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Birdshot uveitis is a sight-threatening inflammatory eye
condition

Birdshot uveitis (BU) is an uncommon type of non-infectious uveitis (estimated 0.1-0.6 cases
per 100,000 worldwide?!) characterized by retinal vasculitis and vascular leakage, macular
edema, optic disc inflammation and retinal degeneration. Most patients experience floaters
and blurred vision and some night blindness. Many patients will have progressive vision
loss without treatment?*. Treatment usually involves systemic corticosteroid-sparing
immunomodulatory therapy (IMT) for a significant period of time, but it is often not
sufficient for preventing progressive decline in visual ability>”. The fundi of patients exhibit
distinctive ‘shotgun pattern’-like lesions, the cause of which is believed to be T cell-mediated
autoimmune reactions directed against yet unidentified antigen(s) expressed in the retina
or the vascular layer of the eye (i.e., the choroid)® (Figure 1.1). This lack of understanding of
pathophysiology is reflected by the inconsistent use of terminology to refer to the condition,
including birdshot uveitis, birdshot chorioretinopathy, birdshot retinochoroiditis, and
birdshot chorioretinitis. A chronic, long-term, and progressive disease course is common in
BU, leading to significant visual impairment, and treatment side effects, particularly from
IMT, can negatively impact quality of life.

Birdshot uveitis as a model to study autoimmunity

HLA-A*29

A distinctive molecular feature of BU is the Human Leukocyte Antigen (HLA)-A*29, which is
a class | major histocompatibility complex (MHC-1) antigen involved in antigen presentation
(see section “antigen presentation via MHC-1”). HLA-A*29 is one of over 20,000 different
MHC-I alleles found in humans. Each MHC-I protein contains a peptide binding cleft with a
distinct sequence of amino acids that facilitates the presentation of antigenic peptides at the
cell surface. HLA-A*29 is found in all patients with BU, which is viewed as a prerequisite for
diagnosis!*4. Therefore, the disease mechanisms of BU are likely dependent on HLA-A*29.
While BU is a very rare disease, HLA-A*29 is common in the western region of Europe (5-10%
of individuals) raising the question as to why only some individuals who carry HLA-A*29 are
prone to developing this blinding eye condition>®. Due to the extreme genetic association
between HLA-A*29 and BU, it may be a useful “model” for understanding the mechanisms
of other presumed autoimmune conditions that also have strong genetic associations with
MHC-I, such as such as HLA-B*27-positive ankylosing spondylitis'’*°, HLA-C*06:02-positive
psoriasis?’, or HLA-B*51-positive Behget’s disease??? (together referred to as the family of
“MHC-l-opathies”)?2,
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Figure 1.1: Fundus image of a 70 year old female patient with advanced BU. The prominent creamy choroidal
lesions are a distinct hallmark of BU. These lesions contain infiltrated T cells®%. There is also peripapillary atrophy
around the optic nerve in this patient, which is a sign of choroidal damage.

ERAP1 and ERAP2

Single nucleotide polymorphisms (SNPs) at the 515 locus on chromosome 5 near the
ERAP1 and ERAP2 genes have been implicated in genome-wide association studies (GWAS)
of BU*?%, These genes encode for endoplasmic reticulum aminopeptidase 1 and 2, which
are aminopeptidases specialized in peptide processing in the MHC-I pathway. In the
endoplasmic reticulum, ERAP1 and ERAP2 trim precursor peptides to a length that allows or
prevents their binding to MHC-I for presentation at the cell surface. Across the population,
there are more than 10 different allotypes of ERAP1 formed by SNPs that encode amino
acid changes in the protein?. Allotypes differ in their peptide enzymatic activities and can
be considered functionally distinct®®. The ERAP1 allotype genetically associated with BU is
overall inefficient in trimming peptides and often referred to as Haplotype 10 [Hap10], but
a standardized nomenclature for ERAP1 allotypes remains to be widely adopted®. There is
also a genetic association between Hap10 and other MHC-I-opathies®.
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In contrast, ERAP2 encodes two haplotypes (Haplotype A [HapA] and Haplotype B [HapB]).
HapA produces a full-length transcript which encodes enzymatically active ERAP2 protein,
whereas HapB forms a truncated transcript by alternative splicing®’. Nonsense-mediated
mMRNA decay removes this alternatively spliced mRNA, which prevents translation into
ERAP2 protein. Both haplotypes are actively maintained at intermediate frequencies by
balancing selection, most likely to preserve beneficial diversity within populations (i.e., host-
pathogen co-evolution)®L. In contrast to disease-risk SNPs in ERAP1, SNPs near ERAP2 that are
associated with BU are noncoding and may serve regulatory functions?. One particular SNP,
rs2248374 is widely believed to control ERAP2 splicing into either HapA or HapB, because
of its position in a splice region of ERAP2. There remains little understanding of the function
of other SNPs in the regulation of ERAP2 and how these contribute to the pathogenesis of
BU or inflammatory conditions. To fully understand the disease mechanisms driving BU and
other MHC-I-opathies, we need to unravel how disease risk SNPs affect ERAP2 function.

Antigen presentation via MHC-I

Genetic associations with HLA-A*29, ERAP1, and ERAP2 point to MHC-I peptide presentation
as a key pathway in disease pathogenesis (Figure 1.2). As membrane proteins, MHC-I
molecules bind peptides in the endoplasmic reticulum (ER). These peptides are fragments of
cytoplasmic proteins that have been broken down by proteasomes in the cytosol. Therefore,
most MHC-I presented peptides are derived from host proteins. The transporter associated
with antigen processing (TAP) transports these peptides into the ER lumen. These peptides
are further trimmed by ERAP1 and ERAP2 by removing amino acids at their N-termini®°,
As a result of their divergent peptide specificities, ERAP1 and ERAP2 work together to
create peptides of the appropriate length and sequence that can be bound and presented
by MHC-I13233, This final round of trimming is followed by the loading of peptides onto
MHC-I molecules and transport of loaded MHC-I peptide complexes to the cell surface. It is
estimated that tens of thousands of peptides are presented on the cell surface by MHC-I*4,
This collection of peptides presented by MHC-I is known as the “immunopeptidome”.
The T cell receptor (TCR) on CD8* T cells reads out the MHC-I immunopeptidome and if it
recognizes the peptide in complex with MHC-I, it initiates a cytotoxic response that kills the
cell presenting the peptide. Although this mechanism is crucial to prevent viral infections or
malignant transformations of cells, it can also cause unwanted tissue and cell destruction,
such as in autoimmune conditions®.

Itis generally thought that HLA-A*29 presents immunogenic peptides that cause CD8* T cell-
mediated autoimmune reactions to the retina and choroid that lead to BU. This hypothesis
is also supported by the genetic association with ERAP genes, since these enzymes modify
the immunopeptidome and may alter peptides presented to CD8* T cells®®.

GENERAL INTRODUCTION 13
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Figure 1.2: Overview of the MHC-I pathway and antigen presentation via HLA-A29. Cytosolic proteins are
degraded by the proteasome into smaller fragments. These peptides are transported into the endoplasmic
reticulum (ER) lumen by the transporter associated with antigen processing (TAP). In the ER lumen, these peptides
are further trimmed by ERAP1 and ERAP2, which remove amino acids from their N-termini. After trimming by

ERAPs, the antigenic peptides are loaded onto HLA-A*29 (and other MHC-I molecules) followed by transportation
of the loaded HLA-A*29 molecule to the cell surface

Although the disease is quite rare, these molecular characteristics make BU an interesting
disease to study how the interplay between a MHC-I molecule and peptide modification
by ERAPs lead to the onset/progression of an autoimmune disease. Through the TCR (T

14

CHAPTER 1



cell receptor), CD8+ T cells interact with the HLA-A*29-peptide complex at their surface,
triggering an immune response.

Retinal S-antigen

There has long been speculated that the retinal arrestin, also known as retinal soluble
antigen (encoded by the SAG gene), is an autoantigen for BU. SAG is expressed abundantly
and specifically by photoreceptors and immunization with SAG causes experimental
autoimmune uveitis (EAU) in animal models®”®. Lymphocyte cultures from BU patients show
strong proliferation when stimulated with SAG™**°. As a result, SAG is generally considered a
candidate autoantigen for BU. It remains unclear whether peptides from SAG are presented
by HLA-A*29 in patients and whether this leads to CD8+ T cell activation in the context of
HLA-A*29 in patients.

Linkage disequilibrium to identify disease SNP function

The purpose of GWAS is to identify associations between genes and diseases by comparing
the allele frequencies of SNPs between patients and a comparable control population®.
This often results in the identification of “blocks” of correlated SNPs called genomic loci that
occur more frequently (risk loci) or less frequently (protective loci) in a particular disease.
The formation of these genomic loci is due to linkage disequilibrium (LD)*; An allele of one
SNP within a population of interest is said to be in LD if it correlates with (or is ‘tagged’ by)
an allele of another (nearby) SNP. Due to LD, 1 million SNPs are required to tag the 8 million
common (>5% minor allele frequency) SNPs in the human genome®. In association studies
for complex diseases, LD helps to identify functional SNPs ‘tagged’ by disease-associated
SNPs. An expanding number of studies have linked SNPs to target gene expression or
protein expression levels in multiple tissues (termed expression quantitative trait loci [eQTL]
analysis)®. Although these public functional genomic data are useful in understanding the
molecular mechanisms that SNPs may be involved in, it remains challenging to distinguish
functional variants from non-functional variants in loci with strong LD between SNPs.
Using CRISPR-based genome editing approaches (see CRISPR Cas9 gene editing), it may be
possible to specifically substitute alleles of SNPs to determine if a SNP is ‘functional’ (i.e.,
changes the expression of the gene it is associated with). LD information can also be used
to deconvolute independent genetic signals. Using conditional analysis it is possible to test
whether any SNPs are significantly associated with a trait conditioned on a particular SNP
at a locus*. This approach may be useful to dissect complex association signals and help
identify functional SNPs near ERAP2 that are associated with birdshot uveitis and other
autoimmune conditions.

Outstanding questions
Several key questions remain unanswered. We do not know what the immunogenic peptide
is that triggers the inflammatory response in BU (if it exists at all) and if it is presented by

GENERAL INTRODUCTION 15



HLA-A*29 and dependent on trimming by ERAPs. The immunopeptidome of HLA-A*29 must
be investigated to identify the nature of these peptides and ERAP2 must be manipulated
to determine how it affects the composition of HLA-A*29 in patients. HLA-A*29 is such a
strong risk factor for BU that it is important to determine whether this influence of ERAP2
on HLA-A*29 is specific to HLA-A*29 as compared to other MHC-I alleles.

SAG peptides are considered potential candidates, but are they naturally ligands of HLA-A*29
and are they recognized by CD8* T cells from patients with BU? In addition, it would be
important to determine to what extent SAG peptides are trimmed by ERAP1 and ERAP2.
HLA-A*29 is prevalent in European and some non-European populations where the
condition is not reported, raising the question of why only some individuals carrying this
gene are prone to develop this blinding condition. With population genetics data (e.g., the
1000 Genomes project), it may be possible to test if ERAP1 and ERAP2 risk variants identified
by GWAS are more prevalent in populations in which BU is reported (i.e., Western-European
Descent). This is necessary to determine if in BU the disease mechanisms are likely due to
an interaction of ERAPs and HLA-A*29.

Furthermore, little is known about how SNPs regulate ERAP2 and contribute to the
development of BU or inflammatory conditions. We need to understand how disease risk
SNPs affect ERAP2 function in order to better understand BU and other MHC-I-opathies.

A model for Birdshot uveitis.

Obtaining an appropriate model to investigate antigen processing and presentation by
HLA-A*29 and ERAPs is necessary to establish answers to these outstanding questions.
In spite of the fact that the best material would be the primary eye tissues of patients,
the supplies of these materials are scarce, and the sample quantities are too small to be
easily interrogated by current technologies that probe antigen presentation in depth. For
studying the MHC-I pathway in BU, patient-derived cell lines such as Epstein-Barr virus (EBV)
transformed lymphoblastoid cell lines (LCLs) generated from peripheral blood would be
useful because they preserve the patient’s genetic background (i.e., HLA-A*29) and provide
a constant source of culture material, allowing genetic manipulation by CRISPR-based
techniques (i.e., ERAP2 knock-out). Such patient-derived cell lines can be further engineered
to express proteins of interest, and the presentation of peptides by HLA-A*29 can be
monitored experimentally to identify candidate autoantigens (i.e., the retinal S-antigen).

CRISPR-Cas9 gene editing

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-based techniques
provides an exciting array of tools for genome editing to study the function of DNA
sequences (i.e., including the function of SNPs) in cell systems*. The CRISPR-associated 9
(Cas9) nuclease, needed for inducing a double strand break, is derived from the adaptive
immune system of bacteria (e.g. Streptococcus pyogenes). This technique relies on the use
of a guide-RNA (gRNA), which consists of a complementary CRISPR-RNA (crRNA) that can
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bind the target genome*® and a second trans-activating crRNA (tracrRNA) that connects the
crRNA to the Cas9 nuclease and subsequently activates Cas9 mediated DNA cleavage®**8
(Figure 1.3). Cas9 binds at protospacer adjacent motifs (PAM) in DNA sequences and cleaves
the DNA three base pairs upstream of the PAM sequence “NGG” creating a double strand
break*#°. The human genome contains ~5% “GG” dinucleotide sequences®’, which provides
a very large number of regions to modify by CRISPR in a precisely targeted manner.

When Cas9 induces a double strand break on a target sequence the broken DNA ends are
joined together with no regard for homology, generating deletions or insertions that disrupt
the function of the sequence, a process known as non-homologous end joining (NHEJ)®.
NHEJ is useful to disrupt a coding region, for example to create a gene knockout. For a
more controlled repair the alternative homology directed repair (HDR) can be used, which is
based on the use of a DNA template containing the desired DNA sequence with homologous
flanking sequence®. By using a DNA template, a precise modification can be performed
without the indels (short for insertions/deletions) created during NHEJ. Double strand repair
via the HDR route is most efficient during the G2/S cell phase®2. Because HDR is usually
not very efficient, to generate a cell line with the desired genetic modification, single cell
culture, clone screening and validation of the sequence and monitoring of target protein/
gene expression is required.

Immunopeptidomics

To study the effect of antigenic peptide processing by ERAP2 on peptide presentation
by HLA-A*29, it is desirable to use a technology that captures the immunopeptidome of
HLA-A*29. In immunopeptidomics, peptides presented by MHC-I molecules are analyzed
using mass spectrometry (MS)*3. The above-mentioned patient-derived cell lines would be a
useful tool to determine the effect of ERAP2 on the immunopeptidome of HLA-A*29.

GENERAL INTRODUCTION 17
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Figure 1.3: Overview of commonly used CRISPR/Cas9 based gene editing approaches. CRISPR/Cas9 mediated DNA
modification results in a double stranded break as gRNA bound to the Cas9 nuclease is guided towards the genomic
area of interest. The double stranded break can be repaired by non-homologous end joining (NHEJ) or homology
directed repair (HDR). The HDR repair mechanism is relatively precise, whereas NHEJ is more error-prone. This
makes the HDR repair mechanism a more desirable option for SNP modification.

When combined with CRISPR-Cas9 mediated knockout to permanently silence ERAP2, we
can determine the influence of ERAP2 on the presented immunopeptidome. In principle, in
immunopeptidomics, HLA (-A*29) bound peptides are obtained by immunoprecipitation of
HLA-(A*29) molecules (Figure 1.4), followed by elution of the peptides and measurement
of their sequence by mass spectrometry. It is possible to simultaneously measure peptides
from multiple cell conditions (ERAP2-wildtype versus knockout) by MS using non-radioactive
isotopic labeling, such as Stable Isotope Labeling with Amino acids in Cell culture (SILAC)3.
This makes comparing HLA-A*29 peptide abundances between conditions more accurate.
In order to determine if peptides presented by MHC-I are recognized by antigen-specific T
cells, MHC Dextramer® technology is commonly used®*. This technology uses recombinant
MHC-I molecules complexed with recombinant peptides of interest and labeled with
fluorochromes. By using flow cytometry, antigen-specific CD8* T cells can be detected in
patient samples (for example, peripheral blood), because fluorescence in T cells indicates
the presence of binding to a MHC-I peptides complex.
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followed by peptide elution. With LC-MS/MS peptide sequences are determined.

m/z

Aims and outline of this thesis

Inthis thesis, we aim to better understand how the genetic predisposition of ERAPs and MHC-I
contributes to autoimmunity. Using BU as a prototypic MHC-I associated autoimmunity
model, we examine in Chapter 2 how ERAP2 influences the composition of HLA-A*29-
presented peptides in patient-derived cell lines. Further, we demonstrate how the amino
acid structure of HLA-A*29 affects peptide binding capacity and discuss how ERAP1 and
ERAP2 contribute to the immunopeptidome of HLA-A*29 in Chapter 3. Furthermore, we
examined in Chapter 4 whether HLA-A*29 can present peptides derived from the candidate
autoantigen Retinal S-antigen and assess whether CD8+ T cells of patients recognize these
peptides as immunogenic epitopes. Through CRISPR-mediated gene editing, conformational
capture assays, and conditional analysis of ERAP2 eQTL datasets, we uncover how multiple
SNPs work in concert to regulate ERAP2 expression in Chapter 5.
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Abstract

Birdshot Uveitis (BU) is a blinding inflammatory eye condition that only affects HLA-A29-
positive individuals. Genetic association studies linked ERAP2 with BU, an aminopeptidase
which trims peptides before their presentation by HLA class | at the cell surface, which
suggests that ERAP2-dependent peptide presentation by HLA-A29 drives the pathogenesis
of BU. However, it remains poorly understood whether the effects of ERAP2 on the HLA-A29
peptidome are distinct from its effect on other HLA allotypes. To address this, we focused
on the effects of ERAP2 on the immunopeptidome in patient-derived antigen presenting
cells. Using complementary HLA-A29-based and pan-class | immunopurifications, isotope-
labelled naturally processed and presented HLA-bound peptides were sequenced by mass
spectrometry. We show that the effects of ERAP2 on the N-terminus of ligands of HLA-A29
are shared across endogenous HLA allotypes, but discover and replicate that one peptide
motif generated in the presence of ERAP2 is specifically bound by HLA-A29. This motif can be
found in the amino acid sequence of putative autoantigens. We further show evidence for
internal sequence specificity for ERAP2 imprinted in the immunopeptidome. These results
reveal that ERAP2 can generate an HLA-A29-specific antigen repertoire, which supports that
antigen presentation is a key disease pathway in BU.




Introduction

Birdshot uveitis (BU) is a rare form of uveitis characterized by distinctive inflammatory foci
across the retina, hypopigmented choroidal lesions, and cystoid macular edema, which
causes visual impairment when undertreated®?. Infiltration of T cells and elevated levels of T
cell cytokines in eye tissues of patients suggest that T cell-mediated inflammation is among
the driving disease mechanisms®®. This is further supported by the fact that all patients
with BU carry at least one copy of the Human leukocyte antigen (HLA)-A*29 allele, now
widely considered as a prerequisite for diagnosis’®. How HLA-A29 contributes to BU has
remained unsolved, however, genetic association studies identified that in addition to the
extreme association with the HLA-A*29:02 allele, polymorphisms in endoplasmic reticulum
aminopeptidase (ERAP)-1 and ERAP2 confer strong disease risk®°. Within the endoplasmic
reticulum, ERAP aminopeptidases destroy or trim peptides to a length that is considered to
influence their binding to HLA class | and presentation at the cell surface!!. Importantly, of the
two major haplotypes of ERAP2, the haplotype associated with canonical full-length ERAP2
(termed Haplotype A) is associated with BU®. The other common haplotype (haplotype B)
encodes a transcript that undergoes alternative splicing and nonsense-mediated RNA decay,
resulting in undetectable ERAP2 protein'?. Because the risk haplotypes of ERAP genes for BU
have been shown to result in lower cellular expression and activity of ERAP1 in combination
with high cellular expression of functional ERAP2, it is likely that ERAP2 generates a so far
unknown, but highly HLA-A29-restricted antigen repertoire that dictates T cell- or NK cell
responses. This renders antigen processing and presentation a key disease pathway in BU®.
ERAPs can trim the N-terminal residues of peptide substrates by sequestering the entire
substrate inside the enzyme’s cavity where the sum of interactions of amino acid side chains
are considered to determine the rate and outcome of peptide proteolysis!*!*. Both ERAP1
and ERAP2 have been shown to have preferences for the internal sequence of the peptide,
although these preferences are broad and no specific motif has been identified**¢. ERAP1
has been shown to trim peptides in solution by sequestering them in an internal cavity
before trimming.* However, a number of studies have also shown that ERAPs can also
trim peptide while they are bound onto MHC-I*""%1, These and other observations* support
that ERAPs modulate both HLA-bound and a significant fraction of the ‘free’ peptide cargo
before binding to HLA, which suggests that physiologically-relevant sequence specificities
for ERAP2 may be deciphered from the presented peptide repertoire.

Mass-spectrometry based peptidomic studies of model high-passage cell lines have revealed
that ERAPs can influence the peptide repertoire presented by HLA-A29%2% However, to
date, no studies have been conducted that studied the interaction of the major genetic risk
haplotypes for ERAP1, ERAP2, and HLA-A*29:02 simultaneously in patient-derived tissues
and compared the effects of ERAP2 on HLA-A29 to the other competing alleles expressed by
the same cell. Knowing the potential effects of ERAP2 across HLA class | alleles isimportant to
be able to separate potential disease effects from canonical antigen processing in studies of
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the immunopeptidome and may help predict the outcome of pharmacological interference
of ERAP2 activity using small molecule inhibitors?.

We generated patient-derived lymphoblastoid cells that naturally express high levels of HLA
and ERAPs, in which we stably expressed an autoantigen for BU (i.e. the retinal S-antigen,
which is only expressed in the retina) to study if can present autoantigen fragments via
HLA-A29. An advantage of using lymphoblastoid cells is that they express high levels of the
immunoproteasome (e.g., LMP7 subunit)?®, which is also highly expressed in photoreceptors
of the retina where the immunoproteasome is essential for the maintenance of normal
retinal function and vision transduction?. The use of newly established low-passage patient-
derived antigen presenting cell lines better preserves the genetic architecture critically
involved with BU in the context of physiologically relevant antigen processing.

In this study, we compared the immunopeptidomes of ERAP2-wild-type and ERAP2-
deficient cells using mass spectrometry profiling of elutions from immunopurification with
an HLA-A29-binding antibody and subsequent pan-class | antibody. Using several unbiased
computational analyses, we accurately dissect the immunopeptidomes of HLA-A29
and other allotypes, which revealed commonly shared effects on position (P)1 and P7
of peptides across alleles, and hitherto unknown, specific effects on P2 in the HLA-A29
immunopeptidome with potential implications for the disease mechanisms of BU.

Materials & Methods

Generation of patient-derived EBV-immortalized B cell lines

EBV-immortalized lymphoblastoid cell lines (EBV-LCL) were generated from peripheral blood
mononuclear cells (PBMC) from Birdshot patients, from which we selected a cell-line from a
female patient (80 years old during sampling) homozygous for the risk haplotypes for ERAP1
(Hap10/Hap10) and ERAP2 (HapA/HapA)*°. B95-8 marmoset-derived EBV supernatant was
a kind gift from Dr. Willemijn Janssen, Center for Translational Immunology, UMC Utrecht.
Cryopreserved PBMC were thawed and the cell number was determined. In a 24-well plate,
5-10° cells were plated and cultured in freshly thawed EBV supernatant overnight at 37°C,
5% CO,. The next day, transformation-medium (RPMI 1640 + 10% FBS + 1ug/ml cyclosporine)
was added into the wells. The EBV-infected cells were observed under the microscope to
look for transformed LCLs in clusters. Patient-derived cell lines were cultured in Roswell
Park Memorial Institute 1640 medium (RPMI 1640, Thermo Fisher Scientific) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Biowest Riverside) and 1% penicillin/
streptomycin (Thermo Fisher Scientific). To obtain stable cell lines overexpressing S-antigen,
EBV-LCLs were transduced with the concentrated lentiviral supernatants (see Supplemental
Methods and Info).
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ERAP2 KO using CRISPR-Cas9

For the generation of ERAP2 KO EBV-LCLs the Alt-R CRISPR-Cas9 system (Integrated DNA
Technologies) was used and cells were electroporated with the Neon Transfection System
(Thermo Fisher Scientific). First, the RNP complex was assembled by combining the crRNA
CTAATGGGGAACGATTTCCT with the Alt-R tracrRNA (at a ratio of 1:1) and incubated at 95°C
for 5 min, cooled down at room temperature and mixed with the Alt-R S.p Cas9 Nuclease
and Buffer R (Neon system). After incubating the RNP complex for 10 minutes at room
temperature, 8x10°> EBV-LCLs were mixed with the crRNA:tracrRNA-Cas9 complex and
electroporated with two pulses of 1100 V and 30 ms each using the 10 ul Neon pipette tip.
Electroporated cells were immediately taken up in antibiotic-free medium and cultured for
minimal 7 days. This procedure was repeated for 3 times before ERAP2 protein expression
levels were analyzed by western blot. A total of 5 rounds was required to reduce to levels of
ERAP2 expression to near undetectable levels (Figure 2.1B).

Cell Culture and HLA-Peptide Immunopurification

For stable isotope labeling by amino acids in cell culture (SILAC), EBV-LCLs were cultured
in customized RPMI with the same formula but lacking the two amino acids tyrosine and
phenylalanine (Thermo Fisher Scientific) and with dialyzed FBS (Thermo Fisher Scientific) in
order to avoid unlabeled (i.e., ‘light’) amino acid carry-over. The medium was supplemented
with L-Tyrosine-**C_,*N (Sigma Aldrich) and L-Phenylalanine-**C,,"*N (Cortecnet). Wildtype
EBV-LCLs were cultured with the customized medium (‘heavy’ labeled) and ERAP2-KO EBV-
LCLs were cultured in RPMI with 10% non-dialyzed FBS (‘light’, without the labeled amino
acids). Two independent experimental cultures were performed; Biological replicates were
defined as two separate experiments starting from the CRISPR-Cas9-mediated ERAP2-KO
(i.e., independent SILAC-cultures, immunopurification, elution and mass spectrometry
profiling). In each experiment, cells from each condition were cultured to obtain 1x10°
cells in total per cell line. Cell pellets were stored at -20°C before mass spectrometry was
performed. HLA class | molecules were isolated using standard immunoaffinity purification
(IP) as described before?® from a fixed sample volume of 2.0 ml cell pellet per condition
and biological replicate. IP was done using the human monoclonal antibody (mAb) DK1G8
(1gG1)* derived from a HLA-A29-negative multiparous woman sensitized to HLA-A29 due
to pregnancy, which specifically binds to 63-L-63-Q epitope in HLA-A*29:01 and A*29:02
and the very rare allele A*43:01, in a single antigen bead test. (https://www.epregistry.
com.br/index/databases/ database/ABC/), and a pan-HLA class I-specific mAb W6/32. Cell
pellets from light and heavy labeled cell lines (ERAP2-WT and ERAP2-KO conditions) were
combined and stored at -80 °C until mass spectrometry analysis.
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HLA-A29-binding and W6/32 antibodies.

The hybridoma cell line producing HLA-A29-binding mAb DK1G8 was cultured in protein-free
hybridoma medium supplemented with penicillin/streptomycin and L-glutamine in roller
bottles. Cell culture supernatant was treated with Protein-A Sepharose beads to capture the
mAb and eluted with glycine pH 2.5. Eluted mAb was covalently bound to Protein-A with
dimethyl pimelimidate for use in an immunoaffinity column (HLA-A29-Protein-A, W6/32-
Protein-A Sepharose at 2.5 mg/ml). The columns were stored in PBS pH 8.0 and 0.02% NaN3
at 4 °C. HLA-bound peptides were extracted as described previously?.

Isolation of HLA Class I-presented Peptides

The extraction of peptides associated with HLA class | molecules was performed as
described elsewhere®. Briefly, pellets from a total of 2 x 10° LCLs were lysed for 2 hours at
4 °C in 50 mm Tris-HCI, 150 mm NaCl, 5 mm EDTA, and 0.5% Zwittergent 3-12 (N-dodecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate) (pH 8.0) and the presence of Complete®
protease inhibitor (Roche). The preparation was centrifuged for 10 min at 2500 rpm and
4 °C and supernatant was transferred to a new tube and centrifuged for 40 min at 30,000
x g and 4 °C. The supernatant was pre-cleared with a 2-ml CL4B column and subjected to
the immunoaffinity column (2ml with 5 mg ml). After washing, bound HLA class I-peptide
complexes were eluted from the column and dissociated with 10% acetic acid. Peptides
were separated from the HLA class | molecules via passage through a 10 kDa membrane
(Microcon YM-10). The filtrate was freeze dried, dissolved in 50mM NH4HCO3 pH 8.4 and
the peptides were further purified via ‘high pH reverse phase’ fractionation on a C18 column
(Oasis HLB, Waters, Milford, MA). The peptides were eluted from the C18 Oasis column with
successively 400 ul 10/90/0.1, 20/80/0.1 and 50/50/0.1 water/acetonitrile (ACN)/formic
acid (FA), v/v/v.

MS analysis

Peptides were lyophilized, dissolved in 95/3/0.1 v/v/v water/acetonitrile/formic acid and
subsequently analyzed by on-line C18 nanoHPLC MS/MS with a system consisting of an
Easy nLC 1200 gradient HPLC system (Thermo, Bremen, Germany), and a LUMOS mass
spectrometer (Thermo). Fractions were injected onto a homemade precolumn (100 pum x
15 mm; Reprosil-Pur C18-AQ 3 um, Dr. Maisch, Ammerbuch, Germany) and eluted via a
homemade analytical nano-HPLC column (30 cm x 50 um; Reprosil-Pur C18-AQ 3 um). The
gradient was run from 2% to 36% solvent B (20/80/0.1 water/acetonitrile/formic acid (FA)
v/v) in 120 min. The nano-HPLC column was drawn to a tip of ~5 um and acted as the
electrospray needle of the MS source. The LUMOS mass spectrometer was operated in data-
dependent MS/MS mode for a cycle time of 3 seconds, with a HCD collision energy at 32 V
and recording of the MS2 spectrum in the orbitrap. In the master scan (MS1) the resolution
was 60,000, the scan range 300-1400, at the standard AGC target @maximum fill time of
50 ms. Dynamic exclusion was after n=1 with an exclusion duration of 20s. Charge states
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1-3 were included. For MS2 precursors were isolated with the quadrupole with an isolation
width of 1.2 Da. Precursors of charge 1 were selected in the range of 800-1400, precursors
of charge 2 were selected in the range 400-800, and precursors of charge 3 were selected in
the range 300-600. The first mass was set to 110 Da. The MS2 scan resolution was 30,000 at
the standard AGC target of 50,000 @dynamic injection time.

In a post-analysis process, raw data were first converted to peak lists using Proteome
Discoverer version 2.1 (Thermo Electron), and then submitted to the Uniprot Homo
sapiens canonical database (67911 entries), using Mascot v. 2.2.07 (www.matrixscience.
com) for protein identification. Mascot searches were with 10 ppm and 0.02 Da deviation
for precursor and fragment mass, respectively, and no enzyme was specified. Methionine
oxidation was set as a variable modification.

Differential expression analysis

Peptide confidence False Discovery Rates (FDRs) were calculated with the Mascot Percolator®®
plug-in in Proteome Discoverer version 2.1 (Thermo Electron) and we used a strict target
FDR of 1% (g<0.01) to obtain peptides detected with high confidence. To retrieve labeled
peptides for downstream analysis, the high confidence peptides were further filtered
to remove peptides with flags “InconsistentlyLabeled”, “NoQuanValues”, “Redundant”,
“IndistinguishableChannels”. To detect significant changes in ligand abundance, we used
the empirical Bayes workflow for mass spectrometry data based on the limma3*and gvalue®
R packages following Kammers and associates® (see Supplemental Methods and Info). The
gvalue R package was used to provide an unbiased estimate of the false discovery rate (FDR).
Changes in peptide abundance between light and heavy conditions below a moderated
0<0.01 (i.e., 1% empirical FDR) was considered affected by ERAP2. After differential
expression analysis, peptides were assigned to HLA alleles using the HLAthena algorithm34, a
state-of-the-art neural-network prediction algorithm trained on mass-spectrometry derived
peptides from 95 mono-HLA expressing cell lines, which provides the binding score metric
‘MSi’ for each peptide and corresponding allele (range [0,1], MSi >0.6 was considered good,
MSi>0.8 was considered strong). We used the GibbsCluster 2.0 server®® to deconvolute the
detected 9-mers into a deconvolution solution of maximum three clusters (seeds=5, A=0.7,
0=5, t=3). We picked a three-cluster solution that best matched the canonical binding motifs
of the HLA-A alleles HLA-A*29:02 (PQ-Tyr/Y or Phe/F) and HLA-A*03:01 (PQ-Lys/K or Arg/R).
For comparison of the effects of ERAP2 and ERAP1 on the HLA-A29 immunopeptidome, we
used the 974 HLA-A29-presented peptides detected in both (identical peptide sequences)
datasets from Sanz-Bravo et al., 2018 (ERAP2, n=1140)% and Alvarez-Navarro et al., 2015
(ERAP1, n=5584)?* of which 917 showed normalized intensity values >0. In these studies, the
normalized intensity ratio [IR] of each peptide in two cell lines was used to infer the relative
abundance of each peptide in ERAP positive versus ERAP negative cell lines. The SWEIG cell
line has very low ERAP1 levels and was considered functionally ‘negative’ for ERAP1. We
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plotted the normalized intensity ratio for each peptide as reported in the supplemental data
from each study in Figure 2.3I.

Non-metric multidimensional scaling of peptides

Non-metric multidimensional scaling of 9-mers using entropy-weighted (MolecularEntropy()
function from HDMD R package®® peptide distances in two-dimensional space was conducted
following the method of Sarkizova and associates®**. This method uses a Hamming
distance calculated with an amino acid substitution matrix (adapted from Kim et al.?8) that
is inversely weighted according to positional entropy to obtain the pairwise “distance”
between 9-mers. To map the peptide distances in two dimensions, for each analyzed HLA
allele, non-metric multidimensional scaling (NMDS) was used with 10 separate ordinations
of 500 iterations using the nmds() function from the ecodist R package®. The configuration
with the least stress was used for visualization of the peptidome. We next used density-
based spatial clustering of applications with noise (DBSCAN)* within the fpc R package* to
cluster peptides using the elbow method (KNNdisplot function() in dbscan R package® to
estimate the number of clusters that fit the data. Sequence logo plots were generated using
the ggseglogo R package*?. The positional amino acid usage differences were calculated by
determining the count for each amino acid at indicated positions (e.g., P1, P2) in the peptides
using the MolecularEntropy() function from the HDMD R package and a fisher exact test
was used (fisher.test () function in r base) to assess the differences at indicated positions.
A chi-squared test (chisg.test() in r base) was used to assess for differences in the number
of ERAP2 affected peptides per cluster. All P values were adjusted (termed Padj) using the
Bonferroni method as indicated. A grand average of hydropathicity (GRAVY) hydrophobicity
index on the Kyte-Doolittle scale for each peptide was calculated with the hydrophobicity()
function in Peptides R package®. Differences in binding scores and hydrophobicity index
were assessed using the dunnTest() function in the FSA R package®.

