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It is still elusive why certain self proteins induce an autoimmune response. One
immunological hypothesis is that only modified or altered self-proteins may become a
target. Thus, we asked whether such alterations may actually be genetic polymorphisms
that can be revealed by analyzing sequence variability in the known human
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autoantigens. Indeed, we found autoantigens to contain significantly more single

nucleotide polymorphisms (SNP) than other human genes do. Our finding may offer an
explanation for autoimmune responses through allogeneic exposure. Besides other
contributing factors in autoimmunity, SNP may represent an essential prerequisite for

the primary induction of an autoimmune response.
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Introduction

Although most foreign antigens such as bacterial and
viral proteins induce immune responses, self proteins
(autoantigens) normally do not amplify an immune
response. Nevertheless, humoral and cell-mediated
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immune reactions against self-constituents occur in
patients with autoimmune diseases [1]. Autoantigens
are a diverse class of molecular structures consisting
mostly of proteins, but also including carbohydrates and
polynucleotides. We focused our study on the analysis of
protein autoantigens, representing the largest and best-
characterized group among autoantigens.

Why only a small group of distinct proteins without
obvious relation is targeted by autoimmune responses is
not understood [2]. Interestingly, autoantigens recog-
nized in mouse models of autoimmunity, both of
spontaneous and manipulated origin, are similar to
those in human diseases (reviewed in [2]). Moreover,
the range of autoantibodies generated in a number of
transgenic mouse strains with modified immune path-
ways resembles the repertoire of autoantibodies present
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in spontaneous human autoimmune disorders (re-
viewed in [2]). Taken together, these results support a
concept of common features in autoantigens.

Various hypotheses have been proposed to describe
the restricted set of autoantigens, and various features
have been observed. In the early 1990s, sequence
analysis of known autoantigens revealed a higher
frequency of autoantigens with charged surfaces and
in particular coiled-coil structures — a pair of a-helices
with high surface charge that interact along their length
— compared with randomly selected human proteins [3,
4]. Many systemic autoantigens become clustered in
surface blebs of apoptotic cells [5] and are processed by
the protease granzyme B [6]. Recently, it was shown that
failure to remove apoptotic lymphocytes from germinal
centers may lead to autoimmunity in mice [7]. The high
number of nucleic-acid-binding proteins amongst auto-
antigens has been associated with the ability of nucleic
acids to stimulate Toll-like receptors, thereby activating
specific B cells [8]. Although all of these observed
features are likely to play a role in the ontogeny of
autoimmunity, they only account for a subset of known
autoantigens and are not a common denominator.

Many autoimmune diseases show an increased
prevalence in women [9], and it is often reported that
sex steroids have an effect on the immune system [10].
Maternal cells that remain present in the offspring after
pregnancy, or persisting fetal cells in the mother
(situations referred to as microchimerism [11, 12]),
have also been proposed as an initial trigger. Such
exposure to allogeneic proteins may represent the link
between autoimmunity and genetic polymorphisms, as
described in post-transfusion purpura [13]. Other
autoimmune diseases favoring this hypothesis and
displaying a sex bias are postpartum thyroiditis [14],
systemic lupus erythematosus [15] and peripartum
cardiomyopathy [16]. Nevertheless, women without

Table 1. Publication bias in human genes
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pregnancies, men, and children are also likely to be
exposed to alloantigens, as maternal cells also traffic
into the fetal circulation. Furthermore, microchimerisms
may also result from transplantation or blood transfu-
sion, or occur from in utero transfer between twins [12].
Given that a low level of autoreactivity is even found in
healthy individuals [17], and it is well documented that
antigen recognition by B lymphocytes [18] and T
lymphocytes [19] is promiscuous, it may be assumed
that lymphocyte clones stimulated by an alloantigen
may also react with a similar host allele.

On the basis of our hypothesis, autoantigens should
display a greater polymorphism, as this would increase
the probability of allogeneic exposure. Indeed, we were
able to demonstrate that single nucleotide polymorph-
isms (SNP) within coding regions are more frequent in
autoantigens than in other human genes, suggesting that
these polymorphisms are a crucial prerequisite for
human proteins to be autoantigens.

Results and discussion

Database of known human autoantigens

To collect known autoantigens and their corresponding
sequences, we searched biomedical literature (as
indexed in Medline) and major public sequence
databases, using keywords related to autoimmunity,
known autoantigens and autoimmune diseases. As we
aimed to analyze genetic variability, we omitted
autoantigens whose corresponding genes could not be
identified unambiguously. A total of 348 autoantigen
sequences were collected by this procedure. A complete
list of the autoantigens with corresponding database
identifiers is available online (See Supporting Informa-
tion, Supporting Table 1).

