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Chapter 1 

General introduction1 

 

Immune response during host infection and its orchestration 

The defense of the host against infection is critically dependent on the innate immune system. 
Mucus, tears, the skin, endothelial cells, and the enzymes of the digestive tract are just a few of the 
mechanisms with which the host attempts to avoid infection and combat intruders.2 This multi-
layered system can be seen as the defense of a fortress; with moats, palisades, and wall all 
contributing to keeping out the invading hordes. Despite these multiple layers, breaches of this 
defense can still occur. This is where the adaptive immune system plays its vital role. The host 
constantly samples the interior with cells bearing Pattern Recognition Receptors (PRRs); best 
described as guards patrolling behind the stone buttresses of the fortress.  

PRRs recognize Pathogen-Associated Molecular Patterns (PAMPs) that are evolutionary highly 
conserved.3 They have evolved to recognize molecules that are critical for pathogen survival. A 
mutation in the PAMPs will almost always result in decreased pathogen viability, which prevents 
the pathogen to escape detection by mutagenesis. It has become apparent that a wide variety of 
PAMPs exist, enabling the host to detect a large group of pathogens quickly – without having 
encountered the pathogen before - via this innate immunity (Figure 1).4 PRRs can be divided into 
two groups: the cytoplasmic receptors and the membrane bound receptors.  

 

Figure 1. Overview of various PRRs and their respective ligands and cellular localization. Cytosolic 
recognition is initiated by NLRs and RLRs, whereas the membrane-bound receptors are responsible for 
either endosomal (TLRs) or extracellular (TLRs and C-type lectins) recognition.  

The first group includes the nucleotide-binding oligomerization domain-like I (NLRs)5 and 
retinoic acid-inducible gene-I-like receptors (RLRs)6, and the second group includes receptors such 
as the C-type Lectin Receptors (CLRs)7 and the Toll-Like Receptors (TLRs).8 
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Activation of these receptors lead to the start of the immune response, which includes the innate 
response (e.g., neutrophil recruitment), but also the adaptive immune response, in which a more 
tailored response to the pathogen is mounted.  

For this latter response, the pathogen is proteolytically processed and one or more epitopes are 
generated from this process and presented on the surface of an antigen presenting cell, which can 
be sampled by T-cells. The activation of the PRR on the APC then translates to two additional 
signals: the co-stimulatory signal (upregulation of CD80 and CD86)9, and the secretion of 
cytokines that induce responses appropriate for the pathogen family that induced the initial PRR 
trigger. Once activated by these three signals, the T-cells can orchestrate the anti-pathogen 
response, through direct killing of infected cells or the activation of the appropriate other families 
of immune cells through cytokine signaling. They can also form long-lived memory cells, which 
allow a faster recognition and immune response during a second infection with the same 
pathogen.10 This combination of PRR ligands and a source of epitopes provides the framework 
within which some modern synthetic vaccines are conceptualized11: one or more ligands for these 
PRRs are co-delivered with a source of pathogen polypeptide (from whole cell to minimal peptides) 
that allows the activation of T-cells in a manner appropriate for the pathogen against which the 
vaccine is aimed; albeit bacterial, viral or tumor.12 The proper combination of PRR-ligands remains 
a hurdle and often lies at heart of vaccine failure.13  

One of the reasons for this is that certain aspects of PRR-biology remain poorly understood. The 
effect of the location of binding, kinetics, and multivalency of the ligation (when multiple receptors 
are activated at the same time) on signaling outcomes are not yet known. One PRR can bind 
multiple ligands at different sites within the receptor leading to different responses, whereas one 
ligand is able to bind to multiple different PRRs14 thereby modulating the overall response.15 PRRs 
engage in crosstalk and cellular localization of the PRR at the moment of activation can lead to 
vastly different signaling outputs.16 Taken together, intracellular – but also intercellular – signaling 
events within the context of the immune system is quite complex. The toolbox from which the 
experimental biologist has to pick from to investigate these signaling events is not fitted to deal 
with such complexity without having to compromise conclusions with significant assumptions. 
The use of fusion proteins renders many PRRs inactive, and the modification of fluorophores to 
the ligands – in many cases chemically non-trivial – may also significantly alter the properties of 
the ligands. The use of inhibitors of specific pathways is also fraught with dangers relating to 
unexpected side-effects and/or off-targets.17 

The recent emergence of a multidisciplinary approach to answering biological questions aided by 
design and synthesis of molecules can procure tools that are neatly fitted to the experiment. This 
thesis describes the process of designing and synthesizing chemical tools that adhere to specific 
experimental conditions, culminated through continuous feedback from close-collaborating 
immunobiological experimentalists. This process is contextualized within Toll-Like Receptors, 
combined with their respective ligands using photo- and/or chemo-protecting groups. The 
following paragraphs will explore these topics, with a focus on the Toll-Like Receptors, more deeply 
to aid in appreciating the experiments performed and described throughout this thesis. 
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Toll-Like Receptors 

There are 13 TLR subsets within the mammalian family, of which TLR1 to TLR9 are conserved 
between humans and mice.18 Humans have lost the ability to produce TLR11 to TLR13 whereas 
mice have lost functional TLR10.19 The structural feats of the TLRs are similar, consisting of an 
N-terminal ectodomain, one transmembrane domain and a C-terminal cytosolic Toll-interleukin-
1 receptor (TIR) domain.20 The ectodomain is characterized by leucine-rich repeats which adopt a 
structural motif resemblant of horseshoe, and are involved with ligand recognition. The TIR 
domain is responsible for the recruitment of signaling proteins in the cytosol upon TLR 
activation.21 Based on the predominant cellular localization of the TLRs prior to activation, they 
can be grouped into two classes: TLR1, TLR2 and TLR4 to TLR6 mainly reside on the plasma 
membrane, whereas TLR3 and TLR7 to TLR9 are localized intracellularly (Figure 2).16  

 

TLRs dimerize upon ligand binding.20 Most TLRs homodimerize, one exception being TLR2 and 
its interaction partners: it can heterodimerize either with TLR1 or TLR6.22,23 PAMP-binding-
induced dimerization initiates signal transduction pathways leading to the transcription of genes 
crucial to host defense. These genes code for pro-inflammatory cytokines and type I interferons 
(IFN-I).24 Pro-inflammatory cytokine production is induced by the transcription factor nuclear 
factor κB (NF-κB) which translocates to the cell nucleus upon TLR activation.25 Pro-inflammatory 
cytokines mature cells of the innate immune system and appropriately initiate and organize the 
adaptive immune response. Production of IFN-I is in turn induced by activation of the members 
of the interferon regulatory transcription factor (IRF) family.26 IFN-I is involved in a more direct 
way of inhibiting microbial cell growth, through the transcription of genes with direct antiviral 
activities.  

Figure 2. Localizations of TLRs when activated by their respective canonical ligands.  
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Plasma membrane-residing TLRs are perpetually exposed to the extracellular environment in which 
encountering certain PAMPs is more likely. TLR2/1 and TLR2/6 are able to detect the presence 
of Gram-positive cell wall components such as peptidoglycans and glycolipids as well as viral 
structural proteins, whereas TLR4/TLR4 can detect Gram-negative cell wall components such as 
lipopolysaccharide (LPS).27–29 TLR5/TLR5 senses the presence of flagellin, another highly 
evolutionary conserved molecular motif critical for microbial locomotion.30 

The TLRs that are exposed to the intracellular environment are sensitive towards nucleic acids 
derived from microbial origin. The main entry for pathogens is through endocytosis or 
phagocytosis, and thus these TLRs are found predominantly along these pathways. Presence of 
these receptors in other subcellular sites may lead to self-sensing of host-derived nucleic acids and 
may explain why these receptors are restricted to endosomes and phagosomes.31 TLR3 senses viral 
double-stranded RNA32, TLR7 and TLR8 recognize viral single-stranded RNA33,34 and TLR9 
senses DNA with a high recurrence of unmethylated 5’-Cytosine-Guanine-3’ (CpG) motifs.35 

Although TLRs are still grouped today as residing in either the plasma membrane or endosomes, it 
recently became evident that some TLRs have the ability to signal both from the plasma membrane 
and intracellular vesicles.16 More interestingly, the cytokine production profile is different when 
the TLR is activated from these distinct localizations.36 This effect was first discovered for TLR4, 
which was shown to be able to induce both NF-kB and IRF activation depending on its localization 
upon ligand engagement (Figure 3).  

 

Figure 3. Proposed mechanism for distinct signal transduction pathways for TLR4. Dashed lines represent 
trafficking pathways; solid lines represent signaling pathways.  
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Several strategies have since emerged to explore this spatial-dependent activation more deeply. 
Endocytosis inhibitors restrict trafficking of the TLRs and thus offer insight in sequestered 
populations of TLRs.37,38 Anti-TLR antibodies not only enable the visualization of TLRs during 
activation-induced translocation of the receptors, but can also prevent ligands to interact with 
certain receptor populations. Although valuable, these tools come with their disadvantages: specific 
antibodies against TLRs are difficult to obtain and endocytosis inhibitors do not only affect TLR 
trafficking events. TLRs have been recombinantly modified with tags against which an antibody is 
available, or fused to fluorescent proteins to address the issue of obtaining anti-TLR antibodies. 
However, fusion of TLRs with a tag or fluorescent moiety may interfere with receptor signaling 
and/or ligand binding. Thus, these techniques are not able to observe TLR signaling processes 
without substantial perturbation of the natural signaling mode-of-action. To study isolated TLR 
signaling events with minimal alteration to the TLR-signaling platform an alternative strategy is 
explored in this thesis, namely the use of conditionally controlled ligands: molecules that are only 
able to activate TLRs when exposed to a non-natural, spatial restricted trigger.   

Conditionally controlled ligands 

Conditionally controlled TLR ligands are a class of reagents new to field of TLR that show promise 
of unraveling the above-mentioned spatial – but also temporal – complexity exhibited by the TLR 
signaling processes. Spatial context can never be imposed when using canonical or synthetic TLR 
ligands, as they can only activate the TLR-expressing cells in bulk and thus, spatial restrictions have 
to be implemented in ways that can perturb the system such as co-administering endocytosis 
inhibitors as described above. A more elegant approach has recently surfaced, in which spatial 
restrictions have been incorporated as an inherent property of the TLR ligands. This is done by 
shielding a position within the ligand that is imperative for activation to occur, effectively 
inactivating the ligand. This protecting group can be conditionally removed; for example, by 
irradiating a specific volume of the sample with light when using a photolabile protecting group 
(‘photocage’) or, as proposed in this thesis, by treating the sample with uncaging reagents that are 
directed to endosomes or phagosomes when using a chemically labile protecting group 
(‘chemocage’). 

Photocages 

Photocages have been applied (Figure 4) in the design of caged Resiquimod (TLR7/8)39 1, 
Pam2CSK4 (TLR2/6)40 2, pyrimido[5,4-b]-indole 3 (TLR4)41 and CpG-containing 
oligodeoxynucleotides (TLR9)42 4. In the case of compound 2 it was found that the ligand was still 
able to bind TLR2 but inhibited dimerization with TLR6. This property allows for an even 
distribution of the ligand prior to activation and enables TLR dimerization and cytokine 
monitoring within minutes after ‘pulling the trigger’ (Chapter 2). These chemical tools enabled 
constraining a volume within the sample to be activated, usually by virtue of a strategically placed 
mask over the sample. However, the experiment is limited by the scattering of UV photons, as 
BMDCs rapidly move outside of the irradiation area, and phototoxicity induced by the high-energy 
UV-irradiation39 necessary for these specific photocages.  
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Figure 4. Photocaged TLR ligands. Photocages are indicated in blue whereas the amine critical for activity 
is indicated in red. A) Resiquimod protected with 2‐(2‐nitrophenyl)propoxycarbonyl (NPPOC). B) 
Fluorescein (FAM)-conjugated Pam2CSK4K(FAM) protected with NPPOC. C) A pyrimido[5,4-b]-indole 
protected with nitroveratryloxycarbonyl (NVOC). D) A phosphorothioate-linked thymidine residue as 
located in a CpG-bearing oligodeoxynucleotide protected with 6-nitropiperonyloxymethyl (NPOM). 

Two-photon labile cages pose an obvious answer to some of these limitations, although they would 
have to be compatible with the synthetic route as the photoprotection step is not usually the final 
reaction in the synthetic plan. These cages contain highly conjugated systems often with strong 
electron donor/acceptor couples.43 These properties increase both the number of photons that can 
be absorbed within a timeframe, and the time within which two photons can arrive in the system 
to allow electron transition. In such a system, two photons of 700 nm can be absorbed to allow an 
energetic transition of 350 nm, thus limiting UV-induced phototoxicity. Two photon absorption 
is quadratically dependent on the light intensity, whereas single photon absorption is linearly 
dependent on light intensity. This nonlinear scaling means that it will dominate over one photon 
absorption only at higher intensities. This necessitates the use of ultrashort pulse lasers, as normal 
LEDs or lasers are unable to reach the photon intensities required to observe significant two-photon 
absorption. Moreover, the light emitted has to be coherent for 2-photon absorption to occur, a 
property expressed by lasers but not LEDs. Pulse lasers build up energy over a microsecond 
timescale and release a pulse of coherent light over an interval in the femtosecond timescale, having 
a repetition rate of 50-500 MHz. Although these setups are costly, they are capable of irradiating 
volumes in the femtoliter range.44 
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Figure 5. Examples of photo- and chemocages. Yellow box: compound 1 is a coumarin-4-ylmethyl based 
photocage45 and compound 2 is a halogenated BODIPY-derived photocage46. Blue box: Several examples of 
bio-orthogonal chemo-uncaging, including removal of propargyl47 by transition metals (3), modified 
Staudinger reactions(4)48,49 or inverse electron-demand Diels-Alder (IEDDA) reactions employing 
isocyanides(5)50, vinyl ethers(6)51,52, benzonorbornadienes(7)53 with tetrazine derivatives. 

Nitrobenzyl cages 

Many conditionally controlled ligands used in biological experiments still make use of 2-
nitrobenzyl derived photocages. In the past decade a lot of attention has been focused on photocages 
with improved photochemical properties over the 2-nitrobenzyl derivatives. These include 
coumarin-4-ylmethyl45-, BODIPY46-, arylcarbonylmethyl54- and metal55-based photoremovable 
protecting groups (Figure 5). Alternatively, the 2-nitrobenzyl core can be extended with a 
conjugated ring system to enhance its molar attenuation coefficient ε (its efficiency in absorbing 
photons). This can enable two-photon absorption as it dramatically reduces the light intensities 
required before significant uncaging occurs.56,57 The chemical robustness of these next-generation 
2-nitrobenzyl cages make them appealing to use in synthetic routes in which the product has yet to 
be exposed to multiple reagents. The simplified mechanism with which the 2-nitrobenzyl cages are 
cleaved can be seen below (Scheme 1) and has been reviewed extensively.58–60  

λ(max) 538 nm 
ε at λ(max) 61000 M-1cm-1 
Solvent MeOH 
ϕ(u) at 507 nm 0.28 

 

λ(max) 450 nm 
ε at λ(max) 43000 M-1cm-1 
Solvent PBS 
ϕ(u) at 450 nm 0.39 
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Scheme 1. Deprotection mechanism of benzylic-substituted 2-nitrobenzyls.58 Irradiation leads to an excited 
singlet state, which quickly crosses to an excited triplet state. From here, a hydrogen atom is abstracted from 
the benzylic carbon to the nitro-group. The radicals rearrange to form the aci-nitro intermediate. This 
intermediate forms a 5-membered ketal ring which collapses to form the nitroso byproduct and liberates the 
carbamic acid. 

Chemocages 

An alternative to photocaging is the use of chemocages. They can be viewed similarly as protecting 
groups used in organic synthesis, with the important criterion that the uncaging conditions have 
to be bio-orthogonal. Early examples include removal of alloc61 or propargyl47 by transition metals, 
modified Staudinger reactions48,49 or inverse electron-demand Diels-Alder (IEDDA) reactions 
employing isocyanides50, benzonorbornadienes53, vinyl ethers51,52 or cyclooctynes62 with tetrazine 
derivatives. Extra criteria must be added to warrant the use of chemical protecting groups in the 
context of conditionally controlled TLR ligands. A suitable cage would have to 1) be stable, as 
TLRs are highly sensitive for small amounts of free, uncaged ligand due to a positive feedback loop 
exerted by the signaling cascade, 2) uncage quickly, as transcription of the first cytokines start 
within 15 minutes of activation63,64, and 3) be spatial controllable in its uncaging, in other words 
its uncaging reagents have to be directable specifically to endosomes. One such reaction was 
discovered in 2008 by Fox and co-workers:  trans-cyclooctenes (TCOs) ligate with tetrazines with 
a rate of 2000 M-1s-1, enabling fast and quantitative reactions at low concentrations.65 In 2013, 
Robillard and co-workers modified the TCO to include a hydroxyl functionality at the 2-position66, 
onto which a payload can be loaded that is released upon tetrazine ligation. The mechanism with 
which a TCO releases its payload is depicted in Scheme 2.67–70  
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Scheme 2. The ligation and consequent elimination of 2-O-substituted trans-cyclooctenes with tetrazines.  

 

Outline of this thesis 

The lack of chemical tools to study spatiotemporal effects in TLR signaling is addressed in Chapter 
2. The TLR2/6 ligand Pam2CSK4 has been caged with a trans-cyclooctene on its N-terminal amine. 
This resulted in a ligand that binds to TLR2, but only induces activation through 
heterodimerization with TLR6 when tetrazine is present. This is verified through assessment of 
functional outcome (cytokine production) as well as visualization of nuclear translocation of 
fluorescently labeled NF-κB in mouse cells. Interestingly, when the experiment was repeated in 
human cells, significant TLR2 activity was displayed also in the absence of tetrazine. A variety of 
modifications on the ligand has been tested and resulted in a ligand that is desensitized to activate 
TLR2/6 in the absence of tetrazine, even in primary human cells.  

Chapter 3 describes the synthesis of several TLR ligands that have a TCO on a position that is 
critical for TLR activation. The strategy described in Chapter 2 is extended and applied to ligands 
for TLR7, TLR8 and TLR9. A TCO-caged deoxycytidine has been made amenable for solid-phase 
oligonucleotide synthesis to produce caged CpG-containing DNA fragments. Lastly, the concept 
of caged TLR ligands is extended towards an in vivo application in which an anti-tumor antibody 
has been conjugated to a TLR7/8 ligand, Resiquimod, through a bifunctional TCO. Some tetrazine 
derivatives have been shown to be non-toxic in concentrations necessary to effect dissociation of 
TCO and its payload71 and thus potentially can be exploited to initiate TLR downstream signaling 
within the tumor environment.  

In Chapter 4, various known photocages are modified to include a second functionality that enables 
conjugation to a nucleophile. This effectively led to a light-labile linker, or ‘photo-linker’. The 
second functionality broadens the scope of its utility to be included in-line as a building block in 
solid-phase peptide and DNA/RNA synthesis to create photolabile peptide or DNA/RNA 
sequences. Moreover, it also offers a platform to alter some of the photocage’s properties such as its 
aqueous solubility by introducing hydrophilic moieties. One of the next-generation 2-nitrobenzyl 
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photocages, NPBF56, has also been modified such that conjugation to two molecules of interest is 
now possible.  

Chapter 5 offers a summary of the above research and some suggestions for future applications. For 
example, the above-mentioned modified NPBF linker has been applied in the synthesis of a 
conjugate able to eradicate chemotherapeutic-resistant multiple-myeloma cells in vitro. The linker 
has also been used as a probe that can tag CD8+ T cells in human primary tumor tissue and enables 
isolation of cells of interest on a single cell resolution, both upon low-dose photo-irradiation. 
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Chapter 2 

Conditionally controlled TLR2/6 ligands1,2 

 

Introduction 

Toll-like receptor 2 (TLR 2) is localized on the surface plasma membrane. Like most TLRs, it is 
expressed predominantly in dendritic cells and macrophages.3 Agonist binding and 
heterodimerization with either TLR1 or TLR6 initiates downstream signaling transduction.4,5 The 
acylation pattern of the ligand dictates which dimer is stabilized: Pam3CSK4 (Figure 1C) engages 
the TLR2/1 signaling pathway6, whereas Pam2CSK4 engages the TLR2/6 signaling pathway.4,5 

 

 

Figure 1. Ligand binding of Pam2CSK4 to TLR2/6 A) Surface rendering of the crystal structure of 
Pam2CSK4-bound TLR2/64. Key interacting residues are highlighted with putative hydrogen bond lengths 
(Å). B) Schematic representation of A). Depicted in orange are TLR2 residues, depicted in blue a TLR6 
residue. Green dashed lines represent potential hydrogen bonds with calculated distances noted in Ångström 
units of length. The four C-terminal lysine residues of the ligand have no interaction with the TLR2/6 
complex. The two palmitoyl tails fit inside a hydrophobic pocket present on TLR2. C) Structures of 
Pam2CSK4 and Pam3CSK4. 

Crystal structure analysis of the TLR2/1-Pam3CSK4 complex revealed that two palmitoyl tails of 
Pam3CSK4 are anchored within a hydrophobic pocket inside the TLR2 ectodomain.5 The third 
palmitoyl tail, present on the N-terminus of the ligand, bridges the gap between TLR2 and TLR1 
and is anchored within a hydrophobic tunnel of the TLR1 ectodomain, facilitating stabilization of 
the dimer. When considering the TLR2/6 dimer however, the hydrophobic tunnel in TLR6 
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(structurally similar to TLR1) is blocked by the side-chains of two phenylalanine residues, 
precluding anchoring of the palmitoyl tail and thus binding with Pam3CSK4.4 Instead, another 
phenylalanine residue (F319, Figure 1B) is located on the dimerization interface, capable of 
forming a hydrogen bond with the cysteine-serine amide bond in the ligand. For this interaction 
to occur any acylation on the N-terminus of the ligand is excluded, thus Pam2CSK4 gains selectivity 
for TLR2/6 whereas Pam3CSK4 is selective for TLR2/1.  

Recently, it became evident that not only the ligand structure can dictate signaling outcome of 
TLRs, but also the cellular localization in the cell where the receptor is activated.7,8 This was first 
exemplified in the activation of TLR4, signaling events of which induce the production of pro-
inflammatory cytokines and type I interferons (IFN-I).9 Presence of inhibitors that block 
endocytosis prevented the production of IFN-I, but not of pro-inflammatory cytokines.7,8 The 
signaling pathways are differentially engaged through recruitment of specific adaptor proteins on 
the cytosolic domain of TLR dimers. It is now believed the spatially distinct pathways are engaged 
in a sequential manner, meaning the adaptor molecule responsible for pro-inflammatory cytokine 
production is displaced by recruitment of the adaptor protein responsible for IFN-I production as 
the TLR4-ligand complex translocates to endosomes.  

The signaling platforms present on cell surface-residing TLR2 resemble that of TLR4, both 
recruiting TIRAP and MyD88 to activate NF-κB. However, different adaptors are recruited in 
endosomally localized TLRs. Yet not much is known about the bifurcation of TLR2 signaling, in 
part due to the lack of chemical tools in the immunologist’s repertoire. Until now, endocytosis 
inhibitors were the prime choice of reagent to probe for spatiotemporal effects, but these can 
perturb other cellular processes to such extent that experimental outcome cannot be entirely 
conclusive.10 

A ligand’s activity needs to be spatially and temporally controlled in order to accurately decouple 
spatiotemporal complexity in TLR activation. The aim was therefore to synthesize TLR2/6 ligands 
that were able to be activated on demand, with the ultimate goal of decoupling endosomal 
activation from cell surface TLR activation. Mancini et al. found that protecting the N-terminal 
amine of Pam2CSK4 with an ortho-nitrobenzyl (o-NB) derived biologically compatible protecting 
group – or ‘cage’ – precludes TLR2/6 dimerization, but not binding to TLR2.11 This enables 
pretreatment of cells with the caged ligand, priming all the TLR2s for dimerization. Removal of 
the cage by applying light as an external trigger restored dimerization with TLR6 thus achieving 
temporal control over TLR activation. Spatial control is limited by the accuracy with which the 
apparatus can irradiate the sample, the scattering of the UV-photons as well as the minimum 
irradiation time (as BMDCs rapidly move outside the irradiation area within the minimum 
timeframe needed to photo-uncage12).  

Although these limitations can be overcome with two-photon irradiation, where volumes as small 
as 1 femtoliter can be irradiated with near-IR light13, the aim was to explore the use of chemo-labile 
cages to selectively activate TLRs in endosomes. To this end, a suitable cage would have to 1) be 
stable, as TLRs are highly sensitive for small amounts of free ligand due to a positive feedback loop 
exerted by the signaling cascade, 2) uncage quickly, as transcription of the first cytokines start 
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within 15 minutes of activation14,15, and 3) be spatial controllable in its uncaging: its uncaging 
reagents have to be directable specifically to endosomes.  

One such cage was discovered in 2008 by Prof. Joseph Fox. The Fox lab discovered that trans-
cyclooctenes (TCOs) ligate with tetrazines with a rate of 2000 M-1s-1, enabling fast and quantitative 
reactions at low concentrations (Figure 2).16 In 2013, Marc Robillard and co-workers modified the 
TCO to include a hydroxyl functionality at the 2-position that would allow it to function as a bio-
compatible release reaction.17 

 

Figure 2. Ligation of a tetrazine and 2-alkoxy-TCO. Inverse electron demand Diels-Alder ligation of the 
tetrazine with the TCO leads to expulsion of nitrogen and formation of the adduct. Tautomerization leads 
to two structural isomers of which one is primed for consequent elimination. Structures of tetrazines 
employed in this chapter are given. 

Amines that are coupled to this hydroxyl through a carbamylation are released upon ligation of 
tetrazine and subsequent tautomerization. As the axial isomer of the hydroxyl is more reactive and 
less sterically hindered towards elimination, isolation of this isomer comes with a rate constant of 
7.9 * 104

 M-1s-1 in water at 20 °C. This pioneering work initiated the possibility of bio-orthogonally 
uncaging quantitatively, in a short timeframe at low concentrations with a reagent that appears 
non-toxic, even in vivo.18,19 The tetrazine reaction partner can be modified to alter the reaction 
kinetics20, or to restrict cell permeability by incorporating ionic substituents or by immobilization 
onto a surface. For a fast ligation one R-substituent needs to have an electron-withdrawing 
character, whereas the elimination step is heavily reliant on the second R-substituent to be non-
electron-withdrawing. Building on this knowledge, tetrazine 37 (Figure 2) was developed by the 
group of Peng Chen, to exert the highest uncaging activity in living cells.20 Since then Sarris and 
co-workers have developed even faster tetrazines, carrying aminoethyl substituents at the para-
position.21 
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Figure 3. A strategy to activate intracellular TLRs. First the cells are treated with tetrazine-coated 
nanoparticles which are taken up through phago- and endocytic pathways. After a stringent washing 
procedure, the cells are treated with TCO-caged TLR-ligand. Liberation of the ligand from its cage should 
now be prevalent in intracellular vesicles as opposed to the extracellular environment. 

It was envisaged that the localization of tetrazines in endosomes by immobilization of tetrazine 38 
onto nano-sized amine-coated beads could yield endosome-selective deprotection agents. These 
beads would be endocytosed by the DC or macrophage, after which a stringent washing procedure 
would remove all remaining extracellular beads. Treatment with the caged ligand would then result 
in accumulation of free ligand only inside endosomes carrying the tetrazine beads. Alternatively, 
were the tetrazine to be sufficiently derivatized with electron-withdrawing groups, the reaction rate 
of elimination drops to zero whilst maintaining proper ligation kinetics. It was envisaged that 
decoration of such a tetrazine with cell permeability-restricting entities would lead to a valuable 
tool to inactivate TCO-bearing species on the cell surface. In other words, treatment of cells that 
are primed with caged ligand with such a tetrazine would result in permanently inactive surface-

residing only TLR-ligand complexes. A second treatment with a cell-permeable tetrazine would then 
uncage all endosomally localized ligands. These are two hypothetic examples with which the TCO-
tetrazine reaction can be used to spatially control TLR activity. In the context of TLR2/6, the 
lipopeptide Pam2CSK4 had to be functionalized with axial 2-TCO on the N-terminal amine. Cis-
cyclooctene does not ligate with tetrazine at a significant reaction rate, but the similarity in the 
chemophysical properties makes it a useful control compound. Thus, both TCO- and CCO-
bearing ligands were synthesized in parallel.  

 

Results and Discussion 

The synthesis of Pam2CSK4 and its protected derivatives focused on obtaining chirally pure R-
Pam2Cys, as the S-epimer of Pam2CSK4 is significantly less active.22 This building block was 
obtained on gram-scale starting from relatively cheap starting materials as illustrated in Scheme 1.23 
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Scheme 1. Synthesis of chirally pure Fmoc-Pam2Cys-OH (R-epimer) building block on multi-gram scale. 
a) t-butyl acetate, 70% HClO4, r.t., 75 hrs, qt.; b) Fmoc-OSu, N-methyl morpholine, THF, r.t., 2 hrs, 
68%; c) (i) Zn powder (10 µm), 93:6:1 MeOH:37% HCl (aq.):98% H2SO4, r.t., 15 min (ii) R-(+)-glycidol, 
r.t., 72 hrs, 78%; d) Palmitic acid, diisopropylcarbodiimide, DMAP, DCM, r.t., o.n., 95%; e) TFA, r.t., 1 
hr, qt. 

L-Cystine was protected as a tert-butyl ester in a transesterification reaction catalyzed by perchloric 
acid after which a fluorenylmethyl oxycarbonyl was installed on both amines. The disulfide bridge 
was reduced using activated zinc powder in an acidic environment after which enantiopure R-
glycidol was added to alkylate the liberated thiol in a one-pot procedure. The zinc powder was 
observed to aggregate 10 minutes after the addition of the acidic mixture which corresponded with 
completion of the disulfide reduction. Interestingly, when the zinc powder was removed at this 
stage, addition of R-glycidol did not result in any product formation, whilst robust product 
formation was observed in the flask that did contain zinc. This indicated an – as yet unidentified – 
functional role of the zinc in the alkylation step. Esterification with palmitic acid, di-
isopropylcarbodiimide and a catalytic amount of DMAP resulted in di-protected compound 4. 
Removal of the tert-butyl group with neat TFA yielded Fmoc-Pam2Cys-OH 5 in a 50% overall 
yield on a multi-gram scale. 

A facile method of synthesizing (caged) Pam2CSK4 derivatives is by making use of Fmoc-based 
solid-phase peptide synthesis (SPPS) as the CN synthesis allows the introduction of the TCO in 
the final step. The relatively labile TCO therefore did not have to endure multiple coupling and 
deprotection steps. However, global deprotection often involves highly concentrated mixtures of 
TFA, observed to have the potential to isomerize or even eliminate 2-oxo-trans-cyclooctenes. 
Global deprotection strategies involving basic conditions may in turn hydrolyze the palmitoyl esters 
present on the cysteine residue. Therefore, a strategy was chosen where global deprotection can be 
carried out in dilute TFA using monomethyltrityl (MMTrt) protecting groups and the highly acid 
labile S-Ac linker. 



Chapter 2 | Conditionally controlled TLR2/6 ligands 

20 
 

 

 

Scheme 2. Synthesis of TCO/CCO-caged P2CSK4. Reagents and conditions: a) Fmoc-Lys(MMTrt), 
diisopropylcarbo-diimide, DMAP, r.t., o.n.; b) (i) 20% piperidine in DMF, r.t., 10 min (3x) (ii) amino acid 
(0.6 M in DMF), HCTU (0.6 M in DMF), DiPEA (0.6 M in DMF), r.t., 2 hrs (iii) 5% acetic anhydride 
in DMF (containing 0.1 M DiPEA), r.t., 10 min; c) (i) 20% piperidine in DMF, r.t., 10 min (3x) (ii) 
HCTU (0.6 M in DMF), 5 (0.6 M in DMF), DiPEA (0.6 M in DMF), r.t., 2 hrs (iii) 5% acetic anhydride 
in DMF (containing 0.1 M DiPEA), r.t., 10 min; d) 20% piperidine in DMF, r.t., 10 min (3x); e) 
Compound 7: 20% TFA, 2.5% TIS and 2.5% H2O in DCM, r.t., 1 hr; Compound 8: (i) TCO-OSu, 
DiPEA, DMF, r.t., o.n. (ii) 5% TFA, 2.5% TIS and 2.5% H2O in DCM, r.t., 1 hr; Compound 9: (i) CCO-
OSu, DiPEA, DMF, r.t., o.n. (ii) 5% TFA, 2.5% TIS and 2.5% H2O in DCM, r.t., 1 hr. 

