Results of in vitro PDT, using a light dose of 60 J/cm2 with TF-targeted 

verteporfin showed three to four times more potency than the free verteporfin. In addition, 

the specificity for angiogenic endothelial cells was assessed using in vitro PDT, with a light 

dose of 36 J/cm2, in HUVEC cells in presence and absence of VEGF. No statistical 

difference was observed in the viability of angiogenic and quiescent HUVEC treated with 

free verteporfin. In contrast, mfVII-verteporfin caused a significant decrease in viability in 

angiogenic HUVEC cells, but not in quiescent HUVEC [67]. In addition to angiogenic 

endothelial cells, many types of tumor cells, such as breast cancer cells, also overexpress 

TF [68]. Therefore, fVII-targeted PDT could be employed for the combined molPDT and 

molVTP, possibly having a broad therapeutic potential for cancer treatment. Later, the PDT 

efficacy was determined in mice subcutaneously grafted with murine breast cancer EMT6 

cells. PDT treatment was performed 4-6 times with the interval of 2 or 3 days, using a light 

dose of 105 J/cm2 and a DLI of 90 minutes. Free verteporfin did not have any effect on 

tumor growth, while mfVII-targeted PS was effective in inhibiting tumor growth over 

18 days of observation. 

Due to the high cost of extraction of verteporfin from Visudyneâ, the same group

conjugated mfVII to Sn(IV) chlorin e6 (SnChe6) [69]. In vitro PDT was performed in 

MDA-MB-231 cells, using a light dose of 36 J/cm2. Results showed that TF-targeting 

enhanced the ability of SnChe6-mediated PDT to kill MDA-MB-231 cells by 12-fold, with 

LD50 values (dose killing 50% of cells) of PS concentration of 0.58 µM and 7.00 µM for 
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targeted and non-targeted SnChe6, respectively. In addition, the effect of TF expression 

level on the efficacy of targeted PDT was determined by treating human MDA-MB-231 

(high TF expression), MCF-7 breast cancer cells (low expression of TF) and 293 cells (no 

TF expression). It was found that the phototoxicity was directly correlated to the expression 

level, and that 293 cells were not affected. These results suggest that TF-targeted PDT can 

selectively kill TF-expressing cells, without damaging surrounding cells. The mfVII-

SnChe6 conjugate was also tested in vivo in mice subcutaneously grafted with murine 

EMT6 cells or human MDA-MB-231 cells. PDT was performed using a light dose of 

72 J/cm2 and a DLI of 90 minutes. EMT6 tumors treated with mfVII-SnChe6, weighed 

significantly less than that those from control mice (P<0.05). In MDA-MB-231 model, 

even though targeted PDT significantly inhibited tumor growth, the differences in tumor 

weight were not statistically significant (P>0.05). 

The same group investigated the efficacy of SnChe6-mfVII-targeted PDT in vitro 

and in vivo in lung cancer models [70]. Besides SnChe6-mfVII, they also developed a 

mfVII-SnChe6 conjugate, containing two repeats of the nuclear localisation sequence 

(NLS), forming mfVII/NLS-SnChe6. The efficacy of targeted PDT using a light dose of 

36 J/cm2 was determined in vitro, which showed that TF-targeting could enhance the 

killing of A549 and H460 cells up to 25-fold, in comparison to the free PS. Furthermore, 

mfVII/NLS-SnChe6 was slightly more effective than mfVII-SnChe6 (no NLS). 

Subsequently, mfVII/NLS-SnChe6 conjugate was used for further investigation in vivo in 

mice subcutaneously xenografted with A549 cells. Mice were treated with PDT twice a 

week for six weeks, using a light dose of 120 J/cm2 and a DLI of 90 minutes. Results 

showed that the TF-targeted SnChe6 can significantly inhibit tumors, in contrast to the free 

PS. Together, these studies suggest that TF-targeted SnChe6 could be a suitable treatment 

modality for targeting tumor neovasculature and cancer cells, namely lung and breast 

cancer cells. 

The specificity of TF for angiogenic vessels has been verified by Hu et al. [71]. 

Using ELISA, they tested the expression of TF on primary human vascular endothelial 

cells derived from three major types of human vessels: microvascular, umbilical venous, 

and aortic endothelial cells. TF expression was determined in presence of VEGF, as an in 

vitro model for angiogenic vessels and in absence of VEGF, as an in vitro model for 

quiescent vessels. Results showed that TF is specifically expressed on all three types of 
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angiogenic vessels and not on quiescent vessels. Furthermore, fVII selectively bound 

angiogenic endothelial cells, but not quiescent endothelial cells, using a cell ELISA 

experiment. In addition, it was shown that TF-targeted PDT, using fVII-SnChe6 with a light 

dose of 36 J/cm2, only induced apoptosis and necrosis in angiogenic endothelial cells. The 

non-targeted PDT using free SnChe6 had no detectable effect on both angiogenic and 

quiescent endothelial cells. Thus, results suggested that fVII could be used to selectively 

target a PS to the angiogenic vessels, such as the tumor neovasculature. 

In a different study, PEG-PLGA NPs were loaded with the PS Hemoporfin 

(hematoporphyrin monomethyl ether) and coupled to EGFP-EGF1 [72]. EGFP-EGF1 is a 

fusion protein derived from fVII, which contains the specific TF binding capacity [73]. 

First, the NPs uptake was determined in rat brain capillary endothelial cells (BCEC), which 

were stimulated by tumor necrosis factor-α (TNF-α) to induce TF expression. The targeted 

NPs accumulated significantly more in the BCECs, than non-targeted NPs. Moreover, the 

TF expression after PDT was determined with western blotting and real-time PCR. Results 

showed that targeted NPs led to increased expression of TF in BCECs after PDT. In 

addition, the cellular ROS level was determined using fluorescence microscopy, which 

showed higher levels of intracellular ROS in BCECs treated with targeted-PDT, suggesting 

induction of TF expression by ROS. The EGFP-EGF1-targeted NPs were further studied in 

a mouse model xenografted subcutaneously with human CA46 Burkitt lymphoma cells. 

The tumors were harvested 24 h post PDT and stained for TF expression and NPs 

distribution. Observation of tumor sections using confocal laser scanning microscopy 

showed that the targeted NPs accumulated more in the tumor vasculature than in other parts 

of the tumor tissue and that PDT increased TF expression. Altogether, the results suggested 

that PDT using EGFP-EGF1-NPs containing Hemoporfin is suitable strategy for molVTP. 

Importantly, the strategy employed a positive feedback loop, which enhanced the targeting 

of the NPs: the existing TF on neovasculature was used to target the NPs to the tumor, and 

as a result of the ROS production after PDT, it is suggested that more TF expression is 

induced, enabling more accumulation of targeted NPs in the tumor vessels. 

Vascular endothelial growth factor receptor 2 
The vascular endothelial growth factor receptor 2 (VEGFR-2) is a 200 kDa 

glycoprotein which belongs to tyrosine kinase family. This receptor plays essential role not 

only in physiological angiogenesis from early embryonic to adult stages, but also in 
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pathological angiogenesis such as cancer [74]. This receptor is activated by its ligand 

VEGF, which is a mitogen for endothelial cells [75]. VEGF is upregulated in response to 

hypoxia which in turn upregulates the expression of VEGFR-2 in vascular endothelial cells 

[76,77]. This receptor is less abundant in normal blood vessels and is highly expressed in 

tumor vasculature. The significant difference in expression level makes this receptor an 

ideal target for selective delivery of therapeutics to tumor neovasculature [78]. However, 

few research groups have explored its application in molVTP in the last 15 years. 

Recently, Nishimura et al. compared vascular and tumor targeted 

photoimmunotherapy (PIT) in a mouse model. In this study, the PS IR700 was conjugated 

to DC101, a monoclonal antibody targeting murine VEGFR-2, and to trastuzumab, a 

monoclonal antibody against human HER2. Mice xenografted subcutaneously with HER2 

overexpressing human NCI-N87 gastric cancer cells and treated with either conjugates 

showed anti-tumor effects, although the therapeutic effect of DC101-IR700 was suggested 

to be the strongest and to be mediated by a decrease in tumor microvessel density [79]. Due 

to the upregulation of VEGFR-2 in different cancers, the authors suggested the application 

of this strategy for treatment of various types of cancer. Further studies are awaited 

exploring VEGFR2 targeting for molVTP. 

3. Conclusion
This review provides an overview of the targeting moieties which have been 

explored to provide PS selectively to tumor vasculature, in order to reduce side effects and 

increase treatment efficacy. As described, different conjugates have been developed for 

molVTP, ranging from small peptides, affibodies (~7 kDa), to intermediate molecular size, 

as scFvs (~30 kDa), Fabs (~50 kDa), SIPs (~80 kDa), to larger IgGs (~150 kDa), and 

nanocarrier systems (Figure 1). In general, a larger size of the moiety causes a decrease in 

tumor penetration and in clearance rate, while it can increase immunogenicity. The right 

balance is of importance to achieve optimal PDT efficacy. However, the properties of PS 

affect this balance substantially, and differences in distribution and accumulation can 

therefore not be solely attributed to the type of targeting moiety that is used. 

Different strategies have been described to increase the size or delay the clearance 

from the tumor vasculature. For instance, the size can be increased by adding polymers 

such as polyethylene glycol. Furthermore, targeting moieties can be conjugated or grafted 
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on nanocarrier systems, e.g. liposomes, or on endogenous drug carriers such as albumin. 

Another example is the study in which 1, 5 or 15 RGDfK peptides were conjugated to 

IR700. The conjugate containing 5 peptides accumulated preferentially in the tumor, while 

the conjugate containing 15 peptides accumulated preferentially in the vasculature. Thus, 

by modifying the conjugates, the properties can potentially be optimized. 

Among the described conjugates, the vascular effects after molVTP have 

explicitly been shown in vivo for NRP-1-targeting verteporfin-ATWLPPR and TPC-

ATWLPPR conjugates, ED-B-targeting SnChe6-SIP(L19) and porphyrin-SIP(L19), ED-A-

targeting TriPyPhSUCCMeCl-1-SIP(F8), αvβ3 integrin-targeting calcium phosphate NPs 

with mTHPC and RGDfK peptides, and pericyte-targeting PDGFRβ-IR700. Therefore, 

these conjugates can be considered in a more developed stage of preclinical molVTP 

research. 

Concerning clinical translation, the DLI is of particular relevance. The conjugates 

described in this review required DLIs from 90 minutes to 24 h. When a long DLI is 

required for optimal molVTP efficacy, and when this is due to a very hydrophobic PS, the 

risk of side effects and phototoxicity could be higher. Only two conjugates caused 

regression of the tumor, in contrast to tumor inhibition observed in the rest of the in vivo 

studies. This concerns the calcium phosphate NPs with mTHPC and RGDfK peptides and 

the iron oxide NPs with photofrin and the F3 peptide. Despite the positive results, both 

formulations required a DLI of 24 h, which could discourage its clinical application. On the 

other hand, the tumor growth inhibition and vascular effects were explicitly shown with 

TPC-ATWLPPR and the PDGFRβ-IR700 conjugates, which required a relatively short 

DLI of 4 h. 

