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Abstract

Human CD4+ T lymphocytes play an important role in inducing potent immune responses. T cells are activated and stimulated by
peptides presented in human leucocyte antigen (HLA)-class Il molecules. These HLA-class II molecules typically present peptides
of between 12 and 20 amino acids in length. The region that interacts with the HLA molecule, designated as the peptide-binding
core, is highly conserved in the residues which anchor the peptide to the molecule. In addition, as these peptides are the product of
proteolytic cleavages, certain conserved residues may be expected at the N- and C-termini outside the binding core. To study
whether similar conserved residues are present in different cell types, potentially harbouring different proteolytic enzymes, the
ligandomes of HLA-DRB1#03:01/HLA-DRB > 1 derived from two different cell types (dendritic cells and EBV-transformed B
cells) were identified with mass spectrometry and the binding core and N- and C-terminal residues of a total of 16,568 peptides were
analysed using the frequencies of the amino acids in the human proteome. Similar binding motifs were found as well as comparable
conservations in the N- and C-terminal residues. Furthermore, the terminal conservations of these ligandomes were compared to the
N- and C-terminal conservations of the ligandome acquired from dendritic cells homozygous for HLA-DRB1*04:01. Again,
comparable conservations were evident with only minor differences. Taken together, these data show that there are conservations
in the terminal residues of peptides, presumably the result of the activity of proteases involved in antigen processing.

Keywords Human leucocyte antigen - Peptidome - Cleavage sites - Peptide flanking regions - Protein processing - Antigen
presenting cells

Introduction peptide ligands on the surface of professional antigen-
presenting cells to CD4" T cells (Brown et al. 1993; Stern

Human leucocyte antigen (HLA)-class II molecules are het- et al. 1994).

erodimers consisting of an alpha and beta chain presenting Activated CD4" T cells play an essential role in the adap-

tive immune system and mediate multiple functions including
the provision of helper activity to B cells to stimulate antibody
production. In addition, these T cells can also produce effector
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the production of autoantibodies (Jones et al. 2006). The con-
tribution to auto-immunity is also reflected by the association
with the HLA-class II locus to many different autoimmune
diseases (Shiina et al. 2004). Likewise, the HLA-system and
CD4* T cells play an important role in allograft rejection (Ali
et al. 2013).

Since the early 1990s, many groups have studied the
peptide-binding repertoire of HLA-class II molecules (Chicz
et al. 1992; Hunt et al. 1992; Rudensky et al. 1991). From
these studies, it became clear that this repertoire substantially
differs from HLA-class I molecules. For instance, HLA-class
II ligands are highly heterogeneous in size and are found in
nested sets. The identification of HLA-class II ligands was
used to determine the anchor residues of the peptides which
interact with the HLA molecule. As these anchor residues
differ between different HLA-class II molecules, each individ-
ual HLA molecule presents a distinct peptide-binding reper-
toire (Bondinas et al. 2007). These repertoires and the associ-
ated peptide-MHC anchor residues could, as a result, help to
predict potential T cell epitopes.

HLA-class II ligands are generated upon antigen-
processing by specific proteases (e.g., cathepsins) in the
endosomal or lysosomal compartments in contrast to the
HLA-class I ligands which are generated by the proteasome
(Delamarre et al. 2005). Therefore, we questioned whether the
specificity of the proteases would be reflected in amino acid
(aa) conservations on the N- and C-terminal side of the pre-
sented ligandome.

A few studies have addressed the N-terminal and C-
terminal cleavage sites of peptides accommodated in different
HLA-class I molecules (mainly HLA-DR) expressed on den-
dritic cells (DC) (both monocyte-derived and cell line-derived
DCs) using a relatively limited number of peptides (Ciudad
etal. 2017; Mommen et al. 2016). In these studies, it has been
shown that proline is highly frequent at position NP2’ and CP2
when proteins are processed in the endo-lysosomal pathway
of mature monocyte-derived DCs, whereas aspartic acid at
NP1 and lysine at CP1 are abundantly present when processed
in the cytosol (Ciudad et al. 2017). In these studies it was
indicated that these observations corresponded to the substrate
preferences of cathepsins and metalloproteases but also
caspases and granzymes, based on the MEROPS database.
In contrast, another study showed higher frequency of aliphat-
ic (especially Leucine) and acidic amino acids at NP1 and CP1
of eluted peptides from MUTZ-3-derived DCs, though lack-
ing a proline at NP2’" and CP2 (Mommen et al. 2016). These
differences in outcome could, potentially, result from the dif-
ferent cells used in these studies as well as the heterogenous
nature of HLA-DR-alleles expressed by these cells.