Western Blot analysis

Protein levels of S-antigen, ERAP1 and ERAP2 were analyzed using western blotting. Total
cell lysates were prepared using the NP40 lysis buffer (1% NP40, 135 mM NaCl, 5 mM EDTA,
20 mM Tris-HCI, pH=7.4) complemented with complete protease inhibitor cocktail (Roche).
Protein lysates (10 ul/lane) were separated on a 4-20% Mini-PROTEAN TGX gel (Bio-Rad
Laboratories) and transferred to a polyvinylidene difluoride membrane (Immobilon-P PVDF,
Millipore). Membranes were blocked in 5% nonfat dry milk in TBST and probed overnight
at 4°C with antibodies recognizing ERAP1 (AF2334, R&D Systems), ERAP2 (AF3830, R&D
Systems), S-antigen (a-mGFP, TA180076, Origene, to detect the fusion protein S-antigen-
GFP) or a-tubulin (T6199, Sigma). After washing, membranes were incubated with anti-
mouse secondary antibody conjugated to horseradish peroxidase (HRP) (DAKO) or anti-goat
secondary antibody conjugated to HRP (DAKO). Protein bands were detected with Amersham
Prima Western Blotting (RPN22361, GE Healthcare) on the ChemiDoc Gel Imaging System
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(Bio-Rad Laboratories). The ratio of the intensity was calculated using Image Lab 5.1 (Bio-
Rad Laboratories) for each experiment.

High-density SNP-array analysis

SNP-array copy number profiling and analysis of regions of homozygosity were performed
on DNA isolated from WT and CRISPR-Cas9 edited LCLs (ERAP2-KO) according to standard
procedures using the Infinium Human CytoSNP-850K v1.2 BeadChip (Illumina, San Diego, CA,
USA). Samples were scanned using the iScan system (lllumina). Subsequently, visualizations
of SNP-array results and data analysis were carried out using NxClinical software v5.1
(BioDiscovery, Los Angeles, CA, USA). Human genome build Feb. 2009 GRCh37/hg19 was
used.

Data availability.

Analysis code, genotype data, and supporting data files can be found at https://github.com/
jonaskuiper/ERAP2_HLA-A29_peptidome. Mass spectrometric raw data has been deposited
in the MassIVE depository (MassIVE dataset XXXXX) under the creative commons zero
license (CCO 1.0).

Results

Generation of a model for ERAP2-mediated antigen processing and presentation
We generated lymphoblastoid cells (LCLs) from a HLA-A*29:02-positive Birdshot patient
homozygous for risk haplotypes of ERAP1 (Hapl0/Hapl0) and ERAP2 (HapA/HapA)
(Figure 2.1A)>%° and the retinal S-antigen was stably expressed by lentiviral transduction
(see Supplemental Methods and Info). Genotyping of the patient revealed HLA-A*29:02,
HLA-A*03:01, HLA-B*40:01, HLA-B*44:03, HLA-C*16:01, and HLA-C*03:04 alleles. Because
the risk allotype of ERAP1 shows relatively low aminopeptidase activity’®, we focused
our analysis on the effects of ERAP2 on the immunopeptidome. We used CRISPR-Cas9
ribonucleoprotein delivery with a guide-RNA targeting exon 2 in ERAP2 (Figure 2.1A) to
disrupt protein expression of ERAP2 and generate an ERAP2-KO LCL, while preserving the
protein expression of ERAP1 (Figure 2.1B). SNP-array copy number profiling and analysis
of regions of homozygosity were performed using the Infinium Human CytoSNP-850K
capable of detecting genomic gains and losses with an approximate resolution of ~10 kb
by profiling 850,000 single nucleotide polymorphism (SNP) markers spanning the entire
genome. SNP-array analysis resulted in a normal female array profile (arr(1-22,X)x2) for both
cell conditions (Supplemental Figure 2.1), and detected no changes between the WT and
ERAP2-KO clones, including the ERAP region 5g15 (Supplemental Figure 2.2). This confirms
that our editing strategy did not introduce wide spread genomic changes and thus that the
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conditions are highly suitable for comparison. Genotype date for 92 SNPs at 515 for these
cell lines is shown in Supplemental Table 2.1.

Next, we used stable isotope labeling by amino acids in cell culture (SILAC) to incorporate
“heavy” L-Tyrosine-**C,,*N (Tyr/Y) and L-Phenylalanine-**C,,"*N (Phe/F) in the ‘wild type’
(WT) LCLs and compare these to unlabeled (“light”) culture conditions for the ERAP2-KO LCL
cells (Figure 2.1C, 2.1D). The amino acids Y/F are observed in 95% of previously identified
HLA-A29 ligands (Figure 2.2A), but are also found in the majority of peptides presented by
the other HLA allotypes - with exception of HLA-B40:01.
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Figure 2.1: Study design and sample preparation. (a) Design of the patient-derived model for antigen processing
by ERAP2. (b) Western blot analysis of the protein expression of ERAP1, ERAP2, and Tubulin as a control in the
HLA-A*29:02-positive Birdshot uveitis model cell lines in ERAP2-wild type cells (WT) and cells after CRISPR-Cas9
mediated knock-out (KO) of ERAP2. The relative amount of protein (in microgram) used for each lane is indicated.
M; marker. (c) Overview of cultured SILAC labeled WT LCLs and unlabeled ERAP2 KO LCLs followed by combining
the differentially labeled conditions for lysis and immunoprecipitation of HLA-A29 and, subsequently other HLA
class | molecules, respectively. HLA-bound peptides were eluted, followed by LC/MS analysis. All steps in (c) were
conducted in two separate experiments to generate biological replicates. (d) Schematic overview of filtering steps
of the identified peptides in this study. All peptides identified in both biological replicates with high confidence
were filtered for limma analysis (see methods). After differential expression analysis, 8-11 mers were used to
deconvolute and assign peptides to HLA alleles using HLAthena. The venn diagrams indicate the overlap from data
sets and subsetting for subsequent analysis.
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Capture of a high-quality HLA-A29 peptidome

Using the HLA-A29-binding antibody, a total of 2315 unique peptides were identified with
high confidence (Mascot Percolator g<0.01) between biological replicates (Jaccard similarity
= 0.64) (Figure 2.1D) that were used for further analysis. These were predominantly 9-11
mers (88%), which fits the length distribution* of HLA-A29 ligands (Figure 2.2B). The HLA-
A29-binding antibody may weakly cross-react with other HLA-A allotypes (see Methods).
This is of relevance given that HLA-A*29 alleles are low expressed HLA-A alleles*® compared
to high expressed HLA-A*03 alleles. We used GibbsCluster 2.0 for unbiased clustering of the
peptides, which found a deconvoluted solution that consisted of three clusters; two motifs
fitting the canonical HLA-A29:02 binding motif (C-terminal position Y or PQ-Y) and one
cluster highly similar to the dominant HLA-A03:01 motif (PQ Lysine (K) or Arginine (R) (Figure
2.2C) and shows that the HLA-A29 antibody cross-reacts with HLA-A03:01. Indeed, when we
used the HLAthena algorithm?, ligands in cluster 1 and 2 were predominantly assigned to
HLA-A29:02 (84% and 86%, respectively), and 93% of ligands in cluster 3 were assigned to
HLA-A03:01 (Figure 2.2D). However, because 66% and 20% of peptides in clusters 1 and 2
assigned to other endogenous HLA alleles also showed high binding scores for HLA-A29:02
(Figure 2.2E), we later choose to filter the dataset using bindings scores for HLA-A29:02
(Figure 2.2G).

Because we were interested in determining significant changes in peptide abundance
associated with ERAP2, we first jointly analyzed the relative abundance (fold change) of
light (KO) over heavy (WT) labeled peptides from both experiments using limma*. A total of
1,896 peptides (Figure 2.2F) were detected in both light and heavy channels and used for
analysis. Analysis of peptides unique to one of the conditions is shown in the Supplemental
Info. Note that the log fold changes of pooled normalized peptides abundances from light
and heavy channels by limma strongly correlate (spearman r = 0.95) with the light/heavy
ratio abundance of each experiment (Figure 2.2F), thus the normalization steps preserve
the data structure, while improving the power to detect significant changes®*. From the
1,330 8- to 11-mers HLA-A29 epitopes (MSi>0.6 by HLAthena) (Figure 2.2G), 1,195/1,330
(89%) of the peptides in our HLA-A29 dataset have been reported as ligands for HLA-A29
of which 78% detected in mono-allelic or homozygous HLA-A29-expressing cell systems?*34,
supporting the notion that the approach taken yields an accurate representation of the
peptide-presenting properties of HLA-A29:02.

ERAP2 shapes P1 of HLA-A29 ligands.

At a false discovery rate of 1%, in ERAP2-WT compared to ERAP2-KO cells, a total of 226
peptides were detected at decreased abundance in the binding groove of HLA-A29 (termed
ERAP2-“sensitive” peptides), and 228 peptides were increased in abundance (termed
ERAP2-“dependent” peptides) (Figure 2.2H, Supplemental Table 2.2). We detected the
9-mer VTLTCAFRY from retinal S-antigen, which was ~6-fold higher (Log,[FC] = 2.45) in
ERAP2-KO cells compared to ERAP2-WT cells, indicating ERAP2 destroys this epitope (Figure
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2.2H, Supplemental Table 2.2). We observed moderate changes in the length distribution
(Figure 2.21, Supplemental Figure 2.3) or predicted binding affinities of peptides affected by
ERAP2 (Kruskal-Wallis P = 0.06) (Figure 2.2J).
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Figure 2.2: ERAP2 shapes the HLA-A29 peptidome. (a) The percentage of peptides that contain Phenylalanine and/
or Tyrosine in peptidomic studies of monoallelic cell lines by Sarkizova and associates®. (b) The length distribution
of the 2315 peptides detected in both biological replicates. (c) GibbsCluster 2.0 results for unbiased clustering of the
9-mers (n=1471 unique peptides) eluted with the HLA-A29-binding monoclonal antibody. The motifs correspond
with the HLA-A genotype (HLA-A*29:02/HLA-A*03:01) of the sample. Cluster 1 and 2 match the binding motif
of HLA-A29:02, and Cluster 3 matches the binding motif of HLA-A03:01. (d) Pie diagrams (percentages) of best
assigned alleles for the peptides in the clusters identified in (c). The alleles which correspond to the best score for
each peptide (‘Best Allele’ output from HLAthena) was used to obtain the percentages of peptides assigned to each
of the six HLA-A, -B, and -C alleles. (e) The binding scores for HLA-A29:02 for peptides from the clusters identified
in C assigned to the other alleles. (f) Strong correlation between the raw peptide abundance data (n=1896) and
normalized data by imma used in the differential expression analysis. (g) The 1768 8-11 mers before (left plot) and
after (right plot) filtering out the 1330 HLA-A29-binding peptides. (h) Volcano plot of the differentially expressed
8-11 mers. In red are peptides that are increased in expression in the presence of ERAP2, while peptides indicated
in blue are decreased. The identified peptide VTLTCAFRY from the retinal S-antigen is indicated. (i) The length
distribution and (j) binding scores for HLA-A29 of the peptide groups identified in (h). (k) Sequence logos generated
using a non-redundant list of 9-mers and 10-mers (11-mers see Supplemental Figure 2.4).
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In contrast, comparison of the peptide motifs revealed evident and consistent changes at
the N-terminal amino acid positions for ERAP2-sensitive 9-11 mer peptides compared to
peptides not affected by ERAP2 (Figure 2.2K, Supplemental Figure 2.4), which aligns with the
current view that ERAP2 trims the N-terminal amino acids of peptide substrates®:. In detail,
P1 of 9-mers revealed a contrasting residue preference for ERAP2-sensitive and ERAP2-
dependent peptides (Figure 2.3A); Alanine(A), K, and R amino acids were seen significantly
more often, while amino acids Y and F were seen significantly less often in sensitive peptides
compared to non-affected peptides (Fisher’s Exact test, Padj <0.05, Supplemental Table 2.3).
In contrast, the most common P1 residues for dependent and non-affected peptides were Y
and F (Y/F at P1; 45% and 30%, respectively) with F statistically more abundant at P1 and P2
in dependent peptides (Figure 2.3A, Supplemental Tables 2.3, 2.4). Intriguingly, we detected
no significant effects of ERAP2 at the N-terminal residue of the precursor peptide (position
P-1) (Supplemental Figure 2.5). Together these data show that ERAP2 has a selective effect
on P1 of the HLA-A29 immunopeptidome in part by driving the depletion of peptides with
preferred P1 substrates (e.g., A, K, R)*” of ERAP2. This finding is consistent with previous
reports that ERAP2 has primarily a destructive role by over-trimming susceptible peptide
sequences and thus removing them from the immune-peptidome®’.

ERAP2 increases the abundance of peptides with a cryptic aromatic P2 motif

ERAP2 trims peptides by sequestering them into the relatively large internal enzyme cavity??,
where peptide side chains across the amino acid sequence can interact with pockets inside
the cavity of ERAP234, To evaluate if sequence-specific selectivity'® by ERAP2 could be
interpreted from the HLA-A29 peptidome, we conducted non-metric multidimensional
scaling (NMDS) of all 9-mers®. This analysis projects peptides in two-dimensional space
based on the similarity of the amino acid sequences (Figure 2.3B). Considering peptides
with significant changes between ERAP2-WT and -KO conditions revealed distinct patterns
for co-clustered (“similar”) peptides, with ERAP2-sensitive peptides located ‘away’ from
ERAP2-dependent peptides (Figure 2.3C). To quantify these differences, we compared the
amount of ERAP2-sensitive (Figure 2.3B in blue, n=155) versus ERAP2-dependent peptides
(in red, n=164) across five clusters of peptides or ‘submotifs’®’. This analysis revealed that
ERAP2-sensitive peptides were overrepresented in cluster 3 (X2, Bonferroni n=clusters, Padj
= 0.046) and ERAP2-dependent peptides overrepresented in cluster 2 (Padj = 5.1 x 10°%)
(Figure 2.3D). Cluster 2 (n=172 in total) was defined by nonpolar aromatic residues F (Padj =
1.0x10%), orY (Padj= 2.1 x 10%?) at P2 (F/Y in 97% of peptides in cluster 2 compared to 13%
of peptides in all other clusters). ERAP2-dependent peptides (n=53) made up a considerable
proportion of cluster 2 (unaffected peptides; n=106). Peptides in cluster 3 (n=356) were
distinguished by a L at P7 (99% of peptides in cluster 3 compared to 3% in other clusters, Padj
= 2.0 x 102%°)(Figure 2.3C, Supplemental Table 2.5). Peptides in cluster 3 showed an overall
higher binding score for HLA-A29:02 and higher hydrophobicity index compared to cluster 2
(Figure 2.3E). Note that submotifs cluster 2 and cluster 3 are bona fide submotifs of HLA-A29
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that are highly reproducible in other datasets (cluster 1 and 4 in Figure 2.3F and Figure
2.3G and cluster 1 and 3 in Supplemental Figure 2.6). We further replicated our findings
in HLA-A29 immunopeptidome data from Sanz-Bravo et al.?* of ERAP2-competent and
naturally ERAP2-deficient HLA-A29-positive cell lines (Figure 2.3H) and, thus, demonstrate
that ERAP2- positive cell lines commonly display selectively increased peptides with the
motif of cluster 2.

In contrast, ERAP1 did not selectively contribute to cluster 2 peptides (Supplemental Figure
2.6). Also, the effect of ERAP1 and ERAP2 on HLA-A29 peptides correlated weakly (spearman
rho=0.12, Figure 2.3l), suggesting non-redundant effects for ERAP1 and 2 on the HLA-A29
peptidome. Although the analysis for 10-mers (n=235) in our dataset was considered to lack
sufficient resolution to map the effects of ERAP2 on the submotif level, most of the ERAP2-
dependent 10-mers also mapped to a submotif of HLA-A29 with F at P2 (Supplemental
Figure 2.7). In summary, ERAP2 selectively increases the expression of HLA-A29-binding
peptides with a submotif with aromatic residues at P2.

ERAP2-dependent peptides of cluster 2 are selective for HLA-A29

HLA class | peptides display promiscuity*® and it is therefore of interest that HLA-A03:01
can present peptides with a Y at PQ (similar to HLA-A29) only with L at P7 is present®. As
expected, peptides from cluster 3 (Figure 2.3C) were also predicted as potential binders
for HLA-A03:01, while cluster 2 peptides (Figure 2.3C) were not (Supplemental Figure
2.8). To further test the HLA allotype restriction, we compared the binding scores for the
differentially expressed peptides in cluster 2 and 3 for eight alleles which display binding
motifs that overlap with HLA-A29:02 (based on Sarkizova et al.**). As shown in Figure 2.3)J,
ERAP2-sensitive peptides in cluster 3 show relatively good (MSi>0.8) binding scores for
several other alleles (e.g., HLA-A30:02). Note that the S-antigen peptide VTLTCAFRY (in
cluster 1, Figure 2.3B) also shows good binding scores for other alleles (e.g., HLA-A30:02 MSi
=0.86). In contrast, ERAP2-dependent peptides from cluster 2 are predicted to poorly bind
the other class | alleles with an overall similar binding motif (median MSi<0.6) (Figure 2.3J),
indicating that this cluster is highly specific for HLA-A29:02. We extended this analysis to 95
alleles, which supported that the ERAP2-dependent peptides in cluster 2 are highly specific
for HLA-A29 (Supplemental Figure 2.9), with the exception of HLA-C*14:03 (>100 times
lower allele frequency compared to HLA-A*29:02 in European populations) (Supplemental
Table 2.6). The motif of cluster 2 peptides is present in the amino acid sequences of
proteins encoded by ~300 genes highly expressed in the retina (Supplemental Table 2.7),
of which putative HLA-A29-restricted peptides (MSi>0.9 for HLA-A29 and MSi<0.6 for 94
other alleles) were found in key factors in melanocyte biology (ARMC9, OCA2, SLC45A2,
PLXNC1) (Supplemental Table 2.8). This is of significance, because progressive loss of ocular
melanocytes is a hallmark feature of BU*>®%¢57 We conclude that these data support that
ERAP2 may apply selective pressure on the repertoire of HLA-A29.
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Figure 2.3: ERAP2 increases the abundance of a peptide-motif that is highly selective for HLA-A29. (a) Comparison
of amino acid proportion at P1 and P2 of 9-mers (% for each group) between peptides that decrease in abundance
(‘sensitive’ peptides, significant changes indicated by the blue asterix), peptides that increase in abundance
(‘dependent’ peptides, significant changes indicated with the red asterix), compared to peptides not affected in
ERAP2-WT cells (in grey). Statistics from the fisher tests are indicated in Supplemental Table 2.3, 2.4. (b) Non-
metric multidimensional scaling (NMDS) of 948 9-mers from HLA-A29:02. Peptide distance was defined on the
basis of sequence similarity. Each circle represents a unique peptide and is color-coded according to the effect of
ERAP2; grey: not affected, blue: Peptides decreased (‘sensitive’) in abundance and in red peptides that increased
(‘dependent’) in abundance in the ERAP2-WT condition compared to the ERAP2-KO condition. The peptide
VTLTCAFRY from the retinal S-antigen is indicated. (c) NMDS plot of HLA-A29:02 with 9-mer peptides color-coded
according to the clustering by DBSCAN. Sequence logos and two probability plots representing these clusters are
shown. (d) Comparison of the number of ERAP2-sensitive and -dependent peptides in cluster. Padj = Bonferroni
corrected (5 clusters) P values from X?tests. (e) Binding scores (MSi metric from HLAthena) for HLA-A29:02 and
hydrophobicity index for each cluster. (f) NMDS of 895 shared 9mers from HLA-A29-positive cell lines GM19452
(ERAP2-positive) and GM19397 (ERAP2-deficient) from Sanz-Bravo and associates?. In this study, the normalized
intensity ratio (GM19452/GM19397) of each peptide in the two cell lines was used to infer the relative abundance
of each peptide, which we adapted to assign peptides as ERAP2-sensitive (IR < 0.67, n=171 peptides) or ERAP2-
dependent (IR > 1.5, 172 peptides). (g) Four clusters were estimated by DBSCAN. (h) Comparison of the number of
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ERAP2-sensitive and ERAP2-dependent peptides in each peptide cluster identified in g similar to d. (i) Correlation
plot of the effects of ERAP1 and ERAP2 on the HLA-A29 peptidome (see methods). The spearman’s correlation
(rho) is shown for 947 HLA-A29-eluted peptides detected in two studies. The black lines indicate the threshold of
the normalized intensity ratio >1.5 used in each of the studies. This analysis suggests very low correlation between
the effects of ERAP1 and ERAP2 on similar peptides presented by HLA-A29. (j) Predicted binding scores for ERAP2-
dependent peptides in cluster 2, and ERAP2-sensitive peptides in cluster 3 for HLA-A29:02 and 9 HLA alleles with
relatively similar binding motifs (based on Sarkizova et al.>*). *) indicates Bonferroni corrected P<0.05 from a Dunn’s
Test.

ERAP2 has similar effects on P1 across the HLA class | immunopeptidome

Next, we were interested to see how ERAP2 affects the global peptidome of the other class
| alleles. We use the flow-through of the HLA-A29-binding antibody immunopurifications to
capture HLA class | molecules (Figure 2.1D). After filtering, a total of 10,233 unique peptides
were identified between biological replicates (Jaccard similarity = 0.73) of which 6,678
8-11 mers were considered for differential expression analysis (Figure 2.1D)( Supplemental
Table 2.9). A total of 2,170 peptides were differentially expressed (Supplemental Table
2.9). Notwithstanding allele-specific differences, K, R, and A were seen more often at P1 of
ERAP2-sensitive peptides, while F and Y were typically underrepresented across the other
five alleles (Figure 2.4), Supplemental Tables 2.10-14). This was supported by a global
assessment of all 9-11-mers (Supplemental Figure 2.10). These results indicate that ERAP2
has globally similar effects on P1 across HLA allotypes and in line with the observation that
the P1 across HLA class | ligands is enrichment for residues A, K, and R¥’.

Internal sequence preferences of ERAP2 can be interpreted from the
immunopeptidome

We further conducted NMDS of the 9-mers for HLA-A03:01, HLA-B40:01, and HLA-B44:03
(Figures 2.5A, 2.5D, 2.5G and Supplemental Figure 2.11). The HLA-C peptidomes captured
were too sparse to provide sufficient resolution (Supplemental Figure 2.12). Investigation
of HLA-A03:01 was hampered by a relatively high level of submotifs, characteristic for this
allele®***, in comparison to the density of the peptide data (Figure 2.5B), possibly due to
loss of peptides by the initial immunopurification (Figure 2.1D). Regardless, ERAP2-sensitive
peptides were enriched in cluster 4 (X?, Padj= 9.5 x 103)(Figure 2.5C), but 37/92 (40%)
peptides of cluster 4 were also in the HLA-A29 peptidome (20 in cluster 3 of HLA-A29:02,
Figure 2.3C). Reanalysis of immunopeptidome data from mono-allelic cell lines** support
that HLA-A29:02 and HLA-A03:01 can each present peptides with the motif of cluster 4
(Supplemental Figure 2.13) and demonstrates that ERAP2 influences multiple alleles in part
by peptide promiscuity. Considering the other clusters, no evidence for effects of ERAP2
beyond P1 could be observed.
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Figure 2.5: NMDS plots showing 9-mer peptide clustering for individual HLA alleles. Non-metric multidimensional
scaling (NMDS) visualization of 9-mer peptides and ERAP2 affected peptides for HLA-A*03:01 (a,b,c), HLA-B*40:01
(d,e,f), and HLA-B*44:03 (g,h,i). Peptide distance was defined on the basis of sequence similarity. Each circle
represents a unique 9-mer peptide and is color-coded according to the effect of ERAP2; grey: not affected, blue:
ERAP2-sensitive peptides red: ERAP2-dependent peptides. The NMDS plot of clusters of peptides for each class |
allele peptide are color-coded according to the clustering by DBSCAN. Sequence logos representing these clusters
are indicated. * indicates significant changes of amino acid composition tested at P1, P2 and and/or P7 (Fisher’s
exact test corrected for 20 amino acid residues. Given the entropy-weighted clustering, anchor positions P2 and
P9 were not considered for testing. Clusters with significant differences in the count of ERAP2-sensitive and
-dependent peptides are highlighted with blue and red ellipses and correspond with the barplots in c,f, and i.
The predicted binding scores for each cluster is shown in Supplemental Figure 2.11. Padj = Bonferroni corrected
(n=clusters) P values from X?tests. All other comparisons were Padj>0.05.
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In contrast to HLA-A03:01, strong residue preferences at P2 and PQ of HLA-B40:01 resulted
in few submotifs (Figure 2.5D). The distribution of ERAP2-sensitive ‘away’ from dependent
peptides in two-dimensional space was reminiscent of the ‘pattern’ observed in the
projection of HLA-A29:02 peptides (Figure 2.5D). Submotif analysis revealed that cluster 1
and 4 were enriched for sensitive peptides and were distinguished by a preference for F or
Y at P3 (Figure 2.5E, 2.5F and Supplemental Table 2.15). Cluster 3 (enriched for dependent
peptides) was distinguished by a F/Y at P1 (Figure 2.5E), similar to the overall motif of
ERAP2-dependent peptides.

Finally, HLA-B44:03 submotifs enriched for sensitive peptides (cluster 3 and cluster 2)
(Figure 2.5G-I) showed a preference for F at P3, similar to HLA-B40:01 (Supplemental Table
2.15). These observations are consistent with recognition of P3 by a hydrophobic pocket
revealed by structural analysis of ERAP2 (Supplemental Figure 2.14). Note that cluster 4 was
enriched for dependent peptides (Figure 2.51) and enriched for E at P1 (Supplemental Table
2.15), a negatively charged amino acid that is resistant to trimming by ERAP2. In summary,
immunopeptidome data revealed internal peptide sequence preferences of ERAP2 that
shape the ligand repertoire in a HLA class I-specific manner.

Discussion

In this study, we showed that ERAP2 shapes the HLA-A29 peptidome predominantly by over-
trimming peptides carrying susceptible residues at their N-terminus while sparing others
carrying a sub-optimal residue at the N-terminal positions. We showed that in the presence
of ERAP2 preferred amino acids A, K, and R are underrepresented, while amino acids F
and Y are over-represented at P1, but that these effects on P1 are commonly shared with
other class | alleles. Strikingly, we identified that ERAP2 specifically increases the abundance
of peptides with a distinct submotif (cluster 2, Figure 2.3C) defined by nonpolar aromatic
residues F or Y at P2 that specifically binds to HLA-A29. Replication of these findings in non-
related HLA-A29-positive cell lines suggests that these effects of ERAP2 on HLA-A29 are
common. Indeed, in known crystal structures of ERAP2 with peptides, the P2 side-chain is
accommodated in a very shallow pocket that cannot easily accommodate large residues such
as Fand Y due to steric clashes with nearby enzyme residues?® thus making peptides carrying
large hydrophobic bulky residues at P2, poorer substrates (Supplemental Figure 2.14). Note
that we further showed that the effects of ERAP2 on this cluster of peptides is different from
ERAP1, which did not show selectivity for this submotif of HLA-A29 (Supplemental Figure
2.6). This fits with the observation that the pocket in ERAP1 that interacts with P2 provides
more space for bulky residues. In fact, using correlation as a metric of the effects of ERAP1
and ERAP2, we show that ERAP1 and ERAP2 show non-redundant effects on the HLA-A29
peptidome (Figure 2.31), which is in line with genetic studies that revealed that ERAP1 and
ERAP2 independently contribute to the disease risk for BU™,
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Although several studies have shown that ERAPs can trim peptides bound to MHC-I¥2,
structural studies support that ERAP2 can also trim the N-terminal residues from peptide
substrates by first sequestering the entire peptide sequence inside the enzyme’s cavity.
There, the peptide substrate interacts with amino acid side chains of the enzyme, which
are considered to influence the stability of the interaction and thus the trimming rates
of the peptides®4. The exact internal peptide sequence preferences for ERAP2 remain
poorly understood. In an attempt to map its relevance to antigen presentation, here we
considered the entire peptide sequence to capture the full effects of ERAP2 on the class |
immunopeptidomes, and identify functional submotifs which may be missed using traditional
single residue or motif analysis. We describe highly reproducible motifs of HLA-A29
and identified that peptides that are destroyed by ERAP2 (i.e., ‘sensitive’ to trimming)
showed a strong preference for Leucine at P7 and often are presented by multiple alleles
(promiscuity). Although we formally cannot exclude the contribution of residual HLA-A29
molecules in the analysis of HLA-A03:01, data from single-HLA cell lines supported overlap
in presented peptides with P7-L (Supplemental Figure 2.13). Based on the crystal structure
of ERAP2%, the sidechain P7 can be accommodated within a shallow hydrophobic pocket,
which suggests that hydrophobic residues like Leucine would be preferred (Supplemental
Figure 2.14).

Thus, structural analysis indicates that L at P7 is near-optimal for trimming by ERAP2, while
bulky residues at P2 (e.g., F) reduce trimming by ERAP2. Therefore, we hypothesize that
the increase in peptides with bulky residues at P2 in the presence of ERAP2 is a result of
the decreased availability of competing peptides with P7-L due to overtrimming by ERAP2.
Importantly, nonpolar aromatic residues F or Y at P3 were associated with peptides that
are destroyed in the HLA-B40:01 an HLA-B44:03 peptidome, which is consistent with
recognition of P3 by a hydrophobic pocket lined by two other aromatic residues (Tyr892 and
Tyr4d55) that can make favorable pi-stacking interactions with the peptide aromatic side-
chain (Supplemental Figure 2.14). F at P3 was also the most common residue considering all
9-11-mers detected by immunoprecipitation of HLA class | (Supplemental Figure 2.10). The
seemingly contrasting preference of F dependent on the position in the peptide substrate,
also suggests that predicting substrate specificity based on widely used fluorogenic
aminopeptidase substrates (e.g., R-AMC) or peptide series that vary only the N-terminal
residue may obscure the full breadth of substrate specificity for this amino peptidase. We
do emphasize that the binding motif of HLA-A29 (and other alleles investigated) can obscure
the detection of the full internal sequence preferences of ERAP2, but using the presented
peptides as a read-out provides the net effect of any internal sequence preferences on
antigen presentation.

We showed that the ERAP-sensitive peptides presented by HLA-A29:02 are promiscuous
based on their predicted binding scores for other class | alleles, and their detection in the
HLA-A29-negative fraction in mass spectrometry analysis. Since these peptides are also
characterized by P1 composition (e.g. A, K, R) that is shared with the other HLA allotypes
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investigated, it is tempting to speculate that HLA-A29 epitope destruction by ERAP2 is a
canonical phenomenon common to class | alleles. This is supported by the observation that
HLA class | ligands in general show a depletion for residues A, K, and R at P1 in ERAP2-positive
cell lines®, which are preferred substrates of ERAP2. High hydrophobicity of T-cell receptor
contact residues in presented peptides - in particular a hydrophobic P7 - is associated with
immunogenicity***°. Perhaps a canonical function of ERAP2 is to destroy epitopes to lower
the immunogenic index of peptide cargo presented. This is supported by observations in
cancer immunotherapy, where high ERAP2 expression (the risk haplotype for BU) is a strong
prognostic predictor of poor survival in patients receiving checkpoint inhibitor therapy to
induce T-cell mediated antitumor immunity®?. Of interest, the size of P1 of the presented
peptide modulates the configuration of position 167 in HLA-A*%, which was shown to
critically influence T cell recognition®. F or Y at P1 gives a similar configuration for position
167, which is different from the conformation mediated by K and R at P1 in one study®?,
which suggests that the effects of ERAP2 on P1 may influence T cell receptor recognition.

Given that HLA-A29 is prerequisite for the development of BU, we hypothesize that disease
mechanisms associated with antigen presentation are most likely driven by a limited set of
epitopes (Supplemental Table 2.8) because of promiscuity of peptides*®. ERAP2 destroyed
the only S-antigen peptide detected in the HLA-A29 peptidome, which considering high
ERAP2 expression is a risk factor for BU, suggests that HLA-A29-mediated presentation of
S-antigen fragments is less likely relevant during disease initiation. However, BU patients
show in vitro T cell proliferation towards S-antigen’. This makes it tempting to speculate that
the retinal S-antigen is more relevant in later stages of the disease via CD4* T cells responses
after the blood retina barrier has been breached. This is supported by the common immune
reactivity towards S-antigen in patients with clinically distinct phenotypes of uveitis and the
lack of response of patient-derived ocular CD8* T cells towards this S-antigen peptide?*. Based
on the submotifs of peptides (i.e. cluster 2, Figure 2.3C), we hypothesize that ‘uveitogenic’
HLA-A29-restricted peptides may more likely harbor a F or Y at P2. The importance of P2
is supported by the fact that fine mapping studies of the MHC linked BU risk to amino acid
positions 62-Leu and 63-GIn of HLA-A%, which are unique to HLA-A29 and directly interact
with P2 of the anchoring peptide. Although the HLA-C*14:03 allele also showed good binding
scores for the ERAP2-dependent peptides with F or Y at P2, HLA-C alleles are notoriously
low expressed>* and the allele frequency of HLA-C*14:03 is >100 times lower compared
to HLA-A*29:02. Also, the peptidomes of HLA-A29 and HLA-C14:03 are starkly different
(Jaccard similarity index 1% using peptidome data from Sarkizova and associates*) and
T cells recognizing the same peptide in a different HLA molecule may not show immune
reactivity. Although the overall binding motif of peptides bound to HLA-A29:02 is similar to
other alleles (HLA-A1 family members, such as HLA-AO1 and HLA-A:30:023*), our unbiased
submotif analysis had the resolution to discover functional differences not apparent when
considering the overall motif of HLA allotypes. The peptide motif of cluster 2 in particular
affected by ERAP2 and presented by HLA-A29 (Figure 2.3C) did not bind well to the other
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alleles (Figure 2.3J) and supports that HLA-A29 has unique features in antigen presentation,
and is in line with the fact that no other HLA alleles are genetically associated with BU°.
Note that ‘just’ P2-F and P2-Y (so without the C-terminal position Y) is not uncommon in the
immunopeptidomes of other HLA-A allotypes, such as HLA-A24. We previously showed that
peptides with the P2-F/Y+PQ-Y motif are infrequent on functionally similar HLA allotypes or
that these HLA allotypes display very low similarity in the immunopeptidome composition
with HLA-A29%. This supports that ERAP2 can influence the presentation of peptide that are
specific for HLA-A29

Regardless, we show that the amino acid sequence of retina-expressed genes contains
peptides with the motif of cluster 2, which supports that ERAP2-mediated HLA-A29-restricted
presentation of ocular epitopes could be a key disease mechanism for BU. We hypothesize
that ERAP2 facilitates higher expression of HLA-A29-specific peptides derived from proteins
related to melanocyte biology — specifically expressed in the ocular retina or choroid. Of
course, functional experiments of antigen presentation in the eye and tetramer-analysis of T
cell immunity to these putative epitopes is warranted. It is, however, of interest that among
the predicted epitopes we found peptides derived from key factors in melanocyte biology.
A hallmark feature of BU is the progressive loss of stromal melanocytes in the choroid
corresponding to the characteristic cream-colored birdshot fundus lesions*#*%%7, and BU has
been associated with melanoma®®8,

Previous HLA peptidomic studies of ERAPs are based on single-HLA or long-established
cell lines which after years of continuous cultivation are notorious for their profound
chromosomal aberrations reported to also affect ERAP and HLA genes***%1, In addition, these
studies have been conducted with label-free approaches using independent experimental
runs, which makes accurate quantification of effects of ERAPs on the immunopeptidome
more challenging. To study ERAPs in a physiologically more relevant environment, we
exploited MS analysis using newly-established patient-derived cell lines and SILAC labeling
to address several potential sources of ambiguity that are non-trivial to resolve with in
silico methods, including often unaccounted genetic variability (i.e., polymorphisms) in
comparing different cell lines or quantitative error caused by the individual analysis of to be
compared conditions. Regardless, the results in this study can also be influenced by several
factors. Although abundant peptides are more likely to be sufficiently detected in individual
elutions (~90% of peptides were reported before), less abundant peptides might be missed.
This means that additional undiscovered effects of ERAP2 on the peptidomes investigated
could be present. For example, we limited our labeling and analysis to peptides that contain
F and/or Y for SILAC labeling, which obscured our capability to cover the majority of the
HLA-B40:01 peptidome or potential uncharted domains of the peptidomes of the other
alleles.

