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Abstract:
Aim: This study was designed to examine the immunogenetic basis for shared autoimmunity, resulting in autoantigen presentation that 
leads to the production of two or more disease-specific autoantibodies.
Methods: A bioinformatics approach based on peptide binding predictions to disease-associated HLA determinants has been developed 
and tested here using 11 disease associations between autoimmune systemic and mucocutaneous blistering disorders. Various HLAs 
associated with antigens within a given “disease model” (set of HLA class II and protein sequences known to be associated with a spe-
cific autoimmune disease) were tested and ranked against the antigenic proteins, first with proteins they are known to associate with and 
then with proteins known to be implicated in a second disease model. In every case binding predictions were compared for different 
proteins binding to the same HLA. Subsequently, disease-related autoantigens have been tested for their binding affinity against each 
disease-specific HLA class II protein.
Results: For a single HLA haplotype, several binders have been generated from a related autoantigen with the variable binding score. 
In most cases, the binding score corresponding to the interactions between the autoantigen-derived epitope and the HLA associated with 
one disease was similar or lower than the interactions between the epitope from proteins associated with the second disease and the 
same HLA. Notably, there was no compelling promiscuity in peptide binding to each of the HLA molecules, in spite of the promiscuous 
nature of HLA class II binding.
Conclusions: The data suggest that, in susceptible individuals, shared autoimmunity might be initiated by two types of HLA/peptide 
interaction; first between an autoantigen-derived epitope and its disease-associated HLA molecules, and second, between a different 
peptide of the same autoantigen and HLA proteins specific for the second disease.
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Introduction
Autoimmune mucocutaneous blistering diseases 
(AMBD) such as pemphigus vulgaris (PV), pem-
phigus foliaceus (PF), bullous pemphigoid (BP), 
ocular cicatricial pemphigoid (OCP), dermatitis her-
petiformis (DH) and mucous membrane pemphigoid 
(MMP), are a group of rare organ-specific diseases 
that affect skin and multiple mucous membranes.1–5 
PV is a potentially fatal disease characterized by the 
loss of intercellular adhesion of keratinocytes, result-
ing in acantholysis.6–8 In the serum of PV patients, 
high titers of circulating autoantibodies target-
ing the epidermal adhesion molecule desmoglein 3 
(Dsg3)—keratinocyte transmembrane proteins local-
ized in the desmosome, essential for maintaining the 
integrity of the epidermis—are believed to cause 
clinical disease by direct binding to and disruption 
of desmoglein proteins.1,9 The association of HLA 
class II antigens with susceptibility to PV has been 
demonstrated in numerous studies.10–14 In Ashkenazi 
Jews, PV appears tightly linked to the rare haplo-
type HLA-DR4 (DRB1*0402): DQB1*0302, while 
in non-Jewish patients, it is linked to the haplotype 
DRB1*404X: DQB1*0503.15

MMP affects mucous membranes of the body and 
is characterized by the presence of autoantibodies to 
human β4 integrin,16,17 while BP which predominantly 
affects the skin and is associated with bullous pem-
phigoid antigen 1 (BPAg1) and 2 (BPAg2).18 Both 
BP and MMP have been shown to have a strong link-
age to DQB1*0301.18,19 It has been demonstrated that 
the same patient may have antibodies against more 
than one autoantigen within the skin and mucous 
membrane, resulting in more than one autoimmune 
mucocutaneous disease. For example, patients with 
PF may develop BP,20,21 patients with MMP may have 
PV (22), and some patients are affected with both PV 
and OCP.23

OCP is a systemic autoimmune pemphig-
oid disorder that has both ocular and non-ocular 
 manifestations. OCP can cause bullous lesions of the 
skin and mucous membranes that result in scarring 
of the affected skin, conjunctiva (inner lining of the 
eye), and other mucous membranes.24,25 Different epi-
thelial membrane zone components have been recog-
nized by antibodies in patients with OCP, ie, BPAg1 
and BPAg2, laminin 5, laminin 6, type VII collagen, 
β4 integrin subunit, and antigens with unknown 

 identities (a 45-kd protein, uncein, a 168-kd epithelial 
protein, and a 120-kd epithelial protein).26,27 Among 
white patients in the United States, OCP is associated 
with the DQB1*0301 allele.

DH is an autoimmune blistering disorder associ-
ated with a gluten-sensitive enteropathy. It is char-
acterized by grouped excoriations, erythematous, 
urticarial plaques, and papules with vesicles. DH 
is caused by the deposition of IgA in the papillary 
dermis, which triggers an immunologic cascade, 
resulting in neutrophil recruitment and complement 
activation.28,29 DH is associated with an increased 
expression of HLA-A1, HLA-B8, HLA-DR3, and 
HLA-DQ2 haplotypes.30,31 Evidence is mounting that 
epidermal transglutaminase 3 (TGM3), a cytosolic 
enzyme involved in cell envelope formation during 
keratinocyte differentiation, is the autoantigen of DH. 
Theoretically, DH is caused by dermal deposition of 
circulating immune complexes containing both IgA 
and TGM3.32,33

In contrast to these organ-specific diseases, con-
nective tissue disorders, or systemic diseases, includ-
ing systemic lupus erythematosus (SLE), rheumatoid 
arthritis (RA), and systemic sclerosis (SSc), involve 
multiple tissues and organs.34–36 Mixed connective 
tissue disease (MCTD) is also a systemic autoim-
mune syndrome that is characterized by the pres-
ence of high titers of serum antibodies against small 
nuclear ribonuclear proteins (U-snRNPs),37,38 in 
particular against U1 small nuclear RNP polypep-
tide (U1 snRNP). It has been suggested that MCTD 
represents a distinct clinical entity, based on clinical 
manifestations that  separate MCTD from other con-
nective tissue  diseases.39 Various associations of HLA 
class II antigens with MCTD have been reported, 
 including HLA-B7 and HLA-Dw1.40 In another study, 
HLA-DR4 was found to be significantly increased 
in MCTD,41 whereas others reported an associa-
tion between HLA-DQw3 and anti-RNP antibod-
ies in patients with MCTD.42 Interestingly, MCTD 
patients with increased IgG autoantibodies against 
U1-70 kD polypeptide have an increased prevalence 
of  HLA-DR4 compared with controls.43 Furthermore, 
molecular biology studies have shown that most 
MCTD patients carrying HLA-DR4 or HLA-DR2 
alleles share a region of homology consisting of seven 
amino acids in the HLA-DRB1 gene.44 This “shared 
epitope” of HLA-DR molecules, in different alleles 
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and in  different patients with MCTD, may be impor-
tant for the modulation of the autoimmune response 
to the U1-70 kD antigen.45

Based on the accumulated evidence of shared 
autoimmunity, it has been intriguing to investigate the 
relationship between the genetic and immunological 
mechanisms for the simultaneous production of two 
or more autoantibodies in patients exhibiting more 
than one autoimmune disease. A hypothesis, which in 
part may explain some of the increased susceptibil-
ity to both autoimmune blistering and systemic con-
nective tissue diseases, has recently been proposed.46 
This hypothesis is based on the unequivocal evidence 
that CD4+ T cells play a critical role in autoantibody 
production, implying that existence of HLA class II- 
restricted T cell epitopes might trigger  autoimmunity. 
Three possible scenarios for the immunopathogenic 
mechanisms leading to breakage of tolerance and 
induction of two distinct autoimmune diseases in 
the same individual have been discussed: 1) T cell 
epitopes of the two different autoantigens associate 
with each of the susceptible HLA molecules, result-
ing in dual autoimmunity; 2) a single epitope of an 
autoantigen binds to both HLA specificities, leading 
to the induction of both diseases by cross- reactivity; 
and 3) two distinct epitopes of the same autoantigen 
are able to bind two different HLA molecules that are 
associated with the two diseases, implying that both 
T cell epitopes originating from one autoantigen will 
activate immunopatogenic mechanisms by binding to 
two HLA molecules specific for two diseases. In order 
to test each of these hypotheses, bioinformatics-based 
predictions of peptide binding to disease-associated 
HLA determinants have been generated using multi-
HLA II peptide binding analysis. This communication 
explores the nature of autoantigen-derived epitopes 
and their binding characteristics to HLA proteins in 
the context of shared autoimmunity.

