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Abstract Autoimmune diseases encompass a plethora of
conditions in which the immune system attacks its own
tissue, identifying them as foreign. Multiple factors are
thought to contribute to the development of immune
response to self, including differences in genotypes, hor-
monal milieu, and environmental factors. Viruses including
human endogenous retroviruses have long been linked to
the occurrence of autoimmunity, but never proven to be
causative factors. Endogenous viruses are retroviral
sequences embedded in the host germline DNA and
transmitted vertically through successive generations in a
Mendelian manner. In this study by means of genetic
epidemiology, we have searched for the involvement of
endogenous retroviruses in three selected autoimmune
diseases: multiple sclerosis, type 1 diabetes mellitus, and
rheumatoid arthritis. We found that at least one human
endogenous retroviral locus was associated with each of
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the three diseases. Although there was a significant over-
lap, most loci only occurred in one of the studied disease.
Remarkably, within each disease, there was a statistical
interaction (synergy) between two loci. Additional synergy
between retroviral loci and human lymphocyte antigens is
reported for multiple sclerosis. We speculate the possibility
that recombinants or mixed viral particles are formed and
that the resulting viruses stimulate the innate immune
system, thereby initiating the autoimmune response.
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Introduction

The autoimmune diseases (AID) are a diverse group of
conditions characterized by abnormal immune reactivity in
association with autoreactive B and T cell responses. More
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than 80 AID have been identified. The most common of
these diseases include systemic lupus erythematosus,
multiple sclerosis (MS), type 1 diabetes mellitus (TIDM),
autoimmune thyroid disease, myasthenia gravis, sclero-
derma, and rheumatoid arthritis (RA) [1]. MS, RA, and
TIDM are all characterized by the body’s immune
response being directed against its own tissues, causing
prolonged inflammation and subsequent tissue destruction.
Cell populations of particular importance in these three
conditions include oligodendrocytes and possibly neuronal
cells, pancreatic islet B-cells, and synovial cells, respec-
tively. Multiple factors are thought to contribute to the
development of immune responses to self, including dif-
ferences in genotypes, hormonal milieu, and environmental
triggers [2, 3]. The significance of environmental effectors
is underscored by the generally low concordance rates of
major AID in monozygotic twins [3].

There is abundant animal experimental evidence that
viruses can play a causative role in chronic AID [4, 5].
Possible mechanisms including alterations in target cells,
alterations in immune cells, immune responses against the
determinant shared by host and virus, and cross-reaction
between idiotype and the antiviral antibody and respective
autoantigens have been suggested. Much of what we know
about these mechanisms has come primarily from studies
in animal models, but there is compelling epidemiologic
evidence that virus infection in humans predisposes one to
AID [4, 6]. However, no known virus has been proven to
regularly induce or promote autoimmune disorders.

Endogenous retroviruses are found in all vertebrates
including humans. Their origins are thought to be prehistoric
infection by exogenous retroviruses of germline cells resulting
in the integration of the retroviral genome (the provirus) into
the genome of the cells. Thus, endogenous retroviruses are
integral parts of animal genomes and are transmitted vertically
through successive generations in a Mendelian manner.

Endogenous retroviruses are peculiar in that they span the
immunological divide between self and foreign. On the one
hand, they are part of the organism itself, encoded in the
chromosomes. On the other hand, they share properties with
infectious agents and any produced viral particles by such
endogenous viruses are not much different from particles of
exogenous infectious agents. Therefore, it can be expected
that virions derived from endogenous retroviruses will be
able to trigger several pattern recognizers of the innate
immune system resulting in induction of autoimmunity.

Retroviral particles are known to be immune suppres-
sive. This is primarily the result of immunosuppressive
protein sequences found in the retroviral surface (envelope)
protein, which increase the viability of the virions in the
host organism. Such immunosuppressive activities are also
found in human endogenous retroviruses (HERVs) [7] and
might have been adapted by placental mammals as a means
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of protecting embryos from the maternal immune system
[8]. Indeed, the endogenous retroviruses play a crucial role
in formation of mammalian placenta.

Most HERVs are defective through accumulation of
mutations during their millions of years as proviruses in the
genome, although very few still contain open reading frames
(ORFs) that are free from deletion and nonsense mutations
[9]. Around 50 loci are able, with one or two mutations per
viral gene, to encode one or more viral proteins. For example,
HERV-Ks are the biologically most active human endoge-
nous virus family with HERV-K sequences coding for all
necessary retroviral proteins. While HERVs have generally
been thought to be “fossils” of formerly infectious viruses
that have since become incapable of replication, recent data
have suggested that there may in fact be situations in which
HERV-K may be able to replicate competently within their
human host. Some of these recently integrated proviruses are
responsible for synthesis of retroviral particles that can be
detected in teratocarcinoma [10, 11] and melanoma-derived
cell lines [12], and possibly in human placenta [13]. Despite
this activity, no functional provirus able to produce infec-
tious particles has yet been described. In mice, recombination
between replication-defective ERV loci can lead to replica-
tion-component loci [14, 15]. This provides a plausible
model for the reconstitution of mobile and integration-
competent HERV's within the genome [16].

