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1
General introduction

Many complex biological processes are regulated by cell signaling, where a secreted ligand

travels short or long distances through an organism or tissue until it is recognized by a cell

surface receptor. These receptors, proteins residing in the cellular membrane, function as a

communication channel between the extra- and intracellular space, translating the binding

of a ligand into a variety of signaling cascades which ultimately lead to a cellular response.

Receptor expression is cell-type specific so that the ligands that bind them exert a localized

effect. This principle is essential for maintaining normal tissue homeostatis and dysregu-

lation of cellular communication lies at the basis of a variety of diseases, such as cancer or

autoimmune diseases. In his pioneering work in the early 20th century, Paul Ehrlich pro-

posed the presence of a ligand-receptor interaction and the possibilities that this provides

for selective targeting of chemotherapeutics. 1 With his studies on the cellular localization

of colored dyes he laid the groundwork for the realisation that the chemical properties

of a compound, in combination with the cell on which it acts, determine the effects. He

recognized the potential of organic chemistry as a means to create those molecules that

interact with a specific cellular target as indicated by his statement "wir müssen zielen ler-

nen, chemisch zielen lernen" ("we have to learn how to aim, aim chemically"). 2,3 More than

a hundred years later, the search for Ehrlich’s "magic bullet" has not ceased and the area

of drug targeting approaches is still very much alive. In this chapter, current strategies for

the targeted delivery of imaging or therapeutic agents that employ ligand-receptor inter-

actions will be highlighted. In line with the projects discussed in the later chapters of this

thesis, the focus will be on those examples that make use of synthetic approaches to reach

this goal.
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Chapter 1

General principles of receptor-mediated targeted delivery

When discussing targeted delivery, it is important to distinguish which kind of targeting is

envisaged, systemic, intracellular or both. In the ideal case, the ligand-drug conjugate en-

ters the circulation, and accumulates at the site where its action is needed by being captured

by the surface receptors. For this to happen, the affinity of the ligand and the expression

levels of the receptor should be sufficiently high. Ideally, the receptor is only expressed on

the diseased cells, such as tumor cells, because even when overexpressed, the lower levels

on the more abundant healthy cells will compete for binding and can thus act as a sink.

Non-specific interaction with surrounding cells should preferably be very low.

Once arrived at the site of action, multiple options for further, intracellular, delivery

exist, depending on the nature of the ligand and the design of the ligand-drug conjugate.

Ligands are generally classified as agonists, which activate receptors, or antagonists, which

block the receptor and thereby prevent activation. Over the years it has become clear that

this classification does not cover all possibilities, with ligands being able to induce full

or partial effects that can even be opposite to that generated by an endogenous agonist. 4

Moreover, besides the orthosteric binding site where the endogenous ligand binds, there

are often other, allosteric, sites where ligand binding can occur. Some receptors contain

multiple ligand recognition domains, leading to enhanced affinity for multivalent ligands,

examples of which will be discussed in more detail later on. Binding of a ligand, typically

an agonist, to the receptor might result in receptor-ligand internalization. Depending on

the type of targeted therapy, this might be an advantage or a disadvantage. The two-step

antibody-directed enzyme prodrug therapy (ADEPT) is designed such that an enzyme,

required to release the active drug, is delivered to the binding site so that the drug can

then freely diffuse into the tissue. 5
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Figure 1.1: Strategies for controlled release in the lysosomes of paclitaxel or doxorubicin by em-
ploying Cathepsin B-cleavable (Phe-Lys) or acid labile (hydrazone) linkers. PABC: self-immolative
p-aminobenzylcarbamate linker. Linker regions are indicated in grey.

In most cases drugs or drug formulations need to be delivered intracellularly by receptor-

mediated endocytosis to exert their effect. For some therapies, such as enzyme replace-

ment therapy for lysosomal storage disorders, the endolysosomal pathway is the endpoint

of the delivery. In many other cases, the drug needs to be released from the endolysosomes
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General introduction

to reach its intracellular target, requiring alternative strategies such as synthetic cleavable

linkers between the ligand and the drug. The use of a cathepsin B cleavable dipeptide

linker (1, Figure 1.1) has been used to release the cytotoxic anticancer drugs paclitaxel (act-

ing on microtubules), doxorubicin (DOX) (a DNA intercalator), and mitomycin C (a DNA

crosslinker) from the lysosomes. 6,7 Making use of the increasingly acidic pH of the en-

dolysosomes is another means of controlled drug release as shown by the introduction of

an acid labile hydrazone linkage onto DOX, which was released in the lysosomes (2, Fig-

ure 1.1). 8,9 In case of targeted delivery for diagnostic purposes, such as a fluorescent dye

or a radiotracer, it will depend on the final goal whether an antagonist or an agonist is the

preferred ligand. Antagonists are the ligands of choice to visualize a receptor population

on the cell membrane without inducing a direct effect, whereas if receptor-ligand internal-

ization and trafficking are the subjects of interest, agonists are preferred.
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HMW: protein
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Selective targeting
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Figure 1.2: General structure of constructs for targeted drug delivery.

The general structure of the (bio)molecules employed for targeted delivery thus con-

sists of the receptor-binding ligand, a (cleavable) linker and ’cargo’ (Figure 1.2). The cargo

could involve a therapeutic agent such as a drug or a protein and alternatively it could be

a reporter group, such as a fluorescent dye, to visualize and study the delivery process

and/or an activity-based probe to assess the activity of an intracellular enzyme. This gen-

eral structure forms the basis of the synthesized constructs that are presented in this thesis.

