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Abstract: 

     The highly polymorphic HLA gene products are responsible for the presentation 

of peptide fragments as antigens to the immune system, and many autoimmune 

diseases are associated with HLA genes. A strong association of narcolepsy with HLA 

class II has been identified in previous studies, in which narcoleptic individuals of 

diverse ethnic backgrounds were found to carry a specific haplotype, 

DQA1*01:02-DQB1*06:02, suggesting that narcolepsy is an autoimmune disorder. 

Although the mechanism underlying autoimmunity in narcolepsy is not clear, 

hypocretin levels were found to be significantly decreased in narcoleptic patients, and 

hypocretin-producing cells were disrupted in the patients’ brains. In addition, 

hypocretin deficiency has been detected in sporadic HLA-DQB1*06:02-positive 

adolescent-onset narcolepsy cases. Moreover, the DQB1*06:01 and DQB1*06:03 

haplotypes are negatively associated with human narcolepsy, and DQB1*06:04 is 

neutral for narcolepsy. No definitive evidence linking HLA to hypocretin deficiency 

has been found, and the underlying immunological mechanism remains elusive.  

     It has been hypothesized that autoimmune-triggered hypocretin loss is the major 

pathogenic factor for narcolepsy. The susceptible HLA-DQA1*01:02-DQB1*06:02 

haplotype product might recognize hypocretin, and therefore, mediate the autoimmune 

response. This hypothesis might explain why hypocretin-producing cells are destroyed 

in narcoleptic brain cells.  
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     The crystal structure of hypocretin has been elucidated. However, the nature of the 

interactions between narcolepsy-associated HLA-DQ proteins and hypocretin-derived 

peptides has not been investigated. In this study, I constructed a 

DQA1*01:02-DQB1*06:02 cell line that expresses narcolepsy-associated HLA-DQ 

molecules and evaluated the binding of these molecules to hypocretin-derived peptides 

in order to elucidate the autoimmune mechanism of narcolepsy. Subsequently, I 

determined the interactions between HLA combinations and variant hypocretin 

peptides by cell-based and plate-based methods. Cell lysates of 

HLA-DQA1*01:02-DQB1*06:02 (susceptible), DQA1*01:03-DQB1*06:01 (resistant), 

DQA1*01:03-DQB1*06:03 (resistant), and DQA1*01:02-DQB1*06:04 (neutral) were 

incubated with synthetic prepro-hypocretin-derived peptides, and their interactions 

were analyzed. Interactions between eight prepro-hypocretin-derived peptides and 

three different haplotype proteins related to narcolepsy were identified in this study. 

The binding affinities of different risk- and protective-HLA-DQ proteins with different 

hypocretin-derived peptides reported here provide insights into the role of hypocretin 

peptides in narcolepsy. 

     To the best of my knowledge, this is the first study to utilize a systematic binding 

assay to study the interactions between prepro-hypocretin-derived peptides and risk- 

and protective-narcolepsy haplotype HLA-DQ proteins. The plate-based peptide assay 

system is more efficient, sensitive, and specific than the cell-based assay. Therefore, 

the plate-based peptide assay is an ideal tool for screening autoantigens against the cell 

expression system in narcolepsy. My findings indicate that hypocretin peptides and the 
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immune system act as specific triggers of narcolepsy. However, from the binding study 

alone, it is not possible to conclude whether narcolepsy is an autoimmune disease. The 

results suggest that characterization of hypocretin peptides may help understand the 

epitopes involved in narcolepsy and provide insights into the pathogenic mechanism of 

narcolepsy.  
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1. INTRODUCTION 

1.1.Genetic factors, human leukocyte antigen, and narcolepsy 

     Human narcolepsy is a sleep disorder characterized by excessive daytime 

sleepiness, cataplexy, and abnormalities of rapid eye movement. The human leukocyte 

antigen (HLA) region is located at the chromosomal segment 6p21, and it encodes 252 

expressed loci. HLA genes encode the major histocompatibility complexes (MHC) that 

present antigenic peptides to the T cell receptor (TCR). HLA gene products are 

expressed on the cell surface and present foreign and self-peptides to T cells (Figure 1). 

MHCs exhibit limited polymorphism for TCR repertoire development. The extent of 

polymorphism is determined by the specificity of the peptide binding site. Specific 

pockets on residues of MHC molecules are responsible for the different preferences of 

side chains of anchor residues. Understanding of MHC specificity towards a 

polymorphic peptide binding site and selection of TCR epitopes are essential to 

uncover the mechanisms underlying immune reactions to diseases. 

     Narcolepsy is associated with the HLA class II genes, HLA-DR, and HLA-DQ. 

Narcolepsy is associated with both HLA-DR2 and DQw1 in Japanese and Europeans 

(1-3), and DR2 was the first specific genetic factor identified to be involved in 

narcolepsy (4-7). DR2 has been detected in all narcoleptic patients of Japanese 

ethnicity but only in 20% of healthy individuals. However, HLA-DQB1*06:02 was 

found to be a better marker than DR2 for narcolepsy across all ethnic groups, 

suggesting that DR2 is not the causal allele (8). Majority (90%) of narcolepsy patients 

of Caucasian and African American ethnicity possessed the DQB1*06:02 allele. 
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Subsequently, the DQB1*06:02 allele was identified as the strongest genetic risk factor 

for narcolepsy (9). Narcoleptic patients carry the HLA-DQB1*06:02 allele in 

combination with HLA-DR2 (9, 10). Another predisposition allele, DQB1*03:01, is 

also associated with narcolepsy (11). Conversely, HLA-DQB1*06:01, DQB1*05:01, 

DQA1*01 (non-DQA1*01:02), and DQB1*06:03 (9, 12) have been identified as 

protective alleles.  The MHC of HLA-DQA1*01:02, HLA-DQA1*01:03, 

HLA-DQB1*06:01, HLA-DQB1*06:01, HLA-DQB1*06:01, HLA-DQB1*06:01, and 

HLA-DQB1*06:01 is responsible for the specific pockets on residues of different 

preferences of side chains of anchor residues (Tables 1, 2) 

1.2. Other genetic factors associated with narcolepsy 

     In a previous genome-wide association study (GWAS), a single nucleotide 

polymorphism (SNP) located between carnitine palmitoyltransferase 1B (CPT1B) and 

choline kinase B was identified as a common variant that predisposes an individual to 

narcolepsy (13, 14). CPT1B is an enzyme of the β-oxidation pathway that may be 

involved in the regulation of theta oscillations during rapid eye movement (REM) sleep 

(15). Purinergic receptor subtype 2Y11 (P2RY11) is a crucial regulator of immune cell 

survival (13, 16, 17, 18). Low P2RY11 expression in narcolepsy is associated with 

P2RY11-mediated resistance-reduced ATP-induced cell death in T lymphocytes and 

natural killer cells in the immune system (16, 19).  

1.3. Major histocompatibility complex (MHC) and immune reactions     

     Unlike the T cell recombination mechanism, MHC polymorphism is inherited 

across generations; MHC plays an important role in the detection of pathogens. MHC 
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molecules are divided into MHC classes I and II. Peptide-MHC (pMHC) class I is 

transported to the cell surface to be recognized by T cells, and an immune reaction 

occurs when CD8 (+)
 
T cells are activated (Fig. 1[A]). pMHC class II complex is 

transported to the cell surface, and is recognized by CD4 (+)
 
T cells (Fig 1, [B, C]). In 

the thymus, T cells recognize peptides bound to MHCs, and T-cell precursors 

differentiate into immature T cells (20). pMHC density contributes to the outcome of 

positive and negative T cell selection (21, 22). Polymorphic MHC plays an important 

role in the immune system. Polymorphic MHC alters the specificity of peptide binding 

sites and influences the selection of TCR specificities during T cell repertoire 

development. The MHC class I molecule has a closed binding groove that restricts the 

length of peptides that can be bound in its peptide-binding groove to 8–11 peptide 

residues, whereas the MHC class II molecule has an open binding groove, which 

allows greater flexibility in its peptide-binding groove, as the length of bound peptides 

can be 9–25 bound peptide residues. 

1.4. Hypocretin and narcolepsy 

     Hypocretin peptides are synthesized exclusively in the dorsomedial, perifornical, 

and lateral hypothalamus. Hypocretin (orexin) is a hypothalamic neuropeptide that 

regulates sleep and arousal states. The name “hypocretin” is derived from “secretin”; 

hypocretin is expressed in the hypothalamus but not in the cerebellum or hippocampus 

(23). There are two types of hypocretin peptides, hypocretin-1 and -2. The two types 

represent a pair of neuropeptides that are encoded by the prepro-hypocretin gene, and 

they interact with G protein-coupled receptors, namely hypocretin-1 and hypocretin-2 
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receptors (24). Hypocretin-1 and -2 are generated from prepro-hypocretin through a 

processing procedure that presumably involves prohormone convertases. Hypocretin-1 

is a 33-amino acid peptide of 3.5 kDa with 2 sets of disulfide bonds, an N-terminal 

pyroglutamyl residue, and a C-terminal amidation (24). Hypocretin-2 is a 28-amino acid 

linear peptide of 2.9 kDa with a C-terminal amidation. 

     The hypocretin biosynthetic process involves efficient cleavage by a signal 

peptide peptidase in the endoplasmic reticulum and modification in the Golgi 

apparatus. The peptides are then transported to the axon terminal and stored in 

secretory vesicles. The mature peptide contains signal peptide cleavage sites. The 

amino-acid sequence of hypocretin-1 starts with Gln33, which is cyclized enzymatically 

into a pyroglutamyl residue by transamidation, and ends with an amidated C-terminus. 

Hypocretin-2 is composed of residues Arg69–Met96 (25).  

     Similar to other neuropeptides, hypocretin peptides are released into the synaptic 

uptake system. In a previous study, preprohypocretin mRNA and hypocretin-1 levels 

were found to be lowest at the beginning of the active phase, and the levels increased 

gradually towards the end of the active phase in rats (26). During the resting phase, 

preprohypocretin mRNA and hypocretin-1 were highest at the beginning of the active 

phase and decreased gradually thereafter (27). These results suggested that 

preprohypocretin mRNA regulates the sleep cycle. A hypothalamus-specific mRNA 

encodes hypocretin peptides, which are synaptically coupled with hypothalamic neurons. 

Hypocretin mRNA has been detected only in the brain and brain-associated 

hypocretin-positive nerve fibers. These neurons send excitatory projections to the 
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nucleus accumbens (NAc), nucleus of the solitary tract (NTS), and paraventricular 

nucleus of the hypothalamus (PVN); hypocretin peptides function as neurotransmitters 

that are exclusively expressed in the perifornical area (28).   

     The number of hypocretin neurons is 85%–95% lower in narcoleptic patients than 

in healthy individuals, and narcoleptics exhibit decreased expression levels of 

hypocretin peptides (29). These patients experience loss of orexin neurons in their 

hypothalamus, a portion of the brain that regulates sleep and appetite (30). Hypocretin 

(orexin) deficiency and low cerebrospinal fluid (CSF) hypocretin levels are often used 

to diagnose narcolepsy (29, 31). In animal models, the hypocretin-2 receptor gene was 

found to be mutated in canine narcolepsy, and preprohypocretin-knockout mice 

exhibited pathological changes similar to narcolepsy (32). However, only one human 

patient with a mutation of the hypocretin-2 receptor has been reported to date (33-35).  

