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Abstract

Background—The Immune Epitope Database (IEDB), originally focused on infectious diseases,
was recently expanded to allergy, transplantation and autoimmunity diseases. Here we focus on
diabetes, chosen as a prototype autoimmune disease. We utilize a combined tutorial and meta-
analysis format, which demonstrates how common questions, related to diabetes epitopes can be
answered.

Results—A total of 409 references are captured in the IEDB describing >2,500 epitopes from
diabetes associated antigens. The vast majority of data were derived from GAD, insulin, I1A-2/
PTPRN, IGRP, ZnT8, HSP, and ICA-1, and the experiments related to T cell epitopes and MHC
binding far outnumbers B cell assays. We illustrate how to search by specific antigens, epitopes or
host. Other examples include searching for tetramers or epitopes restricted by specific alleles or
assays of interest, or searching based on the clinical status of the host.

Conclusions—The inventory of all published diabetes epitope data facilitates its access for the
scientific community. While the global collection of primary data from the literature reflects
potential investigational biases present in the literature, the flexible search approach allows users
to perform queries tailored to their preferences, including or excluding data as appropriate.
Moreover, the analysis highlights knowledge gaps and identifies areas for future investigation.
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BACKGROUND

The present study illustrates how the Immune Epitope Database and Analysis Resource
(IEDB), originally focused on infectious diseases [1], can be used to analyze epitope data
related to type 1 diabetes (T1D) chosen as an exemplary disease. A combined tutorial and
meta-analysis format demonstrates how common questions related to diabetes epitopes can
be addressed using the IEDB and then also discusses the results of these queries.

T1D is characterized by autoimmune-mediated destruction of insulin-producing pancreatic
beta cells, leading to insulin deficiency. CD4* and CD8" T cells have been implicated in
T1D pathogenesis [2], and islet cell antibodies are diagnostic markers of disease. Mapping
of diabetes associated auto antigens and epitopes enables the development of diagnostics to
monitor beta cell autoimmunity and the design of novel immunoregulatory therapeutics [3,
4]. To facilitate achievement of these goals, existing epitope data should be made as easily
accessible as possible to the scientific community.

The IEDB [5] (www.iedb.org) is a comprehensive repository of epitope data reported from
the scientific literature. It includes antibody and T cells epitopes for infectious disease,
allergy, autoimmunity and transplant-related disease. The IEDB is “assay centric,” meaning
that the specific experimental conditions underpinning the definition of the epitope are
captured [6]. This provides immunological context to the data, identifying the host in which
the epitope was defined, disease status or immunization procedures, the immunogen, the
type (CD4*, 1gG, etc.) of effector response measured, and the specific assay and antigen
used. Journal articles are typically curated within 10 weeks of publication, making the
content current with the published literature. Epitope data captured relates to either well
defined minimal/optimal epitopes, or larger and less well-defined epitope-containing regions
(20-50 residues), and “partial epitopes” including amino acid residues within epitopes
identified as key for binding to immune receptors. Molecular structures that were tested for
immune recognition but found to be unreactive are also reported as “negatives.”

Epitope reports can be subject to experimental biases and limitations, which may in turn
result in the perpetuation of certain biases in the literature. The assay-centric nature of the
IEDB was designed to support the scientific community, representing the data globally
(analogous to Pub-Med) without arbitrary value judgments, but simultaneously providing a
platform for selective inquiry and analysis.

The database design empowers users to easily include or exclude data as desired. For
example, data from HLA transgenic mice can be excluded, by delimiting the query to only
“Homo sapiens” as the host. Similarly a query can include only those data specific to an
antigen of interest, excluding data related to potential unrelated epitopes, or select epitopes
based on high or low MHC binding affinity (by specifying a range of IC50 values).
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RESULTS

Inventory of diabetes-related data

A total of 409 references were classified as diabetes-related using automated classifiers
combined with human expert review [7, 8]. These references describe 5,051 structures,
including 2,537 peptides/molecular structures associated with at least one positive assay
(epitopes) and 2,514 peptides/structures only associated with negative results (Table 1).

Commonly reported diabetes-associated antigens

To identify diabetes associated antigens, we compiled the proteins which were the source of
epitopes characterized in the references described above, removing proteins not derived
from mammals, as they were sources as experimental controls (such as peptides from
influenza).

We next analyzed the nature of epitopes described for the most frequently reported antigens.
For example, entering ‘GAD’ in the Molecule Finder we generate a list of available records
for individual GAD entries (including all isoforms) (Figure 1A). The first entry in this list,
‘glutamate decarboxylase 1 isoform GAD67, PROTREE [PT10001739], Homo sapiens’
represents the high node on the Protein Tree for all human GAD proteins. The Protein Tree
is a unique feature developed by the IEDB which organizes individually curated GenBank
entries by sequence homology and thereby allows gathering of related records. To date, 305
structures associated with positive data (epitopes) are reported from a total 127 references.
Human GAD epitopes were defined in several host species including, human, mouse and
rabbit. T cell assays outnumber B cell assays by nearly 4 to 1. While a relatively high
number of MHC binding records are available, only 2 positive ligand elution assays were
reported. Records associated with related antigens (e.g. mouse GAD) can also be queried
directly using the Protein Tree feature, accessible through the IEDB Molecule Finder [use
‘Highlight in Tree’]. Because the Protein Tree is organized by species, if different species
(ex. mouse or rat) are considered, separate queries for each must be performed. Figure 1B
also shows the Protein Tree highlighting mouse GAD.

Detailed data can be retrieved from the results summary table (Figure 1), by clicking on blue
values that represent live links. Accordingly, it is possible to generate an epitope list,
including sequence, antigen name (GenBank) and name of the organisms (NCBI) of origin.
Similarly, details from specific assays, host organisms or a references list can be retrieved
and also downloaded by clicking on the Excel icon at the top of the data table.

A total of 15 antigens reported in the IEDB account for 88% of the references and the near
totality of the data (94%) (Table 2). GAD and insulin alone make up 62% of the curated
assay data. The top seven antigens associated with more than 100 different curated assays
(GAD, insulin, IA-2/PTPRN, ZnT8, HSP, IGRP and ICA-1 also known as ICA69), account
for nearly 90% of the data. Additional antigens include MHC, glial fibrillary acidic protein
(GFAP), serum albumin, islet amyloid polypeptide precursor (IAPP), insulin-like growth
factor (IGF), TCR and chromogranin A. In this context, the serum albumin references relate
to tolerance to cow milk in diabetes patients and induction of tolerance in general; similarly,
several references describe the binding and immunogenicity or tolerogenicity of MHC
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and/or TCR derived peptides in the context of autoimmune diabetes (see below for
tolerogenic peptide-based query). A few references describing non-peptidic antigens, such
as lipopolysaccharide and lipooligosaccharides were also represented.

