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In Brief

HLA-B*27:05 and ERAP2 are
associated with ankylosing
spondylitis, a chronic inflamma-
tory spondyloarthropathy. g
ERAP2 trims N-terminally ex-
tended residues of peptide pre-
cursors to their final length. The
HLA-B*27:05 ligandomes from
unedited and edited-ERAP2 iso-
genic cell clones were com-
pared, which demonstrated al-
terations at P1, P2, P3, P7, and
P9 peptide positions with enrich-
ment of N-terminal basic resi-
dues and minority canonical P2
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residues in the natural ligan-
dome from edited-ERAP2 cells.
Several ERAP2-dependent cellu-
lar peptides were highly homolo-
gous to multiple arthritogenic
bacteria sequences. We propose
that these findings highlight the
pathogenic role of this amino-
peptidase in the triggering of the
autoimmune disease.
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e HLA-B*27:05 and ERAP2 are risk factors for ankylosing spondylitis.

e The effects of ERAP2 on the B*27:05 ligandome are defined.
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e These effects provide a basis for the association of ERAP2 with the autoimmune disease.

Lorente et al., 2020, Molecular & Cellular Proteomics 19, 994-1004
June 2020 © 2020 Lorente et al. Published under exclusive license by The American Society for

Biochemistry and Molecular Biology, Inc.
https://doi.org/10.1074/mcp.RA120.002014
This is an Open Access article under the CC BY license.



mailto:dlopez@isciii.es
http://creativecommons.org/licenses/by/4.0/

L))

Check for
Updates

Research

Modulation of Natural HLA-B*27:05 Ligandome
by Ankylosing Spondylitis-associated
Endoplasmic Reticulum Aminopeptidase 2

(ERAP2)*s

Elena Lorented],
Carmen Mirt, Begona Galochat,

The HLA-B*27:05 allele and the endoplasmic reticulum-
resident aminopeptidases are strongly associated with
AS, a chronic inflammatory spondyloarthropathy. This
study examined the effect of ERAP2 in the generation of
the natural HLA-B*27:05 ligandome in live cells. Com-
plexes of HLA-B*27:05-bound peptide pools were isolated
from human ERAP2-edited cell clones, and the peptides
were identified using high-throughput mass spectrometry
analyses. The relative abundance of a thousand ligands
was established by quantitative tandem mass spectrom-
etry and bioinformatics analysis. The residue frequencies
at different peptide position, identified in the presence or
absence of ERAP2, determined structural features of li-
gands and their interactions with specific pockets of the
antigen-binding site of the HLA-B*27:05 molecule. Se-
quence alignment of ligands identified with species of
bacteria associated with HLA-B*27-dependent reactive
arthritis was performed. In the absence of ERAP2, pep-
tides with N-terminal basic residues and minority canon-
ical P2 residues are enriched in the natural ligandome.
Further, alterations of residue frequencies and hydropho-
bicity profile at P3, P7, and P positions were detected. In
addition, several ERAP2-dependent cellular peptides were
highly similar to protein sequences of arthritogenic bacte-
ria, including one human HLA-B*27:05 ligand fully con-
served in a protein from Campylobacter jejuni. These find-
ings highlight the pathogenic role of this aminopeptidase in
the triggering of AS autoimmune disease. Molecular &
Cellular Proteomics 19: 994-1004, 2020. DOI: 10.1074/mcp.
RA120.002014.

Self and pathogenic proteins are proteolytically degraded
by proteasomes and other peptidases in the cytosol to gen-
erate an extremely diverse pool of peptides, both in sequence
and in length. The transporter associated with antigen-proc-
essing molecules specifically translocates some of these deg-
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radation products to the endoplasmic reticulum lumen (1). The
peptides with the correct length (8 to 11 residues) and inter-
actions with specific pockets of the antigen recognition site of
the HLA class | molecule (2), usually at position 2 (P2) as
anchor residue and auxiliary residues at the C terminus and/or
other positions of the peptide (3, 4) can stabilize their direct
binding to HLA class | molecules. The fraction of amino-
terminally extended precursors can be also utilized for antigen
presentation after precursor editing and customization by en-
doplasmic-reticulum-resident aminopeptidase activities. In
humans, two related aminopeptidases, ERAP1 (5) and ERAP2
(6, 7), with nonredundant specificities and different substrate
preferences trims N-terminally extended residues of these
peptide precursors to their final length. Of both, ERAP1 has a
wider specificity since, with the exception of Pro, it cleaves
virtually all N-terminal residues (8). In contrast, basic residues
are the preferential target of ERAP2 activity (6, 9-11). The
binding of peptide to HLA class | molecule in the ER stabilizes
the nascent trimolecular peptide-HLA-B,-microglobulin com-
plexes and allows for their subsequent transport to the cell
membrane, where they are exposed to CD8" cytotoxic T
lymphocyte activity (12). The recognition of foreign or self-
peptide ligands can lead to the beneficial killing of pathogen-
infected cells or, instead, to initiate an autoimmune damage,
respectively.