    Hypocretin deficiency is found in sporadic HLA-DQB1*06:02-positive 

adolescent-onset narcolepsy cases. In narcoleptic patients, loss of 

hypocretin-producing cells in the brain has been identified as a common feature (36, 

37). It has been hypothesized that autoimmune-triggered hypocretin loss is a major 

pathogenic factor for narcolepsy, and that the susceptible 

HLA-DQA1*01:02-DQB1*06:02 haplotype, rather than DR2 protein, might recognize 

hypocretin peptide or other antigens and mediate the autoimmune response (32, 36, 

37).  

     Several hypothetical mechanisms have been suggested for the pathogenesis of 

narcolepsy. In previous studies, hypocretin peptides have been detected in the brain and 
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brain-associated hypocretin-positive nerve fibers, where they function as 

neurotransmitters that are exclusively expressed in the perifornical area (28).  

In the hypocretin signal peptide, the hypocretin1–13 side chains occupy the 

HLA-DQA1*01:02-DQB1*06:02 peptide-binding pockets (38). A hypothetical 

mechanism has been suggested for the pathogenesis of narcolepsy related to the 

hypocretin peptide (39). However, the pathological mechanism underlying the 

relationship between hypocretin peptide and HLA-DQ narcolepsy-associated 

haplotypes is still unknown. In addition, the binding of hypocretin1–13 to DQ protein 

has not been discussed. There is a possibility that hypocretin peptide, specific antigens, 

or short candidate peptides that are presented by HLA proteins (MHCs) and recognized 

by CD4 (+) T cells may cause the death of hypocretin (orexin)-producing neurons, 

leading to decreased hypocretin peptide levels (36, 40, 41). It is plausible that 

hypocretin peptides, acting as neurotransmitters in the brain, bind to the 

HLA-DQA1*01:02-DQB1*06:02 protein and HLA-DQ protein associated with 

narcolepsy, thereby triggering an immune reaction.  

1.5. Hypothetical mechanisms underlying autoimmunity and narcolepsy  

     Narcolepsy has been considered an immune-mediated disease, but the mechanism 

underlying the specific loss of hypothalamic hypocretin-producing neurons remains 

unknown. It has been hypothesized that narcolepsy is an autoimmune disorder because 

numerous HLA-associated disorders are also immune-mediated (32, 41) It has been 

hypothesized that destruction of most of the hypocretin-producing neurons in the 

hypothalamus because hypocretin peptides specifically expressed in the hypothalamus 
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are presented by HLA-DQA1*01:02-DQB1*06:02, which is recognized by T cells, 

resulting in an autoimmune response (Figure 2). However, narcolepsy is not consistent 

with a typical autoimmune disorder because autoantibodies have not been detected in 

individuals with the disease. Some groups have attempted to identify autoantibodies; 

however, narcolepsy-related serum autoantibodies have not been detected in patients 

with narcolepsy (42, 43). However, narcolepsy symptoms occur upon injection of 

serum from narcoleptic patients into mice (44).  

     Streptococcal infection is a potential trigger for narcolepsy (45); however, no 

correlation has been observed between the streptococcal antibody level and narcolepsy 

(46-49). Recently, anti-TRIB 2 autoantibodies were detected in narcoleptic patients (50, 

51).  Incidence of narcolepsy has also been reported in children and young adults who 

received the AS03-adjuvanted pandemic A/H1N1 2009 influenza vaccine in 2010 in 

Sweden and Finland (52-55). Increased cases of narcolepsy in AS03-adjuvanted 

pandemic A/H1N1 2009 influenza vaccine suggest a role for A/H1N1 influenza 

vaccine as the antigen in disease development. These observations of increased 

narcolepsy cases in individuals administered the AS03-adjuvanted H1N1 influenza 

vaccine indicate that narcolepsy might be an autoimmune disease (52, 54, 56-61). 

However, additional investigations are needed to better understand the factor(s) 

involved in narcolepsy in susceptible hosts. 

1.6. Peptide-binding assay 

     Several assays have been developed over the years for the investigation of 

peptide–MHC interactions (62,63-65). Among these, cell-based and plate-based 
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peptide-binding assays are reliable methods to determine the binding affinity between 

HLA protein and peptides (66, 67, 68) and purified recombinant MHC molecules (69) 

on a spin column or enzyme-linked immunosorbent assay plate (70, 71). The complete 

set of antigenic peptides displayed on the MHC molecules is analyzed in order to map 

the MHC-peptide binding site (69, 72, 73). Previous studies have examined the binding 

of biotinylated peptides with competitor peptides to cells expressing the HLA 

molecules of interest on their surface, using fluorescently labeled reference peptides 

and unlabeled test peptides or purified MHC molecules (70, 74, 75). 

1.7. Aim of the study  

The binding of hypocretin peptides to different HLA-DQ proteins has not been 

studied comprehensively. To investigate the causal mechanism of narcolepsy, it is 

necessary to select an effective assay system for analyzing HLA class II molecules. 

The auto-antigen interacts with HLA class II molecules, thereby stimulating an 

autoimmune response to kill hypocretin-producing cells. The auto-antigen signal 

intensities for MHC class II have been widely studied in a cell-based peptide binding 

assay (81). I analyzed the interactions between narcolepsy-associated HLA-DQ proteins 

and hypocretin-derived peptides using a cell-based and plate-based peptide binding 

assay. The goal of the study was to identify a set of permissive site-specific amino acids 

that accommodate narcolepsy allele-specific binding and thus clarify the mechanism of 

narcolepsy.  The purpose of this study was to develop an assay system to identify and 

examine synthetic peptides designed for prepro-hypocretin as potential autoantigens 

associated with the onset of narcolepsy. Mammalian NIH3T3 cells were used to 
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identify autoantigens that interact with proteins encoded by the 

HLA-DQA1*01:02-DQB1*06:02 (susceptible), DQA1*01:03-DQB1*06:01 (resistant), 

DQA1*01:03-DQB1*06:03 (resistant), and DQA1*01:02-DQB1*06:04 (neutral) 

haplotypes (Figure 3). These haplotype products share similar amino-acid residues in 

their auto-antigen binding motifs. This is the first study to analyze the differences in 

the auto-antigens and HLA class II DQ protein molecules encoded by narcolepsy risk, 

and identification of protective alleles might help identify the peptide epitopes 

involved in the autoimmune response to narcolepsy. 
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2. MATERIALS & METHODS 

2.1. Plasmid construction 

     cDNAs of the narcolepsy-susceptible haplotype 

HLA-DQA1*01:02-DQB1*06:02, resistant haplotypes DQA1*01:03-DQB1*06:01 and 

DQA1*01:03-DQB1*06:03, and neutral haplotype DQA1*01:02-DQB1*06:04 fused 

with Step-tag II and His-tag were gifts from Dr. Hiroko Miyadera (Department of 

Human Genetics, University of Tokyo; Figure 3).  

The cDNAs were ligated into the retroviral vector pMXs-neo using the restriction 

enzymes EcoRI (Nippon Gene Co., Ltd, Tokyo, Japan) and NotI (New England 

Biolabs) at the 5′ and 3′ ends, respectively. cDNA was confirmed by sequencing with 

an ABI 3130 sequencer; information regarding the primers has been provided in Table 

3. 

2.1.1. Establishment of a mammalian cell line that stably expresses DQ proteins 

     pMXs-neo/DQA1 and pMXs-puro/DQB1 were transfected into murine 

fibroblast cells (NIH3T3) obtained from the RIKEN BioResource Center Cell Bank 

(Tsukuba, Japan), by using retroviruses and packing cells (76) (Figure 3). pMXs 

vectors were provided by Dr. Toshio Kitamura (Institute of Medical Science, the 

University of Tokyo). pMXs-DQ plasmid (3 μg) was individually transfected into 

Plat-E cells, which were provided by Dr. Toshio Kitamura (Institute of Medical 

Science, the University of Tokyo) by using Opti-MEM® (Life Technologies Co., CA, 

USA) and FuGENE® HD Transfection Reagent (Promega Corporation, WI, USA). 

Plat-E cells were seeded in 6-cm plates and cultured in Dulbecco’s Modified Eagle’s 
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Medium (Sigma–Aldrich) with 10% FBS (Biological Industries Ltd.) and 1× 

L-glutamine (Wako Pure Chemical Industries Ltd.) at 37 °C and 5% CO2. Plat-E cells 

were cultured for 24 h, and the medium was replaced. Supernatants containing 

retroviral particles were passed through a 0.45-µm filter (Sartorius K.K., Gottingen, 

Germany), and were added to NIH3T3 cells. DQA1 stable cell lines were established 

first; subsequently, the DQB1 genes were transduced into the DQA1 stable cell lines. 

NIH3T3 cells stably expressing DQA1 and DQB1 were then selected in the presence of 

puromycin (6 µg/mL; Merck K GaA, Darmstadt, Germany) and G418 (2 mg/mL) for 2 

weeks.  

    For each stable cell line, surface expression of HLA-DQ proteins was confirmed 

by flow cytometry with fluorescein isothiocyanate (FITC)-conjugated anti-HLA-DR, 

DQ, and DPβ mAb (clone WR18, 10 μg/mL; Morphosys A.G., Munich, Germany) and 

isotypic control IgG2a-FITC (Beckman Coulter, Inc., US) antibodies. Plat-E cells were 

provided by Dr. Toshio Kitamura (Institute of Medical Science, University of Tokyo). 

NIH3T3 cells were obtained from the RIKEN Cell Bank (Tsukuba, Japan). 

2.1.2. Confirmation of the expression of recombinant DQ proteins by dot-blot 

assay 

     For Strep-tag-based purification, DQA1*01:02-DQB1*06:02 cells (2 × 107 cells) 

were lysed in 400 μL of lysis buffer (0.5% w/w NP-40, 30 mM Na-phosphate pH 8.0, 

and 150 mM NaCl) in the presence of 1× Complete Protease Inhibitor Cocktail (Roche 

Diagnostics GmbH, Mannheim, Germany) and 1 μL of Benzonase® nuclease (0.05 

U/μL; Merck KGaA, Darmstadt, Germany) on ice for 1 h. Then, 400 μL of cell lysate 
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was applied to a Strep-Tactin® spin column (IBA, USA). The column was washed 

with wash buffer (30 mM Na-phosphate, 150 mM NaCl, pH 8.0), and centrifuged for 

30 s at 2000 rpm. Proteins were eluted using 60 μL of 2.5 mM biotin elution buffer 

(2.5 mM biotin, 100 mM Tris-HCl, 1 mM EDTA, and 150 mM NaCl). 

     For His-tag-based purification, DQA1*01:02-DQB1*06:02 cells (2 × 107 cells) 

were lysed in 400 μL of lysis buffer (0.5% (w/w) NP40, 30 mM Na-phosphate, and 

150 mM NaCl, pH 8.0) in the presence of 1× Complete Protease Inhibitor Cocktail 

(Roche Diagnostics GmbH, Mannheim, Germany) and 1 μL of Benzonase® nuclease 

(0.05 U/μL; Merck KGaA, Darmstadt, Germany) on ice for 1 h. The cell lysate was 

diluted with the same volume of binding buffer (30 mM Na-phosphate, 150 mM NaCl 

pH 8.0), and 30 μL of anti-His tag beads (Medical & Biological Laboratories, Nagoya, 

Japan) was added. The beads were incubated for 30 min at RT, washed with wash 

buffer (30 mM Na-phosphate, 150 mM NaCl pH 8.0), and bound proteins were eluted 

with 60 μL of elution buffer ((0.25% NP-40, 30 mM Na-phosphate, 150 mM NaCl, and 

0.2 M imidazole, pH 8.0).  

     For the dot-blot analysis, 5 μL of DQA1*01:02-DQB1*06:02 cell lysate was 

spotted onto a nitrocellulose membrane (GE Healthcare Co., Uppsala, Sweden), and 

left to dry for 12 h. The membrane was then blocked in 5% w/v bovine serum albumin 

(BSA) in phosphate-buffered saline with 0.05% w/w Tween 20 (PBST) for 1 h at RT 

in the dark and incubated with the primary antibody, anti-His tag mAb (clone 6C4, 1 

μg/mL; Medical & Biological Laboratories Co., Aichi, Japan) at RT for 60 min. 