In addition to the parameters described above, the expression level of the target 

certainly contributes to PDT efficacy. The more it is expressed at the tumor vasculature, 

and the less the target is expressed elsewhere in the body, the higher the molVTP efficacy 

will be and the fewer the chances of damaging surrounding tissues. Furthermore, some 

targets (αvβ3 integrin, nucleolin, NRP-1, ED-A and TF) also overexpress on certain types 

of tumor cells. Therefore, depending on the tumor type, one conjugate can be preferred 

over another due to the expression on both tumor neovasculature and tumor cells. This 

would enable a dual-targeting PDT strategy, which overall is expected to enhance treatment 

efficacy. 
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Even though some targets have been more elaborately investigated compared to 

others, it is still too early to predict which one will first be evaluated in the clinical setting. 

Due to the variable experimental parameters (type of PS and targeting moiety or 

formulation, light dose, size of tumor, DLI, etc) in the different studies, it is hard to draw a 

solid conclusion regarding the most promising target and targeting moiety for molVTP. 

Likely, this will vary per tumor type or even perhaps per patient. 

Further preclinical studies are needed to investigate the vascular effects of the 

conjugates and the feasibility for clinical application. Although molVTP conjugates have 

not been used in any clinical trials yet, the results of preclinical studies are promising, 

indicating potential application of molVTP to improve selectivity and efficacy of cancer 

treatment. 
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ABSTRACT 
Photodynamic therapy (PDT) induces cell death through local light activation of a 

photosensitizer, though sub-optimal tumor specificity and side effects have hindered its 

clinical application. We have introduced a new strategy named nanobody-targeted PDT in 

which photosensitizers are delivered to tumor cells by means of nanobodies. As efficacy of 

targeted PDT can be hampered by heterogeneity of target expression and/or moderate/low 

target expression levels, we explored the possibility of combined targeting of endothelial 

and cancer cells in vitro. We developed nanobodies binding to the mouse VEGFR2, which 

is overexpressed on tumor vasculature, and combined these with nanobodies specific for 

the cancer cell target EGFR. The nanobodies were conjugated to the photosensitizer 

IRDye700DX and specificity of the newly developed nanobodies was verified using 

several endothelial cell lines. The cytotoxicity of these conjugates was assessed in 

monocultures and in co-cultures with cancer cells, after illumination with an appropriate 

laser. Results showed that the anti-VEGFR2 conjugates are specific and potent PDT agents. 

Nanobody-targeted PDT on co-culture of endothelial and cancer cells showed improved 

efficacy, when VEGFR2 and EGFR targeting nanobodies were applied simultaneously. 

Altogether, dual targeting of endothelial and cancer cells is a promising novel therapeutic 

strategy for more effective nanobody-targeted PDT. 
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1. Introduction
Photodynamic therapy (PDT) is a minimally invasive approach for cancer 

treatment. In this approach three essential elements are needed to induce local cytotoxicity: 

a light-activatable photosensitizer (PS), light of a specific wavelength, and oxygen 

molecules. The activated PS can transfer energy to oxygen and subsequently form 

cytotoxic reactive oxygen species (ROS), among other reactive molecular species [1]. The 

produced reactive species destroy tumor cells, damage tumor vasculature, and also induce 

immune response [2]. Currently, PDT is used in the clinic for the treatment of cancers such 

as bladder, skin, head and neck and prostate [3–5]. Due to the hydrophobicity of most of 

the clinically approved PSs, site-specific light should be applied 2-4 days after the systemic 

administration of the PS in order to favor the retention of the PS in the tumor. This is 

mainly driven by the enhanced permeability and retention (EPR) effect [6] due to the 

unorganised structure of tumor vasculature, enabling therapeutics (mainly (lipo)protein 

associated PS) to extravasate into the extravascular space [7]. In addition, impaired-

lymphatic drainage causes the macromolecules to be retained longer in the tumor [6]. 

Therefore, longer drug to light intervals are employed in order to preferably damage tumor 

tissue and, more importantly, reduce damage to normal tissues. Alternatively, applying 

light shortly after the administration of the PS (0-30 min) preferentially damages tumor-

associated vessels. This therapeutic strategy has been named vascular targeted PDT (VTP) 

[8]. In this approach, which is driven passively, illumination of the PS mainly confined to 

the blood vessels causes vessel constriction, blood flow stasis, and thrombus formation. 

The vascular shutdown after VTP, can block nutrients and oxygen supply to the tumor, 

resulting in necrosis and tumor regression [9]. The therapeutic benefit of VTP has been 

recently recognized in the clinic. The PS known as TOOKADâ (Negma Lerads/Steba

Biotech), has been approved in 2017 in Europe and Israel for the treatment of men with 

low-risk prostate cancer [10]. 

Although VTP and conventional PDT are already used in the clinic, in the last 

decades efforts have been made to increase specificity and efficacy of the therapy. Next to 

the local and temporal control of light application, accumulation of the PS specifically and 

selectivity at the tumor tissue and tumor associated vasculature, can improve the efficacy of 

the treatment and further decrease side effects, such as photosensitivity and damage to the 

surrounding nerves and muscles. To this end, certain proteins which only express or are 
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more abundant on tumor cells/vasculature have been targeted using different targeting 

moieties, such as peptides, antibodies or antibody fragments, and nanocarrier systems, to 

deliver the PS specifically and selectively to the tumor tissue/vasculature [11]. Nanobody-

targeted PDT is one such approach, which was developed in our group. In this approach, 

PS molecules are specifically associated with tumor cells by means of nanobodies. 

Nanobodies (NBs) are the variable domain of heavy chain only antibodies that are naturally 

found in camelids and considered as the smallest antigen binding fragments [12]. 

Nanobodies are ten-times smaller than conventional antibodies (15 kDa, compared to 

150 kDa), which allows them to penetrate the tumor effectively and clear faster from the 

body when not associated with their target [13,14]. Moreover, low immunogenicity 

potential and high solubility make them an ideal targeting moiety for targeted therapies 

[15]. In our previous studies, EGFR [16], c-Met [17] and US28 [18] targeted nanobodies 

conjugated to the photosensitizer IRDye700DX showed specific and potent cytotoxic 

effects on cells overexpressing these targets. As a proof of principle study, nanobody-

targeted PDT was applied on an oral squamous cell carcinoma orthotopic mouse tumor 

model overexpressing EGFR. Light was applied 1 h post injection of the EGFR targeted 

nanobody-PS conjugates, leading to approximately 90% of tumor necrosis and importantly 

minimal damage to the surrounding normal tissues [19]. In a more recent study, HER2 

targeted nanobody-PS conjugates were injected intravenously in HER2-positive breast 

cancer orthotopic mouse tumor model. Illumination 2 h later induced significant tumor 

regression after a single nanobody-targeted PDT treatment [20]. 

Following up on the promising results we obtained in both in vitro and in vivo 

studies, we explored the possibility of combined targeting of endothelial and cancer cells in 

vitro, in order to improve the efficacy of targeted PDT. We hypothesized that dual targeting 

of receptors on endothelial and cancer cells is likely beneficial in tumors with high 

heterogeneity of target expression and/or intermediate/low target expression levels [21,22]. 

In line with this, our previous study showed that dual targeting of two cancer cell targets, 

namely HER2 and CAIX, improved tumor imaging in an orthotopic model of breast cancer 

[23]. For VTP, one of the target proteins which is mainly overexpressed on tumor-

associated vessels, is vascular endothelial growth factor receptor 2 (VEGFR2). This 

receptor belongs to the tyrosine kinase family and has been shown to play an essential role 

in tumor angiogenesis and progression [24]. VEGFR2 is activated upon binding of its 

Chapter 6 

6 

156



natural ligand (VEGF). This initiates a phosphorylation cascade that ultimately results in 

the proliferation and migration of endothelial cells [25]. Under hypoxic conditions, VEGF 

is upregulated leading to the subsequent upregulation of VEGFR2 expression in vascular 

endothelial cells, ultimately leading to neovascularization [26,27]. Higher expression of 

VEGFR2 on tumor-associated vessels and lower expression in normal blood vessels, makes 

this receptor an ideal target for selective delivery of therapeutics to the tumor 

neovasculature [28] 

To enable targeting of endothelial cells with nanobody-targeted PDT, we have 

developed and characterized novel nanobodies targeting mouse VEGFR2. Nanobodies 

were conjugated to IRDye700DX and the phototoxicity induced by the conjugates was 

assessed in vitro on murine endothelial cell lines with different levels of VEGFR2 

expression in monocultures. For simultaneous targeting of endothelial and cancer cells, a 

previously described EGFR targeted nanobody-PS conjugate was employed [16,19] and in 

co-cultures an oral squamous cell carcinoma cell line was combined with a murine 

endothelial cell line. Our results confirm the hypothesis that dual targeting of endothelial 

and cancer cells leads to more potent PDT. 

2. Experimental section
Cell lines 

The following murine cell lines were used in this study: brain endothelial cells 

(bEnd.3), pancreatic islet endothelial cells (MS1), heart endothelial cells (H5V), and 

fibroblast cells (NIH 3T3). bEnd.3 and H5V cell lines were generous gifts from prof. 

Enrico Mastrobattista (Department of Pharmaceutical Sciences, Utrecht) and prof. Ingrid 

Molema (Department of Pharmacology, Groningen) respectively. MS1 (ATCC® CRL-

2279TM) and NIH 3T3 were (ATCC® CRL-1658™) purchased from ATCC. All cell lines 

except MS1 were cultured in Dulbecco’s modified eagle's medium (Lonza) containing 

4.5 g/l glucose and glutamine supplemented with 1% penicillin/streptomycin (Sigma-

Aldrich) and 10% fetal bovine serum (FBS, Sigma-Aldrich). MS1 cells were grown in 

DMEM from ATCC (30-2002™). Oral squamous cell carcinoma cell line OSC-19-luc2-

cGFP (OSC, Radiology and Molecular Imaging department, Leiden), were cultured as 

described previously [19]. 

Dual targeting of endothelial and cancer cells potentiates in vitro nanobody-targeted photodynamic therapy

6 

157



Llama immunization and Library construction 
Immunizations of two llamas were performed at Kaneka Eurogentec S.A (Liege, 

Belgium). Animals received four injections of murine VEGFR2/Fc purified protein (25 μg 

per injection; R&D systems) with interval of 2 weeks. As a boost injection, membrane 

preparations derived from 108 bEnd.3 cells were injected 2 weeks after the final injection 

[29]. Specific immune response was confirmed by testing pre-immune serum and serum 

after the second and the final boost. The total mRNA isolated from PBLs was transcribed 

to cDNA and specific primers were used to amplify the VhH regions which were 

eventually ligated into the phagemid vector pUR8100-Myc-His as described previously 

[30]. Transformation of electrocompetent TG1 cells resulted in the generation of two 

libraries of approximately 0.7x107 transformants each, which were further used for phage 

display. 

Phase display selections and phage ELISA 
Two rounds of phage selections on purified protein were performed in order to 

identify the specific VEGFR2 binding nanobodies. Phage selection was performed as 

described previously [30] with the only difference being the amount of coated protein 

which was 1 μg of VEGFR2/Fc protein or equimolar of an irrelevant protein with Fc tail. 

