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Proteolysis is fundamental to many biological processes. In the immune system, it underpins the activation
of the adaptive immune response: degradation of antigenic material into short peptides and presentation
thereof on major histocompatibility complexes, leads to activation of T-cells. This initiates the adaptive
immune response against many pathogens. Studying proteolysis is difficult, as the oft-used polypeptide
reporters are susceptible to proteolytic sequestration themselves. Here we present a new approach that
allows the imaging of antigen proteolysis throughout the processing pathway in an unbiased manner. By
incorporating bioorthogonal functionalities into the protein in place of methionines, antigens can be
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followed during degradation, whilst leaving reactive sidechains open to templated and non-templated
post-translational modifications, such as citrullination and carbamylation. Using this approach, we followed
and imaged the post-uptake fate of the commonly used antigen ovalbumin, as well as the post-trans-
lationally citrullinated and/or carbamylated auto-antigen vinculin in rheumatoid arthritis, revealing
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Introduction

Proteolysis plays an essential role in many immunological pro-
cesses. From pathogen degradation to the induction of apoptosis."
Dysregulation of proteolysis is therefore a hallmark in a variety of
immune-related pathologies, such as the growth and metastasis
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differences in antigen processing and presentation.

of tumors,® auto-immune pathogenesis,”> compromised bone
desorption,® and intracellular bacterial persistence,” to name
but a few.

The biology of proteases is also complex: factors such as their
compartmentalized distribution,® post-translational activation,’
functional redundancy and interplay'® complicates their study.
Multiple protease and peptidase families (e.g. aspartic, serine,
and cysteine proteases) are involved in the production of MHC-
restricted peptides."””® Many of these proteases, particularly
those in the endo-lysosomal system, are under tight post-
translational control,” e.g. by being produced as zymogens that
are only activated upon reaching the correct vesicle.” The often-
promiscuous substrate preference by virtue of their shallow
binding grooves,*® attenuation of their activity by endogenous
inhibitors,> changes in pH, and radical concentrations* are
factors that further complicate the study of these enzymes.

This is particularly important during antigen processing by
antigen presenting cells (APCs).""'*> APCs take up exogenous
material, degrade the proteins from these sources and present
specific peptides from the degraded protein on their major
histocompatibility complexes (MHCs)."?
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Recognition of a specific peptide-MHC (pMHC) by a cognate
T-cell then leads to the initiation of the adaptive immune
response against the source of the peptide.'® This process is
of prime importance in the clearance of exogenous pathogens
and cancer, but also for the opposite: the induction of tolerance
against innocuous substances and self-tissue."*'® As such, the
understanding of the proteolysis underpinning antigen presen-
tation is essential.

The nature of the antigen (i.e. the substrate) itself also influ-
ences proteolysis> by altering protease specificity or overall stabi-
lity. For example, a point mutation in the multiple sclerosis (MS)
auto-antigen myelin basic protein (MBPgs.qo) prevents its cleavage
by asparagine endopeptidase leading to enhanced presentation to
T-cells.* (De)stabilizing a protein fold can also alter antigenicity as
exemplified by the disappearance of T-cell activation by the
structurally destabilized variants RNAse S and apo-HRP compared
to their stably-folded counterparts** and the increased antigenicity
of a stabilised hen egg lysozyme variant.>>>®

Post-translational modification of the antigen too can alter
proteolysis by altering the fine protease specificity. This can, for
example, lead to the appearance of ‘neo-auto-antigens’ — non-
thymic peptides that can drive auto-immune diseases. This has
been observed in MS where an arginine to citrulline modifica-
tion in myelin oligodendrocyte glycoprotein prevented destruc-
tive epitope processing, leading to neo-T-cell activation.’

So far, the go-to approach for studying antigen-routing has
been the use of detectable model proteins (e.g. lactamases,””
luciferase,”® and HRP*®) or fluorophore-modified model anti-
gens.’ > Reporter proteins are only active (and therefore
detectable) as long as their structure. Fluorescent modification
of antigens changes the charge, hydrophobicity/aromaticity,
shape and structure, which alters the properties of the pro-
tein.*>** We hypothesize that this leads to significant structural
alterations that strongly affect processing and antigenicity as
shown for the examples above.

