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List of Abbreviations 
 
ACN  acetonitrile 
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AKT  protein kinase B 
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Bioorthogonal Bond Making/Breaking Chemistry 
 

In 2022 Carolyn Bertozzi, Morton Meldal and K. Barry Sharpless were rewarded the Nobel 

Prize in Chemistry for their work in the development of click chemistry and bioorthogonal 

chemistry.1 This new chemistry can be defined as highly selective, mild chemistry that can 

be performed in a wide variety of solvents.2 Bertozzi took this a step further and developed 

a set of reactions that are bioorthogonal, meaning that they were so mild and selective that 

they could be performed in biological samples; from cell lines to mice.3,4 

  

Initially, these reactions all focused on the making of new chemical bonds in the biological 

environment. However, in a reversal of this context, Meggers and co-workers described a 

bioorthogonal bond breaking reaction in 2006.5,6 Here they used a Ru-complex to remove 

an allyl group in a living cell. This new and exciting concept was further expanded by the 

introduction of a Staudinger reduction to cleave a bond, but – most relevant for this thesis 

– also the use of an inverse-electron demand Diels-Alder (IEDDA)-pyridazine mediated 

elimination reaction, developed by Robillard and co-workers.7,8 This reaction employs the 

highly selective ligation of electron-poor dienes and electron-rich/strained dienophiles to 

first ligate two reagents together9 (Figure 1A). Then by positioning a leaving group at the 

allylic position of the double bond, the 4,5-dihydropyridazine intermediate can rearrange 

to a 1,4-dihydropyridazine and eliminate this allylic substituent ‘releasing’ the pendant 

group and usually CO2, although elimination of ethers has also been reported that does 

not employ the liberation of a gaseous by-product as a driving force (Figure 1B).8,10–12
  

 

 
 

Figure 1 - Overview click-to-release chemistry based on the inverse-electron demand Diels-Alder reaction. 

A) General principle of an inverse-electron demand Diels-Alder (IEDDA) reaction with an electron-poor diene and an 

electron-rich dienophile. This reaction releases nitrogen gas. B). The principle of click-to-release chemistry based on 

IEDDA with trans-cyclooctene (electron-poor) and tetrazine (electron-rich). Upon the IEDDA reaction (‘click’) the 

formed product can release CO2 and regains its free amine.  
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The most notable application of this methodology has been in antibody drug 

conjugation.8,10,13 Robillard and co-workers designed antibody-drug conjugates (ADC) in 

which antibodies targeting tumour-specific antigens were coupled to highly toxic 

compounds via a TCO-linker. This meant that the drug could be released through reaction 

with a tetrazine (Figure 2). 
 

 
 

Figure 2 - Schematic overview of click-to-release chemistry applied in antibody-drug conjugates (ADCs). 

Antibody-drug conjugates (ADCs) are based on a targeting moiety (antibody, diabody or single-chain variable 

fragments) coupled to a highly toxic compound to achieve targeted delivery of the drug to tumours. Using click-to-

release chemistry Robillard and co-workers used a TCO-moiety to couple the drug to a targeting moiety. Upon 

reaching the target, tetrazine is applied, causing the release of the toxin, creating a local high concentration of the 

toxic compound or drug. This eliminates the essence of targeting an antigen that is internalized upon antibody 

binding. Figure was adapted from Rossin et al.. 

  

Click-to-release chemistry has also been used for temporal controlled T-cell activation.11 

Van der Gracht, De Geus et al. managed to modify the cross-presented epitope SIINFEKL 

at the Lys7 position with a solubilised TCO-group (Figure 3). This group prevented the T-

cell from recognizing the peptide and no immune response was obtained. However, when 

treating cells in vitro11 or mice in vivo14 with tetrazine, T-cell activation could be restored. 

In a similar approach, Van de Graaff, Oosenbrug et al. were able to control the interaction 

between a pathogen-associated molecular pattern (PAMP) and its cognate Toll-Like 

receptor (TLR).15 A TCO blocked ligand was incubated with various (primary) murine and 

human cell lines. Upon tetrazine addition, TLR activation could be observed.15  
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Figure 3 - Schematic overview of the use of clickable peptides in T-cell activity control. 

The lysine at position 7 (K7) was modified with a TCO-molecules. This blocked the T-cell receptor from recognizing 

the epitope. Upon addition of tetrazine and the following tautomerization, N2 and CO2 are released as well as the 

TCO-molecule recovering the native amine of the lysine side chain. T-cell receptors can interact with the MHC-

peptide complex again. Figure was adapted from Van de Gracht, De Geus et al.  

 

In this research, click-to-release chemistry is used, not to control the activity of a small 

molecule, but to switch off/on the activity of whole proteins. This is a difficult feat, as 

multiple lysine residues per protein have to be modified and released. As the yields of the 

click-to-release are not quantitative, a fine balance has to be found between under- and 

over-modification. 

 

Aim and outline 
 

The aim of this work is to use click-to-release chemistry as a means to get spatiotemporal 

control over the (toxic) activity of immunocytokines and as a tool to research MHC-TCR 

interactions.  

 

Chapter 1 describes the need for immunocytokines (ICs), the different combinations of 

antibody formats and cytokines and gives a broad overview of most immunocytokines 

currently in (pre-) clinical trials. Most of these ICs still cause systemic toxicities ranging 

from manageable to severe toxicities. Various groups have tried to prevent these toxicities 

in an IC-specific manner using point mutations, local assembly of the cytokine or using 

tumour-specific enzymes. This chapter introduces the current problem in the 

immunocytokine field which is that cytokines can be very potent anti-cancer therapeutics, 

but are until date too toxic to have a broad therapeutic window. 
 

In Chapter 2 the cytokine IL-1β is described. This is one of the master regulator cytokines 

which can have both pro- and anti-inflammatory properties. However, in cancer treatment 

it is of limited use as it is strongly believed that it has a general tumour-growth promoting 

function. Nevertheless, as IL-1β contains various lysines that are essential for receptor 

interaction,  this cytokine can function as a prototype for applying a new free-amine based 

tool.  This chapter introduces click-to-release chemistry as a tool to control IL-1β activity 

in vitro. Upon bacterial overexpression, recombinant IL-1β was obtained with a C-terminal 

sortase A recognition site, which allowed for the formation of a covalent IC after 

inactivation with the TCO-ester. Using tetrazine, IL-1β activity was restored, showing a 

proof-of-principle of this method for IC design. 
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As IL-1β is not a commonly used cytokine in cancer research Chapter 3 applies the same 

principle on a different, more clinically relevant cytokine, TNF-α. TNF-α, a very important 

regulator cytokine, is known to be a promising anti-cancer therapeutic. Various research 

groups have tried to make use of its high toxicity in cancer treatment in a controlled 

manner. Until now, this proved to be rather difficult, but not impossible. ICs based on TNF-

α have been designed and are currently in late stage clinical trials. Here, the proof-of-

principle experiments on IL-1β were translated to TNF-α, using TCO to inactivate the 

cytokine and tetrazine to regain its activity. As lysines are not essential for TNF-α, this 

proved to be more difficult. Inactivation was established using similar conditions as for IL-

1β. However, regaining its activity proved hard to translate from in vitro experiments to 

cellular environment.  

 

Chapter 4 describes a different use for click-to-release chemistry, as the aim here is to use 

it to get more insight into the processes and binding of antigenic peptides to MHC-

molecules and T-cell receptors. Here, the human leukocyte antigen (HLA) complex class II 

was expressed using a variety of expression systems: bacteria, insect cells and mammalian 

cells. The purified, folded complex of HLA-DR1 was used for an initial crystallization screen 

with the native CLIP peptide in the binding groove. Comparison experiments with different 

(clickable) peptides would give more insight in how these peptides bind and why minor 

changes introduced in these peptides, like click-handles, cause the abolishment of T-cell 

activation.  
 

Chapter 5 gives an overview of the results described in this work as well as an outlook, 

giving the experiments that have to be performed to completely underline the use of click-

to-release chemistry in immunocytokines. Finally, the follow-up experiments regarding 

HLA-DR1 co-crystallization with (clickable) peptides are further elaborated.  
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Immunocytokines (ICs) are a potent new class of therapeutics for the treatment of cancer.1–

3 These protein constructs consist of a tumour-targeting moiety, like an antibody, a 

diabody or a single-chain variable fragment (scFv), linked via a flexible linker consisting of 

serines and glycines, to an immunological messenger molecule (IL-12, IL-2 or TNF-α) in a 

single genetic construct (Figure 1A). They were first described by Gillies et al. as an attempt 

to increase the therapeutic window and clinical access of cytokines.4 These are small 

protein regulators of the immune response. As such, they can in principle be very potent 

in activating an anti-tumour response, but also have major on-target toxic side-effects; 

with the cytokine activating the immune system in the whole body, leading to a potentially 

lethal cytokine storm.5,6  

 

 
 
Figure 1 - Summary of genetically engineered fusion protein based immunocytokines. 

A) Construct design of three immunocytokines differing in targeting moiety (antibody (IgG), diabody, single-chain 

variable fragment (scFv)) and cytokine payload (IL-12, IL-2 and TNF-α). B) Visual representation of three ICs currently 

in (pre-)clinical trials. Crystal structures were modified from Yoon et al. (IL-12; PDB: 1F45)7, Arkin et al. (IL-2; 

PDB:1M47)8 and Baeyens et al.(TNF-α; PDB:2tnf)9. 
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Immunocytokines aim to circumvent these side-effects by conjugating the cytokine to a 

tumour-targeting antibody. This will lead to accumulation of the cytokine in the tumour, 

resulting in lower systemic toxicity. This approach has reduced, but not completely 

eliminated, the intrinsic toxicity of cytokines to the patient, allowing for an altered dosage 

compared to a non-targeted cytokine injection.2,10 In this chapter, I will give an overview 

of the progress that has been made in this field, starting with clinical examples and ending 

with the pre-clinical examples.  

 

Immunocytokines – Formats and Payloads 
Many variations of ICs are currently in clinical trials (Table 1), with most of the ICs diverging 

in the cytokine used or the antigenic target of the antibody (Figure 1B). The latter is usually 

a tumour or microenvironment-targeting antibody reagent that is then genetically linked 

to interleukin-2 (IL-2)1,4,11–13, tumour necrosis factor α (TNF-α) 2,14,15 or interleukin-12 (IL-

12).16,17 Various antibody formats are used in these ICs (e.g. diabody, IgG, scFv). These are 

beyond the scope of this chapter and have been reviewed elsewhere.18–20 

 

IL-2-based immunocytokines 

Interleukin-2 (IL-2) is a 15-16 kDa cytokine that is involved in the activation but also 

homeostasis of the immune system.21 It is mainly expressed upon activation of T-cells, 

natural killer (NK) cells, NKT cells and dendritic cells.22 It interacts with the IL-2 receptor (IL-

2R) which can consists of one to three subunits, IL-2Rα, IL-2Rβ and IL-2Rγ. Interaction with 

IL-2Rα does not lead to signalling which therefor acts as a scavenger, regulating the 

amount of active IL-2.23 The dimer formed by IL-2Rβ and IL-2Rγ has a low affinity for IL-2 

whereas the trimeric IL-2R which includes IL-2Rα as well has a high affinity for IL-2.24 Upon 

triggering either the dimeric or trimeric IL-2R, various (de)phosphorylation processes 

encompass the signalling pathways which will not be discussed further here.22,25 IL-2 is 

predominantly involved in promoting the T-cell dependent immune response, in particular 

promoting T-cell proliferation and clonal expansion leading up to an immune response.21,26 

As such IL-2 has been used as a drug for the treatment of invasive cancer 26 or, at low dose, 

for treatment of auto-immune diseases by stimulating regulatory T-cells.27 

 

Hu14.18-IL-2 

IL-2 was the first cytokine used in the immunocytokine format. It was coupled to 

humanized ch14.18 (hu14.18)4, which targets ganglioside GD2 expressed on 

neuroblastoma28 and melanoma tumours.29 A phase I clinical trial in stage III and stage IV 

melanoma patients showed that the reoccurrence-free survival was a median of 5.7 months 

for the 18 treated patients.30 Following a phase II clinical study in the combinational 

treatment with hu14.18-IL2 plus GM-CSF and isotretinoin showed mixed results. No 

responses were observed in the first stratum. However, in the second stratum involving 31 

neuroblastoma patients, 5 objective responses were observed, 3 being complete, the other 

2 being partial responses. Unfortunately, the majority of the participants suffered from 

adverse-effects (fever, anorexia among others) even though these were reversible.31 
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L19-IL2 

L19-IL2 is also one of the first described ICs, in which IL-2 was coupled to the L19 antibody, 

targeting EDB (extra-domain B, angiogenesis-associated isoform of fibronectin). This 

conjugate resulted in a 10 fold reduction in tumour mass in mice compared to IL-2 or 

saline treated mice.1 L19-IL2 was tested as well in a phase I clinical trial (NCT01058538), 

resulting in 1.38 mg iv 3 times per week administration to be recommended resulting in 

stable disease for the majority of the participants without unmanageable side-effects.32 

Various phase I and phase II clinical studies are still being set-up to research the potential 

of L19-IL2 either as monotherapy or in combination with other ICs (L19TNF) or other drugs 

such as Rituximab. 

 

F16-IL2 

F16-IL2 is an IC based on a single-chain variable fragment (scFv) targeting the A1 domain 

of tenascin-C which is only expressed during tissue remodelling and therefore a suitable 

target for immune-based cancer therapy. F16-IL2 was examined in a phase Ib/II trial with 

patients bearing solid tumours (19) or metastatic breast cancer (10), respectively. 

Combinational treatment with doxorubicin resulted in over 50% (57% and 67% 

respectively) disease control after 8 weeks which decreased to 30-40% after 12 weeks. The 

treatment resulted in some side-effects like constipation and asthenia but these were 

reversible.33 

 

NHS-IL2LT 

NHS-IL2LT is an IC containing a mutated IL-2 (D20T) which has similar activity as the wild 

type IL-2 but reduced binding to intermediate IL-2 receptor α, thereby reducing its 

systemic toxicity.34 This IL-2LT was fused to an antibody (NHS76) which targets 

DNA/histone complexes which are present in the tumour necrotic core.35 Mice models for 

non-small cell lung metastasis showed up to 90% reduction in metastasis surface when 

treated with 80 μg/day for 5 days.34 
 

Pre-clinical study in combination with radiotherapy and cisplatin administration in a lung 

carcinoma mouse model showed that this combined treatment resulted in complete 

regression of tumour growth in 80-100% of the mice.36 Following, a phase Ib trial  

(NTC00879866) with non-small cell lung carcinoma patients indicated no objective 

responses but the occurrence of adverse effects like fatigue, skin disorders and respiratory 

symptoms. Nevertheless 2/13 patients had long-term survival with one patient having 

long-term control over the tumour. 36 
 

A phase IIa clinical trial with advanced melanoma patients (NCT01973608) was terminated 

early as the decision was made to discontinue the development of the drug for financial 

reasons. The results until that moment showed no safety or efficacy problems.37 
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FAP-IL2 

FAP-IL2 is based on an antibody against fibroblast activation protein α (FAP) coupled to 

an IL-2 variant that has abolished affinity for the IL-2 receptor α.38 FAP is barely present in 

normal healthy human tissue, but very common in cancer-associated fibroblasts.39 This IC 

was mainly designed to increase the potency of already existing cancer therapies based on 

the immune system. Waldhauer et al. showed that FAP-IL2 activated different immune 

effector cells, NK cells and CD4+/CD8+ T-cells with minimal activation of undesired T-

regulatory (Treg) cells. Combinational treatment with cetuximab (anti-EGFR) increased 

tumour lysis in various mouse models.38 
 

A high-risk neuroblastoma mouse model showed that combinational treatment with an 

anti-GD2 antibody (Dinutuximab beta) resulted in similar increase of NK- and T-cell 

activation as described by Waldhauer et al. together with minimal regulatory T-cell (Treg) 

induction. Mice treated with this combination had stable tumour volume for 25 days and 

over 80% of the mice had event free survival.40 

 

F8-IL2 

As with L19, the F8 antibody targets the extra-domain of fibronectin, extra-domain A41 

which is common in various types of cancer and nearly absent in normal tissue.42 The 

diabody format of this antibody was coupled to IL-2 and analysed initially in renal cell 

carcinoma mouse model as monotherapy or in combination with sunitinib43 (kinase 

inhibitor). The monotherapy was not more effective then sunitinib monotherapy. However, 

combination with sunitinib resulted in 2/7 mice being cured, mostly because of increased 

NK-cell infiltration in the tumour mass.43 
 

Another pre-clinical assessment of this IC involving non-small cell lung carcinoma showed 

changes in the immune cell population in the tumour micro-environment.44 Hutchmacher 

et al. showed that only administration in combination with a checkpoint inhibitor for CTLA-

4 resulted in a complete response (5/5) in colon carcinoma mouse models. This was caused 

by the increased NK-cell activation by the IC and altered CD8+ T-cell activity by the CTLA-

4 checkpoint inhibitor.45 Finally, administration of F8-IL2 together with F8-TNF resulted in 

a 50% survival rate in a melanoma mice model. 46 

 

IL2-F8-TNFmut 

F8-IL2 has also been used in a dual immunocytokine format together with a mutated form 

of TNF-α (IL2-F8-TNFmut). By mutating human TNF-α at one position (R108A or mTNF-α 

R108W) to reduce its potency and match it to IL-2, this construct caused in vivo durable 

complete responses in all mice (5/5) bearing WEHI-164 sarcomas, which was not the case 

when these were treated with conventional doxorubicin or the individual 

immunocytokines. This treatment also completely prevented tumour growth upon re-

injecting the cured mice. Finally mouse models for colon cancer and leukemia showed 

complete responses, 2/4 and 3/4 mice respectively, when treated with this dual IC.47 This 

dual IC was also used in combination with blocking PD-L1, which also induced complete 

responses in two different mouse models and partial responses in two other mouse 

models.48 
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A variant of this dual immunocytokine, IL2-XE114-TNFmut recognizing carbonic anhydrase 

IX, was designed by the same group. This dual IC targets renal cell carcinoma and was 

oriented to inhibit tumour growth in mice although this was accompanied by significant 

changes in body weight. However, these body weight changes were less severe when 

compared to treatments with the non-relevant targeting control. Although this compound 

did not show the staggering results as IL2-F8-TNFmut, there is potential in using this dual 

IC for treatment of metastasis renal cell carcinoma.49 

 

TNF-α-based immunocytokines 

TNF has been the other cytokine used extensively, due to its ability to induce potent ant-

tumour responses (for more background information see Chapter 3). However this has 

been hampered by the very toxic side-effect profile. L19mTNFα was one of the first murine 

TNF-α (mTNF-α)-based immunocytokines. It showed that a 4-fold decrease in dose of 

L19mTNFα in mouse models, had a similar effect as in the control groups treated with 

either non-conjugated TNF-α or TNF-α conjugated to a non-relevant antibody.2 Phase I/II 

clinical trials regarding monotherapy of L19-TNFα concluded that L19-TNFα monotherapy 

did not cause the opted tumour regression in patients with advanced solid tumours.10 

However, combinational therapy with doxorubicin resulted in a lower recommended dose 

for doxorubicin (60 mg/m2 instead of 75 mg/m2)  when administered in combination with 

13 μg/kg L19-TNFα in patients with soft-tissue sarcomas, previously treated with 

doxorubicin only.50  
 

Another study showed that the combination of isolated limp perfusion therapy with L19-

TNFα treatment resulted in a complete response rate in 50% of the patients (5/10) in an 

early clinical trial (NCT01213732) even though severe side-effects still proved dose-limiting 

for some patients.51 Unfortunately, monotherapy of L19-TNFα in solid tumour patients did 

not result in the desired tumour response. Nonetheless, a different phase I/II trial with 

grade III/IV glioma patients had different results (NCT03779230). Three patients treated 

with 10 μg/kg every 21 days did not show signs of severe toxicity. This study also showed 

that 2/3 patients had stable disease 6 months after treatment with an increase necrotic 

area around in the tumour environment.52  

 

Finally, a phase II clinical study involving melanoma patients showed that intralesional 

administration of both ICs resulted in complete responses in 32/105 lesions in 20 patients. 

Complete responses were also observed in 7/13 untreated lesions suggesting the 

activation of the immune system in a systemic matter. Unfortunately, some grade 2/3 

adverse events (injection site reaction, oedema and cutaneous rash among others) 

remained, suggesting that the therapy could be further improved.53 
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IL-12-based immunocytokines 

Interleukin-12 (IL-12) is a heterodimeric cytokine composed of IL-12A (p35) and IL-12B 

(p40).54 It is known as a proinflammatory cytokine which promotes proliferation and 

cytotoxicity of NK-, NKT- and CD8+ T-cells.55 Upon activation by IL-12, T-cell increase the 

production of TNF-α  and IFN-γ, while at the same time it reduces the suppression of IFN-

γ caused by IL-4 secretion.56 Next to that it causes the change from innate to adaptive 

immunity and stimulation of cell-mediated immunity via Th1-cells, among other things.57,58 

The effect of IL-12 on the activation of Th1-cell made them a target in treatment of  

autoimmune diseases such as multiple sclerosis.59  However, it has also been shown that 

IL-12 has beneficial effects when administered to melanoma and renal cancer patients, 

even though the side-effects severe at an effective dose.60  

 

NHS-IL12 

Further researching the use of IL-12 as a cancer treatment has resulted in the design of 

NHS-IL12 which is an immunocytokine based on two IL-12 molecules that are coupled C-

terminally to the human NHS7616 antibody targeting DNA/histone complexes, commonly 

exposed in necrotic parts of tumours.16 Pre-clinical data in B16- or MC38-tumour bearing 

mice showed increased activation of tumour-infiltrating CD8+ T-cells and NK-cells. 

MB49luc-bladder tumour bearing mice also showed that NHS-IL12 treatment reduced 

myeloid-derived suppressor cells (MDSCs), which cleared the way for immunotherapy even 

more.61 
 

Various other pre-clinical trials with NHS-IL12 in combination with Avelumab (anti-PD-L1) 

showed complete regression in 7/8 breast cancer tumour bearing mice which were also 

protected from reoccurring tumours.62 Also in mice with bladder cell carcinoma, the 

combination Avelumab/NHS-IL12 significantly reduced tumour growth.63 The first phase I 

clinical trial with NHS-IL12 in melanoma patients resulted in an increased number of 

activated or mature NK- and NKT-cells. NHS-IL12 was tolerated up until a dose of 16.8 

μg/kg.64 

 

L19-IL12 

Similar to IL-2 and TNF-α, also IL-12 has been fused to the L19 antibody. Various forms of 

this combination have been designed but Gafner et al. suggested a format in which each 

subunit of IL-12 was coupled to its own scFv L19, creating a 2-L19-IL12 immunocytokine. 

This variant showed increased tumour penetration with comparable distribution 

throughout the rest of the body with L19-IL12.65 Mice bearing F9 tumour treated with 

either of these constructs showed delayed tumour growth for 2-L19-IL12 compared to 

L19-IL12 in all treatment regimes. 3x40 μg application of 2-L19-IL12 extended tumour 

growth inhibition up until 23 days after tumour grafting, compared to 14 days for L19-

IL12. Yet another research done by Ongaro et al. showed that placing a 15-amino acid 

linker (GSADGGSSAGGSDAG) between the IL-12 heterodimer and L19 also improved the 

tumour infiltrating properties.66 
 

Finally, a glioblastoma mouse model showed that a complete cure in 2/5 mice was 

established using a tandem diabody L19-IL12 which was superior to either L19-TNFα (1/5) 

and L19-IL2 (0/5) over a 60 days course. Rechallenging these mice with the same tumour 

showed that memory was built during the previous challenge, resulting in protection 

against reoccurring tumours.52 
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IL-15-based immunocytokines 

Interleukin-15 (IL-15) is a widely studied cytokine in the quest of suitable cancer 

treatment.67 It belongs to the IL-2 family, activating NK-cells and T-cells but is, unlike IL-2, 

not involved in cell death activation or regulatory T-cell maintenance.68,69 It also interacts 

partly with the same receptor subunits IL-2/15Rβ and IL-2/15Rγ. The IL-15Rα is uniquely 

for IL-15 interaction.70 As with many cytokines, IL-15 has also been associated with 

different diseases. IL-15 is believed to play an important role in the development of 

rheumatoid arthritis71 due to its function as T-cell attractant. But also other autoimmune 

diseases such as inflammatory bowel disease72 have been associated with IL-15 

functioning. Also in cancer research it has been shown that IL-15 can be involved in the 

development or maintenance of cancer (adult T-cell leukemia).73,74 However studies have 

also shown that IL-15 can be beneficial in cancer treatment75,76 as it promotes CD8+ T-cell 

and NK-cell growth and stimulates their tumour-infiltrating properties.77 This makes it a 

target for IC development.  

 

RGD-IL15 

PFC-1 is an immunocytokine based on IL-15, having IL-15 coupled to IL-15 receptor α (IL-

15Rα), an FC domain to increase half-life and an Arg-Gly-Asp (RGD)-peptide.78 This 

construct showed in vitro stimulation of both NK- and T-cells in a similar fashion as 

recombinant human IL-15 and was able to target integrin αvβ3-positive tissue. In vivo 

studies in C57BL/6 mice with B16F10 melanoma cells showed inhibition of tumour growth, 

and even reduced tumour volume with 54% after three treatments. This tumour volume 

reduction was accompanied with increased CD8+ T-cell and NK-cell numbers in the blood, 

spleen and tumour, which were also more activated. Finally, metastasis was also decreased 

by 80% compared to the vehicle control group. 78  
 

BJ-001, another IL-15 immunocytokine based on IL-15, IL-15Rα, the Fc-domain and RGD 

for targeting, was assessed in a phase I clinical trial in patients with solid tumours. Data 

until January 2021, suggested that this immunocytokine is safe at least at 6 μg/kg dose, 

although escalation to 10 μg/kg was ongoing. Until date 2/7 patients experienced stable 

disease and are still receiving BJ-001. Nevertheless, some (severe) side-effects like anorexia 

and cytokine release syndrome were also observed.79 

 

PD-L1-IL15 

PD-L1 targeting is one of the many strategies applied nowadays in the fight against cancer. 

Therefore multiple immunocytokines have been developed using anti-PD-L1 antibodies or 

scFvs. N-809 is a IL-15/IL-15Rα containing immunocytokine combined with a N-803 Fc 

domain and two scFvs for PD-L1, thereby combining three methods to fight tumour cells. 

In vitro assays showed increased activation of CD4+ T-, CD8+ T- and NK-cells together 

with increased lysis of tumour cells. Mice bearing bladder cancer cells were treated with 

N-809 and showed increased localization at the tumour site. When treated with N-809, 

60% of the mice bearing colon cancer tumours were cured within 15 days after treatment.80 

Later studies with N-809 indicated higher tumour infiltration and activation of CD8+ T-

cells and NK-cells compared to co-administration of N-803 with anti-PD-L1 in mouse 

models for both breast and colon cancer. Although survival of these mice was rather low 

(8%) rechallenging these mice did not cause tumour growth again and all mice survived.81 
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Li et al. designed a similar immunocytokine, anti-PD-L1-CD16a-IL15/IL15Rα which also 

allowed for T-cell and NK-cell activation and proliferation. In vivo studies including mice 

injected with colorectal cancer cells showed that mice treated with this IC were completely 

cured from the formed tumour, while alternative forms of this IC, lacking the CD16a or IL-

15 itself had less promising results. No clear toxicities were observed in these studies 

including body weight loss.82 More ICs are being designed nowadays, like LH01, which are 

based on the combination of IL-15/IL-15Rα with anti-PD-L1 in the search for the ideal 

combination.83 No clinical data has been published so far. 

 

IL-21-based immunocytokines 

Interleukin-21 (IL-21) is mostly expressed by CD4+ T- and NK-cells and assists in the 

maturation and increasing cytotoxicity of present CD8+ T- and NK-cells.84 IL-21 interacts 

with the IL-21 receptor (IL-21R) which has structural similarities with IL-2R/IL-15R. It also 

requires, similar to these receptors the interaction with the γ-chain for signal transduction, 

which is performed by the Jak/STAT pathway.85 IL-21 has been tested in various clinical 

trials for melanoma and renal cell carcinoma patients.86 Phase I clinical trials showed 

complete responses for 2/47 melanoma patients. Most side-effects were flu-like symptoms 

such as fever but also dose-limiting toxicities were observed such as thrombocytopenia 

and increased liver enzymes.87 This trial suggested the use for IL-21 as immunotherapy 

against cancer which also resulted into the development of various ICs.  

 

EGFR-IL21 

Targeting IL-21 to cEGFR with a known EGFR antibody resulted in vivo in tumour 

eradication while at the same time no apparent toxicities were observed. Erb-IL21 largely 

functions via already existing CD8+ T-cells in the tumour micro-environment instead of 

attracting new CD8+ T-cells into this environment. Besides that, it does not activate Treg 

cells which caused it to be less toxic compared to Erb-IL2 ICs.88 

 

PD-1-IL21 

Just like PD-L1, PD-1 is often targeted during cancer treatment. Shen et al. designed a PD-

1 targeting IL-21 in which the IL-21 is coupled to one of the C-termini of the heavy chain 

of the antibody. Furthermore, they designed IL-21 carrying two mutations (R9E5, R76A) 

causing it to have increased attenuation and prolonged exposure to increase its 

functionality. Melanoma mouse models showed that administration of this anti-PD-1-IL21 

mutein resulted in reduced tumour growth compared to anti-PD-1 treatment only.89 Li et 

al. designed PD-1ab21, which consists of an anti-PD-1 diabody fused to IL-21. In 

melanoma tumour-bearing mice, this compound showed increased memory-stem T-cell 

numbers and expansion of CD8+ T-cells.90  

 

Attempts by Di Nitto et al. to target IL-21 via an F8 single chain diabody format towards 

the tumour micro-environment did not result in preferential localization of IL-21 in the 

tumour. 91 

 

Other cytokines in the immunocytokine format 

Interleukin-7 (IL-7) -based immunocytokines are not commonly researched. The 25 kDa 

protein is expressed by T-cell, pre-B cells and bone marrow macrophages.92 It signals via 

the heterodimeric receptor IL-7R which consists of the alpha chain (IL-7Rα or CD127) and 
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the gamma chain (IL-7Rγ).93  IL-7 is known to assist in T- and B-cell development94 and its 

role in cancer regression was first examined in mice with Renca cell carcinoma.95 Systemic 

administration of human IL-7 (hIL-7) reduced pulmonary metastases with 50-70%. A 

clinical trial concerning patients with metastasis resulted in several (severe) side-effects 

after hIL-7 administration.96 Pasche et al. examined functioning of F8-mIL7 and its 

derivative F8-mIL7-F8.97 Both variants were able to reduce F9 tumour growth in 

immunocompetent mice. Surprisingly, targeting of this immunocytokine to the tumour did 

not seem to be necessary for this effect.97 

 

Immunocytokines can also be used in other diseases than cancer. Interleukin-9 (IL-9) is 

expressed by various cell types including Tregs, NKT-cells and CD4+ T-cells.98 IL-9 is 

associated with activation of, among others, T-cells, B-cells and mast cells.99 It prevents 

apoptosis100 and stimulates cell growth. Although IL-9 has been shown to prevent 

melanoma growth in mice101, it is also known to be important in asthma development.102 

In pulmonary hypertension. Heiss et al. fused IL-9 with both a full IgG (F8IgGIL9) and an 

scFv (F8IL9F8) F8 targeting moiety.103 Mice treated with F8IL9F8 had less lung tissue 

damage and elevated systolic right ventricular pressure, which was absent in the untreated 

animals. Even so the number of Tregs increased in the treated population.103  

 

Interleukin-10 (IL-10) is known as an immune suppressive cytokine as it reduces expression 

of MHC-II molecules104 and co-stimulatory molecules on macrophages, among other 

things.105 It functions via its IL-10 receptor (IL-10R) which is a dimer of the high-affinity IL-

10Rα and IL-10Rβ.105 Upon binding signalling proceeds via the Jak/Stat pathway.105 

Although IL-10 anti-tumour activity has been recognized, as it reduces tumour metastasis 

in mice106, it is more known for its link with auto-immune diseases and inflammatory 

diseases.107 Nonetheless, Qiao et al. designed an IC which was based on Cetuximab, 

targeting epidermal growth factor receptor (EGFR), in which one arm was replaced with an 

IL-10 homodimer. Hereby they managed to prevent tumour growth in a melanoma mouse 

model by reducing dendritic cell-mediated apoptosis of tumour infiltrated CD8+ T-cells. 

Specifically, it reduces IFN-γ production by dendritic cells which get activated by IL-10 

receptor interaction rather than IFN-γ production by activated CD8+ T-cells.108 
 

As IL-10 has a more immune suppressive function, its use in auto-immune diseases has 

been recognized as well. Schager et al. used an F8-IL10 or DEKAVIL IC, targeting extra-

domain A of fibronectin which is commonly expressed in tumour neovascular tissue but 

also arthritic lesions.41 This IC inhibited collagen-induced arthritis in the respective mouse-

model. Both a reduction in expression of the immune activating cytokine IL-6 and anti-

collagen II immunoglobulin molecule numbers would be responsible for this inhibition. 

Pre-clinical safety examinations concluded that humans could be safely treated with 20 

μg/kg of F8-IL10. 41 

 

Nowadays, immunocytokines based on interferon-α (IFN-α)109,110, interferon-γ (IFN-γ)111 

and granulocyte-macrophage colony-stimulating factor (GM-CSF)112,113 have also been 

developed and are currently under pre-clinical evaluation. Despite this progress, 

immunocytokines are still too toxic to be used as a monotherapy. ICs are, therefore, often 

administered in combination therapies with other  immunocytokines3,49, radiotherapy114 or 

monoclonal antibodies.115  
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Table 1 - Overview immunocytokines in (pre-) clinical trials. 