Table 2 summarizes positive assay data for the top diabetes-associated antigens. In most
instances, T cell assays outnumbered B cell assays, except for IA-2 where we observed
similar numbers of T and B cell assays. With respect to MHC binding, GAD had the most
assays (514), followed by insulin (256), 1A-2 (144), ICA-1 (136) and ZnT8 (66). Fewer
MHC binding assays were reported for IGRP and HSP. Furthermore, few elution assays are
reported for most antigens, with the exception of IA-2. Few data were reported to date for
chromogranin-A, an antigen only recently identified as being associated with diabetes [9].

Retrieving records related to specific epitopes

To exemplify how to retrieve information about a specific epitope, we choose the class Il
epitope GAD (274-286). In the “Linear peptide’ field on home page search interface we
enter the GAD (274-286) sequence “IAFTSEHSHFSLK” (Figure 2A). This epitope was
described in 14 references and tested in 28 different T cell assays. Clicking on the ‘8
Restricting MHC Allele’ in the table retrieves a list of alleles/serotypes tested, including
DR4. MHC binding data are also available for this epitope. Clicking on the “5” MHC
binding assays shows a summary of the different assays, including quantitative values (IC50
nM).

To obtain information about analogs and variants of an epitope, the sequence search can also
be performed using different levels of sequence homology (Figure 2A). For example, a 70%
sequence homology search retrieves 28 homologous epitopes, including synthetic analogs
and a DNA polymerase epitope from herpes simplex virus. This feature can be used to
identify epitopes of interest in the context of cross-reactivity (synthetic analogs and/or
epitopes representing molecular mimics), potentially implicated in triggering autoimmunity
through molecular mimicry [10, 11]. Homology searches can be further refined to take into
account positional requirements derived from specific TCR and clonal requirements. [12—
14].

The advanced search interface accessible from the pull-down menu along the top of the
home page provides access to all the IEDB fields and can be used to search for additional
details, such as assay type. For example, T cell epitopes defined for human insulin using
IFNy ELISPOT (Figure 2B) can be retrieved by selecting ‘human insulin’ using the
Molecule Finder as the epitope source, and the Assay Finder to specify IFNy ELISPOT. The
query identifies 36 human insulin epitopes defined by 100 separate IFNy ELISPOT assays
from 18 references. This type of query can limit searches to a more stringent data subset (ex.
assays representing immune correlates), or alternatively, to compare different data subsets
(ex. human ELISPOT data versus mouse ELISPOT data).

Similarly the assay finder can be utilized to identify records defining tolerogenic peptides,
defined as those peptides involved in the reduction (delayed onset) or treatment (decreased
incidence) of disease in vivo following the administration of the epitope, or the adoptive
transfer of epitope-specific effector cells. In some cases tolerogenic epitopes are defined
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using in vitro assays (ex. down -regulation of Ab response to HSP as hallmark of disease).
As an example, the advanced query was used to select insulin from all species, NOD mouse
as host and T cell “Treatment assay.” The results show 4 epitopes, including the well known
B9-23 peptide. Clicking on the ‘6’ positive assays show a summary of these records (Figure
2C).

Numerous studies analyzed analogs identified through peptide libraries or mimotopes. These
are displayed in the query results as related to the host or source antigen, but shown in the
results summary as peptides without source antigen or source organism. Figure 3 shows a
query to search for T cell analogs of insulin. In the T cell Search under Epitope, the Epitope
Related Object menu was expended by clicking the ‘+’ sign. Here, under Related Object,
“The epitope is an analog of” was highlighted and the Molecule Finder below was used to
select insulin from all species.

Searching for epitopes presented by specific alleles

Epitopes for which an MHC restriction has been determined or inferred are potentially
useful for understanding the disease process, and can be employed as reagents or tools for
diagnosis [15, 16]. The HLA class 11 loci DQA1, DQB1, and DRB1 have been associated
with predisposition to T1D [17-21]. Similarly, the murine class Il molecule 1Ag7 expressed
in NOD mouse contributes to disease susceptibility, and the class Il I-Ag7 5 chain carries the
same ‘diabetogenic’ amino acid residues found in the human DQB1*0302 allele associated
with high risk for T1D development [22, 23]. Here, we exemplify three strategies associated
with decreasing stringency: 1) epitopes for which validated tetramer reagents have been
described, 2) epitopes with restriction defined in specific T cell assays 3) MHC binding data.

To select records related to tetramer assays from the advanced search, the Molecule Finder
was used to select GAD and the Assay Finder to specify ‘tetramer.” The results include 9
GAD epitopes for which tetramers were reported, from a total of 24 assays (Figure 4A).
Restricting alleles include 1Ag7, H-2Kd and HLA-DRB1*04:04 in humans and NOD, NOR
and TCR transgenic mice. In certain studies, epitopes have been modified to enhance MHC
binding or for tetramer production. Therefore a query selecting analogs of a native sequence
may reveal useful targets. For example, the GAD epitope NFFRMVISNPAAT, whereby the
analog NFIRMVISNPAAT shows enhanced activity [24—26].

In another approach, a query was performed using the home page interface to specify “T cell
responses’ and the “MHC Class’ was limited to class I, returning a total of 39 GAD epitopes
derived from 22 references. Clicking on the ‘12 Restricting MHC Allele’ in the summary
portion of the table gives the range of alleles/serotypes (Figure 4B). To “drill down” on a
specific restriction element, the user may simply use ‘Revise Search’ from the results
summary and the Allele Finder to specify the allele of interest, for example, ‘HLA-A2’.

Finally, to retrieve MHC binding data we selected “MHC Binding” as Immune Recognition
Context. The GAD query returns a total of 193 peptides derived from 38 references. By
clicking on the ‘453 positive MHC binding assays we obtain a summary table of all records
(multiple pages; Figure 4C), including assay description and binding affinity (ex.
IARFKMFPEVKEK human GAD 2 (253-265), HLA-DRB1*04:05, Purified MHC
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Radioactivity Competition, IC50= 28nM). Of the 193 GAD epitopes tested, 25 records are
associated with an 1C50 value of 500nM or less. This query can also be revised using the
Allele Finder to specify alleles or serotypes of interest.