Methods
Protein sequences
The protein sequences of autoantigens were collected 
from the Consensus Coding Sequence Database 
(CCDS), a collaborative effort between the NCBI 
and several other organizations which contains con-
sistently annotated protein coding regions of human 
and mouse genes.47 Only human sequences were used 
in this project, and alternate exons were included in 

the sequences. The autoantigens tested in this study 
are listed in Table 1, and in most cases consist of the 
entire protein sequence from which specific autoanti-
gens (such as BP180 and BP230) are derived.

Peptide-hLA II binding predictions
The analysis of peptide binding to HLA II molecules 
known to be involved in autoimmune mucocutane-
ous blistering diseases was based on the use of the 
same methodology applied by the Rankpep web 
server.48 Rankpep predicts peptide binding using 
position specific motif matrices—also known as 
motif  profiles—that are derived from known pep-
tide binders.49,98 A program was written, cross-HLA 
II-binding analyzer, to perform multiple rankings of 
predicted binding potentials and classify the binding 
predictions into sets: predictions for protein-HLA II 
sets known to be involved in disease genesis. Results 
were organized by disease model—sets of HLA II 
and proteins known to be involved in the genesis of 
specific autoimmune diseases were used.

The cross-HLA II-binding analyzer performs three 
types of sorting based on the three scenarios proposed 
in this paper: 1) Single HLA II recognition, 2) Dual 
HLA II recognition with a single epitope, and 3) Dual 
HLA II recognition with dual epitopes. The analysis 
was designed to group the components of each disease 
model, the HLA IIs and proteins involved in known 
disease interactions—for example, HLA-DQB1*0301 
with alpha 1 type XVII collagen (BP180) and dys-
tonin (BP230) in the BP model—and sort results by 
within-model and cross-model HLA II-peptide bind-
ing  pairings. Some details of the cited scenarios are 
as follows:

Scenario 1—Single HLA recognition: This sce-
nario is assumed to be the standard case, since each 
disease model exists independently. The cross-HLA 
II-binding analyzer generates a series of ranked 
results within the known disease models described 
above (sets of HLA II and proteins known to contain 
antigenic sequences), showing all predicted binders 
for each HLA II-protein pairing—peptides scored 
above the binding threshold for that pairing. Because 
these interactions are within known disease models, 
they are used as reference values.

Scenario 2—Dual HLA II recognition with a 
single epitope: the cross-HLA II-binding analyzer 
has an intersection analysis function, which is used 
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to find promiscuous peptides in a series of two HLA 
 II-peptide binding predictions. To identify promiscu-
ous peptide-binding peptides, the analysis was limited 
to the set of the top 5% of peptides in each group of 
results. This analysis identifies promiscuous peptide 
binders across known disease models. When a com-
mon peptide was found in more than one autoanti-
gen, it was included in an intersection analysis report, 
detailing the binding score of the common peptide for 
each matrix.

Scenario 3—Dual HLA recognition with dual 
epitopes: the cross-HLA II-binding analyzer pro-
duces results for cross-model pairings of HLA IIs and 
proteins. To evaluate the potential for the pairings to 
produce immunogenic reactions, binding predictions 
(binding affinity, number of predicted binders) across 
models are compared to the top predicted binding 
scores for known immunogenic reactions within 
known disease models (Scenario 1).

Results
Based on the published observations of shared auto-
immunity and on theoretical predictions  exploring 

the probability of its occurrence, the following 
disease associations have been tested: PV/MMP, 
PF/BP, PV/OCP, PV/BP, PV/MCTD, PF/MCTD, 
BP/MCTD, DH/MCTD, OCP/MCTD, MMP/MCTD 
and BP/DH. The list of autoantigens and HLA asso-
ciations in autoimmune blistering and systemic dis-
eases is presented in Table 1. For most diseases in 
this study, eg, PV, MMP, DH, PF and MCTD, a sin-
gle autoantigen has been reported, with the exception 
of BP and OCP that are characterized by the pres-
ence of the same two autoantigens, BPAg1 (BP180), 
derived from alpha 1 type XVII collagen and BPAg2 
(also known as BP230), part of the dystonin protein. 
It is noteworthy that MMP, BP and OCP are all asso-
ciated with the prevalent HLA-DQB1*0301 allele, 
while PV, DH, PF and MCTD each carry distinct 
HLA haplotypes.

Three hypothetical models of peptide-HLA II 
interactions proposed by Fridkis-Hareli46 were tested 
using HLA-specific binding matrices and autoantigen 
sequences listed in Table 1. For each HLA specificity, 
the autoantigen of interest was examined for the pres-
ence of potential binding epitopes and scored based on 

Table 1. Autoantigens and hLA associations in autoimmune blistering and systemic diseases.

Disease HLA II Autoantigen ccDs ID Reference
Pemphigus  
vulgaris

hLA-Dr4 (DrB1*0402)  
DQwB1*0302 
hLA-Dr4 (DrB1*0404) 
DQ5 (DQB1*0503)

Desmoglein 3 11898.1 10–15

Mucous  
membrane 
pemphigoid

hLA-DQ7 (DQB1*0301) β4 integrin 11727.1 16,17

Bullous  
pemphigoid

hLA-DQ7 (DQB1*0301) Alpha 1 type XVII collagen  
(BP180) 
Dystonin (BP230)

7554.1 

4959.1

18,19

Ocular  
cicatricial 
pemphigoid

hLA-DQ7 (DQB1*0301) 

hLA-Dr4 (DrB1*0401)

Alpha 1 type XVII collagen  
(BP180) 
β4 integrin

7554.1 

11727.1

26,27

Mixed  
connective 
tissue disease

hLA-B7, hLA-Dw1 
hLA-DQw3

U1 sn-rnP polypeptide 12756.1 38,39 
41–43

Dermatitis  
herpetiformis

hLA-DQ8 (DQA1*0301/ 
DQB1*0302) 
hLA-DQ2 (DQA1*0501/ 
DQB1*0201)

Transglutaminase 3 33435.1 28–33 

52,53

Pemphigus  
foliaceus 

hLA-DrB1 (DrB1*0404,  
DrB1*1402, DrB1*1406,  
DrB1*1401, DrB1*0102)

Desmoglein 1 11896.1 20,21, 57

Abbreviation: ccDS, consensus coding sequence project.47 (http://www.ncbi.nlm.nih.gov/projects/ccDS/).
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peptide binding affinity. The results arranged by dis-
ease model are shown in Supplemental Tables 1–11. 
All potential epitopes (sequences predicted to bind 
above the binding threshold for the HLA matrix were 
retrieved from each analysis (raw data not shown). It is 
important to note that comparisons were made between 
HLA-peptide binding analyses against the same HLA 
molecule—all binding scores and values were relative 
to that specific HLA class II. It should also be noted 
that not all the HLA specificities known to associate 
with a particular disease were available from the data-
base and thus were not included in the present report.

