
Insulin-dependent diabetes mellitus (IDDM) is the
result of the autoimmune destruction of the pancre-
atic islet beta cells [1]. The disease is characterised
histologically by a lymphocytic infiltrate of the islets,
insulitis, and immunologically by the presence of
beta-cell reactive autoantibodies and CD4+ T cells.
Several genetic loci have been identified that may in-
fluence the susceptibility to IDDM, most importantly
the DRB and DQB genes in the major histocom-
patibility complex (MHC) on the short arm of

chromosome 6 [2], with 95% of subjects with IDDM
expressing the DRBI*03 and/or DRBI*04 MHC hap-
lotypes. However, studies of IDDM concordance in
genetically identical monozygotic twins show that
only about one-third of the siblings of the affected
proband also have IDDM [3]. Thus, it seems likely
that an environmental factor is essential in converting
genetic susceptibility into beta-cell loss and IDDM.

Several viruses have been associated with the de-
velopment of IDDM through individual case reports
including mumps [4] and coxsackie B viruses [5]. The
high incidence of IDDM in subjects with congenital
rubella syndrome has also been recognised [6]. While
a diabetogenic coxsackie B virus was recovered from
the pancreas of one individual who died of diabetic
ketoacidosis soon after diagnosis [7], more recent in-
vestigation of several similar pancreata failed to iden-
tify any viral genome, suggesting that in most cases
continuous infection of the beta cells does not occur
[8].
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Summary Virus infection has been proposed as an ini-
tiating factor in the aetiology of insulin-dependent di-
abetes mellitus (IDDM). We have examined lympho-
cyte proliferation to virus proteins which demon-
strate sequence similarity to the beta-cell autoantigen
glutamic acid decarboxylase (GAD)65. The magni-
tude and frequency of response to coxsackie B vi-
ruses and adenovirus in a T-cell proliferation assay
was significantly higher in a group of recently diag-
nosed IDDM subjects than in non-diabetic control
subjects. The frequency of positive response to the
coxsackie B viruses was also significantly higher in
IDDM subjects expressing the DRB 1*04 major his-
tocompatibility complex (MHC) haplotype than the
DRB 1*03 haplotype. There was no evidence that

non-aspartate residue at position 57 of DQB 1 genes
influenced virus responses in the IDDM group. The
coxsackie homology was in amino acids 258–266 and
the adenovirus homology was in amino acids 509–
524 of GAD65. Both these regions are suspected to
be T-cell epitopes in IDDM. These results indicate a
disease and MHC class II association between cox-
sackie B virus infection and IDDM and an associa-
tion between adenovirus infection and IDDM. [Dia-
betologia (1996) 39: 1318–1324]
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Activation of a T-cell population against an envi-
ronmental antigen may lead to the development of
autoimmune disease if the epitope recognised shows
sequence similarity with a self protein, a hypothesis
referred to as molecular mimicry. Several studies
have investigated molecular mimicry in IDDM. Karj-
alainen et al. [9] and Miyazaki et al. [10] found evi-
dence for antibody and T-cell cross reactivity be-
tween bovine serum albumin and an islet cell protein,
p69/ICA69, although other workers have disputed
these findings [11]. Antibody cross reactivity between
a rubella virus antigen and an unknown islet cell pro-
tein has also been reported [12].

Most interest has focussed on a sequence homol-
ogy between the 65kDa beta-cell antigen glutamic
acid decarboxylase (GAD)65 and the coxsackie B vi-
rus P2-C protein, which shares an exact six amino
acid match, (PEVKEK) [13], and several conserved
substitutions. GAD65 is an important beta-cell au-
toantigen in IDDM. Cellular [14] and humoral [13]
autoreactivity against GAD65 precedes disease onset
in humans, and GAD65 is among the earliest targets
of the autoimmune response in an animal model of
diabetes, the non-obese diabetic (NOD) mouse [15].