Table 3 provides MHC restriction associated data for the top 5 auto antigens. A total of 34
epitopes have been defined by tetramer assays, including 20 class I alleles and 16 class 11
alleles. No tetramer data were available for IA-2 and ZnT8. To date, insulin has been more
extensively studied than GAD or IGRP. In the other categories of T cell assays and MHC
binding, GAD and insulin accounted for the majority of data, and class Il epitopes
outnumbered class | epitopes.

Exploring diabetes associated data as a function of host organism or clinical status

Diabetes associated epitopes have been defined in humans and mice and to a lesser extent
rats, rabbits, guinea pigs. It is often of interest to select epitope data relating to a specific
host. For example, to query for epitopes defined for GAD in mice, the Host Organism field
is used to enter ‘Mouse.” The auto-complete feature will display the top ten hits and by
choosing “Mus musculus (ID 10090 common name: mouse’ the query will retrieve epitopes
defined in mice for the specified antigen (in this example GAD). This query retrieves a total
of 126 epitopes reported in 86 references (Figure 5).

Table 4 provides host-specific data for the top 5 auto antigens from Table 1b. The number of
epitopes is similar between human and murine hosts, for GAD and insulin. IA-2 and ZnT8
epitopes were predominantly defined in humans and IGRP epitopes primarily reported in
mice (not shown).

The Disease Finder feature selects data defined in hosts (both human and non-human)
affected by a naturally-occurring or experimentally induced disease, excluding data derived
from healthy controls and non-relevant data (e.g. MHC binding data). The Disease Finder is
accessible on the home page and represents high level categories of disease, including
‘autoimmune disease.” Entering, ‘diabetes’ into the Disease Name field generates a list of
diseases captured to date that are related to diabetes. A Disease Tree is available and
organized according to five broad categories, with each high level node further sub-
categorized by anatomical location. The tree also includes healthy, controls [healthy,
DTREE_00000014] (Figure 6).

Table 5 shows a query performed for ‘diabetes mellitus (DM)’ and “prediabetes.” To date,
569 epitopes and 103 analogs from 211 references have been reported for DM, related to
over 1,000 T cell assays and/or nearly 300 B cell assays. Prediabetes data was related to 271
epitopes and 105 analogs reported from 109 references. These epitope was also
predominantly described in T cell assays. Of note, these data represent T1D. To date, a mere
6 references are captured in the IEDB describing T2D; however, this number is likely to
increase in the coming years.

Visualizing epitopes in the context of their antigen source

We recently developed an approach to visualize the results from multiple assays for a given
antigen [27]. This ‘Immunomebrowser’ plots query results onto the specified antigen by
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calculating a response frequency score (RFscore) for each residue [27]. This feature is
accessible from the Search Results Summary page by, clicking on “View In Immunome
Browser.’

Figure 7A shows RFscores for T cell data for human insulin protein (GI: 1247492) as a
reference antigen. While T cell reactivity has been described for essentially for the entire
antigen, querying data related to CD4" T cell epitopes defined for in lymphoproliferation
assays (Figure 7B) reveals discrete regions found to be positive in 20-30% of those tested
(RFscore ~0.20-0.30). These regions correspond to 22 different peptide epitope structures,
some of which overlap sufficiently to be compatible with a single epitope. The summary
table of RFscores for this query (Figure 7C) shows each overlapping register by position, its
sequence and how many times it was tested. The search can be further refined by including
additional criteria, such as a specific host species.

In a different application, we probed the IEDB for conformational B cell determinants. A
query of B cell records associated with diabetes mellitus and prediabetes returned 232
positive B cell epitopes from 68 references. If the query is revised by changing the Epitope
Structure’ type from “Any,’ (the default) to ‘Discontinuous Peptide,” 26 discontinuous
epitopes are found, described in 32 assays from 14 references (Table 6). These epitopes are
derived from GAD, insulin, IA-2 and ZnT8 using antibodies from human subjects with
disease.

The Homology Mapping tool visualizes conformational epitopes by mapping each residue
onto a given antigen sequence and highlights its position in the 3D structure of the protein
[28]. For example, a list of 1A-2 epitopes was generated through Excel download. Next,
from the “Tools’ menu we selected ‘Epitope Analysis Tools’ and then Homology Mapping.
All 1A-2 epitope residues reported (multiple records) were pasted in sequentially. The
FASTA sequence of the GenBank ID (4506321) for 1A-2 was then entered as source
antigen, to generate the three-dimensional image shown in Figure 8.

DISCUSSION

The goal of the present study is to raise awareness of the IEDB and its use within the
scientific community devoted to autoimmune diseases. We show how the IEDB can be used
to answer questions related to diabetes, including how to gather epitope data related to
various diabetes-associated antigens, how to retrieve data related to a specific epitope, or
epitopes restricted by a given allele. Additional questions include how to retrieve epitopes
for which tetramers exist, how to visualize epitopes on the antigen’s three dimensional
structure, and how to separate data derived from prediabetic versus diabetic individuals.

Herein we report >2,500 unique epitope structures defined in the context of T cell, B cell,
MHC ligand elution and/or binding assays. The top diabetes-related antigens were GAD,
insulin, IA-2/PTPRN, IGRP, ZnT8, HSP, and ICA-1, representing nearly 90% of the
captured data. This distribution reflects antigens well-known to be associated with diabetes.
However, the balance of type of epitopes varied amongst antigens. T cell assays were most
numerous, except for IA-2 where there were a similar number of T and B cell assays. A
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relatively high number of papers related to heat shock proteins, possibly because of their
association with molecular mimicry. However qualifying hsp60 as a target in T1D
autoimmunity is debatable [12-14, 29]. Also unexpected was the relatively low number of
epitopes related to chromogranin-A, recently identified as a diabetes-related auto antigen,
exclusively in the NOD mouse (10). These results illustrate potential data gaps for some
antigens and differences in the nature of defined epitopes, thus highlighting potential areas
for further research.

Genetic predisposition to T1D is associated with MHC class 11 loci, DQA1, DQBL, and
DRB1 in humans and IAg7 in NOD mice [17-23]. MHC restriction data is important to gain
a better understanding of the disease processes and to develop tools for diagnosis [15, 16].
Herein we described three strategies for searching for these data. Restricting queries to a
particular host revealed that human data represent the largest portion, followed by mice
(mostly NOD) and with far fewer data reported from other species. Interestingly, while the
epitope distribution is fairly similar between human and murine hosts, for GAD and insulin,
epitopes defined for 1A-2 have been predominantly defined in humans, those for IGRP were
primarily reported in mice and those for ZnT8 were exclusively defined in humans.

