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Abstract
Peptide-based therapeutic vaccines exploit cross-presentation by dendritic cells for the induction of effective T cell responses. Their clinical 
success, however, has been limited due to incomplete understanding of antigen processing and presentation (APP). Bioorthogonal chemistry 
(BOC) uses chemical “click” reactions that can be performed selectively without interference of the cellular environment. A “click handle” can 
be incorporated into a biomolecule with only minor effects on its characteristics, allowing selective visualization and tracking of the biomolecule. 
We generated 10 analogues of the HLA-A2-restricted, immunogenic hepatitis B virus-derived epitope HBcAg18-27 by replacing each amino acid 
with the click handle homopropargylglycine. Each analogue was tested for (1) peptide binding affinity to HLA-A2, (2) preservation of immunoge
nicity, and (3) accessibility for on-cell click reactions. Lastly, we performed a proof-of-concept experiment in which we demonstrate the feasibil
ity of BOC for APP studies. All amino acids could be modified with the click handle without loss of HLA binding. Furthermore, 7 out of 10 ana
logues retained cognate T cell recognition. Two of the most promising analogues were tested and demonstrated to be accessible for on-cell 
click as well as suitable for long peptide processing and presentation studies. To our knowledge, we are the first to show the feasibility of BOC 
to study APP in the human setting. With BOC techniques, we may now be able to sensitively follow antigen routing by visualizing the intracellular 
location of (long) peptides. Furthermore, this tool enables direct and quantitative epitope studies in a T cell-independent manner.
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Introduction
Antigen processing and presentation (APP) is the process 
whereby cells produce peptides from protein antigens and 
present these on their major histocompatibility complexes 
(MHC; also known as human leukocyte antigen (HLA) in 
humans).1–3 Recognition of such a peptide-HLA (pHLA) by a 
T cell through its unique T cell receptor (TCR) is the first and 
key event in T cell activation, driving the adaptive immune re
sponse against the antigen that the peptide originated from.4

APP is a key target for biomedical interventions aiming to 
(re)initiate or stop immune responses against specific antigens 
via prophylactic and therapeutic vaccination strategies.5 For 
the latter, promising results have been obtained for the treat
ment of viral infections, cancer and autoimmune disease.6–8

Understanding the APP pathways, and particularly what 
parameters influence how much of a given pHLA is presented 
by an APC, is therefore of vital importance for improving 
vaccination strategies.

The mechanisms underlying APP are highly complex and 
depend on the source of the antigen and the cell type present
ing the antigen.1–3 Briefly, in the canonical route of APP oc
curring in most cells of the body, endogenously synthetized 
proteins are co-translationally degraded by the proteasome 
and the resulting peptides are loaded onto HLA class I (HLA- 
I) in the endoplasmic reticulum. The pHLA-I complexes are 
transported to the cell surface and presented to CD8þ cyto
toxic T cells. Contrarily, professional antigen presenting cells 

(APCs), that are uniquely able to prime T cells, internalize 
and degrade exogenous antigens and load derived peptides 
onto HLA class II (HLA-II) for presentation to CD4þ

T helper cells, and on HLA-I for presentation to CD8þ

T cells. The latter, that is, the presentation of peptides from ex
ogenous antigens on HLA-I, is called cross-presentation.9,10

APCs excel at cross-presentation, and this allows them to 
prime CD8þ T cells without being infected themselves. In 
APCs, HLA-I and -II peptides can be generated in the endoso
mal system, but for cross presentation, the proteasome may 
also be involved. Antigen size and form (eg, particulate, pro
tein, or peptide) and the presence of pathogen-associated 
molecular patterns (PAMPs) can affect the route and efficiency 
of antigen (cross)-presentation and hence may determine vac
cine efficacy.11–13 The rules dictating (cross)-presentation, 
however, have not been fully resolved.9,10

One key problem in the study of APP is that there are few 
robust methods to quantify how many peptides appear on 
the surface of an APC and at what rate. Traditionally, T cells 
have been used as a readout: antigen-specific T cells are stim
ulated by an APC presenting a given amount of a particular 
antigen and their activation is measured via cell surface 
markers or cytokine secretion to infer the relative amounts of 
presented pHLA. This approach, however, is restricted by 
T cell clone availability and absolute quantification is impos
sible, as each T cell receptor will have a different functional 
avidity and hence pHLA requirement. Furthermore, T cell 
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activation is also biased by the expression of co-stimulatory 
molecules and cytokines by APCs, which can affect the 
strength of T cell activation by a given quantity of pHLA. 
In addition, T cells sense only the end point of the very com
plex APP pathway and cannot be used to study intracellu
lar events.

To combat this T cell “addiction” when studying APP, 
multiple T cell-independent methods have been developed. 
These include antibodies that bind specific pHLAs, often 
with modest affinity.14,15 These still do not, however, yield 
any information on the intracellular mechanics of APP pre
ceding HLA peptide loading. One popular approach to study 
this part of the APP has been the conjugation of “visible” 
proteins, such as HRP16 and luciferase,17 to the antigen of in
terest. These can then be followed inside the cell (while intact, 
at least). To also visualize the parts of the APP pathways 
where these visible proteins are degraded (and hence have be
come invisible), the conjugation of small molecules/fluoro
phores to antigens of interest has been explored extensively. 
However, the conjugation of these relatively bulky, charged, 
and/or hydrophobic fluorophores can impact the biophysical 
and -chemical properties, and with that the immunological 
properties, of the antigen and how it is subject to APP. 
Conjugation of small molecule fluorophores also results in 
changes to the antigen, particularly its conformation.18 We 
have, for example, previously shown that APP of fluorophore- 
modified antigens differs significantly from unmodified antigen, 
likely the result of protein unfolding induced by the chemical 
modification reaction.19 Moreover, due to their size, fluoro
phores affect loading of the processed peptides on HLA, and/ 
or recognition by a TCR cognate for the unmodified antigen. 
Thus, there is an unmet need for a way to track antigens 
through APP pathways without interfering with HLA loading 
and TCR recognition. Such a tool would allow for more 
in-depth studies on the mechanisms that govern APP.

We and others have hypothesized that the Nobel Prize– 
winning bioorthogonal chemistry (BOC) could be ideally 
suited to visualize/follow peptide antigens within a cell or 
even in the pHLA complex without changing APP or T cell 
recognition.19–23 Bioorthogonal click reactions are chemical 
reactions that can be performed selectively in complex cellular 
environments without interference from cellular compo
nents.24–27 One of the most widely used click reactions is the 
copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC).28,29

To exploit this click reaction in biological systems, it is neces
sary to incorporate either an azide or alkyne “click handle” in 
the biomolecule of interest. This click handle can react with its 
counterpart to form a 5-membered triazole ring,28,29 allowing 
ligation of, for example, an azide-functionalized fluorophore 
to an alkyne-modified biomolecule, at any stage during the 
biological process of interest, post cell fixation (as the copper 
needed for the reaction is highly toxic). Such click handles 
are small and therefore minimally alter the biophysical and 
-chemical properties of the biomolecule they are incorporated 
in. Hence, they will be a much better mimic of the native bio
molecule than the fluorophore-modified variant. Moreover, 
they are biologically inert, and are stable in the harsh environ
ments found in the antigen presentation pathways for at least 
24 h.27,30 For proteins or peptides, click handles are easily 
incorporated via non-canonical amino acids (eg, the alkyne- 
functionalized amino acid homopropargylglycine (Hpg)).31

Bioorthogonal click chemistry has, for example, already been 
used to study the uptake and intracellular fate of proteins,19

lipids,32 exogenous RNA,33 and sugars,34 as well as the 
metabolic labeling of DNA and RNA.35,36 However, both 
peptide-HLA binding and TCR recognition are highly specific 
processes, where the modification of one residue in the peptide 
can abolish binding to HLA and/or recognition by the TCR. 
Yet our group has previously developed a click reactive MHC 
class I epitope based on the well-known murine OVA 
SIINFEKL peptide.23 Unfortunately, this reactive epitope was 
no longer recognized by the cognate TCR, which limits its use. 
Recently, a HLA-DR1 (HLA class II)-restricted click reactive 
epitope has been used to directly assess HLA-II presentation, 
albeit without assessment of its ability to drive T cell activa
tion.20 So far, click chemistry has never successfully been 
applied to study human HLA-I APP.