In Chapters 2 and 5 fluorescent DCG-04, an activity-based probe for lysosomal cathepsins

was introduced as cargo, in Chapter 4 the protein Hsp70, and in Chapters 7-9 fluorescent

dyes for visualization and carboranes as potential drugs. The ligands that are found in

the literature can be divided in two main categories: antibodies (or fragments thereof) di-

rected to a specific cell receptor or antigen, or non-antibody receptor ligands, spanning a

wide variety of synthetic and endogenous ligands. Even though the antibody category has

its distinct advantages in the sense of affinity and selectivity, the synthetic ligands hold a

lot of promise because of the relatively easy access to large amounts of defined material

which can be chemically tuned to contain the properties of interest (see Chapters 2, 4-8).
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Chapter 1

In the following sections selected literature examples of synthetic ligands that are used as

targeting devices are discussed, based on the receptor type that they bind.

G protein-coupled receptors

The large family of G protein-coupled receptors (GPCRs) is one of the most druggable and

many synthetic small molecules or peptides have been developed that are able to act on

these receptors. 10,11 Endogenous ligands for GPCRs span a wide range of biomolecules,

from small compounds such as neurotransmitters to large protein hormones. Although

the structural features of individual GPCRs vary considerably, they are all characterized

by a seven-transmembrane domain (Figure 1.3). A heterotrimeric G-protein is bound to

the C-terminus which dissociates upon activation of the receptor. Depending on the na-

ture of the α-subunit of the G-protein (Gs, Gi,Gq or G12/13) distinct intracellular signaling

cascades are set in motion. 12 An elaborate desensitization/resensitization mechanism is

used to prevent overstimulation of the system. G protein-coupled receptor kinases (GRKs)

phosphorylate the receptor, 13 enabling the binding of β-arrestins. Arrestin binding pre-

vents the binding of G-proteins, thereby desensitizing the receptor for further stimulation.

In a next step, the receptor is sequestered from the cell membrane in clathrin-coated vesi-

cles. This can either lead to resensitization, in which the receptor is dephosphorylated and

recycled back to the surface in an active form, or to downregulation of the receptor from

the cell membrane by degradation in the endolysosomal pathway. 14 The fate of the ligand

upon endocytosis varies. If the receptor-ligand complex is stable, the ligand might recycle

back to the membrane together with the receptor where it is released into the extracellular

space.
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Figure 1.3: Graphic representation of agonist-induced internalization of GPCRs and a possible traf-
ficking route of the ligand-drug conjugate.
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General introduction

Alternatively, the ligand dissociates from the receptor in the endolysosomal pathway. It

is then either trafficked further to the lysosomes, or it diffuses out of the vesicles into the

cytoplasm (Figure 1.3).

The discovery of allosteric binding sites, topographically distant from the orthosteric

site, created novel opportunities for the design and development of structurally diverse

ligands. 15–17 The glycoprotein hormone receptors, follicle-stimulating hormone receptor

(FSHR), luteinizing hormone receptor (LH/hCGR) and thyroid-stimulating hormone re-

ceptor (TSHR), for example have a large N-terminal hormone binding domain and an al-

losteric binding site in the seven-transmembrane domain. 18 Many low molecular weight

ligands that bind to the allosteric sites of these receptors have been developed 19–22 to in-

terfere with their biological activity. There are, however, only limited examples of small-

molecule GPCR ligands that are used for targeting purposes. One of the reasons for this is

that structural alterations, required to introduce a chemical ligation handle needed for at-

tachment of a label or a drug, can have a large influence on the affinity, potency and selectiv-

ity of a small molecule. For this approach to work, detailed structure-activity relationship

(SAR) studies are often needed to arrive at the most optimal structure that still complies

with these criteria. 23 Based on a low molecular weight dihydropyridine (DHP) agonist of

the FSHR, 24,25 a SAR study was conducted to find the optimal length and positioning of

a ligation handle-containing PEG-spacer (see Chapter 6). The optimal structure obtained

from this was employed in the synthesis of DHP-analogues containing a fluorescent dye,

with the aim to develop a diagnostic tool to visualize receptor binding, internalization and

trafficking (see Chapter 7).
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Fluorescent ligands for several GPCRs have

been reported in the literature, sometimes with

unexpected changes in the pharmacological

profile from agonist to antagonist. 26,27 Most ex-

amples make use of relatively small fluoropho-

res such as dansyl 3, naphthylamine 4 or NBD 5

(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (Figure 1.4)

to diminish the influence of the dye on the

binding properties of the ligand. A drawback

hereof is that these dyes consequently have

short emission and excitation wavelengths, limiting their use in a cell- or tissue-based sys-

tem because of high levels of autofluorescence (Figure 1.4). 26,28 Some recent studies have

successfully employed red-emitting dyes in the synthesis of low molecular weight fluo-

rescent ligands to visualize receptors. Holtke et al. synthesized a near-infrared Cy5.5-

conjugate of the nonpeptidyl selective endothelin A receptor antagonist PD156707 (6, Fig-

ure 1.5) which was shown to bind to the receptor with similar affinity as the lead compound

and could be used to visualize the receptor on different cell types. 29 By introduction of a

conjugation handle onto the core of SR144528, a cannabinoid CB2 receptor ligand, Bai et al.

could introduce a near-infrared dye. No thorough studies were performed on the phar-
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Chapter 1

macological properties of the resulting fluorescent ligand NIR-mbc94 (7, Figure 1.5), but it

was shown that receptor expressing cells were much more fluorescent than wildtype cells

and that this fluorescence could be competed with non-labeled SR144528. 30 In a follow-up

study, NIR-mbc94 was shown to be indeed a selective ligand for the CB2 receptor albeit

with a much lower binding affinity than the lead SR144528 (Ki =260 nM vs 1 nM). Endoge-

nous levels of receptor could be fluorescently labeled and quantified using this fluorescent

ligand, showing its potential for use in a high-throughput screen for novel CB2 receptor

ligands. 31 The potential of fluorescent ligands when used together with advanced confocal

fluorescence microscopy techniques, such as fluorescence correlation spectroscopy (FCS),

has been shown with fluorescently labeled adenosine A1 and A3 receptor ligands. In these

studies, the ligand-receptor interactions could be thoroughly studied which led to the iden-

tification of two distinct agonist-occupied receptor populations, based on their motility in

the membranes of living cells. 32,33
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Figure 1.5: Near-infrared fluorescent GPCR ligands Cy5.5-PD156707 6 and NIR-mbc94 7.