The IEDB was originally focused on infectious diseases, and as such the expansion of its
focus to other areas of immunological interest such as allergy [30] and autoimmune diseases
[31] is dictating the development of additional and novel query and reporting tools. While in
the context of infectious diseases, the relevant records can be easily obtained by searching
for the etiologic agent (e.g. Influenza), this is not possible for autoimmune diseases, where
most studies focus on a few specific antigens. The protein tree was developed to allow
selection of records associated to a given antigen. The prototype version of this tool is
already deployed in the IEDB and it is being further enhanced.

The Disease Finder is another recently developed feature of the IEDB that allows querying
records related to a given disease, or healthy control subjects. For example, comparisons can
be made between records describing T and B cell epitopes defined in diabetic subjects and
prediabetic subjects. While there is no pathognomonic epitope or antigen identified to date,
many studies show significant differences between groups. Furthermore, our analysis
showed a paucity of conformational B cell epitope data, thus highlighting an important area
for further study.

Despite the overall lack of broad conformational epitope coverage, the existing data
represent the major auto antigens of diabetes in humans, namely GAD, insulin, 1A-2 and
ZnT8.

Finally, it is important to consider the issue of investigational bias. The global collection of
data from the literature can reflect investigational biases present in primary publications. In
the case of diabetes, potential biases relate to the preferential identification of T cell epitopes
from auto-antibody targets versus a more broad investigation or the experimental
modification of epitopes to improved HLA binding, resulting in potentially flawed tetramer
measurements. Furthermore, some investigations a priori assumed that peptides must have
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high affinity binding to bind to MHC, while recent studies suggest that this may be more
exception than rule in case of autoimmunity [3, 32, 33].

It is important to note that the IEDB cannot solve the fundamental issue of investigational
bias in terms of how the scientific community designs, executes and report studies. Indeed,
we typically find that different users disagree on what they consider relevant, or conversely,
biased. While the IEDB cannot alter or exclude data, or directly address and prevent
investigational bias, our goal is to provide the user with a sophisticated platform upon which
to perform queries tailored to their preferences and capable of excluding data they do not
deem appropriate. This type of approach has the additional benefit of revealing areas of
significant gaps in the knowledge base and therefore highlights targets for future
investigation.

The diabetes related data contained in the IEDB can be seamlessly linked to the IEDB
analysis resource, [34], which includes class I, class Il and B cell epitope prediction tools,
and other epitope analysis tools such epitope clustering, homology mapping, conservancy
analysis and population coverage tools. Moreover, the IEDB provides links to more than 50
other relevant databases/resources, including NCBI, GenBank, PDB, ChEBI, DO, etc. This
combination of data, features and tools housed in one location makes the IEDB unique
among immunological web-based resources.

Herein we demonstrate the use of the IEDB to access and analyze diabetes-specific epitope
data generated from humans and animal models. Our ultimate objective is to increase the
awareness of the IEDB resource in the diabetes research community, and encourage
feedback, which is key to ensuring the accuracy and continued enhancement of the data
housed therein.

METHODS

Data inclusion criteria

This analysis includes available data for antibody and T cell epitopes associated with
diabetes, based either on the clinical status of the host or on the association of the antigen
with diabetes. We followed the process of Davies et al [7] to identify diabetes related data
derived from peer-reviewed literature (PubMed), as well as data directly submitted to the
IEDB (instructions can be obtained on the IEDB main page Solutions Center under ‘Data
Submissions.”). Epitope definitions (length and mass restrictions) and IEDB inclusion
criteria can be found at [http://tools.immuneepitope.org/wiki/index.php/
Curation_Manual2.0#Prevailing_Rules]. For the purpose of this report, epitopes represents
the unique molecular structures (minimal sequences, linear and discontinuous regions, as
well as key residues) experimentally shown to react with a B cell or T cell receptor (the
database only curates experimental data and does not include predictions).

IEDB Queries and Analysis

Queries were performed using the IEDB [www.iedh.org] search interfaces. Unless otherwise
specified, results were analyzed by downloading them into Excel format. In some cases,
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ery results were captured as still images. All other figures and/or tables were produced in

Excel. The Response frequency score (RFscore) is calculated as described previously [27].

Acknowledgments

We gratefully acknowledge Drs Howard Grey (La Jolla Institute for Allergy and Immunology) and Alison Deckhut
(National Institute of Allergy and Infectious Diseases) for review of this manuscript. The Immune Epitope Database
is supported by the National Institutes of Health National Institute of Allergy and Infectious Diseases, contract
number HHSN272201200010C.

References
1.

10

11.

12.

Peters B, Sidney J, Bourne P, Bui HH, Buus S, Doh G, Fleri W, Kronenberg M, Kubo R, Lund O,
Nemazee D, Ponomarenko JV, Sathiamurthy M, Schoenberger S, Stewart S, Surko P, Way S,
Wilson S, Sette A. The Immune Epitope Database and Analysis Resource: from Vision to Blueprint.
PLoS Biol. 2005; 3(3):€91. [PubMed: 15760272]

. Santamaria P. The long and winding road to understanding and conquering type 1 diabetes.

Immunity. 2010; 32:437-45. [PubMed: 20412754]

. Scotto M, Afonso G, Larger E, Raverdy C, Lemonnier FA, Carel JC, Dubois-Laforgue D, Baz B,

Levy D, Gautier JF, Launay O, Bruno G, Boitard C, Sechi LA, Hutton JC, Davidson HW, Mallone
R. Zinc transporter (ZnT) 8 (186-194) is an immunodominant CD8+ T cell epitope in HLA-A2*
type 1 diabetic patients. Diabetologia. 2012; 55:2026-2031. [PubMed: 22526607]

. Brezar V, Carel JC, Boitard C, Mallone R. Beyond the hormone: insulin as an autoimmune target in

type 1 diabetes. Endocr Rev. 2011; 32:623-669. [PubMed: 21700723]

. Vita R, Zarebski L, Greenbaum JA, Emami H, Hoof I, Salimi N, Damle R, Sette A, Peters B. The

immune epitope database 2. 0. Nucleic Acids Res. 2010; 38:D854-62. [PubMed: 19906713]

