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Abstract

Peptide ligands presented by human leukocyte antigen (HLA) molecules on the cell surface
represent the immunopeptidome that could be utilized for identification of antigenic peptides for
immunotherapy and prevention of autoimmune diseases. Although T-cells are well-known key
players in the destruction of pancreatic beta-cells in type 1 diabetes (T1D), increasing evidence
points toward a role for B-cells in disease pathogenesis. However, as antigen presenting cells, little
is known about the comprehensive immunopeptidome of B cells and their changes in the context
of T1D. We performed HLA allele-specific quantitative immunopeptidomics using B lymphocytes
derived from T1D patients and healthy controls. Hundreds of HLA-I and HLA-II immunopeptides
were identified as differentially regulated in T1D per HLA allele for B cells sharing identical
HLA alleles. The results were further validated using additional T1D and healthy B cells with
partially overlapped HLA alleles. Differentially expressed immunopeptides were confirmed with
targeted proteomics and for reactivity using known T-cell assays in the immune epitope database.
Considering samples with identical HLA alleles are difficult to obtain for T1D and other similar
HLA-restricted diseases, our work represents a viable approach to better understand HLA allele-
specific antigen presentation and may facilitate identification of immunopeptides for therapeutic
applications in autoimmune diseases. Data are available via ProteomeXchange with identifier
PXD026184.
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INTRODUCTION

The immune system plays critical roles in self-recognition and host defense through an
intricate network of biological processes, and aberrant immune regulations are involved in a
myriad of diseases, ranging from autoimmune diseases to cancers. Immunopeptidomics,

the investigation of peptide ligands presented on the human leucocyte antigen (HLA)
molecules on cell surfaces, has attracted a lot of attention in recent years owing to

the clinical successes in cancer immunotherapy.®: 2 Together with the improvements in
sample preparation methods for enriching HLA bound peptides and development of better
algorithms for HLA peptide binding affinity prediction,3=> advancements in high resolution
mass spectrometry techniques for unbiased identification of peptide epitopes fueled the wide
applications of immunopeptidomics to identify antigenic peptides for immunotherapy and as
vaccines in prevention of cancer, autoimmune and infectious diseases.

HLA class | molecules are expressed nearly on all nucleated cells while HLA class Il
molecules are only found on antigen presenting cells such as B lymphocytes, macrophages,
and dendritic cells, among others. Past immunopeptidomics works centered on immortal
human cancer cell lines or human B cell lines transformed with Epstein-Barr virus (EBV).
Using these model systems, the immunopeptide repertoire has been expanded, and a better
understanding of the immune regulation is gained through the observation of differential
HLA peptide presentation upon /n vitro stimulation with immune modulating agents.3: 6 7
Recently, with more streamlined sample preparation and more sensitive mass spectrometry-
based proteomics platforms,3 8 successful applications of immunopeptidomics have been
achieved by direct analysis of clinically collected tumor tissues or T cells isolated from these
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tissues.3 ¢-11 To improve prediction of allele-specific endogenous immunopeptides covering
most of the human population, ground-breaking work was accomplished recently to broadly
expand the HLA class | epitope database by using 95 HLA-I monoallelic cell lines.12

As an autoimmune disease, Type 1 Diabetes (T1D) is characterized by T cell mediated
self-destruction of pancreatic beta cells and resulted insulin deficiency.13: 14 Genome-wide
association studies have identified that HLA genes conferred the strongest risk, particularly
HLA DR3/DR4 in populations of European descent.1®> However, genetic variation among
different racial and ethnic groups diminishes the predicting value of these genetic markers,
and genetic predisposition cannot explain why T1D would selectively occur in individuals
of the same families or more strikingly only in one of the homozygotic twins.16 The
environmental factors that initiate and drive the disease progression still remain elusive.1”
Recently, hybrid insulin peptides and peptides produced from translational errors of insulin
gene are discovered, and diabetogenic T cells recognizing these neoantigens are capable of
killing human pancreatic beta cells.18-20 Although T cells are well-known key players in
the process of pancreatic beta-cell destruction in T1D, increasing evidence points toward a
role for B cells in disease pathogenesis.?!: 22 In this respect, B cells have been established
as critical antigen-presenting cells to diabetogenic T cells in T1D. 23 24 In addition, anti-
insulin B cells are known to express higher surface levels of antigen presenting MHC-II
molecules in nonobese diabetic (NOD) mice.2> Recent studies also highlight that HLA
immunopeptides presented by B cells have the ability to trigger the T-cell-mediated beta-
cell-specific autoimmunity.28: 27 And importantly, depletion of B cells using anti-CD20
antibody can prevent or delay the development of T1D in NOD mice and in humans.28-30

Therefore, to get a better understanding of the pathogenic mechanism of T1D, it is
imperative to comprehensively profile the repertoire of the immunopeptides related to this
disease and investigate the differences in peptide presentation between T1D and healthy
individuals sharing the same HLA alleles. To this end, we selected T1D and healthy B cell
lines derived from the same family that have exactly matching HLA-1 and HLA-II alleles.
Through sequential enrichment of HLA class | and Il immunopeptides and LC-MS/MS
based proteomics analyses, we quantitatively compared the changes of immunopeptidome
in an allele-specific manner. The HLA allele-specific-immunopeptide changes were further
verified using T1D and healthy B cells originating from different families with partially
overlapped HLA alleles. Some HLA-II immunopeptides identified are associated with the
immunoregulatory functions which might have potential roles in T1D pathogenesis.

EXPERIMENTAL PROCEDURES
Cell Culture and HLA-I and HLA-II Antibody Production

The Epstein-Barr Virus-transformed B-Lymphocytes (GM02675, GM02676, GM02678,
GM02679, GM02812, GM02765, GM02741 and GM03027) were purchased from Coriell
Institute for Medical Research (CIMR, Camden, New Jersey). The clinical data such as
age, gender, and race were included in supplemental Table 1. Cells were maintained in
RPMI-1640 Medium (ATCC® 30-2001™) supplemented with fetal bovine serum (FBS)
(Thermo Scientific, 16000044) as suggested by CIMR. When cells were grown to the
required amount, we collected them by centrifugation at 200 g for 10 min, washed twice
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with ice cold PBS (Gibco, 10010023), and stored as dry cell pellets at =20 °C until use.
The W6/32 (HLA-I) and I'VA12 (HLA-II) monoclonal antibodies were produced from
HB95 (ATCC® HB-95™) and HB145 (ATCC® HB-145™) cells that were purchased from
American Type Culture Collection (ATCC) and grown in DMEM (ATCC® 30-2002™)
medium supplemented with FBS to a final concentration of 10%. The W6/32 and IVA12
monoclonal antibodies were purified from the growth medium using protein A-Sepharose
4B conjugate (Invitrogen, 101042). The purified antibodies were stored at —20 °C for future
use.