PV/MMP
Autoantigenic proteins associated with each of these 
diseases were tested for binding to the HLA haplo-
types as described below:

PV Model: the HLA II-peptide biding analysis for 
desmoglein 3 preproprotein generated 991 sequences 
in total (Supplemental Table 1). Four Dsg3- derived 
peptides were predicted to bind to HLA-DQ8 
(DQA1*0301/DQB1*0302) above the binding thresh-
old, with a predicted range of 36.91%–25.22% (from 
high to low optimal binding). In contrast, binding of 
the same autoantigen to HLA-DR4 (DRB1*0402) 
determinants resulted in 11 predicted binders with 
a range of 40.33%–25.80% of the optimal score. 
Similarly, five predicted binders of Dsg3 to HLA-
DR4 (DRB1*0404) were identified with a range of 
53.46%–32.23% of the optimal score (Supplemental 
Table 1A). The sequences of Dsg3-derived binding 
epitopes are presented in Supplemental Table 1B.

MMP Model: Table 2 shows that the analysis for 
HLA-DQ7 (DQB1*0301) and β4 integrin generated 
1814 sequences. Fourteen peptides were predicted to 
bind, at 44.19%–25.90% of the optimal binding score. 
For peptide sequences refer to Supplemental Table 1B.

PV/MMP: The cross-model analysis matches 
HLA-DQ7 (DQB1*0301) (from the MMP model) 
with Dsg3, the antigen-producing protein from the 
PV model. Four sequences from Dsg3 are predicted to 
bind, with scores between 37.32% and 29.70% of the 
optimal score for HLA-DQ7 (DQB1*0301). These 
sequences are within the range of binders predicted 
for the in-model interactions, but four of the predicted 
in-model binders have higher scores than the best 
cross-model prediction (Supplemental Table 1A).

Table 2. Predicted binding epitopes derived from autoan-
tigens specific for blistering and systemic disease 
combinations.

HLA II/protein pV MMp pF Bp Ocp DH McTD
PV 20 4 4 47 18
MMP 47 14 73
PF 27 6 22
BP 69 104 26 21 96
OcP 65 188 73
Dh 6 3 18
McTD 7 3 4 3 9 4 5

notes: The number of predicted binders resulting from all Mhc associated 
with a disease model (x-axis) and all protein sequences associated 
with another disease model (y-axis). cells in bold are in-model results 
(predicted binders when testing all hLAs from one disease model against 
all protein sequences from the same disease model). example: The total 
number of binding sequences predicted when analyzing all hLAs from 
the PV disease model against all protein sequences in the BP disease 
model is 69 (column one, row four).

Conversely, the cross-model analysis matches β4 
integrin (MMP model) with HLA-DQ8 (DQA1*0301/
DQB1*0302) (14 predicted binders), HLA-DR4 
(DRB1*0402) (16 predicted binders) and HLA-DR4 
(DRB1*0404) (17 predicted binders) from the PV 
model. Interestingly, the two highest scoring peptides 
from the HLA-DQ8 (DQA1*0301/DQB1*0302)—β4 
integrin (DERCHLDTT and ANRCKKAPV), scored 
higher than all the predicted binders from the PV in-
model analysis. In contrast, the binding of β4 inte-
grin to HLA-DR4 (DRB1*0402) and HLA-DR4 
(DRB1*0404) was within the binding range of Dsg3 
to these molecules (Supplemental Table 1B).

PF/BP
In this case, three autoantigens, ie, Dsg1 for PF, alpha 
1 type XVII collagen (BP180) and dystonin (BP230) 
for BP have been analyzed for their binding to sev-
eral disease-associated HLA haplotypes, as shown in 
 Supplemental Table 2. Analysis of Dsg1 binding to 
 PF-associated molecules revealed 1041 sequences in 
total, whereas alpha 1 type XVII collagen (BP180) 
generated 1489 sequences and dystonin (BP230) gener-
ated 2641 sequences derived from their binding to BP-
associated MHC molecules (Supplemental Table 2A).

PF Model: Peptide binding analysis for desmog-
lein 1 (Dsg1) to HLA-DR1 (DRB1*0101) showed 
22 results with 53%–16% predicted optimal bind-
ing. In addition, analysis of Dsg1 and HLA-DR4 
(DRB1*0404) identified five binders in the range of 
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48%–32% of predicted optimal values. In contrast, 
analysis for Dsg1 binding to HLA-DR4 (DRB1*0406) 
and HLA-DR1 (DRB1*0102) showed no binding 
epitopes above the binding threshold (Supplemental 
Table 2A). Peptide sequences are shown in Supple-
mental Table 2B.

BP Model: HLAII-peptide binding results for alpha 
1 type XVII collagen peptides binding to HLADQ7 
(DQB1*0301) showed 14 peptide sequences ranging 
between 43%–26% optimal binding (Supplemental 
Table 2A). Binding of dystonin to the same molecules 
resulted in 12 predicted binders with 31%–26% of 
optimal binding (Supplemental Table 2A).

PF/BP: Analysis of Dsg1 binding to BP-associated 
HLA-DQ7 (DQB1*0301) molecules resulted in six 
peptides with 39%–28% optimal binding (Supplemen-
tal Table 2A). Notably, these values were lower than 
the binding of Dsg1 to PF-associated MHC molecules. 
Predictions for alpha 1 type XVII collagen peptides 
binding to PF-associated HLA-DR1 (DRB1*0101) 
resulted in 30 binders with 40%–17% optimal bind-
ing (Supplemental Table 2A). In contrast, analysis of 
alpha 1 type XVII collagen/HLA-DR1 (DRB1*0102) 
interactions showed no detectable binding. On the 
other hand, the binding of alpha 1 type XVII collagen 
to HLA-DR4 (DRB1*0404) showed higher range of 
optimal binding (52%–35%) for six predicted epitopes 
(Supplemental Table 2A). Interestingly, predictions 
of alpha 1 type XVII collagen binding to HLA-DR4 
(DRB1*0406) resulted in one peptide epitope with 
the binding score of 36.062 and optimal binding of 
49.23% (Supplemental Table 2A). Peptide sequences 
are listed in Supplemental Table 2B.

Binding of dystonin to PF-associated HLA-DR1 
(DRB1*0101), HLA-DR1 (DRB1*0102), HLA-DR4 
(DRB1*0404), HLA-DR4 (DRB1*0406) was tested 
similarly to alpha 1 type XVII collagen. For HLA-
DR1 (DRB1*0101) molecules, 56 predicted binders 
with 44%–16% optimal binding have been identi-
fied, and for HLA-DR4 (DRB1*0404), 11 dystonin-
derived binders with 54%–32% optimal binding have 
been detected (Supplemental Table 2A). Of note is 
that these values are higher than the ones found for 
dystonin binding to BP-associated molecules. Inter-
estingly, no predicted epitopes were found either 
for HLA-DR1 (DRB1*0102) or for HLA-DR4 
(DRB1*0406) interactions with dystonin. In sum-
mary, these results suggest that here, as in the case of 

PV/MMP, epitopes derived from one disease-specific 
autoantigenic protein may bind both disease-specific 
HLA molecules.