For phage ELISA, the protocol described previously was followed [30] except that the 

amount of coated protein was 300 ng/well VEGFR2/Fc or equimolar of an irrelevant 

protein with Fc tail. 

Nanobody production and purification 
The nanobody sequences were re-cloned in a modified pET21 to introduce a 

N-terminal pelB signal sequence and a C-terminal EPEA tag. The resulting plasmids were

transformed in heat-shock competent E. coli BL21. Single colonies were grown overnight 

in YT-2x medium supplemented with 100 μg/ml ampicillin and 2% glucose. Nanobodies 

were produced in a 5 l bioreactor (Eppendorf BioFlo 115 benchtop fermentor) in Terrific 

Broth (TB) medium containing 0.1% glucose and 100 μg/ml ampicillin and overnight pre-

culture (1 ml/100 ml TB). Once bacterial growth was in the log phase, isopropyl 

β-D-1-thiogalactopyranoside (IPTG) with final concentration of 1 mM was added to induce 

nanobody expression overnight at 25 °C. The cells were then centrifuged at 4800 g for 

20 min at 4 °C and the resulting pellet was resuspended in 300 ml PBS. After 2 freeze-thaw 

cycles, periplasmic fraction was separated by centrifugation at 10000 g for 20 min at 4 °C. 
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The nanobodies were purified by Äkta Xpress chromatography system (GE healthcare) 

using 5 ml C-tag column (ThermoFisher Scientific) and 5 ml HiTrap Desalting column (GE 

healthcare). The purity of the nanobodies was verified by SDS-PAGE under reducing 

condition. 

Conjugation of the nanobodies to photosensitizer IRDye700DX NHS and 
Alexa Fluor™ 647 NHS Ester  

The nanobodies were conjugated to PS/fluorophore via random NHS-mediated 

coupling to lysine amino acids, adapted from [16]. Briefly, nanobodies (2 mg/ml) were 

incubated with 4 molar equivalents of the PS (LI-COR) for 3 h at room temperature (RT). 

The NB-PS conjugates were purified using four PD-10 desalting columns pre-equilibrated 

with PBS, as recommended by the manufacturer (GE healthcare). To conjugate nanobodies 

to Alexa647 NHS Ester (ThermoFisher Scientific), 2 mg/ml nanobodies were incubated 

with 3 molar equivalents of fluorophore for 2 h at RT. The conjugates were purified from 

free fluorophore using three Zeba spin desalting columns (2 ml, ThermoFisher Scientific) 

which were pre-equilibrated with PBS. The purity of the conjugates was determined by 

SDS-PAGE. Immediately after running the gel, the fluorescence of PS/Alexa647 was 

detected with an Odyssey infrared scanner at 700 nm. Total protein was subsequently 

visualized with PageBlueTM staining. The degree of conjugation (DOC) was determined 

following the manufacturer’s protocol by measuring the absorbance at 280 and 689 nm for 

PS or 280 and 650 nm for Alexa647 using a Nanodrop spectrophotometer (Nanodrop 

Technologies, Wilmington, Delaware, USA). For the co-culture experiment, 7D12-PS 

conjugate with DOC of 0.5 was prepared as described previously [19]. 

Determination of binding affinity 
Mouse VEGFR2 (His tag, Sino Biological, 300 ng/well), equimolar of human 

VEGFR2 (His tag, Sino Biological) and mouse VEGFR1 (R&D systems) proteins were 

coated on MaxiSorpTM plate (ThermoFisher Scientific) overnight at 4 °C. Next day, wells 

were washed twice with PBS and blocked with 4% milk in PBS (mPBS) for 30 min at RT. 

A dilution range of the nanobodies, NBs-PS and NB-Alexa647 conjugates (0.1 nM-

100 nM) in 2% mPBS was added to the wells in triplicate and incubated for 2 h at RT. For 

the labeled nanobodies, after 3 times washing with PBS, fluorescence was detected with an 

Odyssey infrared scanner at 700 nm. For the unlabeled nanobodies, wells were washed 

3 times with 2% mPBS, followed by the addition of rabbit anti-VHH antibody (QVQ 
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B.V.). After 1 h incubation at RT, wells were washed with 2% mPBS and then incubated

with IRDye800CW goat anti rabbit secondary antibody (LI-COR). The plates were scanned 

the same way as mentioned above. Data were analyzed with GraphPad Prism 8.0 software. 

The experiments were performed at least three times and data shown as mean ± SD. 

Flow cytometry analysis 
First, four murine cell lines were seeded in 48 well plates (25000 cells/well, Nunc, 

Roskilde, Denmark). Next day, cells were incubated with monoclonal anti-VEGFR2-PE 

antibody (50 nM, ThermoFisher Scientific, catalog n 12-5821-82) for 1 h at 37 °C. 

Afterwards, cells washed three times with PBS and then trypsinized. The cells were washed 

once with PBS and then resuspended in 1% BSA-PBS. The same protocol was used for the 

NB-Alexa647 conjugates (50 nM). The unstained controls for each cell line were taken 

along. Measurement was carried out on the BD FACSCanto II (BD Biosciences) with 

standard filter sets. Analysis was performed using FlowLogicTM software version 7.3 

(Inivai Technologies). 

In vitro association without and with pre-blocking 
In order to determine association of the NB-PS conjugates with cells, four murine 

cell lines were seeded (8000 cells/well) in 96 well plates one day before the experiment. 

Cells were incubated with VEGFR2 targeted NB-PS conjugates (0.78 nM-200 nM) in 

DMEM medium without phenol red supplemented with 10% FBS, 

1% penicillin/streptomycin for 1 h at 37 °C. After 2 times washing with DMEM medium, 

the total fluorescence of the associated conjugates was measured using an Odyssey infrared 

scanner at 700 nm. 

To explore association of the NB-PS conjugates with cells in the presence of anti-

VEGFR2 antibody or unconjugated nanobodies, bEnd.3 cells were pre-incubated with 

250 nM anti-VEGFR2 antibody (ThermoFisher Scientific) or unconjugated nanobodies for 

10 min at RT, followed by the addition of the NB-PS conjugates (25 nM) and incubation 

for 1 h at 37 °C. NB-PS conjugates were added alone to the cells in order to obtain 100% 

fluorescent intensity. Cells were washed twice with PBS and total fluorescence was 

detected at 700 nm. Data were analyzed with GraphPad Prism 8.0 software and shown as 

mean ± SD. Analysis of significance was performed for each nanobody through unpaired t-

test. p < 0.05 was considered significant. 
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Immunofluorescence microscopy 
Microscopic evaluation of the NB-Alexa647 accumulation in murine cell lines under 
static conditions 

Ten thousand cells were seeded a day before the experiment in 16 well Lab-Tek 

chamber slides (ThermoFisher Scientific). Fifty nanomolar concentration of the NB-

Alexa647 conjugates was incubated with the cells for 1 h at 37 °C. Then, cells were washed 

three times with PBS and fixed with 4% solution of formaldehyde in PBS for 30 min at RT. 

Formalin-induced autofluorescence was quenched after incubation with 100 mM glycine in 

PBS for 10 min at RT. Cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min 

at RT followed by washing with PBS. As control, anti-VEGFR2 monoclonal antibody 

(55B11, Cell Signaling) was used, following the protocol recommended by the 

manufacturer. After 1 h incubation with the antibody, wells were washed three times with 

0.1% BSA-PBS, and subsequently, Alexa Fluor™488 Phalloidin (final concentration 33 

nM, ThermoFisher Scientific) in 0.1% BSA-PBS was added to the wells and incubated for 

30 min. After two times washing with PBS, cells were incubated with 4′,6-diamidino-2-

phenylindole (DAPI, 0.25 μg/ml, ThermoFisher Scientific) for 5 min. The slides were 

mounted with SlowFade (Invitrogen) and imaged with LSM700 confocal laser scanning 

microscope using 40x oil immersion objective (Carl Zeiss Microscopy, Jena, Germany). 

The images were analyzed with ImageJ. 

Microscopic evaluation of the NB-Alexa647 accumulation in bEnd.3 cells under 
flow conditions  

The experiments under flow were performed using ibidi pump system®. bEnd.3 

cells were seeded in a 0.6 mm μ-Slide I Luer in DMEM medium containing 10% FBS and 

1% penicillin/streptomycin at a density of 1.6×106 cells per slide. The slides were 

incubated for 2 h at 37 °C and then connected to a pump-controlled perfusion set under 

unidirectional and continuous flow (shear rate 300/sec, shear stress 0.3 N/m2, viscosity 

1 mPa.s) at 37 °C, 5% CO2 for 5 days before addition of the conjugates. The medium was 

changed every 2 days. The conjugates diluted in complete medium were added to the 

system (final concentration 50 nM) while flow was shortly stopped. Cells were incubated 

with the conjugates for 1 h at 37 °C under flow (shear rate 300/sec, shear stress 0.3 N/m2, 

viscosity 1 mPa.s). Afterwards, the flow stopped, the slide was disconnected from the 

system and cells were carefully washed three times with PBS. The rest of the cell 
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preparation for confocal microscopy was performed as mentioned above expect for the last 

step, in which ibidi mounting medium was used before imaging. 

Western blot analysis of VEGFR2 Phosphorylation 
MS1 cells (250000 cells/well) were seeded in 6 well plates in DMEM medium 

containing 10% FBS and 1% penicillin/streptomycin and allowed to adhere overnight. Next 

day, the cells were rinsed with DMEM containing 0.1% FBS and serum-starved overnight 

in the same medium. The day of the assay, 50 nM VEGF-A (PEPROTECHÒ) or 1 µM

nanobodies were added to the cells in the starvation medium and incubated for 15 min at 

37 °C. Afterwards, cells were immediately washed twice with ice-cold PBS and total cell 

lysates were prepared with scraping cells in 100 µl of 1x Laemmli sample buffer and boiled

for 10 min at 100 °C. Proteins were separated on 8% SDS-PAGE and blotted onto PVDF 

membrane (Roche, Mannheim, Germany). The blots were then blocked with 2% BSA in 

TBS-T (0.05% Tween-20 in 20 mM Tris-buffered saline pH 7.2, TBS-T) buffer for 1 h at 

RT, followed by staining overnight at 4 °C for phosphorylated receptor using a rabbit 

monoclonal anti-VEGFR2 phospho-tyrosine 1175 antibody (19A10, Cell Signaling) diluted 

in 2% BSA in TBS-T. As a loading control, the lower part of the blot was stained for actin 

overnight with a mouse monoclonal anti-actin antibody (ICN Biomedicals, Irvine, CA, 

USA). Afterwards, the blots were incubated with IRDye800CW goat anti rabbit secondary 

antibody (LI-COR) and IRDye800CW donkey anti mouse secondary antibody (LI-COR) 

for 1 h at RT. Bound antibody was visualized with an Odyssey infrared scanner at 800 nm. 

Afterwards, blots were stripped using 1% SDS and 25 mM glycine pH 2, blocked with 2% 

BSA and then incubated with rabbit anti-VEGFR2 monoclonal antibody (55B11, Cell 

Signaling) overnight at 4 °C. After incubation with IRDye800CW goat anti rabbit 

secondary antibody, the total VEGFR2 was visualized at 800 nm. 