Group Number of genes GO annotations Coding SNP Coding SNP
(% high quality) per gene per base pair

Autoantigen genes 348 6.65 (37.5%) 7.20® 4.15x1072 9

Other human genes ¢ 14,881 4.95 (30.5%) 3.63 2.82x1073

Control genes © 643 6.43 (61.1%) 3.67 2.84x107

Disease-associated genes 2,161 6.54 (37.3%) 5.55 3.94x107

All 15,229 5.00 (30.8%) 3.72 2.85x1073

3 The average number of GO nodes annotated per gene is given, with the percentage of high-quality annotations (with evidence
tags 'inferred from direct assay' or 'traceable author statement') amongst all annotations for genes in the group in parentheses.
b 9 Significantly different from other human genes as well as from control genes, p<0.0001.

d)

Known human genes except autoantigens (including 'control genes' and 'disease-associated genes').

® Genes without disease association (not contained in OMIM database), with at least as many high quality GO annotations
(evidence tags 'inferred from direct assay' or 'traceable author statement') as autoantigen genes have.
D Genes with well-characterized disease association (contained in OMIM database, status 'confirmed'), except autoantigens.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 1. Autoantigen genes contain more SNP
than other human genes do. Mean numbers
of coding (a) and non-synonymous (b) SNP
for autoantigen genes (n=348) and other
human genes from dbSNP (n=14,881) were
calculated. The real differences of means (A
mean) are indicated (closed circles), with
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Increased number of polymorphisms in
autoantigens

We first analyzed coding SNP (i.e. SNP in the translated
region of a gene), as well as the subclass of non-
synonymous SNP (i.e. SNP that lead to an amino acid
substitution in the expressed protein), as they are the
most likely to cause alterations in the expressed protein
recognizable by the immune system. On average, 7.2
coding and 3.1 non-synonymous SNP were found per
autoantigen gene, whereas other human genes only
contained 3.6 coding and 1.8 non-synonymous SNP.
To analyze the significance of the high genetic
variability observed amongst autoantigens, we studied
SNP contents of randomly selected human genes. All
human genes including autoantigens (n=15,229) were
randomly split into two samples with sizes correspond-
ing to the number of autoantigen and non-autoantigen
genes. Comparison of these randomly generated
samples allowed the calculation of a A mean to be
expected for randomly selected genes. A histogram of
10,000 randomly generated A means is shown in Fig. 1
(white bars), together with the real A mean observed if
comparing human autoantigen with non-autoantigen
genes (closed circles). For both coding (Fig. 1a) and non-
synonymous SNP (Fig. 1b), a statistically significant
higher number of SNP was found in autoantigens.

No autoantigen clusters in the human genome

The observed difference could be explained by a
genomic clustering of autoantigens at a site of high
SNP density, such as the HLA locus [20]. However, Fig. 2
shows that the genomic locations of autoantigens are
randomly distributed in the human genome, and the
number of autoantigen genes correlates well with the
total number of genes on each chromosome (correlation
= 0.91). Accordingly, less than ten autoantigen genes
are found on the gene-poor chromosomes 13, 18, 21 and
22. None of the analyzed autoantigens mapped to

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 2. Genomic distribution of autoantigen genes. Schematic
representation of human chromosomes with loci of 348
autoantigens depicted as horizontal lines. Chromosomes are
drawn to scale (one vertical unit equals 2.5x10” base pairs),
with the total number of autoantigens per chromosome
indicated at the top.
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Table 2. Exemplary autoantigens with known epitopes and SNP
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)

. . -
Autoantigen Sequence Epitope
(accession #) reference
Insulin 1 malwmrllpl lallalwgpd paBlaFvNQHL CGSHLVERLY LVCGERGFFY [22]
rreae W (=1 f=1s =] aleqs I L
PO1308 51 TPET d lgvagvelgg gpgagslgpl alegslgkrg IVEQCCTSIC
( ) 101 SLYOLENYCN
52.kDa Ro 1 MASAARLTMM WEEVTCPICL DEFVEBVSIE CGHSFCQECI SQVGKGGGSV [23]
: 51 CEVCRQRFLL KNLRENRQLA NMVNNLKEIS QEAREGTQGE RCAVHEERLH

plotcl“ 101 LFCEKDGKEAL CWVCAQSRKH RDHAMVPLEE ARQEYQEKLD VALGELRREQ
(P19474) 151 ELAEKLEVEI AIKRADWKET VETQKSRIHA EFVQQENFLV EEEQROLOEL