HLA-B*27 is an interesting HLA class | allele, whose
prevalence varies significantly among different subpopula-
tions, and it is more common in Caucasoids (http://www.al-
lelefrequencies.net/). HLA-B*27 is strongly associated with
ankylosing spondylitis (AS)! (13), a chronic arthritis that
cause inflammation, primarily of the spinal joints; although
hip or shoulder joints can also be involved (14). Even though
most of the HLA-B*27 subtypes are strongly associated
with this chronic inflammatory spondyloarthropathy, HLA-
B*27:06 and -B*27:09 subtypes are either not or perhaps
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ERAP2 and the HLA-B*25:05 Ligandome

only very weakly associated with this autoimmune disease,
respectively (reviewed in (15)). This fact suggests that the
polymorphism of HLA-B*27 subtypes modulates disease
susceptibility. Previous, unambiguous functional distinction
between the closely related AS-associated B*2704 and non-
AS-associated B*2706 subtypes was found (16). However,
after 40 years of scientific effort, the bases for this associ-
ation remain largely unknown. Several hypotheses, based
on different features of HLA-B*27, have been previously
proposed to explain this intriguing association. However, to
this day, none of them has reasonably explained the mech-
anism and the differential association between HLA-B*27
subtypes and the AS disease.

The classical arthritogenic peptide hypothesis (17) is fo-
cused in the antigen-presenting properties of HLA-B*27. In a
bacterial infection, microbial peptide epitopes bound to HLA-
B*27 elicit a normal CD8™ cytotoxic T lymphocyte response
against the pathogen. This hypothesis assumes that some of
these antimicrobial effector T cells would cross-react with
autologous self-ligands, which are also presented by this HLA
class | molecule, peptides showing a molecular mimicry with
the primary bacterial epitope. Thus, this undesired cross-
reaction triggers both autoimmune tissue injury and inflam-
mation. Under this assumption, variations in HLA binding or
immune recognition between mimetic self-peptides and
bacterial epitopes with the HLA-B*27 subtypes would explain
their differential association with AS. In the recent years, the
two endoplasmic reticulum aminopeptidases involved in the
trimming of peptides for HLA class | antigen presentation,
ERAP1 and ERAP2, have been described as the main non-
HLA susceptibility genes for AS (18-21), and thus, the interest
on the arthritogenic peptide hypothesis has been highly re-
newed. ERAP1 is expressed in all individuals and shows a
significant degree of polymorphism, which affects the activity
and/or level of enzyme expression (22). Although the polymor-
phism of ERAP2 seems to be very limited, a differential splic-
ing promotes nonsense-mediated RNA decay, and thus,
about 25% of individuals fail to express this aminopeptidase
(23). The highly active ERAP1 variants and the ERAP2 expres-
sion favor AS, while the less active variants of ERAP1 and the
absence of ERAP2 are protective (24). Similarly to AS, the
expression of functional ERAP2 is related with other different
HLA class | molecule: HLA-A*29 is also associated to the
birdshot chorioretinopathy, an eye-specific autoinflammatory
disorder (25). Moreover, the role of ERAP2 in association with
HLA-C*06 is more controversial in the triggering of the psori-
asis, another immune-mediated disease (22).

Previously, only two studies using unrelated ERAP2-posi-
tive and -negative LCLs tried to determine the effect of ERAP2

" The abbreviations used are: AS, ankylosing spondylitis; ERAP3,
endoplasmic reticulum aminopeptidase 2; HLA, human leukocyte
antigen; IR, intensity ratio; LCL, lymphoblastoid cell line; KO, edited-
ERAP2 isogenic cell clone; MS, mass spectrometry; UN, unedited-
ERAP2 isogenic cell clone.

protease on the generation of HLA-B*27 peptide ligands (26,
27). Moreover, although a rigorous pairwise comparison be-
tween both types of cell lines were carried (26, 27), these
LCLs may vary in the expression of many proteins, including
those related with antigen processing, and thus, the possibil-
ity of background differences cannot be formally ruled out.
Thus, to elucidate conclusively the role of this aminopeptidase
in the generation of HLA-B*27 ligands, high-throughput MS
analyses isolated from ERAP2-edited cell clones were carried
out in this study. In the unedited and edited ERAP2 isogenic
cell clones, all the antigen presentation machinery and the
rest of cellular proteins are common with the exception of the
deleted ERAP2 protein. Our results determine that ERAP2
select HLA-B*27:05 ligands with a higher contribution of P2
anchor motif and lower influence of auxiliary residues.

EXPERIMENTAL PROCEDURES

Cells and antibodies—B27-C1R is an HLA-B*27:05 transfectant
(28) of the human lymphoid cell line HMy2.C1R. HMy2.C1R cells are
ERAP-2 positive and express the ERAP1 variant Hap8 not associated
with AS (29). Cells were cultured in RPMI 1640 with 10% fetal bovine
serum. The monoclonal antibodies used in this study were W6/32
(specific for a monomorphic HLA class 1) (30), MAB3830 (R&D Sys-
tems, Minneapolis, MN) specific for ERAP2 protein, and GTU88
(Sigma-Aldrich, St. Louis, MO) specific for y-tubulin.