Using standard Fmoc-based SPPS coupling/deprotection cycles (HCTU / piperidine in DMF), 
H2N-Pam2CS(Trt)(K(MMTrt))4 was obtained on resin (Scheme 2). The free amine was treated 
either with axial TCO-OSu or CCO-OSu and DiPEA. Global deprotection with 5% TFA in 
DCM appeared sufficient to cleave the product from the resin, although due to the extreme 
lipophilicity of the product standard precipitation methods failed. Cooling the precipitation solvent 
to -20°C and centrifuging at 4°C for several hours yielded some precipitation, but not in a 
consistent manner. Direct injection of the crude deprotection mixture (reconstituted in DMSO 
after evaporation) on HPLC seemed the only viable strategy to consistently afford product isolation, 
albeit in poor (4% overall) yield. HPLC using 0.1% TFA as a mobile phase modifier is 
preferentially avoided due to the aforementioned acidic lability of 2-oxo-TCO. However, basic 
HPLC buffers such as ammonium carbonate proved impractical, as the deprotonated lysine amines 
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affected the polarity in favor of hydrophobic interactions to such degree that no suitable gradient 
system was found that yielded pure product. The ionization in the HPLC-MS was also affected to 
such degree that no ion threshold count could be reached to initiate sample collection. Therefore, 
TCO-Pam2CSK4 was purified on HPLC using 0.1% TFA as a mobile phase modifier. Care was 
taken when concentrating the collected fractions, as prolonged concentration at elevated 
temperatures was observed to lead to isomerization or hydrolysis of the TCO, resulting in 
contamination of free ligand or permanently silenced ligand in the final product. 

 

Figure 4. Chemical uncaging of Pam2CSK4-TCO induces NF-κB activation both in human THP1-Dual 
(A) or murine RAW-Blue (B) cells were pre-incubated with the indicated ligands for 45 min. Fresh medium 
+/- tetrazine was added and after 24hrs NF-κB activity was measured in the culture supernatant using a 
SEAP colorimetric assay. C) Cells were pre-incubated with Pam2CSK4-TCO for 45 min. Cells were washed 
and fresh medium +/- tetrazine was added. After 30 min cells were fixed and stained for p65 (NFκB). 
Experiments were carried out by Timo Oosenbrug (LUMC). 
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The distinctness of the activation profile between human and mouse TLR2/6 activation was of 
primary interest. Therefore, the uncaging reaction of compounds 8 and 9 was tested on both a 
human cell line (THP1-Dual) and murine (RAW264.7) cell line (Figure 4). THP1-Dual is a 
monocyte cell line containing two inducible reporter constructs: the NF-kB-pathway can be 
monitored by activity of Secreted Embryonic Alkaline Phosphatase (SEAP) and simultaneously the 
IRF-pathway can be monitored by the activity of secreted luciferase (Lucia).  

RAW-Blue is a mouse macrophage cell line with a SEAP reporter construct inducible by NF-kB, 
expressing all TLR’s except TLR5. The cells were incubated either with compounds 8 or 9 for 45 
minutes prior to the addition of a 10 µM solution of tetrazine 37 (Figure 2), or no addition of 
tetrazine. SEAP levels were measured in the culture supernatant as a measure of NF-kB activity. 
The level of NF-kB activity for the CCO-caged compounds is independent of addition of tetrazine 
37, exhibiting only residual activity of the caged ligand. The TCO-caged ligand does react with the 
tetrazine, resulting in an increase of NF-kB activity at every concentration range for both cell types. 
Interestingly, the RAW macrophages require a 100-fold higher concentration of ligand to achieve 
the same level of activation when compared to the THP1 cells. The nuclear translocation of NF-
kB was visualized using p65-RFP expressing Mel Juso (human) and RAW264.7 cells under 
confocal microscopy (Figure 4C). The p65-RFP is a fluorescently labeled subunit of the NF-kB 
complex which translocates to the cell nucleus upon TLR2/6 activation. The murine cells exhibited 
several concentrations in which a favorable window of uncaging existed: activating almost every cell 
which was inactive prior the addition of tetrazine 37. Surprisingly, no concentration exhibiting a 
favorable window of uncaging existed when Mel Juso cells were employed.  

It was hypothesized that the cis-/trans-cyclooctene either undergo hydrophobic-hydrophobic 
interactions with a hydrophobic patch present on hTLR6 but not mTLR6, or that the cages suffer 
from insufficient bulk to counteract the dimerization of TLR2/6. Since no crystal structure of 
hTLR2/hTLR6 is available, it was chosen to append either a small or a large hydrophilic group 
from the existing cage that would probe which of these effects were causing background activity. 
For the small-to-medium appendages, linkers containing alcohols, sulfonates or monodisperse 
ethylene glycols were chosen. For the large appendage, the small protein ubiquitin was chosen. 
Ubiquitin is an 8.6 kDa water soluble, accessible and thermally stable protein containing seven 
lysine residues, useable as sites of conjugation.24 

Introducing the hydrophilic appendage in TCO-caged Pam2CSK4 was facilitated by using the 
recently published bis-functionalized TCO-(OSu)2 (compound 14, Scheme 3).25 Amines react 
regioselectively with the NHS-carbonate prior to reacting with the sterically hindered NHS-ester. 
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Scheme 3. Synthesis of TCO-caged P2CSK4 bearing hydrophilic linkers on the cyclooctene. Reagents and 
conditions: a) TCO-(OSu)2, DiPEA, DMF, r.t., o.n. b) (i) Compound 10: ethanolamine, DCM, r.t., o.n. 
(ii) 5% TFA, 2.5% TIS, 2.5% H2O, DCM, r.t., 30 min; Compounds 11 and 12: (i) homotaurine 13, 
DiPEA, DMSO, r.t., o.n. (ii) 5% TFA, 2.5% TIS, 2.5% H2O, DCM, r.t., 30 min. c) 7N methanolic 
ammonia, 0°C  r.t. 

Three hydrophilic derivatives of TCO-P2CSK4 were synthesized on-resin by first reacting the free 
amine P2CSK4 with the bis-functionalized TCO-(OSu)2 reagent 14 (Scheme 3). When LC-MS 
indicated complete conversion, the resin was washed and treated with either ethanolamine or 
homotaurine. Homotaurine itself was synthesized by treating 1,3-propanesultone with methanolic 
ammonia and subsequent precipitation in diethylether. Conjugation with homotaurine resulted in 
a mixture of partially hydrolyzed NHS-estercarboxylic acid (12) and product 11 in a 1:1 ratio, 
whereas conjugation with ethanolamine resulted in quantitative conversion to the respective 
product. Unfortunately, HPLC purification proved unsuccessful in isolating either of the three 
products. Also, no formation of product was observed when conjugation with ubiquitin was 
attempted. This was, however, unsurprising as conjugating a large molecule to an activated ester 
immobilized on solid phase often suffers from extremely low coupling efficiencies. This construct 
therefore warranted a solution-phase coupling strategy.  

Solution-phase couplings require the lysine side chains to be deprotected after conjugation has 
taken place. The use of the TCO added the restraint that acid- or base-labile protecting groups 
could not be used. This quickly leads to a complex synthetic route accompanied with complex 
purification methods. Therefore, it was decided to substitute the C-terminal tetralysine motif for a 
triethylene glycol (TEG) linker. This adaptation was postulated to minimally influence the activity 
of the ligand as the tetralysine moiety does not interact with the mTLR2/mTLR6 dimer in the 
published crystal structure, and conjugates have been described previously employing this motif.26 
Moreover, the two linkers share the same length with heteroatoms (O for TEG and N for Lys4) in 
the same position in the carbon backbone. With the lysine primary amines now excluded, the serine 
alcohol is the only other functional group bearing nucleophilic character. The N-terminal cysteine 
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amine should outcompete the serine alcohol in terms of nucleophilicity, thus omitting any 
protecting group usage when the TCO/CCO is introduced in the ligand in a solution-phase 
coupling strategy. 

 

Scheme 4. Synthesis of TCO/CCO-caged P2CS(TEG) and their hydrophilically extended analogues 
Reagents and conditions: a) (i) Fmoc-NH(TEG)-OH, diisopropylcarbodiimide, DiPEA, DMAP, DCM, 
r.t., o.n. (ii) benzoic anhydride, DMF, r.t., 30 min (iii) 20% piperidine in DMF, r.t., 10 min (4x); b) (i) 
Fmoc-Ser(Trt)-OH (1 M in DMF), HCTU (1 M in DMF), DiPEA (1 M in DMF), r.t., 4 hrs; (ii) 20% 
piperidine in DMF, r.t., 10 min (4x); c) (i) compound 6 (1 M in DCM), HCTU (1 M in DCM), DiPEA 
(1 M in DCM), r.t., 4 hrs; (ii) 20% piperidine in DMF, r.t., 10 min (4x); d) 20% TFA, 2.5% TIS, 2.5% 
H2O in DCM, r.t., 30 min, 29% over 7 steps; e) Compound 17: TCO-OSu, DiPEA, DMSO, r.t., o.n., 
18% after RP-HPLC; compound 18: CCO-OSu, DiPEA, DMSO, r.t., o.n., 20% after RP-HPLC f) TCO-
(OSu)2, DiPEA, DMF, r.t., o.n.; g) Compound 19: ethanolamine, DMF, r.t., o.n.; compound 20: 
homotaurine 13, DiPEA, DMF, r.t., 7 days; compound 21: DDEG, DMF, r.t., 40 hrs; compound 22: 
ubiquitin, DiPEA, DMSO, r.t., 7 days 

First, the ligand P2CS(TEG) was synthesized on-resin for ease of purification of the intermediates 
(Scheme 4). Then, either CCO-NHS, TCO-NHS or TCO-bis-NHS is reacted with the crude N-
terminal amine. The intermediate compound 16 is purified by HPLC and consequently conjugated 
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with ethanolamine, homotaurine, dodecaethylene glycol or ubiquitin. Dodecaethylene glycol was 
obtained via a modified procedure from a recent publication describing the synthesis of 
monodisperse PEG derivatives.27 Interestingly, in all conjugations a minor byproduct was observed 
which corresponded with a molecular mass reduction of 18 amu, indicating loss of a H2O molecule. 
This can be ascribed to the conversion of the serine residue to a dehydroalanine, or by the 
cyclization with the C-terminal carboxylic acid. It was, however, not investigated further. Also, in 
the conjugation with homotaurine a major byproduct was observed which again corresponded with 
the molecular mass of hydrolyzed NHS-ester. Ubiquitin carries seven lysine residues, as well as an 
N-terminal amine, which can all react with the NHS-ester, so multiple regioisomers as well as a 
varying ligand-to-protein ratios can be expected. When the reaction mixture was purified with 
HPLC, ubiquitin carrying one ligand was able to be separated from ubiquitin carrying two or more 
ligands. Moreover, fractions containing the same molecular mass of mono-conjugated ubiquitin 
but having a different retention time were isolated, indicating separation of different isoforms of 
the mono-conjugated ubiquitin. 

 

Figure 5. Evaluation of TCO/CCO-caged P2CS(TEG) in comparison to TCO-caged P2CSK4. A/B) THP1-
Dual reporter cells were pre-incubated with the indicated ligands for 45min. Fresh medium +/- tetrazine 
was added and after 24hrs NF-κB activity was measured in the culture supernatant using a SEAP 
colorimetric assay. C) Fold NF-κB inductions were calculated from the data in (B) by dividing the level of 
NF-κB activation after decaging (+TZ) over the residual activity in absence of the uncaging reagent. 
Experiment was carried out by Timo Oosenbrug (LUMC). 

First, the effect of substituting the tetralysine linker for the triethylene glycol was assessed by 
quantifying the NF-κB activity induced by both ligands in THP1-dual reporter cells (Figure 5). 
P2CSK4 was shown to be 100-fold more active than P2CS(TEG), indicating a beneficial effect of 
the tetralysine moiety over the TEG elongation. Residual activity in P2CS(TEG) was still observed, 
albeit only at higher concentrations. This effect brings about a widening of the concentration range 
in which a significant fold NF-κB induction exists (Figure 5C).  
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Figure 6. Evaluation of hydrophilically extended TCO-caged P2CS(TEG) ligands 19-21. THP1-Dual 
reporter cells were pre-incubated with the indicated ligands for 45min. Fresh medium +/- tetrazine was 
added and after 24hrs NF-κB activity was measured in the culture supernatant using a SEAP colorimetric 
assay. Experiments were carried out by Timo Oosenbrug (LUMC). 

Evaluation of the hydrophilically extended caged ligands 19-21(Figure 6) revealed that the 
hydrophobic nature of the cyclooctene is not responsible for the residual activity observed in the 
caged versions of P2CSK4 and P2CS(TEG), as there was no effect observed for the varying 
substitutions in comparison to no substitution.  

 

Figure 7. Evaluation of P2CS(TEG)-TCO-ubiquitin conjugate. A/B) THP1-Dual reporter cells were pre-
incubated with the indicated ligands for 45min. Fresh medium +/- tetrazine was added and after 24hrs NF-
κB activity was measured in the culture supernatant using an SEAP colorimetric assay. B) Fold NF-kB 
inductions were calculated from the data in (A) by dividing the level of NF-kB activation after decaging 
(+TZ) over the residual activity in absence of the uncaging reagent. Experiments were carried out by Timo 
Oosenbrug (LUMC). 

Evaluation of the ubiquitin-conjugated P2CS(TEG) ligand (Figure 7) revealed that the potential 
lack of bulk in the cyclooctene cage is not responsible for the residual activity observed in the parent 
compounds. This is clearly visualized in Figure 7B, where the window of activity of TCO-
P2CS(TEG) overlaps neatly with the window of activity of Ubq-TCO-P2CS(TEG). Perhaps, it is 
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the metastable nature of the carbamate linkage, prone to hydrolysis, that causes the residual activity 
observed throughout all experiments. Upon closer inspection of the results outlined in Figure 7A, 
it seems that the amount of residual activity throughout all ligands tested corresponds closely to the 
amount of tetrazine-induced activity observed in a 2 log lower concentration. So, >1% prematurely 
hydrolyzed ligand can already explain the residual activity observed. This hypothesis can be probed 
by conjugating the cyclooctenes via a more stable linkage towards hydrolysis, for instance the 
recently published ether-linked TCO cages28,29. Ironically, the widened window of activity that was 
created by substituting the C-terminus, a modification needed to enable substitution on the N-
terminus, was already sufficient in continuing investigation of spatiotemporal effects in the TLR2/6 
system. 

 

Figure 8. Assessing uncaging speed of TCO-P2CS(TEG) on live cells. Mel Juso TLR2-YFP p65-RFP cells 
were pre-incubated for 45 min with 10nM Pam2CSTEG-TCO. Live cells were imaged after addition of 
tetrazine (TZ) or after treatment with 10nM free Pam2CSTEG. A) Representative images of the nuclear 
translocation of p65-RFP over time. To indicate nuclei, overlays with Hoechst are shown. B) For individual 
cells the nuclear accumulation of NF-κB was tracked over time. Left: fold increase in nuclear p65-RFP 
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signal, right: data was normalized per cell to the maximum nuclear p65-RFP signal observed. Experiments 
were carried out by Timo Oosenbrug (LUMC). 

To assess the applicability of the new chemical tool in a temporal-sensitive setting, live cells were 
primed with TCO-P2CS(TEG) and treated with tetrazine at t=45min. At this time point, free 
ligand was added to a separate well and the cells were imaged during the following hour. The Mel 
Juso cells express p65-RFP, a fluorescently labeled subunit of the NF-kB complex which 
translocates to the cell nucleus upon TLR2/6 activation. The increase of the RFP-signal in the 
nucleus was quantified as a function of time (Figure 8B). Gratifyingly, the speed with which the 
p65-RFP accumulates in the nucleus after treatment with tetrazine coalesces with the p65-RFP 
nuclear appearance in the cells treated with free ligand at the same time point (Figure 9). Thus, 
adding tetrazine at a certain time point in the experiment has the same effect as adding free ligand, 
underlining the benefit of this fast chemo-uncaging in comparison to photo-uncaging, where the 
cells are usually irradiated for 15 minutes before signal output can be assessed.  

 

Figure 9. Live human cells respond to TCO-P2CS(TEG) after tetrazine-mediated uncaging. Live Mel Juso 
TLR2-YFP p65-RFP cells were imaged over time. Cells were first treated with 10nM caged or free TLR2 
ligand. After 50 min the uncaging reagent tetrazine was added and the same cells were imaged for an 
additional 50 min. To indicate nuclei, overlays with Hoechst are shown. Experiments were carried out by 
Timo Oosenbrug (LUMC). 

It was next investigated whether this approach could be modified to separate two TLR populations: 
cell surface TLRs and intracellular TLRs. Cell surface-only activation was envisaged through 
immobilizing a TLR ligand-biotin conjugate on streptavidin-coated wells2. However, no tools 
currently exist to exclusively probe for intracellular activation. For this, either the cell-surface TLR-
population has to be selectively inhibited or access to tetrazine reagent has to be limited to only the 
intracellular TLR-population (Figure 3). Selective inhibition can be achieved by varying the 
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tetrazine substituents: electron withdrawing moieties have a negligible effect on the ligation, but 
disfavour the following tautomerisation, thus preventing the elimination. When such a tetrazine is 
conjugated to a motif limiting cell-permeability, one could selectively silence all the primed cell 
surface TLRs, while keeping the primed intracellular TLRs intact. Addition of cell-permeable 
tetrazine would then solely activate intracellular TLR’s. Alternatively, the tetrazine can be selectively 
delivered to endosomes by conjugation to nano-sized beads. Phagocytosis of these beads prior to 
treatment with chemical tool 17 should lead to accumulation of free ligand inside endosomes 
containing the nanoparticles only. 

Unfortunately, no conjugateable tetrazine is currently described which exerts <1% elimination, so 
the former strategy cannot be employed without also getting significant cell-surface activation. The 
latter strategy was therefore selected: amino-modified FluoSpheres (fluorescent 0.2 µm sized 
polystyrene amine-coated beads, Invitrogen) were decorated with a functional tetrazine (tetrazine 
38, Figure 2) through an NHS-coupling. The number of amines present on the polystyrene beads 
is not known, so presence of functional tetrazine was quantified by reacting the beads with a known 
amount of fluorescently labelled TCO-caged ligand and subjecting the mixture to LC-MS. It was 
found that 1 µL of a 0.2% bead stock solution can uncage up to 40 pmol of TCO-caged ligand. A 
strong solvent effect was observed for the uncaging reaction and cellular uptake: when suspended 
in water, only 7.5 pmol could be uncaged, whereas addition of an equivolumair amount of DMSO 
increased this to 40 pmol. Also, cellular uptake of the beads appeared to be highly dependent on 
the presence of DMSO in the suspension. The hydrophobic character of the tetrazine can have a 
detrimental effect by virtue of aggregation as well as non-specific binding to plastic pipette tips and 
plastic wells. DMSO can act as a surfactant on the interface of the tetrazines with the aqueous 
environment, increasing the amount of available and functional tetrazine for uncaging. 
Alternatively, tetrazines that are functionalized with a water-soluble linker can be used to decorate 
the nanobeads to combat this effect. The ability of these nanobeads to uncage TCO-bearing TLR 
ligands in vitro is currently awaiting its assessment.  

 

Conclusion 

This Chapter describes the use of trans-cyclooctene as a suitable cage for preventing TLR2/6 
dimerization when conjugated to a TLR2/6 agonist. When present on the N-terminus of the 
canonical Pam2CSK4 TLR2/6 ligand, conditional induction of TLR2 responses could be validated 
in various murine cell types through application of a tetrazine derivative. Substitution of the C-
terminal tetralysine motif to a triethylene glycol linker yielded an TLR2/6 agonist that was more 
facile to synthesize and allowed for greater derivatization through the enablement of solution-phase 
chemistry. Simultaneously, this TCO-caged ligand exerts improved performance in human cells; 
having a lower background activity in a non-tetrazine milieu. Further reducing this background 
activity through increased disruption of the dimerization interface was probed with this new ligand 
by appending linkers of various sizes and polarity to the TCO-cage, leading to the finding the 
unmodified olefin was sufficient in negating most binding interactions at this site of the ligand. 
Furthermore, it was shown that the kinetics of the uncaging reaction do not induce a detectable 
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delay in TLR2 activation, allowing for highly precise temporal control over TLR2 activity. Future 
work will focus on imposing spatial control on this system, through the site-selective delivery of the 
uncaging reagents.  
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Experimental section 

General experimental procedures  

General reagents were obtained from Sigma Aldrich, Fluka, and Acros. All reagents were of 
commercial grade and used as received unless stated otherwise. Solvents used in synthesis were dried 
and stored over 4Å molecular sieves, except MeOH and ACN which were stored over 3Å molecular 
sieves. Triethylamine (Et3N) and Diisopropylethylamine (DiPEA) were stored over KOH pellets. 
Peptide polymer resins were purchased at Rapp Polymere. Ubiquitin protein was generously 
provided by the laboratory of the late Dr. H. Ovaa (LUMC, Leiden, The Netherlands). LC-MS 
analysis was performed on a Finnigan Surveyor HPLC system with a Nucleodur C18 Gravity 3um 
50 x 4.60 mm column (detection at 200-600 nm) coupled to a Finnigan LCQ Advantage Max 
mass spectrometer with ESI or coupled to a Thermo LCQ Fleet Ion mass spectrometer with ESI. 
The Method used was 10→90% 13.5 min (0→0.5 min: 10% MeCN; 0.5→8.5 min: 10% to 90% 
MeCN; 8.5→ 11 min: 90% MeCN; 11→13.5 min: 10% MeCN) unless otherwise stated. High 
resolution mass spectra (HRMS) were recorded on the following machines: Thermo Scientific Q 
Exactive HF Orbitrap mass spectrometer equipped with an electrospray ion source in positive-ion 
mode (source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275 °C) with resolution R 
= 240.000 at m/z 400 (mass range of 150-6000) correlated to an external calibration, or on a Waters 
Synapt G2-Si (TOF) equipped with an electrospray ion source in positive mode (source voltage 3.5 
kV) and LeuEnk (m/z = 556.2771) as internal lock mass. As an exception, compound 22 was 
measured on the following apparatus: Waters XEVO-G2 XS Q-TOF mass spectrometer equipped 
with an electrospray ion source in positive mode (source voltage 3.0 kV, desolvation gas flow 900 
L/hr, temperature 250 °C) with resolution R = 22000 (mass range m/z = 50-2000) and 200 pg/uL 
Leu-Enk (m/z = 556.2771) as a “lock mass”. HPLC purification was performed on a Gilson HPLC 
system coupled to a Magerey-Nagel Nucleodur C18 Gravity 5 µm 250 ×10mm column, or on an 
Agilent 1200 HPLC/6130 MS system coupled to a Magerey-Nagel Nucleodur C18 Gravity 5µm 
250×10 mm column or on a Waters autopurifier HPCL/MS system coupled to a Phenomenex 
Gemini 5µm 150×21.2 mm column. 

Compound 1 

L-Cystine (41.6 mmol, 10.0 g) was dissolved in 70% HClO4 (aq.) (166 mmol, 
14.6 mL). Tert-butyl acetate (750 mmol, 100 mL) was added and the reaction 
was stirred at room temperature for 75 hours. TLC-MS indicated complete 
conversion of the starting material and the reaction mixture was cooled on ice 
for 30 minutes. 2M NaOH (aq.) (0.17 mol, 6.8 g in 85 mL) was slowly added 
and the mixture was washed with Et2O (3x) and EtOAc (3x). The organic 
layers were combined, dried (MgSO4) and concentrated in vacuo to yield the 

title compound (41 mmol, 14 g, qt.). 1H NMR (400 MHz, CDCl3) δ = 7.78 (s, 7H), 4.35 (t, 
J=5.9, 2H), 3.38 (m, 4H), 2.04 (d, J=2.8, 3H), 1.51 (s, 18H).13C NMR (101 MHz, CDCl3) δ = 
177.57, 167.66, 85.12, 53.43, 38.62, 27.95. 
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Compound 2 

Compound 1 (37 mmol, 13 g) was dissolved in THF (40 mL). Fmoc-
OSu (77 mmol, 26 g) and a solution of N-methyl morpholine (112 
mmol, 12.3 mL) in THF (20 mL) were added. The mixture was 
stirred for 2 hours at room temperature when TLC analysis (20% 
EtOAc in Pnt, Rf=0.6) indicated complete conversion of the starting 
material. The mixture was poured in EtOAc (500 mL) and washed 
with 0.5M HCl (aq.) (3x) and brine (1x). The organic layers were 

combined, dried (MgSO4) and concentrated in vacuo. Et2O (500 mL) was added and the white 
precipitate was filtered yielding the title compound (18.3 mmol, 14.6 g). The filtrate was 
concentrated and adsorbed onto Celite. Silica gel column chromatography (10% EtOAc in Pnt  
20% EtOAc in Pnt) yielded the title compound (7.2 mmol, 5.8 g, 68% combined yield).  1H NMR 
(400 MHz, CDCl3) δ = 7.79 – 7.69 (m, 4H), 7.57 (d, J=7.5, 4H), 7.36 (td, J=7.4, 3.0, 4H), 7.27 
(t, J=7.4, 4H), 5.80 (d, J=7.8, 2H), 4.58 (dt, J=7.9, 5.3, 2H), 4.35 (dd, J=7.3, 2.6, 5H), 4.19 (q, 
J=7.3, 5.6, 2H), 3.20 (qd, J=14.1, 5.3, 4H), 1.47 (s, 18H).13C NMR (101 MHz, CDCl3) δ = 
169.42, 155.80, 143.85, 141.32, 127.75, 127.12, 125.23, 120.02, 83.15, 67.27, 60.46, 54.20, 
47.13, 28.05. 

Compound 3  

Compound 2 (10 mmol, 8.0 g) was dissolved in THF (100 mL). Zinc 
powder (7 mmol, 0.46 g, 10 µm) and a solution of MeOH:37% HCl 
(aq.):98% H2SO4 (93:6:1, 50 mL) were added and the reaction was stirred 
for 15 minutes at room temperature. TLC analysis (20% EtOAc in Pnt, 
Rf=0.8) indicated complete conversion of the starting material. R-(+)-
glycidol (30 mmol, 2.5 mL) was added and the reaction was stirred for 72 

hours at room temperature. TLC analysis (80% EtOAc in Pnt, Rf=0.5) indicated complete 
conversion of the starting material. The mixture was filtered and the filtrate was concentrated in 

vacuo. The concentrate was diluted in DCM and washed with sat. NaHCO3 (aq.) (5x). The 
aqueous layers were combined and back-extracted with DCM (3x). The organic layers were 
combined, dried (MgSO4) and concentrated in vacuo. Silica gel column chromatography (60% 
EtOAc  70% EtOAc) yielded the title compound (15.5 mmol, 7.35 g, 78%).1H NMR (400 
MHz, CDCl3) δ = 7.70 (d, J=7.5, 2H), 7.63 – 7.50 (m, 2H), 7.35 (t, J=7.4, 2H), 7.31 – 7.21 (m, 
3H), 6.14 (d, J=8.1, 1H), 4.48 (dt, J=7.9, 5.6, 1H), 4.35 (d, J=7.2, 2H), 4.18 (t, J=7.2, 1H), 3.94 
(s, 1H), 3.78 (qd, J=8.4, 5.5, 4.9, 1H), 3.65 (dd, J=11.0, 3.4, 1H), 3.51 (dd, J=11.5, 6.3, 1H), 
2.96 (qd, J=13.9, 5.6, 2H), 2.81 – 2.49 (m, 2H), 1.45 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 
= 169.82, 156.05, 143.69, 143.61, 141.12, 127.61, 126.98, 125.04, 119.87, 82.82, 71.01, 67.07, 
65.08, 54.46, 46.92, 36.17, 35.28, 27.85. 
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Compound 4  

Compound 3 (15.3 mmol, 7.25 g) was dissolved in anhydrous 
THF (150 mL). Palmitic acid (61 mmol, 16 g), 
diisopropylcarbodiimide (69 mmol, 11 mL) and DMAP (6.1 
mmol, 0.74 g) were added and the reaction was stirred for 2 hours 
at room temperature. TLC analysis (20% EtOAc in Pnt, Rf=0.5) 
indicated complete conversion of the starting material. Acetic acid 
(7 mL) was added and the mixture was concentrated in vacuo. The 
concentrate was dissolved in a minimal amount of warm DCM, 

after which the solution was carefully diluted with MeOH (>10x VDCM). The mixture was left 
overnight at room temperature after which the formed crystals were collected by filtration. The 
mother liquor was concentrated in vacuo and subjected to a second crystallization round. The 
crystals were combined and washed with cold MeOH, yielding the title compound (14.5 mmol, 
13.8 g, 95%).1H NMR (400 MHz, CDCl3) δ = 7.76 (d, J=7.5, 2H), 7.62 (d, J=7.5, 2H), 7.40 (t, 
J=7.4, 2H), 7.31 (t, J=7.4, 2H), 5.70 (d, J=7.7, 1H), 5.16 (qd, J=6.3, 3.5, 1H), 4.51 (dt, J=7.8, 
5.0, 1H), 4.46 – 4.29 (m, 3H), 4.24 (t, J=7.2, 1H), 4.16 (dd, J=11.9, 5.9, 1H), 3.05 (qd, J=13.7, 
5.0, 2H), 2.77 (d, J=6.4, 2H), 2.30 (q, J=7.3, 5H), 1.60 (dqd, J=11.6, 8.1, 7.2, 4.7, 6H), 1.49 (s, 
10H), 1.36 – 1.16 (m, 60H), 0.88 (t, J=6.8, 6H).13C NMR (101 MHz, CDCl3) δ = 173.48, 
173.19, 169.62, 155.86, 143.96, 141.43, 127.86, 127.22, 125.28, 120.13, 83.15, 70.37, 67.36, 
63.60, 54.48, 47.26, 35.51, 34.41, 34.22, 33.43, 32.07, 29.85, 29.81, 29.78, 29.64, 29.51, 29.44, 
29.27, 28.12, 25.04, 25.01, 22.84, 14.27. 

Compound 5  

Compound 4 (0.95 mmol, 0.90 g) was dissolved in neat TFA (5 
mL) and the mixture was stirred for 1 hour at room temperature. 
TLC analysis (20% EtOAc in Pnt, Rf=0.2) indicated complete 
conversion of the starting material. The mixture was concentrated 
in vacuo and co-evaporated with toluene (3x) yielding the title 
compound (0.95 mmol, 0.85 g).1H NMR (400 MHz, CDCl3) δ 
= 9.69 (s, 1H), 7.74 (d, J=7.5, 2H), 7.60 (d, J=7.5, 2H), 7.38 (t, 
J=7.5, 2H), 7.29 (t, J=7.4, 2H), 5.92 (d, J=7.9, 1H), 5.25 – 5.03 

(m, 1H), 4.75 – 4.48 (m, 1H), 4.38 (ddt, J=16.2, 12.0, 7.0, 3H), 4.22 (t, J=7.0, 1H), 4.15 (dd, 
J=12.0, 6.2, 1H), 3.29 – 2.94 (m, 2H), 2.90 – 2.53 (m, 2H), 2.30 (q, J=7.7, 4H), 1.58 (td, J=7.4, 
4.0, 4H), 1.25 (q, J=7.8, 5.1, 52H), 0.88 (t, J=6.6, 6H).13C NMR (101 MHz, CDCl3) δ = 173.86, 
156.34, 143.72, 141.37, 127.85, 127.20, 125.24, 120.08, 70.39, 67.64, 63.72, 47.11, 34.67, 
34.40, 34.19, 32.99, 32.04, 29.83, 29.79, 29.76, 29.63, 29.49, 29.41, 29.24, 29.21, 25.00, 24.96, 
22.81, 14.24. 
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Resin-bound peptide 6.1  

Tentagel S AC resin (0.5 g, 125 µmol) was swollen in 
DMF and treated with Fmoc-Lys(MMTr)-OH (375 
µmol, 241 mg), DIC (375 µmol, 58 µL) and DMAP 
(cat. amount). The syringe was shaken overnight and 

consequently washed with DMF (5x), DCM (5x) and Et2O (3x). Dry weight loading analysis 
indicated a complete conversion (592 mg, 138 µmol).  

