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Immunogenic self-peptides -
the great unknowns in
autoimmunity: Identifying
T-cell epitopes driving the
autoimmune response in
autoimmune diseases

Jörg Christoph Prinz*

Department of Dermatology, University Clinics, Ludwig-Maximilian-University of Munich,
Munich, Germany
HLA-associated autoimmune diseases likely arise from T-cell-mediated

autoimmune responses against certain self-peptides from the broad HLA-

presented immunopeptidomes. The limited knowledge of the autoimmune

target peptides has so far compromised the basic understanding of

autoimmune pathogenesis. This is due to the complexity of antigen

processing and presentation as well as the polyspecificity of T-cell receptors

(TCRs), which pose high methodological challenges on the discovery of

immunogenic self-peptides. HLA-class I molecules present peptides to CD8+

T cells primarily derived from cytoplasmic proteins. Therefore, HLA-class I-

restricted autoimmune responses should be directed against target cells

expressing the corresponding parental protein. In HLA-class II-associated

diseases, the origin of immunogenic peptides is not pre-specified, because

peptides presented by HLA-class II molecules to CD4+ T cells may originate

from both extracellular and cellular self-proteins. The different origins of HLA-

class I and class II presented peptides determine the respective strategy for the

discovery of immunogenic self-peptides in approaches based on the TCRs

isolated from clonally expanded pathogenic T cells. Both involve identifying the

respective restricting HLA allele as well as determining the recognition motif of

the TCR under investigation by peptide library screening, which is required to

search for homologous immunogenic self-peptides. In HLA-class I-associated

autoimmune diseases, identification of the target cells allows for defining the

restricting HLA allotype from the 6 different HLA-class I alleles of the individual

HLA haplotype. It furthermore limits the search for immunogenic self-peptides

to the transcriptome or immunopeptidome of the target cells, although

neoepitopes generated by peptide splicing or translational errors may

complicate identification. In HLA class II-associated autoimmune diseases,

the lack of a defined target cell and differential antigen processing in different

antigen-presenting cells complicate identification of the HLA restriction of

autoreactive TCRs from CD4+ T cells. To avoid that all corresponding HLA-

class II allotypes have to be included in the peptide discovery, autoantigens
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defined by autoantibodies can guide the search for immunogenic self-peptides

presented by the respective HLA-class II risk allele. The objective of this article

is to highlight important aspects to be considered in the discovery of

immunogenic self-peptides in autoimmune diseases.
KEYWORDS
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1 Introduction

Autoimmune diseases are a group of immunologically

mediated diseases in which autoreactive lymphocytes evade

tolerance and are activated against the body’s own structures.

Depending on the functional differentiation of the autoreactive T

cells and the formation of autoantibodies, this leads to organ-

specific (ankylosing spondylitis, type I diabetes, autoimmune

thyreoiditis, multiple sclerosis etc.) or systemic (e.g. Behçet’s

disease, systemic lupus erythematodes etc.) tissue damage,

chronic inflammation with tissue remodeling (psoriasis

vulgaris etc.) or to functional changes (myastenia gravis,

Graves’ disease etc.).

Genome-wide association studies (GWAS) have shown that

the immune-mediated inflammatory diseases considered

autoimmune to date have a complex genetic predisposition.

While many of the associated risk gene loci or gene variants

are pleiotropic, i.e., associated with different diseases, association

with specific HLA-class I and/or HLA-class II alleles mediates

the actual disease-specific risk (1). In part, the association relates

to single nucleotide polymorphisms that affect the binding of the

peptide antigen to HLA, thereby altering the repertoire of

antigens presented to T cells. The respective HLA alleles were

initially identified as candidate risk genes. For several common

immune-mediated diseases, GWAS have confirmed these

associations in large patient and control subject cohorts and,

as in the case of psoriasis, have provided de facto evidence by

sequencing the complete HLA region (2, 3). The HLA

association of autoimmune diseases is considered to indicate

that disease-associated HLA allotypes mediate an autoimmune

response against certain self-peptides of the immunopeptidome,

as different HLA molecules present different peptide repertoires

to T cells.

Prime examples for primarily HLA-class II-associated

autoimmune diseases are rheumatoid arthritis (4, 5), systemic

lupus erythematosus (6), pemphigus vulgaris (7) and bullous

pemphigoid (8), and celiac disease (9). Multiple sclerosis (10)

and type I diabetes mellitus (11) show associations with both

HLA-class I and class II alleles. Distinct HLA-class I alleles with
02
a strong associations with autoimmune diseases are HLA-B*27

that is associated with ankylosing spondylitis (12), HLA-C*06:02

with psoriasis (13), and HLA-B*51 with Behçet’s disease (14). In

each of the HLA-class I-associated diseases, disease risk is

controlled by variants in the gene encoding endoplasmic

reticulum aminopeptidase 1 (ERAP1). The respective HLA-

associations are summarized by Matzaraki et al. (1).

In this article I will discuss key aspects that I consider

relevant to the identification of the immunogenic self-peptides

of autoreactive T-cell responses in autoimmune diseases. Special

aspects incorporate my own experience from the identification

of target cell and autoantigen of the autoimmune response in

psoriasis. The article is not intended as an overview of the

methodological approaches, which have recently been

summarized in detail (15).
2 HLA-alleles, T-cell antigen
recognition and immunopeptidomes

2.1 Which are the pathogenic T cells?

HLA molecules present peptides for recognition by TCRs of

T cells. Antigen processing and presentation pathways do not

distinguish between self- and foreign proteins. Accordingly, the

immunopeptidomes presented by HLA molecules consist

predominantly of self-peptides. T cell activation against these

peptides is prevented by central and peripheral tolerance

mechanisms [reviewed in (16)]. Identification of the

immunogenic self-peptides that stimulate the autoimmune

response requires knowledge of the autoreactive T-cell

populations. T cells respond to the recognition of peptide

epitopes with clonal proliferation. Clonal T-cell expansion in

the inflammatory infiltrate of autoimmune tissue damage thus

indicates selection and activation by locally presented self-

peptides regardless of whether it is an organ-specific

autoimmune response such as in type I diabetes (11) or a

systemic autoimmune disease such as systemic sclerosis (17).

The HLA association of the respective disease may designate the
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actual pathogenetically relevant T-cell subpopulation. HLA-class

I molecules present peptides to CD8+ T cells. Therefore, CD8+ T

cells likely drive autoimmune pathology in HLA-class I-

associated autoimmune diseases. This is supported by

dominant clonal expansions of CD8+ T cells in the

inflammatory infiltrate in ankylosing spondylitis, psoriasis and

psoriatic arthritis (18–20) and by the prominent infiltration of

CD8+ T cells in vasculitis lesions of Behçet’s disease (21).

According to the antigen presentation of HLA-class II

molecules to CD4+ T cells, CD4+ T cells should by highly

relevant for the autoimmune pathology in HLA-class II-

associated diseases. Again, their clonal expansion in the

infiltrate is an indication that they mediate tissue damage. In

addition, CD4+ T cells may help B cells in inflamed tissue and

drive the formation of autoantibodies (22). Genetic associations

with both HLA-class I and class II risk alleles as well as clonal

expansions of both CD4+ and CD8+ T cells in the inflammatory

infiltrate of type I diabetes (11), however, complicate the

decision as to which T-cell populations are ultimately

pathogenetically critical and should be addressed to investigate

T-cell epitopes, because they are likely to interact in the

autoimmune process. While in type 1 diabetes mellitus the

HLA-class II alleles mediate the main genetic risk (1, 11),

HLA-A*02:01, which is also associated with the disease, leads

to an autoimmune reaction of CD8+ T cells against a peptide

from the insulin B chain and b cell destruction (23).
2.2 Autoantibodies, seronegative
diseases and the immunological synapse

Autoimmune diseases associated with HLA-class II alleles

are often characterized by autoantibody profiles that are specific

for the respective disease, thus making the character as an

autoimmune disease obvious. Furthermore, the antigens

recognized by the autoantibodies can be screened for HLA-

class II presented epitopes that activate CD4+ T cells. HLA-class

I-mediated diseases, in contrast, are seronegative. Here, it is

assumed that the autoimmune reaction is mediated directly by

CD8+ T cells. For seronegative HLA-class I-associated diseases,

autoimmune pathogenesis is often controversially discussed

because the evidence for an autoimmune response is mostly

indirect . I t consists in the therapeutic efficacy of

immunosuppressive drugs or of antibodies blocking T cell-

specific or T cell-relevant cytokines. Identification of clonal or

oligoclonal T-cell expansions, defined as groups of T cells

sharing the CDR3 a- and CDR3 b-chain amino acid

sequences, as well as conserved TCR patterns of CD8+ T cells

in tissue lesions of autoimmune diseases such as psoriasis,

psoriatic arthritis, ankylosing spondylitis or multiple sclerosis

(18–20, 24–28), support that autoimmune T-cell activation is

driven by disease-specific autoantigens which may be identical in

different patients. In contrast to the autoantibodies in HLA-class
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II-associated autoimmune diseases, which allow direct detection

of autoantigens by immuno-serological methods, targets of the

T-cell response in seronegative diseases are usually not obvious.