We now performed an in-depth analysis of the ligandome
of one of the most prevalent HLA-DR molecules in
Caucasians, HLA-DRB1#*03:01, with associated HLA-
DRB3*02:02 molecule derived from homozygous cells
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(Klitz et al. 2003). The large number of identified ligands
(n=16.568) allowed us to accurately determine the frequency
of aa residues on the N- and C-terminus. From these 16,568
peptides, 74% were predicted to be derived from HLA-
DRB1*#03:01. In addition, we analysed the N- and C-
terminal residues from ligands eluted from HLA-
DRB1%03:01-positive and HLA-DRB1*04:01-positive DCs
and compared the conservations to those of a B cell-derived
HLA-DRB1%*03:01 ligandome. HLA-DRB1*03:01 and
HLA-DRB1%#04:01 are both implicated in the pathogenesis
of various autoimmune diseases in either a predisposing, neu-
tral or protective manner (Ghodke et al. 2005; Matzaraki et al.
2017). The difference in their impact could potentially be
traced back to the peptidome they present. Therefore, the
knowledge on the characteristics of antigen-processing for
each HLA-class II molecule could serve to improve therapies
aiming for inducing tolerance towards specific antigens. By
knowing how antigens are processed, the amino acid regions
surrounding the important T cell epitopes could be optimized
for processing. Extending these analyses towards more HLA-
DRBI1 molecules, but also HLA-DQ molecules, will help pa-
ve the way to novel therapies to autoimmune diseases.

Furthermore, there have been several studies that have fo-
cused on the residues directly adjacent to the peptide-binding
core of the peptide, the peptide-flanking region (PFR) (Ciudad
et al. 2017; Holland et al. 2013; Sant’Angelo et al. 2002).
These residues have been indicated to play a role in the
peptide/HLA-class II-complex stability (Lovitch et al. 2006)
and in the recognition of the presented peptides by T cells
(Arnold et al. 2002; Holland et al. 2013). It was shown in
one of these studies that the PFR was highly conserved among
several HLA-class II alleles with the presence of mainly acid
residues and proline at the N-terminal PFR and basic residues
at the C-terminal PFR (Ciudad et al. 2017; Godkin et al.
2001). To validate previously acquired and published results,
we used our acquired datasets to perform similar PFR
analyses.

Methods

EBV-transformed B cell culture and lysis HLA-DRB1*03:01-
molecules and HLA-DRB3%02:02-molecules were isolated
from the DRB1*03:01-DQB1*%02:01-DQA1*05:01-HLA-
DRB3%*02:02 homozygous EBV-transformed B
lymphoblastoid cell line DUCAF. Approximately 9 x 10’
cells were grown in IMDM supplemented with L-glutamine
and 8% FCS. Subsequently, the cells were harvested, washed
with PBS and the cell pellet was stored at — 80 °C. The cells
were lysed with 50 ml of lysis buffer (50 mM Tris, 150 mM
NaCl, 5 mM EDTA, 0.5% Nonidet P-40 and a complete pro-
tease inhibitor mix (Roche)). To remove the nuclei and
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insoluble material, the lysate was centrifuged for 60 min at
10,000g. Lysates were stored at — 80 °C.

Isolation of monocytes from healthy donors and generation
of dendritic cells Isolation and generation of monocyte-
derived DC from homozygous HLA-DRB1#03:01 or HLA-
DRB1%#04:01 healthy donors were performed as described
previously (Chicz et al. 1993). Human peripheral blood mono-
nuclear cells (PBMCs) were isolated by Ficoll gradient from
three HLA-DRB1-typed bufty coats per HLA-DR haplotype,
obtained from healthy blood donors, and subsequently,
CD14" monocytes were isolated and cultivated with GM-
CSF (800 U/ml) and IL-4 (500 U/ml) (Invitrogen, Breda,
The Netherlands) for 6 days to obtain immature DC. The
iDC were matured by incubating 0.5 x 10° DC/well in a 24-
well plate with LPS (100 ng/ml) and IFN-y (1000 U/ml) for
24 h. After 30 h, ~20 x 10”6 mature (m)DCs were harvested
(obtaining approximately 40 x 10°), washed three times with
and lysed in 1-ml lysis buffer (50 mM Tris, 150 mM NacCl,
5 mM EDTA, 0.5% zwitterion, 10 mM iodoacetamide and a
complete protease inhibitor mix (Roche)) and subsequently
high-speed centrifuged for 60 min at 10,000xg to remove
nuclei and insoluble material.