Resin-bound peptide 6.2  

The following SPPS cycle was carried out four times to form 
the serine-tetralysine pentapeptide: Resin bound lysine 6.1 
was swollen in DMF and treated with a solution of 20% 

piperidine in DMF for 10 min. (4x)  and consequently washed with DMF (5x). The resulting resin 
was treated with HCTU (1 mL, 0.6 M in DMF), amino acid (1 mL, 0.6 M in DMF) and lastly 
DiPEA (1 mL, 0.6 M in DMF). The syringe was shaken for 2 hours and consequently washed with 
DMF (5x). A solution of 5% acetic anhydride in 0.1 M DiPEA in DMF was added and the syringe 
was shaken for 10 min. The resin was washed with DMF (5x), treated with a solution of 20% 
piperidine in DMF for 10 min. (4x)  and consequently washed with DMF (5x). 

Resin-bound peptide 6.3  

Resin-bound pentapeptide 6.2 was swollen in DMF and 
treated with HCTU (1 mL, 0.6 M in DMF), Fmoc-R-
Pam2Cys-OH (1 mL, 0.6 M in DMF) and lastly DiPEA (1 
mL, 0.6 M in DMF). The syringe was shaken for 2 hours and 
consequently washed with DMF (5x). A solution of 5% acetic 
anhydride in 0.1 M DiPEA in DMF was added and the 

syringe was shaken for 10 min. The resin was washed with DMF (5x), treated with a solution of 
20% piperidine in DMF for 10 min. (4x) and consequently washed with DMF (5x), DCM (3x) 
and dried with Et2O (3x) for prolonged storage. 

Resin-bound peptide 6.4  

Resin-bound hexapeptide 3 (198 mg, 30 µmol) 
was swollen in DMF and DiPEA (60 µmol, 11 
µL) and bis functionalized TCO-OSu2 (60 µmol, 
25 mg) were added and the reaction syringe was 
shaken overnight. LC-MS analysis of a small 
amount of TFA-treated resin indicated complete 

conversion of the starting material. The resin was washed with DMF (3x) and DCM (3x). 
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Compound 7  

Resin-bound hexapeptide 6.3 (10 µmol, 45 mg) was 
swollen in DCM and consequently treated with a 
solution of 20% TFA, 2.5% TIS and 2.5% H2O in 
DCM. The syringe was shaken for 1 hour and 
emptied in a tube containing a 1:1 mixture of 
Pnt:Et2O at -20°C. The resulting precipitation was 

collected by centrifugation and removal of the supernatant. The crude pellet was purified by 
reverse-phase HPLC (Gradient: 50% AcN + 90% (H2O+0.1% TFA) to 90% AcN + 10% 
(H2O+0.1% TFA)) to obtain compound 6 (0.65 µmol, 0.83 mg, 6.5%). HRMS: [M+H]+ 
calculated for C65H127N10O12S 1271.93502; found 1271.93487 

Compound 8  

Resin-bound hexapeptide 3 (63 mg, 16 µmol) was swollen in 
DMF and DiPEA (20 µmol, 3.5 µL) and TCO-OSu (20 µmol, 
5.1 mg) were added and the reaction syringe was shaken 
overnight. LC-MS analysis of a small amount of TFA-treated 
resin indicated complete conversion of the starting material. The 
resin was washed with DMF (3x) and DCM (3x). A solution of 

5% TFA, 2.5% TIS, 2.5% H2O in DCM was added and the reaction vessel was shaken for 15 min. 
The syringe was emptied in a 0°C solution of 50% Pnt in Et2O (total volume = 40 mL) and put in 
a -20°C freezer overnight. The tube was then centrifuged for 90min at 4°C after which a pellet was 
visible. The tube was decanted and the pellet was purified on HPLC (TFA) to yield compound the 
title compound (1.2 µmol, 1.7 mg, 7.5%). LC-MS (5090, C18, H2O/AcN + TFA): 1424.02 
(z=1, simulated), 1423.87 (z=1, observed), 1536.80 (z=1, TFA adduct), 1650.07 (z=1, 2*TFA 
adduct) HRMS: [M+H]+ calculated for C74H138N10O14S 1424.01875; found 1424.01805 

Compound 9  

Resin-bound hexapeptide 6.3 (45 mg, 11 µmol) was swollen in 
DMF and DiPEA (11 µmol, 2 µL) and CCO-OSu (20 µmol, 
5.1 mg) were added and the reaction syringe was shaken 
overnight. LC-MS analysis of a small amount of TFA-treated 
resin indicated complete conversion of the starting material. The 
resin was washed with DMF (3x) and DCM (3x). A solution of 
5% TFA, 2.5% TIS, 2.5% H2O in DCM was added and the 

reaction vessel was shaken for 15 min. The syringe was emptied in a 0°C solution of 50% Pnt in 
Et2O (total volume = 40 mL) and put in a -20°C freezer overnight. The tube was then centrifuged 
for 90min at 4°C after which a pellet was visible. The tube was decanted and the pellet was purified 
on HPLC (TFA) to yield compound the title compound (0.31 µmol, 0.44 mg, 2.8%). LC-MS 
(5090, C18, H2O/AcN + TFA): 1424.02 (z=1, simulated), 1423.87 (z=1, observed), 1536.67 
(z=1, TFA adduct), 1650.27 (z=1, 2*TFA adduct) HRMS: [M+H]+ calculated for C74H139N10O14S 
1424.01875; found 1424.01805 
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Compound 10  

Resin-bound hexapeptide 6.4 (15 µmol, 100 mg) was 
swollen in DCM and ethanolamine (75 µmol, 4.5 µL) 
was added. The syringe was shaken overnight after 
which LC-MS analysis of a small amount of TFA-
treated resin indicated complete conversion of the 
starting material. The resin was washed with DCM (3x). 
A solution of 5% TFA, 2.5% TIS, 2.5% H2O in DCM 

was added and the reaction vessel was shaken for 30 minutes (repeated 1x). The combined 
flowthroughs were diluted with toluene and carefully evaporated and co-evaporated with toluene 
(2x). LC-MS (5090, C18, H2O/AcN + TFA): 1525.06 (z=1, simulated), 1524.87 (z=1, observed), 
1638.80 (z=1, TFA adduct), 1751.67 (z=1, 2*TFA adduct) 

Compounds 11 and 12 

Resin-bound hexapeptide 6.4 (20 µmol, 140 mg) was swollen 
in DMSO and homotaurine (100 µmol, 14 mg) and DiPEA 
(100 µmol, 17 µL) were added. The syringe was shaken 
overnight after which LC-MS analysis of a small amount of 
TFA-treated resin indicated complete conversion of the 
starting material to the product and hydrolyzed NHS-ester. 

The resin was washed with DCM (3x). A solution of 5% TFA, 2.5% TIS, 2.5% H2O in DCM 
was added and the reaction vessel was shaken for 30 minutes (repeated 1x). The combined 
flowthroughs were diluted with toluene and carefully evaporated and co-evaporated with toluene 
(2x). LC-MS (Homotaurine product, 5090, C18, H2O/AcN + TFA): 1602.06 (z=1, simulated), 
1602.73 (z=1, observed), 1715.80 (z=1, TFA adduct), 1829.40 (z=1, 2*TFA adduct). LC-MS 
(Carboxylic acid product, 5090, C18, H2O/AcN + TFA): 1481.04 (z=1, simulated), 1480.93 
(z=1, observed), 1593.73 (z=1, TFA adduct), 1707.53 (z=1, 2*TFA adduct) 

Compound 13  

1,3-propanesultone (10 mmol, 1.2 g) was dissolved in 7N methanolic 
ammonia at 0°C under a nitrogen atmosphere. The mixture was heated to 

room temperature and stirred for 2 hours. TLC analysis (AcN, Rf(1,3-propanesultone) = 0.9) 
indicated complete conversion of the starting material. The reaction mixture was poured in Et2O 
(200 mL) and centrifuged in 50 mL tubes. The tubes were decanted and the pellet was collected 
and dried in vacuo, yielding the title compound (8.4 mmol, 1.2 g, 84%).1H NMR (400 MHz, 
DMSO-d6) δ = 7.62 (s, 3H), 2.92 (t, J=7.0, 2H), 2.58 (t, J=6.8, 2H), 1.87 (p, J=6.9, 2H).13C 
NMR (101 MHz, DMSO) δ = 48.74, 38.69, 23.30. 
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Resin-bound compound 14.1 

Tentagel S AC resin (0.5 mmol, 2.0 g) was 
swollen in dry DCM and treated with diethylene 
glycol 2-aminoethyl acetic acid (2.5 mmol, 518 
mg), DIC (2.5 mmol, 389 µL) and DMAP (cat. 

amount). The reaction syringe was shaken overnight after which the resin was washed with DCM 
(5x). The resin was treated with a solution of pyridine (2.5 mmol, 201 µL) in DMF after which a 
solution of benzoic anhydride (2.5 mmol, 556 mg) in DMF was added and the reaction syringe 
was shaken for 30 min. The resin was washed with DMF (5x) after which the resin was treated 
with a solution of 20% piperidine in DMF for 10 min. (4x) and consequently washed with DMF 
(5x) and DCM (3x). 

Resin-bound compound 14.2 

Resin-bound triethylene glycolamine 14.1 (0.5 mmol) 
was swollen in DMF. Fmoc-Ser(Trt)-OH (1 mmol, 570 
mg), HCTU (1 mmol, 414 mg) and DiPEA (1 mmol, 

174 µL) were added as 1 M solutions in DMF. The reaction syringe was shaken for 4 hours after 
which the resin was washed with DMF (3x) and DCM (3x). The resin was treated with a solution 
of 20% piperidine in DMF for 10 min. (4x) and consequently washed with DMF (5x) and DCM 
(3x).  

Resin-bound compound 14.3 

Resin-bound compound 14.2 (0.4 mmol, 1.74 g) was 
swollen in DCM. Compound 5 (0.5 mmol, 447 mg), 
HCTU (0.5 mmol, 207 mg) and lastly DiPEA (0.5 
mmol, 87 µL) were added as 1 M solutions in DCM. 
The reaction syringe was shaken for 4 hours after 
which the resin was washed with DCM (5x). LC-MS 

analysis of a small amount of TFA-treated resin indicated complete conversion of the starting 
compound. The resin was swollen in DMF and treated with a solution of 20% piperidine in DMF 
for 10 min. (4x) and consequently washed with DMF (5x) and DCM (3x). 

Compound 15  

Resin-bound compound 14.3 (0.4 mmol, 2.06 g) was 
swollen in DCM. A mixture of 20% TFA, 2.5% TIS 
and 2.5% H2O in DCM was added and the syringe 
was shaken for 30 min. The syringe was emptied in a 
flask containing 50 mL of toluene and the mixture was 
concentrated in vacuo. After co-evaporation with 
toluene (3x), the crude was purified on HPLC (TFA) 

to obtain compound 15 (116 µmol, 110 mg, 29%). LC-MS (7090, C18, H2O/AcN + TFA): 
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948.66 (z=1, simulated), 948.47 (z=1, observed), 970.53 (z=1, Na adduct), 992.47 (z=1, 2*Na 
adduct) HRMS: [M+H]+ calculated for C49H94N3O12S 948.65527; found 948.65492 

Compound 16  

Compound 15 (10 µmol, 9.5 mg) was 
dissolved in dry DMF (200 µL) in an 
eppendorf tube (1.5 mL). Dual-functionalized 
TCO-OSu (20 µmol, 8.4 mg) and DiPEA (20 
µmol, 3.5 µL) were added. The tube was 
shaken for 20 hours after which LC-MS 

indicated depletion of the starting material. The crude reaction mixture was used as is for 
consequent reactions. LC-MS (5090, DiPhenyl, H2O/AcN + TFA): 1256.74 (z=1, simulated), 
1255.50 (z=1, observed), 1277.67 (z=1, Na adduct), 1300.33 (z=1, 2*Na adduct)  

 

Compound 17  

Compound 15 (10 µmol, 9.5 mg) was 
dissolved in dry DMSO (200 µL) in an 
eppendorf tube (1.5 mL). TCO-OSu (20 
µmol, 5.4 mg) and DiPEA (20 µmol, 3.5 
µL) were added. The tube was shaken 
overnight after which LC-MS (5090, 

diphenyl column, TFA) indicated complete conversion of the starting material. The crude mixture 
was directly injected in the HPLC to obtain compound 17 (1.8 µmol, 2.0 mg, 18%). LC-MS 
(5090, DiPhenyl, H2O/AcN + TFA): 1101.72 (z=1, simulated), 1100.42 (z=1, observed), 
1122.67 (z=1, Na adduct), 1145.17 (z=1, 2*Na adduct). HRMS: [M+H]+ calculated for 
C58H106N3O14S 1100.73900; found 1100.73821 

Compound 18  

Compound 15 (10 µmol, 9.5 mg) was 
dissolved in dry DMSO (200 µL) in an 
eppendorf tube (1.5 mL). CCO-OSu (20 
µmol, 5.4 mg) and DiPEA (20 µmol, 3.5 µL) 
were added. The tube was shaken overnight 
after which LC-MS (5090, diphenyl column, 
TFA) indicated complete conversion of the 

starting material. The crude mixture was directly injected in the HPLC to obtain compound 18 
(2.0 µmol, 2.2 mg, 20%).LC-MS (5090, DiPhenyl, H2O/AcN + TFA): 1101.72 (z=1, 
simulated), 1100.25 (z=1, observed), 1122.58 (z=1, Na adduct), 1144.50 (z=1, 2*Na adduct). 
HRMS: [M+H]+ calculated for C58H106N3O14S 1100.73900; found 1100.73819 
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Compound 19  

Compound 16 (max. 8.4 µmol in DMF) 
was put in an eppendorf tube (1.5 mL). 
Ethanolamine (200 µmol, 12 µL) was 
added and the tube was shaken overnight 
at room temperature. LC-MS indicated 
complete conversion of the starting 
material. Water (1 mL) was added and the 

mixture was lyophilized to extrude DMF. The crude was dissolved in DMSO and purified by 
HPLC (diphenyl, TFA) to obtain the title compound (1.29 mg, 1.1 µmol, 13%). LC-MS (5090, 
DiPhenyl, H2O/AcN + TFA): 1201.79 (z=1, simulated), 1201.68 (z=1, observed). HRMS: 
[M+H]+ calculated for C62H113N4O16S 1201.78668; found 1201.78587 

Compound 20  

Compound 16 (5 µmol in DMF) was put 
in an eppendorf tube (1.5 mL). 
Homotaurine 13 (15 µmol, 2.1 mg) and 
DiPEA (15 µmol, 2.6 µL) were added and 
the tube was shaken for 7 days. LC-MS 
indicated complete conversion of the 
starting material. Water (1 mL) was added 

and the mixture was lyophilized to extrude DMF. The crude was dissolved in DMSO and purified 
by HPLC (diphenyl, TFA) to obtain the title compound (0.86 µmol, 1.1 mg, 17%).LC-MS (5090, 
DiPhenyl, H2O/AcN + TFA): 1279.76 (z=1, simulated), 1279.42 (z=1, observed) HRMS: 
[M+H]+ calculated for C63H115N4O18S2 1279.76423; found 1279.76366 

Compound 21  

Compound 16 (max. 10 µmol in 200 µL 
DMF) was put in an eppendorf tube (1.5 
mL). Compound 28 (50 µmol, 27 mg) 
was added and the tube was shaken for 40 
hours. LC-MS (5090, diphenyl, TFA) 
indicated complete conversion of the 

starting material. Water (1 mL) was added and the mixture was lyophilized to extrude DMF. The 
crude was dissolved in DMSO and purified by HPLC (diphenyl, TFA) to obtain compound 21 
(1.7 µmol, 2.9 mg, 17%). LC-MS (5090, DiPhenyl, H2O/AcN + TFA): 1685.08 (z=1, 
simulated), 1685.17 (z=1, observed), 1707.83 (z=1, Na adduct), 843.83 (z=2, M+2H). HRMS: 
[M+H]+ calculated for C84H157N4O27S 1686.07504; found 1686.07431 
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Compound 22  

Ubiquitin (0.53 µmol, 4.8 mg, endotoxin-free, 
Worthington) was dissolved in dry DMSO 
(160 µL) in an eppendorf tube (1.5 mL). 
DiPEA (6 µmol, 1 µL) in dry DMSO (20 µL) 
and compound 16 (0.53 µmol in stock 
solution) were added. The tube was shaken for 

7 days after which HRMS showed formation of single and dual conjugated ubiquitin constructs. 
The crude was purified on HPLC (1090, C18, TFA) to obtain two separate fractions (A and B) 
containing products with the mass corresponding to mono-functionalized ubiquitin (Fraction A: 
0.65 mg, 67 nmol, 13%; Fraction B: 0.42 mg, 43 nmol, 8.1%). HRMS: [M+10H]10+ calculated 
for C438H734N108O133S2 971.5438; found 971.5424;  

Compound 23  

Tetraethylene glycol (5.2 mmol, 1.0 g), DiPEA (25 mmol, 4.4 mL) and DMAP 
(0.26 mmol, 31 mg) were dissolved in DCM (100 mL) and cooled to 0°C. 
SOCl2 (10 mmol, 0.75 mL) was dissolved in DCM, cooled to 0°C and added 
to the reaction mixture over a period of 1 hour. After addition was complete, 
the mixture was stirred for another hour at 0°C after which brine was added to 
the mixture. The water layer was washed with DCM (3x). The organic layers 

were combined, dried (MgSO4) and concentrated in vacuo. The crude was used as is in the following 
reaction. 

Compound 24  

Compound 23 (5.2 mmol, 1.2 g) was dissolved in a mixture of acetonitrile (40 
mL), DCM (40 mL) and H2O (60 mL) and cooled to 0°C. NaIO4 (5.2 mmol, 
1.1 g) and RuCl3.3H2O (0.077 mmol, 20 mg) were added and the mixture 
stirred for 1 hour at to room temperature. The mixture was transferred to a 
separatory funnel and the DCM layer was collected. The water layer was 
washed with DCM (3x). The organic layers were combined, dried (MgSO4), 

filtered over Celite and concentrated in vacuo. Silica gel column chromatography (50% EtOAc in 
Pnt, Rf=0.3) yielded the title compound (4.7 mmol, 1.2 g, 91% over 2 steps). 1H NMR (400 
MHz, CDCl3) δ = 4.53 – 4.43 (m, 4H), 3.84 (dd, J=5.5, 4.6, 4H), 3.74 – 3.59 (m, 8H). 13C 
NMR (101 MHz, CDCl3) δ = 72.14, 70.48, 70.39, 68.23. 

 
Compound 25  

Compound 24 (1.0 mmol, 0.26 g) was dissolved in DMF (5 mL). NaN3 (1.5 
mmol, 0.098 g) was added and the mixture was stirred for 1 hour at 60°C. 
TLC analysis (50% EtOAc in Pnt, Rf(starting material)=0.3)  indicated 
complete conversion of the starting material. The DMF was evaporated in 

vacuo and the concentrate was diluted with THF (5 mL). H2O (3 mmol, 54 
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µL) and 98% H2SO4 (1.5 mmol, 80 µL) were added and the mixture was stirred for 1 hour at reflux 
temperature. TLC analysis (100% EtOAc, Rf=0.4) indicated complete conversion of the starting 
material. The mixture was poured into H2O and washed with DCM (3x). The organic layers were 
combined, dried (MgSO4) and concentrated in vacuo to yield the title compound (1.0 mmol, 219 
mg, qt.). 1H NMR (400 MHz, CDCl3) δ = 3.75 – 3.70 (m, 2H), 3.68 (d, J=2.5, 11H), 3.63 – 
3.58 (m, 2H), 3.40 (dd, J=5.6, 4.5, 2H), 3.18 (s, 1H).13C NMR (101 MHz, CDCl3) δ = 72.38, 
70.45, 70.40, 70.34, 70.10, 69.81, 61.37, 50.43. 

Compound 26  

NaH (1.0 mmol, 0.040 g) was suspended in anhydrous THF 
(10 mL) and cooled to 0°C under a nitrogen atmosphere. To 
this mixture was added a solution of compound 25 (1.0 
mmol, 0.22 g) in anhydrous THF (2.5 mL) and stirred for 15 

minutes at 0°C. A solution of compound 24 (0.83 mmol, 0.21 g) in THF (1.7 mL) was added to 
the reaction mixture and stirred for 2 hours at 0°C. Then the mixture was heated to 50°C for 20 
minutes after which TLC analysis (100% EtOAc, Rf=0.1) indicated complete conversion of the 
starting material. H2O (3 mmol, 54 µL) and 98% H2SO4 (1.5 mmol, 80 µL) were added and the 
mixture was stirred for 1 hour at reflux temperature. The mixture was poured in H2O and washed 
with DCM (3x). The organic layers were combined, dried (MgSO4) and concentrated in vacuo. 
Silica gel column chromatography (DCM0.75% MeOH in DCM, ∆=0.25%) yielded the title 
compound (0.47 mmol, 0.19 g, 56%). 1H NMR (400 MHz, CDCl3) δ = 3.75 – 3.71 (m, 2H), 
3.71 – 3.63 (m, 26H), 3.63 – 3.58 (m, 2H), 3.39 (t, J=5.1, 2H), 2.92 (s, 1H). 13C NMR (101 
MHz, CDCl3) δ = 72.51, 70.64, 70.61, 70.58, 70.56, 70.51, 70.49, 70.28, 69.99, 61.62, 50.62. 

Compound 27  

NaH (0.5 mmol, 0.020 g) was suspended in 
anhydrous THF (5 mL) and cooled to 0°C 
under a nitrogen atmosphere. To this 
mixture was added a solution of compound 

26 (0.47 mmol, 0.19 g) in anhydrous THF (2.5 mL) and stirred for 15 minutes at 0°C. A solution 
of compound 24 (0.60 mmol, 0.15 g) in THF (1.2 mL) was added to the reaction mixture and 
stirred for 2 hours at 0°C. Then the mixture was heated to 50°C for 20 minutes after which TLC 
analysis (7% MeOH in DCM, Rf=0.5 (slightly below compound 26)) indicated complete 
conversion of the starting material. H2O (1.4 mmol, 25 µL) and 98% H2SO4 (1.1 mmol, 60 µL) 
were added and the mixture was stirred for 1 hour at reflux temperature. The mixture was poured 
in H2O and washed with DCM (3x). The organic layers were combined, dried (MgSO4) and 
concentrated in vacuo. Silica gel column chromatography (DCM1% MeOH in DCM, 
∆=0.25%) yielded the title compound (0.27 mmol, 0.15 g, 57%).1H NMR (400 MHz, CDCl3) 
δ = 3.77 – 3.57 (m, 44H), 3.39 (t, J=5.1, 2H), 3.01 (s, 2H). 13C NMR (101 MHz, CDCl3) δ = 
72.49, 70.57, 70.55, 70.52, 70.44, 70.40, 70.18, 69.93, 61.52, 50.55. 
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Compound 28  

Compound 27 (0.27 mmol, 154 mg) was 
dissolved in anhydrous THF (2 mL) 
under an nitrogen atmosphere and cooled 
to 0°C. Triphenylphosphine (0.35 mmol, 
0.091 mg) was added and the mixture was 

stirred for 18 hours at room temperature. H2O (0.70 mmol, 13 µL) was added and the reaction 
was stirred for 48 hours. H2O (7 mL) was added and the white precipitate was removed by 
filtration. The water layer was washed with toluene (3x). The organic layers were discarded and the 
water layer was concentrated in vacuo to yield the title compound (0.20 mmol, 0.11 g, 74%). 1H 
NMR (400 MHz, CDCl3) δ = 3.79 – 3.55 (m, 47H), 3.51 (t, J=5.2, 2H), 2.86 (t, J=5.2, 2H), 
2.20 (s, 3H). 13C NMR (101 MHz, CDCl3) δ = 73.27, 72.61, 70.54, 70.50, 70.28, 70.23, 61.46, 
41.68. 

Compound 29  

Fmoc-Lys(Boc)-OH (21.3 mmol, 10.0 g) was slowly added to dry 5M HCl 
in EA (150 mL). The solution was stirred for 30 min, after which the 
formed crash was isolated by filtration. The residue was washed with EA 
(3x) to yield the title compound (19.7 mmol, 7.98 g, 92%). HRMS: 
[M+H] + calculated for C21H25N2O4 369.18088; found 369.18035 IR(cm-

1)= 3320 (1° N-H, stretch), 2918 (O-H, stretch), 1690 (C=O, stretch) 

Compound 30  

Compound 29 (19,7 mmol, 7,98 g) was dissolved in 8:2 MeOH:H2O (150 
mL). CuSO4 (0.5 mmol, 80 mg), NaHCO3 (90 mmol, 7.56 g) and 
HCl.imidazole-1-sulfonyl azide (0.5 mmol, 80 mg), NaHCO3 (90 mmol, 7.56 
g) and HCl.imidazole-1-sulfonyl azide (24 mmol, 5.0 g) was added. After 
overnight stirring, 3M HCl (aq) (30 mL) was added to acidify the solution to 

pH=2. The methanol was evaporated in vacuo and the mixture was diluted with EA and 
consequently washed with 10% KHSO4 (aq) (3x) and brine (1x). The solution was dried (MgSO4), 
filtrated and concentrated. The crude was adsorbed on Celite and purified by silica gel column 
chromatography (9:1 Pnt:EA  5:5 Pnt:EA, ∆=5%) to yield the title compound (14.8 mmol, 5.84 
g, 75%). HRMS: [M+H] + calculated for C21H22N4O4 395.17138; found 395.17120 IR(cm-1)= 
2949 (C-H, stretch), 2093 (N=N=N, stretch), 1694 (C=O, stretch). 1H NMR (400 MHz, 
CDCl3) δ 9.38 (s, 1H, COOH), 7.74 (d, J = 7.5 Hz, 2H, C-H Fmoc), 7.59 (d, J = 5.8 Hz, 2H, 
C-H Fmoc), 7.38 (t, J = 7.4 Hz, 2H, C-H Fmoc), 7.29 (m, 2H, C-H Fmoc), 5.47 (d, J = 33.8 Hz, 
1H, N2), 4.51 (m, 1H, C9), 4.39 (m, 2H, C3+9), 4.20 (t, J = 6.8 Hz, 1H, C10), 3.22 (m, 2H, C8), 
1.99 – 1.82 (m, 0.5H, C5), 1.80 – 1.65 (m, 0.5H, C5), 1.58 (m, 2H, C6), 1.52 – 1.38 (m, 2H, 
C7).13C NMR (101 MHz, CDCl3) δ 176.38 (C4), 156.31 (C1), 143.82 (Cq Fmoc), 141.35 (Cq 
Fmoc), 127.83 (C-H Fmoc), 127.15 (C-H Fmoc), 125.12 (C-H Fmoc), 120.09 (C-H Fmoc), 
67.19 (C9), 53.62 (C3), 51.09 (C8), 47.14 (C10), 31.81 (C5), 28.38 (C6), 22.51 (C7). 

NH2

O

O
O

O

O

O
O

O

O

O
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Structure of resin linker used (Rink amide) 
Rink amide resin(100-200 mesh, 0.7 mmole/g)  was 
purchased from www.rapp-polymere.com. 

 

 

 

Resin-bound compound 31  

Rink amide resin (200 µmol) was treated with a solution of 
20% piperidine in DMF (4x) for 10 min. and consequently 
washed with DMF (5x). This was followed by a coupling 
cycle procedure consisting of the following. The resin was 
treated with HCTU (1 mL, 0,6M in DMF), Fmoc-Cys(R-
Pam2)-OH (1mL, 0.6M in DMF) and lastly DiPEA (1mL, 
0.6M in DMF). The reaction was shaken for 2 hours and 
consequently washed with DMF (5x). A solution of 5% 

acetic anhydride in 0.1M DiPEA in DMF was added and the syringe was shaken for 10 min. The 
resin was washed with DMF (5x) after which the resin was treated with a solution of 20% piperidine 
in DMF (4x) for 10 min. and consequently washed with DMF (5x).The coupling cycle was then 
started over by coupling the next amino acid. The first amino acid used in the coupling cycle was 
compound 30. The last amino acid used in the coupling cycle was compound 5. 

Compound 32 

Compound 32 was synthesized in-house30 via a literature 
procedure.31 

 

 

 

 

 

Compound 33 

Resin-bound compound 31 (48 mg,  10 µmol) was swollen in 
a reaction syringe in DCM for 1 hour. Excess solvent was 
removed after which a solution of 95% TFA, 2.5% H2O, 2.5% 
TIS was added. The reaction syringe was shaken for 2 hours 
after which the syringe was emptied in a tube containing cold 
diethyl ether. The tube was centrifuged to collect the 
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precipitation as a pellet suspended in diethyl ether. The pellet was dried over nitrogen gas and 
consequently dissolved in DMSO (1 mL). Of this solution 900 µL was taken and put in an 
Eppendorf tube. Compound 32 (4.7 mg, 9 µmol) was added and the tube was shaken over 3 days 
when LC-MS showed complete conversion of the peptide starting material. The crude was purified 
by reverse-phase HPLC (Gradient: 10% AcN + 90% (H2O+0.1% TFA) to 90% AcN + 10% 
(H2O+0.1% TFA)) to obtain compound 33 (0.20 µmol, 0.39 mg, 2%) HRMS: [M+2H]2+ 
calculated for C96H178FN19O17S2 976.6552; found 976.6570 

Compound 34  

Resin-bound compound 31 (48 mg, 10 µmol) was 
swollen in a reaction syringe in DCM for 1 hour. Excess 
solvent was removed after which a solution of 95% TFA, 
2.5% H2O, 2.5% TIS was added. The reaction syringe 
was shaken for 2 hours after which the syringe was 
emptied in a tube containing cold diethyl ether. The 
tube was centrifuged to collect the precipitation as a 
pellet suspended in diethyl ether. The pellet was dried 
over nitrogen gas and consequently dissolved in DMSO 

(1 mL). Of this solution, 100 µL was put in an Eppendorf tube (1.5 mL). BCN-Cy5 (1 µmol, 0.81 
mg) was added and the tube was shaken for 3 days at room temperature. LC-MS analysis indicated 
complete conversion of the starting material. The crude was purified by reverse-phase HPLC to 
yield the title compound (0.20 µmol, 0.44 mg, 20% overall yield) LC-MS (1090, C18, H2O/AcN 
+ TFA): 1107.27 (z=2, simulated), 1107.73 (z=2, observed), 1164.13 (z=2, TFA adduct), 1221.00 
(z=2, 2*TFA adduct), 1277.53 (z=2, 3*TFA adduct). HRMS: [M+3H]4+ calculated for 
C120H205N19O17S 554.38726; found 554.38633 

Compound 35 

Resin-bound compound 31 (40 mg, 10 µmol) was swollen 
in DMF and DiPEA (50 µmol, 9 µL) and TCO-OSu (50 
µmol, 13 mg) were added and the reaction syringe was 
shaken overnight. LC-MS analysis of a small amount of 
TFA-treated resin indicated complete conversion of the 

starting material. The resin was washed with DMF (3x) and DCM (3x). A solution of 5% TFA, 
2.5% TIS, 2.5% H2O in DCM was added and the reaction vessel was shaken for 15 min. The 
syringe was emptied in a 0°C solution of Et2O (total volume = 30 mL) and put in a -20°C freezer 
overnight. The tube was then centrifuged for 90 min at 4°C after which a pellet was visible. The 
tube was decanted and the pellet dried to yield the title compound (2.3 µmol, 3.3 mg, 23%). 
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Compound 36  

A solution of compound 35 (max. 2.3 µmol, 3.3 mg) in 
anhydrous DMSO (200 µL) was put in an Eppendorf tube 
(1.5 mL). BCN-Cy5 (1.1 µmol, 0.90 mg) was added and 
the tube was shaken for 3 days at room temperature. LC-
MS analysis indicated complete conversion of the starting 
material. The mixture was diluted with DMSO (500 µL) 
and a mixture of 1:1:1 t-BuOH:AcN:H2O (500 µL).  The 
crude was purified by reverse-phase HPLC to yield the title 

compound (0.60 µmol, 1.4 mg, 26% overall yield). HRMS: [M+3H]3+ calculated for 
C129H215N18O20S 789.86993; found 789.86841 
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Chapter 3 

Conditionally controlled intracellular TLR-ligands1 

 

Introduction 

Chapter 2 introduced the concept of bioorthogonally protected TLR ligands and revealed that a 
trans-cyclooctene protecting group gave control over TLR2/6 receptor dimer-mediated signaling. 
The aim of the research described in Chapter 2 was to make use of caged TLR2/6 ligands as tools 
to reveal where intracellular TLR2/6 signaling occurred, and whether TLR2/6 dimers located at 
the cell surface provided a pro-inflammatory signal different from that following intracellular 
activation. TLR2/6 is not the only receptor for which such a signaling duality has been postulated.2 
TLR4, for example, has been shown to induce NF-κB when activated at the cell surface, yet signals 
in an IRF-dependent manner when ligated from within the endosome.3  

One sub-family of TLRs resides exclusively in endosomes and lysosomes. This family, 
encompassing TLR3, TLR7, TLR8, and TLR9, bind nucleic acids (NAs) of non-host origin. TLR3 
recognizes double-stranded RNA (dsRNA)4, TLR7 and 8 recognize single-stranded RNA 
(ssRNA)5,6 and TLR9 recognizes DNA with recurring motifs of unmethylated cytosine-
phosphodiester-guanine (CpG) in the 5’3’ direction.7 For this purely endo-lysosomal family of 
receptors a signaling duality has also been hypothesized: namely that signaling from early 
endosomes and late endosomes/lysosomes is different.8 Indeed, evidence exists that TLR9 signaling 
from the late endosomal compartment leads to NF-KB activation, whereas its signaling from earlier 
endosomal compartments induces IRF-signaling.9,10 For TLR3, TLR7, and TLR8, no evidence 
supporting the existence of signaling duality has yet been reported. 