In the present study, we have designed and characterized 
click-reactive analogues of the clinically relevant, well stud
ied, high affinity, and HLA-A2-restricted Hepatitis B virus 
core antigen-derived HBcAg18-27 peptide. We modified each 
position in this immunodominant epitope with a bioorthogo
nally reactive amino acid (Hpg). These click reactive peptides 
were assessed for both HLA-A2 binding capabilities and T 
cell activating potential. To our excitement, it was found that 
Hpg-substitution at positions 6 and 9 yielded peptides that 
could be both detected by on-surface click chemistry and at 
the same time could still activate T cells specific for the wild- 
type (WT) epitope. Finally, in order to show the applicability 
of our novel approach, we incorporated the click epitopes in 
synthetic long peptides (SLPs) that are used for therapeutic 
vaccination and assessed the uptake, degradation, and the sur
face presentation of SLP-originated epitopes by monocyte- 
derived dendritic cells (moDCs). Our work puts forward click 
variants of the HBcAg18-27 epitope as a new model system to 
study APP directly in a T cell-independent manner.

Materials and methods
Peptides
Click reactive and WT HBcAg18-27 peptides (sequence: 
FLPSDFFPSV; for click analogues each position was once 
modified with Hpg) were purchased from Pepscan (>90% 
purity) or synthesized in house (see supplemental methods). 
Cytomegalovirus-pp65495-503 peptide (CMV-pp65495-503, 
sequence: NLVPMVATV) was purchased from Peptide 2.0 
(>95% purity). Survivin96-104 peptide (sequence: LTLGEFLKL) 
was purchased from Peptide 2.0 (crude). SLPs (sequence: 
MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASAL), either 
containing Hpg at positions 6 or 9 in the core epitope (bold in 
the sequence) or left unmodified, were synthesized in house 
(see supplemental methods). All HBcAg18-27 variants, CMV- 
pp65495-503, and SLPs were dissolved in 100% DMSO (Sigma- 
Aldrich), whereas Survivin96-104 was dissolved in 10% DMSO 
in H2O. All peptides were dissolved to a stock concentration 
of 10 mM and stored at −20 �C.

HLA-A2 stabilization assays of bioorthogonal 
HBcAg18-27 peptides using T2 cells
The T2 cell line (174 × CEM.T2, ATCC CRL-1992, kindly 
provided by prof. dr. Debets)37 was cultured in T2 cell me
dium (RPMI-1640 supplemented with 2 mM ultraglutamine 
(Lonza), 10% heat inactivated fetal calf serum (FCS, PAN 
Biotech), and 100 U/ml penicillin/streptomycin (P/S, Gibco)). 
The cells were maintained in a humidified incubator at 
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37 �C, 5% CO2, and grown to a maximal density of 1.5 × 
106 cells/ml.

Cells were harvested and resuspended to 1.5×106 cells/ml 
in serum-free T2 cell medium supplemented with 6 μg/ml 
human β2-Microglobulin (B2M, Bio-Rad). A serum-free 
method was used, as bovine B2M in culture medium can 
interact with human HLA-I complexes.38 Peptides were 
diluted in serum-free T2 cell medium to twice the required 
end concentration. As negative control, DMSO was diluted 
in serum-free culture medium to the same concentrations 
found in the peptide dilutions (0.5%–0.002%). The cells were 
plated in a 96-well round-bottom plate (0.15×106 cells/well) 
and incubated 1:1 with the diluted peptides or DMSO for 3 h 
at 37 �C, 5% CO2 (final concentrations: 0.75×106 cells/ml, 
3 μg/ml B2M, indicated peptide concentrations). The cells 
were subsequently washed with ice-cold FACS buffer (1× 
phosphate buffered saline (PBS, HyClone) þ 1% bovine serum 
albumin (BSA, Sigma-Aldrich) þ 1% human serum (PAN 
Biotech) þ 0.02% sodium azide (Sigma-Aldrich)) and stained 
with anti-human HLA-A2 antibody conjugated to Alexa Fluor 
488 (BB7.2, Bio-Rad, 1 μg/ml in FACS buffer) for 30 min at 
4 �C. Cells were washed with ice-cold FACS buffer prior to 
analysis on a BD FACSCantoTM II Cell Analyzer. All flow 
cytometry data was analyzed with FlowJo v10.7 (Becton, 
Dickinson & Company). Mean fluorescence intensity (MFI) of 
Alexa Fluor 488 was determined as a measurement for surface 
HLA-A2 levels. The percentage MFI increase upon peptide 
binding was calculated to correct for background levels of sur
face HLA-A2 in the following manner: %MFI increase=((MFI 
(Peptide)-MFI (DMSO))/MFI(DMSO)) ×100%. Each assay 
was set up in triplicate. Mean, standard error of the mean 
(SEM), and EC50 values were calculated with GraphPad Prism 
8.0.2 for Windows (GraphPad Software). EC50 values and 
simulated binding curves were determined with nonlinear 
regression curve fits using the Log(agonist) vs response—Find 
EC anything function with the method of least squares. The 
F value was constrained to 50 to calculate the EC50 and the 
bottom value was constrained to 0, as the used data were 
already corrected for background. All error bars correspond to 
the SEM.

HBcAg18-27-specific T cell activation assays with 
bioorthogonal peptides
T2 cells (0.4×106 cells/ml) were pulsed with 1 μM HBcAg18-27 

(WT and click variants) in serum-free T2 cell medium supple
mented with 3 μg/mL B2M for 1 h at 37 �C, 5% CO2. As a 
positive control T2 cells were incubated with 10 μM CMV- 
pp65495-503. Negative controls of 10 μM Survivin96-104 as 
irrelevant epitope and the corresponding DMSO concentra
tion (0.01%) found in the HBcAg18-27 samples were included. 
After incubation the cells were washed once with cold serum- 
free T2 cell medium and once with cold T cell medium 
(IMDM (Lonza) supplemented with 2 mM ultraglutamine 
(Lonza), 2% human serum (PAN Biotech), and 100 U/ml P/S). 
Subsequently, the cells were taken up in cold T cell medium 
and incubated in a 1:1 ratio (cell: cell, 0.4×106 total cells/ml) 
with CMV-pp65495-503-specific T cells or with the same T cell 
clone retrovirally transduced with a HBcAg18-27-specific T cell 
receptor (clonotype Vα17-P2A-Vβ12-4 kindly provided by prof. 
dr. A. Bertoletti;39 transduction performed as published40,41) 
for 20 h at 37 �C, 5% CO2. After incubation the supernatant 
was harvested and stored at −20 �C for later interferon gamma 
(IFN-γ) ELISA. Assays were set up in duplicate.