Proliferation assay 
For the proliferation assay, MS1 cells were used as they showed better 

compatibility with the assay conditions among the different endothelial cell lines. Two 

thousand MS1 cells were seeded in 96 well plates in complete medium containing 

10% FBS and 1% penicillin/streptomycin. Next day, 10 nM VEGF-A or different 

concentrations of the nanobodies (1 nM, 10 nM, 100 nM) or the mixture of both in DMEM 

containing 0.2% FBS were added to the cells and incubated for 72 h at 37 °C. Cell viability 

was determined using AlamarBlue® reagent following the manufacturer’s protocol (Bio-
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Rad). The percentage of changes in proliferation was calculated relative to the non-treated 

cells. The experiment was performed at least three times. The assay results have been 

shown as mean ± SD. 

In vitro PDT 
Monoculture 

Total fluorescence of the associated NB-PS conjugates with the murine cell lines 

was determined 1 h after incubation at 37 °C as described earlier in section 4.8. 

Immediately after, cells were illuminated with 7 mW/cm2 fluence rate for a total light dose 

of 20 J/cm2 using a 690 nm diode laser through a 600 μm optic fiber (Modulight, Tampere, 

Finland). After overnight incubation at 37 °C, AlamarBlue® reagent was added to the wells 

following the manufacturer’s protocol (Bio-Rad) to assess cell viability. Cells with no 

light/no treatment were used as 100% viability and the percentage of viability calculated 

relative to the 100% viable cells. Data were analyzed with GraphPad Prism 8.0 software 

and presented as mean ± SD. 

Co-culture of endothelial and cancer cells
MS1 cells were co-seeded with OSC cells in 96 well plates (1 to 3 ratio and total 

number of 10000 cells/well) one day before the experiment. Next day, cells were incubated 

with different concentrations of 7D12-PS (targeting EGFR on OSC cells) or VEGFR2 

targeting conjugates, or the mixture of both keeping the total concentrations of PS the same 

(e.g. 100 nM 7D12, 100 nM VM, or 50 nM 7D12 + 50 nM VM). After 1 h of incubation at 

37 °C, cells were illuminated, and the percentage of cell viability was determined the next 

day, as described above. 

Specificity of the nanobody-targeted PDT in co-culture setup 
MS1/OSC cells were treated with the NB-PS conjugates (100 nM 7D12-PS or 

VM2-PS, or 50 nM+ 50 nM PS of mixture) and 24 h after illumination, the medium was 

slowly removed, and PI (1 μg/ml, Invitrogen) in PBS was added to the cells and incubated 

for 10 min at 37 °C. Triton (1%) was used as a positive control to induce 100% cell death. 

The cells were imaged with an EVOS microscope and analyzed with ImageJ. 
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3. Results
Generation of high affinity anti-VEGFR2 nanobodies 

To obtain anti-VEGFR2 nanobodies, two llamas were injected with mouse 

VEGFR2 (mVEGFR2) protein and bEnd.3 cell-derived vesicles, followed by construction 

of the phage libraries as described in Materials and methods. Upon panning, 96 clones were 

screened for specific binding to VEGFR2 by means of a phage ELISA. Over 50 clones 

showed specific binding to VEGFR2 protein and after sequencing, ten nanobodies with 

unique sequences were selected for further characterization. After preliminary tests, seven 

nanobodies were excluded due to the low binding affinity to the target protein (data not 

shown) and the study was continued with the three most promising nanobodies, named 

VM1, VM2 and VM3. The nanobodies were produced in bacteria using a bioreactor and 

affinity purified from the periplasmic fractions with Äkta Xpress chromatography. The 

yield of production for each nanobody was approximately 60 mg nanobody from 5 l 

culture, and all nanobodies were obtained with excellent purity (Figure 1a,1). To 

determine binding affinity of the nanobodies to the target protein, binding assays were 

performed on the mVEGFR2 protein and the results indicated that all three nanobodies 

bound with high affinity to the target protein (Figure 1b). The apparent binding affinity of 

the nanobodies was 0.8 ± 0.1 nM for VM1, 1.2 ± 0.2 nM for VM2, and 1.5 ± 0.1 nM for 

VM3. 

Nanobodies remain high affinity binders after random conjugation 
As these nanobodies were meant to be used in PDT studies, we first tested the 

effect of the conjugation strategy on binding properties. For either microscopic or flow 

cytometry-based characterizations, all nanobodies were conjugated to Alexa647, while for 

PDT they were conjugated to the PS IRDye700DX. The conjugation of the nanobodies to 

PS/fluorophore occurred via random NHS-mediated coupling to primary amines in the 

nanobodies sequence. After purification, less than 2% free fluorophore was detected on 

SDS-PAGE gel for all nanobodies (Figure 1a,2). As for PS, in all conjugates less than 10% 

free PS was detected upon conjugate preparation (Figure 1a,3). Determination of DOC 

revealed that all nanobodies were on average conjugated to 1 molecule of fluorophore and 

1.2 molecules of PS. To verify binding of the conjugates to the target protein, binding 

assays were performed with all the conjugates on mVEGFR2 protein. The apparent binding 

affinity of the NB-PS conjugates were: 9 ± 0.8 nM for VM1-PS, 7.4 ± 0.2 nM for VM2-PS, 
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and 11 ± 0.4 nM for VM3-PS (Figure 1c), thus binding affinities remained in the low nM 

range after conjugation. Similar values were obtained with NB-Alexa647 conjugates (data 

not shown). To confirm the specificity of the nanobodies, binding of the NB-PS conjugates 

was performed on mouse VEGFR1 (mVEGFR1) and human VEGFR2 (hVEGFR2) 

proteins. The nanobodies did not bind to either mVEGFR1 or hVEGFR2, confirming their 

specificity towards mVEGFR2 (Figure 1c). 

Nanobodies associate with murine cell lines according to their VEGFR2 
expression level 

Next to testing conjugates on purified protein, the specificity of the nanobodies 

was also verified on cells, using different techniques. For these, a panel of murine cell lines 

was employed, for which the expression of VEGFR2 was assessed using a commercial 

anti-VEGFR2-PE antibody with flow cytometry. Different levels of VEGFR2 expression 

were observed in the murine cell lines, i.e. bEnd.3> MS1> H5V, while NIH 3T3 are 

negative for VEGFR2 expression (Figure S1). We then investigated the association of the 

NB-PS conjugates with the cells in 96 well plates. Cells were incubated with different 

concentrations of the NB-PS conjugates for 1 h at 37 °C and the total fluorescence was 

plotted against concentration (Figure 1d). A clear correlation was observed between the 

total fluorescence intensity and the expression level of VEGFR2 on the cells, (i.e. bEnd.3 

with the highest and NIH 3T3 with the lowest association) indicating the nanobodies 

specifically bind VEGFR2. The same trend of association per cell was observed with the 

NB-Alexa647 conjugates through flow cytometry (Figure 1e,f), which is in agreement with 

the data obtained with the commercial antibody (Figure S1). 

To further verify the specificity of the VEGFR2 nanobodies, bEnd.3 cells were 

pre-incubated with anti-VEGFR2-PE antibody or unconjugated nanobodies, followed by 

addition of the NB-PS conjugates. Addition of ten-times molar excess of the antibody or 

unlabeled nanobodies, resulted in a significant reduction in the cell-associated NB-PS 

conjugates, indicating competition of the nanobodies with anti-VEGFR2-PE antibody and 

with the unconjugated nanobodies (* p < 0.05; ** p < 0.01; *** p < 0.001; t test, 

Figure 1g). 
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Figure 1. Purity and specificity of the NBs and NB-conjugates. (a) Purified NBs, NB-Alexa647 and 
NB-PS conjugates separated by SDS-PAGE. Free dye/PS is observed at the gel front (arrow) 1. 
Purified NBs after PageBlue staining (depicted in black). 2, 3. The fluorescence of Alexa647 and PS 
is detected at 700 nm, respectively (depicted in red). (b) Binding of the unlabeled NBs to the 
mVEGFR2 protein detected by anti-VHH antibody. (c) Binding of the NB-PS conjugates to the 
mVEGFR2, hVEGFR2 and mVEGFR1 proteins. Total fluorescence of NB-PS bound to the protein 
was detected using an Odyssey infrared scanner at 700 nm. (d) Total fluorescence intensity of cell 
bound/internalized NB-PS conjugates on the murine cell lines after 1 h incubation at 37 ℃. (e-f) 
Fluorescence of NB-Alexa647 conjugates detected by flow cytometry. The murine cell lines were 
incubated with the conjugates for 1 h at 37 ℃ followed by trypsinization and FACS analysis. Mean 
fluorescent intensity (MFI) obtained from flow cytometry. Data shown as mean ± SD. (g) In vitro 
competition experiments of the NB-PS conjugates tested on bEnd.3 cells in the presence or absence 
of ten-times excess of anti-VEGFR2 antibody or unconjugated NBs. Total fluorescence intensity of 
the associated NB-PS conjugates was detected by an Odyssey infrared scanner at 700 nm (* p < 0.05; 
** p < 0.01; *** p < 0.001; t test). 
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Nanobodies are internalized after 1 h incubation under static and flow 
conditions  

In order to investigate the association of the nanobodies with VEGFR2 on cells 

(Figure 1d) in more detail, confocal imaging was performed after 1 h incubation at 37 ℃ 

under static and flow conditions. As control, the expression/localization of VEGFR2 in the 

murine cell lines was verified using a commercial antibody (Figure S2). Cells incubated 

with the antibody showed perinuclear VEGFR2 staining, with varying intensities 

correlating with the level of VEGFR2 expression (Figure S1), and no signal was observed 

in the NIH 3T3 cells, which lack VEGFR2 expression. A similar pattern was observed with 

the NB-Alexa647 conjugates (Figure 2a). All the conjugates showed association with the 

VEGFR2 expressing cells, while none of them associated with the negative cells (NIH 3T3, 

Figure 2a). 

