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Summary and future prospects 
 
 
 
 
 
 
 
 
 
The research described in this thesis offers an initial exploration of bioorthogonal 
chemistry as a tool to study antigen cross-presentation. Furthering the understanding 
of this process is crucial as it is an important mechanism to elicit specific cytotoxic T 
cell response necessary for clearance of cancers and pathogenic infections. It is also 
crucial regarding vaccinations with protein antigens as the aim is to apply the 
knowledge obtained here to the design of new peptides for anti-cancer vaccines. 
In chapter 1, the general principles of antigen processing and presentation in MHC-I, -
II, as well as the rudimentary details of cross-presentation are described. Antigen 
cross-presentation pathways are central to the work described in this thesis. 
Therefore, Chapter 2 presents an overview of the various antigen cross-presentation 
pathways as well as molecular approaches for studying them. A few examples of the 
current methods are described in detail together with their limitations and potential 
applications. Also, bioorthogonal antigens as novel tools to study cross-presentation 
process are introduced in this chapter.  
The initial development of a new strategy to quantify specific peptide–MHC-I 
complexes (pMHC-I) on cell surface using bioorthogonal chemistry is described in 
chapter 3: A library of peptides containing different bioorthogonal handles (azides 
and alkynes) within the epitope were synthesized and the MHC-I binding[1] and 
stability of these modified peptides in the RMA-S cell line assay[2] were optimized. In 
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Chapter 6 

order to obtain the most efficient bioorthogonal ligation reaction, various types of 
bioorthogonal ligation reactions were tested and assessed. The most optimal 
condition, type of fluorophore and bioorthogonal ligation reaction[3] were established. 
The requirement for the most efficient epitope quantification is the alkyne 
modification in non-anchor residues in solvent-accessible epitope positions using 
CalFluor-488 in combination with a Cu(I)-catalyzed Huisgen cycloaddition reaction 
(Figure 1). 

Figure 1. Schematic representation of the bioorthogonal ligation strategy using CalFluor-488 in ccHc reaction. 

The major limitation of this approach is the requirement of copper in the ccHc 
reaction. Alternative to this approach, the use of click chemistries not requiring 
catalysis could be applied. For example, the inverse electron-demand Diels-Alder 
(IEDDA) reaction (Figure 2) between cyclopropene as a dienophile and tetrazine as a 
diene can, in principle, allow in vivo labeling without the need of copper and fixation[4]. 
However, the background reactivity of this chemistry has not been fully explored in a 
system as stringent as antigen presentation.  

Figure 2. Proposed schematic representation of the bioorthogonal ligation strategy using tetrazine-fluorophore in 
IEDDA reaction. 
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Summary and future prospects 

 

When studying antigen processing and presentation, techniques that can label the 
cell surface in isolation would be very valuable. Hence, such a method was developed 
based on a three- step labeling procedure. To circumvent the permeability to small 
molecules caused by the use of copper, a three step labeling approach was developed 
in the second part of chapter 3. This three-step labeling consists of three labeling 
steps: first step is accomplished by modifying all bioorthogonal groups with Alexa 
Fluor 488 in the ccHc reaction, the second step is executed by applying the anti-Alexa 
Fluor 488 antibody and the final third step by applying protein A conjugated to Alexa 
Fluor 647 (Figure 3). The steric bulk of the antibody minimizes intracellular labeling to 
allow imaging of the surface pool of the bioorthogonal epitope. 

 
Figure 3. Schematic representation of the three-step labeling. 

 
This three step labeling protocol was used to perform a super resolution (stochastic 
optical resolution microscopy  or STORM[5]) imaging experiments of peptides in MHC-
complexes. The preliminary results of the STORM imaging of bioorthogonal epitopes 
using the three-step labeling revealed a potential to localize and later quantify the 
epitopes on the cell surface. In the future, this approach could be applied to quantify 
the number of epitopes per cell and – once T cells against bioorthogonal groups 
become available – to quantify the correlation of surface peptide quantity to T cell 
response strength.  
Chapter 4 describes the exploration of bioorthogonal chemistry to the study of longer 
antigens that – unlike the minimal epitopes of chapter 3 – do require intracellular 
processing prior to their presentation. A series of bioorthogonal synthetic long 
peptides (SLPs) were designed and the use of click chemistry to study their uptake, 
routing and surface presentation was assessed. The labeling and imaging of a herpes 
virus vaccine candidate HSV-Gp488-505-Pg-7 with Alexa Fluor-488 azide revealed a 
patchy pattern of fluorescent signal on the cell membrane indicating that the peptide 
aggregated and that these aggregates are either slowly internalized or not at all. This 
was confirmed using correlative-light electron microscopy (CLEM)[6] of the 
bioorthogonally introduced fluorophores. Due that reason to selectively label 
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Chapter 6 