Therefore, their character as an autoimmune disease can

ultimately only be proven by the unequivocal identification of

the autoantigens leading to T-cell activation.

Specific activation of T cells occurs in protective and

pathogenic immune responses through the immunological

synapse (29). It consists of the presenting HLA molecule,

peptide antigen and TCR. TCR and cognate HLA molecule are

required for the identification of a T-cell antigen. Advances in

the analysis of peptides presented by HLA molecules and the

mechanisms underlying antigen recognition by TCRs during the

last decade have provided a completely new understanding of

autoimmune responses. In the following, I will explain the three

components of the immunological synapse with respect to the

presentation and TCR recognition of self-peptides. I will then

address essential aspects that are important in the identification

of immunogenic self-peptides in autoimmune diseases.
2.3 Presentation of peptides by classical
HLA-class I molecules directs immune
responses against target cells

HLA-class I molecules present peptides derived from proteins

expressed within the cytoplasm to CD8+ T cells. Accordingly, they

direct a CD8+ T cell-mediated immune response against target

cells expressing the parental protein of the antigenic peptide. This

circumstance, which in principle serves the recognition of

intracellular pathogens and mutations in malignant cell

transformations (30), is a basic prerequisite for the

understanding of HLA-class I-mediated autoimmune diseases.

HLA-class I molecules consist of an allotype-specific heavy

chain and the invariant b2-microglobulin light chain. The HLA-

class I heavy chains are encoded on the short arm of

chromosome 6 in region p21.1-21.3 by three different loci:

HLA-A, HLA-B and HLA-C. HLA-class I molecules are

expressed on almost all nucleated cells as well as on platelets.

The HLA-class I alleles are highly polymorphic. By the year

2019, nearly 20,000 different HLA-class I alleles had been

identified (31). Much of the polymorphisms are located in

Exon 2 and 3 of the HLA-class I allele and cause non-

synonymous amino acid changes. They encode the a1 and a2
domains that determine peptide binding by specifying the amino

acids at specific positions of the bound peptides that allow their

anchoring in the pockets of the binding groove. The HLA-class

I-presented peptides result from proteins that have been

degraded by the cellular 26S proteasome in the cytoplasm (30).

Immunological stimuli such as IFN-g integrate additional

proteolytic subunits into the proteasome, increasing its activity

and expanding the spectrum and number of peptides generated

(32, 33). This allows the immunoproteasome to process a larger
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substrate pool for presentation under inflammatory or infectious

conditions. Approximately one third of the presented peptides

are subject to NH2-terminal trimming of elongated precursor

peptides to the length required for binding into the peptide

binding groove by two endoplasmic reticulum aminopeptidases,

ERAP1 or ERAP2. However, both enzymes can also destroy

corresponding peptides and thus withdraw them from

presentation (34–37).

Peptides are selected for presentation by the respective HLA

alleles based on the anchor amino acids. Accordingly, each of the

different allelic products presents its own peptide repertoire (38–

40). The interval between anchor residues limits the minimum

length of the presented peptides to 8 amino acids, since shorter

peptides lack sufficient anchors (41). The total length of the

presented peptides is usually limited to 10 amino acids because

the binding groove of HLA-class I molecules is closed on both

sides. Bulging of peptides may allow the presentation of longer

peptides up to a length of ~14 amino acids (42). The mode of

peptide binding allows the presentation of more than one

million different peptides by each HLA allotype.
2.4 Principles of peptide presentation by
classical HLA-class II molecules by
professional antigen-presenting cells

HLA-class II molecules present antigens to CD4+ cells (30).

They are heterodimers that are encoded by three polymorphic

loci: HLA-DR, HLA-DP and HLA-DQ. HLA-DQ and -DP

molecules are composed of polymorphic a- and b-chains. For
HLA-DR, a non-polymorphic a-chain combines with a

polymorphic b-chain encoded by the HLA-DRB gene. Most

HLA-DR haplotypes express a HLA-DRB1 gene as well as a

second HLA-DRB3, -DRB4, or -DRB5 gene that both combine as

heterodimers with HLA-DRa. A heterozygous human thus

expresses 6 or 8 pairs of HLA-class II a- and b-chain
molecules, one pair each of DP and DQ, and one or two pairs

of DRmolecules. HLA-class II molecules are mainly expressed by

professional antigen-presenting cells (APCs). They include

dendritic cells, monocytes and macrophages, and B cells.

However, non-professional APCs such as keratinocytes or

melanocytes can also express HLA-class II molecules under

inflammatory conditions (43). HLA-class II-molecules scan

both the environment and cytosol. Extracellular molecules are

taken up through the endo-lysosomal pathway (44, 45). In this

process, phagosomes fuse with lysosomes for the formation of

phagolysosomes for protein degradation by the lysosomal

proteases. In autophagy organelles, mitochondria, ribosomes or

small amounts of the cytosol are encapsulated in

autophagosomes, which fuse with endosomes to introduce

cytoplasmic and nuclear molecules into the HLA-class II

presentation pathway (45–47). Various tissue-specific

processing pathways and antigen-presenting cell types may
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further increase the spectrum and origin of epitopes presented

by HLA class II (48). HLA-class II molecules are also highly

polymorphic, and the polymorphisms determine differences in

the peptide binding groove. It includes a series of pockets that

determine the side chains of amino acid residues of the

nonameric core of the presented peptides (49, 50). Since the

HLA-class II peptide binding groove is open on both sides,

peptides binding to class II molecules tend to be of variable

length typically between 13 and 25 residues. This implies much

less selection pressure for presentation, as the peptides do not

have to match a predetermined length, and generates a broad and

hardly predictable spectrum of peptides derived from extra- and

intracellular proteins. In this respect, the immunopeptidomes of

HLA-class II molecules should potentially exhibit much greater

diversity than those of HLA-class I molecules.
2.5 HLA immunopeptidomes mainly
originate from self-proteins

The set of peptides presented by an HLA allotype is referred

t o a s t h e HLA pep t i dome , HLA l i g andome , o r

immunopeptidome. The progress in mass spectrometry

technology has facilitated detailed characterization of the

immunopeptidomes eluted from HLA-class I and HLA-class II

molecules. Here, HLA-peptide complexes are isolated from

detergent solubilized lysates by immunoaffinity purification,

followed by extraction and purification of the HLA-bound

peptides. Peptide spectra obtained by tandem liquid

chromatography-mass spectrometry are aligned with the

spectra of peptides from protein sequence databases (51).

Limitations in the analysis exist for peptides that are too

hydrophobic or too hydrophilic, that may be incompatible

with ionization. Without addressing further details or

methodological differences, the analyses of numerous cell lines

show that the immunopeptidomes of both HLA-class I and

HLA-class II molecules contain thousands of different peptides

from endogenous proteins (47, 52, 53).

More than half of all proteins expressed in a cell type may be

represented in HLA-class I immunopeptidomes, and up to 98%

of all peptides isolated fromHLA-class I and class II molecules of

different cell lines originated from self-proteins (53, 54). Cross-

presentation, in which both MHC molecules intersect

intracellular and extracellular pathways, increases the diversity

of HLA-class I and class II immunopeptidomes (45). Evaluation

of the peptides isolated from the different allotypes has also

provided accurate information regarding the peptide binding

motifs specific to each HLA allotype. Interestingly, the HLA-

class I alleles HLA-C*06:02, HLA-C*07:01, HLA-C*07:02, HLA-

C*07:04, and HLA-B*27 associated with psoriasis are clustered

in the same HLA supertype due to overlapping anchor residues

in the peptides (51, 55), thus potentially presenting the same

psoriasis-specific immunogenic self-peptides.
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Neo-epitopes may be generated by translational errors (56).

The immunopeptidome repertoire is furthermore extended by

various posttranslational modifications, including proteasomal

splicing of peptide fragments (57–59). Spliced peptides are

nonlinearly templated peptides that are assembled during

proteasomal digestion by cis-splicing from different regions of

the same protein or by trans-splicing from two peptides of

different proteins. The proportion of spliced peptides differs

between different HLA allotypes. Especially for HLA-B*27:05

associated with ankylosing spondylitis, more than 40% of the

eluted peptides were cis- or trans-spliced products. Peptides

eluted from HLA-B*51, the main risk allele of Behçet’s disease,

accounted for approximately 25% of the HLA-B*51 peptidome.

Spliced peptides broaden the peptidome spectra (57, 59, 60),

although their contribution to the total immunopeptidome is

highly controversial and may be overestimated due to

methodological artifacts (61–63).