The interaction of the nanobodies with bEnd.3 cells was investigated after 

incubation under flow conditions using ibidi pump system® (Figure 2b) to assess whether 

the nanobodies had sufficient affinity to associate with endothelial cells under flow 

conditions. Incubation under flow led to similar images of NB-Alexa647 conjugates 

associated with bEnd.3 cells (Figure 2c). As could be expected from association 

experiments conducted under flow, the association of nanobodies with cells was less 

pronounced than in static conditions. Nevertheless, both VM2 and VM3 were clearly taken 

up by bEnd.3 cells. 
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Figure 2. Association of the NB-Alexa647 conjugates with the murine cells after 1 h incubation under 
static and flow conditions. (a) Confocal images of the cells incubated with the NB-Alexa647 
conjugates for 1 h at 37 °C. (b) Schematic representation of the experimental setup for the flow study 
using ibidi pump system®. bEnd.3 cells were seeded into the μ slides on day 1 and kept under a 
unidirectional flow for 5 days. Cells were incubated with the NB-Alexa647 conjugates for 1 h under 
flow, and slides were subsequently prepared for confocal imaging. (c) Representative images 
obtained with a confocal microscope after incubation of the conjugates with bEnd.3 cells under flow 
(shear rate 300 /sec). Nuclei stained in blue and the conjugates shown in red.
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Nanobodies are non-agonists and inhibit VEGF-A induced proliferation of 
MS1 cells 

Incubation of serum-starved MS1 cells with VEGF-A for 15 min at 37 °C showed 

increased phosphorylation of tyrosine 1175 of VEGFR2 (Figure 3a). Anti-VEGFR2 

nanobodies did not stimulate VEGFR2 phosphorylation, indicating that the nanobodies do 

not act as receptor agonists (Figure 3b). Interestingly, anti-VEGFR2 nanobodies showed 

antiproliferative effects in the presence or absence of VEGF-A. Treatment of MS1 cells in 

low serum medium containing 10 nM VEGF-A over a 3-day period resulted in about 40% 

increase in cell proliferation relative to the non-treated cells. In general, nanobodies alone 

did not stimulate cell proliferation, though a slight proliferation is suggested at the lowest 

concentration of the nanobodies (1 nM). As this is observed after a 3-day incubation, it is 

likely not relevant in the context of PDT. In addition, these nanobodies inhibited VEGF-

stimulated proliferation in a dose dependent manner, which suggests competition of the 

nanobodies with VEGF-A (Figure 3c). This is in line with the result of the competition 

assay in which the addition of 10x or 100x excess of VEGF resulted in a significant 

reduction in the protein-bound NB-PS conjugates (Figure S3). 
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Figure 3. Anti-VEGFR2 NBs blocked VEGF-induced proliferation and did not act as receptor 
agonists. (a) VEGF-A (50 nM) or NBs (1 µM) were added to the serum-starved MS1 cells and
incubated for 15 min. VEGFR2 phosphorylation was measured in the total cell lysates by western 
blotting. The upper panel shows staining of phosphorylated tyrosine 1175 of VEGFR2. The middle 
panel shows staining of total VEGFR2. The lower panel shows staining of actin. (b) Fold changes of 
P-VEGFR2 in MS1 cells treated with VEGF or nanobodies relative to the non-treated cells (NT). (c)
MS1 cells treated with VEGF-A/NBs or both for 72 h followed by viability assay using AlamarBlueÒ

reagent. Data are presented as % changes. in cell proliferation relative to the non-treated cells (mean
± SD).
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VEGFR2 targeted NBs-PS conjugates are potent and specific PDT agents 
The ability of the NB-PS conjugates to kill VEGFR2 expressing cells was 

assessed by measuring cell viability one day after illumination of NB-PS associated cells 

(the association is referred as pulse and described in Figure 1d). The cytotoxicity induced 

correlated well with the level of VEGFR2 expression: i.e. bEnd.3 and MS1 were 

effectively killed, and, importantly, cells with no VEGFR2 expression were not affected 

(Figure 4, corresponding EC50 values are listed in Table 1). Among the NB-PS conjugates, 

the strongest cytotoxicity was induced by VM2-PS and VM3-PS. 

Figure 4. In vitro nanobody-targeted PDT in monoculture. The percentage of cell viability 24 h after 
illumination relative to the non-treated cells. Cells were incubated with different concentrations of the 
NB-PS conjugates for 1 h at 37 ℃, and illuminated with 7 mW/cm2 fluence rate and a total light dose 
of 20 J/cm2 using a 690 nm diode laser through a 600 μm optic fiber. 

Table 1. EC50 values obtained from nanobody-targeted PDT of two murine endothelial cell 
lines. 

NB-PS bEnd.3 
EC50 ± SD (nM) 

MS1 
EC50 ± SD (nM) 

VM1 92 ± 1 155 ± 1.1 
VM2 8.6 ± 1 11 ± 1.1 
VM3 14 ± 1 21 ± 1 

Cytotoxicity is enhanced by combining the EGFR and VEGFR2 targeted NB-
PS 

To improve PDT efficacy, the combination of endothelial and cancer cell targeting 

is here explored. For this, co-culture experiments were conducted with the human oral 

squamous cell carcinoma (OSC) and murine endothelial cells (MS1). MS1/OSC co-cultures 

were incubated with different concentrations of the VEGFR2 targeted nanobodies, the 

EGFR targeted nanobody 7D12-PS (described in [16,19]), or their combination. In order to 
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perform a head-to-head comparison of cytotoxicity induced after PDT, the total 

concentration of PS conjugate was the same for the combination and the single conjugates 

(the DOC was used for this correction). When the individual NB-PS conjugates were used 

to target VEGFR2 or EGFR, we couldn’t obtain low nM EC50 values, as we did with the 

monocultures (Table 1). In the contrary, EC50 were above the highest tested concentration. 

However, when the combination of 7D12-PS and anti-VEGFR2 nanobodies were incubated 

in the co-culture setup, cellular cytotoxicity significantly increased compared to the 

individual treatments (Figure 5a, for concentration ³ 50 nM, *p < 0.05 for VM1, and **p

< 0.01 for VM2 and VM3, t test), with EC50 values of 103 ± 1 nM for VM1, 72 nM ± 1.1 

for VM2 and 60 nM ± 1.2 for VM3. These results indicate the combination of both 

conjugates increased effectiveness of nanobody-targeted PDT. 

Furthermore, the combination seems to be more potent than the sum of the 

separate effects: as an example, 100 nM of combined VM2-PS and 7D12-PS (50 nM of 

each), resulted in 56 ± 0.8% cell death, while 50 nM of 7D12-PS caused 20 ± 2.4% and 

VM2-PS 14 ± 1.5% cell death (sum would be approximately 35% cell death, *p < 0.05). 

Overall, the results suggest a synergistic cytotoxicity resulting from the combination of the 

nanobodies, as higher cytotoxicity was obtained with the combined nanobodies compared 

with the sum of the two separate treatments. 

MS1 or OSC cells are specifically killed in co-cultures
The specific cell killing by nanobody-targeted PDT in the co-culture setup was 

confirmed by staining dead cells with PI, after nanobody-targeted PDT with each single 

conjugate. In the co-culture setup, MS1 and OSC cells were distinguished by different 

morphology: MS1 appear as elongated cells (red arrows, Figure 5b), while OSC appear as 

round cells grown in patches (black arrows, Figure 5b). When MS1/OSC cells were 

incubated with VM2-PS or 7D12-PS separately, only MS1 or OSC cells were killed, 

respectively. Treatment of MS1/OSC cells with the combination of VM2-PS and 7D12-PS 

resulted in more extensive cell cytotoxicity, killing almost every cell (Figure 5b). 
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Figure 5. In vitro nanobody-targeted PDT in co-culture of endothelial and cancer cells. (a) The 
percentage of cell viability 24 h after illumination relative to the non-treated cells. Murine endothelial 
cells (MS1) and human cancer cells (OSC) were co-seeded with 1:3 ratio and incubated with different 
concentrations of VM-PS conjugates targeting VEGFR2 on endothelial cells, and 7D12-PS targeting 
EGFR on cancer cells for 1 h at 37 ℃, then illuminated with 7 mW/cm2 fluence rate and a total light 
dose of 20 J/cm2 using a 690 nm diode laser through a 600 µm optic fiber. (b) MS1/OSC co-culture 
treated with VM2-PS (targeting VEGFR2 on MS1) or 7D12-PS (targeting EGFR on OSC cells) or 
the mixture of both. Dead cells were stained with propidium iodide 24 h after illumination. MS1 and 
OSC cells shown with red and black arrows, respectively. 
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4. Discussion
Efficacy of targeted PDT can be hampered by heterogeneity of target expression 

and/or moderate/low target expression levels. To circumvent these, we explored the 

possibility of combined targeting of endothelial and cancer cells in vitro, as a proof of 

concept. For this, we developed nanobodies targeting mouse VEGFR2 which is 

overexpressed mainly on tumor vasculature. After thorough characterization of these 

nanobodies, we showed that the conjugates are potent PDT agents, specifically killing cells 

expressing VEGFR2. Moreover, dual targeting of endothelial and cancer cells, using 

nanobody-photosensitizer conjugates targeting VEGFR2 and EGFR, respectively, showed 

improved efficacy. 

Our mVEGFR2 targeting nanobodies demonstrated high binding affinity to the 

target protein with single-digit nanomolar dissociation constants (KD). Interestingly these 

nanobodies showed different maximum binding values (Bmax). This might be caused by a. 

the different epitope accessibility of the nanobodies and/or b. the indirect recognition of the 

binding of the nanobodies with anti-VHH antibody, as these nanobodies are from three 

different sequence families. With directly labeled nanobodies, which remained high affinity 

binders, the difference in Bmax was smaller among the different nanobodies, supporting the 

second explanation. To verify the specificity of the nanobodies, different techniques were 

applied on both protein and cellular levels. On protein level, we have shown that all 

nanobodies only bound to mVEGFR2 and not hVEGFR2 or mVEGFR1. Among the 

VEGFR family members, mVEGFR1 was employed because its extracellular domain 

shares the highest sequence homology (43%) with the one of VEGFR2 [31]. On the cellular 

level, binding affinity of the nanobodies to the endothelial cells was not determined as 

endothelial cells detach from the well plates when incubated at 4 ℃. However, when 

conducting the assays at 37 °C, the amount of NB-PS conjugates associated with the 

murine cell lines correlated well with the expression levels of VEGFR2. This was also 

verified by flow cytometry analysis, indicating specificity of these nanobodies for 

mVEGFR2. Other high affinity nanobodies have been described to bind VEGFR2, however 

only the human variant [32]. The fact that these nanobodies only bind mouse VEGFR2 will 

enable dedicated studies on the effects of treatment on tumor vasculature. For translational 

purposes, cross reactive nanobodies could be obtained through dedicated selections. 
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In our microscopic investigations, internalization and perinuclear accumulation of 

the NB-Alexa647 conjugates in the cells were observed by confocal imaging, which is in 

agreement with the results obtained with the commercial anti-VEGFR2 antibody. These 

results are also in agreement with the findings of other groups where perinuclear staining of 

VEGFR2 was shown after short incubation with anti-VEGFR2 antibody [33,34]. This 

perinuclear localization of monovalent nanobodies or antibody is likely a result of 

constitutive internalization of the receptor, as Gampel and co-workers showed that a 

significant portion of VEGFR2 undergoes constitutive endocytosis [33]. In nanobody-

targeted PDT, the damage is inflicted where the nanobody-PS is located, thus here damage 

will be mostly perinuclear/intracellular. In addition to the static condition, we also explored 

the association of the NB-Alexa647 conjugates to the cells under flow condition. In in vivo 

condition, endothelial cells are exposed to the constant blood flow which might change and 

reduce the interaction of the nanobodies with the cells. Therefore, we decided to investigate 

whether incubating bEnd.3 cells with NB-Alexa674 conjugates for 1 h under unidirectional 

flow would still enable cell association and internalization. The setup we used for the 

experiments under flow is particularly appropriate to study the interaction of the 

therapeutics with endothelial cells and can, to some extent, predict the in vivo association 

of the nanobodies targeting endothelial cells when administered systemically [35]. These 

experiments were conducted at a shear rate of 300 /sec, which is comparable to the shear 

rate reported for the human carotid artery. The alignment of F actin cytoskeleton fibers 

suggests that cells were shear-adapted (Figure S4), in agreement with other studies [35]. 