PV/OcP
Analysis of Dsg-3-derived peptides to PV-associated 
HLA-DQ8 (DQA1*0301/DQB1*0302), HLA-DR4 
(DRB1*0402) and HLA-DR4 (DRB1*0404) mole-
cules has been described in PV section  (Supplemental 
Table 1). Likewise, due to the fact that OCP shares the 
same autoantigens and HLA specificities with BP and 
MMP, ie, alpha 1 type XVII collagen, β4 integrin and 
HLA-DQ7 (DQB1*0301), the corresponding data 
have been provided in BP and MMP sections (Supple-
mental Tables 1 and 2). Analysis of β4  integrin bind-
ing to OCP-associated MHC molecules  generated 
1814 peptide sequences, whereas alpha 1 type XVII 
collagen generated 1489 sequences (Supplemental 
Table 3A).

PV/OCP: PV-specific desmoglein 3 preproprotein 
peptide binders examined for the OCP-associated 
HLA-DQ7 (DQB1*0301) revealed four binders with 
37%–29% predicted optimal binding, as described for 
PV/MMP model (Supplemental Table 1A). The bind-
ing of Dsg3 to HLA-DR4 (DRB1*0401) resulted in 
43 binders with 46%–11% predicted optimal values 
(Supplemental Table 3A). In the case of OCP-related 
autoantigen association with PV-specific MHC, eight 
binders derived from alpha 1 type XVII collagen 
(BP180) exhibited 36%–25% optimal predicted bind-
ing to HLA-DQ8 (DQA1*0301/DQB1*0302). The 
binding to HLA-DR4 (DRB1*0402) was between 
38%–28% optimal values for four predicted binders, 
while the binding to HLA-DR4 (DRB1*0404) was 
even higher (52%–34% optimal binding). Another 
potential OCP-associated autoantigen, β4 integrin, 
bound to PV-specific HLA molecules with differential 
predicted scores as shown in Supplemental Table 3A. 
For HLA-DQ8 (DQA1*0301/DQB1*0302), 14 bind-
ers with 42%–25% optimal binding have been identi-
fied, whereas 16 binders were detected for HLA-DR4 
(DRB1*0402) (37% optimal binding), and 17 peptides 
for HLA-DR4 (DRB1*0404) with 51%–34% optimal 
binding (Supplemental Table 3A). Interestingly, the 
binding of β4 integrin to PV-associated HLA-DR4 
(DRB1*0404) was higher than to OCP-associated 
molecules (51% vs. 44%, respectively). Peptide 
sequences are shown in Supplemental Table 3B.
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PV/BP
For this disease combination, individual parts of PV/
Dsg3 and BP/alpha 1 type XVII collagen/dystonin 
analysis have been described in PV and BP sections, 
respectively (Supplemental Tables 1 and 2).

PV/BP: Analysis of the binding of Dsg3 to BP-
associated HLA-DQ7 (DQB1*0301) resulted in four 
binders with 37%–29% optimal binding (Supple-
mental Table 4A). In the opposite direction, the bind-
ing of alpha 1 type XVII collagen to PV-associated 
HLA-DR4 (DRB1*0402), HLA-DR4 (DRB1*0404), 
and HLA-DQ8 (DQA1*0301/DQB1*0302) showed 
four binders (38%–28% optimal binding), six  binders 
(52%–34% optimal binding) and eight  binders 
(36%–25% optimal binding), respectively. For 
 dystonin-derived peptides, 28 predicted binders were 
found with DRB1*0402 (37%–28% optimal binding), 
11 peptides bound to DRB1*0404 (54%–32% optimal 
binding), and 12 predicted binders (47%–25% opti-
mal binding) were detected for HLA-DQ8  molecules 
(Supplemental Table 4A). Of note is that the bind-
ing score for dystonin-derived peptides bound to 
PV-associated HLA-DQ8 molecules was higher than 
the one for dystonin binding to BP-associated HLA-
DQ7 molecules (Supplemental Table 4A). Peptide 
sequences are presented in Supplemental Table 4B.

PV/McTD
PV-related Dsg3 association with its HLA-DQ8 
(DQA1*0301/DQB1*0302) receptors was already 
described in this report (Supplemental Tables 1, 3 
and 4). Peptide binding analysis of  MCTD-specific 
autoantigen UI-snRNP C [Homo sapiens] resulted 
in 429 sequences in total (Supplemental Table 5). 
Binding of UI-snRNP-derived peptides to HLA-
DR1 (DRB1*0101) revealed three predicted 
epitopes with 37%–25% optimal binding, while 
interaction with the 9mer HLA-B07 resulted in 
two peptides with 63%–62% optimal binding 
 (Supplemental Table 5A). PV-related Dsg3 associa-
tion with its HLA-DQ8 (DQA1*0301/DQB1*0302) 
receptors was already described in this report 
 (Supplemental Tables 1, 3 and 4).

PV/MCTD: The combination of PV and MCTD 
was tested using autoantigens UI-snRNP and Dsg-3, 
and HLA molecules associated with both diseases, ie, 
HLA-DR1 (DRB1*0101),  HLA-DR4 (DRB1*0402), 
HLA-DR4 (DRB1*0404),  HLA-DR4 (DRB1*0406), 

HLA-DQ8 (DQA1*0301/DQB1*0302) and HLA-
B07 alleles. The binding of PV-specific Dsg3 
to MCTD-associated HLA-DR1 (DRB1*0101) 
showed 18 binders with 44%–17% optimal bind-
ing, while analysis of Dsg3/9mer-HLA-B07 inter-
actions showed no predicted binding epitopes 
 (Supplemental Table 5A). Similarly, there was no 
binding of  UI-snRNP to PV-associated HLA-DR4 
(DRB1*0404), but three peptides (55%–26% optimal 
binding) were found to bind HLA-DR4 (DRB1*0402), 
and four peptides (40%–27% optimal binding) were 
detected for HLA-DQ8 (DQA1*0301/DQB1*0302) 
molecules  (Supplemental Table 5A). Importantly, 
the optimal binding of UI-snRNP-derived pep-
tides to  PV-associated HLA-DR4 (DRB1*0402) 
was higher than its binding to MCTD-related 
HLA-DR1 (DRB1*0101) but lower than binding 
to the second susceptible MCTD allele, HLA-B07 
 (Supplemental Table 5).  Peptide sequences are shown 
in  Supplemental Table 5B.

PF/McTD
Binding analysis of PF- and MCTD-related pep-
tides to their disease-specific HLA molecules was 
described in the earlier sections of this report (Sup-
plemental Tables 2 and 5). The largest number of 
Dsg1-derived epitopes was found to bind to HLA-
DR1 (DRB1*0101) as compared to other PF-specific 
alleles (Supplemental Table 6). This disease combina-
tion is unusual since both diseases share the presence 
of HLA-DR1 (DRB1*0101), suggesting that PF- and 
MCTD-derived peptides might bind to the same mol-
ecule and thus trigger initiation of the second disease.

PF/MCTD: Binding analysis of Dsg1-derived pep-
tides to MCTD-associated HLA-DR1 (DRB1*0101) 
molecules showed 22 epitopes (53%–16% optimal 
binding), while no binders were found for the 9mer-
HLA-B07 (Supplemental Table 6A). Predictions for 
UI-snRNP-derived peptides bound to HLA-DR1 
(DRB1*0101), HLA-DR1 (DRB1*0102), HLA-DR4 
(DRB1*0404) and HLA-DR4 (DRB1*0406) molecules 
showed three (38%–25% optimal binding), zero, zero, 
and one binders (35% optimal binding), respectively 
(Supplemental Table 6A). Interestingly, the binding 
of Dsg1-derived peptides to HLA-DR1 (DRB1*0101) 
was higher than that of the UI-snRNP-derived peptides 
as expressed by the optimal binding values. Peptide 
sequences are shown in Supplemental Table 6B.
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BP/McTD
Binding of alpha 1 type XVII collagen and  dystonin 
to BP-associated HLA-DQ7 (DQB1*0301) mol-
ecules, as well as the binding of UI-snRNP to 
 MCTD-associated HLA-DR1 (DRB1*0101) and the 
9mer-HLA-B07 has been described in the previous 
sections of this study and is shown in Supplemental 
Tables 2, 4, 5 and 6.