The non-linearly templated peptides increase the diversity of

target peptides for recognition by T cells and possibly create a

particular risk of escaping tolerance mechanisms and triggering

autoimmunity. Three types of peptides therefore need to be

considered for the identification of immunogenic HLA-

presented self-peptides of autoimmune reactions: peptides with

true linear sequences > nonlinearly templated peptides including

spliced peptides > untemplated peptides with no current

biological explanation (64).
2.6 TCRs are polyspecific

T cells recognize the complex of HLA molecule and

antigenic peptide by means of their TCR. Mature T cells

express unique heterodimeric TCRs consisting of a TCRa-
and a TCRb-chain (ab TCRs), each of which contributes to

antigen recognition. The TCR chains are generated by random

rearrangement of different gene segments. The TCR a-chain is

formed by somatic recombination of one of approximately 43-45

different variable-region genes (TRAV) with one of 50 joining

gene segments (TRJA) and the gene for the constant region of

the a-chain (TRAC). For the b-chain, one of 40-48 variable

region genes (TRBV) is linked to one of 2 diversity (TRBD) and

one of 12-13 joining (TRBJ) gene segments and the gene for the

constant region of the b-chain (TRBC) (65). The junctional

diversity of the chains is expanded by random nucleotide

insertions and deletions at the rearrangement sites. This

generates the de novo diversity in the complementarity

determining region 3 (CDR3) of each chain contacting the

antigenic peptide in the MHC binding cavity. The CDR1 and

CDR2 encoded within the TRAV and TRBV genes contact the

MHC molecule. All 3 CDRs from both the a- and b-chain
mediate TCR docking to the peptide/MHC interface. Random

pairing of different TCR a- and TCR b-chains generates a huge
Frontiers in Immunology 05
combinatorial diversity of the TCR repertoire that exceeds 1020

ab-TCRs (66). However, the actual human repertoire is much

smaller with approximately 1011 unique TCRs (67), although

estimations of the actual repertoire size are strongly influenced

by the applied repertoire profiling technique and differ between

studies (68). Regardless of the precise size, the spectrum of

possible HLA-presented peptides greatly exceeds the human

TCR repertoire. To cover all possible antigens without a hole

in the antigenic spectrum, TCRs must be polyspecific (69).

Polyspecificity is due to the antigen recognition mode of

TCRs. Unlike antibodies, which are specific for a particular

epitope, TCRs are ligated by antigenic peptides that display

their respective peptide recognition motif. It is defined by two or

three amino acids anchoring the peptides in the discrete pockets

of the peptide binding groove of the cognate HLA molecule, and

one or two amino acids contacting the TCR, while tolerating a

broad amino acid diversity at the other positions of the antigenic

nonamer core sequence (70, 71). Estimates proposed that a

single TCR may potentially recognize up to 104-107 different

MHC-associated epitopes (72).
3 Identification of TCR epitopes in
HLA-associated autoimmune
diseases

The challenge in deciphering autoimmune responses is to

specifically identify the particular self-peptide(s) of the

immunopeptidome that become immunogenic during lifetime

and cause activation of autoreactive T cells. This is equally true

for peptides from the HLA-class I and HLA-class II

immunopeptidome. For HLA-class II-associated autoimmune

diseases, the autoantibodies can contribute to the identification

of epitopes in the corresponding autoantigens recognized by T

cells, which control autoantibody production in B cells. For

HLA-class I-mediated autoimmune responses, only the TCR is

available for this purpose.

The tremendous progress in the knowledge of

immunopeptidomes may require a more precise terminology.

The clonal selection theory had stated that one lymphocyte

recognizes one antigen (73). We now recognise that the HLA

immunopeptidomes consist of thousands of different self-

peptides, a few of which trigger autoreactive T cell activation

during life through the ligation of a polyspecific TCR contained

in the preexisting T cell pool. The term “antigen” originally

referred to substances that gen(erate) the formation of anti

(bodies). In a T cell-mediated autoimmune response, however,

individual self-peptides from the complex immunopeptidome

become immunogenic by inducing a T cell-mediated immune

response. Therefore, in the following I will try to use the terms

“immunogenic” or “epitopes” for self-peptides that elicit T cell-

mediated immune responses.
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3.1 Identification of self-epitopes of HLA-
class I-restricted autoimmune responses

Proof of an autoimmune disease requires the identification of

the respective self-peptides that activates the T cell-mediated

autoimmune response. Current approaches to identify T cell

epitopes use different strategies. They are based on staining T cells

with recombinant peptide-loaded major histocompatibility complex

(MHC) multimers, on selecting phage particles, yeast or insect cells

displaying pMHC complexes in large libraries with immobilized or

soluble recombinant TCRs, or activating recombinant TCRs in cell-

based systems by coculture with APCs cotransfected with HLA and

combinatorial peptide libraries (15, 70, 74–81). A critical

prerequisite is identification of the pathogenic TCRs and the

restricting MHC allotype. Following recombinant expression the

TCRs are being used to identify peptide ligands presented from

peptide libraries by the corresponding MHC molecules. The amino

acid sequences of these mimotopes, which mimic the actual

immunogenic self-peptide, then allow to determine the particular

TCR recognition motif used to search for proteins with homologous

peptide sequences. Ultimately, the actual significance of candidate

peptides for the autoimmune response must then be proven.

3.1.1 Main strategy to identify self-epitopes of
autoimmune T-cell responses
Fron
• Identification of clonally expanded and thus presumably

pathogenic CD4+ or CD8+ T cells by single cell TCR

analysis (see section 3.2).

• Cloning and functional expression of the cDNA of the

paired a- and b-chains of clonal TCRs (see section 3.3).

• For HLA-class I-restricted autoimmune responses,

identification of the target cell and determination of HLA

restriction using the recombinant TCRs (see section 3.4).

• Characterization of the peptide recognition motif of the

TCRs of interest by peptide library screening (see section

3.5).

• Screening the transcriptome or immunopeptidome of

the target cell, or databases of the human proteome for

proteins that contain peptide sequences corresponding

to the peptide recognition motif (see section 3.5, 3.6).

• Evaluation of the immunogenicity of these self-peptides

for the TCR of interest (see section 3.6).

• Analyzing the immunogenicity of candidate self-

peptides under natural conditions (see section 3.6).
3.2 Identification of ab TCRs of clonally
expanded T cells

Identification of pathogenic T cells requires detection of

clonally expanded CD8+ T cells by single cell ab-TCR analysis.
tiers in Immunology 06
For this purpose, T cells must be recovered from the

inflammatory infiltrate. This can be accomplished by

harvesting live cells from fresh tissue samples or laser

dissection from tissue sections. To examine the immune

pathogenesis of psoriasis, we had formerly developed a

multiplex PCR, which for the first time allowed amplification,

cloning, and sequencing of the cDNA of the a- and b-TCR
chains of individual T cells isolated by micropipetting from

explant culture (19). Today, paired ab-TCR chains of individual

T cells can be determined by next generation high-throughput

single-cell sequencing and transcriptomic analysis of complex T

cell populations using PCR-based barcoding strategies and

others (82, 83).

For the identification of immunogenic self-peptides, it is

essential to capture the T cells that are pathogenetically relevant.

In HLA-class I-associated autoimmune diseases these are the

CD8+ T cells, for HLA-class II-associated autoimmune

pathology CD4+ T cells. Furthermore, the correct tissue

localisation of the T cell infiltrate must be considered. HLA-

C*06:02-associated psoriasis, for example, results from the

recruitment, activation, and expansion of CD8+ T cells in

lesional epidermis (19, 84), whereas the bulk of the

inflammatory infiltrate, consisting of predominantly irrelevant

CD4+ T cells lacking signs of specific expansion, is localized in

the underlying dermis. Accordingly, TCR analysis of the total

infiltrate from full-skin biopsies covering dermis and epidermis

failed to identify clonally expanded T cells (85). In conditions

such as ankylosing spondyloarthritis it may be necessary to

distinguish between infiltrating T cells in the synovial tissue and

those in the joint effusion (28).
3.3 Need for unlimited TCR availability

Although various tumor antigens have been identified using

T cell lines, the short-lived nature of in vitro expanded CD8+ T

cells limits their use in searching for immunogenic self-peptides

in autoimmune diseases. Here, recombinant expression systems

with unlimited availability of the specific TCRs are required. For

this purpose, the cDNA of the paired a- and b-chains of the

TCRs of interest must be cloned and functionally expressed in

accordance with the peptide library system chosen. Different

strategies employed cellular or cell-free expression systems. As

an example, TCR multimers were generated by complexing C-

terminally biotinylated alloreactive mouse TCRs of known

specificity with streptavidin labeled with phycoerythrin. In a

cell free system devoid of coreceptors, staining of peptide (p)

MHC libraries expressed in yeast with these multimers allowed

for enrichment of sets of individual clones from the libraries by

fluorescence activated sorting. The encoded peptides revealed

shared TCR recognition motifs with the actual antigen, although

none of the library peptides corresesponded to known proteins

(86). Nevertheless, this approach had clearly proven that peptide
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libraries can be used to identify the particular recognition motif

of TCRs for further searching for immunogenic peptides.