An overview of most immunocytokines that have been or are being tested in (pre-) clinical tests. Table was based 

on reviews by Gout et al. and Zheng et al. and added with different immunocytokines. 20,116  
 

Name Antigen 
Antibody 

Format 

Cytokine 

Payload 
Disease 

Clinical 

status 

Reference/ 

source 

FAP-IL2v 

Fibroblast 

Activating Protein 

(FAP) 

IgG IL-2v 

Solid tumours, 

melanoma, 

pancreatic cancer 

Phase I/II 

NCT02627274 

NCT03875079 

NCT03193190 

NCT03386721 

NCT03063762 

CEA-IL2v 
Carcino-Embryonic 

Antigen (CEA) 
IgG IL-2 

CEA-positive solid 

tumours 
Phase I 

NCT02350673 

NCT02004106 

F16-IL2 
Extra-domain A1 of 

tenasin-C 
scFv IL-2 

Relapsed acute 

myeloid leukemia 
Phase I 

NCT02957032 

NCT01131364 

NCT01134250 

NCT02054884 

NCT03207191 

F8-IL2 
Extra-domain A 

(EDA) 
Diabody IL-2 

Renal cancer 

carcinoma, lung 

adenocarcinoma, 

colon carcinoma 

Pre-clinical Ref.[43–45] 

NHS-

IL2LT 
Histone complex IgG 

(D20T)  

IL-2 

Advanced solid 

tumours 
Phase I/II 

NCT00879866 

NCT01032681 

NCT01973608 

DI-Leu16-

IL2 
CD20 IgG IL-2 Blood tumours Phase I/II 

NCT0215903 

NCT1874288 

NCT00720135 

Hu14.18-

IL2 

GD2 or 

disialoganglioside 
IgG IL-2 

Neuroblastoma/O

steosarcoma 

Phase I/II 

(ended) 

NCT03209869 

NCT03958383 

NCT00003750 

NCT00109863 

NCT00082758 

NCT00590824 

NCT01334515 

huKS-IL2 
GD2 or 

disialoganglioside 
IgG IL-2 Solid tumours Phase I NCT00132522 

L19-IL2 
Extra-domain B 

(EDB) 
scFv IL-2 

Metastaic 

melanoma IV, 

diffuse large B-

cell lymphoma, 

NSCLC 

Phase I/II 

NCT02076646 

NCT02957019 

NCT03705403 

NCT01198522 

NCT01058538 

NCT02086721 

NCT01253096 

NCT01055522 

L19-IL2 + 

L19-TNFα 

Extra-domain B 

(EDB) 
scFv IL-2/TNFα 

Basal cell 

carcinoma, 

cutaneous 

squamous cell 

carcinoma, stage 

III B/C melanoma 

Phase II/III 

NCT04362722 

NCT02938299N

CT03567889 

IL-2-F8-

TNFmut 

Alternatively 

spliced EDA 
scFv 

IL-2/TNFα 

mut 
Solid tumours Pre-clinical Ref. [47,48] 

L19-TNFα 
Extra-domain B 

(EDB) 
scFv 

Monomer 

TNF-α 

Grade III/IV 

glioma, 

glioblastoma, STS 

Phase 

I/II/III 

NCT03779230 

NCT04573192 

NCT04443010 

NCT04733183 

NCT03420014 

NCT04650984 

F8-mIL7 
Alternatively 

spliced EDA 
scFv mIL-7 Teratocarcinoma Pre-clinical Ref. [97] 

F8-IL9 
Alternatively 

spliced EDA 
scFv mIL-9 

Pulmonary 

hypertension 
Pre-clinical Ref. [103] 
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cmAB-(IL-

10)2 

Epidermal Growth 

Factor receptor  
IgG IL-10 Lung cancer Phase I Ref.[108] 

DEKAVIL 

(F8-IL10) 

Extra-domain A 

(EDA) 
scFv IL-10 

Rheumatoid 

arthritis 
Pre-clinical Ref.[41] 

NHS-IL12 
DNA/histone 

complex 
IgG IL-12 

Stage IV breast 

cancer, metastatic 

non-prostate 

genitourinary 

cancers, Kaposi 

sarcoma, 

colorectal cancers, 

solid tumours 

Phase I/II 

NCT04756505 

NCT04235777 

NCT04633252 

NCT04303117 

NCT04491955 

NCT01417546 

L19-IL12 
Extra-domain B 

(EDB) 
scFv IL-12 

Advanced or 

metastatic 

carcinoma, diffuse 

large B-cell 

lymphoma 

Phase I NCT04471987 

PD-L1-

IL15 
PD-L1 IgG 

IL-15 

(N72D) 
Lung cancer Pre-clinical Ref.[81] 

RGD-IL15 Integrins RGD 
IL-15 

(N72D) 

Advanced or 

metastatic solid 

tumours 

Phase I Ref.[79] 

EGFR-

IL21 

Epidermal Growth 

Factor Receptor 
IgG IL-21 Lung cancer Pre-clinical Ref.[88] 

PD-1-IL21 PD-1 IgG IL-21 Solid tumours Pre-clinical Ref.[89,90] 

CD20-

IFNα 
CD-20 IgG IFN-α B-cell lymphoma Pre-clinical Ref.[109] 

PD-L1-

IFNα 
PD-L1 IgG IFN-α B-cell lymphoma Pre-clinical Ref.[110] 

L19-IFNγ Extra-domain B scFv IFN-γ 
Colon 

adenocarcinoma 
Pre-clinical Ref.[111] 

Hu14.18/

GM-CSF 

GD2 or 

disialoganglioside 
IgG GM-CSF Neuroblastoma In vitro Ref.[112] 

Anti-

HER2/neu 

IgG3 

(GM-CSF) 

HER2/Neu IgG GM-CSF 
Colon 

adenocarcinoma 
Pre-clinical Ref.[113] 
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Immunocytokines – Strategies to reduce toxicity 

Unfortunately, the residual toxicity does remain53 and is the result of the fact that the 

cytokine-part of the protein remains capable of binding its target receptor in this 

conjugated construct. This is despite it being targeted to the tumour. Although targeting 

localizes the toxicity mostly to the tumour location, intermediate- or high-binding cytokine 

receptors present in the body can still interact with the cytokine moiety leading to on 

target-off tumour toxicity. Increasing the therapeutic window of ICs by reducing this on-

target/off-tumour toxicity has been attempted by altering the intrinsic toxicity of the 

cytokine. 

 

Introducing mutations 

Some of these attempts were based on introducing mutations into the cytokine to reduce 

the binding capacity of the cytokine to low or intermediate-binding receptors. Gillies et al. 
34 modified the endothelial low affinity IL-2 receptor binding motif of IL-2, by mutating the 

aspartic acid residue at position 20 (D20) to a threonine. This IL-2 mutant showed a loss in 

binding to intermediate-binding vascular IL-2 receptors, while maintaining binding ability 

to the high-binding IL-2 receptors present on activated (and/or regulatory) T-cells.13 The 

toxicity was reduced; the immunocytokine based on the native IL-2 was 20 times more 

toxic (50 μg/mouse for 5 days) compared to the immunocytokine based on the D20T 

mutated IL-2 (1 mg/mouse for 5 days), but other side-effects such as Treg upregulation 

remained.34  
 

Klein et al. designed a CEA-targeting IL-2 variant (CEA-IL2v), targeting a carcinoembryonic 

antigen (CEA) using an IL-2 variant with three point mutations; F42A, Y45A and L72G117. 

These mutations allowed for IL-2 to interact with the IL-2 receptor βγ (IL-2Rβγ), but 

prevented binding to IL-2 receptor α (CD25 or IL-2Rα). As IL-2Rα has high affinity for IL-2 

but is not essential for signalling and IL-2Rβγ mediate signalling118, targeting the later 

receptor concept could reduce intrinsic toxicity of IL-2. Pre-clinical safety tests in 

cynomolgus monkey were performed using a CEA-homolog as CEA did not cross react 

with monkey CEA. No hepatotoxicity was observed outside of the CEA-targeted area.117 

 

Introducing steric hindrance 

Another strategy applied to reduce off-target IL-2R binding described by Gillies119 was to 

change the architecture of the IC. By genetically fusing the N-terminus of IL-2 to the light 

chain of the antibody instead of coupling to the heavy chain, interaction with intermediate-

binding IL-2 receptors (ED50 65-70 ng/mL) was reduced 8 to 10 fold compared to heavy 

chain coupled IL-2 (ED50 7.0-9.0 ng/mL). This was also due to the fact that the N-terminus 

of IL-2 was shortened, thereby limiting the access of intermediate-binding IL-2Rs to the 

critical aspartic acid 20 (Asp20), which has been identified to be important for interactions 

with intermediate-binding receptors.34 Additionally, the use of cytokine-light chain fusion, 

as opposed to a cytokine heavy chain fusion, improved the biological properties, such as 

increased circulating half-life and uptake rate, and improved antibody effector activities 

such as antibody-dependent cytotoxic activity and complement-dependent cytotoxicity. 
119 
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Recently, a new concept was described by Hsu et al. 120, who generated constructs in which 

IL-2 was inactivated by the (genetic) attachment of an IL-2 receptor to IL-2 linked via a 

peptide, sensitive to proteases upregulated in the tumour micro-environment (Figure 2). 

In this manner, they could activate their IL-2 preferentially in the tumour, without even the 

need for targeting it with an antibody. One issue, however, is the presence of the activating 

proteases elsewhere in the body, making this construct not fully tumour-specific.  
 

 
Figure 2 - Overview of MMP activity activated ProIL2 to SUMIL2 FC. 
Superkine IL-2, further modified by a F42A mutation was coupled to the N-terminal of one Fc domain via a flexible 

GGGGS linker. The other Fc domain was N-terminally coupled to extracellular IL-2 receptor B (IL-2RB) to prevent 

interactions with intermediate affinity receptors throughout the body. This coupling was established using a linker 

sequence combined with a substrate sequence for matrix metalloproteinases (MMP) which predominantly expressed 

in the tumour micro-environment. The presence of the human IgG Fc (hIgG Fc) increased IL-2 half-life in the body. 

Crystals were modified from Arkin et al. (IL-2; PDB:1M47)8, Stauber et al. (IL-2RB; PDB:2ERJ)121 and Morgunova et al. 

(MMP2; PDB:1CK7)122.  

 

Local multimerization 

Venetz et al. focused on the use of  IL-12 - a very potent Th1-polarizing cytokine – to 

activate T-cells in tumours.17 This cytokine is a heterodimer consisting of two inactive 

monomers, IL-12A (p35) and IL-12B (p40).123,124 Rather than delivering the cytokine to the 

tumour intact, they opted to deliver each of the parts to the tumour using its antibody 

vehicle. Only in the tumour did the cytokine then reassemble to form the active cytokine. 

Despite the elegance of the approach, it was of limited use in reducing toxicity. It was 

found that IL12A subunit on its own already can stimulate T-cells and natural killer cells in 

the Sv129 mouse model, which can cause part of the parental cytokine toxicity.  
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Outlook 

Although all these methods result in a decrease in (systemic) toxicity, the methods applied 

are cytokine-specific. A  more general method to deliver an inactive cytokine to the tumour 

micro-environment (TME) has not yet been designed. In this thesis, I show work towards 

the design of such a method, applicable to multiple cytokines to keep them (almost) 

inactive until they reach the TME. This method is based on click-to-release bioorthogonal 

chemistry which was described in Chapter 0.  By using the reaction between free amines 

and trans cyclo-octene in the first step to block cytokine activity and the reaction between 

tetrazine and the cyclo-octene in the second step, obtaining spatiotemporal control over 

cytokine activity was attempted. Chapter 2 and Chapter 3 will focus on the cytokines IL-1β 

and TNF-α, respectively. More (future) work will be described in the future prospects 

(Chapter 5). Chapter 4 will focus on a different aspect of T-cell activation in the TME, using 

this caging strategy to selectively activate T-cells by peptide-presenting HLADR1 

molecules, which is explained more extensively in Chapter 0 of this work.   
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Introduction 
Interleukin-1β (IL-1β) is  a member of the IL-1 superfamily of cytokines.1,2 It is one of the 

‘master regulator’ cytokines and has highly pleiotropic effects both locally and 

systemically. IL-1β is secreted upon recognition of pathogen-associated molecular 

patterns (PAMPs) by pattern recognition receptors (PRRs) during inflammation3, 

particularly during inflammasome formation, and plays a role in various processes. These 

processes include sensing microbial invasion4 and tissue or cell damage5 during, for 

example, injuries or cancer. Besides this ‘innate’ function, it has also a role in lymphocyte 

differentiation and other adaptive responses.6  

 

In the body, IL-1β is produced as an inactive 31 kDa pro-protein by different cell types, 

such as monocytes and macrophages.3 It is activated by proteolytic processing of this 

species in specialized lysosomes resulting in active 17 kDa IL-1β.7 IL-1β is a very rigid 

protein, with the structure largely consisting of β-sheets which form a central barrel 

(Figure 1A human, Figure 1B mouse).8–10 
 

 
 
Figure 1 - Crystal structure of human and murine IL-1β. 

The structures of A) human and B) murine IL-1β consist largely of β-sheets and strands forming barrels. The rest of 

the structure is mostly coiling and turns. Almost no α-helical structures can be observed. The lysine residues (15) 

are highlighted according to functionality: green for essential in receptor binding; red for receptor binding and 

hydrophilic interactions; magenta for IL-1RAcP  interacting residues; blue for residues in close proximity of receptor 

interacting residues; yellow for the remaining residues. Crystal structures were modified based on A) Yu et al.. 

(PDB: 9ILB)9 and  B) Oostrum et al. (PDB: 2MIB).10 
 

The active IL-1β can bind two receptors in the body: Type I IL-1 receptor and type II IL-1 

receptor (Figure 2).11–13 Type I IL-1 receptor (IL1RI) is present on endothelial cells14, 

keratinocytes15, fibroblasts16, neurons17, smooth muscle cells14 and T-cells16,18 among 

others. Binding of IL-1β to the IL1RI occurs by the three immunoglobulin-like domains of 

the receptor, wrapping around the IL-1β molecule.19 Upon binding this receptor, IL-1β 

initiates its pro-inflammatory function.19 It does so by ‘activating’ the cytosolic part of 

this bound receptor which consists of Toll-like-receptor-like (TLR-like) domains. 

Following activation, the TLR-like domain interacts with MyD88, leading to the activation 
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of NF-κB. NF-κB is a pro-inflammatory transcription factor, which provides the pro-

inflammatory function of IL-1β.20–22 
 

The type II IL-1 receptor (IL1RII) is found on B-cells14, keratinocytes15, monocytes14, 

neutrophils23 and T-cells18, among others. As it lacks the intracellular TLR-domain, 

binding this receptor has a regulatory effect.2 Binding to this receptor inhibits the 

function of IL-1β.24 These receptors thus serve a regulatory function instead of a 

signalling function performed by IL1RI (Figure 2). There is also a soluble form of the 

receptor, which is formed upon cleavage of the extracellular portion of the receptor 

when it is present on the cell surface. This too is believed to have anti-inflammatory or 

immune-modulating functions.25,26 

 

 
 

Figure 2 - Signalling of IL-1β upon receptor binding. 

IL-1β can interact with either IL-1 receptor I (IL1RI) or IL-1 receptor II (IL1RII). Interaction with IL1RI and interleukin-

1 receptor accessory protein (IL-1RAcP) leads to the activation of the Toll-like-receptor-like (TLR-like) domain and 

binding of MyD88. Activation of MyD88 can result in FoxO expression for cell survival, NF-κB (among others) 

expression for a pro-inflammatory response or transcriptional regulation. Interaction with IL-1RII results in 

regulatory processes as no TLR-like domain is present. Figure was adjusted from R&D systems.11–13,27 NF-κB: 

nuclear factor kappa B; AP-1: activator protein. 
 

These diverse roles in the immune response have led to the pursuit of IL-1β as both a 

therapeutic target, and as an immune therapy. Its inhibition (using a soluble IL-1 receptor 

called Anakinra) has been shown in the clinic to alleviate symptoms of auto-immune 

diseases, such as rheumatoid arthritis28,29, cryopin-mediated auto-immune diseases30, 

and diabetes.31,32 On the contrary, the use of recombinant IL-1β has been explored as an 

immune therapy against cancer. However, the behaviour of IL-1β in cancer may be rather 

controversial.  
 

There are suggestions that IL-1β can be a causative or disease-aggravating agent in 

cancer. This is largely caused by chronic non-resolved inflammation in which IL-1β is one 
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of the cytokines involved. Here its presence can lead to the induction of 

immunosuppressive cells, tumour angiogenesis30 and endothelial cell activation.31,32 A 

clear example of the cancer-promoting activities of IL-1β, comes from multiple myeloma, 

a form of cancer in which monoclonal plasma cells, accumulate.33 The production of IL-1β 

by these cells causes the production of IL-6 which in turn causes the development of 

diseased plasma cells leading to disease aggrevation.34  
 

For many other cancer types, it has been reported that IL-1β can induce an anti-cancer 

immune response.35 It was shown that IL-1β can aid the clearance of different forms of 

cancer like breast, colon, lung cancers and melanomas.31,36 Allen et al. showed that 

decreased levels of IL-1β were correlated with increased gastrointestinal tumour 

presence.35 Yet, mice deficient in IL-1β, were shown to be protected against chemically-

induced carcinogenesis, suggesting a potential pro-tumorigenic effect of this cytokine 

too.37 

 

These highly diverse effects, both locally and systemically, have made the use of IL-1β as 

an immune therapy difficult. Nevertheless, IL-1β therapy has been explored by Neri et al. 

as an immunocytokine.38 Here IL-1β was coupled to an antibody targeting the tumour 

stroma to allow its delivery to the tumour micro-environment. The hypothesis was that 

this would minimize the systemic (toxic) effects and result in the local reactivation of the 

immune system in the tumour. Unfortunately, it was found that the on target-off tumour 

effects of the immunocytokine were too toxic for the host38,39 leading to its 

abandonment as an immune therapy.  
 

A host-targeted IL-1β-based immunocytokine was still developed. IL-1β encoded with a 

mutation of Gln148 to a glycine resulted in a 168-fold reduction in receptor affinity.40,41 

This modified IL-1β was then coupled to an anti-CD8+ T-cell antibody, for targeted 

delivery of IL-1β to the CD8+ T-cells where it was sufficiently active to improve T-cell 

activity.40,41 However, this immunocytokine was too weak to serve as a monotherapy and 

only showed activity in mice as an adjuvant to vaccination. 

 

These results highlight the complexity of IL-1β immunocytokines. On the one hand a 

highly active IL-1β is needed to strongly activate the local immune response. Yet, at the 

same time the cytokine must be weak enough to not cause systemic toxicity on the way 

to the tumour. In this chapter, a new approach to unite these two properties in a single 

construct was explored. This approach is based on the ‘click-to-release’ chemistry 

outlined in Chapter 0 of this thesis. This technique is based on the bioorthogonal 

deprotection chemistry that allows the cleavage of allylic trans-cyclooctene carbamates 

(TCOs) by tetrazines, to allow their use as an in vivo-compatible protecting group.  
 

Here, a similar approach is described in which IL-1β is inactivated using TCO-modification 

in such a manner that it can be reactivated by the addition of tetrazines (Figure 3). This 

chemically inactivated cytokine was then linked to a targeting moiety using sortase-

mediated ligation (Figure 3) to yield an immunocytokine in which the activity of the 

cytokine was blocked, but could be reactivated by the addition of tetrazine. It was 

envisaged that in this manner the systemic toxicity of the cytokine portion could be 

limited as the construct could first be allowed to accumulate in the tumour before 
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activation of the cytokine. This would allow the use of highly active IL-1β to hopefully 

allow its use as a monotherapy.  
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Results & Discussion 

The aim of this chapter was to produce an IL-1β immunocytokine in which the cytokine-

portion was inactivated by TCO-masking and could be activated by the addition of 

tetrazines. The standard approach of producing an immunocytokine is genetic fusion. 

There are however complications with this approach when using (non-specific) lysine 

modifications. Using this modification method would lead to modifications in both the 

cytokine and the targeting part of the construct. Although this would result in the 

desired loss of cytokine activity, it would also result in undesired loss of antigen binding 

capacity. The targeting-reagent therefore had to be coupled to the cytokine only after it 

had been modified with TCO-carbamates. To achieve this, it was decided to use a sortase 

A-based approach in which a small single-chain fragment of a camelid antibody was 

genetically modified with an N-terminal tag and the cytokine with a C-terminal tag 

(LPETG). Sortase A from Staphylococcus aureus has been reported for ligating the motifs 

LPETG and the tetraglycine tail together in both peptide-protein42
 and protein-protein 

ligations.43,44 Therefore, it was envisaged that these two fragments, LPETG and the 

tetraglycine tail could be ligated together after TCO-modification of the cytokine by this 

enzyme (Figure 4). The yields of the protein-protein ligation were reported to be on 

average 40-85%, which would be sufficient to produce caged immunocytokines for 

further evaluation.  

 

Construct Design 

In order to obtain an immunocytokine in which the cytokine was inactive, and the 

targeting moiety was not, it was decided to make a construct consisting of a nanobody 

targeting group, linked by a sortase reaction to the murine IL-1β-gene construct. The 

choice was made to use a nanobody instead of an antibody as a targeting group. Until 

now immunocytokines were based on intact antibodies (IgGs)38,45,46 or single-chain 

variable fragments (scFv). However due to their small size, stability over broad 

temperature and pH ranges, and easy expression in E. coli, nanobodies provide beneficial 

properties compared to the aforementioned targeting moieties.47 In addition, they are 

also monomeric, lack glycosylation, and lack hydrophobic domains, making them easy to 

work with compared to full length antibodies.47  

 

Coupling via sortase was chosen to allow the separate inactivation of the cytokine and its 

subsequent ligation to the active nanobody.45,46 As the cytokine was to be chemically 

modified with an amine-modifying agent, it was decided to install the C-terminal motif 

on the cytokine and the N-terminal ligation motif on the nanobody. Initially, a CD11c-

targeting species was chosen, as this would allow for an easy in vitro assay of the 

construct’s activity on dendritic cells. The gene for this construct, which also contained a 

SIINFEKL epitope used for CD8+ T-cell activation48, was kindly provided by Dr. Martijn 

Verdoes. It consisted of an N-terminal thrombin cleavage site, which upon cleavage 

releases the G4-motif, needed for the nucleophilic attack on the sortase-coupled 

cytokine. The G4-motif is followed by a 6His-tag for purification and then the sequence 

of the nanobody (Figure 4A). The gene construct was provided in the pET22b plasmid 

that allowed bacterial expression.  
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Figure 4 - Construct formation VHH-CD11c, IL-1β-LPETGG-6His and the final product after sortase ligation. 

A) The VHH-CD11c nanobody consists – from N- to C-terminus of thrombin-tag-protected tetraglycine N-terminus 

followed by a 6His-tag for purification purposes which is fused  to the actual nanobody via a GGGGS-spacer. The 

C-terminus contains a SIINFEKL peptide for potential T-cell activation. B) Design of IL-1β-LPETGG-6His. IL-1β is C-

terminally fused to LPETGG, the sortase A motif, via a GGGGS-spacer. For purification purposes, a C-terminal 6His-

tag was introduced which is removed upon coupling to the VHH-CD11c-SIINFEKL nanobody. The green coloured 

lysines are involved in receptor interaction and the black lysine residues are adjacent to receptor interacting 

residues. The red coloured lysine has important hydrophilic interactions. C) Upon reaction with sortase A and the 

VHH-CD11c nanobody, the C-terminal 6His-tag is replaced by the CD11c-specific nanobody by a transpeptidation 

reaction.  
 

IL-1β was modified at its C-terminus for two reasons; the first was the aforementioned 

modification of the N-terminus with TCO, which would render the construct unligatable. 

The second was that it has been reported that N-terminal modification of IL-1β can  

reduce the activity of this cytokine.49 The IL-1β protein was therefore designed in the 

following manner (Figure 4B): after the gene of murine IL-1β (Gene ID 16176), the sortag 

(LPETGG) was introduced after a C-terminal GGGGS-spacer motif, as this has been shown 

to improve protein-protein ligation yields.50–53 Finally, C-terminal to the sortag-motif, a 

6His-tag was introduced to facilitate purification of the protein after production and the 

removal of unreacted cytokine from the sortase ligation reaction mixture. Native IL-1β 

was also made for optimisation purposes.  

 

Protein expression and purification 

For expression of the IL-1β constructs, they were ligated into a pET28a(+)-vector using 

double digest and T4 ligase.54 Expression was done using the E. coli ArcticExpress (DE3) 

RP system which can express proteins with rare codons55,56 with high yields of folded 

product (Supplementary Figure S1A). Expression of IL-1β was under the control of the 

T7 promoter. The expression of T7 RNA polymerase, which drives the IL-1β expression, is 

regulated by the lacUV5 promoter, allowing the controlled induction of expression by the 

addition of IPTG.57 After induction of expression with 0.5 mM IPTG, the cells were 

incubated at 10°C for 3 days, after which the bacteria were lysed using lysozyme in 

combination with sonication. The cytokines were then purified from the soluble fraction 
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using cation exchange in 20 mM MES pH 8 (for unmodified IL-1β, Figure 5A), or using 

nickel affinity chromatography (for the 6His-containing sortagable IL-1β; Supplementary 

Figure S1B, Figure 5A).  

 

 
 
Figure 5 - Production of IL-1β (-LPETGG-6His) in E. coli ArcticExpress (DE3) RP using IPTG-based expression. 

A) Purification of IL-1β and IL-1β-LPETGG-6His using cation exchange (CM) or nickel column purification (Ni), 

respectively, analysed by SDS-PAGE. B) Western blot analysis using IL-1β-specific antibodies confirming cytokine 

presence. 

 

Sortase A was kindly provided by Dr. Martijn Verdoes in the pET28aSrtAΔ59-expression 

vector. Expression of this protein was performed as described previously.58 Briefly, the 

construct was transformed into E. coli Rosetta-gami 2 (DE3), a strain capable of 

expressing proteins with rare codons usage as well.59  The bacteria were grown to an 

OD600 of 0.6, and incubated at 25°C for 20 hours after induction with 1 mM IPTG 

(Supplementary Figure S1C). Following, the bacteria were lysed using a combination of 

lysozyme and sonication and the soluble fraction of the lysate was loaded onto nickel 

resin to purify sortase A based on its 6His-tag (Figure 6A). Sortase A was eluted from the 

column using 250 mM imidazole in 50 mM Tris/150 mM NaCl.  
 

The anti-CD11c nanobody or VHH-CD11c-SIINFEKL was provided in the pET22b-vector 

modified with a peIB signal sequence. Its expression in E. coli BL21 (DE3) pLysS has been 

reported.58 After addition of 1 mM IPTG, expression took place for 20 hours at 25°C 

(Supplementary Figure S1D), whereafter lysis and purification based on the 6His-tag 

were similar compared to sortase A expression described above (Figure 6B).  



           IL-1β-based Immunocytokine 

43 

 

 
 
Figure 6 - Expression and purification of sortase A and VHH-CD11c-SIINFEKL using IPTG. 

A) Sortase A (~19 kDa) and B) anti-CD11c or VHH-CD11c-SIINFEKL (~15 kDa) were purified by nickel (Ni) column. 

The respective proteins are highlighted with the red arrows.  

 

Optimisation of NHS-TCO reaction with IL-1β 

Next, the inactivation of the cytokine with TCO was 

optimised. The native IL-1β construct was first used 

to optimise the modification reaction with the 

NHS-carbonate of TCO (1, Figure 7) to obtain the 

modification level at which IL-1β was no longer 

active, but could be reversed by addition of a 

tetrazine. Initial activity assays were done by ELISA 

(Figure 8), as this was a facile method to assess 

multiple modification conditions. ELISA, which is 

based on antibody binding, was also chosen 

because loss in antibody binding due to the 

introduction of TCO-groups, could also indicate 

loss in receptor binding when TCO-groups block 

essential residues for receptor interaction.  

 

The modification reactions were performed at basic pH (pH 8) in 20 mM HEPES.60 First, 

the effect of the concentration of 1 on the reactivity was assessed. For this IL-1β (at 5.7 

μM) was modified with increasing concentrations of 1 for 1 hour. It was found that 

residual IL-1β recognition after modification went down with increasing concentrations 

of TCO (Figure 8A). Next, the reaction time was optimised (Figure 8B). IL-1β activity was 

assessed after 1 hour, 4 hours, or 18 hours of reaction with 1. No significant reduction of 

recognition was observed after 1 hours of reaction. However, at the later timepoint, SDS-

PAGE analysis showed loss of protein. This suggested that the IL-1β had precipitated 

 
Figure 7 - Structure of (S,E)-cyclooct-2-

en-1-yl(2,5-dioxopyrrolidin-1-yl) 

carbonate or 2-AX-NHS-TCO.  

2-AX-NHS-TCO or NHS-TCO was kindly 

provided by Mark de Geus. 
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from the reaction mixture. Finally, the effect of reaction temperature was investigated by 

performing the modification reaction for 1 hour with 8 mM 1 at 20°C, 25°C and 37°C 

(Figure 8C). The least residual IL-1β binding was observed at 37°C, whilst minimising 

protein loss. As the mass difference per caged added to IL-1β is rather low (152 Da/cage), 

mass differences could not clearly be observed. The only sign of caging which could be 

observed on the SDS-PAGEs is the diffuseness of the bands, indicating the presence of 

species with minimal differences in molecular weight. As optimal reaction conditions for 

the next steps, caging with 4.0-8.0 mM 1  for 1 hour at 37°C were chosen. 
  

 
 
Figure 8 - Optimisation of caging reaction on IL-1β analysed using ELISA. 

An ELISA was performed to assess loss of interactions, with IL-1β-specific antibodies in this case, due to NHS-TCO 

binding with lysines. The caging reaction using NHS-TCO (1) was optimised for A) concentration 1 (N=3); B) caging 

time (h) (N=5); and C) caging temperature (°C) (N=3) for IL-1β. Reference conditions were set at caging with 8.0 

mM NHS-TCO in 20 mM HEPES pH 8 at 37°C, 800 rpm for 1 hour. Bright colours indicate DMSO only samples and 

pastels the TCO-treated samples. Colour groups indicate different conditions with respective DMSO controls. Equal 

protein application was confirmed using SDS-PAGE coomassie staining (below each graph). Data were plotted as 

mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** P< 0.001; **** P<0.0001; ns is 

non-significant. 

 

To determine whether TCO-modification affected IL-1β-receptor binding, HEK-Blue IL-1β 

and RAW-Blue assays were performed.61,62 HEK-Blue IL-1β is a reporter cell line 

specifically designed to detect IL-1β via the NF-κB pathway.61 Activation of this pathway 

results in the production of secreted embryonic alkaline phosphatase (SEAP), the activity 

of which can be measured by the addition of QUANTI-Blue, which converts from a pink 

substrate to a blue product (Figure 9).63 RAW-Blue cells are murine macrophages that 

are also engineered to express SEAP upon NF-κB activation.62 They are IL-1β-receptor 

positive64 and the binding of this receptor induces NF-κB translocation to the nucleus. 

Colorimetric evaluation of SEAP activity58 therefore allowed the quantitative assessment 

of IL-1β-receptor activation by the TCO-modified IL-1β construct.65 
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Figure 9 - Mechanism of secreted embryonic alkaline phosphatase in the QUANTI-Blue assay. 

BCIP is colourless but is supplied in a pink coloured solution. BCIP is hydrolysed by secreted embryonic alkaline 

phosphatase (SEAP) which is expressed upon HEK-Blue or RAW-Blue cell activation by IL-1β. Upon tautomerization 

it oxidizes and forms a dimer that is blue colored.63 

 

Both the HEK-Blue IL-1β-assay (Figure 10) and the RAW-Blue assay (Figure 11) showed 

that increasing the NHS-TCO concentration during the modification reaction, resulted in 

a product that was less capable of activating these cells (Figure 10A and Figure 11A). 

The highest concentration of 1 (8 mM), reduced the activity to 10% of the original value. 

Longer reaction times also resulted in the loss of IL-1βR binding (Figure 10B and Figure 

11B) in the DMSO control, and – as seen for the ELISA - caging temperature did not 

affect caging efficiency (Figure 10C and Figure 11C).  

 

 
 

Figure 10 - Analysis of caging optimisation of IL-1β on HEK-Blue IL-1β cells using QUANTI-Blue 

colorimetric assay. 

The caging reaction using NHS-TCO (1) was assessed using (caged) cytokine stimulated HEK-Blue IL-1β. A) 

Analysis of caging with increasing concentration of 1 (N=4); B) analysis of caging time (h) (N=4); C) optimisation of 

the caging temperature (°C) (N=3). Reference conditions were set at caging with 4.0 mM NHS-TCO in 20 mM 

HEPES pH 8 at 37°C, 800 rpm for 1 hour. Bright colours indicate DMSO only samples and pastels the TCO-treated 

samples. Colour groups indicate different conditions with respective DMSO controls. Data were plotted as mean 

signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** P< 0.001; **** P<0.0001; ns is non-

significant. 
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Figure 11 - Analysis of caging optimisation of IL-1β on RAW-Blue cells using QUANTI-Blue colorimetric 

assay.  

The caging reaction using NHS-TCO (1) was assessed using (caged) cytokine stimulated RAW-Blue. A) Analysis of 

caging with increasing concentration of 1 (N=3); B) analysis of caging time (h) (N=3); C) optimisation of the caging 

temperature (°C) (N=3). Reference conditions were set at caging with 8.0 mM NHS-TCO in 20 mM HEPES pH 8 at 

37°C, 800 rpm for 1 hour. Bright colours indicate DMSO only samples and pastels the TCO-treated samples. Colour 

groups indicate different conditions with respective DMSO controls. Equal protein application was confirmed using 

SDS-PAGE coomassie staining (below each graph). Data were plotted as mean signal ± SEM. Significances are 

indicated as follows: * P<0.05; ** P<0.01; *** P< 0.001; **** P<0.0001; ns is non-significant. 

In order to correlate the loss of activity of IL-1β to the number of modified lysine 

residues, LC-MS was performed on the modified samples (Figure 12). To obtain sufficient 

material for LC-MS, the caging reactions with doubling the protein concentration were 

required to obtain signal (11 μM). Murine IL-1β has 15 lysines, which are all located on 

the outside of the protein and all, but Lys16, are possible targets for caging.10 These ESI 

LC-MS experiments showed that caging with 8.0 mM NHS-TCO resulted in IL-1β with on 

average between 7 to 8 lysine residues modified (Figure 12B).  Lowering the NHS-TCO 

concentration to 1.6 mM reduced this average to 4 (Figure 12A). Doubling the NHS-TCO 

concentration to 16 mM did not increase the average number of modified lysines, but 

did reduce the fraction of protein modified with <7 modifications (Figure 12C). 
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Figure 12 – Distribution amount of caged lysines in IL-1β, caged with different amounts of NHS-TCO 

analysed by ESI LC-MS . 