Interferon gamma (IFN-γ) ELISA
A human IFN-γ uncoated ELISA kit was purchased from 
Invitrogen. The INF-γ ELISAs were performed according to 
the manufacturer’s protocol. Samples were diluted 1:2 or 
1:10. The absorbance of the wells at 450 nm was measured 
using a TECAN Infinite® M Nano plate reader. Absorbance 
values were corrected for the blank and IFN-γ concentrations 
were calculated using the serial dilution of the IFN-γ stan
dard. The mean and SEM were calculated with GraphPad 
Prism. Error bars correspond to the SEM.

Preparation of click mix
Click mix was always prepared fresh before use by the addi
tion of the following reagents in the given order: CuSO4 

(Sigma Aldrich), sodium ascorbate (Sigma Aldrich), tris 
(3-hydroxypropyltriazolyl-methyl)amine (THPTA, Sigma 
Aldrich or synthesized in house), aminoguanidine (ACROS 
Organics), HEPES (Lonza), and azide-fluorophore. The click 
mix for click reactions directly on cells has the following con
centrations: 1 mM CuSO4, 10 mM sodium ascorbate, 1 mM 
THPTA, 10 mM aminoguanidine, 96 mM HEPES, and 10 μM 
azide-fluorophore.

PBMC isolation and moDC differentiation
For the generation of moDCs, peripheral blood mononuclear 
cells (PBMCs) were isolated from buffy coats from healthy 
donors, obtained from the local blood bank. All donors gave 
written informed consent. PBMCs were isolated from the 
buffy coat using Ficoll-Paque (GE Healthcare) density gradi
ent centrifugation. Monocytes were isolated from the PBMCs 
by adherence to cell culture flasks. For this, PBMCs were 
resuspended in attachment medium (IMDM supplemented 
with 2% human serum, 2 mM ultraglutamine, and 100 U/ml 
P/S), and cells were allowed to adhere to the flask for 1 h at 
37 �C, 5% CO2. The non-adherent cells (the peripheral blood 
lymphocytes) were subsequently removed. The attached 
monocytes were cultured over the course of 6 to 7 d in differ
entiation medium (IMDM supplemented with 2 mM ultra
glutamine, 8% FCS, 100 U/ml P/S, 500 IU/ml IL4 (Peprotech) 
and 800 IU/ml GM-CSF (Peprotech)). On day 3, the differen
tiating moDCs were harvested, counted, and seeded for the 
experiments in fresh differentiation medium.

On-surface click of peptide-loaded HLA-A2þ moDCs
On day 3 of the differentiation protocol, moDCs were seeded 
out in fresh differentiation medium at a concentration of 
2.5 ×105 cell/well in 12-well plates. LPS-supplemented 
(100 ng/ml; Invivogen) differentiation medium was added on 
day 6 for 24 h to induce moDC maturation. Matured moDCs, 
according to each sample condition, were pre-treated with 
10 μM Rottlerin (Sigma-Aldrich) for 30 min prior to incuba
tion with peptides (25 μM) and fluorescently labeled BSA 
(10 μg/ml, Alexa Fluor 647-conjugate, Invitrogen) for 3 h at 
37 �C, 5% CO2. To control conditions, medium/DMSO was 
added in corresponding concentrations (0.25%).

After incubation, cells were harvested with ice-cold PBS, 
transferred to a 96-well round bottom plate, and fixed for 
15 min at room temperature (RT) in 2% PFA. From here 
onward, all centrifugation in between steps were done at 290 
×g for 5 min at 4 �C. To quench the PFA, cells were incubated 
with 100 mM glycine (Fisher Scientific) in PBS for 15 min at 
RT. Cells were subsequently blocked with 1% BSA and 1% 
fish skin gelatin (w/v; Sigma-Aldrich) for 15 min at RT, 
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washed with PBS (RT) and clicked for 45 min at RT with 
CalFluor 488 (Click Chemistry Tools) as fluorophore. After 
the click reaction, cells were blocked once more as described 
above and washed with FACS buffer.

MoDCs not pulsed with peptides were assessed for viabil
ity and maturation marker expression by flow cytometry. 
These samples were labeled with anti-HLA-DR conjugated to 
PE (LN3, 17.5 ng/ml, eBioscience), anti-CD40 conjugated to 
APC (5C3, 240 ng/ml, eBioscience), and anti-HLA-I conju
gated to Pacific Blue (W6/32, 10 μg/ml, Biolegend) in FACS 
buffer for 30 min at 4 �C in the dark. Cells were washed with 
FACS buffer and resuspended in FACS buffer. All samples 
were analyzed on a BD FACSCantoTM II Cell Analyzer.

Uptake and degradation of SLPs by moDCs 
analyzed by flow cytometry
MoDCs (not selected for HLA-A2 expression) were seeded in 
24-well plates (4×105 cells/well in 400 μl of differentiation 
medium supplemented with fresh IL4 and GM-CSF) on day 3 
of the differentiation protocol. On day 6, SLPs or minimal 
epitopes were added to a final concentration of 10 µM in 
fresh differentiation medium. To mimic SLP-based vaccines, 
10 µM of the Toll like receptor (TLR) 1/2 ligand UPam 
(Pam3CysSK4 in which in the N-palmitoylate the α-amino 
group of the terminal cysteine residue is replaced by an alky
lurea, also known as Amplivant ®, synthesized as described 
previously42,43) was added. To assess differences in the endo
cytic capacity of the cells, the medium with peptides and 
UPam was also supplemented with 10 µg/ml fluorescently 
labeled BSA (Alexa Fluor 647-conjugate, Invitrogen). As a 
negative control, moDCs were incubated with vehicle 
(DMSO) instead of the peptide and UPam (BSA-Alexa Fluor 
647 was present in these conditions). The cells were pulsed 
with the peptides and UPam for 1 or 3 h at 37 �C, 5% CO2. 
Following the incubation, the medium was removed by cen
trifugation (5 min, 362 ×g), and the cells were washed once 
with PBS. The cells were then harvested and split into two 
parts. Half of the cells were fixed with 2% PFA in PBS for 
15 min at RT and stored overnight in 0.5% PFA in PBS at 
4 �C. The other half of the cells were re-plated in new 24-well 
plates in fresh differentiation medium and chased for 20 h at 
37 �C, 5% CO2. Following the chase period, the medium was 
removed by centrifugation and the cells were washed with 
PBS. The cells were then harvested and fixed with 2% PFA in 
PBS for 15 min at RT.