BP/MCTD: Binding analysis of alpha 1 type 
XVII collagen peptides to MCTD-specific HLA-
DR1 (DRB1*0101) resulted in 30 predicted peptides 
(40%–17% optimal binding), while the binding to the 
HLA-B07 molecules showed nine binders (59%–45% 
optimal binding) (Table 7). Moreover, the binding of 
dystonin-derived peptides to HLA-DR1 (DRB1*0101) 
showed 56 peptides (44%–17% optimal binding), 
and only one peptide (53% optimal binding) for the 
9mer-HLA-B07 molecules (Supplemental Table 7A). 
Interestingly, three  UI-snRNP-derived peptides 
were shown to bind to BP-associated HLA-DQ7 
(DQB1*0301) molecules (33%–26% optimal bind-
ing). Here, the binding of BP- and MCTD-associated 
autoantigens to their disease molecules was similar to 
the cross-disease combination. Peptide sequences are 
presented in Supplemental Table 7B.

Dh/McTD
Analysis of DH-specific TGM3 transglutaminase 
3 peptide binders resulted in 685 peptide sequences 
(Supplemental Table 8). Binding predictions for 
TGM3-derived peptides to HLA-DQ8 (DQA1*0301/
DQB1*0302) showed three binders (30%–28.5% 
optimal binding), whereas no binders were found 
for HLA-DQ2 (DQA1*0501/DQB1*0201) (Supple-
mental Table 8A). Studies of UI-snRNP/HLA-DR1 
(DRB1*0101)/9mer-HLA-B07 have been described 
in the previous sections (Supplemental Tables 5–7).

DH/MCTD: Binding analysis of TGM3 to HLA-
DR1 (DRB1*0101) alleles resulted in 17 binders 
(41%–17% optimal binding), but only one binder 
was found for the 9mer-HLA-B07 molecules (opti-
mal binding 47.5%). In the opposite direction, the 
binding of UI-snRNP to HLA-DQ2 (DQA1*0501/
DQB1*0201) showed four peptides (40%–27% 
optimal binding) and no binding to HLA-DQ8 
(DQA1*0301/DQB1*0302) molecules (Supple-
mental Table 8A). Peptide sequences are shown in 
 Supplemental Table 8B.

OcP/McTD
For a single disease model, analysis of OCP- and 
MCTD-specific peptides bound to their associated 
HLA molecules has been shown earlier  (Supplemental 
Tables 3, 5–8).

OCP/MCTD: Several UI-snRNP-derived peptide 
epitopes were shown to bind to OCP-associated HLA-
DQ7 (DQB1*0301) and HLA-DR4 (DRB1*0401) 
molecules. Thus, three peptides bound to HLA-DQ7 
(33%–26% optimal binding), and six epitopes bound 
to HLA-DR4 molecules (29%–15% optimal binding) 
(Supplemental Table 9A, B). On the other hand, 30 
OCP-derived alpha 1 type XVII collagen peptides 
bound to MCTD-associated HLA-DR1 (DRB1*0101) 
(40%–17% optimal binding) and nine alpha 1 type 
XVII collagen peptides bound to the 9mer-HLA-B07 
(59%–45% optimal binding). In the case of β4 integ-
rin, 29 binders were detected for MCTD-associated 
HLA-DR1 (DRB1*0101) (37%–17% optimal bind-
ing) and five peptides were predicted to bind to the 
9mer-HLA-B07 (62%–46% optimal binding). Pep-
tide sequences are shown in Supplemental Table 9B.

MMP/McTD
Analysis of MMP-specific β4 integrin binding to 
MMP-associated HLA-DQ7 (DQB1*0301) mol-
ecules, as well as the binding of MCTD-related 
UI-snRNP peptides to MCTD-specific HLA-DR1 
(DRB1*0101) and the 9mer-HLA-B07 has been 
described in the previous sections of this report 
 (Supplemental Tables 1, 5–9).

MMP/MCTD: In the dual disease model, the bind-
ing of β4 integrin to HLA-DR1 (DRB1*0101) resulted 
in 29 predicted epitopes (37%–17%  optimal binding), 
while only five β4 integrin-derived  peptides were found 
to bind to the 9mer-HLA-B07 (62%–46% optimal 
binding), as shown in Supplemental Table 10A. On the 
other hand, three UI-snRNP-derived peptides bound to 
HLA-DQ7 (DQB1*0301) molecules (33%–26% opti-
mal binding). For peptide sequences refer to Supple-
mental Table 10B. Thus, based on similar values for 
peptide binding in these two disease models, it is possi-
ble that autoantigen-derived epitopes from one disease 
interact with the HLA alleles of the second disease.

BP/Dh
Analysis of BP-specific autoantigens alpha 1 type 
XVII collagen and dystonin, as well as of DH-related 
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TGM3 binding to HLA molecules known to be associ-
ated with BP (within a known disease model) has been 
performed and described in the previous sections of 
this study (Supplemental Tables 2, 4, 7 and 8).

BP/DH: Binding of type XVII collagen-derived 
peptides to DH-associated HLA-DQ8 (DQA1*0301/
DQB1*0302) resulted in eight top binders (36%–25% 
optimal binding), and in one binder for HLA-DQ2 
(DQA1*0501/DQB1*0201) molecules (optimal bind-
ing 45.89%) (Table 11A). For dystonin-related pep-
tides, 12 were found to bind HLA-DQ8 (DQA1*0301/
DQB1*0302) (47%–25% optimal binding) but none 
to HLA-DQ2 (DQA1*0501/DQB1*0201) molecules 
(Supplemental Table 11A). In the opposite direction, 
six TGM3-derived peptides were predicted to bind 
BP-associated HLA-DQ7 (DQB1*0301) molecules 
(45%–26% optimal binding). Peptide sequences are 
shown in Supplemental Table 11B.

Based on the predicted optimal binding data, these 
results suggest that epitopes derived from the auto-
antigenic proteins specific for one disease may bind 
to one or more HLA alleles associated with the sec-
ond disease with various affinities. Most importantly, 
these observations show that while one peptide is 
capable of binding to its disease-associated HLA, a 
different peptide of the same autoantigen may bind to 
the HLA related to the second disease. This phenom-
enon may produce T cell recognition with different 
signaling outcomes, leading to the production of sev-
eral autoantibody specificities characteristic for each 
of the induced disease conditions.