Peptide elution and isolation from affinity-purified HLA-DR
molecules A total of 2.5 mg pan-HLA-DR antibody
(B8.11.2) was coupled to 1-ml protein-A-Sepharose CL4B
beads by dimethyl pimelimidate crosslinking (Schneider
et al. 1982). Beads were prewashed with lysis buffer by grav-
itation in small columns. DUCAF and DC lysates were
precleared using Sepharose CL4B (GE Healthcare) beads
and HLA molecules were isolated using 100 pl of Ab-
protA-Sepharose beads for each 100 x 10° cells. After isola-
tion, the beads were washed with lysis buffer followed by
washing steps with low salt buffer (120 mM NaCl, 20 mM
Tris-HCl, pH 8.0), high salt buffer (1 M NaCl, 20 mM Tris-
HCI, pH 8.0), no salt buffer (20 mM Tris-HCI, pH 8.0) and
low Tris buffer (10 mM Tris-HCI, pH 8.0). The peptides were
subsequently eluted with 10% acetic acid.

Peptide identification by mass spectrometry Mass spectrom-
etry (MS) analysis of HLA-eluted peptides was performed as
described previously (van Lummel et al. 2011) with some
modifications. After elution, HLA molecules and HLA-
binding peptides were separated by selective elution from a
small C18 column (QOasis, Waters) in two fractions with 20%
and 30% acetonitrile (Lecaille et al. 2002). DUCAF peptides
were pre-fractionated into 25 fractions using SCX HPLC.
Subsequently, the HLA-peptides were analysed via on-line
C18-nano-HPLC-MS with a system consisting of an Easy
nLC 1000 gradient HPLC system (Thermo, Bremen,
Germany) and a Q-Exactive mass spectrometer (Thermo).
Fractions were injected onto a homemade precolumn

(100 pm x 15 mm; Reprosil-Pur C18-AQ 3 pum, Dr. Maisch,
Ammerbuch, Germany) and eluted via a homemade analytical
nano-HPLC column (15 cm x 50 um; Reprosil-Pur C18-AQ 3
um). The gradient was run from 0 to 30% solvent B (10/90/0.1
water/ACN/FA v/v/v) in 120 min. The nano-HPLC column
was drawn to a tip of ~5 pum and acted as the electrospray
needle of the MS source. The Q-Exactive mass spectrometer
was operated in top 10-mode. Parameters were resolution
70,000 at an AGC target value of 3 million maximum fill time
of 100 ms (full scan), and resolution 35,000 at an AGC target
value of 1 million/maximum fill time of 128 ms for MS/MS at
an intensity threshold of 785,000. Apex trigger was set to 1 to
5's, and allowed charges were 1-3. All fractions were mea-
sured twice. In a post-analysis process, raw data were convert-
ed to peak lists using Proteome Discoverer 2.1. For peptide
identification, MS/MS spectra were submitted to the Homo
sapiens database (67,211 entries) using Mascot Version
2.2.04 (Matrix Science) with the following settings: 10 ppm
and 20 millimass units deviation for precursor and fragment
masses, respectively; no enzyme was specified. In percolator,
an FDR of 1% was set, with the additional condition of a
mascot score of at least 35.

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al. 2019) partner repository with the dataset
identifier PXD014253 (Deutsch et al. 2017).

Gibbs clustering The peptides were clustered using the Gibbs
Clustering tool available online (Gibbs Cluster 1.1 server)
(Andreatta and Lund 2013). The number of clusters was set
to 1-4 and motif length to 9 amino acids. The remainder of the
settings was used as default.
http://www.cbs.dtu.dk/services/GibbsCluster/

NetMHCIIPan 3.2 The binding cores of the HLA-DR-derived
ligandomes were predicted using NetMHCIIPan 3.2 loga-
rithm applying the default settings (Jensen et al. 2018). The
resulting binding motif was compared to the binding motif
described in the SYFPEITHI database (Rammensee et al.
1999).

http://www.cbs.dtu.dk/services/NetMHClIpan/

iceLogo Sequence logos were generated by plotting the amino
acid sequences against a positive reference set of the Homo
sapiens proteome using iceLogo version 1.3.8 (Colaert et al.
2009).

Statistical analysis Statistical analysis was performed with
Stata SE 14.1 (StataCorp LLC). To test for significance, the
Chi-square test was performed. The Bonferroni method was
used to correct for multiple testing for all statistical analyses (5
amino acid groups x 3 pairwise comparisons x 2 termini x 4
HLA-DRB molecules). The p value was adjusted according
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to the 120 tests performed leading to a significant threshold of
p=0.00042.

Results

Determining the HLA-DR-derived ligandome from B
cell line

To establish the HLA-DR ligandome, HLA-DR/peptide com-
plexes were isolated from the EBV-transformed B cell line
DUCAF. This resulted in the identification of one of the larg-
est datasets of HLA-class II-derived ligands (16.568 unique
ligands with a false discovery rate of 1% and mascot ion score
of 35 and higher) described for a two associated HLA-class II
molecules. This set of ligands allowed us to perform a detailed
characterization of the HLA-class II ligandome.