. Peters B, Sidney J, Bourne P, Bui HH, Buus S, Doh G, Fleri W, Kronenberg M, Kubo R, Lund O,

Nemazee D, Ponomarenko JV, Sathiamurthy M, Schoenberger S, Stewart S, Surko P, Way S,
Wilson S, Sette A. The Design and Implementation of the Immune Epitope Data Base and Analysis
Resource. Immunogenetics. 2005; 57(5):326-336. [PubMed: 15895191]

. Davies V, Vaughan K, Damle R, Peters B, Sette A. Classification of the universe of immune epitope

literature: representation and knowledge gaps. PLoS ONE. 2009; 4(11):e8084. [PubMed:
20011659]

. Seymour E, Damle R, Sette A, Peters B. Cost sensitive hierarchical document classification to triage

PubMed abstracts for manual curation. BMC Bioinformatics. 2011; 12:482. [PubMed: 22182279]

. Stadinski BD, Delong T, Reisdorph N, Reisdorph R, Powell RL, Armstrong M, Piganelli JD,

Barbour G, Bradley B, Crawford F, Marrack P, Mahata SK, Kappler JW, Haskins K. Chromogranin
A is an autoantigen in type 1 diabetes. Nat Immunol. 2010; 11:225-231. [PubMed: 20139986]

. Christen U, Bender C, von Herrath MG. Infection as a cause of type 1 diabetes? Curr Opin
Rheumatol. 2012; 24(4):417-23. [PubMed: 22504578]

Oldstone MB. Molecular mimicry and immune-mediated diseases. FASEB J. 1998; 12(13):1255-
1265. [PubMed: 9761770]

Hiemstra HS, van Veelen PA, Geluk A, Schloot NC, de Vries RR, Ottenhoff TH, Roep BO,
Drijfhout JW. Limitations of homology searching for identification of T-cell antigens with library
derived mimicry epitopes. Vaccine. 1999; 18(34):204-8. [PubMed: 10506643]

13. .
14. Schloot NC, Willemen SJ, Duinkerken G, Drijfhout JW, de Vries RR, Roep BO. Molecular

15.

mimicry in type 1 diabetes mellitus revisited: T-cell clones to GADG65 peptides with sequence
homology to Coxsackie or proinsulin peptides do not crossreact with homologous counterpart.
Hum Immunol. 2001; 62(4):299-309. [PubMed: 11295462]

Roep BO, Hiemstra HS, Schloot NC, De Vries RRP, Chaudhuri A, Behan PO, Drijfhout JW.
Molecular mimicry in type 1 diabetes: immune cross-reactivity between islet autoantigen and
Human cytomegalovirus but not Coxsackie virus. Ann NY Acad Sci. 2002; 958:163-165.
[PubMed: 12021098]

Immunome Res. Author manuscript; available in PMC 2014 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vaughan et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 11

Gojanovich GS, Murray SL, Buntzman AS, Young EF, Vincent BG, Hess PR. Use of Peptide-
Major-Histocompatibility-Complex Multimers in Type 1 Diabetes Mellitus. J Diab Sci Tech.
2012; 6:515-524.

Nepom GT, Buckner JH, Novak EJ, Reichstetter S, Reijonen H, Gebe J, Wang R, Swanson E,
Kwok WW. HLA class |1 tetramers: tools for direct analysis of antigen-specific CD4+ T cells.
Avrthritis Rheum. 2002; 46(1):5-12. [PubMed: 11817608]

Khalil I, d’Auriol L, Gobet M, Morin L, Lepage V, Deschamps I, Park MS, Degos L, Galibert F,
Hors J. A combination of HLA-DQ beta Asp57-negative and HLA DQ alpha Arg52 confers
susceptibility to insulin-dependent diabetes mellitus. J Clin Invest. 1990; 85:1315-1319. [PubMed:
2318983]

She JX. Susceptibility to type | diabetes: HLA-DQ and DR revisited. Immunol Today. 1996;
17:323-329. [PubMed: 8763818]

Todd JA, Acha-Orbea H, Bell JI, Chao N, Fronek Z, Jacob CO, McDermott M, Sinha AA,
Timmerman L, Steinman L. A molecular basis for MHC class I1--associated autoimmunity.
Science. 1988; 240:1003-1009. [PubMed: 3368786]

Van der Auwera B, Van Waeyenberge C, Schuit F, Heimberg H, Vandewalle C, Gorus F, Flament
J. DRB1*0403 protects against IDDM in Caucasians with the high-risk heterozygous
DQA1*0301-DQB1*0302/DQA1*0501-DQB1*0201 genotype. Belgian Diabetes Registry
Diabetes. 1995; 44:527-530.

Mosaad YM, Auf FA, Metwally SS, Elsharkawy AA, El-Hawary AK, Hassan RH, Tawhid ZE, El-
Chennawi FA. HLA-DQB1* alleles and genetic susceptibility to type 1 diabetes mellitus. World J
Diabetes. 2012; 3(8):149-155. [PubMed: 22919445]

Atkinson MA, Leiter EH. The NOD mouse model of diabetes: As good as it gets? Nature
Medicine. 1999; 5:601-604.

Hattori M, Buse JB, Jackson RA, Glimcher L, Dorf ME, Minami M, Makino S, Moriwaki K,
Kuzuya H, Imura H, et al. The NOD mouse: Recessive diabetogenic gene in the major
histocompatibility complex. Science. 1986; 231:733-735. [PubMed: 3003909]

Oling V, Marttila J, llonen J, Kwok W, Nepom G, Knip M, Simell O, Reijonen H. GAD65- and
proinsulin-specific CD4+ T-cells detected by MHC class |1 tetramers in peripheral blood of type 1
diabetes patients and at-risk subjects. J Autoimmun. 2005; 25(0896—-8411):235-43. [PubMed:
16263242]

Masewicz SA, Papadopoulos GK, Swanson E, Moriarity L, Moustakas AK, Nepom GT.
Modulation of T cell response to hGADG65 peptide epitopes. Tissue Antigens. 2002; 59:101-12.
[PubMed: 12028536]

Reijonen H, Kwok W, Nepom GT. Detection of CD4+ autoreactive T cells in T1D using HLA
class Il tetramers. Ann N Y Acad Sci. 2003; 1005:82-87. [PubMed: 14679042]