GPCRs that have endogenous peptide or protein ligands have been more often explored

for targeted delivery, because of the ease of access to a synthetic peptide (fragment) by solid-

phase peptide synthesis (SPPS). Besides, SPPS enables peptide modification by extension

of its N- or C- terminus or by introduction of an unnatural amino acid. The Y receptor

family is regulated by abundantly present endogenous neuropeptide Y (NPY) ligands. 34

Shorter fragments of the endogenous peptides or peptide-like structures resembling the

C-terminus have been synthesized and were shown to be antagonist or agonists for the dif-

ferent subtypes of Y receptors. 35 The scope of the use of NPY ligands has expanded by the

discovery of the presence of the Y1-receptor subtype on breast and metastatic tumors. 36

Radiolabeled Y1-selective peptides were subsequently used in vitro as well as in vivo as a

diagonistic tool to visualize the overexpressed receptor in breast tumor tissue and metas-

tases sites. 37 This result prompted the researchers to investigate the use of NPY ligands
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General introduction

to deliver a cytotoxic agent to the tumor site. In an approach analogous to that described

in Chapter 8, the agent of choice was an o-carborane moiety. Carboranes are boron-rich

lipophilic polyhedral structures with potential application in a binary anti-cancer therapy

named boron-neutron capture therapy (BNCT). 38 Both individual components (carboranes

and thermal neutrons) are relatively non-toxic in themselves, whereas a combination of

both leads to a nuclear reaction and release of high energy particles that are detrimental

for the cells which are exposed to it. A prerequisite for effective therapy is a high con-

centration of boron preferentially accumulated in tumor cells as opposed to healthy cells.

Intracellular delivery would allow for the most efficient approach, since the trajectory of

energy release by the formed α-particles is estimated to coincide with the average diameter

of a cell. 39
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Attachment of o-carborane (8, Figure 1.6) to a Y1R selective [F7,

P34]-NPY derivative via the ǫ-amino group of lysine-4 resulted in

a slight loss in binding affinity and diminished activity compared

to [F7, P34]-NPY. Affinity and activity were still in the nanomo-

lar range, however, and the ligand was shown to be selective for

the Y1R over the Y2R subtypes. This peptide was also capable

of inducing receptor-internalization of only Y1R as seen by mi-

croscopy studies on HEK293 cells transiently expressing human

Y1R conjugated to enhanced yellow fluorescent protein (EYFP). It remains elusive what

the fate of the carborane-containing ligand was in this system, since it could not be visual-

ized. 40

The overexpression of peptide hormone receptors such as the somatostatin receptor

and the gonadotropin-releasing hormone (GnRH) receptor in various tumor tissues has

also been established. 41 The activities of toxic conjugates of a peptide-based GnRH recep-

tor agonist with doxorubicin or an analogue hereof, 2-pyrrolino-DOX, were compared with

that of the cytotoxic drug alone. Targeted analogues were shown to be much less toxic

in vivo while having significantly more antitumor activity on tumors that did express the

receptor. 42,43 The doxorubicin containing analogue (AN-152) is currently being evaluated

in clinical trials. 44 The somatostatin receptor (sst) is present on many neuroendocrine tu-

mors. 45 Synthetic analogues with enhanced plasma stability and affinity towards sst com-

pared to endogenous somatostatin peptides have been described. These analogues, octreo-

tates, consist of the pharmacophoric part of somatostatin and contain a threonine at the

C-terminus (9, Figure 1.7). Various radiolabeled octreotate analogues have been reported

that find use as radiotracers or in radionuclide therapy. 46,47 Conjugation of a cyanine dye to

octreotate yielded a fluorescent analogue (10, Figure 1.7) that was shown to be internalized

in sst-expressing cells and accumulated specifically in primary human neuroendocrine tu-

mor cells. This example shows the potential of synthetic ligands for tumor visualization. 48

The use of octreotate as a tumor targeting entity for BNCT has also been explored. Mier

et al. have attached closo-borane mercaptoundecahydrododecaborate (BSH) to maleimide-

conjugated Tyr3-octreotate, but no biological studies were conducted. 49 In a more recent
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Chapter 1

study by Betzel and co-workers, one or two o-carboranes were attached to octreotate via

linkers of different size. In vitro radioligand binding studies showed these analogues to be

potent binders of the various sst-subtypes with enhanced selectivity for the sst2-subtype

compared to the reference peptide somatostatin 28 (SRIF-28). Binding was shown to be

dependent on spacer length, with increased binding at longer length, and on the number

of carboranes attached, with one (11, Figure 1.7) being favored over two (12, Figure 1.7).