DNA Extraction and HLA Allele Typing

DNA was extracted from B lymphocyte cell lines using the QlAamp DNA Mini Kit (Qiagen,
51304). The extracted DNA samples were genotyped at the high-resolution HLA typing
facility of the Children’s Hospital Oakland Research Institute (Oakland, CA, USA) and at
the HLA core facility of the Barbara Davis Center at the University of Colorado Anschutz
Medical Campus. All the cells contain 4 digital data for 6 loci: A, B, C, DRB, DPA/B, and
DQA/B as shown in the supplemental Table 1.

Generation of Antibody-Cross-linked Protein A-Sepharose Conjugate Beads

Following a previous cross-linking approach,3! purified HLA-I and HLA-I1 antibodies were
separately incubated with protein A-sepharose beads at a ratio of 5 mg of antibodies per 1
mL volume of slurry for 2 h at 4 °C. Chemical cross-linking was performed by addition

of 20 mM dimethyl pimelimidate dihydrochloride (DMP, Thermo Scientific, 21667) in

0.05 M borate buffer, pH 9 (Thermo Scientific, 28384) for 30 min at 4 room temperature.
The reaction was quenched by incubation with 0.2 M ethanolamine pH 8 (Sigma-Aldrich,
411000) for 2 h at room temperature. Antibody-cross-linked protein A beads were stored at
4 °C until use.

Purification of HLA-I and HLA-Il Complexes and Immunopeptides

HLA immunopeptides were purified as described below following an established protocol.3
Briefly, cell lysis was performed with PBS containing 0.25% sodium deoxycholate (Sigma-
Aldrich, 30970), 1 mM EDTA (Invitrogen, AM9260G), 1:200 Protease Inhibitors Mixture
(Sigma-Aldrich, P8340), 1 mM Phenylmethylsulfonylfluoride (Sigma-Aldrich, P7626), and
1% octyl-beta-D glucopyranoside (Sigma-Aldrich, 08001) at a concentration of 1 x 108
cells/mL at 4 °C for 1 h. Lysates were cleared by centrifugation of 14,000 rpm at 4 °C

for 30 min. For sequential HLA-I and -1l complexes purification, lysates were first added

to the HLA-I column containing W6/32 antibody covalently bound to protein-A Sepharose
beads and incubated for 1 h at room temperature. Subsequently, flow-through fractions were
collected by gravity flow through the HLA-1 column. Collected fractions were then loaded
into the HLA-II purification column containing I\VVA12 antibody cross-linked protein-A
Sepharose beads. To remove the contaminates, the HLA-I and -11 columns were washed

as follows: 10 mL of 150 mM NacCl (Fisher Scientific, S271-500), 20 mM Tris—HCI
(Invitrogen, 15568025), 10 mL of 400 mM NaCl, 20 mM Tris—HCI, and finally with 10

mL of 20 mM Tris—HCI. HLA molecule-immunopeptide complexes were eluted from the
antibodies by adding 1 mL of 0.1 M acetic acid (Sigma, A6283). To further separate the
immunopeptides from HLA molecules, elutes were further purified by Sep-Pak tC18 96-well
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plate (Waters, 186002319). Wells were prewashed first with 1 mL methanol and then twice
with 1 mL 0.1% TFA. Samples were loaded onto the wells and washed twice with 1 mL
0.1% TFA. Thereafter, we eluted the HLA peptides with 200 pL of 30% ACN in 0.1%
TFA. Both HLA-I and -1l peptide elutes were dried by vacuum centrifugation and the dried
peptides were stored at —20 °C until MS analysis.

LC-MS/MS Analysis

Dried HLA-I and HLA-I1I peptide samples were re-suspended in 20 pL of 0.1% FA before
MS analysis. For each peptide sample 10 uL was injected and separated using the nanoflow
UHPLC Ultimat3000 system (Thermo Fisher Scientific). The chromatographic separation of
peptides was performed on a 50 cm x 75 um column packed with 3 um C18 particles
(Thermo Fisher Scientific, ES903). For HLA-I peptides, elution of peptides used the
following gradient at a flow rate of 250 nL per min using a mix of 0.1% FA (buffer A)

and 0.1% FA in 100% ACN (buffer B): 0-5 min (4% B); 5-85 min (5-28% B); 85-100

min (28-48% B); 100-100.1 min (48-70% B); 100.1-110 min (70% B); 110-110.01 min
(70-4% B) and 110.01-130 min (4% B). The gradient for HLA-II peptides: 0-3 min (4%
B); 3-46 min (4-20% B); 46-95 min (20-50% B); 95-95.01 min (50-70% B); 95.01-105
min (70% B), 105-105.01 min (70-4% B) and 105.01-125 min (4% B). Eluted peptides
were ionized by nano-electrospray and analyzed using a QExactive HF mass spectrometer
(Thermo Fischer Scientific). The data were acquired with a data-dependent “top15” method
with a 1.4 m/z precursor isolation window. The fifteen most abundant precursor ions were
fragmented by higher-energy collision dissociation (HCD) at normalized collision energy

of 27. The mass spectrometer scan range was set to 300 to 1650 m/z with a resolution of
60,000 and an AGC target value of 3 x 106 ions. For MS/MS, AGC target values of 1 x

10° were used with a maximum injection time of 120 ms at mass resolution of 15,000. No
fragmentation was performed: 1) for HLA-I peptides, precursor ion charge states of five and
above; and 2) for HLA-II peptides, assigned precursor ion charge states of one, and from six
and above. The peptide match option was disabled. The dynamic exclusion of precursor ions
from further selection was set for 20 s.