Among the NB-Alexa647 conjugates, VM2 and VM3 were associated with cells. VM1 on 

the other hand was barely associated with cells, despite showing cell association under the 

static condition. These results are in agreement with a recently published study showing 

that the uptake of nanoparticles into endothelial cells is decreased by increasing the flow 

rate [35,36]. 

Although nanobody-targeted PDT protocols are conducted in a short period of 

time, i.e. light is applied 1-2 h post intravenous injection, and involve a single treatment 

session, we considered it important to assess the agonistic potential of these nanobodies. 

The phosphorylation assay proved that VEGFR2 is not activated by the nanobodies, ruling 

out any agonistic activity. The nanobodies did not induce cell proliferation when used at 

10 nM or 100 nM. However, in lower concertation (1 nM), cell proliferation was slightly 
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induced by the nanobodies over the period of 3-day incubation. This likely will not cause 

any problem in vivo for two reasons: a. nanobodies have shorter half-life and will be 

cleared within a day, and b. the concentration of nanobodies used for in vivo study will be 

likely higher than 1 nM. Interestingly, the nanobodies also inhibited VEGF-stimulated 

proliferation in low nanomolar concentrations, suggesting competition of the nanobodies 

with VEGF (confirmed with a competition assay in Figure S3) and inhibition of VEGF 

signaling pathways in vitro. However, this inhibition might not be observed in the tumor 

microenvironment as the concentration and the affinity of the ligand to the receptor is 

higher than that of nanobodies. Therefore, the competition of the nanobodies with VEGF 

should be verified in physiological and more complex conditions. 

Among the NB-PS conjugates with similar DOC, VM2-PS and VM3-PS induced 

nearly 100% cell death in bEnd.3 and MS1 cells when tested at 100 nM. EC50 values were 

calculated in nanomolar ranges, indicating that the NB-PS conjugates are potent PDT 

agents. Importantly, non-VEGFR2 expressing cells were not affected after PDT, providing 

support for the specificity of nanobody-targeted PDT approach. Besides VEGFR2, there 

are other receptors on tumor vasculature which can be used for targeted VTP, as recently 

reviewed [37]. Frochot and colleagues reported integrin αvβ3 targeted peptides for VTP. 

Phototoxicity induced by cyclic RGD peptide-PS conjugate at 1 μM was assessed after 

24 h incubation with HUVEC overexpressing αvβ3 cells and 50% growth inhibition (LD50) 

value was reported 3.1 J/cm2 [38]. In another study, Neuropilin-1 targeted heptapeptide was 

conjugated to tetraphenylchlorin (TPC) and PDT efficacy was determined in HUVEC 24 h 

after incubation with 100 nM conjugate or free PS. Treatment with free PS showed little 

cytotoxicity, whereas cells treated with the peptide-PS conjugate had 10.4-fold lower 

viability. LD50 value was reported 0.47 ± 0.23 J/cm2 and 4.9 ± 0.64 J/cm2 for the conjugate 

and free PS respectively [39]. Comparison between these studies is difficult due to different 

conditions employed, however the low nM EC50 values presented here certainly encourage 

further exploration of anti-VEGFR2 conjugates in a preclinical setting. 

For the co-culture setup, MS1 cells with moderate level of VEGFR2 expression 

and, OSC cells with moderate level of EGFR expression were selected. In particular for 

EGFR, our previous research has shown that organoids grown from tumors of patients with 

head and neck cancers possess low/moderate EGFR levels, compared to cell lines 

traditionally used in EGFR research (e.g. A431 cell line) [40]. When EGFR and VEGFR2 
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targeting nanobodies were applied in combination, noting the particular set-up used here 

with human cancer cells and murine endothelial cells, no interference was observed of 

either nanobody-PS (VM2-PS or 7D12-PS) on the association of the other nanobody-PS 

(7D12-PS or VM2-PS) with cells (Figure S5). After illumination, the combined treatment 

was significantly more effective than the individual treatments. Importantly, EC50 values 

were still in nanomolar level when VEGFR2 and EGFR were simultaneously targeted. For 

the individual treatments, when endothelial and cancer cells were co-seeded, obviously part 

of cells were not killed due to the lack of target expression, thus the higher EC50 values 

when compared to those obtained in the monoculture setup. Importantly, when nanobodies 

were applied separately, one cell population was specifically killed (Figure 5b), whereas 

when the combination of the nanobodies was used, cytotoxicity was significantly higher. 

Interestingly, the cytotoxicity is even higher than the sum of the separate effects, which 

suggests synergism. The higher cytotoxicity induced by combined nanobodies could be due 

to the overall higher amount of reactive oxygen/nitrogen species produced during 

illumination, which can affect adjacent cells [1,41]. These results support our hypothesis 

that simultaneous targeting of endothelial and cancer cells can improve nanobody-targeted 

efficacy. Follow-up studies will aim at the efficacy evaluation of the conjugates in mice 

with human tumors. In this context, the cancer cell targeted nanobody-PS conjugates are 

expected to efficiently distribute through tumors and allow light application 1-2 h after 

intravenous injection [19,20], while these VEGFR2 nanobody-PS conjugates are expected 

to interact and be taken up by the (mouse) tumor vasculature. Of note, the time point post 

injection at which light will be applied will be carefully determined, aiming at the most 

practical and effective protocol. 

Intratumoral heterogeneity is one of the leading causes of therapeutic resistance 

and treatment failure and one of the main reasons for poor overall survival in cancer 

patients. In addition, it has been shown that targets against which therapeutics are available, 

are not expressed in a homogeneous manner in tumor tissues [21,22,40]. Therefore, 

combination approaches that target cancer cells and tumor vasculature can potentiate the 

therapeutic response [42]. Further preclinical studies are needed to investigate the vascular 

effects of this conjugates and the feasibility for clinical application, to improve selectivity 

and efficacy of cancer treatment. 
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5. Conclusion
We have reported the successful development of nanobodies targeting mouse 

VEGFR2 which demonstrated high association with cells under flow and static conditions. 

In addition, the nanobody-photosensitizer conjugates were shown to be potent and specific 

PDT agents. Importantly, we improved the efficacy of nanobody-targeted PDT in co-

culture of endothelial and cancer cells when treating the cells with dual targeted nanobody-

photosensitizer conjugates. To our knowledge, this is the first time nanobodies targeting 

mouse VEGFR2 were developed with the potential to be applied for preclinical validation 

of VTP. Further in vivo studies are needed to verify the synergistic/additive effects of the 

dual targeted PDT. 
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Supplementary Data 

Figure S1 

Figure S1. VEGFR2 expression in the murine cell line measured by flow cytometry. (a) 
Fluorescence of VEGFR2 detected by anti-VEGFR2-PE antibody correlates with the level of 
VEGFR2 expression: bEnd.3> MS1> H5V> NIH 3T3. The murine cell lines were incubated with the 
antibody for 1 h at 37 ℃ followed by trypsinization and FACS analysis. (b) Mean fluorescent 
intensity (MFI) obtained from flow cytometry. Data shown as mean ± SD. 

Figure S2 

Figure S2. Microscopic images of VEGFR2 expression in the murine cell line. Fluorescence of 
VEGFR2 detected by anti-VEGFR2 antibody showed perinuclear VEGFR2 staining with varying 
intensities correlating with the level of VEGFR2, and no signal was observed in the NIH 3T3 cells. 

Chapter 6 

6 

182



Figure S3 

Figure S3. In vitro competition experiment of the NB-PS conjugates tested on purified protein in the 
presence or absence of 10x and 100x excess of VEGF. NB-PS conjugates alone (final concentration 
25 nM) or in combination with VEGF (final concentrations 250 nM or 2.5 µM) were added to the 
mVEGFR2 protein and incubated for 2 h at RT. After 3 times washing with PBS, total fluorescence 
intensity of the bound NB-PS conjugates was detected by an Odyssey infrared scanner at 700 nm 
(** p < 0.01; *** p < 0.001; t test). 

Figure S4 

Figure S4. Comparison of F actin staining in non-treated bEnd.3 cells cultured under static or flow 
conditions. The F actin cytoskeleton staining shows a clear difference between the two conditions. A 
clear alignment of actin fibers is observed when cells were kept under flow. 
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Figure S5. Association of the VEGFR2 and EGFR targeted nanobodies, separately and in 
combination, with cells of MS1/OSC co-cultures. After 1 h incubation of cells with the conjugates at 
37 ℃, total fluorescence intensity of the associated NB-PS conjugates was detected by an Odyssey 
infrared scanner at 700 nm. 
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Chapter 7

General Discussion 



1. Targeted PDT for cancer treatment
Targeted PDT is gaining more and more attention in the field of oncology, as it 

improves both specificity and efficiency of nontargeted (conventional) PDT and overcomes 

some of its current limitations, namely photosensitivity and damage to the surrounding 

tissues. Importantly, recently more hydrophilic PSs have been developed which on their 

own do not stick to the cells and are not able to cross cellular membranes, and have 

accelerated the development of PDT targeted to tumor-associated markers [1]. Nanobody-

targeted PDT was recently developed in order to improve the treatment efficacy of 

antibody-targeted PDT and further reduce side effects [2]. In this approach, PS molecules 

are specifically and selectively associated with tumor cells by means of nanobodies. Using 

EGFR targeted nanobodies, light could be applied shortly after the intravenous 

administration of the nanobody-photosensitizer conjugates, leading to specific tumor 

damage in a mouse model of oral cancer [3]. Moreover, it has been shown that nanobodies 

distribute more homogenously in the tumor tissue than antibodies, leading to more 

extensive tumor necrosis [3]. 

In order to further explore the potential of this approach for cell-targeted PDT, in 

this thesis we used anti-US28 and anti-Met nanobodies which are (over)expressed on tumor 

cells. The expression of US28 has been detected in multiple tumors including gliomas, 

colorectal cancer and prostate cancer [4,5]. Of note, the expression of US28 as a foreign 

viral encoded target in tumors and not in the surrounding healthy tissues, makes it an ideal 

target for therapy. Overexpression of Met has been reported in many types of solid tumors 

such as lung, colorectal, breast, gastric cancers [6,7]. Overall, we showed that nanobody-

targeted PDT effectively and specifically induced cell death in cancer cells expressing 

US28 or Met, as discussed in detail in Chapter 2 and Chapter 3. 

Several parameters should be taken into consideration when targeted PDT is 

applied. The important prerequisite for successful targeted PDT is obtaining higher 

accumulation of the PS molecules on the tumor tissue compared to the normal cells, after 

the administration of the conjugate. This can be achieved by targeting of the receptors that 

preferably are only or more abundantly present on the tumor cell surface [1]. There are 

some targets such as EGFR and Met which are not only overexpressed on the surface of 

cancer cells but also are expressed on healthy cells of many tissues. Due to the fact that 

light is applied locally on the tumor site after the administration of the conjugates, the 
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effects on the normal tissues will be minimized. As a consequence, targeted PDT has two 

levels of specificity: the specific binding to the target molecule and the specific application 

of the PS activating light. The structure and internalization kinetics of the receptors are also 

important to consider for targeted therapy. The targeted receptor should have enough 

extracellular domain surface area for the conjugate to be able to interact. Moreover, the 

internalization rate of the receptor could influence the overall cytotoxicity, as it could 

influence the amount of PS delivered intracellularly, thus this should be investigated 

carefully for each receptor. This is because receptor internalization delivers PS to the 

cytoplasm and intracellular organelles, which can result in more effective PDT response 

[8]. In the context of nanobody-targeted PDT, the binding of biparatopic nanobodies causes 

receptor clustering and internalization, which would favor intracellular accumulation of the 

conjugate, compared to monovalent nanobodies which are more slowly internalized 

through fluid phase uptake [2]. However, their increase in size can affect tumor 

distribution, as in vitro imaging of spheroids demonstrated a reduction in penetration with 

increasing the size of nanobodies [9]. 