Although these compounds show potential for use as targeting agents for BNCT, no speci-

ficity or internalization data is currently available. 50
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Lectin receptors

Proteins that are able to recognize and bind carbohydrates such as glycan chains present

on glycoproteins, are collectively named lectins. These can be soluble or membrane-bound,

and the latter category encompasses an increasing variety of lectin receptors. 51 With the ad-

vancements in carbohydrate synthesis, such as solid-phase methods, more complex oligo-

saccharide structures have become within reach. Although the lectin binding properties of

these oligosaccharides have often been investigated, little work has been done on the use of

synthetic carbohydrates as targeting entities. 52 In analogy with the work discussed above

and in Chapter 8, some work on carbohydrate-carborane compounds as targeted BNCT-

agents has been performed. An additional advantage of the use of carbohydrates in this

context is their hydrophilicity, thereby somewhat compensating the hydrophobic nature of

the carborane cage. Orlova et al. conjugated the disaccharide lactose to o-carboranylacetic

acid with the aim of targeting lactose-binding lectins on melanoma cells. No biological

evaluation of the compounds was conducted however, and in a follow-up study it was

found that o-carborane at the α-position of a carbonyl results in deboronation to the corre-

sponding nido compound when dissolved in water or methanol. 53 Tietze et al. have pub-

lished several papers on the subject of glycoside modified carboranes for BNCT. 54,55 In their

studies, carboranes were introduced by the reaction of decaborane with a terminal or in-
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General introduction

ternal alkyne on either O- or C-glycosides. In vitro studies on C6 rat glioma cells and B-16

melanoma cells showed dose-dependent uptake of a maltoside-carborane construct result-

ing in much higher intracellular boron levels than obtained with currently approved BNCT

agents. In vivo studies in rat showed accumulation in brain tumor tissue, but similar con-

centrations were found in the blood, resulting in unwanted side-effects. 54 It remains elusive

whether these constructs are taken up by cells in a receptor-dependent fashion and if so,

which receptor is responsible for the uptake.

Cells of the immune system, especially dendritic cells (DCs) and macrophages, express

different C-type lectin receptors which are characterized by their calcium dependency in

ligand binding and conserved carbohydrate recognition domains (CRD). An important

member is the macrophage mannose receptor (MR, CD206) which recognizes oligosaccha-

rides terminating in mannose, fucose or N-acetylglucosamine. The receptor contains eight

CRDs (Figure 1.8), which have been re-named C-type lectin-like domains (CTLDs) because

most of the domains lack ligand binding activity. 56,57 Both CTLD4 and CTLD5 have been

implied as the domains involved in ligand binding. 58 Having two ligand binding domains

within one polypeptide chain allows for a stronger interaction with multivalent ligands

and possibly ligand specificity, although the MR is also able to capture antigens with sin-

gle mannose residues. 59,60 Besides the MR, dendritic cells express other mannose-binding

C-type lectins, such as dendritic cell-specific intercellular adhesion molecule-3-grabbing

non-integrin (DC-SIGN, CD209) (Figure 1.8).

Domain containing �bronectin 
type II repeats

Cysteine rich domain

MANNOSE RECEPTOR Internalization motif

Carbohydrate recognition domain

Tandem repeat

Di-leucine motif

Triad of acetic amino acids

DC-SIGN

cytoplasm

Figure 1.8: Schematic representation of the mannose receptor and DC-SIGN.
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Chapter 1

DC-SIGN belongs to type II C-type lectins, with an intracellular N-terminus, whereas the

MR is a type I receptor, with an extracellular N-terminus. DC-SIGN contains only one CRD,

but has been shown to multimerize in order to bind multivalent ligands with high affin-

ity. 59,61 Furthermore, structural examination of DC-SIGN bound to either a high-mannose

N-linked oligosaccharide or a complex-type N-linked glycan showed an unexpected in-

teraction between the receptor and internal mannose residues. 62 Both receptors share an

intracellular motif that allows internalization of the receptor in clathrin-coated pits. Tar-

geting of either receptor might thus result in the selective internalization of ligands into

the endolysosomal pathway of professional antigen-presenting cells.

Kikkeri et al. used carbohydrate modified quantum dots which showed enhanced up-

take in liver cells when used in vivo compared to unmodified quantum dots. This finding

suggests that receptor-mediated uptake, via the mannose receptor when using mannose

or the asialoglycoprotein receptor when using D-galactose conjugated to quantum dots,

plays a role in their endocytosis. 63 In a study by Hillaert et al., six propargyl mannoses were

clicked onto an azide-modified peptide scaffold in order to obtain a multivalent ’mannose

cluster’. This cluster was conjugated to the fluorescent activity-based probe (ABP) BODIPY-

DCG-04 with the aim to deliver the ABP to the lysosomes of DCs and macrophages. It was

indeed shown that incorporation of the cluster led to temperature-dependent internaliza-

tion of the compound 13 (Figure 1.9), indicating a receptor-mediated process. Uptake and

subsequent cathepsin labeling by the ABP could be blocked by addition of mannan, a nat-

ural occurring oligomannoside, to the medium of DCs, further establishing the receptor

dependency. In Chapter 2 an extension of this work is described. Instead of a regular BO-

DIPY dye, a pH-activatable BODIPY dye was incorporated in the mannose cluster-BODIPY-

DCG-04 construct.
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General introduction

The pH at which the BODIPY dye becomes fluorescent is dependent on the alkyl-sub-

stituents on the meso-aniline group and is thus synthetically tunable (see also Chapter

3). With the use of multiple constructs incorporating BODIPY dyes with differing pH-

dependencies, live-cell imaging experiments could be performed to study the trafficking

of these compounds in the endolysosomal pathway. 64

Targeting of larger cargo, such as proteins, to lysosomes of specific cell-types lies at

the basis of therapeutic intervention in lysosomal storage disorders. Enzyme replacement

therapy (ERT) relies on the uptake of recombinant lysosomal enzyme into the endolyso-

somal pathway of disease-affected cells, to restore normal lysosomal function. In case of