Parallel Reaction Monitoring (PRM) Analysis

PRM analysis was performed using QExactive HF mass spectrometer equipped with EASY-
nano LC 1000 (Thermo Scientific). Enriched immunopeptide samples spiked with stable
isotope labeled peptides were loaded onto a trap column (Acclaim PepMap 100, 2 cm x 75
um, Thermo fisher) and PepMap RSLC C18 50 cm x 75 um analytical column (Thermo
Fisher). Peptides were separated using the low pH mabile phases (A: 0.1% FA in water; B:
0.1% FA in ACN) with a flow rate of 300 nL per min and a linear gradient of 3—7% buffer
B in 0-3 min, 30% in 103 min, 40% in 106 min, and an increase to 75% in 111 min with a
hold for 6 min before returning to the initial condition of 3% buffer B. Peptide samples were
analyzed using the PRM method based on scheduled inclusion lists of HLA-1 and HLA-II
peptides. The PRM scan events collected using an Orbitrap mass resolution of 30,000, an
AGC value of 1 x 10, and maximum injection time of 250 ms with an isolation width of 1
m/z. Fragmentation was performed with a normalized collision energy of 28.
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Proteomic Data Analysis

We employed MaxQuant32 (version 1.6.10.43) to search and sequence the peak lists
against the UniProt database (Human 20412 entries, 2018). The enzyme specificity was

set as unspecific. N-terminal acetylation and methionine oxidation were used as variable
modifications. Immunopeptidomics analysis was performed applying a false discovery rate
(FDR) of 0.01 for peptide identifications and no protein FDR. Possible sequence matches
were restricted to 8 to 25 amino acids. We enabled the “match between runs” option, which
allows matching of identifications across different replicates in a time window of 0.7 min
and an initial alignment time window of 20 min. Other parameters for MaxQuant were used
as default. PRM data was processed using Skyline33 (version 20.2.0.343).

Statistical Analysis

The peptide quantification results obtained after MaxQuant analysis were further processed
by Perseus3# (version 1.5.3.1) for statistical analyses and visualization. Briefly, the peptides
with reverse hits, potential contaminants and missing value were removed, then the peptide
intensities were log2-transformed and width adjustment normalization was performed. The
t-test with both sides and 250 randomizations was adapted for significance analysis with SO
of 0.1 and FDR cutoff 0.05 or 0.01.

Bioinformatic Analyses

Binding affinities of immunopeptides to HLA-I and HLA-1I molecules were predicted
according to NetMHCpan 4.1 and NetMHClIpan 4.0%, respectively. For each B cell line, we
applied a threshold of top 2% HLA-I and top 10% HLA-II ranked immunopeptide sequences
to annotate their binding affinities specific to the HLA alleles. Next, Gibbscluster-2.03°

was employed with the default options for aligning and clustering of the immunopeptide
sequences of each B cell line. The recommended default configurations were loaded by
choosing HLA class | ligands of length 8-13 and HLA class 1 ligands to output the clusters
of HLA-I and HLA-1I immunopeptides, respectively. These default parameters output 1-5
clusters with a motif length of 9 amino acids. We selected 4 and 1 cluster(s) that showed
highest KLD (Kullbatch Leibler Distance) score for HLA-I and HLA-II, respectively in case
of 2675 (T1D) and 2676 (HC) B cells. For better comparisons with 2675 (T1D) and 2676
(HC), we chose the same number of cluster(s) regardless of KDL score in case of additional
six B cells. The motifs plotted for each specific HLA alleles were then compared and
verified with the naturally presented ligand motifs using Motif viewer, which is available

on NetMHCpan 4.1 server for HLA-I and on NetMHClIpan 4.0 server for HLA-II. For
additional validation of HLA-II peptides, selected HLA-II peptides were also analyzed using
the web version of MixMHC2pred®, %Rank_best score was recorded, which indicates the
percent of random peptides that would have a score higher than the input peptide among
peptides of sizes 12—-25 amino acids, with best score about 0 and worst score 100.

Proteomaps and IEDB Analyses of Cellular Functions of HLA Antigens

Gene ontology analysis was performed using DAVID36. The quantitative composition of
differentially regulated HLA-I and HLA-II antigens were constructed with Proteomaps3’
with a focus on cellular protein functions based on the KEGG Pathways gene

J Proteome Res. Author manuscript; available in PMC 2023 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sudhir et al.

RESULTS

Page 7

classification.1? The functionally related antigens were arranged in common regions and
antigens with polygon structures represented building blocks of these regions with the size
of polygon weighted by the number of immunopeptides identified for each antigen. On the
other hand, immune-regulatory functions of candidate HLA-1 and HLA-II antigens based
on the T-cell assay or tetramer assay were /1 sifico verified using the downloaded immune
epitope database (IEDB)38 (IEDB epitope_full_v3 on 12.2020).

Enrichment of HLA Class | and Il Immunopeptides of T1D and Healthy B Cells

Here, we used the B lymphocytes derived from peripheral blood mononuclear cells
(PBMCs) of T1D patients and healthy controls (HC) to enrich the HLA immunopeptides.
Specifically, two B cell lines (2676 (T1D) and 2675 (HC)) derived from a T1D patient

and a healthy person belonging to same family were selected. These two cell lines

share identical four-digit HLA alleles for the genes, HLA-A, HLA-B, HLA-C, HRA-DP,
HLA-DQ, and HLA-DRB1 as confirmed by the HLA allele typing analysis (supplemental
Table 1). In parallel, we cultured HB-95 and HB-145 hybridoma cell lines and purified
anti-HLA-I (W6/32) and anti-HLA-I1 (IVA12) antibodies, respectively. These HLA-I

and HLA-1I antibodies were cross-linked to Protein-A Sepharose 4B beads in separate
columns. As depicted in Fig. 1, we followed the tandem enrichment procedure using cross-
linked antibodies in which the HLA-I complexes were enriched from B cell lysates and
subsequently used their flow-throughs to enrich the HLA-1I complexes. Then, the HLA-I
and HLA-1I immunopeptides were separated from their corresponding HLA molecules
using a C18 plate. The enriched immunopeptides were analyzed by LC-MS/MS for their
identification, characterization, quantitation, and downstream analyses (Fig. 1) as described
in next sections.