Kim Y, Vaughan K, Greenbaum J, Peters B, Law M, Sette A. A meta-analysis of the existing
knowledge of immunoreactivity against hepatitis C virus (HCV). PLoS ONE. 2012; 7(5):e38028.
[PubMed: 22675428]

Ponomarenko J, Papangelopoulos N, Zajonc DM, Peters B, Sette A, Bourne PE. IEDB-3D:
structural data within the immune epitope database. Nucleic Acids Res. 2011:D1164-70.
[PubMed: 21030437]

Zanin-Zhorov A, Nussbaum G, Franitza S, Cohen IR, Lider O. T cells respond to heat shock
protein 60 via TLR2: activation of adhesion and inhibition of chemokine receptors. FASEB J.
2003; 17(11):1567-9. [PubMed: 12824285]

Vaughan K, Peters B, Larche M, Pomes A, Broide D, Sette A. Strategies to Query and Display
Allergy-Derived Epitope Data from the Immune Epitope Database. Int Arch Allergy Immunol.
2012; 160(4):334-345. [PubMed: 23172234]

Abreu JR, Martina S, Verrijn Stuart AA, Fillié YE, Franken KL, Drijfhout JW, Roep BO. CD8 T
cell auto reactivity to preproinsulin epitopes with very low human leucocyte antigen class |
binding affinity. Clin Exp Immunol. 2012; 170(1):57-65. [PubMed: 22943201]

Scotto M, Afonso G, @sterbye T, Larger E, Luce S, Raverdy C, Novelli G, Bruno G, Gonfroy-
Leymarie C, Launay O, Lemonnier FA, Buus S, Carel JC, Boitard C, Mallone R. HLA-B7-

Immunome Res. Author manuscript; available in PMC 2014 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vaughan et al.

Page 12

restricted islet epitopes are differentially recognized in type 1 diabetic children and adults and
form weak peptide-HLA complexes. Diabetes. 2012; 61(10):2546-2555. [PubMed: 22997432]

34. Kim Y, Ponomarenko J, Zhu Z, Tamang D, Wang P, Greenbaum J, Lundegaard C, Sette A, Lund
O, Bourne PE, Nielsen M, Peters B. Immune epitope database analysis resource. Nucleic Acids
Res. 2012; 40:W525-30. [PubMed: 22610854]

Immunome Res. Author manuscript; available in PMC 2014 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Vaughan et al.

Figure 1.
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Figure 1A. Molecular Finder
Entering ‘GAD’ in the Molecule Finder generates a list of available records for individual
GAD entries (including all isoforms).
Figure 1B. Protein Tree highlighting mouse GAD The protein Tree shows the two high
nodes for mouse GAD1 and GAD?2.

Immunome Res. Author manuscript; available in PMC 2014 August 17.

Page 13



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Vaughan et al.

Search

Epitope Structure
O any
@ Linear Peptide: IAFTSEMSHFSLE
© piscontinuousfPeptide
© Non-Peptidic;

Exact Matches »

Substring
Blast QJ§

Blast - 80°
Epitope Sour Bla: - 70%

0
»
Ephopes Positive® Negative** Al »
Pegdc f 0 1 —_— G
NersPaghise [ 0 Epitope 101 Structure. Source Antigen Source Organkn
1910 GORTILDTIFGE + VOGKRSL Ot peocosinmy factor
vy Negative a 278 TS ERK Ghatanate Gocubonten 2 (3 more)  Homo signs (1 more)
. % 001 NMVAMMIARFYMFREVY K GMAMLFRLUAS TS Ghiarate Gecubonine 2 Moo g
- W79 PRLAFTSEMSE Ghstarmate decubonyiise 2 Hormo sagons
9 0 0360 PRLIAFTSEHSHES Gutarmate decubonyiase 2 Homo sageons
0 0 056 RLIAFTSEHGSHE 2
0 5 09  ATBEEL Gtamate Gocubonie 2 Homo sagwons
W70 ATSBEeR Ghamate docubonie 2 Moo sagens
W EVIDGMAMPRLIA TSN Ghtarnate Grcaboniae 2 oo sicmes
2 W06 TSRS, Ghtarate decutonine 2 Hormo sagans
s 0BG PRLAFTSEMGHSLINGAA Ghstarate decubonyiise 2 Homo sageons
101245 SHFSLKXGAAALGIGTOSVI 2 (1.more)
8 100517 TBEeR Gutamate decubonyiise 2 Homo sageons
" IS GMAALPRLIAFTSEMSSL Ghstamate decubonyiase 2 Hormo sageons
064 PTG Gharmate Gecubonyise 2 oo sigmns
WEATL PEVDGMAMPRLAFTS Ghnamate Grcutonte 2 (1 more) oo sigens
BIMIL OGAINMYAMMIARRIMFFEVKEKGMAALPRLIAS TSEMEM Gtarate decartomine 2 Hormo sagans
16718 FPAMPRIADTSEMSTL + Daa(Fl, T19)
1673 GMAALPRIADTSEHSPRL
16734 GMAALSRLLAPTSENGHPSL
HETH  PAAFPIADTSBEOL
11673 GPAAPRIADTSDMSTL + O-aa(T10)
B TOAMPPIADTSDETL + Oaa(T1, TI0)
1091 KGMAMWPRAIAFTSE Ghaamate docubonie 2 s sk
P21 TSRESNGA Ghtamate decubonyise 2 s sk

Discontinuous Peptide

- Non-Peptidic: ( Woeode Fr
Select T cell Search

£ Epitope
Eptope ID

IMMUNE EPITOPE DATABASE g
ND ANALYSIS RESOURCE (T Cell Assay

Qualtative Measurement | Postive
Postive-Low

’

Type @ Any © Linear peptide © Discontinuous peptide

Source Molecule fnsuinnsuin precursorChain B, Sructure (| Molecule Fnder

Source Organsm I Organism Finder

- Epitope Reference Details
- Epitope Related Object

Assay [IFNgrelease by ELISPOT;

Assay Finder

Specify IFNg ELISPOT using Assay Finder

Epitopes Positive® Negative®*
Peptidic 3% 8
Hon-Peptidic 0 0
Assays Positive MNegative
100 81
0 0
0 0
MHC Bndng 0 0
Summary
Epitope Source Organsm 1
Host Organsm 3
Restricting MHC Alsle 13
R ces 18

Results table for query

Choosehuman insulin as epitope source

Immunome Res. Author manuscript; available in PMC 2014 August 17.