If T-cell reactivity to the PEVKEK region is of
pathological significance in human IDDM, then it is
clearly important to determine whether activation of
this T-cell population is the result of coxsackie B virus
infection. Several studies have attempted to investi-
gate the frequency of coxsackie B infection in
IDDM, usually by measuring titres of virus-specific
antibody in the sera of newly diagnosed IDDM sub-
jects [16]. While the majority indicate that virus-spe-
cific titres are increased [17, 18], Atkinson et al. [19]
were unable to find significantly raised titres of cox-
sackie B specific antibody in subjects who demon-
strated positive proliferative responses to the
GAD65 and P2-C peptides.

However, IDDM has a long prodromal period: the
first evidence of autoimmunity, islet cell antibodies,
are detected in many cases several years before the
onset of clinical disease [20]. We have adopted the T-
cell proliferation assay to detect virus antigen-spe-
cific T cells. If a virus is responsible for initiation of a
latent GAD65 reactive T-cell population, it is possi-
ble that a T-cell response against this agent will be ob-
served even when serum antibody titres have become
undetectable.

Patients and methods

Subject groups. Twenty-six newly diagnosed IDDM subjects
were recruited from patients attending diabetes clinics at Arr-
owe Park Hospital, Wirral, UK. Twenty-four age- and sex-mat-
ched control subjects were selected from members of labora-
tory staff. Mean age of IDDM subjects was 18.6 years
± 3.7 years and 21.0 years ± 4.6 years for control subjects. All
IDDM subjects were studied within 3 months of diagnosis.

Database searches. The amino acid sequence of GAD65 was
used as a probe sequence of the OWL composite protein se-
quenced database using the FASTA program of the GCG
suite. Secondary searches were performed using the GAD65
sequences that corresponded to the primary and secondary
epitopes of GAD65 in the NOD mouse, from the human
IDDM specific immunodominant region identified by Loh-
mann et al. [21], and the PEVKEK based sequence from stud-
ies of human IDDM. In each case, standard comparison matri-
ces were used, and the first 500 sequences were examined for
sequence similarities with virus proteins.

Selection of virus antigens. Protein preparations from 11 of the
viruses identified in the database search were available for
study in proliferation assays in the form of lysates from virus-in-
fected cell lines (Virion Products). Most of these viruses had not
been previously associated with IDDM. Two other viruses were
included as control antigens for the proliferation assay. Mumps
virus was included in the study as a virus which had been associ-
ated with IDDM in individual case reports, but with no identi-
fied sequence homology to GAD65. Arenavirus was included
as a further control antigen, which exhibited no sequence ho-
mology and had not been associated with IDDM. Uninfected
cell lines were used to determine the level of virus-specific pro-
liferation (mean response with virus infected cell line – mean re-
sponse with uninfected cell line). Arenavirus, herpes simplex,
mumps, polio, adenovirus and coxsackie viruses were cultivated
in vero cells, cytomegalo virus and varicella zoster in Hel fibro-
blasts and rotavirus in rita cells.

T-cell proliferation assays. Peripheral blood lymphocytes were
prepared by Ficoll density gradient centrifugation from 30 ml
of venous blood. T-cell proliferation assays were performed ac-
cording to the method of Atkinson et al. [14] with six replicates
per antigen in 96-well microtitre plates, with 1 × 105 peripheral
blood lymphocytes per well, together with the concentration of
each antigen that stimulated the greatest response in titra-
tion experiments (data not shown), in RPMI-1640 medium
(Gibco), supplemented with 10 % heat-inactivated human AB
serum. The cells were incubated for 6 days at 37 °C, 5 % CO2,
pulsed for 6 h with 1 mCi3H-Thymidine (Amersham), then har-
vested semiautomatically onto glass fibre mats (Titertek). In-
corporation of 3H-Thymidine was assessed by liquid scintilla-
tion counting (LKB 1215; Rackbeta). Mean proliferative re-
sponses for each antigen were determined. The virus specific
stimulation index was calculated using the formula stimulation
index = mean virus specific proliferation − mean background
proliferation. As in other studies a stimulation index greater
than 3 was considered positive: this threshold represented the
mean proliferative response of unstimulated wells plus 3 stan-
dard deviations.