In the case of psoriasis, we had employed a cell-based

platform to define the specificity of lesional psoriatic TCRs

(80, 87, 88). TCR a- and b-chains of clonally expanded

lesional psoriatic CD8+ T cells were cotransfected together

with CD3, human CD8 a and b chains and super green

fluorescent protein (sGFP) controlled by nuclear factor of

activated T cells into the 58a-b- mouse T hybridoma reporter

cell line, which lacks endogenous TCR a- and b-chains.
Accordingly, these TCR hybridomas carry the specificity of the

lesional autoimmune response. They indicate specific TCR

ligation by the induction of sGFP.
3.4 Target cell identification of the
autoimmune response: Key to identify
the restricting HLA-class I allotype and
the immunogenic self-peptide

Most strategies to establish methods for T-cell epitope

identification employed TCRs with known specificity and

MHC restriction. From the identified peptides, they concluded

that the identification of unknown T cell epitopes is possible

using the respective approaches. The search for immunogenic

self-peptides in autoimmune diseases, however, is confronted

with additional challenges:
Fron
- In autoimmune diseases, the immunogenic self-peptides

are unknown and the presenting HLA allele is not

defined. Even though the disease risk allele specifies

the HLA allotype likely mediating the autoimmune

response, the HLA restriction of the examined TCRs

must be determined from the six different HLA-A,

HLA-B, or HLA-C alleles of the respective individual

HLA haplotype.

- In line with polyspecificity, it is likely that a TCR may

recognize several self-peptides from different proteins. It

must be verified that candidate epitopes are actually

processed from the parental protein by the cell’s

proteasome to exactly fit into the peptide binding

groove for HLA-class I presentation.

- Due to the limited size of peptide libraries relative to all

possible MHC peptides, it is unlikely that the peptide

eliciting the autoimmune response of interest will be

directly identified by peptide library screening.
Identification of the autoimmune target cell expressing the

parental protein of the immunogenic self-epitope may solve

these issues. The reactivity of TCRs with target cells expressing a

defined HLA haplotype can be used to define the restricting HLA

allele. It further narrows the origin of HLA-class I-presented
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epitopes to the cellular proteome or the immunopeptidome of

the target cells, allowing verification of the identified candidate

peptides as disease-specific immunogenic self-peptides.

Target cell identification may be achieved through different

approaches. One possibility is to stain tissue cells with

fluorescent TCR multimers (89). We had co-cultured TCR

hybridomas generated from lesional psoriatic CD8+ T cell

clones with skin-specific cell types, which corresponded to the

actual site of the immune response. A pathogenic psoriatic

Va3S1/Vb13S1-TCR was selectively activated by HLA-

C*06:02-positive primary melanocytes and melanoma cell

lines, defining both the HLA restriction and the target cell of

the psoriatic autoimmune response for further examination (88).
3.5 Defining the peptide recognition
motif of TCRs by peptide library
screening

Completely randomized peptide libraries have a much lower

efficacy in identifying potential T-cell epitopes. If the anchor

residues for the cognate HLA allotype are known, introducing

limited diversity at these positions can maximize the number of

peptides that can be correctly displayed by the respective MHC

molecule. We had used both completely randomized combinatorial

peptide libraries and peptide libraries with predetermined anchor

positions for HLA-C*06:02 to identify mimotopes of the psoriatic

Va3S1/Vb13S1 TCR. They showed overlapping amino acid

sequences (88). In general, the identification of TCR ligands

requires a repeated enrichment or subcloning of the isolated

library peptide clones. Regardless of which strategy is used to

identify TCR epitopes by the peptide libraries, the amino acids at

each position of the identified peptide ligands are subsequently

compiled into heat maps and translated into sequence logos that

define the TCR recognition motif. The TCRmotif is then applied to

searches for proteins containing corresponding peptide sequences

in the cellular proteome, in databases using various search

algorithms, or in the corresponding immunopeptidome. In the

case of nonlinearly encoded peptides, analysis of the

immunopeptidome of the respective target cell would be required.

However, this is often not available, and its determination requires

high target cell numbers, which may be difficult to generate. The

immunogenicity of the candidate peptides identified in this way

must then be verified by TCR ligation.
3.6 Evidence for the autoimmune role of
self-peptides must be provided in the
context of the parental protein and
target cell

For the identification of immunogenic self-peptides further

aspects have to be considered. According to polyspecificity, it
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can be expected that several epitopes in multiple proteins are

identified as TCR ligands. The peptides must be excised from the

parental protein to the length required for presentation.

Therefore, it is necessary to demonstrate their immunogenicity

under “natural conditions”. The key step for the transformation

of a protein into HLA-class I–restricted epitopes is usually

processing by the proteasome (90). While the cellular

proteasome basically generates the C-terminus, some of the

presented peptides additionally require NH2-terminal

trimming by endoplasmic reticulum aminopeptidases to the

length for presentation (35, 36). For the psoriatic autoimmune

response, we had initially identified 6 peptides from human

proteins through homology search that were presented by the

psoriasis risk allotype, HLA-C*06:02, and stimulated the

pathogenic psoriatic Va3S1/Vb13S1 TCR (88). Of the six

Va3S1/Vb13S1 TCR ligands, only the peptide from

ADAMTS-like protein 5 (ADAMTSL5) could be processed

into its immunogenic form from the parental protein, whereas

the other peptides were not immunogenic in the context of full-

length proteins. Knock down in melanocytes and mutational

analysis of ADAMTSL5 further confirmed the immunogenicity

of the ADAMTSL5 peptide. Furthermore, only melanocytes as

target cells of the Va3S1/Vb13S1 TCR were able to generate the

immunogenic peptide from the parental ADAMTSL5, whereas

full-length ADAMTSL5 was not immunogenic in other cell

types (88). Generation of the antigenic ADAMTSL5 peptide in

melanocytes required trimming by ERAP1 from NH2-terminally

elongated precursors and was much dependent on the

inflammatory proteasome induced by IFN-g (91). This reflects

that tissue-specific versions of the proteasome as well as

inflammatory conditions may affect the immunogenicity of the

identified epitopes through differential processing of the parental

protein (92). Similarly, in the COS-7 cells used for presentation,

an immunologically dominant epitope for the immune response

against influenza virus was not generated from the parental

protein, although the influenza peptide-specific TCR originated

from an influenza-infected patient (80). Accordingly, the

identification of self-peptides as ligands of autoreactive TCRs

is not sufficient to establish a role as an epitope for the

autoimmune response. The immunogenicity must be verified

within the parental protein and in the target cell, unless the

peptide is detected in the respective immunopeptidome.
3.7 Identification of self-epitopes of
HLA-class II-restricted autoimmune
responses

Two principle situations need to be considered for the

identification of epitopes of autoreactive CD4+ T cells: the

CD4+ T cells may have a direct role in the inflammatory

infiltrate or control autoantibody production. In principle,

HLA-class II-restricted TCRs from CD4+ cells are subject to
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the same conditions in terms of polyspecificity and TCR

recognition motif as CD8+ T cells: They are ligated by

immunogenic peptides with specific amino acid patterns

defined by the anchor and TCR contact residues. Unlike

MHC-class I molecules, MHC-class II has an open peptide-

binding groove, allowing easy peptide linkage regardless of a

given peptide length. For TCRs with known specificity andMHC

restriction, the recognition motif of mimotopes isolated from

peptide libraries matched the actual antigen originally used to

expand the T-cell clones from which the TCRs studied were

derived (70). Birnbaum et al. coupled TCRs of known specificity

to streptavidin-coated magnetic beads and used them to select

yeast-displayed pMHC libraries carrying the cognate MHC-class

II molecule with bound peptides by magnetic enrichment.

Searching with the TCR recognition motif of a myelin-basic

protein (MBP)-specific TCR for proteins with homologous

peptide sequences in databases revealed several ligands,

including the actual immunogenic MBP.

Still, the first step is to define the restricting HLA-class II

molecule for the TCRs of interest. This may be challenging

because immunogenic molecules are engulfed by APCs from the

extracellular fluid or introduced into the antigen processing and

presentation pathway from cytosolic proteins or intracellular

organelles by autophagy. Thus, autoimmune responses may lack

a target cell for identification of the restricting HLA-class II

allotype. A recent study in the search for HLA-class II-presented

tumor antigens circumvented this problem by generating

peptide libraries from fragmented tumor cDNA shorter than

150base pairs, encoding peptides of 50 amino acids or less that

should cover most of the mRNA-derived peptides. Exposure to

TCR hybridomas generated from tumor-infiltrating CD4+ T

cells identified several reporter clones that carried a new

tumor-specific antigen (93). However, knowing the target cell

was crucial for the identification of the T cell epitopes also in

this approach.

For extracel lular autoantigens , identification of

immunogenic self-peptides of pathogenic CD4+ T cells may be

difficult, because the source of antigens is not defined, and MHC

restriction cannot be established due to a lacking target cell.

Therefore, in a clinical setting, all HLA-class II alleles from a

single patient must be considered when analyzing a peptide

library. The lack of a target cell also confounds proof as an

immunogenic self-peptide of the autoimmune response by

knock down or knock out.

As another issue, the pathogenic CD4+ T cells do not

necessarily have to be contained in the inflammatory infiltrate

and are then not reliably accessible for TCRs identification.