Another important determinant of a successful PDT is the amount of PS delivered 

to the tumor site at the time of illumination. In principle, the more PS molecules are present 

at the tumor site, the more reactive species are produced. There are different methods for 

the conjugation of PSs to the carrier (being antibody or nanobody). With conjugation of the 

PS to multiple lysines via random conjugation, potentially a conjugation degree more than 

1 can be achieved. However, conjugation to multiple lysines cannot be controlled easily 

and can also significantly affect the binding properties of the nanobody (as observed for the 

US28 nanobody). The problem of affinity loss can be solved by following the site-directed 

conjugation. Free cysteine-maleimide reaction, sortase mediated protein ligation, and click 

chemistry are most commonly used for the site-directed labeling of antibodies or 

nanobodies [10–14]. The side-directed conjugation will result in a homogenous product 

which could be characterized more easily. It is important to note that although compounds 

labeled via random conjugation are used in the clinic, this approach should be applied with 

caution for small molecules such as nanobodies (compared to antibodies) as the binding 

affinity could be compromised. 

It should be taken into consideration that a maximal degree of conjugation of 1 is 

in general achieved by site-directed conjugation. Therefore, other modifications such as the 
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fusion of peptide tail with multiple conjugation site such as cysteines or click chemistry 

residues might be a way to increase the number of PS molecules per therapeutic agent. 

Besides the specific and preferably high levels of PS accumulation at the tumor 

site compared to the normal tissue, a good distribution of the PS is preferred, ideally 

reaching each single cancer cells to get an effective PDT response. Nevertheless, also 

immune and vascular effects are expected after PDT [15] which altogether contribute to 

antitumor effects. Using intravital microscopy, we revealed that beside the specific cell 

cytotoxicity, vascular effects are also induced after EGFR-targeted nanobody-PS mediated 

PDT (Chapter 4). Moreover, we showed that monovalent nanobody is slightly better than 

biparatopic nanobody in inducing tumor necrosis, likely due to smaller size and better 

distribution in the tumor. 

2. Combination therapy
Single receptor targeted therapies are not always capable of complete tumor 

eradication, mainly due to the heterogenous composition of the tumor cells and the 

low/moderate level of target receptor expression. Dual or multiple targeting can potentially 

overcome this problems and improve the therapeutic efficacy of targeted PDT [16]. Ideal 

targets are the ones that a. are (over)expressed on the surface of tumor cells and not on the 

surrounding normal tissues, b. have enough extracellular domain for interaction with the 

therapeutic agents and, c. are found in a high percentage of patients. Intratumoral 

heterogeneity in target expression is known in most of the tumors especially within the 

bulk tumors in which cell subpopulations exist with heterogenous expression of cell surface 

receptors [17]. In the context of targeted PDT, due to the small size of nanobodies 

compared to the antibodies, a combination of nanobodies targeting several non-overlapping 

epitopes might improve PS accumulation in the heterogenous tumors and, as a result, the 

photodynamic destruction of tumor cells. Another approach to apply combination therapy 

is the targeting of tumor vasculature to impair blood flow and consequently blocking the 

nutrients and oxygen supply to the tumor cells. This in combination with cell targeting can 

improve the anti-tumor effects of PDT. Applying light shortly after the PS administration 

causes damage to the tumor-associated vessels. This approach has been named vascular 

targeted PDT (VTP) [18]. In order to increase the association of the PS specifically with 

the tumor vasculature, targeting of certain markers on the endothelial cells has been 
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investigated. This strategy is described as molecular targeted VTP [19] and has been 

explored for proteins such as extra domains of fibronectin (A, B), integrin αvβ3, 

neuropilin-1, among others (Chapter 5). 

Even though nanobody-targeted PDT was shown to induce permanent vascular 

damage in areas of EGFR-expressing tumor cells (Chapter 4), we hypothesized that 

simultaneous targeting of cancer cells and tumor-associated vasculature would result in 

more effective nanobody-targeted PDT in vivo. In Chapter 6, we showed that the 

combination of cancer and endothelial cell targeting results in more potent in vitro PDT 

efficacy, compared to the individual treatments. The fact that anti-VEGFR2 nanobodies 

exclusively bind to the mouse VEGFR2 will enable dedicated studies on the effects of 

treatment on tumor vasculature. In vivo studies will be conducted to first explore the 

association of fluorescently-labeled nanobodies with the tumor vasculature using intravital 

microscopy and, secondly, to assess the efficacy of the conjugates in an orthotopic mouse 

model with human tumor, either targeting cancer or vasculature individually or both. Of 

note, as some tumors such as pancreatic cancer are hypovascularized, the model for the 

combined therapy should be selected with caution. 

Since the nanobodies targeting endothelial cells are exposed to the blood flow, 

association to the target with high association rates (affinity) is very important. Association 

of the VEGFR2 targeted nanobodies with endothelial cells was verified using the ibidi 

pump system. Our first in vivo studies will provide crucial details on such association. Yet, 

in case these nanobodies are too rapidly cleared from the bloodstream, some strategies can 

be applied to improve half-life and retention time of the nanobodies at the tumor 

vasculature. For instance, the fusion of serum albumin or albumin binding domain to the 

nanobody can increase the half-life of the conjugates [20]. Alternatively, decoration of 

nanoparticles’ surface with the anti-VEGFR2 nanobodies is one of the strategies which can 

improve affinity by avidity and possibly also the PS pharmacokinetics and the retention 

time of the PS [20]. However, such strategies would have to be tested and fine-tuned, as 

such modifications affect the size of the conjugate, its tissue distribution, and prolong its 

half-life. This could lead to longer waiting time between administration of the conjugates 

and light application. 

Interestingly, the fact that the anti-VEGFR2 nanobodies could inhibit VEGF-

induced proliferation opens up a possibility to explore the application of these nanobodies 
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as anti-angiogenic agents. Our preliminary results showed that one of the anti-VEGFR2 

nanobodies (VM2) could inhibit tube formation, which is the most common in vitro test for 

angiogenesis inhibition. Further in vitro and in vivo experiments are needed to explore the 

potential of these nanobodies as anti-angiogenic agents. 

3. In vitro and preclinical models for targeted PDT
A great number of preclinical studies are performed using new compounds before 

a drug reaches the clinic. Two-dimensional platforms in which flat monolayer cells are 

cultured are still the most commonly used for the research of cell-based assays as they are 

easy, convenient and cost-effective. The major drawback is that this system does not mimic 

the tumor microenvironment or stroma. For instance, morphological characteristics, 

proliferation and differentiation potentials, cell-cell interactions, and composition of stroma 

fluid (low pH, proteases, etc) are not well recapitulated by 2D cultures. Such concerns 

inspired the emergence of 3D cell culture systems. Over the years, a variety of in vitro 

platforms have been developed to achieve 3D cell culture systems [21]. One of the systems 

which was described in Chapter 2 is growing spheroids in Ultra-low attachment plates. 

Recently, these plates have been used extensively for the  development of monoculture, co-

culture and triple-cultures [22–24]. More complex systems such as in vitro organotypic 

cultures have been established in order to mimic the tumor microenvironment [25,26]. 

Organoid models which are three dimensional self-organizing structures also have been 

explored recently to screen the in vitro efficacy of therapeutics. They can be established 

from patient-derived tumor cells, such as surgical resections or tumor biopsies, allowing 

the in vitro expansion of patient-derived tumors [27]. Nanobody-targeted PDT in a head 

and neck squamous cell carcinoma-organoid model showed that expression of EGFR in the 

patient-derived organoids is in the range of HeLa cells or only slightly higher [28], likely in 

the range of 35,000-50,000 receptors per cell. Nevertheless, tumor organoids were more 

sensitive to PDT than their corresponding wild-type counterparts (with lower EGFR 

expression), indicating that with appropriate dosing, this therapy is effective and is also 

expected to leave the normal cells surrounding the tumor unaffected [28]. The major 

drawback of in vitro studies is their failure to capture the inherent complexity of organ 

systems, including the role of the immune system. Conducting in vivo studies using animal 

models addresses many of the shortcomings of in vitro studies. The problem of 
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translatability remains, which originates from the considerable physiological differences 

between humans and animals that impact pharmacokinetics of tested compounds. 

Nevertheless, the preclinical evidence of therapeutic efficacy is necessary before moving 

into clinical trials. The appropriateness of animal models to evaluate the therapeutic 

efficacy of agents is a serious issue, as the high failure rate of preclinical compounds in 

clinical trials clearly demonstrates the limitations of existing preclinical models. 

Subcutaneous syngeneic mouse tumors with intact immune systems or growing human 

xenografts in athymic nude mice or severe combined immunodeficient mice (B- and T-cell 

deficient), among other models, are often used to study PDT effects in vivo. The latter 

provide the opportunity to study human tumor biology. It is important to note that 

subcutaneous tumors differ in the rate of growth, degree of vascularization, amount of 

tumor stroma and potential formation of spontaneous metastasis [29]. Moreover, 

subcutaneous tumors in PDT research do not entirely replicate the normal biology of 

human tumors, as they are not situated in their organ of origin (ectopic versus orthotopic). 

Therefore, alternatively, tumor cells have been injected into the tissue of the organ of origin 

in mice. However, generally in small animals, orthotopic tumors may be more difficult to 

handle. It also makes applying the light to the tumor site more difficult [29]. Importantly, it 

should be taken into consideration that the anti-tumor effects observed after PDT with 

immunocompromised mice might be different than in mice with a complete immune 

system, as the full anti-tumor immune reactions after PDT do not occur in the former and 

have been shown to be important for the long term anti-tumor effects. 

4. Nanobody-targeted PDT in perspective
Several in vitro and in vivo studies have shown the potential of nanobody-targeted 

PDT for cancer treatment. Recently we obtained insights with unprecedented detail about 

the mechanism of nanobody-targeted PDT. In addition, it has been shown that an immune 

response is triggered after nanobody-targeted PDT in vitro [30]. Still, more preclinical 

studies are needed in order to explore the full potential of this promising approach, paving 

the way for its further clinical development. Currently, a number of nanobodies are under 

clinical investigation for the imaging of a wide spectrum of human diseases including 

inflammation, breast cancer, and brain tumors [31]. Furthermore, the hydrophilic PS 

IRDye700DX, is currently investigated in a Phase III trial, where the mAb Cetuximab 
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targeting EGFR is conjugated to the PS IRDye700DX for the PIT of patients with recurrent 

head and neck cancers (NCT02422979). The outcome of such clinical trials will certainly 

influence further evaluation of nanobody-targeted PDT approach in the clinic. 
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Photodynamic therapy (PDT) is a minimally invasive approach for cancer 

treatment. In this approach three essential elements are needed to induce local cytotoxicity: 

a light-activatable photosensitizer (PS), light of a specific wavelength, and oxygen 

molecules. The activated PS can transfer energy to oxygen and subsequently form 

cytotoxic reactive oxygen species (ROS), among other reactive molecular species which 

can destroy tumor cells, damage tumor vasculature, and also induce immune responses. 