MHC class II genotyping. Class II MHC genotyping and deter-
minationoftheabsenceofaspartateatposition 57ofDQBgenes
utilised the polymerase chain reaction (PCR) with allele speci-
fic oligonucleotide primers, using standard conditions, accord-
ing to the method of Olerup and Zetterquist [22]. Individuals
were distributed into one of four classes; DRB1 *03/X, DRB1
*04/X, DRB1 *03/DRB1 *04, or X/X, where X indicates a class
II MHC haplotype which is neither DRB1*03 nor DRB1*04.

Statistical analysis

Multivariate analysis of variance (MANOVA) was used to de-
termine whether there was an overall significant difference in
virus response between the groups. To investigate whether
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responses to specific viruses were significantly different in the
IDDM and non-diabetic subjects, and to assess interactions be-
tween specific virus response and class II MHC expression, the
univariate statistics were examined. Stimulation indices were
transformed to normalise the data for analysis by MANOVA.

Differences in stimulation index between IDDM and non-
diabetic control groups were also assessed using Mann-Whit-
ney U-tests, and differences in frequencies of positive response
were determined with chi square tests, using two-tailed Fisher’s
exact tests when frequencies in a subgroup were below five. In
Mann-Whitney, chi square, and Fisher’s exact tests, p -values
less than 0.0039 were considered sufficiently significant to
take account of multiple tests.

Results

The initial database search using the entire GAD65
sequence revealed several sequence homologies with
virus proteins (GAD65 amino acids(aa)159–191, ade-
novirus E3.9 kDa glycoprotein aa2–35; GAD65
aa260–265, coxsackie B viruses P2-C protein aa37–
43; GAD65 aa385–407, cytomegalovirus UL 132 pro-
tein aa242–264; GAD65 aa538–551, herpes simplex
virus 372–386; GAD65 aa265–278, polio virus ge-
nome polyprotein aa1901–1914; GAD65 aa108–137,
rotavirus VP7 protein aa10–37; GAD65 aa 165–176,
tick-borne encephalitis virus genome polyprotein
aa557–568; GAD65 aa17–38, varicella-zoster virus
74 kDa trans-inducing protein aa 29–49). With the

exception of the coxsackie B virus similarity, no ho-
mology was found in regions of GAD65 that were
identified as containing or representing T-cell epi-
topes [23].

However, secondary searches focussing on two
peptides of GAD65 that may represent T-cell epi-
topes revealed that the same viruses often exhibited
other sequence homologies in these regions. The first
comprised the primary epitope of GAD65 in the
NOD mouse and was part of the region that is immu-
nodominant in one study of human IDDM [21]. Six
virus protein homologies were identified in this re-
gion. The second sequence represents the secondary
epitope of GAD65 in the NOD mouse, has been
shown to stimulate T-cell responses in some human
IDDM subjects [19, 24] and exhibits sequence simi-
larity with the P2-C protein of several coxsackie B vi-
ruses [13]. Three virus homologies were identified in
this region. The virus homologies with GAD65 in
these regions are shown in Table 1.

The frequencies of positive responses for the virus
antigens used in the T-cell proliferation assay and sta-
tistical data are illustrated in Table 2. The multivari-
ate analysis showed that there was no significant dif-
ference in overall virus response between the IDDM
and control group (F = 1.50, p = 0.175), indicating
that there was no general excess T-cell proliferation
in the IDDM group. Significant differences were
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Table 1. Sequence homologies between GAD65 and virus proteins