Subsequently, the membrane was washed 3 times with PBST at RT for 5 min and 
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incubated with 1/1000× HRP-conjugated goat anti-mouse IgG polyclonal antibody 

(final concentration, 0.04 μg/mL; Santa Cruz Biotechnology Inc., TX, USA) at RT for 

60 min. The membrane was then washed 3 times with PBST and incubated with 

ECL™ Prime Western Blotting Detection Reagent (GE Healthcare Co., Uppsala, 

Sweden) for 5 min at RT. The intensity of chemifluorescence signals (cfu), which were 

analyzed using chemiluminescence signals recorded by the ChemiDoc™ XRS and 

Quantity One® software, respectively. 

2.2. Cell-based peptide-binding assay 

    The peptide signal intensities for MHC class II have been widely studied in 

Epstein-Barr virus (EBV)-transformed cells. Untransfected DR1 with biotinylated 

HA307-319 peptides were previously applied in a cell-based peptide binding assay (81). I 

analyzed the interactions between narcolepsy-associated HLA-DQ proteins and 

hypocretin-derived peptides using a cell-based peptide binding assay. The goal of the 

study was to identify a set of permissive site-specific amino acids that accommodate 

narcolepsy allele-specific binding and thus clarify the mechanism of narcolepsy. First, I 

used a cell-based peptide binding assay to characterize the autogenic peptide epitopes. 

In a preliminary experiment using the cell-based peptide binding assay, I selected an 

insulin peptide as the indicator peptide, and I used HLA-DQA1*01:02-DQB1*06:02- 

and HLA-DQA1*01:02-DQB1*06:04-expressing cell lines. In further studies, binding 

of hypocretin and other proteins that are expressed in hypocretin-producing cells to 

DQA1*01:02-DQB1*06:02 and other allele products will be tested.  The goal of 

these studies will be to determine specific pockets on DQA1*01:02-DQB1*06:02 and 
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other residues of MHC molecules that are responsible for the different preferences for 

side chains of anchor residues based on different binding affinity. 

2.2.1. Binding affinity of biotin to avidin, streptavidin, and anti-biotin antibody 

    The affinity of biotin for avidin, streptavidin, or anti-biotin antibody is quite 

strong. Nevertheless, nonspecific binding is a serious problem that is encountered when 

cell cultures are incubated with biotin-labeled peptides by flow cytometry. To avoid 

non-specific binding leading to misinterpretation of experimental results, the 

non-specific binding affinity of avidins that were obtained from various manufacturers 

and displayed on the NIH3T3 cell surface was examined. The binding affinity of the 

following avidins was examined: ExtrAvidin®−R-Phycoerythrin (E4011, Sigma 

Aldrich; excitation and emission wavelengths, 488 nm and 575 nm, respectively) (77), 

NeutrAvidin DyLight 550 (84606, Thermo Fisher Scientific); 562 nm and 576 nm), 

Streptavidin, R-Phycoerythrin (S866; Invitrogen; 566 nm and 575 nm), PE-anti-Biotin 

(409004; BioLegend, San Diego, CA; 488 nm and 575 nm), and PE-anti-Biotin 

(600-108-098; Rockland Immunochemicals Inc.; 488 nm and 575 nm) (78-80). Cells (5 

× 105) were incubated with 0.01 μg/μL of the following reagents: ExtraAvidin (Sigma 

Aldrich) (77), NeutrAvidin DyLight 550 (Thermo Scientific), StrepAvidin-PE 

(Invitrogen), PE-anti-Biotin (BioLegend), and PE-anti-Biotin (Rockland), for 24 h at 

37 °C. The samples were then washed with 500 μL of wash buffer and centrifuged at 

7000 rpm. Signals for avidins were measured by flow cytometry. For NeutrAvidin 

DyLight 550, cell-surface binding of avidin was estimated at excitation and emission 
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wavelengths of 562 nm and 576 nm, respectively, and at concentrations of 50 μM, 150 

μM, and 500 μM.  

2.2.2. Cell-based peptide-binding assay system 

DQA1*01:02-DQB1*06:02 cells were incubated with 0–500 μM biotinylated 

peptides and 100 μM non-biotinylated peptides at 37 °C. DQA1*01:02-DQB1*06:02 

and DQA1*01:02-DQB1*06:04 cells were incubated with biotinylated and 

non-biotinylated insulin B1-15 and insulin B1-20 peptide at different concentrations. 

DQA1*01:02-DQB1*06:02 cells were incubated with various concentrations of 

biotinylated and non-biotinylated peptides after the cells were seeded in a 6-well plate 

for 4 h and 24 h, respectively. Cells were collected with or without trypsin, and signal 

intensities of binding peptides were quantified by flow cytometry (EPICS XL, 

Beckman Coulter Inc., California, USA). 

2.3. Plate-based peptide-binding assay system 

2.3.1. Peptide motif search 

     A couple of pockets in MHC molecules are responsible for the different 

preferences of MHC class II pockets for the side chains of different peptide anchor 

residues; these pockets consist of nine amino acids. The peptide anchor residues at 

positions P1, P4, P6, and P9 in the pockets of the MHC molecule interact with residues 

of peptides when the peptides are stretched in the binding groove. In this study, the 

peptide motif was designed based on a previously established binding motif (66). The 

motif model was obtained for HLA DQA1*01:02-DQB1*0602 peptide-binding 

pockets 1, 4, 6, and 9, as revealed by the binding of different lengths of insulin B5–15 
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peptides in the grooves (66 64).  In the HLA DQA1*01:02-DQB1*0602 

peptide-binding motif model, P1 accommodates the amino acids A, N, D, C, E, Q, I, L, 

M, F, S, T, W, and Y and V; P4 accommodates A, N, Q, G, I, L, M, F, S, T, W, Y, and V; 

P6 accommodates L, I, V, A, S, P, and T; and P9 accommodates A, G, L, I, V, P, S, T, C, 

and M (66). 

    I designed 13- to 15-mer peptides containing amino-acid motifs P1, P4, P6, and 

P9 to detect potential antigen peptides for narcolepsy (38, 66). I searched for 

hypocretin peptides that contain the binding motifs P1: A, N, D, C, E, Q, I, L, M, F, S, T, 

W, Y, and V; P4: A, N, Q, G, I, L, M, F, S, T, W, Y, and V; P6: L, I, V, A, S, P, and T; and 

P9: A, G, L, I, V, P, S, T, C, and M. The designed hypocretin peptide was screened using 

TextWrangler software and custom-synthesized by GL Biochem Inc. The peptides 

hypocretin1-13, hypocretin14–25 hypocretin26–39, hypocretin45–55, hypocretin57-69, 

hypocretin79–89, hypocretin89-99, hypocretin79–89, and hypocretin89-99 (Table 4) were 

dissolved in DMSO (Sigma–Aldrich Co. MO, USA) and used in the peptide-binding 

assay. 

2.3.2. Cell lysate generation and protein quantification  

DQA1*01:02-DQB1*06:02, DQA1*01:03-DQB1*06:01, DQA1 

*01:03-DQB1*06:03, and DQA1*01:02-DQB1*06:04 cells were used for the 

plate-based peptide binding assay. Cells were seeded in 150-mm Petri dishes 

containing Dulbecco’s Modified Eagle’s medium supplemented with 6 μg/mL of 

puromycin and 2 mg/mL of G418; 10 mM sodium butyrate and 1 μM dexamethasone 
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were added 72 h before harvesting the cells. Approximately 4 × 107 cells were 

collected for the preparation of cell lysates. 

     Cells were lysed in PBS (pH 8.0) containing 0.5% (w/w) NP-40, 150 mM NaCl, 

1× Complete Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim, 

Germany), and 1 μL of Benzonase® nuclease (0.05 U/μL; Merck KGaA, Darmstadt, 

Germany). The mixture was incubated on ice for 1 h and centrifuged at 100 × g for 5 

min at 4 °C. The supernatants were stored at −20 °C. Protein concentrations of the cell 

lysates were determined using the Protein DC assay (Bio-Rad Laboratories) according 

to the manufacturer’s protocol, with bovine serum albumin (Sigma-Aldrich) as a 

standard. 

2.3.3. Detection of binding of DQ6 protein on the nickel-coated plates 

     Lysates of NIH-DQA1*01:02-DQB1*06:02, NIH-DQA1*01:03-DQB1*06:01, 

NIH-DQA1*01:03-DQB1*06:03, and NIH-DQA1*01:02-DQB1*06:04 cells (0–60 μg) 

were applied to Pierce™ Nickel-Coated Plates (Thermo Fisher Scientific) with 120 

mM NaCl and 0.4% (w/w) NP-40 in 1× PBS, immobilized in PBS (pH 7.0) containing 

1× complete Protease Inhibitor Cocktail, and incubated at RT for 3 h. The plates were 

washed and incubated with anti-DR, DQ and DPβ mAb (clone WR18, 1 μg/ml), which 

react with DP, DQ, and DR beta chains, respectively, at RT for 60 min. The wells were 

washed 3 times with PBST, and the plates were incubated with 1/1000× 

HRP-conjugated goat anti-mouse IgG antibody (0.04 μg/mL; Santa Cruz 

Biotechnology Inc., Texas, USA) at RT for 60 min. Then, the plates were washed with 

PBST and incubated with the ECL™ Prime Western Blotting Reagent (GE Healthcare 
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Co., Uppsala, Sweden) at RT for 5 min. Chemiluminescence signals were detected and 

analyzed by using ChemiDoc XRS and Quantity One software.  

2.3.4. Plate-based peptide-binding assay system 
The plate-based peptide-binding assay system was developed to enable 

immobilization of the HLA-DR protein with the His-tag onto nickel ion-coated plates. 

This method was originally developed to allow type 1 diabetes risk- or protective-DR 

proteins to be immobilized on the plate surface in order to enable the screening of 

synthetic peptide ligands derived from the autogenic peptide ZnT8 (Dr. Cindy Chen, 

unpublished data). A reaction mixture that contained 60 μg of DQ protein lysates, PBS 

(pH 7.0) 4% (v/v) DMSO, 1× protease inhibitor cocktail, and 0.02% (w/v) 

n-dodecyl-β-D-maltoside in a final volume of 200 μL was applied to a Pierce™ 

nickel-coated plate for 3 h at RT. The plate was then washed using 200 μL of PBST. 

Subsequently, 200 μL of the peptide reaction mixture was added to the plate. 

The peptide reaction mixture contained 0–150 μM biotinylated hypocretin peptides, 

4% (v/v) DMSO, 1× protease inhibitor cocktail, and 0.02% (w/v) 

n-dodecyl-β-D-maltoside in PBS (pH 7.0). After incubation for 24 h at 37 °C, the 

peptide mixture was removed, and the plate was washed 3 times with 200 μL of PBST. 

Subsequently, 1/10,000× NeutrAvidin HRP conjugates (Thermo Fisher Scientific Inc., 

IL, USA; pH 7.0) were added, and the plates were incubated for 1 h at RT.  

     Fluorescence signals of the peptides were detected using a MTP-600F 

Fluorescence Microplate Reader (Corona Electrics, Ibaraki) and the QuantaBlu 

substrate (excitation and emission wavelengths of 415 nm and 360 nm, respectively). 