The amount of caged lysine residues of IL-1β (11 μM) treated with A) 1.6 mM, B) 8.0 mM and C) 16 mM NHS-TCO 

determined using ESI LC-MS. IL-1β was caged in 20 mM HEPES for 1 hour at 37°C, following buffer exchange using 

ZebaTM Spin Desalting columns to 10 mM ammonium acetate pH 6. In general the more NHS-TCO was added, the 

more caged lysines were present. These are normalized data to the total amount of lysines present. 

 

As caging of IL-1β resulted in inactive IL-1β, the same was assessed for the sortagable 

variant (IL-1β-LPETGG) to confirm similar activity changes upon NHS-TCO treatment 

under various caging conditions (Supplementary Figure S2, Figure S3 and Figure S4). 

These data supported a similar general behaviour of IL-1β-LPETGG compared to IL-1β. 

The optimised conditions for IL-1β were therefore also applied for further reaction with 

IL-1β-LPETGG.  
 

With these optimised conditions in hand, initial decaging experiments were performed. 

(Figure 15A-C). Figure 15B did not even show a decrease in activation of RAW-Blue cells 

when IL-1β was treated with NHS-TCO. This could be due to the passage number of 

RAW-Blue cells used, which was already quite high but within the range described by the 

manufacturer. Also the quality of IL-1β could influence this read-out, as the presence or 

absence of endotoxins in various batches can slightly alter the background activation of 

these cells. Overall, these initial experiments indicated that the above caging approaches 

had yielded a product that could not be deprotected to a functional IL-1β. It was 

postulated that the deprotection was insufficiently high yielding to remove enough TCO-

groups to restore IL-1β activity, or that the protection step led to permanent inactivation 

(e.g. due to unfolding) of the product. This was, however, not further pursued. 

Nevertheless, examining protein folding using circular dichroism or by determining the 

thermostability of IL-1β could provide further insight in these results.  
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Examining the binding interaction of IL-1β with its receptor indicated that multiple 

surface-exposed lysine residues could be the likely modification targets (Figure 13)10: a 

lysine residue at position 88 (K88) is involved in the binding of IL-1β to the IL-1RI and 

changes its position upon binding.17 In addition, lysines at positions 27, 92, 93, 94 and 

130 (mouse numbering)13,66 also lie within the ligand-receptor contact surface (Figure 

13, green).13 Other lysines at positions 55, 10413,66, 108 (mouse only) and 110 are in close 

proximity to the contact region (Figure 13, blue), with Lys55 even reported to be part of 

a T-cell activating peptide (VQGEESNDK (human) or VQGEPSNDK (mouse)).67  
 

In addition to the direct interaction between IL-1β and IL-1RI, the immune response 

interleukin (IL)-1 receptor accessory protein (IL-1RAcP) also has to bind the complex of IL-

1β and IL1RI.68–71 This protein is not able to bind IL-1β on its own but it does when there 

is an interaction with the IL-1RI. The binding mode of this protein has been researched 

extensively, with IL-1RAcP shown to make contact at the back of IL-1RI and wrapping 

around parts of IL-1β.68 Lysines at positions 63 and 65 (Figure 13, magenta) of IL-1β are 

crucial for this binding as mutating them to serines diminishes the biological activity of 

IL-1β.68 The remaining lysine residues (Figure 13, yellow) are not involved in receptor 

interactions, but can however affect the folding of IL-1β as the charge of the lysine is 

removed by its interaction with NHS-TCO.  
 

 
 
Figure 13 - Crystal structure of murine IL-1β with highlighted lysine-residues. 

Murine IL-1β contains 15 lysine residues which are highlighted according to functionality: green for essential in 

receptor binding; red for receptor binding and hydrophilic interactions; magenta for IL-1RAcP  interacting residues; 

blue for residues in close proximity of receptor interacting residues; yellow for the remaining residues. Crystal 

structure was modified based on Oostrum et al. (PDB: 2MIB).10 

 

It was postulated that the ligation of buried lysine residues could result in a 

destabilisation of the protein fold, leading to protein precipitation. To circumvent this, it 

was assessed whether modifications at lower temperatures for longer time periods would 

yield more protein of which the activity could be rescued.65 
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IL-1β-LPETGG was therefore modified with 3.5 mM or 2.1 mM NHS-TCO for 1 hour at 

37°C, as well as with 0.7 mM NHS-TCO for 24 hours at 10°C. The activity of the products 

was then analysed by ELISA and HEK-Blue assay (Figure 14). Both assays confirmed that 

caging with a lower NHS-TCO concentration (0.7 mM instead of 2.1 mM or 3.5 mM) for a 

longer period of time (24 hours instead of 1 hour) at this lower temperature resulted in 

similar reduction of IL-1β-LPETGG activity. Preliminary deprotection experiments showed 

that this method of caging resulted in protected IL-1β-LPETGG molecules that could be 

deprotected to the active species (Supplementary Figure S3D).  
 

 
 
Figure 14 - Improving caging conditions of IL-1β-LPETGG analysed by ELISA and on HEK-Blue IL-1β cells. 

IL-1β-LPETGG (5 μM) was caged in 20 mM HEPES with either 3.5 mM, 2.1 mM or 0.7 mM NHS-TCO for 1 hour at 

37°C or with 0.7 mM 1 for 24 hours at 10°C. The caged protein was assessed by A) ELISA (N=5) and B) HEK-Blue IL-

1β (N=5). Bright colours indicate DMSO only samples and pastels the TCO-treated samples. Colour groups indicate 

different conditions with respective DMSO control. Data were plotted as mean signal ± SEM. Significances are 

indicated as follows: * P<0.05; ** P<0.01; **** P<0.0001; ns is non-significant. 

Optimisation of deprotection reaction 

Following the early success of TCO-removal outlined above, it was next assessed whether 

this could be optimised. First, a library of tetrazines (2-6) were tested for IL-1β recovery 

(Table 1, Figure 15D). Some of these tetrazines (2-4) yielded significant recovery of IL-1β 

activity by HEK-blue IL-1β assay. In addition to the above reported compounds, a new 

unreported tetrazine, kindly provided by Prof. Dr Hannes Mikula, was also tested. This 

2,2’-(1,2,4,5-tetrazine-3,6-diyl)bis(pyridin-3-ol) (2PyrH)2Tz, (7) out performed all other 

tetrazines and was used in all evaluations described below.  
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Table 1 - Overview tetrazines used for decaging optimisation. 

All tetrazines were dissolved in DMSO. Compound 2 was kindly provided by Alexi Sarris, compounds 3-6 were 

kindly provided by Dr. Merel van der Plassche and compound 7 was kindly provided by Prof. Dr. Hannes Mikula.  

 

 DMT Tz1 Tz2 Tz3 Tz4 (2PyrH)2Tz 

Compound 

nr. 
2 3 4 5 6 7 

Full name 

3,6-

dimethyl-

tetrazine 

2-(6-

methyl-

1,2,4,5-

tetrazin-3-

yl)ethan-1-

amine 

2,2'-(1,2,4,5-

tetrazine-

3,6-

diyl)bis(etha

n-1-amine) 

(3-(6-

methyl-

1,2,4,5-

tetrazin-3-

yl)phenyl)m

ethanol 

2-(6-(4-

(aminomethyl)ph

enyl)-1,2,4,5-

tetrazin-3-

yl)ethan-1-ol 

2,2'-(1,2,4,5-

tetrazine-

3,6-

diyl)bis(pyri

din-3-ol) 

Structure 

 
 

 
 

 
 

 

The click-to-release efficiency of 7 was analysed by ELISA and HEK-Blue assay, as before. 

First, the effect of higher/lower modification levels of the protein was tested (Figure 

16A) using ELISA. It was found that IL-1β modified with 8 mM TCO failed to reactivate 

(Figure 16A).  However, IL-1β modified with 4.0 mM NHS-TCO yielded IL-1β that was 

recognised in the ELISA to approximately 60% of the native IL-1β signal after incubation 

with 2.5 mM (2PyrH)2Tz (Figure 16A).  
 

Next the above conditions were tested in the HEK-Blue IL-1β assay, the cells were first 

treated with 250 ng/mL of the wildtype or caged IL-1β proteins and then treated with 

various concentrations of 7. After 18 hours at 37°C, activity was assessed (Figure 16B). It 

was found that here too, approximately 50-60% of IL-1β activity could be recovered 

when 1-12.5 μM tetrazine was added. Increasing the concentration of 7 did not result in 

higher recovery yields. A probable reason for this is the cytotoxicity of 7 when applied in 

these concentrations observed using the microscope.  
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Figure 15 - Initial decaging optimisation of IL-1β and IL-1β-LPETGG using different tetrazines analysed by 

RAW-Blue cells and HEK-Blue IL-1β cells, respectively. 

A) Various tetrazines tested for decaging of IL-1β (B,C) and IL-1β-LPETGG (D). B,C) IL-1β (11 μM) was caged with 

8.3 mM 1 for 1 hour at 37°C in 20 mM HEPES pH 8, dialysed in 20 mM HEPES pH 7 to remove unreacted NHS-TCO 

following addition to RAW-Blue cells in the applicable concentration. Decaging was performed with B) 1.3 μM of 

different tetrazines 2-5  (N=6), or C) different concentrations of 2 (N=6), and took place for 18-20 hours at 37°C 

on the cells. D) IL-1β-LPETGG (5 μM) was caged with 0.7 mM 1 for 24 hours at 10°C in 20 mM HEPES pH 8, 

following addition to HEK-Blue IL-1β cells in the applicable concentration. Decaging was performed with 25 μM of 

different tetrazines and took place for 18-20 hours at 37°C on the cells (N=6). Bright colours indicate DMSO only 

samples and pastels the tetrazine treated samples. Data were plotted as mean signal ± SEM. Significances are 

indicated as follows: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
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Figure 16 – Decaging of IL-1β assessed by ELISA and HEK-Blue IL-1β assay. 

Decaging optimisation was assessed using (caged) IL-1β on A) ELISA (N=3) and on B) stimulated HEK-Blue IL-1β. 

A) Deprotection of high-TCO IL-1β (N=4); B) Deprotection of medium-TCO IL-1β. Decaging conditions were 

compared to caging control. Bright colours indicate DMSO only samples and pastels the tetrazine treated samples. 

Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; **** P<0.0001; 

ns is non-significant. 

 

Having successfully blocked and recovered the activity of wild-type IL-1β, it was next 

determined whether IL-1β-LPETGG could be similarly controlled (Figure 17). IL-1β-

LPETGG was therefore protected with either 3.5 mM (Figure 17A) or 2.1 mM NHS-TCO 

(Figure 17B) by incubation for 1 hour at 37°C, or by incubation with 0.7 mM NHS-TCO 

for 24 hours at 10°C (Figure 17C). For all three concentrations near complete loss of IL-

1β-LPETGG activity was observed in a HEK-Blue assay. Differences in reactivation upon 

addition of 7 were observed, with the 0.7 mM-modified protein reactivating to >80%, the 

2.1 mM reactivating to 30-50%, and the 3.5 mM protein only reaching 25% of the activity 

of the uncaged reagent. This last observation with 3.5 mM NHS-TCO was very different 

from the result in Figure 16 as that experiment showed up to 60% recovery. A possible 

explanation for this could be that the form of IL-1β differs between the two assays 

although this should be confirmed using an assay with both proteins assessed under the 

same conditions. Similar to Figure 16B, increasing the concentration of 7 >25 μM does 

not improve the recovery of activity, most likely due to the cytotoxicity associated with 7 

at these concentrations. It was therefore decided that for future experiments the proteins 

would be protected with 0.7 mM, and deprotection conditions would be using 25 μM 7 

for 18 hours at 37°C. Caging and decaging of IL-1β-LPETGG at higher concentrations 

followed a similar pattern (Figure 18). 
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Figure 17 – Caging and decaging optimisation of IL-1β-LPETGG analysed by HEK-Blue IL-1β cells. 

The reactivation of IL-1β-LPETGG, caged under various conditions, by 7 was analysed on HEK-Blue IL-1β cells. A) 

protection with 3.5 mM 1 (for 1 hour at 37°C) (N=4);  B) 2.1 mM 1 (for 1 hour at 37°C) (N=4); C) 0.7 mM 1 (for 24 

hours at 10°C) (N=5). Bright colours indicate DMSO only samples and pastels the tetrazine treated samples. Data 

were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** P<0.001; **** 

P<0.0001; ns is non-significant. 

 

  
 
Figure 18 - Caging and decaging at various protein concentrations analysed using HEK-Blue IL-1β cells. 

IL-1β-LPETGG was caged at either 0.1 mg/mL (5.0 μM) or 1.0 mg/mL (50 μM) with 0.7 mM or 70 mM 1, 

respectively, for 24 hours at 10°C in 20 mM HEPES pH 8 following decaging on cells Maximal signal was obtained 

by treating IL-1β-LPETGG with 0 mM 1 (-). Significances were determined relative to the caged samples (+ NHS-

TCO, - (2PyrH)2Tz) (N=3). Bright colours indicate DMSO only samples and pastels the tetrazine treated samples. 

Colour groups indicate different conditions with respective DMSO controls. Data were plotted as mean signal ± 

SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
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Optimisation of coupling reaction between IL-1β-LPETGG and VHH-CD11c-SIINFEKL 

by sortase A 

Having shown that cytokine activity could be controlled using click-to-release chemistry, 

the sortase-mediated coupling reaction of the nanobody to the cytokine was optimised 

next. First, the coupling of unmodified IL-1β-LPETGG was optimised, before moving to 

the coupling of the TCO-protected cytokine. 

 

The initial reaction was performed in 50 mM Tris/150 mM NaCl/10% glycerol pH 7.5 for 1 

hour at 37°C using equal equivalents of both IL-1β-LPETGG (19.7 kDa) and VHH-CD11c-

SIINFEKL (15 kDa 4 μM each) and 0.75 equivalents of sortase A (3 μM). If successful, the 

ligation reaction should form a 35 kDa product. A persistent intermediate, in which IL-1β-

LPETGG is coupled to sortase A via an ester linkage, could potentially also form and 

would be 38 kDa in size. An SDS-PAGE analysis of the reaction mixture (Figure 19A) 

confirmed the formation of this product with a new band at the height of the expected 

product (red arrow). To confirm this was indeed the case, a Western blot was performed 

using an IL-1β-specific antibody (Figure 19B). This blot showed an additional band at 

about 38 kDa in which the nanobody was absent (green arrow), suggesting the formation 

of the intermediate product. None of this product was present in the actual reaction 

mixture. Both the coomassie staining and the Western blot showed additional bands at 

molecular weights lower then IL-1β-LPETGG or sortase A, even in the absence of the 

nanobody. Further research into these proteins was not performed. The assumption was 

made that these bands originated from hydrolysis of the bond formed between sortase A 

and IL-1β-LPETGG in the absence of the nanobody. This removes the C-terminal 6His-tag 

and the terminal glycines of IL-1β-LPETGG, thereby reducing its molecular mass.  

 

Despite this early promising result, the reaction was optimised to improve the yield. 

Various amounts and ratios of starting materials were assessed, as well as the reaction 

time and the reaction volume (Supplementary Figure S5A-C and Figure S6).  
 

Increasing the amount of sortase relative to the IL-1β-LPETGG and VHH-CD11c-SIINFEKL 

resulted in lower product yield (Supplementary Figure S5A), perhaps due to 

background hydrolysis by sortase A.72 Increasing the reaction time from 1 hour to 2 or 3 

hours also reduced product formation. When the reaction time was shortened to 15 min 

or 1 min, the product yield improved (Supplementary Figure S5B-C). This was most 

likely due to the fact that sortase A can also hydrolyse the formed bonds between the 

nanobody and the IL-1β-LPETGG. Similar to Figure 19 these figures also show the 

presence of addition low-molecular weight proteins when both sortase A and IL-1β are 

present, probably indicating the presence of hydrolysis products. These optimisations 

combined led to an optimised coupling protocol in which the cytokine was present in 4 

μM, the nanobody in 8 μM, all with 3 μM of sortase and left to react for 15 minutes 

(Supplementary Figure S6). This still did not lead to a complete reaction, but gave 

sufficient yields for further experiments.  
 

These conditions were then used to ligate the caged cytokine to the anti-CD11c 

nanobody. Therefore, IL-1β-LPETGG (5.0 μM) was caged using 3.5 mM NHS-TCO and the 

caged product was coupled to VHH-CD11c-SIINFEKL by sortase A using the optimal 

conditions found in Supplementary Figure S6. The red arrow indicated the 35 kDa 

product formed between caged IL-1β-LPETGG and VHH-CD11c-SIINFEKL, which was only 
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formed when both substrates and sortase A were present. The green arrow highlighted 

the intermediate (38 kDa) formed between sortase A and caged IL-1β-LPETGG in the 

absence of VHH-CD11c-SIINFEKL. Finally, the dark blue arrow indicates the presence of 

uncoupled caged IL-1β-LPETGG. Product formation was assessed with IL-1β-specific 

Western blot (Figure 20C) and, for the TCO-modified products, by reaction with the 

slow-eliminating tetrazine-BODIPY-TMR (unpublished data, thesis Alexi Sarris) (Figure 

20A, 8). This latter experiment indeed confirmed the presence of TCO-modified 

compound in the 35 kDa and 38 kDa bands.   

 

 
 
Figure 19 - Sortase reaction with IL-1β-LPETGG and VHH-CD11c-SIINFEKL analysed by SDS-PAGE and 

Western blot. 

Sortase A recognizes the C-terminal LPETGG-sequence of IL-1β, cleaves between the tyrosine and the glycine and 

couples it to the N-terminal polyglycine tail of the VHH-CD11c-SIINFEKL nanobody. A) SDS-PAGE analysis with 

coomassie staining shows a product of 35 kDa (red arrow). B) Western blot with anti-IL-1β of the same gel, 

showing the intermediate product at 38 kDa which is the coupling of sortase A to IL-1β-LPETGG (green arrow) as 

well as the final product at 35 kDa (red arrow).   
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Figure 20 - Sortase reaction with caged IL-1β-LPETGG and VHH-CD11c-SIINFEKL analysed using tetrazine-

BODIPY-TMR and Western blot. 

IL-1β-LPETGG (5.0 μM) was first caged using 3.5 mM NHS-TCO and then coupled to VHH-CD11c-SIINFEKL using 

sortase A. Tetrazine-BODIPY-TMR (A) was used for B) visualisation by fluorescence (settings: excitation 532 

nm/emission 570 nm) of caged IL-1β-LPETGG. Non-coupled IL-1β-LPETGG was indicated with the blue arrow, 

sortase-coupled IL-1β-LPETGG was indicated with a green arrow and product formation was indicated with the red 

arrow. C) Western blot using an IL-1β-specific antibody shows that coupling between IL-1β-LPETGG and VHH-

CD11c-SIINFEKL took place (red arrows). Tetrazine-BODIPY-TMR was kindly provided by Alexi Sarris.  
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The initial optimisation of the deprotection reaction was performed with the crude 

product mixtures of the above reactions. For this the construct of IL-1β-VHH-CD11c-

SIINFEKL was formed by caging IL-1β-LPETGG with either 3.5 mM, 2.1 mM, or 0.7 mM 

NHS-TCO following ligation to the nanobody. The crude reaction mixtures were then 

added to HEK-Blue IL-1β cells and the activity measured. The three constructs showed 

residual IL-1R-binding activity of 2%, 5% and 16%, respectively (Figure 21A-C). As for the 

unligated product, major differences were observed in the deprotection of these 

constructs. The maximum recovery of the highly caged construct (Figure 21A) could not 

be increased over 20% of the activity of the parent molecule with (2PyrH)2Tz. The 

constructs modified with 2.1 mM TCO and 0.7 mM TCO could be fully reactivated with 

this tetrazine (Figure 21B-C, respectively).  
 

 
 
Figure 21 - Decaging optimisation of IL-1β-VHH-CD11c-SIINFEKL using HEK-Blue IL-1β cells. 

The reactivation of IL-1β-VHH-CD11c-SIINFEKL (5.0 μM), caged under various conditions, by 7 was analysed on 

HEK-Blue IL-1β cells. Caging was performed before coupling to VHH-CD11c-SIINFEKL, in 20 mM HEPES pH 8 for A) 

protection with 3.5 mM 1 (for 1 hour at 37°C) (N=3);  B) 2.1 mM 1 (for 1 hour at 37°C) (N=5); C) 0.7 mM 1 (for 24 

hours at 10°C) (N=5). Bright colours indicate DMSO only samples and pastels the tetrazine treated samples. Data 

were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** P<0.001; **** 

P<0.0001; ns is non-significant. 
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The above experiments were performed on crude mixtures. Next the purification was 

attempted using size exclusion chromatography. Unfortunately, this method 

(Supplementary Figure S7A-D) resulted in low product yields and the co-elution of 

unreacted nanobody. This co-elution was most likely caused by the absence of salts. As a 

result, the immunocytokine seeks to interact with other molecules, like the excess of 

nanobody present, for stabilization, forming non-covalent interactions. Therefore, further 

purification of these constructs remains to be further investigated. Strategies that could 

be followed are the addition of (more) salt to minimize the non-covalent interactions of 

the caged immunocytokine with the unreacted nanobody and the increase of the 

reaction scale by increasing the immunocytokine concentration.  

 

Conclusion 
This chapter presented the initial results to demonstrate the applicability of click-to-

release chemistry in reducing the toxicity of the cytokine IL-1β. Upon treatment with 

NHS-TCO ester at a low temperature (10°C) for extend period of time (24 hours), IL-1β 

and its sortagble variant IL-1β-LPETGG lost their ability to bind IL-1R. Following 

treatment with (2PyrH)2Tz at 37°C for 18 hours, activity of IL-1β and IL-1β-LPETGG was 

restored. This could be extended to large scale caging and decaging reactions. Coupling 

of caged IL-1β-LPETGG to an anti-CD11c nanobody (VHH-CD11c-SIINFEKL) using sortase 

A proved to be possible. The purification of this conjugate was established in low yields 

and therefore demands for further optimisation.  
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Materials & Methods 
General reagents 

All donor vectors (unless mentioned differently) were purchased from GenScript and 

primers were ordered at Sigma-Aldrich. All restriction enzymes, polymerases and ligases 

were purchased from Thermo Fisher Scientific. Benzonase was purchased from Santa 

Cruz Biotechnology. Sodium deoxycholate monohydrate (CAS:302-95-4) and 

phenylmethanesulfonyl fluoride (PMSF, CAS:329-98-6) were purchased from Sigma-

Aldrich. Rabbit anti-6*His (Item No. 600-401-392) was purchased from Rockland and 

mouse anti-rabbit IgG-HRP (Catalog #sc-2357) was purchased from Santa Cruz 

Biotechnology. DMEM, L-glutamine, streptomycin and penicillin were purchased from 

Sigma-Aldrich. QUANTI-Blue (#rep-qbs) and zeocin were purchased from InvivoGen.  

 

Construct formation 

NheI restricted (1x Tango Buffer, 10U NheI) pcDNA3.1+/C-(K)DYK_IL1β (Clone ID: 

OMu23150D, assession version: NM_008361.4) was used as template for IL-1β 

amplification by PCR (GC Green Buffer, 0.2 mM dNTPs, 0.1 µM of each primer, 50 ng 

restricted vector, 2U Phusion polymerase) using primers of Table 2. IL-1β fragments were 

restricted in a two-step protocol with Esp3I/XhoI (IL-1β) or Esp3I/EcoRI (IL-1β-LPETGG), 

respectively and ligated into NcoI/XhoI (IL-1β) or NcoI/EcoRI (IL-1β-LPETGG) restricted 

pET28a vector behind the T7 promoter using T4 DNA Ligase (5U). Ligation products were 

transformed into E. coli XL10 via heat shock (42°C, 45 seconds) and SOC-medium 

recovery followed by growth on kanamycin (50 µg/mL) containing LB-agar plates at 37°C. 

 
Table 2 - Primer overview. 

Primer Nr.  Construct Sequence 5’→ 3’ 

1 IL-1β TATACCATGGTTCCCATTAGACAACTG 

2 AATGCTCGAGTTAGGAAGACACGGA 

3 IL-1β-LPETGG-6His AAAACGTCTCCCATGGTTCCCATTAGACAA 

4 CCGGAATTCGGAAGACACGGATTC 

 

Cytokine expression and isolation 

Cytokine constructs isolated from E. coli XL10 using QIAprep Spin Miniprep Kit were used 

to transform calcium competent E. coli ArcticExpress (DE3) RP using heat shock (42°C, 45 

seconds) and SOC-medium recovery. Colonies were used to inoculate LB-medium 

containing kanamycin (50 µg/mL) for overnight growth at 37°C, 170 rpm. Overnight 

culture was diluted 100 times and grown at 37°C, 170 rpm until optical density at 600 nm 

(OD600) of 0.6 was reached, after which protein expression was induced with addition of 

0.5 mM IPTG. Expression took place for 48-72 hours at 10°C, 140 rpm whereafter the 

bacteria were harvested by centrifugation (30 minutes, 3400g at 4°C).  
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Per 500 mL bacterial culture, 10 mL lysis buffer (50 mM Tris Cl pH 8.0, 25% (w/v) sucrose, 

1 mM EDTA, 1 mM PMSF, 2 mM DTT) was applied with 0.4 mg/mL lysozyme. Incubation 

while gently mixing for 30 minutes at 4°C was followed by adding 10 mM MgCl2, 1 mM 

MnCl2 and 10U benzonase and 30 minutes incubation at 4°C. The lysate was sonicated 

(Vibra-cellTM VCX130) for 30 seconds with 5 second pulses with 20% amplitude and 10 

second intervals. The lysate was diluted three times with detergent buffer (0.2 M NaCl, 

1% (w/v) sodium deoxycholate monohydrate, 1% octylphenoxypolyethoxyethanol  

(Igepal), 20 mM Tris Cl pH 7.5, 2 mM EDTA, 0.02 mM PMSF, 0.04 mM DTT), incubated for 

30 minutes on ice and centrifuged for 20 minutes at 14000g, 4°C to collect the 

supernatant.  

 

Cytokine purification 

IL-1β containing lysate was diluted 10 times in 20 mM MES pH 6, incubated overnight at 

4°C and centrifuged (10 minutes, 1000g, 4°C). The supernatant was loaded (1 mL/min) 

onto a HiTrap CM sepharose FF column (GE Healthcare Life Sciences) coupled to an ÄKTA 

Start System (GE Healthcare Life Sciences) and the protein was eluted using 0-500 mM 

NaCl in 20 mM MES pH 6. Protein containing fractions were combined, concentrated and 

buffer exchanged to 20 mM HEPES pH 8 using Amicon® Ultra-15 Centrifugal Filters 3K 

(MERCK #UFC900324). Yields were obtained between 0.5-1.5 mg/mL.   
 

IL-1β-LPETGG containing lysate was first loaded (4 mL/min) onto a HisTrapTM (GE 

Healthcare Life Sciences) where after the protein was eluted using 0-250 mM imidazole 

in PBS. IL-1β-LPETGG containing fractions were combined, concentrated and buffer 

exchanged to 20 mM HEPES pH 8 using Amicon® Ultra-15 Centrifugal Filters 3K. Yields 

were obtained between 0.5-1.5 mg/mL. 

 

Sortase A and VHH-CD11c-SIINFEKL expression and purification 

Sortase A and VHH-CD11c-SIINFEKL were expressed and purified as has been described 

before.58
 Briefly, the vector pET28aSrtA∆59 (kindly provided by Dr. Martijn Verdoes of 

Radboud UMC, #51138 AddGene) was transformed into E. coli Rosetta-gami 2 (DE3) via 

heat shock (42°C, 45 seconds) and SOC-medium recovery. Colonies were grown on 

kanamycin (50 µg/mL) containing LB-agar plates at 37°C. Colonies were used to inoculate 

LB-medium containing kanamycin (50 µg/mL) for overnight growth at 37°C, 170 rpm, 

which was then diluted 50 times in LB-medium and grown at 30°C, 140 rpm until 

OD600~0.5-0.6. Expression was induced with 1 mM IPTG and took place at 25°C, 140 rpm 

for 20 hours whereafter the culture was centrifuged for 25 minutes at 3400g, 4°C. The 

resulting pellet was dissolved in 1/10 culture volume nickel binding buffer (50 mM Tris 

pH 7.5, 150 mM NaCl at room temperature) and centrifuged again. The resulting pellet 

was stored at -20°C overnight. 
 

Per 500 mL bacterial culture 10 mL ice cold lysis buffer (50 mM Tris pH 7.4 (4°C), 150 mM 

NaCl, 5 mM MgCl2, 10 mM imidazole, 10% (v/v) glycerol, 1 mg/mL lysozyme, 10U 

benzonase) was used to dissolve the cell pellet after which the suspension was sonicated 

on ice for 90 seconds with 30 seconds on/off pulses of 30% amplitude (vibra-cellTM 

VCX130 of Sonics). The culture was centrifuged (20 minutes, 10 000g at 4°C) and the 

supernatant was passed through a 0.2 µm filter and diluted once in wash buffer (50 mM 

Tris pH 7.5 (4°C), 150 mM NaCl, 5 mM MgCl2, 10 mM imidazole, 10% (v/v) glycerol) which 

was then loaded onto 50% HisPurTM Ni-NTA Resin (Thermo Fischer Scientific #88222) and 
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incubated for 1 hour, gently mixing at 4°C. Proteins were eluted using 50-500 mM 

imidazole in storage buffer (50 mM Tris pH 7.5 (4°C), 150 mM NaCl, 10% (v/v) glycerol). 

Protein containing fractions were combined and buffer exchanged to storage buffer 

using Amicon® Ultra-15 Centrifugal Filters 10K (MERCK UFC901024) filters. Proteins were 

stored at -80°C.  
 

The pET22b-vector encoding VHH-CD11c-SIINFEKL (kindly provided by Dr. Martijn 

Verdoes of Radboud UMC) was transformed into E. coli BL21 (DE3) pLysS similar as for 

sortase A described above. Instead of containing kanamycin, ampicillin (250 µg/mL) and 

chloramphenicol (25 µg/mL) were used to select for transformed bacteria. VHH-CD11c-

SIINFEKL expression and purification were performed as for sortase A.  

 

Western blot 

Denaturing acrylamide gels (SDS-PAGEs) were blotted onto 0.2 μm PVDF membranes 

(Trans-Blot Turbo Transfer Pack, midi format, single application of Bio-Rad) using the 

Turbo Trans Blot System (Bio-Rad). Blots were developed using luminol solution (25% 

(w/v) luminol in 0.1 M Tris pH 8.8), 100x diluted enhancer (1.1 mg/mL p-coumaric acid in 

DMSO) and H2O2.  

 

6His-specific blot 

Blots were washed 10 minutes and 3 times 5 minutes with TBS and TBST (1x TBS pH 7.5; 

0.1% Tween-20), respectively before blocking with 5% milk in TBST overnight at 4°C. 

Washing with TBST was followed with rabbit anti-6*His incubation (1:1000) in blocking 

buffer for 3 hours at room temperature. Another three 5 minutes washes with TBST were 

followed by addition of mouse anti-rabbit IgG-HRP (1:4000) and incubation for 2 hours 

at room temperature. The blots were washed 3 times 5 minutes and 10 minutes with 

TBST and TBS, respectively before development with luminol.  

 

Cytokine specific blot 

Blots were washed with PBS and PBST (1x PBS pH 7.4, 0.5% Tween-80). Blocking was 

performed with 0.2% BSA in PBST. The primary antibody used was biotin-conjugate anti-

mouse IL-1 beta (1:1000, #88-7013-88, Thermo Fisher Scientific). Strep-Tactin® HRP 

conjugate (1:100000, #2-1502-001, IBA solutions) was used as a secondary antibody.  

 

Blots were imaged with the ChemiDocTM MP Imaging System of Bio-Rad with setting 

chemiluminescence, Cy3 and Cy5 and analysed using ImageLab Software version 4.1. 

 

Caging and decaging procedure  

Caging 

Caging was performed in 20 mM HEPES pH 8 at 10°C, 800 rpm for 24 hours. An excess of 

10 molar equivalents 2-AX-NHS-TCO (kindly provided by Mark de Geus) was used per 

lysine in IL-1β or IL-1β-LPETGG-6His. Protein concentrations were determined using the 

QubitTM Protein assay kit on the Qubit® 2.0 Fluorometer of Invitrogen (Life 

Technologies). Caging was visualised by using 0.6 µM Tetrazine Bodipy-TMR Sol2 (kindly 

provided by Alexi Sarris) incubating for 30 minutes at 25°C, 800 rpm. Gels were analysed 

using ChemiDocTM MP Imaging System of Bio-Rad and ImageLab Software version 4.1. 
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Decaging – ELISA 

Decaging was performed in 20 mM HEPES pH 8 with 2.5 mM (2PyrH)2Tz and 5.7 μM IL-1β 

caged with various amounts of NHS-TCO. Decaging was performed at 37°C, 300 rpm for 

1 hour.  

 

Decaging – HEK-Blue IL-1β 

Decaging was performed in complete medium in well with 5-25 μM (2PyrH)2Tz (kindly 

provided by Prof. Dr. Hannes Mikula) on cells at 37°C overnight.  

 

Sortase A reaction 

VHH-CD11c-SIINFEKL coupling 

VHH-CD11c-SIINFEKL was produced with a N-terminal thrombin cleavage site protecting 

the polyglycine N-terminus. Using the 25x diluted thrombin (Merck #69671-3) with 10 µg 

protein in 50 µL total volume released the N-terminal polyglycine tail. Caging took place 

prior to the reaction with sortase and nanobody. Sortase reaction was performed with 4 

µM IL-1β-LPETGG-6His, 3 µM sortase A, 8-10 µM VHH-CD11c-SIINFEKL in sortase buffer 

(50 mM Tris pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 4°C) supplemented with 1 mM 

CaCl2. Incubation took place for 15 minutes at 37°C, 300 rpm.  

 

Purification IL-1β-VHH-FR-SIINFEKL 

Coupled protein was concentrated to a final volume of maximal 500 μL before loading 

onto a SuperdexTM 75 increase 10/300 GL column connected to ÄKTA start system, 

equilibrated with 20 mM HEPES pH 8. Fractions of 500 μL IL-1β-VHH-CD11c-SIINFEKL 

were separated from the starting materials. Fraction analysis was performed using SDS-

PAGE with coomassie staining. Pure fractions were combined and stored at -80°C.  