CRISPR/Cas9-edited ERAP2~'~ C1R-B*27:05 cell line—Using
Benchling software (https://benchling.com) two pairs of guide RNAs
targeting both the region 5’ of exon 5 and the region 3’ of exon 6
(coding the active site of ERAP2) were designed. 10° C1R-B*27:05
cells were transfected with the clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 ribonucleoprotein complex (IDT
Technologies, Coralville, IA) comprising the Cas9 protein and the pair
of guide RNAs (exon 5: 5'... AATCAGTGCCCATTATCAAG...3’; exon
6: 5'...TCCTGTCAACACCTCTGCAA...3’) using the Neon electropo-
ration system (Thermo Fisher Scientific, Waltham, MA). 48 h after
transfection, DNA was extracted, and the ERAP2 locus was ana-
lyzed by PCR using primers that amplified the inside and outside of
the deleted region: Ext_Fw (TGGCATACAGTTCCAGGCTTY, Ext_Rv
(AACCTCTGCCCCTGACTTAC), Int_Fw (GCAGTAGGCACCCAA-
AATATT), and Int_Rv (ACTTGTTACGTGCCTAGACCT). Transfected
cells were cloned, and the ERAP2 expression was analyzed by PCR
and Western blotting as previously described (31). Two unedited
(UN17 and UN20 with the complete ERAP2 sequence) and two
homozygously edited (KO9 and KO19 without the ERAP2 exons 5
and 6) cell clones were selected.

Major histocompatibility complex class I-bound peptide isolation—
HLA-bound peptides were isolated from three independent biological
replicates of 1 X 10° cells from UN17, UN20, KO9, and KO19 cell
clones as previously described (32). Cells were lysed in 1% Igepal
CA-630 (Merck KGaA, Darmstadt, Germany), 20 mm Tris/HCI buffer,
and 150 mm NaCl, pH 7.5, in the presence of the Protease Inhibitor
Mixture (Merck KGaA). After centrifugation, the supernatants were
passed first through a control precolumn containing CNBr-activated
Sepharose 4B (GE Healthcare, Buckinghamshire, UK) to remove non-
specific peptides. The HLA-B*27:05/peptide complexes were isolated
via affinity chromatography from the soluble cell extract fraction with
the W6/32 monclonal antibody. The HLA-bound peptides were eluted
with 1% aqueous trifluoroacetic acid, separated from the HLA mole-
cules, and concentrated by ultrafiltration with a Vivaspin 2 filter, 5,000
MWCO HY (Sartorius Stedim Biotech, Goettingen, Germany), as pre-
viously described (33).
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Electrospray-ion trap MS analysis — Peptide mixtures were desalted
using OMIX Tips (C,g, Agilent Technologies, Santa Clara, CA) (33, 34),
and were analyzed by nanoLC-MS/MS using a Q-Exactive-Plus mass
spectrometer fitted with an Ultimate 3000 RSLC nanocapillary UH-
PLC (Thermo Fisher Scientific), using the same parameters previously
described (35). The peptides were resolved on homemade Reprosil
C18-Aqua capillary columns (Dr. Maisch GmbH, Ammerbuch-Entrin-
gen, Germany) with a 5-28% acetonitrile linear gradient for 2 h in the
presence of 0.1% formic acid at a flow rate of 0.15 ul/min. The
dynamic exclusion was set to 20 s, and the automatic gain control
value for the full MS was set to 3 X 10°. The selected masses were
fragmented from the survey scan of m/z 300-1,800 AMU at resolution
70,000. The 10 most intense masses from each full mass spectrum
were fragmented by higher-energy collisional dissociation. MS/MS
spectra were acquired with a resolution of 17,500 at m/z 200. The
target value of the MS/MS was set to 1 X 10° and the isolation
window to 1.8 m/z. The maximum injection time was set to 100 ms
and normalized collision energy to 25 eV.

Database searches—Peptides were identified and quantified using
the MaxQuant software (36) version 1.6.0.16 with the Andromeda
search engine (37) using the human section of the UniProt/Swiss-Prot
database (release 27.2.19, containing 73,101 entries). Methionine
oxidation and N-acetylation were accepted as variable modifications.
The peptide precursors and fragment mass tolerances were set at 6
and 20 ppm, respectively, and the false discovery rate was 0.01.
Peptides with the previously defined HLA-B*27 motifs of Arg/Gin/Lys
at P2 were selected if MaxQuant score was greater than 45. No
peptides were found in a search of the reversed database. The MS
data have been deposited to the MassIVE repository (http://massive.uc-
sd.edu) with the dataset identifier MSV000084718.

In silico binding prediction of HLA-B*27:05 ligands—The predicted
binding of each peptide to HLA-B*27:05 class | molecules was cal-
culated using NetMHCcons 1.1  Server (available at
http://www.cbs.dtu.dk/services/NetMHCcons/).

Sequence alignments—Human peptide sequences were searched
in the pan-proteome of the 12 arthritogenic bacterial species repre-
sented in the RefSeqdatabase (https://www.ncbi.nim.nih.gov/refseq/)
by an in-house Perl script. Only full-sequence peptide hits without any
gap, with a maximum of two mismatches respect to the human
peptide and Arg/Gin/Lys in the second peptide position were
considered.