Discussion
It has been well documented that autoimmune dis-
eases may coexist in the same patient, either sequen-
tially or concurrently.50–64 PV, DH, BP, and SLE have 
all been reported in association with other autoim-
mune diseases as well as with each other. In par-
ticular, observations of dual autoimmunity in some 
patients who concurrently develop organ-specific and 
systemic disease have been reported.52,54,55,58,60,62,63 
Multiple factors, including those of immunologi-
cal, genetic, endocrine and environmental origin, 
contribute to the above condition. The immunoge-
netic mechanisms of this phenomenon present an 
intriguing unresolved problem of autoimmune pre-
disposition, calling for development of prospective 
approaches of prediction and ultimately prevention 

of the  disease. As a matter of fact, the involvement 
of T cells in immunopathogenesis of MCTD, PV and 
MMP has been well established. In MCTD, the role of 
anti-RNP-reactive T cells in autoantibody production 
has been demonstrated.65,66 In PV, it has been shown 
that B cells function as  antigen-presenting cells stim-
ulating Dsg3-specific CD4+ T helper (Th) cells to 
secrete cytokines such as interleukin (IL)-4, IL-6 and 
IL-10 which are required for proliferation of memory 
B cells and differentiation into antibody-producing 
plasma cells.67–69 Thus, the interplay between B and T 
cells seems to be critical, which is further supported 
by the finding that depletion of CD4+ T cells prevents 
antibody production.69 Moreover, a clinical study 
showed that the mean frequency of Th2 CD4+ T cells 
was significantly elevated in PV patients with active 
disease, while no responses were detected for patients 
with disease in remission or controls.71 Characteriza-
tion of autoreactive T-cells has led to identification of 
immunodominant T-cell epitopes and the repertoire of 
Dsg3- or Dsg1-specific T-cells at the clonal level.72,73 
Lastly, the potential role for antigen-specific autore-
active T cells in the pathogenesis of MMP has also 
been addressed.74,75 Collectively, these observations 
suggest that T cell epitopes of the respective autoanti-
gens may bind to their HLA molecules and trigger the 
activation of autoreactive T cells, which in turn would 
induce production of pathogenic autoantibodies.

In the present study, a bioinformatics-based search 
for potential epitopes restricted by HLA molecules 
associated with autoimmune mucocutaneous blister-
ing diseases and systemic diseases has been under-
taken in order to address the immunogenetics of 
the phenomenon of shared autoimmunity. The data 
across different disease combinations obtained in this 
report suggest that coexistence of two autoimmune 
diseases in the same patient might be triggered by 
the following mechanisms: 1) binding of each of the 
autoantigenic peptides related to a specific disease, 
to its specific HLA-associated molecules, or 2) bind-
ing of two epitopes derived from the same autoanti-
gen to two HLA class II molecules, each associated 
with one disease. This binding may potentially result 
in differential signaling leading to the generation of 
disease-specific antibodies which contribute to the 
pathogenesis of both disease conditions. The data on 
the number of predicted peptide binding epitopes for 
each disease combination described in this study is 
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presented in Table 2. The highest number of binders 
was found for OCP while the lowest was in the case 
of DH, BP/MCTD and MMP/MCTD. Figure 1 shows 
disease models arranged by the number of predicted 
binders from other diseases. In each case, the point 
of reference is the HLA class II molecule. An analy-
sis of in-model binding between HLA II molecules 
and associated protein within a given disease model 
is compared to the binding predictions for those same 
HLA II molecules against the set of proteins asso-
ciated with the second disease model (cross-model 
analysis).

It should be noted that there are certain limita-
tions to the methodology employed in this study. The 
binding matrices used are based on motifs developed 
from sequences known to bind to the MHC for which 

the matrix is developed. There are inherent problems 
which limit the suitability of the matrices for predic-
tion of novel binding sequences, particularly the vari-
able number of known binding sequences available 
for the development of binding matrices, in some 
cases quite small. Another limitation is that labora-
tory confirmation of binding predictions has yet to be 
completed. However, a recent publication has identi-
fied a peptide epitope derived from BP180 associated 
with IgA dermatosis that was shown to interact with 
monoclonal antibodies76. Parts of BP180 mapped 
sequences SMDRIEKDRL and QEELWMFVRKKL 
in this publication were predicted by our Rankpep tool 
as follows: the WMFVRKKLM epitope (overlapping 
sequence underlined) is a predicted binder to HLA-
DR1 (DRB1*0101) in the top 2% of ranked peptides. 
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Figure 1. Disease models and peptides bound from other models.
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The same epitope is also in the top 2% of ranked 
peptides for HLA-DR4 (DRB1*0402), where poten-
tial binders should be concentrated.48,49 This makes 
WMFVRKKLM a potentially antigenic sequence 
for MCTD, PV and PF. The epitope IEKDRLQGM, 
although not predicted above the binding threshold, 
was also within the top 2% of predicted binders to 
HLA-DR4 (DRB1*0402).

Following pioneering biochemical studies which 
led to elucidation of peptide motifs associated with 
class I and class II MHC receptors,77–80 numerous anal-
yses on the nature of the peptide/MHC interactions 
in the context of autoimmune/inflammatory diseases 
have been performed showing promiscuity of peptide 
binding to class II MHC molecules.81,82 In the pres-
ent study, each autoantigen of interest was subjected 
to the cross-HLA II-binding analyzer tool resulting 
in multiple peptides which were ranked based on the 
probability of their binding to the respective HLA 
molecule. It is of interest that, in spite of the large 
number of sequences generated for each autoantigen 
(varying from 429 for UI-snRNP to 2641 for dystonin) 
the number of the actual binders above the threshold 
was specific for each peptide/HLA combination and 
resulted in either none, very few or multiple binders, 
as shown in Supplemental Tables 1–11. This is likely 
due to the polymorphism in the HLA pocket residues 
allowing specific peptide motifs to bind based on the 
size and hydrophobicity of the pockets, so that only 
the matching amino acids of the peptide would fit in.

Sequences of autoantigenic immunodominant epi-
topes for a number of blistering diseases have been 
previously reported.83–93 In the most studied model, 
PV, extensive analysis of peptide motifs bound to 
the susceptible alleles showed sequence specificities 
and variability in the HLA binding pockets.84–86 For 
example, at least nine previously identified stimulatory 
Dsg3 peptide sequences corresponding to the amino 
acid residues 96-112 (PFGIFVVDKNTGDINIT), 
191-205 (NSKIAFKIVSQEPAG), 206-220 (TPM-
FLLSRNTGEVRT), 252-266 (ECNIKVKDVNDN-
FPM), 342-356 (SVKLSIAVKNKAEFH), 380-394 
(GIAFRPASKTFTVQK), 763-777 (SGTMRTRH-
STGGTNK), 810-824 (NDCLLIYDNEGADAT) and 
963-977 (ERVICPISSVPGNLA) were shown to bind 
to PV-associated HLA-DR4 (DRB1*0402) and DQ5 
(DQB1*0503) with a sliding window of up to three 
amino acids for the core residues.84 In the present 

study, our binding analysis of Dsg3 epitope binding 
to DRB1*0402 revealed several sequences that were 
identical to the reported core and flanking residues 
within the peptide Dsg3 (flanking residues spaced, 
core underlined): NSK IAFKIVSQE PAG—191-
205 (NSKIAFKIVSQEPAG); SGT MRTRHSTGG 
TNK-763-777 (SGTMRTRHSTGGTNK); and NDC 
 LLIYDNEGA DAT—810-824 (NDCLLIYDNEGA-
DAT) (ref. 82 and Supplemental Table 1B).

It is of interest to note that, according to  Mouquet 
et al,87 human Dsg1 was found to contain a T cell 
epitope capable of binding to PF-associated HLA 
Class II DRB1*0102 molecules. In contrast, no pre-
dicted binders derived from Dsg1 were detected 
for HLA-DR1 (DRB1*0102) in the present study 
 (Supplemental Table 2). Also of interest, a recent 
study showed that the HLA-DR3 (DRB1*0301) mol-
ecule is linked to endemic PF in Tunisian patients.92 
It would be of interest to analyze the peptide binding 
predictions on Dsg1 to this PF-associated HLA mol-
ecule in order to identify potential epitopes.