Genome-wide association studies (GWAS) have led to the
identification of hundreds of common single nucleotide
polymorphisms (SNPs) involved in susceptibility to autoim-
mune disorders. However, repetitive sequences which are
characteristic for HERV sequences have not been adequately
inspected through GWAS. In this study, we searched for
evidence implicating HER Vs in the etiology of complex AID
with particular reference to MS, T1IDM, and RA. We adopted
a classical genetic epidemiology approach rather than direct
virology techniques, because we wanted to circumvent the
difficult issue of viruses as innocent bystanders present in
diseased tissue and organs. Moreover, a genetic approach
allows for direct identification of the endogenous viral locus,
and not just the type of virus. We report here that distinctive
markers in or near endogenous retroviral loci are correlated
with the different diseases. Remarkably, in all three diseases,
there was a statistically significant interaction between two
viral loci, suggesting that the gene products act synergisti-
cally, e.g., through recombination or complementation.

Materials and methods

Human samples

The studies were approved by the Research Ethics Com-
mittees of the Capital Region, the Central Denmark region,
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and Region of Southern Denmark. All study individuals
gave informed written and oral consent. MS was identified
according to recommended diagnostic criteria for MS:
guidelines from the International Panel [17]. TIDM was
defined according to World Health Organization criteria. RA
was diagnosed according to the American College of
Rheumatology 1987 revised criteria for RA [18]. Blood was
drawn and peripheral blood mononuclear cells (PBMCs)
were isolated and cryopreserved for later DNA purification.
A record of gender was kept for all participants. MS patients
(350 persons) were recruited at the Department of Neurol-
ogy, Aarhus University Hospital, Denmark, over a period of
several years. TIDM patients (1183 persons) were all of
Scandinavian descent, and samples were collected at Steno
Diabetes Center, Copenhagen, Denmark [19]. The RA
patients (710 persons) were recruited from three university
hospital outpatient clinics in Southern Jutland and Funen,
Denmark [20]. Gender distribution was provided for sub-
cohorts. Control samples were collected among medical
students at Aarhus University, Denmark. DNA was purified
immediately according to standard laboratory protocol. In
addition, 40 control samples originating from healthy Dan-
ish blood donors from Aarhus were included. For T1DM, an
extra set of healthy controls were included. These are
healthy blood donors from Odense, Denmark. However,
information about the gender was missing in one subgroup.

Position of endogenous viruses

The 51 loci were chosen for having at most two stop
codons or frame-shift mutations in a viral genome (see
Supplemental Table 1). The positions of the endogenous
viral loci correspond to NCBI Annotation 106.

Single nucleotide polymorphisms (SNPs)

SNPs were genotyped using PCR and mass-spectrometry-
based Sequenom® platform (San Diego, CA) using condi-
tions as previously described [21]. Tested SNPs were
localized in or near the 51 HERV loci (<10 kb). A list of
the SNPs originally tested is given in the supplemental
information in [21]. Positions of the SNPs were verified
using the GRCh37.p13 assembly. Some markers were later
rejected, either because there was too many missing values
(>20 %), because the SNP was monotonic or nearly so, or
because scrutiny of the Sequenom readouts revealed it to
be unreliable. In the final analysis, 284, 130, and 116 SNPs
were employed for MS, TIDM, and RA, respectively.

Statistics

The genetic data and gender information were stored and
processed in SPSS (IBM, Armonk, NY). Associations of

single SNPs with disease were analyzed using the “cross-
tabs” procedure. The frequency of genotypes provided the
P value for association (Pg). To correct for multiplicity of
testing, we employed Bonferroni correction, i.e., the
P values were multiplied with the number of tests per-
formed to give the corrected P value (Pg). For the
ANOVA, controls were coded as 0 and cases as 1 in SPSS,
and the analyses were performed as a univariate linear
model using type 3 sums of squares. The significance of the
product term was used as measure of synergy (P). For all
cases, analyses involving SNPs on the X chromosome were
gender-separated and the resulting P values combined
using Fisher’s method. In table presenting odds ratios,
confidence intervals for the alleles, and the probability of
the allele distribution (not to be confused with Pg), results
were calculated in Excel (Microsoft, Redmond, WA).