Experimental design and statistical rationale—The effect of ERAP2
depletion on the HLA-B*27:05 peptidome was analyzed by quantita-
tive label-free MS from two unedited (with the complete ERAP2
sequence) and two homozygously edited (without the ERAP2 exons 5
and 6) cell clones. Three independent preparations of the HLA-B*27:
05-bound peptides were obtained from each of the four cell lines in
this study, and used as biological replicates, whose reproducibility
was assessed by Pearson correlation analyses (Fig. S1). A precolumn
was utilized to remove nonspecific binding proteins and peptides.
Additionally, a 0.01 false discovery rate was utilized.

Since a majority of the identified peptides was found in both the UN
and KO cells (Fig. S2), quantitative differences in peptide amounts
between cell lines were assigned in pairwise comparisons as follows
(38): In each experiment, the intensity of any given ion peak was
normalized to the total intensity of all the identified B*27:05 ligands.
The mean normalized intensity of each ion peak from the three indi-
vidual experiments for each cell line was taken as the amount of that
peptide relative to the total amount of ligands identified in that cell
clone. The HLA-B*27:05 ligands in each pairwise comparison were
classified based on the normalized IR of the corresponding ion peak
in the cell clones. Peptides predominant in one cell clone, relative to
the other (IR>1.0) were subdivided in two subsets as previously
described (38). Peptides with IR>1.0 to 1.5 in either cell line were

considered to be expressed in similar amounts in the two cell clones
and therefore with little or no effect by ERAP2. Peptides with IR>1.5
in one cell clone relative to the other, including peptides found only in
that cell clone, were considered to be up-regulated in that cell clone
and consequently influenced by the ERAP2 context.

To analyze the statistical significance of the differences in residue
frequencies the Bonferroni-corrected chi-square test was utilized. To
analyze the statistical significance of the relative intensity differences
among peptide sets a linear regression was carried out. Differences in
the hydrophobicity at different peptide position among the HLA-
B*27:05 ligands were assessed by multiple t tests. p values < 0.05
were considered to be statistically significant.

RESULTS

Homozygous ERAP2-deficient cell clones were generated
by deleting a 4741-bp fragment of the ERAP2 gene, including
the sequence encoding the active site of ERAP2 from B27-
C1R cell line (Fig. 1A). The presence or absence of ERAP2
exons 5 and 6 and protein expression in unedited control (UN)
or KO cells was confirmed by PCR analysis (Fig. 1B) and
immunoblotting (Fig. 1C), respectively. The effect of ERAP2
on the surface expression of B*27:05 heterodimers was as-
sessed by flow cytometry with ME1 Ab. No statistically sig-
nificant differences in the surface expression of HLA-B*27:05
heterodimers from KO cell clones relative to the UN cell
clones was observed.

HLA-B*27:05 peptidome in presence or absence of ERAP2—
The peptides pools bound to HLA-B*27:05 class | molecules
isolated from two UN (UN17 and UN20) and two KO (KO9 and
KO19) cell clones were subjected to LC-MS/MS analysis in
biologic triplicate experiments. A total of 6,212 peptides, and
6,052 peptides were identified in UN17 and UN20 cell clones,
respectively (supplemental Table S1). Similarly, 6,077 pep-
tides, and 4170 peptides were identified bound to HLA-
B*27:05 in KO9 and KO19 cell clones, respectively (supple-
mental Table S1). The anchor motifs for HLA-B*27:05 binding:
Arg, GIn, or Lys at position 2 (P2) were detected for peptides
from both UN and KO cell clones identified by MS (supple-
mental Table S1). In silico binding prediction differences be-
tween the HLA-B*27:05 ligands from UN and KO were not
found (Fig. S3).

Global effect of ERAP2 on the HLA-B*27:05 ligandome—To
analyze the influence of ERAP2 on the relative amounts of
B*27:05 ligands expressed in the presence or absence of this
aminopeptidase, comparison between the B*27:05 pep-
tidomes from UN and KO cell clones was carried out. The
HLA-B*27:05-bound peptides were classified based on the
relative intensity of the UN versus KO in each two types of cell
lines compared (supplemental Table S1). The enriched pep-
tides in presence (UN cell clones) or absence (KO cell clones)
of ERAP2, that is with a normalized IR > 1.0 relative to the
other condition, were compared and split in two subgroups:
1.0 < IR = 1.5 (mild enrichment) and IR > 1.5 (strong enrich-
ment), because the statistical significance of IR values was
previously established (38). In addition, the specific peptides
only identified in UN or KO clones were included in their
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Fic. 1. Targeted deletion of exons 5-6 of the gene encoding ERAP2 protein in cell clones with homozygous deletion. (A) Schematic
representation of the deletion of exons 5-6 of the gene encoding ERAP2 protein in human chromosome 5. gRNA cleavage sites are indicated
by blue arrowheads. (B) Analysis of deletion of exons 5-6 detected by PCR from indicated ERAP2-positive (UN) and ERAP2-negative (KO) cell
clones using specific flanking external (A and B) and internal (C) probes. (C) Representative Western blotting and expression levels of ERAP2
(closed bars) and +y-tubulin (open bars) of the indicated UN and KO cell clones relative to the cell line showing maximal values.