Gaucher disease, β-glucocerebrosidase (GBA1) is the enzyme of interest which needs to

be targeted to mannose-binding lectins on macrophage (Gaucher) cells. Current ERTs for

Gaucher use different approaches for glycan remodeling in order to expose core mannose

or high mannose glycan chains on the recombinant GBA1. In Chapter 4 an alternative

approach is investigated to target a protein to dendritic cells. Recombinant heat shock pro-

tein 70 (Hsp70) containing a C-terminal ’sortase sequence’ (LPETGG) was conjugated to

GGG-BODIPY-mannose cluster by employing the bacterial enzyme Sortase A. Uptake of

the resulting Hsp70-BDP-MC in DCs was studied by confocal microscopy and gel analysis,

showing that a relatively small synthetic entity such as the mannose cluster can function

as a targeting device for a large protein.

In Chapter 5 the mannose cluster is modified to contain mannose-6-phosphate residues

instead of mannoses, with the aim of targeting the mannose-6-phosphate receptor (MPR).

The main role of the MPRs is to route newly synthesized lysosomal proteins from the trans-

Golgi network to the lysosomes. Although mainly localized intracellulary, a fraction of the

receptor population is continously recycling between the cell membrane and the intracellu-

lar environment. Zhu et al. have used synthetic M6P-containing oligosaccharides to target

recombinant acid α-glucosidase to M6PR-expressing muscle cells affected by Pompe dis-

ease. 65,66 Dephosphorylation of M6P by serum phosphatases, yielding mannose, results in

enhanced uptake by MR-expressing liver cells and less or no selective delivery to the in-

tended target site. More stable M6P analogues that do have receptor affinity but are not a

substrate for phosphatases are therefore interesting alternatives. Several isosteric and non-

isosteric analogues of M6P have been synthesized and tested for their receptor binding

affinities. 67 Isosteric mannose-6-phosphonate (M6Pn) was shown to have similar affinity

for the CI-M6PR as M6P and would be a suitable alternative as targeting entity. 68 As an

example hereof, Barragan et al. have shown that vesicles containing M6Pn coupled to a

steroid are targeted to MCF-7 breast cancer cells. Although promising, conclusive exper-

iments for the involvement of the CI-M6PR in their uptake have not been conducted as

yet. 69
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Chapter 1

Folate receptor

The best studied example of a small molecule used to target a cell membrane receptor is

likely that of folic acid targeting the folate receptor. Folic acid is the oxidized form of fo-

late, an essential vitamin for mammals. Capturing of exogenous folate by cells is thus of

great importance. Two transporters for folate have been identified, the "reduced-folate car-

rier" system, a low affinity carrier which is present on virtually all cells, and the folate

receptor (FR), a high affinity binder of folic acid and highly overexpressed on various tu-

mor cells. 70 The low affinity of the reduced-folate carrier system for folic acid, combined

with the favorable expression pattern of the FR makes folic acid a highly suited organic

molecule for tumor targeting. 71 Furthermore, folic acid retains its high affinity for the FR

when conjugated through its γ-carboxyl group, is stable, readily available and cheap. 72

Leamon and Low demonstrated for the first time that covalent attachment of folic acid

to macromolecules such as serum albumin or horseradish peroxidase results in their up-

take in living cells via the folate receptor. 73,74 Since then many examples have appeared in

the literature of folic acid-conjugates for various application such as radiotherapy, contrast

agents and immuno- or chemotherapy. 70,75,76 A near-infrared dye was conjugated to folic

acid, resulting in a tumor-targeted imaging agent that was shown to accumulate in ovarian

cancer tissue in vivo. 77

FR-mediated endocytosis occurs in caveolae, in a clathrin-independent fashion. 78 The

resulting endosomes have been shown to be recycling and because folic acid retains its high

receptor-affinity inside endosomes, the amount of folate-conjugated drug which is released

inside the cell is limited. The pH of the FR-containing endosomes remains relatively high

(average ∼6.5) and folate-drug conjugates that rely on an acid-cleavable linker system for

drug release have been shown to be ineffective. 76,79 A better strategy is to make use of the

reducing properties of the endosome by introduction of a self-immolative disulfide linker

between folic acid and a drug of choice. 80 The applicability of this approach was shown

by Yang et al. who introduced a FRET pair (BODIPY-FL/rhodamine) onto folic acid via

an S-S linkage (14, Figure 1.10). Upon cleavage of the disulfide linker in the endosomes,

the two dyes are dissociated resulting in loss of the FRET signal and recovery of the green

fluorescent signal. 81 Conjugation of the maytansinoid DM1, a highly cytotoxic drug, to

folic acid via an S-S-containing linker led to selective targeting of and cytotoxicity in FR-

expressing cells. 82 The many successful in vitro and in vivo examples of folate receptor-

mediated targeting open up the way for clinical trials to further investigate the potential of

folate conjugates as targeted immuno- or chemo-therapeutic agents.