Identification and Characterization of HLA Class | Immunopeptides of T1D and Healthy B

Cells

HLA-I immunopeptides were enriched using five sets of 2676 (T1D) and 2675 (HC) cells
(30 x10°% cells / each set) and were analyzed in five replicates by LC-MS/MS. To assess
the LC-MS/MS data quality, we examined the pairwise Pearson correlations (r) of the
five replicate analyses. The immunopeptide expression data showed very good correlation
within five T1D (r = 0.92 — 0.965), within five HC (r = 0.917 — 0.969) and between

five T1D and five HC replicate analyses (r = 0.829 — 0.9) (supplemental Figs. SIA-S1C).
The immunopeptides identified in each of the five replicate analyses are shown in Fig.
2A. A total of 3427 HLA-I immunopeptides were identified of which 3017 and 2974
were found in 2676 (T1D) and 2675 (HC), respectively (supplemental Table 2). The T1D
and HC immunopeptides identified in replicates were clearly distinguished by principal
component analysis (PCA) with component-1 greater than 50% (Fig. 2B). As expected,
most of the HLA-I immunopeptides were found with peptide length of 8-13 amino

acids, 9 being the most dominant (Fig. 2C). Next, we performed HLA binding affinity
prediction of the immunopeptides using NetMHCpan 4.1. More than half of the HLA-I
immunopeptides exhibited binding affinity for HLA-A*25:01 and HLA-A*01:01 alleles,
and the others for HLA-B and HLA-C alleles (Fig. 2D). The total number of identified
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HLA-1 immunopeptides (Fig. 2A) is lower than the total number of immunopeptides shown
in Fig. 2D, which is attributed to the immunopeptides that showed binding affinity toward
more than one HLA allele. Next, we used GibbsCluster-2.0 analysis for simultaneous
alignment and clustering of the HLA-I immunopeptides. The clustering analysis found
motifs for four HLA alleles, HLA-A*25:01, HLA-A*01:01, HLA-B*18:01, and HLA-
B*08:01 (Fig. 2E). A relatively higher number of the immunopeptides aligned and clustered
for the HLA-A*25:01 allele, which is consistent with the higher number of immunopeptides
shown binding affinity for the same HLA allele (Figs. 2D-2E). Further verification of

these four HLA-1 motifs using Motif viewer, which shows naturally presented ligand
motifs, revealed similar amino acid consensus sequence patterns suggesting the quality of
immunopeptide sequences identified in this study (Supplemental Fig. S2, |eft panél).

Identification and Characterization of HLA Class Il Immunopeptides of T1D and Healthy B

Cells

Followed by the HLA-1 immunopeptides analysis, the five sets of HLA-II immunopeptides
of the B cells (2676 (T1D) and 2675 (HC)) were analyzed in five replicates by LC-MS/MS
(Fig. 3A). The quality of LC-MS/MS data was assessed by examining the pair-wise
Pearson correlations (r) of the five replicate analyses. The immunopeptides expression
data showed very good correlation within five T1D (r = 0.931 — 0.96), within five

HC (r = 0.925 - 0.966) and between five T1D and five HC replicate analyses (r =

0.83 - 0.875) (supplemental Figs. S3A-S3C). This resulted in identification of 2477
HLA-11 immunopeptides of which 2327 and 2222 were identified in 2676 (T1D) and

2675 (HC), respectively (supplemental Table 3). Similar to the HLA-I results, the PCA
clearly distinguished the HLA-II immunopeptidomes of T1D and HC with component-1
greater than 60% (Fig. 3B). In case of HLA-II, most of the immunopeptides observed

with peptide length of 12-19 amino acids as expected (Fig. 3C). Next, we performed

HLA binding affinity prediction of the immunopeptides using NetMHClIpan 4.0. More
than a thousand of the identified HLA-Il immunopeptides shown binding affinity for
HLA-DRB1*04:01 and HLA-DRB1*03:01 alleles in both T1D and healthy B cells. In
addition, more than 500 immunopeptides exhibited binding affinity for HLA-DQA1*03:01-
DQB1*02:01 and HLA-DQA1*05:01-DQB1*02:01. However, a relatively lower number
of immunopeptides showed binding affinity for the remaining HLA-I1 alleles (Fig. 3D).
Then we used GibbsCluster-2.0 for simultaneous alignment and clustering of the HLA-II
immunopeptides that revealed a significant motif for the allele, HLA-DRB1*03:01 in T1D
and healthy B cells (Fig. 3E). The motif identification for HLA-DRB1*03:01 allele is in
line with the higher number of immunopeptides shown binding affinity for that allele (Fig.
3D). Further verification of the identified motif of HLA-DRB1*03:01 using Motif viewer
exhibited similar naturally presented ligand amino acid sequence pattern representing the
quality of HLA-1I immunopeptide sequences identified in this study (supplemental Fig. S2,
right panel).

HLA Allele-Specific Quantitation of the Immunopeptidome of T1D and Healthy B Cells

To quantify the HLA immunopeptides dysregulated in T1D B cells, we examined the 3427
HLA-I and 2477 HLA-I1I peptides identified in at least one of the ten replicate analyses of
2676 (T1D) and 2675 (HC) B cells (Fig. 2A and 3A). Then, for accurate quantification with
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statistical significance, we considered the 2131 HLA-I and 1204 HLA-Il immunopeptides
that were identified in all 10 replicate analyses without any missing values (Fig. 4A—

4B). Label-free quantitation revealed 316 HLA-I and 216 HLA-II differentially regulated
immunopeptides (DIPs) in T1D B cells with 2-fold changes (FDR, 0.01) (supplementary
Tables 4 and 5). Next, the quantified immunopeptides were integrated with their HLA allele
information based on their binding affinities to HLA alleles (Fig. 2D and 3D) and HLA
allele typing results (supplementary Table 1). The detailed numbers of identified, quantified,
and DIPs for all HLA-I and HLA-I1I alleles were listed in Fig. 4C and supplementary Tables
6 and 7. Among the HLA-I alleles, HLA-A*25:01 was observed with a high number of
DIPs (81 up- and 64 down-regulated) (Fig. 4C). In addition, we observed a low number of
DIPs for HLA-C alleles when compared with HLA-A and HLA-B alleles. In case of HLA-I1I
alleles, HLA-DRB1*03:01 was found with most DIPs (58 up- and 68 down-regulated)
followed by HLA-DRB1*04:01 allele (45 up- and 63 down-regulated). Interestingly,

two alleles, HLA-DPA1*01:03-DPB1*02:01 and HLA-DPA1*01:03-DPB1*04:01 showed
mostly upregulated DIPs. However, the other HLA alleles were observed with quite similar
number of up and downregulated DIPs.