Results

The human genome as it is currently known contains 51
endogenous retroviral loci with one or more intact or near-
intact genes [21]. Here, we concentrated the analysis on
these loci. A list of these endogenous viruses is presented
as Supplemental Table 1. SNPs in or near these endoge-
nous retroviral loci were reported previously [21].

Multiple sclerosis (MS)

We have previously reported that MS is associated with the
C-allele of the SNP 1s391745 (Pg=3.1 x 1073,
Py = 0.009) located upstream of the retroviral locus
HERV-Fcl (Chr X position 97,841,482-97,849,424) [22]
[ORpae (CD) 3.73 (2.02-6.88); ORfemae (CI) 2.03
(1.40-2.94)] [21]. Importantly, HERV-Fcl has a pol
region, which is interrupted by two stop codons and a
frame-shift mutation, suggesting complementation by
another locus. Subsequent search of the 51 HERV loci for
intact or near-intact pol reading frame led to the finding of
16 such viruses. Interestingly, among these, we identified a
HERV-K13 (Chr 19 position 21,880,252-21,890,542),
which had given the next highest association with MS [10].

Among six markers near HERV-K13 [23], four showed
signs of interaction with rs391745/Fcl with a rs2435031/
K13 giving the highest interaction (P = 0.02). To illustrate
the interaction, we depicted the odds ratios for all nine
genotype combinations of rs2435031/K13 and rs391745/
Fcl, calculated against the most common genotype,
1s391745/Fc19¢ 1rs2435031/K13™". For simplicity, we
pooled men and women and calculated men as homozy-
gous for rs391745/Fcl (Fig. 1). The effect of the risk
genotype 1s2435031/K13™" rs391745/Fc1“C was strong,
and the combined odds ratio for the partially and fully
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heterozygote carriers was also increased [OR (95 %CI) =
1.86 (1.21-2.84); P = 0.004].

Reciprocally, we searched 43 markers in and around
HERV-Fcl for the best interaction with rs2435031/K13.
The most significant SNP was rs318138/Fcl, giving a
P; = 0.0009. It is not clear how to correct for the multi-
plicity of testing in this tiered approach, but this is a very
strong interaction. Table 1 illustrates the complete
ANOVA for this combination.

10

Oddsratio

139/263

17, 27 '

rs391745GG

rs391745CG

rs391745CC

rs2435031

Fig. 1 Synergy between markers of HERV-K13 and HERV-Fcl in
multiple sclerosis. For simplicity, men were depicted as homozygous
although they really are hemizygous for rs391745. The columns
represent the odds ratio for easy genotype combination, while the
numbers over each column give the number of cases and controls for
each genotype combination

The human lymphocyte antigens (HLA) have repeatedly
been implicated as factors in MS [24]. The associated allele
is HLA-DRB1*1501, tagged by rs3135388/HLA [25]. A
gender-separated three-way ANOVA with rs2435031/K13,
rs318138/Fcl, and rs3135388/HLA showed that the P value
associated with the triple product term was significant
(P1 = 0.02), indicating that the HLA marker interacts with
both viral markers simultaneously. The P value of the
overall model was very low (P = 6 x 10713; Table 2).

Type 1 diabetes mellitus (T1DM)

We identified one SNP as showing association with T1DM,
rs7650483 near HERV-K119 encoding gag and env located
on chromosome 3 (position 113,024,277-113,033,435) (T
allele associated with disease, OR (CI)1.25 (1.08-1.43);
Ps = 0.0004). The association with TIDM was significant
after Bonferroni correction (Pg = 0.05). Two other SNPs
were also found to be associated with disease although they
could not withstand strength of Bonferroni corrections.
Subsequent analysis of these SNPs revealed synergy
between rs7650483/K119 and rs11172544/K106 located on
Chr. 12 (position 58,327,459-58,336,915) (A-allele asso-
ciated with disease, OR (CI) 1.25 (1.04-1.50); P = 0.02)
using ANOVA (P; = 0.02; Table 3). The P value equaled
0.04 with Bonferroni correction considering that we per-
formed two ANOVAs. HERV-K106 contains a 293-bp
‘deletion’ in env which is the signature of all type Il HERV
members. The HERV-K119 locus exists as a full-length
HERV-K. The distribution of risk of TIDM on the nine

Table 1 Two-way ANOVA of synergy between markers of HERV-K113 and HERV-Fcl in MS

Gender Source Type III sum of squares Degrees of freedom Mean square F P value

Female Model 6.520 8 0.815 3.638 0.000
Intercept 9.395 1 6.395 28.549 0.000
rs2435031 0.522 2 0.261 1.164 0.313
rs318138 1.435 2 0.717 3.203 0.041
rs2435031 x rs318138 2.451 4 0.613 2.735 0.028
Error 126.784 566 0.224
Total 210.000 575
Corrected total 133.304 574