Nanobody-targeted PDT was recently developed in order to improve treatment efficacy and 

further reduce side effects associated with conventional PDT. With the promising results 

obtained previously, in this thesis first we explored nanobody-targeted PDT with molecular 

targets other than EGFR; the second aim was to understand the vascular effects induced by 

nanobody-targeted PDT; and the third aim was to investigate the combination of nanobody 

targeting cancer and endothelial cells for more effective PDT. 

In Chapter 2, the potential of G protein-coupled receptors (GPCRs) as target for 

nanobody-targeted PDT was presented, by using the HCMV-encoded chemokine receptor 

US28. 

US28, one of the four HCMV-encoded viral GPCRs, has been detected in multiple tumors 

of HCMV-positive patients, including gliomas. Nanobody-targeted PDT specifically 

induced cell death in the US28 expressing glioblastoma cells in 2D and 3D cell models, 

upon illumination with near-infrared light. In parallel, we also described the 

characterization of a nanobody-PS conjugate specific for the hepatocyte growth factor 

receptor (HGFR), also known as c-Met or Met, as an alternative target (Chapter 3). 

Overexpression of Met has been reported in large number of carcinomas, sarcomas, 

haematopoietic malignancies and other neoplasms. We showed that the nanobody-PS 

conjugate, induced cell death specifically and effectively in Met overexpressing cancer 

cells. 

In Chapter 4, further insights were obtained into nanobody-targeted PDT 

mechanism of tumor destruction, focusing on vascular effects in more detail. We 

investigated the biodistribution of two different formats of nanobodies targeting EGFR 

(7D12 as monovalent and 7D12-9G8 as biparatopic), in vivo using intravital microscopy. 

Subsequently, cellular responses and vascular effects of EGFR-targeted PDT were 

investigated. Both nanobody-PS conjugates showed more fluorescence in tumor than in 

distant normal tissue at 1 or 2 h after administration. 7D12-9G8-PS showed an intense, 
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membrane localized, fluorescence pattern in tumor cells, while 7D12-PS fluorescence was 

more diffuse. After illumination at 1 h post injection, distinct changes to the morphology of 

tumor cells were observed in the GFP fluorescence images recorded in time. Importantly, 

besides the tumor response after PDT, vascular responses were also observed. The 

proportional area of tumor that showed either lack of flow or reduced flow 2 h post PDT 

was similar for both conjugates when light was applied 1 h after administration. The results 

showed that the overall acute response to EGFR-targeted NB-PS mediated PDT is a 

complex mixture of tumor cell response and vascular effects. 

We were also interested in exploring targeting of the vasculature specifically with 

dedicated conjugates. Therefore, we first reviewed studies that have been performed in the 

last 15 years to deliver PS selectively to the tumor vasculature for more cancer specific 

PDT (Chapter 5). As efficacy of targeted PDT can be hampered by heterogeneity of target 

expression and/or moderate/low target expression levels, we explored the possibility of 

combined targeting of endothelial and cancer cells in vitro. For this, in Chapter 6, we 

developed nanobodies binding to the mouse VEGFR2, which is overexpressed on tumor 

vasculature, and combined these with nanobodies specific for the cancer cell target EGFR. 

The cytotoxicity of these conjugates in monocultures and in co-cultures with cancer cells 

showed that the anti-VEGFR2 conjugates are specific and potent PDT agents. Nanobody-

targeted PDT in co-culture of endothelial and cancer cells showed improved efficacy, when 

VEGFR2 and EGFR targeting nanobodies were applied simultaneously, compared to the 

separate treatments. 

In conclusion in this thesis we showed that nanobody-targeted PDT can be applied 

for targeting of different receptors, for which moderate/high expression levels are 

necessary. Using intravital microscopy, we revealed that beside specific cell cytotoxicity, 

vascular effects are also induced with this approach. Finally, simultaneous targeting of 

endothelial and cancer cells improved nanobody-targeted efficacy in vitro, a promising 

approach to overcome heterogenous or lower levels of target expression. Follow-up studies 

will aim at the efficacy evaluation of the combined conjugates in mice with human tumors 

to reveal the full potential of this promising approach. 
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Fotodynamische therapie (PDT) is een weinig invasieve behandeling voor 

patiënten met kanker. Bij deze behandeling zijn er drie essentiële elementen nodig om 

lokale cytotoxiciteit te induceren bij de kankercellen: de fotosensibilisator (PS), licht van 

een bepaalde golflengte en zuurstofmoleculen. De geactiveerde PS kan vervolgens energie 

overdragen aan zuurstof en hierop volgend cytotoxische reactieve zuurstofcomponenten 

(ROS) vormen. Daarnaast worden er ook andere reactieve moleculaire componenten 

gevormd die samen met ROS in staat zijn om tumorcellen te doden, tumorvaten te 

beschadigen en een immuunrespons te induceren. Op nanobody gebaseerde PDT werd 

onlangs ontwikkeld om de efficiëntie van de behandeling van kanker te verbeteren en de 

bijwerkingen van de conventionele PDT verder te verminderen. Gebaseerd op de 

veelbelovende eerdere resultaten hebben we in dit proefschrift eerst nanobody gebaseerde 

PDT opties onderzocht met andere moleculaire targets dan EGFR; het tweede doel was om 

de vasculaire effecten die worden veroorzaakt door nanobody gebaseerde PDT beter te 

begrijpen; ten slotte was het derde doel om de combinatie van nanobodies gericht op zowel 

kanker als endotheelcellen te onderzoeken voor een effectievere PDT. 

In Hoofdstuk 2 werd het potentieel van G-proteïnegekoppelde receptoren 

(GPCR's) als doelwit voor nanobody gebaseerde PDT uitgelicht, door ons te richten op de 

HCMV gecodeerde chemokinereceptor US28. US28, een van de vier HCMV gecodeerde 

virale GPCR's, is reeds gedetecteerd in meerdere tumoren van HCMV-positieve patiënten, 

waaronder gliomen. Nanobody gebaseerde PDT induceerde selectief cytotoxiciteit in de 

US28 positieve glioblastomacellen in 2D- en 3D-celmodellen na belichting met nabij-

infrarood licht. Parallel hieraan hebben we een nanobody-PS-conjugaat beschreven dat 

specifiek is voor de hepatocyte groeifactor receptor (HGFR), ook wel bekend als c-Met of 

Met, als alternatief doelwit voor PDT (Hoofdstuk 3). Overexpressie van Met is 

geobserveerd bij een groot aantal carcinomen, sarcomen, hematopoëtische maligniteiten en 

andere neoplasmata. We toonden aan dat het nanobody-PS-conjugaat selectief en effectief 

cytotoxiciteit induceerde in kankercellen die overexpressie van Met vertoonden. 

In Hoofdstuk 4 werden meer inzichten verkregen in de mechanismen waarop 

nanobody gebaseerde PDT leidt tot cytotoxiciteit in tumoren, waarbij de nadruk meer lag 

op het onderzoeken van de vasculaire effecten. We onderzochten de biodistributie van twee 

verschillende vormen van EGFR gerichte nanobodies (7D12 als monovalent en 7D12-9G8 

als biparatoop) in vivo met behulp van intravitale microscopie. Vervolgens werden 
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cellulaire responsen en vasculaire effecten van de op EGFR gerichte PDT onderzocht. 

Beide nanobody-PS-conjugaten vertoonden meer fluorescentie in de tumor in vergelijking 

met normaal weefsel op 1 en 2 uur na toediening. 7D12-9G8-PS vertoonde een intens, 

membraan-gelokaliseerd fluorescentiepatroon in tumorcellen, terwijl 7D12-PS-

fluorescentie diffuser was. 1 uur na injectie vond belichting van de tumorcellen plaats 

waarop vervolgens duidelijke veranderingen in de morfologie van tumorcellen over de loop 

van tijd werden waargenomen aan de hand van de GFP-fluorescentiebeelden. Naast de 

tumorrespons bij deze behandeling werden ook vasculaire responsen waargenomen. Het 

deel van de tumor dat ofwel een gebrek ofwel een vermindering aan perfusie vertoonde 

was 2 uur na PDT en 1 uur na belichting vergelijkbaar voor beide conjugaten. De resultaten 

toonden aan dat de complete acute respons van op EGFR-gerichte nanobody PDT een 

complexe mix is van tumorcelresponsen en vasculaire effecten. 

Ook waren we geïnteresseerd in het onderzoeken van PDT specifiek gericht op het 

vaatstelsel van de tumoren met behulp van speciale conjugaten. Daarom hebben we eerst 

studies beschreven die in de afgelopen 15 jaar zijn uitgevoerd om PS selectief te richt op de 

bloedvaten van tumoren voor kanker specifiekere PDT (Hoofdstuk 5). Omdat de 

werkzaamheid van PDT belemmerd kan worden door heterogeniteit en lage expressie van 

het doeleiwit, hebben we het potentieel onderzocht van een PDT die gericht is op zowel 

doeleiwitten van endotheel- en kankercellen in vitro. Hiervoor hebben we in Hoofdstuk 6 

nanobodies ontwikkeld die binden aan het doeleiwit VEGFR2, dat tot overexpressie wordt 

gebracht in endotheelcellen in de tumor. Deze hebben we vervolgens gecombineerd met 

nanobodies die specifiek zijn voor het doeleiwit EGFR in kankercellen. De cytotoxiciteit 

van deze conjugaten in monoculturen en in co-culturen met kankercellen toonde aan dat de 

anti VEGFR2-conjugaten specifieke en sterke PDT middelen zijn. Op nanobody 

gebaseerde PDT vertoonde een verbeterde werkzaamheid in co-culturen van endotheel- en 

kankercellen wanneer de op VEGFR2- en EGFR gerichte nanobodies gelijktijdig werden 

toegediend in vergelijking met de afzonderlijke behandelingen. 

In dit proefschrift hebben we laten zien dat nanobody gebaseerde PDT kan worden 

toegepast voor verschillende receptoren, waarbij matige of hoge expressieniveaus nodig 

zijn. Met behulp van intravitale microscopie hebben we onthuld dat naast specifieke 

cytotoxiciteit van tumorcellen ook vasculaire effecten kunnen worden geïnduceerd met 

deze behandeling. Ten slotte verbeterden de effecten van nanobody gebaseerde PDT door 
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het richten van de therapie op doeleiwitten van zowel endotheel- als kankercellen in vitro. 

Dit is een veelbelovende benadering om heterogene of lage niveaus van doeleiwitten te 

ondervangen. Vervolgstudies zullen gericht moeten worden op de evaluatie van de 

werkzaamheid van de gecombineerde conjugaten bij muizen met menselijke tumoren om 

het complete potentieel van deze veelbelovende therapie te onthullen. 
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