To analyze the uptake of the SLPs and minimal epitopes, 
the PFA was quenched with 100 mM glycine (Fisher 
Scientific) in PBS for 15 min at RT in the dark (all subsequent 
steps were performed in the dark as much as possible). The 
cells were washed twice with PBS and permeabilized with 
0.05% saponin (VWR chemicals) in PBS for 20 min at RT. 
The cells were then washed twice with PBS and clicked 
for 45 min at RT with CalFluor 488 as fluorophore. 
Subsequently, the click mix was washed away twice with 
PBS, allowing at least 2 min incubation for each wash. The 
cells were then blocked for 1 h at RT with 1% BSA in PBS, 
followed by a wash with FACS buffer. The cells were resus
pended in FACS buffer and analyzed on a BD FACSCantoTM 

II Cell Analyzer.
To assess the maturation status of the moDCs induced by 

the UPam, moDCs were incubated with either 10 µM UPam, 
100 ng/ml LPS as positive control, or DMSO vehicle control 
as negative control in fresh differentiation medium, for 3 h 

and chased for 20 h at 37 �C, 5% CO2. The medium was sub
sequently removed by centrifugation, the cells were washed 
once with PBS, harvested, and labeled with a Live/Dead via
bility dye in AmCyan (1:200, Invitrogen), anti-HLA-DR con
jugated to PE (LN3, 17.5 ng/ml, eBioscience), anti-CD40 
conjugated to PerCP-eFluor710 (5C3, 75 ng/ml, eBioscience), 
and anti-HLA-I conjugated to Pacific Blue (W6/32, 10 μg/ml, 
Biolegend) in FACS buffer for 30 min at 4 �C in the dark. 
Subsequently, the cells were washed with FACS buffer, resus
pended in FACS buffer, and analyzed on a BD FACSCantoTM 

II Cell Analyzer.

Uptake and degradation of SLPs by moDCs 
analyzed by confocal microscopy
MoDCs (not selected for HLA-A2 expression) were seeded in 
Ibidi 8-chamber microscopy slides (IbiTreat for optimal cell 
adhesion, 1.5×105 cells/well in differentiation medium sup
plemented with fresh IL4 and GM-CSF) on day 3 of the dif
ferentiation protocol. On day 6, SLPs or minimal epitopes 
were added to a final concentration of 10 μM together with 
UPam at a final concentration of 10 μM in fresh differentia
tion medium and the cells were incubated with peptide and 
UPam for 3 h at 37 �C, 5% CO2. The medium with the pepti
des was then aspirated, the cells were washed once with PBS, 
fresh differentiation medium was added and the cells were 
incubated for 20 h at 37 �C, 5% CO2 to allow time for proc
essing of the peptides. After the chase period the medium was 
removed, the cells were washed once with PBS and the cells 
were fixed with 2% PFA in PBS for 15 min at RT. The fixa
tion solution was then replaced with 0.5% PFA in PBS and 
the samples were stored overnight at 4 �C. Subsequently, the 
storage buffer was aspirated and the PFA was quenched with 
100 mM glycine (VWR Chemicals) in PBS for 15 min at RT. 
After quenching, the cells were washed twice with PBS and 
permeabilized with 0.05% saponin (EMDMillipore) in PBS 
for 20 min at RT and washed twice again with PBS, with 
each wash incubated for 5 minutes at RT. The cells were 
stained with 1× clickmix with AZDye 488 azide (Click 
Chemistry Tools) as fluorophore for 45 min at RT in the 
dark. All subsequent steps were performed in the dark to 
minimize bleaching of the fluorophores. The cells were 
washed twice with PBS, allowing at least 2 min of incubation 
each time, after which blocking buffer (10% goat serum 
(EMD Millipore) and 0.05% saponin in PBS) was added for 
30 min at RT. After aspiration of the blocking buffer, the 
cells were incubated for 1 h at RT with Rabbit anti-LAMP1 
antibody (Sigma Aldrich, polyclonal, diluted 1:100 in 5% 
goat serum and 0.05% saponin in PBS), followed by 3 washes 
with 1% goat serum and 0.05% saponin in PBS. Secondary 
goat anti-Rabbit IgG antibody conjugated to Alexa Fluor 
647 (Invitrogen, diluted 1:500 in 5% goat serum and 0.05% 
saponin in PBS) was added and incubated for 1 h at RT. 
Subsequently, the cells were washed 3 times with 1% goat 
serum and 0.05% saponin in PBS, allowing 5 min incubation 
for each wash. The cells were then stained with Ultra-LEAF 
anti-human HLA-ABC (BioLegend, W6/32, 1 μg/ml in 5% 
goat serum and 0.05% saponin in PBS) for 1 h at RT, followed 
by washing twice with 1% goat serum and 0.05% saponin in 
PBS. Next, secondary goat anti-mouse IgG antibody conju
gated to Alexa Fluor 555 (Invitrogen, diluted 1:500 in 5% 
goat serum and 0.05% saponin in PBS) was added and incu
bated for 1 h at RT. The cells were then washed once with 1% 
goat serum and 0.05% saponin in PBS and once with PBS. 
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Nuclei were counterstained with DAPI (1 μg/ml in PBS) for 
10 min at RT, after which the cells were washed once with 
PBS, glycerol/DABCO was added, and samples were stored at 
4 �C until imaging.

Confocal microscopy and image analysis
Confocal microscopy was performed on an AR1 HD25 con
focal microscope (Nikon), equipped with a Ti2-E inverted 
microscope, LU-NV Series laser unit, and CFI Plan Apo 
Lambda 100×/1.45 oil objective. Fluorophores were excited 
using the corresponding laser lines (DAPI: 405 nm; AZDye 
488 azide: 488 nm; Alexa Fluor 555: 561 nm; Alexa Fluor 
647: 647 nm). The Resonant scanner was used to acquire the 
images, whilst poisson noise was immediately removed by the 
built-in Nikon Denoise.ai software. Z-stacks were made from 
the bottom to the top of the cells in the field of view with 
steps of 0.175 μm (on average 76 slices, ranging from 40 to 
137 slices). For the moDCs from the first donor 2 fields of 
view (FOVs) were imaged for the SLP conditions each and 
1 FOV for the min. epitope conditions. For the moDCs from 
the second and third donors 5 FOVs were imaged for the 
SLP-P6 and -P9 conditions each, and 3 FOVs for the SLP-WT 
and all min. epitope conditions. There were, on average, 
8 cells per FOV, ranging from 4 to 16 cells/FOV. The Volume 
View command in the NIS Elements software (Nikon) was 
used to create 3D rendered images of the Z-stacks. Brightness 
and contrast were adjusted identically for all images from the 
same donor to ensure the relative intensity remained the same. 
Images are presented as both a 2D cross section taken from 
the Z-stacks and a 3D representation.

Colocalization analysis of the click handle with HLA-I, 
LAMP1, and DAPI was performed using the JaCoP plugin in 
ImageJ.44 The colocalization analysis was performed on both 
the 2D cross sections as well as on the 3D Z-stacks (to ana
lyze colocalization in the 3D (volume) structure of the cell). 
The Manders’ coefficients were calculated for the colocaliza
tion of click signal with DAPI, HLA-I, and LAMP1. The 
thresholds for the calculation of the Manders’ coefficients 
were kept the same for all images from the same donor. The 
M1 coefficient represents the fraction of the click signal overlap
ping with the markers, whereas the M2 coefficient represents 
the fraction of the marker overlapping with the click signal.

Results
All click HBcAg18-27 analogues retain HLA-A2- 
binding
For this proof-of-concept study, we investigated 10 analogues 
of the HLA-A2-restricted immunogenic epitope HBcAg18-27, 
derived from the hepatitis B virus core protein sequence 
(Table 1). In each of these peptides, one position was 
substituted for the alkyne-containing amino acid Hpg. To un
derstand how this change affected subsequent experiments, 
we inspected solvent accessibility of the amino acid side
chains. This feature has been shown necessary for the success
ful bioorthogonal ligation of a peptide within the HLA 
binding groove.23 To identify potential solvent-accessible res
idues, the crystal structure of the wild-type (WT) peptide 
HBcAg18-27 bound to HLA-A2 (protein data bank (PDB) 
identifier 1HHH45) was analyzed in the UCSF Chimera soft
ware (Fig. 1A).46 Based on this 3D structure, positions 1 (F), 
4 (S), 5 (D), 8 (P), and 9 (S) were the most likely candidates 
for click ligation in the HLA complex because the sidechains 

of these amino acids point outwards in the crystal structure; 
although this may differ for the Hpg analogues.