201 EKDEREQLRT LGEKEAKLAQ OSOATOELTS BLDRRCHSSA LELLOETGVS

251 NSLSPRSESW NLEKDLDITSP ELRSVCHVPG LKKMLRTCAV HITLDPDTAN

351 PWLILSEDRR QVRLGDTOQS IPGHEERFDS YPMVLGAQHF HSGEHYWEVD

401 VTGKEAWDLG VCRDSVRRKG HFLLSSKSGF WTIWLWNKQK YEAGTYBQTP

451 LHLOQVPPCOV GIFLDYEAGM VSFYNITDHG SLIYSFSECA FTGPLRPFFS

501 PGFNDGGENT APLTLCPLNI GSQGSTDY
DNA 1 MSGDHLHNDSE QIEADFRLND SHEHKDKHED REEHRHEEHEKE EKDREKSKHS [24]

. l i .,

51 NSEHKDSEKK HKEKEKTKHK DGSSEKHKDK HKDRDKEKRK EEKVRASGDA
tGpOlSDmCI“dSC 101 KIKKEKENGF SSPPQIKDEF EDDGYFVPPK EDIKFLERFPR DEDDADYEKFPE
(P11387) 151 KIKTEDTKKE KERKLEEEED GELKKFKNKD KDKEVPEPDN KKKKPKKEEE

201 QEWEWWEEER !’PEIII{WKF‘L EHEGFVFAPP YEPLPENVEF YYDGEVMELS

251 PKAEEVATFF AKMLDHEYTT KEIFRKNFFE DWRKEMTNEE KNIITNLSKC

301 DETOQMSQYFE AQTEARKOMS KEEKLKIKEE NEKLLEKEYGF CIMDMHEKERI

351 ANFKIEPFGL FRGRGNHPKM GMLKRRIMPE DIIINCSKDA KVPSPEPGHK

401 WEEVREHDNEV TWLVSWTENI QGSIKYIMLN PSSRIKGEKD WQKYETARRL

451 KKCVDKIRNO YREDWKSKEM KVRORAVALY FIDKLALRAG NEKEEGETAD

501 TVECCSLEVE HINLHP‘E_LDG DEYVVEFDFL GEKDSIRYYNK VPVEKRVFEN

551 LQLFMENKQP EDDLFDRLNT GILNKHLODL MEGLTAKVFR TYNASITLQQ

601 QLEELTAPDE NIPAKILSYN RANRAVAILC NHQRAPPKTF EKSMMNLOTE

651 IDAKKEQLAD ARRDLKSAKA DAKVMKDAKT KKVVESKKKA VORLEEQLME

01 LEVQHTDREE NK.QIHLGTSK LNYLDPRITV AWCKEWGVEIL EKIYNKT'QRE

751 KFAWAIDMAD EDYEF

3 Unprocessed precursors proteins are shown, with synonymous and non-synonymous SNP shaded in gray
and black, respectively. Regions typed in lower-case correspond to amino acids not present in the mature
protein, and underlined amino acids are part of known epitopes recognized by T or B cells.

chromosome Y, which contains the least number of
genes of all human chromosomes.

Gene length does not explain increased
polymorphisms

Differences in gene length and structure between
autoantigens and other genes are likely to have an
influence on the mean amount of genetic variability. For
instance, long genes may tend to contain higher
numbers of SNP in comparison with short genes. We
thus compared the average lengths of three functional
regions [coding regions, intron regions and untranslated
regions (UTR)], as well as the average number of splice
sites in the groups of autoantigens and other human
genes.

The two groups were found to vary considerably for
all four of these indicated values (absolute values and
significance levels are available in Supporting Table 2);

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thus we normalized the number of SNP in a gene with
the corresponding length of the functional region or the
number of splice sites in that gene. Fig. 3 illustrates the
percentage variability in autoantigens before and after
normalization, setting the variability in the other human
genes to 100%. Autoantigen variability in introns, UTR
and splice sites, although not equal to 100%, is not
significantly different from other genes. The apparent
differences when compared with other genes are
generated by a few genes with extremely high numbers
of SNP that strongly influence the mean of the group
(data not shown). Interestingly, the number of coding
SNP (both synonymous and non-synonymous) is
significantly higher in autoantigens. This is true both
for the non-normalized values (Fig. 3, black bars), as
well as for the normalized values (Fig. 3, open bars). We
thus concluded that the increased numbers of coding
SNP in autoantigens cannot simply be explained by a
greater length of the corresponding coding sequences.
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Investigation bias does not explain increased
polymorphisms

It has been estimated that only about 44% of SNP with
minor allele frequencies greater than 5% are repre-
sented in public databases [21]. It is thus likely that the
SNP numbers used in our study underestimate the true
amount of genetic variability, especially for poorly
investigated genes. Therefore, autoantigens may bias
the results of our analysis because they have been
investigated in greater detail.