While in generalized pustular psoriasis the association with

HLA-DRB1*14, HLA-DQB1*05, and HLA-DQB1*03 as well as

strong CD4+ T cell clonality suggested a pathogenic role of CD4+

T cells in the inflammatory infiltrate (94), the CD4+ T cells

controlling autoantibody formation may be present in the lymph

node, where dendritic cells potentially present self-molecules to
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T cells. Furthermore, exogenous antigens may have activated the

CD4+ T cells controlling autoantibody formation: The

production of pathogenic Desmoglein 1 autoantibodies bei

Fogo selvagem, the HLA-class-II-associated endemic form of

pemphigus foliaceus in South America, can be induced by a

cross-reactive immune response against the protein antigen

LJM11 of the salivary glands of the sandfly (Lutzomyia

longipalpis), which is presented by the disease-associated HLA-

class II-molecules (95, 96). An approach in a humoral

autoimmune response may be to screen the autoantigens

defined by the autoantibodies for the TCR recognition motif.

Accordingly, an increased frequency of CD4+ T cells with

specificity for bullous pemphigoid antigen 2 (BPAG2) was

observed in patients with bullous pemphigoid, an HLA-class

II-associated blistering skin disease mediated by antibodies

against BPAG2 (97, 98). Each strategy to identify potential

HLA-class II-presented T-cell epitopes of autoimmune

responses must therefore be designed separately according to

the particular circumstances.
4 Conclusions

Despite major methodological advances, the identification of

immunogenic self-peptides of the immunopeptidome is complex

and requires multilayered methodological approaches. After the

identification of the pathogenic, clonally expanded TCRs, the

HLA allotype restricting the autoimmune response must first be

determined for these TCRs. As with psoriasis, this may be the

disease-associated HLA allele. The concept that HLA-class I-

restricted autoimmune responses are most likely directed against

a specific target cell expressing the parental protein of the

immunogenic self-peptide may be a key to identify the

immunogenic self-peptides. It allows to determine the HLA

restriction of TCRs and limits the potential T-cell epitopes to

the transcriptome or immunopeptidome of the target cell. The

determination of the recognition motif of the pathogenic TCRs

using peptide libraries allows the search for proteins with
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homologous peptide sequences. In the case of nonlinearly

encoded peptides, the immunogenic peptides can only be

identified in the respective immunopeptidome. The

significance of the candidate peptides identified in this way as

actual targets of the autoimmune response must then be verified

under the natural conditions of processing and presentation

from the parental protein. Only then is the process of identifying

immunogenic self-peptides in autoimmune diseases complete.
Author contributions

The author confirms being the sole contributor of this work

and has approved it for publication.
Funding

This work was supported by research grant PR 241/5-2 of

the German Research Foundation (DFG)
Conflict of interest

The author declares that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References

1. Matzaraki V, Kumar V, Wijmenga C, Zhernakova A. The MHC locus and

genetic susceptibility to autoimmune and infectious diseases. Genome Biol (2017)
18:76. doi: 10.1186/s13059-017-1207-1

2. Nair RP, Stuart PE, Nistor I, Hiremagalore R, Chia NVC, Jenisch S, et al.
Sequence and haplotype analysis supports HLA-c as the psoriasis susceptibility 1
gene. Am J Hum Genet (2006) 78:827–51. doi: 10.1086/503821

3. Zhou F, Cao H, Zuo X, Zhang T, Zhang X, Liu X, et al. Deep sequencing of the
MHC region in the Chinese population contributes to studies of complex disease.
Nat Genet (2016) 48:740–6. doi: 10.1038/ng.3576

4. NewtonJL,HarneySM,WordsworthBP,BrownMA.Areviewof theMHCgenetics
of rheumatoid arthritis.Genes Immun (2004) 5:151–7. doi: 10.1038/sj.gene.6364045

5. Stahl EA, Raychaudhuri S, Remmers EF, Xie G, Eyre S, Thomson BP, et al.
Genome-wide association study meta-analysis identifies seven new rheumatoid
arthritis risk loci. Nat Genet (2010) 42:508–14. doi: 10.1038/ng.582
6. Armstrong DL, Zidovetzki R, Alarcon-Riquelme ME, Tsao BP, Criswell LA,
Kimberly RP, et al. GWAS identifies novel SLE susceptibility genes and explains the
association of the HLA region. Genes Immun (2014) 15:347–54. doi: 10.1038/
gene.2014.23

7. Vodo D, Sarig O, Sprecher E. The genetics of pemphigus vulgaris. Front Med
(Lausanne) (2018) 5:226. doi: 10.3389/fmed.2018.00226

8. Delgado JC, Turbay D, Yunis EJ, Yunis JJ, Morton ED, Bhol K, et al. A
common major histocompatibility complex class II allele HLA-DQB1* 0301 is
present in clinical variants of pemphigoid. Proc Natl Acad Sci U.S.A. (1996)
93:8569–71. doi: 10.1073/pnas.93.16.8569

9. Fasano A, Catassi C. Clinical practice. celiac disease. N Engl J Med (2012)
367:2419–26. doi: 10.1056/NEJMcp1113994

10. International Multiple Sclerosis Genetics, C and Wellcome Trust Case
Control, C, Sawcer S, Hellenthal G, Pirinen M, Spencer CC, et al. Genetic risk
frontiersin.org

https://doi.org/10.1186/s13059-017-1207-1
https://doi.org/10.1086/503821
https://doi.org/10.1038/ng.3576
https://doi.org/10.1038/sj.gene.6364045
https://doi.org/10.1038/ng.582
https://doi.org/10.1038/gene.2014.23
https://doi.org/10.1038/gene.2014.23
https://doi.org/10.3389/fmed.2018.00226
https://doi.org/10.1073/pnas.93.16.8569
https://doi.org/10.1056/NEJMcp1113994
https://doi.org/10.3389/fimmu.2022.1097871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Prinz 10.3389/fimmu.2022.1097871
and a primary role for cell-mediated immune mechanisms in multiple sclerosis.
Nature (2011) 476:214–9. doi: 10.1038/nature10251

11. Pugliese A. Autoreactive T cells in type 1 diabetes. J Clin Invest (2017)
127:2881–91. doi: 10.1172/JCI94549

12. Evans DM, Spencer CC, Pointon JJ, Su Z, Harvey D, Kochan G, et al.
Interaction between ERAP1 and HLA-B27 in ankylosing spondylitis implicates
peptide handling in the mechanism for HLA-B27 in disease susceptibility. Nat
Genet (2011) 43:761–7. doi: 10.1038/ng.873

13. Genetic Analysis of Psoriasis, C and The Wellcome Trust Case Control, C,
Strange A, Capon F, Spencer CC, Knight J, et al. A genome-wide association study
identifies new psoriasis susceptibility loci and an interaction between HLA-c and
ERAP1. Nat Genet (2010) 42(11): 985–90. doi: 10.1038/ng.694

14. Kirino Y, Bertsias G, Ishigatsubo Y, Mizuki N, Tugal-Tutkun I, Seyahi E,
et al. Genome-wide association analysis identifies new susceptibility loci for
behcet's disease and epistasis between HLA-B*51 and ERAP1. Nat Genet (2013)
45:202–7. doi: 10.1038/ng.2520

15. Joglekar AV, Li G. T Cell antigen discovery. Nat Methods (2021) 18:873–80.
doi: 10.1038/s41592-020-0867-z

16. Prinz JC. Antigen processing, presentation, and tolerance: Role in
autoimmune skin diseases. J Invest Dermatol (2022) 142:750–9. doi: 10.1016/
j.jid.2021.05.009

17. Sakkas LI, Xu B, Artlett CM, Lu S, Jimenez SA, Platsoucas CD. Oligoclonal T
cell expansion in the skin of patients with systemic sclerosis. J Immunol (2002)
168:3649–59. doi: 10.4049/jimmunol.168.7.3649

18. Chang JC, Smith LR, Froning KJ, Schwabe BJ, Laxer JA, Caralli LL, et al.
CD8+ T cells in psoriatic lesions preferentially use T-cell receptor V beta 3 and/or
V beta 13.1 genes. Proc Natl Acad Sci U.S.A. (1994) 91:9282–6. doi: 10.1073/
pnas.91.20.9282

19. Kim SM, Bhonsle L, Besgen P, Nickel J, Backes A, Held K, et al. Analysis of
the paired TCR alpha- and beta-chains of single human T cells. PLoS One (2012) 7:
e37338. doi: 10.1371/journal.pone.0037338

20. Penkava F, Velasco-Herrera MDC, Young MD, Yager N, Nwosu LN, Pratt
AG, et al. Single-cell sequencing reveals clonal expansions of pro-inflammatory
synovial CD8 T cells expressing tissue-homing receptors in psoriatic arthritis. Nat
Commun (2020) 11:4767. doi: 10.1038/s41467-020-18513-6

21. Vural S, Kerl K, Ertop Dogan P, Vollmer S, Puchta U, He M, et al. Lesional
activation of Tc 17 cells in behcet disease and psoriasis supports HLA class I-mediated
autoimmune responses. Br J Dermatol (2021) 185:1209–20. doi: 10.1111/bjd.20643

22. Rao DA. T Cells that help b cells in chronically inflamed tissues. Front
Immunol (2018) 9, 1924. doi: 10.3389/fimmu.2018.01924

23. Pinkse GG, Tysma OH, Bergen CA, Kester MG, Ossendorp F, Van Veelen
PA, et al. Autoreactive CD8 T cells associated with beta cell destruction in type 1
diabetes. Proc Natl Acad Sci U.S.A. (2005) 102:18425–30. doi: 10.1073/
pnas.0508621102