GAD65 region 1 Amino acids Sequence

GAD65 509–524 V P P S L R T L E D N E E R M S

Virus Protein Amino acids Sequence

Adenovirus
Type 2/5

IIIA 307–322 K I P S L H S L N S E E E R I L

Adenovirus
Type 42

E1A 104–119 L P P S G S E A D E A E E R A E

Cytomegalovirus
AD169

HHLF5 528–543 T P S S P G S L E G V E E R M L

Cytomegalovirus
AD169

HWLF 74–89 D P P A L R T Y V Q R H Q G T T

Epstein-Barr virus B95-8 UL2 11–126 V P P S L R N I Y A E L H R S L

Herpes simplex virus UL55 92–107 H P P V L R E L E D K R G V R L

Herpes simplex virus UL2 203–218 V P P S L R N V L A A V K N C Y

Rotavirus 69M NSP3 281–296 F E S I L R N L I S D Y D R M F

GAD65 region 2 Amino acids Sequence

GAD65 258–266 M F P E V K E K G

Virus Protein Amino acids Sequence

Coxsackie B1
virus

P2-C 36–44 I L P E V K E K H

Coxsackie B1
virus

P2-C 36–44 I L P E V K E K H

Varicella-zoster
virus

transport protein 617–625 L F P H L K E E L

Letters in bold face, amino acid homology; letters in italic, conserved substitution



observed with the polio virus, adenovirus, and the
coxsackie B virus preparations in the MANOVA uni-
variate F -tests and Mann-Whitney U-test (Table 2).
A stimulation index greater than 3 against any one
of the three coxsackie B virus antigens generated a
positive response in the pooled coxsackie B virus en-
try in Table 2. This entry was used to estimate the
number of subjects who showed evidence of cox-
sackie B infection (18/26 IDDM, 6/24 control sub-
jects). Significant differences in frequencies of posi-
tive response were only obtained for the adenovirus
and pooled coxsackie B viruses (Table 2), indicating
that the significant differences in the magnitude of re-
sponse for the polio virus reflected difference in T-
cell proliferation in non-responding individuals. No
significant differences in frequency or magnitude of
response were observed with the arenavirus, cytome-
galovirus, Epstein-Barr virus, herpes simplex virus,
mumps virus, rotavirus, tick borne encephalitis virus,
or varicella-zoster virus antigens. Stimulation indices
for each of the virus antigens are illustrated in Fig-
ures 1 and 2.

The incidence data was also used to analyse class II
MHC associations with virus responses. The subject
groups were divided into the four subgroups based
on MHC haplotype, DRB1*03/DRB1*04 heterozy-
gotes (8/26 IDDM, 0/24 control subjects), DRB1*03/
X (8/26 IDDM, 8/24 control subjects), DRB1*04/X
(10/26 IDDM, 7/24 control subjects), and X/X (0/26
IDDM, 9/24 control subjects). The association be-
tween incidence of virus response and MHC haplo-
type was determined using the DRB1*03/X and
DRB1*04/X subgroups. The incidence of positive re-
sponses to each antigen is shown in Table 3. The fre-
quency of response to coxsackie B viruses was signifi-
cantly higher in IDDM subjects with DRB1*04/X
than DRB1*03/X (p < 0.05). In addition, the fre-
quency of positive response in the DRB1*04/X group

was significantly higher in the IDDM subjects than
the non-diabetic control subjects (p < 0.005). Con-
versely, the frequency of positive response to cox-
sackie B viruses did not differ significantly between
DRB1*03/X and DRB1*04/X individuals in the non-
diabetic control group, and there was no significant
difference between DRB1*03/X individuals in the
IDDM and control group. The univariate F -tests indi-
cated that the T-cell response to the coxsackie B1
virus (F = 4.99, p = 0.031), but no other antigen, was
dependent on disease group and class II MHC
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Table 2. Frequencies of positive response to antigens

Virus Positive response frequencies Statistical significance

IDDM Control MANOVA p-value
(c2/Fisher’s exact test)

p-value
(Mann-Whitney U-test)