Hpg may affect the HLA binding capacity of the modified 
analogues. This was assessed by synthesizing the 10 Hpg- 
analogues and assessing their HLA-A2 binding affinity using 
a flow cytometry–based T2 HLA stabilization assay.37,47,48

In this assay the increase of HLA-A2 surface levels is a mea
sure for the stabilization of the HLA-A2 complex induced 
by the binding of exogenously added peptides. While inter
nalization is required for antigen processing, the loading of 
minimal HLA epitopes, can already occur through peptide 
exchange on the cell surface.49–51

Incubation with the HBcAg18-27 click analogues at 25 μM 
revealed that all positions, including anchor residues at posi
tion 2 and 10, can be modified without loss of HLA-A2 bind
ing (Fig. 1B). Compared to the WT peptide, Hpg modification 
of positions 1, 2, 4, 5, and 8 slightly reduced HLA binding, 
whereas at position 6, binding affinity was slightly increased.

Next, the concentration at which each click analogue max
imally stabilizes the HLA-A2 complex was determined 
(Fig. 1C). Peptide titrations were performed in batches that 
each included the WT peptide as internal reference. The data 
revealed that almost all analogues plateaued at a concentra
tion of 1 μM, indicating maximal HLA stabilization. The half 
maximal stabilization (EC50) was subsequently calculated 
from the generated binding curves. Except for positions 8 
and 10, all residues could be modified without large impact 
on their EC50 values (Table 1).

Most click HBcAg18-27 analogues are recognized by 
the cognate TCR
The ideal pHLA-quantifying agent is both directly detectable, 
and can be “read out” in a T cell activation assay, to allow 
direct comparison of absolute peptide surface concentration 
and T cell activation. However, in studies of click-epitopes in 
mouse MHC-I, no variations could be made that allowed 
both clicking and T cell activation in a single assay.23 We 
next assessed whether HBcAg18-27-alkyne analogues could 
still drive T cell activation. For this, we utilized clonally 
expanded cytomegalovirus-pp65495–503 (CMV-pp65495-503)- 
specific CD8þ T cells that were engineered to co-express a 
well-described HBcAg18-27-specific TCR,39,40 and co-cultured 
those for 20 h with T2 cells pulsed with the click analogues 
(Fig. 2A). Interferon-γ (IFN-γ) levels in the supernatant were 
determined as a measure of CD8þ T cell activation.

Table 1. Overview of the BOC-modified HBcAg18-27 analogues used in 
this study.

Modification Sequence EC50 (µM)

Wild-type FLPSDFFPSV 0.17
Position 1 (F) (Hpg)LPSDFFPSV 0.16
Position 2 (L) F(Hpg)PSDFFPSV 0.20
Position 3 (P) FL(Hpg)SDFFPSV 0.19
Position 4 (S) FLP(Hpg)DFFPSV 0.15
Position 5 (D) FLPS(Hpg)FFPSV 0.15
Position 6 (F) FLPSD(Hpg)FPSV 0.12
Position 7 (F) FLPSDF(Hpg)PSV 0.20
Position 8 (P) FLPSDFF(Hpg)SV 0.30
Position 9 (S) FLPSDFFP(Hpg)V 0.21
Position 10 (V) FLPSDFFPS(Hpg) 0.37

Each position of the WT sequence was replaced with Hpg. EC50 values of 
each peptide were determined by HLA binding titrations (Fig. 1C).
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As expected, the CMV-pp65495-503 peptide recognized by 
the native TCR outperformed other peptides, but significant 
T cell activation was also reached with the WT HBcAg18-27 

peptide. Interestingly, most residues within the HBcAg18-27 

peptide could be replaced with Hpg without loss of T cell 
activation (Fig. 2B). Modification of positions 4, 5, and 7, 
located in the middle region of the epitope, however, fully 
abolished IFN-γ production, indicating their importance for 
TCR recognition. Of note, CMV-pp65495-503-specific T cells 
without the HBcAg18-27-specific TCR did not react with 
either the click or WT HBcAg18-27 analogues (Fig. S1). These 
data indicate that click modification of the HBcAg18-27 

peptide at positions 1, 2, 3, 6, 8, 9, and 10 are tolerated by 
this HBcAg18-27-specific TCR.

HBcAg18-27 homopropargylglycine analogues P6 
and P9 are available for click in the HLA binding 
groove
Tracking of antigen presentation ends with the loading of the 
epitope onto the HLA complex. Being able to perform the 
bioorthogonal ligation within the HLA binding groove is 
therefore essential to track the antigen throughout the entire 
processing pathway. To assess the reactivity of the different 

Figure 2. The majority of HBcAg18-27 analogues are recognized by the cognate WT TCR. (A) A schematic overview of the experimental set-up. CMV-specific 
T cells were transduced with a HBcAg18-27-specific TCR and co-cultured with pulsed T2 cells for 20 h. T cell activation was read-out by measuring IFN-γ levels in 
the supernatant. (B) HBcAg18-27 TCR activation against all HBcAg18-27 click analogues (1 µM), negative control (“Neg.”; DMSO), irrelevant peptide Survivin96-104 

(“Irr”; 10 µM), or CMV-pp65495-503 peptide (“Pos.”; 10 µM). N¼3 biological replicates with n¼ 2 technical replicates each, except the irrelevant Survivin peptide 
(N¼ 1 biological replicate, n¼ 2 technical replicates).

Figure 1. All click HBcAg18-27 analogues bind to HLA-A2 as determined by the T2 assay. (A) The crystal structure of the WT HBcAg18-27 peptide bound to 
HLA-A2 was rendered with UCSF Chimera software. Solvent inaccessible residues are visualized in blue, those solvent accessible are visualized in pink. 
(B) HLA-A2 stabilization on T2 cells by HBcAg18-27 analogues at 25 µM. Modified positions are indicated. Error bars correspond to the SEM of the technical 
triplicates. (C) EC50 values as determined by peptide titrations on T2 cells, performed in batches. Each graph represents a separate batch measurement. 
The WT peptide was taken along in each batch. Lines correspond to fitted binding curves and error bars correspond to the SEM of the technical triplicates. 
Binding curves were fitted with the non-linear find ECanything function in Graphpad.
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epitopes, all HBcAg18-27 Hpg analogues were first tested for 
their reactivity in solution with CalFluor 488, a quenched 
azide-based fluorophore which increases in fluorescence sig
nal by two orders of magnitude upon CuAAC reaction with 
an alkyne (Fig. S2).52 As shown by the fluorescent signal, all 
10 analogues reacted with equal yield, whereas the “no 
peptide” and “WT” controls, as expected, did not give any 
undesired signal.

It was next assessed whether the click reaction could yield 
detectable signal on HLA-A2 expressing monocyte-derived 
dendritic cells (moDCs). In earlier work with click peptides 
for mouse MHC-I, poor signal-to-noise ratios were experi
enced when studying peptides bound to MHC.23 It was there
fore first assessed whether this issue also held true for our 
model peptide in the context of the HLA-A2 binding groove 
on moDCs. To ensure optimal experimental conditions (ie, 
large amounts of available HLA-A2), moDCs were matured 
with LPS. Maturation was confirmed using maturation 
markers CD40, HLA-I, and HLA-DR (Fig. 3A).