24. Prinz JC, Vollmer S, Boehncke WH, Menssen A, Laisney I, Trommler P.
Selection of conserved TCR VDJ rearrangements in chronic psoriatic plaques
indicates a common antigen in psoriasis vulgaris. Eur J Immunol (1999) 29:3360–8.
doi: 10.1002/(SICI)1521-4141(199910)29:10<3360::AID-IMMU3360>3.0.CO;2-G

25. Skulina C, Schmidt S, Dornmair K, Babbe H, Roers A, Rajewsky K, et al.
Multiple sclerosis: Brain-infiltrating CD8+ T cells persist as clonal expansions in
the cerebrospinal fluid and blood. Proc Natl Acad Sci U.S.A. (2004) 101:2428–33.
doi: 10.1073/pnas.0308689100

26. Dewitt WS, Smith A, Schoch G, Hansen JA, Matsen F, Bradley P. Human T
cell receptor occurrence patterns encode immune history, genetic background, and
receptor specificity. Elife (2018) 7:1–39. doi: 10.7554/eLife.38358

27. Tu AA, Gierahn TM, Monian B, Morgan DM, Mehta NK, Ruiter B, et al.
TCR sequencing paired with massively parallel 3' RNA-seq reveals clonotypic T cell
signatures. Nat Immunol (2019) 20:1692–9. doi: 10.1038/s41590-019-0544-5

28. Deschler K, Rademacher J, Lacher SM, Huth A, Utzt M, Krebs S, et al.
Antigen-specific immune reactions by expanded CD8(+) T cell clones from HLA-
B*27-positive patients with spondyloarthritis. J Autoimmun (2022) 133:102901.
doi: 10.1016/j.jaut.2022.102901

29. Bromley SK, Burack WR, Johnson KG, Somersalo K, Sims TN, Sumen C,
et al. The immunological synapse. Annu Rev Immunol (2001) 19:375–96. doi:
10.1146/annurev.immunol.19.1.375

30. Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding
of MHC class I and MHC class II antigen presentation. Nat Rev Immunol (2011)
11:823–36. doi: 10.1038/nri3084

31. Robinson J, Barker DJ, Georgiou X, Cooper MA, Flicek P, Marsh SGE. IPD-
IMGT/HLA database. Nucleic Acids Res (2020) 48:D948–55. doi: 10.1093/nar/
gkz950

32. Toes RE, Nussbaum AK, Degermann S, Schirle M, Emmerich NP, Kraft M,
et al. Discrete cleavage motifs of constitutive and immunoproteasomes revealed by
Frontiers in Immunology 10
quantitative analysis of cleavage products. J Exp Med (2001) 194:1–12. doi: 10.1084/
jem.194.1.1

33. Sijts EJ, Kloetzel PM. The role of the proteasome in the generation of MHC
class I ligands and immune responses. Cell Mol Life Sci (2011) 68:1491–502. doi:
10.1007/s00018-011-0657-y

34. Saric T, Chang SC, Hattori A, York IA, Markant S, Rock KL, et al. An IFN-
gamma-induced aminopeptidase in the ER, ERAP1, trims precursors to MHC class
I-presented peptides. Nat Immunol (2002) 3:1169–76. doi: 10.1038/ni859

35. Serwold T, Gonzalez F, Kim J, Jacob R, Shastri N. ERAAP customizes
peptides for MHC class I molecules in the endoplasmic reticulum. Nature (2002)
419:480–3. doi: 10.1038/nature01074

36. York IA, Chang SC, Saric T, Keys JA, Favreau JM, Goldberg AL, et al. The
ER aminopeptidase ERAP1 enhances or limits antigen presentation by trimming
epitopes to 8-9 residues. Nat Immunol (2002) 3:1177–84. doi: 10.1038/ni860

37. Admon A. ERAP1 shapes just part of the immunopeptidome. Hum
Immunol (2019) 80:296–301. doi: 10.1016/j.humimm.2019.03.004

38. Hunt DF, Henderson RA, Shabanowitz J, Sakaguchi K, Michel H, Sevilir N,
et al. Characterization of peptides bound to the class I MHC molecule HLA-A2.1
by mass spectrometry. Science (1992) 255:1261–3. doi: 10.1126/science.1546328

39. Rammensee HG, Friede T, Stevanoviic S. MHC ligands and peptide motifs:
First listing. Immunogenetics (1995) 41:178–228. doi: 10.1007/BF00172063

40. Vita R, Overton JA, Greenbaum JA, Ponomarenko J, Clark JD, Cantrell JR,
et al. The immune epitope database (IEDB) 3.0. Nucleic Acids Res (2015) 43:D405–
412. doi: 10.1093/nar/gku938

41. Garrett TP, Saper MA, Bjorkman PJ, Strominger JL, Wiley DC. Specificity
pockets for the side chains of peptide antigens in HLA-Aw68. Nature (1989)
342:692–6. doi: 10.1038/342692a0

42. Probst-Kepper M, Hecht HJ, Herrmann H, Janke V, Ocklenburg F,
Klempnauer J, et al. Conformational restraints and flexibility of 14-meric
peptides in complex with HLA-B*3501. J Immunol (2004) 173:5610–6. doi:
10.4049/jimmunol.173.9.5610

43. Aubock J, Romani N, Grubauer G, Fritsch P. HLA-DR expression on
keratinocytes is a common feature of diseased skin. Br J Dermatol (1986)
114:465–72. doi: 10.1111/j.1365-2133.1986.tb02851.x

44. Vyas JM, van der Veen AG, Ploegh HL. The known unknowns of antigen
processing and presentation. Nat Rev Immunol (2008) 8:607–18. doi: 10.1038/
nri2368

45. Roche PA, Furuta K. The ins and outs of MHC class II-mediated antigen
processing and presentation. Nat Rev Immunol (2015) 15:203–16. doi: 10.1038/
nri3818

46. Crotzer VL, Blum JS. Autophagy and its role in MHC-mediated antigen
presentation. J Immunol (2009) 182:3335–41. doi: 10.4049/jimmunol.0803458

47. Stern LJ, Santambrogio L. The melting pot of the MHC II peptidome. Curr
Opin Immunol (2016) 40:70–7. doi: 10.1016/j.coi.2016.03.004

48. Clement CC, Becerra A, Yin L, Zolla V, Huang L, Merlin S, et al. The
dendritic cell major histocompatibility complex II (MHC II) peptidome derives
from a variety of processing pathways and includes peptides with a broad spectrum
of HLA-DM sensitivity. J Biol Chem (2016) 291:5576–95. doi: 10.1074/
jbc.M115.655738

49. Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Urban RG, Strominger JL, et al.
Crystal structure of the human class II MHC protein HLA-DR1 complexed with an
influenza virus peptide. Nature (1994) 368:215–21. doi: 10.1038/368215a0

50. Zhu Y, Rudensky AY, Corper AL, Teyton L, Wilson IA. Crystal structure of
MHC class II I-ab in complex with a human CLIP peptide: Prediction of an I-ab
peptide-binding motif. J Mol Biol (2003) 326:1157–74. doi: 10.1016/S0022-2836
(02)01437-7

51. Gfeller D, Bassani-Sternberg M. Predicting antigen presentation-what could
we learn from a million peptides? Front Immunol (2018) 9:1716. doi: 10.3389/
fimmu.2018.01716

52. Melief CJM, Kessler JH. Novel insights into the HLA class I
immunopeptidome and T-cell immunosurveillance. Genome Med (2017) 9:44.
doi: 10.1186/s13073-017-0439-8

53. Vaughan K, Xu X, Caron E, Peters B, Sette A. Deciphering the MHC-
associated peptidome: A review of naturally processed ligand data. Expert Rev
Proteomics (2017) 14:729–36. doi: 10.1080/14789450.2017.1361825

54. Bassani-Sternberg M, Pletscher-Frankild S, Jensen LJ, Mann M. Mass
spectrometry of human leukocyte antigen class I peptidomes reveals strong
effects of protein abundance and turnover on antigen presentation. Mol Cell
Proteomics (2015) 14:658–73. doi: 10.1074/mcp.M114.042812