Chemiluminescence signals were detected using the ECL™ Prime Western Blotting 
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Detection Reagent and were analyzed using the ChemiDoc™ XRS and Quantity One 

software (GE Healthcare Co., Uppsala).  
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3. RESULTS 

3.1. Establishment of mammalian cell lines that stably express HLA-DQ6 proteins 

     As shown in Figure 4, expression of the DQA1*01:02-DQB1*06:01, 

DQA1*01:03-DQB1*06:01, DQA1*01:02-DQB1*06:02, DQA1*01:03-DQB1*06:02, 

DQA1*01:02-DQB1*06:03, DQA1*01:03-DQB1*06:03, DQA1*01:02-DQB1*06:04, 

DQA1*01:03-DQB1*06:04, and DQA1-neo-DQB1-puro proteins was confirmed by 

flow cytometry (Figure 4). Several different approaches have been developed to 

produce recombinant proteins using peptide tags that do not interfere with the 

functioning of the fused protein (81). Expression of DQ proteins fused to His-tag or 

Strep-tag by NIH3T3 cells was confirmed by dot-blot analysis for 

DQA1*01:02-DQB1*06:02 (Figure 5).  

3.2 Enhancement of cell-surface expression of DQ proteins 

     Sodium butyrate and dexamethasone are known to synergistically activate the 

retroviral long terminal repeat promoter to increase protein expression. In this study, 

the expression levels of DQ proteins stimulated by sodium butyrate and 

dexamethasone were quantified by flow cytometry. The optimal concentrations for 

expression were found to be 10 mM sodium butyrate and 1 μM dexamethasone. These 

conditions were established by Dr. Uchida (unpublished). The expression levels of DQ 

proteins were estimated at 48 h and 72 h. The DQ frequencies of flow cytometry 

before stimulation are indicated in black, and after stimulation are indicated in red. As 

shown in Figure 6, the expression level of DQ6 protein was higher at 48 h and 72 h 

after stimulation than in the absence of stimulation (Figure 6).  
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The peptide is situated within the pocket of the MHC class II molecule, and the 

pockets vary depending on the MHC allele. The antigen-presenting cells interact with 

the peptides and a denatured protein will form MHC class II-peptide complexes. In this 

study, I constructed DQA1*01:02-DQB1*06:01, DQA1*01:03-DQB1*06:01, 

DQA1*01:02-DQB1*06:02, DQA1*01:03-DQB1*06:02, DQA1*01:02-DQB1*06:03, 

DQA1*01:03-DQB1*06:03, DQA1*01:02-DQB1*06:04, and 

DQA1*01:03-DQB1*06:04 cell lines that express narcolepsy-associated HLA-DQ 

molecules and evaluated the binding of these molecules to hypocretin-derived peptides 

to elucidate the binding affinity of the MHC class II-peptide to the pocket of the 

MHC class II molecule to determine the autoimmune mechanism of narcolepsy. 

Subsequently, I determined the interactions between HLA combinations and variant 

hypocretin peptides by cell-based and plate-based methods. 

3.3. Selection of avidins, streptavidin, and anti-biotin reagents for whole-cell 

HLA-peptide binding assays  

    Non-specific binding is a problem in different cell lines. The affinity of biotin for 

avidin, streptavidin, or anti-biotin antibody was detected by flow cytometry when 

different cell cultures were first incubated with the biotinylated peptides and avidin, 

streptavidin, or anti-biotin antibody. To determine the reagent with the lowest 

non-specific binding signal on the NIH3T3 cell surface, the non-specific binding 

affinity of various manufacturers’ reagents on the NIH3T3 cell surface was examined. 

I attempted to analyze peptide binding through a cell-based binding assay using avidins, 

streptavidin, and anti-biotin labels and the biotinylated hypocretin and insulin peptides. 
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Lower non-specific binding signals on the cell surface will increase the signal intensity 

of the peptide binding assay.  First, cells expressing MHC class II molecules were 

incubated with the biotinylated peptide. Second, bound peptides were quantitated by 

incubating the cells with the corresponding avidin, streptavidin, and anti-biotin 

reagents for signal amplification. Different avidins, streptavidin, and anti-biotin 

reagents bound to cell surface and caused non-specific binding signals, which interfered 

with the measurement, suggesting that detection in cells requires lower background 

signals.  Finally, I selected avidin, streptavidin, or anti-biotin reagents with a lower 

non-specific binding signal on the NIH3T3 cell surface for the cell-based peptide 

binding assay. NIH3T3 cells were used to analyze non-specific binding of different 

avidins, streptavidin, and anti-biotin reagents on the cell surface. Peptide binding to 

HLA displayed on the cell surface was measured by flow cytometry. 

     As shown in Figure 7, nonspecific binding of ExtrAvidin®−R-Phycoerythrin 

(Sigma Aldrich), NeutrAvidin DyLight 550 (Thermo Scientific), StrepAvidin-PE 

(Invitrogen), PE-anti-Biotin (BioLegend), and PE-anti-Biotin (Rockland) to the cell 

surface of NIH-DQA1*01:02-DQB1*06:02 was observed. The nonspecific binding 

signals of NeutrAvidin DyLight 550 were weaker than those of the other reagents 

(Figure 8).  

     To confirm nonspecific binding of NeutrAvidin DyLight 550 at higher 

concentrations, NIH 3T3 cells were incubated with various concentrations of 

NeutrAvidin DyLight 550 (50 μM, 150 μM, and 500 μM). As shown in Figure 8, the 
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background signal was weak even at 500 μM (Figure 8). Therefore, NeutrAvidin 

DyLight 550 was used in all further experiments. 

3.4. Cell-based HLA-peptide binding assays using insulin with or without 

trypsinization 

     Binding of biotinylated and competitor peptides under different conditions was 

analyzed for cell lines expressing HLA class II molecules (Figure 9). Insulin B1-15 binds 

to DQA1*01:02-DQB1*06:02 and DQA1*01:02-DQB1*06:04 (66). I used insulin 

B1-15 and insulin B1-20 (which contains the insulin B1-15 binding motif) as positive 

controls in this experiment. 

     Three different cell-based peptide-binding conditions were used to test the effects 

of (1) incubation time (4 and 24 h), (2) use of trypsin for the collection of cells, and (3) 

use of cell culture plates or plastic tubes for incubation with peptides (Figure 9). Bound 

insulin peptides were quantitated by incubating the cells with NeutrAvidin and 

estimating the fluorescence signals by flow cytometry. The flow cytometry histograms 

obtained in the previous experiment were used (Figure 9B). DR1-transfected and mock 

cells (untransfected DR cells) were incubated with the biotinylated HA307-319 peptides 

(Figure 9B). The fluorescence signals of untransfected DR1 with HA307-319 peptides 

and mock cells were used as negative controls in the cell-based peptide binding assay 

(82). Insulin B1-15 and insulin B1-20 bound to mock cells (untransfected DQ NIH3T3 

cells) were used as negative controls in the cell-based peptide binding assay to 

compare the signals of DQA1*01:02-DQB1*06:02 and DQA1*01:02-DQB1*06:04 

cells. 
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     DQA1*01:02-DQB1*06:02 and DQA1*01:02-DQB1*06:04 cells were 

incubated with biotinylated and non-biotinylated peptides for 4 h in a 6-cm culture dish. 

After incubation, the cells were collected from the dish by trypsinization. As shown in 

Figure 10, signal intensities were similar for 100 μM biotinylated peptide with 50 μM 

competitor peptide (green) and for 100 μM competitor peptide alone (grey). The 

negative control (black) also exhibited similar signal intensities in 

DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and mock (negative control) 

cells (Figure 10). Insulin B1–15 is known to bind to DQA1*01:02-DQB1*06:02 and 

DQA1*01:02-DQB1*06:04 (66). Under this condition, the difference between the 

DQA1*01:02-DQB1*06:04 and mock (negative control) cells was minimal. 

Accordingly, binding of insulin B1-15 to DQA1*01:02-DQB1*06:02 and 

DQA1*01:02-DQB1*06:04 cells was not detectable when trypsin was used for cell 

collection after incubation with insulin B 1–15 peptide. 

     Therefore, cells were collected in the absence of trypsin. Briefly, cells were 

incubated with the peptides for 4 h in a 6-cm culture dish. After incubation, cells were 

collected from the dish without trypsinization, and biotinylated peptide signals were 

measured by flow cytometry. As shown in Figure 11, the signal intensity of 500 μM 

biotinylated peptide (red) was higher than that of 50 μM biotinylated peptide (blue). 

However, nonspecific binding on mock cells was also detected.  

     The difference between the signal intensities of 500 μM biotinylated peptide (red) 

and 50 μM biotinylated peptide (blue) was more pronounced when the cells were 

collected by trypsinization rather than without trypsinization (Figure 11).  
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 To increase the signal intensities on the DQA1*01:02-DQB1*06:02 and 

DQA1*01:02-DQB1*06:04 cell lines, the assay was also performed using a longer 

incubation time of 24 h. Cells were collected without trypsinization and were 

incubated with the peptides for 24 h in the culture plate. As shown in Figure 12, 

increased signal intensities were observed for 100 μM biotinylated peptide with 50 μM 

competitor peptide, 100 μM competitor peptide alone (green), and negative control 

(black; Figure 12). The signal intensities were largest at the highest peptide 

concentration. The signal intensities of 500 μM biotinylated peptide (red) and 100 μM 

biotinylated peptide with 50 μM competitor peptide (green) for 

DQA1*01:02-DQB1*06:02 cells were higher than those obtained for 

DQA1*01:02-DQB1*06:04 cells (Figure 12). However, increased nonspecific binding 

on mock cells was also detected.  

     These results indicate that trypsinization may reduce non-specific peptide 

binding to HLA; however, further modification of the assay is necessary to decrease 

non-specific binding on mock cells (Figures 11 and 12).  

3.5. Effect of incubation time and incubation condition on whole-cell 

HLA-peptide binding assay  

      Next, I modified the protocol such that NIH3T3 cells were incubated with 

biotinylated peptide in 1.5-mL tubes. The cells were collected by trypsinization, 

incubated with biotinylated insulin B1–20 peptides in the tubes, and shaken for 4 h to 

ensure peptide binding to the entire cell surface. As shown in Figure 13, the signal 

intensity of 500 μM biotinylated peptide alone (red) was higher than that in the presence 
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of 100 μM competitor peptide (grey) in DQA1*01:02-DQB1*06:02 and 

DQA1*01:02-DQB1*06:04 cells. However, the background signal intensities were 

high in mock cells (negative control), even at a concentration of 50 μM.  

 Next, the cells and peptides were incubated for 24 h. As shown in figure 14, 

extensive nonspecific binding of the peptide to the mock cell lines was observed. There 

were no differences in the signal intensities between DQA1*01:02-DQB1*06:02 or 

DQA1*01:02-DQB1*06:04 and mock cells. Therefore, the conditions tested in the 

experiment did not lead to reduced non-specific binding of the peptide or increased 

signal intensity for DQA1*01:02-DQB1*06:02 and DQA1*01:02-DQB1*06:04 cells. 

As described in the previous sections, non-specific binding decreased when cells 

were collected without trypsinization and when the peptides were incubated with the 

cells in plates. Therefore, the assay protocol was modified appropriately. 

For DQA1*01:02-DQB1*06:02 cells, signal intensities for biotinylated insulin B1–

20 peptides at 50 μM (blue), 250 μM (light green), and 500 μM (red) were higher than 

those for 100 μM biotinylated peptide with 50 μM competitor peptide (green) and 100 

μM competitor peptide (grey). The signal intensity for insulin B1–20 100 μM 

biotinylated peptide with 50 μM competitor peptide (green) was low (Figure 15). 