respective IR > 1.5 subgroup. No differences in MW were
found when 1.0 < IR = 1.5 subgroups from UN and KO cell
clones were compared (Fig. 2, left panel). In contrast, the
subset of HLA-B*27:05-bound peptides strongly enriched in
absence of ERAP2 (IR > 1.5) showed a statistically significant
MW increase of 56 Daltons relative to the corresponding
ligands strongly enriched in presence of ERAP2 (Fig. 2, right
panel).

In absence of ERAP2 the HLA-B*27:05 ligandome was en-
riched in N-terminal basic residues—The residue frequencies
at different peptide position of HLA-B*27:05 ligands identified
in presence or absence of ERAP2 aminopeptidase were an-

alyzed. First, no differences were found in the pairwise com-
parison of 1.0 < IR = 1.5 subgroups from UN and KO cell
clones at N-terminal (P1) position. In contrast, in the compar-
ison of IR > 1.5 subgroup from both types of cell clones, a
statistically significant increase in the frequencies of Arg and
Lys was detected in absence of ERAP2 (Fig. 3). In addition, a
simultaneous and statistically significant decrease in the fre-
quencies of lle, Ser, and Val was also detected in absence of
ERAP2 (Fig. 3).

Qualitative and quantitative enrichment of HLA-B*27:05 li-
gands with GIn and Lys at anchor motif (P2) peptide position
in absence of ERAP2—Next, the residue frequencies at an-
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Fic. 2. Molecular weight (MW) of
HLA-B*27:05 ligands from ERAP2-
positive (UN) and ERAP2-negative
(KO) cell clones. The peptides from UN
or KO cell clones were subdivided based
on their ion peak IR to the following con-
ditions: 1.0 <IR=15A)and IR > 1.5

% of peptides

10<IR<15

AMW = 4

% of peptides

o

(B), and the equivalent subgroups were 0
compared as previously described (38).
The intensity assigned to each peptide in
a cell line was normalized by dividing its
mean intensity by the total intensity of all
peptides from this cell line in the corre-
sponding pairwise comparison. The dif-
ferences in the mean MW (AMW) of the
peptides in each subgroup from both UN
and KO cell clones are indicated. Signif-
icant p values: *, p < 0.05; ™, p < 0.01;
and **, p < 0.001 are indicated in the
corresponding MW range, respectively.
(C) volcano plots showing thee differ-
ences in peptide amounts between
mean of UN and KO cell clones.

chor motif P2 peptide position of HLA-B*27:05 ligands from
UN and KO cell clones were analyzed. As previously de-
scribed with the N-terminal (P1) position, no differences were
found in the pairwise comparison of 1.0 < IR = 1.5 subgroups
from ERAP2-positive and ERAP2-negative cell clones. How-
ever, in the comparison of IR > 1.5 subgroups statistically
significant increases in the frequencies of GIn and Lys with
concomitant decrease in the frequency of Arg at P2 peptide
position were found in absence of ERAP2 (Fig. 3B).

In addition, LC-MS signal intensities of shared ligands with
GIn and Lys at anchor motif P2 peptide position were statis-
tically stronger in absence of ERAP2 relative to the same
peptides identified in presence of this aminopeptidase when
compared with shared ligands with Arg at P2 position (Fig. 4).
No differences were found between shared ligands with Gin
and Lys at the anchor motif position when peptide LC-MS
signal intensities from UN and KO cell clones were compared
(Fig. 4).

Qualitative differences in residue frequencies at P3, P7, and
PQ but not at P-1 peptide position of HLA-B*27:05 ligands
from ERAP2-positive and ERAP2-negative cell clones— Simi-
larly to P1 and P2 positions, the residue frequencies at P3 to
PQ peptide positions and P-1 position of HLA-B*27:05 li-
gands identified in the presence or absence of ERAP2 amin-
opeptidase were also analyzed. As previously described with
the P1 and P2 positions, no differences were found in the
pairwise comparison of 1.0 < IR = 1.5 subgroups from
ERAP2-positive and ERAP2-negative cell clones at all posi-
tions analyzed. When IR > 1.5 subgroups were compared,
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only the frequencies of some residues at P3, P7, and P()
peptide positions were statistically significant. Leu and Phe
were increased, and conversely, Ala, Asn, and Asp were de-
creased in absence of ERAP2 when P3 peptide position was
assessed (Fig. 3C). In the comparison of residue frequencies
at P7, Phe was increased whereas Asp, Gly, and Glu were
decreased in the ERAP2-deficient cell clones (Fig. 3D). Finally,
Leu was increased and concomitant Arg was decreased at
PQ position when ERAP2 is absent (Fig. 3E).