Male Model 5.094 5 1.019 4.432 0.001
Intercept 15.992 2 15.922 69.220 0.000
rs2435031 2.459 3 1.230 5.346 0.005
rs318138 0.493 1 0.493 2.142 0.144
rs2435031 x rs318138 2.796 2 1.398 6.077 0.003
Error 71.074 309 0.230
Total 129.000 315
Corrected total 76.171 314

Combined 1s2435031 x rs318138 0.0009

P values for two-way interactions between rs2435031 and rs318138 are shown in bold and italics
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Table 2 Three-way ANOVA of synergy between markers of HERV-K13, HERV-Fcl, HLA in MS

Gender Source Type III sum of squares  Degrees of freedom  Mean square  F P value

Female Corrected model 16.236 20 0.812 3.833  0.000
Intercept 6.995 1 6.995 33.031  0.000
rs2435031 0.735 2 0.367 1.735  0.177
rs318138 0.102 2 0.051 0.240  0.787
rs3135388 0.179 2 0.089 0422  0.656
rs2435031 x rs318138 1.334 4 0.333 1.574  0.180
rs2435031 x rs3135388 1.954 4 0.488 2306  0.057
rs318138 x rs3135388 1.719 3 0.573 2705  0.045
rs2435031 x rs318138 x rs3135388 1.781 3 0.594 2.803  0.039
Error 110.758 523 0.212
Total 202.000 544
Corrected total 126.993 543

Male Corrected model 13.060 14 0.933 4.488  0.000
Intercept 13.074 1 13.074 62.898  0.000
rs2435031 1.008 2 0.504 2425  0.090
rs318138 0.499 1 0.499 2399  0.122
rs3135388 2.549 2 1.275 6.132  0.002
rs2435031 x rs318138 1.198 2 0.599 2.882  0.058
rs2435031 x rs3135388 1.159 4 0.290 1.394  0.236
rs318138 x rs3135388 0.144 2 0.072 0.346  0.708
rs2435031 x rs318138 x rs3135388 0.610 1 0.610 2934  0.088
Error 59.655 287 0.208
Total 122.000 302
Corrected total 72.715 301

Combined  rs2435031 x rs318138 x rs3135388 0.02

P values for three-way interactions between rs2435031, rs318138 and rs3135388 are shown in bold and italics

possible genotypes of the SNPs also suggests a synergistic
effect (results not shown). Supplemental Table 2 and 3
show association of rs7650483/K119 and rs11172544 with
TIDM when patients were stratified for the presence of
nephropathy. The associations were not influenced by the
patient’s nephropathy status.

Rheumatoid arthritis (RA)

Statistical analyses on the RA cohorts show two SNPs as being
associated with RA after Bonferroni correction: rs5993426
near HERV-K encoding in frame gag and pol (broken by stop
codon TGA/pro) viral genes on Chr. 22 (location
18,938,674-18,947,848) (G-allele associated with disease,
OR (CI) 2.87 (2.07-399); P =7 x 1073, Py =1 x
107'% and rs2096537 near HERV-H [26] encoding pol
also on chromosome 22 (position 16,611,308-16,615,149)
(Pg = 0.0002; Pg = 0.02) [C-allele associated with disease,
OR (CI) 1.44 (1.13-1.84)]. Analysis of the interaction
between the two SNPs (P; = 0.003) is presented in Table 4.
This interaction could be in principle due to the fact that the
loci are located on the same chromosome, but the distance

between SNPs is rather long for linkage disequilibrium
(>2 Mb) and there was no evidence for linkage disequilibrium
in the controls (results not shown). Supplemental Table 4 and
5 show the association of 1s5993426/HERV-K and
1s2096537/HERV-H with RA when patients were stratified
for the presence of anti-CPP (IgG antibodies). The associa-
tions were not influenced by the patients’ anti-CPP status.
Similar results were obtained when patients were stratified for
the presence of rheumatoid factor (results not shown). A
possible source of env viral encoding locus could be HERV-
Fcl, as rs391745 was significantly associated with RA
(PG = 0.01) although not Bonferroni-resistant.