 

ESI LC-MS experiments 

Liquid chromatography-mass spectrometry analysis (LC-MS) was performed to study the 

caged lysine residues. Instruments Nanoacquity UPLC system (Waters) and Synapt G2Si 

mass spectrometer (Waters) were used and operated with Masslynx for acquisistion and 

Ent3 software for polymer envelope signal deconvolution. Acquity UPLC M-class 300 μm 

x 50 mm column (Waters), packed with BEH C4 material of 1.7 μm diameter and 300 Å 

pore size particles was used as stationary phase. All materials used for mobile phase were 

of ULC-MS grade quality and were purchased from Biosolve or Sigma-Aldrich. Mobile 

phase A was 0.1% formic acid (FA) in ultrapure water and mobile phase B was 0.1% 

formic acid in acetonitrile (ACN). Caged samples (described above) were filtered using 

ZebaTM Spin Desalting columns, 7K MWCO, 0.5 mL (Thermo Fischer Scientific) 

equilibrated first three times with 10 mM ammonium acetate  pH 6 (1 minute at 1500g) 

before loading the caged sample (2 minutes at 1500g). Approximately 5 μL of the sample 

was injected on the column followed by elution with a 10-90% mobile phase B gradient 

within 20 minutes ending with 10 minutes equilibration to 10% B at a flow of 2 μL/min. 

Ionization was executed with electro-spray ionization (ESI) via Nano-spray source with ESI 

emitters (New Objectives) fused silica tubing 360 μm OD x 25 μm ID tapered to 5 ± 0.5 

μm (5 nL/cm void volume). Source temperature of 80°C, capillary voltage of 4.5 kV, nano 

flow gas of 0.25 bar, purge gas of 250 L/h, trap gas flow of 2.0 mL/min, cone gas of 100 

L/h , sampling cone of 25 V, source offset of 25 , trap CE of 32 V, scan time of 3.0 sec, 
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mass range of 400-2400 m/z settings were using in positive mode. Lock mass acquiring 

was done with a mixture of Leu Enk (556.2771) and Glu Fib (785.84265), lockspray voltage 

of 3.5 kV, Glufib fragmentation was used as calibrant. Charge state envelopes were 

analysed and deconvoluted with the MaxEnt 1 software. LC-MS analysis was performed 

with help of Dr. B. I. Florea. Only the amount of cages present could be determined, the 

exact location of each cage remained unknown.  

 

ELISA assay 

Uncoated ELISA kit for IL-1β (#88-7013-88) was from Invitrogen. The assays were 

performed using 96-wells microplate half area high binding (#675061, Greiner Bio-one). 

Assay was performed according to the manufactures protocol with the following 

adaptations. Both antibodies and streptavidin-HRP were applied in 25 µL per well and 

blocking was performed with 100 µL per well. Samples were applied in 30 µL (80-1000 

pg/mL for IL-1β or IL-1β-LPETGG per well. Final substrate was supplied in 25 µL per well 

and the enzymatic reaction was stopped with 12.5 µL per well. Absorbance at 450 nm 

was measured with the Bio-Rad iMarkTM Microplate Reader. 

 

Cell culture 

RAW-Blue 

RAW-BlueTM (cat. raw-sp, InvivoGen) were maintained in Dulbecco’s Modified Eagle’s 

Medium – high glucose (DMEM-high glucose, #D6546-500ML) supplemented with 2 mM 

L-glutamine, 10% (v/v) heat-inactivated fetal calf serum, 100 IU/mL penicillin and 50 

µg/mL streptomycin at 37°C, 5% CO2. Every other passage (300 000 cells/mL in T75) 200 

µg/mL zeocin was added for selection.  

 

HEK-Blue IL-1β 

HEK-BLUETM IL-1β (cat. Hkb-il1bv2, InvivoGen) were maintained in Dulbecco’s Modified 

Eagle’s Medium – high glucose (DMEM-high glucose, #D6546-500ML) supplemented 

with 2 mM L-glutamine, 10% (v/v) heat-inactivated fetal calf serum, 100 IU/mL penicillin 

and 50 μg/mL streptomycin at 37°C, 5% CO2. Every other passage (130 000 cells/mL in 

T75) 200 μg/mL zeocin was added for selection.  

 

RAW-Blue assay 

RAW-Blue cells were seeded at 50 000 cells/well in a 96-wells flat bottom plate, in growth 

medium without zeocin and incubated for 18-24 hours at 37°C, 5% CO2. Samples were 

prepared 10 times concentrated in a separate 96-wells plate. The medium of the cells 

was replaced with 90 µL fresh medium and 10 µL sample reaching a final cytokine 

concentration of 15-1000 ng/mL. Cells were incubated for 18-20 hours at 37°C, 5% CO2, 

centrifuged (2 minutes, 1000g at room temperature) and the 20 µL supernatant was 

incubated with 180 µL QUANTI-Blue in a new 96-wells plate at 37°C for 30 minutes to 6 

hours. Absorbance at 655 nm was measured using the Bio-Rad iMARK Microplate reader. 
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HEK-BLUE IL-1β assay 

Protein samples were prepared 4 times concentrated in a separate 96-wells plate of 

which 50 μL per well was transferred to the assay plate. HEK-BLUE IL-1β cells were 

seeded at 45 000 cells/well in 150 μL medium. The final protein concentration ranged 

15.6 – 1000 ng/mL. Cells were incubated for 18-20 hours at 37°C, 5% CO2 whereafter 20 

μL supernatant was added to 180 μL QUANTI-Blue in a new 96-wells plate and incubated 

at 37°C for 30 minutes – 3 hours. Absorbance at 655 nm was measured using the Bio-Rad 

iMARK Microplate reader. 

 

Statistical analysis 
All data were normalized using Microsoft Excel. All data are reported as mean ± SD of 

n=3-7 independent experiments. Statistical analysis were carried out using R 4.1.0 (R 

Core Team, 2021), the base, graphics, methods, stats, utils, and ggplot2 packages. 

Parametric tests, one-way ANOVA, or Brown-Forsythe ANOVA tests were used for data 

with normal distribution, based on the homoscedasticity of the data, verified with 

Bartlett’s test. If the omnibus test had a p<0.05, unpaired t-test with or without Welch’s 

correction (Welch's correction applied to different SD pairs) post hoc tests were 

performed based on the F-test. For data not normally distributed, non-parametrical 

Kruskal–Wallis comparisons were carried out with Mann-Whitney post hoc comparisons 

test. Results were considered significant when p<0.05. Graphs were made using 

GraphPad Prism 8.4.3. Statistical analyses were performed with assistance of Dr. Diana Torres 
García.  
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Supplementary figures 

Expression IL-1β, IL-1β-LPETGG, sortase A and VHH-CD11c-SIINFEKL 
 

 
 

Figure S1 - Bacterial expression of IL-1β, IL-1β-LPETGG, sortase A and VHH-CD11c-SIINFEKL upon IPTG 

induction. 

SDS-PAGE analysis of IPTG induced expression of A) IL-1β (~17 kDa), B) IL-1β-LPETGG-6His (~19 kDa) by E. coli 

ArcticExpress (DE3) RP, C) Sortase A (~19 kDa) and D) anti-CD11c or VHH-CD11c-SIINFEKL (~15 kDa), by E. coli 

Rosetta-gami 2 (DE3) and E. coli BL21 (DE3) pLysS, respectively. The expressed proteins are highlighted by the red 

arrows at the respective gels.  
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Optimisation caging condition IL-1β-LPETGG 
 

 
 
Figure S2 - Analysis of IL-1β-LPETGG activity relative to IL-1β activity using ELISA and HEK-Blue IL-1β 

assays. The activity and folding of IL-1β and IL-1β-LPETGG were compared by A) ELISA (N=3) and B) HEK-Blue IL-

1β cells (N=4). Caging was performed at 5.7 μM IL-1β or 5.0 μM IL-1β-LPETGG with 4.0 mM or 8.0 mM 1 and 3.5 

mM or 7.1 mM 1, respectively, in 20 mM HEPES pH 8 for 1 hour at 37°C. Bright colours indicate DMSO only 

samples and pastels the TCO-treated samples. Colour groups indicate different conditions with respective DMSO 

controls. For (B) the maximal signal was obtained by adding DMSO. Caging conditions were compared to DMSO 

control (0 mM 1). In general, IL-1β and IL-1β-LPETGG behave similarly in the ELISA format also under caging 

conditions and caging improved when the NHS-TCO concentration increased. Receptor binding differed between 

the two IL-1β variants. Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** 

P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
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Figure S3 - Caging optimisation of IL-1β-LPETGG analysed using various assays. 

Various concentrations of 1 for IL-1β-LPETGG were analysed by A) ELISA (N=3), B) RAW-Blue cells (N=9) and C) 

HEK-Blue IL-1β cells (N=3). Caging was performed at 5.0 μM IL-1β-LPETGG with various concentrations of 1 in 20 

mM HEPES pH 8 for 1 hour at 37°C (A,B,C). The maximal signal was obtained by addition of DMSO. The activity of 

IL-1β-LPETGG incubated with 3.5 mM 1 for D) various periods of time (h) (N=5) or at E) different temperatures (°C) 

(N=3) was assessed on stimulated HEK-Blue IL-1β. Bright colours indicate DMSO only samples and pastels the 

TCO-treated samples. Colour groups indicate different conditions with respective DMSO controls. In general, IL-

1β-LPETGG became inactive with higher concentrations of NHS-TCO at various temperatures when incubated for 1 

hour. Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05; ** P<0.01; *** 

P<0.001; **** P<0.0001; ns is non-significant. 
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Figure S4 - Distribution amount of caged lysines in IL-1β-LPETGG, caged with different amounts of NHS-

TCO analysed by ESI LC-MS. 
The amount of caged lysine residues of IL-1β-LPETGG (10 μM) treated with A) 1.6 mM, B) 8.0 mM and C) 16 mM 

NHS-TCO determined using ESI LC-MS. IL-1β-LPETGG was caged in 20 mM HEPES pH 8 for 1 hour at 37°C, 

following buffer exchange using ZebaTM Spin Desalting columns to 10 mM ammonium acetate pH 6. In general the 

more NHS-TCO was added, the more caged lysines were present. These are normalized data to the total amount 

of lysines present. 
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Optimisation sortase A-mediated coupling of IL-1β-LPETGG with VHH-

CD11c-SIINFEKL and purification of the conjugate 

 

 
 
Figure S5 - Sortase reaction with IL-1β-LPETGG and VHH-CD11c-SIINFEKL analysed by SDS-PAGE. 

Sortase A reaction with IL-1β-LPETGG (19.7 kDa) and VHH-CD11c-SIINFEKL (15 kDa) was optimised and analysed 

using SDS-PAGE. The reaction was performed in 50 mM Tris pH 7.5/150 mM NaCl/10% (v/v) glycerol 

supplemented with 1 mM CaCl2.  A) Component concentrations and ratios, B) incubation time of the reaction and 

C) reaction volume were analysed. Using 2-3 times more VHH-CD11c-SIINFEKL compared to IL-1β (A) resulted in 

increased product formation (red arrows). Decreasing the incubation time to 1-15 minutes (B) and increasing 

reaction volume up until 300 μL (C) resulted in increased product formation.  
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Figure S6 - Sortase A reaction optimisation of reaction volume and time. 

Sortase A (3 μM) reaction with IL-1β-LPETGG (19.7 kDa, 4 μM) and VHH-CD11c-SIINFEKL (15 kDa, 8 μM) was 

optimised and analysed using SDS-PAGE. The reaction was performed in 50 mM Tris pH 7.5/150 mM NaCl/10% 

(v/v) glycerol supplemented with 1 mM CaCl2.  Both reaction time and reaction volume were optimised. Maximal 

product formation was realized with 15 minutes reaction time in 100-300 μL reaction volume.  
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Introduction 
In 1893 Coley observed the striking phenomenon that tumours in cancer patients could 

shrink, and even disappear, when they suffered bacterial infections.1 This brought him to 

develop Coley’s toxin, a mixture of bacterial extracts that he successfully used for the 

treatment of sarcoma.1 This was initially dismissed as quackery, but over the following 

century his results were increasingly vindicated. The observation that it was actually the 

immune system, activated by these bacteria, that caused the tumour shrinkage, was one 

of the key discoveries.2,3 The key immunological mediator of this phenomenon turned out 

to be tumour necrosis factor-alpha (TNF-α), a key pro-inflammatory cytokine released 

during the early phase of the immune response.4,5 Later studies showed that TNF-α has 

complex functionality, having both pro-survival and cell death inducing functionalities 

(Figure 1).6 
 

 
 

Figure 1 - Signalling pathways activated upon TNF-α binding to either TNFR1 or TNFR2. 

Upon binding of TNF-α to either TNFR1 or TNFR2, different processes are initiated: cell death by either apoptosis or 

necrosis, survival, inflammation, cell differentiation or proliferation. Cascades involving ubiquitination and 

phosphorylation among others, communicate to get a certain response. Figure was adapted from Jang et al..6 TNFR: 

tumour necrosis factor receptor; TRADD: TNF receptor-associated death domain; TRAF: TNFR-associated factor; RIPK: 

receptor-interacting serine/threonine protein kinase; cIAP: cellular inhibitor of apoptosis protein; LUBAC: linear 

ubiquitin chain assembly complex; NF-κB: nuclear factor kinase B; MAPKs: mitogen-activated protein kinases; MLKL: 

mixed lineage kinase domain-like protein; AKT: protein kinase B.  
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TNF-α itself displayed a potent anti-tumour effect. Its infusion into a tumour led to visible 

tumour shrinkage in animal models.7–9 This striking observation led to its extensive pursuit 

as an anti-cancer therapy.10–14 The first studies using it as a treatment modality, employed 

a systemic administration strategy of 1x105 units/m2 to 16x105 units/m2. This resulted in 

such severe side-effects that the trial had to be abandoned.10,11 Later studies used direct 

intra-tumoral administration12 or isolated limp perfusion13,14 to circumvent these systemic 

adverse effects. Some clinical efficacy was observed in late stage melanoma or soft tissue 

sarcoma, but results remained inconsistent15–17, due to the therapeutic window being too 

small.11,18,19 The main reason is its severe side-effect profile. Within minutes of 

administration, side-effects such as fever, hypertension, eosinophilia, and monocytosis can 

be observed.19 In addition, renal impairment and abnormal liver enzyme activities are also 

observed.20 Harnessing the power of TNF to broaden its therapeutic window would 

therefore be of great clinical benefit.  

 

Much effort has gone into increasing the therapeutic window of TNF-α. This has been  

done, for example, by adding targeting motifs, such as the integrin-binding peptide Asn-

Gly-Arg (NGR), which targets TNF-α to the tumour micro-environment (TME).21 

Alternatively, radiation was used to a protected form of TNF-α.21,22 This method is based 

on tumour targeting by an adenovirus encoded TNF-α. The cDNA of TNF-α was fused to 

the early growth response protein 1 (Egr-1) promoter.22 This promoter is activated upon 

ionizing radiation23, inducing the transcription of whatever gene that is controlling. 

Therefore, TNF-α encoded on this adenovirus, which targets the tumour micro-

environment, is only transcribed and therefore active, when the tumour is radiated.  

Unfortunately, none of these approaches improved survival rates while adverse side-effects 

remained.  
 

The most promising avenue for targeting TNF has been its incorporation into 

immunocytokine (IC).24–27 Here, TNF-α is coupled to an antibody reagent targeting a 

feature of the tumour. These have been extensively explored over the last two 

decades24,28,29, leading to the development of a clinical candidate, L19-TNF-α.24 L19-TNF-

α is TNF-α coupled to the an antibody (L19) which targets the extra-domain B of 

fibronectin which is present on newly formed blood vessels of the tumour’s 

neovasculature.30 Pre-clinical data evaluation of this compound in glioma showed that 

mice treated with L19-TNFα gave a 50% decrease in tumour volume and a 20% survival 

rate after 60 days compared to the L19-only treated control group where tumour 

regression was not observed and all mice died within 21 days. The cured animals were also 

shown to be protected from recurring tumours.31 This immunocytokine was also tested in 

a phase I trial of six patients with treatment-refractive glioblastoma. This small trial resulted 

in stabilisation of disease for three patients after the third infusion of L19-TNFα, probably 

as a result of increased invasion of CD4+ and CD8+ T-cells in the tumour, together with 

increasing tumour necrosis, suggesting its therapeutic potential for this very hard-to-treat 

cancer. Combination therapy of L19-TNFα with L19-IL2 has yielded an even more 

spectacular result: a complete response in 1 of 20 patients (5%), a partial response in 10 of 

20 patients (50%), and stable disease in 5 of 20 patients (20%) suffering from refractive 

sarcoma. Additionally, 7 of 13 untreated lesions present on these patients showed a 

complete response as a bystander effect.32 Despite these promising results, the therapeutic 

window of TNF, even in an immunocytokine, remains too small. On-target off-tumour 
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toxicity remained a problem and further opening the therapeutic window would likely yield 

improved clinical benefits.  

 

As in Chapter 2 of this work, the aim in this chapter was to develop a new chemical 

approach to inactivate TNF-α to allow its reactivation at a tumour site. Again, the choice 

was made to use click-to-release chemistry for this, in which lysines of the cytokine are 

modified with an NHS-ester of trans-cyclooctene (TCO) to deactivate it. This TCO can then 

be removed with a tetrazine trigger33–35 (Figure 2). Compared to IL-1β this is more 

complex, as no lysines are involved in receptor binding or trimer formation, adding to the 

challenge of caging this cytokine. 
 

 
Figure 2 - Overview scheme of inactivating (caging) and reactivating (decaging) trimeric mTNF-α using click-

to-release chemistry. 

A) The free amines in trimeric mTNF-α react with NHS-TCO ester, binding the cyclooctene, which results in 

inactivated or caged mTNF-α. B) Reactivation or decaging is performed using tetrazine which reacts with the strained 

cyclooctene, releasing N2 together with cyclooctene, which results to active mTNF-α. The essential receptor 

interacting residues are indicated in red (Gln31 and Arg32). The residues essential for trimer formation are indicated 

in blue. The lysines (9) are given in green. The lysine (K112) next to proline 113, which is essential for trimer formation, 

is indicated in yellow. Crystal structures were obtained and modified from Baeyens et al. (PDB: 2tnf). 
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Results & Discussion 
To establish whether a click-to-release approach could work for TNF-α, its ‘cagability’ was 

assessed. TNF-α is expressed as a membrane-bound pro-protein having an N-terminal 

cytosolic domain linked to a transmembrane and stem-domain, linked to a C-terminal, 

extracellular TNF-α domain (Figure 3).36 It requires cleavage by TNF-α-converting enzyme 

(TACE) to release the C-terminal domain. Trimerization of TNF-α takes place after this 

release to get active TNF-α. This mature soluble human TNF-α is 157 amino acids (156 

amino acids in murine TNF-α) in size (~17 kDa).  
 

 
 
Figure 3 - Schematic overview of pro-TNF-α. 

Pro-TNF-α consists of an N-terminal cytosolic domain followed by a transmembrane domain and a stem domain. 

Cleavage by TACE after the stem domain results in active extracellular TNF-α. The numbers below indicate amino 

acid positions of murine pro-TNF-α.36 

 

Human (hTNF-α) and murine TNF-α (mTNF-α) are closely related, allowing for murine TNF-

α to cross-react with both human TNF-receptors.37 On the contrary, hTNF-α can only 

interact with murine TNF-receptor 1.37 Each TNF-α monomer consists of β-sheets 

composed of antiparallel β-strands coupled via flexible loops (Figure 4). Ordering of the 

hydrophilic and hydrophobic residues results in the formation of a cone-shaped 

homotrimer.38 Some of the hydrophilic residues that form hydrogen bonds essential for 

trimer formation and stability are conserved between human and murine TNF-α; Tyr59-

Val123, Tyr72-Pro113, Ser95-Gly148, Tyr119-Gly121 and Gly121-Tyr151 (blue in Figure 

4).39
 Interference with these interactions abolishes trimerization and thereby TNF-α 

function. Residues directly involved in receptor recognition are arginine 31 and 32 in hTNF-

α and glutamine and arginine at positions 31 and 32, respectively in mTNF-α (red in Figure 

4).40 There are no lysines involved in the trimer formation, precluding trimer disruption as 

a feasible click-to-release strategy. However there is a lysine at position 112, next to proline 

113 which is essential for trimer formation, suggesting that the introduction of steric bulk 

could achieve this disruption.  

 

TNF-α can bind to two receptors: TNF-receptor 1 (TNFR1) and TNF-receptor 2 (TNFR2) 

(Figure 1). These are present on, amongst others, immune cells, epithelial cells and 

fibroblasts.41,42 The general perception is that soluble TNF-α binds TNFR1, while the 

membrane bound monomeric TNF-α can interact with both TNFR1 and TNFR2.6 The 

interaction with these two receptors also does not directly involve critical lysine residues, 

therefore the disruption of correct trimer formation was opted. 
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Figure 4 - Crystal structures of monomeric and trimeric murine TNF-α. 

A) Monomeric murine TNF-α visualised from the front and the back with annotated residues. B) Murine TNF-α forms 

functional trimers which interact with both TNF-receptor 1 and 2. The essential receptor interacting residues are 

indicated in red (Gln31 and Arg32). The residues essential for trimer formation are indicated in blue. The lysines (9) 

are given in green. The lysine (K112) next to proline 113, which is essential for trimer formation, is indicated in yellow. 

Crystal structures were obtained and modified from Baeyens et al. (PDB: 2tnf). 

 

Construct Design 

To test the caging approach, three TNF-α constructs were designed. It is known that (N-

terminal) tags can influence the function of TNF-α, precluding their use.43 TNF-α was 

therefore cloned without any tags (Figure 5A), with a C-terminal 6His-tag (Figure 5B) and 

with a C-terminal sortag recognition site (LP(X)TGG) followed by a C-terminal 6His-tag 

(Figure 5C). A G4S spacer was introduced between the cytokine’s C-terminus and the 

LPETGG-recognition sequence. These three sequences would allow the assessment of the 

general caging strategy of the wildtype protein, study the feasibility of a purification tag 

on the construct, and eventually – with the third construct – allow introduction into an 

immunocytokine with the same strategy as used in Chapter 2.  
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Figure 5 - Construct formation of various forms of TNF-α and the final product upon sortase A reaction. 

A pET28a(+)-vector was used for expression of A) TNF-α, B) TNF-α-6His and C) TNF-α-LPETGG-6His. All tags were 

placed C-terminally of TNF-α. The LPETGG sequence is recognized by sortase A and the 6His-tag was introduced for 

purification purposes. The location of the lysines is given as K followed by an amino acid position in the mature 

protein. D) Upon reaction with sortase A, the C-terminal 6His-tag is removed for the TNF-α-LPETGG-6His and 

replaced with a nanobody with N-terminal 6His-tag.  

 

Protein expression and purification 

The expression of the TNF-α-constructs was attempted in two different bacterial strains, 

namely E. coli Rosetta-gami 2 (DE3), which has additional tRNAs encoding rare codons44, 

and E. coli ArcticExpress (DE3) RP. The latter has these additional tRNA molecules as well45, 

but is also able to produce soluble proteins at low temperatures (4°C-10°C) in the correctly 

folded state, due to the presence of chaperonins Cpn10 and Cpn60 which function at these 

low temperatures.46  
 

Expression in E. coli ArcticExpress (DE3) RP took place for 4 days at 10°C, while expression 

in E. coli Rosetta-gami 2 (DE3) took place for 3 days at 30°C. Samples taken before and 

after IPTG induction showed the expression of TNF-α/TNF-α-6His by the appearance of a 

prominent protein band around 18-19 kDa (Figure 6A-B). As no significant difference in 

protein expression was observed between the two strains and the pre-induction protein 

expression in E. coli Rosetta-gami 2 (DE3) was more prominent, the choice was made to 

continue protein expression for the all constructs in E. coli ArcticExpress (DE3) RP. All three 

TNF-α variants expressed equally well (Figure 6A-D). 
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Figure 6 - Expression of TNF-α, TNF-α-6His and TNF-α-LPETGG-6His in either E. coli Rosetta-gami 2 (DE3) or 

E. coli ArcticExpress (DE3) RP. 

A) TNF-α, B) TNF-α-6His and C) TNF-α-LPETGG-6His were expressed using the T7-lac system. Upon addition of IPTG 

to the culture medium, each protein was expressed separately. The resulting proteins are about 18-19 kDa (red 

arrows). D) To confirm TNF-α presence, Western blot analysis was performed on TNF-α-6His and TNF-α-LPETGG-

6His using TNF-α and 6His-tag specific antibodies.  
 
 

Purification from the bacterial culture was optimised next (Table 1 and Supplementary 

Figure S1 - Figure S4). First, the purification of TNF-α-6His was optimised as the 6His-tag 

facilitated rather simple purification using a nickel column (Figure S1A-B).47 A second 

purification step over a diethylaminoethyl (DEAE) column was added to remove final 

impurities (Figure S1C-D) resulting in >95% pure TNF-α-6His (Figure 7A).  
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Table 1 - Overview purification steps per TNF-α protein. 

Each variant was purified using different columns based on both the presence of purification tags or the intrinsic 

charge of the protein.  

 

Protein TNF-α-6His TNF-α TNF-α-LPETGG-6His 

Purification Methods 

1: Nickel column 

(imidazole in PBS) 

 

2: DEAE anion column 

(NaCl in 20 mM HEPES 

pH 8) 

1: DEAE anion column 

(NaCl in 20 mM Tris/1 

mM EDTA pH8) 

 

2: CM cation column 

(NaCl in 20 mM MES in 

pH 6) 

 

1: Nickel column 

(imidazole in PBS) 

 

2: DEAE anion column 

(NaCl in 20 mM HEPES 

pH 8) 

 
 

Unmodified TNF-α was purified based on the protocols described by Zhang et al..48 

Sequentially DEAE anion and carboxylmethyl (CM) cation purification were used 

(Supplementary Figure S2 - Figure S3) as DEAE anion purification alone did not yield 

sufficiently pure TNF-α. DEAE anion purification in 20 mM Tris/1 mM EDTA pH 8 followed 

by CM cation purification in 20 mM MES pH 6, both using 0-500 mM NaCl for elution of 

TNF-α resulted in >90% pure TNF-α (Figure 7B). 
 

 
 

Figure 7 - Overview purification of TNF-a, TNF-α-6His and TNF-α-LPETGG-6His. 

All TNF-α variants expressed in E. coli ArcticExpress (DE3) RP were purified using either tag-based purification and/or 

ion exchange based purification. A) TNF-α-6His was purified using nickel column purification with imidazole in PBS 

followed by DEAE anion purification with NaCl in 20 mM HEPES pH 8. B) TNF-α was purified using DEAE anion 

purification with NaCl in 20 mM Tris/1 mM EDTA pH 8 followed by CM cation purification with NaCl in 20 mM MES 

pH 6. C) TNF-α-LPETGG-6His was purified using nickel column purification with imidazole in PBS followed by DEAE 

anion purification with NaCl in 20 mM HEPES pH 8. 
 

TNF-α-LPETGG-6His was purified based on its C-terminal 6His-tag (Supplementary 

Figure S4A) following DEAE anion exchange (Supplementary Figure S4B) similar to TNF-

α-6His purification to yield the protein in >95% purity (Figure 7C). 
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Caging optimisation of TNF-α-6His using NHS-TCO 

Initial optimisation of the inactivation of TNF with 

TCO-NHS 1 were performed next (Figure 8). TNF-

α-6His was chosen for this optimisation as it could 

readily be produced and purified, and visualised by 

anti-6His Western blot. The success of the caging 

reaction was first assessed using an enzyme-linked 

immunosorbent assay (ELISA, Figure 9). ELISA is 

based on interaction between antibodies and 

(epitopes of) a particular protein (TNF-α, in this 

case). This format was chosen because when 

blocking lysines in/near the epitope prevents the 

antibodies from binding, this could indicate that 

receptor interactions could be blocked as well by 

blocking lysines in/near the receptor interacting 

domain.  

 

The first attempts at caging were done in 20 mM HEPES pH 8 for 1 hour at 37°C with 

varying concentrations of 1 and 5.4 μM of TNF-α-6His (Figure 9A). The largest signal 

reduction – to 60% of the value of the unmodified cytokine – was obtained using 2.4 mM 

1 for caging of 5.4 μM TNF-α-6His. Surprisingly, neither increasing or decreasing this 

concentration 1 resulted in a reduction in TNF-binding. Changing the reaction time (1-18 

hours) did not improve this either (Figure 9B). It did, however, result in an increased loss 

of protein from the DMSO-control. Reducing the temperature of the modification reaction 

had no effect on caging either (Figure 9C).   

  

 
Figure 8 - Structure of (S,E)-cyclooct-2-

en-1-yl(2,5-dioxopyrrolidin-1-yl) 

carbonate or 2-AX-NHS-TCO. 

2-AX-NHS-TCO or NHS-TCO was kindly 

provided by Mark de Geus. 
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Figure 9 - Caging optimisation of TNF-α-6His analysed using ELISA. 

ELISA was performed to assess whether NHS-TCO bound by lysines in/near the recognized epitope could prevent 

antibody interactions. Caging of TNF-α-6His (0.1 mg/mL or 5.4 μM in 20 mM HEPES pH 8) was assessed using A) 

different concentrations of 1 (N=3), B) for various periods of time (h) (N=3) and C) at various temperatures (°C) 

(N=4). The initial standard caging conditions were set at caging with 2.4 mM 1 (B,C) for 1 hour (A,C) at 37°C (A,B). 

Caging was compared with the DMSO control which gave the maximum signal. Bright colours indicate DMSO only 

samples and pastels the TCO-treated samples. Colour groups indicate different conditions with respective DMSO 

controls. In general, caging reduced the signal compared to the DMSO control. Coomassie staining below each 

graph indicated equal protein application. Data were plotted as mean signal ± SEM. Significances are indicated as 

follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
 

It was postulated that the ELISA was not able to fully distinguish between the caged and 

free TNF-α. It was therefore deemed more relevant to look at the effect of receptor binding. 

This was done in two ways: using HEK-Blue TNF-α cells and L929 cells.49,50 HEK-Blue TNF-

α cells are HEK293 cells which express TNFR1, that binds both human and murine TNF-α. 

Upon binding TNF-α, NF-κB gets activated which leads to the expression of a secreted 

embryonic alkaline phosphatase (SEAP). This alkaline phosphatase coverts QUANTI-Blue 

reagent from a pink coloured compound to a blue product, which could be measured 

using 655 nm absorbance.49,51 

 

The L929 assay, on the other hand looks at TNFR-binding in a more functional manner. 

These murine fibroblasts are sensitive to TNF-α induced cell death (apoptosis and necrosis) 

in combination with other toxic compounds like actinomycin D.50,52 TNF-α binds to the 

TNFR1 which can normally cause proliferation via NF-κB pathways. However, when the 

protein synthesis is blocked, this becomes a signal for apoptosis. Actinomycin D,  a DNA 

binding compound, blocks DNA transcription and thereby protein synthesis.52,53 The 

combination of TNF-α and actinomycin D causes L929 cell death, allowing the assessment 

of TNF-function by a simple live-dead assay. For this the MTT-assay was used. This 

colorimetric assay, by the formation of purple crystals, indicated cell viability by the activity 

of the mitochondria.54  
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The HEK-Blue assay  

This assay indeed showed a different trend to the ELISA: higher concentrations of 1 

reduced TNF-α-6His’ capability to interact with the TNFR1 to <10% of the native binding 

affinity, thereby preventing NF-κB activation and SEAP expression (Figure 10A). Lower 

concentrations, < 1.4 mM of 1, reduced the binding to 40% of its native capacity. Changes 

in caging time (Figure 10B) had no significant effect on TNF-α-6His activity in general 

although increasing this time does not seem to improve caging. Changes in temperature 

(Figure 10C) only had a minor effect although incubation at 25°C appeared to result in the 

largest signal reduction to about 30%. Figure 10B and Figure 10C in general show less 

inactivation compared to Figure 10A. Possibly, this is due to the passage number of the 

HEK-Blue TNF-α cells. Even though this was within the manufacturer’s description, a higher 

passage number affects the cell’s behaviour. Also the batch quality of TNF-α-6His used 

could affect activation. 
  

 
 
Figure 10 - Caging optimisation of TNF-α-6His using HEK-Blue TNF-α cells via a colorimetric assay. 

Optimalization of TNF-α-6His (0.1 mg/mL or 5.4 μM)  caging in 20 mM HEPES pH 8 was assessed with stimulated 

HEK-Blue TNF-α cells. A) Analyses of different concentrations of 1  (N=5), B) for various periods of time (h) (N=3) 

and C) at various temperatures (°C) (N=3) were performed. The initial standard caging conditions were set at caging 

with 2.4 mM 1 (B,C) for 1 hour (A,C) at 37°C (A,B). Caging was compared with the DMSO control which gave the 

maximum signal. Bright colours indicate DMSO only samples and pastels the TCO-treated samples. Colour groups 

indicate different conditions with respective DMSO controls. In general, caging reduced the signal compared to the 

DMSO control. Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05;  ** P<0.01; 

*** P<0.001; **** P<0.0001; ns is non-significant. 
 

L929 assay 

L929 cells were used to assess whether the change in TNFR1 affinity due to caging (Figure 

11, Supplementary Figure S5A-C) also resulted in a loss of function of TNF-α. Caging 

experiments with different concentrations 1, for different periods of time and at different 

temperatures were performed as has been described for the HEK-Blue assays mentioned 

above (Supplementary Figure S5A-C). These experiments showed comparable results 

regarding the optimal caging conditions; caging with 2.4 mM 1 for 1 hour at 25°C. Due to 

the ease of this assay, it was also used to optimise the reaction buffer by testing a range 

of pH-values in PBS, Tris, and HEPES-buffers. The reaction of 1 with free amines is known 

to  proceed better under slightly basic conditions.55 Therefore PBS, 20 mM Tris and 20 mM 

HEPES at various pH-values were assessed using 2.4 mM 1 at 25°C for 1 hour (Figure 11A). 

These experiments showed that PBS can be used at neutral or slightly basic pH but also 

showed that Tris and HEPES are more applicable, also in a wider pH-range (Figure 11B 

and Figure 11C). At pH 6, the functionality of TNF-α-6His changes which could be due its 
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pI (5.64, ExPasy) which is very close to the buffer pH, causing TNF-α-6His to behave 

differently. As TCO-reagent 1 can potentially be sequestered by reacting with the free 

amine in Tris, HEPES pH 8 was used for all further experiments.56 Overall, it could be 

concluded that caging with TCO-reagent 1 worked in a broader range of slightly 

basic/neutral pH-values in various buffers. 