Influence of ERAP2 in the hydrophobicity of HLA-B*27:05
ligands—The hydrophobicity at the five relevant peptide po-
sitions (P1, P2, P3, P7, and PQ) of HLA-B*27:05 ligands
modified by ERAP2 expression was measured on the grand
average of hydropathy scale. Statistically significant increases
in the hydrophobicity at N-terminal position peptide with con-
comitant decrease in the hydrophobicity at P3, P7, and PQ
peptide position were found in absence of ERAP2 versus
ERAP2-positive cell clones (Fig. S4).

Identity between a human HLA-B*27:05 ligand with a bac-
teria sequence from C. jejuni—The peptides specifically gen-
erated or enriched, IR > 1.5 subgroup, in presence of ERAP2
are candidates to be hypothetical arthritogenic peptides.
Thus, a comparison of the sequences of these HLA-B*27:05
ligands identified in the current study with seven representa-
tive species of bacterial genera associated with HLA-B*27-
dependent reactive arthritis (39) was carried out. A striking
and complete identity was found between human HLA-
B*27:05 ligands and a bacteria sequence (Table I). The IR-
PAINVGL ligand from human ATP synthase subunit alpha and
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Fic. 3. Effect of ERAP2 depletion on the individual residue usage

LMVCAWTFYNOQTSGUZPDE

from HLA-B*27:05 ligands. Percentage of residue frequencies at the

indicated position in each individual panel among the peptides with IR > 1.5 from UN (open bars) and KO (closed bars) cell clones. These
subgroups include also the peptides specifically found only in UN or KO cell clones. Significant p values: *, p < 0.05; **, p < 0.01; and ***, p <
0.001 between UN and KO cell clones are indicated, respectively. In addition, amino acids with statistically significant increase in UN or KO

cell clones are indicated as open or closed box, respectively.

a 9-mer from C. jejuni proteome, which spans amino acid res-
idues 353-361 of the FOF1 ATP synthase subunit alpha, were
identical (Table I). Although these two proteins share a moderate
64% identity using Basic Local Alignment Search Tool bioin-
formatics tool (https://blast.ncbi.nim.nih.gov/Blast.cgi), another

seven additional 9-mers with P2 anchor motif for HLA-B*2705
were also identical between human synthase and the following
FOF1 ATP synthase subunit alpha sequences: GRGQRELII,
GQRELIIGD, QRELIIGDR, LRRPPGREA, RRPPGREAY,
GREAYPGDV, and TQAGDVSAY.
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Fic. 4. Quantitation of the shared HLA-B*27:05 ligandome from
ERAP2-positive (UN) and ERAP2-negative (KO) cell clones. Scat-
ter plots of the mean of LC-MS signal intensities of the HLA-B*27:05
ligandome from UN and KO cell clones. Peptides with Arg, Gin, and
Lys at P2 position are colored in black, green, and red, respectively.
Linear regression of peptides with Arg, Gin, and Lys at P2 position are
colored in blue, green, and red, respectively. Significant p values: *,
p < 0.05; and **, p < 0.01 between linear regression from UN and KO
cell clones are indicated, respectively.

Similarity of ERAP2-dependent HLA-B*27:05 ligands with
pathogenic bacterial sequences—In addition, in the search of
homology between the HLA-B*27:05 ligands identified in the
current study with the bacteria associated with HLA-B*27-de-
pendent reactive arthritis, other multiple bacteria peptides
were highly homologs (with only one or two amino acid
changes) with several ERAP2-dependent cellular peptides
(Table 1l). The higher and lower conservation rates between
HLA human ligands and bacteria sequences were found with
Yersinia enterocolitica and Chlamydia trachomatis, respec-
tively (Table Il). Six human HLA-B*27:05 ligands presented
only one change versus sequences from five different bacteria
(Tables | and Il). These modifications affected to different
peptide positions, which can interact with several pockets of
HLA-B*27:05 molecule or be exposed to direct contact with
the T cell receptor of effector cells. Also, multiple ERAP2-de-
pendent cellular peptides bound to HLA-B*27:05 showed only
two amino acid changes with different bacteria sequences
(Table 1l). Forty-two of these human HLA ligands presented
homology with sequences from representative species of at
least two different bacterial genera, as for example the ER-
LQEELNK and SRTDLIELL ligands shown in supplemental
Table S2. These changes affected practically all peptide po-
sitions, including the substitution of Arg for Gin or Lys at P2
anchor motif (supplemental Table S1).

DISCUSSION

In the current report, several key issues concerning the role
of ERAP2 on the HLA-B*27:05 ligandome have been investi-
gated. Previously, the only two studies using unrelated
ERAP2-positive and -negative LCLs showed a shift toward
higher MW from ligands and lower amounts of peptides with
N-terminal basic residues in the absence of ERAP2 (26, 27).
Here, we have confirmed the MW difference of HLA-B*27:05
ligands associated to ERAP2 with a high average: 56 Daltons
using CRISPR/Cas9-edited cell clones versus a mean of 28
Daltons previously reported with LCLs (26, 27). Also, an en-
richment of peptides with N-terminal basic residues in the
absence of ERAP2 was detected in the MS analyses using
ERAP2-edited cell clones as was previously described using
ERAP2-positive and -negative LCLs (26, 27).