epitopes on the cell surface, the switch was made to a more soluble SLP that requires 
proteasome-dependent processing on both the N and C-terminus (HSV-Gp488-505A5K-
Pg-7)[7].  
The rate of uptake of this HSV-Gp488-505A5K-Pg-7 was assessed using click chemistry 
and it was attempted to use the three-step labeling described in chapter 3 to quantify 
the cell surface appearance of the processed epitope. The quantification turned out 
to be troublesome. The weak extracellular signal (due to only a small fraction of the 
bioorthogonal SLP reaching the surface for MHC-loading and instead mostly 
remaining in endo-lysosomal[8] like compartments) prevented robust labeling. Even 
the use of the three-step labeling approach did not give enough signal over 
background.  
In summary, the use of the three-step labeling in combination with a Cu(I)-catalyzed 
Huisgen cycloaddition reaction for the bioorthogonal long peptides allowed for 
imaging of the cellular uptake however the cell surface labeling still requires further 
research. 
A possible alternative approach to achieve this would require live-cell compatible 
chemistry and/or a signal enhancement step. For example one alternative could be 
the recently reported ‘DNA-click-PAINT’ method[9]. Here an azide or tetrazine moiety 
can be attached to a single-stranded DNA and used in a click reaction (ccHc or IEDDA). 
A complementary DNA strand equipped with a fluorophore can be annealed to the 
docking DNA strand. This approach has as the advantage that the fluorophore is more 
water soluble reducing background signal. Mismatching of the two strands can also 
be used to induce fluorophore blinking (Figure 4), where a correctly chosen DNA 
strand can give on/off rates optimal for STORM imaging[10]. 

 
Figure 4. Schematic representation of the ‘DNA-click-PAINT’ method. The fluorescently labeled complementary DNA 
strand (imager strand) anneals to the ‘docking’ DNA strand inducing fluorophore blinking needed for high-precision 
single-molecule localization. 
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Summary and future prospects 

However, still only a single fluorophore per bioorthogonal handle is introduced which 
can impinge on the signal to noise ratios of this approach. To increase the signal-to-
noise ratios a technique called rolling circle amplification (RCA) could be applied[11]. 
RCA is an efficient isothermal enzymatic process conducted at a constant 
temperature where a short DNA or RNA primer in the presence of fluorophore 
conjugated nucleoside triphosphates containing deoxyribose (dNTPs), is amplified 
using a circular DNA template and DNA or RNA polymerases to form a long single 
stranded DNA or RNA containing multiple fluorophores[12]. Antigens functionalized 
with complementary DNA sequences and equipped with the fluorophore could be 
potentially visualized by docking to the long single stranded DNA at various locations 
resulting in a presence of multiple fluorophores and thus an enhanced signal-to-
noise[13]. 
Chapter 5 focused on different uses of bioorthogonal antigens. During the work 
leading to chapters 3 and 4, it was discovered that the 2-3 atom alterations of the 
epitope obliterated recognition by the cognate T cells. This led to the development of 
a new method that allowed for chemical control over T cell activation[14]. The 
chemical deprotection strategy was used to study the activation of cytotoxic T cells by 
antigen presenting cells: by substituting the key lysine in the H2-Kb-restricted epitope 
SIINFEKL for an azidonorleucine, the peptide was rendered unresponsive to its 
cognate T cell. By then performing a Staudinger reduction[15] (from the 
azidonorleucine back to a lysine) on the surface of the cell, more than 80% of the 
original T cell reactivity was recovered[16] (Figure 5A).  
The chemical uncaging strategy worked well in vitro, but the required reaction 
conditions were not compatible with in vivo use. In the future the IEDDA-based 
elimination reaction could serve as an in vivo-compatible deprotection reaction. In 
this reaction a strained alpha-substituted trans-cyclooctene[17] (TCO)-modified antigen 
reacts with certain tetrazines to result in the elimination of the alpha-positioned 
substitute.[17-18] This reaction has been used in vivo for the release of drugs from 
antibodies[19] and the unblocking of enzyme active sites[20]. In the context of these 
experiments, it would allow for deprotection and chemical control over T cell 
activation in vivo ( Figure 5B), which in turn would allow the study of T cell activation 
kinetics and the role they have on their activation. 
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Chapter 6 

Figure 5. A) Schematic representation of the on-surface deprotection using Staudinger reduction reaction. B) Proposed 
schematic representation of the in vivo deprotection using trans-cyclooctene-modified epitope and tetrazine as a 
reaction partner in inverse electron-demand Diels-Alder reaction. 

In conclusion, the results from this thesis show that bioorthogonal antigens exhibit 
potential as reagents for the study of antigen cross-presentation. However, limitations 
with regards to signal-to-noise and the use of metal-based catalysts need to be 
addressed to truly allow them to fulfill their potential.  

98

A) 
On-surface 

de protection 

-.1, 
N, NH2 

0 

H2N 
H 

H2N 

MHC-1 MHC-1 

a p a p 

• • No Activation 
Recognition of 
by cognate cognate 

Tcell Tcell 

B) 

H 
H2N 

MHC-1 

a p 

• No 
Recognition 
by cognate 

Tcell 

In vivo 
de protection 

H 

NH2 

Activation 
of 

cognate 
Tcell 

H 



Summary and future prospects 

References 

[1] A. Porgador, J. W. Yewdell, Y. Deng, J. R. Bennink, R. N. Germain, Immunity 1997, 6,
715-726.