Furthermore, it remains to be elucidated how this dichotomous TLR9 signaling arises: whether the 
NF-KB-activating signaling cascade occurs only when an unligated TLR9-receptor encounters its 
ligand in the late endosome/lysosome, or whether the signaling adapters associated with the TLR9 
simply change during the maturation from an early endosome to a late endosome when the receptor 
encountered its ligand in this early endosome.  

It was envisaged that conditional ligands could be used to probe this compartment-specific 
behavior. Such tools would be useful to unravel TLR9 signaling, but also to determine whether 
other endosomal TLRs displayed this dichotomous signaling. In an attempt to address these 
questions, the Esser-Kahn group has published a photocaged variant of the TLR 7/8-ligand 
Resiquimod (also ‘R848’), namely, NPPOC-Resiquimod (Figure 1 – the photolabile groups in the 
caged TLR ligands depicted in Figure 1 are highlighted in blue).11 
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Figure 1. Previously reported conditional ligands for intracellular TLRs: a resiquimod derivative that has a 
2-(2-nitrophenyl)-propoxycarbonyl (NPPOC) cage conditionally controls TLR7/8 activity,11 a 
pyrimido[5,4-b]indole derivative caged with N-veratryloxycarbonyl (NVOC) conditionally controls TLR4 
activity,12 and a CpG sequence carrying four 6-nitropiperonyloxymethyl (NPOM)-modified T residues 
(indicated in red).13  

Control over TLR7/8 activity can be achieved upon UV-irradiation of model cell lines and of 
primary dendritic cells pretreated with NPPOC-Resiquimod. The same laboratory also produced 
a photocaged variant of a TLR4 ligand, NVOC-pyrimido[5,4-b]indole (Figure 1).12 The group of 
Deiters reported a photocaged TLR9 ligand, 24-meric CpG carrying four NPOM-groups (Figure 
1).13 Treatment of TLR9-expressing HEK293T cells with NPOM-CpG followed by UV-
irradiation showed that TLR9 activity could also be controlled with light. A modest three-fold 
induction of TLR9 activity was observed after irradiation with 360 nm light. This is possibly due 
to multiple thymidines requiring caging to abolish the binding to TLR9.  

The photo-deprotection experiments with the three ligands shown in Figure 1 were the first 
examples of the use of conditional ligands to study pattern recognition receptors. However, the 
experimental methods described in these papers are limited in their use for distinguishing between 
different endosomal compartments. The low spatial resolution of the UV-source (>7 mm²) and the 
migration of cells during the 10-minute irradiation window prevents this.11  

In order to achieve sub-cellular activation of TLR-ligands, it was envisaged that a chemical, rather 
than a photochemical, deprotection strategy would be of use. Recently, tetrazines have been 
reported that were targeted to specific organelles and were used for a sub-cellular ligation reaction.14 
Applying such a strategy to the study of TLR-ligands was envisaged to offer a solution for 
unraveling the potential signaling dichotomy of the TLRs that are present in more than one sub-
cellular location: if deprotection could be limited to, for example, an early endosome, the 
contribution of signaling from this compartment could be isolated.  

In this Chapter, the syntheses of trans-cyclooctene-protected ligands for TLR4, the TLR 7/8 
combination and TLR9 are described (Figure 2). The produced reagents can be combined with the 
tetrazine-mediated uncaging strategy described in Chapter 2.  
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Figure 2. TCO-caged TLR ligands subject of the studies described in this Chapter. A) R848 caged with a 
TCO on its exocyclic amine. B) An antibody-drug-conjugate (ADC) bearing an R848 payload through a 
tetrazine-sensitive immolative linker. C) A pyrimido[5,4-b]indole-based synthetic TLR4 ligand caged with 
a TCO on the endocyclic amine of the indole. D) A 20-meric oligodeoxynucleotide bearing a single CpG 
motif, of which its deoxycytidine is caged with a TCO on the exocyclic amine. 
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Results and Discussion 

Towards a chemo-controllable TLR9-agonist 

The synthesis of a tetrazine-controllable TLR9 ligand was undertaken first. It was envisaged to first 
introduce a TCO-moiety on the exocyclic amine of a cytidine building block and then use this 
reagent in a phosphoramidite/DMTr on-resin oligonucleotide synthesis strategy.15 This strategy 
was based on the observation that the cytidine in the singly-present CpG-motif (Figure 2, C*) is 
engaged in both strong van der Waals interactions and hydrogen bonding as revealed by the co-
crystal structure of ODN1668 (a CpG class B ODN with phosphorothioate linkages) in complex 
with the extracellular domain of bovine TLR9.16 It was postulated, based on the above interactions, 
that protection of the exocyclic amine on one of the cytidines of the TLR9-binding 12-mer 
fragment of ODN1668 (Scheme 2, compound 11) would yield a compound that does not bind 
TLR9.  

 

Figure 3. Potential hurdles during ODN synthesis using a TCO-caged deoxycytidine. A) Sulfurization 
reagents needed to oxidize the phosphites to phosphorothioates may react with the trans-configured olefin, 
though this was not observed when exposing TCO-benzylamine to this reagent. B) Hydrolysis of the TCO 
may occur during global deprotection to a significant extent. 

ODN1668 contains phosphorothioate esters for increased biological stability.15 Synthesis of the 
TCO-protected variant 12 (Scheme 2) requires the TCO-caged cytidine to be stable to repeated 
cycles of sulfurization and acidic detritylation, as well as to concentrated aqueous ammonium 
hydroxide used in the final global deprotection step. To first assess whether this is the case, the 
model TCO-benzylamine was exposed to sulfurization reagent II (Figure 3A). 30-minute exposure 
of TCO-benzylamine to a 10-fold excess of sulfurization reagent II did not yield any degradation 
products and TCO-benzylamine could be recovered in >99% yield after work-up and purification.  
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Scheme 1. Synthesis of trans- and cis-cyclooctene protected building blocks for solid phase DNA synthesis 
starting from deoxycytidine. Reagents and conditions: a) 30% Acetyl chloride in CHCl3, acetic acid, 40°C, 
o.n., qt.; b) Compound 2: TCO-p-nitrophenolate, DiPEA, DMAP, acetonitrile, 40°C, 7 days, 90%; 
compound 3: CCO-p-nitrophenolate, DiPEA, DMAP, acetonitrile, 40°C, 7 days, 84%; c) K2CO3, MeOH, 
r.t., 2 hrs, qt.; d) DMTrCl, pyridine, r.t., o.n., 77% (Compound 6), 72% (Compound 7); e) 2-cyanoethyl 
N,N-diisopropylchlorophosphoramidite, DiPEA, DCM, 0°C  r.t., 15 min, 71% (compound 8), 88% 
(compound 9). 

Next, the synthesis of the phosphoramidite/DMTr-protected TCO-cytidine 8 was attempted. First 
the 3’- and 5’-hydroxyl-groups on the deoxycytidine were protected as acetates (reaction a, Scheme 
1). Next the reaction between TCO-OSu and CCO-OSu and the exocyclic amine on the 
nucleobase (1) was attempted using various bases (DiPEA, DBU, LiHMDS) as catalysts. All failed 
to yield the desired product. When p-nitrophenolate-activated TCO carbonate was used as a TCO-
donor, in presence of a catalytic amount of DMAP the reaction proceeded to yield 3 in 90% after 
7 days at 40°C. H-NMR spectroscopy showed that no trans-to-cis conversion of the TCO-group 
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had taken place during this time. Deacetylation was achieved using potassium carbonate in 
methanol. This resulted in the formation of product 4 in quantitative yield. Interestingly, 
quenching of the potassium carbonate with Amberlite H+

 prior to evaporation resulted in a loss of 
product. The mixture was therefore concentrated without quenching, which prevented the loss of 
product and did not result in hydrolysis of the carbamate.  

Before proceeding with the synthesis of 8, the stability of the TCO-carbamate to 28% NH4OH 
(aq.) was assessed, as these are the conditions used in the final deprotection during solid phase 
oligonucleotide synthesis (Figure 3). Compound 4 was incubated for 60 minutes at room 
temperature, followed by concentration at 45°C. This led to partial hydrolysis (10%) of the TCO, 
as determined by LC-MS. It was therefore decided to employ 4-tert-butylphenoxyacetyl-protected 
(tac, scheme 2) nucleotide building blocks during ODN synthesis, known for their fast 
deprotection in comparison to standard benzoyl/isobutyl/acetyl-protected building blocks, to limit 
the hydro- and aminolysis of the TCO during NH4OH (aq.) treatment.17 Exposure to the shorter 
deprotection conditions required when using these protecting groups did not result in hydrolysis 
of 4. Introduction of the DMTr-protecting group onto the 5-position of 4, followed by 
phosphitylation proceeded to yield 8 in 41% over 5 steps. The CCO-modified control compound 
9 was synthesized in the same manner in a 47% yield over 5 steps. 

 

Scheme 2. Synthesis of cyclooctene-caged ODN1668 12- and 20-mer derivatives. Reagents and conditions: 
a) 5% dichloroacetic acid in toluene, r.t., 3 min (1x); b) (i) DMTr-dCtac-PAM (3 eq.), r.t., acetonitrile, 3 
min (2x) (ii) 4-t-butylphenoxyacetyl anhydride, acetonitrile, r.t., 30 sec (1x); c) Sulfurization reagent II (10 
eq.), acetonitrile, r.t., 1 min (1x); d) Repeat steps a-c  with the respective deoxynucleoside phosphoramidite 
building blocks: DMTr-dGtac-PAM, DMTr-dT-PAM, DMTr-dAtac-PAM. At position c*, either building 
block 8 or 9 was used as the deoxynucleoside phosphoramidite.  
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Building block 9 was next used in the synthesis of a the TCO-protected 12-mer oligonucleotide 
11.16 The parent unprotected motif 10 was also synthesized (Scheme 2). The oligonucleotides were 
subsequently cleaved from the resin, purified and desalted as reported.15 MALDI-analysis 
confirmed the molecular weight of the products.  

Next, the ability of 10 and 11 to activate TLR9 was assessed on murine bone marrow-derived 
dendritic cells (BMDCs). Neither the protected nor unprotected 12-mers induced cytokine 
expression in these cells. This could be due to the lower levels of TLR9 (and its trafficking adapter 
Unc93B1) expression in BMDCs, compared to the transfected HEK293T-cell lines used in the 
aforementioned publication that shows the activation of TLR9 by non-caged 12-mer 10.16 In an 
attempt to achieve a higher NF-kB activity in BMDCs, the full length 20-mer CpG was synthesized 
with either a TCO (12) or CCO (13) on the deoxycytidine indicated in red in Scheme 2. These 
compounds are currently awaiting their biological evaluation. 

A Chemo-controllable TLR7/8-Agonist 

Next, the synthesis of the TCO-modified TLR7/8 ligand Resiquimod was attempted (Scheme 3). 
Previous studies using the O-nitrobenzyl-protected variant of the same ligand (NPPOC-
Resiquimod, Figure 1) had shown the that modification of the exocyclic amine could block TLR7/8 
ligation.11  

 

Scheme 3. Synthesis of trans- and cis-cyclooctene protected resiquimod. Reagents and conditions: a) 
Compound 14: TCO-OSu, DiPEA, 1:1 DMF:DCM, r.t., 5 days, 43%; Compound 15: CCO-OSu, 
DiPEA, 1:1 DMF:DCM, r.t., 5 days, 71%; Compound 16: TCO-(OSu)2, DiPEA, 1:2 DMF:DCM, r.t., 
10 days, 24% 

14 Was synthesized by reacting Resiquimod with TCO-OSu to yield the TCO-carbamate 14 
(Scheme 3) in 14% yield after 5 days reaction time. The CCO-carbamate-modified control 
compound 15 was made in the same manner in a 71% yield. Resiquimod modified with a more 
soluble bifunctional TCO-carbamate (16) was made in a 24% yield. The ability of 14 (R848-
TCO) and 15 (R848-CCO) to activate TLR7 and/or TLR8 was assessed by quantifying their 
ability to induce TNF-a and IL-6 production in murine BMDMs (Figure 4). 
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Figure 4. Biological evaluation of compounds 14 and 15: R848-TCO and R848-CCO, respectively. TNF-
α and interleukin 6 (IL6) concentrations were measured in medium containing murine bone marrow-
derived macrophages (BMDMs). R848-TCO only elicits a response when co-administering tetrazine 17 at 
1 µM, whereas R848-CCO is irresponsive at the same concentration.   

14 Did not induce cytokine production at 0.01-1 µM (light green bars). Upon addition of tetrazine 

17 (Figure 4), activity was restored to a 1 µM ligand concentration for both secretion of TNF-α 
and IL6. Future work includes testing this ligand at >1 µM concentrations in conjunction with 
tetrazines directed to either the extracellular environment or the endo-lysosomal pathway to 
selectively activate the populations of TLR7/8 that are residing in various locations in or on the 
cell.  

Synthesis of R848-TCO Conjugates 

TLR-ligands have been suggested as chemotherapeutics against numerous cancers by inducing a 
robust immune response against tumor-associated antigens. Resiquimod is clinically approved for 
the treatment of cutaneous T cell lymphoma as well as herpes-derived skin lesions. These treatments 
are, however, all limited by to topical application as systemic application of TLR ligands can induce 
cytokine storms and carry the potential to induce septic shock.18 It was therefore envisaged that the 
second OSu-functionality present in 16 (Scheme 3) could be used to conjugate the ligand to an 
antibody to produce an antibody-drug conjugate (ADC). The ligand’s activity would be blocked 
by the TCO, and ‘released’ in vivo after targeting it to a tumour via the antibody.19–22 

In order produce this R848-based ADC, the protocol described by Rossin et al.23 for modifying 
antibodies with TCO-modified chemotherapeutics TCO-OSu was used to modify the model 
protein, egg white protein ovalbumin (OVA). OVA was reacted with compound 16 (Figure 5) for 
2 hours in a mixture of PBS, propyleneglycol, and DMF (7:2:1). After size-based separation over a 
30 kDa cutoff filter (movalbumin = 42.7 kDa), the product was analyzed using a fluorogenic BODIPY-
labeled tetrazine (synthesized in-house by Alexi Sarris).24 A single band in the BODIPY channel 
was observed indicating successful TCO-conjugation, although the modification yield remains to 
be determined (Figure 5A). 
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Figure 5. Conjugation of ovalbumin to R848 through a bis-functionalized TCO linker. SDS-PAGE 
analysis of caged ovalbumin (OVA) was used to verify conjugation as well as trans-configuration of the 
TCO. A) Fluorescence in the BODIPY channel. Only OVA-TCO-R848 gives rise to a signal when 
treated with a BODIPY-tetrazine (Tz-bp), indicating product formation. B) Coomassie staining indicating 
near-equal loading of proteins in each lane. Reagents and conditions: a) Compound 16, 1M Na2CO3 -

(aq.), 7:2:1 PBS:propylene glycol:DMF (v:v:v). 

 

With these conditions in hand, the conjugation of 16 to the tumor-targeting antibody TA99 was 
attempted.25 This monoclonal antibody binds tyrosinase-related protein 1 (TYPR1) that is often 
upregulated in melanoma cells.26 The conjugation procedure yielded conjugate 19 after purification 
using a PD-10 column (Scheme 4, reaction a). Release of Resiquimod from conjugate 19 was 
assessed in an in vitro experiment, in which THP1-Dual cells were treated with the conjugate either 
in the presence or absence of tetrazine 20 (Figure 6A). Pure Resiquimod was used as a positive 
control, and PBS buffer as a negative control. After overnight incubation the production of secreted 
embryonic alkaline phosphatase (SEAP) was quantified as a measure of NF-κB activity (Figure 6). 
Activity of Resiquimod was fully recovered upon co-incubation with tetrazine. 
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Scheme 4. Conjugation of antibody TA99 with 16 and consequent release with tetrazine (Tz) 20. Tz 20 is able to both click and release R848. Tz 21 is first 
radiolabeled with Indium-111 and, due to the two pyridine substituents, clicks very efficiently but releases R848 poorly. Thus Tz 20 is used release R848 from the 
ADC and Tz 21 is used to quantify unreacted ADC using radiolabelling. Reagents and condition: a) TA99 in PBS (5 mg/mL), compound 16 (10 mM in DMF) in 
7:2:1 PBS:propylene glycol:DMF at pH=9 as adjusted with 1M Na2CO3, 2h, RT.  
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Figure 6.  THP1-Dual cells were treated with antibody-drug conjugate (ADC) 19 either in the presence or 
absence of Tz activator 20. PBS buffer was used as a negative control and free R848 agonist as a positive 
control. After overnight incubation NF-κB activity was measured through quantification of SEAP 
production. Experiment was carried out by Raffaella Rossin (Tagworks Pharmaceuticals). 

Behavior of conjugate 19 was next assessed in vivo by the company Tagworks. Native TA99 and 
conjugate 19 were radiolabeled through acylation with radio-iodinated N-succinimidyl-3[4-
hydroxyphenyl]propionate (Bolton-Hunter method).27 One group (n=4) of female C57BL/6 mice 
bearing a subcutaneous B16-F10 melanoma was injected with the radiolabelled native TA99 (5 
mg/kg, 0.3 MBq/mouse) and euthanized 48h post-mAb injection (Figure 7A). Three more groups 
(n=4) of mice were treated with radiolabelled conjugate 19, of which one group was euthanized 
48h post-mAb injection, and two groups were injected with a clearing agent (CA, Figure 7C) 48h 
post-mAb injection. This clearing agent, a conjugate of tetrazine with galactose-albumin, is known 
to increase the tumour-to-blood ratio of TCO-bearing antibodies by reacting only with freely-
circulating antibodies.28 Two hours after CA injection one group was injected with activating 
tetrazine 20. Three hours after CA injection both groups were injected with Indium-111 labelled 
tetrazine probe 21 (Figure 7B). This probe reacts very efficiently with TCO-groups, but releases 
drug payloads very poorly (Scheme 4) and was therefore used to quantify the conjugates 19 that 
have not reacted with tetrazine 20.  
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Figure 7. In vivo performance of native TA99 and conjugate 19 and its distribution throughout female 
C57BL/6 mice bearing a subcutaneous B16-F10 melanoma. A) Native TA99 and conjugate 19 were 
radiolabelled with 125I, whereas tetrazine 21 was radiolabelled with 111In. The study contained four groups 
of mice each subject to the order of reagents as presented in the key. 125I isotope signal indicates presence of 
the TA99 antibody in the specified organ. B) The groups of mice receiving both the conjugate and clearing 
agent were also injected with 111In-radiolabelled tetrazine 21 one hour after receiving activating tetrazine 20. 
111In isotope signal indicates presence of unreacted ADC conjugate 19 prior to the second injection. 
Significance calculated through a one-way ANOVA Bonferroni post-hoc test, *:p<0.05; **:p<0.01. 
Experiment was carried out by Raffaella Rossin (Tagworks Pharmaceuticals). C) Clearing agent (CA) 
consisting of a polygalactosylated albumin-polytetrazine conjugate. 

 

The results outlined in Figure 7A show that conjugate 19 exerts similar target affinity compared to 
native TA99. A high uptake in blood and blood-rich organs was observed as well as tumoral tissue 
and the skin. Application of the clearing agent significantly reduced the conjugate uptake in blood 
and blood-rich organs, whilst maintaining target-specific uptake in the skin and tumoral tissue. 
Figure 7B shows a measure of reaction inefficiency between Tz activator 20 and conjugate 19, as 
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unreacted conjugates will react with Indium-111-labelled Tz probe 21. Uptake of the probe in all 
tissues, except for the kidney, is significantly lower (Student’s t-test) after administration of Tz 
activator 20, confirming that reaction between Tz activator 20 and mAb conjugate 19 has taken 
place. The strong uptake of the probe in the kidney can be explained by the clearance of circulating 
19 due to addition of the clearing agent (CA). These results suggest the approach is feasible, and 
further immunological evaluations are required to test immune activating properties of the 
constructs. 

 

A Chemo-controllable TLR4-Agonist 

In a final application of TCO-chemistry to TLR-activation studies, a TCO-modified TLR4 ligand 
was synthesized. The canonical ligand for TLR4 is lipopolysaccharide29, which is only accessible 
through isolation from the outer membrane of gram-negative bacteria as a highly heterogeneous 
mixture. This – and the absence of a unique reactive site in the molecule – precluded its use as 
starting material for this approach. Our attention was therefore directed to a synthetic 
pyrimido[5,4-b]indole based TLR4 ligand 22 (Scheme 5).30 The activity of this ligand is dependent 
on a critical heterocyclic amine.30 It was envisaged that this amine could be protected as a TCO-
carbamate to allow tetrazine-mediated control over ligand activity.  

 

Scheme 5. Synthesis of a TCO- or CCO-protected pyrimido[5,4-b]indole derivative. Reagents and 
conditions: a) Compound 23: (i) NaH, THF, r.t., 30 min (ii) TCO-OSu, THF, r.t., o.n., 51%; Compound 
24: (i) NaH, THF, r.t., 30 min (ii) CCO-OSu, THF, r.t., o.n., 63%; Compound 25: (i) NaH, THF, r.t., 
30 min (ii) TCO-(OSu)2, THF, r.t., o.n. 

As endocyclic indolamines are poor nucleophiles, deprotonation with strong bases was performed 
prior to reaction with the TCO-OSu reagent. Suspending the starting material in THF followed 
by addition of an excess of sodium hydride led to the formation of a clear yellow solution. Addition 
of TCO-OSu to this solution resulted in near-quantitative conversion to the product within 
minutes. Purification was achieved using silica gel column chromatography and yielded TCO-, 
CCO- and OSu-TCO-modified indoles 23-25 in 50-63% yield (Scheme 5).  
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Figure 8. Biological evaluation of compounds 23 and 24: TLR4a-TCO and TLR4a-CCO, respectively. 
TNF-α and interleukin 6 (IL6) concentrations were measured in medium containing murine bone marrow-
derived macrophages (BMDMs) after treatment with the indicated compounds. TLR4a-TCO 23 only elicits 
a response when co-administering tetrazine 17, whereas TLR4a-CCO 24 is irresponsive at the same 
concentrations. IL6 production appears hampered at higher concentrations. 

To assess the suitability of 23-25 as reagents to study TLR4-activation, murine bone marrow-
derived macrophages (BMDMs) were treated with either free ligand 22, TCO-caged ligand 23, or 
CCO-caged ligand 24 at 2 or 10 µM in the presence or absence of tetrazine (Figure 8). 23 Showed 
a strongly diminished (<10%) production of TNF-α and IL-6 in absence of the deprotecting 
tetrazine. Addition of tetrazine 17 resulted in the production of both cytokines, albeit at lower 
levels than for the unmodified ligand (60 and 20% respectively). Future work could involve 
employing this ligand at the window-of-activity concentration in conjunction with tetrazines 
directed to the endo-lysosomal pathway to selectively activate the intracellular population of TLR4.  

 

Scheme 6. Aminolysis of compound 25. Addition of amine-containing linkers resulted in regeneration of 
the free ligand 22, as opposed to substitution of the succinimidyl ester.  
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The synthesis of a conjugatable variant of this caged ligand was also attempted using the previously 
reported bis-functionalized TCO-(OSu)2 reagent.23 Using the procedure outlined in Scheme 5, 
compound 25 was observed by LC-MS, whilst keeping the succinimidyl ester at position 5 intact. 
Unfortunately, addition of various amine-containing linkers (e.g. ethanol amine, dodecaethylene 
glycolamine) resulted in quantitative aminolysis of the TCO from the indole (Scheme 6).  

This lability of the indole-carbamate could prevent the biological use of 23 as it might give rise to 
premature TLR4 activation. The use of an ether-based conjugation-strategy could potentially solve 
this issue.31–33 
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Conclusion 

In this Chapter the concept of trans-cyclooctene as bioorthogonal protecting groups was applied to 
ligands specific for TLRs residing in intracellular compartments. Deoxycytidine was caged with a 
CCO or a TCO on the exocyclic amine of the nucleobase. These building blocks were made 
amenable for DMTr/phosphoramidite solid-phase oligonucleotide synthesis and used to procure a 
caged 12-meric and 20-meric caged CpG ODN. Although the 12-mer was unable to induce TLR9 
activation on BMDMs, it is known that the 20-mer is, and the caged 20-mer is currently awaiting 
biological evaluation.  

The same TCO-caging strategy was applied on Resiquimod, which showed a recovery of 
functionality after treatment with tetrazine in BMDMs marked by the production of TNF-α and 
IL6. Substitution of a second functionality on TCO was feasible when present on Resiquimod, 
enabling the synthesis of an antibody-drug conjugate able to release Resiquimod in sites where the 
antibody accumulates, for example the tumoral environment. This was assessed and confirmed in 
an in vivo murine experiment employing TA99 as the antibody targeting melanocytes. 

Lastly, a synthetic TLR4 ligand was successfully caged with a TCO. This yielded a compound of 
which its activity towards TLR4 could be controlled by the addition of tetrazine.  
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Experimental Section 

General reagents were obtained from Sigma Aldrich, Fluka, and Acros. All reagents were of 
commercial grade and used as received unless stated otherwise. Solvents used in synthesis were dried 
and stored over 4Å molecular sieves, except MeOH and ACN which were stored over 3Å molecular 
sieves. Triethylamine (Et3N) and Diisopropylethylamine (DiPEA) were stored over KOH pellets. 
LC-MS analysis was performed on a Finnigan Surveyor HPLC system with a Nucleodur C18 
Gravity 3um 50 x 4.60 mm column (detection at 200-600 nm) coupled to a Finnigan LCQ 
Advantage Max mass spectrometer with ESI or coupled to a Thermo LCQ Fleet Ion mass 
spectrometer with ESI. The Method used was 10→90% 13.5 min (0→0.5 min: 10% MeCN; 
0.5→8.5 min: 10% to 90% MeCN; 8.5→ 11 min: 90% MeCN; 11→13.5 min: 10% MeCN) 
unless otherwise stated. High resolution mass spectra (HRMS) were recorded on the following 
machines: Thermo Scientific Q Exactive HF Orbitrap mass spectrometer equipped with an 
electrospray ion source in positive-ion mode (source voltage 3.5 kV, sheath gas flow 10, capillary 
temperature 275 °C) with resolution R = 240.000 at m/z 400 (mass range of 150-6000) correlated 
to an external calibration, or on a Waters Synapt G2-Si (TOF) equipped with an electrospray ion 
source in positive mode (source voltage 3.5 kV) and LeuEnk (m/z = 556.2771) as internal lock 
mass. HPLC purification was performed on a Gilson HPLC system coupled to a Magerey-Nagel 
Nucleodur C18 Gravity 5 µm 250 ×10mm column, or on an Agilent 1200 HPLC/6130 MS system 
coupled to a Magerey-Nagel Nucleodur C18 Gravity 5µm 250×10 mm column or on a Waters 
autopurifier HPCL/MS system coupled to a Phenomenex Gemini 5µm 150×21.2 mm column. 

Compound 1 

The following synthesis was adopted from literature procedure. 28 Acetic 
acid (20mL) was added to a flask charged with deoxycytidine (10 mmol, 
2.3 g) and stirred vigorously. A solution of acetyl chloride (6 mL) in CHCL3 
(14 mL) was added to the suspension and the reaction was stirred overnight. 
The reaction mixture was concentrated in vacuo to yield the title compound 
as a white solid (10 mmol, 3.1 g, qt.) 1H NMR (400 MHz, DMSO-d6) δ 

= 9.98 (d, J=13.7, 1H), 8.86 (d, J=9.7, 1H), 7.99 (dd, J=7.9, 1.3, 1H), 6.27 – 6.19 (m, 1H), 6.08 
(t, J=6.8, 1H), 5.19 (dt, J=6.3, 3.3, 1H), 4.31 – 4.20 (m, 3H), 2.50 – 2.36 (m, 2H), 2.05 (d, J=9.9, 
6H). 13C NMR (101 MHz, DMSO-d6) δ = 170.47, 160.02, 147.38, 144.77, 94.74, 86.66, 82.39, 
74.13, 63.97, 37.01, 21.21, 21.06. 
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Compound 2  

Compound 1 (1.3 mmol, 0.40 g) was dissolved in acetonitrile (2 
mL). Trans-cyclooctene-2-oxycarbonyl paranitrophenolate (0.67 
mmol, 0.20 g), DiPEA (2.6 mmol, 0.45 mL) and DMAP (0.67 
mmol, 82 mg) were added and the mixture was stirred for 7 days 
at 40°C. TLC analysis (10% MeOH in DCM, Rf=0.8) indicated 
complete conversion of the starting material. The reaction 
mixture was cooled to room temperature, diluted with EtOAc 
and washed with 0.1 M HCl (aq.) (3x). The combined aqueous 

layers were back-extracted with EtOAc (1x). The organic layers were combined and washed with a 
saturated solution of NaHCO3 (aq.) (3x). The combined aqueous layers were back-extracted with 
EtOAc (1x). The organic layers were combined, washed with brine (1x), dried over MgSO4 and 
concentrated in vacuo. Silica gel column chromatography (DCM 1% MeOH in DCM  2% 
MeOH in DCM) yielded the pure title compound (0.60 mmol, 0.28 g, 90%). 1H NMR (400 
MHz, CDCl3) δ = 7.97 (d, J=7.5, 1H), 6.26 (ddd, J=8.2, 5.6, 2.9, 1H), 5.86 (ddd, J=15.9, 11.0, 
3.6, 1H), 5.55 (dt, J=16.5, 2.1, 1H), 5.42 (s, 1H), 5.31 (s, 1H), 5.22 (d, J=6.2, 1H), 4.37 (s, 3H), 
2.86 – 2.76 (m, 1H), 2.50 (dd, J=9.9, 4.6, 1H), 2.10 (d, J=11.4, 8H), 2.03 (d, J=10.5, 1H), 2.02 
– 1.91 (m, 1H), 1.89 (dq, J=11.1, 5.0, 1H), 1.82 – 1.63 (m, 2H), 1.50 (td, J=12.8, 4.2, 1H), 1.31 
(s, 1H), 1.26 (d, J=2.7, 1H), 1.16 – 1.03 (m, 1H), 0.92 – 0.75 (m, 1H).13C NMR (101 MHz, 
CDCl3) δ = 170.52, 132.88, 129.96, 87.38, 83.07, 75.96, 74.31, 74.26, 63.79, 40.55, 39.15, 
36.05, 35.99, 29.07, 24.15, 21.02, 20.92. 