We here explore bioorthogonal chemistry**® as an approach
to study antigen degradation by immune cells. The small abiotic
groups, such as an azide or alkyne, incorporated into model
antigens will allow the visualization even after the antigen has
been extensively degraded; whilst keeping protein structural
perturbations to a minimum, (Fig. 1A). Recombinant proteins
containing such labels can readily be obtained using the
BONCAT-approach described by the Tirrell-group®®™**: The sub-
stitution of natural Met-residues by azidohomoalanine and
homopropargylglycine (Aha/Hpg, Fig. 1), without loss of their
activity®® or effect on viability.***

In this study we produce, characterize and explore bioorthogonal
antigens to follow degradation and use these reagents to study
the effect of pathogenic PTMs such as citrullination and carbamy-
lation on these processes.

Results and discussion

We first produced methionine-containing and bioorthogonally
labelled variants of the model antigen ovalbumin (Ova), as this
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Fig. 1 Bioorthogonal antigens closely approximate the biophysical behavior
of wild type antigens. (A) Expression of antigenic proteins in the E. coli
auxotrophic strain B834 allows replacement of methionines with azidoho-
moalanine (Aha) or homopropargylglycine (Hpg). These labels allow the in cell
imaging of degradation whilst at the same time allowing the study of the
antigens by T-cell activation; (B) native-PAGE analysis shows similar migration
behavior of wt-Ova, Aha-Ova and Hpg-Ova, whilst showing altered migra-
tion of fluorophore modified Ova-analogues; (C) circular dichroism of
bioorthogonal and fluorophore Ova-analogues; (D) activation of OT-I cells
by Ova-variants as measured by IL-2 production; (E) activation of OT-II cells by
these same antigens. Asterisks refer to given P values, * p < 0.05, ** p < 0.005,
**x% n < 0.00005. Group mean values were analyzed by two-way analysis of
variance with Tukey post hoc significant difference test using GraphPad Prism
6.0. Data are represented as means + SD; (F) tracking of degradation of antigen
inside D1 dendritic cells.
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protein has played a central role in the development and char-
acterisation of many immunological tools. Ova was produced
from the plasmid pMCSG7 that contains the Ova-gene fused to
a Hexa-His-Tag (Hiss), via a TEV cleavage site (a kind gift from N.
del Cid and M. Raghavan®’). The plasmid was transformed into
the methionine auxotrophic strain B834 of E. coli*® in a
methionine-free expression medium augmented with Aha or
Hpg.*>** Ova containing Aha amino acids (Aha-Ova), homo-
propargylglycine (Hpg-Ova) or methionine (wt-Ova) were pro-
duced in yields of 2-3 mg L™ " culture after purification. LC-MS
analysis of the bioorthogonal variants indicated quantitative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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incorporation of the bioorthogonal handles during expression
(Fig. $1, ESIT).*5>*

We analysed the bioorthogonal antigens and compared them
in terms of structure and stability to bacterially expressed Ova
(wt-Ova), Ova isolated from hen’s eggs (Gallus gallus; Gg-Ova),
and fluorophore modified Ova variants. Native PAGE analysis
(Fig. 1B) showed equal gel migration properties for wt-, Aha- and
Hpg-Ova to Gg-Ova. Alexa Fluor 647-Ova and Alexa Fluor 488-
modified Ova (A647-Ova and A488-Ova) showed multiple bands,
most of which migrated faster. Circular dichroism (Fig. 1C, CD)
of Hpg-, and Aha-Ova showed similar elipticity to wt- and Gg-Ova
variants. A drastic drop in elipticity was observed for A647- and
A488-Ova (Fig. 1C, lower graph), indicating a strong reduction in
structural stability upon fluorophore modification.
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To determine whether this similarity translated to similar
T-cell responses,® we tested both MHC-I and -II restricted
T-cell activation. OT-I and OT-II T-cells - isolated and purified
from mouse spleen - were co-cultured with murine bone
marrow derived dendritic cells (BMDCs) as antigen presenting
cells (APCs). The APCs were pulsed for 4h with the antigens and
chased for 24 h before addition of the T-cells.>*** Induction of
T-cell activation by Aha-Ova and Hpg-Ova-induced T-cell activa-
tion was similar to that of wt-Ova (Fig. 1D and E). CD4 T-cell
activation differed only at the highest Ova-concentration; with
the difference in presentation dissipating at the lower concen-
trations (Fig. 1E). A647- and A488-Ova yielded strange results:
the experimental variation between replicates varied over two
orders of magnitude between repetitions (examples shown in

merged

antigen

Fig. 2

Imaging processing of bioorthogonal and fluorophore-modified Ova in DC 2.4-APCs via confocal microscopy. DCs were incubated for 2 h (pulse)

with Aha or A647-Ova. Cells were fixed with 0.5% PFA and processed for immunofluorescence with LAMP-1 as a lysosomal marker (green in merged
images). The nucleus was stained with DAPI (blue in merged images). Aha-Ova was stained using ccHc with A647-alkyne fluorophore (grey in single channel,
red in merged images). (A) Upper panel: imaging of Aha-Ova, lower panel: imaging of A647-Ova (B) screenshot from Movie S1 (ESI¥). Scale bar is 10 pum (white

bar, left corner).
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Fig. S2, ESIt), leaving fluorophore modified Ova unreliable to
study T cell responses.