To quantify the variety of identified ligands, the theoretical
isoelectric points (pI) and gravy index, a measure of hydro-
phobicity was calculated for all identified ligands. These anal-
yses showed that ligands with a broad spectrum of hydropho-
bicity and pl were identified, indicating that no strong bias
was introduced during the sample pre-treatment and subse-
quent measurements.

Characteristics of the DUCAF ligandome

Next, the identified ligands were explored in more detail. In
Fig. 1a, the length of the ligands is depicted. The peptide
lengths found confirmed previous results showing that HLA-
class II ligands are heterogeneous in size with 83% of the
ligands varying in length between 12 and 20 aa (Chicz et al.
1992; Hunt et al. 1992).

Furthermore, the location of the peptide within the protein
was characterised. The position of the peptide within the pro-
tein did not show an obvious bias, though peptides derived
from the carboxy terminal of the proteins were slightly under-
represented in the ligandome (Fig. 1b). Moreover, the 16.568
ligands identified were derived from 2.475 different proteins.
When the number of ligands was plotted against the different
proteins, most of the proteins (84%) were represented with
one to ten unique peptides (Fig. 1c). As previously described,
certain proteins, including different HLA proteins, were clear-
ly overrepresented (Chicz et al. 1992).

The HLA-DR ligandome of B cells is conserved
on the N- and C-terminus

HLA-class II ligands are generated upon lysosome degrada-
tion of proteins and are therefore the result of the action of
specific proteases and peptidases within the HLA-class 11
compartment (Chapman 2006). These proteases and pepti-
dases disrupt the bond between two amino acids on two
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locations (N-terminal and C-terminal), releasing the peptide.
To analyse whether the action of these proteases/peptidases
would be reflected in conservations of particular aa residues
in the N- and C-terminal peptide-positions, the frequency of
individual aa residues was determined on eight positions lo-
cated on the N- and C-termini: the four residues at the N-
terminal (designated NP2, NP1, NP1" and NP2') and the four
C-terminal residues (CP2, CP1, CP1’ and CP2') of the com-
plete HLA-DR ligandome (Fig. 2a).

To define potential aa conservations, the frequency of each
individual aa was determined, as shown in Fig. 2b. Along the
N-terminal residues, we observed a relative higher frequency
of aliphatic (though not for all) and acidic residues. Proline is
highly present at position NP2', which is in accordance with
the data by Ciudad et al. (Fig. 2b). The C-terminal conserva-
tions are less evident, but they point towards the conservation
of mainly aliphatic and negatively charged residues (Fig. 2b).
When these relative frequencies were compared with the fre-
quencies of the residues within the human proteome, again
hydrophobic and acidic residues show high frequency com-
pared to the other residues at the N-terminus (supplementary
Fig. 1a). Likewise, the differences in frequency are less evi-
dent at the C-terminus as the C-terminal residue shows a
broader range of residues present (supplementary Fig. 1b).

N- and C-terminal conservations are similar
to HLA-DR3* DCs

As the DUCAF cell line used for the HLA-class II peptide
elution might not represent primary cells, the HLA-DR
peptidome of monocyte-derived DCs expressing homozy-
gous for HLA-DR3 was also analysed. The peptidome
acquired was similar to the DUCAF ligandome. In total,
1287 unique peptides were identified. These peptides dis-
play a similar distribution regarding pl and gravy index
compared to the ligandome identified from the B cell line
(data not shown).

To determine the frequencies of the amino acids at the N-
and C-termini, the same positions were analysed as was per-
formed for the DUCAF peptidome. When comparing the rel-
ative frequencies of the N-terminal residues, similar prefer-
ences for aliphatic and acidic residues as well as a disfavour
for cysteine, methionine and tryptophan were observed
(Fig. 3a). The C-terminus shows an increased frequency in
charged residues, both acidic and basic, and aliphatic residues
(Fig. 3b). Moreover, proline was highly frequent at the NP2’
and CP2 position, similar to what is found for the DUCAF
peptidome and data published by Ciudad et al. (2017)).
Together, these observations indicate that the frequencies of
aa distribution at the N- and C-termini within the DC
ligandome do not differ extensively from the frequencies in
the DUCAF ligandome.
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Discriminating HLA-DRB-binding peptide
contributions based on predicted binding

The HLA-DR molecules that the DUCAF cell line expresses
are besides the HLA-DRB1*03:01, also the HLA-
DRB3%02:02 molecule, even though the HLA-DRB3 alleles
are expressed in a lower fashion than the HLA-DRBI, de-
pending on cell type (Bontrop et al. 1986; Emery et al.
1993; Stunz et al. 1989). The monoclonal antibody we have
used to isolate the HLA-class II molecules from the antigen-
presenting cells does not only recognize HLA-DRB1 proteins,
but also HLA-DRB3, DRB4 or DRB5 molecules (Bontrop
et al. 1990). For the DUCAF cell line, it is described that it
co-expresses HLA-DRB3%*02:02, a “HLA-DRB > 1" gene
expressed on the HLA-DR3-genotype. Therefore, it is likely
that the DUCAF dataset includes peptides derived from both

NS b‘)‘b'\‘b‘b,@,\\\'}(b\bt\‘)

Cores/protein

HLA-DRB1#03:01 and HLA-DRB3*02:02 (Hurley and
Johnson 2001).