Compound 3  

Compound 1 (1.0 mmol, 0.31 g) was dissolved in acetonitrile (2 
mL). Cis-cyclooctene-2-oxycarbonyl paranitrophenolate (0.54 
mmol, 0.16 g), DiPEA (2.0 mmol, 0.35 mL) and DMAP (0.50 
mmol, 61 mg) were added and the mixture was stirred for 7 days 
at 40°C. TLC analysis (10% MeOH in DCM, Rf=0.8) indicated 
complete conversion of the starting material. The reaction 
mixture was cooled to room temperature, diluted with EtOAc 
and washed with 0.1 M HCl (aq.) (3x). The combined aqueous 

layers were back-extracted with EtOAc (1x). The organic layers were combined and washed with a 
saturated solution of NaHCO3 (aq.) (3x). The combined aqueous layers were back-extracted with 
EtOAc (1x). The organic layers were combined, washed with brine (1x), dried over MgSO4 and 
concentrated in vacuo. Silica gel column chromatography (DCM 1% MeOH in DCM  2% 
MeOH in DCM) yielded the pure title compound (0.45 mmol, 0.21 g, 84%).1H NMR (400 
MHz, CDCl3) δ = 7.96 (d, J=7.6, 1H), 7.87 (s, 1H), 7.29 (dd, J=7.7, 1.5, 1H), 6.26 (ddd, J=7.5, 
5.5, 1.7, 1H), 5.79 – 5.60 (m, 2H), 5.57 – 5.48 (m, 1H), 5.22 (dd, J=6.4, 2.3, 1H), 4.36 (d, J=1.8, 
3H), 2.82 (ddd, J=14.4, 5.7, 2.3, 1H), 2.33 – 2.23 (m, 1H), 2.23 – 2.12 (m, 1H), 2.16 – 2.04 (m, 
7H), 1.98 (qd, J=8.1, 5.1, 2H), 1.77 – 1.48 (m, 2H), 1.42 (tdt, J=9.5, 6.5, 3.4, 1H).13C NMR 
(101 MHz, CDCl3) δ = 170.52, 170.33, 162.60, 154.88, 152.03, 143.01, 130.51, 129.87, 95.00, 
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87.35, 83.02, 82.99, 75.08, 74.29, 74.23, 63.77, 39.10, 35.05, 28.81, 26.46, 25.85, 23.28, 20.99, 
20.88. 

Compound 4  

Compound 2 (0.60 mmol, 0.28 g) was dissolved in MeOH (5 
mL). K2CO3 (0.30 mmol, 41 mg) was added and the reaction was 
stirred at room temperature for 30 minutes. TLC analysis (5% 
MeOH in DCM, Rf=0.2) indicated complete conversion of the 
starting material. The reaction mixture was concentrated in vacuo 
and was used as is in the following reaction. 

 

Compound 5  

Compound 3 (0.41 mmol, 0.19 g) was dissolved in MeOH (4 
mL). K2CO3 (0.20 mmol, 28 mg) was added and the reaction was 
stirred at room temperature for 30 minutes. TLC analysis (5% 
MeOH in DCM, Rf=0.2) indicated complete conversion of the 
starting material. The reaction mixture was concentrated in vacuo 
and was used as is in the following reaction. 

 

Compound 6  

Compound 4 (0.60 mmol, 0.23 g) was dissolved in 
pyridine (4 mL). DMTr-Cl (1.80 mmol, 610 mg) was 
added and the reaction mixture was stirred overnight at 
room temperature. TLC analysis (10% MeOH in DCM, 
Rf=0.7) indicated complete conversion of the starting 
material. The mixture was concentrated in vacuo, diluted 
with EtOAc and consequently washed with H2O (3x). 
The combined aqueous layers were back-extracted with 
EtOAc (1x). The organic layers were combined, washed 

with brine, dried over MgSO4 and concentrated in vacuo. Silica gel column chromatography (DCM 
 0.5% MeOH in DCM  2% MeOH in DCM) yielded the pure title compound (0.46 mmol, 
0.31 g, 77% over two steps).1H NMR (400 MHz, CDCl3) δ = 8.21 (dd, J=7.5, 1.2, 1H), 7.75 (s, 
1H), 7.43 – 7.35 (m, 2H), 7.34 – 7.26 (m, 7H), 7.26 – 7.19 (m, 1H), 7.02 (dd, J=7.5, 2.0, 1H), 
6.89 – 6.80 (m, 4H), 6.27 (t, J=5.8, 1H), 5.89 – 5.77 (m, 1H), 5.53 (dd, J=16.4, 2.5, 1H), 5.39 
(d, J=5.2, 1H), 4.50 (d, J=5.4, 1H), 4.14 (q, J=3.7, 1H), 3.83 – 3.77 (m, 6H), 3.49 (dd, J=10.8, 
3.2, 1H), 3.44 – 3.36 (m, 1H), 2.72 (dt, J=11.9, 5.7, 1H), 2.48 (d, J=10.7, 1H), 2.25 (ddd, J=13.6, 
6.8, 4.3, 1H), 2.15 – 1.95 (m, 3H), 1.95 – 1.83 (m, 1H), 1.75 (d, J=13.6, 1H), 1.71 (s, 4H), 1.28 
(s, 1H), 1.26 (d, J=2.6, 1H), 1.13 – 1.00 (m, 1H), 0.82 (td, J=19.0, 18.6, 9.8, 1H).13C NMR 
(101 MHz, CDCl3) δ = 144.26, 128.26, 128.24, 128.16, 130.22, 127.22, 94.82, 113.47, 87.24, 
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132.86, 129.92, 130.15, 75.69, 71.08, 71.15, 86.44, 55.44, 62.85, 62.73, 42.36, 36.04, 41.97, 
36.10, 35.36, 29.85, 23.97, 29.21. 

Compound 7  

Compound 5 (0.41 mmol, 0.16 g) was dissolved in 
pyridine (4 mL). DMTr-Cl (1.23 mmol, 420 mg) was 
added and the reaction mixture was stirred overnight at 
room temperature. TLC analysis (10% MeOH in 
DCM, Rf=0.7) indicated complete conversion of the 
starting material. The mixture was concentrated in 

vacuo, diluted with EtOAc and consequently washed 
with H2O (3x). The combined aqueous layers were back-
extracted with EtOAc (1x). The organic layers were 

combined, washed with brine, dried over MgSO4 and concentrated in vacuo. Silica gel column 
chromatography (DCM  0.5% MeOH in DCM  2% MeOH in DCM) yielded the pure title 
compound (0.29 mmol, 0.20 g, 72% over two steps).1H NMR (400 MHz, CDCl3) δ = 8.25 (d, 
J=7.5, 1H), 7.43 – 7.36 (m, 2H), 7.33 – 7.16 (m, 7H), 7.04 – 6.98 (m, 1H), 6.87 – 6.79 (m, 4H), 
6.28 (t, J=5.8, 1H), 5.75 – 5.61 (m, 1H), 5.60 (q, J=5.5, 1H), 5.53 – 5.43 (m, 1H), 4.54 (q, J=5.2, 
1H), 4.19 (q, J=3.7, 1H), 3.77 (dd, J=2.5, 1.3, 6H), 3.45 (dd, J=12.4, 2.0, 1H), 3.39 (dd, J=10.7, 
3.9, 1H), 2.81 – 2.71 (m, 1H), 2.30 – 2.19 (m, 1H), 2.23 – 2.07 (m, 1H), 1.92 (td, J=11.4, 10.5, 
6.2, 1H), 1.74 – 1.45 (m, 5H), 1.40 (dddd, J=12.3, 9.5, 6.4, 3.2, 1H), 1.04 (d, J=6.7, 3H).13C 
NMR (101 MHz, CDCl3) δ = 162.45, 158.63, 158.60, 155.43, 151.98, 144.38, 144.16, 144.12, 
135.69, 135.50, 130.19, 130.08, 129.97, 128.22, 128.03, 127.10, 113.32, 94.95, 87.32, 86.85, 
86.56, 77.37, 74.69, 70.74, 62.80, 55.25, 42.13, 35.02, 34.97, 28.79, 26.41, 25.83, 23.26, 20.45. 

Compound 8  

Compound 6 (0.11 mmol, 74 mg) was dissolved in 
anhydrous DCM (1 mL) and cooled to 0°C. DiPEA 
(0.50 mmol, 87 µL) and then 2-Cyanoethyl N,N-
diisopropylchloro-phosphoramidite (0.16 mmol, 36 µL) 
was added and the mixture was stirred for 10 minutes at 
room temperature. TLC analysis (5% MeOH in DCM, 
Rf=0.7) indicated complete conversion of the starting 
material. The reaction mixture was diluted with DCM 
and washed with a 5% solution of NaHCO3 (aq.) (3x). 
The organic layers were combined, dried (Na2SO4) and 

concentrated in vacuo. Silica gel column chromatography (Si neutralized with 2% TEA in DCM 
before adsorbing; DCM  0.5% MeOH in DCM) yielded the pure title compound (78 µmol, 69 
mg, 71%).1H NMR (400 MHz, CDCl3) δ = 8.28 – 8.18 (dd, J=7.6, 1H), 7.69 (s, 1H), 7.44 – 
7.35 (m, 2H), 7.35 – 7.21 (m, 13H), 7.20 – 7.11 (m, 8H), 6.94 (ddd, J=7.1, 4.3, 2.3, 1H), 6.84 
(ddd, J=8.9, 5.3, 1.8, 5H), 6.31 – 6.22 (m, 1H), 5.89 – 5.75 (m, 1H), 5.52 (d, J=16.5, 1H), 5.41 
– 5.36 (m, 1H), 5.28 (s, 1H), 4.61 (s, 1H), 4.25 – 4.18 (m, 1H), 3.89 – 3.69 (m, 8H), 3.68 – 
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3.53 (m, 2H), 3.58 (s, 3H), 3.55 – 3.43 (m, 1H), 3.38 (td, J=10.7, 3.6, 1H), 2.63 (dt, J=12.9, 6.3, 
1H), 2.46 (dt, J=16.6, 5.8, 2H), 2.35 (s, 8H), 2.28 (ddd, J=13.8, 6.8, 4.1, 1H), 2.15 – 1.94 (m, 
2H), 1.87 (d, J=9.8, 2H), 1.79 – 1.70 (m, 1H), 1.52 (t, J=15.1, 1H), 1.27 (s, 3H), 1.36 – 1.13 
(m, 14H), 1.07 (d, J=6.8, 4H), 0.91 – 0.73 (m, 2H).31P NMR (162 MHz, CDCl3) δ = 148.74, 
148.68, 148.45, 148.10, 148.07. 

Compound 9  

Compound 7 (0.17 mmol, 0.12 g) was dissolved in 
anhydrous DCM (2 mL) and cooled to 0°C. DiPEA 
(0.50 mmol, 87 µL) and then 2-Cyanoethyl N,N-
diisopropylchlorophosphoramidite (0.21 mmol, 48 µL) 
was added and the mixture was stirred for 10 minutes at 
room temperature. TLC analysis (5% MeOH in DCM, 
Rf=0.7) indicated complete conversion of the starting 
material. The reaction mixture was diluted with DCM 
and washed with a 5% solution of NaHCO3 (aq.) (3x). 
The organic layers were combined, dried (Na2SO4) and 

concentrated in vacuo. Silica gel column chromatography (Si neutralized with 2% TEA in DCM 
before adsorbing; DCM  0.5% MeOH in DCM) yielded the pure title compound (0.15 mmol, 
0.13 g, 88%).1H NMR (400 MHz, CDCl3) δ = 8.30 – 8.20 (dd, J=7.5, 2.2, 1H), 7.52 (s, 1H), 
7.40 (dt, J=8.2, 1.3, 2H), 7.35 – 7.21 (m, 7H), 6.95 (d, J=7.5, 1H), 6.89 – 6.81 (m, 4H), 6.25 (t, 
J=5.7, 1H), 5.77 – 5.65 (m, 1H), 5.62 (d, J=7.9, 1H), 5.55 – 5.45 (m, 1H), 4.64 (dq, J=10.2, 5.5, 
4.9, 1H), 4.20 (dt, J=5.4, 3.1, 1H), 3.83 – 3.78 (m, 6H), 3.71 – 3.48 (m, 4H), 3.39 (dd, J=10.8, 
3.3, 1H), 2.71 (dtd, J=12.1, 6.6, 1.8, 1H), 2.44 (t, J=6.4, 2H), 2.36 – 2.20 (m, 1H), 2.20 – 2.10 
(m, 1H), 1.96 (s, 1H), 2.02 – 1.88 (m, 1H), 1.69 (dtd, J=14.3, 10.3, 9.4, 5.2, 1H), 1.58 (h, J=6.3, 
5.9, 3H), 1.41 (dddd, J=12.6, 9.9, 6.7, 3.2, 1H), 1.25 (dd, J=6.8, 4.6, 1H), 1.17 (t, J=6.5, 12H). 
31P NMR (162 MHz, CDCl3) δ = 149.31, 149.28, 148.66. 
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General method for synthesizing oligonucleotides: 

Resin: Controlled Pore Glass (CPG) resin pre-loaded 
with a deoxythymidine via a succinyl linker (bought from 
Proligo®

 Reagents). For a typical oligonucleotide 
synthesis, 10 µmol of preloaded nucleotide was started 
with. Solvent: Anhydrous acetonitrile (DNA synthesis 
grade) Atmosphere: All steps are carried out under an 
argon atmosphere. Reagents: 2-Cyanoethyl N,N-
diisopropyl phosphoramidites protected with 4-t-
butylphenoxyacetyl (tac) on exocyclic amines of the 
nucleobases. Bought as a 0.1 M solution in acetonitrile 
from Proligo®

 Reagents. IUPAC name for ‘’Sulfurization 
Reagent II’’ is 3-((N,N-

dimethylaminomethylidene)amino)-3H-1,2,4-
dithiazole-5-thione. A 0.25 M solution of 5-(Ethylthio)-
1H-tetrazole (ETT) was used as the activator in the 
coupling steps. Detritylation: For the first detritylation, 
the resin was washed three times with acetonitrile. Then, 
the resin was treated with a solution of 5% dichloroacetic 
acid in toluene (3 min, 1x). The resin was washed with 
acetonitrile (3x). Coupling: Two cycles were carried out 

consisting of the following: a solution of 0.1 M phosphoramidite in acetonitrile (30 µmol, 300 µL, 
3 eq.) was added to the resin. A solution of 0.25 M ETT in acetonitrile (120 µmol, 480 µL, 12 eq.) 
was added and the resin was shaken for 3 min. After two cycles were carried out and the resin was 
washed with acetonitrile, a solution of 0.1 M sulfurization reagent II in 6:4 pyridine:acetonitrile 
(100 µmol, 1 mL, 10 eq.) was added and the resin was shaken for 1 min. (1x). Deprotection: The 
final DMTr group was removed according to the detritylation procedure. The resin was then 
treated with a solution of 28% NH4OH (aq.) and shaken for 30 min. The suspension was filtered 
and the resin was washed with H2O (3x). The filtrates were combined and concentrated in vacuo. 
The resulting residu was purified using an anion exchange column followed by a desalting 
procedure. 

Compound 14  

Resiquimod (32 µmol, 10 mg) was dissolved in DMF (200 µL) in an 
eppendorf tube (1.5 mL). DiPEA (70 µmol, 12 µL), TCO-OSu (35 µmol, 
9 mg) and DMAP (3 µmol, 0.4 mg) were added. The tube was shaken for 
7 days at 50°C when no further conversion was observed by LC-MS 
analysis. A solution of 50% brine in H2O was added to the reaction 
mixture and washed with DCM (3x). The combined organic layers were 
evaporated in vacuo and reconstituted in DMSO. Purification with RP-

HPLC yielded the title compound (13 µmol, 5.9 mg, 41%) as well as unreacted Resiquimod (17 
µmol, 5.3 mg, 53%). LC-MS (1090, C18, H2O/AcN + TFA): 467.27 (z=1, simulated), 467.07 
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(z=1, observed), 932.67 (z=1, dimer) HRMS: [M+H]+ calculated for C26H35N4O4 467.26528; 
found 467.26530 

Compound 15  

Resiquimod (18 µmol, 5.7 mg) was dissolved in DMSO (180 µL) in an 
eppendorf tube (1.5 mL). DiPEA (27 µmol, 4.7 µL) and CCO-OSu (27 
µmol, 7.2 mg) were added. The tube was shaken for 7 days at room 
temperature when no further conversion was observed by LC-MS 
analysis. A solution of 50% brine in H2O was added to the reaction 
mixture and washed with DCM (3x). The combined organic layers were 
evaporated in vacuo and reconstituted in DMSO. Purification with silica 

gel column chromatography (loaded in a Pasteur pipette, DCM0.5% MeOH in DCM1% 
MeOH in DCM) yielded the title compound (5.6 µmol, 2.6 mg, 31%). LC-MS (1090, C18, 
H2O/AcN + TFA): 467.27 (z=1, simulated), 467.25 (z=1, observed), 932.67 (z=1, dimer) HRMS: 
[M+H]+ calculated for C26H35N4O4 467.26528; found 467.26522 1H NMR (400 MHz, CDCl3) 
δ = 8.31 (s, 1H), 8.23 (d, J=8.5, 1H), 8.15 (d, J=8.3, 1H), 7.63 (t, J=7.7, 1H), 7.49 (t, J=7.6, 1H), 
5.85 (s, 1H), 5.79 – 5.68 (m, 1H), 5.67 – 5.59 (m, 1H), 5.33 (s, 1H), 4.94 (s, 2H), 4.82 (s, 2H), 
3.70 (q, J=7.0, 2H), 3.20 (s, 1H), 2.64 (s, 1H), 2.35 (d, J=11.9, 1H), 2.15 (s, 3H), 1.73 (s, 1H), 
1.44 (s, 1H), 1.36 (s, 7H), 1.33 – 1.25 (m, 6H). 

Compound 16 

Resiquimod (32 µmol, 10 mg) was dissolved in anhydrous DMF (200 
µL) in an eppendorf tube. DiPEA (153 µmol, 28 µL) and TCO-
(OSu)2 (40 µmol, 17 mg) were added and the tube was shaken for 10 
days at room temperature. LC-MS analysis indicated >50% 
conversion of the starting material. Water was added to the reaction 
mixture and the product was extracted with DCM (3x). The organic 
layers were combined, dried (MgSO4) and concentrated in vacuo. The 
product was purified using silica gel column chromatography (loaded 

in a Pasteur pipette, 50% EtOAc in Pnt  80% EtOAc in Pnt) yielding the title compound (7.8 
µmol, 3.6 mg, 24%). HRMS: [M+H]+ calculated for C32H40N5O8 662.28714; found 622.28713. 
1H NMR (400 MHz, CDCl3) δ  = 8.15 (t, 2H, ArH), 7.61 (t, 1H, ArH), 7.48 (t, 1H, ArH), 6.20 
(m, 1H, NH), 5.70 (m, 1H, NHCOOCH), 5.48 (s, 1H, trans-alkene H), 5.34 (s, 1H, trans-alkene 
H), 4.95 (s, 2H, CCH2N), 4.81 (s, 2H, CCH2O), 3.68 (q, 2H, OCH2CH3), 2.83 (d, 4H, 
CCH2CH2C), 2.50-0.77 (m, 21H, aliphatic protons). 
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Compound 19 

Anti-glycoprotein 75 (gp-75) mAb TA99 (1.25 mg, 5 mg/mL 
in PBS) was reacted with compound 16 (30 mM in DMF, 80 
eq.) in a solution of 7:2:1 (PBS:propylene glycol:DMF, total 
volume of 330 µL). A pH of 9 was maintained by careful 
adjustment with a 1 M solution of Na2CO3 (aq.). The reaction 
vessel was wrapped in aluminium foil and shaken for 2 hours. 
The reaction was transferred to an Amicon Ultra-15 centrifugal 
device (50 kDa cut-off), washed with a solution of 7.5:2.5 

(PBS:propylene glycol) (3x) and purified using a PD-10 column. A ratio of 1.7 R848-TCO per 
antibody was determined by a tetrazine titration and SDS-PAGE analysis.  

Compound 23 

The following procedure was modified from literature12: N-
Cyclohexyl-2-((4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[5,4-

b]indol-2-yl)thio)acetamide.HCl (As received from the laboratory of 
Prof. A.P. Esser-Kahn) (10 µmol, 4.3 mg) was suspended in THF 
(100 µL) in an eppendorf tube (1.5 mL). NaH (50 µmol, 2 mg) was 
added which dissolved the indole and turned the solution yellow. 
After shaking for 30 minutes at room temperature, TCO-OSu (12.5 
µmol, 3.34 mg) was added and the mixture was shaken for another 
10 minutes. LC-MS analysis indicated near quantitative conversion 
of the starting material. H2O was added to the mixture and the 
product was extracted with DCM (5x). The combined organic layers 

were dried (MgSO4) and concentrated in vacuo. Purification with silica gel column chromatography 
(loaded in a Pasteur pipette; DCM5% acetonitrile in DCM;TLC analysis Rf=0.7 in 10% 
acetonitrile in DCM) yielded the title compound (5.1 µmol, 3.0 mg, 51%). LC-MS (5090, C18, 
H2O/AcN + TFA): 585.25 (z=1, simulated), 585.17 (z=1, observed), 1191.00 (z=1, dimer with 
sodium cation). HRMS: [M+H]+ calculated for C33H37N4O4S 585.25300; found 585.25280 
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Compound 24 

 The following procedure was modified from literature12: N-
Cyclohexyl-2-((4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[5,4-

b]indol-2-yl)thio)-acetamide.HCl30 (As received from the laboratory 
of Prof. A.P. Esser-Kahn) (10 µmol, 4.3 mg) was suspended in THF 
(100 µL) in an eppendorf tube (1.5 mL). NaH (50 µmol, 2 mg) was 
added which dissolved the indole and turned the solution yellow. 
After shaking for 30 minutes at room temperature, CCO-OSu (12.5 
µmol, 3.34 mg) was added and the mixture was shaken for another 
10 minutes. LC-MS analysis indicated near quantitative conversion 
of the starting material. H2O was added to the mixture and the 
product was extracted with DCM (5x). The combined organic layers 

were dried (MgSO4) and concentrated in vacuo. Purification with silica gel column chromatography 
(loaded in a Pasteur pipette, DCM2.5% acetonitrile in DCM5% acetonitrile in DCM;TLC 
analysis Rf=0.7 in 10% acetonitrile in DCM) yielded the title compound (6.3 µmol, 3.7 mg, 63%). 
LC-MS (5090, C18, H2O/AcN + TFA): 585.25 (z=1, simulated), 585.13 (z=1, observed), 
1191.27 (z=1, dimer with sodium cation), 1776.00 (z=1, trimer with sodium cation). HRMS: 
[M+H]+ calculated for C33H37N4O4S 585.25300; found 585.25254 

Compound 25 

 The following procedure was modified from literature12: N-
Cyclohexyl-2-((4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[5,4-

b]indol-2-yl)thio)acetamide.HCl30 (As received from the laboratory 
of Prof. A.P. Esser-Kahn) (5 µmol, 2 mg) was suspended in THF 
(100 µL) in an eppendorf tube (1.5 mL). NaH (25 µmol, 1 mg) was 
added which dissolved the indole and turned the solution yellow. 
After shaking for 30 minutes at room temperature, TCO-(OSu)2 
(12.5 µmol, 5.3 mg) was added and the mixture was shaken for 
another 60 minutes. LC-MS analysis indicated near quantitative 
conversion of the starting material. The crude mixture was used as is 
to conjugate amine-containing linkers. LC-MS (5090, C18, 
H2O/AcN + TFA): 740.27 (z=1, simulated), 740.07 (z=1, 

observed), 1478.93 (z=1, dimer), 1502.00 (z=1, dimer with sodium cation) 
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Chapter 4 

Photo-activatable TLR-ligands1 

 

Introduction 

The ortho-nitrobenzyl group (oNB) was reported as a photo-labile protecting group for use in 
organic synthesis in 19662. Its discovery has since spawned a large body of literature on the use of 
light-sensitive protecting groups in organic synthesis3–6. Initially, the oNB group (Scheme 1) was 
used as an ester-protecting group that could be removed with 350-380 nm light.2 The mechanism 
leading to liberation of the carboxylic acid is thought to be as follows.6 Upon irradiation, an excited 
singlet state is generated, which quickly crosses to an excited triplet state. From this triplet state, a 
hydrogen atom is abstracted from the benzylic carbon by the nitro-group. The radical species 
rearranges to form the aci-nitro intermediate. This intermediate then forms a 5-membered ketal 
ring, which collapses to form the nitroso product and the liberated carboxylic acid.  

 

Scheme 1. Deprotection mechanism of benzylic-substituted 2-nitrobenzyls.6  

The oNB is able to release a wide varieties on functionalities upon UV-irradiation, including 
alcohols7, amines8, amides8, carbamates7, carboxylic acids2, phosphates9 and carbonic acids7. The 
oNB protecting group can be used orthogonally with various other protecting groups and has been 
used in the synthesis of many organic compounds.4,10  
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This orthogonality was picked up quickly by biochemists in 19779,11, as it was postulated that this 
orthogonality to a wide range of chemistries could translate to bioorthogonality of the deprotection 
reaction. In cells, this is a major issue, due to the wide variety of chemical functionalities present in 
biological samples that make selective chemistry very difficult.12 In 1977, Engels11 and Hoffman9 
found that the oNB-group could be used in this context as well. They reported the light-induced 
activation of oNB-protected adenosine triphosphate (Scheme 2A). In these experiments the oNB 
was used to ‘mask’  

or ‘cage’ the activity of a biologically active species. The strategy therefore became known as 
‘photocaging’13. Since these initial experiments, photocages have been used extensively in biology 
(reviewed here14), and various different chemistries have been developed to do so. Coumarin-4-
ylmethyl15-, BODIPY16-, arylcarbonylmethyl17- and metal18-based structures have all been 
employed to this end (see also Chapter 1). These photocages have been used to study a vast array 
of biological processes, and that involve the (un)caging of a range of metabolites19, carbohydrates20, 
proteins21, (oligo-)nucleotides,22,23 peptides24, and other (small) molecules.25 In all these examples 
the photocage was used to mask a biologically active agent that was unmasked upon irradiation 
with light of a specific wavelength.  

In recent years, photocages have also been adapted to achieve the opposite to activating: terminating 
the biological activity of a molecule upon irradiation. This concept was, for example, exploited to 
generate empty MHC class I molecules.8 MHC class I is an unstable complex by itself, but is 
stabilized by the presence of a peptide with the right size and amino acid composition. A peptide 
that included a photocage within the amino acid sequence was used to generate stable MHC-
peptide complexes (Scheme 2B). UV irradiation of these complexes bearing the depicted 
nonapeptide led to dissociation of the resulting heptapeptide, due to the strict length requirements 
for the peptide ligands. This enabled to loading of epitopes of choice in a high-throughput manner 
on MHC class I molecules. 

Photocages with one photolabile and one or more photo-stabile connections (photolinkers) not 
only find their use in creating a fissile feature in a biomolecule to silence biological activity upon 
irradiation, but can also temporarily introduce features into a molecule. For example, the use of a 
PEG-modified nitrobenzyl-cage was used to enhance the aqueous-solubility of the photocage, to 
enable its application in affinity supports in proteomics (Scheme 2C).26 
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Scheme 2. First examples of a nitrobenzyl being employed in a biological system as a photocage (A)9 and 
photolinker (B).8 One of the first reported examples of a solubilized version of a nitrobenzyl photolinker 
(C).  

Despite the numerous applications, the oNB group has some intrinsic shortcomings. The first of 
these is that its excitation wavelength is in the UV-range (350-380 nm).7 This part of the 
electromagnetic spectrum is toxic to most living cells, as nucleobases and certain amino acids can 
absorb these wavelengths to form reactive species, leading to, for instance, DNA damage.27 
Secondly, the absorbance – the efficiency with which the oNB absorbs photons – is quite low. This 
efficiency is intrinsic to each photocage and can be described as the molar attenuation coefficient, 
ε, and is usually given at the wavelength at which the system absorbs the most light, λmax. Given 
the concentration of the photocage, c, and the pathlength of light, l, the amount of light absorbed 
in a solution, A, is described by the Lambert-Beer law as A= ε*c*l. From this equation it follows 
that the amount of light absorbed is linearly correlated to the ε, which for oNB-based photocages 
is low. The final problem with the oNB-group relates to the spatial resolution with which a sample 
can be deprotected, making it sub-optimal to investigate biological processes such as TLR-
signaling.28 This is in part due to the Abbe-limit of detection that is intrinsic to the wavelength of 
light used for the deprotection.29  

The shortcomings described above have in part been addressed by making analogues of oNB that 
contain the orthonitrophenyl-group in, for example, an extended conjugated system (Figure 1, 
NDBF, NPBF). This modification yielded photocages with increased ε-value compared to the 
parent-oNB group, and show uncaging with the decreased photo-toxic irradiation of up to 420 
nm.1 Further extension of the aromatic system, and the inclusion of a second nitrobenzyl-group, 
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yielded the bisstyrylthiophene group with the λmax shifted to 440 nm and a ε-value of 250 times 
higher than oNB.  

 

 

Figure 1. Several derivatives of the oNB-photocage. The NPPOC group has a similar ε-value as the oNB 
group, but has faster uncaging kinetics30. The NPOM-group was developed by the group of Deiters to cage 
aromatic N-heterocycles which otherwise would hydrolyze quickly in an aqueous pH=7.5 environment31. 
The NVOC-group already has a significant higher absorption coefficient than the oNB-cage32 and has 
therefore been employed extensively. The NDBF-group has a much-improved ε-value and its quantum yield 
of photolysis is 0.733, and was thus useable to study cardiac muscle contraction using 2PE. The NPBF-group 
was synthesized later as an iteration on the NDBF-group to improve its use in 2-photon absorption34 even 
further. BIST is a very efficient absorber of light and due to its extended conjugated system it can be cleaved 
using blue or violet light. It is currently the most-sensitive o-nitrobenzyl-based photocage for single and two-
photon uncaging. 

These approaches in part solved the issues with wavelength and non-wavelength dependent 
phototoxicity. They did not, however, address the problem of low uncaging resolution. This can 
be addressed by using photocages that are sensitive to 2-photon excitation (2PE). In such a 2PE 
phenomenon, a fluorophore/photocage is excited not by one photon of a given wavelength, but by 
two photons of double the wavelength. For example, instead of using 1 photon of 350 nm to excite 
a molecule, 2 photons of 700 nm are absorbed (as energy scales linearly with wavelength according 
to E= h*c/λ). This requires however an extremely high photon density, as the likelihood of two 
absorption events to occur simultaneously is very low. Such a high photon density necessitates the 
use of non-phototoxic wavelengths in the (near-)infrared.  
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Figure 2. Signal-versus-noise when using single-photon excitation (left-hand side) and two-photon 
excitation (right hand side). Excitation outside the focal point is much more prominent in single-photon 
excitation, leading to loss of accuracy when investigating signal-sensitive systems.  

Because of the use of lower energetic wavelengths phototoxicity is limited, and tissue penetration 
is enhanced.35 The main advantage of 2PE is the high spatial resolution that can be obtained (Figure 
2). Long wavelengths scatter less and two-photon absorption is extremely unlikely outside the focal 
point, thus reducing the background signal when compared to single-photon excitation. These 
effects enable the irradiation of single cells and even volumes in the femtoliter range (which would 
correspond to the volume of single endosomes).36,37  

In one-photon excitation, the probability of photon absorption is linearly proportional to the light 
intensity. But in 2PE, two photons are required to be simultaneously absorbed and thus the 
probability of this absorption process is proportional to the square of the light intensity.38 For 
example in 1PE, the portion of caged biomolecules outside the focal point receiving half the amount 
of photons as those in the focal point are uncaged at half the rate. But in 2PE, caged biomolecules 
outside the focal point receiving half the amount of photons are uncaged at a quarter of the rate. 
Uncaging outside the region of interest therefore exponentially drops as the distance from the focal 
point increases. 2PE-uncaging may therefore assist in the unraveling of spatial-dependent signaling 
events exhibited by the TLR-system.  