Next, the bioorthogonal groups were used to monitor antigen
degradation in the APCs (Fig. 1F). D1 APCs>® were pulsed with
Aha-, Hpg-, A488- and A647-Ova for 2 h, followed by washing,
and different chase periods (0 h, 1 h, 4 h or 24 h). After fixation,
the cells were either lysed and subjected to a copper-catalyzed
Huisgen cycloaddition (ccHc)-reaction with A647-azide/alkyne
and SDS-PAGE (Fig. 1F), or fixed, permeabilized and imaged by
confocal microscopy (Fig. 2).

Fluorescent SDS-PAGE analysis showed the degradation of Ova
over time. No intermediate breakdown fragments were observed
for this protein (the signal of the unreacted fluorophore covered
the small breakdown fragments <3 kDa). Interestingly, the pre-
labelled A647-Ova (for which this was not an issue), showed a
disappearance of the main Ova-band, but no appearance of low
M.W. fragments. This suggests the terminal degradation-
fluorophore fragments diffuse away, or that the fluorophore
itself does not survive the conditions in the lysosome.

Confocal microscopy of Aha-Ova and A647-Ova (Fig. 2,
Fig. S3, S4 and Movie S1, ESIT) in the larger DC2.4 dendritic cell
line®® (Fig. 2), as well as the D1 cells® (Fig. S3, ESIT) showed
A647-Ova localized partly to (late) LAMP-1 positive vesicles after
the 2 h pulse. Aha-Ova showed no such accumulation in LAMP-1-
positive vesicles, suggesting an effect of the pendant fluorophore
or absent secondary protein structure to the routing of these
reagents. Increased uptake of fluorophore-modified antigen was
also observed in both the DC2.4 and D1-cell lines, suggesting
further interference of the pendant fluorophores with routing
biology (Fig. 2B).

After these studies on the model protein Ova, we next applied
the technique to the study of the auto-antigen vinculin (Vin).
During the pathogenesis of rheumatoid arthritis (RA), the carba-
mylation of lysines and the citrullination of arginines of proteins
such as Vin is believed to yield neo-antigens that serve as driver of
the disease. Over 60% of RA-patients have mature class-switched
antibodies against citrullinated®>° and carbamylated®>®' pro-
teins in their blood.®> This suggests T-cell help to the auto-
antibody producing B-cell has taken place. This in turn suggests
that carbamylation and citrullination alters the processing and
presentation of CD4 restricted neo-epitopes in this disease.
Yet, very little is known about T-cell activation by these PTM-
modified antigens.

We therefore expressed a truncated variant of Vin comprising
amino acids 453-741 of the native sequence (containing the
potential epitope DERAA®*®!) as an N-terminal Deca-His-fusion
(His,) via an Enterokinase cleavage site (DDDDDKH). Vin contains
8 internal Met-codons. Bioorthogonal expression yielded a mixture
containing mainly 7 or 8 copies of Hpg or Aha (i.e. the N-terminal
Met not cleaved). Minor variants with fewer (6, 5 and 4) copies
of Aha and Hpg were also detected (combined abundance <10%;
Fig. S5, ESIT).

Bioorthogonal antigens carry their label in place of Met-residues
leaving the nucleophilic lysine sidechain free for post-translational
modification. We therefore produced carbamylated and citrul-
linated variants of the proteins using methods described
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63,66 Al]l Vin variants used in this work contained

previously.
23 possible carbamylation sites (incl. the N-terminus). Results
of SDS-PAGE and LC-MS measurements showed that >19
amines were carbamylated for all variants of Vin (Fig. S6A
and B, ESIt) as determined by LC-MS. In vitro citrullination
was achieved using recombinant human PAD4, an enzyme that
is responsible for quantitative Arg to Cit conversion, for all wt
and bioorthogonal variants of Vin (Fig. S6A and B, ESIY).

ACPAs have been shown to recognize citrullinated antigens
in RA, of which DERAA containing HLA-DR2 epitopes are
favoured. The introduction of bioorthogonal groups did not
alter recognition by RA-associated auto-antibodies: citrulli-
nated bioorthogonal Vin variants are recognized by ACPAs to
the same degree as their wt counterparts by ELISA (Fig. S7,
ESIT). Interestingly, anti-carbamylated protein antibodies
(ACarPAs) did not recognize carbamylated bioorthogonal anti-
gens as strong as they recognize wt versions (Fig. S8, ESIt). This
might arise from the structural stabilizing effects of carbamyla-
tion as seen above.