In contrast to HLA-class I molecules, HLA-class II mole-
cules have an open configuration allowing the accommoda-
tion of a wide variety of peptide lengths (Chicz et al. 1992;
Hunt et al. 1992; Stern et al. 1994). The part of the peptide that
interacts with the HLA-class II molecules is 9 aa in length
(Stern et al. 1994), and HLA-class II-derived ligands usually
present in nested sets of ligands of different length with the
same 9 aa core sequence.

In order to identify and limit the contamination of the
HLA-DRB3-derived peptides within the HLA-DRB1-
derived peptidome, and vice versa, the DUCAF peptidome
was inserted into the NetMHCIIPan 3.2 server for future anal-
yses. Based on the binding algorithm for HLA-DRB1*03:01
and HLA-DRB3*02:02, the core sequences of the peptides
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Fig. 2 Heatmap of amino acid

frequencies at the N- and C-
termini of the DUCAF

P2 P1 P1’ P2’

peptidome. A schematic repre-
sentation of the terminal residues
showing the residues analysed
(a). At each position at the termini
(N-terminus: left; C-terminus:
right), the frequency in percent-
ages is shown for all amino acids
(b). Percentage is determined
based on the number of included
peptides. The amino acids are
subdivided into different catego-
ries based on characteristics of the
side chains
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present in the peptidome were predicted using the
NetMHCIIPan 3.2 algorithm. Based on these predictions,
74% of the sequences were postulated to be derived from
HLA-DRB1#03:01 (data not shown). The remaining 26%
were appointed to HLA-DRB3%02:02 as these peptide
corresponded best to the HLA-DRB3*02:02 core motifs (data

Fig. 3 Heatmap of amino acid
frequencies at the N- and C-
termini of the homozygous HLA-
DR3* DC-derived peptidome. At
each position at the termini (N-
terminus: a; C-terminus: b), the
frequency of each amino acid in
percentages is shown for all ami-
no acids (b). Percentage is deter-
mined based on the number of
included peptides. The amino
acids are subdivided into different
categories based on characteris-
tics of the side chains
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Peptide flanking regions of the predicted
HLA-DRB1*03:01 peptidome

As mentioned above, PFRs have been described to be in-
volved in both peptide binding to HLA and subsequent
recognition by T cells (Arnold et al. 2002; Carson et al.
1997). It has been reported that PFRs are highly similar
between multiple HLA-class II molecules (Godkin et al.
2001) as primarily basic residues were found adjacent to
the peptide binding core. To further extend these observa-
tions, the PFRs were established for the predicted HLA-
DRB1*03:01 peptidome. Peptides consisting of 15 resi-
dues or more were included in the analysis allowing anal-
yses of all four positions within the PFR as adapted from
the aforementioned study (Godkin et al. 2001). As shown
in Fig. 4a, preferences for specific residues could not be
observed, though the frequency of aromatic and charged
residues seem to be reduced and enhanced respectively at
the N- and C-terminal PFRs as compared to the frequency
in the human proteome. As expected, a similar sequence
plot was obtained for the PFRs of the predicted HLA-
DRB1%#03:01 ligandome from the DCs, reflecting relative-
ly small differences in aa frequencies in the PFRs (Fig. 4b).

Fig.4 Peptide flanking regions of

the HLA-DRB1#03:01

peptidome. The frequencies of the

amino acids within the peptide

flanking regions of the peptidome a

derived from either the HLA-DR3 DUCAF NPFR
positive B cell line (a) or the 100 4

dendritic cells (b) are plotted. The S —

residues flanking the peptide core ] 8017

are represented in different amino § 604

acid categories based on charac- £

teristics of the side-chains. For ® 404 e

both the N-terminal PFR and the < R
C-terminal PFR, three positions & 20+ = -

are shown of which one is in- =

cluded within the peptide core.
Frequencies are compared to the

The PFRs of the HLA-DRB3 molecules are highly
homologous to the HLA-DRB1 PFRs

As shown above, the PFRs for the HLA-DRB1*03:01 mole-
cule derived from two different cell types look identical. Next,
a similar analysis was performed for the predicted HLA-
DRB3#02:02-ligandome. This analysis, based on the predict-
ed HLA-DRB3%#02:02 core sequences derived from the
DUCAF cell line, revealed that also in this case, the frequency
of aromatic and charged residues is reduced and enhanced,
respectively (Fig. 5a and b). Thus, as is shown in Fig. 5, the
N-terminal and C-terminal PFR of HLA-DRB3%02:02 only
depict minor differences as compared to the PFRs of HLA-
DRB1#03:01 for both cell types. Together, these results indi-
cate that the PFRs are not only conserved between cell types,
but also between HLA molecules.