In conclusion, we show that ERAP2 significantly influences the immunopeptidome across the
cellular HLA class | allotypes and ERAP2 increases the expression of a peptide submotif highly
selective for HLA-A29. We have narrowed down the potential sequences for autoimmunity-
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inducing antigenic peptides based on the selective effect of ERAP2 on the peptide cargo of
HLA-A29 in the pathogenesis of Birdshot Uveitis.
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Supplemental figures

LCL WT

1 2 3 4 5 6 7 8 9 10 1 12 13 14 1516 171ﬂ TKY
Chromosome 19120 21 23

LCL ERAP2-KO

1 2 3 4 5 6 7 8 9 10 11‘12131415‘16‘17'1§’ \X\Y
Chromosome 1920 21 22
Supplemental Figure 2.1. Whole genome analysis using SNP arrays on unedited (LCL Wildtype, WT) and edited
(ERAP2-KO) cell lines used in this study. SNPs were detected by the Infinium Human CytoSNP-850K v1.1 BeadChip
(Hllumina, San Diego, CA, USA) and show highly consistent genomes. The panels show the array results for the

whole. On the X-axis the chromosomes and chromosomal region are indicated. The upper Y-axis shows the Log2 R
ratio and the lower Y-axis indicates the B allele frequency for each SNP.
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Supplemental Figure 2.2. Whole genome analysis using SNP arrays on unedited (LCL Wildtype, WT) and edited
(ERAP2-KO) cell line using the Infinium Human CytoSNP-850K v1.1 BeadChip (Illumina, San Diego, CA, USA), similar
to Supplemental Figure 2.1, but here the panels show the array results for the region near 5g15 including ERAP1,
ERAP2, and LNPEP. The SNP probes are indicated by black dots. The upper Y-axis shows the Log2 R ratio for the
probes and the lower Y-axis indicates the B allele frequency for each SNP (BAF).
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Supplemental Figure 2.3. HLA-A29 peptidome data analysis including peptides unique to either ERAP2-KO or
ERAP2-WT cells. (a) A total of 1342 peptides overlapping between the two biological replicates with percolator
<0.01 and Mascot lons score >30, were filtered according to the steps indicated. Note that after the limma analysis,
the 73 “unique” peptides detected in either the heavy or light labeled conditions (with consistent detection in the
same channel in both experiments) were added to the dataset before deconvolution with HLAthena to filter for
HLA-A29 ligands. (b) The sequence logos for 9-mers and 10-mers in this dataset. ERAP2-sensitive peptides are
peptides that decrease in amount in the presence of ERAP2 and ERAP2-dependent peptides increase in amount in
the presence of ERAP2. c¢) Nonmetric multidimensional scaling of 573 9-mers in this dataset. The ERAP2-sensitive
and ERAP2-dependent peptides are indicated in blue and red, respectively. Peptides uniquely identified in the
ERAP2 WT-condition are shown in dark red (n=14). (d) Four clusters were estimated (eps parameter for DBSCAN,
using k=5) using the elbow method. The sequence logos for each cluster are indicated on the right. (e) Comparison
of the number of ERAP2-sensitive and ERAP2-dependent peptides in each peptide cluster identified in b. Padj =
bonferroni corrected (n=clusters) P values from X?tests. All other comparisons were Padj>0.05. (f) The percentage
of 8-11-mers in peptides sets of this dataset. This analysis shows length dependent effects seen for ERAP2 in an
hypoactive ERAP1 background.
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Supplemental Figure 2.4. The sequence logos for non-redundant 11-mers from HLA-A29. Peptides that decrease in
the presence of ERAP2 are termed ERAP2-sensitive, peptides that increased in relative amounts are termed ERAP2-
dependent. Peptides that did not change in relative amounts in the presence of ERAP2 are termed ‘not affected’.
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Supplemental Figure 2.5. The sequence logos for 948 non-redundant 9-mers and their designated P-1 derived from
the amino acid sequence of the putative proteins. Peptides that decrease in the presence of ERAP2 are termed
ERAP2-sensitive, peptides that increase in abundance are termed ERAP2-dependent. Peptides that did not change
in abundance in the presence of ERAP2 are termed ‘not affected’.
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Supplemental Figure 2.6. Non-metric multidimensional scaling of the 1329 shared 9-mers eluted from the HLA-
A29-positive cell lines PF97387 (ERAP1 high expression/activity) and SWEIG (ERAP1 low expression/activity). The
1329 9-mers were filtered (removed peptides with value 0 in any of the 3 replicates from PF97387 or SWEIG) from
a total of 5584 (3828 9-mers) peptides from Alvarez-Navarro et al.,2015. In this study, the normalized intensity
ratio (PF97387/SWEIG) of each peptide in the two cell lines was used to infer the relative abundance of each
peptide, which we adapted to assign peptides as ERAP2-dependent (IR 2 1.5 or IR = 3) or ERAP2-sensitive (IR <0.76
or IR £0.33). We used IR< 0.76 (instead of 0.67) compared to IR 2 1.5 so the peptide datasets would be of equal
size. (a) Comparison of amino acid proportion at P1 and P2 of 9-mers (in percentage for each group of peptides)
between peptides that decrease in abundance (in blue) in the presence of ERAP1 or that increase in abundance
(red), compared to peptides not affected by ERAP1 cells (in grey). All comparisons were not significant; Padj>0.05.
(b) Non-metric multidimensional scaling of the 1329 9-mers. (c) Five clusters were estimated (eps parameter for
DBSCAN, using k=5, based on Figure 3C) using the elbow method. The sequence logos for each cluster are indicated
on the right. (d) Comparison of the number of ERAP1-dependent (IR > 1.5 or IR = 3) and ERAP1-sensitive peptides
(IR <0.76 or IR £0.33) in each peptide cluster identified in b. Padj = Bonferroni corrected (n=clusters) X?tests. The
difference between the count of sensitive and dependent peptides in each cluster was not significant or Padj>0.05.
(e) The percentage of 9-mers and 10-mers in peptides sets using different cut-offs for the intensity ratio (IR). This
analysis confirms the length effects seen for ERAP1 as reported by Alvarez-Navarro et al., 2015 in these cell lines
(which are ERAP2-deficient).
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Supplemental Figure 2.7. Non-metric multidimensional scaling plot of 235 10-mers eluted from HLA-A29:02.
Differentially expressed peptides are indicated in blue (ERAP2 sensitive that decrease in abundance in the presence
of ERAP2) and red (ERAP2-dependent peptides that increase in abundance in the presence of ERAP2). A total of four
clusters were identified and the sequence logos for each cluster are indicated. Cluster 0 indicates the unassigned
peptides. 10-mer peptides of cluster 2 also show the P2-F motif for HLA-A29 and contains enrichment for ERAP2-
dependent peptides compared to ERAP2-sensitive peptides, which reflects the results from 9-mers in Figure 2.3.
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Supplemental Figure 2.8. Non-metric multidimensional scaling plot of 948 9-mers eluted from HLA-A29:02 in
this study. Peptides with a binding score MSi>0.6 for HLA-A03:01 from HLAthena (https://HLAthena.tools) are
highlighted in magenta. Peptides with a binding score MSi>0.6 for HLA-A03:01 that are differentially expressed
(moderate g<0.01) are indicated in black.
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Supplemental Figure 2.10. The effect of ERAP2 on the HLA class | peptidome. Sequence motifs depict specific
amino acid preferences for 9-, 10-, and 11-mers were generated from a non-redundant list of peptides from HLA
class 1 (W6/32). Comparison of amino acid proportion at P1, P2, and P3 of (in percentage for each group of peptides)
between peptides that decrease in abundance (‘sensitive’), peptides that increase in abundance (‘dependent’
peptides) compared to peptides not affected in ERAP2-WT cells (in grey).
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Supplemental Figure 2.11. Peptide bindings scores from HLAthena (HLAthena.tools) for peptide clusters from
Figure 2.4. (a) The binding score (MSi) for 9-mers with a MSi>0.8 used for the non-metric multidimensional scaling
of HLA-A*03:01, HLA-B*40:01, and HLA-B*44:03. The binding score ranges from 0O (low) to 1 (high). Clusters
identified by DBSCAN are indicated and color-coded. (b) The binding score for HLA-A*29:02 (MSi) for the same
9-mers and clusters as shown in a.
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Supplemental Figure 2.12. Non-metric multidimensional scaling plot of 221 and 411 9-mers from HLA-C03:04 and
HLA-C16:01. Differentially expressed peptides are indicated in blue (ERAP2 sensitive that decrease in abundance in
the presence of ERAP2) and red (ERAP2-dependent peptides that increase in abundance in the presence of ERAP2).
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Supplemental Figure 2.13. Venn diagram of 9-mers presented by monoallelic cell lines expressing only HLA-A29:02
or only HLA-A03:01 from Sarkizova et al., 2020 A total of 59 9-mers were detected in both datasets. The sequence
logos for peptides uniquely observed in HLA-A29, overlapping peptides found in both monoallelic datasets, and
peptides uniquely observed in HLA-AO3 are indicated on the right.
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Supplemental Figure 2.14. Putative specificity pockets of ERAP2 that help explain observed sequence motifs.
ERAP2 (from PDB code 5AB0) is shown in surface representation colored by electrostatic potential (red=negative,
white=neutral, blue=negative). Peptide analogue DG025 that was crystallized bound onto ERAP2 is shown in yellow
sticks (carbon=yellow, oxygen=red, nitrogen=blue). Nearby ERAP2 residues that help form indicated specificity
pockets are shown in green sticks. Specificity pockets are indicated as (a) S2, (b) S3-P4, (c) S7 and (d) S9. Peptide
residue side-chains that are accommodated in the pockets are indicated as P2, P3-4, P7 and P9.
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Supplemental Methods and Info

Lentiviral vector production

HEK-293T cells were seeded into 10 cm dishes (2x106 cells/dish) and cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher Scientific). The next day, 293T cells were
co-transfected with 2 ug transfer vector (Lenti ORF clone of Human S-antigen mGFP tagged,
RC220057L2 from Origene) and components of 2nd generation packaging vectors: 8.33 ug
psPAX2 packaging vector and 2.77 ug pMD2.G envelope vector at a ratio of 4:1. Transfection
was done in serum-free DMEM using Lipofectamine 2000 (Thermo Fisher Scientific)
according to manufacturer’s instructions. Medium was replaced with 10 mL DMEM
supplemented with 10% FBS and incubated at 37°C, 5% CO, after 24 hours. The conditioned
medium containing lentiviral particles was collected 48 hours after transfection and an
additional 10 mL of fresh culture medium was added to the cells. After 12 hours, harvested
supernatants were combined and cleared by centrifugation at 1500 rpm for 5 minutes at
4°C then passed through a 0.45 um filter. Lentiviral supernatants were concentrated using
ultracentrifugation with a Beckman Coulter Optima centrifuge using a SW32Ti rotor. Filtered
supernatant was added to 38.5 mL Ultra-Clear tubes (Beckman Coulter). Centrifugation was
performed for 120 minutes at 32,000 rpm. Supernatant was completely removed and virus
pellets were resuspended in 1 mL RPMI (containing 10% FBS and 1% penicillin/streptomycin)
and stored at -80°C.

Lentiviral transduction of S-antigen in EBV-LCL

To obtain stable cell lines overexpressing S-antigen, EBV-LCLs were transduced with the
concentrated lentiviral supernatants. To transduce EBV-LCLs, 1x10° cells were seeded in a
24-wells plate with the lentivirus and a final polybrene concentration of 6 pug/mL. After 24
hours, the medium was replaced and the cells were cultured for another 3 days, without
exceeding a cell concentration of 1.5 x 10° cells/mL. Transduction efficiency was monitored
by fluorescent light microscopy. GFP-positive EBV-LCLs were sorted using the BD FACSAria™
Ill sorter and S-antigen expression levels were detected by western blot. Western blot
analysis to detect the fusion protein S-antigen-GFP was done as described in the Method
section. Supplemental Figure 2.15 below shows the high protein expression of S-antigen
and Tubulin detected from the same cell lysate samples of the patient-derived LCL, but run
on two separate blots in parallel because the proteins are detected in close proximity on
the blot.
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Supplemental Figure 2.15. Western blot analysis of retinal S-antigen after transduction of the patient-derived LCLs.

Differential expression analysis of peptides using limma
For differential expression analysis we used the workflow from Kammers et al, 2015
available at_http://www.biostat.jhsph.edu/~kkammers/software/eupa/R_guide.html. Their

method exploits the R package limma for shrinking a peptide’s sample variance towards
a pooled estimate that boosts power for stable detection of (truly) significant changes
in small proteomic data sets. Peptide data were preprocessed using the read.peptides()
function, which excludes peptides with missing values (i.e., not detected in either the light

nou

or heavy channel). We computed dummy variables for the “Isolation.Interference”, “Quan.

”on

Usage”, "Quan.info” variables, because quality control of the input data was completed
as described in the main manuscript. The peptide sequence was used as the “Protein.
Group.Accessions” variable. Overlapping peptide data from the biological replicates were
independently normalized using the quantify.proteins() function. Following the workflow of
Kammers et al., we used peptides (with a Mascot Percolator g<0.01 in all analyses) detected
in both biological replicates (i.e., peptides unique to one of the conditions are left out for
normalization and statistical analysis). For example, for peptides detected by DK1G8 (anti-
HLA-A29) with a HLAthena binding score [MSi]>0.6 for HLA-A*29:02 a total of 1330 peptides
were detected in both channels, while 41 peptides in either the light or heavy channel (with
consistent detection in the same channel in both experiments) and were not considered
for statistical analyses. We blocked for batch effect (two independent experiments) in
limma by including them in the design matrix. HLA-A29 peptidome analysis considering
also peptides detected in either the heavy or light channels is provided in Supplemental
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Figure 2.3. Here, we used dummy variables for the moderate g-value (set to 1 x 10°%) and
log,FC (log,FC=-6.6 for peptides only detected in the ERAP2 KO-cell line and log,FC=6.6 for
peptides detected only in the ERAP2 WT-cell line), because these parameters were only
used to subset peptides unique to either of the conditions (using moderate q<0.01 as a
threshold) together with the differentially expressed peptides detected in both channels.
Also, although Mascot Percolator exploits a number of relevant peptide features and has
been shown to be superior in accurate peptide identification compared to previous Mascot
scoring based on one metric (Borsch et al.,2009), we also conducted this analysis of the
HLA-A29 peptidome using the percolator g-value in conjunction with the Mascot ions score
>30, which showed similar effects for ERAP2 at the submotif level as the analysis using the
percolator g-value (see Supplemental Figure 2.3).
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Abstract

HLA class | alleles constitute established risk factors for non-infectious uveitis and preemptive
genotyping of HLA class | alleles is standard practice in the diagnostic work-up. The HLA-A29
serotype is indispensable to Birdshot Uveitis (BU) and renders this enigmatic eye condition a
unique model to better understand how the antigen processing and presentation machinery
contributes to non-infectious uveitis or chronic inflammatory conditions in general. This
review will discuss salient points regarding the protein structure of HLA-A29 and how key
amino acid positions impact the peptide binding preference and interaction with T cells. We
discuss to what extent the risk genes ERAP1 and ERAP2 uniquely affect HLA-A29 and how
the discovery of a HLA-A29-specific submotif may impact autoantigen discovery. We further
provide a compelling argument to solve the long-standing question why BU only affects
HLA-A29-positive individuals from Western-European ancestry by exploiting data from the
1000 Genomes Project. We combine novel insights from structural and immunopeptidomic
studies and discuss the functional implications of genetic associations across the HLA class |
antigen presentation pathway to refine the etiological basis of Birdshot Uveitis.




Introduction into birdshot uveitis

Birdshot Uveitis (also known as Birdshot chorioretinopathy or Birdshot retinochoroidopathy)
is a well-characterized form of autoimmune uveitis (inflammation of the uveal layer of the
eye) mostly known for its ovoid light lesions, which appear ‘shotgun pattern’-like distributed
along the vascular arcades in the back of the eye (i.e., the ‘fundus’ of the eye where
these lesions are visible by photography)l. Inflammation and extensive depigmentation
of the choroid, macular edema, peripheral ischemia?, degeneration of the retina, and the
progressive formation of thin layer of scar tissue on the retina (“epiretinal membrane”)3#,
progressively impair vision in a substantial proportion of patients. BU is unusual in the young®
and typically affects patients over 50 years of age of Western-European ancestry, with more
women than men affected®. Long-term systemic corticosteroid-sparing immunomodulatory
therapy is the mainstay of treatment”8, but a fraction of patients may exhibit a more benign
disease course that does not require systemic therapy®. Histopathology studies of eye
tissues and modern imaging technologies show that early lesions are located deep inside the
vascular layer of the eye (the “choroid”) between the retina and the white outer layer of the
eyeball (sclera). In the choroid, the large-vessel layer (choroidal stroma)—densely populated
with pigmented “melanocyte” cells—shows abnormalities before the characteristic fundus
lesions are visible'®!!, Because BU shows early inflammation of the choroidal stroma??,
Herbort and associates proposed to classify BU as a primary stromal choroiditis, together
with Vogt-Koyanagi-Harada (VKH) disease. VKH is a condition characterized by chronic
inflammation toward melanocytes that affect multiple parts of the body, including the
choroidal stroma and the larger choroidal vessels'**3. In VKH no retinal involvement at
early stages of disease are noticeable. In contrast, retinal inflammation (e.g., leakage of
vessels) is an early clinical characteristic of BU, which suggests that retina involvement is
not merely the result of inflammation spilling over from the choroid. However, the cause
and interdependence of the retinal and choroidal inflammation are unknown, which is
reflected in the use of multiple terms to define the eye condition; birdshot retinitis, birdshot
chorioretinopathy, or birdshot retinochoroidopathy. For lack of understanding the disease
pathology, here the broader term “birdshot uveitis” was chosen.

Microscopic anatomy studies (or histological studies) of eye tissue of patients with BU are
scarce because of the rarity of the condition (estimated 1 to 5 cases per 500,000)5%. The
most recent histological study by Sohn and coworkers'® in a patient with end-stage BU
showed extensive degeneration of the retina and near complete loss of choroidal layers
and the retinal pigment epithelium, a highly specialized cell layer critical to the homeostasis
photoreceptors of the retina. Changes in retinal pigment epithelium are also evident by
retinal imaging in patients with established disease!’. Each of the histological studies
show massive infiltration of blood leukocytes into the choroid and retina layers; mostly T
lymphocytes not only express the glycoproteins CD4 (“T helper” cells) and CD8 (“Cytotoxic”
T cells)*®181% pbut also relatively increased numbers of other immune cells, such as myeloid

HLA-A29 AND BIRDSHOT UVEITIS 73



cells and B lymphocytes. The cases in two of these studies were remarkable for a history of
malignant melanoma, but evidence that directly links melanoma to BU is lacking. At most,
the evidence is circumstantial, such as “Birdshot-like disease” in melanoma cancer patients
that develop autoimmune uveitis due to checkpoint inhibitor therapy (a treatment setting
T cells free to kill tumor, but also normal tissue)?° or the presence of blood antibodies that
can bind to proteins in melanoma tumor cell lines*'. These phenomena may be explained by
the fact the proteins involved in immunity toward melanoma are also expressed in normal
melanocytes?? and may actually support that choroidal melanocytes are among target cells
deliberately attacked by the derailed immune system in BU.

The genetic association with HLA-A29

Short after BU was first described in 1980%, the unusually strong genetic association of the
Human-Leukocyte Antigen A*29 (HLA-A*29) with BU was discovered in 1982 by Nussenblatt
and coworkers?. HLA-A29-positive testing is now widely considered critical to diagnosis and
led key opinion leaders in the field propose to rename the condition to “HLA-A29 uveitis”?.
HLA-A*29 is one of the hundreds of variants of the HLA-A gene that together with different
versions of HLA-B and HLA-C genes form the HLA class | complex of functionally related
proteins in humans. The HLA-A gene encodes slightly different versions of a the cell-surface
protein HLA-A. Like other HLA class | proteins, HLA-A plays a central role in the immune
system by instructing immune cells (e.g., cytotoxic T cells) if a cell must be destroyed
because it is infected by foreign invaders (e.g., a virus) or when a cell has become cancerous
after mutation of the DNA?6. In most cells of the body, HLA-A achieves this by constant
sampling of protein fragments from foreign invaders or self-proteins (termed “antigenic”
peptides, or antigens in short) from the inside of the cell and “presenting” these peptides on
the outside of the cell for scrutiny by surveilling immune cells?®*?’. This “antigen presenting
pathway” is critical to monitor cellular integrity and is based on differentiating “self” from
“non-self” (pathogen) or “altered-self” (cancer)?®. Aberrant function of this pathway can
result in persistent infection, cancer or autoimmune disease?’.

Because all patients with BU carry a copy of the HLA-A29 allele (the term for “gene variant”),
it is considered to be critically involved in the unidentified disease mechanisms®. This is
supported by rare familiar cases of BU that show that all cases with the eye phenotype
are also HLA-A29-positive?®. Also, the allele frequency of HLA-A29 is high in Western-
European countries?, where also the vast majority of BU patients are reported in Europe,
while BU is anecdotally reported in populations with low occurrence of HLA-A29%3,
How exactly HLA-A29 contributes to eye inflammation is unknown, but several unique
properties of HLA-A29 distinguish this allele from others HLA-A alleles in the population;
A gel electrophoresis study from 1992 indicated that HLA-A29 in cases is identical to
unaffected controls that carry HLA-A29 (~5-10% of the Western-European populations)??,
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which is supported by small DNA sequencing studies®). In two genome-wide association
studies®*34, we used detailed genetic analysis of HLA alleles in BU cases that revealed that
the main risk allele for BU is HLA-A*29:02, the most common HLA-A29 allele in Europe.
These studies further ascertained that other associations in the MHC locus (the DNA region
where HLA genes are embedded) are a result of positive linkage disequilibrium (LD) with
HLA-A29. In other words, near-by gene variants such as for example the HLA-B*44 allele
are often (yet not always) inherited together with HLA-A29 but most likely not relevant
for the disease. One study of a murine model in which a copy of HLA-A29 DNA from a BU
patient was genetically expressed initially showed an eye disease similar to BU**, but in a
later underappreciated study, the mice strain used for the BU model was found to harbor
a wide-spread and previously unnoticed genetic mutation that causes retinal degenerative
disease (not uveitis) that also affected the control mice®. This supports that the HLA-A29
allele itself is not sufficient and that the susceptibility to BU is mediated by additional
etiological triggers. This also fits the observation that HLA-A29 is a common allele (~10%
of the Western-European population is HLA-A29-positive), but BU is a rare condition (~250
cases in the Netherlands at 17 Mill. citizens as of June 2020). Also, HLA-A*29:02 is also very
common among specific ethnic groups of non-European ancestry where BU has not been
reported, such as the South African Zulu®” or the Luhya in Webuye of Kenya in Africa (~10%
HLA-A*29:02-positive individuals)33.

The HLA-A29 protein structure

In 2020, the immuno polymorphism database* contains >200 reported HLA-A29 alleles,
but only the most common alleles—HLA-A*29:02, HLA-A*29:01, and HLA-A*29:10—have
been reported in cases with birdshot*!. Structurally, HLAA*29:01 (D102H) and HLA-A*29:10
(E177K) differ from HLA-A*29:02 at single amino acids positions in the external alpha 2
domain of HLA-A29 (Figure 3.1A), but these positions do not influence the expression,
conformation, or interaction of the HLA-A complex with T cells**“®, In other words, these
alleles can be considered functionally similar. The most relevant amino acid positions in
HLA-A29 for disease risk were statistically linked to amino acids at positions 62 and 63 in the
protein sequence®. As shown in Figure 3.2, the amino acids Leucine at position 62 (62-L)
and Glutamine at position 63 (63-Q) distinguish HLA-A29 from other HLA-A alleles.
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Figure 3.1: Structure and function of amino acid positions 62 and 63 in HLA-A29. (A) View into the peptide-binding
groove of a three-dimensional ribbon model for HLA-A29 (Based on Protein Data Bank entry: 6J1W modelling
using UCSF Chimera“*2. The amino acids Leucine (L in yellow) at position 62 and Glutamine (Q in blue) at position
63 defining HLA-A29 are indicated. The binding peptide is shown in black with phenylalanine at position 2 (P2-Phe)
interacting with position 63-Q (with energy-minimized positions of side chains). Polymorphic amino acid positions
associated with the alleles HLA-A29:01 (pos 102 in red) and HLA-A29:10 (position 177 in green) are also shown. (B)
The effect of amino acid substitutions for position 62 and 63 on predicted binding affinity for HLA-A29-presented
peptides. The average binding scores of 9-mers (n = 948) detected by mass-spectrometry analysis of HLA-A29
reported by Venema et al.**. Replacement of position 62 and 63 with the most commonly occurring amino acids
at that position encoded by HLA-A alleles was done in netMHCpan 4.1 server®. Naturally occurring motifs are
indicated with black lines, other motifs (e.g., QN) do not occur in human HLA-A allotypes. (C) The percentage
of 9-mer peptides with P2-Phe and P9-Tyr detected in immunopeptidomes of HLA class | alleles as reported by
Sarkizova et al.**. The top 5 (of 95 alleles tested) class | alleles other than HLA-A29 are shown. The jaccard similarity
index for the HLA-A*29:02 peptidome (overlap in presented peptides) and each allele is indicated (in %). Peptidome
data were derived from Sarkizova et al.**. (D) Sequence logos of 9-mers (n = 948) from HLA-A29 [the same peptides
as in (C)] stratified into non-specific for HLA-A29 (with binding score MSi > 0.6 for HLA-A*43:01 or HLA-A*68:130
according to the HLAthena server®) or specific for HLA-A29 (MSi < 0.6 for HLA-A*43:01 and HLA-A*68:130). The
arrow indicates the aromatic P2 in the binding motif specific for HLA-A29.
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This is of interest because computational modelling of HLA-A by changing amino acids at
indicated positions (or amino acid substitution modelling) revealed that position 63 has
the largest effect on the ability to bind antigenic peptides over all polymorphic positions in
the peptide-binding “groove” of HLA-A allotypes (the term for “protein variants”)*. Specific
mutation of the positions 62-63 can completely abrogate HLA peptide recognition by T
cells®®. Most other HLA-A alleles encode the amino acids asparagine (N) or glutamic acid
(E) at amino acid position 63 (Figure 3.2). Despite the degree of similarity of the chemical
characteristics of the side chains of the amino acids, the effects of Q and N on the local
structure of protein are different>* and changing the chemically related glutamine (Q) to
glutamic acid (E) at single amino acid position in the HLA-A molecule can modulate the
interaction with CD8 of T cells*2.
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Figure 3.2: The amino acid sequence of HLA-A alleles. The first 100 amino acids for 19 HLA-A alleles from the IPD-
IMGT/HLA Database*’. The amino acids at positions 62 and 63 distinguish HLA-A29 alleles, with the exception of
the rare HLA-A43 (+ 15,000 times lower allele frequency compared to HLA-A29:02 in the European population).

Indeed, amino acid substitution modelling of position 62 and 63 in HLA-A29 demonstrates
that the strength of binding of peptides (i.e., the binding “affinity”) into the peptide-
binding groove of HLA-A29 is decreased if the amino acids at these positions are changed
to any of the other naturally occurring combinations of amino acids at positions 62-63 in
HLA-A (Figure 3.1B). Curiously, substituting position 62 is predicted to have a larger effect
than substitutions on position 63. Also, the ‘theoretical’ motif 62-L 63-E (which does not
occur in any known HLA-A alleles) provides a globally similar binding capacity for peptides
compared to the 62-L 63-Q of HLA-A29. Phylogenetically related alleles of HLA-A29 (i.e.,
HLA-Aw19 complex)> encode 62-Q 63-E and would require changing ‘only’ position 62 to
achieve a globally similar functionality. However, as mentioned, the local structural effects
of the chemically related E and Q can be quite distinct and functional analysis is required
to better understand the hierarchy of impact of these positions on defining the HLA-A29
peptidome. Also, these amino acids do not completely account for the peptide specificity
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of HLA-A29. In fact, 62-L 63-Q is detected in some other alleles such as HLA-A*43:01,
HLA-A*11:11, and HLA-A*68:130 (allele frequency of HLA-A*43:01 and HLA-A*11:11 in
the European population >15,000 times less than HLA-A*29:02%, and HLA-A*68:130 is not
well documented®). However, these alleles differ from HLA-A29 alleles on various other
key positions that influence peptide binding in the peptide binding groove, including amino
acid position 9%, 70, 76, 77, or positions 97 or 152, which influence the interaction with T
cells***’, Notwithstanding these exceptional alleles, the amino acid motif 62-L 63-Q near
exclusively accounts for HLA-A29 in the European population®*. Amino acid residues 62 and
63 are positioned at the edge of the peptide binding groove (Figure 3.1A) in a cavity that
directly interacts with the side chain of the amino acid at position 2 (P2) of the displayed
antigenic peptide®®. Therefore, the 62-63 motif may influence the flexibility to accommodate
antigenic peptides with distinct P2 residues, a feature most likely relevant to autoantigen
discovery for BU.

The HLA-A29 peptide motif

The peptide binding motif—or the ‘conserved’ positional residue preference considering
the amino acid sequences of all “presented” peptides—of HLA-A29 is relatively flexible on
condition of a C-terminal (the last amino acid in a peptide) Tyrosine (Y) or less frequently
a Phenylalanine (F)*. Peptides with a C-terminal Y also make up a significant proportion of
the peptides presented on other HLA-A alleles, including HLA-A*01:01, HLA-A*03:01, and
HLA-A*30:02% (but also HLA-A*43:01 and HLA-A*68:130). This includes peptides that are
detected in the binding groove of more than one HLA-A allotype (demonstrated by mass-
spectrometry studies of single-HLA-expressing cell lines), a phenomenon termed peptide
‘promiscuity’>®. We and others have studied the complete set of antigenic peptides (termed
the ‘immunopeptidome’) bound by HLA-A29 and used multidimensional scaling (a visual
representation of the immunopeptidome where all peptides are positioned in a graph based
on their relative similarity or difference in amino acid sequence) to cluster the peptides into
subdominant binding motifs (or “submotifs”)*345¢°, This approach facilitates the identification
of clusters of antigenic peptides (submotifs) that are shared with other HLA class allotypes
or that are unique to HLA-A29. These studies revealed patterns of submotif preferences
easy to miss in conventional studies when considering the immunopeptidome as a whole.
In short, HLA-A29 presents a palette of submotifs mostly defined by distinct amino acids
at position 2 (P2) and 7 (P7) in the antigenic peptide sequence. As discussed, a fraction of
peptides presented by HLA-A29 is also found in the binding groove of other HLA-A alleles
and consequently some submotifs of HLA-A29 were also detected in immunopeptidome
data of other HLA allotypes. This helped to narrow down a submotif that is specific to
HLA-A29%, which is characterized by the amino acids F or Y at P2 in conjunction with the
HLA-A29-characteristic C-terminal (PC) Y (F/Y-P2 + Y-PC motif). This motif makes up ~15%
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of the HLA-A29 immunopeptidome (Figure 3.1C). Peptides with this motif are substantially
less frequently presented on other HLA allotypes and those that do are uncommon in the
Western-European population and/or display very low similarity in the immunopeptidome
composition with HLA-A29 (<3% of the peptides are shared, Figure 3.1C). Note that ‘just’
P2-F and P2-Y (so without PC-Y) is not uncommon in the immunopeptidomes of other HLA-A
allotypes, such as HLA-A24 (see supplemental data of Sarkizova et al.*), but the amino acids
that occupy the pocket accommodating P2 of binding peptides is completely different from
HLA-A29. Although we were unable to find immunopeptidome studies of the HLA-A*43:01
and HLA-A*68:130 alleles, binding prediction shows that peptides with the motif F/Y-P2 +
Y-PC are poorly presented by these alleles, most likely as a consequence of the differences
in other key positions in the binding groove (Figure 3.1D), which further support that this
motif is specific to HLA-A29.

The ERAP1-ERAP2 haplotype links BU to the Western-European
ancestry

Key to progress in understanding why merely a fraction of HLA-A29-positive individuals
develop BU came from genetic studies, including work from our lab. We identified that
beyond HLA-A29, genetic polymorphisms (or common variations in the DNA sequence among
individuals) at chromosome 515 confer strong disease risk3*¢!. The signal on chromosome
5 covers the endoplasmic reticulum aminopeptidase (ERAP)-1 and ERAP2 genes, and LNPEP,
all enzymes involved in trimming the peptide fragments before they are bound by HLA class
| (e.g., HLA-A29). Importantly, the combination of two polymorphisms functionally linked to
ERAP1 (rs2287987) and ERAP2 (rs10044354), conferred a risk for BU that was significantly
larger than the risk from either one the two polymorphisms individually®®. Analysis of
patients and HLA-A29-positive controls showed that the combined polymorphisms linked
to ERAP1 and ERAP2 also showed the largest disease risk (detected in 50% of 130 cases and
25% of 439 HLA-A29-positive controls). This indicates that the genetic changes affecting
both ERAP1 and ERAP2 in tandem increase the risk in the HLA-A29-positive population®.
Indeed, if we look at publicly available data from the 1000 genomes project, the risk-variant
linked to ERAP2 (rs10044354-T) or the risk-variant linked to ERAP1 (rs2287987-C) are also
observed in HLA-A29-positive individuals of non-European ancestry (Figure 3.4).
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For example, most of the HLA-A29-positive cases in the Luhya in Webuye (LWT in Figure
3.3) of Kenya also carry the BU risk variant near ERAP2, a population where no BU has been
reported. In contrast, the combined risk polymorphisms are only observed in HLA-A29-
positive individuals in Western-European populations in which BU is “endemic”, with the
exception of Puerto Ricans (PUR in Figure 3.4). However, the majority (>60%) of Puerto Ricans
is of European ancestry and the samples from this population were collected throughout
the entire country (i.e., predominantly Caucasian)®. Furthermore, BU is reported in Puerto
Ricans (several Puerto Rican BU cases are reported in the Retina Image Bank; file numbers
6191 and 6178)%. In contrast, the Tuscany population (TSI in Figure 3.4) includes samples
collected from a small town near Florence in Italy. In this population the combination
of HLA-A29 and the ERAP1-ERAP2 polymorphisms is rare. These data do not necessarily
represent all individuals of a population of a country that is of mixed ancestry (e.g., BU is
reported in Northern Italy®), but serves to explain why BU is very rare or non-existing in
populations where the genetic combination associated with BU risk is exceptional.