We first analysed whether these antigens gave a T-cell
response, and particularly what the effect of citrullination
and carbamylation was on this response. For this we used a
Jurkat T-cell line (J76) transduced with a T-cell receptor (TCR)
restricted to a specific peptide present in vinculin (REEVFDER-
AANFENH; Vin-DERAA).®” The resultant reporter cells allow
simultaneous determination of the activity of the transcription
factors NF-kB, NFAT and AP-1 that play key roles in T-cell
activation, allowing the antigen-specific activation to be mea-
sured by flow cytometry. To test the activity of this T-cell reagent,
an HLA-DQA1*03:01/DQB1*03:02" (HLA-DQS8")-positive monocyte-
derived dendritic cells, isolated from HLA-DQ8" donors, were
pulsed (overnight) with the different bioorthogonal proteins and
their modified counterparts (3 uM). Vin-DERAA-specific Jurkats
were then added and their activation measured by flow cytome-
try (Fig. 3 and Fig. S9, ESIY).

Some striking differences were observed in the ability of
these peptides to activate T-cells: the citrullinated antigens
showed a complete abolition of T-cell activation. This suggests
the loss of two positive charges at T-cell contact sites can
abrogate TCR binding. Altered proteolytic processing of the
citrullinated variant likely does not play a role in this case, as
this would have also led to the abolition of Carb-Vin recognition.

Wt and Carb-antigens (with the exception of Carb-Hpg-Vin)
showed robust T-cell activation, yet citrullinated antigens did not.
We hypothesized that this difference could either be due to the
change in a TCR-contact residue, or in altered processing of the
protein, resulting from the overall change in properties imbued by
the citrullination or carbamylation. We therefore determined the
effects of carbamylation and citrullination on protein fold stabi-
lity. Carbamylation had no effect on protein fold and fold-stability
(Fig. S7C, ESI). Citrullination of the Vin on the other hand, did
result in a big effect on protein structure: these proteins became
high in B-sheet content and random coil-rich structure with a
decrease in the content of o-helices (Fig. S7C, ESIT).

To assess whether this fold of the protein changed the rate
and nature of processing, we subjected the variants to in vitro

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Activation of anti-DERAA T-cells by bioorthogonal vinculin deriva-
tives. PBMC derived dendritic cells, isolated from HLA-DQ8+ donors were
pulsed with peptides or Vin variants were cocultured with the Jurkat cells
and used for stimulation. Activation of Vin-DERAA-specific Jurkat cells was
measured with eCFP expression within the cells. The eCFP expression is
dependent on NFkB and is therefore a marker of TCR activation and
costimulation, the percentage of live eCFP-positive cells is plotted in bars.
HSV2 (Herpes Simplex Virus 2 peptide) and Tetanus toxoid protein are
negative controls. VCL-DERAA peptide and PMA-ionomycin are controls.
Error bars show the SD. Data is representative of two experiments with
biological triplicates.

degradation with isolated lysosomes.®® Carbamylated wt- Aha- and
Hpg-Vin variants all showed a greater resistance to proteolysis

wt-Vin Aha-Vin

A
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than their non-modified counterparts (Fig. 4A; >90% intact for
Carb-Vin vs. >50% for wt-Vin at ¢ = 18 h) Citrullination, despite
the induced changes in structure, had no significant effects on the
rate of degradation (Fig. S10, ESIt). Above effects could be
observed with Aha-Vin in a more consistent manner than with
Hpg-Vin suggesting distinct bioorthogonal group preferences for
distinct antigens. Thus, we moved forward with Aha-Vin as the
bioorthogonal variant for further experiments.

To see whether citrullination or carbamylation altered pro-
teolysis at the sequence level, all Vin variants (including the
bioorthogonal variants) were subjected to in vitro digestion by
endolysosomal protease cathepsin S (CatS).*® The proteins were
digested for 1 hour, prior to analysis by tandem MS-MS without
further tryptic digest. The observed peptides were then mapped
against the amino acid sequence to obtain the coverage per
variant (Fig. 4B and Fig. S11, S12, ESIT). Major differences were
found in processing of carbamylated, and citrullinated, variants
compared to the wt. The coverage of the Carb-variants was very
low compared to wt (8% compared to 73%). Citrullination yielded
an intermediate decrease in coverage (40%). All bioorthogonal
antigens showed similar trends to their wild-type counterparts.