[2] aH. G. Ljunggren, N. J. Stam, C. Ohlen, J. J. Neefjes, P. Hoglund, M. T. Heemels, J.
Bastin, T. N. Schumacher, A. Townsend, K. Karre, et al., Nature 1990, 346, 476-480;
bM. C. Feltkamp, H. L. Smits, M. P. Vierboom, R. P. Minnaar, B. M. de Jongh, J. W.
Drijfhout, J. ter Schegget, C. J. Melief, W. M. Kast, Eur J Immunol 1993, 23, 2242-2249.

[3] aC. R. Bertozzi, Acc Chem Res 2011, 44, 651-653; bJ. Li, P. R. Chen, Nat Chem Biol
2016, 12, 129-137.

[4] K. Lang, L. Davis, J. Torres-Kolbus, C. Chou, A. Deiters, J. W. Chin, Nat Chem 2012, 4,
298-304.

[5] D. van der Zwaag, N. Vanparijs, S. Wijnands, R. De Rycke, B. G. De Geest, L. Albertazzi,
ACS Appl Mater Interfaces 2016, 8, 6391-6399.

[6] D. M. van Elsland, E. Bos, W. de Boer, H. S. Overkleeft, A. J. Koster, S. I. van Kasteren,
Chemical Science 2016, 7, 752-758.

[7] S. Khan, M. S. Bijker, J. J. Weterings, H. J. Tanke, G. J. Adema, T. van Hall, J. W.
Drijfhout, C. J. Melief, H. S. Overkleeft, G. A. van der Marel, D. V. Filippov, S. H. van
der Burg, F. Ossendorp, J Biol Chem 2007, 282, 21145-21159.

[8] aO. P. Joffre, E. Segura, A. Savina, S. Amigorena, Nat Rev Immunol 2012, 12, 557-569;
bJ. W. Yewdell, E. Reits, J. Neefjes, Nat Rev Immunol 2003, 3, 952-961.

[9] aR. Jungmann, M. S. Avendano, J. B. Woehrstein, M. Dai, W. M. Shih, P. Yin, Nat
Methods 2014, 11, 313-318; bI. Nikic, G. Estrada Girona, J. H. Kang, G. Paci, S.
Mikhaleva, C. Koehler, N. V. Shymanska, C. Ventura Santos, D. Spitz, E. A. Lemke,
Angew Chem Int Ed Engl 2016, 55, 16172-16176.

[10] J. Enderlein, Nat Nanotechnol 2016, 11, 737-738.
[11] C. M. Clausson, L. Arngarden, O. Ishaq, A. Klaesson, M. Kuhnemund, K. Grannas, B.

Koos, X. Qian, P. Ranefall, T. Krzywkowski, H. Brismar, M. Nilsson, C. Wahlby, O.
Soderberg, Sci Rep 2015, 5, 12317.

[12] aM. Nilsson, M. Gullberg, F. Dahl, K. Szuhai, A. K. Raap, Nucleic Acids Res 2002, 30,
e66; bM. Kuhnemund, I. Hernandez-Neuta, M. I. Sharif, M. Cornaglia, M. A. Gijs, M.
Nilsson, Nucleic Acids Res 2017.

[13] aM. M. Ali, F. Li, Z. Zhang, K. Zhang, D. K. Kang, J. A. Ankrum, X. C. Le, W. Zhao, Chem
Soc Rev 2014, 43, 3324-3341; bX. Zhang, R. Li, Y. Chen, S. Zhang, W. Wang, F. Li,
Chemical Science 2016, 7, 6182-6189.

[14] L. Schmitt, R. Tampe, Chembiochem 2000, 1, 16-35.
[15] aH. Staudinger, J. Meyer, Helvetica Chimica Acta 1919, 2, 635-646; bY. G. Gololobov,

L. F. Kasukhin, Tetrahedron 1992, 48, 1353-1406.
[16] J. B. Pawlak, G. P. Gential, T. J. Ruckwardt, J. S. Bremmers, N. J. Meeuwenoord, F. A.

Ossendorp, H. S. Overkleeft, D. V. Filippov, S. I. van Kasteren, Angewandte Chemie
(International ed. in English) 2015, 54, 5628-5631.

[17] M. L. Blackman, M. Royzen, J. M. Fox, J Am Chem Soc 2008, 130, 13518-13519.
[18] N. K. Devaraj, R. Weissleder, S. A. Hilderbrand, Bioconjugate Chemistry 2008, 19,

2297-2299.
[19] R. Rossin, S. M. van Duijnhoven, W. Ten Hoeve, H. M. Janssen, L. H. Kleijn, F. J.

Hoeben, R. M. Versteegen, M. S. Robillard, Bioconjug Chem 2016, 27, 1697-1706.
[20] G. Zhang, J. Li, R. Xie, X. Fan, Y. Liu, S. Zheng, Y. Ge, P. R. Chen, ACS Central Science

2016, 2, 325-331.

99