This also implies that the ERAP1, ERAP2, and HLA-A29 collectively drive the pathogenesis
of BU. We do like to emphasize that the number of individuals “burdened” with the
“birdshotgenotype” still exceeds the estimated cases in each population (~1% of people from
Western-European ancestry, of which about 1 in 500 develop BU as a rough estimate). Here,
it is good to consider that the cause of HLA-A29-dependent BU is most likely heterogenous
and in some patients may be mediated by genetic susceptibility imprinted in ERAP genes,
while in others ERAPs may be dysregulated by alternative mechanisms. For example,
ERAP1 is tightly regulated by TNF-alpha, a pro-inflammatory cytokine that is increased
in concentration in eye fluids of BU patients and blocking TNF-alpha by anti-TNF therapy
alleviates severe symptoms of BU®7°. Polymorphisms linked to ERAP1 and ERAP2 genes
are also associated with other HLA class | associated conditions that manifest with non-
infectious uveitis, including HLA-B27-associated anterior uveitis and ankylosing spondylitis,
or HLA-B51-associated Behcet’s disease’ 7. This supports the interdependence of ERAPs
and HLA class | in the pathophysiology of non-infectious uveitis.

ERAP1 and ERAP2 in the antigen presentation pathway

The antigen presenting pathway for HLA(-A) starts with the degradation of cellular
proteins (proteolysis) by the proteasome, a continuous and normal process to eliminate
dysfunctional or mature proteins into shorter peptides?*?’. A selection of peptides up to 20
amino acids long are transported into the endoplasmic reticulum (ER) by the Transporter
associated with antigen processing (or TAP) and trimmed to generally 8-10 amino acid long
peptides by ERAP1 and ERAP2262774 ERAP1 and ERAP2 are specialized aminopeptidases that
reside in ER (hence their name) where they each trim a proportion of the antigenic peptide
pool before the peptides bind to HLA class | molecules for presentation at the cell surface”.
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Structural studies have shown that the trimming process involves sequestering the entire
peptide sequence inside the enzyme’s cavity after which the N-terminal (first amino acid
in the peptide sequence) is trimmed off’>’¢, which indicates that the majority of peptides
are trimmed before binding’” to HLA class | (e.g. HLA-A29). Some HLA class Il alleles lack
protection of their peptide-binding groove when exposed to peptides in the endoplasmic
reticulum and bind these peptides before their transportation to the cell surface. It’s
not unlikely that ERAPs may influence the peptide cargo presented by a selective group
of these ‘unprotected’ HLA class Il alleles, but this is unexplored. Also, ‘free’ ERAP1 and
ERAP2 is found in body fluids and blood”, and can be secreted by stimulated immune
cells®. Notwithstanding these other functions, the strong genetic association with HLA-A29-
associated BU implicates ERAP-dependent antigen presentation by HLA-A29 as a key disease
pathway in BU. To better understand how ERAP1 and ERAP2 modulate HLA-A29, let’s first
detail the genetic associations mapped to these genes.
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Figure 3.4: The splice associated variant rs7063 associated with haplotype 6 (97% of all Hap6) and 10 (99% of all
Hap10) of ERAP1 mediates low expression of these haplotypes in lymphoblastoid cells. Gene expression data for
ERAP1 and ERAP2 from 85 homozygous or heterozygous cell lines with indicated haplotypes (and rs7063 allele)
were obtained from available RNA-sequencing data of 358 lymphoblastoid cell lines from European ancestry of
the GEUVADIS cohort (loaded using the recount R package)®. Note that in cell lines that harbor the haplotype 10
containing the T allele of rs7063 genotype, the rs7063 genotype in Hap6 governs the expression of total ERAP1 and
that Hap6/Hap10 cell lines homozygous for the T allele of rs7063 show similar low expression compared to Hap10/
Hap10 cell lines. The gene expression pattern for ERAP2 (right plot) in the same samples does not mimic ERAP1
gene expression patterns, but reflects the nonrandom distribution of the ERAP2-protein coding haplotype across
common ERAPI haplotypes, as we previously described®. In particular haplotype 2 (Hap2; encoding allotype 2) is
found infrequently in conjunction with ERAP2 haplotype A and, thus, shows low overall expression for ERAP2 in the
Hap2 homozygous cell lines in this example (n =9).
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ERAP1 and birdshot

The ERAP1 gene encodes various distinct ERAP1 haplotypes (a group of polymorphisms
inherited together) that encode functionally different protein variants (which are termed
“allotypes”) with markedly different capacity to cut antigen peptides in terms of speed and
specificity®®. Genetics studies showed that the C allele of the polymorphism rs2287987
was more frequently seen in patients with BU®. The rs2287987-C is found almost exclusively
in the haplotype (named Hap10) that encodes Allotype 10°. Detailed description of ERAP1
polymorphisms and their effects on functions of ERAP1 can be found elsewhere’*#2,
Briefly, the minor C allele of rs2287987 located in exon 6 of ERAP1 results in the change of
Methionine to Valine at amino acid position 349 in ERAP1. This amino acid change occurs
in the active site of ERAP1 next to the hallmark zinc-binding motif of the family of M1
zinc metallopeptidases (H-E-X-X-H-(X)18-E motif) and affects the enzymatic activity of the
enzyme. However, the rs2287987 bearing allotype 10 contains additional polymorphisms
that indirectly affect the specificity or activity by changing the structural conformation of
the enzyme®*#*, Note that rs2287987-C is also common in African populations (Figure 3.3)
but it often resides in ERAP1 haplotypes different from Hap10. Allotype 10 is characterized
by enzymatic activity that is magnitudes lower compared to other characterized allotypes of
ERAP1, but also shows relatively low expression®. The latter feature is caused by moderate
LD between the C allele of rs2287987 and a splice interfering variant (T allele of rs7036%
located upstream in an untranslated region of ERAP1 (rs7063 is present in >90% of Hap10
and typically <5-10% of other common haplotypes of ERAP1%). Although low expression
and low enzymatic activity of Hap10 is often mentioned in the same breath in discussions
of its pathogenic contribution to disease, rs2287987 is associated with BU independently
from rs7063, thus, the BU risk linked to rs2287987 represents more likely the diminished
enzymatic activity of ERAP1L, In fact, rs7063-T is also found in >90% of another common
haplotype of ERAP1 named Hap6°'.

Because the vast majority of Hap6 shares the T allele of rs7063 with Hap10°?, gene expression
data from the 1000 Genomes project shows that consequently the expression of the two
haplotypes is comparably low (Figure 3.4). Although the ERAP1 expression levels have been
shown to influence the immunopeptidome of HLA-A29%¢, the low expressed Hap6 is not
associated with BU® and makes it more plausible that the highly distinct enzymatic features
of Hap10 contribute to the susceptibility to BU. This is further supported by the fact that
the highly active ERAP1 allotype encoded by Hap2, the functional “antagonist” of Hap10,
is protective against BU®.. Because of these differences in trimming capacity, the lack of
destruction of a uveitogenic epitope is a plausible mechanism for disease.
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ERAP2 and birdshot

Of the two common haplotypes (A and B) of ERAP2 detected in the population, haplotype
A (HapA) encodes the canonical full length ERAP2 protein®’, but is consists of many
polymorphisms that are located also far outside ERAP2 and deep into the LNPEP gene. The
polymorphisms of HapA outside ERAP2 are located in the intragenic regions of the LNPEP
gene and are not encoded into the LNPEP gene products. Haplotype B (HapB) contains a
polymorphism (the G allele of rs2248734) that changes a splice region and facilitates intronic
read-through until a stop codon, which under steady state conditions targets the transcript
for

destruction and results in barely detectable levels of the full length ERAP2 protein®’. However,
HapB has been shown to produce a truncated ERAP2 protein in response to infection by
various microbial pathogens, interferon alpha or bacterial lipopolysaccharides®® . The
strongest association at 515 is linked to the polymorphisms in HapA (tagged by rs10044354
in an intragenic location of LNPEP). We showed that this signal did not influence the splicing
or expression of the LNPEP gene, but showed that high ERAP2 expression controlled by
this genetic signal embedded in HapA is a risk factor for BU**%!, Here we note that the
polymorphism rs10044354 (and variants in LD) is independently associated with BU from
the polymorphism rs2248374 that governs splicing of ERAP2 into its main haplotypes®..
Data from the The Genotype-Tissue Expression (GTEx) project supports that rs10044354
is strongly associated with the expression of ERAP2 and mildly impacts the expression of
LNPEP across various tissues®. However, the effect sizes of rs10044354 on the expression
of other nearby genes ERAP1 and CAST are in the same range as for LNPEP and of unknown
biological significance. In summary, high ERAP2 expression is a significant risk factor for BU
in HLA-A29-positive individuals. The generation of uveitogenic peptides by ERAP2, which
hypoactive ERAP1 fails to destroy, is a plausible disease mechanism for BU.

ERAP1 and ERAP2 shape the HLA-A29 immunopeptidome

Both ERAP1 and ERAP2 have been shown to affect the HLA-A29 peptidome of cell model
systems®°2, which has been reviewed in detail elsewhere’. In short, by global assessment of
the immunopeptidome, active ERAP1 allotypes (e.g. Hap2) decrease the length of peptides
of 10 amino acids or longer (10-mers), with a net increase of 9-mers®. In the presence of
active ERAP1 allotypes, the number of peptides with phenylalanine (F) and tyrosine (Y) at
the first two amino acids of the peptide sequence (the N-terminal position 1 [P1] or 2 [P2]) of
the binding peptides was slightly increased?®. ERAP2 shapes the HLA-A29 immunopeptidome
predominantly by destruction of peptides with a P1 amino acid that are preferred substrates
for ERAP2, predominantly Lysine (K), Arginine (R), and Alanine (A)®3. Large aromatic amino
acids F and Y are poor substrates for ERAP2. Because ERAP2 destroys competing peptides
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that harbor optimal residues (K, R, or A at P1) for ERAP2, peptides that contain F or Y at P1
consequently make up a relatively larger proportion of the available antigen peptides to
bind HLA-A29 and become “over-represented” in the presence of ERAP2%3°2,

Other studies from the Lopez de Castro group also demonstrated these ERAP2 effects on
the immunopeptidome of risk HLA allotypes of other types of uveitis, such as HLA-B27°.
In a recent study, we demonstrated that the effect of ERAP2 on P1 is actually a common
feature of ERAP2 observable in the immunopeptidomes of all HLA class | alleles expressed
by the cell®. Intriguingly, Abelin and coworkers showed that peptides presented by HLA
class | allotypes show a depletion for K, R and A residues at P1, which we believe can be
attributed to the fact that their studied cell line expresses ERAP2%°. So perhaps ERAP2 is
evolutionary designed to destroy epitopes with these characteristics as a means to lower
the immunogenicity of the presented immunopeptidome. This hypothesis comes from the
observation that cancer patients with high ERAP2 expression showed worse overall survival
after checkpoint inhibitor therapy (allowing T cells to kill cancer cells), relative to those
with low ERAP2 expression®. In other words, when T cells are “licensed” to attack tumors
unrestrictedly, immune responses are more dependent on the level of antigen presentation
to T cells. Here, ERAP2 may influence the HLA class | immunopeptidome so it provides less T
cell epitopes to destroy tumors (and perhaps normal tissue, but this was not evaluated). This
may in part be explained by the fact that the side chains of the amino acids at P1 influence
the spatial configuration of amino acid position 167 in HLA-A, which has been shown to
tune the peptide recognition by T cells and affect the peptide binding repertoire**t. Here,
the amino acids K and R induce a similar configuration of position 167 that is distinct from
the configuration the alpha domain adapts at this position if P1 contains a F or Y®¢, which
functionally parallels the preference for trimming these amino acids by ERAP2. Beyond the
universal effects on P1, peptides that are destroyed by ERAP2 may also share additional
characteristics. For example, ERAP2 also showed preference for amino acids at position 3 and
7 in the antigenic peptide*®, which matches the pockets of ERAP2 that would interact with
the sidechain of these residues’. Similar to the effects of P1, as mentioned, the destruction
of HLA-A29 epitopes by ERAP2 most likely represents a canonical function of ERAP2.

The ERAP1-ERAP2 risk-haplotype exhibits HLA-A29-specific
effects

In contrast to the shared effects of ERAP2 across HLA class | immunopeptidomes, in patient
derived cell lines homozygous for the risk ERAP1 allotype Hap10, ERAP2 facilitated the
increased presentation of peptides with F or Y at P2 specifically for HLA-A29%*°2, Because
this is the same submotif that distinguishes HLA-A29 from other HLA class | alleles, this
observation provides a possible explanation for the association of these genes with BU. These
submotif-specific effects of ERAP2 were also detected in different source data regarding

86 CHAPTER 3



immunopeptidomics of HLA-A29%, This indicates these effects of ERAP2 on HLA-A29 are
generalizable, but may also help narrow down the putative disease modifying effects of
the antigen presentation pathway. Recall that active ERAP1 allotypes (other than Hap10
and in ERAP2-deficient cells) also showed a moderate increase of F at P2 in the HLA-A29
immunopeptidome®. However, submotif analysis of this data revealed that ERAP1 did not
bias the immunopeptidome in favor of the HLA-A29-specific submotif like ERAP*. This may
be because the pocket in which the side chain of P2 binds in ERAP2 has limited space which
doesn’t allow bulky aromatic residues’, while the analogous pocket in which P2 would bind
in ERAP1 is more open and could accommodate bulky residues to some degree (i.e., F or Y)7®.
Furthermore, considering individual peptides, there is low correlation between the effects
of ERAP1 and ERAP2 on HLA-A29%, which indicates context specificity and possible non-
redundant pathogenic contributions to antigen presentation by HLA-A29 that increase the
risk for BU. Such independent pathogenic contributions by ERAP1 and ERAP2 are supported
by the genetic studies® of BU as discussed.

HLA-A29 and autoantigen presentation

Given that HLA-A29 is prerequisite for the development of BU, we hypothesize that disease
mechanisms associated with antigen presentation are most likely driven by a limited set of
epitopes (or single peptide) because of promiscuity of peptides across HLA class I*°. Based
on the submotif that is specific to HLA-A29 and supported by ERAP2, we hypothesize that
‘uveitogenic’ HLA-A29-restricted peptides may more likely harbor a For Y at P2 (and a Y
at PC). The importance of P2 in HLA-A29-restricted peptides is in line with the fact that
the amino acids at position 62-63—which define HLA-A29—directly interact with P2 of
the binding peptide (Figure 3.1). The hypoactive ERAP1 allotype strongly linked to BU
predominantly may prevent the destruction of 9-mers or longer peptides**’*%2, There are
examples of HLA-A29-presented 10-mers that cause strong T cell-mediated responses in
humans, such as AELLNIPFLY encoded by UGT2B17°7%8,

Curiously, the HLA-A*29 alleles are among the lowest expressed HLA-A alleles®. However,
the amount of peptides presented by HLA class | only weakly correlates with HLA levels
at the cell surface, plus immunopeptidome studies support that HLA-A29 is potent in
presentation of peptides at the cell surface***>°2, Of interest, HLA class | is generally low
expressed in the retinal®, while HLA class | expression is relatively high around endothelial
cells of large vessels of the choroid®?, the presumed epicenter of inflammation in BU*2,
Choroid melanocytes are densely located around these endothelial cells and have been
proposed as an autoantigen source in BU etiology®. Perhaps BU is driven by HLA-A29-
presented ERAP-dependent melanocyte-derived peptides®®. This also fits the “autoimmune
surveillance of hypersecreting mutants” (ASHM) theory, which predicts that autoantigens
involved in organ-specific autoimmunity (the eye) should be linked to secreting cells such
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as melanocytes!®?, where autoimmunity is considered a natural tradeoff to prevent lethal
disease mediated by hypersecreting mutants. Besides their more commonly known role
in pigment production, choroid melanocytes have also been shown to contribute to the
maintenance of the normal vasculature structure of the choroid®. Of interest, melanocytes
can produce powerful angiogenic factors upon suppression of tyrosinase activity, the
key enzyme in pigment production'®. It is conceivable that proteins highly expressed in
choroidal melanocytes are closely monitored by surveilling self-reactive T cells (following
the ASHM theory), because of the potential devastating effects of hypersecreting mutants,
at the cost of autoimmunity. The autoimmune conditions VKH, vitiligo, and psoriasis are a
proof of principle that melanocytes harbor autoantigens that are targets for autoreactive
T cells?®1% Gene expression or proteomic studies comparing cutaneous and choroid
melanocytes are warranted to understand their potential differences to better understand
the restriction of BU inflammation to the eye. Of interest, the ERAP2-promoted HLA-A29-
specific peptide motif (P2-F + PC-Y) is observed in the amino acid sequence of key proteins
of melanogenesis that are expressed in the eye®. These include a number of putative
candidate peptides from melanocyte proteins, such as CFVALFVRY (SLC45A2), CFPLLRLLY
(OCAZ2), or SFSKLLLPY (PLXNC1)*. Of course, functional experiments are required to validate
if any of these ‘potential’ peptides are actually presented by HLA-A29. As mentioned, the
circumstantial association with melanoma (i.e., a ‘hyper’ antimelanoma response) has
sparked interest for this theory, but lacks evidence for any causal relation'®. Remarkably,
although HLA-A29 can effectively present melanoma epitopes?, HLA-A29 is associated with
worse survival compared to HLA-A29-negative melanoma patients'®. This could indicate
that perhaps similar to the effects of ERAP2, in general, HLA-A29 and ERAP2 may ‘lower’ the
immunogenic peptide cargo presented to T cells, but only increase the expression of a very
limited (perhaps single) antigen under specific conditions that cause BU. Alternatively, the
loss of choroidal melanocytes may be collateral damage from dysfunction in the choroidal
endothelium. More specifically, the disruption of a Hedgehog-signaling axis from choroidal
endothelial cells to choroidal stromal cells (i.e., perivascular mesenchymal stem cell-like
cells that suppress T cell function) resulted in the loss of choroid melanocytes and illustrates
a key role for the choroidal endothelium for the maintenance of choroidal immune
homeostasis'*.

The retinal S-antigen has long been considered as a major autoantigen for BU, because
S-antigen causes a birdshot-like phenotype in primate models!'2'** and T cells from patients
proliferate after stimulation with S-antigen?*!'4, However, S-antigen immune reactivity
is widespread among clinically distinct phenotypes of uveitis and linked to T helper cell
responses (linked to HLA class I1), which suggests it plays arole in BU independent of HLA-A29,
perhaps at later stages of the disease. This is in line with the retinal lesions observed in BU
patients and suggests the retinal S-antigen may have a role at the clinical stage. However,
also other retinal proteins contain peptides that may be presented by HLA-A29'%. Previous
in vitro studies determined that peptides derived from the S-antigen can bind to HLA-A29%5,
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but further research using immunopeptidomics of cells expressing S-antigen are required to
define the HLA-A29 presented epitopes of S-antigen. We recently identified that a naturally
HLA-A29-presented peptide of S-antigen is VTLTCAFRY and currently assess if this peptide is
also recognized by T cells of patients®.

The microbiome, TH17 cells, and HLA-A29

The commensal microbiome is a fast universe of diverse and mostly uncharacterized
microbial species which inhabit tissues such as the skin and gastrointestinal tract where they
collectively influence the functions of the immune system!®, For example, CD8+ T cells are
primed by microbial derived metabolites and MHC-I presented microbial derived peptides
to cross-react with cancer antigens as a means to facilitate anti-tumor immunity*'”!8, Gut
microbiome dysbiosis is observed in patients with inflammatory conditions and considered
to cause disturbance of systemic immune homeostasis in uveitis'*®. In animal models, gut
commensals have been shown to directly activate T helper 17 (Th17) cells to trigger uveitis!?.
This is of interest, because BU patients show increased numbers of blood Th17 cells and
elevated levels of Th17-cytokines®®2*13, Of interest, Th17 cells induced by infection such
as the fungal commensal C. Albicans may persist and aggravate autoimmune disease of
the kidney'?*. Protective anti-C. albicans responses by Th17 cells have also paradoxically
been shown to result in inflammatory lung disease or inflammatory bowel disease in some
individuals!®. Although C. albicans infection can affect the choroid and retina in a small
percentage of patients!?, this shows a very different clinical phenotype. Regardless, the Th17-
signature in BU could be related to changes in the microbiome. Studies of the microbiome
of patients with BU are not yet conducted, the first study of HLA-A29-positive individuals
as a whole show a distinct intestinal microbiome composition!?” as demonstrated for HLA-
B27-positive or HLA-DRB1-positive controls!®, In fact, microbiome similarity is observed in
individuals who shared HLA alleles!?, which suggests that HLA influences the composition of
the gut microbiome in part as a canonical feature of theimmune homeostasis. The interaction
of the microbiome in antigen-presentation via HLA-A29 in the disease mechanisms of BU
requires further investigation, ideally by integrating the novel insights from studies of ERAP1
and ERAP2. Of interest, HLA class | bound by Killer immunoglobulin-Like Receptors (KIRs)
on T cells promotes the expansion of Th17 cells in patients with HLA-B27 pathologies®.
Furthermore, specific modulation of ERAP1 has been shown to influence Th17 expansion®3?,
Therefore, it would be interesting to determine if similar biological mechanisms are linking
HLA-A29 to Th17 responses in BU.
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KIR receptors and birdshot

BU may be driven by additional inflammatory genes since its genetic profile displayed
shared genetic contributions with other inflammatory conditions, including systemic lupus
erythema and Neuromyelitis optica, that both involve the eye!*2. Among these may also
be additional factors of the antigen presentation pathway, including the autophagy gene
TECPR2 previously reported® or Killer immunoglobulin-Like Receptor (KIR, KIRs) genes'®3,
KIR genes have been associated with BU, however, the allele frequencies of controls used
in a study of BU patients may not be representative for European populations and stringent
correction for multiple testing is required to avoid false-positives, which may influence
the outcomes of KIR associations in BU33134 Regardless, KIRs are important receptors
for T cells, but also Natural Killer (NK) cells, an understudied immune cell in the context
of non-infectious uveitis that is decreased in the circulation of BU patients!®. Curiously,
immunosuppression therapy restores the number of NK cells in patients with uveitis®®,
The role of KIRs in BU also merits further functional investigation because NK cells have
been shown to get activated by HLA class | by altering the presented peptide!®. It will be
interesting to explore the role of the ERAPI-ERAP2 haplotype in peptide presentation by
HLA-A29 and NK cell responses in patients. However, in HLA-B27-associated ankylosing
spondylitis, the strong genetic interaction of ERAP1 with HLA-B*27 was independent from
genetic associations with KIR genes, suggesting that the disease mechanisms of ERAP and
HLA class | may be mostly distinct from interaction of KIRs with HLA class 1'%, and perhaps
represent complementary mechanisms such as shown for free heavy chain expression by
HLA-B27 and KIR interaction*?, while ERAP may mediated antigen-specific T cell responses.
Indeed, T cell receptor (TCR) analysis of CD8+ T cells in patients with AS suggest differential
antigen exposure®*® and similar studies of TCR repertoires of BU are currently underway.

Concluding remarks

Inthis review, we discussed how key features of the antigen presentation pathway predispose
to eye-specific autoimmunity in BU. The prerequisite forHLA-A29 and the enrichment for
functional polymorphisms that affect the function of antigen processing enzymes ERAP1
and ERAP2 point toward a key contribution for the antigen presentation pathway in the
etiology of BU. Using functional studies, we are beginning to understand how ERAPs shape
the immunopeptidome of HLA-A29 and a growing body of evidence is closing in on their
disease modifying effects. This will help to better predict the outcome of pharmacological
interference of ERAPs activity using newly available small molecule inhibitors!* that may
soon be applied as a high precision medicine to halt autoimmunity and restore eye health in
patients, while leaving immunity toward pathogens and cancerous tissues intact.
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Abstract

Background

HLA-A29-positive birdshot chorioretinitis (BCR) is an inflammatory eye disorder that is
generally assumed to be caused by an autoimmune response to HLA-A29-presented peptides
from retinal arrestin (SAG), yet the epitopes recognized by CD8+ T cells from patients remain
to be identified.

Objectives
The identification of natural ligands of SAG presented by HLA-A29. To quantify CD8+ T cells
reactive to antigenic SAG peptides presented by HLA-A29 in patients and controls.

Methods

We performed mass-spectrometry based immunopeptidomics of HLA-A29 of antigen-
presenting cell lines from patients engineered to express SAG. MHC-I Dextramer technology
was utilized to determine expansion of antigen-specific CD8+ T cells reactive to SAG peptides
in complex with HLA-A29 in a cohort of BCR patients, HLA-A29-positive controls, and HLA-
A29-negative controls.

Results

We report on the naturally presented antigenic SAG peptides identified by sequencing
the HLA-A29 immunopeptidome of antigen-presenting cells of patients. We show that the
N-terminally extended SAG peptide precursors can be trimmed in vitro by the antigen-
processing aminopeptidases ERAP1 and ERAP2. Unexpectedly, no enhanced antigen
engagement by CD8+ T cells upon stimulation with SAG peptides was observed in patients
or HLA-A29-positive controls. Multiplexed HLA-A29-peptide dextramer profiling of a case-
control cohort revealed that CD8+ T cells specific for these SAG peptides were neither
detectable in peripheral blood nor in eye biopsies of patients.

Conclusions

Collectively, these findings demonstrate that SAG is not a CD8+ T cell auto-antigen and
sharply contrast the paradigm in the pathogenesis of BCR. Therefore, the mechanism by
which HLA-A29 is associated with BCR does not involve SAG.




Introduction

Birdshot chorioretinitis (BCR) is a rare inflammatory eye disease characterized by progressive
T-cell infiltrates in the posterior eye segment, destruction of photoreceptors, gradual
deterioration of retinal function, and declining visual abilities'?. Selective inhibition of T
cells by Cyclosporin A is effective for treatment of birdshot chorioretinitis which supports a
T-cell mediated autoimmune aetiology*”.

The most distinguished molecular trait of BCR is its extreme genetic association with the
Human Leukocyte Antigen class | A*29 allele (HLA-A29). This gene-disease link is so robust
that testing positive for HLA-A29 is considered essential for diagnosis*®. Other more recently
identified susceptibility genes are the closely related endoplasmic reticulum aminopeptidase
(ERAP)1 and ERAP2 genes’, which encode enzymes specialized to shorten intracellular
precursor peptides to a length that facilitates or prevents their binding to HLA class |
molecules. Collectively, these molecular features strongly implicate CD8+ T-cell activation by
self-antigen presentation via HLA-A29 as a key disease mechanism for BU. To date, however,
the evidence for pathogenic CD8+ T cell involvement in BCR remains limited to the detection
of CD8+ T-cell infiltrates in eye tissues of BCR patients®?2,

The identification of bona fide CD8+ T cell autoantigens is challenging and highly labor and
resource intensive. Consequently, to date, very few autoantigens for MHC-I-associated
conditions are identified?**>. A long presumed (since 1982) autoantigen for BCR is the retinal
arrestin (also known as the retinal Soluble (S-)antigen (SAG)), which is abundantly and
specifically expressed by photoreceptors. Immunization with SAG in primates or rodents
causes experimental autoimmune uveitis characterized by T-cell immunity directed towards
the retina, with close resemblance to BCR'*®’. Pharmacological inhibition of T cells blocks
SAG-induced experimental uveitis'’. Peripheral blood lymphocyte cultures from BCR patients
show strong proliferation in response to stimulation with SAG® and in vitro binding studies
support that synthetic peptides identical to fragments of the SAG can bind to HLA-A29 %,
Consequently, SAG is generally viewed as a causal autoantigen for BCR**#2%°, but there are no
studies have provided evidence for SAG peptide recognition by CD8+ T cells in the context
of HLA-A29.

In this study, we characterized the self-antigen-presenting function of HLA-A29 by lentiviral
transduction of full-length SAG in antigen presenting cells from patients. We used mass-
spectrometry based peptide sequencing of ligands eluted from HLA-A29 at the cell surface
for unbiased SAG ligand discovery. We report on the identification of two HLA-A29-
presented peptides from SAG and reveal that these peptides in complex with HLA-A29 are
not recognized by CD8+ T-cells of patients with BU.
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Materials & Methods

Patient-derived antigen presenting cell lines

This study was performed in compliance with the guidelines of the Declaration of Helsinki
and has the approval of the local Institutional Review Board (University Medical Center
Utrecht). Antigen presenting cell lines were generated by the induction of EBV-immortalised
lymphoblastoid cells (LCLs) with B95-8 marmoset-derived EBV supernatant as described
earlier?. Briefly, peripheral blood mononuclear cells (PBMCs) from two BCR patients were
cultured in B95-8 marmoset-derived EBV supernatant with Roswell Park Memorial Institute
1640 medium (RPMI 1640) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Biowest Riverside), and 1ug/ml cyclosporine to remove T cells. LCL cluster formation
was monitored by light microscopy and established patient-derived LCLs maintained in RPMI
1640 (10% FBS + 1% penicillin/streptomycin (Thermo Fisher Scientific)). Genotype data for
single nucleotide polymorphisms at 5g15 (Table 4.1) from the two patients were obtained
from a previous genotyping study®. High-resolution HLA class | typing (Table 4.1) was
performed on genomic DNA of cell lines using SSO DNA typing (LABType HD; One Lambda).

Table 4.1. Demographics and genotype data of the patient-derived lymphoblastoid cell lines used for HLA-A29
immunopeptidomics in this study. The genotype data for HLA class | alleles and key polymorphisms (and derived
haplotypes) are indicated.

Patient-derived cell line LCL1 LCL2
Age 80 65
Sex Female Female

HLA class | alleles

HLA-A A*29/A*03 A*29/A*31
HLA-B B*40/B*44 B*40/B*45
HLA-C C*03/C*16 C*03/C*06

ERAP1
Haplotype Hap10/Hap10 Hap7/Hap8
rs27044 c/c c/C
rs17482078 T/T c/c
rs10050860 /T c/cC
rs30187 c/c c/C
rs2287987 c/c T/T
rs27895 c/C c/c
rs26618 T/T T/C
rs26653 G/G G/G
rs3734016 c/c T/C
rs72773968 G/G G/G

ERAP2
Haplotype HapA/HapA HapA/HapA
rs2248374 AJA AJA
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S-antigen lentiviral transduction

We seeded HEK-293T cells into 10 cm dishes at a concentration of 2x10° cells per dish
overnightin Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific). Cells were
transfected in serum-free DMEM using Lipofectamine 2000 (Thermo Fisher Scientific) with
2nd generation packaging vectors (8.33 pg psPAX2 packaging vector and 2.77 pug pMD2.G
envelope vector at a ratio of 4:1) and 2 ug of the transfer vector (Lenti ORF clone of Human
S-antigen mGFP tagged, RC220057L2, Origene) and cultured at 37°C, 5% CO, for 24 hours.
We replaced the medium with 10 mL DMEM supplemented with 10% FBS and collected the
conditioned medium containing lentiviral particles 48 hours after transfection. We added an
additional 10 mL of fresh culture medium, which was harvested after 12 hours. The first and
second rounds of harvested supernatants were combined and cleared by centrifugation at
1500 rpm for 5 minutes at 4°C. Cleared supernatant was passed through a 0.45 um filter and
concentrated by ultracentrifugation (Beckman Coulter Optima centrifuge, SW32Ti rotor) for
120 minutes at 32,000 rpm. After removal of supernatant, virus pellets were resuspended in
1 mL RPMI (10% FBS, 1% penicillin/streptomycin) and stored until use at -80°C. Established
LCLs (1x10° cells) were seeded in a 24-well plate and transduced with lentiviral particles
and polybrene (final concentration 6 pg/mL). After 24 hours of culture, the medium was
replaced for fresh RPMI (10% FBS, 1% penicillin/streptomycin) and the cells were cultured
for another 3 days, without exceeding a cell concentration of 1.5x10° cells/mL. Successful
lentiviral transduction was evaluated by detection of GFP-positive cells by fluorescent light
microscopy. We sorted GFP-positive LCLs using the BD FACSAria™ Ill sorter.

Western blot analysis

Immunoblotting was performed to assess protein levels of S-antigen after lentiviral
transduction (S-antigen fusion protein with GFP), ERAP2 and a-tubulin (loading control) with
the following antibodies: ERAP2 and a-mGFP to detect the fusion protein S-antigen-GFP.
Cell lysates of LCL1 and LCL2 were prepared using the NP40 lysis buffer (1% NP40, 135 mM
NaCl, 5 mM EDTA, 20 mM Tris-HCl, pH=7.4) complemented with 1:25 cOmplete protease
inhibitor cocktail (Roche). The protein lysates (10 ug/lane) were separated on a 4%—20%
Mini-PROTEAN TGX gel (Bio-Rad Laboratories) and transferred to a polyvinylidene difluoride
membrane (Immobilon-P PVDF, Millipore). Precision Plus Protein All Blue Standards was
used as the protein marker (Bio-Rad Laboratories). Membranes were blocked in 5% nonfat
dry milk in TBS-T and incubated overnight at 4°C with antibodies targeting ERAP2 (1:2500,
AF3830, R&D Systems), a-mGFP (1:2000, clone 2F6, TA180076, Origene). Detection of
ERAP2 was done using anti-goat secondary antibody staining conjugated to horseradish
peroxidase (HRP) (1:5000, DAKO) and a-mGFP was measured with anti-mouse secondary
antibody conjugated to HRP (1:5000, DAKO). Protein bands were detected with Amersham
ECL™ Prime Western Blotting Detection System (RPN2236, GE Healthcare) on the ChemiDoc
Gel Imaging System (Bio-Rad Laboratories).
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HLA-A29 immunopeptidome analysis

The immunopeptidome analysis of HLA-A29 was performed as described previously?.
Briefly, LCL1-SAG+ cells were cultured in a medium supplemented with stable isotope
labelled amino acids and combined with unlabelled CRISPR-edited cells for SILAC-labelled
immuno peptidomics as described in detail in Venema et al.?*. LCL2-SAG+ cells were cultured
in unlabelled conditions. Frozen cell pellets (-20°C) of 1-2 x 10° SAG-positive LCLs were lysed
in Tris-HCL buffer (Tris-HCI 50 mM, NaCl 150 mM, EDTA 5mM) with 0.5% Zwittergent® 3-12
Detergent and Roche cOmplete Protease Inhibitor Cocktail and 4°C for 2 hours. Lysates
were cleared by centrifugation (10 min. 2,500 rpm, 4°C). Supernatant was harvested and
centrifuged for 40 min (30,000 x g, 4°C) and pre-cleared with a 2mL CL4B column. The final
supernatant was subjected to the HLA-A29-binding mAb DK1G8?*?? (IgG1) immunoaffinity
column for standard immunoaffinity purification?®. Columns were washed and HLA-A29-
peptide complexes eluted from the column. We dissociated complexes with 10% acetic acid
filtered for peptides using a 10 kDa membrane (Microcon YM-10). Freeze dried filtrate was
dissolved in 50 mM ammonium bicarbonate (pH 8.3) and subjected to C18 reverse phase
columns (Oasis HLB, Waters, Milford, MA). Peptides were eluted from the C18 columns using
400 pl 10/90/0. water/acetonitrile/formic acid, v/v/v., 20/80/0.1 and 50/50/0.1 water/
acetonitrile/formic acid, v/v/v, lyophilized and finally dissolved in 95/3/0.1 v/v/v water/
acetonitrile/formic acid.

Mass spectrometry was performed using on-line C18 nanoHPLC MS/MS with a system
consisting of an Easy nLC 1200 gradient HPLC system (Thermo, Bremen, Germany), and
a (for LCL1) LUMOS mass spectrometer (Thermo) or (for LCL2) a Q Exactive Plus Hybrid
Quadrupole-Orbitrap as described in detail in Venema et al.?.

Mass Spectrometry Data Analysis

Processed mass spectrometry (MS) data from LCL1 (available via https://github.com/
jonaskuiper/ERAP2_HLA-A29 peptidome) were obtained by filtering peptides detected in
both biological replicates for ‘heavy’ labelled amino acids (see Supplemental Figure 4.1).
Peptide data from LCL1 and LCL2 were filtered for peptides with a Best Mascot ion score >35
and length between 8-11 amino acids (typical length for T-cell epitopes)**?* (Supplemental
Table 4.1 and 4.2).