However, under these conditions, the signal intensities of the mock cells were much 

higher than those of HLA-DQA1*01:02-DQB1*06:02 cells (Figures 14 and 15). The 

signal intensities of mock cells coated with 100 μM biotinylated peptide with 50 μM 

competitor peptide (green) were as high as those of 100 μM competitor peptide (grey) 

and negative control (black). 
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     In summary, the cell-based peptide binding assay system was abandoned for two 

reasons, and a new finding was obtained for the cell-based peptide binding assay. The 

new finding was based on the plate-based peptide binding assay. First, even if in the 

experiment shown in Figure 15AB, the competitor peptide could decrease the signal 

accordingly, the cell-based peptide binding assay system exhibited low efficiency, 

especially for multiple MHC alleles, i.e., DQA1*01:02-DQB1*06:02 (risk haplotype), 

DQA1*01:03-DQB1*06:03 (resistant haplotype), DQA1*01:03-DQB1*06:03 

(resistant haplotype), DQA1*01:02-DQB1*06:04 (neutral haplotype), and the negative 

control. Non-specific binding on the mock cell surface was found to be quite high 

using this method. The cell-based peptide binding assay system was designed for use 

in evaluating the binding of biotinylated peptides to HLA molecules displayed on 

murine fibroblast cells that were stably transduced with 

HLA-DQA1*01:02-DQB1*06:02 and HLA-DQA1*01:02-DQB1*06:04 alleles, and 

insulin peptides were used as indicator peptides. The signal intensities of the mock cell 

line with insulin B1–15 and insulin B1–20 were higher than that of untransfected DR1 

with biotinylated HA307-319 peptides (Figure 9B).  

     Second, although Epstein-Barr virus (EBV)-transformed cells have widely been 

used in cell-based peptide binding assays (82), these assays were unsuccessful in 

detecting specific binding of insulin B1-15 and insulin B1-20, i.e., the positive control 

peptides, in NIH3T3 cells. In the cell-based peptide-binding assay, the assay system 

exhibited high non-specific binding under a variety of conditions.  
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    The new finding in the cell-based peptide binding assay is that NeutrAvidin 

showed lower non-specific binding on the NIH3T3 cell surface (Figures 7 and 8). The 

reason for these findings is that NeutrAvidin has a neutral isoelectric point and lacks 

RYD sequences, but it retains the binding properties of native avidin observed in a 

previous study (38).  

    In contrast, as shown in Figure 9B, the cell-based peptide binding assay system 

used a lower peptide concentration, 50 μM, as the control. For insulin B1-15 and insulin 

B1-20, biotinylated peptide concentrations of 500 μM (red) (Figure 12) and 250 μM 

(light green) (red) (Figure 15) were used on NIH3T3 cells in the cell-based peptide 

binding assay under a variety of conditions. The cell-based peptide binding assay can 

thus be applied with NIH3T3 cells with high non-specific binding. Therefore, the 

cell-based assay system may be used for examination of single peptide binding affinity 

rather than screening of risk peptides. 

    The limitations of this method may be attributed to two possibilities. First, the use 

of NIH3T3 cells may have resulted in increased non-specific binding on the cell 

surface. Second, the use of insulin B1–15 and insulin B1–20 may be associated with 

non-specific binding on the NIH3T3 surface.  

    However, the plate-based peptide-binding assay showed higher discrimination for 

hypocretin1-13 between the HLA-DQA1*01:02-DQB1*06:02 (susceptible) and mock 

cell lines. I used the plate-based peptide-binding assay to study the interaction between 

MHC protein and hypocretin peptide in further studies. Therefore, I selected a 

binding-assay system based on Ni2+-coated plates for the subsequent experiments. 
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3.6. Preliminary binding assay for DQ proteins 

     First, to ensure immobilization of HLA class II proteins on Ni2+-coated 96-well 

plates, various concentrations of lysates of DQ-expressing cells were incubated in 

Ni2+-coated 96-well plates; lysates of DQA1*01:02-DQB1*06:02, 

DQA1*01:03-DQB1*06:01, DQA1*01:03-DQB1*06:01, and DQA1*01:02-DQB1 

*06:04 expressing cells (total proteins, 60 μg; this concentration ensured that the same 

amount of HLA-DQ protein was bound on the plate) were immobilized on the 

Ni2+-coated plates and saturated (Figures 16 and 17). Auto-antigen hypocretin peptide 

candidates were designed and synthesized on the basis of the full-length sequence of 

hypocretin (Figure 18) (66).  

3.7. Assay for binding of insulin and hypocretin peptides to DQ6 proteins 

     In a previous study, the binding of hypocretin1–13 to DQA1*01:02-DQB1*06:02 

protein was characterized with regard to crystal structure and the binding of insulin 

B1-15, insulin B5-15, and insulin B15-20 was evaluated in several types of cell-based 

binding assays (38, 66, 75, 77, 83). This is the first study evaluated the binding of 

hypocretin1–13 and insulin B1-15 to DQA1*01:03-DQB1*06:03 (resistant haplotype), 

DQA1*01:03-DQB1*06:03 (resistant haplotype), and DQA1*01:02-DQB1*06:04 

(neutral haplotype) in the context of narcolepsy. In this study, eight new candidate 

peptides, i.e., hypocretin14–25 hypocretin26–39, hypocretin45–55, hypocretin57-69, 

hypocretin79–89, hypocretin89-99, hypocretin79–89, and hypocretin89-99, will be evaluated 

in the plate-based peptide binding assay. In particular, the binding intensity of the eight 

hypocretin candidate peptides to DQA1*01:03-DQB1*06:03 (resistant haplotype) 
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DQA1*01:03-DQB1*06:03 (resistant haplotype), and DQA1*01:02-DQB1*06:04 

(neutral haplotype) will be addressed. 

     The intensity of the chemiluminescence signals for hypocretin1–13 and insulin 

B1-15 bound to DQ6 proteins on the Ni2+ plate was estimated using the ECL™ Reagent 

(Figure 9; each experiment was performed in duplicate). Chemiluminescence signals 

for hypocretin1-13 and insulin B1-15 peptides bound to DQA1*01:02-DQB1*06:02 

proteins were measured. Biotinylated hypocretin1-13 and insulin B1-15 peptide were 

dissolved in 100% DMSO. Hypocretin1–13 and insulin B1–15 peptides (0–200 μM) were 

incubated with DQA1*01:02-DQB1*06:02 cell lysates (60 μg) and mock cell lysates 

(60 μg) at a pH of 7.0 at 37 °C for 24 h. The results revealed that hypocretin1–13 peptide 

bound to DQA1*01:02-DQB1*06:02 protein, while insulin B1–15 peptides bound 

non-specifically on both mock and DQA1*01:02-DQB1*06:02 cell lines. 

3.7.1 Binding assay for hypocretin1–13, hypocretin14–26, and hypocretin26-39 

    In a previous study, hypocretin1–13 peptide was reported to bind to 

DQA1*01:02-DQB1*06:02 (38). The crystal structures of DQA1*01:02-DQB1*06:02 

and hypocretin1–13 have revealed that the molecular features underlying the 

presentation of hypocretin peptide on MHCs may play an important role in narcolepsy 

(38).  For the plate-based peptide binding system (64, 66, 75, 83), different hypocretin 

peptides have been used previously to examine the epitopes of MHC. In the 

plate-based peptide binding system, hypocretin1-13 bound to the 

DQA1*01:02-DQB1*06:02 product, indicating that the plate-based binding assay may 
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be applied to study the binding properties of other peptides. I chose hypocretin1-13 and 

DQA1*01:02-DQB1*06:02 as positive controls.     

     In the preliminary experiment, binding of insulin B1–15 and hypocretin1–13 was 

examined by a plate-based peptide-binding assay. Hypocretin1–13 peptide bound to 

DQA1*01:02-DQB1*06:02 protein, while insulin B1–15 peptides showed non-specific 

binding on the mock cell line (negative control) (Figure 19). The insulin1-15 and 

hypocretine1-13 peptides were added and dissolved to DMSO. First, Insulin1-15 looked 

insoluble in DMSO in eppendorf. In plate-based peptide binding assay, when the 

peptides can not be dissolved in DMSO, the wells showed as the bellowed wells of 

insulin1-15 with strange color and pattern. The wells of insulin1-15 are inappropriate to 

calculate by cfu and rfu intensities by machine. The chemiluminescence signals were 

detected by seeing, ie.,visual inspection. Therefore, I used hypocretin1–13 for further 

analysis.  

    Using hypocretin1–13, a single-peptide binding assay was performed to optimize 

the binding conditions for HLA class II peptide and hypocretin1–13. Cell lysates of 

DQA1*01:02-DQB1*06:02, DQA1*01:03-DQB1*06:01, DQA1*01:03-DQB1*06:01 

and DQA1*01:02-DQB1* 06:04 cells (total proteins, 60 μg) were immobilized on a 

Ni2+-coated plate. Biotinylated hypocretin1–13 peptide was added, and the plates were 

incubated at 37 °C for 24 h. Unbound hypocretin1–13 peptide was removed by washing 

to avoid non-specific binding.  

    In the plate-based peptide binding assay, increased signal intensities were 

observed with high concentrations of biotinylated hypocretin1–13 peptide in wells that 
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contained DQA1*01:02-DQB1*06:02 and DQA1*01:03-DQB1*06:03 proteins. These 

results suggested that hypocretin1–13 bound to DQA1*01:02-DQB1*06:02 (susceptible 

haplotype) and DQA1*01:03-DQB1*06:03 (resistant haplotype) more efficiently than 

to DQA1*01:03-DQB1*06:03 (resistant haplotype), DQA1*01:02-DQB1*06:04 

(neutral haplotype), and the negative control (mock cells).      

    The results of the plate-based peptide binding assay system demonstrated that 

hypocretin1–13 binds to HLA-DQA1*01:02-DQB1*06:02 (susceptible) and 

DQA1*01:03-DQB1*06:03 (protective) proteins; the experiment was repeated three 

times. This result suggested that the plate-based binding assay could be applied to 

analyze the binding of other hypocretin peptides to DQ proteins, using hypocretin1–13 

as the positive control.  

    In contrast, hypocretin14–25 did not bind to any of the allele products tested in this 

study, as evidenced by the detection of non-specific binding on the mock cell line 

(negative control; Figure 20). As shown in Figure 21, hypocretin26-39 exhibited strong 

binding to DQA1*01:03-DQB1*06:01, DQA1*01:02-DQB1*06:02, 

DQA1*01:03-DQB1*06:03, and DQA1*01:02-DQB1*06:04 proteins. This result was 

confirmed at lower concentrations of the peptide as well (Figure 21).  

3.7.2 Binding assay for hypocretin45–55, hypocretin57–69, hypocretin79–89, 

hypocretin89–99, and hypocretin116–128 

     As seen in Figure 22, hypocretin57-69 bound to DQA1*01:03-DQB1*06:01, 

DQA1*01:02-DQB1*06:02, and DQA1*01:02-DQB1*06:04 proteins. Hypocretin57-69 
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bound more strongly to DQA1*01:03-DQB1*06:01, DQA1*01:02-DQB1*06:02, and 

DQA1*01:02-DQB1*06:04 proteins than to DQA1*01:02-DQB1*06:03 protein.  