Discussion

Significant advances have been made in dissecting the
etiology of autoimmunity over the past decade, both in
identifying genetic risk factors, understanding the cellular
basis for their effect and describing interplay of environ-
mental components. Particularly, viral infections have been
proposed to trigger these diseases on a background of
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Table 3 Two-way ANOVA of synergy between markers of HERV-K119 and HERV-K106 in TIDM

Tests of between-subjects effects
Dependent variable: tstate

Source Type III sum of squares df Mean square F Sig.
Corrected model 8.143% 8 1.018 4.255 0.000
Intercept 89.840 1 89.840 375.591 0.000
1s7650483 1.498 2 0.749 3.131 0.044
rs11172544 0.382 2 0.191 0.799 0.450
1s7650483 x rs11172544 2.792 4 0.698 2918 0.020
Error 426.966 1785 0.239

Total 1052.000 1794

Corrected total 435.108 1793

P value for two-way interaction between rs7650483 and rs11172544 is shown in bold and italics

R*> = 0.019 (adjusted R* = 0.014)

Table 4 Two-way ANOVA of synergy between markers of HERV-K and HERV-H in RA

Tests of between-subjects effects
Dependent variable: tstate

Source Type III sum of squares df Mean square F Sig.
Corrected model 39.431* 11 3.585 16.590 0.000
Intercept 8.846 1 8.846 40.938 0.000
1s5993426 0.917 2 0.458 2.121 0.120
152096537 3.268 3 1.089 5.042 0.002
1s5993426 x rs2096537 3.954 5 0.791 3.660 0.003
Error 267.933 1240 0.216

Total 710.000 1252

Corrected total 307.364 1251

P value for two-way interaction between rs5993426 and rs2096537 is shown in bold and italics

R* = 0.128 (adjusted R* = 0.121)

genetic predisposition. Strong associations between the
HLA region and autoimmune disease have been estab-
lished over the past half century [27].

Moving association studies from single-locus analysis to
wider gene interactions analysis seems crucial in the con-
tinued search for etiologies in complex human diseases. In
present investigation, we focused on endogenous retroviral
loci and their genetic interactions. Our aim in the present
work was the analysis of polymorphisms in or nearby viral
loci with at most two breaks in the reading frame of one or
more viral protein, and their association with susceptibility
to AID. The list of loci was originally based on NCBI 37.1
but was later supplemented with the loci HERV-K113 and
HERV-K115 that are only present in certain humans. In
each of the three tested diseases (MS, RA, and T1DM), at
least one SNP withstood Bonferroni correction (rs391745,
rs5993426, and rs7650483, respectively), suggesting that
endogenous retrovirus may play a role in all three. Addi-
tional retroviral loci seemed to contribute, too (rs2435031,
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rs2096537, and rs11172544). Although we have observed
some overlap, most loci occurred only in one particular
disease. Thus, different endogenous retroviruses would
conceivably determine the resulting disease phenotype.
Our further analysis took advantage of the fact that
association terms and product terms generally are statisti-
cally independent; i.e., even if we optimize for association,
we can only expect high interaction if there is a biological
synergy. In MS, the three-way interaction of SNPs near
HERV-Fcl 15391745, HERV-K13 152435031, and HLA
rs2135388 in particular suggests that the viral regions are
relevant to this disease. Importantly, the statistical synergy
indicates that the three loci together may contribute to MS.
We are not simply observing additive effects, in which
each locus influences MS separately. The actual mecha-
nism by which HERV-Fc1 and HERV-K13 might influence
the immune regulation of HLA and eventually cause MS
development still remains to be elucidated. One possibil-
ity is that proviral elements, e.g., antigens mediating
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molecular mimicry effects, on a background of deregulated
immune factors could trigger an autoimmune response.
Recombination between retroviruses depends on the co-
packing of different viral RNAs into the same particle [28].
Thus, some form of complementation is a prerequisite for
recombination. HERV-Fc1 has the potential to express a
full-length Env product of 584 aa, and a Gag product of
470aa. In silico analysis of predicted ORFs in the HERV-
Fcl sequence shows that the first two stop codons in the
region of gag—pol boundary are separated by only 165 bp.
Thus, if the first stop codon is indeed a premature termi-
nation signal in gag, this would cause deletion of the last
55 aa in the C-terminal of a protein with an original size of
526aa (unpublished data). It is uncertain whether this Gag
corresponds to full-length or a premature termination pro-
duct which lacks 55aa. The HERV-Fcl pol frame is dis-
rupted by several mutations, whereas HERV-K13 was
included in this study based on its near-open pol gene,
which is disrupted by only one frame shift. Interestingly,
HERV-K13 also has an ORF for a 901 aa long Gag protein.