55. Di Marco M, Schuster H, Backert L, Ghosh M, Rammensee HG, Stevanovic
S. Unveiling the peptide motifs of HLA-c and HLA-G from naturally presented
peptides and generation of binding prediction matrices. J Immunol (2017)
199:2639–51. doi: 10.4049/jimmunol.1700938
frontiersin.org

https://doi.org/10.1038/nature10251
https://doi.org/10.1172/JCI94549
https://doi.org/10.1038/ng.873
https://doi.org/10.1038/ng.694
https://doi.org/10.1038/ng.2520
https://doi.org/10.1038/s41592-020-0867-z
https://doi.org/10.1016/j.jid.2021.05.009
https://doi.org/10.1016/j.jid.2021.05.009
https://doi.org/10.4049/jimmunol.168.7.3649
https://doi.org/10.1073/pnas.91.20.9282
https://doi.org/10.1073/pnas.91.20.9282
https://doi.org/10.1371/journal.pone.0037338
https://doi.org/10.1038/s41467-020-18513-6
https://doi.org/10.1111/bjd.20643
https://doi.org/10.3389/fimmu.2018.01924
https://doi.org/10.1073/pnas.0508621102
https://doi.org/10.1073/pnas.0508621102
https://doi.org/10.1002/(SICI)1521-4141(199910)29:10%3C3360::AID-IMMU3360%3E3.0.CO;2-G
https://doi.org/10.1073/pnas.0308689100
https://doi.org/10.7554/eLife.38358
https://doi.org/10.1038/s41590-019-0544-5
https://doi.org/10.1016/j.jaut.2022.102901
https://doi.org/10.1146/annurev.immunol.19.1.375
https://doi.org/10.1038/nri3084
https://doi.org/10.1093/nar/gkz950
https://doi.org/10.1093/nar/gkz950
https://doi.org/10.1084/jem.194.1.1
https://doi.org/10.1084/jem.194.1.1
https://doi.org/10.1007/s00018-011-0657-y
https://doi.org/10.1038/ni859
https://doi.org/10.1038/nature01074
https://doi.org/10.1038/ni860
https://doi.org/10.1016/j.humimm.2019.03.004
https://doi.org/10.1126/science.1546328
https://doi.org/10.1007/BF00172063
https://doi.org/10.1093/nar/gku938
https://doi.org/10.1038/342692a0
https://doi.org/10.4049/jimmunol.173.9.5610
https://doi.org/10.1111/j.1365-2133.1986.tb02851.x
https://doi.org/10.1038/nri2368
https://doi.org/10.1038/nri2368
https://doi.org/10.1038/nri3818
https://doi.org/10.1038/nri3818
https://doi.org/10.4049/jimmunol.0803458
https://doi.org/10.1016/j.coi.2016.03.004
https://doi.org/10.1074/jbc.M115.655738
https://doi.org/10.1074/jbc.M115.655738
https://doi.org/10.1038/368215a0
https://doi.org/10.1016/S0022-2836(02)01437-7
https://doi.org/10.1016/S0022-2836(02)01437-7
https://doi.org/10.3389/fimmu.2018.01716
https://doi.org/10.3389/fimmu.2018.01716
https://doi.org/10.1186/s13073-017-0439-8
https://doi.org/10.1080/14789450.2017.1361825
https://doi.org/10.1074/mcp.M114.042812
https://doi.org/10.4049/jimmunol.1700938
https://doi.org/10.3389/fimmu.2022.1097871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Prinz 10.3389/fimmu.2022.1097871
56. Kracht MJ, Van Lummel M, Nikolic T, Joosten AM, Laban S, van der Slik
AR, et al. Autoimmunity against a defective ribosomal insulin gene product in type
1 diabetes. Nat Med (2017) 23:501–7. doi: 10.1038/nm.4289

57. Vigneron N, Stroobant V, Chapiro J, Ooms A, Degiovanni G, Morel S, et al.
An antigenic peptide produced by peptide splicing in the proteasome. Science
(2004) 304:587–90. doi: 10.1126/science.1095522

58. Liepe J, Marino F, Sidney J, Jeko A, Bunting DE, Sette A, et al. A large
fraction of HLA class I ligands are proteasome-generated spliced peptides. Science
(2016) 354:354–8. doi: 10.1126/science.aaf4384

59. Faridi P, Li C, Ramarathinam SH, Vivian JP, Illing PT,Mifsud NA, et al. A subset
of HLA-I peptides are not genomically templated: Evidence for cis- and trans-spliced
peptide ligands. Sci Immunol (2018) 3:1–11. doi: 10.1126/sciimmunol.aar3947

60. Hanada K, Yewdell JW, Yang JC. Immune recognition of a human renal
cancer antigen through post-translational protein splicing. Nature (2004) 427:252–
6. doi: 10.1038/nature02240

61. Mylonas R, Beer I, Iseli C, Chong C, Pak HS, Gfeller D, et al. Estimating the
contribution of proteasomal spliced peptides to the HLA-I ligandome. Mol Cell
Proteomics (2018) 17:2347–57. doi: 10.1074/mcp.RA118.000877

62. Rolfs Z, Muller M, Shortreed MR, Smith LM, Bassani-Sternberg M.
Comment on "A subset of HLA-I peptides are not genomically templated:
Evidence for cis- and trans-spliced peptide ligands". Sci Immunol (2019) 4:1–3.
doi: 10.1126/sciimmunol.aaw1622

63. Verkerk T, Koomen SJI, Fuchs KJ, Griffioen M, Spaapen RM. An
unexplored angle: T cell antigen discoveries reveal a marginal contribution of
proteasome splicing to the immunogenic MHC class I antigen pool. Proc Natl Acad
Sci U.S.A. (2022) 119:e2119736119. doi: 10.1073/pnas.2119736119

64. Yewdell JW. MHC class I immunopeptidome: Past, present, and future.Mol
Cell Proteomics (2022) 21:100230. doi: 10.1016/j.mcpro.2022.100230

65. Davis MM, Bjorkman PJ. T-Cell antigen receptor genes and T-cell
recognition. Nature (1988) 334:395–402. doi: 10.1038/334395a0

66. Zarnitsyna VI, Evavold BD, Schoettle LN, Blattman JN, Antia R. Estimating
the diversity, completeness, and cross-reactivity of the T cell repertoire. Front
Immunol (2013) 4:485. doi: 10.3389/fimmu.2013.00485

67. Robins HS, Srivastava SK, Campregher PV, Turtle CJ, Andriesen J, Riddell
SR, et al. Overlap and effective size of the human CD8+ T cell receptor repertoire.
Sci Transl Med (2010) 2:47ra64. doi: 10.1126/scitranslmed.3001442

68. Barennes P, Quiniou V, Shugay M, Egorov ES, Davydov AN, Chudakov DM,
et al. Benchmarking of T cell receptor repertoire profiling methods reveals large
systematic biases. Nat Biotechnol (2021) 39:236–45. doi: 10.1038/s41587-020-0656-3

69. Mason D. A very high level of crossreactivity is an essential feature of the T-cell
receptor. Immunol Today (1998) 19:395–404. doi: 10.1016/S0167-5699(98)01299-7

70. Birnbaum ME, Mendoza JL, Sethi DK, Dong S, Glanville J, Dobbins J, et al.
Deconstructing the peptide-MHC specificity of T cell recognition. Cell (2014)
157:1073–87. doi: 10.1016/j.cell.2014.03.047

71. Nelson RW, Beisang D, Tubo NJ, Dileepan T, Wiesner DL, Nielsen K, et al.
T Cell receptor cross-reactivity between similar foreign and self peptides influences
naive cell population size and autoimmunity. Immunity (2015) 42:95–107. doi:
10.1016/j.immuni.2014.12.022

72. Wooldridge L, Ekeruche-Makinde J, Van Den Berg HA, Skowera A, Miles JJ,
Tan MP, et al. A single autoimmune T cell receptor recognizes more than a million
different peptides. J Biol Chem (2012) 287:1168–77. doi: 10.1074/jbc.M111.289488

73. Burnet FM. A modification of jerne's theory of antibody production using the
concept of clonal selection. Aust J Sci (1957) 20:67–9. doi: 10.3322/canjclin.26.2.119

74. Gundlach BR, Wiesmuller KH, Junt T, Kienle S, Jung G, Walden P.
Determination of T cell epitopes with random peptide libraries. J Immunol
Methods (1996) 192:149–55. doi: 10.1016/0022-1759(96)00040-3

75. Borras E, Martin R, Judkowski V, Shukaliak J, Zhao Y, Rubio-Godoy V, et al.
Findings on T cell specificity revealed by synthetic combinatorial libraries. J
Immunol Methods (2002) 267:79–97. doi: 10.1016/S0022-1759(02)00142-4

76. Crawford F, Huseby E, White J, Marrack P, Kappler JW. Mimotopes for
alloreactive and conventional T cells in a peptide-MHC display library. PLoS Biol
(2004) 2:E90. doi: 10.1371/journal.pbio.0020090

77. Dogan I, Dorgham K, Chang HC, Parizot C, Lemaitre F, Ferradini L, et al.
Phage-displayed libraries of peptide/major histocompatibility complexes. Eur J
Immunol (2004) 34:598–607. doi: 10.1002/eji.200324721

78. Wen F, Esteban O, Zhao H. Rapid identification of CD4+ T-cell epitopes
using yeast displaying pathogen-derived peptide library. J Immunol Methods (2008)
336:37–44. doi: 10.1016/j.jim.2008.03.008
Frontiers in Immunology 11
79. Birnbaum ME, Dong S, Garcia KC. Diversity-oriented approaches for
interrogating T-cell receptor repertoire, ligand recognition, and function.
Immunol Rev (2012) 250:82–101. doi: 10.1111/imr.12006

80. Siewert K, Malotka J, Kawakami N, Wekerle H, Hohlfeld R, Dornmair K.
Unbiased identification of target antigens of CD8+ T cells with combinatorial
libraries coding for short peptides. Nat Med (2012) 18:824–8. doi: 10.1038/
nm.2720