Conclusion

The examples highlighted in this chapter show that small-molecule synthetic ligands hold

a lot of promise as targeting entities. Organic chemistry allows for a thorough evaluation

of possible sites of ligand modification and linker systems and for the development of new

classes of ligands for unexplored receptors. Furthermore, synthetic dyes have greatly ad-

vanced the imaging applications and synthetic approaches to cytotoxic molecules such as

carboranes for BNCT are ever expanding. To arrive at clinically relevant targeting entities,
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Figure 1.10: Endosomal uptake via the folate receptor was studied using a FRET dye pair linked
to folic acid via an S-S linker. Irradiation with 488 nm light resulted in a red (595 nm) FRET
signal. Upon cleavage of the disulfide bridge under endosomal reducing conditions, the two dyes were
dissociated and fluorescence emission changed to green (520 nm).

either as diagnostics or therapies, however, in vitro binding assays to assess the ligand-

receptor interaction are insufficient. Biochemical experiments addressing receptor phar-

macology, and the behaviour of the ligand-cargo constructs in a more complex setting such

as cells, tissue or in vivo are essential. When chemistry and biology are highly integrated

much can be gained, as shown by the few examples that have resulted in well-defined

receptor-ligand pairs that can be used for efficient targeting. In that way, a variety of ’magic

bullets’, each with its own target can be accomplished.

Aim and outline of this thesis

The research described in this thesis aims at the development of constructs containing a

receptor-targeting entity covalently bound to biologically active cargo. Chemical and bi-

ological approaches are combined to arrive at the ultimate goal: selective delivery of the

cargo to a cell-type, tissue or organelle of interest. In all cases, a fluorescent dye is incor-

porated to visualize the construct by fluorescence microscopy or in-gel fluorescence scan-

ning. In Chapters 2, 3 and 8, pH-dependent BODIPY dyes are investigated with the aim

to selectively visualize intracellular acidic compartments. Targeted receptors that will be
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discussed include mannose-binding lectins (Chapters 2 and 4), the mannose-6-phosphate

receptor (Chapter 5) and the follicle-stimulating hormone receptor (Chapters 6-9). With

the exception of the work described in Chapter 9, where recombinant FSH is used as the

targeting entity, the ligands that are employed are synthetic and (relatively) low molecular

weight in nature. A variety of cargo is introduced, ranging from an activity-based probe

(Chapters 2 and 5), carboranes for BNCT (Chapter 8) to the protein Hsp70 (Chapter 4). In

the concluding Chapter 10 the findings are summarized and alternative and future strate-

gies towards targeted delivery of these receptors are discussed. Broader applications of

some of the synthesized entities, such as pH-dependent dyes and functionalized carbo-

ranes, are presented here as well.

References

[1] Ehrlich, P. Proc. Roy. Soc. London 1899, 66, 424–448.
[2] Strebhardt, K.; Ullrich, A. Nat. Rev. Cancer 2008, 8, 473–480.
[3] Ehrlich, P. Berichte der deutschen chemischen Gesellschaft 1909, 42, 17–47.
[4] Smith, N. J.; Bennett, K. A.; Milligan, G. Mol. Cell. Endocrinol. 2011, 331, 241–247.
[5] Niculescu-Duvaz, I.; Springer, C. Adv. Drug Delivery Rev. 1997, 26, 151–172.
[6] Dubowchik, G. M.; Mosure, K.; Knipe, J. O.; Firestone, R. A. Bioorg. Med. Chem. Lett. 1998,

8, 3347–3352.
[7] Dubowchik, G. M.; Firestone, R. A.; Padilla, L.; Willner, D.; Hofstead, S. J.; Mosure, K.;

Knipe, J. O.; Lasch, S. J.; Trail, P. A. Bioconjug. Chem. 2002, 13, 855–869.
[8] Kratz, F.; Beyer, U.; Roth, T.; Tarasova, N.; Collery, P.; Lechenault, F.; Cazabat, A.; Schu-

macher, P.; Unger, C.; Falken, U. J. Pharm. Sci. 1998, 87, 338–346.
[9] Ulbrich, K.; Šubr, V. Adv. Drug Delivery Rev. 2004, 56, 1023–1050.

[10] Hopkins, A. L.; Groom, C. R. Nat. Rev. Drug Discovery 2002, 1, 727–730.
[11] Lagerström, M. C.; Schiöth, H. B. Nat. Rev. Drug Discovery 2008, 7, 339–357.
[12] Neves, S. R.; Ram, P. T.; Iyengar, R. Science 2002, 296, 1636–1639.
[13] Pitcher, J. A.; Freedman, N. J.; Lefkowitz, R. J. Annu. Rev. Biochem. 1998, 67, 653–692.
[14] Claing, A.; Laporte, S. A.; Caron, M. G.; Lefkowitz, R. J. Prog. Neurobiol. 2002, 66, 61–79.
[15] Christopoulos, A. Nat. Rev. Drug Discovery 2002, 1, 198–210.
[16] Leach, K.; Sexton, P. M.; Christopoulos, A. Trends Pharmacol. Sci. 2007, 28, 382–389.
[17] May, L. T.; Leach, K.; Sexton, P. M.; Christopoulos, A. Annu. Rev. Pharmacol. Toxicol. 2007,

47, 1–51.
[18] Vassart, G.; Pardo, L.; Costagliola, S. Trends Biochem. Sci. 2004, 29, 119–126.
[19] Jäschke, H.; Neumann, S.; Moore, S.; Thomas, C. J.; Colson, A.-O.; Costanzi, S.; Kleinau, G.;

Jiang, J.-K.; Paschke, R.; Raaka, B. M.; Krause, G.; Gershengorn, M. C. J. Biol. Chem. 2006,
281, 9841–9844.

[20] Moore, S.; Jaeschke, H.; Kleinau, G.; Neumann, S.; Costanzi, S.; Jiang, J.-k.; Childress, J.;
Raaka, B. M.; Colson, A.; Paschke, R.; Krause, G.; Thomas, C. J.; Gershengorn, M. C. J. Med.
Chem. 2006, 49, 3888–3896.