Modeling of the Cellular Functions of Candidate HLA-I and -1l Antigens

Next, we used Proteomaps to investigate the cellular functions associated with the antigens
of the dysregulated HLA immunopeptides identified in T1D. These dysregulated HLA-

I and HLA-II immunopeptides were identified in 2676 (T1D) when compared with

the healthy (2675 (HC)) B cells (2-fold changes, t-test FDR 0.01). The Proteomaps
represent the quantitative composition of the cellular functions, which are based on

KEGG pathways associated with HLA-I and HLA-I1 antigens (Supplemental Fig. S4).

The analysis clearly distinguished the cellular functions of the HLA-1 and HLA-II

antigens. The HLA-I antigens were mainly associated with RNA transport, chromosome-
related, DNA replication, spliceosome, ubiquitin-mediated proteolysis, MAPK signaling
pathway, chemokine signaling pathway, and lipid and steroid metabolism (Supplemental
Fig. S4A). The HLA-I1I antigens were linked with ubiquitin labeling, chaperones and folding
catalysts, CD molecules, HIF-1 signaling pathway, NF-Kappa B signaling pathway, antigen
processing and presentation, glycan metabolism, phagosome, and lysosome (Supplemental
Fig. S4B). This helped us to distinguish the B cell HLA-I and HLA-II antigens by
quantitatively mapping their cellular functions. These results might serve as a resource to
understand the B cell immune regulation functions in autoimmune diseases.

Verification of HLA Class | and Il Immunopeptide Sequences by in-Silico and PRM

Analyses

To verify the HLA-I and HLA-1I immunopeptides dysregulated in T1D, we followed two
different approaches (Fig. 5). First, the /n-silico verification was carried out by comparing
the HLA-I immunopeptides identified in this study with the HLA epitopes reported in IEDB
and the HLA-1 immunopeptides published in a recent study by Sarkizova et al.12 (Fig. 5A).
Most of the HLA-I peptides identified in this study (91.5%) were also reported by either
IEDB or Sarkizova et al. study. However, 288 HLA-I peptides were not reported and were
considered as potential novel HLA-I peptides. In case of HLA-II, 74% of the peptides
identified in this study were reported in IEDB (Fig. 5B). We would consider the remaining
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643 of the HLA-Il immunopeptides as a resource for their sequence verification by the
future studies.

In the second approach, we selected several HLA-1 and HLA-II immunopeptides for their
sequence verification by PRM. These immunopeptide candidates were selected based on
the significant fold changes observed in T1D when compared with HC cells (2676 (T1D)
vs. 2675 (HC)) as well as the biological significance of their corresponding antigens
(supplemental Fig. S5-S6). The stable isotope labeled synthetic (SIS) peptides of the
candidates were spiked as internal standards in real samples ahead of PRM analysis. Of the
selected 27 HLA-I and 25 HLA-II candidates, 27 and 19, respectively were verified with SIS
peptides. The representative examples of PRM-verified HLA-I and HLA-II immunopeptide
sequences were illustrated in Fig. 5C and 5D, respectively. The remaining PRM-verified
HLA-I and HLA-II candidates were organized in supplemental Figs. S7 and S8. In addition,
MixMHC2pred was used to assess the confidence of the HLA-1I peptides, except four
peptides with their HLA alleles not included in the MixMHC2pred database, %Rank_best
score ranged from 0.00412 — 0.757, with eight of the peptides having scores less than 0.1,
which showed the confidence of these HLA-II peptides and the strong binding affinity to
their respective HLA alleles (supplemental Fig. S6).

Selection of Additional B Cells Derived from T1D Patients and Healthy Controls

To validate HLA-I and HLA-Il immunopeptides dysregulated in T1D, we searched for
additional B cell lines that possess one or more HLA-1 and HLA-II alleles similar

to both 2675 (HC) and 2676 (T1D) cells. We selected a set of six B cell lines, of

which 2679 (HC) and 2678 (T1D), 2812 (HC) and 2765 (T1D) belong to same family,
respectively. Here, same family means the B cells derived from a T1D patient and a
healthy person who were from the same biological family. However, the remaining two
cell lines (2741 (HC) and 3027 (T1D)) were selected from two different families. HLA
genotyping was performed using the DNA extracted from these cell lines and HLA

allele information has been presented in supplemental Table 1. The genotyping results
confirmed that four of the HLA-I alleles were similar between the six additional cell

lines and the two cell lines (2675 (HC) and 2676 (T1D)) used in the proof-of-concept
experiment. They were HLA-A*01:01, HLA-B*08:01, HLA-C*07:01, and HLA-C*12:03.
The additional B cell lines also showed seven similar HLA-11 alleles as observed in

the 2676 (T1D) and 2675 (HC) lines, HLA-DPA1*01:03-DPB1*04:01, HLA-DQA1*05:01-
DQB1*02:01, HLA-DQA1*05:01-DQB1*03:02, HLA-DQA1*03:01-DQB1*02:01, HLA-
DQA1*03:01-DQB1*03:02, HLA-DRB1*03:01, and HLA-DRB1*04:01 (supplemental
Table 1).