Similar genetic considerations apply to the observed
associations and two-way interactions observed in the other
diseases. In RA, we observed interaction of two SNPs near
HERV-K encoding gag and pol (stop codon TGA/pro) and
HERV-H encoding pol, rs5993426 and rs2096537, respec-
tively. In TIDM, we have shown a synergy between two
SNPs in a close proximity to human-specific full-length
HERV-Ks loci, HERV-K106 and the HERV-K119. HERV-
K106 has been identified as having the highest probability of
being the youngest full-length endogenous retroviruses in
the human genome with no sequence difference between its
LTRs [29]. Moreover, the presence of the 293-bp env
deletion in HERV-K106 which is characteristic in multiple
HERV-K type I members suggests that this deletion may
have been present in the infectious ancestral precursors of
these viruses. A highly polymorphic HERV-K119 locus
possesses intact gene components, which indicates that it has
a potential to encode the functional proteins. Interestingly,
Shin and others [29] suggested that the HERV-K119 pattern
of polymorphisms is different from that of the other ele-
ments of HERV-K family (e.g., HERV-K113 or HERV-
K115) and that the HERV-K 119 locus exists as either a full-
length HERV-K or a solitary LTR. In this case, a possible
role for the HERV in autoimmunity with a special focus on
T1DM is inadvertently linked to the presence of the ORFs in
susceptible individuals. If so, then one would expect that the
SNP is linked to the full-length or the truncated allele.
Otherwise, the SNP might be linked to other genes or to the
promoter activity of the HERV-K119 LTR, which scenario
is the case remains to be determined.

ERVs can recombine to generate viruses with new
infectious properties, as well established in mice, but also
seen in other species. Our genetic data are currently

exclusively based on genetic association and cannot as such
predict any functional relationship beyond the presence or
absence of SNPs. Nevertheless, statistical associations are
most easily explained by a functional relation, and it is
therefore pertinent to pursue the potential molecular inter-
actions between viruses. As such, it is possible that HERV-K
loci coding for full-length HERV-K genomes have all the
features necessary for replication as a viral particle. More-
over, it is also plausible that complementation and/or
recombination among the multiple full-length HERV-Ks
proviruses or even members of others HER Vs families in the
human genome could lead to emergence of replication-ca-
pable viruses. Among 29 human-specific HERV-K insertion
events, 17 are full-length human-specific insertions with all
sequences required for HERV-K replication. Excluding
gene conversion in the host genome, we speculate that
recombination/complementation might occur during reverse
transcription of two co-packaged RNA genomes. In fact as
described, the rarity of complementation in trans among
HERY families is surprising given that retroviral replication
involves the obligate co-packaging of two viral mRNAs
within the same viral particle [30]. We and others speculate
that this is caused by a low probability that more than one
element was expressed in the same cell at the same time.
Several HERVs have been implicated in autoimmune dis-
orders based on the presence of activated HERVs molecules.

An intriguing question remains about how endogenous
retroviral recombinants could induce autoimmunity? Pre-
sumably in a similar manner to exogenous animal and human
viruses, the mechanism is not understood. First of all, activity
of viral regulatory regions could potentially affect expression
of nearby elements such as immune regulatory genes, leading
to aberrant regulation. Alternatively, expression of HERV
genes themselves has the potential to activate the immune
system. The innate immune system serves as the first defense
mechanism during infection of exogenous viruses, via
detection of pathogen-associated molecular patterns
(PAMPs) through pattern recognition receptors (PRRs),
activating expression cascade of proinflammatory cytokines.
The envelope SU-domain of HERV-W has been shown to
activate the PRR CD14 and Toll-like receptor (TLR) 4 with
stimulation of interleukin (IL)-1p, IL-6, and TNFa [31], and
HERV-K dUTPase can activate a number of ILs and inter-
feron (IFN)-y through TLR2 [32]. The proinflammatory
response induced by the innate immune system also con-
tributes to prime the adaptive immune system. The adaptive
immune system may be activated by viral proteins acting as
superantigens (SAgs), leading to massive non-specific T cell
activation and cytokine release [33, 34]. We speculate that
virus particles stimulate the innate immune system through
the receptor proteins TRIMs, STING, and BST-2. The dis-
covery of TRIMS triggering of innate immune signaling
upon binding the capsid of a nucleic acid-devoid retrovirus-
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like particles (RVLPs) and a similar induction of innate
immune signaling following virion restriction by the host
factor tetherin, could be particularly interesting in relation to
our present study and our previous observations of genetic
associations between TRIM5 and BST-2 markers and the
occurrence of MS [35]. This could actually provide mecha-
nisms by which activated HERVs are a source of such
RVLPs. Perhaps, formation of particles is enough, and
reproductive infection by the particles is not even necessary,
as long as the expression is high enough. Later, the reaction
might spill over into the adaptive immune system and cause it
to respond to cellular components.