The HLA-DR3" DCs most likely also express a secondary
HLA-DR molecule. Unfortunately, we do not obtain the in-
formation which molecule this is. However, as the PBMCs
were derived from a Dutch donor, and the majority of
Caucasians with HLA-DRB1%03:01 also express HLA-
DRB3*01:01 (Gragert et al. 2013), we have reanalysed the
dendritic cell dataset with the HLA-DRB3*01:01 algorithm
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Fig. 5 Peptide flanking regions of the HLA-DRB3*02:02 derived
peptidome. Peptide cores were determined with NetMHCIIPan 3.2. The
frequencies of the amino acids within the PFRs are plotted for the N-
terminal PFR (a) and the C-terminal PFR (b). The residues flanking the
peptide core are represented in different amino acid categories based on
characteristics of the side-chains. For both the N-terminal PFR and the C-

as described above. Again, the PFR analysis showed corre-
sponding flanking residues on both N- and C-terminal regions
(data not shown). Together, these data indicate that the PFRs
are conserved across different HLA-DRB alleles.

Cleavage sites of HLA-DRB1*04/DRB4 peptidomes are
comparable to the HLA-DRB1*03:01/DRB3
peptidomes

The results described above were conducted in two different
cell types carrying the same HLA-molecules showing compa-
rable frequencies of residues at the N- and C-termini. To ex-
tend these results not only to different cell types, but also to
other HLA-DRB-types, the HLA-DR/peptide complexes
were eluted from homozygous HLA-DR4" DCs and analysed
for both the N- and C-terminal cleavage sites and PFR. Even
though this ligandome was composed of “only” 939 peptides,
we were able to analyse the N- and C-terminal cleavage sites,
as performed for the DUCAF and DC peptidome. As depicted
in Fig. 6a, a preference for aliphatic and acidic residues was
found for the N-terminal cleavage site, comparable to the ob-
servations made for the HLA-DR3 peptidome, including the
high frequency of a proline at NP2’ and aspartic acid at NP1".
Likewise, for the C-terminus, although less evident, higher
frequencies are shown for both aliphatic and charged residues,
with a high frequency of proline at the CP2 (Fig. 6a). Thus,
overall, the frequencies are largely comparable to the results
obtained from the HLA-DR3 peptidome.

Similar as for the DUCAF and HLA-DR3+ DC-derived
subsets, the peptides were analysed with NetMHCIIPan 3.2
to estimate the contribution of the HLA-DRB1%04:01 by pep-
tides derived from a secondary HLA class II molecule, and to
establish where the PFRs are located. Based on the core se-
quences, the PFRs were analysed to study whether conserva-
tions among multiple HLA-class II molecules would be
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terminal PFR, 3 positions are shown of which one is included within the
peptide core (pl and p9, respectively). Frequencies are compared to the
amino acid class frequency within the Homo sapiens proteome (white
bar). Statistical significance was determined by means of Chi-square tests
and subsequent Bonferroni corrections. *P < 0.00042; **P > 1 x 10'0;
P> 1 x 101

present. Indeed, when compared to the human proteome, the
frequency of aromatic residues is lower, but higher for charged
residues in both the N-terminal as well as the C-terminal PFR,
similar to what is shown for the HLA-DRB1*03:01
peptidome (Fig. 6b). Nevertheless, there seems to be an en-
richment for polar residues as well. Therefore, these observa-
tions indicate that the PFRs show conservations between dif-
ferent HLA-class II molecules, although more HLA mole-
cules need to be analysed to further validate this notion.

Similar to the HLA-DR3™ cells, also HLA-DR4" cells ex-
press a secondary HLA-DRB molecule, i.e. HLA-DRB4.
Unfortunately, we did not have information regarding the pre-
cise HLA-DRB4 allele expressed by the donor. However, as
most HLA-DRB4 alleles, except the rare HLA-DRB4*01:04,
display a similar binding motif, the core sequences were de-
termined using the information of the ligandome for HLA-
DRB4*01:03 to study the HLA-DRB4 PFRs. Similar to what
was found for HLA-DRB3, no significant disparities between
the PFRs of HLA-DRB1*#04:01 and HLA-DRB4 were detect-
ed (data not shown).