Adeno 18/26 6/24 0.006 0.002 0.0001
CoxB1 11/26 4/24 0.003 NS 0.0001
CoxB4 14/26 6/24 0.011 NS 0.0035
CoxB6 15/26 5/24 0.031 NS 0.0014
Pooled Cox 18/26 6/24 NA 0.002 NS

Arena 2/26 2/24 NS NS NS
CMV 6/26 0/24 NS NS NS
EBV 7/26 1/14 NS NS NS
HSV 20/26 10/24 NS NS NS
Mumps 13/26 8/24 NS NS NS
Polio 6/26 1/24 0.015 NS 0.0001
Rota 6/26 4/24 NS NS NS
TBEV 8/26 6/24 NS NS NS
VZV 19/26 16/24 NS NS NS

NA, not applicable

Fig. 1. Coxsackie B virus and adenovirus stimulation indices



haplotype. For the adenovirus antigen, there was no
significant difference in the frequency of positive re-
sponse between DRB1*03/X and DRB1*04/X indi-
viduals in the IDDM group, or between the IDDM
and non-diabetic DRB1*03/X subgroups. The fre-
quency of positive response was significantly higher
in IDDM subjects with DRB1*04/X than the
DRB1*04/X non-diabetic control group (p < 0.01).
This analysis was repeated dividing the IDDM group
on the basis of the absence of aspartate at position 57
of DQB 1 genes. No significant association was iden-
tified with any virus antigen (data not shown).

Discussion

In this paper, we have shown that the magnitude of T-
cell response and frequency of positive T-cell prolif-
erative responses to coxsackie B viruses and adeno-
virus are significantly higher in IDDM subjects than
non-diabetic control subjects. Coxsackie B viruses
have been considered to be of aetiological impor-
tance in IDDM for many years. Estimates of the inci-
dence of coxsackie B infection derived from serologi-
cal studies suggested that 46 % of newly diagnosed
IDDM subjects have significant antibody titres [18].
An association between higher titres of coxsackie B
virus antibody and expression of the DRB1*03
MHC haplotype has been identified [25], in contrast
to our data, confirming an earlier study [26] that T-
cell responses are associated with the DRB1*04 hap-
lotype. The use of serological studies to assess the in-
cidence of coxsackie B virus infection in IDDM may
have underestimated the true frequency of infection,
as in our study, the use of the T-cell proliferation as-
say revealed a higher incidence of coxsackie B virus
responses, with 69% of IDDM subjects exhibiting
positive T-cell responses to at least one coxsackie B
virus antigen. It is possible that this may reflect the
presence of a significant population of PEVKEK re-
sponsive T cells that cross-react with the P2-C pro-
tein from the coxsackie B antigen, without reflecting
prior coxsackie B virus infection. However, some of
the subjects in the study gave positive T-cell re-
sponses to only one or two of the three antigens
used, while other subjects with positive responses to
all three coxsackie antigens, showed significant dif-
ferences in stimulation index between the three pro-
tein preparations (data not shown), which may reflect
the presence of additional type-specific T-cell re-
sponses, implying that coxsackie B virus infection
was responsible for the activation of the T-cell popu-
lation.

A number of recent studies have investigated anti-
body cross reactivity in the PEVKEK region [27, 28].
It is generally agreed that autoantibodies, while of di-
agnostic interest, are of limited pathological signifi-
cance in IDDM. Studies of T-cell reactivity to the PE-
VKEK region in the NOD mouse suggest that the
PEVKEK region appears to constitute a secondary
T-cell epitope [29], and that T-cell cross reactivity
does occur between the GAD65 and P2-C derived se-
quences, even using whole proteins [30].
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Fig. 2. Virus stimulation indices

Table 3. MHC class II restriction of coxsackie B virus and adenovirus response

Coxsackie B virus X/X DRB1*03/DRB1*04 DRB1*03/X DRB1*04/X
IDDM subjects – 6/8 3/8 9/10
Non-diabetic control subjects 2/9 – 3/8 1/7