In this Chapter, the synthesis of 1P- and 2P-sensitive TLR-ligands is described. The oNB-cage and 
the NPBF-cage were introduced onto TLR-ligands to control their biological activity (Figure 3). 
Firstly, a TLR 7 ligand was protected with the 1P-sensitive NVOC (Figure 3, compound 4). A 
solubilized analogue was also made (Figure 3, compound 3). TLR2/6 ligands bearing the NPBF-
photocage on the N-terminal amine were also synthesized and evaluated (Figure 3, 1 and 2). 
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Figure 3. Target compounds described in this Chapter. For compounds 1-4, photocages are depicted in 
blue whereas the TLR-ligands are depicted in black. Compounds 5 and 6 are bis-functionalized derivatives 
of the NPBF photocage. 
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Results and discussion 

Photocaged TLR7 ligands 

9-benzyl-8-oxo-2-butoxyadenine (Scheme 3, compound 7) is a potent TLR7 agonist (see also 
Chapter 3)39 of which the activity can be blocked by protecting the exocyclic amine. A photocaged 
variant was made by reacting 7 with 6-nitroveratryloxycarbonyl (NVOC)-chloroformate (Scheme 
3).  

 

Scheme 3. a) NVOC-Cl, DMAP, dioxane, 50°C, o.n., 19% 

Unfortunately, compound 4 was insoluble in aqueous and cell growth media (dilution of the 
DMSO stock resulted in precipitation in these solvents). It was hypothesized to occur due to the 
hydrophobic nature of both the TLR-ligand and the photocage. It was therefore opted to use a 
photo-destructible linker and use the second functionality within the cage to introduce moieties 
that improve aqueous solubility. A variant of the NVOC-photocage was synthesized in which 
triethylene glycol was appended to the nitrobenzene photocage (12, Scheme 4), using an 
intermediate described by Teague et al.40 6-Nitropiperonal was first reacted with the nucleophilic 
methylation reagent trimethyl aluminum, resulting in a racemic mixture of compound 9. Then a 
regioselective nucleophilic aromatic displacement with sodium methoxide was carried out affording 
compound 10. The phenol functionality could be selectively reacted over the benzylic alcohol 
under under mildly basic conditions with the mesylate of triethyleneglycol monomethylether (14) 
to yield the solubilized photocage 11.  
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Scheme 4. a) 2M Al2Me6 in hexanes, DCM, r.t., qt. b) NaOMe, 1:2 MeOH:DMSO, 120°C, 2 hrs, 72% 
c) MsCl, TEA, DCM, 0°RT, 1h, qt.  d) K2CO3, DMF, 100°C, 2 hrs, 92% e) N,N’-disuccinimidyl 
carbonate, TEA, DMAP, DCM, r.t., o.n., 70% f) Compound 12, TEA, DMAP, dioxane, 50°C, o.n., 27%. 

Compound 11 was activated with N,N’-disuccinimidyl carbonate to give 12 which was used to 
modify to exocyclic amine of 7, albeit in modest yields and requiring long reaction times and 
elevated temperatures. The resulting compound 3 was indeed soluble in aqueous media in the µM-
range, and is currently awaiting biological assessment. 

Two-photon labile caged TLR 2/6 ligands 

It was next explored whether a 2P-sensitive photocage could be used to cage a TLR2/6 ligand. For 
this the NPBF was chosen as the preferred group, due to its favourable deprotection properties. 
First, NPBF-OH was synthesized from literature procedure without further modification.34 Next, 
it was activated with N,N’-disuccinimidyl carbonate to form NPBF-OSu (16, Scheme 5). 16 was 
then reacted with P2CSTEG 17 to yield 1, and with on-resin P2CSK4 18 to yield NPBF-P2CSK4 
2. Interestingly, when a p-nitrophenylcarbonate activated form of NPBF was first used to attempt 
to cage 17, no product formation was observed. Instead, two products formed of which one had a 
mass 18u lower than the starting material and the other mass 18u less than the expected product. 
This indicated a loss of a water molecule in both the starting material and the product during the 
reaction. It is suggested that the C-terminal carboxylate is able to attack the activated 4-nitrophenyl 
carbonate of NPBF, forming a mixed anhydride. 

 



 Chapter 4 | Photo-activatable TLR-ligands 

85 
 

 

Scheme 5. a) N,N’-disuccinimidyl carbonate, TEA, DMAP, DCM, r.t., o.n., 29% b) i) Compound 23, 
DiPEA, DMF, r.t., o.n. ii) 20% TFA in DCM, r.t., 5 min (3x), 30% overall yield c) Compound 16, DiPEA, 
DMF, r.t., o.n., 63%.  

An intramolecular cyclization with the serine alcohol or an amide then leads to a byproduct with a 
mass 18u lower than the parent compound. The formation of this by-product could be 
circumvented using the less-reactive OSu-ester of NPBF. Indeed, no byproduct formation was 
observed when NPBF-OSu was used to cage P2CSTEG instead of the p-nitrophenylcarbonate 
activated NPBF to obtain compound 1.  

Compound 1 was very poorly soluble in aqueous media, and showed high adherence to plastic 
surfaces. Compound 2, however, did not show these issues and therefore was used to assess the 
ability of NPBF to effectively shield the activity of Pam2CSK4 towards the TLR2/6 dimeric receptor 
(Figure 4). No activity of the caged ligand towards TLR2/6-bearing THP1 cells is observed when 
shielded from light, except when ligand concentration is high. Only upon exposure of the treated 
cells with 360 nm light is NF-κB activity recovered.  

Residual activity of the caged ligand at higher concentrations was also observed for the TCO-caged 
ligands in Chapter 2, and was addressed with the use of the C-terminally TEG-extended Pam2CS 
ligands. Functionalization of NPBF with solubilizing moieties may enable the use of the TEG-
extended ligand 1, and was therefore investigated further, as water solubility appeared to be a 
continuous bottleneck for caged TLR-ligands. Compound 2 may find its use in the localized 
activation of human and murine TLR2/6-bearing cells.  
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Figure 4. Activation of the NF-κB cascade in THP1 Dual cells by free ligand Pam2CSK4 or NPBF-caged 
Pam2CSK4 2, as measured through the SEAP reporter produced upon NF-κB activation. Cells were either 
irradiated with 360 nm light for 15 min through a 96-well plate LED array (B), or shielded from light for 
the same amount of time (A). At higher concentrations (>2.5 nM) caged ligand displays residual activity as 
reported in Chapter 2 for TCO-caged Pam2CSK4, but effectively shields the ligands activity towards TLR2/6 
and concentrations below that. Experiment was carried out by Anya Savina (LIC).  

Bis-functionalized NPBF-linker: rationalization, retrosynthetic analysis and synthesis 

As the PEG-modified NVOC-TLR7 showed, the secondary functionalization of a (photo)cage can 
be used to allow the alteration of the biophysical properties of the molecule in a removable manner. 
It was postulated that the NPBF-core could serve as a platform to insert a such a secondary 
functionality. If – in an analogous fashion to the oNB-linkers described above – a phenol could be 
introduced in the backbone, it would enable the chemoselective functionalization of the phenol 
prior to the modification benzylic alcohol of the cage. The resulting ether functionality would also 
exert an electron-donating effect on the aromatic system, which is known to increase the molar 
attenuation coefficient thus improving absorbance at λmax.41 NPBF contains multiple potential sites 
for introducing a phenol group. However, literature precedence exists for the functionalization of 
the 5-position (Scheme 6).42 Additionally, having the electron-donating group (-OR) on the 
opposing side of the electron-withdrawing group (-NO2) may also enhance the 2PA cross section 
by creating a push-pull structure through a permanent dipole moment change.43 

 

Scheme 6. Retrosynthetic analysis of NPBF diol 27. 

Scheme 6 depicts the retrosynthetic analysis of this 5-hydroxy-NPBF. The C-C bond between the 
benzofuran and the nitrophenyl could be formed through a Suzuki cross-coupling reaction. The 
nitrophenyl can be afforded by regioselective nitration of 3’-bromoacetophenone. 5-
Hydroxybenzofuran can be obtained by cyclization of aryloxyacetaldehyde acetal catalyzed by 
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polyphosphoric acid, thus effecting 4-methoxyphenol and 3’-bromoacetophenone as the core 
starting materials. 

 

Scheme 7. a) Bromoacetaldehyde diethyl acetal, KOH, NMP, 70°C, 15 hrs, 90% b) Polyphosphoric acid, 
toluene, 110°C, 2 hrs, 33% c) i) BBr3, DCM, -78°C  r.t., 2 hrs, 89% d) tert-butyldimethylsilyl chloride, 
imidazole, toluene, DMF, r.t., 1 hr, 70%  e) i) n-BuLi in hexanes, THF, -78°C, 1 hr ii) triisopropyl borate, 
-78°C, 30 min  r.t., 30 min f) Pd(PPh3)4, K2CO3, 1:1 H2O:THF, 66°C, 18 hrs, 61% + 14% 26 over 3 
steps g) 70% HF in pyridine, THF, r.t., 2 hrs, 93% h) NaBH4, MeOH, r.t., 1 hr, qt. i) i) tert-butyl 
bromoacetate, K2CO3, DMF, 70°C, 3 hrs, 72% j) TFA, DCM, r.t., 30 min, qt. k) i) Propargyl bromide, 
K2CO3, DMF, r.t., o.n., 98%  

Scheme 7 describes the synthesis towards bis-functionalized NPBF as well as its decoration with an 
alkyne and carboxylic acid linker. 4-Methoxyphenol was reacted with bromoacetaldehyde diethyl 
acetal using potassium hydroxide as a base in NMP, a high-yielding reaction that successfully 
afforded 19 on a 60 g scale. The subsequent cyclization towards 20 proceeded in yields varying 
from 33-42%, depending on the scale of the reaction. The major byproduct was identified as a 
singly-eliminated ethoxide, forming the non-cyclized E-alkene 20.1. The polyphosphoric acid 
reagent was somewhat unpractical to handle, but was facilitated by the use aqueous NaOH. It is 
interesting to note that 5-methoxybenzofuran has an extremely sweet and fruity odour and care 
had to be taken when handling the chemical outside the fume hood. The 5’-O-methyl proved an 
insufficient protecting group for the subsequent boronation and Suzuki-coupling. 20 was therefore 
demethylated using boron-tribromide in DCM at -78°C. This reaction did not proceed with the 
reported substoichiometric amounts of BBr3 to full demethylation44, so instead a molar equivalent 
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was used. A tert-butyldimethyl silyl group was installed on the 5’-OH as a protecting group after 
which the 2’-position was lithiated using n-BuLi. Addition of triisopropyl borate to the solution 
afforded compound 23, which is used best as a crude material.  

In parallel, 3’-bromoacetophenone was nitrated using a solution of cold sulfuric acid and potassium 
nitrate to yield 24. When the temperature exceeds -10°C, formation of the bis-nitrated compound 
starts to play a significant role thus warranting close monitoring of the reaction temperature. Suzuki 
cross-coupling of 23 with 24 using Pd(P(Ph3))4 afforded a mixture of the product 25 as well as the 
desilylated product 26. Purification by column chromatography to remove the palladium species 
before proceeding turned out to be imperative. When the crude mixture was moved forward to the 
desilylation reaction (using an HF.pyridine solution), an elusive palladium impurity was formed 
that defied removal by column chromatography or crystallization. This impurity lead to the rapid 
total degradation when ketone 26 was reduced with NaBH4 in the following step. In the absence 
of this impurity the reduction proceeds smoothly and with diol 27 in hand, the 5’-OH can generally 
be decorated with various linkers using potassium carbonate in DMF at ambient-to-elevated 
temperatures (r.t. – 70°C) to obtain carboxylate 29 or propargyl 30.  

Photochemical characterization 

The newly introduced phenolic alkyl-ether-substituent was postulated to have an impact on the 
photochemical properties of the NPBF-core. Three model compounds were synthesized to 
investigate this hypothesis. Boc-Lys-OMe was functionalized on the side chain amine either with 
NPBF-t-butyl ester 28, NPBF-Alkyne 30 or NPBF 15 (Scheme 7, 8). The three derivatives were 
then tested to determine whether the functional groups had an effect on the photochemistry of the 
NPBF.  

 

Scheme 8. Reagents and conditions: a) Compound 31, DiPEA, DMF, r.t., 15 min, 66% b) Compound 
28, N,N’-disuccinimidyl carbonate, DiPEA, AcN, r.t., 16h, 55% c) Compound 16, DiPEA, DMF, r.t., 
16h, 78% d) Compound 36, N,N’-disuccinimidyl carbonate, DiPEA, AcN, r.t., 1h, 75%. 
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First, the molar attenuation coefficient ε and λmax were determined through a serial dilution in an 
UV-Vis spectrometer (Table 1). The presence of the newly introduced functionality is accompanied 
with an increase of the ε of roughly 30%, with the λmax only minimally altered. The small difference 

between the alkyne- and ester-modified species 
suggest the increase in ε is caused by the electron-
donating properties of the -OR substitution, rather 
than any secondary effects of the functional groups.  

Next, the kinetics of uncaging were investigated to 
check whether substitution has affected this. A UV-
Vis spectrum was taken at timepoint t = 0, after 
which the cell was irradiated with a 375 nm light 

source at a constant distance and power setting for 10 seconds (c ≈ 50 µM in a mixture of 1:1:1 
AcN:t-BuOH:H2O). After each irradiation interval a UV-Vis spectrum was recorded and after 1 
minute of cumulative irradiation time the spectra were compounded (Figure 5). Concentrations 
were normalized with respect to each compound’s molar attenuation coefficient ε, such that each 
cuvette has the same absorption value at 360 nm at t=0. Then, the absorbance at λ = 450 nm was 
plotted against the irradiation time, enabling the determination of the rate with which the nitroso 
ketone-side product is formed and thus lysine is uncaged (Figure 6). 

 

Figure 5. Example of an irradiation experiment with compound 33. After every 10 seconds of irradiating 
the light source is switched off and a UV-Vis spectrum (235 – 550 nm, d=1 nm) is recorded. After a 
cumulative time of 100 seconds of irradiation the spectra are compounded. 

Compound ε σ λmax 
32 16 635 88 362 nm 

33 17 119 59 365 nm 
34 12 945 24 357 nm 
35 4248 14 349 nm 

Table 1. Molar attenuation coefficient ε 
measured at the λmax of each model compound 
including standard deviation σ (n=3). 
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Figure 6. Relative uncaging rates at 375 nm or 420 nm irradiation. 

Figure 6 depicts the relative uncaging rates for the model lysine compounds when the number of 
photons absorbed at the λmax is the same for each sample at t = 0. There is no significant difference 
between the three NPBF-derivatives in regards to uncaging kinetics, meaning the newly introduced 
substitution does not impact the mechanism with which the photouncaging occurs in a significant 
manner. The rate at 420 nm appears to match the rate at 375 nm. However, these data were not 
corrected for the power output difference between the 375 nm LED and 420 nm LED, with the 
latter being approximately 4-fold brighter than the former. The NPBF-linker can thus be exploited 
to generate photocaged TLR ligands that are increasingly soluble in aqueous media and useable in 
two-photon excitation experiments.  

Conclusion 

In this Chapter the synthesis of various photosensitive TLR-ligands was described. In order to 
circumvent the poor solubility of these constructs, solubilized variants of the photoprotecting 
groups oNB and NPBF were developed. The 2-photon sensitive NPBF-derivatives bearing an 
alkyne or carboxylic acid were of particular interest due to their increase in molar extinction 
coefficient and the ability to use this compound as a photolinker.   
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Experimental section 

Photochemical characterization 

The irradiation experiments on the UV-Vis to characterize compounds 32-35 were performed 
using a custom-made experimental setup. LEDs were ordered from Roithner Lasertechnik GmbH 
(High Power Single Chip, H2A1 Series, 1W). Power output was measured using a radiometer on 
distances and settings relevant to irradiation experiments: 3 mW/cm² for 375 nm LED and 13 
mW/cm² for 420 nm LED. LEDs were mounted on an aluminum heatsink that were fitted on 
plastic adapters (Figure 7). These adapters were custom made for two flask sizes as well as a cuvette 
for UV-Vis measurements. Power output could be adapted between 50 mA-350mA in steps of 50. 
Spread of wavelengths emitted by the LEDs as a function of power output has been recorded by 
the supplier and is available online (Figure 8). 

 

Figure 7. Custom-made photoreactor setup. A hexagonal LED is mounted on an aluminum heatsink. 
Magnets assist alignment and secure the LED on the black plastic adapter. Adapters have been made that fit 
on either flasks or a cuvette.  
 

 
Figure 8. Normalized output power vs wavelength of the two LEDs employed in this chapter: 375 nm (top) 
and 420 nm (bottom). Spectra were copied from the data sheets available on the Roithner Lasertechnik 
website.  
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General methods 

Commercially acquired reagents and solvents were used as received. Anhydrous solvents were 
prepared with activated 3 Å or 4 Å molecular sieves. All reaction progress was monitored by TLC 
analysis on Merck aluminum plates pre-coated with silica gel 60 and F254 fluorescent indicator; 
254 nm UV light was used to check for compounds, and TLC plates were developed by charring 
(at approximately 150 °C) plates that were sprayed with permanganate stain (20 g/L KMnO4 and 
10 g/L K2CO3 in H2O), unless stated otherwise. Rf values reported consider the compound being 
synthesized. Screening Devices silica gel (40-63 µm particle size and 60 Å pore diameter) was used 
during column chromatography. 1H and 13C NMR spectra were recorded on Bruker AV-400 (400 
MHz) and AV-500 (500 MHz) spectrometers. Chemical shifts are reported as δ-values in ppm 
relative to tetramethylsilane (which was added to CDCl3) or residual solvent peaks. The 13C spectra 
are proton decoupled. LC-MS checks for all compounds were performed on a Finnigan Surveyor 
HPLC system with a Gemini C18 50 x 4.60 mm column, which was coupled to a Finnigan LCQ 
Advantage Max mass spectrometer. LC-MS samples were prepared by dissolving compounds in a 
tBuOH:ACN:H2O mixture (1:1:1 by volume).  

Compound 4  

Compound 7 (50 µmol, 16 mg) was dissolved in dioxane (500 µL). DMAP 
(100 µmol, 12.2 mg) and NVOC-Cl (55 µmol, 16 mg) were added and the 
reaction was allowed to stir overnight at 50°C. LC-MS indicated over 90% 
conversion after which the reaction mixture was diluted with DMSO and 
purified by reverse phase HPLC (C18, TFA, acetonitrile/water) to afford the 
title compound (9.4 µmol, 5.2 mg) in a 19% yield. 

Compound 9  

6-nitropiperonal 8 (50 mmol, 9.75 g) was dissolved in anhydrous DCM (500 
mL) under a nitrogen atmosphere. Trimethylaluminum (28 mL, 2M in 
hexanes) was added dropwise at room temperature. After the addition was 
completed TLC analysis (20% EtOAc in Pnt, Rf=0.3) indicated complete 

conversion of the starting material. The leftover reagent was quenched by the careful addition of 
1M HCl (aq.). The reaction mixture was washed with H2O (3x), brine (1x), dried over MgSO4

 and 
concentrated in vacuo affording the title compound (49.8 mmol, 10.5 g) in a quantitative yield.1H 
NMR (400 MHz, MeOD) δ 7.42 (s, 1H), 7.26 (s, 1H), 6.12 (dd, J = 4.9, 0.9 Hz, 2H), 5.34 (q, 
J = 6.3 Hz, 1H), 1.44 (d, J = 6.3 Hz, 3H).13C NMR (101 MHz, MeOD) δ 148.33, 141.21, 
107.13, 105.58, 104.62, 66.31, 25.21. 
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Compound 10  

Compound 9 (49.8 mmol, 10.5 g) was dissolved in a mixture of 1:2 (v/v) 
anhydrous MeOH:DMSO (Vtotal=100 mL) under a nitrogen atmosphere. 
Sodium methoxide (150 mmol, 7.95 g) was added after which the reaction 
mixture was heated to 120°C. After 2 hours TLC analysis (30% EtOAc in Pnt, 

Rf=0.2) indicated complete conversion of the starting material. The mixture was cooled down to 
room temperature after which 1M HCl (aq.) was added to quench leftover reagents. The mixture 
was washed with EtOAc (3x). The organic layers were combined and washed with brine (1x), dried 
(MgSO4) and concentrated in vacuo. The crude was adsorbed unto Celite and purified by silica gel 
column chromatography (20% EtOAc in Pnt  50% EtOAc in Pnt, ∆=10%) to afford the title 
compound (35.8 mmol, 7.63 g) in a 72% yield. 1H NMR (400 MHz, DMSO) δ 9.92 (s, 1H), 
7.41 (s, 1H), 7.31 (s, 1H), 5.41 (d, J = 4.3 Hz, 1H), 5.24 (dd, J = 6.1, 4.4 Hz, 1H), 3.89 (s, 3H), 
1.35 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 152.61, 145.11, 138.86, 136.53, 
110.66, 109.27, 63.91, 55.96, 25.26. 

Compound 11  

Compound 10 (9.50 mmol, 2.02 g) was dissolved in 
DMF (50 mL). K2CO3 (10 mmol, 1.4 g) and 
compound 14 (10.0 mmol, 2.42 g) were added and the 
mixture was heated to 100 °C for 2 hours. TLC 

analysis (80% EtOAc in Pnt, Rf=0.2) indicated complete conversion of the starting material. The 
reaction mixture was poured in 1M HCl (aq.) and washed with EtOAc (3x). The organic layers 
were combined and washed with H2O (3x), dried (MgSO4), filtered and concentrated in vacuo. 
The crude was diluted with a small amount of 1:1 EtOAc:Pnt (v/v) and purified by silica gel column 
chromatography (50% EtOAc in Pnt) to afford the title compound (8.71 mmol, 3.13 mg) in a 
92% yield. 1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 7.30 (s, 1H), 5.55 (q, J = 6.3 Hz, 1H), 
4.27 – 4.20 (m, 2H), 3.97 (s, 3H), 3.91 (dd, J = 9.4, 4.4 Hz, 2H), 3.73 (tt, J = 8.8, 4.2 Hz, 2H), 
3.70 – 3.61 (m, 4H), 3.54 (dd, J = 5.7, 3.6 Hz, 2H), 3.37 (s, 3H), 1.54 (d, J = 6.3 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 154.29, 147.03, 139.51, 137.41, 109.75, 108.82, 72.01, 71.01, 
70.75, 70.66, 69.57, 69.08, 65.78, 59.14, 56.42, 24.43. 

Compound 12  

Compound 11 (0.57 mmol, 0.20 g) was dissolved 
in anhydrous DCM (5 mL) under a nitrogen 
atmosphere. Triethylamine (0.63 mmol, 87 µL) 
and N,N’-disuccinimidyl carbonate (1.87 mmol, 
483 mg) and DMAP (0.07 mmol, 9 mg) were 

added and the mixture was allowed to stir at room temperature overnight. TLC analysis (80% 
EtOAc in Pnt, triethylamine-neutralized, Rf=0.4, purple under 365 nm UV) indicated complete 
conversion of the starting material. The crude was adsorbed onto Celite and purified by silica gel 
column chromatography (triethylamine-neutralized, 60% EtOAc in Pnt 80% EtOAc in Pnt) to 
afford the title compound (0.40 mmol, 0.20 g) in a 70% yield. 1H NMR (400 MHz, CDCl3) δ 

O2N

OH

OMe

OH
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7.72 (s, 1H), 7.07 (s, 1H), 6.49 (q, J = 6.3 Hz, 1H), 4.25 (dd, J = 10.9, 6.0 Hz, 2H), 4.04 (s, 3H), 
3.95 – 3.88 (m, 2H), 3.77 – 3.71 (m, 2H), 3.66 (ddd, J = 15.6, 7.1, 4.4 Hz, 4H), 3.55 (dd, J = 
5.6, 3.6 Hz, 2H), 3.37 (s, 3H), 2.80 (s, 4H), 1.76 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 168.61, 154.64, 150.56, 147.73, 139.09, 131.31, 109.65, 107.35, 76.52, 71.87, 70.88, 
70.60, 70.52, 69.37, 68.99, 58.99, 56.49, 25.39, 21.88. 

Compound 14  

Triethylene glycol monomethyl ether 13 (10.0 mmol, 1.61 mL) 
was dissolved in anhydrous DCM (10 mL). Triethylamine (20.0 

mmol, 2.77 mL) was added and the mixture was cooled to 0°C. Mesyl chloride (12.0 mmol, 932 
µL) was added carefully after which the mixture was allowed to stir for 1 hour at room temperature. 
TLC analysis 850% EtOAc in Pnt, Rf=0.3) indicated complete conversion of the starting material. 
The mixture was diluted with DCM and washed with 1M HCl (aq.) (3x) and consequently a 
saturated solution of NaHCO3 (aq.) (3x). The organic layer was dried (MgSO4), filtered and 
concentrated in vacuo to afford the title compound (10.0 mmol, 2.42 g) in a quantitative yield. 1H 
NMR (400 MHz, CDCl3) δ 4.41 – 4.33 (m, 1H), 3.80 – 3.73 (m, 1H), 3.72 – 3.59 (m, 3H), 
3.56 – 3.49 (m, 1H), 3.37 (s, 1H), 3.08 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 71.87, 70.59, 
70.51, 69.36, 68.99, 59.01, 37.68. 

Compound 3  

Compound 7 (50 µmol, 16 mg) was dissolved in dioxane (100 µL). 
Triethylamine (150 µmol, 21µL), DMAP (8 µmol, 1 mg) and 
compound 12 (55 µmol, 29 mg) were added and the reaction was 
allowed to shake overnight at 50°C. LC-MS indicated over 90% 
conversion after which the reaction mixture was diluted with DMSO 
and purified by reverse phase HPLC (C18, TFA, acetonitrile/water) to 
afford the title compound (13.5 µmol, 9.4 mg) in a 27% yield. 

Compound 1  

Compound 17 (2.4 µmol, 2.3 mg, synthesis described 
in Chapter 2) was dissolved in DMF (500 µL). DiPEA 
(10 µmol, 1.8 µL) and compound 16 (5.9 µmol, 2.5 
mg) were added and the reaction was allowed to shake 
overnight at room temperature. LC-MS analysis 
indicated complete conversion of the starting material. 

The mixture was concentrated in vacuo and co-evaporated with toluene (3x). The crude was 
dissolved in DCM and purified by silica gel column chromatography (DCM 1% MeOH in 
DCM 10% MeOH in DCM) to afford the tert-butyl protected intermediate product. The 
product was dissolved in DCM (1 mL) and TFA was added (1 mL) and the reaction was stirred for 
2 hours at room temperature. TLC analysis (5% MeOH in DCM, Rf=0.3) indicated complete 
conversion of the reaction and the mixture was concentrated in vacuo to afford the title compound 
(1.5 µmol, 1.9 mg) in a 63% yield.  
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Compound 2  

Resin-bound hexapeptide (10 µmol, 45 mg, synthesis 
described in Chapter 2) was swollen in DMF. DiPEA 
(11 µmol, 2.0 µL) and compound 16 (50 µmol, 21 mg) 
were added and the reaction was allowed to shake 
overnight at room temperature. A small amount of 
TFA-treated resin analyzed by LC-MS indicated 

complete conversion of the starting material. The resin was washed with DMF (3x) and treated 
with a solution of 20% TFA in DCM. The solution was dropped in a mixture of 1:1 Et2O:Pnt 
(v/v) at -30°C. The product was allowed to precipitate overnight at -30°C after which the 
precipitate was collected by centrifugation. The precipitate was dissolved in DMSO and purified 
by reverse-phase HPLC (C18, TFA, acetonitrile/water) to afford the title compound (3.0 µmol, 
4.7 mg) in a 30% overall yield. 

Compound 19  

A procedure from literature [1] was modified as follows: 4-methoxyphenol (300 
mmol, 37.2 g) was dissolved in NMP (300 mL, 1 M) followed by addition of 
potassium hydroxide (600 mmol, 33.6 g) at r.t.. Bromoacetaldehyde diethyl acetal 
(7.5 mmol, 1.13 mL) was added slowly and the reaction was stirred at 70°C for 15 
h. TLC analysis indicated complete conversion of the starting material (10% Et2O 

in Pnt, Rf=0.7). The reaction mixture was poured in H2O and extracted with Et2O (3x). The 
combined organic layers were washed with brine (1x), dried over MgSO4 and concentrated in vacuo. 
Purification by silica gel column chromatography (5% Et2O  10% Et2O in Pnt) yielded 
compound 19 (270 mmol, 64.9 g, 90%). 1H NMR (400 MHz, Chloroform-d) δ  6.90 – 6.76 
(m, 4H), 4.80 (t, J=5.2, 1H), 3.95 (d, J=5.2, 2H), 3.80 – 3.68 (m, 2H), 3.72 (s, 3H), 3.61 (dq, 
J=9.4, 7.0, 2H), 1.23 (t, J=7.1, 6H). 13C NMR (101 MHz, CDCl3) δ  153.94, 152.71, 115.53, 
114.46, 100.49, 69.13, 62.36, 55.48, 15.26. 

Compound 20   

 A procedure from literature[2] was modified as follows: Polyphosphoric acid (60 g, 
H3PO4 basis, 115%) was dissolved in toluene (600 mL) and the mixture was heated 
to 110°C under vigorous stirring. Compound 19 (255 mmol, 61.3 g) was dissolved 

in toluene (160 mL, 1.6 M) and was dropwise added to the solution over the course of 1 hour. 
After stirring for 1 hour at reflux temperature TLC indicated complete conversion of the starting 
material (5% Et2O in Pnt, Rf=0.8). The mixture was cooled to r.t., decanted in 1 M NaOH (aq) 
and extracted with toluene. The combined organic layers were washed with brine (1x), dried over 
MgSO4 and concentrated in vacuo. Purification by silica gel column chromatography (Pnt  2% 
Et2O in Pnt) yielded compound 20 (83.1 mmol, 12.3 g, 33%). 1H NMR (400 MHz, 
Chloroform-d) δ = 7.59 (dd, J=2.2, 0.5, 1H), 7.39 (ddd, J=8.9, 1.0, 0.5, 1H), 7.05 (d, J=2.6, 
1H), 6.90 (ddd, J=8.9, 2.6, 0.5, 1H), 6.70 (dd, J=2.2, 0.9, 1H), 3.84 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ = 145.86, 128.08, 113.20, 111.93, 106.82, 103.61, 56.03. 
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Compound 21  

A procedure from literature[3] was modified as follows: Compound 20 (5.7 
mmol, 849 mg) was dissolved in anhydrous DCM (8.1 mL, 0.7 M) under a 
nitrogen atmosphere. The mixture was cooled to -78°C after which a 1 M 

solution of BBr3 in DCM (6.8 mmol, 6.8 mL) was slowly added. The mixture was stirred at -78°C 
for 1 hour and then heated to r.t. and stirred for an additional hour. TLC analysis indicated 
complete conversion of the starting material (20% EtOAc in Pnt, Rf=0.7). The reaction was 
quenched with saturated solution of NaHCO3 (aq.), poured in H2O and extracted with EtOAc 
(3x). The combined organic layers were washed with brine (1x), dried over MgSO4 and 
concentrated in vacuo. Purification with silica gel column chromatography (5% EtOAc  10% 
EtOAc in Pnt) yielded compound 21 (5.11 mmol, 0.685 g, 89%). 1H NMR (400 MHz, 
Chloroform-d) δ = 7.59 (dd, J=2.2, 0.5, 1H), 7.35 (ddd, J=8.8, 1.0, 0.5, 1H), 7.01 (dd, J=2.6, 
0.6, 1H), 6.81 (ddd, J=8.8, 2.6, 0.5, 1H), 6.67 (dd, J=2.2, 0.9, 1H), 4.89 (s, 1H). 13C NMR (101 
MHz, CDCl3) δ = 146.12, 113.05, 111.92, 106.56, 106.21. 