[21] Heitman, L. H.; IJzerman, A. P. Med. Res. Rev. 2008, 28, 975–1011.
[22] van Koppen, C. J.; Zaman, G. J.; Timmers, C. M.; Kelder, J.; Mosselman, S.; van de Lage-

maat, R.; Smit, M. J.; Hanssen, R. G. Naunyn. Schmiedebergs Arch. Pharmacol. 2008, 378,
503–514.

[23] Leopoldo, M.; Lacivita, E.; Berardi, F.; Perrone, R. Drug discov. today 2009, 14, 706–712.
[24] Grima Poveda, P. M.; Karstens, W. F. J.; Timmers, C. M. WO Patent 2006, 2006117368(A1.
[25] van Koppen, C. J.; Verbost, P. M.; van de Lagemaat, R.; Karstens, W.-J. F.; Loozen, H. J.;

van Achterberg, T. A.; van Amstel, M. G.; Brands, J. H.; van Doornmalen, E. J.; Wat, J.;
Mulder, S. J.; Raafs, B. C.; Verkaik, S.; Hanssen, R. G.; Timmers, C. M. Biochem. Pharmacol.
2013, 85, 1162–1170.

14



General introduction

[26] Berque-Bestel, I.; Soulier, J.-L.; Giner, M.; Rivail, L.; Langlois, M.; Sicsic, S. J. Med. Chem.
2003, 46, 2606–2620.

[27] Kuder, K.; Kiec-Kononowicz, K. Curr. Med. Chem. 2008, 15, 2132–2143.
[28] Leopoldo, M.; Lacivita, E.; Passafiume, E.; Contino, M.; Colabufo, N. A.; Berardi, F.; Perrone, R.

J. Med. Chem. 2007, 50, 5043–5047.
[29] Höltke, C.; von Wallbrunn, A.; Kopka, K.; Schober, O.; Heindel, W.; Schäfers, M.; Bremer, C.

Bioconjug. Chem. 2007, 18, 685–694.
[30] Bai, M.; Sexton, M.; Stella, N.; Bornhop, D. J. Bioconjug. Chem. 2008, 19, 988–992.
[31] Sexton, M.; Woodruff, G.; Horne, E. A.; Lin, Y. H.; Muccioli, G. G.; Bai, M.; Stern, E.;

Bornhop, D. J.; Stella, N. Chem. Biol. 2011, 18, 563–568.
[32] Briddon, S.; Middleton, R.; Cordeaux, Y.; Flavin, F.; Weinstein, J.; George, M.; Kellam, B.;

Hill, S. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 4673–4678.
[33] Cordeaux, Y.; Briddon, S.; Alexander, S.; Kellam, B.; Hill, S. FASEB J. 2008, 22, 850–860.
[34] Michel, M. C.; Beck-Sickinger, A.; Cox, H.; Doods, H. N.; Herzog, H.; Larhammar, D.;

Quirion, R.; Schwartz, T.; Westfall, T. Pharmacol. Rev. 1998, 50, 143–150.
[35] Cabrele, C.; Beck-Sickinger, A. G. J. Pept. Sci. 2000, 6, 97–122.
[36] Reubi, J. C.; Gugger, M.; Waser, B.; Schaer, J.-C. Cancer Res. 2001, 61, 4636–4641.
[37] Khan, I. U.; Zwanziger, D.; Böhme, I.; Javed, M.; Naseer, H.; Hyder, S. W.; Beck-

Sickinger, A. G. Angew. Chem. Int. Ed. Engl. 2010, 49, 1155–1158.
[38] Sivaev, I. B.; Bregadze, V. V. Eur. J. Inorg. Chem. 2009, 2009, 1433–1450.
[39] Barth, R. F.; Coderre, J. A.; Vicente, M. G. H.; Blue, T. E. Clin. Cancer Res. 2005, 11, 3987–

4002.
[40] Ahrens, V. M.; Frank, R.; Stadlbauer, S.; Beck-Sickinger, A. G.; Hey-Hawkins, E. J. Med. Chem.

2011, 54, 2368–2377.
[41] Mezo, G.; Manea, M. Expert Opin. Drug Deliv. 2010, 7, 79–96.
[42] Nagy, A.; Schally, A. V.; Armatis, P.; Szepeshazi, K.; Halmos, G.; Kovacs, M.; Zarandi, M.;

Groot, K.; Miyazaki, M.; Jungwirth, A.; Horvath, J. Proc. Natl. Acad. Sci. U. S. A. 1996, 93,
7269–7273.

[43] Nagy, A.; Schally, A. V. Biol. Reprod. 2005, 73, 851–859.
[44] Limonta, P.; Manea, M. Cancer Treat. Rev. 2013, 39, 647–663.
[45] Reubi, J.; Lang, W.; Maurer, R.; Koper, J.; Lamberts, S. Cancer Res. 1987, 47, 5758–5764.
[46] de Jong, M.; Breeman, W. A.; Bernard, B. F.; Bakker, W. H.; Schaar, M.; van Gameren, A.;

Bugaj, J. E.; Erion, J.; Schmidt, M.; Srinivasan, A.; Krenning, E. P. Int. J. Cancer 2001, 92,
628–633.

[47] Breeman, W. A.; de Jong, M.; Kwekkeboom, D. J.; Valkema, R.; Bakker, W. H.; Kooij, P. P.;
Visser, T. J.; Krenning, E. P. Eur. J. Nucl. Med. 2001, 28, 1421–1429.

[48] Becker, A.; Hessenius, C.; Licha, K.; Ebert, B.; Sukowski, U.; Semmler, W.; Wiedenmann, B.;
Grötzinger, C. Nat. Biotechnol. 2001, 19, 327–331.