Moreover, several new concerns on the influence of ERAP2
on the HLA-B*27:05 ligandome have been identified in the
current report. Concomitant with the decrease in the frequen-
cies of Arg and Lys in P1 for ERAP2™ cells, the frequencies in
the specific/enriched peptides of lle, Ser, and Val at this
peptide position were increased in unedited cell clones. These
alterations on P1 residue usage were associated with an
increase in the hydrophobicity at the N-terminal position of
HLA-B*27:05 ligands. For HLA-B*27:05 ligands, the P1 resi-
due is an auxiliary anchor motif, whose lateral chain interacts
with different residues of the A pocket (40). A previous study
using poly-A analogs containing the Arg2 anchor motif and
different changes at P1 position concluded that Arg was the
amino acid with the highest contribution to HLA binding; lle
and Lys presented a neutral contribution, whereas Ser and Val
amino acids were detrimental residues at this P1 peptide
position (41). Thus, the results obtained with ERAP2-edited
cell clones suggest that this aminopeptidase favors ligands
with low interactions with the A pocket of HLA-B*27:05 class
| molecules.

The interaction between the B pocket of HLA-B*27:05 and
the P2 peptide position is the major contribution to B*27:05
binding and thus, this position was defined as anchor motif
(SYFPEITHI database: http://www.syfpeithi.de (4)). Arg is
overwhelmingly the amino acid most utilized at this P2 pep-
tide position, with residual presence of Gin (42-44) and Lys
(45, 46) at this anchor position. Previously, computational
simulations suggested a similar binding conformation be-
tween P2-Arg and P2-Lys peptides to the B pocket of the
HLA-B*27:05 molecules but slightly different from the P2-Gin
peptides (46). In this modeling, the hydrogen bond profiles
were energetically and geometrically enhanced for Arg at P2
position relative to GIn or Lys amino acids (46). In addition,
binding analysis with the same peptide sequence and differ-
ent changes at P2 position concluded that the HLA affinity
was substantially lower for peptides with Lys or GIn as anchor
motif than the respective P2-Arg ligands (46). In the present
study, we found that the absence of ERAP2 increases, in both
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TABLE |
Alignment of natural HLA-B*27:05 cellular peptides with sequences of bacteria associated with B*27-dependent reactive arthritis

Peptide Protein RefSeq Species
IRPAINVGL ATP synthase subunit alpha NP_001001935 Human
......... FOF1 ATP synthase subunit alpha WP_002851836.1 C. jejuni
KRALPFSLV OCIA domain-containing protein 2 NP_001273702 Human
...... V.. FkbM family methyltransferase WP_038815436.1 C. jejuni
SRHGLEQYL Calcium signal-modulating cyclophilin ligand NP_001736 Human
Ve Replication initiation and membrane attachment family protein WP_021420237.1 Clostridium difficile
SRTDLIELL Protein furry homolog-like XP_011511982 Human
..... D... AAA family ATPase WP_117695277.1 Prevotella copri
RRALLLLLL Lysosomal Pro-X carboxypeptidase XP_005274150 Human
N DUF4468 domain-containing protein WP_089544435.1 P. copri
SRAAEKLYL Signal recognition particle 9 kDa protein NP_001123912 Human
....... R. Y-family DNA polymerase WP_004197540.1 Salmonella typhimurium
ERLQEELN Origin recognition complex subunit 3 NP_862820 Human
...... N.. DUF2326 domain-containing protein WP_050162494.1 Yersinia enterocolitica

TaBLE Il
Conservation of natural HLA-B*27 cellular peptides with sequences of
bacteria associated with B*27-dependent reactive arthritis

Number of bacteria peptides
with the indicated changes

Bacteria versus human ligand?
1 change 2 changes

C. jejuni 1 18
Chlamydia trachomatis 0 4
C. difficile 1 34
P. copri 2 35
S. typhimurium 1 18
Shigella flexneri 0 24
Y. enterocolitica 1 47

2 Only the peptides with P2 anchor motif for HLA-B*27:05 binding
were considered.

quantity and quality, the frequencies of Gln and Lys amino
acids at P2 anchor motif position. Thus, in ERAP2-deficient
cell clones, the HLA-B*27:05 molecule appears to be more
tolerant to the loss of interactions in its B pocket.

In the absence of ERAP2, the frequencies at P3 peptide
position of Ala, Asn, and Asp decreased, and conversely, Leu
and Phe were increased with a subsequent reduction in the
hydrophobicity at this position of HLA-B*27:05 ligands. Pre-
vious studies using poly-A analogs containing the Arg2 an-
chor motif and different changes at P3 position concluded
that Leu and Phe were favored residues to the interaction with
the D pocket of HLA-B*27:05 class | molecules and, thus,
increase the HLA binding. Moreover, in these analyses, Ala
and Asn presented a neutral contribution, whereas Asp amino
acid was a detrimental residue at this P3 peptide position (41,
47). Thus, in ERAP2-deficient cell clones, the interactions in
the D pocket seems to be more relevant to HLA-B*27:05
binding than in ERAP2-positive cell clones.