Enrichment and Characterization of HLA Class | and Il Imnmunopeptides of Additional B
Cells

Following the selection of additional B cell lines, their HLA-I and HLA-Il immunopeptides
were enriched and investigated in two replicates by LC-MS/MS to validate the
immunopeptides dysregulated in T1D. We identified a total of 6928 HLA-I and 1044
HLA-II immunopeptides in six cell lines (supplemental Tables 8 and 9) and the numbers

of peptides identified in each cell line were represented in supplemental Fig. S9A. In
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agreement with the observed results (Figs. 2C and 3C), most of the HLA-I and HLA-II
immunopeptides showed peptide length of 8-13 and 12-19 amino acids, respectively
(supplemental Fig. S9B). Next, the HLA binding affinity prediction revealed the percentages
of immunopeptides associated with different HLA-I and HLA-I1I alleles (supplemental Fig.
S10A-S10B). These percentages were ranging from 9-28% and 3-29% for different alleles
in cases of HLA-1 and HLA-II, respectively. Among the HLA-I alleles, HLA-A*01:01

and HLA-A*03:01 were found with the highest and lowest number of binding affinity
percentages for immunopeptides (supplemental Fig. S10A). In case of HLA-II, a relatively
higher percentage of immunopeptides showed binding affinity for HLA-DRB1*03:01 or
HLA-DRB1*04:01 alleles (supplemental Fig. S10B). Next, the simultaneous alignment and
clustering of the immunopeptides revealed the corresponding motifs of the HLA-I and
HLA-II alleles (supplemental Fig. S11-S12). We further verified the identified motifs using
Motif viewer which revealed similar pattern of naturally presented ligand sequences for
most of the HLA alleles (supplemental Fig. S11-S12). The above results demonstrate the
quality of immunopeptidome data of the six B cell lines selected for validation of HLA
immunopeptides dysregulated in T1D B cells.

Validation of HLA Class | and Il Inmunopeptides Dysregulated in T1D Using Additional B

Cells

The HLA-I and HLA-1I immunopeptides differentially regulated in proof-of-concept
experiment (2676 (T1D) vs. 2675 (HC)) were validated using additional six B cell lines.

To this end, we considered comparing the two cell line pairs that belong to the same families
(family 1, 2679 (HC) vs. 2678 (T1D); and family 2, 2812 (HC) vs. 2765 (T1D)), and a

pair of cell lines that belong to the different families (family 3, 2741 (HC) vs. family 4,

3027 (T1D)). In addition, we considered comparing all T1D and HC cell lines as this is the
common approach in large scale omics studies (2678, 2675, 3027 (3 T1D) vs. 2679, 2812,
2741 (3 HC)). Furthermore, based on PCA results, the T1D and HC cell lines that were
clearly distinguished by component 1 were selected for the quantitative comparison (Figs.
6A-B). This includes 2678, 3027 (2 T1D) vs. 2812 (HC) and 2765 (T1D) vs. 2679 (HC) in
case of HLA-I, and 2678, 2765 (2 T1D) vs. 2741 (HC) and 3027 (T1D) vs. 2812, 2679 (2
HC) in case of HLA-II (Figs. 6A-B). The immunopeptides identified without missing values
were included in all these selected quantitative comparisons to detect the DIPs (Figs. 6C-D).

The DIPs were investigated from the above defined comparisons of additional B cell lines
using SO, 0.1 and FDR, 0.05 in both HLA-1 and HLA-II cases (Figs. 6C-D), which are

the same parameters and cutoff as for comparison between the two cell lines (2676 (T1D)
vs. 2675 (HC)) used in the proof-of-concept experiment (supplementary Tables 10 and 11).
The immunopeptides observed in these comparisons were then integrated with HLA allele
information based on their binding affinities to specific HLA alleles and HLA allele typing
results. The detailed numbers of up and down regulated HLA-I and HLA-1I immunopeptides
identified in all comparisons were listed in Fig. 6E (supplementary Tables 12 and 13).

Next, we validated the HLA-1 and Il immunopeptides dysregulated in T1D ((2676 (T1D)
vs. 2675 (HC)) based on the required and optional criteria as described below. If the HLA
immunopeptides upregulated in proof-of-concept experiment ((2676 (T1D) vs. 2675 (HC))
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were also found upregulated in at least one of the two comparisons made between the
additional T1D and healthy cell lines belonging to the same families (2679 (HC) vs. 2678
(T1D) or 2812 (HC) vs. 2765 (T1D)) then they were considered as potential candidates

— this is the required criterion to validate the regulation status of HLA candidates. In
addition, the HLA immunopeptides upregulated in proof-of-concept experiment ((2676
(T1D) vs. 2675 (HC)) could also be found upregulated in any comparisons made between
the additional T1D and healthy cell lines belonging to different families then those results
were considered as supporting validation data — this is the optional criterion to support

the regulation status of the HLA candidates. Following the required and optional criteria,
we identified ten HLA-I and eleven HLA-1I immunopeptides as dysregulated candidates in
T1D B cells (Fig. 7 and 8). The fold changes and significance p-values of the ten HLA-I
candidates are depicted in column-line graph (Fig. 7A), and their additional details such

as sequences and allele information were summarized in Fig. 7B. Similarly, the details

of eleven HLA-II candidates dysregulated in T1D are shown in Fig. 8. We also used
MixMHC2pred to assess the confidence of these HLA-II peptides, %Rank_best score ranged
from 0.011 — 0.356, with four of the peptides having scores less than 0.05 (Fig. 8B), which
showed the confidence of these HLA-II peptides and the strong binding affinity to their
respective HLA alleles. In addition, peptides belong to the HLA molecules, which may

be degradation products of HLA molecules, identified with above mentioned required and
optional criteria were listed in Supplemental Fig. S13.

Biological Evaluation of the Candidate HLA-I and Il Inmunopeptides

Next, we evaluated the biology of candidate HLA immunopeptides in terms of cellular
localization, ligand binding ability, and immune-regulatory functions. The Gene Ontology
cellular component analysis using DAVID revealed that HLA-1 and HLA-II candidate
antigens were mostly localized in cytoplasm and extracellular region, respectively as
expected (Figs. 7B—8B). Further, we found that the linear epitopes of 20 of the 21
candidate HLA-I and HLA-II immunopeptides have been reported previously in IEDB,
except the peptide from 1L-32 (Figs. 7B—8B). Most importantly, 20 of these 21 candidates
immunopeptides are positive for HLA ligand binding assay according to IEDB (Figs. 7B—
8B). Interestingly, we found that two (LPSQAFEYILYNKG and VLRIINEPTAAAIAY)

of the eleven HLA-1I immunopeptides were positive for T-cell assay or tetramer assay

and were associated with an increased release of IFN-y or IL-2 (Fig. 8B). These two
HLA-II immunopeptides belong to cathepsin H (CTSH) and heat shock proteins (HSPAG/8)
antigens, respectively. The list of identified HLA-1 and HLA-II candidates (Figs. 7B—8B) is
a basis for future investigations to explore their immunoregulatory functions.