Compound 22 

Compound 21 (3.73 mmol, 0.501 g) was dissolved in anhydrous DMF (3.8 
mL, 1 M) under a nitrogen atmosphere. A 50 wt% solution of tert-
butyldimethylsilyl chloride in toluene (11.3 mmol, 3.9 mL, 2.9 M) was 

added followed by the addition of imidazole (18.7 mmol, 1.27 g). The mixture was stirred for 1 
hour at r.t.. TLC analysis indicated complete conversion of the starting material (1% Et2O in Pnt, 
Rf= 0.7). The mixture was then poured in H2O and extracted with Et2O (3x). The combined 
organic layers were washed with brine (1x), dried over MgSO4 and concentrate in vacuo. 
Purification with silica gel column chromatography (Pnt  1% Et2O in Pnt) yielded compound 
22 (2.62 mmol, 0.65 g, 70.2%). 1H NMR (400 MHz, Chloroform-d) δ = 7.60 (d, J=2.1, 1H), 
7.38 (dd, J=8.8, 0.9, 1H), 7.06 (d, J=2.5, 1H), 6.85 (dd, J=8.8, 2.4, 1H), 6.69 (dd, J=2.2, 0.9, 
1H), 1.05 (d, J=0.9, 10H), 0.24 (d, J=0.8, 6H). 13C NMR (101 MHz, CDCl3) δ = 151.50, 
150.46, 145.75, 128.22, 117.63, 111.61, 111.10, 106.69, 30.45, 25.88, 18.35, -4.33. 

Compound 23  

Compound 22 (3.65 mmol, 0.906 g) was dissolved in anhydrous THF 
(20 mL, 0.2 M) under a nitrogen atmosphere and cooled to -78°C. A 
1.6 M solution of n-butyllithium in hexanes (8.0 mmol, 5.02 mL) was 

added dropwise and the mixture was stirred for 1 hour. Triisopropyl borate (4.4 mmol, 1.0 mL) 
was added dropwise and the mixture was stirred for another 30 min. The mixture was then heated 
to r.t. and stirred for an additional 30 min. The reaction mixture was quenched with a 2 M solution 
of HCl (aq.) (4 mL, 8 mmol), poured in H2O and extracted with EtOAc (3x). The combined 
organic layers were washed with H2O (1x) and brine (1x), dried over MgSO4 and concentrated in 

vacuo. The crude product 23 was used as is in the following reaction.  
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Compound 24  

KNO3 (24.0 mmol, 2.42 g) was loaded into a flask and cooled down to -
20°C. H2SO4 (21.75 mL, 98%) was added and the mixture was stirred for 
30 min. 3’-bromoacetophenone (20 mmol, 3.98 g, 2.64 mL) was slowly 
added. The reaction mixture was heated up to -10°C and stirred for another 
2 h. The reaction mixture was poured into crushed ice and extracted with 

DCM (3x). The combined organic layers were washed with brine (1x), dried over MgSO4 and 
concentrated in vacuo. The crude was dissolved in a minimal amount of Et2O after which Pnt was 
added until a precipitation was visible. The suspension was gently warmed until the precipitate 
dissolved again. The product was allowed to crystallize out of solution until no more formation of 
crystals was observed. The crystals were collected and washed with cold Pnt yielding compound 24 
(9.8 mmol, 2.4 g, 49%). 1H NMR (400 MHz, Chloroform-d) δ = 8.00 (d, J=8.7, 1H), 7.74 (dd, 
J=8.7, 2.1, 1H), 7.55 (d, J=2.1, 1H), 2.56 (s, 3H). 13C NMR (101 MHz, CDCl3) δ = 133.75, 
130.47, 126.05, 30.37. 

 
Compound 25  

Compound 23 (4.62 mmol, 1.35 g) and compound 24 
(3.65 mmol, 0.89 g) were dissolved in a 1:1 mixture of THF 
and H2O (42 mL) under a nitrogen atmosphere. The flask 
was wrapped in aluminum foil and K2CO3 (5.48 mmol, 

0.757 g) and Pd(Ph3)4 (0.23 mmol, 0.266 g) were added. The mixture was heated to 66°C and 
refluxed for 18 h. TLC analysis indicated complete conversion of the starting material (10% Et2O 
in Pnt, Rf=0.3). The reaction mixture was quenched using a saturated solution of NH4Cl (aq.), 
poured in H2O and extracted with EtOAc (3x). The combined organic layers were washed with 
brine (1x), dried over MgSO4 and concentrated in vacuo. The crude mixture consists of partially 
desilylated product, so the crude mixture can be used as is in the following reaction. Purification 
with silica gel column chromatography (5% Et2O  30% Et2O in Pnt) yielded compound 25 
(2.23 mmol, 0.919 g, 61%). Increasing the polarity of the eluent (30% Et2O in Pnt  30% EtOAc 
in Pnt) yielded prematurely desilylated compound 26 (0.51 mmol, 0.15 g, 14%).1H NMR (400 
MHz, Chloroform-d) δ = 8.09 (d, J=8.6, 1H), 7.87 (dd, J=8.6, 1.9, 1H), 7.76 (d, J=1.8, 1H), 
7.36 (dt, J=8.9, 0.8, 1H), 7.13 (d, J=0.9, 1H), 7.05 (d, J=2.4, 1H), 6.89 (dd, J=8.8, 2.5, 1H), 2.61 
(s, 3H), 1.04 (d, J=0.7, 13H), 0.25 (d, J=0.7, 7H). 13C NMR (101 MHz, CDCl3) δ = 199.76, 
152.82, 152.03, 150.87, 144.03, 139.06, 136.13, 129.17, 125.65, 125.14, 122.72, 119.69, 
111.72, 111.24, 105.94, 30.24, 25.69, 18.18, -4.48. 
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Compound 26  

Compound 25 (0.66 mmol, 0.27 g) was dissolved in 
anhydrous THF (7 mL) under a nitrogen atmosphere. A 
solution of 70% HF in Pyridine (0.7 mL, 10 vol%) was added 
and the reaction was stirred at r.t. for 2 h. TLC analysis 

indicated complete conversion of the starting material (30% EtOAc in Pnt, Rf=0.2). The reaction 
was quenched with a saturated solution of NaHCO3 (aq.) until no CO2 release was observed. The 
mixture was poured into H2O and extracted with EtOAc (3x). The combined organic layers were 
washed with brine (1x), dried over MgSO4 and concentrated in vacuo. Purification with silica gel 
column chromatography (15% EtOAc  30% EtOAc in Pnt) yielded compound 26 (0.62 mmol, 
0.18 g, 93%). 1H NMR (400 MHz, DMSO-d6) δ = 9.40 (s, 1H), 8.22 (d, J=8.4, 1H), 8.17 – 
8.09 (m, 2H), 7.67 (s, 1H), 7.47 (d, J=8.8, 1H), 7.01 (d, J=2.5, 1H), 6.86 (dd, J=8.9, 2.5, 1H), 
2.63 (s, 3H). 13C NMR (101 MHz, DMSO) δ = 199.78, 153.96, 152.61, 149.26, 144.26, 
138.03, 135.30, 129.18, 126.15, 125.61, 123.21, 115.36, 111.85, 106.77, 105.83, 30.06. 

Compound 27 

Compound 26 (0.36 mmol, 0.106 g) was dissolved in 
methanol (3.6 mL, 0.1 M) and the mixture was cooled down 
to 0°C. NaBH4 (0.54 mmol, 0.020 g) was added in portions. 
After addition the mixture was heated to r.t. and stirred for 1 
hour. TLC analysis indicated full conversion of the starting 

material (30% EtOAc in Pnt, Rf=0.2). The mixture was concentrated in vacuo after which it was 
poured in H2O and extracted with EtOAc (3x). The combined organic layers were washed with 
brine (1x) and dried over MgSO4. Concentration in vacuo yielded compound 27 (0.36 mmol, 108 
mg, 100%). 1H NMR (400 MHz, DMSO-d6) δ = 9.36 (s, 1H), 8.29 (d, J=1.9, 1H), 8.04 (d, 
J=8.5, 1H), 7.96 (dd, J=8.5, 1.9, 1H), 7.57 (d, J=0.9, 1H), 7.49 (d, J=8.9, 1H), 7.00 (d, J=2.4, 
1H), 6.83 (dd, J=8.8, 2.5, 1H), 5.66 (d, J=4.3, 1H), 5.30 – 5.20 (m, 1H), 1.43 (d, J=6.3, 3H). 13C 
NMR (101 MHz, DMSO) δ = 153.85, 146.24, 143.61, 143.61, 134.44, 129.31, 125.17, 123.70, 
123.04, 114.82, 111.77, 105.74, 105.50, 64.01, 25.09. 

Compound 28  

Compound 27 (0,154 g; 0,51 mmol) was dissolved in 
dry DMF (1,7 mL) in nitrogen atmosphere. K2CO3 
(0.62 mmol, 0.083 g) and t-butyl bromoacetate (0.95 
mmol, 0.14 mL) were added and the reaction was 
stirred at 70°C for 3 h. TLC analysis indicated complete 
conversion of the starting material (30% EtOAc in Pnt, 

Rf=0.8). The reaction mixture was poured into H2O and extracted with EtOAc (3x). The combined 
organic layers were washed with H2O (1x) and brine (1x), dried over MgSO4 and concentrated in 

vacuo. Purification with silica gel column chromatography (20% EtOAc in Pnt) yielded compound 
28 (0.36 mmol, 0.149 g, 72%). 1H NMR (300 MHz, Chloroform-d) δ = 8.25 (d, J=2.0, 1H), 
7.96 (d, J=8.6, 1H), 7.72 (dd, J=8.6, 1.9, 1H), 7.43 – 7.33 (m, 1H), 7.06 (d, J=0.9, 1H), 7.00 – 
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6.89 (m, 2H), 5.52 (q, J=6.3, 1H), 4.51 (s, 2H), 3.02 (s, 1H), 1.60 (d, J=6.3, 3H), 1.50 (s, 9H).13C 
NMR (75 MHz, CDCl3) δ = 168.35, 154.62, 154.30, 150.83, 146.41, 142.82, 135.33, 129.24, 
125.38, 123.69, 123.61, 115.11, 112.10, 105.10, 104.91, 82.62, 66.63, 65.70, 53.56, 28.11, 
24.57. 

Compound 29 

Compound 28 (0.21 mmol, 0.086 g) was dissolved in 
DCM (2 mL). Trifluoroacetic acid (2 mL) was added 
and the reaction was stirred at r.t. for 30 min. TLC 
analysis indicated complete conversion of the starting 
material (30% EtOAc in Pnt, Rf=0.1). The mixture 
was concentrated in vacuo. Co-evaporation with 

DCM (3x), toluene (3x) and CHCl3 (1x) yielded compound 29 (0.21 mmol, 0.075 g, quant.). 1H-
NMR (400 MHz, DMSO-d6) δ = 13.03 (s, 1H), 8.32 (d, J = 1.7 Hz, 1H), 8.05 (d, J = 8.6 Hz, 
1H), 8.00 (dd, J = 8.6, 1.8 Hz, 1H), 7.65 (s, 1H), 7.62 (d, J = 9.1 Hz, 1H), 7.19 (d, J = 2.6 Hz, 
1H), 7.01 (dd, J = 8.9, 2.6 Hz, 1H), 5.66 (s, 1H), 5.25 (q, J = 6.3 Hz, 1H), 4.73 (s, 2H), 1.44 (d, 
J = 6.3 Hz, 3H).13C-NMR (100 MHz, DMSO-d6): δ 170.36, 154.52, 153.93, 149.96, 143.60, 
134.22, 129.11, 125.17, 123.88, 123.17, 115.02, 112.09, 105.68, 104.86, 65.19, 64.02, 25.09. 

Compound 30  

Compound 27 (0.50 mmol, 0.15 g) was dissolved in 
DMF (0.2 M, 2.5 mL). K2CO3 (1.92 mmol, 0.265 
g) was added and the reaction mixture was stirred for 
1 hour at r.t.. Propargyl bromide (1.2 mmol, 108 µL) 
was added to the reaction and the mixture was stirred 
overnight. TLC analysis indicated full conversion the 

starting material (30% EtOAc in Pnt, Rf=0.7). The reaction was quenched with a saturated solution 
of NH4Cl (aq.) and extracted with EtOAc (3x). The combined organic layers were washed with 
brine (1x) and concentrated in vacuo. Purification with silica gel column chromatography (10% 
EtOAc  15% EtOAc in Pnt) yielded compound 30 (0.49 mmol, 0.16 g, 98%). 1H NMR (400 
MHz, Acetone-d6) δ = 8.40 (d, J=2.0, 1H), 7.97 (d, J=8.6, 1H), 7.89 (dd, J=8.5, 2.0, 1H), 7.50 
(d, J=9.0, 1H), 7.43 (d, J=0.9, 1H), 7.24 (d, J=2.6, 1H), 7.01 (dd, J=9.0, 2.6, 1H), 5.44 (qd, J=6.3, 
4.3, 1H), 4.78 (dd, J=5.4, 3.3, 3H), 3.07 (t, J=2.4, 1H), 1.51 (d, J=6.3, 3H). 13C NMR (101 
MHz, Acetone-d6) δ = 155.31, 151.46, 147.54, 144.47, 135.62, 130.29, 129.66, 125.82, 124.45, 
124.30, 116.12, 112.69, 112.20, 106.20, 105.94, 79.84, 77.00, 65.57, 65.47, 57.00, 25.45, 25.39. 
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Compound 31 

Compound 30 (0.42 mmol, 0.151 g) was dissolved in 
anhydrous DMF (2.2 mL, 0.2 M) under a nitrogen 
atmosphere. Disuccinimidyl carbonate (0.63 mmol, 0.16 
g) and triethylamine (1.3 mmol, 0.18 mL) were added and 
the reaction mixture was stirred at r.t. overnight. TLC 
analysis indicated complete conversion of the starting 

material (30% EtOAc in Pnt, Rf=0.4). The mixture was concentrated in vacuo and diluted with 
H2O. The aqueous layer was extracted with DCM (3x) after which the combined organic layers 
were washed with brine (1x), dried over MgSO4 and concentrated in vacuo. The crude product was 
adsorbed on Celite. Purification with silica gel column chromatography (DCM  0.25% MeOH 
in DCM) yielded compound 31 (0.30 mmol, 143 mg, 71%). 1H-NMR (400 MHz, DMSO-d6): 
δ = 8.21 (d, J = 1.7, 1H), 8.19 (d, J = 8.7, 1H), 8.14 (dd, J = 8.6, 1.8, 1H), 7.80 (s, 1H), 7.65 (d, 
J = 9.0, 1H), 7.32 (d, J = 2.6, 1H), 7.06 (dd, J = 9.0, 2.6, 1H), 6.34 (q, J = 6.4, 1H), 4.86 (d, J = 
2.3, 2H), 3.59 (t, J = 2.3, 1H), 2.79 (d, J = 14.0, 4H), 1.81 (d, J = 6.5, 2H). 

 
Compound 32  

Compound 31 (0.09 mmol, 0.056 g) was dissolved in DMF (1 
mL). Boc-Lys-OMe.HOAc (0.5 mmol, 0.130 g) and DiPEA (1 
mmol, 174 µL) was added. The reaction mixture was stirred for 
15 min at r.t.. TLC analysis indicated complete conversion of the 
starting material (5% MeOH in DCM, Rf=0.6). The reaction 
mixture was poured in a 50% brine solution which was washed 
with EtOAc (3x). The combined organic layers were washed with 
0.1M HCl (aq.) (2x), brine (3x), dried (MgSO4) and 

concentrated in vacuo. Purification with silica gel column chromatography (DCM  0.5% MeOH 
in DCM) yielded compound 32 (0.059 mmol, 0.037 g, 66%). 1H NMR (400 MHz, Chloroform-
d) δ = 8.08 – 8.00 (m, 2H), 7.82 (dt, J=8.5, 1.8, 1H), 7.47 (d, J=8.9, 1H), 7.18 (t, J=3.3, 2H), 
7.03 (ddd, J=9.0, 2.6, 1.0, 1H), 6.33 (qd, J=6.4, 3.4, 1H), 5.06 (d, J=8.4, 1H), 5.00 (d, J=6.9, 
1H), 4.75 (d, J=2.4, 2H), 4.27 (d, J=7.0, 1H), 3.70 (d, J=5.1, 3H), 3.13 (ddd, J=35.2, 13.1, 6.8, 
1H), 3.13 (s, 1H), 2.56 (t, J=2.4, 1H), 1.74 (s, 1H), 1.68 (dd, J=6.5, 1.8, 3H), 1.44 (d, J=5.0, 
11H), 1.36 (td, J=10.1, 9.0, 4.0, 2H), 1.26 (s, 1H).13C NMR (101 MHz, CDCl3) δ = 155.43, 
154.35, 150.98, 146.66, 140.18, 135.39, 129.30, 125.56, 124.17, 123.09, 115.56, 112.16, 
105.53, 105.05, 78.74, 75.75, 56.79, 53.15, 52.42, 40.77, 32.60, 28.43, 22.52, 22.37. 
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Compound 33  

Compound 28 (0.17 mmol, 0.070 g) was dissolved in 
acetonitrile (1 mL). N,N’-disuccinimidyl carbonate (0.50 
mmol, 0.13 g) and DiPEA (0.30 mmol, 52 µL) were added 
and the mixture was stirred for 16 h at r.t.. The reaction 
mixture was poured in a 50% brine solution which was 
washed with EtOAc (3x). The combined organic layers 
were washed with brine (1x), dried (MgSO4) and 
concentrated in vacuo. The concentrate was reconstituted 
in DMF (2 mL) and boc-Lys-OMe.HOAc (0.50 mmol, 

0.13 g) and DiPEA (1.0 mmol, 174 µL) was added. The reaction mixture was stirred for 15 min 
at r.t.. TLC analysis indicated complete conversion of the starting material (5% MeOH in DCM, 
Rf=0.6). The reaction mixture was poured in a 50% brine solution which was washed with EtOAc 
(3x). The combined organic layers were washed with 0.1M HCl (aq.) (2x), brine (3x), dried 
(MgSO4) and concentrated in vacuo. Purification with silica gel column chromatography (DCM 
 0.5% MeOH in DCM) yielded compound 33 (0.093 mmol, 0.065 g, 55%). 1H NMR (400 
MHz, Chloroform-d) δ = 8.08 – 7.99 (m, 2H), 7.81 (dt, J=8.6, 1.8, 1H), 7.46 (d, J=8.9, 1H), 
7.18 – 7.13 (m, 1H), 7.08 – 6.98 (m, 2H), 6.33 (qd, J=6.4, 3.3, 1H), 5.08 (t, J=8.4, 2H), 4.57 (s, 
2H), 4.30 – 4.24 (m, 1H), 3.70 (d, J=4.1, 3H), 3.13 (ddq, J=23.7, 12.0, 6.6, 1H), 1.84 – 1.72 (m, 
0H), 1.86 – 1.54 (m, 3H), 1.51 (s, 10H), 1.44 (d, J=4.9, 9H), 1.40 – 1.22 (m, 3H). 13C NMR 
(101 MHz, CDCl3) δ = 173.29, 168.21, 155.43, 154.79, 154.30, 150.89, 146.62, 140.13, 
135.36, 129.28, 125.50, 124.14, 123.08, 115.21, 112.14, 105.11, 104.98, 82.49, 80.00, 68.55, 
66.67, 53.14, 52.37, 40.72, 32.53, 29.27, 28.39, 28.14, 22.50, 22.34. 

 

Compound 34  

Compound 16 (0.045 mmol, 0.020 g) was dissolved in DMF (1 mL). 
Boc-Lys-OMe.HOAc (0.076 mmol, 0.020 g) and DiPEA (0.135 
mmol, 24 µL) were added and the mixture was stirred for 16 h at r.t.. 
TLC analysis indicated complete conversion of the starting material 
(5% MeOH in DCM, Rf=0.8). The reaction mixture was poured in 
0.1M HCl (aq.) and washed with DCM (3x). The combined organic 
layers were washed with a saturated solution of NaHCO3 (aq.) (3x), 
dried (MgSO4) and concentrated in vacuo. Purification with silica gel 
column chromatography (DCM  0.5% MeOH in DCM) yielded 

compound 34 (0.035 mmol, 0.020 g, 78%). 1H NMR (300 MHz, DMSO-d6) δ = 8.14 – 8.02 
(m, 2H), 7.87 (dt, J=8.7, 1.5, 1H), 7.66 (d, J=7.7, 1H), 7.59 (d, J=8.2, 1H), 7.45 – 7.15 (m, 4H), 
6.42 – 6.31 (m, 1H), 5.06 (d, J=8.4, 1H), 4.99 (s, 1H), 4.28 (d, J=5.6, 1H), 3.72 (d, J=3.3, 3H), 
3.15 (tt, J=13.5, 6.8, 2H), 1.71 (d, J=6.5, 3H), 1.68 – 1.50 (m, 1H), 1.46 (d, J=3.6, 10H), 1.27 
(s, 5H), 0.95 – 0.82 (m, 2H). 
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Compound 35  

Compound 36 (0.2 mmol, 0.040 g) was dissolved in AcN (1 mL). 
Boc-Lys-OMe.HOAc (0.3 mmol, 0.08 g), N,N’-disuccinimidyl 
carbonate (0.4 mmol, 102 mg) and DiPEA (0.50 mmol, 86 µL) 
were added and the mixture was stirred for 1 h at r.t.. TLC analysis 
indicated complete conversion of the starting material (5% MeOH 
in DCM, Rf=0.5). The reaction mixture was poured in 0.1M HCl 
(aq.) and washed with DCM (3x). The combined organic layers 
were washed with a saturated solution of NaHCO3 (aq.) (3x), dried 
(MgSO4) and concentrated in vacuo. Purification with silica gel 
column chromatography (DCM  0.5% MeOH in DCM) yielded 

compound 43 (0.15 mmol, 0.070 g, 75%). 1H NMR (400 MHz, CDCl3) δ 7.62 (s, 1H), 7.00 
(s, 1H), 6.14 (s, 2H), 5.45 (s, 2H), 5.18 (d, J = 9.0 Hz, 2H), 4.30 (d, J = 4.8 Hz, 1H), 3.75 (s, 
4H), 3.22 (dd, J = 12.9, 6.7 Hz, 3H), 1.90 – 1.76 (m, 2H), 1.71 – 1.51 (m, 4H), 1.48 – 1.32 (m, 
14H). 13C NMR (101 MHz, CDCl3) δ 173.27, 155.85, 155.53, 152.52, 147.22, 131.18, 107.28, 
105.71, 103.16, 79.95, 63.40, 53.14, 52.33, 40.75, 32.40, 29.24, 28.31, 22.43. 

Compound 36  

6-nitropiperonal (10 mmol, 1.95 g) was dissolved in EtOH (15 mL) and 
cooled down to 0°C. NaBH4 (12 mmol, 0.46 g) was added and the mixture 
was allowed to stir for 1 hour at 0°C. TLC analysis (20% EtOAc in Pnt, 
Rf=0.2) indicated complete conversion of the starting material. A saturated 
solution of NH4Cl (aq.) was added extremely carefully to quench leftover 

reagents. The mixture was diluted with H2O and consequently extracted with DCM (3x). The 
organic layers were combined, dried (MgSO4) and concentrated in vacuo to afford compound 36 
(9.64 mmol, 1.90 g) in a 96% yield.  
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Chapter 5 

General summary and future prospects1,2 

 

General Summary 

Toll-like receptors (TLRs) are important sensors partaking in the initiation and propagation of an 
immune response. This makes synthetic TLR ligands potential therapeutic targets for diseases in 
which a correctly mounted immune response is beneficial for host survival, such as in preventing 
or treating infections.3,4 TLRs are also increasingly investigated in the context of immune-based 
treatment of cancers.5 TLR-ligand-based therapies are, however, not without risk: an improperly 
triggered immune response through TLR activation can lead to excessive inflammation, which in 
turn can result in  sepsis6, asthma7 and auto-immune disease.8 A clear understanding of the signaling 
pathways that emerge following TLR liganding is therefore vital in rationally designing therapeutics 
that exploit the TLR system. In this manner, beneficial effects can be invoked, whilst immune-
related pathology can be avoided.  

Over the past decade, TLRs have been shown to display complex, dynamic behaviour. For example, 
organelle-specific activation has been described to prevent the detection of self-ligands.9–12 
Moreover, certain TLRs have been shown to tailor their signaling outcome, depending on the 
subcellular site of activation. For example, activation of TLR4 when localized on the plasma 
membrane ultimately results in a pro-inflammatory response, whereas antiviral type I interferons 
are produced upon activation of TLR4 residing in endosomes.  

Various chemical tools have been developed to study spatiotemporal effects on TLR-signaling. For 
example, TLR ligands immobilized on surfaces through biotin-streptavidin interactions can be used 
the activation of TLRs exclusively at the plasma membrane.13 Activating the TLRs at a specific 
intracellular location has not yet been achieved. In a first step towards achieving this, photolabile 
protecting groups (‘photocages’) have been introduced on crucial functionalities within TLR 
ligands and light has been used to activate the ligands.14–17 Whereas this has provided some control 
over receptor signaling in time, phototoxicity of the UV-light needed to activate these ‘pro-ligands’ 
as well as low spatial restriction are current limitations that need to be overcome to obtain 
spatiotemporal insights. 

This thesis has explored the use of less-toxic approaches to induce deprotection of TLR pro-ligands 
in vitro. The aim was to develop methods that would allow the study of TLR-ligands described 
above, whilst circumventing the limitations set by a photo-irradiation mediated strategy. The first 
approach that was explored entailed the use of recently-published photocages with superior 
photochemical properties compared to those previously reported. It was explored whether the use 
of protecting groups that could be removed by low-dose visible light, and/or two-photon excitation, 
could upon the previously reported photoprotecting groups. A second approach that was explored 
in this thesis employed chemically-removable protecting groups. Here, small molecules were used 
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to remove the protecting groups instead of light, offering an alternative strategy towards sub-cellular 
activation of TLR-ligands. 

Chapter 1 gives a literature overview on the role of pattern-recognition receptors (PRRs) in 
immune activation. The role of TLRs as a subset of the PRRs is discussed and a short literature 
review is provided on the signaling biology of these receptors. The chemical structures of the 
receptor agonists are also described, as well as the concept of caging the activity of these agonists to 
yield better understanding of the signaling biology. The chapter ends with a brief overview on the 
currently available photocages and potential chemical caging approaches.  

Chapter 2 describes the synthesis of a trans-cyclooctene (TCO) protected Pam2CSK4, in which the 
TCO-group could serve as a chemically removable protecting group. This compound was shown 
to bind to TLR2 similar to the unprotected Pam2CSK4 ligand, whilst preventing subsequent 
dimerization of the bound TLR2 with TLR6 (thereby preventing activation). TLR-signaling could 
be activated by first priming a mouse macrophage cell line with TCO-Pam2CSK4 followed by the 
subsequent addition of a tetrazine derivative that removes the TCO-group by means of an inverse 
electron-demand Diels-Alder reaction, followed by retro-Diels-Alder, rearrangement and 
elimination steps. The activation of immune cells under this condition was visualized by imaging 
the nuclear translocation of GFP-labelled NF-κB and further confirmed using a reporter cell line 
which expressed an alkaline phosphatase reporter under the NF-κB- promotor.  

Interestingly, human cell lines exhibited significant TLR2/6 activation even in the absence of the 
deprotecting tetrazine. To reduce this background activation, various modifications to the ligand 
and TCO were explored. It was found that hydrophilic and bulky variants of the TCO protecting 
group did not reduce this residual activity. Substitution of the tetralysine peptide for a triethylene 
glycol did reduce background activation of the protected TLR2/6 ligand. This new ligand allowed 
the precise temporal control over TLR2/6 activation, as near-identical nuclear translocation rates 
of nuclear NF-κB were observed by human macrophages cell lines treated with free ligand 
compared to those pre-treated with caged ligands and activated by the addition of tetrazine.  

Chapter 3 describes efforts towards applying the TCO-tetrazine elimination approach to TLR4, 
7/8 and 9 ligands. TCO-groups were installed on critical functionalities within each of these TLR’s 
ligand. For TLR9, a CpG-ODN was synthesized in which the cytidine nucleobase was caged with 
a TCO on its exocyclic amine. To this end, a DMTr/phosphoramidite-protected cytosine building 
block was synthesized with the TCO installed on its nucleobase. This was used in the on-resin 
synthesis of ODN. Using this building block, a 12- and 20-meric CpG ODN was synthesized with 
either an unprotected cytosine or TCO-protected cytosine in the CpG sequence. Its ability to 
effectively induce TLR9 activation upon co-administering tetrazine is currently awaiting 
assessment.  

The TLR7/8-ligand Resiquimod was also caged with a TCO on its exocyclic amine. This yielded 
a caged ligand of which the activity could be controlled by tetrazine addition. This was assessed by 
measuring IL6 and TNFα secretion by bone marrow-derived macrophages (BMDMs). 
Furthermore, the bis-functionalized TCO-(OSu)2 reagent was used to synthesize Resiquimod-
TCO-OSu, of which its immolative end was appended to the TLR7/8 ligand and the non-
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immolative end was appended to the anti-tumour antibody TA99. This reagent was used to deliver 
TLR ligands to a melanoma in vivo, with induced TLR-activity as the result. 

Finally, a synthetic pyrimido[5,4-b]indole TLR4 ligand was caged with TCO on the endocyclic 
indole amine, which prevented the activation of TLR4 in BMDMs. The TNFα secretion by 
BMDMs was blocked by this TCO-modification and could be reactivated upon the addition of 
tetrazine. IL6 secretion, however, appeared not blocked by TCO-modification. 

Chapter 4 describes the application of photocages in the development of light-controllable TLR-
ligands. First, the TLR7 ligand 9-benzyl-8-oxo-2-butoxyadenine was protected with the NVOC-
photocage on its exocyclic amine. The development of triethylene glycol monomethylether-
modified NVOC was necessary to solubilize the construct, as modification with NVOC yielded an 
insoluble product. The effectivity of the ethylene glycol-modified NVOC to shield the ligand’s 
activity towards TLR7 is currently awaiting assessment. 

Next, the TLR2/6 ligand Pam2CSK4 was caged on its N-terminal amine with the two-photon-
sensitive photocage 4-nitrophenyl(benzofuran) (NPBF). The ability to control ligand activity with 
this group was verified in THP1 Dual cells. Similar to the experiments outlined in Chapter 2, 
background activation was a problem with this ligand. The same solution as in Chapter 2 was 
applied, resulting in the NPBF-caged ligand Pam2CS(TEG), in which the C-terminal tetralysine 
motif was replaced with a triethylene glycol motif. However, this ligand appeared insoluble in 
aqueous media and showed high adherence to plastic surfaces. This issue was addressed by the 
design and synthesis of a phenol-containing NPBF-analogue. The phenol functionality was 
exploited to include a variety of linkers that can be used to influence the physical-chemical 
properties of the cage, such as its water solubility. A carboxyl- and propargyl-carrying linker was 
used to decorate the phenol. Presence of the functionalized phenol also enhanced the molar 
attenuation efficiency ε by 30%.  

Future prospects 

The new dual cages, particularly the dual-functional NPBF-linker open up a wide range of future 
experiments, both within and beyond the TLR-field. For example, the NPBF-linked to a TLR-
ligand may be used to generate a water-soluble variant of photocaged Pam2CS(TEG), for 
application in experiments which exploit two-photon absorption to yield a high spatial accuracy. 
As proposed previously in literature14, TLR2/6-bearing cells can be primed with a photocaged 
ligand and subsequently added to a different culture to study the propagation of an immune 
response (Figure 1) after irradiation of a large group of murine cells. With this next iteration of 
photocaged TLR2/6 ligands, single-cell, and even single-endosome, activation could be within 
reach.  
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Figure 1. Macrophages primed with human-applicable NPBF-caged ligand can be added to a culture of 
cells to study the propagation of an immune response. Two-photon excitation enables single-cell activation, 
whereas the optimization of the TLR2/6 ligand in Chapter 2 enables its use in primary human cells. 