[49] Mier, W.; Gabel, D.; Haberkorn, U.; Eisenhut, M. Z . Anorg. Allg. Chem. 2004, 630, 1258–1262.
[50] Betzel, T.; Heß, T.; Waser, B.; Reubi, J.-C.; Roesch, F. Bioconjug. Chem. 2008, 19, 1796–1802.
[51] Bies, C.; Lehr, C.-M.; Woodley, J. F. Adv. Drug Delivery Rev. 2004, 56, 425–435.
[52] Ratner, D. M.; Adams, E. W.; Disney, M. D.; Seeberger, P. H. ChemBioChem 2004, 5, 1375–

1383.
[53] Kononov, L. O.; Orlova, A. V.; Zinin, A. I.; Kimel, B. G.; Sivaev, I. B.; Bregadze, V. I. J.

Organomet. Chem. 2005, 690, 2769–2774.
[54] Tietze, L. F.; Bothe, U.; Griesbach, U.; Nakaichi, M.; Hasegawa, T.; Nakamura, H.; Ya-

mamoto, Y. Bioorg. Med. Chem. 2001, 9, 1747–1752.
[55] Tietze, L. F.; Griesbach, U.; Schuberth, I.; Bothe, U.; Marra, A.; Dondoni, A. Chem. Eur. J.

2003, 9, 1296–1302.
[56] East, L.; Isacke, C. M. Biochim. Biophys. Acta 2002, 1572, 364–386.
[57] Taylor, M. E.; Conary, J.; Lennartz, M.; Stahl, P. D.; Drickamer, K. J. Biol. Chem. 1990, 265,

12156–12162.
[58] Taylor, M. E.; Bezouska, K.; Drickamer, K. J. Biol. Chem. 1992, 267, 1719–1726.
[59] Figdor, C. G.; van Kooyk, Y.; Adema, G. J. Nat. Rev. Immunol. 2002, 2, 77–84.
[60] Taylor, M. E.; Drickamer, K. J. Biol. Chem. 1993, 268, 399–404.
[61] Mitchell, D. A.; Fadden, A. J.; Drickamer, K. J. Biol. Chem. 2001, 276, 28939–28945.
[62] Feinberg, H.; Mitchell, D. A.; Drickamer, K.; Weis, W. I. Science 2001, 294, 2163–2166.
[63] Kikkeri, R.; Lepenies, B.; Adibekian, A.; Laurino, P.; Seeberger, P. H. J. Am. Chem. Soc. 2009,

131, 2110–2112.

15



Chapter 1

[64] Hoogendoorn, S.; Habets, K. L.; Passemard, S.; Kuiper, J.; van der Marel, G. A.; Florea, B. I.;
Overkleeft, H. S. Chem. Commun. 2011, 47, 9363–9365.

[65] Zhu, Y.; Jiang, J.-L.; Gumlaw, N. K.; Zhang, J.; Bercury, S. D.; Ziegler, R. J.; Lee, K.; Kudo, M.;
Canfield, W. M.; Edmunds, T.; Jiang, C.; Mattaliano, R. J.; Cheng, S. H. Mol. Ther. 2009, 17,
954–963.

[66] Zhu, Y.; Li, X.; Mcvie-Wylie, A.; Jiang, C.; Thurberg, B.; Raben, N.; Mattaliano, R.; Cheng, S.
Biochem. J 2005, 389, 619–628.

[67] Gary-Bobo, M.; Nirdé, P.; Jeanjean, A.; Morère, A.; Garcia, M. Curr. Med. Chem. 2007, 14,
2945.

[68] Vidil, C.; Morère, A.; Garcia, M.; Barragan, V.; Hamdaoui, B.; Rochefort, H.; Montero, J.-L.
Eur. J. Org. Chem. 1999, 1999, 447–450.

[69] Barragan, V.; Menger, F. M.; Caran, K. L.; Vidil, C.; Morère, A.; Montero, J.-L. Chem. Commun.
2001, 85–86.

[70] Leamon, C. P.; Low, P. S. Drug discov. today 2001, 6, 44–51.
[71] Antony, A. Blood 1992, 79, 2807–2820.
[72] Lu, Y.; Low, P. S. Adv. Drug Delivery Rev. 2012, 64, 342–352.
[73] Leamon, C. P.; Low, P. S. Proc. Natl. Acad. Sci. U. S. A. 1991, 88, 5572–5576.
[74] Low, P. S.; Henne, W. A.; Doorneweerd, D. D. Acc. Chem. Res. 2007, 41, 120–129.
[75] Sudimack, J.; Lee, R. J. Adv. Drug Delivery Rev. 2000, 41, 147–162.
[76] Xia, W.; Low, P. S. J. Med. Chem. 2010, 53, 6811–6824.
[77] Tung, C.-H.; Lin, Y.; Moon, W. K.; Weissleder, R. ChemBioChem 2002, 3, 784–786.
[78] Anderson, R.; Kamen, B. A.; Rothberg, K. G.; Lacey, S. W. Science 1992, 255, 410–411.
[79] Yang, J.; Chen, H.; Vlahov, I. R.; Cheng, J.-X.; Low, P. S. J. Pharmacol. Exp. Ther. 2007, 321,

462–468.
[80] Vlahov, I. R.; Leamon, C. P. Bioconjug. Chem. 2012, 23, 1357–1369.
[81] Yang, J.; Chen, H.; Vlahov, I. R.; Cheng, J.-X.; Low, P. S. Proc. Natl. Acad. Sci. U. S. A. 2006,

103, 13872–13877.
[82] Ladino, C. A.; Chari, R. V.; Bourret, L. A.; Kedersha, N. L.; Goldmacher, V. S. Int. J. Cancer

1997, 73, 859–864.

16