     Hypocretin45–55, hypocretin79–89, hypocretin89–99 and hypocretin116–128 harbor the 

DQA1*01:02-DQB1*06:02 binding motif; however, they did not bind to 

DQA1*01:02-DQB1*06:02. Hypocretin14–25 bound to DQA1*01:02-DQB1*06:02 

products, but showed non-specific binding to the mock cell line (negative control; 

Figure 19). Binding of hypocretin45–55 to mock cells (negative control) may be 

attributed to the fact that hypocretin45–55 is insoluble in DMSO and cannot conjugate 

with the MHC protein. Hypocretin89–99 did not bind to DQA1*01:02-DQB1*06:02, 

possibly because it contains a methionine residue in the position corresponding to the 

tyrosine residue that usually competes with oxidizing free radicals to bind with proteins 

(Figures 23 and 24).  

      In a previous study, hypocretin1–13 was shown to bind to the 

DQA1*01:02-DQB1*06:02 product, and the 

hypocretin53-67-DQA1*01:02-DQB1*06:02 complex was recognized by T cells derived 

from narcoleptic patients (38, 84 85). In this study, hypocretin57-68, which contains the 

same binding motif as hypocretin53-67, bound to DQA1*01:02-DQB1*06:02. 

Hypocretin1-13 also bound to the DQA1*01:02-DQB1*06:02 product. These results 

demonstrate that the plate-based binding assay may be applied to study the binding of 

other peptides as well. 

    To the best of my knowledge, this is the first study to standardize a systematic 

binding assay for prepro-hypocretin-derived peptides with risk- and protective- 
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HLA-DQ proteins associated with narcolepsy. I generated the new finding that 

hypocretin1–13, hypocretin26–39, and hypocretin57-69 bind to DQA1*01:02-DQB1*06:02; 

hypocretin1–13 and hypocretin26–39 bind to DQA1*01:03-DQB1*06:03; hypocretin26–39 

and hypocretin57-69 bind to DQA1*01:02-DQB1*06:04; and hypocretin26–39, and 

hypocretin57-69 bind to DQA1*01:03-DQB1*06:01. Eight new candidate peptides, 

hypocretin14–25 hypocretin26–39, hypocretin45–55, hypocretin57-69, hypocretin79–89, 

hypocretin89-99, hypocretin79–89, and hypocretin89-99, and three different HLA haplotype 

proteins, DQA1*01:03-DQB1*06:01, DQA1*01:03-DQB1*06:03, and 

DQA1*01:02-DQB1*06:04, were examined in this study (Table 4). The plate-based 

peptide assay system exhibited higher sensitivity and specificity than the cell-based 

assay methods. This assay system can be applied to screen auto-antigens against 

HLA-DQ6 proteins in the NIH3T3 cell expression system
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4. Discussion  

    Whether narcolepsy is an autoimmune disorder is a compelling question. 

Hypocretin deficiency has been detected in sporadic HLA-DQB1*06:02-positive 

adolescent-onset narcolepsy cases (38). It has been hypothesized that 

autoimmune-triggered hypocretin loss is a central pathogenic factor for narcolepsy (86, 

87), and that the susceptible HLA-DQA1*01:02-DQB1*06:02 haplotype product might 

recognize hypocretin peptide or other antigens and mediate the autoimmune responses. 

However, the interactions between hypocretin-derived peptides and different HLA-DQ 

proteins specifically associated with narcolepsy have not been discussed previously.    

    In previous studies, Epstein-Barr virus (EBV)-transformed cells have been widely 

used (82). I selected NeutrAvidin for the cell-based peptide binding assay with low 

non-specific binding on the cell surface (Figures 7 and 8). However, it was 

unsuccessful in detecting specific binding of the positive control peptides, insulin B1-15 

and insulin B1-20, in NIH3T3 cells, and the cell-based peptide binding assay system 

exhibited high non-specific binding under a variety of conditions. The plate-based 

peptide-binding assay showed better discrimination of hypocretin1-13 binding between 

the HLA-DQA1*01:02-DQB1*06:02 (susceptible) and mock cell lines.  

      The binding signals for binding of hypocretin1-13 to the 

DQA1*01:02-DQB1*06:02 product appeared stronger than those for the binding of 

hypocretin1-13 to the DQA1*01:03-DQB1*06:01 product. The peptide binding assay 

showed binding of hypocretin1-13 not only to HLA-DQA1*01:02-DQB1*06:02 
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(susceptible) but also to DQA1*01:03-DQB1*06:01 (resistant) and 

DQA1*01:03-DQB1*06:03 (resistant). This result first suggests the possibility of a 

pathogenic mechanism for narcolepsy involving not only 

HLA-DQA1*01:02-DQB1*06:02 (susceptible) but also DQA1*01:03-DQB1*06:01 

(resistant), and DQA1*01:03-DQB1*06:03 (resistant). Second, the amino acid binding 

intensity will affect the different strengths of peptide binding.  

     These results first suggest that DQA1*01:03-DQB1*06:01 (resistant) and 

DQA1*01:03-DQB1*06:03 (resistant) might be associated with the pathogenic 

mechanism of narcolepsy. DQA1*01:03-DQB1*06:01 (resistant) and 

DQA1*01:03-DQB1*06:03 (resistant) recognize hypocretin peptides and therefore 

mediate the autoimmune response. This new finding is valuable for elucidating the 

mechanism of narcolepsy. These results suggest a relationship between the eight new 

hypocretin candidate peptides and narcolepsy-associated DQ alleles. 

    In the binding of hypocretin1-13, valine was found to be accommodated in the P6 

binding pocket in the crystal structure of DQA1*01:02-DQB1*06:02 in a previous study 

(38). DQA1*01:02-DQB1*06:02 and DQA1*01:03-DQB1*06:03 differ only at Phe9β 

in DQB1*06:02, Tyr9β in DQB1*06:03, Tyr30β in DQB1*06:02, and His30β in 

DQB1*06:03. 9β and 30β are involved in accommodating P6 in the binding pocket 

(Table 1). In this study, because the signal intensities of hypocretin1-13 binding to 

DQA1*01:03-DQB1*06:03 protein appeared to be as strong as those of 
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DQA1*01:02-DQB1*06:02, differences at 9β and 30β may not affect the 

accommodation of P6 valine (Figure 20, Table 1). 

    DQA1*01:02-DQB1*06:02 and DQA1*01:03-DQB1*06:03 differ only at Phe9β in 

DQB1*06:02, Tyr9β in DQB1*06:03, Tyr30β in DQB1*06:02, and His30β in in 

DQB1*06:03. 9β and 30β are involved in accommodating P6 in the binding pocket. 

Because the signal intensities of hypocretin1-13 binding to DQA1*01:03-DQB1*06:03 

protein appeared to be as strong as those of DQA1*01:02-DQB1*06:02, differences at 

9β and 30β may not affect the accommodation of P6 valine (Figure 20, Table 1). 

    The DQB1*06:01 and DQB1*06:02 proteins have different residues at P4 and P9; 

different residues occur at 13β and 26β on the P4 pocket and at 37β and 38β on the P9 

pocket (Ala13β, Tyr26β, and Val38β in DQB1*06:01; Gly13β, Leu26β, and Ala38β in 

DQB1*06:02). I could not identify which of these residues are responsible for the 

particularly stronger binding of hypocretin1-13 with DQA1*01:02-DQB1*06:02 than 

with DQA1*01:03-DQB1*06:01 (Figure 20, Table 1).  

    The DQB1*06:02, DQB1*06:03, and DQB1*06:04 proteins have different amino 

acid sequences at P6 and P9. DQA1*01:02-DQB1*06:02 and 

DQA1*01:03-DQB1*06:03 differ at 9β and 30β, which are involved in 

accommodating P6. DQA1*01:02-DQB1*06:02 and DQA1*01:02-DQB1*06:04 differ 

at Phe9β in DQB1*06:02, Tyr9β in DQB1*06:04, Tyr30β in DQB1*06:02, His30β in 

in DQB1*06:04, Asn57β in DQB1*06:02, and Val57β in DQB1*06:04. 9β and 30β are 

involved in accommodating P6 while 57β is involved in accommodating P9 (Table 1).  



 

 
 
 
 

51

    The MHC class II molecule has an open binding groove containing the 

peptide-binding segment, and peptide residues are bound in the peptide binding groove. 

The hypocretin peptide side chains at positions 3, 6, 8, and 11 occupy HLA DQ 

peptide-binding pockets 1, 4, 6, and 9, whereas the remaining peptide residues are 

outside the groove. The difference between DQA1*01:02 and DQA1*01:03 may be 

attributed to differences in the amino acids outside the groove. The difference in the 

relative fluorescent intensities for the binding of hypocretin1-13 to 

DQA1*01:03-DQB1*06:03 and DQA1*01:02-DQB1*06:02 may thus represent 

differences in the binding strength of DQA1*01:03 or DQA1*01:02-DQB1*06:02 

(Table 1).  

     The binding of hypocretin26–39 with the DQA1*01:03-DQB1*06:03 product was 

stronger than that with DQA1*01:03-DQB1*06:01, DQA1*01:02-DQB1*06:02, and 

DQA1*01:02-DQB1* 06:04, as evidenced by the relative fluorescence units, and this 

was a new finding (Figure 21). DQA1*01:03-DQB1*06:03 contains Tyr9β and Asp57β, 

which provide a net positive charge and obstruct binding to hypocretin26–39, compared 

to Phe9β in DQB1*06:02 and Val57β in DQB1*06:04. DQA1*01:02-DQB1*06:02, 

DQA1*01:03-DQB1*06:03, and DQA1*01:02-DQB1*06:04 differ at Tyr25α in 

DQA1*01:02, Phe25α in DQA1*01:03, Arg41α in DQA1*01:02, and Lys41α in 

DQA1*01:03 (Figure 21, Table 1).  

     For the binding of hypocretin57–69, the binding of the hypocretin peptide segment 

to DQA1*01:02-DQB1*06:02 and DQA1*01:03 -DQB1*06:01 was stronger than that 

to DQA1*01:03-DQB1*06:03 (Figure 22). DQB1*06:02 and DQB1*06:03 encode 
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identical residues at P4 and P9, and these residues are different from those in 

DQB1*06:01 (Table 1). However, hypocrein57-69 binds to DQB1*06:01 and 

DQB1*06:02, suggesting that P6 plays a role in epitope selection. 

     Previous studies have revealed that the preferred amino acids of DQB1*06:02 in 

P6 are large aliphatic amino acids, while those in P9 are smaller aliphatic and hydroxyl 

amino acids (66). DQB1*06:01 encodes Asp37β and Val38β in P9, which binds to 

Leu64 in hypocretin57–69. DQB1*06:02 encodes Phe9β, Tyr30β, and Gln66β, and 

DQB1*06:03 encodes Tyr9β, His30β, and Gln66β on P6, which binds to Ile62 in 

hypocretin57–69 (Table 1). One possible reason for the weak binding of hypocretin57–69 

to DQB1*06:03 compared with other alleles may be the presence of His30β, which 

provides only one positive charge in P6. The other anchor residues of P4 and P9 are 

identical in DQB1*06:02, DQB1*06:03, and DQB1*06:04 (Table 1).  

    Additionally, the differences in binding affinity of DQB1*06:01, DQB1*06:02, 

and DQB1*06:04 to hypocretin57–69 may be explained by the presence of 67β, 70β, 86β, 

and 87β, as the remaining hypocretin peptide residues are not located in the MHC class 

II binding pocket (Table 1).       