Importantly, no similar sequences were found in 
two different autoantigens specific for the two dis-
eases, suggesting that promiscuous binding of the 
same epitope to the two HLA alleles associated with 
these diseases is unlikely to be the cause of shared 
autoimmunity. Rather, the data presented in this study 
demonstrates the possibility that an additional epitope 
derived from the same autoantigen binds to the HLA 
specific for the second disease. To our knowledge, 
this is the first study suggesting the potential mech-
anism of the induction of dual autoimmunity medi-
ated by epitopes derived from a single autoantigen. In 
support of this mechanism, it is noteworthy that the 
affinity of the binding between the autoantigenic pep-
tide epitope, the susceptible HLA and the TCR play 
an important role in T cell activation. Due to certain 
degree of promiscuity and specificity in peptide rec-
ognition by the HLA receptors, not a single binding 
affinity, but rather a range of affinities would account 
for the productive interaction between the peptide 
epitopes, HLA and the TCR, leading to T  cell-mediated 
B cell activation and antibody secretion. Modeling of 
the bound conformation of  PV-associated peptides 
revealed the role of DRB1*0402 in the selection of 
specific  self-epitopes.84 Several studies suggest that 
autoantigenic peptides do not necessarily bind to 
disease-associated HLA molecules with high affinity, 
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but rather within the intermediate range, thus allowing 
for the rescue of autoreactive T cells by virtue of 
weaker HLA/peptide/TCR interactions. In contrast, 
protective HLA proteins are more efficient binders of 
self-antigens, which results in elimination of autore-
active T cells.85

It should be noted that peptide binding to HLA is 
facilitated by the interactions between the amino acid 
residues lining the groove of HLA molecules and the 
side chains of the bound peptide. The binding pock-
ets of HLA class II, defined by the polymorphic β 
chain and the more conservative α chain of the αβ 
heterodimer, share homology between some alleles 
but may also differ from other alleles as defined by 
size, charge and hydrophobicity.83 Thus, autoanti-
gens may not share sequence homology, but still may 
 encompass peptides able to bind different HLA due to 
the presence of certain amino acids which would fit to 
the binding pockets of the HLA molecules. In spite of 
this fact, the two peptides may share common bind-
ing motifs, dictated by structural requirements of the 
HLA pockets accommodating the peptides. Due to 
the degenerate nature of the HLA binding and TCR 
recognition, an observation which has been widely 
accepted for the past decade,94 common binding 
motifs would be sufficient to allow peptide binding 
to different HLA molecules. However, in this case, 
it is possible that the recognition of the HLA/peptide 
complex by T cells will differ depending on the ori-
entation of the TCR interacting with the amino acids 
facing away from the binding groove, and thus will 
result in differential activation by T cells.

Molecular and cellular mechanisms governing the 
concurrent or sequential presence of autoimmune 
blistering and systemic diseases in patients remain 
to be elucidated. Investigation of these mechanisms 
has been significantly delayed due to the lack of ani-
mal models in which both the systemic and organ-
specific autoimmune diseases can be induced. To this 
end, only a small number of experimental models of 
susceptibility to a single disease have been developed 
with limited success.91,95–97 Development of such ani-
mal models allowing investigation of the effects of 
the triggering factors on shared autoimmunity would 
require genetic manipulations enabling the introduc-
tion of elements of susceptibility, ie, human HLA and/
or autoantigen-specific TCR/BCR. Thus, a transgenic 
mouse model expressing two  disease-associated 

HLA and two TCR/BCR specific for each of the 
autoantigenic peptides would be most suitable for this 
 purpose. In these mice, the experimental approach 
would include the administration of disease-inducing 
peptides, separately or concomitantly, and monitoring 
the animals for manifestations of each disease. In par-
allel, ex-vivo functional analysis including antigen-
specific proliferation, cytokine secretion and antibody 
phenotyping, has to be performed. The in vitro bind-
ing studies employing purified HLA proteins and 
synthetic peptides, and the cellular assays with anti-
gen-presenting cells and patient’s lymphocytes would 
also be instrumental.

To our knowledge, this is the first study reporting 
extensive analysis of peptide binding predictions to a 
number of HLA alleles associated with autoimmune 
blistering and systemic diseases. Further studies of 
these patients, and especially of T and B lymphocytes 
administered into HLA-transgenic mice, will provide 
valuable information on cellular and molecular mech-
anisms critical for immunoregulation and production 
of pathogenic autoantibodies. Such studies have sig-
nificant clinical ramifications and implications for 
the development of novel immune therapies targeting 
both autoimmune diseases. The elucidation of HLA-
restricted immune recognition mechanisms prompt-
ing the production of two or more disease- specific 
autoantibodies holds significant clinical ramifica-
tions and implications for the development of more 
effective treatment protocols. Currently, blistering 
and systemic diseases are treated by a number of pro-
tocols, including administration of IV Ig regiments, 
bone marrow transplantation, steroids (prednisone, 
prednisolone, dapsone, clobetasol), adjuvant drugs 
(azathioprine, mycophenolate mofetil, cyclosporine, 
rituximab) and emerging treatments by gene therapy 
or stem cell transplantation. These treatments are 
aimed at suppression or replacement of affected pro-
teins and cells, with no specificity of targeting indi-
vidual components.

Our findings provide important information on 
the identity of potential epitopes implicated in patho-
genesis of blistering and systemic diseases, and spe-
cifically, on autoantibody reactivity in these patients. 
Potential therapies for these conditions could include 
targeted strategies to eliminate these  autoantibodies 
and/or combination therapy with agents directed 
against several such specificities.
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supplementary Material

Table s1A. rankpep analysis of PV- and MMP-derived autoantigens predicted to bind their hLA-associated alleles in a 
one- and two-disease model.

Disease 1 MHc performance* Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding  
score

% optimal high % optimal low

PV hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 PV desmoglein 3  
preproprotein

991 4 12.635 18.963 12.956 36.91 25.22

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04  desmoglein 3  
preproprotein

991 11 11.444 17.99 11.507 40.33 25.8

hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 desmoglein 3 
preproprotein

991 5 12.059 20.331 12.258 53.46 32.23

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 MMP β4 integrin 1814 14 12.635 21.785 13.172 42.4 25.64

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 β4 integrin 1814 16 11.444 16.62 – 37.04 –
hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 β4 integrin 1814 17 12.059 19.434 12.808 51.1 33.68

MMP hLA-DQ7 (DQB1*0301) na MMP β4 integrin 1814 14 11.701 20.182 11.829 44.19 25.9
hLA-DQ7 (DQB1*0301) na PV desmoglein 3 

preproprotein
991 4 11.701 17.045 13.563 37.32 29.7

notes: *Development and performance of matrices is described in detail in ref. 48; For other details refer to Methods section of this report.
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Table s4A. rankpep analysis of PV- and BP-derived autoantigens predicted to bind their hLA-associated alleles in a one- 
and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding score % optimal high % optimal low

PV hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 PV desmoglein 3  
preproprotein

991 4 12.635 18.963 12.956 36.91 25.22

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 desmoglein 3  
preproprotein

991 11 11.444 17.99 11.507 40.33 25.8

hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 desmoglein 3  
preproprotein

991 5 12.059 20.331 12.258 53.46 32.23

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 BP alpha 1 type XVII  
collagen (BP180)

1489 8 12.632 18.587 13.11 36.18 25.52

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 dystonin (BP230) 2641 12 12.632 24,137 13,043 46.98 25.39

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 alpha 1 type XVII  
collagen (BP180)