One possible caveat in our study is the fact that we have
used SNPs as proxies for the viral loci and it is among the
SNPs we have found statistical associations and interactions.
Although the SNPs are very close to the loci, it remains a
possibility that we are observing the effect of other genes
close by. Specifically, there is a HERV-H-related sequence
near HERV-K13, which could be relevant to MS. Addition-
ally, none of the viral loci was recognized as disease relevant
in high-density genome-wide association studies. SNPs
located near or inside retroviral elements are poorly repre-
sented in the predesigned Illumina chips generally used for
large-scale GWAS. These chips were deliberately designed to
focus on single-copy sequences. Also, although in sheer
numbers the GWAS have more strength than our data sets, the
large number of comparisons made by GWAS necessitates
large compensations for the multiplicity of testing. Therefore,
we believe that an approach dedicated to investigating
endogenous retroviruses such as ours has definite advantages.

Acknowledgments We would like to thank Kirsten Junker for
administrating biobank, purifying and aliquoting samples for this
project. This study was supported by grants from the Lundbeck
Foundation, Warwara Larsen Fond, Augustinus Foundation, Danish
Sclerosis Society and Jasha Foundation.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://cre-
ativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Cooper GS, Bynum ML, Somers EC. Recent insights in the
epidemiology of autoimmune diseases: improved prevalence
estimates and understanding of clustering of diseases. J Autoim-
mun. 2009;33:197-207.

2. Dooley MA, Hogan SL. Environmental epidemiology and risk
factors for autoimmune disease. Curr Opin Rheumatol.
2003;15:99-103.

@ Springer

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

. Cooper GS, Miller FW, Pandey JP. The role of genetic factors in

autoimmune disease: implications for environmental research.
Environ Health Perspect. 1999;107(Suppl 5):693-700.

. Olson JK, Croxford JL, Miller SD. Virus-induced autoimmunity:

potential role of viruses in initiation, perpetuation, and progres-
sion of T-cell-mediated autoimmune disease. Viral Immunol.
2001;14:227-50.

. Sfriso P, Ghirardello A, Botsios C, Tonon M, Zen M, Bassi N,

et al. Infections and autoimmunity: the multifaceted relationship.
J Leukoc Biol. 2010;87:385-95.

. Getts DR, Chastain EM, Terry RL, Miller SD. Virus infection,

antiviral immunity, and autoimmunity. Immunol Rev. 2013;255:
197-209.

. Morozov VA, Dao Thi VL, Denner J. The transmembrane protein

of the human endogenous retrovirus—K (HERV-K) modulates
cytokine release and gene expression. PLoS One. 2013;8:€70399.

. Lokossou AG, Toudic C, Barbeau B. Implication of human

endogenous retrovirus envelope proteins in placental functions.
Viruses. 2014;6:4609-27.

. de Parseval N, Lazar V, Casella JF, Benit L, Heidmann T. Survey

of human genes of retroviral origin: identification and transcrip-
tome of the genes with coding capacity for complete envelope
proteins. J Virol. 2003;77:10414-22.

Boller K, Konig H, Sauter M, Mueller-Lantzsch N, Lower R,
Lower J, et al. Evidence that HERV-K is the endogenous retro-
virus sequence that codes for the human teratocarcinoma-derived
retrovirus HTDV. Virology. 1993;196:349-53.

Bieda K, Hoffmann A, Boller K. Phenotypic heterogeneity of
human endogenous retrovirus particles produced by teratocarci-
noma cell lines. J Gen Virol. 2001;82:591-6.

Muster T, Waltenberger A, Grassauer A, Hirschl S, Caucig P,
Romirer I, et al. An endogenous retrovirus derived from human
melanoma cells. Cancer Res. 2003;63:8735-41.

Kalter SS, Helmke RJ, Heberling RL, Panigel M, Fowler AK,
Strickland JE, et al. Brief communication: C-type particles in
normal human placentas. J Natl Cancer Inst. 1973;50:1081-4.
Paprotka T, Delviks-Frankenberry KA, Cingoz O, Martinez A,
Kung HIJ, Tepper CG, et al. Recombinant origin of the retrovirus
XMRV. Science (New York, NY). 2011;333:97-101.

Young GR, Eksmond U, Salcedo R, Alexopoulou L, Stoye JP,
Kassiotis G. Resurrection of endogenous retroviruses in antibody-
deficient mice. Nature. 2012;491:774-8.

. Stoye JP. Endogenous retroviruses: still active after all these

years? Curr Biol: CB. 2001;11:R914-6.

McDonald WI, Compston A, Edan G, Goodkin D, Hartung HP,
Lublin FD, et al. Recommended diagnostic criteria for multiple
sclerosis: guidelines from the International Panel on the diagnosis
of multiple sclerosis. Ann Neurol. 2001;50:121-7.

Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,
Cooper NS, et al. The American Rheumatism Association 1987
revised criteria for the classification of rheumatoid arthritis.
Arthritis Rheum. 1988;31:315-24.

Tarnow L, Groop PH, Hadjadj S, Kazeem G, Cambien F, Marre
M, et al. European rational approach for the genetics of diabetic
complications—EURAGEDIC: patient populations and strategy.
Nephrol Dial Transplant. 2008;23:161-8.

Laska MJ, Hansen B, Troldborg A, Lorenzen T, Stengaard-Ped-
ersen K, Junker P, et al. A non-synonymous single-nucleotide
polymorphism in the gene encoding Toll-like Receptor 3 (TLR3)
is associated with sero-negative Rheumatoid Arthritis (RA) in a
Danish population. BMC Res Notes. 2014;7:716.

Nexo BA, Christensen T, Frederiksen J, Moller-Larsen A, Oturai
AB, Villesen P, et al. The etiology of multiple sclerosis: genetic
evidence for the involvement of the human endogenous retrovirus
HERV-Fcl. PLoS One. 2011;6:¢16652.



Immunol Res (2016) 64:55-63

63

22.

23.

24.

25.

26.

217.

28.

29.

Benit L, Calteau A, Heidmann T. Characterization of the low-
copy HERV-Fc family: evidence for recent integrations in pri-
mates of elements with coding envelope genes. Virology.
2003;312:159-68.

Hohn O, Hanke K, Bannert N. HERV-K(HML-2), the best pre-
served family of HERVs: endogenization, expression, and
implications in health and disease. Front Oncol. 2013;3:246.
Svejgaard A. The immunogenetics of multiple sclerosis.
Immunogenetics. 2008;60:275-86.

Benesova Y, Vasku A, Stourac P, Hladikova M, Fiala A, Bed-
narik J. Association of HLA-DRBI1*1501 tagging rs3135388
gene polymorphism with multiple sclerosis. J Neuroimmunol.
2013;255:92-6.

Christensen T. Association of human endogenous retroviruses
with multiple sclerosis and possible interactions with herpes
viruses. Rev Med Virol. 2005;15:179-211.

Gough SC, Simmonds MJ. The HLA region and autoimmune
disease: associations and mechanisms of action. Curr Genomics.
2007;8:453-65.

Simon-Loriere E, Holmes EC. Why do RNA viruses recombine?
Nat Rev Microbiol. 2011;9:617-26.

Shin W, Lee J, Son SY, Ahn K, Kim HS, Han K. Human-specific
HERV-K insertion causes genomic variations in the human
genome. PLoS One. 2013;8:e60605.

30.

31.

32.

33.

34.

35.

Belshaw R, Katzourakis A, Paces J, Burt A, Tristem M. High
copy number in human endogenous retrovirus families is asso-
ciated with copying mechanisms in addition to reinfection. Mol
Biol Evol. 2005;22:814-7.

Rolland A, Jouvin-Marche E, Viret C, Faure M, Perron H,
Marche PN. The envelope protein of a human endogenous
retrovirus-W family activates innate immunity through CD14/
TLR4 and promotes Thl-like responses. J Immunol.
2006;176:7636—44.

Ariza ME, Williams MV. A human endogenous retrovirus K
dUTPase triggers a TH1, TH17 cytokine response: does it have a
role in psoriasis? J Invest Dermatol. 2011;131:2419-27.
Sutkowski N, Conrad B, Thorley-Lawson DA, Huber BT.
Epstein-Barr virus transactivates the human endogenous retro-
virus HERV-K18 that encodes a superantigen. Immunity.
2001;15:579-89.

Stauffer Y, Marguerat S, Meylan F, Ucla C, Sutkowski N, Huber
B, et al. Interferon-alpha-induced endogenous superantigen: a
model linking environment and autoimmunity. Immunity.
2001;15:591-601.

Nexg BA, Hansen B, Nissen KK, Gundestrup L, Terkelsen T,
Villesen P, et al. Restriction genes for retroviruses influence the
risk of multiple sclerosis. PLoS One. 2013;8:¢74063.

@ Springer



	Are human endogenous retroviruses triggers of autoimmune diseases? Unveiling associations of three diseases and viral loci
	Abstract
	Introduction
	Materials and methods
	Human samples
	Position of endogenous viruses
	Single nucleotide polymorphisms (SNPs)
	Statistics

	Results
	Multiple sclerosis (MS)
	Type 1 diabetes mellitus (T1DM)
	Rheumatoid arthritis (RA)

	Discussion
	Acknowledgments
	References