Page 14

Vhorpes serekax veus (trpo 1 stran 17)

ololeB



yduasnUe J0yINY Vd-HIN 1duIsNUeIN J0YINY Vd-HIN

1duosnuey Joyiny Vd-HIN

Vaughan et al.

Export al results: B (ful)
Epitope IDT Structure
SHLVEALYLVCGERG

58388

104784
131317
133571

4 rern(s) found, dsplying 1 to 4 (Chck the colurmn headers to adjust the somting)

wt

1632355

1608

1641532

1643431

1T802TS

1885405

FYNOHLCGSHLVEAL YLVOGERGFFY TPKA

VEALYLVCGERG
FLPLLALLALWEPKPTQA

1 Urbanek-Rui;
On Imrrunal
2001

Maspkang
Kisbargasht
) lrerunod
007

Yostbaay Vil
Bictachnol Boeng
2005

M Polansis;
J Autormmun
1957

Takashi Anal;

Figure 2.

Figure 2A. Data for prominent class |1 GAD epitope (274-286)
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The “Linear peptide’ field on home page search interface was used to enter the GAD (274—
286) sequence “IAFTSEHSHFSLK.” The sequence identity % of the BLAST search can be
changed to find homologs of the entered sequence.
Figure 2B. Advanced search for human insulin T cell epitopes defined using IFNy ELISPOT

From the pull down menu at the top of the home page, select ‘T cell Search.” Next, under

Epitope, the Molecule finder was used to select human insulin (sort on ‘Organism’ column
to group all human proteins).
Figure 2C. Tolerogenic T cell epitopes reported in NOD mice The advanced query was used
to select insulin from all species, NOD mouse as host and T cell “Treatment assay.’

Immunome Res. Author manuscript; available in PMC 2014 August 17.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Vaughan et al.

& IMMUNE EPITOPE DATABASE
’ JAND ANALYSIS RESOURCE

Home Browse

Search (%)

Epitope Structure

© any

@ Linear Peptide: [SHIVEALYLVCGE | Blact - 90%

O Discontinuous Peptide

© Non-Peptidic:

Epitope Source

Source Organism: | Organiem Finder | (3)

Source Antigen: [ Molsculs Frdet | (7)

Immune Mediated Disease Association /\

# Reference
I= Epitope
Epitope ID
Time @ any O Unexr peptide O Discontin®us peptide O Discol
Source Molecue | Molecude Finder |(3)
Source Organism | Orgarism Finder |(3)

# Epitope Reference Details
= Epitope Related Object
CEFIERTTRY The codooe is an analog o
Vo4 Tihe ephcpe
Type

Source Mokecue [

Source Orgarism |

Page 16

?) Finder - Mozilla Firefox

P 70.167.3.160 Finders treafinder, do?depatcheloadafindartyp

Organism Finder

Current Selection:

[_clearan || remove || Apply Selection |

Firnk:

insulin
; ® searchnames. O Search 1D's. | Search

| Epitope IDt Structure Source Antigen
101175 QPLALEGSLQSRG
101244 SLQPLALEGSLQSRG
104567 LYLVCGERI
104976 SHLVEALALVAGERG
106106 SHLVAALYLVAGERG
106107 SHLVEAAYLVAGERG
106774 RGIVEQCCTS + FMOC(R1)
113637 LYLVCGERL
119017 SLYQLENYCA
146048 VEALYLVCGEEG
153887 SHLVEALYLVCGEEG
153888 SHLVEALYLVCGGEG

167129 LYLVCGERGL

Figure 3. Analogs of insulin using advanced search
A query to search for T cell analogs of insulin was performed. In the T cell Search under

Epitope, the Epitope Related Object menu was expended by clicking the ‘+’ sign. Here,
under Related Object, “The epitope is an analog of” was highlighted and the Molecule Finder
below was used to select insulin from all species.
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Figure 4A. Advanced search to select tetramer assays A)
To select records related to tetramer assays for GAD, from the advanced search the
Molecule Finder was used to select GAD and the Assay Finder to specify ‘tetramer.’

Figure 4B. Elements of query for T cell assay data specifying allele To search for peptides
of a specific restriction as defined in vitro as potential tetramer targets the home page
interface can be used to specify ‘T cell responses’ and the “MHC Class’ limited to class I (or

specific allele of interest).
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binding)

Positive

Purified MHC - Fluorescence
Competition {or equilibrium
binding)

Positive

Purified MHC - Fluorescence
Competition {or equilibrium
binding)

Positive

Purified MHC - Radioactivty
P tion (or equi
binding) approximating KD
Positive-High

Purified MHC - Radioactivity
Competition {or equilibrium
binding) approximating KD
Positive-High

Purified MHC - Radioactivity
Coenpetition {or equilibrium
binding) approximating KD
Positive-High

Purified MHC - Fluorescence
Competition {or equilibrium
binding)

Positive

69 IC50 niM

69 ICS0 nM

28 IC50 nM

< 500 ICS0 nM

Figure 4C. MHC binding data for GAD To search for peptides of a specific restriction as
defined in binding assays, select ‘“MHC binding data’ from the home page Immune
Recognition Context section.
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Mon-Peptidic: [ Molecuie Finder
Epitope Source w“ :;,
Source Organise: Orgariam Finder ) 0
Source Antigen: [T | Molecus feder Negative Al
502 4

Immune Modiated Disease Association /'
Disease Name: Disase Fnder | LN 1"'
Immune Recognition Context
¥ B Cell Response i
¥ T Cell Response )
¥ MHC Binding -
¥ MHC Ligand Blution

Host Organisen: (i3 mackahoue | | Orparem Finder
MHC Restriction: ™

) tnter Organism
MHC CBs5: | [0 maacukshouse mousel]

’ Apply | | Cloae
@ Heb Weh Common Quenes?

Que

Figure 5. GAD epitopes defined in murine hosts
To query for epitopes defined for GAD in mice, the Host Organism field was used to enter

‘Mouse.” The auto-complete feature will display the top ten hits and by choosing ‘Mus
musculus (ID 10090 common name: mouse’ the query will retrieve epitopes defined in mice
for the specified antigen (in this example GAD).
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Immune Mediated Disease Association

Disease Name: |
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=) [ host heath status [DTREE_00000185]
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3) & sddtionsl diseases by category [DTREE_00000013)

heathry [DTREE_00000014)

Figure 6. Disease Finder

/7

.

.
.
.
.