DISCUSSION

Mass spectrometry-based immunopeptidomic studies enabled the investigation of antigens
and HLA immunopeptides from different types of tissues and cell lines.3: 6. 7. 9. 10,12, 39
Quantitative immunopeptidomics typically is performed by treating the cells with pro-
inflammatory cytokines or other immune system-modulating agents to see how antigen
presentation changes for the exact same cells under different treatment conditions.3: 6 7
However, this does not apply to patient-related specimens (e.g., T1D patients and healthy
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controls), which generally do not share identical alleles but is fundamental to understand

the natural immunoregulatory functions in patients. Here, we studied the immunopeptides of
eight B-lymphocytes of T1D patients and healthy controls, which are matching well with the
confounding factors such as age, gender, and race (supplemental Table 1).

We looked for what may contribute to the quantitative changes observed in the
immunopeptides between T1D and HC B cells. Because quantitation was performed on

the immunopeptides commonly identified in all samples, the differences are unlikely due

to single nucleotide polymorphisms (SNPs). We next looked at whether the quantitative
differences are a result of differences in antigen expression level between T1D and HC.

In this respect, we did not see similar trend in differential regulation status of the multiple
immunopeptides identified from the antigens presented in Figs. 7 and 8. For example, of the
207 immunopeptides identified for the 10 HLA-II antigens (Fig. 8, supplemental Table S3-
HLA-I1), 82 were differentially regulated (57 up- and 25 down-regulated) and the remaining
125 were unchanged (supplemental Table S11_2676vs2675-HLA-II). Similar results were
also observed for the HLA-I antigens. This points out that the antigens expression level may
not be the major cause of their differential regulation. This brings an interesting question

of what causes the change. Since a few of the antigens presented in Figs. 7 and 8, such

as cathepsins (CTSC, CTSH) are involved in proteasome/immunoproteasome and antigen
presentation machinery, differences in antigen processing and antigen presentation between
T1D and HC may explain some of these findings. But a more detailed study is needed for a
better understanding. Although not likely the major contributor to the findings in this study,
other factors such as single nucleotide polymorphisms (SNPs) and expression levels of
antigens could be different between T1D and healthy controls, particularly in a large cohort
of samples. In this regard, leveraging SNP genotyping, exome and RNA sequencing can
further improve the comprehensiveness of HLA immunopeptidome profiling and provide a
better understanding of the origin of DIPs and further elucidate the roles of gene regulation
in the pathogenesis of T1D.

In T1D, CD4+ T-cell immune response, which is mediated by HLA-II antigen presentation,
plays important role in autoimmune destruction of pancreatic beta cells. However, exploring
the antigen cross-presentation to CD8+ cells via HLA-I antigen is also important to
understand the mechanisms of T1D pathogenesis. While we used T1D and healthy B

cells with identical HLA alleles in the proof-of-concept experiment (Figs. 2-4), six
additional B cell lines with similar HLA alleles were exploited to validate the HLA-I

and Il immunopeptides dysregulated in T1D (Fig. 6), which confirmed several candidate
HLA-I and HLA-1I immunopeptides dysregulated in T1D B cells (Figs. 7-8). Two HLA-I1I
immunopeptides belonging to cathepsin H (CTSH) and heat shock proteins (HSPA6/8)
antigens, respectively, were reported in the IEDB to have validated T-cell assays. Indeed
CTSH was reported to be a T1D risk gene and an important regulator of beta cell

function during T1D progression,*%: 41 and heat shock proteins are intracellular chaperones
and involved in autoimmune diseases,*? in particular the 70 kDa HSPA6 was reported

to stimulate macrophage inflammation synergistically with the B11-23 peptide segment

of proinsulin.#3 Functional annotation of the dysregulated antigens indicates that CTSH
and CTSC are associated with T cell mediated toxicity, and seven proteins (CTSC,

CTSH, HSPAS8/6, 1L-32, LGALS1, NIT2, and NONO) are involved in immune response.

J Proteome Res. Author manuscript; available in PMC 2023 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sudhir et al.

Page 14

Furthermore, transferrin receptor (TFRC) is known to be linked with T cell/B cell
activation,** 45 and soluble transferrin receptor levels was reported to have an association
with gastric autoimmunity in T1D.46 A couple of studies also revealed the potential
involvement of CTSH, HSPAS, 1L-32 in T1D development.20-42. 47 The epitopes of all
these antigens were identified as HLA-II immunopeptides and were dysregulated in T1D
(Fig. 8). In the future, it would be interesting to investigate the roles of these HLA-II
immunopeptides and their antigens to understand the mechanisms associated with beta cell
destruction during the development and progression of T1D.

In conclusion, we demonstrated the feasibility to use the HLA allele-specific quantitative
immunopeptidomics to profile the changes of immunopeptides between T1D and healthy
B cell lines that belong to different families with partially shared HLA alleles. Although
this study has limitations in that the cell lines are not the same as B lymphocytes freshly
isolated from the PBMCs of patients, and therefore the roles of the dysregulated B cell-
immunopeptides in T1D pathogenesis remain to be defined, we believe that our method, by
exploring the expression of HLA immunopeptides naturally derived from the diseased and
healthy controls at the allele level, would help to accelerate the clinical applications of this
approach to immune-related diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic showing the basic steps of the HLA allele-specific quantitative

immunopeptidomics.
*NMpans: NetMHCpan 4.1 and NetMHClIpan 4.0; F.T.: flowthrough.
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Fig. 2. In-depth identification and characterization of HLA-I immunopeptidomes of T1D and
healthy B cellsthat share sameHLA alleles.

A, Bar diagram representing the number of HLA-I peptides detected in five replicate
analyses of 2676 (T1D) and 2675 (HC) cells. These immunopeptides were identified with
1% FDR. B, Principle component analysis of HLA-I peptide intensities from five replicate
analyses per condition. C, HLA-I peptide lengths observed in replicate analyses of T1D and
HC cells. D, HLA-I peptides were assigned to different allotypes based on their binding
affinities to HLA alleles. £, Alignment and clustering of HLA-I peptides of T1D and HC
cells revealed consensus motif sequences of HLA-I alleles.
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Fig. 3. In-depth identification and characterization of HL A-11 immunopeptidomes of T1D and
healthy B cellsthat share same HLA alleles.