The lateral chain of P7 residue interacts with the E pocket
of HLA-B*27:05 class | molecules. Unfortunately, only one
of the four amino acids with altered frequencies between
ERAP2-UN and -KO cell clones identified in our screening

was previously analyzed using poly-A analogs(47), and thus,
no information about ERAP2 influence in this position could
be obtained.

Finally, the lateral chain of P() residue interacts with the F
pocket of HLA-B*27:05 class | molecules. At this position, the
frequency of Leu was increased and concomitant Arg was
decreased when ERAP2 is absent. In the two previous studies
using poly-A analogs at P() residue, the relative binding af-
finity of Leu residue was fourfold (41) or eightfold (47) higher
than the one of Arg residue. This scenario supports that
interactions at pocket F are more important when ERAP2 is
not available.

The global picture emerging from the current report is con-
sistent with a remodeling of interactions between the diverse
residues of ligands with the different pockets of HLA-B*27:05
class | molecule influenced by ERAP2. The absence of this
aminopeptidase increases the presence of ligands with mi-
nority canonical P2 residues, which present low interactions in
the B pocket but that are compensated by the contribution of
contribution of otherwise weak interactions between the dif-
ferent auxiliary anchor motif P1, P3, or PQ to A, D, or F
pockets, respectively.

The widely spread ERAP2 deficiency (with an incidence of
about a quarter of the human population) has a protective role
for HLA-B*27 in AS (21, 23). The qualitative and quantitative
changes in the HLA-B*27:05 ligandome, detected in the cur-
rent report, may be relevant in the study of association be-
tween this aminopeptidase with this autoimmune type of ar-
thritis in the context of an arthritogenic peptide hypothesis.
The cellular peptides specifically generated by ERAP2, iden-
tified herein, may be tested as candidates to be the arthrito-
genic peptides cross-recognized by antibacterial T cells. An-
other possibility will be that quantitative differences by the
ERAP2 influence detected by us in multiple HLA-B*27 ligands
may alter the equilibrium between immunogenicity and toler-
ance. Such misbalance would trigger the autoimmune T cell
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response, expanding the universe of peptides to be tested as
possible arthritogenic peptides.

In this context, since no arthritogenic peptides have been
previously described, the human HLA-B*27:05 ligands akin to
bacterial protein segments reported in the current study are
interesting, and especially those fully conserved with arthrito-
genic bacteria as the IRPAINVGL ligand from the ATP syn-
thase subunit alpha since the leakage of T cell tolerance after
infection was previously described (48-50). In addition, it is
also striking that the bacteria protein including this conserved
sequence has other seven conserved sequences with P2
anchor motif for HLA-B*27:05 binding too. As currently, MS
analyses are not able to identify all the ligands bound to HLA
class | on the cell surface, the possible generation of these
seven hypothetical natural HLA-B*27:05 ligands with identical
sequence for the alpha subunit of the FOF1 ATP synthase
peptides remains open and make this protein from C. jejuni a
very attractive candidate as source for hypothetical arthrito-
genic peptides. Also, many of the 42 human HLA ligands that
presented only two amino acid changes with sequences from
representative species of at least two different bacterial gen-
era shows amino acid changes in the P1, P2, P3, or PQ
peptide positions influenced by ERAP2 and thus, are also
attractive candidates to be hypothetical arthritogenic pep-
tides.

In addition to the arthritogenic peptide hypothesis, two
additional features of HLA-B*27 have been proposed to ex-
plain the association of this class | molecule with AS: mis-
folded forms of the HLA-B*27 heavy chain which triggers first
ER stress signaling pathways activation, and later the inflam-
matory response (51), and the presence of HLA-B*27 heavy
chain homodimers at the cell surface (52), which can be
recognized by NK cells or a subset of Th17 cells (53). In these
last two hypothesis no contribution of ERAP1 and/or ERAP2
aminopeptidases is necessary to trigger the AS disease. In
addition, recently similar levels of HLA-B*27 heavy chain ho-
modimers for AS-associated and non-AS-associated sub-
types were described (54). In contrast, the role of ERAP2 in AS
would be more compatible with the hypothesis of the cross-
reactive peptide epitopes, involving this enzyme with either
the generation of pathogenic peptide(s) or the destruction of
putative protective epitope one(s). Then, on the basis of our
observations, the significant destruction of peptides with ba-
sic residues in P1 peptide position could have a direct con-
tribution to the risk of AS, activating T cells or breaking toler-
ance. This mechanism, unlike the other two proposed, would
also explain that other HLA-B alleles have been linked to AS
(55).

Finally, the complexity of ERAP1 haplotypes, with influence
of individual mutations (56) and the combined effects of co-
occurring polymorphisms (57) is also relevant in the risk of AS.
Thereby, Hap1 to Hap3 (but not Hap8 or Hap10) are AS-
associated haplotypes (24). Therefore, future studies analyz-
ing the combined effect of ERAP2 and the ERAP1 haplotypes

associated with AS must be carried out to target more spe-
cifically the possible set of arthritogenic peptides.
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