Page 20

Disease Name Synoms Database
preciabetes syncrome Precistetes, Predisbetes, precisbetc stte, DO [DOD:11716)
Highight i Tree] Seisct peedstetes, K73, R730

dbetes meltus Dishetes, dsbetes meltus, Disbetes melRus, Disbetes DO [DOD3351]
[Highicht n Tree] [Seiect] etz Disbetes melRus, Disbetes melitus, Distetes

melitus (disceder), Disbetes NOS, E14

E E autoimmune disease [DOID:417]

&3 animal model of autoimmune disease [DTREE_00000021]
autoimmune disease of the urogenttal tract [DTREE_00000033)
autoimmune disease of the blood [DTREE_00000022)]
audoimmune disease of the cardiovascular system [DTREE_00000023]
audoimmune disease of the central nervous system [DTREE_00000024)
autoimmune disease of the endocrine system [DTREE_00000026]

Addison's disease [DOID:13774)

autoimmune polyendocring syndrome [DOID:14040)

autoimmune thyroidis [DOID:7183]
[ diabetes melitus [DOID:9351)

Grave's disease [DOID:123861)

hypothyroidism [DOID:1453]

insulin autoimmune syndrome [DTREE_00000045)

prediabetes syndrome [DOID:11716)
autoimmune disease of the exocrine system [DTREE_00000027)
autoimmune disease of the eyes, ears, nose and throat [DTREE_00000025]
autoimmune disease of the gastrointestinal tract [DTREE_D0000028)
B3 autoimmune disease of the musculoskeletal system [DTREE_00000029)
3 autoimmune disease of the peripheral nervous system [DTREE_00000030]
3 autoimmune disease of the skin and connective tissue [DTREE_00000031)
B3 systemic autoimmune diseass [DTREE_00000032)

E oRRERR

nemR

The Disease Finder feature selects data defined in hosts (both human and non-human)
affected by a naturally-occurring or experimentally induced disease, excluding data derived
from healthy controls and non-relevant data. The Disease Finder is accessible on the home

page.
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Figure 7. Immunobrowser: RFscores for all hosts mapped to human insulin
Response frequency scores as a function of residue position are shown. A response

frequency score is defined as: score = (responded-sqrt(responded))/tested. Variables
‘responded’ and ‘tested’ refer to number of individuals responded and tested, respectively.
Black region indicates conservative estimates of response frequencies. Height of gray region
indicates level of confidence associated with each response frequency score.

Immunome Res. Author manuscript; available in PMC 2014 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vaughan et al.

Page 22

ANtigen TGHMILAYMEDHLRNRDRLAKEWQALCAYQAEPNTCATAQGEGHIKKNRHPDELPYDHARIKLKVESSPSRSDYINASPIIEHDPRMPRYIAT
(A) QGPLSHTIADFWQMVWESGCTVIVMLTPLVEDGVKQCDRYWPDEGASLYHVYEVNLYSEHIWCEDFLVRSEYLKNVQTQETRTLTQFHFLSWP
REGTPASTRPLLDFRRKVNKCYRGRSCPITVHCSDGRGRTGTYILIDMYLNRMAKGYKEIDIARTLEHVRDQRPGLVRSKDQFEF ALTAVAEE

VHRILKAL

Figure 8. 3D representations of 1A-2 conformational epitopes
These example 3D images were generated using the 3D Viewer function on the Homology

Mapping tool for epitope all epitopes (in numerical order) defined for IA-2 antigens mapped
to Gl: 4506321. Epitope residues are shown in yellow.
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Table 1
Diabetes-related data based on IEDB classification

While the Davies classification (7) is not currently accessible from the IEDB webpage, these results can be
approximated by performing a keyword search of the IEDB for the word “diabetes” which produces a total of
2,624 epitopes and 1,651 negative structures, reported from 432 references. This search function is
approximate, and should only be considered as a general indicator of reference numbers. Disease-association
query strategies currently in development (see below) will allow assembling diabetes related.

Total number of structures 5,051

Positive structures (epitopes) | 2,537

Negative structures 2,514

Total references 409
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Table 6

Conformational epitopes defined in the context of clinical disease

Page 28

Epitope Sequence Antigen | Source
E517 GAD 2 Human
R255, F256, K257, K263, E264, K265, L270, P271, R272, L273, L285, K286, K287, 1294, G295, T296, D297, S298, GAD 2 | Human
R317, R318

N483, 1484, 1485, K486, N487, R488, E489, G490, Y491, E492, M493, V494, F495, D496, G497, K498, P499, F556, GAD 2 | Human
F557, R558, M559, V560, 1561, S562, N563, P564, A565, A566, T567, H568, Q569, D570, 1571, D572, F573, L574,

1575, E576, E577, 1578, E579, R580, L581, G582, Q583, D584, L585

N483, 1484, 1485, K486, N487, R488, E489, G490, Y491, E492, M493, V494, F495, D496, G497, K498, P499, F556, GAD 2 | Human
F557, R558, M559, V560, 1561, S562, N563, P564, A565, A566, T567, H568, Q569, D570, 1571, D572, F573, L574,

1575, E576, E577, 1578, E579, R580, L581, G582, Q583, D584, L585

E264 GAD 2 | Human
E517, E520, E521, S524, S527, V532 GAD 2 | Human
E517, E521 GAD 2 | Human
K358 GAD 2 | Human
R536, Y540 GAD 2 | Human
F25, V26, N27, E37, R46, T51, T85, S86, 187, S89, L90, Y91, Q92, E94 insulin Human
P52, K53, L90 insulin Human
F25, V26, N27, T97, S98, 199, C100, S101, L102 Insulin Human
F25, V26, N27, E37, R46, T51, P52, K53, T54, T85, S86, 187, S89, L90, Y91, Q92, E94 insulin Human
F25, V26, N27, E37, R46, T51, T54, T85, S86, 187, S89, L90, Y91, Q92, E94 insulin Human
P876, A877, E878, T880 1A-2 Human
T804 1A-2 Human
T804, V813, D821, R822, Q862, P886 1A-2 Human
W799, E836, N858 1A-2 Human
D911 1A-2 Human
Q862 1A-2 Human
L831, H833, V834, E836, Q860 1A-2 Human
W799, E836, N858 1A-2 Human
W799, L831, H833, V834, Y835, E836, Q860 1A-2 Human
R325, R332, E333, K336, K340 ZnT8 Human
R325 ZnT8 Human
W325 ZnT8 Human
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