Discussion

The human immune system is an intricate network of cells and
tissues. Within this network, antigen-presenting cells present
protein-derived peptides to T cells, involved in e.g. activation
of other immune cells or killing of transformed cells. The
peptides presented by HLA molecules provide more insight
into the processes underlying antigen processing. Here, we
have analysed in detail the HLA-DRB1*#03:01 peptidome
from different cell types and show that between cell types
and HLA-DR-molecules, the N- and C-terminal protease-me-
diated cleavage-sites are largely conserved. Likewise, conser-
vations within PFRs are present between different cell types as
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Fig. 6 N- and C-terminal residue frequencies and PFR of the HLA-DR4
peptidome. The prevalence of amino acids at the N- and C-termini of
peptides eluted from homozygous HLA-DR4-positive dendritic cells is
shown as percentage of included peptides in a heatmap (a). The amino
acids are divided into different categories based on characteristics of the
side chains. The frequencies of the amino acids within the peptide
flanking regions of the peptide cores (b). The residues flanking the

well as different HLA-DR-molecules. Furthermore, we show
that HLA-DRB1*03:01 can present a highly diverse range of
peptides of mostly between 12 and 20 aa in length that are
derived from a broad range of proteins.

Likewise, we show that the electronegative p6 and p9 pock-
et and the electropositive p4 pocket provide important con-
straints on the composition of peptides that can be accommo-
dated by HLA-DRB1*03:01. Previous studies described the
peptide binding motif of HLA-DRB1%#03:01 using peptide sub-
stitutions or small sets of eluted peptides (Chicz et al. 1993,
Geluk et al. 1992; Geluk et al. 1994; Malcherek et al. 1993).
We now extended these studies and constructed a detailed pep-
tide binding motif with 4896 core sequences that could be used
in the future to predict potential DR3:T cell epitopes. The latter
is of particular interest for auto-immunity as several auto-
immune diseases associate with the presence of HLA-
DRB1*03:01 (Matzaraki et al. 2017; Price et al. 1999). This
core motif is, although more refined, in accordance with the
motif described in the SYFPEITHI database.
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peptide core are represented in different amino acid categories based on
characteristics of the side-chains. For both the N-terminal PFR and the C-
terminal PFR, three positions are shown of which one is included within
the peptide core. Frequencies are compared to the amino acid class fre-
quency within the Homo sapiens proteome (white bar). Statistical signif-
icance was determined by means of Chi-square tests and subsequent
Bonferroni corrections. *P < 0.00042; *#P > 1 x 10'; #=:p> 1 x 1019

The HLA-DR3 peptide dataset contains over 16.000
unique peptides and therefore provides a suitable dataset to
study different aspects potentially involved in antigen-pro-
cessing. We have analysed the N- and C-terminal cleavage
sites of the peptides to delineate whether there are restrictions
to certain aa at specific location that modulate cleavage.
Interestingly, restrictions at multiple positions were found,
which are likely resulting from the preferences of the prote-
ases or peptidases involved in the antigen processing for
HLA-class II. For example, there is a clear increased frequen-
cy of proline at the position NP2’ and CP2. In addition, basic
residues are more frequent at the C-terminus than at the N-
terminus of presented peptides. These preferences were also
observed in the peptidome derived from both HLA-DR3 and -
DR4 positive DCs. These data are important as they indicate
that the preferences observed are present in cells of different
origin (B cells and DCs representing lymphoid- and myeloid
cell types) as well as across different haplotypes, and hence
point to the notion that these are not cell-type or haplotype-
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specific. Previously, it has been suggested, based upon a lim-
ited set of 1319 peptides analysed, that cleavage motifs de-
pend on peptide location in the protein(Ciudad et al. 2017).
We could not observe such bias in the ligandomes analysed
(data not shown), indicating that preferences for peptide-
generation or protease-involvement are not influenced by
peptide-location within a protein. Additionally, in a study per-
formed by Ciudad et al., it is mentioned that protein cleaving
was most likely executed by cathepsins (D, E, L and S) and
matrix metallopeptidases (matrix metallopeptidase-2) (Ciudad
et al. 2017) based upon a similarity between protease-
specificity and terminal aa of eluted peptides. When compar-
ing the substrate specificities of these proteases with our ac-
quired protein cleavage data, we did not detect such similarity.
A possible explanation could be that the pattern that we found
for the peptidome only superficially represents all the cleavage
sites, while on a more intricate level, different patterns corre-
sponding to different proteases will become apparent.
Likewise, experimental conditions or the presence of specific
trimming peptidases could also lead to a disturbed representa-
tion of the cleavage sites as they have different constraints (for
example, the presence of proline could potentially stop pepti-
dases from trimming, whereas a protease would not be influ-
enced). With our dataset, these possibilities are difficult to
investigate.