To assess the number of investigations in the context
of a group of human genes, we calculated the mean
number of gene ontology (GO) terms associated per
gene as well as the percentage of these annotations that
are explicitly documented (Table 1). Indeed, autoanti-
gens have been studied to a greater extent than other
human genes have: on average, more GO terms are
annotated per autoantigen, and a greater percentage of
these annotations has a solid experimental basis. As a
suitable control group, we thus collected a subset of
well-characterized genes from the group of other human
genes. Only genes that were better-characterized than
autoantigens are (equal or more annotated GO terms
with high-quality evidence) and with no known disease
association were included in this group (Table 1, control
genes). These control genes contained on average very
similar numbers of SNP as the whole group of other
human genes did, and genetic variability of autoantigens
was also significantly higher when compared with the
well-characterized human genes. This indicated that
there is no investigation bias that would have provoked
our observed difference in SNP numbers.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

expressed as percent of the corresponding
value in other human genes. The p-values
were calculated by resampling as described in
'Materials and methods'.

SNP and autoantigen epitopes

We have chosen three arbitrary autoantigens [insulin,
52-kDa Ro protein (Ro52) and DNA topoisomerase 1] to
exemplify the effect of SNP on known T and B cell
epitopes. Insulin is one of the major antigens associated
with type 1 diabetes mellitus, an autoimmune disease
believed to be primarily mediated by T cells [22]. As
illustrated in Table 2, human preproinsulin contains
seven synonymous and two non-synonymous SNP.
Interestingly, the single non-synonymous SNP located
in mature insulin (position 38 of preproinsulin) is
contained in two of the six known class-II-restricted T
cell epitopes (33-47, 35-51), and directly flanking the
only known class-I-restricted epitope (39-47) in human
insulin ([22] and references therein).

Human Ro52 is a member of the Ro/La ribonucleo-
protein complex, and autoantibodies specific for Ro52
are found in various autoimmune diseases, most notably
in rheumatoid arthritis, systemic lupus erythematosus
and Sjogren's syndrome. Ro52 contains two synon-
ymous and three non-synonymous SNP (Table 2), and
one of the non-synonymous SNP is located in the central
immunodominant region of the autoantigen [23].

Autoantibodies to DNA topoisomerase 1 are markers
for systemic sclerosis and are associated with pulmonary
fibrosis, a major clinical feature that increases the
morbidity in these patients. Four major epitopes were
identified to be recognized by anti-topoisomerase-1 sera
[24]. Two of these epitopes (205-224 and 517-536)
contain a non-synonymous SNP and are thus likely to be
auto- and allo-epitopes at the same time.

SNP located outside immunogenic regions cannot be
ruled out from having an effect on protein tertiary

www.eji.de
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structure. The above-described Ro52 is an example for
non-coding SNP affecting a protein's antigenicity: in a
genetic study of Ro52, an intronic SNP was identified to
be strongly associated with the presence of anti-Ro52
autoantibodies in primary Sjogren's syndrome [25]. The
non-coding SNP located in intron 3 leads to aberrant
splicing of Ro52 mRNA, resulting in skipping of exon 4
and, thus, generation of a shortened version of the Ro52
protein [25]. As many exons are known to contain
signals recognized by the splicing machinery [26],
synonymous SNP may exert an effect on the protein via a
similar mechanism.

SNP in disease-associated genes

For a great number of human diseases, the role of point
mutations for disease predisposition and pathophysiol-
ogy is well documented and available in the Online
Mendelian Inheritance in Man (OMIM) database [27].
Therefore, we also analyzed the number of SNP in
disease-associated genes. Similarly to autoantigens, this
group displayed increased numbers of coding SNP
compared with other human genes (Table 1, p<0.0001).
However, the number of coding SNP per gene was still
significantly lower than the one observed in autoanti-
gens (p=0.0006).