    One possible role for the binding of hypocretin26–39 to DQA1*01:03-DQB1*06:03 

and HLA-DQA1*01:03-DQB1*06:01 or hypocretin57–69 to 

HLA-DQA1*01:03-DQB1*06:01 is that hypocretin26-39 or hypocretin57–69 peptides 

trigger an immune protection mechanism in which T-helper cells stimulate B-cells to 

produce antibodies. Hypocretin26-39 or hypocretin57–69 peptides are released into the 
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synaptic cleft, where they bind to a protective protein and trigger an immune response or 

protection mechanism.  

    This effect may be caused by T-cell tolerance. T cells cause enormous damage when 

they are not appropriately directed to recognizing pathogen fragments of surface 

molecules on host cells. This represents a potential threat to tolerance to self. Recent 

mechanistic studies on T-cell tolerance have provided insights that may aid the 

development of therapeutic strategies to treat autoimmune disease (88). Distinct αβ T 

cell receptors with random specificity to high-affinity self-peptide-MHC overcome 

failure of T-cell tolerance and autoimmune reactions.  

     T-cell tolerance may also explain why hypocretin57–69 binding to 

DQA1*01:02-DQB1*06:02 process is not 100% efficient. The weak binding of 

hypocretin57–69 to the HLA-DQ risk allele protein products indicates that weaker 

stimulation signals may evade major immune responses in the thymus and present 

self-peptides to T cells in the hypothalamus. The strong binding signals of hypocretin to 

DQA1*01:02-DQB1*06:02 may be stimulated initially. However, weaker binding of 

hypocretin57–69 to DQA1*01:02-DQB1*06:02 may be retained and stimulated at a later 

point under environmental conditions. Binding signals of different strengths for the 

binding of hypocretin to DQA1*01:02-DQB1*06:02 or other alleles might be 

stimulated at different moments. These differences in the binding signals of hypocretin 

to DQA1*01:02-DQB1*06:02 may play a role in H1N1 infection, resulting in the 

destruction of hypocretin neurons.    
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     Narcolepsy with hypocretin deficiency is associated with HLA and T cell receptors, 

and an autoimmune mechanism may target unique peptides in the cell. A recent study on 

influenza H1N1-infection and H1N1-vaccination has suggested that processes such as 

molecular mimicry are crucial for disease development. Because the loss of 

hypocretin-producing neurons causes narcolepsy with cataplexy, I examined various 

hypocretin peptides to identify specific peptides that bind to the risk or protective DQ 

isoforms associated with narcolepsy. My findings suggest that narcolepsy is an 

autoimmune disease.  

     In this study, the results of the plate-based peptide-binding assay were 

reproducible. Screening a large number of candidate peptides for diverse HLA allele 

products might facilitate the detection of potential epitopes such as TRIB2 or NARP 

(89, 90). The results described in this thesis need to be verified by using T cells from 

narcoleptic patients in future studies. The results provide new insights into the epitopes 

and molecular mechanisms underlying narcolepsy.  
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Figure 1. Antigen presentation by MHC class I and II molecules to T cells. 

Cytotoxic T cells bind to foreign peptides in association with class I MHC proteins, 

whereas helper T cells bind to foreign peptides in association with class II MHC proteins. 

Cytotoxic T cells and helper T cells recognize the peptide-MHC complexes on the 

surface of an antigen-presenting cell or a target cell (91). (A) The peptide presented by 

MHC class I molecules on the cell surface interacts with CD8 (+) cells. (B) MHC class 

II presents processed antigens, which are derived primarily from exogenous sources, to 

CD4 (+) T-lymphocytes. T cells recognize the MHC class II–peptide complex on the 

surface of antigen-presenting cells. (C) MHC class II–peptide complexes on B 

lymphocytes initiate the antigen-specific immune response. 
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Figure 2.  Hypothetical mechanism of narcolepsy 

Whether narcolepsy is an autoimmune disorder is a compelling question. 

Autoantibodies that directly attack hypocretin-producing cells have not been detected 

in narcolepsy patients. It has been hypothesized that hypocretin-producing cells are 

destroyed in narcoleptic brain cells because hypocretin peptides specifically expressed 

in hypocretin-producing cells in the hypothalamus are presented by 

HLA-DQA1*01:02-DQB1*06:02, which is recognized by T cells, resulting in an 

autoimmune response.  
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Figure 3.  Construction of stable DQ06 cells 

(A)  DQA1*01 cDNA, which was fused with Strep-tag II, and DQB1*06 cDNA, 

which was fused with a 6× histidine tag (His-tag), were inserted into pMXs-puro and 

pMXs-neo, respectively. Recombinant proteins were expressed in NIH3T3 cells, and 

the protein expression levels were enhanced. (B) pMXs-puro/DQA1*01 and 

pMXs-neo/DQB1*06 vectors were designed with long terminal repeat (LTR) 

sequences. Recombinant DQ protein was expressed under the retrovirus LTR promoter 

in NIH3T3 cells. Sodium butyrate and dexamethasone increase DQ protein 

transcription from the LTR present in NIH3T3 cells. 
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Figure 4.  Stable expression of DQ*06 proteins in a mammalian cell line  

DQ*06-expressing NIH3T3 cells were incubated with (FITC)-conjugated 

anti-HLA-DR, -DQ, and -DPβ monoclonal antibodies (mAb; clone WR18; Morphosys 

A.G., Munich, Germany) at 4 °C for 20 min. Fluorescence intensities were measured 

and analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., California, USA). 

The expression of DQA1*01:02-DQB1*06:01, DQA1*01:03-DQB1*06:01, 

DQA1*01:02-DQB1 *06:02, DQA1*01:03-DQB1*06:02, DQA1*01:02-DQB1*06:03, 

DQA1*01:03 -DQB1*06:03, DQA1*01:02-DQB1*06:04, and DQA1*01:03-DQB1 

*06:04 proteins was confirmed by flow cytometry.  
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Figure 5.  Dot-blot analysis of the DQA1*01:02-DQB1*06:02 protein  

NIH-DQ0602 protein expression was confirmed by dot-blot analysis. Five-microliters 

(each) of the cell lysates, wash samples, and elutes of the His- and Strep-tagged 

DQA1*01:02-DQB1*06:02 proteins were spotted on a nitrocellulose membrane (GE 

Healthcare Co., Uppsala, Sweden). DQA1*01:02-DQB1*06:02 was detected using 

anti-his-tag mAb. The top and bottom spots correspond to the doubling test. 
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Figure 6.  Enhancement of DQ6 protein expression  

The culture time for MHC class II protein expression in NIH3T3 cells was optimized 

by Dr. Yuki Uchida in our laboratory. NIH-DQA1*0102-DQB1*0602 (susceptible 

haplotype), NIH-DQA1*0103- DQB1*0601 (resistant haplotype), 

NIH-DQA1*0103-DQB1*0603 (resistant haplotype), and 

NIH-DQA1*0102-DQB1*0604 (neutral haplotype) cells were incubated with 10 mM 

sodium butyrate and 1 μM dexamethasone for 48 h and 72 h. 

NIH-DQA1*0102-DQB1*0602 (susceptible haplotype), 

NIH-DQA1*0103-DQB1*0601 (resistant haplotype), NIH-DQA1*0103-DQB1*0603 

(resistant haplotype), and NIH-DQA1*0102-DQB1*0604 (neutral haplotype) cells 

were incubated with FITC-conjugated anti-HLA-DR, -DQ, and -DPβ mAbs (clone 

WR18; Morphosys A.G., Munich, Germany) and isotypic control IgG2a-FITC 

(Beckman Coulter, Inc., US) at 4 °C for 20 min. Fluorescence intensities were 

measured and analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., 

California, USA). 

 



 

 
 
 
 

62

 

Figure 7.  Analysis of non-specific binding to the NIH3T3 cell surface 

Flow cytometric analysis of avidin binding to the NIH3T3 cell surface. The 

Phycoerythrin (PE), red protein-pigment complex from the light-harvesting is designed 

for avidin and anti-biotin in this study. The nonspecific binding of avidins with 

Phycoerythrin (PE) labeled, obtained from various manufacturers, on the NIH3T3 cell 

surface was examined. The reagents, ExtrAvidin®−R-Phycoerythrin (E4011, Sigma 

Aldrich), NeutrAvidin DyLight 550 (84606, Thermo Scientific), StrepAvidin-PE (S866, 

Invitrogen), PE-anti-Biotin (409004, BioLegend), and PE-anti-Biotin (600-108-098, 

Rockland), were in   concentration: 0.01 μg/μL and incubated with 5 × 105 NIH3T3 

cells for 24 h at 37 °C (78-80). Signals for the avidins were measured by flow 

cytometry. 
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Figure 8.  Negligible nonspecific binding of NeutrAvidin to the surface of 

NIH3T3 cells  

The cell-surface binding of NeutrAvidin DyLight 550 was measured at 50 μM, 150 μM, 

and 500 μM (excitation and emission wavelengths of 562 nm and 576 nm, respectively). 

NIH3T3 cells were incubated with different concentrations of NeutrAvidin DyLight 

550. Fluorescence intensities were measured and analyzed by flow cytometry (EPICS 

XL, Beckman Coulter Inc., California, USA). 
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(A) 

 

(B) 

 

Figure 9.  Cell-based peptide binding assay 

(A) A cell-based peptide binding assay system was tested using murine fibroblast cells 

that were stably transduced with the HLA-DQA1*01:02-DQB1*06:02 and 

HLA-DQA1*01:02-DQB1*06:04 alleles by using retrovirus vectors; insulin peptides 

were used as indicators. (B) In the previous assay described for HLA-DR, biotinylated 

peptides were allowed to bind to MHC class II molecules on the surface of 

Epstein-Barr virus-transformed B cells (EBV–B cells). Representative examples of 

flow cytometry histograms showing binding of HA307-319 peptide to DR1 molecules on 

whole cells. Cells were incubated with and without biotinylated HA307-319 peptide and 

stained with streptavidin-FITC, or anti-DR/DP mAb and goat-anti-mouse-Ig-FITC 

(Adapted from references 82, 92). 
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Figure 10.  Binding of insulin B1–15 to the DQ6 proteins 

(A) Insulin B1-15 showed strong binding to HLA-DQA1*01:02-DQB1*06:02 and 

HLA-DQA1*01:02-DQB1*06:04 proteins, as reported previously (66, 75). Different 

concentrations of human insulin B1–15 peptide (0–500 μM) were incubated with 

DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and mock cells in a 6-well 

plate at 37 °C for 4 h. After incubation, cells were collected from the dish by 

trypsinization. Biotinylated insulin B1–15 peptide was dissolved in 95% DMSO and 5% 

β-mercaptoethanol. DQ*06 protein-expressing NIH3T3 cells were incubated with 

FITC-conjugated anti-HLA-DR, -DQ, and -DPβ -mAbs (clone WR18; Morphosys 

A.G., Munich, Germany) at 4 °C for 20 min. (B) Flow cytometry signals for insulin 

B1–15 peptide bound to DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and 

mock cells. Expression of DQ*06 proteins in NIH3T3 cells was confirmed and 

analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., California, USA). 
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Figure 11.  Binding of insulin B1–15 to the DQ6 proteins in the absence of 

trypsinization 

(A) DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and mock cells were 

incubated with insulin B1–15 peptide (0–500 μM) at 37 °C for 4 h. Then, the cells were 

collected without trypsinization. Biotinylated insulin B1–15 peptide was dissolved in 

95% DMSO and 5% β-mercaptoethanol. DQ*06 protein-expressing NIH3T3 cells 

were incubated with FITC-conjugated anti-HLA-DR, -DQ, and -DPβ mAbs (clone 

WR18; Morphosys A.G., Munich, Germany) at 4 °C for 20 min. (B) Flow cytometry 

signals for insulin B1–15 peptide bound to DQ*06 protein-expressing NIH3T3 cells 

were measured and analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., 

California, USA). 
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Figure 12.  Longer incubation time for binding of insulin B1–15 to DQ6 proteins 

(A) DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and mock cells were 

incubated with insulin B1–15 peptide (0–500 μM) for 24 h at 37 °C. 