To assess whether this increased resistance to proteolysis
in vitro also translated to an increased stability in dendritic
cells, BMDCs were pulsed with the bioorthogonal wt/PTM Vin
antigens for 2 h and then chased for 1 h, 2 h, 3 h (citrullina-
tion), and/or 24 h or 48 h (carbamylation). This experiment

Carb-wt-Vin Carb-Aha-Vin
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Fig. 4 Effect of post-translational modifications on vinculin degradation.

Incubation of vinculin variants with isolated lysosomes (A) or CatS (B) show

decreased proteolysis of wt and Aha-Vin upon carbamylation. Vin peptides recovered after CatS digestion (n = 3 per variant) were mapped against the
protein sequence. Peptide sequences were marked green, when found in at least 2/3 replicates.
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Fig. 5 FACS read-out for T-cell activation with titration of wt- and Cit-VCL-
DERAA peptide. Percentage of eCFP positive cells was read out as a measure
for T-cell activation (n = 3).

confirmed the in vitro results: Cit-Aha-Vin, and wt-Aha-Vin were
fully degraded within 24 h, yet Carb-Vin variants remained
detectable even at the 48 h time point (Fig. S13, ESIt). We
performed an MTT assay to verify that the used amounts of Vin
variants were nontoxic to DC2.4 cells (Fig. S14, ESIT). Additionally,
confocal microscopy of the PTM-modified Aha-Vin variants on
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DC2.4 cells showed that neither carbamylation nor citrullination
had a major effect on antigen localization at the 3 h and 6 h time
points (Fig. 15, ESIT).

These data suggest that alterations in processing are not
responsible for the changes observed in T-cell activation upon
citrullination and that — despite the change of only two atoms
in the epitope - the Arg — Cit modification is responsible for
the abolition of T-cell activation. To provide further evidence
in support of this hypothesis, the presentation of minimal
epitopes (REEVFDERAANFENH) to the Jurkat T-cells was
assessed (Fig. 5), and indeed no responses were observed for
the citrullinated minimal epitope, compared to the wt, further
supporting this hypothesis. Finally, we performed template
guided molecular docking simulations on the minimal Vin-
DERAA epitope (Fig. 6). The results clearly indicated that both
Arg residues are exposed on the extracellular face of the protein.
Interestingly, docking the Cit-Vin-DERAA in a similar manner
seems to indicate that the citrullinated DERAA-Arg can be
buried in the binding site, instead exposing the negatively
charged glutamic acid residue. This provides a structural
rationale for the observed suppression of T-cell activation upon
citrullination.
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Fig. 6 Molecular docking of wt- and Cit-VCL-DERAA in HLA-DQA1*03:01/DQB1*03:02 (HLA-DQ8, PDB: 6DFX). Arg residues in wt-VCL-DERAA (A) are
exposed extracellularly whereas for Cit-VCL-DERAA (B) citrullinated arginines are buried (C, blue arrows) and Glu residue becomes exposed

extracellularly (C, red arrow).
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Conclusions

In summary, we were able to show that our bioorthogonal
antigen variants are powerful tools to track the fate of antigens
upon processing by APCs. The antigens — when expressed with
Aha or Hpg in place of Met - behave similarly to wild type
antigens. Additionally, the bioorthogonal groups are stable to
the harsh conditions found in the lysosome, the handles are
not cleaved/destroyed by proteolysis, and lysine PTMs can be
studied. One limitation of this approach (using azides/alkynes
with the Cu-catalyzed Huisgen cycloaddition reaction for label-
ling) is the need for fixation/lysis of the cells prior to performing
this reaction. Despite some recent efforts to combat this, the
Cu-catalyst is still too toxic to immune cells to allow meaningful
live cell imaging.

The use of live-cell compatible click reactions would be a
great future direction of this field.”° Reactions, such as the
strain-promoted [3+2] cycloadditions,”* and the various guises
of the inverse electron demand Diels-Alder reaction,”” have
proven their merit in live-cell labelling experiments.”*””> Unfor-
tunately, they are not yet suitable in the context described in
this article: first, the non-homogeneous subcellular distribu-
tion of the fluorophores used in these reactions can result in
‘distribution artefacts’, thus the non-homogeneous biodistribu-
tion to given subcellular structures, and their preferential
reactions there.”® There is also a conundrum relating to the
rates of these reactions: those reagents that can react on the
timescales needed to illuminate the antigen presentation pathway,
are of limited stability to the conditions found in the endo-
lysosome.*® Once these issues are addressed, the live cell imaging
of antigens during presentation remains a tantalising prospect.
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