 

 
 

Figure 11 - Caging optimisation of TNF-α-6His analysed using L929 cells in a MTT-viability assay. 

TNF-α-6His (0.1 mg/mL or 5.4 μM) was caged in buffers with various pH-values: A) PBS (N=3), B) 20 mM Tris (N=3) 

and C) 20 mM HEPES (N=3) with 2.4 mM 1 for 1 hour at 25°C. Caging was compared with the TNF-α-6His + 

actinomycin D annotated as ref. (black, negative control). Actinomycin D served as a positive control (white). Bright 

colours indicate DMSO only samples and pastels the TCO-treated samples. In general, caging increased the signal 

compared to the DMSO control and negative control. Fluorescence at 570 nm of a slow-eliminating BODIPY-TMR 

tetrazine was used to visualise caging on SDS-PAGE. Coomassie staining below each graph indicated equal protein 

usage. Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05;  ** P<0.01; *** 

P<0.001; **** P<0.0001; ns is non-significant. 
 

When applied to the sortagable TNF-α variant, TNF-α-LPETGG-6His, the same reduced 

activity was observed in all assays performed (Supplementary Figure S6 - Figure S8).  

 

Although the determined caging conditions seemed optimal, at this point in the 

proceedings the discovery was made that cold caging led to improved caging (see Chapter 

2). Therefore, caging was also performed at  lower temperatures (25°C to 10°C) with lower 

concentrations of 1 (2.2 mM to 0.45 mM 1) and longer caging time (1 hour to 24 hours; 

Figure 12).  
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Figure 12 - Preliminary data of caging at lower temperatures of TNF-α-LPETGG-6His analysed by ELISA and 

HEK-Blue TNF-α cells. 

TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM) in 20 mM HEPES pH 8 was caged either at 25°C for 1 hour with 0.45-2.2 

mM 1 or at 10°C for 24 hours with 0.05-0.45 mM 1. The caging was analysed by A) ELISA (N=1) and B) HEK-Blue 

TNF-α cells (N=1). Caging was compared with the DMSO control which gave the maximum signal. Bright colours 

indicate DMSO only samples and pastels the TCO-treated samples. Colour groups indicate different conditions with 

respective DMSO controls. These preliminary results suggested that caging with 0.45 mM 1 for 24 hours at 10°C 

resulted in similar TNF-α-LPETGG-6His inactivation compared to caging at 25°C for 1 hour with 2.2 mM 1. Data were 

plotted as mean signal ± SEM. Due to the limited number of datapoints no significances could be determined. 

 

Due to the limited number of datapoints no significances could be determined. However, 

the preliminary data suggested that caging with 0.45 mM 1 for 24 hours at 10°C, resulted 

in similar TNF-α-LPETGG-6His inactivation as the optimal caging conditions determined 

before: caging with 2.2 mM 1 for 1 hour at 25°C. This was shown in both the ELISA (Figure 

12A) and the HEK-Blue TNF-α assay (Figure 12B). As these caging conditions had a similar 

result as has been described for IL-1β in Chapter 2 of this work, no further optimisation 

was performed.  
 

Optimisation of reactivation of TNF-α-6His and TNF-α-LPETGG-6His using tetrazine 

Next, the reactivation of caged TNF using tetrazine 2 (Table 2) was optimised. Decaging 

was first performed in a test tube. This allowed the use of high tetrazine concentrations, 

which would be toxic to the target cells. Deprotection was assessed using the 3,6-

dimethyltetrazine (2, DMT, Table 2; kindly provided by Alexi Sarris) as this tetrazine 2 has 

a fast elimination rate and has been extensively used in previous studies33,34,57 (Figure 13). 
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Figure 13 - Decaging optimisation of TNF-α-6His in vitro assessed via L929 viability assays. 

TNF-α-6His (0.1 mg/mL or 5.4 μM) caged with 2.4 mM 1 in 20 mM HEPES pH 8 was decaged under A) various 

conditions to determine the optimal concentration of 2 (DMT) (N=4), B) the optimal decaging time (h) (N=4) and C) 

temperature (°C) (N=3). After caging, the reaction mixture was filtered to remove excess of TCO following a decaging 

reaction in 20 mM HEPES pH 7. Standard reaction conditions were decaging at 37°C for 1 hour. L929 viability was 

determined using an MTT assay. The signals were compared to the TNF-α-6His + actinomycin D control annotated 

as ref. (black). Bright colours indicate DMSO only samples, the light pastels the TCO-treated samples and the dark 

pastels the DMT-treated samples. In general, upon treatment with 2, the viability of L929 decreased. Data were 

plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; 

ns is non-significant. 
 

Various aspects of the deprotection reaction were explored initially, such as tetrazine 

concentration (Figure 13A), deprotection time (Figure 13B), and deprotection 

temperature (Figure 13C). The optimal conditions were found to be 37°C for 1 hour in 20 

mM HEPES pH 7. Applying 2.3-23 mM of 2 showed decreasing L929 viability, as a result of 

TNF-α-6His regaining significant activity (50%). Increasing the decaging time from 1 to 2-

4 hours resulted in further reactivation to about 80% (Figure 13B). Finally, decreasing 

decaging temperature to 25°C did not improve decaging compared to decaging at 37°C 

(Figure 13C).  
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Until now all deprotection reactions took place in Eppendorf tubes with 0.1 mg/mL TNF-

α-6His without the removal of unreacted NHS-TCO. This demanded and also allowed for 

the use of higher concentrations of tetrazine. Next, the on-cell deprotection reaction was 

assessed using the HEK-Blue TNF-α cell line. Briefly, without the removal of unreacted 

NHS-TCO caged TNF-α-6His was diluted to 625 pg/mL and provided to HEK-Blue TNF-α 

cells whereafter 25 μM of various tetrazines was applied in 0.5 μL DMSO. Four additional 

tetrazines were evaluated (Table 2) in these reactions to increase the chance of a successful 

reactivation. 
 
Table 2 - Overview tetrazine used for decaging optimisation. 

All tetrazines were dissolved in DMSO. DMT was kindly provided by Alexi Sarris, Tz1-2 and Tz4 were kindly provided 

by Dr. Merel van der Plassche and (2PyrH)2Tz was kindly provided by Prof. Dr. Hannes Mikula.  

 

 DMT Tz1 Tz2 Tz4 (2PyrH)2Tz 

Compound 

nr. 
2 3 4 6 7 

Full name 3,6-

dimethyl-

tetrazine 

2-(6-methyl-

1,2,4,5-tetrazin-

3-yl)ethan-1-

amine 

2,2'-(1,2,4,5-

tetrazine-3,6-

diyl)bis(ethan-

1-amine) 

2-(6-(4-

(aminomethyl)phenyl

)-1,2,4,5-tetrazin-3-

yl)ethan-1-ol 

2,2'-(1,2,4,5-

tetrazine-3,6-

diyl)bis(pyridin-

3-ol) 

Structure 

 

 
   

 

Decaging was done using 25 μM final concentration tetrazine at 37°C for 20-24 hours 

(Figure 14, see Chapter 2). Sadly, no significant deprotection was observed for both TNF-

α-6His (Figure 14A) and TNF-α-LPETGG-6His (Figure 14B) for any of the tetrazines tested. 
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Figure 14 - Decaging of TNF-α-6His and TNF-α-LPETGG-6His using different tetrazines analysed by HEK-Blue 

TNF-α cells via a colorimetric assay. 

A) TNF-α-6His (0.1 mg/mL or 5.4 μM) (N=7) and B) TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM) (N=5) caged at 10°C 

for 24 hours with 0.47 mM and 0.45 mM 1, respectively, in 20 mM HEPES pH 8 were decaged using 25 μM of various 

tetrazines for 20-24 hours at 37°C on HEK-Blue TNF-α cells. Tetrazine was supplied in 0.5 μL DMSO. Bright colours 

indicate DMSO only samples and pastels the tetrazine treated samples. In general, decaging did not increase the 

signal significantly compared to the caged control. Data were plotted as mean signal ± SEM. Significances are 

indicated as follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 

 

Of all the tetrazines tested, 2 showed the most promising decaging results, particularly  

when TNF-α-LPETGG-6His caged with 0.45 mM 1 for 24 hours at 10°C was decaged on 

HEK-Blue TNF-α cells with increasing concentrations of 2 (Figure 15A). At the same time, 

a different tetrazine (2PyrH)2Tz (7), kindly provided by Prof. Dr. Hannes Mikula, was tested 

at different concentrations as it proved to work well for IL-1β decaging described in 

Chapter 2 of this work (Figure 15B).  
 

 
 
Figure 15 - Decaging optimisation of TNF-α-LPETGG-6His analysed by HEK-Blue TNF-α. 

TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM) in 20 mM HEPES, caged with 0.45 mM 1 for 24 hours at 10°C, was 

decaged with A) increasing concentrations of 2 (N=2) or B) increasing concentrations of 7 (N=2) on HEK-Blue TNF-

α cells. Decaging took place for 20-24 hours at 37°C. Tetrazine was supplied in 0.5 μL DMSO. Bright colours indicate 

DMSO only samples and pastels the tetrazine treated samples. In general, these preliminary data showed that 

increasing concentration 2 caused more decaging, while decaging with 7 did not result in decaging. Data were 

plotted as mean signal ± SEM. Due to the limited number of datapoints no significances could be determined. 
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Due to the limited number of datapoints no significances could be determined. Increasing 

the concentration of 2 showed increased decaging (Figure 15A). Using 125 μM 2 caused 

about 50% increase in TNF-α-LPETGG-6His activity compared to the caged sample. The 

cells did not show signs of toxicity. Decaging with 7,  unlike with IL-1β in Chapter 2,  did 

not result in decaging for unknown reasons (Figure 15B). Increasing concentrations of 7 

also seemed to be toxic for these cells (data not shown).  
 

Although some decaging could be observed, the regained activity with 125 μM 2 was 

minimal. Therefore, unfortunately no further steps were taken regarding the formation of 

the actual immunocytokine by coupling it to a targeting moiety.  
 

Conclusion 
TNF-α is one of the master regulator cytokines in the immune system and has been the 

target in various forms of cancer treatment. Its intrinsic toxicity posed a significant problem 

in these treatments and therefor it has been included in immunocytokines which target 

the cytokine to the tumour micro-environment. Nevertheless, toxicities remained and this 

work presented a method involving click-to-release chemistry based on NHS-TCO and 

tetrazines to create spatiotemporal control over TNF-α activity. Using NHS-TCO to block 

the lysines caused the inactivation of TNF-α, unable to interact with its TNFR1. Reactivation 

of TNF-α proved to be difficult as decaging conditions in Eppendorf tubes were not 

translated to decaging on cells. The reasons for that could be that TNF-α functions as 

trimer rather than a monomer which is the case for IL-1β. This means that decaging has to 

be more ‘complete’ in the sense that more lysines have to be restored to get the active 

trimer back, while for a monomer potentially some caged lysines could remain. Even 

though it was not proven yet, it is speculated that the trimer can fall apart after caging and 

is hard to restore after decaging. Because of this further optimisation has to be performed 

regarding the decaging of TNF-α, potentially using a covalent trimer or using even 

different tetrazines. 
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Materials & Methods 
General reagents and equipment  

All donor vectors were purchased from  cript and primers were ordered at Sigma-Aldrich. 

All restriction enzymes, polymerases and ligases were purchased from Thermo Fisher 

Scientific. Benzonase was purchased from Santa Cruz Biotechnology. Sodium deoxycholate 

monohydrate (CAS:302-95-4) and phenylmethanesulfonyl fluoride (PMSF,CAS:329-98-6) 

were purchased from Sigma-Aldrich. Amicon® Ultra-15 Centrifugal Filters 3K (UFC900324)  

and Amicon® Ultra-15 Centrifugal Filters 10K (UFC901024) filters were purchased from 

Merck Millipore. ZebaTM Spin Desalting columns, 7K MWCO (cat. nr. 89883) and HisPurTM 

Ni-NTA Resin (cat. nr. 88222) were purchased from Thermo Fischer Scientific and the 

automated columns (HisTrapTM FF, HiTrapTM DEAE FF, HiTrapTM CM Sepharose FF) were 

purchased from GE Healthcare Life Science. Rabbit anti-6*His (Item No. 600-401-392) was 

purchased from Rockland and mouse anti-rabbit IgG-HRP (Catalog # sc-2357) was 

purchased from Santa Cruz Biotechnology. DMEM-medium, L-glutamine, streptomycin 

and penicillin were purchased from Sigma-Aldrich. QUANTI-Blue (#rep-qbs)  and zeocin 

were purchased from InvivoGen.  

 

Construct formation 

NheI restricted (1x Tango Buffer, 10U NheI) pcDNA3.1+/C-(K)DYK_TNFα (Clone ID: 

OMu20592, assession version: NM_013693.3) was used as template for TNF-α 

amplification by PCR (GC Green Buffer, 0.2 mM dNTPs, 0.1 µM of each primer, 50 ng 

restricted vector, 2U Phusion polymerase) using primers of Table 3. TNF-α fragments were 

restricted with XhoI/NcoI (10U; TNF-α/TNF-α-6His) and NcoI/EcoRI (10U; TNF-α-LPETGG-

6His) respectively and ligated into XhoI/NcoI (10U) restricted pET28a(+) and NcoI/EcoRI 

(10U) restricted pET28a(+)-GGGGS-LPETGG-6His vectors behind the T7 promoter using T4 

DNA Ligase (5U) at room temperature for 2 hours. Restrictions were performed for 20-24 

hours at 37°C, 300 rpm. Ligation products were transformed into E. coli XL10 via heat shock 

(42°C, 45 seconds) and SOC-medium recovery followed by growth at glucose (1%) and 

kanamycin (50 µg/mL) containing LB-agar plates at 37°C overnight. Transformation was 

checked by colony PCR using the primers of Table 3.  
 

Table 3 - Primer overview. 

Primer Nr. Construct Sequence 5’→ 3’ 

1 TNF-α TATACCATGGCACTCAGATCATCTTCT 

2 GGTGCTCGAGTCACAGAGCAATGAC 

3 TNF-α-6His TATACCATGGCACTCAGATCATCTTCT 

4 AATGCTCGAGCAGAGCAATGACTCC 

5 TNF-α-LPETGG-6His TATACCATGGCACTCAGATCATCTTCTCAA 

6 CGCCGAATTCCAGAGCAATGACTCCAAA 
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Cytokine expression and isolation 

Cytokine constructs isolated from E. coli XL10 using QIAprep Spin Miniprep Kit were used 

to transform calcium competent E. coli ArcticExpress (DE3) RP using heat shock (42°C, 45 

seconds) and SOC-medium recovery. Colonies were used to inoculate LB-medium 

containing kanamycin (50 µg/mL) and gentamycin (7 μg/mL) for overnight growth at 37°C, 

170 rpm. Overnight culture was diluted 100 times and grown at 37°C, 170 rpm until optical 

density at 600 nm (OD600) of 0.6 was reached after which protein expression was induced 

with addition of 0.5 mM IPTG. Expression took place for 48-72 hours at 10°C, 140 rpm 

where after the bacteria were harvested by centrifugation (30 minutes, 3400g at 4°C).  
 

Per 500 mL bacterial culture, 10 mL lysis buffer (50 mM Tris Cl pH 8.0, 25% (w/v) sucrose, 

1 mM EDTA, 1 mM PMSF, 2 mM DTT) was applied with 0.4 mg/mL lysozyme. Incubation 

while gently mixing for 30 minutes at 4°C was followed by adding 10 mM MgCl2, 1 mM 

MnCl2 and 10U benzonase and 30 minutes incubation at 4°C. The lysate was sonicated 

(Vibra-cellTM VCX130) for 30 seconds with 5 second pulses with 20% amplitude and 10 

second intervals. The lysate was diluted three times with detergent buffer (0.2 M NaCl, 1% 

(w/v) sodium deoxycholate monohydrate, 1% octylphenoxypolyethoxyethanol (Igepal), 20 

mM Tris Cl pH 7.5, 2 mM EDTA, 0.02 mM PMSF, 0.04 mM DTT), incubated for 30 minutes 

on ice and centrifuged for 20 minutes at 14000g, 4°C to collect the supernatant.  

 

Cytokine purification 

TNF-α-6His and TNF-α-LPETGG-6His 

6His-tag based Purification - Manual 

Supernatant obtained after lysis was applied to the appropriate amount of equilibrated 

HisPurTM Ni-NTA Resin. Overnight incubation under constant stirring (4°C) was followed 

by applying the resin on a reaction syringe and flushing by gravity flow. Washing and 

elution were performed with a number of fractions (two column volumes) of 50 mM, 70 

mM and 250 mM imidazole in PBS. Protein presence was assessed using SDS-PAGE and 

Coomassie R250 staining. TNF-α containing samples were combined and concentrated 

using an Amicon® Ultra-15 Centrifugal Filter 3K (30 minutes, 4°C, 3428g) equilibrated with 

20 mM HEPES pH 8.  

 

6His-tag based Purification – Automatically 

Supernatant obtained after lysis was loaded (4 mL/minute) on a properly washed HisTrapTM 

FF (5 mL) connected to an ÄKTA Start System (GE Healthcare, Life Sciences). The column 

was washed (at least 2 column volumes) with different concentrations imidazole in PBS. 

Collected washes were analysed by gel electrophoresis using SDS-PAGE and Coomassie 

R250 staining. Protein containing samples were combined and concentrated using an 

Amicon® Ultra-15 Centrifugal Filter 3K equilibrated with 20 mM HEPES pH 8. The 

concentrated protein was washed three times with 20 mM HEPES pH 8 (30 minutes, 4°C, 

3428g).   
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Ion Exchange Purification  

Concentrated protein solution was desalted using ZebaTM Spin Desalting columns, 7K 

MWCO with 20 mM HEPES pH 8 as stacking and washing solution. Protein concentration 

was determined using Bradford assay. The desalted, concentrated protein solution was 

loaded over an HiTrapTM DEAE FF column which was equilibrated with 20 mM HEPES pH 8. 

The column was washed twice with four column volumes 20 mM HEPES pH 8/0.05 M NaCl. 

The protein was eluted with four column volumes 20 mM HEPES pH 8/0.25 M NaCl. Purity 

was checked with SDS-PAGE analysis and Coomassie R250 staining. 

   

TNF-α 

The soluble protein fraction was diluted at least 5 times in 20 mM Tris/1 mM EDTA pH 8 

and loaded (4 mL/minute) on a properly washed HiTrapTM DEAE Sepharose FF column 

connected to an ÄKTA Start System (GE Healthcare, Life Sciences). Protein was washed and 

eluted (at least two column volumes) with different NaCl concentrations in 20 mM Tris/1 

mM EDTA pH 8. Collected washes/elutions were analysed by SDS-PAGE and Coomassie 

R250 staining. TNF-α containing samples were combined, concentrated using an Amicon® 

Ultra-15 Centrifugal Filter 3K and washed twice with 20 mM MES pH 6. Concentrated TNF-

α was desalted using ZebaTM Spin Desalting columns, 7K MWCO with 20 mM MES pH 6 as 

stacking and washing solution. 
 

TNF-α in 20 mM MES pH 6 was loaded on properly washed HiTrapTM CM Sepharose FF 

column connected to an ÄKTA Start System (GE Healthcare, Life Sciences). TNF-α was 

washed and eluted (at least two column volumes) with different NaCl concentrations in 20 

mM MES pH 6. Collected washes/elutions were analysed by SDS-PAGE and Coomassie 

R250 staining. Pure TNF-α fractions were concentrated using Amicon® Ultra-15 

Centrifugal Filters 3K and washed twice with 20 mM HEPES pH 8. Aliquots were stored at 

-80°C. 

 

Western blot 

Denaturing acrylamide gels (SDS-PAGEs) were blotted onto 0.2 μm PVDF membrane (midi 

format, single application of Bio-Rad) using the Turbo Trans Blot System (Bio-Rad). Blots 

were developed using luminol solution (25% (w/v) luminol in 0.1 M Tris pH 8.8), 100x 

diluted enhancer (1.1 mg/mL p-coumaric acid in DMSO) and H2O2. Blots were imaged with 

the ChemiDocTM MP Imaging System of Bio-Rad with settings chemiluminescence, Cy3 and 

Cy5 and analysed using ImageLab Software version 4.1. 

 

6His-specific blot 

Blots were washed with TBS (10 minutes) and TBST (3x 5 minutes) (1x TBS pH 7.5; 0.1% 

Tween-20), respectively before blocking with 5% milk in TBST overnight at 4°C. Washing 

with TBST (3x 5 minutes) was followed with rabbit anti-6*His incubation (1:1000) in 

blocking buffer for 3 hours at room temperature. Another wash (3x 5 minutes) with TBST 

was followed by addition of mouse anti-rabbit IgG-HRP (1:4000) and incubation for 2 hours 

at room temperature. The blots were washed with TBST (3x 5 minutes) and TBS (10 

minutes) respectively, before development with luminol.  
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TNF-α specific blot 

Blots were washed with PBS and PBST (1x PBS pH 7.4, 0.5% Tween-80) instead of TBS and 

TBST, respectively. Blocking was performed with 0.2% BSA in PBST. The primary antibody 

used was biotin-conjugate anti-mouse TNF-α (1:1000, #88-7324-88, Thermo Fisher 

Scientific). Streptactin-HRP (1:100000, #2-1502-001, IBA solutions) was used as a 

secondary antibody.  

 

Caging and decaging procedure  

Caging 

Caging was performed in 20 mM HEPES pH 8 at 10°C, 800 rpm for 24 hour. An excess of 

10 molar equivalents 2-AX-NHS-TCO (NHS-TCO; kindly provided by Mark de Geus) was 

used per lysine in TNF-α-6His or TNF-α-LPETGG-6His. Protein concentrations were 

determined using the QubitTM Protein assay kit on the Qubit® 2.0 Fluorometer of 

Invitrogen (Life Technologies). Caging was visualised by using 0.6 µM Tetrazine Bodipy-

TMR Sol2 (kindly provided by Alexi Sarris) incubating for 30 minutes at 25°C, 800 rpm. Gels 

were analysed using ChemiDocTM MP Imaging System of Bio-Rad and ImageLab Software 

version 4.1. 

 

Decaging – in vitro 

Decaging was first performed in Eppendorf tubes under various conditions i.e. 3,6-

dimethyl-tetrazine (DMT; kindly provided by Alexi Sarris) concentration, decaging time and 

decaging temperature. Caging was performed under the conditions determined to be 

optimal described above except for starting with 0.2-0.3 mg/mL protein. The caging 

samples were filtered using ZebaTM Spin Desalting columns, 7K MWCO, 0.5 mL using 20 

mM HEPES pH 7 as equilibration buffer. The protein concentration was determined 

afterwards using Qubit® 2.0 Fluorometer of Invitrogen (Life Technologies) and adjusted 

to 0.1 mg/mL using 20 mM HEPES pH 7. Optimal in vitro decaging was obtained using 2.5 

mM DMT and incubation for 1 hour at 37°C, 300 rpm for 4 hours.  

 

Decaging – HEK-Blue TNF-α 

Decaging was performed in medium with 25 μM DMT, Tz1-2, Tz4 and (2PyrH)2Tz (kindly 

provided by Prof. Dr. Hannes Mikula) on cells at 37°C overnight. Tz1-2 and Tz4 were kindly 

provided by Dr. Merel van der Plassche. All used tetrazines used are visualised in Table 2.  

 

ELISA assay 

Uncoated ELISA kit for mouse TNF-α (#88-7324-88) was used from Invitrogen. The assays 

were performed using 96-wells microplate half area high binding (#675061, Greiner Bio-

one). Assay was performed according to the manufactures protocol with the following 

adaptations. Both antibodies and streptavidin-HRP were applied in 25 µL per well and 

blocking was performed with 100 µL per well. Samples were applied in 30 µL (80-10000 

pg/mL for TNF-α) per well. Final substrate was supplied in 25 µL per well and the enzymatic 

reaction was stopped with 12.5 µL per well. The absorbance at 450 was measured with the 

Bio-Rad iMarkTM Microplate Reader. 
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Cell culture 

L929 

Cells were maintained in 10 cm dishes in Dulbecco’s Modified Eagle’s Medium – high 

glucose (DMEM-high glucose, #D6546-500ML) supplemented with 10% Newborn Calf 

Serum (NCS), 2 mM glutamine, 100 IU/mL penicillin and 50 µg/mL streptomycin at 37°C, 

7% CO2. For each passage 50.000-100.000 cells/mL were used, which took place every 4-5 

days using 0.25% trypsin in PBS/EDTA. Incubation of about 3-5 minutes was followed by 

neutralization of the trypsin by adding complete medium in 1:1 ratio. 

 

HEK-Blue TNF-α 

HEK-BLUETM TNF-α (cat. Hkb-tnfdmyd, InvivoGen) were maintained in Dulbecco’s Modified 

Eagle’s Medium – high glucose (DMEM-high glucose, #D6546-500ML) supplemented with 

2 mM L-glutamine, 10% (v/v) heat-inactivated fetal calf serum, 100 IU/mL penicillin and 50 

μg/mL streptomycin at 37°C, 5% CO2. Every other passage (130 000 cells/mL in T75), 200 

μg/mL zeocin was added for selection.  

 

L929 assay 

Cells were seeded in 96-wells flat bottom plates at 200.000 – 250.000 cells per well in 100 

µL and incubated for at least 6 hours at 37°C, 7% CO2. Samples were prepared 5 times 

concentrated in growth medium containing 6 µg/mL actinomycin D (Merck cas nr. 50-76-

0; dissolved in 5% DMSO in PBS forming 1 mg/mL stocks) in a separate 96-wells plate. 20 

µL protein sample was added to the cells in duplicates reaching final cytokine 

concentrations of 6.4 pg/mL-100 ng/mL. Various controls with and without actinomycin D 

or TNF-α-6His/TNF-α-LPETGG-6His were placed on the same plate. Incubation for 19-20 

hours at 37°C, 7% CO2 was followed by 20 seconds centrifugation of the cells at room 

temperature at 1000g. The medium was removed using suction and replace with 90 µL 

medium and 10 µL MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide, 

MP Biomedicals cat. 102227) in PBS (5 mg/mL). Cells were incubated for 3 hours at 37°C, 

7% CO2 before centrifugation (2 minutes, 500g at room temperature). Medium was 

removed by suction and the purple crystals were dissolved in 100 µL DMSO per well. The 

absorbance at 570 nm was measured after 2 minutes incubation at 37°C, 500 rpm using 

the CLARIOstar of BMG Labtech. 

 

HEK-Blue TNF-α assay 

Protein samples were prepared 10 times concentrated in a separate 96-wells plate of which 

20 μL per well was transferred to the assay plate. HEK-BLUE TNF-α cells were seeded at 50 

000 cells/well in 180 μL medium. The final protein concentration ranged 78 – 5000 pg/mL. 

Cells were incubated for 18-20 hours at 37°C, 5% CO2 whereafter 20 μL medium was added 

to 180 μL QUANTI-Blue in a new 96-wells plate and incubated at 37°C for 30 minutes – 3 

hours. Absorbance at 655 nm was measured using the Bio-Rad iMARK Microplate reader. 
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Statistical analysis 
All data were normalized using Microsoft Excel. All data are reported as mean ± SD of n=3-

7 independent experiments. Statistical analysis were carried out using R 4.1.0 (R Core Team, 

2021), the base, graphics, methods, stats, utils, and ggplot2 packages. Parametric tests, 

one-way ANOVA, or Brown-Forsythe ANOVA tests were used for data with normal 

distribution, based on the homoscedasticity of the data, verified with Bartlett’s test. If the 

omnibus test had a p<0.05, unpaired t-test with or without Welch’s correction (Welch's 

correction applied to different SD pairs) post hoc tests were performed based on the F-

test. For data not normally distributed, non-parametrical Kruskal–Wallis comparisons were 

carried out with Mann-Whitney post hoc comparisons test. Results were considered 

significant when p<0.05. Graphs were made using GraphPad Prism 8.4.3. Statistical analyses 
were performed with assistance of Dr. Diana Torres García. 
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Supplementary Figures 
Optimisation of purification of TNF-α, TNF-α-6His and TNF-α-LPETGG-6His 

TNF-α-6His 

 

 
 

Figure S1 – Optimisation of TNF-α-6His purification 

TNF-α-6His was isolated from the lysate using nickel beads following A) manual purification or B) automated 

purification. Washing and elution were performed with 0-250 mM imidazole in PBS. Following, TNF-α-6His was 

isolated using DEAE anion exchange based on TNF-α-6His negative charge in either C) 20 mM HEPES pH 7 or D) 20 

mM HEPES pH 8. TNF-α-6His has a calculated pI ~5.64 causing it to be negatively charged. Therefor it would stick 

to the positively charged diethylaminoethyl (DEAE) resin. Washing and elution were performed with 0-500 mM NaCl. 

The red arrow indicate TNF-α-6His (~18 kDa).  
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TNF-α 

 

 
 
Figure S2 - Optimisation of TNF-α purification using DEAE anion exchange. 

TNF-α, produced in E. coli ArcticExpress (DE3) RP without purification tags, was purified using DEAE anion exchange. 

TNF-α was dissolved, together with 1 mM EDTA, in A) 20 mM HEPES pH 7, B) 20 mM HEPES pH 8, C) 50 mM MOPS 

pH 7.5 or D) 20 mM Tris pH 8. Under these conditions TNF-α is negatively charged (pI ~ 4.96) and therefore 

interacted with the positively charged column material. The red arrows indicate TNF-α (~17 kDa). Both HEPES buffer 

were not suitable for this purification while both MOPS- and Tris-based buffers were applicable.  
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Figure S3 - Optimisation TNF-α purification using CM cation exchange. 

Anion exchange purified TNF-α was further purified using CM cation exchange. TNF-α was buffer exchanged to A) 

20 mM MES pH 6. B) PBS pH 6 or C) 20 mM Na2HPO4/KH2PO4 pH 6. Under these conditions TNF-α is slightly positively 

charged (pI ~ 4.96) and therefore interacted with the negatively charged column material. The red arrows indicate 

TNF-α (~17 kDa).  
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TNF-α-LPETGG-6His 

 

 
 
Figure S4 - Purification of TNF-α-LPETGG-6His by nickel beads and DEAE anion exchange. 

TNF-α-LPETGG-6His was purified similar to TNF-α-6His purification by A) 6His-tag based purification using nickel 

beads and elution with 0-250 mM imidazole in PBS followed by B) anion exchange using a DEAE column in 20 mM 

HEPES pH 8 and 0-500 mM NaCl for elution. The red arrows indicate the molecular weight of TNF-α-LPETGG-6His 

(~19 kDa). The black boxes indicate some minor impurities after anion exchange.  
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Caging optimisation of TNF-α-6His 
 

 
 
Figure S5 - Optimisation of TNF-α-6His caging analysed on L929 cells using a MTT-assay. 
TNF-α-6His (0.1 mg/mL or 5.4 μM) in 20 mM HEPES pH 8 was caged using A) various concentrations of 1 (N=4), B) 

for various periods of time (h) (N=4) and C) at various temperatures (°C) (N=5). Caging was compared with the TNF-

α-6His + actinomycin D annotated as ref. (black, negative control). Actinomycin D served as a positive control 

(white). Bright colours indicate DMSO only samples and pastels the TCO-treated samples. In general, increased 

concentrations of 1 caused blocked TNF-α-6His activity. Increasing the caging time did not change the caging effect, 

but altered TNF-α-6His behaviour after 4 hours incubation. Lower caging temperature improved the caging. Overall 

caging increased cell viability compared to the negative control and the DMSO treated samples. Fluorescence at 570 

nm of a slow-eliminating BODIPY-TMR tetrazine was used to visualise caging on SDS-PAGE. Coomassie staining 

below each graph indicated equal protein usage. Data were plotted as mean signal ± SEM. Significances are indicated 

as follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
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Caging optimisation of TNF-α-LPETGG-6His 

 

 
 
Figure S6 - Caging optimisation of TNF-α-LPETGG-6His analysed by ELISA. 

TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM in 20 mM HEPES pH 8) was caged using A) various concentrations of 1 

(N=4), B) for various periods of time (h) (N=3) and C) at various temperatures (°C) (N=3). The initial standard caging 

conditions were set at caging with 2.2 mM 1 (B,C) for 1 hour (A,C) at 37°C (A,B). Bright colours indicate DMSO only 

samples and pastels the TCO-treated samples. Caging was compared with the DMSO control which gave the highest 

signal. Colour groups indicate different conditions with respective DMSO controls. In general, the data showed a 

decreased signal upon caging, except when incubation time was varied. Data were plotted as mean signal ± SEM. 

Significances are indicated as follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 
 
 

 
 
Figure S7 - Caging optimisation of TNF-α-LPETGG-6His analysed using L929 viability in MTT assays. 

TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM in 20 mM HEPES pH 8) was caged using A) various concentrations of 1 

(N=4), B) for various periods of time (h) (N=3) and C) at various temperatures (°C) (N=3). The initial standard caging 

conditions were set at caging with 2.2 mM 1 (B,C) for 1 hour (A,C) at 37°C (A,B). Caging was compared with the TNF-

α-6His + actinomycin D annotated as ref. (black, negative control). Bright colours indicate DMSO only samples and 

pastels the TCO-treated samples. Colour groups indicate different conditions with respective DMSO controls. In 

general, the signal increased upon caging as expected. Coomassie staining below each graph indicates equal protein 

application. Data were plotted as mean signal ± SEM. Significances are indicated as follows: * P<0.05;  ** P<0.01; *** 

P<0.001; **** P<0.0001; ns is non-significant. 
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Figure S8 - Caging optimisation of TNF-α-LPETGG-6His assessed using HEK-Blue TNF-α cells. 

TNF-α-LPETGG-6His (0.1 mg/mL or 5.1 μM) was caged in 20 mM HEPES pH 8 using A) various concentrations of 1 

(N=5), B) for various periods of time (h) (N=3) and C) at various temperatures (°C) (N=3). Bright colours indicate 

DMSO only samples and pastels the TCO-treated samples. Caging was compared with the DMSO control which gave 

the maximum signal. Colour groups indicate different conditions with respective DMSO controls. In general, caging 

reduced the signal compared to the DMSO control. An increased concentration of 1 caused TNF-α signalling 

inhibition. Longer incubation time altered TNF-α intrinsic activity. Incubation at higher temperatures prevented TNF-

α from binding better than by caging at lower temperatures. Data were plotted as mean signal ± SEM. Significances 

are indicated as follows: * P<0.05;  ** P<0.01; *** P<0.001; **** P<0.0001; ns is non-significant. 