1489 4 11.444 16.967 12.689 38.04 28.45

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 dystonin (BP230) 2641 28 11.444 16,557 12,753 37.12 28.59
hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 alpha 1 type XVII  

collagen (BP180)
1489 6 12.059 19.698 13.157 51.77 34.59

hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 dystonin (BP230) 2641 11 12.059 20,577 12,103 54.1 31.82
BP hLA-DQ7 (DQB1*0301) na BP BP180 alpha 1  

type XVII collagen
1489 14 11.701 19.68 11.938 43.09 26.14

hLA-DQ7 (DQB1*0301) na dystonin (BP230) 2641 12 11.701 16,983 12,013 37.19 26.3
hLA-DQ7 (DQB1*0301) na PV desmoglein 3  

preproprotein
991 4 11.701 17.045 13.563 37.32 29.7
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Table s4A. rankpep analysis of PV- and BP-derived autoantigens predicted to bind their hLA-associated alleles in a one- 
and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding score % optimal high % optimal low

PV hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 PV desmoglein 3  
preproprotein

991 4 12.635 18.963 12.956 36.91 25.22

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 desmoglein 3  
preproprotein

991 11 11.444 17.99 11.507 40.33 25.8

hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 desmoglein 3  
preproprotein

991 5 12.059 20.331 12.258 53.46 32.23

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 BP alpha 1 type XVII  
collagen (BP180)

1489 8 12.632 18.587 13.11 36.18 25.52

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 dystonin (BP230) 2641 12 12.632 24,137 13,043 46.98 25.39

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 alpha 1 type XVII  
collagen (BP180)

1489 4 11.444 16.967 12.689 38.04 28.45

hLA-Dr4 (DrB1*0402) 0.72 ± 0.04 dystonin (BP230) 2641 28 11.444 16,557 12,753 37.12 28.59
hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 alpha 1 type XVII  

collagen (BP180)
1489 6 12.059 19.698 13.157 51.77 34.59

hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 dystonin (BP230) 2641 11 12.059 20,577 12,103 54.1 31.82
BP hLA-DQ7 (DQB1*0301) na BP BP180 alpha 1  

type XVII collagen
1489 14 11.701 19.68 11.938 43.09 26.14

hLA-DQ7 (DQB1*0301) na dystonin (BP230) 2641 12 11.701 16,983 12,013 37.19 26.3
hLA-DQ7 (DQB1*0301) na PV desmoglein 3  

preproprotein
991 4 11.701 17.045 13.563 37.32 29.7
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Table s6A. rankpep analysis of PF- and McTD-derived autoantigens predicted to bind their hLA-associated alleles in a 
one- and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding  
score

% optimal high % optimal low

PF hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 PF desmoglein 1 1041 22 8.009 25.889 8.032 53.66 16.65
hLA-Dr1 (DrB1*0102) 0.72 ± 0.04 desmoglein 1 1041 0 33 – – – –
hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 desmoglein 1 1041 5 12.059 18.417 12.178 48.42 32.02
hLA-Dr4 (DrB1*0406) na desmoglein 1 1041 0 25.605 – – – –
hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 McTD U1-snrnP 429 3 8.009 18.186 12.243 37.69 25.38
hLA-Dr1 (DrB1*0102) 0.72 ± 0.04 U1-snrnP 429 0 33 – – – –
hLA-Dr4 (DrB1*0404) 0.61 ± 0.05 U1-snrnP 429 0 12.059 – – – –
hLA-Dr4 (DrB1*0406) na U1-snrnP 429 1 25.605 25.891 – 35.35 –

McTD hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 McTD U1-snrnP 429 3 8.009 18.186 12.243 37.69 25.38
9mer-hLA-B07 na U1-snrnP 429 2 19.18 28.526 27.961 63.48 62.22
hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 PF desmoglein 1 1041 22 8.009 25.889 16.001 53.66 33.16
9mer-hLA-B07 na desmoglein 1 1041 0 19.18 – – – –
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9mer-hLA-B07 na U1-snrnP 429 2 19.18 28.526 27.961 63.48 62.22
hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 PF desmoglein 1 1041 22 8.009 25.889 16.001 53.66 33.16
9mer-hLA-B07 na desmoglein 1 1041 0 19.18 – – – –
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Table s8A. rankpep analysis of Dh- and McTD-derived autoantigens predicted to bind their hLA-associated alleles in a 
one- and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding score % optimal high % optimal low

Dh hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 Dh transglutaminase 3 685 0 31.451 29.276 16.04 40.74 22.32

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 transglutaminase 3 685 3 12.635 15.737 14.644 30.63 28.5

hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 McTD U1-snrnP 429 4 31.451 20.599 13.862 40.09 26.98

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 U1-snrnP 429 0 12.635 – – – –

McTD hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 McTD U1-snrnP 429 3 8.009 18.186 12.243 37.69 25.38
9mer-hLA-B07 na U1-snrnP 429 2 19.18 28.526 27.961 63.48 62.22
hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 Dh transglutaminase 3 685 17 8.009 19.6 8.343 40.62 17.29
9mer-hLA-B07 na transglutaminase 3 685 1 19.18 21.332 – 47.47 –

http://www.la-press.com
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Table s8A. rankpep analysis of Dh- and McTD-derived autoantigens predicted to bind their hLA-associated alleles in a 
one- and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding score % optimal high % optimal low

Dh hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 Dh transglutaminase 3 685 0 31.451 29.276 16.04 40.74 22.32

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 transglutaminase 3 685 3 12.635 15.737 14.644 30.63 28.5

hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 McTD U1-snrnP 429 4 31.451 20.599 13.862 40.09 26.98

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 U1-snrnP 429 0 12.635 – – – –

McTD hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 McTD U1-snrnP 429 3 8.009 18.186 12.243 37.69 25.38
9mer-hLA-B07 na U1-snrnP 429 2 19.18 28.526 27.961 63.48 62.22
hLA-Dr1 (DrB1*0101) 0.75 ± 0.04 Dh transglutaminase 3 685 17 8.009 19.6 8.343 40.62 17.29
9mer-hLA-B07 na transglutaminase 3 685 1 19.18 21.332 – 47.47 –
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Table s11A. rankpep analysis of BP- and Dh-derived autoantigens predicted to bind their hLA-associated alleles in a 
one- and two-disease model.

Disease 1 MHc performance Disease 2 protein Total  
sequences

Total predicted  
binders

Threshold High binding  
score

Low binding score % optimal high % optimal low

BP hLA-DQ7 (DQB1*0301) na BP alpha 1 type XVII  
collagen (BP180)

1489 14 11.701 19.68 11.938 43.09 26.14

hLA-DQ7 (DQB1*0301) na dystonin (BP230) 2641 12 11.701 16,983 12,013 37.19 26.3
hLA-DQ7 (DQB1*0301) na Dh transglutaminase 3 685 6 11.701 20,579 11.92 45.06 26.1

Dh hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 Dh transglutaminase 3 685 0 31.451 – – – –

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 transglutaminase 3 685 3 12.635 15.737 14.644 30.63 28.5

hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 BP alpha 1 type XVII  
collagen (BP180)

1489 1 31.451 32.97 – 45.89 –

hLA-DQ2  
(DQA1*0501/DQB1*0201)

0.88 ± 0.06 dystonin (BP230) 2641 0 31.451 – – – –

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 alpha 1 type XVII  
collagen (BP180)

1489 8 12.635 18.587 13.11 36.18 25.52

hLA-DQ8  
(DQA1*0301/DQB1*0302)

0.72 ± 0.06 dystonin (BP230) 2641 12 12.635 24,137 13,043 46.98 25.39
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