DQA1*01:02-DQB1*06:02, DQA1*01:02-DQB1*06:04, and mock cells were 

collected without trypsinization. DQ*06 protein-expressing NIH3T3 cells were 

incubated with FITC-conjugated anti-HLA-DR, -DQ, and -DPβ mAb (clone WR18) 

(Morphosys A.G., Munich, Germany) at 4 °C for 20 min. (B) Flow cytometry signals 

for insulin B1–15 peptide bound to DQA1*01:02-DQB1*06:02 and 

DQA1*01:02-DQB1*06:04 cells. Biotinylated insulin B1–15 peptide was dissolved in 

95% DMSO and 5% β-mercaptoethanol. Expression of DQ*06 proteins in NIH3T3 

cells was confirmed and analyzed by flow cytometry (EPICS XL, Beckman Coulter 

Inc., California, USA). 
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Figure 13.  Binding assay of insulin B1–20 incubated in plastic tubes  

(A) Human insulin B1–20 peptide (0–500 μM) was incubated for 4 h in plastic tubes 

with DQA1*01:02-DQB1*06:02 and mock cells at 37 °C. (B) Flow cytometry signals 

for insulin B1–20 peptide bound to DQA1*01:02-DQB1 *06:02 and mock cells. 

Biotinylated insulin B1–20 peptide was dissolved in 95% DMSO and 5% 

β-mercaptoethanol. Fluorescence intensities were measured and analyzed by flow 

cytometry (EPICS XL, Beckman Coulter Inc., California, USA). 
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Figure 14.  Binding of insulin B1–20 to DQ6 protein at a concentration of 500 μM 

(A) Human insulin B1–20 peptide (0–500 μM) was incubated with 

DQA1*01:02-DQB1*06:02 or mock cells collected by trypsinization after 24 h in 

plastic tubes at 37 °C. (B) Flow cytometry signals for insulin B1–20 peptide bound to 

NIH-DQA1*01:02-DQB1*06:02 or mock cells. Biotinylated insulin B1–20 peptide was 

dissolved in 95% DMSO and 5% β-mercaptoethanol. Fluorescence intensities were 

measured and analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., 

California, USA). 
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Figure 15.  Binding assay of insulin B1–20 to DQ6 protein in plastic tubes 

(A) DQA1*01:02-DQB1*06:02 and mock cells were collected without trypsinization 

and were incubated with 0–500 μM human insulin B1–20 for 24 h in plastic tubes at 37 

°C.  

(B) Flow cytometry signals for insulin B1–20 peptide bound to 

DQA1*01:02-DQB1*06:02 or mock cells. Biotinylated insulin B1–20 peptide was 

dissolved in 95% DMSO and 5% β-mercaptoethanol. Fluorescence intensities were 

measured and analyzed by flow cytometry (EPICS XL, Beckman Coulter Inc., 

California, USA). 
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Figure 16.  Binding assay of hypocretin peptides to DQ6 proteins 

Chemiluminescent signals for hypocretin peptides bound to HLA class II DQ6 proteins. 

Biotinylated hypocretin peptides were dissolved in 100% DMSO. Various 

concentrations of hypocretin peptides (0–150 μM) were incubated with HLA class II 

DQ6 (60 μg) and mock cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Subsequently, 

chemiluminescence signals for hypocretin peptides bound to HLA class II DQ6 

proteins were plotted at various concentrations of hypocretin peptides. 
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Figure 17.  Immobilization of DQ6 protein on Ni2+-coated plates 

Chemiluminescent signals were measured to quantify the protein amount of 

DQA1*01:02-DQB1*06:02 (susceptible haplotype), DQA1*01:03-DQB1*06:01 

(resistant), DQA1*01:03-DQB1*06:03 (resistant), or DQA1*01:02-DQB1*06:04 

(neutral haplotype) immobilized on the Ni2+-coated plate. Cell lysates (0–60 μg) were 

applied to each well. DQ proteins were detected using anti-HLA-DR, -DQ, and -DPβ 

mAbs (clone WR18, 10 μg/mL; Morphosys A.G., Munich, Germany). 

Chemiluminescence intensities for DQ proteins were detected in each well. Signal 

intensities were measured by densitometric analysis. 
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Figure 18.  Search for peptide motifs  

Hypocretin peptides were designed for nine peptide candidates of hypocretin-1 and 

hypocretin-2. 

(B) The figure shows overlapping hypocretin peptides with the potential binding motif 

for DQB1*06:02 (66) 

(C) The DQA1*0102-DQB1*0602 peptide-binding motif was searched using the 

software program, TextWrangler. The 13-mer to 15-mer hypocretin peptides were 

designed on the basis of the previously established 9-mer DQA1*0102-DQB1*0602 

binding motif (38).  
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Figure 19.  Binding of hypocretin1–13 and insulin B1-15 peptides to HLA-DQ6 

proteins The intensity of chemifluorescence intensities was analyzed using 

chemiluminescence signals (cfu). Chemiluminescence signals for hypocretin1-13 and 

insulin B1-15 peptide bound to DQA1*01:02-DQB1*06:02 proteins were estimated with 

the ECL™ Reagent and Ni2+-plates (every condition was tested twice).    

Biotinylated hypocretin1-13 and insulin B1-15 peptide were dissolved in 100% DMSO. 

Hypocretin1–13 (upper panel) and insulin B1–15 peptides (Lower panel; 0–200 μM) were 

incubated with DQA1*01:02-DQB1*06:02 cell lysates (60 μg) and mock cell lysates 

(60 μg) at pH 7.0 and 37 °C for 24 h. The figure depicts the Ni2+ plate, and 

chemiluminescence signals were detected by visual inspection. Hypocretin1–13 peptide 

bound to DQA1*01:02-DQB1*06:02 protein, while insulin B1–15 peptide bound 

nonspecifically to mock cell lysates. 

 

0!
50!
100!
200!
0!
50!
100!
200!
!

!Hypocre) n!1,13!

InsulinB!1,15!

Mock06:02

μM!

μM!

! ! !  Insulin!B1*15 

Hypocre n1-13

Insulin B1-15



 

 
 
 
 

76

 

Figure 20.  Binding of hypocretin1–13 and hypocretin14–25 peptides to HLA-DQ6 

proteins 

For Figures 20–24: Upper panel shows the relative fluorescent intensities (rfu) of 

signals for hypocretin bound to DQ6 protein, detected using QuantaBlu reagent; Lower 

panel shows the intensity of chemiluminescence signals for hypocretin peptide bound 

to DQ6 proteins on Ni2+ plate, detected using ECL™ Reagent. Relative fluorescent 

unit intensity (rfu) for (A) hypocretin1–13 and (B) hypocretin14–25 peptides bound to 

DQ6 proteins. Peptides (0–150 μM) were incubated with DQ6 cell lysates (60 μg) or 

mock cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Lower panel shows the Ni2+ 

plate and the intensity of chemiluminescence signals for hypocretin1–13 and 

hypocretin14–25 bound to HLA-DQ6 proteins, DQA1*01:02-DQB1*06:02 and 

DQA1*01:03-DQB1*06:03. The fluorescent intensity of hypocretin peptide on DQ06 

cell lysates was fitted to the rfu curve depicted in the upper panel, and the intensity of 

chemiluminescence signals was estimated by visual inspection and was used to 

compare the fluorescent intensities of the rfu curve. 
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Figure 21.  Binding of hypocretin26–39 peptides to HLA-DQ6 proteins 

Relative fluorescent unit intensity (rfu) and chemiluminescent intensity for 

hypocretin26–39 peptide (A) 0–100 μM or (B) 0–10 μM incubated with DQ6 or mock 

cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Biotinylated hypocretin26–39 peptide 

was dissolved in 100% DMSO. Chemiluminescence signals for hypocretin26–39 peptide 

bound to DQ6 proteins, DQA1*01:03-DQB1*06:01, DQA1*01:02-DQB1*06:02, 

DQA1*01:03-DQB1* 06:03, and DQA1*01:02-DQB1*06:04, are shown. 
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Figure 22.  Binding of hypocretin45–55 or hypocretin57–69 peptides to HLA-DQ6 

proteins 

Fluorescent intensities and chemiluminescent intensity for (A) hypocretin45–55 or (B) 

hypocretin57–69 peptides bound to DQ6 proteins. Biotinylated hypocretin45–55 peptide or 

hypocretin57–69 peptide was dissolved in 100% DMSO. Various concentrations of 

hypocretin45–55 or hypocretin57–69 (0–100 μM) were incubated with DQ6 cell lysates or 

mock cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Chemiluminescence signals for 

hypocretin45–55 or hypocretin57–69 peptide bound to DQ6 proteins are shown. 
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Figure 23.  Binding of hypocretin79–89 or hypocretin89-99 peptides to HLA-DQ6 

proteins 

Fluorescent intensities and chemiluminescent intensity for (A) hypocretin79–89 and (B) 

hypocretin89-99 peptide bound to DQ6 proteins. Biotinylated hypocretin79–89 peptide or 

hypocretin89-99 peptide was dissolved in 100% DMSO. Various concentrations of 

hypocretin79–89 or hypocretin89-99 (0–100 μM) were incubated with DQ6 cell lysates (60 

μg) or mock cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Chemiluminescence 

signals for hypocretin89–89 peptide or hypocretin89-99 peptide bound to DQ6 are shown. 
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Figure 24 Binding of hypocretin116–128 peptides to the DQ6 proteins 

Chemiluminescent intensity of hypocretin116–128 peptide bound to DQ6 proteins. 

Biotinylated hypocretin116–128 peptide was dissolved in 100% DMSO. Various 

concentrations of hypocretin116–128 peptide (0–100 μM) were incubated with DQ6 cell 

lysates or mock cell lysates (60 μg) at pH 7.0 and 37 °C for 24 h. Chemiluminescence 

signals for hypocretin116–128 peptide bound to DQ6 proteins are shown. 

 

 

 

 

 

μM
0 
1 
2 
5 
10 
20 
50 
100 

Mock06:01 06:02 06:03 06:04

Hypocre n116–128  
SAPAAASVAPGGQ 



 

 
 
 
 

81

Table 1. Variants of HLA-DQ1 and HLA-DQ6 proteins 

A. DQA1*01 

 

B. DQB1*06 to MHC pocket 

  

Amino acid residue differences between DQA1*01:02-DQB1*06:02 (susceptible 

haplotype), DQA1*01:03-DQB1*06:01 (resistant), DQA1*01:03-DQB1*06:03 

(resistant), and DQA1*01:02-DQB1*06:04 (neutral haplotype) proteins are indicated 

in the table. 
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Table 2. Major narcolepsy resistant and susceptible haplotypes 

        
References (1, 7) 
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Table 3. Primers used in this study 
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Table 4. Hypocretin peptides used in this study 
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Table 5. Fluorescent intensities of hypocretin1-13 and hypocretin14-25 peptides 
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Table 6. Fluorescent intensities of hypocretin26-39 peptide 
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Table 7. Fluorescent intensities of hypocretin45-55 and hypocretin57-69 peptides  
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Table 8. Fluorescent intensities of hypocretin79-89 and hypocretin89-99 peptides  
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Table 9. Fluorescent intensities of hypocretin99-128 peptides  
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