 



 

 

 

 

 

 

  
  

4 
 

Towards Crystallization of Recombinant 

HLA-DR1 



Chapter 4 

112 

 

Introduction 
HLA-DR is a two-subunit class II MHC protein present on antigen-presenting cells.1 It is 

used by these cells to present peptides derived from material they have taken up (9-25 

amino acids in length2) to CD4+ T-helper cells.3 The recognition of such a peptide by a 

specific T-cell is one of the key moments in the initiation of the adaptive T-cell response 

that the body uses to clear pathogens in a highly specific manner, leading to the clearance 

of pathogens. This activation of T-cells by specific peptide-MHC complexes also underpins  

the memory response that forms the basis of both prophylactic and therapeutic 

vaccination strategies.4  
 

The HLA-DR genetic locus is also very interesting, as it is the most widely divergent locus 

in the human genome. For example, for HLA-DR >1000 different allelic combinations 

exist5,6, which can have a drastic effect on the susceptibility to given diseases of an 

individual. Diseases as rheumatoid arthritis7,8, Crohn’s disease9 and psoriasis10 have all 

been associated with specific HLA-DR1 haplotypes (DRB1*01:0211, DRB1*01:0312 and 

DRB1*01:02:DQB1*05:0113, respectively). It is believed that this high heterogeneity has 

evolved to allow the binding of a wide variety of peptide constructs, minimising the risk of 

‘escape mutants’ during an infection. This hypothesis is based on the fact that the most 

heterogeneous area of the protein is in the peptide binding region, with many of the 

different allelic combinations able to bind different peptide sequence families.   
 

 
 

Figure 1 - Overview HLA-DR assembly and antigen presentation. 

HLA-DR is assembled in the endoplasmic reticulum of an antigen-presenting cell where it then interacts with the 

invariant chain for stability. It is then translocated via the Golgi to a late endosome forming the MHC class II 

compartment (MIIC). The late endosome fuses with an endosome containing proteolytic products of an exogenous 

protein. After proteolytic cleavage of the invariant chain and with HLA-DM assistance, the CLIP peptide is replaced 

for an exogenous antigenic peptide. The loaded HLA-DR then travels to the cell surface where it presents the peptide 

to CD4+ T-cells.14 
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HLA-DR loads by and large peptides from endocytosed exogenous sources (Figure 1). The 

complex is first assembled in the endoplasmic reticulum (ER), where the peptide binding 

groove is occupied with the invariant chain (Ii). This is believed to have evolved to prevent 

the ‘accidental’ loading of endogenous ER-resident peptides. After assembly, the complex 

of MHC-II and the invariant chain is transferred through the Golgi apparatus to the late 

endosomal compartment called the “MHC class II compartment” (MIIC).14 Here, the 

endolysosomal proteases will cleave the Ii-chain down to a small set of peptides called the 

CLIP-fragments, which serves as a metastable ‘placeholder peptide’. Upon encountering 

peptide fragments from exogenous sources through the fusion of vesicles with the MIIC, 

HLA-DM will replace the CLIP peptides with a high affinity exogenous peptide. This will 

lead to dissociation from HLA-DM followed by translocation to the cell surface where it 

can be sampled by CD4+ T-cells.14 
 

The precise way in which such a MHC-II complexed with a foreign peptide binds to its 

cognate T-cell receptor, and how this subsequently leads to T-cell activation is not fully 

understood. No direct correlation between the binding constants of the receptor and the  

activation strength is apparent, furthermore, the kinetic binding parameters that allow the 

prediction of T-cell activation are unknown.15–18 This is particularly true for MHC-II 

restricted T-cell activation, where the number of tools to study the biology of this 

interaction at the molecular level is severely limited. This is due to the relative difficulty of 

its recombinant expression compared to that of the class-I HLAs.   

 

One aspect that has been a research interest in the van Kasteren-group has been the 

question of whether the length of the antigenic pulse to which a specific T-cell is exposed 

affects the strength and nature of downstream T-cell activation. For this, methods were 

developed based on click-to-release chemistry (see also Chapter 2-3). This is a chemical 

reaction which can be used as a tool in the immunology to research processes taking place 

in the immune system. Earlier papers from the group have shown that for MHC-I restricted 

T-cell activation, this approach could be used to control the point in time at which a T-cell 

becomes activated, thereby controlling the interaction time between the T-cell receptor 

and the antigen. This was achieved by modifying the presented peptides with 

bioorthogonal protecting groups, such as organic azides19,20 and trans-cyclooctenyl 

carbamates (TCO, Figure 2).21,22  

 

Similar research was attempted for MHC-II or human leukocyte antigen class II (HLA-DR)21, 

but uncovering peptides that could be modified with TCO-groups to block their activity 

proved complicated, as the chemically modified peptides in some cases could still activate 

T-cells that were normally selective for the unmodified peptide.  
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Figure 2 - Various forms of protected MHC-I epitope SIINFEKL. 

A) MHC-I cross-presented epitope SIINFEKL. B) Azide-modified SIINFEKL. The lysine is modified to having an azide 

group instead of a free amine. This abolished T-cell recognition.19,20 C) mbTCO-modified SIINFEKL. The lysine is 

modified with a TCO-ester, thereby abolishing T-cell recognition.22 The red groups indicate the protecting groups.  

 

It was therefore decided that – to gain more insight in why TCO/azide blockade resulted 

in abolition of T-cell recognition for MHC-I and not MHC-II and to better assess the 

mechanisms by which this blockade could be achieved in future – crystallographic 

information would be insightful. If crystals of both MHC-classes could be obtained with 

various TCO/azide protected peptides and their wildtype cognate counterparts in the 

peptide binding groove, this could lead to new insights into any conformational factors in 

this difference in ‘cageability’. The attempted crystallisation of MHC-I was previously 

reported by A. van der Gracht.22 This chapter described the expression and attempted 

crystallisation of MHC-II with MHC-II restricted peptides. It was chosen to use the human 

ortholog HLA-DR1 – a highly prevalent human MHC-II haplotype – with the view to begin 

the translation of the caging work to human systems.  

 

HLA-DR1 has been recombinantly expressed before in bacteria23,24, insect cells25–28 and 

mammalian cells29, with each expression system having its own advantages, disadvantages 

and challenges. The individual subunits can be readily expressed in bacteria using the T7-

lac system23 present in the E. coli BL21 (DE3) pLysS strain used. The T7-lac system minimizes 

toxicity of the target protein by coordinated expression in the presence of lactose or a 

structural analogue (Figure 3).30 For functional HLA-DR1, however, a heterodimer has to 

be formed which cannot be done by the bacteria and therefore has to be done afterwards 

via refolding. Frayser et al. and Günther et al. used a glutathione redox couple to gradually 

assist in HLA-DR1 refolding.23,24 Günther et al. managed to obtain milligrams yield, which 

proved enough to make crystal structures.24 A major downside of the bacterial approach 

is that this variant will yield a non-glycosylated variant of HLA-DR1. It has been shown, 

however, that glycosylation of the complex can imbue critical properties on the complex 

by virtue of interacting with lectins on T-cells leading to their altered regulation.31  
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In addition, it has also been posed that glycosylation affects complex stability as well as 

localization and clustering at the cell surface.32 
 

 
Figure 3 - Control on protein expression by the Lac operon. 

A) In the absence of lactose or IPTG, the LacZ repressor binds the LacZ operator which prevents the expression of 

T7 polymerase and by that the expression of the protein of interest. B) In the presence of lactose or IPTG, the LacZ 

repressor is bound and unable to bind to the LacZ operator allowing T7 polymerase to be transcribed and translated. 

As a consequence, the gene of interest can be transcribed leading to the production of the protein of interest. Crystal 

structure was obtained from Murthy and Stern (PDB: 1AQD). 
 

As an alternative production strategy – one that does yield glycosylated HLA-DR1 – is 

through expression in insect cells. These eukaryotic cells have the potential to correctly 

fold the individual subunits due to the presence, although different from human, post-

translational modifications.33 Pos et al. used Sf9 cells and were able to yield pure HLA-DR1 

for crystallization purposes.26 This method of recombinant production was based on the 

Baculovirus Expression Vector System (BEVS), in which a donor vector encoding the gene 

of interest recombines with bacmid DNA.34 This recombined bacmid DNA encodes the 

gene of interest and upon transfection of the insect cells is translated to a baculovirus, 

which can infect other insect cells and cause the production of the gene of interest35 

(Figure 4). Busch et al. were able to express HLA-DR1 in Drosophila melanogaster cells by 

normal transfection for a structural study regarding HLA-DM interactions.28 
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Figure 4 - Overview of Baculovirus Expression Vector System. 

A donor vector (pFastBac dual) encoding the gene(s) of interest recombines via its transposon (Tn7) sequences with 

bacmid DNA in competent DH10Bac E. coli. Correctly recombined bacmid is isolated and used for transfection of 

insect cells (Sf9). In these cells the bacmid DNA is translated to virus DNA and secreted in virus particles. These 

particles can be used to transfect a (different) insect cell line for protein expression.  
 

Finally, mammalian expression systems have also been used to express HLA-DR1. These 

expression systems yield correctly folded, glycosylated receptors. Szeto et al. showed that 

a HEK293s GnTI- strain was ideal for this. Due to its mammalian origin, codon usage is the 

same and due to its simplified post-translational modifications, the probability of correct 

folding increases.36 However, the disadvantage of this system is that it is more complex to 

get high-yielding expression, especially in the absence of serum (which is beneficial for 

later purification).37 Also, even though post-translational modifications such as 

glycosylation are essential for folding, they can be troublesome for crystallization 

purposes, as the glycans introduced are highly heterogeneous and very flexible, making 

crystallization more difficult.38 The use of strains with minimal glycosylation patterns such 

as HEK293s GnTI-39, which lack N-acetyl-glucosaminyltransferase l only to produce 

predominantly Man5GlcNAc(2)N-glycans, is beneficial but not essential. Alternatively, 

treatment with glycan-cleaving enzymes such as protein N-glycanase F and 

endoglycosidases40 post-expression can be used to simplify the carbohydrate diversity.  

 

In this chapter, the expression of HLA-DR1 and the exchange of peptides using HLA-DM 

was explored with the aim of producing caged epitope-containing receptors. Three 

different expression systems were explored, bacterial-refolding, followed by an insect cell-

baculovirus system, before finally producing the first crystals in a HEK293 expression 

system.   

 

  



HLA-DR1 Expression 

 

117 

 

Results & Discussion 
Bacterial expression 
Construct design 

First the expression of HLA-DR1 in E. coli was attempted. The two subunits of HLA-DR1 are 

both membrane anchored proteins. Gene constructs were therefore designed that omitted 

the N-terminal signal sequence, as this cannot be recognized in a bacterial system as such, 

and the C-terminal transmembrane and cytosolic region (Supplementary Figure S1). All 

constructs were cloned using restriction/ligation into a pET28(+)-vector under the control 

of the T7 promoter. This vector also has a C-terminal 6His-tag encoded in its backbone 

which could be used for purification purposes. Each subunit was designed with and without 

the presence of this tag (Figure 5). 
 

 
 
Figure 5 - Construct overview for bacterial expression. 

Both HLA-DR1A*01*01 and HLA-DR1B*01*01 were expressed with or without C-terminal 6His-tag. The N-terminal 

secretion signal sequence was removed and replaced a methionine and the amino acids EFG for HLA-DR1β, 

respectively. The C-terminal transmembrane and cytosolic domain were removed as well for both subunits and 

replaced with one lysine (K).  
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Protein expression and purification 

Even with the membrane bound part genetically removed, the HLA-DR1 subunits are still 

expressed in inclusion bodies.41 Commonly used bacterial strains for expressing 

(mammalian) proteins such as Escherichia coli (E. coli) BL21 (DE3), E. coli Rosetta-gami 2 

(DE3) and E. coli ArcticExpress (DE3) RP were assessed. All make use of the T7-Lac system 

(Figure 3) to minimize the possible toxicity of the expressed protein.30,42 By addition of 

IPTG, subunit expression was initiated and assessed (Figure 6).  
 

Expression in E. coli BL21 (DE3) (BL) did not result in significant amounts of either subunit 

(dark blue boxes, Figure 6), which was most likely due to the presence of some rare codons 

in the construct. The presence of the respective tRNAs in both E. coli Rosetta-gami 2 (DE3) 

(RG) and E. coli ArcticExpress (DE3) RP (AE) solved this problem as significant subunit 

presence (red boxes for HLA-DR1α(-6His), yellow boxes for HLA-DR1β(-6His)) was 

observed after induction of these strains. Western blot analysis using 6His-specific 

detection confirmed the presence of the 6His-tagged subunits in the samples after IPTG 

induction (Figure 6E). In particular in Figure 6B and Figure 6C, the same protein runs at 

different heights in the same gel. This could be due to not-fully denaturing conditions 

under which the gels were performed; the samples were cooked at 95°C for 5 minutes in 

Laemmli buffer containing β-mercaptoethanol, but in the absence of dithiothreitol (DTT). 

Therefore, some minor changes in protein migration distance could be observed. Another 

aspect could be that the current going through the gel was not equally distributed due to 

flaws in the running systems. The above mentioned rationale could also explain why in 

Figure 6E HLA-DR1α-6His is running higher than HLA-DR1β-6His, even though it is a bit 

larger in size.  

 

Next, the individual subunits were purified. The bacteria were lysed using lysozyme and 

sonication to release their content.43 The remaining inclusion bodies were washed to 

remove coprecipitated impurities, before dissolving them in PBS and loading them on 

nickel resin for His-tag based purification. After incubation the resin was washed with 

increasing concentrations of imidazole in PBS (10 mM to 250 mM) to elute the subunits 

individually (Figure 7). Figure 7A shows that HLA-DR1α-6His was isolated, although the 

fractions containing the subunit were not completely pure. In contrast, HLA-DR1β-6His 

(Figure 7B) was isolated with high purity.  
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Figure 6 - Expression of HLA-DR1(-6His) subunits by E. coli BL21 (DE3), Rosetta-gami 2 (DE3) and E. coli  

ArcticExpress (DE3) RP. 

HLA-DR1α and HLA-DR1β were cloned into a pET28a(+)-vector with or without a C-terminal 6His-tag encoded in 

frame. The vector was transformed in E. coli BL21 (DE3) (BL), E. coli Rosetta-gami 2 (DE3) (RG) and E. coli ArcticExpress 

(DE3) RP (AE) for regulated expression of the subunits by the addition of IPTG. Samples were taken before and after 

addition of IPTG. Samples were analysed on SDS-PAGE; A) HLA-DR1α, B) HLA-DR1α-6His, C) HLA-DR1β and D) HLA-

DR1β-6His. Each subunit is 20-25 kDa. The dark blue boxes indicate the absence or minimal presence of the protein 

of interest. The red boxes indicate HLA-DR1α (-6His) and the yellow boxes indicate HLA-DR1β(-6His). E) 6His-tag 

based Western blot  to confirm the expression of both HLA-DR1α-6His and HLA-DR1β-6His by both E. coli Rosetta-

gami 2 (DE3) and E. coli ArcticExpress (DE3) RP by IPTG induction. The boxes indicate HLA-DR1α-6His (red) and HLA-

DR1β-6His (yellow).  
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Figure 7 - 6His-tag-based purification of HLA-DR1 subunits expressed by E. coli ArcticExpress (DE3) RP. 

A) HLA-DR1α-6His and B) HLA-DR1β-6His were expressed in E. coli ArcticExpress (DE3) RP and purified using nickel 

resin and imidazole in PBS. The various fractions were analysed by SDS-PAGE. The boxes indicate HLA-DR1α-6His 

(green, A) and HLA-DR1β-6His (orange, B) of about 20-25 kDa. T0: pre-induction; T1: post-induction; S: soluble 

fraction after lysis; W1-W3: washes of the inclusion bodies; IB: inclusion bodies.  
 

The non-histagged subunits were also expressed and purified to get the native HLA-DR1 

complex. Lysis was followed by separation of the soluble fraction from the membrane 

fraction including the inclusion bodies (IB).41,44 To minimize the impurities present in the 

IB several washes were performed using Triton X-100 containing buffer.44,45  After lysis, the 

IBs were dissolved in 8 M urea in 20 mM Tris with pH 8 or pH 9 for HLA-DR1α and HLA-

DR1β, respectively. Further purification was done based on the intrinsic charge of each 

subunit at a certain pH. The calculated pI-values of unfolded HLA-DR1α and HLA-DR1β 

were determined to be 4.7 and 6.3, respectively. As each subunit was dissolved and 

unfolded completely after bacterial lysis in a urea/Tris buffer with pH 8 and pH 9 for HLA-

DR1α and HLA-DR1β, respectively, the overall charge of each subunit was negative. 

Therefore, a strong anion exchange was applied to purify each of these subunits separately 

(Figure 8).  

 

The solubilized IBs were loaded onto a Q-column, which is modified with positively 

charged quaternary amino groups. Various concentrations of NaCl were used to elute the 

subunits (red and yellow boxes). After this, the HLA-DR1α purity was significantly improved 

as the ratio impurities/subunit was rather low (Figure 8A). For HLA-DR1β,  this ratio was 

rather higher (Figure 8B), suggesting that some addition purifications may be necessary.  
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Figure 8 - HLA-DR1 purification by strong anion exchange. 

HLA-DR1α (A) and HLA-DR1β (B) were purified from E. coli ArcticExpress (DE3) RP by lysis via lysozyme and 

sonication. Following, the subunits were dissolved in an 8 M urea solution in 20 mM Tris pH 8 or pH 9 for HLA-DR1α 

(A) and HLA-DR1β (B), respectively. The boxes indicated HLA-DR1α (red) and HLA-DR1β (yellow) which are 20-25 

kDa.  

 

HLA-DR1 refolding 

Two methods of refolding were attempted, both using the glutathione redox couple to 

assist in the process.23,46 The reported methods differed in the ratio between this redox 

couple and the amount of HLA-DR1 subunits. Refolding was assessed using native PAGE, 

6His-specific Western blot and SDS-PAGE (Supplementary Figure S2). The latter was 

possible due to the SDS-resistance of HLA-DR1 at SDS concentrations applied in SDS-

PAGEs (0.2-0.5%).47 Both reduced (by boiling and β-mercaptoethanol presence) and non-

reduced samples were analysed and the folded HLA-DR1 could be identified as a band 

that disappeared upon reduction. Some bands (red arrows in Figure S2A-B) seemed to 

show this behaviour. However, assessment via native PAGE and 6His-specific Western blot 

(Figure S2C) did not confirm this to be HLA-DR1 complex. Optimising the refolding 

conditions (Table 1) did not result in better complex formation (data not shown).  

 

Even though both refolding methods showed minor band formation upon refolding, the 

actual presence of correctly folded HLA-DR1 could not be confirmed. Therefore, alternative 

methods involving insect cell expression or mammalian expression described in literature 

were pursued next. 
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Table 1 - Overview refolding optimisation protocols. 

Refolding was performed based on research done by Büchner et al.46 and Frayer et al.23. The protocol based on 

work of Lahav-van der Gracht was an optimisation in itself.  

 

Origin Method Buffer and conditions 
Adaptations for 

optimisation 

Büchner et al.46 

100 mM Tris pH 8, 400 mM L-arginine, 2 mM EDTA, 5 mM 

reduced glutathione, 0.5 mM oxidized glutathione,  

 

1.0 μM per subunit in urea +  

10 μM peptide ISQ 

 

24 hours at 4°C 

Change subunit 

concentration; 1.0 

μM – 5.0 μM 

Increase 

incubation time to 

40 hours 

Frayser et al.23 

20 mM Tris, 25% (w/v) glycerol, 0.5 mM EDTA, 3 mM reduced 

glutathione, 0.3 mM oxidized glutathione pH 8.5 

 

80 nM per subunit in urea +  

0.5 μM peptide ISQ 

 

3 days at 4°C 

Increase peptide 

concentration to 

10 μM 

Reduce subunit 

concentration to 

13 nM 

Lahav-van der 

Gracht22 

100 mM Tris, 0.07 g/L L-arginine, 5 mM reduced glutathione, 

0.5 mM oxidized glutathione, 2 mM EDTA, 1 mM PMSF 

 

1:2 ratio between subunits in urea + 60 μM peptide ISQ 

 

Sequential addition of subunits over 3 days, 1 day additional 

incubation at 4°C 

Not further 

pursued 

 

Insect cell expression 
Insect cell expression has also been reported for HLA-DR expression.48 Here, an attempt 

was made to use Sf9 insect cells to produce a baculovirus which encodes both subunits of 

HLA-DR1 under two separate promoters. Two separate promoters were used to allow for 

transfection with one bacmid construct instead of two to introduce both subunits. The use 

of two promoters also prevents competition for het polymerase used by these promoters, 

resulting in (almost) equal protein expression of each subunit from one construct. This 

virus was then used to infect High Five insect cells which are commonly used for the actual 

protein expression.49,50 

 

Construct formation and virus production 

The expression and dimerization of two subunits simultaneously has been reported in 

insect cells.51 To recapitulate this, the pFastBac dual vector was used52, which encodes for 

two antiparallel promoters (P10 and polyhedrin (PH)) that are initiated by different 

polymerases (Figure 9). The promoter is followed by a secretion signal sequence (gp67) 

which causes the protein of interest to be exported from the insect cell to the medium. 

The gp67 sequence was then followed by the gene of interest – HLA-DR1A*01:01 or HLA-

DR1B*01:01. For detection and purification purposes, each gene of interest was provided 

with a C-terminal tag, a dual-Strep-tag for the P10 promoter and a 6His-tag for the PH 

promoter. To remove these tags after purification a tobacco etch virus protease (TEV) 

recognition site was placed between the gene of interest and this tag (Figure 9). The 

promoters, secretion sequences, cleavage sites, tags and the genes of interest, were 

flanked by transposon sequences (Tn7L and Tn7R) which allowed for recombination with 

bacmid DNA via het BEVS system described in the introduction (Figure 4, Figure 10A). 
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Besides the HLA-DR1 subunits, the gene for YFP was also present on the bacmid, which 

was used to determine whether transfection and later on infection were accomplished 

(Figure 10B). The presence of the genes for the individual HLA-DR1 subunits without 

transmembrane and cytosolic parts was confirmed by PCR (Figure 10C).  

 

 
 
Figure 9 - Construct design between the transposons for HLA-DR1 expression by insect cells. 

Vector pFastBac Dual (pFastBac_CSCH) was designed as follows: two anti-parallel promoters, P10 and polyhedrin 

(PH) were followed each with a secretion sequence (gp67), followed by the gene of interest (GOI), a cleavage 

sequence (TEV) and a purification tag, dual-Strep-tag and 6His-tag, respectively. The restriction sites and the 

respective enzymes are indicated as well. The construct could be designed with one GOI (HLA-DR1α or HLA-DR1β) 

or two. After expression and purification, the subunits or complex could be purified based on the tags, which could 

afterwards be removed by using tobacco etch virus (TEV) protease. Vector pFastBac Dual encodes gentamycin and 

ampicillin resistance genes for transfection into bacteria.  

 

 
 

Figure 10 - Baculovirus generation encoding both subunits of HLA-DR1. 

A) Schematic overview of baculovirus generation encoding both subunits of HLA-DR1; pFastBac dual vector 

recombines using transposon regions with bacmid DNA to transfer the genes of both subunits. The bacmid was 

used for transfection of adherent Sf9 cells at low confluence. Splitting the transfected Sf9 cells resulted in higher 

virus titers. B) Microscopic overview of protein expression (YFP) during virus co-incubation (10 times magnification). 

C) Presence of genetic code for each HLA-DR1 subunit was confirmed using PCR. The red box indicate HLA-DR1α 

and the green box indicates HLA-DR1β. 
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After virus titer determination, the baculovirus was used to infect both Sf9 adherent and 

suspension cells and High Five cells. Although, Sf9 cells are not optimised for recombinant 

protein expression, some HLA-DR1 expression was observed. Western blot analysis of 

expression in Sf9 cells following harvest, virus isolation and lysis suggested the presence 

of the individual subunits (red and blue boxes at 30-35 kDa) of HLA-DR1 and some signs 

of the formed complex (yellow box at 70 kDa) were also observed (Supplementary Figure 

S3 and Figure S4). However, these subunits and the complex remained in the membrane 

fraction after various lysis methods (data not shown), making it extremely hard to isolate 

them in a correctly folded state.  

 

Expression in High Five cells (Figure 11) showed no clear overexpression of the individual 

HLA-DR1 subunits, or of the complex. The Western blot analysis based on the dual-Strep 

tag and 6His-tag (Figure 11) confirmed signs of HLA-DR1 subunits expression, although 

most of the signal was observed in the membrane fraction. Due to these difficulties with 

the expression, the insect cell system was abandoned and alternative ways of expression 

were pursued.  

 
 
Figure 11 - HLA-DR1 expression by High Five insect cells analysed by Western blot and coomassie staining. 

High Five insect cells were infected with HLA-DR1 encoding baculovirus and incubated for 2-4 days after which the 

cells were separated from the medium (MD), followed by lysis of the cell pellet resulting in a cytosolic (C) and 

membrane (M) fraction. Samples of each day were analysed using dual-Strep and 6His-specific antibodies for 

Western blot  visualisation of HLA-DR1α (30.97 kDa) and HLA-DR1β (25.75 kDa), respectively. The red and blue box 

indicated monomeric HLA-DR1α and HLA-DR1β, respectively. No clear sign of (correctly) folded HLA-DR1 could be 

observed.  
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Mammalian expression 

Expression system 

As expression by bacteria and insect cells did not result in (significant yields of) correctly 

folded HLA-DR1, a mammalian expression system was explored. There are various 

mammalian cell lines that are used for protein expression of which CHO cells 53,54 and the 

HEK29355 expression system are the most commonly used. Szeto et al.55 have described 

the expression of HLA-DR1.56 They used HEK293s GnTI- cells, which lack N-

acetylglucosaminyltransferase I (GnTI).57 The resulting proteins are therefore produced 

with predominantly Man5GlcNAc(2)N-glycans.39  

 

Construct design 

The two plasmids encoding HLA-DR1α *01:01 or HLA-DRβ1*01:01 were kindly provided by 

Prof. Dr. Stephanie Gras (Figure 12, Supplementary Figure S5), as were the protocol for 

expressing in and purifying the protein form HEK293s GnTI- cells. The genes and tags were 

inserted in the pHL-SEC vector which encodes an N-terminal secretion signal sequence to 

allow for transport out of the cell. At the C-terminus of both genes an enterokinase site 

(DDDDK)58 was encoded to remove the elements of the Fos/Jun leucine zipper and the 

purification tag before crystallization. The two subunits were designed to recombine and 

fold assisted by a Fos/Jun leucine zipper.59 HLA-DR1α encodes the Fos part C-terminally 

of the enterokinase sequence (Figure 12A). HLA-DR1β was expressed together with the 

CLIP-peptide, which was encoded N-terminally from HLA-DR1β followed by a linker 

sequence and a factor Xa site. Factor Xa can cleave off the peptide to allow for other 

peptides to be incorporated.60 The CLIP-peptide was N-terminally connected to a Strep-

tag for isolation purposes. Furthermore, the HLA-DR1β constructs encodes the Jun part 

followed by a BirA biotinylation site and a 7His-tag for purification purposes. This is all 

upstream from the enterokinase site (Figure 12B). 
 

 
Figure 12 - Overview constructs HLA-DR1. 

A) HLA-DR1A*01*01 was designed with a N-terminal secretion sequence and a C-terminal enterokinase sequence 

followed by the Fos protein sequence for the leucine zipper. B) HLA-DR1B*01*01 was designed with the same N-

terminal secretion sequence as HLA-DR1α followed by a Strep-tag and the CLIP peptide. A flexible linker and a factor 

Xa site separates this peptide form HLA-DR1β. A C-terminal enterokinase site allows for the cleavage of the Jun 

protein, as part of the leucine zipper, the BirA biotinylation site and a 7His-tag.  
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Protein expression and purification 

The plasmids were co-transfected into HEK293s GnTI- and the initial expression was 

analysed with both coomassie staining and on Western blot using 6His-tag specific 

detection. Coomassie staining (Figure 13A) did not show obvious HLA-DR1 expression, 

nevertheless, 6His-based Western blot analysis indicated the presence of the subunits 

(Figure 13B). Another Western blot was performed using specific antibodies for either the 

DR1α- or DR1β-subunit under reducing (+ boiling) and non-reducing (- boiling) conditions 

(Figure 13C) confirming the presence of two subunits. Native page analysis in combination 

with Western blot analysis (Figure 13D) showed bands for each detection method at about 

the same height, indicating that the complex was formed in a correctly folded fashion.  
 

 
 
Figure 13 - Expression and purification of HLA-DR1 in HEK293s GnTI-. 

A) HEK293s GnTI- cells were transfected with DNA encoding the HLA-DR1 subunits and harvested after different 

incubation times. B,C) Expression of the subunits was confirmed by Western blot using 6His-tag  detection, C) DR1α-

specific and C) DR1β-specific detection. D) Native page analysis and a Western blot were performed to confirm 

correct HLA-DR1 folding. E) HLA-DR1 was purified based on its C-terminal 6His-tag using a nickel column and 

competition with imidazole. The red boxes in each gel or blot indicates the presence of HLA-DR1. Each subunit of 

either complex is about 35-40 kDa. PEI: polyethylenimine; DR1: HLA-DR1.  
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HLA-DR1 was isolated from the medium using its C-terminal 6His-tag (Figure 13E). HLA-

DR1 containing medium was loaded onto nickel resin, incubated for 2 hours at 4°C and 

eluted with various concentrations of imidazole on ice. Analysis by SDS-PAGE indicated 

the fractions containing both subunits of HLA-DR1 and these fractions were combined and 

concentrated for further purification.  
 

For crystallography the concentrated fractions were further purified using size exclusion 

chromatography (SEC). Fractions were collected and based on absorbance detection at 

280 nm and protein-containing fractions were analysed by SDS-PAGE (Figure 14). Pure 

fractions containing only both subunits were combined and concentrated for further 

experiments (red box). 
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Within cells HLA-DM is essential for the removal of the CLIP peptide (which stabilizes HLA-

DR1 in the endoplasmic reticulum) and the replacement thereof with a higher affinity 

peptide.14  Therefore, to allow for in vitro exchange of peptides in HLA-DR1,  HLA-DM was  

expressed in a similar fashion as HLA-DR1. pHL-SEC-vectors encoding either the HLA-DMα 

or HLA-DMβ chain – both provided by Prof. Dr. Stephanie Gras – were used to transfect 

HEK293s GnTI- cells (Supplementary Figure S6). Following, similar 6His-tag based and 

SEC purification were performed as with HLA-DR1. The results thereof are given in 

Supplementary Figure S6. Similar results regarding purity were obtained.  

Protein analysis and initial crystallization 

After concentrating the fractions of both proteins, samples were loaded onto a native page 

to check for purity (Figure 15A). Both protein complexes were pure and present in the 

same folded state, indicated by the presence of only one band on the native page. The 

thermostability of HLA-DR1 was also determined by measuring tryptophan emission both 

at 330 nm (unfolded state) and 350 nm (folded state) while steadily heating the sample 

(Figure 15B).61 According to the resulting spectrum, unfolding took place in two steps; the 

first step around 60°C, and the second step at 90°C. This is comparable with data published 

by Szeto et al..29 

 
 

Figure 15 - Native page analysis of HLA-DR1 and HLA-DM and thermostability analysis of HLA-DR1. 

A) HLA-DR1 (red box) and HLA-DM (yellow box) purity analysed by native page. Both protein complexes were pure 

indicated by the presence of one band. B) Thermostability analysis of HLA-DR1 using the 350/330 ratio. The red 

arrows indicate two points at which (partial) unfolding took place.  

 

As sufficient HLA-DR1 could be expressed, some initial crystallization experiments were 

performed. HLA-DR1 was co-expressed with the CLIP peptide.62,63 Conditions under which 

HLA-DR1-CLIP crystallized, also in previous research, provided a starting point for other 

(clickable) peptides. Crystallization started based on research published by Günther et al. 

in which HLA-DR1 was crystallized with various CLIP-peptides.24 A screen was designed 

based on these conditions; HLA-DR1 (~12 mg/mL) in 20 mM MES/50 mM NaCl pH 6.4 was 

used for this and after 5 days some circular crystals formed (Figure 16). These crystals 

could not be used for diffraction but could be used as seeding material in future 

experiments. A more general screen could be set-up to find alternative crystallization 

conditions. This should be performed for both the native and the clickable peptide-

containing HLA-DR1. 
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Figure 16 - Initial crystal formation of HLA-DR1. 

After 5 days circular HLA-DR1 crystals were formed. After 60 days crystals were visualised using UV and polarized 

light 90°. Crystallization took place with 12 mg/mL HLA-DR1 in 20 mM MES/50 mM NaCl pH 6.4; drop size was 200 

nL with 70% protein and 30% buffer. The crystallization condition contained 0.15 M magnesium formate, 12.857% 

(w/v) PEG 3350.  

 

Conclusion 
As it was possible to bind clickable peptides in the MHC-I binding groove and that this 

would allow for research in peptide processing and T-cell activation, an attempt was made 

to do this for MHC-II or the human HLA-DR1. However, performing click-to-release 

chemistry on this complex proved to be difficult and therefore more structural insight of 

the peptide binding could be of essence. Here the first steps were taken to express, purify 

and crystalize HLA-DR1. This proved to be rather difficult as bacterial expression made 

refolding necessary which was a very inefficient and low-yielding process. Expression by 

insect cells resulted in the individual subunits and some signs of complex formation were 

observed as well. However, the complex resided in the membrane fraction of the lysate, 

making it hard to purify the correctly folded complex from it. Eventually, expression by 

HEK293s GnTI- cells resulted in significant amounts of complex HLA-DR1 which was 

relatively easy to purify. Some initial crystallization experiments with HLA-DR1 bearing the 

CLIP peptide resulted in phase separation but also in circular crystal formation. Although, 

these could not be used for diffraction, this can function as a starting point for further 

crystallisation efforts. 
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Materials & Methods 
General reagents 

All restriction enzymes, polymerases and ligases were purchased from Thermo Fisher 

Scientific. Non-essential amino acids (100x, Gibco #11140050) and HisPurTM Ni-NTA 

(Catalog #88222) were purchased from Thermo Fisher Scientific. Amicon® Ultra-4 

Centrifugal Filters (#UFC801008) and Amicon® Ultra-15 Centrifugal Filters (#UFC901008) 

10K were purchased from Merck. HiTrapTM 5 mL Q HP columns and the ÄKTA start system 

were purchased from GE Life Sciences. Rabbit anti-6*His (Item No. 600-401-392) was 

purchased from Rockland and mouse anti-rabbit IgG-HRP (Catalog #sc-2357) was 

purchased from Santa Cruz Biotechnology. L243 (#11-690-C025) was purchased from 

Exbio and mem-267 (#SAB700664) was purchased from Merck. Strep-tactin® (#2-1502-

001) was purchased from IBA. Goat anti-mouse IgG-HRP (#113-035-003) was purchased 

from Jackson. DMEM-medium, L-glutamine, streptomycin and penicillin were all 

purchased from Sigma-Aldrich (MERCK). SF-900TM II Serum Free medium (Catalog 

#10902088) from Gibco was purchased from Thermo Fisher Scientific. QIAprep® Spin 

Miniprep kit (Cat No. 27104) and QIAGEN Plasmid Maxi Kit (ref. 12163) were purchased 

from Qiagen.  