The easiest way to assess whether click peptides can be 
ligated in the context of HLA is by exploiting the surface 
exchange of minimal epitopes into HLA on the surface of 
mature moDCs. MoDCs, however, continuously sample their 

environment by fluid-phase endocytosis (FPE), which could 
give a false positive signal. To prevent this, moDCs were pre- 
incubated for 30 min with the FPE-inhibitor Rottlerin,53,54

which was also kept present during the peptide loading. The 
significant reduction of fluorescent bovine serum albumin 
(BSA) uptake confirmed Rottlerin potently inhibited FPE 
(Fig. 3B). Hence, the system was suitable to measure solely true 
signal from surface-exchanged, HLA-bound click peptides.

Based on the HLA binding assay and cognate TCR recogni
tion, click epitopes P6 and P9 seemed the most promising 
all-round candidates for follow-up studies. To assess their 
clickability in HLA, LPS-matured and Rottlerin-treated 
moDCs were pulsed for 3 h with either WT HBcAg18-27, click 
analogues P6 and P9, or a click reactive variant of the murine 
ovalbumin (OVA) peptide SIINFEKL (OVA257-264), which 
does not bind HLA-A2:01, or DMSO (Fig. 3C). After cell 
fixation and CuAAC with the fluorophore CalFluor 488,52

signal was observed for click HBcAg18-27 epitopes P6 and P9 
but not the OVA257-264 peptide, indicating that these peptides 
can be ligated within the HLA binding groove rather than it 
being false positive signal due to peptide “stickiness.” Of 
note, for click analogue P6, Rottlerin significantly decreased 
background signal, and thus enhanced the signal-to-noise 

Figure 3. Click HBcAg18-27 P6 and P9 are ligatable in the HLA-A2 binding groove. (A) Maturation status of LPS-stimulated (24 h) moDCs was assessed by 
the measurement of CD40, HLA-I and HLA-DR expression by flow cytometry. N¼ 3 biological replicates (with technical duplicates). (B) The efficacy of 
fluid phase endocytosis inhibition by Rottlerin was determined by the uptake of fluorescent bovine serum albumin (BSA). N¼ 6 biological replicates (with 
technical duplicates). (A, B) Paired t-test. (C) Click signal as determined by flow cytometry on Rottlerin-treated moDCs incubated for 3 h with 25 μM WT 
HBcAg18-27, click HBcAg18-27 P6 or P9, click SIINFEKL (“cIrr”) or DMSO (negative vehicle control). N¼ 6 biological replicates (with technical duplicates). 
Error bars correspond to the SEM of the biological replicates. Friedman test, Dunnett’s multiple comparisons test. (D) Click signal of each condition 
with and without the pre-treatment with Rottlerin (10 µM). N¼ 6 (with technical duplicates). Paired t test for each condition. � ¼ P ≤ 0.05, �� ¼ P ≤ 0.01, 
��� ¼ P ≤ 0.001. MFI ¼Mean fluorescence intensity.
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ratio (Fig. 3D). Taken together, BOC can be used as a tool to 
visualize and quantify peptides in the context of the HLA 
complexes on cells.

BOC can be applied to study processing of synthetic 
long peptides
Based on the previous experiments, we next determined 
whether click HBcAg18-27 analogues P6 and P9 could be used 
to study APP in moDCs, as this has to date not been possible 
using click epitopes. In a proof-of-concept experiment, we 
synthesized 37-amino acid long synthetic long peptides 
(SLPs) containing the WT, click P6 or P9 HBcAg18-27 epitope, 
which require intracellular processing in (mo)DCs to release 
the HBcAg18-27 epitopes for loading on HLA to activate 
T cells.40,55 This process is made more efficient by the pres
ence of PAMPs, so therefore the immature moDCs were incu
bated for 1 h or 3 h with TLR1/2 ligand UPam (also known 
as Amplivant®42,43) and HBcAg1-37 SLP (containing either 
the WT, click P6 or P9 HBcAg18–27 epitope). The minimal 
epitopes (WT, click P6, or P9 HBcAg18-27) were taken along 
as controls. The cells were washed thoroughly after this pulse 
period to remove non-cell bound peptides, then fixed, per
meabilized, and clicked, either immediately or after a 20 h 
chase after washing (Fig. 4A; N¼ 3). Click signal was deter
mined with both flow cytometry and confocal microscopy. 
Of note, the more limited solubility of SLPs and the need 
for DMSO, which is cytotoxic at higher concentrations, 
restricted the (long) peptide concentration in these experi
ments to 10 µM (contrasting the 25 µM used for experiments 
in Fig. 3).

Maturation markers HLA-I, HLA-DR and CD40 were 
measured by flow cytometry. Like LPS (Pos. ctrl.), UPam po
tently matured the moDC (Fig. 4B). By flow cytometry, click 
HBcAg18-27 SLPs P6 and P9 were observed to be taken up by 
moDCs within a time-frame as short as 1 h, and signal 
seemed to decrease already after 3 h of pulse (Fig. 4C). As 
expected, WT HBcAg18-27 did not yield any click signal. 
Contrary to the previous experiments, where cell surface 
exchanged HLA-A2-associated peptide had been studied on 
mature moDC (Fig. 3), none of the three short HBcAg18-27 

click analogues yielded click signal upon uptake by these less 
mature moDC followed by fixation and permeabilization. 
This discrepancy likely stemmed from the differences in 
experimental approach (eg, differences in moDC HLA-A2 
expression and/or maturation state; peptide concentration 
(25 µM vs 10 µM); and permeabilization). After the 20 h 
chase, click signal was absent in all conditions (Fig. 4D), sug
gesting dissipation of the signal in absence of newly sup
plied peptide.

Yet, in order to determine whether the observed signal 
originated from the cell surface, or rather from an intracellu
lar pool of peptide, confocal microscopy was performed on 
moDCs after a 3-h pulse and 20-hour chase in this same 
experiment (N¼ 3). For this, moDCs were fixed, permeabi
lized, subjected to CuAAC and co-stained for HLA-I, 
LAMP1 to mark endo-lysosomal vesicles, and DAPI to visu
alize nuclei. In line with the flow cytometry results, no click 
signal was observed for the WT HBcAg1-37 SLP, nor for any 
of the 3 short HBcAg18-27 peptides (Fig. 5A, Fig. S3A–E). For 
both click HBcAg1-37 SLPs P6 and P9, however, click signal 
was substantial, indicating microscopy exceeded in sensitivity 
over flow cytometry. To assess the location of the click sig
nal, we performed colocalization analyses on the SLP 

conditions using the JaCoP plugin in ImageJ.44 We performed 
these analyses on both the cross section and on the full Z- 
stacks, as JaCoP handles the Z-stacks as a volume and 
returns one colocalization value for the whole 3D (volume) 
representation (Fig. S4A, B). There were no clear differences 
between these analyses and therefore we preferred the 3D 
analyses to give a more representative colocalization value 
for the whole cell. A relatively large part of this signal (0.654 
± 0.102 and 0.624 ± 0.124 for click SLPs P6 and P9, respec
tively; Manders’ M1 coefficients, mean ± SEM for the 3 bio
logical replicates) seemed to co-localize with HLA-I on the 
moDC cell surface (Fig. 5B, Table S1), possibly reflecting the 
HBcAg18-27 epitope within the HLA-I binding groove after 
processing and loading on HLA of the SLPs. Interestingly, 
only a small fraction of the total HLA-I signal (0.104 ± 0.031 
and 0.134 ± 0.027 for click SLPs P6 and P9, respectively; 
Manders’ M2 coefficients, mean ± SEM for the three biologi
cal replicates) co-localized with the click signal, suggesting 
that, if the click signal indeed stems from processed and pre
sented HBcAg18-27 epitope, surface appearance of pHLA 
complexes on the moDCs is not uniform. While there was 
colocalization of click signal with HLA-I expression, no 
colocalization was observed with LAMP1 (Fig. 5B, Table S1), 
indicating that the SLPs were not specifically present in endo- 
lysosomes, but rather localized on the cell membrane and in 
the cytosol. Taken together, we demonstrate that it is feasible 
to use BOC to study APP with sufficient sensitivity for both 
flow cytometric and microscopic read-outs.