ERAP1 and ERAP2 S-antigen peptide digestions

Recombinant ERAP1 (2334-ZN-010, R&D Systems) and ERAP2 (3830-ZN-010, R&D Systems)
were used for digestion of SAG peptides (VTLTCAFRY and TVLGILVSY) and their respective
natural N-terminal extended 10-mer precursor (all custom order from Pepscan Presto,
NL) (Key Resources Table). We used the peptide SVLKSLPFTII and RGRFSGLLGR as positive
controls for ERAP1 and ERAP2, and SVLKSLPFTII was also used to evaluate potential tryptic
activity. Each peptide (1 pg) was individually digested with either ERAP1, ERAP2 or a
combination of both ERAPs (100 ng per condition). Reactions were terminated by addition
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of 5% trifluoroacetic acid (TFA) after 60 minutes incubation at 37°C. N-terminal peptide
trimming was assessed using mass spectrometry comparing peptide cleavage between TO
and T1. All reactions have been performed in duplo in separate experiments.

HLA-A29-peptide dextramer analysis

To determine the presence of antigen-specific T cells reactive to retinal S-antigen peptides,
peripheral blood mononuclear cells (PBMCs) from Birdshot patients, anonymous HLA-
A29-positive controls (Buffy coat, Sanquin, Amsterdam), and HLA-A29-negative anonymous
healthy blood donors with no history of ocular inflammatory disease served as controls
(HC) were isolated from heparinized venous blood by standard ficoll gradient centrifugation
immediately after blood withdrawal and stored in liquid nitrogen. For flow cytometry
analysis the liquid nitrogen stored PBMCs were quickly thawed and washed once with ice
cold phosphate buffered saline. The cells were stained with Fixable Viability Dye eFluor
450 (eBioscience) to determine the viability. After 10 minutes of incubation, samples were
stained with APC-labeled dextramer HLA-A*29:02-TVLGILVSY, PE-labeled dextramer HLA-
A*29:02-VTLTCAFRY and a FITC-labelled negative control (HLA-B*08:01 dextramer loaded
with nonsense AAKGRGAAL peptide) (Immudex, DK). The incubation was performed in FACS
Buffer (1% bovine serum albumin (BSA) and 0.1% sodium azide in PBS) at room temperature
for 10 minutes, followed by washing and further surface staining with V500-labeled anti-
human CD8 (Becton Dickinson), PerCP-Cy5.5-labeled anti-human CD4 (BioLegend), BV605-
labeled anti-human CD3 (BioLegend), PE-CF594-labeled anti-human CD56 (Becton Dickinson)
and a dump channel of APC-eF780-labeled antibodies (CD14 and C19; eBioscience) for 20
minutes at 4°C. Flow cytometric analyses were performed on the BD FACSAria™ Ill and the
data were analyzed using FlowJo software (TreeStar Inc.). Fluorescence minus one (FMO)
control samples were used to set the dextramer gates.

As a control, CompBead Plus Anti-Mouse Ig,k beads and unlabeled negative control beads
(both BD Biosciences) were mixed with anti-human HLA-A,B,C antibody (clone W6/32;
BioLegend), followed by washing and further staining with either one of the dextramers.
Analysis of the beads was performed on the BD FACSAria™ Ill. For the analysis of aqueous
humor (n=1), and vitreous fluid (n=1), samples from two BCR patients were stained and
analyzed as described above. However, only one wash step after staining was performed to
minimize cell loss given the limited number of cells present in the samples.

PBMC stimulation with S-antigen peptides

PBMCs from 12 BCR patients and 6 HLA-A29-positive controls were seeded in 96-well flat-
bottom plates (1x10° cells/well) and cultured in RPMI 1640 medium supplemented with 51U/
ml IL-2 and 10% human AB serum. The cells were stimulated with either one of the synthetic
peptides TVLGILVSY or VTLTCAFRY (Pepscan Presto, NL) for 48 hours at a concentration of 10
ng/ml. After 48 hours of peptide stimulation, cells were re-stimulated for 4 hours with 20ng/
mL ionomycin and 1ug /mL phorbol myristate acetate (PMA) (both from Sigma Aldrich).
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GolgiStop (BD Biosciences; 2uL in 150l culture medium) was added after 30 minutes and
the cells were cultured for an additional 3.5 hours before the intracellular cytokine staining
was performed.

Cells were surface stained with APC/Cy7-labeled anti-human CD8 (Becton Dickinson), BV785-
labeled anti-human CD4 (BioLegend), BV605-labeled anti-human CD3 (BiolLegend), fixed,
and permeabilized in fixation buffer (Becton Dickinson) and intracellularly stained using
antibodies against TNFa (BioLegend), IL-17A (eBioscience) and IFNy (Becton Dickinson). Flow
cytometric analyses were performed on the BD LSR Fortessa™ Cell analyzer (BD Bioscience).
Data were analyzed using FlowJo software (TreeStar Inc.).

Peptide prediction algorithms and Statistical analysis

Peptide binding to HLA alleles was predicted using neural-network based prediction
algorithm HLAthena®. HLAthena provides a binding score metric ‘MSi’ between 0-1 with
MSi>0.9 considered strong binding. Prediction of antigen processing of N-terminally
extended precursor peptides was conducted by subjecting the full amino acid sequence
of of SAG (Uniprot: P10523, ARRS_HUMAN), B-arrestin-1 (Uniprot: P49407, ARRB1_
HUMAN) and B-arrestin-2 (Uniprot: P32121, ARRB2_HUMAN) to NetChop - 3.1 web
server? using the Cterm method, which best predicts cellular antigen processing outcome
(proteasome+proteases)?®. The mean protein copy number of beta-arrestin 1 and beta-
arrestin 2 isoforms in purified peripheral blood immune cell subsets were calculated using
the mass-spectrometry-based proteomic data as reported by Rieckmann and co-workers?.
Group differences were assessed using the Kruskal-Wallis rank sum test with the kruskal.
test() function in base R or a Dunn’s Kruskal-Wallis Multiple Comparisons by dunnTest()
function in the FSA R package®. P values were adjusted using the bonferroni method.

Data availability

Descriptions of how to reproduce the analysis workflows (showing code and R package
version numbers) using data underlying the figures presented in this paper are available at
https://github.com/jonaskuiper/SAG_birdshot

Results

Peptides from the retinal S-antigen (SAG) are bona fide ligands of HLA-A29

We reasoned that a powerful way to discover peptide antigen ligands derived from the
retinal S-antigen (SAG) would be to determine if they can be presented by HLA-A29 using
patient-derived antigen presenting cells (Figure 4.1A). To do so, we initiated the study
by using immunopeptidome data from an HLA-A29:02-positive birdshot chorioretinitis
patient derived lymphoblastoid cells (LCL1, female, 80 years) that we subjected to lentiviral
transduction for stable expression of full-length SAG protein (SAG-GFP fusion protein) (Figure
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4.1B, 4.1C). We filtered the amino peptidome data for 8-11 amino acids long peptides (i.e.,
typical length for T-cell epitopes)® with an ion Mascot Score >35 (n=820 unique peptide
ligands) (Figure 4.2A and Supplemental Figure 4.1) and identified the 9-mer peptides
VTLTCAFRY [amino acid positions 63-71 in SAG] and TVLGILVSY [323-331] that matched with
the amino acid sequence of SAG (Table 4.1, Supplemental Table 4.1).

To validate these findings, we generated LCLs from a second HLA-A*29:02-positive
birdshot chorioretinitis patient (LCL2; female, 65 years old) (Table 4.1) and SAG was
also stably expressed by lentiviral transduction in this cell line (Figure 4.1B, 4.1C).
Using mass spectrometry analysis, we sequenced peptides eluted from anti-HLA-A29
immunoprecipitations from LCL2 and filtered the immunopeptidome data (n=910 unique
8-11-mers, Supplemental Figure 4.1) and detected 295 peptides (lon Mascot Score >35)
in common with LCL1 (Supplemental Table 4.2, 4.3). This independent analysis also
detected VTLTCAFRY (SAG[63-71]) and TVLGILVSY (SAG[323-331]) as the only SAG derived
peptides in the HLA-A29 immunopeptidome data of LCL2. Comparing the tandem mass
spectrometry (MS/MS) spectra of the SAG ligands identified in the elutions from HLA-A29
immunoprecipitations with the fragment-spectrum we generated from their synthetic
peptide analogues supported accurate identification of SAG derived peptides bound to
HLA-A29 (Figure 4.2B, Supplemental Figure 4.2). In silico binding analysis by HLAthena?®
corroborated that these peptides were also predicted as very strong ligands for HLA-A29
(Table 4.2).

Using the amino acid sequence of these peptides as a query in BLAST*! revealed that
TVLGILVSY is unique to SAG. In contrast, the peptide sequence of VTLTCAFRY is also present
in the amino acid sequence of other non-vision arrestins (e.g., B-arrestin-1 and -2).
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Figure 4.1: Study design and generation of patient-derived antigen presentation models for SAG. (a) Schematic
overview of the generation of a birdshot chorioretinitis patient-derived lymphoblastoid cells [LCL1 and LCL2]
expressing the retinal S-antigen (SAG)-GFP fusion protein by lentiviral transduction. We used mass-spectrometry-
based peptide sequencing (i.e., immuno-peptidomics) of HLA-A29-eluted peptides for identification of SAG-derived
ligands of HLA-A29. (b) Western blot of SAG+mGFP fusion protein (27.3 kD mGFP + 44.6 kD S-antigen) expression
and ERAP2 (control) in “WT” and LCL1s transduced with SAG. Two separate blots using the same protein lysates
for each sample were run in parallel for the detection of either anti-ERAP2 or anti-mGFP. (c) Brightfield microscope
image with GFP overlay of LCLs after stable expression of SAG-GFP.

Although we are formally unable to assign VTLTCAFRY to the SAG, B-arrestins are low
expressed in B cells (Figure 4.2C) and this peptide has not been reported in HLA-A29
immunopeptidome studies of lymphoblastoid cell lines?®3%34 Because the amino acids
upstream (N-terminal) of VTLTCAFRY in the source proteins differ between the SAG and other
arrestins (Table 4.1), we asked if this may influence the probability of antigen processing
and presentation of the mature peptide VTLTCAFRY. To this end, we used neural network-
based prediction of the likelihood of the generation of N-terminally extended precursors
peptides of VTLTCAFRY from full-length SAG, and B-arrestin-1 and -2 by the cellular antigen
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processing machinery (combined proteasomal and proteases)?”?%, This analysis revealed that
whole-cell antigen processing is predicted to generate the 9-mer ligand and a N-terminally
extended 11-mer for SAG, but not for other arrestins (Figure 4.1D). Of interest, the nearest
N-terminal cleavage site “shared” between arrestins is predicted 5 amino acid positions
before the 9-mer ligand, which would introduce N-terminal acidic residues (D and E) that
are unfavorable for antigen processing®. Collectively, these observations make it reasonable
to assume that also the VTLTCAFRY peptide is derived specifically from SAG. Based on these
results, we conclude that two 9-mer peptides derived from SAG are bona fide ligands of
HLA-A29.
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Figure 4.2: Identification of two SAG derived ligands of HLA-A29. (a) Venn diagram of HLA-A29 immunopeptidomes
(8-11 mers with Mascot lon score >35) of LCL1-SAG and LCL2-SAG. Detailed filtering steps for peptides in the
immunopeptidome data is provided in Supplemental Figure 4.1. A sequence logo is shown based on the non-
redundant list of 9-mers detected in both cell lines and includes the SAG-derived peptides (VTLTCAFRY, TVLGILVSY)
highlighted in purple. (b) The MS/MS spectrum of the peptide fragment ions derived from the SAG peptides
identified in elutions from HLA-A29 immunoprecipitations of the patient derived cell lines (“eluted”) and from
recombinant peptides with identical amino acid sequence (“synthetic”). The relative abundance and mass/charge
(m/z) of characteristic (a-, b- and y-) ions from the fragmentation of the peptides are highlighted. Detailed MS/MS
fragment spectrum is shown in Supplemental Figure 4.2. (c) Heatmap showing the mean protein copy numbers
for protein isoforms of B-arrestin-1 and -2 (ARRBL, -2) in peripheral blood immune subsets (data from Rieckmann
et al.”® (d) The predicted in vivo whole-cell proteolysis (proteasomal + all other proteases) of SAG, and B-arrestin-1
and -2 (ARRB1, -2) of full-length protein by NetChop Cterm algorithm?’. The predicted cleavage sites in the source
protein N-terminally of the identified ligand VTLTCAFRY that exceed the threshold (>0.5) are highlighted with black
triangles.
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Table 4.2. Identified S-antigen derived peptides in immunopeptidome data of LCL1 and LCL2. The flanking sequence
in the source protein(s) is shown. The predicted binding affinity [range 0-1, from HLAthena?®) for HLA*A29:02 and
other class | alleles are also provided.

S-antigen peptide Flanking sequence of Predicted binding High affinity >0.9 for
Source protein (Uniprot). affinity HLA*A29:02 other HLA alleles
VTLTCAFRY S-antigen (P10523): 0.92 HLA-B*15:17
...GKKVYVTLTCAFRYGQEDI...

B-arrestin 1 (P49407):
...ERRVYVTLTCAFRYGREDL...

B-arrestin 2 (P32121):
...DRKVFVTLTCAFRYGREDL...

TVLGILVSY S-antigen (P10523): 0.99 HLA-A*03:01
...EGIDRTVLGILVSYQIKVK... HLA-A*25:01
HLA-A*26:01

HLA-A*30:02

HLA-A*34:02

HLA-B*15:01

HLA-B*15:02

HLA-B*18:01

HLA-B*35:01

HLA-B*35:07

HLA-B*46:01

HLA-C*12:02

HLA-A29 ligands of SAG are trimmed by ERAP1 and ERAP2

Because the antigen processing aminopeptidases ERAP1 and ERAP2 are genetically
implicated in the pathogenesis of birdshot chorioretinitis™®, we next were interested to
determine whether the two SAG-derived peptides could be generated through trimming
N-terminal elongated peptide precursors by ERAP1 and ERAP2. We used recombinant ERAP1
and ERAP2 to in vitro digest VTLTCAFRY, TVLGILVSY and their respective 10-mer precursor
peptides (N-terminal extended with the amino acid at that position in the retinal S-antigen
amino acids sequence, Table 4.2). ERAP1 clearly processed the control peptides RGRFSGLLGR
and SVLKSLPFTII, as well as the precursor peptide 10-mer YVTLTCAFRY to the 9-mer HLA-A29
ligand VTLTCAFRY after 60 minutes of incubation (Figure 4.3A, 4.3B). However, we observed
no trimming of the 10-mer precursor RTVLGILVSY. No tryptic activity was detected in the
ERAP preparations since the tryptic peptide SLPFTII peptide was not efficiently formed
from SVLKSLPFTII. ERAP1 also trimmed the 9-mer HLA-A29 ligand VTLTCAFRY to the 8-mer
TLTCAFRY. In contrast, ERAP2 left the precursor peptide 10-mer YVTLTCAFRY unaffected, but
did show limited activity towards the precursor 10-mer RTVLGILVSY to yield the HLA-A29
ligand TVLGILVSY (Figure 4.3C). These in vitro results show that SAG-derived ligands of
HLA-A29 can potentially be generated from N-terminally trimming of precursor peptides by
ERAP1 and ERAP2.
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Figure 4.3: In vitro S-antigen peptide digestion by ERAP1 and ERAP2. (a) Representative mass spectrometry
chromatogram showing ERAP1 digestion of S-antigen derived peptide YVTLTCAFRY into the respective 9- and 8-mer
after the 60 min. incubation (b) Positive control RGRFSGLLGR, showing the proportional abundance digestion
products (%) of the original peptide and measured digestion products as a result of ERAP1, ERAP2 or ERAP1 + ERAP2
digestion respectively. Control peptide SVLKSLPFTII to assess tryptic activity on lysine (K) at P4 to validate ERAP1/
ERAP2 purity. (c) Digestion of VTLTCAFRY and its respective 10-mer YVTLTCAFRY, TVLGILVSY and its respective 10-
mer RTVLGILVSY. Peptide digestion assay data is shown in Supplemental Table 4.2.

SAG-specific CD8+ T cells are not detectable in birdshot chorioretinitis patients.
We next assessed whether the two identified peptides from the retinal S-antigen were
detected by CD8+ T-cells from patients, HLA-A29-positive or HLA-A29-negative controls
(n=34) using fluorescent-dextramerized recombinant HLA-A*29:02 molecules complexed
with either VTLTCAFRY or TVLGILVSY. Comparing empty beads and beads coated with
pan-class | antibody (W6/32) mixed with either one of the dextramers, revealed good
performance for our assembled HLA-A29/VTLTCAFRY and HLA-A29/TVLGILVSY dextramers
(Figure 4.4A). Enumeration of dextramer-positive events revealed no difference between
cases and HLA-A29-positive, and HLA-A29-negative controls (Figure 4.4B). Importantly, the
frequency of detected events was in the same range as the negative control dextramer,
indicating that no SAG-specific CD8+ T cells were detectable in peripheral blood.

To ascertain the absence of CD8+ T cell activation by these SAG peptides, we assessed
antigen engagement at the single cell level. To this end, we conducted peptide stimulations
of PBMCs from 18 BCR patients and 6 HLA-A29-positive controls and monitored intracellular
cytokine (TNF-alpha, interferon-gamma, and interleukin-17) production by CD8+ T-cells
after 48 hours.
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Figure 4.4. HLA-A29/SAG-specific CD8+ T cells are absent in peripheral blood or eye biopsies of birdshot
chorioretinitis patients. (a) Biplot of flow cytometry analysis using a positive control for HLA-A29-TVLGILVSY
dextramer and HLA-A29-VTLTCAFRY dextramer by using beads coated with or without pan anti-HLA class | antibody
(W6/32) and dextramers. As a negative control, we used a dextramer complexed with a nonsense peptide. (b)
Representative biplot for the percentage of the blood CD8+ T cells binding to each of the HLA-A29 dextramers.
A scatterplot of the percentage of dextramer-positive CD8+T cells in peripheral blood mononuclear cell (PBMC)
samples from HLA-A29+ birdshot chorioretinitis patients, HLA-A29+ healthy controls, and HLA-A29-negative
healthy controls. P values are from a Kruskal Wallis test). (c) Intracellular cytokine detection by flow cytometry of
TNF-alpha, IFN-gamma, and IL-17-producing CD8+ T-cells after peptide stimulated PBMC cultures. The comparison
of the percentage of cytokine producing CD8+ T-cells in unstimulated PBMC cultures, or stimulated with VTLTCAFRY,
or TVLGILVSY, is shown. None of the comparisons were statistically significant by Dunn’s test with correction for
multiple testing. NS = non-significant. (d) Representative flow cytometry biplots of vitreous fluid of one birdshot
chorioretinitis patient. Eye-infiltrating CD8+ T-cells were stained with the S-antigen peptide HLA-A29-TVLGILVSY
dextramer and HLA-A29-VTLTCAFRY dextramer.
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Stimulation with synthetic VTLTCAFRY or TVLGILVSY did not induce a significant increase
in the frequency of cytokine-producing CD8+ T-cells in cases and controls (Figure 4.4C).
Because we also detected VTLTCAFRY peptide with post-translational modifications in the
immunopeptidome data, we also determined cytokine production by CD8+ T cells after
48 stimulation with VTLTCAFRY with phosphorylated Threonine (at amino acid position 2,
position 4, or both position 2 and 4) or cysteinylated Cysteine (C-cys) at amino acid position
5 in VTLTCAFRY, but detected also no significant increase in the frequency of cytokine-
producing CD8+ T cells in cases and controls using stimulation with these modified peptides
(Supplemental Figure 4.3).

Finally, we had the opportunity to study fresh intraocular eye biopsies from two BCR patients.
Although flow cytometry analysis revealed evident infiltration of CD8+ T cells, no SAG-
peptide dextramer-positive T cells were detected in inflamed eyes of patients (Figure 4.4D).
Collectively, we conclude that SAG peptides in complex with HLA-A29 are not recognized by
CD8+ T-cells of BCR patients.

Discussion

In this study, we investigated the candidate autoantigen SAG in BCR using patient-derived
cell lines and identified two naturally presented peptides of SAG. We demonstrated that
these peptidesin complex with HLA-A29 are not recognized by circulating and eye-infiltrating
CD8+ T cells of patients.

SAG has been postulated as the primary autoantigen ever since the discovery of HLA-A29 in
cases with BCR over forty years ago®. In 1982, Nussenblatt and coworkers established the
extreme genetic association between HLA-A*29 and BCR and concurrently reported that
PBMC cultures of BCR patients showed enhanced proliferation upon stimulation with SAG
compared to healthy controls®®. The nomination of SAG as candidate autoantigen for BCR
was also based upon the observation that injecting rhesus monkeys with SAG or its derived
18-mer DTNLASSTIIKEGIDRTV (peptide “M”) induced experimental uveitis, characterised
by focal retinal lesions and histopathological features with high resembles to BCR3®%7,
However, in vitro SAG-stimulated T cell proliferation as well as SAG-induced experimental
autoimmune uveitis is predominantly T helper cell-driven and mediated by MHC class 113842,
Also, in humans, cellular and humoral in vitro hyperresponsiveness to SAG is not limited to
BCR and commonly observed in patients with a wide variety of inflammatory eye conditions.
Our study revealed that peptides from SAG presented by HLA-A29 are not immunogenic.
Using immunopeptidomics of newly-generated patients’ cell lines with low passage, we
ensured preservation of canonical antigen processing for unbiased discovery of peptide
antigens presented by HLA-A29. Although we consider this a significant improvement
comparedtomorewidelyusedlong-establishedcelllinesthatsufferfromgenomicaberrations,
also in the MHC-I pathway**4, ideally, we would have liked to determine if SAG ligands
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are also presented by photoreceptors in the eye under inflammatory conditions. Recently,
it was shown that shortage in cellular tryptophan promotes tryptophan to phenylalanine
substitution in proteins, which could alter the HLA antigenic peptide repertoire and activate
T cells*. HLA-A29 immunopeptidomics of inflamed retina is technically and ethically highly
challenging considering the limited amount of tissue available for such analysis. However,
even when considering the possibility of inflammation-induced tryptophan breakdown in
the retina®®*, SAG contains merely a single tryptophan in its amino acid sequence (W198),
which after substitution does not influence predicted binding to HLA-A29 (NetCTLpan
server after in silico W198F substitution, data not shown). We therefore consider it likely
that our model captured all in situ SAG ligands of HLA-A29, also when presented by antigen
presenting cells under inflammatory conditions.

Another limitation of our work is that we did not evaluate if CD8+ T cells recognize SAG-
derived epitopes via other HLA class | alleles in linkage disequilibrium with HLA-A29
(e.g., HLA-B44, HLA-C16). However, in our reanalysis of previously reported pan-MHC-I
immunopeptidome analysis of LCL1?* we detected only one other SAG-derived peptide (at
Mascot lon score >35): the 11-mer SEVATEVPFRL most likely derived from HLA-B*44:03
(HLAthena binding score, MSI = 0.88) which is in linkage disequilibrium with HLA-A*29:02°°,
Although the amino acid sequence of this 11-mer overlaps with peptides that are highly
potent for induction of uveitis in a rat model of experimental autoimmune uveitis®**?, this
model is not mediated by CD8+ T cells®. Therefore, we speculate that other putative HLA
class | presented SAG epitopes will have negligible contribution to CD8+ T cell immunity
in BCR. Given that PBMC cultures of BCR patients showed enhanced T cell proliferation
upon stimulation with SAG'®*, our current view is that SAG functions as a “collateral” or
“secondary” autoantigen involved in CD4+ T helper-mediated responses induced by epitope
spreading subsequent to (yet unidentified) primary autoantigen-directed immunity via
HLA-A29 and CD8+ T cells.

Peptide-MHC multimers represent a powerful technology for the detection of antigen-
specific CD8+ T cells. However, the low frequency in peripheral blood and relatively low
affinity T-cell receptors (TCR) of self-specific T-cells pose a significant challenge since the
signal in peripheral blood may become obscured within the inherent background noise. To
ascertain high quality detection and quantification, we used several strategies in line with
current recommendations®, such as an optimized staining protocol (stain with dextramers
before staining for coreceptor CD8%), use of “dump” channels to eliminate nonspecific
binding events®®, FMO controls, and anti-multimer bead positive controls to ensure an
accurate gating strategy. We also used dextramers which outperform conventional tetramers,
because they carry a greater number of both peptide-HLA complexes and fluorochromes®’.
Although the frequency of dextramer-positive events in this study were in the range of
frequencies reported for blood CD8+ T-cells specific for viral or tumor peptides®*°, we
observed no differences to unaffected controls. Although we can formally not exclude HLA
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alloreactivity by CMV- and EBV-specific T-cells®*® known to cross-react specifically with
HLA-A29 in HLA-A29-negative donors®.

The use of optimized protocols in future studies to prevent TCR triggering and internalization,
and reduce reagent dissociation during washing steps may further increase sensitivity®.
We would like to point out that SAG-specific CD8+ T cells may be detected by magnetic
bead enrichment protocols or long-term peptide stimulation-based expansion®®®’,
However, these approaches may also target low-frequency or non-expanded T cells while
our approach assumed that during active uveitis SAG-specific CD8+ T cells should be
expanded to a degree that is detectable in patients’ blood using highly sensitive dextramer
technology. Low-frequency self-reactive CD8+ T-cells are common in blood from healthy
individuals®®%, Because healthy people with self-reactive T cells do not spontaneously
develop autoimmune diseases, this does not imply that their cognate antigens are clinically
relevant for autoimmunity. This line of reasoning may lead to a paradox where absence of
their ex vivo detection without enrichment does not mean there are no self-reactive T cells,
whereas detection after stimulation/enrichment does not proof their in vivo expansion
unambiguously. Hence, we required evidence of expansion of self-reactive CD8+ T cells to
consider their cognate antigens as autoantigens, because high frequency of self-reactive T
cells in the peripheral repertoire correlates with the susceptibility to develop autoimmune
disease®. Furthermore, autoimmune T cells are enriched for low-affinity TCRs, since low-
affinity T cells are more prone to escape negative selection. However, this means they must
be present in substantially larger numbers in order to induce autoimmunity, so an increase
in self-reactive cells is required to cause autoimmunity’®’2, Consequently, dextramers have
been shown to have sufficient sensitivity for the ex vivo quantification to expanded CD8+
T cells to a variety of autoantigens in other autoimmune diseases, including rheumatoid
arthritis, spondylarthritis, and psoriasis®>’*7’. Because we show that ERAPs can influence
the generation of the SAG peptides, one limitation of the study is that we did not stratify
our antigen-specific response assay by functional polymorphisms in ERAP genes in the
samples. Using this non-enriched approach, we demonstrated that the detected frequency
in patients was similar to HLA-A29-positive controls, and indistinguishable from the negative
control dextramer. Importantly, no dextramer-positive T cells were detected among the eye-
infiltrating CD8+ T cells in patients. We also found no induction of antigen-specific cytokine
production in CD8+ T cells after stimulation with these SAG peptides. This supports our
conclusion that we did not detect SAG-specific CD8+ T cells in patients and that SAG is
unlikely of relevance to the HLA-A29-mediated - and thus disease defining - pathogenic
mechanisms.

Genome-wide genetic studies identified HLA-A29, ERAP1, and ERAP2 genes as risk genes
for BCR®. This substantiates peptide processing by ERAP1 and ERAP2 in the endoplasmic
reticulum and subsequent peptide presentation by HLA-A29 at the cell surface as a key
disease mechanism for BU. Functional studies have revealed that ERAP2 promotes HLA-A29
presentation of peptides with a motif that is found in the amino acid sequence of melanocyte
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proteins®?!, This is significant, because in HLA-C*06-associated psoriasis melanocytes trigger
autoreactive CD8+ T cells via ERAP1'*>, These findings are significant because inflammation
in BCR may originate in the melanocyte-rich ocular choroid and suggest that tissue resident
autoantigens of the choroid may provide the targets for autoreactive CD8+ T cells®. If
melanocytes are a target tissue in BCR remains to be determined. Regardless, identification
of autoantigens in upcoming studies may benefit from the rapid advancement in sequencing
technologies, such as single-cell TCR sequencing, which will allow the identification of the
full-length alpha and beta TCR chains of eye-infiltrating CD8+ T cells, which can be used for
functional evaluation (i.e., cloning into cell lines) and screening of large peptide libraries
to identify their cognate peptide antigen(s)*>’®. In conclusion, we demonstrate that the
longstanding autoantigen candidate SAG is not implicated as a CD8+ T cell target in BCR and
that the disease mechanisms that involve antigen presentation via HLA-A29 involve possibly
other yet unidentified peptides.
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Supplemental Figure 4.1. Venn diagram of filtering steps of the peptides identified by mass spectrometry in the
HLA-A29 immunopeptidomes of LCL1 and LCL2.

>>

Supplemental Figure 4.2. The MS/MS spectrum of the peptide fragment ions derived from the SAG peptides
identified in elutions from HLA-A29 immunoprecipitations of the patient derived cell lines (“eluted”) and from
recombinant peptides with identical amino acid sequence (“synthetic”). The relative abundance and mass/charge
(m/z) of characteristic (a-,-b-, and y-) ions from the fragmentation of the peptides are highlighted.
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Supplemental Figure 4.3. Intracellular cytokine detection by flow cytometry of TNF-alpha, IFN-gamma, and IL-17
producing CD8+ T-cells after S-antigen peptide stimulated cultures of PBMCs. The comparison of the percentage
of cytokine producing CD8+ T-cells in unstimulated PBMC cultures, or stimulated with VTLTCAFRY, VTLTCAFRY with
the phosphorylated T as position 2 (V{pT}LTCAFRY, VTLTCAFRY with the phosphorylated T as position 4 (VTL{pT}
CAFRY, VTLTCAFRY with phosphorylated T as position 2 and 4 (V{pT}L{pT}CAFRY, and VTLTCAFRY with a cysteinyl
to C at position 5 (VTLT{C-Cystenyl}AFRY is shown. None of the comparisons were statistically significant by Dunn’s
test with correction for multiple testing.
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Abstract

Single nucleotide polymorphisms (SNP) near the ERAP2 gene are associated withautoimmune
conditions such as Crohn’s disease, and birdshot chorioretinopathy, as well as protection
against lethal infections, including the Black Death. Due to high linkage disequilibrium (LD),
a great number of trait-associated SNPs are correlated with ERAP2 expression, however
their functional mechanisms remain unidentified.

We used genome editing and functional genomics to identify causal variants that remain
obscured by LD. We demonstrate by reciprocal allelic replacement that ERAP2 expression is
directly controlled by the genotype of splice region SNP rs2248374. However, we demonstrate
that autoimmune disease-risk SNPs located near the downstream LNPEP gene promoter
are independently associated with ERAP2 expression. Allele-specific conformation capture
assays revealed long-range chromatin contacts between the LNPEP promoter region and the
ERAP2 promoter and showed that interactions were stronger in patients carrying the alleles
that increase susceptibility to autoimmune diseases. Replacing the disease-associated SNPs
in the LNPEP promoter by reference sequences lowered ERAP2 expression.

These findings show that clustered GWAS signals associated with diverse autoimmune
conditions and lethal infections act in concert to control ERAP2 expression and that disease-
associated variants can convert a gene promoter region into a potent enhancer of a distal
gene.




Introduction

MHC class | molecules (MHC-1) display peptides derived from intracellular proteins
allowing CD8+ T cells to detect infection and malignancy?. In the endoplasmic reticulum,
aminopeptidases ERAP1 and ERAP2 shorten peptides that are presented by MHC-I*",
Dysfunctional ERAP may alter the repertoires of peptides presented by MHC-I, potentially
activating CD8+ T cells and causing adverse immune responses®®,

In genome-wide association studies (GWAS), polymorphisms at 5g15 (chromosome 5,
g arm, G-band 15) near the ERAP1 and ERAP2 genes have been associated with multiple
autoimmune conditions. Among them are ankylosing spondylitis®°, Crohn’s disease [CD]?,
juvenile idiopathic arthritis [JIA]*?, birdshot chorioretinopathy [BCR]**!4, psoriasis, and
Behcet’s disease'¢. The SNPs identified in GWAS as disease-risk SNPs in ERAP1 usually
correspond to changes in amino acid residues, resulting in proteins with different peptide
trimming activities and expression levels®7-2°,

On the other hand, many SNPs near ERAP2 are highly correlated with the level of ERAP2
expression (i.e., expression quantitative trait loci [eQTLs] for ERAP2)**2, Due to linkage
disequilibrium (LD) between these SNPs, there are two common ERAP2 haplotypes; one
haplotype encodes enzymatically active ERAP2 protein while the alternative haplotype
encodes transcript with an extended exon 10 that contains premature termination codons,
inhibiting mMRNA and protein expression?. The haplotype that produces full-size ERAP2
increases the risk of autoimmune diseases such as CD, JIA, and BCR, but it also protects
against severe respiratory infections like pneumonia?*, as well as historically the Black Death,
caused by the bacterium Yersinia pestis'**3?>, There is a SNP rs2248374 (allele frequency
~50%) located within a donor splicing site directly after exon 10 that tags these common
haplotypes'#?*?¢, Consequently, rs2248374 is assumed to be the sole variant responsible for
ERAP2 expression. Although this is supported by association studies and minigene based
assays?*?¢, strikingly, there have been no studies evaluating ERAP2 expression after changing
the allele of this SNP in genomic DNA. This leaves the question of whether the rs2248374
genotype is essential for ERAP2 expression unanswered.

More than a hundred additional ERAP2 eQTLs located in and downstream of the ERAP2 gene,
form a large ‘extended ERAP2 haplotype’3. It is commonly assumed that these ERAP2 eQTLs
work solely by tagging (i.e., in LD with) rs2248374%:2527-30_ There is however, evidence that
some SNPs in the extended ERAP2 haplotype may influence ERAP2 expression independent
of rs2248374%°32, The use of CRISPR-Cas9 genome editing and functional genomics may
be able to unravel the ERAP2 haplotypes and identify causal variants that regulate ERAP2
expression but are obscured by LD with rs2248374 in association studies.

We investigated whether rs2248374 is sufficient for the expression of ERAP2. Polymorphisms
influencing ERAP2 expression were identified using allelic replacement by CRISPR-mediated
homologous repair and conformation capture assays. We report that rs2248374 was indeed
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critical for ERAP2 expression, but that ERAP2 expression is further influenced by additional
SNPs that facilitate a local conformation that increases promoter interactions.

Materials & methods

Cell culture

The THP1 cell line (ATCC, TIB-202™ ECACC Cat# 88081201, RRID:CVCL_0006, monocyte
isolated from peripheral blood from an acute monocytic leukemia patient) and Jurkat cell
line (ATCC, Clone E6-1,TIB-152™; established from the peripheral blood of a 14-year-old,
male, acute T-cell leukemia patient) were purchased from ATCC. Cell lines were cultured
in Roswell Park Memorial Institute 1640 medium (RPMI 1640, Thermo Fisher Scientific)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biowest Riverside) and
1% penicillin/streptomycin (Thermo Fisher Scientific). The authenticity of each cell line was
monitored by genome-wide SNP-array analysis (for technical details see High-density SNP-
array analysis below). On the SNP array, 41 SNPs from a 97-SNP fingerprint for cancer cell
line authentication (COSMIC Cell Line repository, available via https://cancer.sanger.ac.uk)
were present. Jurkat and THP-1 cell lines used in this study had genotypes identical to those
in the COSMIC Cell Line repository (Supplemental Table 5.1).