One of the drawbacks that we have encountered with our
study is the limited peptide acquisition from the homolo-
gous dendritic cells. Including a low number of peptides
within the analysis might overestimate the relative enrich-
ment of the amino acids within either the N- and C-terminal
cleavage sites or within the PFRs. And although still limit-
ed information is present on the ligandome of primary,
in vitro generated DCs, a more extended data-set is de-
scribed which is obtained from HLA-DR peptides
expressed by the human cell line MUTZ-3 (Mommen
etal. 2016). The ligandome from MUTZ-3 showed homol-
ogy to our findings and the findings presented by Ciudad
et al. that describe the repertoire of HLA-DR-derived pep-
tides from primary human DCs (Ciudad et al. 2017). These
observations are relevant as they further emphasize that the
antigen-processing machinery for HLA-class II presenta-
tion across human cell types is highly conserved. For ex-
ample, in all cases, a high preference for proline around
cleavage sites was noted, possibly reflecting the notion that
proline could potentially be involved in abrogating further
terminal trimming, rather than being a target for proteases.
Nevertheless, also some differences with the ligandome
derived from MUTZ-3 were observed as we could confirm
the high preference for Leucine at P1 of the N- and C-
terminal cleavage sites using DCs generated from the pe-
ripheral blood of healthy donors. The reason for this dis-
crepancy is not known, but could be induced by the limited
number of peptides used within the analyses.

@ Springer

PFRs might not only be involved in influencing the sus-
ceptibility to proteases involved in MHC-ligand generation,
they could potentially execute other functions as well. For
example, they could interact with parts of the HLA-class II-
molecule outside the peptide-binding cleft (Murthy and Stern
1997) or by interacting with other molecules involved in
antigen-presentation such as HLA-DM (Lovitch et al. 2006).
Therefore, conservation of PFR across MHC-ligands obtained
from different MHC molecules does not necessarily reflect the
action of common proteases involved in antigen-processing,
they might also result from other biologically relevant pro-
cesses (Godkin et al. 2001; Holland et al. 2013). In this re-
spect, it is intriguing to note that the PFRs from ligands spe-
cifically derived from HLA-DRB1%*04:01, HLA-
DRB1%03:01, but also HLA-DRB3*02:02, are highly homol-
ogous. Importantly, the HLA-backbone regions in HLA-
DRB1*#04, HLA-DRB1*03 and HLA-DRB3*02:02 are iden-
tical in the regions thought to interact with the PFRs, pointing
to a possible common PFR-interaction-site in these molecules
(Bondinas et al. 2007; Murthy and Stern 1997).

A second limitation of this study is the antibody used for
the HLA-DR molecule isolation, as we used the monoclonal
antibody B8.11.2. This antibody recognizes not only HLA-
DRB1 molecules, but also the “HLA-DRB > 1” molecules
(DRB3 and DRB4) (Bontrop et al. 1990). Fortunately, the
predicted core motifs of the HLA molecules could be well
distinguished (Jensen et al. 2018) and PFR analyses were
performed for the peptidome likely derived from the different
HLA-molecules. Although different core motifs were ob-
served as expected, the PFRs are highly homologous in their
overall composition (mainly being aliphatic and polar).
Together, these date strengthen the notion that PFRs are con-
served across different HLA-DRB molecules (Holland et al.
2013). Nevertheless, it is important to note and keep in mind,
that we have analysed the datasets on the basis of predicted
peptide-binding core motifs by means of bioinformatical al-
gorithms. In vitro studies are required when defining the bio-
logical importance of specific PFRs and terminal cleavage
sites of peptides in the context of HLA-class II presentation.

As HLA-DR3 (both HLA-DRB1#03:01 and HLA-
DRB3%02:02) has been shown to be involved in the patho-
genesis of different autoimmune disease, gaining more insight
into the peptidome presented by HLA-DR3 can extend the
knowledge on how the HLA molecules participate in the in-
duction (Berrih-Aknin 2014; Matzaraki et al. 2017).
Additionally, in the light of the arising patient-specific thera-
pies and therapies concerning the introduction of peripheral
tolerance to known antigens, knowledge on HLA-DR3 can
prove favourable as T cell epitopes can be predicted more
accurately. In some autoimmune diseases where HLA-DR3
appears to be unfavourable in disease onset, HLA-DR4 has
been shown to be protective (e.g. Systemic Lupus
Erythematosus), or vice versa. The inclusion of the HLA-
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DR4 peptidome dataset can therefore in turn provide additive
information on how HLA-DR3 or HLA-DR4 are implicated
and what the differences are between these two molecules. In
conclusion, with the HLA-DR3 ligandomes analysed, we can
conclude that there are conservations at the N- and C-termini
of the peptides eluted from the molecule, which are most
likely the results of proteolytic activity and terminal trimming
during processing. With the 16.586 different ligands of the
HLA-DRB1%#03:01/HLA-DRB3*02:02 B cell ligandome
now publicly available, additional analyses can be performed
related to several immunological questions regarding the role
of HLA-DR3 in allergy, autoimmunity, infection and trans-
plant rejection.
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Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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