81. Zhang SQ, Ma KY, Schonnesen AA, Zhang M, He C, Sun E, et al. High-
throughput determination of the antigen specificities of T cell receptors in single
cells. Nat Biotechnol (2018) 36:1156–9. doi: 10.1101/457069

82. De Simone M, Rossetti G, Pagani M. Single cell T cell receptor sequencing:
Techniques and future challenges. Front Immunol (2018) 9:1638. doi: 10.3389/
fimmu.2018.01638

83. Pai JA, Satpathy AT. High-throughput and single-cell T cell receptor
sequencing technologies. Nat Methods (2021) 18:881–92. doi: 10.1038/s41592-
021-01201-8

84. Di Meglio P, Villanova F, Navarini AA, Mylonas A, Tosi I, Nestle FO, et al.
Targeting CD8(+) T cells prevents psoriasis development. J Allergy Clin Immunol
(2016) 138:274–276 e276. doi: 10.1016/j.jaci.2015.10.046

85. Harden JL, Hamm D, Gulati N, Lowes MA, Krueger JG. Deep sequencing of
the T-cell receptor repertoire demonstrates polyclonal T-cell infiltrates in psoriasis.
F1000Res (2015) 4:460. doi: 10.12688/f1000research.6756.1

86. Adams JJ, Narayanan S, Liu B, Birnbaum ME, Kruse AC, Bowerman NA,
et al. T Cell receptor signaling is limited by docking geometry to peptide-major
histocompatibility complex. Immunity (2011) 35:681–93. doi: 10.1016/
j.immuni.2011.09.013

87. Seitz S, Schneider CK, Malotka J, Nong X, Engel AG, Wekerle H, et al.
Reconstitution of paired T cell receptor alpha- and beta-chains from
microdissected single cells of human inflammatory tissues. Proc Natl Acad Sci
U.S.A. (2006) 103:12057–62. doi: 10.1073/pnas.0604247103

88. Arakawa A, Siewert K, Stohr J, Besgen P, Kim SM, Ruhl G, et al. Melanocyte
antigen triggers autoimmunity in human psoriasis. J Exp Med (2015) 212:2203–12.
doi: 10.1084/jem.20151093

89. Watanabe K, Tsukahara T, Toji S, Saitoh S, Hirohashi Y, Nakatsugawa M,
et al. Development of a T-cell receptor multimer with high avidity for detecting a
naturally presented tumor-associated antigen on osteosarcoma cells. Cancer Sci
(2019) 110:40–51. doi: 10.1111/cas.13854

90. Groettrup M, Kirk CJ, Basler M. Proteasomes in immune cells: more than
peptide producers? Nat Rev Immunol (2010) 10:73–8. doi: 10.1038/nri2687

91. Arakawa A, Reeves E, Vollmer S, Arakawa Y, He M, Galinski A, et al.
ERAP1 controls the autoimmune response against melanocytes in psoriasis by
generating the melanocyte autoantigen and regulating its amount for HLA-C*06:02
presentation. J Immunol (2021) 207:2235–44. doi: 10.4049/jimmunol.2100686

92. Kniepert A, Groettrup M. The unique functions of tissue-specific
proteasomes. Trends Biochem Sci (2014) 39:17–24. doi: 10.1016/j.tibs.2013.10.004

93. Kisielow J, Obermair FJ, Kopf M. Deciphering CD4(+) T cell specificity
using novel MHC-TCR chimeric receptors. Nat Immunol (2019) 20:652–62. doi:
10.1038/s41590-019-0335-z

94. Arakawa A, Vollmer S, Besgen P, Galinski A, Summer B, Kawakami Y, et al.
Unopposed IL-36 activity promotes clonal CD4(+) T-cell responses with IL-17A
production in generalized pustular psoriasis. J Invest Dermatol (2018) 138:1338–47.
doi: 10.1016/j.jid.2017.12.024

95. Moraes ME, Fernandez-Vina M, Lazaro A, Diaz LA, Filho GH, Friedman H,
et al. An epitope in the third hypervariable region of the DRB1 gene is involved in
the susceptibility to endemic pemphigus foliaceus (fogo selvagem) in three different
Brazilian populations. Tissue Antigens (1997) 49:35–40. doi: 10.1111/j.1399-
0039.1997.tb02707.x

96. Piovezan BZ, Petzl-Erler ML. Both qualitative and quantitative genetic
variation of MHC class II molecules may influence susceptibility to autoimmune
diseases: the case of endemic pemphigus foliaceus. Hum Immunol (2013) 74:1134–
40. doi: 10.1016/j.humimm.2013.06.008

97. Budinger L, Borradori L, Yee C, Eming R, Ferencik S, Grosse-Wilde H, et al.
Identification and characterization of autoreactive T cell responses to bullous
pemphigoid antigen 2 in patients and healthy controls. J Clin Invest (1998)
102:2082–9. doi: 10.1172/JCI3335

98. Hertl M, Karr RW, Amagai M, Katz SI. Heterogeneous MHC II restriction
pattern of autoreactive desmoglein 3 specific T cell responses in pemphigus vulgaris
patients and normals. J Invest Dermatol (1998) 110:388–92. doi: 10.1046/j.1523-
1747.1998.00156.x
frontiersin.org

https://doi.org/10.1038/nm.4289
https://doi.org/10.1126/science.1095522
https://doi.org/10.1126/science.aaf4384
https://doi.org/10.1126/sciimmunol.aar3947
https://doi.org/10.1038/nature02240
https://doi.org/10.1074/mcp.RA118.000877
https://doi.org/10.1126/sciimmunol.aaw1622
https://doi.org/10.1073/pnas.2119736119
https://doi.org/10.1016/j.mcpro.2022.100230
https://doi.org/10.1038/334395a0
https://doi.org/10.3389/fimmu.2013.00485
https://doi.org/10.1126/scitranslmed.3001442
https://doi.org/10.1038/s41587-020-0656-3
https://doi.org/10.1016/S0167-5699(98)01299-7
https://doi.org/10.1016/j.cell.2014.03.047
https://doi.org/10.1016/j.immuni.2014.12.022
https://doi.org/10.1074/jbc.M111.289488
https://doi.org/10.3322/canjclin.26.2.119
https://doi.org/10.1016/0022-1759(96)00040-3
https://doi.org/10.1016/S0022-1759(02)00142-4
https://doi.org/10.1371/journal.pbio.0020090
https://doi.org/10.1002/eji.200324721
https://doi.org/10.1016/j.jim.2008.03.008
https://doi.org/10.1111/imr.12006
https://doi.org/10.1038/nm.2720
https://doi.org/10.1038/nm.2720
https://doi.org/10.1101/457069
https://doi.org/10.3389/fimmu.2018.01638
https://doi.org/10.3389/fimmu.2018.01638
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1016/j.jaci.2015.10.046
https://doi.org/10.12688/f1000research.6756.1
https://doi.org/10.1016/j.immuni.2011.09.013
https://doi.org/10.1016/j.immuni.2011.09.013
https://doi.org/10.1073/pnas.0604247103
https://doi.org/10.1084/jem.20151093
https://doi.org/10.1111/cas.13854
https://doi.org/10.1038/nri2687
https://doi.org/10.4049/jimmunol.2100686
https://doi.org/10.1016/j.tibs.2013.10.004
https://doi.org/10.1038/s41590-019-0335-z
https://doi.org/10.1016/j.jid.2017.12.024
https://doi.org/10.1111/j.1399-0039.1997.tb02707.x
https://doi.org/10.1111/j.1399-0039.1997.tb02707.x
https://doi.org/10.1016/j.humimm.2013.06.008
https://doi.org/10.1172/JCI3335
https://doi.org/10.1046/j.1523-1747.1998.00156.x
https://doi.org/10.1046/j.1523-1747.1998.00156.x
https://doi.org/10.3389/fimmu.2022.1097871
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunogenic self-peptides - the great unknowns in autoimmunity: Identifying T-cell epitopes driving the autoimmune response in autoimmune diseases
	1 Introduction
	2 HLA-alleles, T-cell antigen recognition and immunopeptidomes
	2.1 Which are the pathogenic T cells?
	2.2 Autoantibodies, seronegative diseases and the immunological synapse
	2.3 Presentation of peptides by classical HLA-class I molecules directs immune responses against target cells
	2.4 Principles of peptide presentation by classical HLA-class II molecules by professional antigen-presenting cells
	2.5 HLA immunopeptidomes mainly originate from self-proteins
	2.6 TCRs are polyspecific

	3 Identification of TCR epitopes in HLA-associated autoimmune diseases
	3.1 Identification of self-epitopes of HLA-class I-restricted autoimmune responses
	3.1.1 Main strategy to identify self-epitopes of autoimmune T-cell responses

	3.2 Identification of αβ TCRs of clonally expanded T cells
	3.3 Need for unlimited TCR availability
	3.4 Target cell identification of the autoimmune response: Key to identify the restricting HLA-class I allotype and the immunogenic self-peptide
	3.5 Defining the peptide recognition motif of TCRs by peptide library screening
	3.6 Evidence for the autoimmune role of self-peptides must be provided in the context of the parental protein and target cell
	3.7 Identification of self-epitopes of HLA-class II-restricted autoimmune responses

	4 Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