Table 5.1a: DNA oligonucleotides used as guide RNA and DNA donor template for modification of rs2248374 in
both THP-1 and Jurkat cell lines. Sequences (5'>3’) of the used Alt-R® CRISPR-Cas9 crRNAs and Ultramer® DNA
Oligos. Rs2248374 is highlighted in red in both crRNAs and DNA templates; the introduced Tagl/ motif sequence
in each donor template is underscored (CGA). The template design of the Ultramer DNA oligos follows the work
by Richardson et al.®®, which proposed that a template should be 127 bp in length (36 bp 5’, 91 bp 3’ of cut site
respectively).

Oligo THP-1 (rs2248374-GG) Jurkat (rs2248374-AGG)
Alt-R® CRISPR-  AGATGACAAGTAACATGGTG AGATGACAAGTAACATGGTA
Cas9 crRNA

AGGGACAGGTGGGCTACTCTGTATGTCATACT AGGGACAGGTGGGCTACTCTGTATGTCATACT

Ultramer® DNA CACTCTAGGTCAGGCTATTCCACAGATCTCTTC CACTCTAGGTCAGGCTATTCCACAGATCTCTTC

Oligo TACTCTGTGACTCTCTTTATCCTTACCATGTTC TACTCTGTGACTCTCTTTATCCTCACCATGTT
GATGTCATCTTGGGATCCGAATGACAAAC CGATGTCATCTTGGGATCCGAATGACAAAC

CRISPR-Cas9-mediated allelic substitution

We used the Alt-R gRNA system (Alt-R° CRISPR-Cas9 tracrRNA ligated to custom Alt-R®
CRISPR-Cas9 crRNA) together with recombinant Alt-R® S.p. Cas9 Nuclease V3 (Integrated
DNA Technologies) and custom Ultramer® DNA Oligo (Integrated DNA Technologies) as
donor templates to modify rs2248374 through homology directed repair (Table 5.1a). The
guide RNA with the recombinant Cas9 nuclease (RNP complex) was assembled by incubating
the Alt-R® tracrRNA with the custom crRNA (Table 5.1a) at 95°C for 5 min (1:1 ratio), followed
by cooling down at room temperature. The RNP complex was mixed with the Alt-R® S.p.
Cas9 Nuclease and Buffer R (Neon system), followed by 10 min incubation. The custom DNA
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template was added to the mixture after RNP assembly. THP-1 cells or Jurkat cells were
electroporated with the Neon Transfection System (Thermo Fisher Scientific) (for Jurkat
cells: protocol A in Table 5.3).

Table 5.1b: DNA oligonucleotides used as guide RNA and DNA donor template (1500bp) for modification of LNPEP
promoter. Sequences (5'->3’) of the used Alt-R® CRISPR-Cas9 crRNAs and Megamer™ DNA Oligo. The protective
alleles of the seven SNPs in the regulatory region are highlighted in red (from ‘5 to 3’) rs2548224-T, rs3842058-AAA,
rs2548225-A, rs2617435-T, rs1046395-G, rs1046396-G, and rs2762-C respectively , in the Megamer™ sequence, as
well as both gRNA binding locations (green = crRNA sequence; red = PAM sequence).

Oligo Oligo sequences 5’ - 3’ for CRISPR-knock in experiment in Jurkat (Figure 5.3C)

Alt-R® CRISPR-Cas9 crRNA 1: CCTGTAGGAGCGTTAAGTTG
crRNA crRNA 2: ATGAGGCTGACTCACCCATT

Megamer™ DNA Oligo GTGGGCAGTGGGAAAGTTGGCAGCTCAGGTTTGCCCCCGGAGGAGGCGGTGTCGG
CCCGACTCTCCTGTAGGAGCGTTAAGTTGIEBECAGCTGCCGAGCCCAACTTTTGTG
GGGCGCCAGGAGCTGTCCCCCTGCCCTTCAGTGAGCTGCCGGCGTGACTTTTCCTA
ATAGGGCGGGGTGGGGGTGGGAGGCTTGGCAGGTTAATGTTGTGGAAGGAAGG
GAAACTTCAGGAAAGGCTTGCTCACCTCGCTCGGTGCCGCGGAGGTGCCTGGCCA
CAGTGCCACCCTCCTGACCCTGCCGAGGTACTCGGCAGGGCCACCACGCATCCCCTCACT
GGCTGCAGATCACATCAGTTTTTCAGTCAAAGACTTGTTAATGTCAAGGGTCCGTCAC
GGTGGTGATACCACTGTGTGACAGGAAGCGAGAGTCAACGCAGGGAGCCTGCACCCT
GCAAACAGCCACAGCCCTTCACTGAACGGGGAGCATAAATCCCACCCTAGTTAGAAC
CATGGCTTTTGTGCGGACCAGAAGTGCCAGAGCCACAATATAGGGGTGAGATGTCTTAC
CGTTTTGCGGTGTTGAGTGTGTGGATTCCCTTTTAAGATAGAAAGTAGGAAAACTGC
CAGTAAGGGAGACGACTCACTAAAAGAGGATTCAGTCTCTGGTTGACATGTTTTGCT
GAGTGTGGTTGGTTACTTCAGGTACAGTATCACATTAATAGGGGCCACAGTCTATATCCCT
GTTTAGTTTGTTAGTTACCACTCAAGAGCAGACAGATATTGTCCACTTTATCCCAAATC
CCAGCCAGACTTTGTTGTATGCTGTGCTTCATTCATGGGGCTGTGAACTACTGATTATAT
TCTCCCTATTCCTAATGTAGAATGCTTTATTCTACTGCCATCTTTCTGTCTGCACTGTTTA
ATTAGGCTTACTGATAACAACTTTAATTCTGAATTTTCTTTCTCATTCAGGTTCTATTTG
TAATTACTAAGACTTAAAGAATAGTCTGGTGAAGTTACTCGAAGAATTAAGGAAG
GTTTGAGCTAAAATGAACTAGAGACCATCTAGTACTTTAGTGTAAAATATGTTTAATA
CAAGTCGTTAAGTCCTTGTAAGTGACTATTCCAATGTTCATTCTTTGTTTTTGGAAGAAT-
GCTTGGAGTTACCATGTTTTTAAATGTGAAATTTCATCTAAATTAAAAAAAAAATCTCTGT
GATGAGGCTGACTCACCCAT MGG T CAAGATTAGTGCTAGCTGATTTGCTGAACCTTTG
CCTACAGAATTAAAGTACTTTCTCAAGTTTTAAAATTGGTGTCTTTTCTCTTATAGAA
TATGCTTCTAGATTGCTTCTAGATGTGGGTATTTGCAAACTGTCACATTTGGGAGGA
CAATGGAAAAATCCCACAGAAGAGAACAAAAAAAGAAGCAATGCTTCAACTTTCAT
GTAGGAAATTGGATTTCTGATTCTTTCCTATCTTTCAGAGTTGATGCTGGAGACA

After electroporation the cells were incubated overnight with antibiotic-free culture
medium with 20 uM Alt-R® HDR Enhancer (Integrated DNA Technologies). The next day,
cells were diluted in 10x dilution steps until a final concentration of 30 cells/mL was reached
(total volume 10 mL). Cells were seeded in multiple flat-bottom 96-well plates at 20 uL cell
suspension per well (<1 cell/well) and transferred to 24 well plates once grown confluently.
Confluent cultured clones were lysed (~80% of total volume) in RLT buffer (Qiagen, Cat#
1030963) and DNA was isolated using Qiagen AllPrep DNA/RNA/miRNA Universal Kit
(Cat# 80224). The flanking sequence of rs2248374 was amplified by PCR (Forward primer:
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AGGGAAAGAGAAGAATTGGA; Reverse primer: TCTCTTTCCTGTAGTGATTC) and PCR products
incubated with the Taqgl-v2 (R0149S, New England Biolabs) restriction enzyme (15 min at
65 °C). Next, the PCR products were loaded on a 1% agarose gel (agarose, Acros Organics;
10x TAE UltraPure™, Invitrogen) to assess restriction by Taql. Samples with a cleaved PCR
product were prepared for sanger sequencing to validate in-frame integration of donor
DNA and correct modification of rs2248374. CRISPR-Cas9-mediated haplotype substitution
(i.e., disease-risk alleles to protective alleles) was achieved by using a large single-strand
DNA template (Table 5.1b, 1500 bp Megamer™, Integrated DNA Technologies) with the
alternative allele for SNPs (from ‘5 to 3’) rs2548224, rs3842058, rs2548225, rs2617435,
rs1046395, rs1046396, and rs2762 and two guide RNAs (assembled separately) targeting
upstream of rs2548224 and downstream of rs2762 respectively (Table 5.2) to introduce
two double strand breaks. The two RNP complexes were transfected together with the
Megamer™ in Jurkat cells (Table 5.3, Jurkat protocol B).

CRISPR-Cas9 knock-out of ERAP2 eQTLs

To delete a 116 kb region downstream of ERAP2 in Jurkat cells, two RNP complexes
were assembled in parallel using Alt-R gRNA system (Alt-R® CRISPR-Cas9 tracrRNA
ligated to custom AIt-R® CRISPR-Cas9 crRNA) together with recombinant Alt-R® S.p.
Cas9 Nuclease V3 (Integrated DNA Technologies). RNPs with guide RNAs (guide RNAZ;
GGCATTCCTTAAGGGTATCA and guide RNA2; GCGTTGCTTCACATATAAGT, see for details
Supplemental Figure 5.1) were transfected by electroporation into Jurkat cells (Jurkat
protocol B in Table 5.3). Following transfection, Jurkat cells were diluted to 16.67 cells/mL
and seeded in 96 well flat bottom plates (<1 cell/well at 50 pL cell suspension/well) for
single cell cultures. Jurkat clones were screened by PCR (Fw: GTCCTTTCGCTGCTGATTTG;
Rv: AGGTCATTCCACCACTTCATTGT), The PCR products were loaded on a 1% agarose gel
(agarose, Acros Organics; 10x TAE UltraPure™, Invitrogen) with the anticipated PCR product
size only detectable after deletion of the entire DNA region, which was verified by sanger
sequencing (Supplemental Figure 5.1).

Table 5.3: Settings used for transfection with the Neon Transfection System.

Cell type Cell Pulse Pulse width Pulse Pipet tip type
# (v) (ms) # (ut)
THP-1 3.0x10° 1600 10 3 10
Jurkat (Protocol A) 2x10° 1100 30 2 10
Jurkat (Protocol B) 2x10° 1325 10 3 10

Western Blot analysis

Western blotting was used to determine the protein levels of ERAP2. NP40 lysis buffer was
used to prepare total cell lysates (1% NP40, 135 mM NaCl, 5 mM EDTA, 20 mM Tris-HCI, pH
= 7.4), complemented with cOmplete protease inhibitor cocktail (Roche). Protein lysates
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(20 pg/lane) were separated on a 4-20% Mini-PROTEAN TGX gel (Bio-Rad Laboratories)
and transferred to a polyvinylidene difluoride membrane (Immobilon-P PVDF, Millipore).
After blocking in 5% non-fat dry milk in TBST, membranes were probed overnight at 4°C
with antibodies that recognize ERAP2 (AF3830, R&D Systems) or a-tubulin (T9026, Sigma-
Aldrich). Following washing, membranes were incubated with either anti-goat or anti-
mouse secondary antibodies conjugated to HRP (DAKO). Protein bands were detected with
Amersham ECL™ Prime Western Blotting (RPN2236, GE Healthcare) on the ChemiDoc Gel
Imaging System (Bio-Rad Laboratories).

gPCR analysis

Gene expression was quantified by using gqPCR. For ERAP2 we used primers (Table
5.4) which bind to exon 10 (Fw: CATTCGGATCCCAAGATGAC) and exon 11 (Rv:
GGAGTGAACACCCGTCTTGT) to determine functional ERAP2 transcript based on rs2248374
variant. Primers targeting the control gene RPL32 were used to calculate relative expression.
(Fw: AGGGTTCGTAGAAGATTCAAGG; Rv: GGAAACATTGTGAGCGATCTC). The nucleotide
sequence for the primers used for qPCR of ERAP1 and LNPEP are shown in Table 5.4.

Table 5.4: gPCR primers

Gene Primer sequence (5’ - 3’)
ERAP2 Forward CATTCGGATCCCAAGATGAC
ERAP2 Reverse GGAGTGAACACCCGTCTTGT
ERAP1 Forward GCAAACCTTACCACGCTGAC
ERAP1 Reverse GGTTCTTCCGATAGCCTCTCTC
LNPEP Forward AGGGATGAGCAATACACCGC
LNPEP Reverse AGCAACCAAGTAAGTGCTCA
RPL32 Forward AGGGTTCGTAGAAGATTCAAGG
RPL32 Reverse GGAAACATTGTGAGCGATCTC
ERAP2 activity assay

To assess ERAP2 enzymatic function in THP-1 cells after introduction of the A allele of
rs2248374, total cellular ERAP2 protein was enriched by immunoprecipitation and incubated
with L-Arginine-7-amido-4-methylcoumarin hydrochloride (R-AMC, A2027, Sigma-Aldrich).
Briefly, THP-1 cells were lysed (50 mM Tris, 150 mM NacCl, 1% Triton X-100, pH 7.5) and
500 pg cell lysate was incubated for 2h at 4°C with Protein-G-sepharose beads (BV-6511,
BioVision) and anti-ERAP2 (AF3830, R&D Systems). Beads were washed in assay buffer (50
mM Tris, 1 mM DTT, pH 7.5) and resuspended in 100 plL assay buffer. Duplicate samples
containing 40 uL beads solution were incubated with 40 uM of R-AMC (total volume 50 pL)
for 1h at 37°C, while the fluorescent signal was measured (E : 370-10, E_: 440-20) with a
CLARIOstar plate reader (BMG Labtech).
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Allele-specific 4C-seq

EBV-immortalised lymphoblastoid cell lines (LCL) were generated from peripheral blood
mononuclear cells (PBMC) from 3 birdshot chorioretinopathy patients as previously described?:.
The integrity of the genomes of the LCLs was assessed with whole genome SNP-array analysis,
showing no abnormalities (Supplemental Figure 5.2). 4C template preparation was performed
as described?4. Patient-derived cell lines were cultured in RPMI 1640 supplemented with
10% FBS 1% penicillin/streptomycin (Thermo Fisher Scientific), washed and cross-linked in
2% formaldehyde. DNA was digested in situ with Mbol (NEB) and Csp6l (Thermo Scientific).
Primers used for inverse PCR (5’-TACACGACGCTCTTCCGATCTTGTGGTTGGTTACTTCAGGT-3/,
5’-ACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACCCTTGACATTAACAAG-3’) allow reading
of the ERAP2 eQTL rs3842058 (indel within the regulatory element) in the viewpoint
fragment that is associated with the risk allele. Products were sequenced using Illumina
sequencing (lllumina NextSeq 500). 4C-seq reads were demultiplexed by matching the 5’-
ends of the R1 reads to the reading primer sequence (allowing 2 mismatches), and split
into risk and non-risk reads based on the presence of the indel and its flanking sequence
(GGACCCTTGACATTAACAAGTCTGACfortheriskalleleand GGACCCTTGACATTAACAAGTCTTTG
for the non-risk allele). Finally reads were mapped to the hgl9 reference genome and
processed using pipe4C** (github.com/delaatlLab/pipe4C) with the following parameters:
normalization to 1 million reads in cis, window size 21, removal of top 2 read counts. Overlay
plots were generated using R (https://www.R-project.org/).

High-density SNP-array analysis

Genomic DNA of unedited and edited clones of THP-1 and Jurkat cell lines, and patient-derived
LCLs was used for SNP-array copy number profiling and analysis of regions of homozygosity
with the Infinium Human CytoSNP-850K v1.2 BeadChip (lllumina, San Diego, CA, USA). This
array has ~850,000 single nucleotide polymorphisms (SNPs) markers across the genome
and can detect genomic insertions and deletions as well as stretches of homozygosity. Data
analysis was conducted using NxClinical software v6.0 (Bionano genomics, San Diego, CA,
USA). Human genome build Feb. 2009 GRCh37/hg19 was used. Results were classified with
BENCH Lab CNV software (Agilent, Santa Clara, CA, USA). The genotype data were used for
cell line verification and monitoring for potential genomic alterations in single cell cultures.

ERAP2 eQTL colocalization and conditional analysis

Summary statistics of GWAS from CD (obtained via https://www.ibdgenetics.org/uploads/
cd-meta.txt.gz)*, JIA'?, and BCR were used in visualization of disease associated SNPs at
5q15. ERAP2 eQTL data for ‘whole blood” were downloaded from the GTEx portal and used
for GWAS colocalization analysis with the coloc R package (v.5.1.0.1)%*. We assessed the

likelihood of colocalization using the posterior probability (PP) for hypothesis 4 (that there
is an association between both traits and they are driven by the same causal variant(s)). The
likelihood of colocalization was deemed high for associations with PP4 > 0.8. The posterior
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probability of colocalization (H4) was calculated using the coloc.abf() function using default
priors. For cross tissue ERAP2 eQTL conditional analyses, we used the “FastGxC” shared
ERAP2 eQTL data as reported by Lu et al., which is calculated using RNA-seq data from the
Genotype-Tissue Expression (GTEx) Consortium v8%, To identify ERAP2 eQTLs and pQTLs
with association signals independent from rs2248374, conditional analysis was conducted
using conditional and joint multiple-SNP analysis (GCTA-COJO) using the ERAP2 eQTL data
from FastGxC or ERAP2 pQTL data from targeted plasma proteomics from the INTERVAL
study®” using LD information from the EUR superpopulation as a reference panel. More
details on colocalization and conditional association analysis are outlined in Appendix 5.1.
The GWAS regional association data for CD, BCR, and JIA and ERAP2 eQTL and pQTL are
shown in Supplemental Table 5.2-5.7.

Splice prediction of rs2248374
We used the deep neural network SpliceAF® and Pangolin® to predict the effects of the A>G
allele substitution in pre-mRNA transcript sequences. Masked scores were predicted via
https://spliceailookup.broadinstitute.org/3 using “chr5 96900192 A G” as input for hg38,
and “chr5 96235896 G A” for hg19.

ERAP2 promotor-interacting SNP selection.

The promoter-interacting eQTL summary statistics for ERAP2 determined by H3K27ac HiChIP
assays in primary immune cells were obtained from Chandra et al.*. We selected ERAP2
eQTLs located in active enhancer regions at 5g15 (i.e., H3K27ac peaks) that significantly
interacted with the transcriptional start site of ERAP2 for each immune cell type (P<0.05).
We visualised H3K27 acetylation data from primary tissue analysis from ENCODE using the
WASHU Epigenome Browser*' (v54.00) at http://epigenomegateway.wustl.edu/browser/
(direct link to used data at 5g15 via: https://tiny.one/2p92f7tb). Massive parallel sequence
data results for ERAP2 eQTLs were obtained from supplementary data from Abell et al.>.

Data availability
Additional data underlying figures is shown in Supplemental Table 5.1-5.11. The full
reproducible code will be made available via dataverseNL. https://dataverse.nl/

Results

ERAP2 expression depends on the genotype of rs2248374.

The SNP rs2248374 is located downstream of exon 10 of ERAP2 and its genotype strongly
correlates with ERAP2 expression. Predictions by deep neural network-based algorithms
SpliceAl and Pangolin indicate that the A>G allelic substitution by rs2248374 inhibits
constitutive splicing three base pairs upstream at the canonical exon-intron junction
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(SpliceAl, donor loss A score =0.51, Pangolin A score = 0.58). Despite widespread assumption
that this SNP controls ERAP2 expression, functional studies are lacking?. Therefore, we first
aimed to determine whether ERAP2 expression is critically dependent on the genotype of
this SNP. Allelic replacement by CRISPR-mediated homologous repair using a donor DNA
template was used to specifically mutate rs2248374 G>A by homology directed repair
(HDR) (Figure 5.1A). Because HDR is inefficient®?, a silent mutation was inserted into the
donor template to produce a Taql/ restriction site, which can be used to screen clones with
correctly edited SNPs. As THP-1 cells are homozygous for the G allele of rs2248374 (Figure
5.1B), we used this cell line for experiments because it can be grown in single-cell derived
clones. We targeted rs2248374 in THP-1 cells and established a clone that was homozygous
for the A allele of rs2248374 (Figure 5.1B). Sequencing of the junctions confirmed that the
integrations were seamless and precisely positioned in-frame.

SNP-array analysis was performed to exclude off-target genomic alterations giving rise
to duplications and deletions in the genome of the gene edited cell lines (Supplemental
Figure 5.3). We did not observe any of such unfavorable events. This confirmed that our
editing strategy did not induce widespread genomic changes*. While THP-1 cells are
characterized by genomic alterations, including large regions of copy number neutral loss of
heterozygosity of chromosome 5 (including 5q15)*“> (Supplemental Figure 5.3), the results
confirmed that single-cell clones from the unedited ‘wild-type’ (WT, rs2248374-GG) THP-1
cells and “edited” THP-1 (rs2248374-AA) were genetically identical at 5g15, which justifies
their comparison (Figure 5.1C). In contrast with WT THP-1, ERAP2 transcript became well
detectable in THP-1 cells in which we introduced the A allele of rs2248374 (Figure 5.1D).
According to Western Blot analysis, WT THP-1 cells lack ERAP2 protein, while the rs2248374-
AA clone expressed full-length ERAP2 (Figure 5.1E), which was enzymatically functional as
determined by a fluorogenic in vitro activity assay (Figure 5.1F).

Oppositely, we then examined whether mutation of rs2248374 A>G would abolish ERAP2
expression in cells naturally expressing ERAP2. The Jurkat T cell line was chosen because
they are heterozygous for rs2248374 and express ERAP2, and they possess the ability
to grow in single-cell clones required to overcome the low-efficiency of CRISPR knock-in
by HDR. To alter the single A allele of rs2248374 in the Jurkat cell line, we used a donor
DNA template encoding the G variant (Supplemental Figure 5.4A) and established a clone
homozygous for rs2248374 G (Supplemental Figure 5.4B). We found no changes between
our unedited population and rs2248374 edited Jurkat cells at 5g15 by whole genome
homozygosity mapping (Supplemental Figure 5.4C). The A>G substitution at position
rs2248374 depressed ERAP2 mRNA expression (Supplemental Figure 5.4D) and abolished
ERAP2 protein expression (Supplemental Figure 5.4E). These results show that ERAP2 mRNA
and protein expression is critically dependent on the genotype of rs2248374 at steady-state
conditions.
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Figure 5.1: The A allele of rs2248374 is essential for full-length ERAP2 expression. (a) Overview of the CRISPR-
Cas9 mediated homology-directed-repair (HDR) strategy for SNP allelic replacement of the G allele of rs2248374 to
the A allele in THP-1 cells. The ssDNA oligo template introduces the A allele at position rs2248374 and a silent Tag/
restriction site used for screening successfully edited clones. The predicted effect size (delta scores from SpliceAl
and Pangolin) and intended position that exhibits altered splicing induced by the G allele of rs2248374 is shown
in blue. (b) Sanger sequence data showing THP-1 ‘WT’ with the single rs2248374-G variant and the successful
SNP modification to the A allele of rs2248374. (c) SNP-array based copy number profiling and analysis of regions
of homozygosity of unedited and edited THP-1 clones demonstrating no other genomic changes. Plot is zoomed
on 5g15. Genome-wide results are outlined in Supplemental Figure 5.3. (d) ERAP2 gene expression determined
by gPCR in cellular RNA from THP-1 cells unedited or edited for the genotype of rs2248374. (e) Western blot
analysis of ERAP2 protein in cell lysates from THP-1 cells unedited or edited for the genotype of rs2248374. ****)
t.test, P<0.001 (f) Hydrolysis [expressed as relative fluorescence units (RFU)] of the substrate L-Arginine-7-amido-
4-methylcoumarin hydrochloride (R-AMC) by immunoprecipitated ERAP2 protein from THP-1 cell lines unedited
or edited for the genotype of rs2248374. The generation of fluorescent AMC indicates ERAP2 enzymatic activity.

144 CHAPTER 5



Disease risk SNPs are associated with ERAP2 levels independent of rs2248374.
Many additional SNPs at chromosome 5g15 show strong associations with ERAP2 gene
expression levels (also known as ERAP2 eQTLs). Despite LD between the other ERAP2
eQTLs and rs2248374, rs2248374 does not appear to be the strongest ERAP2 eQTL in the
GTEx database (data for GTEx ‘whole blood’ shown Figure 5.2A, Supplemental Table 5.2).
Following this, we investigated the SNPs near the ERAP2 gene that are associated with several
T-cell-mediated autoimmune conditions, such as CD, JIA, and BCR (Figure 5.2B-D). We found
strong evidence for colocalization between GWAS signals at 5q15 for BCR, CD, and JIA and
cis-eQTLs for ERAP2 (Supplemental Table 5.3-5.5) (posterior probability of colocalization
>90%). This indicates that these SNPs alter the risk for autoimmunity through their effects
on ERAP2 gene expression. It is noteworthy, however, that the GWAS hits at 5q15 for CD,
BCR, and JIA are in high LD (r*>>0.9) with each other but not in high LD with rs2248374
(r’<0.8) (Figure 5.2E). Furthermore, the GWAS association signal at 5g15 for JIA (lead variant
rs27290; P, . =7.5x 10”) did not include rs2248374 (JIA, P = 0.65) (Figure 5.2D).
In line with this, we previously reported that the lead variant rs7705093 (Figure 5.2C) is
associated with BCR after conditioning on rs22483743!, These findings reveal that SNPs
implicated in these complex human diseases by GWAS may affect ERAP2 expression through
mechanisms other than rs2248374.

We therefore sought to determine if ERAP2 eQTLs function independently of rs2248374.
In agreement with the role ERAP2 plays in the MHC-I pathway that operates in most cell

dominant

types, ERAP2 eQTLs are shared across many tissues*®*’. As a proof of principle, we used
tissue-shared ERAP2 eQTLs from a previous analysis of RNA-seq data from the GTEx
Consortium (Figure 5.2F). To test whether the disease-associated top association signals
were independent from rs2248374, we performed conditional testing of the ERAP2 eQTL
signal by first including the genotype of rs2248374 as a covariate in the regression model.
Conditioning on rs2248374 revealed a complex independent ERAP2 eQTL signal composed
of many SNPs extending far downstream into the LNPEP gene (Figure 5.2F). This secondary
ERAP2 eQTL signal included the lead variants at 5q15 for CD, BCR, and JIA(P_ .. <5.9x
109), consistent with earlier findings in association studies (Supplemental Table 5.6)%°31. We
further strengthened these observations by using summary statistics from SNPs associated
with plasma levels of ERAP2 from the INTERVAL study (called protein quantitative trait
loci, or pQTLs)*. In agreement with the mRNA data from GTEx, conditioning on rs2248374
revealed a strong independent association between GWAS lead variants and ERAP2 protein
levels (P .. . <1.6x10®) (Figure 5.2F). Based on these results, we conclude that GWAS
signals at 5g15 are associated with ERAP2 levels independently of rs2248374.
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Figure 5.2: Autoimmune disease-risk SNPs associated with ERAP2 levels independent from rs2248374 genotype. (a) ERAP2
eQTL data from GTEx whole blood (Supplemental Table 5.2). GWAS lead variants at 5q15 for Crohn’s disease [CD] (rs2549794,
see b), birdshot chorioretinopathy [BCR] (rs7705093, see c), and juvenile idiopathic arthritis [JIA] (rs27290, see d) and rs2248374
are denoted by colored diamonds. The color intensity of each symbol reflects the extent of LD (r? from 1000 Genomes EUR
samples) with rs2927608. Grey dots indicate missing LD information. (b-d) Regional association plots of GWAS from CD, BCR, and

JIA (Supplemental Table 5.3-5.5). For the CD we used the P value of rs2549782 (LD [r2]=1.0 with rs2248374 in EUR). The color

intensity of each symbol reflects the extent of LD (r?estimated using 1000 Genomes EUR samples) with rs2927608. The results from
colocalization analysis between GWAS signals and ERAP2 eQTL data from whole blood (in a) is denoted (details in Appendix I). (e)
Pairwise LD (r? estimated using 1000 Genomes EUR samples) comparison between splice variant rs2248374 (ERAP2), and disease-
risk SNPs rs2549794 (CD), rs7705093 (BCR) and rs27290 (JIA). (f) Initial association results and conditional testing of ERAP2 tissue-
shared eQTL data from GTEx consortium and ERAP2 pQTL data from plasma proteomics of the INTERVAL study (Supplemental
Table 5.6, 5.7)*. Conditioning on rs2248374 (dark blue diamond) revealed independent ERAP2 eQTL and ERAP2 pQTL signals that
include lead variants at 515 for CD, BCR, and JIA (P <5.0 x 108). The human reference sequence genome assembly annotations
are indicated.
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SNPs in a downstream cis-regulatory element modulate ERAP2 promoter
interaction.

Computational tools to predict the functional impact of non-coding variants may be highly
inaccurate®®. To prioritize likely causal variants by experimentally monitoring their effects
on ERAP2, we aimed to resolve the function of SNPs that correlated with ERAP2 expression
independent from rs2248374. First, we aimed to generate a large 116 kb heterozygous
deletion downstream of ERAP2 in Jurkat cells. This deletion included all downstream SNPs
as well as the entire LNPEP gene (Supplemental Figure 5.1). ERAP2 expression by qPCR was
not significantly reduced by this approach, which may be due to only partial deletion of the
region as shown by whole genome zygosity mapping (Supplemental Figure 5.1), or the non-
selective removal of all downstream putative regulatory elements.

Since allelic replacement would provide a more physiological relevant approach, we next
aimed to specifically alter the SNP alleles and evaluate the impact on ERAP2 expression.
The large size of the region containing all the “independent” ERAP2 eQTLs prevents efficient
HDR*, so we decided to prioritize a regulatory interval with ERAP2 eQTLs. Genetic variation
in non-coding enhancer sequences near genes can influence gene expression by interacting
with the gene promoter®. Therefore, we leveraged chromosome conformation capture
coupled with sequencing (Hi-C) data enriched by chromatin immunoprecipitation for the
activating histone H3 lysine 27 acetylation (H3k27ac, an epigenetic mark of active chromatin
that marks enhancer regions) in primary T cells, B cells, and monocytes®, immune cells that
share ERAP2 eQTLs as shown by single-cell sequencing studies®’. We selected ERAP2 eQTLs
located in active enhancer regions at 515 (i.e., H3K27ac peaks) that significantly interacted
with the transcriptional start site of ERAP2 for each immune cell type. This revealed
diverse and cell-specific significant interactions of ERAP2 eQTLs across the extended ERAP2
haplotype in immune cells, indicating many regions harboring eQTLs that were physically in
close proximity with the transcription start site of ERAP2 (Figure 5.3A). Note that none of
these SNPs showed significant interaction with the promoters of ERAP1 or LNPEP. Among
these, 9 common non-coding SNPs concentrated in a ~1.6 kb region downstream of ERAP2
atthe 5°end of the gene body of LNPEP exhibited strong interactions with the ERAP2 promoter
(Figure 5.3A), suggesting that these SNPs lie within a potential regulatory element (i.e.,
enhancer) that is active in multiple cell lineages. Consistent with these data, examination of
ENCODE data of heart, lung, liver, skeletal muscle, kidney, and spleen revealed enrichment of
H3K27ac marks spanning the 1.6 kb locus, supporting that these SNPs lie within an enhancer-
like DNA sequence that is active in across tissues (Figure 5.3A). This also corroborates the
finding that these SNPs are ERAP2 eQTLs across tissues, as we3® showed previously (Figure
5.2F). Results from a recent targeted massively parallel reporter assay (MPRA)*? support
that this region may exhibit differential regulatory effects (i.e., altered transcriptional
regulation), depending in particular on the allele of SNP rs2548224 (difference in expression
levels of target region; reference versus alternative allele for rs2548224, Padj = 4.9 x 107%)
(Figure 5.3B). This SNP is also a very strong (rs2248374-independent) ERAP2 eQTL and pQTL
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Figure 5.3: Autoimmune disease risk SNPs tag a downstream regulatory element that regulates ERAP2
expression. (a) Chromosome conformation capture coupled with sequencing (Hi-C) data enriched by chromatin
immunoprecipitation for the histone H3 lysine 27 acetylation (H3K27ac) in primary immune cells from Chandra
et al.*. Highlighted are the ERAP2 eQTLs (black dots) that overlap with H3K27ac signals that significantly interact
with the transcriptional start site of ERAP2 in four different immune cell types (B cells, CD4+ T cells, CD8+ T cells
and monocytes). Nine common non-coding SNPs concentrated in a ~1.6kb region exhibited strong interactions and
overlay with H3K27ac signals from ENCODE data of heart, lung, liver, skeletal muscle, kidney and spleen revealed.
(b) The -Log10 P values (adjusted for multiple testing using the Benjamini-Hochberg) of the effect of 986 ERAP2
eQTLs on differential expression (alternative versus reference allele) of their 150bp window region from a massively
parallel reporter assay as reported by Abell et al.32. The 7 SNPs identified by HiChIP in a are color-coded (c) Overview
of the homology-directed-repair (HDR) strategy to use CRISPR-Cas9 mediated SNP replacement in Jurkat cells to
switch the alleles from disease risk SNPs (i.e., alleles associated with higher ERAP2 levels) to protective haplotype
(i.e., alleles associated with lower ERAP2 expression). The region from 5’ to 3’ spans 879 bp. (d) Sanger sequencing
results for the genotype of rs2548224 for Jurkat cells targeted by the CRISPR-knockin approach outlined in c. in
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comparison to unedited Jurkat cells and Jurkat cells in which the risk haplotype was deleted by CRISPR-Cas9-
mediated knock-out as shown in Supplemental Figure 5.1. (e) Expression of ERAP2, LNPEP and ERAP1 by gPCR in
Jurkat clones after allelic substitution of rs2548224. Data represents n = 4 biological replicates, Two-tailed unpaired
t.test was assessed to compare WT expression to the modified clone (** P<0.01, *** P<0.001).

(Supplemental Figure 5.5, Supplemental Table 5.1). In light of the fact that this selected
region downstream of ERAP2 contained SNPs which are associated with ERAP2 expression
independently of rs2248374, is physically in close proximity with the ERAP2 promoter (i.e.,
by Hi-C), and may exert allelic-dependent effects (i.e., by MPRA), we hypothesized that the
risk alleles of these SNPs associated with autoimmunity may increase the interaction with
the promoters of ERAP2.

To investigate this, we first asked if specific introduction of the alternative alleles for these
SNPs would affect the transcription of ERAP2. We targeted this region of the ERAP2-encoding
chromosome in Jurkat cells using CRISPR-Cas9 and two guide RNAs in the presence of a
large (1500 bp) single-stranded DNA template identical to the target region, but encoding
the alternative alleles for 7 of the 9 non-coding SNPs. These SNPs were selected, because
these cluster close together (~900 bp distance from 5’ SNP rs2548224 to 3’ SNP rs2762)
and are in tight LD (r>1 in EUR) with each other, as well as with the GWAS lead variants
at 5q15 from CD, BCR, and JIA (r*>0.9) (Supplemental Figure 5.6). The introduction of the
template DNA for CRISPR-knock-in by HDR did not induce other genomic changes (Figure
5.3C and Supplemental Figure 5.7). Sanger sequencing revealed targeting this intronic
region by CRISPR-mediated HDR successfully altered the allele for SNPs rs2548224 in the
regulatory element, but not the other targeted SNPs (Figure 5.3D, and Supplemental Figure
5.8) Regardless, altering the risk allele T to the reference allele G for rs2548224 for this
SNP resulted in significant decrease in ERAP2 mRNA (unpaired t-test, P = 3.0 x 10*) (Figure
5.3E). In agreement with the known ability of enhancers to regulate multiple genes within
the same topologically associated domain, altering the alleles of these SNPs also resulted
in significant reductions in the expression of the LNPEP gene, (unpaired t-test, P = 0.0018),
but not ERAP1 (Figure 5.3E). Overall, these results indicate that ERAP2 gene expression is
affected by disease-associated SNPs downstream of the ERAP2 gene.