Discussion
In conclusion, the herein described click HBcAg18-27 peptides 
are promising tools to study APP. Every amino acid in the 
epitope could be replaced with an alkyne handle with minor 
effects on HLA-A2 binding affinity, and most positions could 
be modified without loss of HBcAg18-27 cognate TCR recog
nition. Using a novel, robust on-cell click reaction assay, we 
showed that modification of positions 6 and 9 allowed for a 
click reaction with the peptide in the HLA-A2 complex on 
the surface of primary human moDCs. Furthermore, we 
applied our new tool to track the uptake, processing, and pre
sentation of Hpg-modified SLPs within these moDCs. To our 
knowledge, these click reactive epitopes compose the first fea
sible model system that provides a promising outlook to fully 
track immunogenic, HLA-A2 restricted epitopes through the 
whole antigen processing and presentation pathways.

The positional scanning of HBcAg18-27 analogues showed 
that each amino acid can be replaced with an Hpg click han
dle without loss of HLA-A2 binding. However, several modi
fications resulted in slightly reduced affinity for HLA-A2, 
either due to reduced maximal surface HLA stabilization 
(positions 1, 2, 4, 5, and 8) or to higher EC50 values (posi
tions 8 and 10). Interestingly, the anchor residues could be 
replaced with Hpg, despite their importance for peptide bind
ing. We hypothesize that Hpg, which has a hydrophobic side 
chain, can be tolerated by the hydrophobic binding pockets 
present in HLA-A2. Conservative substitution (ie, substitution 
by an amino acid with similar biochemical properties) of the 
anchor residue at position 2 has indeed been shown to be 
allowed with little effect on the binding affinity.56 Even though 
conservative substitutions of the C-terminus anchor residue, 
as analyzed by Bertoletti et al. (1994), significantly impacted 
HLA-A2 binding,57 we here show that the non-canonical 
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amino acid Hpg is, in fact, tolerated at this position. Of note, 
the HBcAg18-27 epitope used in this study is a strong HLA-A2 
binder. For future expansion of this technique to lower affinity 
epitopes, one could consider the T2 assay at reduced tempera
tures of 26 �C, which has been shown to increase the sensitivity 
of the assay.58–60

Additionally, the recognition of the HBcAg18-27 analogues 
by the HBcAg18-27 cognate TCR was assessed. An HLA- 
peptide recognition motif is specific for each TCR clonotype 
and hence the results presented here are only valid for the 
specific TCR we used.61 For this TCR, modification of 

positions 4, 5, and 7 with Hpg abrogated HBcAg18-27-specific 
T cell activation. Correspondingly, position 5 has been 
shown to be most important for pHLA-A2-TCR interactions, 
followed by positions 4 and 6,56 demonstrating the biological 
relevance of bioorthogonal click chemistry. Interestingly, in 
our study position 6 could be replaced with Hpg without loss 
of cognate TCR activation. Some, but not all, HBcAg18-27- 
specific TCRs, allowed mutation of position 6,56 making it 
likely that also the specific TCR we used relies less on posi
tion 6 for recognition and indicating the use of this position 
might be extended in part to other HBcAg18-27-specific 

Figure 4. Bioorthogonal chemistry can be used to study uptake and processing of synthetic long peptides by flow cytometry. (A) A schematic overview 
of the pulse-chase experiment performed. moDCs were generated and matured and loaded for either 1 h or 3 h with TLR1/2 ligand Upam (10 μM) and 
HBcAg18-27 SLPs (10 μM) or minimal epitopes (10 μM). Click chemistry was performed immediately after pulse, or after 20 h of chase. (B) Maturation of 
the moDCs was assessed by expression of CD40, HLA-I and HLA-DR. The MFI values were normalized to the negative control (vehicle). (C) Click signals 
as immediately measured by flow cytometry after moDCs were pulsed for either 1 h (upper panel) or 3 h (lower panel) with HBcAg18-27 SLPs or minimal 
epitopes. MFI values were normalized to the negative control (vehicle). (D) Same as (C), but after 20 h chase. Bars correspond to the mean ± SEM of the 
biological replicates. N¼ 3 biological replicates (with technical duplicates). MFI ¼Mean fluorescence intensity.
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Figure 5. Bioorthogonal chemistry can be utilized for epitope tracking by confocal microscopy. moDCs were generated (N¼3) and matured and loaded for 3 h 
with 10 µM TLR1/2 ligand UPam and 10 µM HBcAg18-27 SLPs or minimal epitopes (“Min.”) and subsequently chased for 20h. (A) After incubation, cells were fixed 
with 2% PFA and clicked with 10 µM AZDye 488 azide (green in merged images) and stained for HLA-I (gray in merged images) and LAMP1 (red in merged 
images). Nuclei were counterstained with DAPI (cyan in merged images). Full-cell Z-stacks were recorded at 100× magnification. Z-stacks consisted of on average 
76 slices. The images shown are representative images from Donor 2. Three (SLP-WT) or 5 fields (SLP-P6 and SLP-P9) of view (FOV) were imaged per condition, 
with 4 to 16 cells per FOV. Scale bar: 20 µm. Images presented are a single slice taken from the Z-stacks and a 3D representation created by volume rendering. 
(B) Manders’ colocalization coefficients were determined to evaluate signal overlap. Manders’ coefficient M1 is the fraction of the click signal overlapping with the 
marker, and Manders’ coefficient M2 is the fraction of the marker overlapping with the click signal. Values were calculated with the JaCoP plugin in imageJ, using 
the full Z-stacks as input. N¼ 3 biological replicates, with 2 (Donor 1) or 5 (Donors 2 and 3) FOVs analyzed per condition. Bars correspond to the mean ± SEM of 
the biological replicates.
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TCRs.39 Position 7 has been linked to HBV immune escape 
in HLA-A2 positive chronic HBV patients,62 suggesting that 
this position may still be important for TCR activation.

A previous attempt to develop a click reactive epitope for 
murine MHC-I did not result in a single click peptide that 
could both be recognized by the cognate TCR as well as be 
visualized in the pMHC complex.23 It is important to note 
that the alkyne handle used in this study was different than 
the one used in the present study (propargylglycine (Pg) and 
Hpg, respectively). Compared to Pg, Hpg has a slightly elon
gated side chain. The longer side chain of Hpg can possibly 
adopt more conformations in the pHLA-I complex due to an 
extra rotatable bond. This would allow the click peptide to 
adopt more conformations where the relatively bulky alkyne 
is not interfering with HLA and/or TCR binding, providing 
a rationale for the use of Hpg over Pg as alkyne handle to 
design future click epitopes.