Conclusions

Whereas an increased number of polymorphisms in
genes associated with hereditary diseases was expected,
the high number of polymorphisms in autoantigens is a
surprising finding, and the consequences of SNP in
autoantigens for protein structure, function and anti-
genicity remain to be studied. Ideally, frequencies of
polymorphisms should be compared between groups of
autoimmune patients and healthy individuals. Unfortu-
nately, only very few data of this type are available in
dbSNP. For populations with endemic autoimmune
diseases, it would be interesting to study the correlation
of polymorphisms and disease prevalence. More de-
tailed genetic studies of autoantigens, such as the one
performed on Ro52 [25], are necessary to establish the
pathophysiological role of SNP for given autoimmune
diseases.

Our study focused on SNP as these data are readily
available. However, point mutations occurring at
different times during individual development may
represent the same immunological alteration as a
qualified SNP. Any point mutation may be the reason
for increased occurrence of autoimmune diseases in
certain organs, families or racial groups [28, 29].

The same principle may account for the induction of
autoantibodies by foreign proteins. In humans, even
distantly related proteins (streptococcal surface enolase

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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[30]) or, in rats, close homologues (bovine a-tropo-
myosin [31]) are known to trigger an autoimmune
response. This immunological cross-reactivity between
proteins usually reflects their evolutionary relationship
(homology), and can be explained by structural
similarity. Induction of autoantibodies by foreign alleles
(alloantigens) is conceptually equivalent and differs
only by the source of the provoking agent within the
same species. The concept is consistent with published
findings on the etiology of autoimmune diseases, as
many factors are known to contribute to disease
development. Yet, a high number of polymorphisms
may represent a general and essential prerequisite for
autoantigens.

Materials and methods

External databases

The major public sequence databases used as a source of
autoantigen sequences and sequence annotation were: Swiss-
Prot Release 40 [32], EMBL Release 78 [33], and GenBank
Release 141 [34]. The database of genetic variations in human
genes was dbSNP build 120 [35]. Human gene structure was
from Ensembl [36], human release 34c (accessed via Ensembl
perl API and Bioper]l modules [37]). For gene annotation we
used the GO database [38] with human annotation release
18.0 [39]. For disease-associated genes, we used the OMIM
database [27], downloaded on 04/27/2004.

Groups of genes

In all groups, only genes available in dbSNP (available
variability information) with unambiguous correspondence
in Ensembl (available gene structure) were included in the
analysis. For identification of autoantigens, biomedical
literature and major sequence databases were searched using
keywords related to autoimmunity, autoantigens, and auto-
immune diseases. Keyword searches of literature and major
sequence databases were performed using Medline publication
index [40] and SRS data retrieval system [41], respectively. As
our study aimed at the analysis of the genetic variability, we
omitted autoantigens whose corresponding gene could not be
unambiguously identified from sequence annotation. 'Other
human genes' were human genes other than those for
autoantigens. Control genes were human genes other than
those for autoantigens, with at least three GO nodes annotated
with high-quality evidence (evidence tags 'traceable author
statement' or 'inferred from direct assay'). The disease-
associated genes were human genes in the OMIM database
with confirmed status, other than those for autoantigens.

Statistical analysis of SNP counts
Various classes of SNP [coding SNP (synonymous and non-

synonymous), coding non-synonymous SNP, SNP in introns,
UTR and splice sites] were counted per gene and averaged for
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all genes in a group. To account for differences in gene length
and complexity, SNP counts for each gene were also divided by
the number of splice sites (SNP at splice sites), the number of
coding base pairs (coding and non-synonymous SNP), or the
number of intron and UTR base pairs (SNP in introns and UTR,
respectively). For genes with multiple transcripts, lengths of
functional regions and numbers of splice sites were averaged
over all variants. To estimate the significance of an observed
difference of means between two groups of genes, a Monte
Carlo permutation test was used: All genes in the first group
(n1 genes, mean number of SNP m1) and in the second group
(n2 genes, mean number of SNP m2) were pooled and
randomly split into two new groups of n1 and n2 genes (mean
numbers of SNP m1’ and m2’). The difference of means was
calculated for the two resampled groups (Amyesamplea = m1’ -
m2"), and the so-generated difference of means was compared
with the observed real difference of means between group one
and group two (AMgpservea = M1 — m2). This procedure was
repeated 10,000 times, and the p value was calculated as the
number of resampled differences Am,esampied €qual to or larger
than the real difference Amgpservea plus one, divided by the
total number of resampled differences plus one.
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