The TCO-modified reagents can in future also be used to study spatially restricted activation. For 
example, by first pre-incubating a macrophage cell line with nanoparticles decorated with tetrazine 
to saturate their endo-lysosomal system, followed by the addition of the protected ligand, which 
will then only be deprotected inside the endolysosomal system (Figure 2). Studying the 
phosphorylation of the signaling adapters under this condition will allow the isolation of only the 
intracellular signaling of the TLR2/6 receptor complex.  

  

Figure 2. A strategy to activate intracellular TLRs. First the cells are treated with tetrazine-coated 
nanoparticles which are taken up through phago- and endocytic pathways. After a stringent washing 
procedure, the cells are treated with TCO-caged TLR-ligand. Liberation of the ligand from its cage should 
now be prevalent in intracellular vesicles as opposed to the extracellular environment. 
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Isolating the surface signal is also possible by for example immobilizing a tetrazine-biotin conjugate 
on a streptavidin-modified surface. Cells that are primed with TCO-caged ligand can then be 
exposed to this surface, after which the tetrazine will liberate the TCO from the ligand-receptor 
complex. The advantage of this approach – over the direct immobilization of the TLR-ligand – 
would be that the internalization of the receptor would not be negatively affected by the approach. 
After deprotection, the ligated TLR could be taken up as normal (Figure 3).  

Finally, in very recent work by the Fox-group18, subcellular activation of the IEDDA reaction was 
achieved through the sub-cellular conversion of an unreactive dihydrotetrazine to a tetrazine using 
a photocatalyst and two-photon-excitation. Applying this approach to the generation of uncaging 
tetrazines in vivo would be an additional powerful tool to study localized TLR signaling. 

 

Figure 3. A more natural mode of surface-only TLR2/6 activation. A streptavidin-coated well is treated with 
a tetrazine-biotin conjugate. Then, cells primed with TCO-caged TLR2/6 ligand are added to the well. The 
tetrazine reacts with the TCO and liberates the ligand. TLR2/6 dimerization is initiated and endocytosis of 
the receptor proceeds naturally.  

The photo- and chemo-cleavable linkers could in principle also be used to achieve the inverse of 
photoactivaton: photo-deactivation. This would then allow the study of what happens if TLR-
signaling is halted, rather than initiated. For this purpose, a photo-destructible TLR9 ligand may 
be designed. The palindromic TLR9-ligands reported by the group of Agrawal would for instance 
be a suitable starting point for this approach.19 Agrawal and co-workers found that 5’-
TCTGACGTTCT-X-TCTTGCAGTCT-5’ (where X is a glyceryl linker) is a potent TLR9 
agonist, whereas the bisectional sequence 5’-TCTGACGTTCT-3’ is not. Substitution of the 
glyceryl linker by a photocleavable linker, such as the bis-functional TCO or NPBF could give rise 
to a TLR9 ligand that can effectively be switched off (Figure 4). One possible caveat here is that 
the TCO-based linker may prove too labile to endure the synthetic cycles required to make the 
ligand. An NPBF-based linker on the other hand may be too difficult to deprotect quantitatively – 
a feature which is likely needed to completely terminate a TLR-mediated signaling event. 
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Figure 4. Concept of photodestructible TLR9 ligands. A CpG-containing oligodeoxynucleotide (ODN) is 
synthesized which possesses a photolabile linker in the appropriate position (fission must lead to non-
binding fragments and the linker must not interfere with TLR9 binding). After binding of the conjugate 
with TLR9, the dimerized complex may be destabilized by cleavage of the photolinker, thus damping the 
signaling events stemming from the receptor-ligand complex.   

 

Scheme 1. Strategy for the synthesis of a photodestructible TLR9 ligand using the NPBF-linker. 
Oligonucleotide synthesis is first proceeded in the 5’3’ direction and the NPBF linker is installed in the 
bisectional position. Then, a 3’5’ direction is adopted to ultimately yield the photocleavable palindromic 
CpG ODN.  

Application of photoresponsive linkers beyond TLR-ligands.  

This thesis describes the use of the photocage NPBF in the study of TLR-activation.20 However, 
these bifunctional photocages can also be employed for other purposes. During the work described 
in this thesis, the first steps in this direction were also taken: namely, through the design of a 
conjugate composed of a covalent proteasome inhibitor linked to a chemotherapeutic agent. This 
allowed the specific targeting of the caged toxin to multiple myeloma cells in vitro, followed by its 
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activation with low-dose photo-irradiation. The NPBF-linker was also used as a diagnostic tool in 
the development of a probe that could be used to mark CD8+ T cells in regions of interest (ROI) 
in a primary human tumour. This marking then enabled the isolation of the T-cells from the ROI, 
followed by their single-cell characterization. 

Immunoproteasome inhibitor-doxorubicin conjugate1 

Delivering a cytotoxic agent site-selectively to malignant neoplasms is an important strategy to 
reduce side-effects and to increase efficacy of chemotherapeutics. This is usually done by linking a 
drug of choice to an antibody. This can even be done in such a way that the drug is deactivated by 
the attachment of the linker. Localized immolation of the linker then reactivates the drug. This 
release of the drug can be achieved through either enzymatic activities21, pH changes22 or redox 
potential differences.23,24 Alternatively, the release can be induced by an externally applied trigger, 
such as the addition of a tetrazine to a TCO-linked drug conjugate25–27, or by applying a photon 
dose to a light-sensitive linker.28 There are two major downsides to the use of antibodies for 
targeting. Firstly, the choice of target is limited to extracellular proteins only. This excludes many 
malignancies that do not possess such a unique defining feature. Secondly, surface antigens are 
usually only present at approximately 100,000 copies per cell. This makes the delivery of a 
therapeutic dose to the cell difficult.  

Many malignancies are characterized by the upregulation of specific enzyme activities. It was 
envisaged that targeting such an enzyme with irreversible inhibitors could be a valuable alternative 
strategy, as the number of copies of an enzyme per cell is higher than for surface antigens, and the 
palette of targets that allow selective tumour targeting can be increased in this manner.  

Here such an approach based on the photodestructible NPBF-linker is presented to target multiple 
myeloma cells in vitro. These cells have been shown to upregulate immunoproteasomes, whilst 
concomitantly downregulating constitutive proteasomes. The immunoproteasome inhibitor LU-
035i targets the β5i subunit to induce proteolytic stress and eventually apoptosis in the target cell.29 
It is, however, known that these malignancies are able to evolve resistance to such a treatment. It 
was thus hypothesized that combining the immunoproteasome activity through an irreversible 
inhibitor with the release of a cytotoxic payload in the cells would reduce the change of resistance 
emerging. An immunoproteasome inhibitor-doxorubicin conjugate 6 was therefore designed 
(Figure 5). The LU-035i group was envisaged to serve as both an immunoproteasome inhibitor 
and targeting group for delivering doxorubicin. This would provide a one-two-punch strategy to 
the multiple myeloma cells. 
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Figure 5. Conjugate consisting of doxorubicin (red) as a cytotoxic payload, bis-functionalized NVOC (blue, 
5) or NPBF (blue, 6) as a self-immolative linker and LU-035i (green) as an immunoproteasome-targeting 
and -inhibiting warhead.  

Conjugates 5 and 6 (Figure 5) were made by conjugating the doxorubicin (doxo) amine through 
a carbamate to either photocleavable linker. It was previously reported that N-acyl derivatives of 
doxo are non-toxic.22 LU-035i was conjugated to the photocleavable linkers through the tyrosine 
phenol, which has been shown not to affect its functionality.  

A competitive activity-based protein profiling assay confirmed that both conjugates retained their 
subunit-selectivity (Figure 6A). During initial kinetic experiments it was found that the uncaging 
rate of conjugate 5 was too low to be viable and was discarded from further assays. The uncaging 
rate of conjugate 6 at 10 µM was assessed at 375 nm and 420 nm (Figure 6B) using LC-MS. 
Quantitative release was observed after 60 s of irradiation with 375 nm light. Phototoxicity of the 
two wavelengths towards AMO-1 cells was tested in a cell survivability assay (Figure 6C) in which 
it was clear that the 420 nm light source was more harmful to cell survival. Therefore, further 
experiments were conducted using the 375 nm light source.  
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Figure 6. Biological evaluation of conjugates 5 and 6. A) Validation of subunit-selectivity of the conjugates 
as well as their activity through a competitive activity-based protein profiling assay. B) Release of 
doxorubicin from conjugate 6 at 10 µM using two different wavelengths as quantified by LC-MS. C) 
Phototoxicity exhibited by both 375 nm and 420 nm irradiation on AMO-1 cells. D) Dose escalation of 
conjugate 6 in carfilzomib-sensitive (AMO-1) and carfilzomib-resistant (AMO-cfz) AMO-1 cells in the 
presence (UV) or absence (No UV) of 375 nm irradiation for 60 seconds. Experiment performed by Elmer 
Maurits. 

The ability of conjugate 6 to induce apoptosis in AMO-1 cells was evaluated next. AMO-1 cells 
with an acquired resistance for Carfilzomib (an irreversible proteasome inhibitor currently used in 
the clinic to treat multiple myeloma patients) were also exposed to the conjugate. After treatment 
of the cells with the conjugate, cells were washed and irradiated for 60 s using 375 nm light. Cell 
survival was determined three days later (Figure 6D). At a conjugate concentration of 10 µM more 
than 50% of both cell types were killed when exposed to irradiation.  

The combined effect of proteolytic stress induced by LU-035i and poisoning of topoisomerase II 
by doxorubicin may overcome the resistance that can be acquired by malignant cells that are treated 
with proteasome inhibitors. This approach can be extended to other mechanism-based hydrolase 
inhibitors and combinations with highly cytotoxic agents. Although photodynamic therapy is 
already being applied in oesophageal and lung cancer, this work may aid in broadening the clinical 
opportunities within this field.30 

Photoresponsive OR-gate2 

Characterizing individual cells allows the study of functional diversity of a given cell population. 
Although techniques such as single-cell transcriptomics and proteomics are powerful tools to gain 
an in-depth understanding of cell states, spatial information is lost upon sample preparation. How 
environmental signals can influence cell state and differentiation can only be revealed when the 
spatial context is preserved. In tumours, for example, immune cells can be found in various regions 
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in the tumour, but how the cell states of these cells correlate to their localization remains poorly 
understood.31  

Classical methods that are able to simultaneously determine the localization and phenotypes of 
individual cells, such as confocal microscopy and immunohistochemistry, are limited by the 
number of variables analysed. Other, state-of-the-art imaging techniques including multi-ion beam 
imaging by time of flight (MIBI-TOF)32 and co-detection by indexing (CODEX)33 do allow 
analysis of multiple markers on tissue slides. However, these methods are held back by the necessity 
to decide on which genes or proteins are assessed in advance and their spatial resolution. Analysis 
of single-cell transcriptomes with a high spatial accuracy has been achieved previously, using tissues 
from transgenic mouse models that express a photoactivatable green fluorescent protein and 
consequently switching these only in the regions of interest.34 However, methods that necessitate 
the use of genetic encoding cannot be translated to analysis of primary human tissues. In response 
to this several approaches35–40, including Slide-Seq41, have emerged that enable the correlation of 
transcriptome data with cellular localization in human tissues. In these types of approaches the 
transcriptional activity can be analyzed in an unbiased manner, although the data output of gene-
expression patterns is often obtained as averages of multiple cells. The specific labeling of cells in a 
confined region of interest, and consequent single-cell analysis of these cells is not hampered by 
this limitation, as exemplified by the recently developed ZipSeq method.42 

In this work, it was postulated that an NPBF-based reagent could be used to locally ‘mark’ T-cells 
in a human primary tumour sample to allow for their subsequent single-cell profiling.  

 

Figure 7. Strategy to tag and identify CD8+ T cells in a tumour sample. A) A peptide fragment containing 
a sortase recognition sequence (light blue) and a FLAG epitope (dark blue) is caged with a photocleavable 
linker (green star) containing an AF594 fluorophore (purple badge). This conjugate is ligated to an anti-
CD8 nanobody through a sortase-mediated transpeptidation. B) The nanobody conjugate is applied to a 
tumour block containing CD8+ T cells and binds to CD8-sites. C) The tumour block is spatially-selective 
photo-irradiated with 405 nm light. D) Irradiation leads to release of the photolinker-fluorophore moiety, 
thus uncaging the FLAG-epitope. E) The tumour block is treated with fluorescently labeled anti-FLAG 
antibodies. F) The sample is sorted using FACS. Cells originating from regions-of-interest have been 
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irradiated and thus their AF594 ‘turned off’ and simultaneously their FLAG signal ‘turned on’, leading to a 
two-dimensional separation. 

The key feature of such a tagging reagent was designed to be a FLAG-tag (DYKDDDDK). This 
peptide epitope can readily be visualized by staining with a variety of specific antibodies. It also 
contains multiple lysine residues amenable to protection with an NPBF-group. Most notably, Lys-
3 of the epitope, as its protection was found to abolish the selectivity of several FLAG-specific 
antibodies. The first construct that was made (Scheme 2), contained an N-terminal sortag-motif43 
(for conjugating the tag to an anti-CD8 nanobody) followed by an NPBF-caged FLAG-tag. This 
molecule was next conjugated to an anti-CD8 nanobody dimer and applied to a fresh tumour 
sample. However, irradiation of the ROIs in the tumour at the phototoxic limit of these primary 
immune cells did not result in cells that could be distinguished from non-irradiated regions. A 
second shortcoming in this strategy was that a second fluorescent anti-CD8 antibody had to be 
added to identify the CD8+ T cell pool in the tumour block. This likely resulted in competition 
for anti-CD8 binding sites further lowering the maximal signal after deprotection.  

To circumvent both of these limitations, a new strategy was devised: the photo-OR-switch (Figure 
7). Instead of irradiation leading to an off-to-on-signal, an approach was envisioned in which 
irradiation would remove one signal whilst simultaneously revealing the FLAG-tag. This would 
enable the identification of the CD8+ T cell population whilst simultaneously allowing tagging of 
ROIs within this population, with a single anti-CD8 nanobody dimer conjugate treatment. 
Furthermore, the disappearance of one signal in conjunction with the appearance of a different 
signal allows for a two-dimensional separation by flow cytometry. 

Scheme 2 depicts the synthesis of the OR-gate probe which was conjugated to an anti-CD8 
nanobody dimer. At least three N-terminal glycines were necessary in the OR-gate probe to act as 
a recognition motif and nucleophile in the sortase-mediated transpeptidation of the probe with a 
CD8 nanobody dimer. The FLAG-tag was positioned C-terminally in the peptide, of which the 
center Lys was designated to append the NPBF-linker onto to act as a cage against a suitable anti-
FLAG antibody. An alkyne was installed as the second functionality in the NPBF-linker, which 
was used to click an AlexaFluor 594 group for primary detection of the CD8+ T cells. A cysteine 
was also included for later conjugation to a second fluorophore. This feature was, however, not 
exploited in the final construct.  
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Scheme 2. a) HCTU-mediated Fmoc-based SPPS b) 1% TFA in DCM, r.t., 5 min (10 x) c) i) 
Compound 11, DiPEA, DCM, r.t., o.n. ii) 20% Piperidine in DMF, r.t., 15 min (3 x) d) TFA, H2O, 
TIS, r.t., 2 hr e) AF594 azide, CuI, sodium ascorbate, THPTA, DiPEA, DMSO, r.t., 4 hrs f) i) 20% 
Piperidine in DMF, r.t., 15 min (3 x) ii) TFA, H2O, TIS, r.t., 2 hr. 

Nonetheless, conjugate 9, as well as free peptide 10 and photocaged-only peptide 8, were obtained 
in sufficient quantities to label anti-CD8 nanobodies (αCD8D-1). Using a sortase-mediated 
transpeptidation, αCD8D-1 nanobodies were conjugated with either 9 (photosensitive tag, ‘PsT’), 
8 or 10. Conjugated nanobody PsT was then tested on an in vitro sample of CD8+ T cells (Figure 
8). In this manner the feasibility of the approach could be assessed before moving to primary 
tumour material.  
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Figure 8. Uncaging of primary human CD8+ T cells tagged with PsT. A) Left: Confocal image of CD8+ T 
cells stained with PsT (magenta) and FITC-αCD8D-2 (green). Overlapping signals are portrayed as white. 
The area within the white rectangle is shown at a higher magnification below the image. Scale bars: 100 µm 
(top), 10 µm (bottom). Right: flow cytometry analysis of the sample after treatment with anti-FLAG 
antibodies. B) Left: Confocal image of CD8+ T cells as in A). The area within the dashed white rectangle 
has been exposed to 405 nm light. The area within the solid white rectangle is shown at a higher 
magnification below the image. Scale bars: 100 µm (top), 10 µm (bottom). Right: flow cytometry analysis 
of the sample after uncaging with 405 nm light and subsequent treatment with anti-FLAG antibodies. 
Experiment performed by Anne van der Leun, Mirjam Hoekstra and Mireille Toebes.  

The CD8+ T cells were treated with both PsT (exhibiting magenta colour) and FITC-labeled 
αCD8D-2 (exhibiting green colour). Thus, in a non-irradiated sample cells are shown as white due 
to overlapping signals (Figure 8A, left). Exposure to a 405 nm laser in a designated area led to the 
loss of the AF594 signal in the exposed area only, causing the T cells to be shown as green only 
(Figure 8B, left). Flow cytometry analysis of the total sample before (Figure 8A, right) and after 
(Figure 8B, right) irradiation yields a separate population that can be gated as ‘uncaged’ in a 
quantitative manner. This probe has subsequently been used to successfully tag and isolate T-cells 
from ROIs in viable human melanoma and non-squamous cell lung cancer tissues, followed by the 
sequencing of their transcriptome.2 
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Experimental section 

General methods 

Commercially acquired reagents and solvents were used as received. Anhydrous solvents were 
prepared with activated 3 Å or 4 Å molecular sieves. All reaction progress was monitored by TLC 
analysis on Merck aluminum plates pre-coated with silica gel 60 and F254 fluorescent indicator; 
254 nm UV light was used to check for compounds, and TLC plates were developed by charring 
(at approximately 150 °C) plates that were sprayed with permanganate stain (20 g/L KMnO4 and 
10 g/L K2CO3 in H2O), unless stated otherwise. Rf values reported consider the compound being 
synthesized. Screening Devices silica gel (40-63 µm particle size and 60 Å pore diameter) was used 
during column chromatography. 1H and 13C NMR spectra were recorded on Bruker AV-400 (400 
MHz) and AV-500 (500 MHz) spectrometers. Chemical shifts are reported as δ-values in ppm 
relative to tetramethylsilane (which was added to CDCl3) or residual solvent peaks. The 13C spectra 
are proton decoupled. LC-MS checks for all compounds were performed on a Finnigan Surveyor 
HPLC system with a Gemini C18 50 x 4.60 mm column, which was coupled to a Finnigan LCQ 
Advantage Max mass spectrometer. LC-MS samples were prepared by dissolving compounds in a 
tBuOH:ACN:H2O mixture (1:1:1 by volume).  

Compound 7 

Preloaded Wang resin with Fmoc-Lys(Boc)-OR (0.65 
mmol/g; 0.5 mmol, 0.77 g) was used as the starting 

material in Fmoc SPPS. Fmoc-Asp(t-Bu)-OH, Fmoc-Lys(MMTr)-OH, Fmoc-Tyr(t-Bu)-OH, 
Fmoc-Cys(Trt)-OH and Fmoc-Gly-OH were used as the amino acid building blocks. The 
following automated and repetitive sequence was used: 1) DMF wash and nitrogen purge (1x) 2) 
Fmoc deprotection using 20% piperidine in DMF (3x5mL) 3) DMF wash (3x) and nitrogen purge 
4) Coupling of the amino acid building block (5-fold excess for amino acid, except for Fmoc-
Lys(MMTr)-OH for which a 2-fold excess was used) with HCTU (5-fold excess) and DiPEA (10-
fold excess) 5) DMF wash (3x) and nitrogen purge 6) Capping of unreacted amines using a mixture 
of Ac2O/DiPEA/DMF (20/2/78; v/v/v) 7) DMF wash (3x). A sample (~10 mg) was taken and 
deprotected by agitation in a mixture of TFA/TIS/H2O (95/2.5/2.5; v/v/v) for 3 hours. The 
reaction mixture was filtered and precipitated in Et2O (-20°C). The precipitate was collected and 
analyzed by LC-MS (30% AcN in H2O to 70% AcN in H2O, C18, TFA, 13 min): Rt = 1.61 min, 
ESI (m/z): 1509.5 [M+H]+. Monomethoxytrityl was removed by swelling the resin in DCM (1 
hour), followed by treatment with 1% TFA in DCM (10x3 min.). Completion of the reaction was 
verified by acetylating a sample (~10 mg)  using a mixture of Ac2O/DiPEA/DMF (20/2/78; v/v/v) 
after which the peptide was washed with DCM (3x) and deprotected by agitation in a mixture of 
TFA/TIS/H2O (95/2.5/2.5; v/v/v) for 3 hours. The reaction mixture was filtered and precipitated 
in Et2O (-20°C). The precipitate was collected and analyzed by LC-MS. LC-MS (3070, C18, 
H2O/AcN + TFA, 13 min): Rt = 2.19 min, ESI (m/z): 1552.3 [M+H]+. 
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Compound 8 

Compound 7 (25 µmol, 88 mg) was swollen in 
DCM (1 hour). Compound 11 (30 µmol, 16 mg) 
and a solution of DiPEA (100 µmol, 17 µL) in 
DCM (0.5 mL) was added to the resin and the 
reaction was shaken overnight. A sample (~5 mg) 
was taken and deprotected by agitation in a mixture 

of TFA/TIS/H2O (95/2.5/2.5; v/v/v) for 3 hours. The reaction mixture was filtered and 
precipitated in Et2O (-20°C). The precipitate was collected and analyzed by LC-MS (30% AcN in 
H2O to 70% AcN in H2O, C18, TFA, 13 min): Rt = 5.78 min, ESI (m/z): 1873.5 [M+H]+. After 
completion of the reaction was established, the resin was washed with DMF (5x). The resin was 
treated with a solution of 20% piperidine in DMF (3 x 10min). The resin was washed with DMF 
(3x) and DCM (5x). A solution of TFA/TIS/H2O (95/2.5/2.5; v/v/v) was added and the mixture 
was shaken for 3 hours. The reaction mixture was filtered and precipitated in Et2O (-20°C). The 
precipitate was collected and purified by RP-HPLC. LC-MS (3070, C18, H2O/AcN + TFA, 11 
min): Rt = 4.23 min, ESI (m/z): 1605.5 [M+H]+. HRMS: Calculated for C70H89N15O30S 
1651.56095 [M+H]+; found 1651.56094. 

 

Compound 9 

Compound 8 (0.5 µmol, 0.82 mg) was 
dissolved in DMSO (100 µL). A 
solution of AFDyeTM594 (0.5 µmol, 
0.43 mg (purchased from 
ClickChemistryTools) in water (100 
µL) was added. Solutions of CuSO4 
(0.1 M, 0.5 µmol, 50 µL), THPTA 

(0.1 M, 0.25 µmol, 2.5 µL) and ascorbic acid (1 M, 5 µmol, 5 µL) in water were purged with N2 
and added. The reaction was shaken under a nitrogen atmosphere for 2 hours. The reaction mixture 
was diluted with H2O after which the precipitate was collected by centrifugation. LC-MS (3070, 
C18, H2O/AcN + TFA, 11 min): Rt = 2.77 min, ESI (m/z): 1249.8 [M+2H]2+ 

Compound 10 

Compound 7 was swollen in DCM (1 hour) and deprotected 
by agitation in a mixture of TFA/TIS/H2O (95/2.5/2.5; v/v/v) for 3 hours. The reaction mixture 
was filtered and precipitated in Et2O (-20°C). The precipitate was collected and purified by RP-
HPLC. LC-MS (3070, C18, H2O/AcN + TFA, 13 min):  Rt = 1.61 min, ESI (m/z): 1509.5 
[M+H]+. 
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Nederlandse Samenvatting 
Het immuunsysteem beschikt over de mogelijkheid om onderscheid te kunnen maken tussen cellen 
van het lichaam zelf en die van indringende pathogene microben. Dat realiseert deze met receptoren 
die een sterke affiniteit hebben voor moleculaire patronen die zich altijd voordoen op microben. 
Die patronen liggen ten grondslag van de vitaliteit van de microbe, waardoor mutaties in deze 
patronen niet vaak voorkomen en de receptor dus altijd functioneel blijft. Een familie van deze 
receptoren is de Toll-Like Receptor (TLR) familie. Deze TLRs bevinden zich voornamelijk op 
cellen van het immuunsysteem die door het lichaam patrouilleren, en kunnen de aanwezigheid van 
bacteriën en virussen waarnemen zowel binnen als buiten hun cel.   
 
Als een TLR geactiveerd wordt, resulteert dit uiteindelijk in twee soorten responsen. De eerste 
respons is een direct antwoord op de indringer en gebruikt een niet-specifieke aanval die over het 
algemeen goed werkt tegen pathogenen. Dit wordt het aangeboren immuunsysteem genoemd. Het 
tweede respons werkt op een langere termijn, en zet het immuunsysteem aan het werk om specifieke 
antilichamen te maken tegen de indringende microbe. Dit wordt het adaptieve immuunsysteem 
genoemd, en de kracht van de respons treedt pas na enkele dagen in werking. Wat voor soort 
respons er gegenereerd wordt, hoe sterk deze is en de robuustheid van de immuniteit die verworven 
wordt erdoor hangt allemaal af van welke TLRs er op welk moment en in welke locatie van de cel 
geactiveerd worden. Absolute kennis van hoe deze families van receptoren signalen doorvoeren is 
daarom van groot belang bij het ontwerpen van moderne vaccins.  
 
Dit proefschrift beschrijft de synthese van moleculen die gebruikt kunnen worden om te 
onderzoeken hoe TLRs hun signalen doorgeven. Deze moleculen beschikken over de mogelijkheid 
om te binden aan een TLR zonder een signaal te initiëren. Dit wordt bewerkstelligd door een groep 
te introduceren op het molecuul die juist dat gedeelte afschermt die cruciaal is voor de receptor om 
een signaal door te geven. Deze groep wordt ook wel de ‘cage’ genoemd. Pas als er een reagens 
wordt toegevoegd die de cage eraf haalt, wordt het signaal doorgegeven. Dit geeft de chemisch 
bioloog controle over waar en wanneer zij bepaalde TLRs wil activeren in de cel, ook wel 
‘spatiotemporal control’ genoemd.   
 
Hoofdstuk 1 beschrijft kort hoe het immuunsysteem werkt, welke receptoren daar betrokken bij 
zijn en de plaats van TLRs daarin. Hierna wordt de focus gelegd op de liganden voor de TLRs, 
ofwel moleculen die de receptoren kunnen activeren, en welke cages gebruikt kunnen worden om 
hun activiteit te beheersen. De eigenschappen alsmede de mechanismes waarmee deze cages kunnen 
worden ontschermd is beschreven in dit hoofdstuk.   
 
Hoofdstuk 2 beschrijft de ontwikkeling van een TLR2/6 ligand waarvan zijn activiteit beheerst 
kan worden met het gebruik van een trans-cyclooctene (TCO) cage. De totstandkoming van dat 
molecuul is een proces geweest met continue aanpassingen gebaseerd op resultaten uit een nauwe 
samenwerking met een immunoloog werkend in het LUMC, Timo Oosenbrug. Deze biologische 
resultaten zijn ook in dit hoofdstuk verwerkt om het proces beter te kunnen beschrijven en 
illustreren. Uit deze samenwerking is een molecuul verworven die sterk bindt aan TLR2 zonder dat 
deze een signaal induceert. Pas als een tetrazine reagens wordt toegevoegd, valt de signaal inductie 
instantaan te volgen door de tijd. Het tetrazine reagens zou aangepast kunnen worden waardoor 
slechts de intra- of extracellulaire populatie van TLRs wordt geactiveerd.  
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Hoofdstuk 3 rapporteert de synthese en biologische analyse van conditioneel controleerbare 
liganden voor de intracellulaire TLRs 4, 7/8 en 9. Voor de TLRs 4 en 7/8 worden twee kleine, 
synthetische liganden gebruikt om een TCO op een cruciale plek in te bouwen en zo een 
conditionele controleerbaarheid te bewerkstelligen. Naast het gebruik van een enkel-
gefunctionaliseerde TCO als cage, wordt hier ook een dubbel-gefunctionaliseerde TCO gebruikt 
als cage. Deze beschikt over een tweede positie waar een amine-bevattend molecuul op geïnstalleerd 
kan worden. In de context van TLR4 wordt deze functionaliteit gebruikt om het 
oplosbaarheidsvermogen van het product in water te verhogen. In de context van TLR 7/8 wordt 
deze functionaliteit gebruikt een anti-tumor antilichaam te decoreren met het beschermd ligand. 
Resultaten hieruit zijn gebruikt in een patentaanvraag voor selectieve levering van TLR-liganden in 
tumoren: het ligand activeert pas het immuunsysteem nadat de meerderheid zich in de tumor 
bevindt en het niet-toxische tetrazine wordt toegediend om het ligand te bevrijden. TLR 9 wordt 
geactiveerd door DNA die ‘CpG’ motieven bevatten. Omdat er nog geen kleine synthetische 
liganden bestaan voor TLR 9, is er getracht om een TCO te installeren op een cytosine (de ‘C’ in 
CpG) in een enkelstrengs DNA. Hiervoor is een cytosine bouwsteen gemodificeerd met een TCO 
zodat deze gebruikt kan worden in vaste-drager DNA-synthese om zo een TCO-beschermde CpG-
bevattende enkelstrengs DNA fragment te bekomen.   
 
Hoofdstuk 4 examineert het gebruik van licht-gevoelige cages in de context van TLR-liganden. 
Waar tetrazine de ‘trigger’ is voor TCO-cages, is UV-licht de ‘trigger’ voor deze cages. TLR-
liganden die beschermd zijn met de laatstgenoemde bleken over het algemeen compleet 
onoplosbaar in water. Dit hoofdstuk tracht daarom een extra functionaliteit in deze cages in te 
brengen, analoog tot de dubbel-gefunctionaliseerde TCO gebruikt in hoofdstuk 3. Deze 
functionaliteit is gebruikt om moleculaire motieven in te brengen die de oplosbaarheid in water 
zouden veelvoudigen. Deze strategie is toegepast op klassieke licht-gevoelige cages, maar ook op 
zeer recent-ontwikkelde cages. Het effect van deze modificatie op de photo-chemische 
eigenschappen is onderzocht met een in-huis ontwikkelde opstelling en bleek de extinctiecoëfficient 
met 30% te verhogen. De toepasbaarheid van deze nieuwe, dubbel-gefunctionaliseerde cage buiten 
de context van TLRs is onderzocht in het opvolgend hoofdstuk.  
 
Hoofdstuk 5 geeft een samenvatting van elk hoofdstuk en projecteert potentiële toekomstige 
experimenten die hun waarde vinden binnen elk onderzoeksgebied. Hiernaast zijn enkele resultaten 
beschreven die behaald zijn met de dubbel-gefunctionaliseerde licht-gevoelige cage beschreven in 
hoofdstuk 4. Zo is deze gebruikt om een construct te verwerven die sterk en selectief sub-units van 
het immunoproteasoom inhibiteert waar, na het kort bestralen met laag energetisch UV-licht, het 
zeer toxische doxorubicin bevrijd wordt. Deze ‘one-two-punch' strategie is succesvol in het doden 
van multiple myeloma cellen die immuniteit hebben ontworpen voor enkel het 
immunoproteasoom inhibitor. Ook is de cage gebruikt als brug tussen een sortase-tag en 
fluorophore. Dit construct is geconjugeerd aan een nanolichaam specifiek voor CD8, en is gebruikt 
om een twee-dimensionale scheiding op de FACS te verkrijgen van laagenergetisch UV-bestraalde 
CD8+ cellen binnen een tumor block. Met deze techniek kunnen individuele cellen binnen 
specifieke tumorale regio's gesequenced worden, om zo de specifieke immuuncelpopulaties binnen 
een tumor op te helderen.  
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