Earlier studies have shown that signal-to-noise ratios are 
problematic for click pMHC complexes,20,23 even with the 
best performing click-fluorophore (ie, CalFluor 488, which 
increases in fluorescence 173× upon being clicked).52 We 
have tried multiple approaches to improve the signal-to-noise 
ratios, among which using the T2 cells as APC and a live-cell 
compatible copper click reaction.63 Most of these 
approaches, however, resulted in poor to no signal. To opti
mize the BOC pipeline, we opted to use moDCs, which are 
known to express large amounts of HLA-I on the surface. 
Furthermore, we decreased background signal using an FPE 
inhibitor to make sure we only probed pHLA complexes on 
the surface but not internalized peptide. Finally, we would 
like to note that also thorough washing to prevent peptide 
sticking to the outside of the cell and the speed of sample 
preparation (ie, fixation, blocking, click reaction) and mea
surement are likely important, as the peptide might fall out of 
the pHLA complex over time, despite chemical fixation, espe
cially after the ligation of the bulky fluorophore through the 
click reaction. Our pipeline generated robust and reproducible 
data, demonstrating that click-modified epitopes HBcAg18-27 

P6 and P9 are available for bioorthogonal ligation in HLA-A2.
Based on the crystal structure, position 6 was not identified 

as solvent accessible, yet it was clickable in HLA-A2. The 
alkyne handle might have a different conformation compared 
to the WT phenylalanine due to a change in biochemical and 
-physical properties of the sidechain, resulting in unpredicted 
solvent accessibility of the click handle. Of note, the other 
solvent-exposed, modified positions that were not taken along 
in our on-cell click assay because of loss of TCR-recognition 
and/or reduced HLA-binding (ie, positions 1, 4, 5 and 8) might 
still be available for CuAAC ligation in the pHLA complex.

For future studies the library of click epitopes should be 
expanded, especially to other HLA supertypes, in order to get 
a more comprehensive view of APP. The herein presented 
workflow should provide a strong basis for the development 
of click epitopes restricted to other HLA types. The limiting 
step, however, could be an HLA binding assay, as the T2 assay 
is only available for a selection of HLA types.64,65 An alterna
tive approach could be to use UV-cleavable HLA binding assays 
that make use of stabilized HLA complexes and an MS-based 
approach.66,67 Furthermore, cognate T cell recognition as well 
as on-cell click provide evidence that a peptide is HLA-bound, 
omitting the need for an HLA binding assay all together.

As a proof of concept of our BOC pipeline, we incorpo
rated the identified click epitopes in a model SLP to study the 

uptake and degradation of SLPs. Several SLP-based therapeu
tic vaccines are currently being clinically tested and for next 
generation vaccine design it is important to better understand 
how to achieve optimal SLP processing and presentation.22,68

We used flow cytometry to show that SLPs are taken up rap
idly (ie, within 1 h) by moDCs and that signal decreases 
quickly (already after 3 h) and after 20 h is not detected any
more by flow cytometry. This suggests that the SLP and the 
click handle are either degraded very quickly, or regurgitated 
back into the medium, as DCs are known to do.69,70

Interestingly, using confocal microscopy, signal from the 
click handles could still be detected after a 20 h chase and 
was co-localizing for a large part with HLA-I. Unfortunately, 
the resolution of confocal imaging is not sufficient to show 
precise co-localization. For this, a method that can overcome 
the diffraction limit would be needed. Here, 2-color single 
molecule localization microscopy to determine colocalization 
of the click and HLA-I signals in the nm range on the surface 
of moDCs may be the answer.71 It should be noted, however, 
that these experiments were aimed at following intracellular 
processing rather than presentation and hence were per
formed on moDCs with unknown and variable HLA types. 
Therefore, besides HLA-A2 also other HLA-I alleles might be 
available to present other SLP-derived epitopes containing 
the click handle (eg, HLA-B07).72 However, the used pan- 
HLA-I staining should account for such other HLA-I types as 
well and thus our colocalizations should hold. Furthermore, 
in contrast to the on-cell click experiment, uptake was now 
not inhibited and consequently also HLA-II (eg, HLA-DR1/3/7) 
might present epitopes containing the click handles.73

An alternative approach to microscopy would be the iden
tification of HLA-bound peptides through mass spectrometry 
(ie, immunopeptidomics).74 With the recent development of 
high sensitive methods, HLA-loaded click epitopes can be 
identified from a relatively small amount of moDCs upon 
SLP processing and loading. As we demonstrate, the click 
handle can be detected by mass spectrometry due to its 
unique mass and structure (Fig. S5 shows the detection of the 
click handles after synthesis of the SLPs), making this an 
experimentally straight-forward approach that would allow 
for the simultaneous tracking of WT and various click variants 
using the same click handle at different positions. For post hoc 
analysis, however, search databases do need to include the 
non-canonical amino acid, which drastically increases the 
search space.

Notably, after the processing of the SLPs, we observed little 
to no overlap of click signal with LAMP1 positive vesicles (ie 
endo-lysosomes) and only some localization in the cytosol. It 
has recently been shown that SLPs do not need to pass 
through the lysosome during cross-presentation,75 supporting 
our observed lack of localization of the epitope in LAMP1 
positive vesicles. Interestingly, Rosalia et al. (2013) used SLPs 
conjugated to a BODIPY-FL fluorophore and assessed uptake 
for 3 h or 24 h by murine DCs.76 The signal of the BODIPY- 
FL-SLP was located primarily in the cytosol outside endolyso
somes and stemmed from unprocessed SLP. We did not 
observe a similar distribution, possibly due to the inclusion of 
a chase period for processing, which was not included by 
Rosalia et al., or, more likely, due to influence of the 
BODIPY-FL on antigen processing or distribution. Hence this 
discrepancy enforces the need for a labeling strategy that is less 
invasive. Moreover, compared to this murine model, our 
model allows for visualization of both the intact SLP and the 
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shorter minimal epitope, rather than only the intact SLP. Of 
note, for discrimination of the two a second click reactive 
amino acid based on a different click handle could be included 
outside the minimal HLA-binding epitope. Thus, our model 
enables tracking of antigen processing from start to finish and 
is better suited for in-depth studies of antigen processing, rout
ing, and presentation.

Taken together, we believe that the herein described click 
chemistry-based workflow and HBcAg18-27 epitopes are 
novel tools that can be utilized to answer open questions in 
the field of antigen presentation. For example, it has previ
ously been demonstrated that the conjugation of an TLR2/1 
ligand (Amplivant) to SLPs inhibits cross presentation of the 
HBcAg18-27 epitope, suggesting alternative processing path
ways compared to freely administered SLPs.55 Incorporating 
the click epitope in TLR ligand-SLP conjugates could help 
elucidate the mechanism responsible for this observation, 
which would be highly insightful to better design SLP-based 
vaccines. Moreover, our approach allows for the direct com
parison of antigen presentation pathways between different 
APCs. Lastly, the repertoire of click epitopes should be expanded 
to other HLA-I supertypes and HLA-II restricted epitopes, 
allowing the study of the whole antigen processing and presen
tation pathways in a more unbiased manner. The pipeline 
described in this study should provide a clear guideline for the 
development of new click reactive epitopes.
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