 

Construct formation 

Expression in bacteria 

HindIII restricted (1x R Buffer, 10U HindIII) donor vectors pcDNA3.2-HLADR1α and 

pcDNA3.2-HLADR1β (subtype DRB1*01:01) were used as template for HLA-DR1α(-6His) 

and HLA-DR1β(-6His) amplification respectively, by PCR (GC Green Buffer, 0.2 mM dNTPs, 0.1 

µM of each primer, 50 ng restricted vector, 2U Phusion polymerase) using primers of Table 

2. The PCR products and pET28a(+)-vector were restricted (24 hours at 37°C, 300 rpm) with 

NcoI/XhoI (10U) and ligated (2 hours at room temperature) using T4 DNA Ligase (5U). 

Ligation products were transformed into E. coli XL10 via heat shock (42°C, 45 seconds), 

recovery on ice for 2 minutes and SOC-medium recovery followed by overnight growth at 

kanamycin (50 µg/mL) containing LB-agar plates.  

 

Table 2 – Primers for construct design for expression insect cells and bacteria. 

Primer 

Nr. 

Expression 

System 
Construct Sequence 5’→ 3’ 

1 

Bacteria 

HLA-DR1α 
GGTACCATGGCTATCAAAGAAGAACAT 

2 GGTGCTCGAGTTACTTCTCTGTAGTCTC 

3 
HLA-DR1α-6His 

GGTACCATGGCTATCAAAGAAGAACAT 

4 GGTGCTCGAGCTTCTCTGTAGTCTC 

5 
HLA-DR1β 

TATACCATGGCTGGGGACACCCGACCA 

6 AAAACTCGAGTTACTTGCTCTGTGCAGA 

7 
HLA-DR1β-6His 

TATACCATGGCTGGGGACACCCGACCA 

8 AAAACTCGAGCTTGCTCTGTGCAGA 

9 

Insect cells 

HLA-DR1α AAAGCTAGCAATCAAAGAAGAACAT 

10  TTTGGTACCTTCTCTGTAGTCTCTG 

11 HLA-DR1β AAAGAATTCGGGGACACCCGAC 

12  GGGAAGCTTTTCTTGCTCTGTG 
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Expression in insect cells 

HindIII restricted (1x R Buffer, 10U HindIII) donor vectors pcDNA3.2-HLADR1α and 

pcDNA3.2-HLADR1β were used as template for HLA-DR1α and HLA-DR1β amplification 

respectively, by PCR (GC Green Buffer, 0.2 mM dNTPs, 0.1 µM of each primer, 50 ng 

restricted vector, 2U Phusion polymerase) using primers of Table 2. The PCR products were 

cloned in the pFastBac Dual (pFastBac_CSCH, Figure 9) which was modified with N-

terminal secretion sequences (gp67) for the genes of interest followed by a C-terminal 

TEV-sequence followed by either a dual Strep-tag (P10 promoter) or a 6His-tag (polyhedrin 

promoter) (Figure 9). HLA-DR1α was placed behind the P10 promoter by restriction with 

KpnI/NheI (10U) and HLA-DR1β was placed behind the polyhedrin promoter by restriction 

with EcoRI/HindIII (10U, 24 hours at 37°C, 300 rpm). The restricted fragment and vector 

were ligated with T4 DNA ligase (5U, 20 hours at 16°C). Ligation products were transformed 

into E. coli XL10 via heat shock (42°C, 45 seconds), recovery on ice for 2 minutes and SOC-

medium recovery followed by overnight growth on ampicillin (250 µg/mL) and gentamycin 

(7 μg/mL) containing LB-agar plates at 37°C.  
 

Colonies containing properly ligation pFastBac, encoding either HLA-DR1α, HLA-DR1β or 

both, were selected and DNA was isolated using the QIAprep® Spin Miniprep kit according 

the manufacture’s manual. Following, 1-5 ng DNA was used for transfection of competent 

DH10Bac ® E. coli by first incubating for 30 minutes on ice, following a heat shock (42°C, 

45 seconds) and recovery on ice. Recovery in SOC-medium for at least 4 hours at 37°C was 

followed by overnight growth on X-gal-containing LB-agar (50 μg/mL kanamycin, 7 μg/mL 

gentamycin, 100 μg/mL tetracycline, 40 μg/mL IPTG and 100 μg/mL X-gal)  plates at 37°C 

for 48 hours. White colonies were selected and a re-streak was performed to obtain a pure 

culture which was then grown overnight in glucose-medium (LB-medium supplemented 

with kanamycin (100 μg/mL), gentamycin (7 μg/mL), tetracycline (100 μg/mL), glucose (1% 

v/v)) at 30°C.  Overnight culture was diluted 10 times in glucose-medium and grown until 

OD600 ~ 0.8 whereafter bacmid DNA was isolated using the QIAGEN® Plasmid Maxi Kit. 

Manufacture’s manual was followed with some adaptations mentioned below; before 

applying the soluble fraction of the bacteria on the QIAGEN column, it was filtered using 

cheese cloth. After iso-propanol precipitation, the resulting pellets were dissolved in TNE-

buffer (10 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA), following precipitation with two 

volumes 96% ethanol and centrifugation (10 minutes at 15000 rcf, room temperature). The 

resulting pellet was air-dried and dissolved in TE-buffer (10 mM Tris pH 8, 1 mM EDTA) 

overnight.  
 

Expression in HEK293s GnTI- 

Constructs encoding the truncated, codon optimised version of each subunit of HLA-DR1 

(pHLSEC-HLADR1A*0101 (Uniprot: P01903), pHLSEC-HLADR1B*01*01 (Uniprot: A9JJF6)) 

and HLA-DM (pHLSEC-HLADMα, pHLSEC-HLADMβ)29 were kindly provided by Prof. Dr.  

Stephanie Gras of La Trobe University, Melbourne, Australia. The sequences used are given 

in Supplementary Figure S5.  
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Cell culture 

Insect cells 

Adherent Sf9 cells 

Sf9 cells (#CRL-1711TM, ATCC) were maintained in TNM-FH insect medium (Grace’s 

medium provided with lactalbumin hydrolysate and yeast extract)64 supplemented with 5% 

(v/v) heat-inactivated fetal calf serum, penicillin (100 IU/mL) and streptomycin (0.1 mg/mL) 

at 27°C, 0% CO2. For passage, cells were treated with 0.25% trypsin in PBS/EDTA for 15 

minutes at 27°C, 0% CO2. Cells were seeded twice a week at  2.5E5-3.0E5 cells/mL. 
 

Suspension Sf9 cells 

Sf9 cells for suspension growth were maintained in SF-900TM II Serum Free medium 

containing penicillin (100 IU/mL) and streptomycin (0.1 mg/mL) at 27°C, 130 rpm. Cells 

were split at a density of 1-2E6 cells/mL and diluted to 2.5E5 cells/mL. Infection took place 

at a cell density of 3-4E6 cells/mL   

 

Suspension High Five cells 

High Five™ Cells (BTI-TN-5B1-4, Thermo Fisher Scientific) were maintained in Gibco 

express Five ® SFM medium supplemented with 2 mM glutamine at 27°C, 0% CO2, 130 

rpm. Cells were split before the density reached 4E6 cells/mL and seeded at 3E5 cells/mL.  
 

HEK293s GnTI- cells 

HEK293s GnTI- cells (#CRL-3022, ATCC) were maintained in Dulbecco’s Modified Eagle’s 

Medium – high glucose (DMEM – high glucose, #D6546-500ML) supplemented with 10% 

Newborn Calf Serum (NCS), 2 mM glutamine, 100 IU/mL penicillin and 50 μg/mL 

streptomycin at 37°C, 7% CO2. For each passage, twice a week, the cells were diluted 20 

times.  

 

Bacterial expression and purification 

HLA-DR1 constructs isolated from E. coli XL10 using QIAprep Spin Miniprep Kit were used 

to transform calcium competent E. coli ArcticExpress (DE3) RP using heat shock (42°C, 45 

seconds) and SOC-medium recovery. Colonies were used to inoculate LB-medium 

containing kanamycin (50 µg/mL) and gentamycin (7 µg/mL) for overnight growth at 37°C, 

170 rpm. Overnight culture was diluted 100 times and grown at 37°C, 180 rpm until optical 

density at 600 nm (OD600) of 0.6 was reached after which protein expression was induced 

with addition of 0.5 mM IPTG. Expression took place for 48-72 hours at 10°C, 140 rpm 

where after the bacteria were harvested by centrifugation (30 minutes, 3400g at 4°C).   

 

Lysis 

Per 500 mL culture, 10 mL lysis buffer (50 mM Tris Cl pH 8.0, 25% (w/v) sucrose, 1 mM 

EDTA, 1 mM PMSF, 2 mM DTT) was applied with 0.4 mg/mL lysozyme. Incubation while 

gently mixing for 30 minutes at 4°C was followed by adding 10 mM MgCl2, 1 mM MnCl2 

and 10U benzonase and 30 minutes incubation at 4°C. The lysate was sonicated (Vibra-

cellTM VCX130) for 30 seconds with 5 second pulses with 20% amplitude and 10 second 

intervals. The lysate was diluted three times with detergent buffer (0.2 M NaCl, 1% (w/v) 

sodium deoxycholate monohydrate, 1% Igepal, 20 mM Tris Cl pH 7.5, 2 mM EDTA, 0.02 

mM PMSF, 0.04 mM DTT), incubated for 30 minutes on ice and centrifuged for 20 minutes 

at 14000g, 4°C to collect the supernatant. 
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Nickel column purification 

Inclusion bodies dissolved in equilibration buffer (8 M urea, 100 mM Tris, 10 mM imidazole 

pH 8) and loaded onto HisPur Ni-NTA resin and incubated overnight at 4°C, constant 

rolling. The resin was loaded on a reaction syringe and washed with two column volumes 

of different concentrations imidazole in equilibration buffer. Samples of each fraction were 

analysed using SDS-PAGE and subunit containing fractions were concentrated using 

Amicon® Ultra-15 Centrifugal Filters 10K (30 minutes at 3200 rcf, 4°C).  

 

Anion exchange purification 

Inclusion bodies dissolved equilibration buffer (8 M urea, 20 mM Tris, 1 mM DTT) at pH 8 

and pH 9 for HLA-DR1α and HLA-DR1β, respectively and loaded onto a HiTrapTM 5 mL Q 

HP column. The subunits were eluted with various concentrations (0-300 mM) NaCl in 

equilibration buffer. Fractions were analysed by SDS-PAGE and subunit containing 

fractions were concentrated using Amicon® Ultra-4 Centrifugal Filters 10K (30 minutes at 

3200 rcf, 4°C) equilibrated with equilibration buffer. Concentrated protein solutions were 

supplied with 0.5 mM EDTA and adjusted to pH 8.  

 

Refolding 

Method 1 

The protocol was based work from Frayser et al.. Each HLA-DR1 subunit was diluted to 80 

nM in 100 mL Frayser refolding buffer (20 mM Tris, 25% (w/v) glycerol, 500 μM EDTA, 3 

mM reduced glutathione, 300 μM oxidized glutathione, pH 8.5). Refolding was performed 

in both presence and absence of ISQAVHAAHAEINAEGR (ISQ) peptide for 72 hours at 6°C, 

while constant mixing. The refolding mixture was then co-incubated with 2.5 mL 100% 

DEAE SepharoseTM beads overnight at 4°C, while constant mixing. After washing with 20 

mM Tris pH 8, elution was performed with 500 mM NaCl in 20 mM Tris pH 8 and the eluent 

was concentrated using an Amicon® Ultra-15 Centrifugal Filter 30K (30 minutes at 4°C, 

3220 rcf).  

 

Method 2 

The protocol was based on research published by Buchner et al.. Each HLA-DR1 subunit 

was diluted dropwise to 1 μM in 100 mL Buchner refolding buffer (100 mM Tris, 400 mM 

L-arginine, 2 mM EDTA, 5 mM reduced glutathione, 500 μM oxidized glutathione, 500 

PMSF). Refolding was performed in both the presence and absence of 10 μM ISQ peptide. 

Refolding was performed for 48 hours at 6°C while constant mixing. Refolded complex was 

concentrated using Amicon® Ultra-15 Centrifugal Filters 30K (30 minutes at 4°C, 3220 rcf 

per run) in PBS.46 
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Insect cell expression 

The transfection, expression and purification was based on work described in previous 

work of Barendrecht.65  Transfection was based on a protocol described by Philipps et al..66 

Adherent Sf9 insects cells at 40% confluence were transfected with bacmid DNA. 

Transfection was performed with 12 μg DNA, using polyethylenimine (PEI) as transport 

vehicle in a DNA/PEI (w/w)-ratio of 1:2. Following 30 minutes room temperature 

incubation, the DNA/mixture was diluted until a final DNA concentration of 1.2 μg/mL on 

the cells in Sf9-medium. The transfection mixture was incubated for 5 hours at 27°C, 0% 

CO2, following replacement with fresh Sf9-medium and another incubation for 96-120 

hours at 27°C, 0% CO2. Both medium and cells, using 0.25% trypsin in PBS/EDTA, were 

harvested and equally divided over two T175 flasks together with new Sf9-medium until a 

total volume of 37 mL. After incubation for 96 hours at 27°C, 0% CO2, cells and medium 

were harvested and separated by centrifugation for 5 minutes at 500 rcf, room 

temperature.  

 

Virus titer determination and amplification  

The resulting supernatant was centrifuged for 30 minutes at 100 000 rcf, 20°C whereafter 

the virus-containing pellet was dissolved in PBS resulting in virus stocks ranging from 102 

– 109 dilutions. Insect cells were seeded as 12 500 cells/well and infected with 10 μL/well 

of these dilution with 12 replicates, following incubation for 48 hours at 27°C, 0% CO2. The 

optimal virus dilution was set to be the dilution at with 50% of the cells was infected. 

Infection was determined by YFP expression. PCR as described above proved the presence 

of the genes for each HLA-DR1 subunit. Cells were analysed using the EVOS FL Auto 2 of 

Invitrogen by Thermo Fisher Scientific. Virus was amplified by adding twice the amount of 

virus as determined to infect 50% of the cells in a 80% confluent flask. Incubation took 

place for 48 hours at 27°C, 5% CO2.65 

 

Protein expression Sf9 

Cells were infected with a 10-3 P0 virus stock using 1 μL virus/mL culture. Both adherent 

and suspension Sf9  were incubated for 96 hours at 27°C, 0% CO2  at 130 rpm (suspension 

cells only). Cells and medium were harvested and separated by centrifugation for 5 minutes 

at 500 rcf, room temperature.65 

 

Lysis Sf9 cells 

60E6 cells were dissolved in 1 mL lysis buffer 1 (20 mM HEPES, 2 mM DTT, 250 mM sucrose, 

1 mM MgCl2, 2.5 U/mL benzonase) following 30 minutes incubation on ice before 1 hour 

centrifugation at 30 000 rcf, 4°C. The resulting pellet was dissolved in 20 mM HEPES/20 

mM DTT.65 The fraction content was analysed by SDS-PAGE. 

 

Protein expression High Five 

Cells at 2E6 cells/mL were infected with baculovirus obtained from Sf9 cells as described 

above. Incubation took place for 96 hours at 27°C, 0% CO2, 130 rpm. Medium and cells 

were separated by centrifugation for 20 minutes at 3220 rcf, 4°C.  

 

  



HLA-DR1 Expression 

 

135 

 

Lysis High Five cells 

The cell pellet was lysed using1/100 culture volume lysis buffer (50 mM Tris pH 8, 25% 

(w/v) sucrose, 1 mM EDTA, 1 mM PMSF, 2 mM DTT) followed by 30 minutes incubation on 

ice. Centrifugation for 10 minutes at 3220 rcf, 4°C resulted in the soluble (cytosolic) and 

membrane fraction. The fraction content was analysed by SDS-PAGE.  

 

HEK293s GnTI- expression and purification 

Expression 

This protocol was based on the protocol provided by Prof. Dr. Stephanie Gras of La Trobe 

University, Melbourne, Australia. HEK293s GnTI- cells were grown until 80% confluence in 

a T175 flask. Transfection was performed with 60 μg DNA, 1:1 ratio DNA encoding HLA-

DR1α:HLA-DR1β or HLA-DMα:HLA-DMβ, using PEI as transport vehicle in a DNA/PEI w/w-

ratio of 1:3. Following 30 minutes room temperature incubation, the DNA/mixture was 

added to the cells with transfection medium (DMEM-high glucose, 2 mM glutamine, 1% 

NCS) and 6.7x concentrated master mix (DMEM-high glucose, 40 mM glutamine, 20 mM 

pyruvate, 200 mM HEPES pH 7.4, 20x non-essential amino acids and 4 μM β-

mercaptoethanol) until a total volume of 40 mL. Cells were incubated for 7 days at 37°C, 

7% CO2 before medium and cells were harvested. This suspension was supplied with 50 

mM Tris pH 8, 1 mM NiCl2 and 5 mM CaCl2, final concentrations. After 30 minutes 

incubation at 4°C, constant rolling, the suspension was centrifuged for 20 minutes at 3200 

rcf, 4°C and the resulting supernatant was filtered using a 0.2 μm filter. The filtrate was 

supplied with 20 mM imidazole.  

 

Purification 

HisPur Ni-NTA was equilibrated as has been described in the manufacture’s manual. The 

HLA-DR1- or HLA-DM-containing medium was incubated with the resin for 2 hours at 4°C, 

constant rolling. Following, the proteins were washed and eluted on ice with various 

concentrations of imidazole in 10 mM Tris pH 8/150 mM NaCl. The protein containing 

fractions were combined and concentrated using Amicon® Ultra-15 Centrifugal Filters 10K 

equilibrated with 10 mM Tris pH 8/150 mM NaCl (20 minutes at 3200 rcf, 4°C). This was 

then applied onto a HiLoad® 16/600 Superdex® 200 pg column equilibrated with 10 mM 

Tris/150 mM NaCl (maximum volume per run: 2.5 mL). The chromatogram depicted in 

Figure 14A shows the absorbance of 280 nm over the elution period. The fractions within 

the blue box (Figure 14A) were analysed by SDS-PAGE (Figure 14B). These fractions 

correspond to the fractions in the red box in Figure 14A. The HLA-DR1/HLA-DM 

containing fractions were combined and concentrated using 10 mM Tris pH 8/150 mM 

NaCl equilibrated Amicon® Ultra-4 Centrifugal Filters 10K. 

Western blot 

Denaturing acrylamide gels (SDS-PAGEs) were blotted onto 0.2 μm PVDF, midi format 

(Trans-Blot Turbo Transfer Pack, single application of Bio-Rad) using the Turbo Trans Blot 

System (Bio-Rad). Blots were developed using luminol solution (25% (w/v) luminol in 0.1 

M Tris pH 8.8), 100x diluted enhancer (1.1 mg/mL p-coumaric acid in DMSO) and H2O2. 

Blots were imaged with the ChemiDocTM MP Imaging System of Bio-Rad with setting 

chemiluminescence, Cy3 and Cy5 and analysed using ImageLab Software version 4.1. 
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6His-specific blot 

Blot was washed with TBS (10 minutes) and TBST (1x TBS pH 7.5; 0.05% Tween-20; 3x 5 

minutes) before blocking with 5% milk in TBST overnight at 4°C. Washing 3 times for 5 

minutes with TBST was followed with rabbit anti-6*His incubation (1:1000) in blocking 

buffer for 3 hours at room temperature. Another 3 times 5 minutes washing with TBST was 

followed by addition of mouse anti-rabbit IgG-HRP (1:4000) and incubation for 2 hours at 

room temperature. The blots were washed 3 times for 5 minutes with TBST and 10 minutes 

with TBS before development with luminol.  

 

Strep-specific blot 

For dual-Strep-tag detection, the blot was washed with PBS and PBS-T (1x PBS with 0.1% 

(v/v) Tween-20) instead of TBS and TBST, respectively. Blocking was performed with 3% 

(w/v) BSA in PBS with 0.5% (v/v) Tween-20. The detection agent used was Strep-Tactin®, 

diluted stepwise first 100 times in PBS buffer containing 0.2% (w/v) BSA and 0.1% (v/v) 

Tween-20, following 1000 times dilution in PBS-T. No secondary antibody was used. 

Visualisation was performed with luminol. 

 

DR1α- and DR1β-specific blots 

For HLA-DR1α-specific detection, the blot was washed with PBS and PBS-T (1x PBS pH 7.4 

with 0.5% Tween-20) instead of TBS and TBST, respectively. Blocking buffer consisted of 

5% BSA in PBS-T. The primary antibody, L243, was diluted 500 times in blocking buffer. 

The secondary antibody, goat anti-mouse IgG-HRP conjugate was diluted 2500 times in 

blocking buffer.  

 

For HLA-DR1β-specific detection, the blot was washed and blocked in the same was as for 

6His-specific detection. The primary antibody mem-267 was diluted 1000 times in blocking 

buffer and the secondary antibody goat anti-mouse IgG-HRP was diluted 2500 times in 

blocking buffer. 

 

Thermostability  

The thermostability of HLA-DR1 was assessed using the NanoTemper Tychno NT.6. 

Emission was measured at 330 nm and 350 nm. The ratio 330/350 was used as a measure 

for protein unfolding.  

 

Crystallography 

Crystallization was based on work of Günther et al. using a sitting-drop vapor diffusion 

method. The drop size of 200 nL contained either 50/50 or 70/30 protein and buffer. HLA-

DR1 was applied at 12 mg/mL in 20 mM MES/50 mM NaCl pH 6.4. Circular crystals were 

obtained in 0.15 M magnesium formate with 12.857% (w/v) PEG 3350.  
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Supplementary figures 
HLA-DR1 sequences for bacterial expression 
 

 
 
Figure S1 - Sequences of the HLA-DR1 subunits for bacterial expression. 

A) cDNA and amino acid (Uniprot: p01903) sequence of HLA-DR1A*01*01. The first 72 nucleotides encoding the 

signal sequence were removed. At the C-terminus the nucleotides encoding lysine (AAG) were added and 114 

nucleotides (718-762 nucleotides) were removed to remove the transmembrane and cytosolic domains. B) cDNA 

and amino acid (Uniprot: A9JJF6) sequence of HLA-DR1B*01*01. The first 87 nucleotides encoding the signal 

sequence were removed. At the C-terminus the nucleotides encoding lysine (AAA) were added and 93 nucleotides 

(682-774) were removed to remove the transmembrane and cytosolic domains. 
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 Refolding HLA-DR1 subunits expressed by bacteria 
 

 
 
Figure S2- Refolding optimisation of HLA-DR1 expressed by bacteria. 

The subunits of HLA-DR1 were expressed individually by E. coli ArcticExpress (DE3) RP and purified. Refolding was 

performed based on work of A) Frayser et al.23 and B,C) Buchner et al.46 Both the individual subunits, HLA-DR1α and 

HLA-DR1β, as the optimised refolding conditions after concentration, were analysed on A,B) SDS-PAGE, C) Native 

PAGE and 6His-specific Western blot. Reduced samples were boiled at 100°C and dissolved in Laemmli buffer with 

β-mercaptoethanol, while non-reduced samples were not boiled and dissolved without β-mercaptoethanol 

presence. The red arrows in A and B indicate a band appearing under non-reducing conditions under all refolding 

conditions. The orange arrow in A could indicate a homodimer of either subunit. The red and yellow boxes in C 

indicate HLA-DR1α and HLA-DR1β, respectively. C) The native PAGE and Western blot did not provide for clear 

formation of HLA-DR1 complex. 
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HLA-DR1 expression by adherent and suspension Sf9 cells 
 

 
 
Figure S3 - HLA-DR1 expression by adherent Sf9 cells analysed by Western blot and coomassie staining. 

Adherent Sf9 insect cells were infected with HLA-DR1 encoding baculovirus and incubated for 3-7 days after which 

the cells were separated from the medium, followed by isolation of the baculovirus from the medium and lysis of 

the cell pellet resulting in a cytosolic and membrane fraction Samples of each day were analysed using dual-Strep 

(top) and 6His-specific (middle) antibodies for Western blot visualisation of HLA-DR1α (30.97 kDa) and HLA-DR1β 

(25.75 kDa), respectively. The yellow boxes indicated biotinylated protein, possibly HLA-DR1α, the blue boxes 

indicated monomeric HLA-DR1β, while the green boxes indicate possible degradation products. No clear sign of 

(correctly) folded HLA-DR1 could be observed.  
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Figure S4 - HLA-DR1 expression by suspension Sf9 cells analysed by Western blot and coomassie staining. 

Suspension Sf9 insect cells were infected with HLA-DR1 encoding baculovirus and incubated for 1-3 days after which 

the cells were separated from the medium (Sf), followed lysis of the cell pellet resulting in a cytosolic (C) and 

membrane fraction (M). Samples of each day were analysed using dual-Strep and 6His-specific antibodies for 

Western blot visualisation of HLA-DR1α (30.97 kDa) and HLA-DR1β (25.75 kDa), respectively. The yellow box 

indicated biotinylated protein, possibly HLA-DR1α, the red boxes indicated monomeric HLA-DR1α and the blue 

boxes indicated monomeric HLA-DR1β. No clear sign of (correctly) folded HLA-DR1 could be observed.  
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HLA-DR1 sequences for mammalian expression 
 

 
 
Figure S5 - Sequences of the HLA-DR1 subunits for mammalian expression. 

A) cDNA sequence encoding HLA-DR1A*01*01 and amino acid sequence (Uniprot: p01903) with a N-terminal 

secretion signal sequence followed by a C-terminal enterokinase sequence (DDDDK), a flexible linker and the Fos 

sequence of the leucine zipper. B) cDNA sequence of HLA-DR1B*01*01 and amino acid sequence (Uniprot: A9JJF6). 

The Strep-tag CLIP-peptide is coupled N-terminally to HLA-DR1β via a flexible linker and can be removed using the 

factor Xa site. The whole construct has the same N-terminal secretion signal sequence. The HLA-DR1β gene is 

followed C-terminally by an enterokinase site (DDDDK) followed by a flexible linker and the Jun sequence of the 

leucine zipper. The whole construct has a 7His-tag at its C-terminus. Sequences were provided by Prof. Dr. Stephanie 

Gras.  



Chapter 4 

146 

 

 

HLA-DM expression and purification 

 
Figure S6 - HLA-DM expression in HEK293s GnTI- and purification. 

A) HEK293s GnTI- cells were transfected with DNA encoding the HLA-DM, incubated for 5 days and harvested similar 

to HLA-DR1. HLA-DM was purified based on its 6His-tag using different concentrations imidazole in Tris/NaCl. B) 

The fractions indicated with the yellow box in (A) were combined and further purified using an HiLoad Superdex 

16/600 200 pg column equilibrated with 10 mM Tris/150 mM NaCl pH 8. The fractions indicated in the blue boxes 

were analysed on SDS-PAGE (C). The red boxes indicate the fractions containing HLA-DM and correspond to the 

fractions depicted by the red boxes in (B). The individual subunits of both proteins are about 35-40 kDa. 
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This thesis describes the use of ‘click-to-release’ chemistry for both drug design and in 

fundamental research. The first part of this thesis described the way in which click-to-

release chemistry can be used to get spatiotemporal control over cytokines in an 

immunocytokine format. The toxicity of these, already existing drugs, is the limiting factor 

for its application in cancer therapy. Using trans-cyclooctene (TCO) esters, the cytokine can 

be inactivated, following coupling to a targeting moiety like a nanobody, and be 

reactivated by tetrazine treatment. For IL-1β this concept proved to be very functional, 

however for TNF-α, some improvements still have to be made.  
 

The second part of this thesis covered the first steps of fundamental research that could 

be done with click-to-release. Using clickable, antigenic peptides, the processing and 

binding of antigens to MHC-molecules can be researched. The Van Kasteren-group already 

started this for the murine MHC-I molecule and this work formed the basis for research 

into the human HLA-molecules. Recombinant overexpression of HLA-DR1 was established 

in HEK 293s GnTI- cells which allowed for crystallization of the protein. The crystal structure 

of HLA-DR1 in complex with either a clickable or its native epitope could provide more 

insight in how binding and consequently T-cell activation is established.  

 

In Chapter 1 an overview was presented of most immunocytokines (ICs) currently in (pre) 

clinical trials. Most ICs are based on IL-2, IL-12 and TNF-α coupled to targeting moieties 

like scFvs which target neovasculature-associated antigens. These are commonly used 

targets for anti-tumour therapeutics. It is also clear that, even though the cytokines can 

now be delivered localized, (severe) systemic toxicities remain. Reduction of this systemic 

toxicity has been attempted by introducing activity-reducing point mutations, applying 

localized assembly and enzyme-based activation. Until now these are the main methods 

to reduce this systemic toxicity. However, these methods are not universal applicable for 

all cytokines and do not completely abolish the cytokine’s off-target toxicity.  

 

Therefore, in Chapter 2 and Chapter 3, a new method was introduced in which click-to-

release chemistry was proposed as an approach to gain spatiotemporal control over the 

cytokine activity. Herein NHS-TCO was used to selectively block lysine residues of the 

cytokines, IL-1β and TNF-α, respectively, to inactivate the cytokine. Upon addition of a 

tetrazine, the TCO-moiety was released again, restoring the original lysine and protein 

folding and consequently restoring the cytokine activity. 

 

For IL-1β in Chapter 2, this worked well, as IL-1β activity was reduced to <15% of its native 

activity upon blocking with NHS-TCO ester. Upon treatment with (2PyrH)2Tz, its activity 

was restored to >90% of its native activity. With IL-1β, a covalent construct was obtained 

by coupling a caged IL-1β to a CD11c-specific nanobody by means of sortase A. This 

sequential coupling after the blocking reaction was essential for this immunocytokine 

design as the caging reaction with NHS-TCO is not specific and can therefore also cage 

the nanobody lysines, thereby potentially abolishing its targeting capacity.  
 

Nevertheless, the purification of this conjugated protein remained difficult. Increasing the 

scale of protein before purification would be the initial step to recover more of the caged 

covalent construct. Also, the addition of (more) NaCl or other salts in the elution buffer 

during size exclusion chromatography could reduce the interactions of the caged 

immunocytokine with the excess of nanobody present, thereby separating them in 
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different fractions. When pure conjugated IL-1β can be obtained, follow up experiments 

could include using a targeted in vitro assay with CD11c-positive dendritic cells as the 

target and HEK-Blue IL-1β cells as reporter cells. When another nanobody can be coupled 

to IL-1β this can also be done with relevant cancer models such as SUM229PE, which is an 

IL-1β-sensitive triple negative human breast cancer cell line.1 Eventually an in vivo 

experiment could be performed in which Nude mice carrying a SUM229PE tumour would 

be used to demonstrate the targeting property of the immunocytokine and the 

spatiotemporal control over its activity. 

 

TNF-α in Chapter 3 was also readily inactivated to <15% of its native activity. However, its 

reactivation proved to be more challenging. Literature study showed that no lysines have 

direct involvement in receptor interactions nor in the trimerization process.2,3 Therefore, 

significant reactivation was only established using millimolar concentrations of tetrazine in 

an Eppendorf tube. Translation to reactivation on cells did not prove significant enough 

for further pursuing this cytokine in this work.  
 

As the exact cause for this limited reactivation remained unknown, some theories could be 

tested to see whether this reactivation can be established in some other way. TNF-α only 

functions as a trimer, and even though lysines were not directly involved in trimer 

formation, their intrinsic charge can be essential for protein folding and unfolding. This 

charge is removed upon binding of NHS-TCO, possibly resulting in the unfolding of both 

monomeric but also trimeric TNF-α. Size-

exclusion chromatography combined with 

multi-angle light scattering (SEC-MALS), 

native mass spectrometry, native page and 

circular dichroism could be performed to 

see whether the trimer stayed intact upon 

treatment with NHS-TCO. If unfolding 

and/or monomerization indeed takes 

place, an attempt can be made to make a 

covalent TNF-α based on research 

published by Inoue et al..4 In this research 

a single-chain trimeric TNF-α variant was 

designed to selectively inhibit TNFR1 

functioning. Three single-chain TNF-α 

molecules were designed, all with different 

short peptide linker (GGGGS, GGGSGGG 

and GGGSGGGSGGG) to couple the 

individual proteins. As the linkers are 

present on the upper surface, no 

disturbance of receptor interactions was 

predicted. All three single-chain TNF-α 

variants appeared to have similar 

biological properties, which were 

comparable to its non-covalent trimeric 

counterpart. This could be useful for the research described here as even though the 

lysines may disrupt initial trimerization (Figure 1)2, due to covalent bonding between the 

Figure 1 - Crystal structure trimeric murine TNF-α. 

Trimeric murine TNF-α. The blue residues are involved 

in trimer formation. The green residues are the lysines. 

The red residues (Gln31 and Arg32) are essential for 

trimer formation. The yellow residue is lysine 112 

(Lys112), which is next to proline 113 (Pro113). This 

residue is involved in trimer formation. Crystal structure 

was obtained and modified from Baeyens et al. 

(PDB:2tnf). 
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subunits refolding after decaging should be easier. A final option could be to use amber 

codon suppression for site-specific incorporation of a TCO-blocked amino acid. However, 

as the TCO would be exposed for longer periods of time it is expected to convert to cis-

cyclooctene (CCO) which cannot be removed using tetrazine. Another aspect to take into 

account is that the incorporation of this unnatural amino acid is a rather difficult and time 

consuming process which does not necessarily yield in sufficient homogenous amounts of 

caged cytokine.  