ERAP2 promoter contact is increased by autoimmune disease risk SNPs.

RegulomeDB indicates that the SNP rs2548224 overlapped with 153 epigenetic mark peaks in
various cell types (e.g., POL2RA in B cells). Considering its position within LNPEP’s promoter
region, it makes it difficult to distinguish between local promoter and enhancer functions.
In agreement with the inefficiency of targeting intronic regions by CRISPR knock-in, efforts
to introduce the risk alleles of SNP in THP-1 (rs2248374-AA clone in Figure 5.1) cells that
carry the reference alleles for these SNPs were not successful. To determine whether alleles
of the SNPs in the regulatory element directly influenced contact with the ERAP2 promoter,
we used allele-specific 4C-seg® in B cell lines generated from blood of three BCR patients
carrying both the risk and non-risk allele (i.e., heterozygous for disease risk SNPs). Using
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nuclear proximity ligation, 4C-seq enables the quantification of contact frequencies between
a genomic region of interest and the remainder of the genome?*. Allele-specific 4C-seq has
the advantage of measuring chromatin contacts of both alleles simultaneously and allows
comparison of the risk allele versus the protective allele in the same cell population. We
found that the downstream regulatory region formed specific contacts with the promoter
of ERAP2 (Figure 5.4A). Moreover, in two out of three patients contact frequencies with
the ERAP2 promoter were substantially higher for the risk allele than the protective allele,
supporting the idea that ERAP2 upregulation may be a consequence of a direct regulatory
interaction between the autoimmune risk SNPs and the gene promoter (Figure 5.4B).
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Figure 5.4: Autoimmune disease risk SNPs show high contact frequency with the ERAP2 promoter in
autoimmune patients. 4C analysis of contacts between the downstream regulatory region across the ERAP2 locus.
(a) 4C-seq contact profiles across the ERAP2 locus in B cell lines from three patients with BCR that are heterozygous
(e.g., rs2548224-G/T) for the ERAP2 eQTLs located in the downstream regulatory element (the 4C viewpoint is centered
on the SNP rs3842058 in the LNPEP promoter as depicted by the dashed line). The Y-axis represents the normalized
captured sequencing reads. The red lines in each track indicate the regions where the risk alleles show more interactions
compared with the reference alleles while the green lines indicate the regions where the reference alleles (i.e., protective
alleles) show more interactions. TSS = transcription start site of ERAP2. (b) Schematic representation of ERAP2
regulation by autoimmune risk SNPs in the downstream regulatory element. showing the regulatory element with risk
alleles (red), or reference (protective) alleles (green). The DNA region surrounding the ERAP2 and LNPEP gene is
shown in blue.
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Discussion

In this study, we demonstrated that ERAP2 expression is initiated or abolished by the
genotype of the common SNP rs2248374. Furthermore, we demonstrated that autoimmune
disease risk SNPs identified by GWAS at 515 are statistically associated with ERAP2 mRNA
and protein expression independently of rs2248374. We show that autoimmune risk SNPs
tag a gene-proximal DNA sequence that influences ERAP2 expression and interacts with the
gene’s promoter more strongly if it encodes the risk alleles. Based on these findings, disease
susceptibility SNPs at 515 likely do not confer disease susceptibility by alternative splicing,
but by changing enhancer-promoter interactions of ERAP2.

The SNP rs2248374 is located at the 5’ end of the intron downstream of exon 10 of ERAP2
within a donor splice region and strongly correlates with alternative splicing of precursor
RNAZ26 While the A allele of rs2248374 results in constitutive splicing, the G allele is
predicted to impair recognition of the motif by the spliceosome (Figure 5.1A), which
is conceptually supported by reporter assays outside the context of the ERAP2 gene?.
Through reciprocal SNP editing in genomic DNA, we here demonstrated that the genotype
of rs2248374 determines the production of full-length ERAP2 transcripts and protein.

Exon 10 is extended due to the loss of the splice donor site controlled by rs2248374 and
consequently includes premature termination codons (PTCs) embedded in intron 10-11%3%,
Transcripts that contain a PTC can in principle produce truncated proteins, but if translation
terminates more than 50-55 nucleotides upstream (“50-55-nucleotide rule”) an exon-
exon junction®?!, they are generally degraded through a process called nonsense-mediated
MRNA decay (NMD). Our data show that ERAP2 dramatically alter protein abundance
proportionate to transcript levels, which is consistent with the notion that transcripts
encoding the G allele of rs2248374 are subjected to NMD during steady-state?®?. The
loss of ERAP2 is relatively unusual, given that changes in ERAP2 isoform usage manifest so
dramatically at the proteome level?*®**2, However, that ERAP2 transcripts can escape NMD
under inflammatory conditions, such that haplotypes that harbor the G allele of rs2248374
have been shown to produce truncated ERAP2 protein isoforms*®3, not to be confused
with “short” ERAP2 protein isoforms that are presumably generated by post-translational
autocatalysis unrelated to rs2248374%,

Most protein-coding genes express one dominant isoform®®, but since both alleles of
rs2248374 are maintained at near equal frequencies (allele frequency ~50%) in the human
population, this leads to high interindividual variability in ERAP2 isoform profile?. ERAP2
may enhance immune fitness through balanced selection, especially since recent evidence
indicates that the presumed “null allele” (i.e., the G allele of rs2248374) encodes distinct
protein isoforms in response to infection?*°®. A recent and unusual natural selection pattern
during the Black Death for the haplotypes tagged by rs2248374% supports this. Nowadays,
these haplotypes also provide differential protection against respiratory infections*, but
they also modify the risk of modern autoimmune diseases like CD, BCR, and JIA. The SNP
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rs2248374 was long assumed to be primary responsible for other disease-associated SNPs
near ERAP2. Using conditional association analysis and mechanistic data, we challenged this
assumption by showing that autoimmune disease-risk SNPs identified by GWAS influence
ERAP2 expression independently of rs2248374.

These findings are significant for two main reasons: First, these results demonstrate that
chromosome structure plays important roles in the transcriptional control of ERAP2 and
thus that its expression is regulated by mechanisms beyond alternative splicing. We focused
on a small cis-regulatory sequence downstream of ERAP2 as a proof of principle. Here, we
showed that disease-risk SNPs alter physical interactions with the promoter in immortalized
lymphoblast cell lines from autoimmune patients and that substitution of the allele of one
common SNP (rs2548224) significantly affected the expression levels of ERAP2.

Another significant reason is that these findings have implications for our understanding of
diseases in which ERAP2 is implicated. We recognize that the considerable LD between SNPs
near ERAP2 indicates that the effects of rs2248374 on splicing, as well as other mechanisms
for regulation (i.e., chromosomal spatial organization), should often occur together. Because
of their implications for the etiology of human diseases, it is still important to differentiate
them functionally. In light of the fact that disease-associated SNPs affect ERAP2 expression
independently of rs2248374, ERAP2 may be implicated in autoimmunity not because
it is expressed in susceptible individuals but because it is expressed at higher levels?®3!,
It corresponds with the notion that pro-inflammatory cytokines, such as interferons,
upregulate ERAP2 significantly, while regulatory cytokines, like TGF-B, downregulate it, or
that ERAP2 is increased in lesions of autoimmune patients®®>8, Overexpression of ERAP2
may be exploited therapeutically by lowering its concentration in conjunction with local
pharmacological inhibition of the enzymatic activity*°.

We do like to stress that results from conditional eQTL and pQTL analysis in this study,
supported by data from chromosome conformation capture coupled with sequencing
analysis®, as well as MPRA data®? suggest that more SNPs may act in concert to regulate
ERAP2 expression, illustrating how intricately ERAP2 is regulated. Additional experimental
work is needed to interrogate the extended ERAP2 haplotype and follow up on some of
the derived associations. Mapping all the putative functional implications of these SNPs by
CRISPR-knockin experiments in genomic DNA is inefficient and labor-intensive, which makes
their application in primary tissue challenging. MPRA provides a high-throughput solution to
interrogating SNP effects, but lacks genomic context, and can only infer local allelic-dependent
effects (i.e., no long-range interactions). Due to their dependency on PAM sequences for
targeting regions of interest, CRISPR/Cas9-based enhancer-targeting systems® may not be
able to dissect functional effects at a single nucleotide (i.e., SNP) resolution. It is possible
to discern allelic-dependent effects in the canonical genomic context using allele-specific
4C sequencing, but in case of high LD and closely clustered SNPs (e.g., the ~900 bp region
identified in this study) functional or non-functional SNPs cannot be distinguished within
the sequence window of interest. Regardless, by integrating information from all of these
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available technologies, we were able to shortlist an interval suitable for interrogation by
CRISPR-based knock-in techniques. A major drawback of this multi-step approach is that our
study is therefore limited by sample size, and ideally we should have successfully targeted
the regulatory region in a larger number of cell lines. Also, while ERAP2 also shows tissue-
shared genetic regulation, there may be important cell-type specific regulatory mechanisms
enforced by disease risk allele, that require study of this mechanism in lesional tissues and
under inflammatory conditions. Regardless, single-cell analysis shows that the many ERAP2
eQTLs are shared between immune cells*’%. This indicates that the mechanism by which the
SNPs in the cis-regulatory region increase ERAP2 promoter interaction may be ubiquitous.
An enhancer-promoter loop increases transcriptional output through complex organization
of chromatin, structural mediators, and transcription factors®*®3, Although we narrowed
down the cis-regulatory region to ~900bp, the identity of the structural or transcriptional
regulators that juxtapose this region with the ERAP2 promoter remains elusive. Loop-
forming transcription factors such as CTCF and protein analogous (e.g., YY1, the Mediator
complex) have been shown to contribute o enhancer-promoter interactions®, Given
that the here identified cis-regulatory region is located within the LNPEP promoter, it is
challenging to identify the factors responsible for ERAP2 expression, since promoters are
highly enriched for a large variety of transcription factor footprints (i.e., high ChlP-seq
signals). Further studies are required to dissect how these ERAP2 eQTLs modify enhancer
activity and transcription, and how these mechanisms are distinguished from canonical
promoter activity for LNPEP gene.

Conclusions

In conclusion, these results show that clustered genetic association signals associated with
diverse autoimmune conditions and lethal infections act in concert to control expression of
ERAP2 and demonstrate that disease-risk variants can convert a gene promoter region into
a potent enhancer of a distal gene.
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Supplemental Figure 5.1: Deletion of downstream ERAP2 eQTLs using CRISPR Cas9. (a) Overview of the guide
RNA binding sites used for deletion of a 116 kb fragment that includes (from 5’ to 3’ direction) ERAP2 eQTLs from
rs251343 until rs27302. Because Jurkat cells are heterozygous for rs10044354 located within the LNPEP gene (P
value, ERAP2 eQTL analysis conditioned on rs2248374 = 3.2 x 10'%°), we screened single cell cultures for specific
deletion of rs10044354 by PCR. Application of this approach to Jurkat cells resulted in an clone with evidence for
deletion at 5q15, as confirmed by sanger sequencing and (b) whole genome homozygosity SNP-array copy number
profiling and analysis of regions of homozygosity using the Illumina CytoSNP-850K Beadchip. SNPs that reside in
the region targeted by the CRISPR approach for deletion are denoted (green in unedited cells and red in the cells
subjected to CRISPR-Cas9 with guide RNAs targeting this region as shown in a). Loss of SNP signal (in red) indicates
partial deletion of ~116 kB area. Genome wide results are shown in Supplemental Figure 5.7. (c) Expression of
ERAP2, ERAP1 and LNPEP after CRISPR-Cas9 deletion, relative to unedited Jurkat cells (Log,(FC))Data represents n
= 4 replicates, Two-tailed unpaired t-test (NS = non-significant, **** P<0.0001.
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Supplemental Figure 5.2: Whole genome analysis using SNP-arrays for birdshot chorioretinopathy patient-
derived lymphoblastoid cell lines used for allele-specific 4C-seq. SNP-array based copy number profiling and
analysis of regions of homozygosity using the Infinium Human CytoSNP-850K v1.2 BeadChip (lllumina, San Diego,
CA, USA) showed no undesired genomic abnormalities, except for LCLs derived from patient 3, which exhibited a
possible low level mosaicism for trisomy 9 (~10%) and a comparable percentage of mosaicism for a monosomy
of chromosome X (~10%). Zoom plots on the right of chromosome 5g15 show normal copy number for SNPs at
5q15 and B allele frequency of ~0.5 (i.e., heterozygous) for SNPs of interest in the extended ERAP2 haplotype. The
panels show the array results for the whole genome. On the X-axis the chromosomes and chromosomal region are
indicated. The upper Y-axis shows the Log2 R ratio and the lower Y-axis indicates the B allele frequency for each
SNP.
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Supplemental Figure 5.3: Whole genome copy number profiling and analysis of regions of homozygosity using
SNP-arrays of the THP-1 cells used in this study. SNP-array based copy number profiling and analysis of regions
of homozygosity using the Infinium Human CytoSNP-850K v1.2 BeadChip (lllumina, San Diego, CA, USA) showed
multiple chromosomal abnormalities in the genome, including copy number neutral loss of heterozygosity (CN-
LOH) for chromosome 5q, including the 5g15 genomic region. The panels show the array results for the whole
genome on the right and for chromosome 5 on the left. On the X-axis the chromosomes and chromosomal region
are indicated. The upper Y-axis shows the Log2 R ratio, and the lower Y-axis indicates the B allele frequency for
each SNP.
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Supplemental Figure 5.4: Allelic substitution of rs2248374 A>G allele abolishes ERAP2 expression. (a) Overview
of the homology-directed-repair (HDR) strategy to use CRISPR-Cas9 mediated SNP replacement of splice site
variant rs2248374-AGG to GGG in Jurkat cells. An additional mutation was added to the ssDNA oligo template
to introduce a Tagl restriction site, which was used for clone screening. (b) Sanger sequence data showing Jurkat
‘WT’ with the heterozygous rs2248374-AGG variant and the Jurkat clone with the HDR-mediated SNP modification
to rs2248374-GGG. (c) Overview of SNP-array data, indicating no genomic abnormalities between unedited and
edited clones at 5q15. (d) Decreased ERAP2 expression was detected with qPCR as a result of the mutation of A to
G allele of rs2248374. (e) In addition, ERAP2 protein expression (determined by Western blot) was decreased in
Jurkat cells that lost the A allele of rs2248374.
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Supplemental Figure 5.5: The SNPs rs2548224 is a strong ERAP2 eQTLs independent of rs2248374 that reside
in a DNA sequence that physically interacts with the ERAP2 promoter. Comparison of the association analysis
(P values) from chromosome conformation capture coupled with sequencing (Hi-C) data enriched by chromatin
immunoprecipitation for the activating histone H3 lysine 27 acetylation (H3K27ac) in primary immune cells from
Chandra et al.*°. SNPs with significant interaction (amount is indicated per plot) with ERAP2 promoter in B cells,
CD4+ T cells, CD8+ T cells and monocytes are shown. The color intensity of each symbol reflects the extent of LD
(r? estimated using 1000 Genomes EUR samples) with rs2927608. The SNP rs2548224 that resides in a regulatory
region is indicated.
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Supplemental Figure 5.7: Whole genome copy number profiling and analysis of regions of homozygosity using
SNP-arrays of the genome engineered Jurkat cell lines used in this study. SNP-array based copy number profiling
and analysis of regions of homozygosity using the Infinium Human CytoSNP-850K v1.2 BeadChip (lllumina, San
Diego, CA, USA) showed several genomic abnormalities in the Jurkat cell lines affecting multiple chromosomes,
including a trisomy of chromosome 5. The copy number of the 5g15 genomic region was comparable between each
condition, except for the intended deletion of a 116 kb fragment (in Jurkat “WT” ERAP2 eQTL deletion). Zoom plots
on the right for 515 with highlighted ERAP2 and LNPEP genes. On the X-axis the chromosomes and chromosomal
region are indicated. The upper Y-axis shows the Log2 R ratio and the lower Y-axis indicates the B allele frequency
for each SNP.
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Supplemental Figure 5.8. (a) Overview of the homology-directed-repair (HDR) strategy to use CRISPR-Cas9
mediated SNP replacement in Jurkat cells to switch the alleles from disease risk SNPs (i.e., alleles associated with
higher ERAP2 levels) to protective haplotype (i.e., alleles associated with lower ERAP2 expression). The region from
5’ to 3’ spans 879 bp. Note that Jurkat cells are triploid for chromosome 5 (e.g., for rs2548224 TTC > TTT would
indicate a successful allelic substitution). (b) Sanger sequencing results for the targeted Jurkat cells confirmed that
the two cutting edges were accurately joined by HDR, and precisely switched alleles for rs2548224 leaving the
haplotype otherwise intact.
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STAR Methods
Key resource table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-LRAP/ERAP2 (1:2500) R&D Systems Cat# AF3830
RRID:AB_2099119

Sheep polyclonal anti-LNPEP (1:2500) R&D Systems Cat# AF6386
RRID:AB_10717574

Mouse monoclonal anti-a-Tubulin (clone DM1A) (1:5000) Sigma-Aldrich Cat# T9026 RRID:AB_477593

Anti-CTCF

Chemicals, peptides, and recombinant proteins

Alt-R® HDR Enhancer Integrated DNA Cat# 1081072
Technologies

L-Arginine-7-amido-4-methylcoumarin hydrochloride Sigma-Aldrich Cat# A2027

Amersham ECL™ Prime Western Blotting GE Healthcare Cat# RPN2236

IGEPAL® CA-630 (NP40 substitute) Sigma-Aldrich Cat# 18896

cOmplete Protease Inhibitor Cocktail Roche Cat# 11873580001

Critical commercial assays

AllPrep® DNA/RNA/miRNA Universal Kit Qiagen Cat# 80224

Infinium Human CytoSNP-850K v1.2 BeadChip Illumina Cat# 20025644

Deposited data

gPCR data This paper Dataverse

R code for SNP-array plots This paper Dataverse

Experimental models: Cell lines

Human: THP-1 ATCC TIB-202™

Human: Jurkat ATCC TIB-152™

Human: Birdshot patient derived lymphoblastoid cells This paper (see -
methods)

Oligonucleotides

gPCR primers, see Table 2 Integrated DNA
Technologies
Alt-R crRNAs, see Table 1A Integrated DNA
Technologies
Alt-R tracRNA Integrated DNA
Technologies
Ultramer® DNA Oligo: Integrated DNA

Technologies

Megamer™ ssDNA Fragment, see Table 1B Integrated DNA
Technologies
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Softwar.é.and algorithms .
R Studio

R.4.2.2.
NxClinical software v6.0

BENCH Lab CNV

Bionano genomics

Agilent

R package sangerseqR Hill et al.™* https://www.bioconductor.

org/packages/release/bioc/

html/sangerseqR.html

Graphpad Prism Graphpad Software www.graphpad.com

Inc.
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Appendix 5.1

GWAS summary statistics and conditional analyses

Figure 5.2A-5.2D and 5.2F use the LD (r2) between SNPs at 5q15 rs2927608. This SNP is the
top ERAP2 eQTL (n=938) in the GTEx data for tissue “whole blood” (Supplemental Table 5.2).
LD information for rs2927608 was estimated using the EUR superpopulation of 1000
Genomes in Plink 1.09 (http://pngu.mgh.harvard.edu/~purcell/plink/)’%. The genotype data
for the EUR superpopulation” was extracted using the ensemble data slicer’ with genotype
file obtained via http://hgdownload.cse.ucsc.edu/gbdb/hg19/1000Genomes/ phase3/ALL.
chr5.phase3_shapeit2_mvncall_integrated_v5a.20130502.genotypes.vcf.gz and region
lookup parameter “5:96000000-98000000”. Sample ID’s from the EUR superpopulation of
the 1000 Genomes were obtained by filtering using meta-data from the 1000 Genomes ftp
sever url: http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/ integrated_call_
samples_v3.20130502.ALL.panel and converted into a .vcf files using the vcfR R package
and formatted in Plink 1.09 by the “--recode” option into a BED file. We calculated the allele
frequency of each SNP using the --freq function in Plink 1.09 and LD with rs2927608 using
the “--r2” option (11930 variants from position 96000022-97252405 with LD information
available).

In the Data availability section we provide a link to the repository with the full GWAS
summary statistics for BCR as reported by Kuiper et al.’®). The summary statistics from
the BCR GWAS was filtered for variants at (Hg19) chromosome 5 (chr5) from position
96000000-97200000 (n=6307, Supplemental Table 5.3). For colocalization analysis, we
cross referenced these BCR variants with GTEx v8 ERAP2 eQTL from whole blood to obtain
a final set of 679 SNPs. The CD GWAS summary statistics were downloaded from https://
www.ibdgenetics.org/ uploads/cd-meta.txt.gz and filtered for variants at (Hg18) chr5 from
position 96081460-96461460 (n=197, Supplemental Table 5.4) of which 195 overlapped
with GTEx ERAP2 eQTL from whole blood for colocalization analyses. Because rs2248374 is
not in the summary statistics of CD, we used the association statistics for variant rs2549782
(LD (r2) = 1.0 in EUR of 1000 Genomes). We obtained the GWAS summary statistics for JIA
as reported by Hinks et al.*2. We filtered for variants at (Hg18) chr5 from position 95159342-
98830661 (n=974, Supplemental Table 5.5) of which 495 variants were in common with
the GTEx ERAP2 eQTL data from whole blood and used in colocalization analysis. Note that
we used the GWAS summary statistics reported by Hinks et al. that were calculated under a
dominant genetic model.

To identify significant associations for SNPs with ERAP2 mRNA and protein expression
independent of the genotype of rs2248374, we performed approximate conditional
analysis using GCTA v1.94.1 using the ‘--cojo-cond’ option®. Our analysis uses the “FastGxC”
tissue-shared ERAP2 eQTL data for SNPs reported by Lu and associates, which is calculated
using RNA-seq data from the GTEx Consortium GTEx v8*. For GCTA-COJO, we used linkage
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disequilibrium (LD) information from the EUR superpopulation’® as a reference panel
(see above, n=2903 SNPs were used after cross referencing with the 11930 variants from
position 96000022-97252405 Hg19 from the EUR, Supplemental Table 5.6). The summary
statistics for ERAP2 pQTL data from blood plasma of the INTERVAL study as reported by Sun
et al.’” was downloaded from https://app.box.com/s/u3flbp13zjydegrxjb2uepagplvb6bj2.
We filtered for the variants near ERAP2, which resulted in 6001 pQTL used in approximate
conditional analysis (Supplemental Table 5.7).

CIS-REGULATORY ELEMENT REGULATES ERAP2 EXPRESSION THROUGH SNPS 171






Chapter 6

General discussion and future
perspectives






Are we any closer to understanding the MHC-I pathway in birdshot uveitis?

The main objective of the work presented in this thesis was to gain a deeper understanding
of the relevance of genetic risk loci within the MHC-I antigen presentation pathway of
birdshot uveitis (BU). In addition to being widely accepted as a prerequisite for diagnosis,
HLA-A*29 is present in all patients, which indicates that its pathophysiology is driven by
antigen presentation to CD8* T cells. In spite of this, researchers have struggled to determine
the mechanism of antigen presentation that drives this severe type of eye inflammation
since the early 1980s!. In Chapter 3, we exploited the fact that HLA-A*29 differs from
other MHC-I alleles in the amino acid sequence that determines peptide antigen binding.
By modeling this, we determined what makes HLA-A*29 functionally unique from other
MHC-I alleles. By a better definition of the peptide binding capacity of HLA-A*29 we
may better predict what peptides are presented by HLA-A*29 that cause T-cell mediated
inflammation in the retina and choroid. While this may facilitate therapeutic approaches
aimed at prevention of the presentation of such peptides, it remains to be determined if
peptide presentation via HLA-A*29 is relevant during the clinical phase of disease or if this
disease-defining pathway is only relevant during the onset of disease (i.e., is obsolete for
therapeutic targeting). Observations from genetic association studies defined the starting
point of the research questions of this thesis which identified in addition to HLA-A*29 also
the functionally closely related antigen processing aminopeptidase genes ERAP1 and ERAP2
located at chromosome 52. The primary function of ERAP1 and ERAP2 is to trim peptides
for loading and presentation by MHC-I, which makes peptide modification by ERAPs for
presentation by HLA-A*29 likely to be involved in antigen presentation in BU. Since the
genetic risk haplotypes for BU encode high levels of ERAP2 and relatively low expressed and
hypoactive ERAP1, we started our functional studies in this thesis by studying the influence
of ERAP2 on the HLA-A*29 immunopeptidome. We followed this up by studies of candidate
autoantigen retinal S-antigen (SAG) and T cell responses from patients and aimed to resolve
the transcriptional regulation of ERAP2 by disease risk polymorphisms. We will discuss to
what extent we have obtained a novel understanding of the MHC-1 pathway in birdshot
uveitis in the following sections.

In Chapter 2 we used patient-derived cell lines to measure the collection of >1000 peptides
presented by HLA-A*29 at the cell surface. Unlike a similar previous study that relied on
different (non-patient) cell lines that were either naturally ERAP2 competent or deficient
and measured the immunopeptidome of all class | MHC alleles, the main advantage of
our study was the use of isogenic cell lines from patients generated by CRISPR-Cas9 to
manipulate the ERAP2 gene. With isobaric labeling we could combine the conditions into a
single mass spectrometry analysis, so that the differences in peptide abundances between
the experimental conditions could be quantified more accurately. Rather than deconvoluting
the entire MHC-l immunopeptidome by computation, we used a HLA-A*29-specific antibody
to experimentally capture the immunopeptidome of HLA-A*29. We determined that ERAP2
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has general effects on the cellular immunopeptidome, which is similar for HLA-A*29 as
compared to other MHC-I alleles. For example, peptides that contain adenine (A), lysine
(K), and arginine (R) at the N-terminus are preferable to trim by ERAP2, and these effects
were evident across multiple MHC-I alleles’ immunopeptidomes. We also identified specific
effects of ERAP2 on peptides presented by HLA-A*29; ERAP2 sequesters peptides inside
its enzymatic cavity for proteolytic cleavage before binding to MHC-I. Understanding the
internal peptide sequence preferences for ERAP2 requires a large-scale peptide screening,
extending beyond the peptides bound to MHC-I alleles (that capture only a part of all peptides
trimmed by ERAP2 and ERAP1). However, dimensional reduction techniques, which consider
the peptide sequence as a whole (reminiscent of our “model” where ERAP2 considers the
peptides sequence as whole during proteolytic process), allowed us to shed light on relevant
preference for peptide sequences presented by HLA-A*29. Our work revealed that ERAP2
disfavored peptides with bulky N-terminal residues such as tyrosine (Y) and phenylalanine
(F), most likely due to potential steric hindrance? since the binding pocket for P2 amino acids
is unfit to accommodate bulky amino acids**. According to our hypothesis, ERAP2 trims and
destroys peptides with preferred N-terminal residues, allowing peptides like P2-F/Y to bind
to HLA-A*29 (Figure 6.1). As peptides bound by HLA-A*29 most often contain a tyrosine
at the C-terminus, we concluded that peptides promoted by ERAP2 carry the P2-F/Y+PQ-Y
motif. The overexpression of ERAP2 which is often found in autoimmunity further enhances
the chance that uveitogenic peptides end up on HLA-A*29. These results are significant for
three reasons:

1) Peptides in the MHC-I immunopeptidome exhibit “peptide promiscuity”, meaning that
they can bind to multiple alleles, even when their overall binding motifs (i.e., preferences)
are quite different. There are, however, some peptides that are restricted to a few or
specific MHC-I alleles. As we showed Chapter 3, the peptides predicted to be highly
specific for HLA-A*29 are those with the P2-F/Y+PQ-Y motif and dependent on the
presence of ERAP2.

2) The results from Chapter 2 corroborated our observations in Chapter 3 that the peptide-
motif of HLA-A*29 is strongly dependent on the allele-specific amino acids residues 62
(leucine, L) and 63 (glutamine, Q). The 62L/63Q-motif is highly distinctive for HLA-A*29
compared to other common MHC-I alleles in the population and we showed that by
allelic substitution that changing the amino acid residues at these positions strongly
influenced predicted peptide binding capacity of HLA-A*29. Because position 62-63
directly interacts with the P2 side chains of bound peptide antigens, we hypothesize that
the disease-modifying impact of ERAP2 on the immunopeptidome of HLA-A*29 should
be by facilitating the binding of immunogenic peptides that contain the P2-F/Y+PQ-Y
motif (Figure 6.1).
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3) Based on in silico screening, peptides with the P2-F/Y+PQ-Y motif that have also been
predicted as strongly binding ligands for HLA-A*29 are enriched in proteins expressed
by melanocytes (as discussed in Chapter 2). This is significant, because melanocytes
have been proposed as the main target cells in the choroid® and are also a source of
autoantigens in other autoimmune conditions, such as HLA-C*06:02 associated psoriasis®,
and Vogt-Koyanagi-Harada syndrome (VKH)’. The use of Dextramer® technology to detect
CD8* T cells that target melanocyte peptides (predicted in Chapter 2) would be an exciting
follow up study.

What about ERAP1?

Our studies focused primarily on ERAP2’s effects on HLA-A*29, but ERAP1 is also genetically
associated with BU*®°, BU is also linked to polymorphisms that affect the enzymatic activity
of ERAP1. Previous work suggests that HLA-A*29 combined with risk variants in both ERAP1
and ERAP2 showed the highest risk for BU2. This supports that the interaction of ERAP1 with
ERAP2 and HLA-A*29 is a driving mechanism of BU. Earlier in Chapter 3, we demonstrated
that the combination of HLA-A*29 and the key risk variants in ERAP1 and ERAP2 genes is only
found in populations in which BU is reported (e.g. Netherlands, France, Spain, UK, but also
non-European countries with a relatively large population of Western-European ancestry).
Perhaps the rarity of co-occurrence of disease risk variants in both ERAP1 and ERAP2 may
explain why BU is extremely rare in in other populations where HLA-A*29 is also prevalent,
such as some Asian or African populations'®. This may answers the long-standing question
of why BU only affects individuals in these populations and strongly supports the role of the
MHC-I pathway in this condition!2. Chapter 2 demonstrated that ERAP1 has non-redundant
effects on HLA-A*29, and previous work showed that ERAP1 is functionally altered in BU8, so
in follow-up studies it is important to evaluate to what extent ERAP1 and ERAP2 cooperate
in shaping the immunopeptidome of HLA-A*29 to better understand how this influences
peptide presentation and CD8+ T cell activation in BU.

The retinal S-antigen is not a causal autoantigen in BU.

We expect that the autoantigens driving this condition are a few or maybe a single peptide
antigen due to its specificimpact on the peptide motif as well as the highly specific target cells
that may contain the autoantigens (melanocytes), and the fact that ocular inflammation is
restricted to the choroid and the retina. Moreover, our data in Chapter 4 suggest that retinal
antigens are less likely to be an autoantigen source by eliminating the retinal S-antigen (SAG)
as a potential driving CD8* T cell autoantigen for BU. The HLA-A*29 peptidome from two
patients was captured with extensive efforts and unbiased experiments in patient-derived
cell lines. Despite demonstrating in patient-derived cell lines that SAG encodes peptides that
appear natural self-derived ligands presented by HLA-A*29 (i.e., may appear in the immune-
peptidome of the human body), our results differ from those of previous in vitro binding studies’s.
Such studies most likely did not consider whether the mature peptides used in binding studies
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Figure 6.1: Proposed disease mechanism based on findings in this thesis. The disease associated ERAP2 HapA
encodes functional ERAP2 aminopeptidase and contains SNPs in linkage disequilibrium in the downstream LNPEP
gene that enhance transcription of ERAP2 mRNA. ERAP2 trims peptides with preferred N-terminal residues
(‘susceptible’ peptides), which can lower their affinity for HLA-A*29. Peptides with bulky N-terminal residues are
not trimmed by ERAP2, and a fraction of the peptides exhibit the HLA-A*29-specific peptide motif (P2-F/Y+PQ-Y)
that interacts with the 62L/63Q motif in the binding pocket of HLA-A*29. HLA-A*29-specific peptides presented on
the cell surface initiate a CD8* T cell mediated immune response leading to sight-treating tissue damage in the eye.

would survive selection by the cellular antigen presentation machinery (e.g., proteasome,
ERAPs, TAP, etc.). Regardless, in our studies, ex vivo culture and direct probing by peptide-
HLA-A*29 multimers detected no SAG-specific CD8* T cells in ocular fluid of patients or
enrichment for CD8* T cells in the circulation of patients compared to HLA-A*29* controls.
A key insight in the pathophysiology of BU has been achieved here, ending a decades-long
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debate on the role of SAG in BU as a primary autoantigen that functions via HLA-A*29. In our
study, we found that peptides from SAG presented by HLA-A*29 are not immunogenic for
CD8* T cells. Importantly, CD8* T cells were present in BU patient’s vitreous fluid, indicating
that the autoantigen source is MHC-I related. Based on in vitro SAG-stimulated T cell
proliferation!* and SAG-induced experimental autoimmune uveitis®®, which are both T helper
cell-driven and mediated by MHC class I, SAG was considered as a candidate autoantigen for
BU. SAG-induced cellular and humoral hyperresponsiveness in humans is not limited to BU
and frequently seen in patients with other eye diseases. Accordingly, we propose that SAG is
a “secondary” autoantigen involved in CD4* T helper-mediated responses following primary
autoantigen-directed immunity via HLA-A*29 and CD8* T cells. Therefore, we conclude
that SAG is unlikely to be relevant to the HLA-A*29-mediated pathogenic mechanisms that
define the disease.

Towards autoantigen identification in BU

CD8* T-cell activation by autoantigen presentation through HLA-A*29 is likely to be a
significant disease mechanism for BU. Although the disease is widely seen as a model for
autoimmunity, we still don’t know for sure if BU is an autoimmune disorder mediated by
HLA-A*29 and CD8* T cells. The identification of the autoantigen(s) may provide powerful
targets for immunomodulatory therapy for BU. It will also be possible to develop better
tools for actual diagnosis, patient characterization, and pre- and post-therapy immune
monitoring by gaining a more comprehensive understanding of the specificities of T cells
in BU.

Due to methodological limitations, identifying CD8* T cell autoantigens is extremely labor-
intensive and resource intensive. Therefore, very few autoantigens have been identified
for MHC-l-associated diseases, and most epitopes are not yet rigorously verified®. MHC-I
displays thousands of different peptides per cell, but T cells recognize only few of them.
This poses a major challenge in the field. On the other hand, T-cell receptors have the
potential to generate over 100 million different specificities, each with different potentials
for recognizing peptides®®. Thus, millions of putative peptides may have to be assessed
in patients to discover autoantigens. Therefore, computational predictions of individual
autoantigen responses have failed to produce reliable results so far'’.