Adenovirus X/X DRB1*03/DRB1*04 DRB1*03/X DRB1*04/X
IDDM subjects – 6/8 3/8 7/10
Non-diabetic control subjects 4/9 – 3/8 0/7



In human IDDM, T-cell responses against the
GAD65 derived PEVKEK peptide and the P2-C
peptide have been reported [19, 24], but are weaker
than those found in the NOD mouse, and are found
in only a few subjects with IDDM. One comprehen-
sive investigation of GAD65 epitopes in IDDM
showed that the immunodominant region encom-
passed the primary epitope from the NOD mouse,
but did not suggest the PEVKEK region contained
an epitope, although the use of pooled peptides in
this study may have masked T-cell responses [21].

The higher frequency of positive response in this
study compared to serological studies may indicate
that coxsackie B virus infection is involved in the ini-
tiation of the autoimmune attack on the islet beta
cells, and that the responses observed reflect the pres-
ence of peripheral memory T cells. The antigen prep-
arations used in this study were lysates from infected
cell lines with no infected cell line preparations as
controls. It is possible that other antigens may have
been induced in the viral cell lines which were not
present in control preparations. Alternatively, the
possibility of chronic coxsackie B infection has been
proposed.

The evidence of MHC restriction in the T-cell re-
sponse to coxsackie B viruses is of particular interest.
An affinity between the PEVKEK epitope and
DQB1*0302(DQw8) has been noted [30]. In our
study, all of the subjects with DQB1*0302 also ex-
pressed the DRB1*04, so it was not possible to deter-
mine whether the MHC restriction observed with
coxsackie B viruses was more strongly associated
with the DR or DQ locus. Nonetheless, the significant
difference in frequency of response between
DRB1*03/X and DRB1 *04/X individuals in the
IDDM group is indicative of an antigen specific phe-
nomena, and strengthens the view that the PEVKEK
epitope of GAD65 may be of significant aetiological
importance, and a possible target of therapy, at least
in IDDM subjects expressing the DRB1*04 MHC
haplotype.

In contrast, the results obtained with the adenovi-
rus antigen were unexpected. There have been no re-
ports indicating that adenovirus infection is a signifi-
cant event in the aetiology of IDDM. In our study,
the frequency of positive response was not signifi-
cantly higher in the DRB1*03/X than DRB1*04/X
IDDM subjects. An examination of the sequence sim-
ilarity between the adenovirus E1A and IIIA proteins
and GAD65 shows that there is a strong homology
within the region that was identified as a GAD65 T-
cell epitope in the NOD mouse [29], and is also within
the region of GAD65 that Lohmann et al. [21]
showed to be immunodominant in human IDDM.

A recent report of T-cell reactivity to autoantigens
in multiple sclerosis may be of importance for future
studies of GAD65 in IDDM. Responses from myelin
basic protein specific T-cell clones to peptides from

environmental agents has shown that molecular
mimicry occurs between peptides that exhibit only
limited overall sequence similarity, but with con-
served motifs in critical amino acids that defined
MHC binding and T-cell recognition [31]. In this pa-
per, the amino acids that specified MHC affinity and
T-cell activation of the T-cell clones were identified
by comprehensive substitution of the myelin basic
protein epitope. In the case of human IDDM,
GAD65 T-cell epitopes have yet to be conclusively
identified, and our study has used a less sensitive
database search based on overall sequence similarity.
We have noted several sequence homologies between
GAD65 and virus proteins in two regions of GAD65
that may contain T-cell epitopes, but found IDDM as-
sociated T-cell responses with only two virus antigens.
The development and characterisation of GAD65
T-cell clones is clearly a significant goal of IDDM
research.

However, further investigation of both cox-
sackie B viruses and adenoviruses in IDDM is also
clearly important. It is possible that in at-risk subjects,
immunisation against the infectious agents, perhaps
using modified vaccines that do not prime against
the putative cross-reactive domains, may prevent the
activation of the autoimmune response against the
pancreatic islet beta cells.
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