 

As click-to-release chemistry should be applicable to all molecules with free-amines, also 

other cytokines should be applicable for this technique. Cytokines contain (a lot of) 

positively charged lysine residues as these interact with negatively charged 

glycosaminoglycans (GAGs).5 As seen with IL-1β and TNF-α, having lysines at critical 

positions in the cytokine structure increases the potential of this technique. These positions 

include position essential for either receptor binding or multimer formation. Therefore an 

initial screen could be performed on several  (commercial) cytokines – IL-2, IL-10, IL-12, 

and TGFβ, for example – to see whether these cytokines can be inactivated by TCO-

treatment and be reactivated upon addition of tetrazine. Initial expression experiments 

were performed for interleukin-2 (IL-2) and interleukin-10 (IL-10). IL-2 is one of the most 

commonly used cytokines6 in ICs nowadays (see chapter 1) and therefore this would be a 

very important target for this technique. At the same time this cytokine has lysines (K35, 

K43 and K64) that are essential for, or next to residues, essential for receptor binding.7 IL-

10 is coming more into focus in the immunocytokine field8,9 and is known for having at 

least two lysines (K99 and K138)10–12 in the receptor binding site. Initial expression of IL-2 

in bacteria and HEK 293s GnTI- cells (Figure 2) and of IL-10 in HEK 293s GnTI- (Figure 3) 

were performed to obtain a substantial amount of cytokine to be used for caging and 

decaging optimisation. 
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Figure 2 - Expression of human IL-2 (hIL-2) in bacteria and HEK 293s GnTI- cells. 

A) Human IL-2 (hIL-2) was expressed by E. coli BL21 (DE2) pLysS after IPTG induction for 3 hours. B) In urea dissolved 

inclusion bodies were loaded onto nickel beads for 6His-tag-based purification. C) Western blot analysis using 6His-

tag- and IL-2-based detection. D) Expression of hIL-2 in HEK 293s GnTI- cells. The cells were separated and lysed. 

Lysate (pellet) and medium were analysed using FLAG-specific Western blot. hIL-2 is about 15.5 kDa (red boxes). 

Possible dimers are indicated with the green boxes. The orange boxes in D) can be multimers but this was not 

confirmed. 
 

Human IL-2 (hIL-2) was expressed both in E. coli BL21 (DE3) pLysS (Figure 2A-C) and HEK 

293s GnTI- cells (Figure 2D). Expression of hIL-2-6His in E. coli BL21 (DE3) pLysS resulted 

an unfolded protein produced in inclusion bodies (Figure 2A). Protein expression was 

confirmed using both 6His-tag- and IL-2-based Western blots (Figure 2C). Purification 

using nickel beads resulted in relatively pure hIL-2-6His (Figure 2B), however further 

refolding of hIL-2-6His proved to be difficult (data not shown). Expression without 6His-

tag was not established until now (data not shown). Therefore, expression in HEK 293s 

GnTI- was attempted, which resulted in hIL-2-FLAG (Figure 2D). Purification of hIL-2-FLAG 

was not performed yet.  
 

Both human IL-10 (hIL-10) (Figure 3A) and murine IL-10 (mIL-10) (Figure 3B) expression 

were confirmed using Western blot analysis. Transfection with pro-mIL-10 resulted in IL-

10 secretion in the medium by the HEK 293s GnTI- cells. The medium was loaded onto a 

nickel column from which IL-10 was eluted using imidazole in PBS (Figure 3C). 
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Figure 3 - Initial expression and purification of human and murine IL-10 from HEK 293s GnTI- cells. 

A) Human IL-10 (hIL-10) was expressed by HEK 293s GnTI- cells. Medium and pellet were separated and each fraction 

was analysed using FLAG-specific Western blot. B) Murine IL-10 (mIL-10) was expressed as pro-mIL-10 and active 

mIL-10 by HEK 293s GnTI- cells. The medium was analysed using 6His- and IL-10-specific Western blot and by 

coomassie staining. Pro-mIL-10 is about 23 kDa (red boxes) and IL-10 is about 21 kDa (green boxes). C) Medium of 

pro-mIL-10 transfected HEK 293s GnTI- cells was loaded on nickel beads and eluted with imidazole in PBS.  
 

As well as the cytokine payload also the targeting moiety can be optimised. For this 

research, an already polyglycine-tagged CD11c nanobody was used to show the general 

principle of this immunocytokine design and for the ease of continuation of the project. 

As it seemed that, especially for IL-1β, the technique of inactivation and reactivation was 

feasible, alternative nanobodies have to be employed, with more suitable targets both for 

IL-1β but also for other potential cytokines. Relevant targets would be targets of the 

neovasculature, checkpoint inhibitors or other unique antigens present on tumours. A start 

was made with the expression of five different nanobodies, targeting HER1/EGFR (7D12), 

HER2 (NB2), VEGF receptor 2 domain 3 (NTV1), human PD-L1 (B1) and murine PD-L1 (C16) 

(Figure 4).  Expression was performed in E. coli ArcticExpress (DE3) RP upon IPTG induction. 

C16 and NB2 were readily expressed, 7D12 and NTV1 expression could be confirmed using 

6His-tag specific Western blot. Until date no B1 could be expressed. These nanobodies can 

be purified and after sortase-mediated coupling to IL-1β (or another cytokine) follow-up 

studies in relevant cancer models, also in vivo, are possible.  
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Figure 4 - Bacterial expression of various nanobodies upon IPTG induction. 

A) Expression of nanobodies C16 (green box) and NB2 (red box), targeting murine PD-L1 and HER2, respectively, by 

E. coli ArcticExpress (DE3) RP. B) Expression of nanobodies 7D12, NTV1 and B1, targeting HER1/EGFR, VEGF receptor 

2 domain 3 and human PD-L1, respectively, by E. coli ArcticExpress (DE3) RP. C) Western blot analysis of 7D12 (blue 

box), NTV1 (orange box) and B1 expression using 6His-specific detection. All, but B1, nanobodies could be expressed. 

Each nanobody is about 15 kDa. 

 

In Chapter 4 a different use of click-to-release chemistry was pursued; one geared not at 

the ‘blanket’ activation of the innate response, but at controlling the specific activation of 

specific CD4+ T-cells. HLA-DR1, a human MHC-II molecule, was expressed  to be 

crystallized with both clickable and non-clickable peptides to see whether there are 

changes in HLA-DR1-peptide interactions upon introducing a minor change in the peptide. 

However, expression of HLA-DR1 proved to be a challenge in itself as it is a human 

membrane-bound protein complex consisting of two about equal size (molecular weight) 

subunits. Expression by bacteria, in E. coli ArcticExpress (DE3) RP resulted in the large 

amounts of the individual subunits. Nevertheless, complex formation by refolding did not 

result in sufficient amounts of correctly folded HLA-DR1. Expression in insect cells, using 

both Sf9 and more conventional High Five cells, showed signs of folded HLA-DR1 complex. 

However, this complex remained in the membrane fraction after lysis with different 

methods. Therefore isolation of the complex without unfolding was rather difficult. 

Ultimately, HLA-DR1 was expressed by HEK 293s GnTI- cells, which allowed for trimmed  

glycosylation. This was more favourable for crystallization purposes. An initial 

crystallization screen was performed with HLA-DR1-CLIP which resulted in quasi crystals. 

Although these were not applicable for diffraction experiments, these could be used for 

seeding in later screens. Alternatively, these could function as a starting point for further 

optimisation based on the current crystallization condition.  
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Further experiments should include the exchange of the CLIP peptide with another 

(clickable) peptide. A protocol provided by Prof. Dr. Stephanie Gras could form the basis 

for this. The initial peptide of choice would be RFYKTLRAEQASQ which originates from the 

HIV gag protein (Gag299-311)13,14 and is also used by Szeto et al.. Clickable peptides should 

be variants of this peptide in which different positions are replaced, one at the time, by 

clickable amino acids containing groups such as azides15 or NHS-TCO.16,17 In particular the 

lysine a position 4 (K4) could be of interest as this residues can be protected and 

deprotected again as has been described in previous research.16 Comparing crystal 

structures of HLA-DR1 with native and clickable peptides could provide insight in why 

performing click-chemistry on these complexes is more difficult compared to MHC-I. 

Ultimately, it could provide insight as a tool for studying peptide processing and 

presentation to T-cells. 
 

Alternatively, research in the last two 

decades showed that certain sugars, 

zwitterionic polysaccharides (ZPSs), in the 

absence of peptides, could induce a T-cell 

response upon presentation by HLA-

DR1.18,19 This class of macromolecules 

could provide a new source for vaccine 

development next to the already existing 

peptide- or RNA-based vaccines. 

However, the actual binding mode of 

these ZPSs has never been shown directly 

and also the processing pathway of the 

ZPSs toward the HLA-DR1 have only been 

shown in indirect manners (Figure 5). 

Therefore, co-crystal structures with ZPSs 

such as type 1 capsular polysaccharide 

from Streptococcus pneumoniae (SP1)20 or 

polysaccharide A1 (PSA)18, could provide 

insight in its binding mode. Using 

clickable versions of these ZPSs could 

generate addition information about its 

processing pathway, when click-to-

release chemistry proved to be possible 

under in vivo conditions. 
 
 

  

Figure 5 - Proposed processing mechanism of 

zwitterionic polysaccharides. 

Zwitterionic polysaccharides (ZPS) are upon 

endocytosis (1) processed by the release of reactive 

oxygen species like hydrogen peroxide (oxidative 

burst) (2). Lysosome fusion (3) takes place with the 

MIIC (5) containing HLA-DR1 (4) whereafter it acidifies 

(6). The invariant chain (Ii) is then cleaved and the 

remaining CLIP peptide is removed by HLA-DM and 

replaced by the ZPS. Hereafter, the complexed HLA-

DR is transferred to the cell surface to present its 

content to CD4+ T-cells. The illustration was obtained 

from Cobb et al..19 
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Materials & Methods 
General reagents and equipment 

All donor vectors were purchased from GenScript and primers were ordered at Sigma-

Aldrich. All restriction enzymes, polymerases and ligases were purchased from Thermo 

Fisher Scientific. Benzonase was purchased from Santa Cruz Biotechnology.  Sodium 

deoxycholate monohydrate (CAS:302-95-4) and phenylmethanesulfonyl fluoride (PMSF, 

CAS:329-98-6) were purchased from Sigma-Aldrich. QIAprep Spin Miniprep Kit (Cat. No. 

27104) was purchased from Qiagen. HisPurTM Ni-NTA (Catalog #88222) was purchased 

from Thermo Fisher Scientific. Amicon® Ultra-4 Centrifugal Filters (#UFC800308) and 

Amicon® Ultra-15 Centrifugal Filters (#UFC900308) 3K were purchased from Merck. Rabbit 

anti-6*His (Item No. 600-401-392) was purchased from Rockland and mouse anti-rabbit 

IgG-HRP (Catalog #sc-2357) was purchased from Santa Cruz Biotechnology. DMEM-

medium, L-glutamine, streptomycin and penicillin were all purchased from Sigma-Aldrich 

(MERCK) 

 

Cell culture 

HEK 293s GnTI- cells (#CRL-3022, ATCC) were maintained in Dulbecco’s Modified Eagle’s 

Medium – high glucose (DMEM – high glucose, #D6546-500ML) supplemented with 10% 

Newborn Calf Serum (NCS), 2 mM glutamine, 100 IU/mL penicillin and 50 μg/mL 

streptomycin at 37°C, 7% CO2. For each passage, twice a week, the cells were diluted 20 

times.  

 

Construct formation 

For bacterial expression of human IL-2 NheI restricted (1x Tango Buffer, 10U NheI) 

pcDNA3.1+/C-(K)DYK_IL2 (CloneID: OHu25605, Accession version: NM_000586) was used 

as template for human IL-2 amplification by PCR (GC Green Buffer, 0.2 mM dNTPs, 0.1 μM 

of each primer, 50 ng restricted vector, 2U Phusion polymerase) using the primers of Table 

1. The IL-2 fragments were restricted with XhoI/NcoI (10U each) and ligated into XhoI/NcoI 

(10U each) restricted  pET28a(+)-vector behind the T7 promoter using T4 DNA Ligase (5U) 

at room temperature for 2 hours. Restriction was performed for 20 hours at 37°C, 300 rpm. 

The ligation products were transformed into E. coli XL10 via heat shock (42°C, 90 seconds) 

and SOC-medium recovery followed by growth at kanamycin (50 μg/mL) containing LB-

agar plates at 37°C overnight. Transformation was checked by colony PCR using the 

primers of Table 1. For mammalian expression of human IL-2 the donor vector 

pcDNA3.1+/C-(K)DYK_IL2 was used.  

 
Table 1 - Primer overview. 

Primer Nr. Construct Sequence 5’→ 3’ 

1 IL-2-6His ATATTCCATGGCACCTACTTCAAGTTCTACAAA 

2 AAAACTCGAGAGTCAGTGTTGAGATGAT 

 

Mammalian expression of human IL-10 was performed using the vector pcDNA3.1+/C-

(K)DYK_IL10 (CloneID: OHu25319, Accession version: NM_000572.2). Mammalian 

expression of murine IL-10 (mIL-10) was performed using pcDNA3.1(+) as a vector ordered 

at GenScript with the cDNA sequence (pro-mIL-10 sequence ID: NM_010548.2) inserted 

between the NheI/XhoI restriction sites. For mIL-10 the first 54 nucleotides of this cDNA 
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including the ATG were removed, whereafter ATG was placed back at the N-terminus. For 

both pro-mIL-10 and mIL-10 the cDNA was modified by extending the C-terminus with 

the DNA sequence encoding for a flexible linker and a sortase A recognition site (Table 2) 

and removal of the stop codon. Removal of the stop codon causes the in frame addition 

of a 6His-tag at the C-terminus of the construct.  

 
Table 2 - Extension of the (pro-)mIL-10 gene.  

The nucleotides are added to the gene inserted in the pcDNA3.1(+)-vector and translate to a flexible linker and a 

sortase A recognition site. A C-terminal 6His-tag was added by placing the adapted gene without stop codon in 

frame with the 6His-tag encoded in the vector.  

Nucleotide added to C-terminus of the gene Translation to addition amino acids at C-

terminus 

GGCGGGGGTGGCAGTCTGCCTGAAACAGGGGGT GGGGSLPETGG 

 

The cDNA of each nanobody (Table 3) was ordered in the pET21a(+)-vector in between 

the NdeI/XhoI restriction sites and ordered at GenScript. Each nanobody was N-terminally 

modified with a new start codon (ATG), a thrombin cleavage site (LVPRG) followed by a N-

terminal polyglycine sequence (GGG) and linker sequence (S) (Table 4, Figure 6). The 

modified cDNA was placed in frame with a C-terminal 6His-tag. 

 
Table 3 - Overview nanobodies. 

Name nanobody Target Accession Number sdAb-Db 

NB2 HER2 sdAb_2459_Cd 

7D12 HER1/EGFR sdAb_4902_Ca 

NTV1 VEGFR-2 D3 sdAb_6905_Sy 

B1 Human PD-L1 sdAb_7164_Cd 

C16 Murine PD-L1 sdAb_0714_Cd 

 
Table 4 - Overview N-terminal extensions of each nanobody. 

Name sequence cDNA sequence Amino acid sequence added 

Thrombin cleavage site CTGGTCCCGCGC LVPRG 

N-terminal polyglycines GGCGGAGGAGGT GGG 

Linker AGT S 

 

 
 
Figure 6 - Schematic overview of the nanobody construct. 

The nanobody is N-terminally modified with an additional methionine, a thrombin cleavage site (LVPRG) followed 

by a polyglycine sequence (GGG) and a linker sequence (S). At the C-terminus a 6His-tag was introduced by placing 

the cDNA in frame with the already present sequence.  

 

Protein expression and purification 

For bacterial expression of human IL-2, the construct was isolated from E. coli XL10 using 

QIAprep Spin Miniprep Kit. This was used to transform calcium-competent E. coli BL21 
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(DE3) pLysS using heat shock (42°C, 45 seconds) followed by SOC-medium recovery. 

Colonies were grown on LB-agar plates containing kanamycin (50 μg/mL) and 

chloramphenicol (35 μg/mL) at 37°C overnight. Colonies were used to grow an overnight 

culture which was diluted 100 times in kanamycin (50 μg/mL) containing LB-medium for 

growth at 37°C, 170 until the optical density at 600 nm (OD600) reached 0.5-0.6. Expression 

was induced using 0.5 mM IPTG and took place at 42°C, 130 rpm for 3 hours. The bacteria 

were harvested by 30 minutes centrifugation at 3400g, 4°C.  
 

5 gram cell pellet was lysed in 5 mL lysis buffer (50 mM Tris pH 8, 25% (w/v) sucrose, 1 mM 

EDTA, 1 mM PMSF, 2 mM DTT) containing 2 mg/mL lysozyme. Incubation for 30 minutes 

at 4°C while mixing was followed by addition of 1 mM MgCl2 and 50U benzonase. 30 

minutes incubation at 4°C, constant mixing was followed by lysate sonication (Sonics, Vibra 

CellTM) for 5 minutes with 5 second pulse of 20% amplitude with 5 seconds intervals on 

ice. Diluting the lysate three times in detergent buffer (0.2 M NaCl, 1% (w/v) sodium 

deoxycholate monohydrate, 1% IGEPAL, 20 mM Tris pH 7.5, 2 mM EDTA, 0.02 mM PMSF, 

0.04 mM DTT) was followed by another 30 minutes incubation on ice. Centrifugation (30 

minutes, 15000g at 4°C) resulted in a pellet which was washed three times using wash 

buffer (0.5% Triton X-100, 50 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 2 mM DTT), a 18G-

needle and syringe followed by centrifugation (20 minutes, 15000g at 4°C). The final 

centrifugation step was followed by dissolving the inclusion bodies in 8 M urea in 10 mM 

Tris pH 8 containing 10 mM imidazole at 22°C, constant mixing for 30 minutes. 

Centrifugation (10 minutes, 10000g at 4°C) removed the aggregates. The solubilized 

inclusion bodies were loaded onto equilibrated HisPurTM Ni-NTA resin. Incubation 

overnight at 4°C while rolling, was followed by loading onto a reaction syringe and flow 

through by gravity flow at room temperature. The column was washed using gravity flow 

with at least two column volumes of various concentrations of imidazole in 8 M Urea in 10 

mM Tris pH 8. Samples of each fraction were taken and loaded onto SDS-PAGE for protein 

content analysis. hIL-2 containing samples were combined and concentrated (3400g for 30 

minutes at room temperature) onto an Amicon® Ultra-15 Centrifugal Filter 3K. 

 

For mammalian expression of human IL-2, pcDNA3.1+/C-(K)DYK_IL2 was used to transfect 

HEK 293s GnTI- cells. HEK 293s GnTI- cells were grown until 80% confluence in a T175 flask. 

Transfection was performed with 60 μg DNA using PEI as transport vehicle in a DNA/PEI 

w/w-ratio of 1:3. Following 30 minutes room temperature incubation, the DNA/mixture 

was added to the cells with transfection medium (DMEM-high glucose, 2 mM glutamine, 

1% NCS) and 6.7x concentrated master mix (DMEM-high glucose, 40 mM glutamine, 20 

mM pyruvate, 200 mM HEPES pH 7.4, 20x non-essential amino acids and 4 μM β-

mercaptoethanol) until a total volume of 40 mL. Cells were incubated for 7 days at 37°C, 

7% CO2 before medium and cells were harvested. This suspension was supplied with 50 

mM Tris pH 8, 1 mM NiCl2 and 5 mM CaCl2, final concentrations. After 30 minutes 

incubation at 4°C, constant rolling, the suspension was centrifuged for 20 minutes at 3200 

rcf, 4°C and the resulting supernatant was filtered using a 0.2 μm filter.  

  

Murine IL-10 (mIL-10) constructs, both pro-mL10 and mIL-10, and human IL-10 (hIL-10) 

were also expressed in HEK 293s GnTI- in a similar way as was described above for human 

IL-2. The filtered resulting supernatant was supplied with 20 mM imidazole for 6His-tag 

based purification. HisPur Ni-NTA was equilibrated as has been described in the 
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manufacture’s manual. The pro-mIL-10-containing medium was incubated with the resin 

for 2 hours at 4°C, constant rolling. Following, the proteins were washed and eluted on ice 

with various concentrations of imidazole in PBS. The protein containing fractions, based 

on SDS-PAGE, were combined and concentrated using Amicon® Ultra-15 Centrifugal 

Filters 3K filters equilibrated with PBS (20 minutes at 3200 rcf, 4°C).  

 

The nanobody constructs were used to transform calcium competent E. coli ArcticExpress 

(DE3) RP using heat shock (42°C, 45 seconds) and SOC-medium recovery. Colonies were 

used to inoculate LB-medium containing ampicillin (250 μg/mL) and gentamycin (7 μg/mL) 

for overnight growth at 37°C, 170 rpm. The overnight culture was diluted 20 times and 

grown at 37°C, 170 rpm until OD600 of 0.6 was reached after which the protein expression 

was induced with the addition of 0.5 mM IPTG. Expression took place for 24 hours at 18°C, 

140 rpm, where after the bacteria were harvested by centrifugation (30 minutes, 3400g at 

4°C). Samples before and after IPTG induction were taken and analysed on SDS-PAGE to 

assess protein expression.  

 

Western blot 

Denaturing acrylamide gels (SDS-PAGEs) were blotted onto 0.2 μm PVDF membrane (midi 

format, single application of Bio-Rad) using the Turbo Trans Blot System (Bio-Rad). Blots 

were developed using luminol solution (25% (w/v) luminol in 0.1 M Tris pH 8.8), 100x 

diluted enhancer (1.1 mg/mL p-coumaric acid in DMSO) and H2O2. Blots were imaged with 

the ChemiDocTM MP Imaging System of Bio-Rad with settings chemiluminescence, Cy3 and 

Cy5 and analysed using ImageLab Software version 4.1. 

 

6His-specific blot 

Blots were washed with TBS (10 minutes) and TBST (3x 5 minutes) (1x TBS pH 7.5; 0.1% 

Tween-20), respectively before blocking with 5% milk in TBST overnight at 4°C. Washing 

with TBST (3x 5 minutes) was followed with rabbit anti-6*His incubation (1:1000) in 

blocking buffer for 3 hours at room temperature. Another wash (3x 5 minutes) with TBST 

was followed by addition of mouse anti-rabbit IgG-HRP (1:4000) and incubation for 2 hours 

at room temperature. The blots were washed with TBST (3x 5 minutes) and TBS (10 

minutes), respectively, before development with luminol.  

 

FLAG-specific blot 

The primary antibody used was mouse anti-FLAG (1:1000, #F3156-5MG, Sigma-Aldrich). 

The secondary antibody used was goat anti-mouse IgG-HRP conjugate (1:4000, #113-035-

003, Jackson ). 

 

IL-2- and IL-10-specific blot 

Blots were washed with PBS and PBST (1x PBS pH 7.4, 0.5% Tween-80) instead of TBS and 

TBST, respectively. Blocking was performed with 0.2% BSA in PBST. For hIL-2 the primary 

antibody used was biotin-conjugate anti-human IL-2 (#88-7025-88, Thermo Fisher 

Scientific) and for IL-10 the primary antibody used was biotin-conjugate anti-mouse IL-10 

(#88-7105-88, Thermo Fisher Scientific). Streptactin-HRP (#2-1502-001, IBA solutions) was 

used as a secondary antibody or both cytokines.  
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Deze thesis beschrijft de toepassing van ‘click-to-release’ chemie in zowel toegepast als 

fundamenteel onderzoek. De toepassing ligt in het veld van de immunocytokines waarbij 

deze moleculen selectief geactiveerd kunnen worden na het deactiveren met behulp van 

chemische groepen. In fundamenteel onderzoek kan het gebruik van deze techniek meer 

inzicht geven in hoe en waarom bepaalde processen plaatsvinden. In dit werk werd de 

basis gelegd voor onderzoek naar de aanwezigheid en afwezigheid van T-cel reacties na 

herkenning van peptiden gepresenteerd op antigeen-presenterende eiwitten.  

 

Hoofdstuk 0 introduceert het concept van ‘click-to-release’ chemie in de vorm van de 

inverse-elektron demand Diels-Alder (IEDDA) reactie. Deze reactie is gebaseerd op de 

ligatie van een elektron-arme dieen aan een elektron-rijke dienofiel. Deze bio-orthogonale 

reactie maakt het mogelijk om selectief moleculaire groepen in, onder andere, eiwitten aan 

te passen onder fysiologische condities. Enkele toepassingen van deze reactie zijn de 

ontwikkeling antilichaam-medicijn conjugaten (ADCs), waarbij een antilichaam een zeer 

toxische stof op een specifieke plek in het lichaam kan loslaten. De binding tussen de 

toxische stof en het antilichaam wordt gevormd door een trans-cyclo-octeen (TCO) die 

kan reageren met een tetrazine, waardoor de gekoppelde toxische stof loslaat, waarna het 

bijvoorbeeld tumor cellen kan doden. Een andere toepassing bevindt zich in het veld van 

fundamenteel onderzoek, waarbij het selectief aan- en uitzetten van een proces inzicht kan 

geven in het verloop van het proces. Een voorbeeld hiervan is het blokkeren van T-cel 

activiteit door een peptide met een blokkerende groep (bijvoorbeeld een TCO) te binden 

aan een antigeen-presenterend eiwit. Met behulp van tetrazine kan de activiteit van de T-

cel gereguleerd worden. De IEDDA reactie staat aan de basis van zowel het toegepaste als 

het fundamentele onderzoek beschreven in dit proefschrift.  
 

Hoofdstuk 1 beschrijft het concept van immunocytokines. Dit zijn cytokines 

(signaaleiwitten van het immuun systeem) gekoppeld aan een antilichaam of varianten 

daarvan die gericht zijn op een tumor of de tumor omgeving. Het gebruik van cytokines 

in kankertherapie is al jaren een belangrijk onderzoeksveld en verschillende cytokines  

worden inmiddels in de kliniek getest en/of gebruikt. Het grote probleem met cytokines is 

dat blootstelling aan deze eiwitten op ongewenste plekken in het lichaam, overal behalve 

bij een tumor of andere infectie, leidt tot onnodige activatie van het immuun systeem, wat 

leidt tot ernstige bijwerkingen of in sommige gevallen tot de dood. De koppeling van 

cytokines aan antilichamen die de tumor of het tumormilieu als doelwit hebben reduceert 

de toxiciteit van de cytokines, maar deze vermindering is nog steeds niet voldoende om 

de cytokines op grotere schaal toe te passen in kankertherapie. Dit is het gevolg van de 

activiteit die het betreffende cytokine nog bezit na koppeling met een antilichaam en de 

aanwezigheid van receptoren die een binding kunnen aangaan met dit cytokine in heel 

het lichaam. Verschillende methodes zijn onderzocht om deze toxiciteit nog verder te 
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verminderen, waaronder het aanbrengen van activiteit-verminderende mutaties, het 

recombineren van cytokines bij de tumor en het gebruik van tumor-geassocieerde enzym-

geactiveerde cytokines. Verschillende immunocytokines, gebaseerd op, onder ander 

interleukine-2, interleukine-12 en tumor necrose factor α (TNF-α), met hun verschillende 

eigenschappen werden toegelicht in dit hoofdstuk. Tot slot beschrijft dit hoofdstuk de 

mogelijke applicatie van ‘click-to-release’ chemie, beschreven in hoofdstuk 0, in het 

selectief activeren van immunocytokines wanneer deze de tumor (omgeving) bereiken.  
 

Hoofdstuk 2 beschrijft het cytokine interleukine-1β (IL-1β) als een model cytokine voor 

de toepassing van ‘click-to-release’ chemie in het format van immunocytokines. IL-1β is 

een cytokine met zowel pro-inflammatoire als anti-inflammatoire eigenschappen en heeft 

een dubieuze rol in het ontstaan en behoud van tumoren. Echter heeft IL-1β ook een aantal 

lysines op essentiële posities voor receptor interacties, waardoor het blokkeren van deze 

posities kan leiden tot het deactiveren van het cytokine. IL-1β werd gereageerd met een 

lage concentratie TCO op een lagere temperatuur voor een langere periode. Hierbij 

werden zoveel mogelijk makkelijk toegankelijke lysines geblokkeerd wat leidde tot het 

blokkeren van interactiemogelijkheden met de IL-1β receptor op HEK-Blue IL-1β cellen en 

RAW-Blue cellen. Door het toevoegen van tetrazine werden deze TCO-groepen verwijderd 

en werd de IL-1β activiteit hersteld. Voor de koppeling aan een antilichaam, of in deze 

studie, een nanobody, werd gebruik gemaakt van het enzym sortase A dat een eiwit met 

de herkenningssequentie LPETG kan koppelen aan een eiwit met een terminale poly-

glycine sequentie. IL-1β met een C-terminale LPETG sequentie werd op deze manier 

gekoppeld aan een CD11c-specifiek nanobody met een N-terminale poly-glycine 

sequentie. Alhoewel de zuivering van het geblokkeerde IL-1β gekoppeld aan het CD11c-

specifieke nanobody nog optimalisering vereist, werd wel aangetoond dat dit construct 

inactief is en gereactiveerd kan worden op cellen met behulp van tetrazine.  
 

Hoofdstuk 3 richt zich op een ander cytokine, tumor necrose factor α (TNF-α). Dit cytokine 

wordt historisch gezien het meest geassocieerd met het behandelen van kanker en is 

daarom het onderwerp van verschillende onderzoeken. De technieken beschreven in 

hoofdstuk 1 en hoofdstuk 2 werden in hoofdstuk 3 toegepast op TNF-α. Het blokkeren 

van lysines aanwezig in TNF-α resulteerde in het blokkeren van receptor interacties, 

waardoor TNF-α gevoelige L929 muis fibroblasten overleefden en HEK-Blue TNF-α cellen 

niet geactiveerd werden. Het reactiveren van geblokkeerd TNF-α met behulp van 

dimethyl-tetrazine in een Eppendorf buisje kon worden aangetoond door de sterfte van 

L929 cellen na receptor interacties met TNF-α. Echter kon deze manier van reactiveren niet 

vertaald worden naar reactiveren in de aanwezigheid van cellen. De mogelijke oorzaken 

hiervoor liggen in de manier waarop TNF-α bindt aan de receptor. TNF-α functioneert als 

een trimeer, waarbij de lysine residuen niet direct van belang zijn voor interacties met de 

receptor of voor de trimeer formatie. Meer onderzoek naar de geblokkeerde TNF-α 

structuur kan meer inzicht geven in welke lysines reageren met TCO en de bijbehorende 

gevolgen voor de structuur; valt de trimeer uit elkaar of is er een andere oorzaak.  
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Hoofdstuk 4 focust zich op een het andere veld waarin ‘click-to-release’ chemie van grote 

waarde is: het fundamentele onderzoek. Antigenen (peptide epitoop) worden door 

immuun cellen gepresenteerd op zogenaamde humaan leukocytenantigeen (HLA-) 

eiwitten aan immuun cellen zoals T-cellen die zorgen voor de afweerreactie. Voorgaand 

onderzoek heeft aangetoond dat een kleine modificatie in het gepresenteerde peptide 

resulteerde in de afwezigheid van een afweerreactie doordat de T-cel het epitoop 

gebonden aan de muis-variant van HLA (MHC) niet herkende. In dit werk werd de basis 

gelegd voor onderzoek naar waarom dit het geval is. Hiervoor werd recombinant HLA-DR1 

geproduceerd in verschillende eiwit expressie systemen: bacteriën (E.coli), insectencellen 

(Sf9 en High Five) en humane cellen (HEK). Uit dit onderzoek bleek dat productie in 

bacteriën vereist dat de gevormde eiwitketens opnieuw gevouwen konden worden. Dit 

gebeurde echter niet of met zeer lage opbrengst, wat deze methode ongeschikt maakte 

voor vervolgonderzoek. Productie met behulp van insectencellen resulteerde in de 

productie van gevouwen recombinant HLA. Na analyse bleek echter dat dit gevouwen 

eiwitcomplex zich bevond in de onoplosbare fractie na het lyseren van de insectencellen. 

Dit betekende dat zuivering complex zou zijn met het risico dat als gevolg van de 

zuiveringscondities het complex alsnog zou ontvouwen. Uiteindelijk bleek expressie in een 

humaan systeem, met behulp van HEK cellen, te resulteren in significante hoeveelheden 

zuiver HLA-DR1 in een gevouwen staat. Dit zuivere complex werd gebruikt voor 

kristallisatie experimenten waarbij de structuur van het complex geanalyseerd kan worden. 

Dit vormt de basis voor toekomstig onderzoek, waarbij het endogene peptide CLIP wordt 

vervangen door alternatieve peptiden met en zonder blokkerende groepen die geschikt 

zijn voor click-to-release chemie. Kristalstructuren van deze verschillende peptiden 

gebonden aan HLA-DR1 kunnen inzicht geven in het waarom T-cellen deze peptiden niet 

meer herkennen en dus waarom deze cellen geen afweerreactie genereren.  
 

Hoofdstuk 5 betreft een samenvatting van al het werk weergeven in deze thesis. 

Daarnaast bevat het suggesties voor toekomstig onderzoek per onderwerp. Dit betreft 

onder andere het onderzoeken van de toepasbaarheid van ‘click-to-release’ chemie op 

verschillende cytokines zoals interleukine-2 en interleukine-10. Initiële experimenten voor 

de expressie van deze cytokines worden hier al weergegeven. Daarnaast kan meer 

structuuronderzoek voor TNF-α meer inzicht geven in waarom dit cytokine minder 

geschikt lijkt voor deze methode dan IL-1β. Tot slot worden er suggesties beschreven voor 

experimenten met recombinant HLA-DR1. Naast het co-kristalliseren met verschillende 

(geblokkeerde) peptiden, worden ook experimenten met zwitterionische polysachariden 

(ZPSs) beschreven. De laatste 20 jaar werd duidelijk dat deze suikermoleculen een 

vergelijkbare immuunreactie kunnen genereren via binding aan HLA-DR1. De manier 

waarop deze binding plaatsvindt is echter nog een punt van discussie. Het co-kristalliseren 

van deze ZPSs met HLA-DR1 zou meer antwoorden kunnen geven in dit onderzoek.  
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