Although high-multiplexed assays can be used to screen antigenic reactivities of T cells
(e.g., tetramers with DNA barcodes), the number of possible peptides far surpasses the
laboratory capacity and tissue accessibility. Thanks to the rapid development of single-cell
technologies, it is now possible to perform high-throughput profiling of T cell receptors at the
single-cell level (i.e., single-cell TCR sequencing)®®*. Data on the TCR amino acid sequence
associated with uveitis significantly improves the chances of identifying the autoantigens
that cause eye inflammation. By cloning the TCR in functional models, autoantigen reactivity
can be efficiently and comprehensively screened. In particular, if the TCRs are cloned into
cell lines for screening genome wide peptide libraries for autoantigens presented by risk
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MHC-I alleles associated with uveitis, such as HLA-A*29. As a result of current technological
advancements, the longstanding question of whether CD8* T cells recognize HLA-A*29
peptides in BU can be answered with such technologies in future studies.

From genome-wide association studies to disease mechanisms: ERAP2 in
autoimmunity

A large number of SNPs are strongly associated with ERAP2 mRNA and protein levels at the
515 locus where ERAP1 and ERAP2 genes are located, however due to the strong linkage
disequilibrium at this locus it remains difficult to determine how these variants control
the expression of ERAP2. Understanding their contribution to ERAP2 regulation is critical
to understanding how the genetic signatures associated with autoimmunity and other
conditions result in dysregulation of ERAP2 and the MHC-I antigen pathway. SNPs in and
near the ERAP2 gene are associated with BU%% and other autoimmune conditions, such
as Crohn’s disease?!, and juvenile idiopathic arthritis?, as well as with protection against
the Black Death?** and severe respiratory infections?. In Chapter 5, we used population
genetics, genome editing and functional genomics to identify causal variants to identify how
SNPs regulate the expression of the ERAP2 gene. Among the key observations were the
demonstration that canonical ERAP2 mRNA and protein expression is critically dependent
on the genotype of the splice region variant rs2248374 located in a splice region in exon
10 of ERAP2. This answers the long-standing question whether the rs2248374 genotype
is essential for ERAP2 expression (see introduction). For a long time, the SNP rs2248374
was thought to be responsible for the functional effects of other disease-associated SNPs
near ERAP2, but we demonstrated in Chapter 5 that this is not the case. We propose that
autoimmune disease-risk SNPs, identified by GWAS, form a cis-regulatory region downstream
of ERAP2. This region influences gene expression by interacting with the promoter of ERAP2
if it encodes the risk alleles.

ERAP2 transcription is controlled by the chromosome structure and therefore the SNPs near
ERAP2 confer disease susceptibility by altering enhancer-promoter interactions. Therefore,
these findings are significant, because they suggest that the chromosome structure plays
an important role in its transcriptional control. This means that ERAP2 may be implicated
in autoimmunity not because it is expressed in susceptible individuals (those that carry at
least one copy of the protein-coding haplotype A controlled by rs2248374), but because
it is expressed at higher levels®?°, such as at the site of inflammation. This also indicates
that perhaps in tissues, pro-inflammatory signaling is among the leading pathways causing
overexpression of ERAP2 resulting in autoimmunity. This overexpression of ERAP2 might be
pharmacologically targeted to lower the level of ERAP2 and to impair the associated disease
manifestations?’.

The potential role of CD8* T cells in the affected tissue has already been described for MHC
Class | diseases like psoriasis (PsO), ankylosing spondylitis (AS) and acute anterior uveitis
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(AAU). CD8* T cell expressing an autoreactive psoriatic TCR react against melanocytes due to
presentation of the autoantigen, N-terminally trimmed by ERAP1, via risk HLA-C*06:02%28,
Interestingly, patients with AS and AAU have responsive CD8* T cells in eye fluid and synovial
fluid respectively targeting melanocytes where the same TCRs recognize HLA-B27 bound
peptides from different origin. The peptides were either derived from yeast or a self-
peptide, showing that microbial-derived peptides can be similar as self-peptides. In Chapter
4 we showed the presence of CD8* T cells within the vitreous fluid of a BU patient. Although
these CD8'* T cells were not targeting the high affinity SAG peptides, the fact these cells had
breached the blood-retina barrier suggests the origin of the target antigen lies within the
eye. This makes sense, since T cells have been found in the choroidal lesions typically seen in
BU patients?>*° and T cells in vitreous fluid from BU patients indeed do react against retinal/
choroidal lysates®..

As mentioned in Chapter 5 the 4C-seq signal showing increased reads for ligated ERAP2 and
LNPEP sequences as a result of the two promoter areas being in close physical proximity.
Using Hi-C-seq data from Chandra et al.>* we narrowed down eQTLs overlapping H3K27ac
enriched areas, forming the cis-regulatory region of about 900bp. In an effort to modify these
ERAP2 promoter-interacting eQTLs (pieQTLs) we managed to change rs2548224-G (Hap A)
to rs2548224-T (Hap B) and we showed that allelic substitution led to reduction in ERAP2
MRNA expression. However, the underlying molecular mechanism remains still unclear. A
possibility is the presence of an enhancer-promotor loop that increases the transcriptional
output, either by organization of the chromatin, the binding of transcription factors (TFs) or
structural regulators®*3*, These loop-forming TFs such as CCCTC-binding factor (CTCF), Yin
Yang 1 and the Mediator complex can contribute in bringing different genomic areas in close
proximity to improve transcription33°,

Promoters are highly enriched with a large array of potential TF binding sequences (many
overlapping ChIP-seq signals), making the promoter sequence a difficult genomic area to
predict and validate which TF is affected by SNPs and influence ERAP2 expression. CRISPR-
knockin to modify HapB to their corresponding HapA variant can be used in a disease model
to determine differential TF binding affinity. We consider CTCF as a potential TF involved
as it is a common TF present when multiple genes are entwined in expression regulation.
Alternatively, an untargeted TF ChIP library approach can be used to assess many different
types of TFs in order to find which TF influences ERAPZ2 expression, either directly influencing
the transcription of ERAP2 or enhancing chromatin structure for improved expression.

Therapeutic targeting of ERAP2s for treatment of BU and autoimmunity

Regulating ERAPs as a method to control inflammation in autoimmune disease might be
an obvious target for future pharmaceutical drug development. However, some careful
consideration is needed. As we described in this thesis, ERAPs are involved in the modulation
of the immunopeptidome. Based on the genetic predisposition of ERAPs in many auto-
immune diseases, for example high levels of ERAP2 are associated with BU, one might
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think that downregulating ERAPs could be helpful for BU patients. However, it’s important
to understand that modifying the expression of ERAPs might have a harmful effect on the
antigen presentation. T cell priming in the thymus is a complex arrangement of the TCR with
careful screening for self-protein*®, where the level of ERAP2 expression might be involved
with the supply of (self)antigens as well*'. Therefore, systemic inhibition of ERAP2 function
might shift the peptidome towards a higher abundance of unknown self-peptides. The result
might be the induction of an unwanted autoimmune reaction. Instead, local treatment to
modulate ERAP2 function is a better option. For example, BU is localized inflammation in the
posterior area of the eye (retina/choroid), therefore local modulation of ERAP2 expression
might be useful. This would require development of small molecules targeting ERAP2 or
locally administered siRNA to knockdown ERAP2 expression.

Since acquiring tissue samples from BU patients is difficult, a surrogate model to study the
disease mechanism is required. We showed with our BU cell line model that we can study
the immunopeptidome from patients’ derived LCLs. The obvious way to study in vivo would
be a rodent model (e.g. mouse, rat), however in contrary to humans rodents do not have
a homolog for the ERAP2 gene®**. Animal studies of uveitis have so not studied the role
of ERAP1. Ideally, HLA-A*29 transgenic models include humanized ERAPs, since similar to
humans, the presence of HLA-A*29 itself is not sufficient to induce ocular inflammation®.
Another approach for studying the disease mechanisms of BU would be a disease model
using the tissues that are affected in BU to study the peptidome on HLA-A*29:02 and the
involvement of the ERAPs. For example, HLA-A*29 positive retina pigment epithelial (RPE) cell
line producing melanocyte biology proteins (predicted as potential autoantigens in Chapter
2) may provide a useful model. However, human ex vivo RPE cells from donors are difficult
to obtain and long-term culture has limitations on RPE specific gene expression®, such
as the loss of melanosomes and pigmentation. One alternative for autoantigen discovery
for HLA-A*29 could be using a melanoma cell line, expressing HLA-A*29:02 and ERAP2
Hap A (including ERAP1KO or ERAP1 Hap10). With our developed method to determine
the HLA-A*29:02 peptidome we could determine whether melanoma cells present high
affinity peptides and whether these peptides are distinct for this cell type. Assessing if these
peptides are ERAP2-dependent and whether they fit the peptide motif we discussed in this
thesis would further support their potential role in BU. In the study by Granados et al. LCLs
expressing HLA-A*29:02 were measured in which a high affinity HLA-A*29 peptide derived
from tyrosinase was detected®. Tyrosinase is a well-known source of autoantigens in VKH
and is functional in the melanin pathway in melanocytes. The described peptide FFISSKDLGY
(10-mer) fits the ERAP2-dependent motif with bulky phenylalanine residues at P1/P2 and
tyrosine at PQ.
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Birdshot uveitis

Birdshot uveitis (BU) is een zeldzame vorm van non-infectieuze uveitis die zich laat
karakteriseren door intra-oculaire inflammatie, troebel zicht, vasculaire lekkage, macula
oedeem, retinale atrofie en progressief verlies van het zicht. Fundusfoto’s laten BU specifieke
laesies zien die waarschijnlijk ontstaan door T-cel gemedieerde ontstekingen in het choroid
en de retina. Patiénten worden behandeld met systemische immunosuppressiva om de
symptomen te onderdrukken.

Naast de fysieke symptomen heeft BU nog een specifieke eigenschap. Elke patiént is
drager van het Human Leukocyte Antigen (HLA)-A*29, een variant van het klasse | major
histocompatibility complex (MHC-I). Tot nu toe is BU de enige aandoening waarbij alle
patiénten drager zijn van tenminste één allel HLA-A*29. Aangezien MHC-I moleculen zorgen
voor de antigenpresentatie aan CD8+ T-cellen is het hoogstwaarschijnlijk dat HLA-A*29
betrokken is bij het presenteren van antigenen die de ontsteking veroorzaken. Het HLA-A*29
komt relatief veel voor binnen de West-Europese bevolking (5-10%). Daardoor ligt de
oorzaak van BU waarschijnlijk niet alleen bij het hebben van het HLA-A*29 allel, maar spelen
specifieke antigenen die via HLA-A*29 gepresenteerd worden een belangrijke rol. Vanwege
de sterke associatie met HLA-A*29 maakt het BU een interessant ziektemodel om de rol van
MHC-I en auto-immuniteit te onderzoeken. MHC-I gemedieerde aandoeningen zoals axiale
spondylartritis (HLA-B*27), psoriasis (HLA-C*06:02) en de ziekte van Behget (HLA-B*51).
Uit genetische studies waarbij BU patiénten vergeleken werden met grote controle
populaties is naar voren gekomen dat naast HLA-A*29 er ook een predispositie aanwezig
is voor de ERAP genen, ERAP1 en ERAP2. Deze genen coderen voor endoplasmic reticulum
aminopepidase 1 en 2. Beide eiwitten functioneren als aminopeptidase, waarbij precursor
peptides aan de N-terminale zijde worden getrimd, voordat deze peptides op een MHC-I
molecuul geladen kunnen worden. Van ERAP1 zijn er verschillende haplotypes mogelijk,
afhankelijk van polymorfismen in het genoom. Deze polymorfismen hebben effect op de
enzymatische activiteit van ERAP1. Haplotype 10 is bij BU patiénten sterk geassocieerd,
ondanks dat dit haplotype zeer inefficiénte werking laat zien. Voor ERAP2 zijn er twee
haplotypes beschikbaar, haplotype A dat codeert voor een functioneel eiwit en haplotype
B dat door incorrecte splicing een incorrect transcript geeft. Het haplotype B resulteert dan
ook niet in een functioneel eiwit. Waar ziekte-geassocieerde polymorfismen in ERAP1 te
herleiden zijn naar verschillende haplotypes, zijn de BU geassocieerde polymorfismen in
ERAP2 vooral te vinden in niet-coderende delen van het gen.

ERAP2 genereert een selectief peptide motief voor HLA-A*29:02

In hoofdstuk 2 hebben we onderzocht hoe ERAP2 betrokken is bij het trimmen van peptiden.
Daarnaast hebben we antwoord gegeven of de vraag of ERAP2 in staat is om unieke
peptiden voor HLA-A*29 te genereren. Hiervoor hebben we gebruik gemaakt van EBV-
getransformeerde B cellen van BU patiénten om het repertoire aan peptides te bepalen op
HLA-A*29:02. Daarbij hebben we ook een ERAP2 knockout (ERAP2KO) variant van deze LCLs
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gebruikt om een verschil in peptide-aanbod aan te tonen tussen wild-type en ERAP2KO LCLs.
Hiervoor is een HLA-A*29 specifiek antilichaam gebruikt om het immunopeptidoom van
HLA-A*29 te isoleren. Door gebruik te maken van isotoop-gelabeld tyrosine/phenylalaline
aminozuurisotopen konden de peptiden van wild-type LCLs direct vergeleken worden met
de peptiden afkomstig van de ERAP2KO LCLs middels massaspectrometrie.

Afhankelijk van de aanwezigheid van ERAP2 konden wij verschillen aantonen in de
hoeveelheid peptides die gepresenteerd worden op HLA-A*29:02 in beide condities.
Gebrek van ERAP2 laat een verhoging van N-terminaal adenine/lysine/asparagine zien, wat
gewenste aminozuur residuen zijn voor ERAP2 om te trimmen. Dit zagen wij ook voor de
peptides op de overige HLA-klasse-I moleculen van deze LCL. Andersom konden wij ook
aantonen dat in aanwezigheid van ERAP2 er een groter aanbod van peptides met grote
aminozuren als phenylalanine en tyrosine aan de N-terminale zijde te vinden waren. Deze
peptides worden niet door ERAP2 getrimd en krijgen in aanwezigheid van ERAP2 dus meer
kans om op HLA-klasse-I moleculen terecht te komen ten opzichte van peptides met hoge
affiniteit van ERAP2. Opvallend was dat ~15% van de peptides die ongevoelig voor ERAP2
zijn een uniek motief bevatten die uniek is voor HLA-A*29:02. Hieruit concluderen wij dat de
combinatie van ERAP2 en HLA-A*29:02 kan leiden tot antigenpresentatie met een specifiek
autoantigen dat betrokken is bij de inflammatie bij BU patiénten.

HLA-A*29:02 heeft een uniek bindingsmotief voor ERAP2-afhankelijke peptiden
In hoofdstuk 3 zijn we verder ingegaan op de link van ERAP2 en HLA-A*29:02 en wat hun rol
in de ontwikkeling van BU kan zijn. Ondanks dat HLA-A*29 relatief veel voorkomt in Europa,
is de incidentie van BU zeer laag. Ook in landen buiten Europa waar BU voorkomt is de
aanwezigheid van HLA-A29 te herleiden naar de herkomst van de bevolking. HLA-A*29:02
onderscheidt zich van verwante HLA-A moleculen door specifieke polymorfismen,
met name door de leucine (L) op positie 62 en glutamine (Q) op positie 63. Beide
aminozuren zijn onderdeel van de peptide binding groove en spelen een essentiéle rol in
de affiniteit van antigenen met HLA-A*29:02. Predictie-analyses laten zien dat elk andere
aminozuurcombinatie een negatief effect heeft op de bindingscapaciteit van HLA-A*29:02.
In hoofdstuk 2 hebben we beschreven dat ~15% van de ERAP2-afhankelijke peptides een
specifiek hoge affiniteit hebben voor HLA-A*29. Met name de phenylalanine en tyrosine
op P2 hebben een sterke affiniteit met de peptide binding groove als gevolg van 62L/63Q
in HLA-A29. Hierdoor bestaat de mogelijkheid dat ERAP2 betrokken is bij het genereren van
HLA-A29 specifieke antigenen, dat de genetische associatie van zowel ERAP2 als HLA-A29:02
zou kunnen verklaren.

CD8+ T cellen tegen het retinale S-antigen zijn niet betrokken bij birdshot uveitis
Het retinale S-antigen (S-arrestin, SAG) wordt al decennia lang beschreven als potentieel
autoantigen in BU en andere oogaandoeningen. In hoofdstuk 4 hebben wij onderzocht of
SAG specifieke peptides die op HLA-A*29:02 gepresenteerd worden en of deze peptides
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ook een CD8+ T cel gemedieerde immuunreactie veroorzaken. Door gebruik te maken van
het BU model uit hoofdstuk 2, waar LCLs afkomstig van BU patiénten zijn gebruikt, hebben
we twee SAG peptides (VTLTCAFRY, TVLGILVSY) met hoge affiniteit voor HLA-A29 kunnen
identificeren. In vitro digestie van de precursor 10-mer peptides laat zien dat recombinant
ERAP1 en ERAP2 in staat zijn om de twee antigenen te vormen. Beide SAG peptides worden
vervolgens niet verder getrimd door ERAP2, wat zou betekenen dat in BU patiénten met
hoge ERAP2 expressie beide peptides in hogere mate gepresenteerd kunnen worden op
HLA-A*29:02.

Vervolgens hebben we gevalideerd of beide peptides in staat zijn om een immuunreactie
teweeg te brengen. We hebben Dextramers (HLA-A*29:02 met fluorescent label), geladen
met de SAG peptides, laten incuberen met PBMCs (peripheral blood mononuclear cells) van
BU patiénten en HLA-A*29:02+ controles. Hierbij hebben wij geen verrijking van specifieke
CD8+ T cellen gevonden, zowel in BU patiénten als in de controlegroep. Daarnaast hebben
we ook uit een glasvochtpunctie van een BU patiént SAG-specifieke CD8+ T cellen proberen
te detecteren, maar ook hier vonden wij geen verrijking van reactieve CD8+ T cellen.
Tenslotte hebben we PBMCs van BU patiénten en HLA-A*29:02 controles gestimuleerd met
recombinant SAG peptides, maar ook hier was er geen verhoogde immuunreactie waar te
nemen tussen BU patiénten en HLA-A*29:02 controles.

Al met al kunnen wij concluderen dat het retinale S-antigen geen autoantigen is voor BU,
waarbij wij bewijs leveren dat tegen de jarenlange aangenomen consensus ingaat.

Een cis-regulatory element reguleert ERAP2 expressie middels auto-immuun
geassocieerde polymorfismen

In hoofdstuk 5 hebben wij beschreven hoe BU geassocieerde polymorfismen gelegen in het
ERAP2 gen en naastgelegen genoom (waaronder het nabij gelegen LNPEP gen) een mogelijke
rol spelen in de regulatie en expressie van ERAP2. Deze polymorfismen zijn middels linkage
disequilibrium (LD) aan elkaar verbonden, waarmee het mogelijk is om zogenaamde ERAP2
haplotypes te benoemen. Eén van deze polymorfismen wordt al om beschreven als drijvende
kracht achter ERAP2 expressie, namelijk splice variant rs2248374. Wij hebben aangetoond
dat deze variant inderdaad noodzakelijk is voor een functioneel allel. Met behulp van de
CRISPR-Cas9 genmodificatietechniek konden wij ERAP2 ‘aanzetten’ of ‘uitzetten’.

Als we grootschalige genoomstudies vergelijken (zoals genome wide association studies
[GWAS]) zien we dat niet alleen bij BU patiénten, maar ook patiénten met de ziekte van Crohn
of jeugdreuma (JIA), een grote hoeveelheid ziekte geassocieerde polymorphismen laat zien
die buiten het ERAP2 gen liggen, namelijk in de promotorregio van het nabijgelegen LNPEP
gen. Statistische correctie van het signaal van rs2248374 laat zien dat er een onafhankelijk
signaal afkomstig is vanuit LNPEP.

Door vervolgens gebruik te maken van chromosome confirmation capture data, waarbij het
H3K27ac signaal wordt overlapt met eQTL data voor de expressie van ERAP2, konden wij uit
de onafhankelijke groep polymorfismen in LNPEP een kleine groep polymorfismen aanwijzen
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die mogelijk invloed hebben op de expressie van ERAP2. Zo'n regio in het genoom wordt
een cis-regulatory element genoemd. Een poging tot genmodificatie waarbij polymorfismen
van het zogenaamde risico-haplotype (actief ERAP2) werden omgezet naar de alternatieve
conformatie (inactief ERAP2) leidde tot reductie van de ERAP2 expressie. Door gebruik te
maken van de 4C-seq techniek hebben we vervolgens aangetoond dat de auto-immuun
geassocieerde polymorfismen waarschijnlijk een rol spelen in de chromatine structuur die
daarbij ook de ERAP2 expressie reguleert.

Met deze studie laten wij zien dat auto-immuun geassocieerde polymorfismen middels
LD een functionele rol kunnen spelen in de expressie van genen. In dit geval wordt ERAP2
waarschijnlijk gereguleerd door de aanwezigheid van een extern gelegen regulatoir element
in LNPEP. Deze kennis kan in toekomst gebruikt worden om ERAP2 expressie te bepalen
als maat voor auto-immuniteit en als mogelijk aangrijpingspunt voor ziekte-modelerende
behandelingsmethoden.
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Dankwoord

Na ruim 5 jaar zit mijn promotieonderzoek erop en natuurlijk heb ik daarvoor heel wat
mensen te bedanken voor hun hulp, interesse en bijdrage om uiteindelijk dit proefschrift te
kunnen schrijven. In dit dankwoord wil ik dan ook een aantal van jullie persoonlijk bedanken.
Ik wil ook alle birdshot uveitis patiénten bedanken die bloedsamples hebben gedoneerd
voor mijn onderzoek. Birdshot uveitis is een zeer zeldzame auto-immuunziekte in het oog
dat bij het grote publiek amper bekend is. Desalniettemin verdienen ook deze patiénten een
goede behandeling waar voor nu nog veel onderzoek nodig is. Ik hoop dat ons onderzoek in
de toekomst zal bijdragen aan nieuwe inzichten in de behandeling van auto-immuunziekten.

Het promotieteam: beste Joke, Jonas en Annette. Bedankt voor de prettige samenwerking
de afgelopen jaren. Jullie hebben mij altijd de ruimte gegeven mijzelf te kunnen ontwikkelen
en zelf te laten meedenken in het verloop van mijn promotieonderzoek. Bedankt voor jullie
vertrouwen en de geweldige begeleiding!

Beste Prof. Dr. de Boer, beste Joke. Bedankt voor je onvoorwaardelijke interesse, hulp, en
betrokkenheid bij mijn onderzoek. Jij zorgde ervoor dat Jonas en ik niet te vaak afdwaalde
van het doel van het onderzoek, namelijk wat er voor de patiént belangrijk is om te weten
te komen over birdshot. Bedankt dat je mij altijd gesteund hebt, ook tijdens moeilijke tijden
in het begin van de coronaperiode.

Beste Dr. Kuiper, beste Jonas. Ik wil jou bedanken voor al je tijd en energie die je in mijn
project hebt gestoken. Bedankt voor alle (soms urenlange) discussies over experimenten,
de resultaten uit het lab, de nieuwste literatuur en gedachtes over hoe de ERAPs nu
eigenlijk werken. Ik kan mij geen betere begeleider bedenken. Daarnaast is jouw interesse
en behulpzaamheid voor iedereen die dat nodig heeft bewonderenswaardig. Niet alleen
binnen de oogheelkunde, maar ook bij het CTl ben je een zeer gewaardeerd persoon die ten
allen tijde bereid is om mensen te helpen met hun onderzoek. Ik wens je alle succes voor
de toekomst!

Beste Dr. Ossewaarde, beste Annette. Waar je gedurende mijn promotieonderzoek altijd al
interesse toonde in mijn projecten en ook bijgedragen hebt aan de S-antigen paper, voegde
je je in het laatste jaar toe aan mijn promotieteam. Ook jou wil ik natuurlijk bedanken voor
je betrokkenheid en bijdrage bij dit proefschrift.

Beste Prof. Dr. Radstake, beste Tim. In het begin kwam ik bij jouw groep in het lab en was je
ook betrokken bij mijn promotieonderzoek. Ik ben je dankbaar dat ik heb kunnen profiteren
van een leuke groep waarin ik snel mijn kennis van immunologie kon verbreden. Ook jou wil
ik bedanken voor je vertrouwen en begeleiding.
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Geachte leden van de beoordelingscommissie, beste Prof. Dr. Wiertz, Prof. Dr. Hamann,
Prof. Dr. van Wijk, Prof. Dr. van Hagen, Dr. Kesmir, hartelijk dank voor jullie tijd en interesse
om mijn proefschrift te beoordelen en zitting te nemen in mijn commissie.

Gedurende de corona pandemie vormde er zich een verbond genaamd The Winchester (aka
De Winnie) dat in een tijd van lockdowns en verplicht thuiswerken ervoor zorgde dat we
met elkaar de moed erin hielden en ervoor zorgde dat het plotselinge gat in het dagelijkse
sociale contact op de werkvloer behouden bleef. Lieve Anneline, Rianne, Nila en Safae, waar
moet ik beginnen. Wat heb ik genoten van onze bijna dagelijkse videocalls, onze koffiedates
in de stad, jullie vriendschap in een tijd waar iedereen opeens in een sociaal isolement
raakte. Gelukkig bleef dit hechte verbond ook bestaan na de periode van quarantaines,
avondklokken en mondkapjes. Ik kijk terug naar mooie momenten die we samen hebben
beleefd, zoals het weekendje bij Nila in Heidelberg, de bruiloft van Anneline en Ralf, de
geboorte van Haroun, de geboorte van Walter. Stuk voor stuk waardevolle herinneringen en
momenten die we samen hebben beleefd.

Anneline, vanaf de eerste dag dat ik in het WKZ kwam heb jij mij gelijk welkom laten voelen in
het lab. Jouw aanstekelijke enthousiasme, jouw interesse in anderen en jouw gedrevenheid
in het lab maakte jou vanaf het begin een dierbare collega. Door jou heb ik ook een interesse
gekregen in het verzamelen van tropische kamerplanten en hielp jij mij aan allerlei stekjes
waardoor mijn woonkamer snel in een jungle veranderde. Ik ben je zeer dankbaar dat je mij
als paranimf wil bijstaan op de belangrijkste dag van mijn wetenschappelijke carriére.
Rianne, ik ken jou als een slimme, gedreven onderzoeker, maar bovenal een zorgzaam
persoon die altijd bereid is anderen te helpen. De afgelopen jaren heb ik je zien groeien tot
een volwaardige computational scientist en ik sta altijd met bewondering te kijken naar al je
complexe analyses die je uitvoert. Daarnaast kijk ik terug op alle gezellige momenten die we
met elkaar gehad hebben in het lab en daarbuiten. We hebben een gezamenlijke interesse
in films en ik hoop dat we in de toekomst nog vaak eens een filmpje pakken. Ook jou ben ik
zeer dankbaar dat je als paranimf naast mij staat.

Nila, voor jou geldt hetzelfde. Je bent een super gedreven en kundige wetenschapper,
zowel in het lab als achter de pc. Je hebt mij altijd geholpen in het lab als ik een nieuw
ingewikkeld experiment moest opzetten. Daarnaast ben je ook nog eens zeer geleerd in de
wetenschap van bier en het brouwen daarvan. Nu je in Heidelberg zit kunnen we helaas niet
meer zo makkelijk gezamenlijk naar De Molen voor een bierproeverij of blikken inslaan bij
Littebeershop in Utrecht. Ondanks dat houden we elkaar goed op de hoogte van alle nieuwe
bieren, brouwen we allebei zelf ons eigen bier en verzamelen we zelfs bier voor elkaar. Het
wordt nodig tijd dat ik in Heidelberg eens laat zien hoe je een fatsoenlijke stout maakt .
Safae, jij was goed en wel begonnen met je onderzoek toen de coronapandemie uitbrak.
Gelukkig vond je je weg naar ons en ben ik blij je te mogen leren kennen. Ik heb altijd genoten
van je fanatieke houding als iets je dwars zat, maar ook je liefdadigheid en zorgzaamheid
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naar iedereen die je lief hebt. Je hebt ons ook veel bijgebracht van de Marokkaanse cultuur
met als hoogtepunt natuurlijk de heerlijke kiinefe die je ons hebt laten proeven.

In het lab in het WKZ werkte ik niet alleen, maar had ik een grote groep talentvolle
onderzoekers om mij heen. Ookjullie wil ik natuurlijk bedanken voor jullie bijdrage, interesse,
en gezelligheid! Op de eerste plaats wil ik jou, Sanne, bedanken voor al je hulp, gezelligheid
en inzet in het onderzoek rondom de ERAPs en birdshot. Jij en Jonas waren de grondleggers
voor het onderzoek waar ik in september 2018 instapte. Jij had o0.a. met veel tijd en moeite
de basis gelegd voor het gebruik van CRISPR-Cas9. Daarmee heb je de birdshot LCLs met
ERAP2KO kunnen maken, waarmee we de functie van ERAP2 hebben kunnen beschrijven.
Samen hebben we gedurende het overgrote deel van mijn promotieonderzoek gewerkt
aan het verder ontwikkelen van complexe CRISPR methodes, heb je mij geholpen met het
S-antigen project en stond je altijd klaar om mij te helpen als mijn western blots weer eens
geen bandjes hadden. Ik weet zeker dat ze bij Genmab ook een geweldige collega aan jou
hebben.

Daarnaast wil ik ook de rest van de vroegere Radstake groep bedanken die mij altijd geholpen
hebben en interesse hebben getoond. Rina, Sarita, Michel, Cornelis en Ralph, bedankt voor
de hulp en gezelligheid in het lab. Op jullie kon ik altijd rekenen! Natuurlijk wil ik ook de
rest van de voormalig Radstake groep bedanken voor de gezelligheid bij de labuitjes, jullie
mening over data/theorieén tijdens de labmeetings en jullie hulp op het lab.

Lieve roomies, bedankt voor alle gezelligheid de afgelopen jaren. Van gezellig met elkaar
lunchen en koffiedrinken tot etentjes in Utrecht en zelfs daarbuiten op mijn aanraden bij De
Molen. Samen hebben we elkaars successen gevierd, elkaar een hart onder de riem gestoken
als het een keertje niet mee zat, maar bovenal ook een vriendschap opgebouwd die we
hopelijk in de toekomst blijven koesteren. Tim, aan jou de eervolle taak om het gezag over de
kamer te houden. Ik wens jou en natuurlijk ook Shiva, Xiaolin, Femke, Saskia, Rowie, Greta
en Jelleke veel succes en plezier met jullie onderzoek. Akashdip, wij zijn tegelijk begonnen
en ook voor jou zit het er nu op. Veel succes met de afronding van jouw proefschrift. Ook
mijn oud-kamergenoten wil ik bedanken voor de gezellige tijd. MatevZ, met jou was het
altijd lachen, konden we heerlijk klagen over dingen in het lab, maar ook genieten van
elkaars successen. Juliette, jouw doorzettingsvermogen om het beste resultaat te krijgen
was bewonderens-waardig. Ondanks jouw gedrevenheid in je onderzoek had je altijd tijd
voor een praatje bij de koffie, moesten wij altijd het Formule 1 weekend uitvoerig bespreken
en stond je klaar om anderen te helpen. Veel succes met je opleiding tot reumatoloog, je
gaat vast een fantastische arts worden. Dear Ana (and Tiago of course), | want to thank
you for the great time | had with you as my colleagues. | always liked our discussions about
science, sports, the mess in the lab... Thank you for your interest and support whenever |
needed a second opinion about a challenging experiment. I’'m sure your colleagues in the
PMC are lucky to have you around. Lotte, van leuke gesprekken bij de koffieautomaat tot
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leuke gesprekken bij ons in de kamer toen je onze roomie werd. Heel veel succes met het
afronden van je proefschrift naast je baan als kinderarts. Dear Aroosha, although you were
our roomie for a brief moment, we still count you as part of our group. When you arrived
in Utrecht you thought you would work as a computational PhD student, but suddenly you
were in the lab with me and Sanne. | hope you still like the lab, luckily Aafke is there for you
to support you. Apart from our mutual interest in science we also share the love for heavy
metal. Where most people would run away from this kind of music, | was surprised to find
you in the mosh pit when we went to a concert together. | wish you all the best with your
research and hopefully we can meet up at a metal concert again in the future. Dear Uxia,
you quickly became a well-loved colleague in our room during your stay in Utrecht. | really
enjoyed your presence in the lab, | hope the CRISPR-Cas9 protocols | taught you will help
your research to achieve great results. Apart from work you have become a dear friend to
me. You inviting me to Santiago de Compostella to meet your friends and family, showing
me the city and the beautiful landscape of Galicia will be an experience | will never forget.
Hopefully | can come back soon, I still have plenty to see in Galicia!

Aafke, jij kwam tijdens mijn laatste maanden op het lab onze groep versterken. Ik ben blij
voor jou dat je in een leuke groep terecht bent gekomen en dat het ook goed klikt met de
andere onderzoekers binnen het CTI. Jij hebt de eervolle taak mijn werkzaamheden voort te
zetten en van wat ik gezien heb doe je dat uitstekend! Uiteraard blijft ik graag op de hoogte
van alle ontwikkelingen in het lab, blijf ik je af en toe muziek sturen in de hoop dat je metal
ooit gaat leren waarderen en zie ik je graag nog eens terug bij De Molen voor een lekker
biertje.

Tenslotte wil ik iedereen binnen het CTI bedanken die ik tussendoor op het lab, bij de
koffieautomaat, in het restaurant, in de gang op weg naar de theme meeting, bij de gezellige
retreats, tijdens de coffee & catch ups en tijdens de mooie feestjes ben tegengekomen.
Bedankt voor de mooie tijd samen!

Naast het lab heb ik ook veel mensen te bedanken in het AZU. Beste collega’s van de
oogheelkunde, ook jullie wil ik natuurlijk van harte bedanken voor jullie interesse en
bijdrage in mijn onderzoek. Hopelijk hebben jullie iets kunnen leren van mijn presentaties
over onderzoek in het lab tijdens het klinisch rapport. Andersom heb ik veel geleerd van
jullie praatjes, lezingen en voordrachten tijdens congressen over de klinische kant van het
onderzoek en de patiéntenzorg.

Beste oog-onderzoekers, bedankt voor de gezellige tijd de afgelopen jaren. Ook al was ik
maar af en toe in het AZU, zag ik jullie vooral bij meetings en bijeenkomsten, ook jullie zijn
waardevol voor de fijne tijd die ik heb gehad tijdens mijn promotieonderzoek. In het begin
namen jullie mij gelijk op in de groep, hielpen jullie mij wegwijs te maken in het doolhof
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dat het AZU is en lieten jullie mij gelijk thuis voelen bij oogheelkunde. Ik wil jullie bedanken
voor alle vele koffietjes, gezellige etentjes, feestjes bij DOPS, jullie interesse in mijn labwerk
en hulp als ik een klinische vraag had. Kamil, Sara, Anna, Fleurieke, Anne-Mieke, Roos,
Nienke, Bas, Myrthe, Brendan, Evianne, Lude, Carlyn, Els, Deniz, Jytte, Cansu, Janneau en
Casper, dank jullie wel!

Ninette, jij hebt mij in het voorjaar van 2018 geintroduceerd bij Jonas voor een mogelijk
promotieonderzoek. Ik was toen al een tijdje aan het zoeken, maar gelukkig was Jonas net
bezig een project op te zetten waar een nieuwe PhD student voor nodig was. Ook tijdens
mijn onderzoek heb je mij vaak geholpen, vooral met de inclusies van birdshot patiénten.
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