A, Bar diagram representing the number of HLA-II peptides detected in five replicate
analyses of 2676 (T1D) and 2675 (HC) cells. These immunopeptides were identified with
1% FDR. B, Principle component analysis of HLA-II peptide intensities from five replicate
analyses per condition. C, HLA-II peptide lengths observed in replicate analyses of T1D and
HC cells. D, HLA-1I peptides were assigned to different allotypes based on their binding
affinities to HLA alleles. £, Alignment and clustering of HLA-11 peptides of T1D and HC
cells revealed consensus motif sequences of HLA-II alleles.
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Fig. 4. HLA allele-specific quantitative immunopeptidomics of T1D and healthy B cellsrevealed
the HLA-I and HLA-II immunopeptides dysregulated in T1D B cells.

A, Volcano plots representing the HLA-1 immunopeptidomics analysis of 2676 (T1D)

and 2675 (HC) cells in five replicates per condition (t-test, FDR 0.01). B, Volcano plots
representing the HLA-Il immunopeptidomics analysis of five replicates per condition (t-test,
FDR 0.01). C, Detailed list of identified, quantified, up or downregulated allele-specific
HLA-1 and HLA-Il immunopeptides (t-test, 2-fold regulated with FDR 0.01).
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Fig. 5. Verification of HLA-I and HLA-Il immunopeptides dysregulated in T1D B cellsby in
silico and PRM analyses

A, Venn diagram illustrates the overlap of HLA-I immunopeptides investigated in this
study, IEDB and Sarkizova et al. study. B, Venn diagram shows the overlap of HLA-II
immunopeptides identified in this study and IEDB. C, A representative example for the
PRM verification of HLA-I peptides is shown. The stable isotope labeled synthetic (SIS)
peptides spiked as internal standards. While the top panel illustrates the precursor ions
of endogenous and SIS peptides, the middle and bottom panels depict the fragment ions
of SIS and endogenous peptides, respectively. D, A representative example for the PRM
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verification of HLA-II peptides is shown. The high intensity precursors were chosen (top
panel) to exhibit their fragment ions in middle and bottom panels. The other details are as
described in Fig. 5C.
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IFig. 6. Validation of HLA immunopeptides dysregulated in T1D B cellsusing additional B cell
Ines.

A, Principle component analysis of HLA-I peptide intensities from six B cell lines (two
replicate analyses per T1D or healthy cell line). B, Principle component analysis of HLA-11
peptide intensities from six B cell lines (two replicate analyses per T1D or healthy cell

line). C, Volcano plot comparisons of HLA-I immunopeptidomes from different sets of T1D
and healthy B cells belong to same or different families. The differentially regulated HLA-I
immunopeptides were identified by t-test with FDR 0.05. D, Volcano plot comparisons of
HLA-II immunopeptidomes from different sets of T1D and healthy B cells belong to same
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or different families. The differentially regulated HLA-II immunopeptides were identified
by t-test with FDR 0.05. £, Detailed list of up or downregulated allele-specific HLA-I and
HLA-II immunopeptides detected in T1D when compared to healthy B cells (t-test with
FDR 0.05, S0 0.1).
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3. ELIAKIPNF SET B Perinuclear cytoplasm Reported Positive

4. ELIERIPEL TFRC B,y Perinuclear cytoplasm, membrane Reported Positive

5. EVIASIISRY MTERF1 a Mitochondrion Reported Positive

6. EVITKFINV RASGRP3 B Perinuclear cytoplasm Reported Positive

7. KPYQKVGL SMARCAD1 B Nuclear matrix Reported Positive

8. MIEPRTLQY RPS16 a,y, 6 Membrane Reported Positive

9. SLLQRSMSL PI4KA B,y Membrane Reported Positive

10. TTFPRPVTV NONO y, 6 Nuclear matrix, membrane Reported Positive

#: a, HLA-A*01:01; B, HLA-B*08:01; y, HLA-C*07:01; &, HLA-C*12:03

Fig. 7. Evaluation of candidate HLA-I immunopeptides dysregulated in T1D B cells.
A, Column-line graph depicting the significant fold changes of candidate HLA-I

immunopeptides in T1D compared to HC (t-test: FDR, 0.05 and S0, 0.1). The symbols,
$ and # indicate the comparisons of T1D and healthy B cells belonging to same and different
families, respectively. The orange lines indicate the p-values. The numbers from 1 to 10
help connecting the candidate HLA-1 immunopeptides between Figs. 7A and 7B. B, Details
of candidate HLA-1 immunopeptide sequence, allele information, cellular localization and

IEDB information are shown.
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3. EEVVEIDGKQVQQKDV GINM1 0 EC exosome Reported Positive N/I 0.27
4. HPINEYYIADASEDQVFV SORL1 B,6,¢C EC exosome / space Reported Positive N/I 0.175(7)
5. IDAFRPDLSSASFQRP TRAF1 0,7 Cytosol Reported Positive N/I 0.011(7)
6. LAELEDDFKEGYLETV IL32 0 EC space N/I N/I N/I 0.342
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#: a, HLA-DPA1*01:03-DPB1*04:01; B, HLA-DQA1*05:01-DQB1*02:01; y, HLA-DQA1*05:01-DQB1*03:02; 6, HLA-DQA1*03:01-DQB1*02:01; ¢,
HLA-DQA1*03:01-DQB1*03:02; 6, HLA-DRB1*03:01; 7, HLA-DRB1*04:01; EC, extracellular; Tt ,tetramer assay; N/I, no information available; (8),
allele with best rank score when multiple alleles exist.

Fig. 8. Evaluation of candidate HLA-I1 immunopeptides dysregulated in T1D B cells.
A, Column-line graph depicting the significant fold changes of candidate HLA-II

immunopeptides in T1D compared to HC (t-test: FDR, 0.05 and S0, 0.1). The symbols,

$ and # indicate the comparisons of T1D and healthy B cells belong to same and different
families, respectively. The orange lines indicate the p-values. The numbers from 1 to 10 help
connecting the candidate HLA-Il immunopeptides between Figs. 8A and 8B. B, Details of
candidate HLA-Il immunopeptide sequence, allele information, cellular localization, IEDB
information and MixMHC2pred verification are shown.
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