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Most of the evidence linking enterovirus (EV) infection
with the development and/or acceleration of type 1
diabetes is indirect. Few studies have examined T-cell
responses to these viruses, and therefore the nature of
the viral targets and the immune cells involved in
antiviral responses remain unclear. In the present
study, we examined the characteristics of the T-cell
response to the EV Coxsackievirus B4 (CVB4) in patients with type 1 diabetes and healthy control subjects.
We find that CVB4-specific T-cells preferentially target
the envelope proteins VP1, VP2, and VP3, and that the
response to these and other CVB4 proteins differs markedly in type 1 diabetic patients compared with nondiabetic control subjects. The frequency of T-cell
proliferative responses against VP2 was significantly
reduced in type 1 diabetic patients compared with control subjects, especially in patients tested near to
diagnosis (P < 0.001). In contrast, median levels of
␥-interferon (IFN-␥) production by T-cells in response
to the CVB4 antigens tested were generally high in
new-onset type 1 diabetic patients, who produced significantly higher levels in response to VP3 compared
with healthy subjects (P < 0.05) and patients with
long-standing disease (P < 0.05). New-onset type 1
diabetic patients also had higher levels in response to
P2C compared with healthy subjects (P < 0.005) and to
VP2 compared with patients with long-standing disease
(P < 0.05). These results suggest that the quality of the
immune response to CVB4 antigens differs significantly
between type 1 diabetic patients and control subjects,
with a predominance of primed effector (IFN-␥–producing) memory cells near to disease diagnosis. The data
are consistent with the notion that the diagnosis of type
1 diabetes is associated with recent or persistent exposure to EV antigens. Diabetes 51:1745–1753, 2002
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E

pidemiological studies (1– 4) and research on
identical twins (5) indicate that autoimmune
diseases such as type 1 diabetes have a strong
environmental component to their pathogenesis. There is a considerable body of evidence suggesting
the involvement of several groups of viruses, but particularly those of the Enterovirus genus, in the development
and/or acceleration of type 1 diabetes. These studies
include the isolation of Coxsackievirus B4 (CVB4) from
the pancreas of a child at diagnosis of type 1 diabetes (6),
several epidemiological and prospective studies showing
that some cases of type 1 diabetes are strongly associated
with enterovirus (EV) infections (1– 4), case-control studies that show an increased prevalence and levels of IgM
antibodies to CVB in newly diagnosed patients (7–9),
several case studies in which diabetes develops after an
EV infection (10 –13), and a higher frequency of EV RNA in
the serum of type 1 diabetic patients at diagnosis (14 –17).
Several mechanisms have been proposed to explain this
putative link with type 1 diabetes pathogenesis, including
“molecular mimicry” (18,19), bystander activation (20),
and superantigen effects (21,22). Dissection of these models requires an understanding of the nature of the T-cell
response to candidate viruses, but few studies have focused on T-cell/virus interactions. Those studies that have
been performed have tended to explore a single theme,
namely molecular mimicry and the relevance of the amino
acid sequence similarity (the so-called PEVKEK region)
shared between the P2C nonstructural protein of CVB4
and the autoantigen GAD65 (23–27). There is the potential
for such studies to ignore other mechanisms by which
viruses could induce islet autoimmunity. Moreover, in
relation to molecular mimicry, it is well established that
similarities between regions of antigens leading to T-cell
cross-reactivity are the consequence of shared structural
features rather than simply a reflection of sequence identity (28). Such structural similarities are difficult to identify
by database searches, requiring instead the prior characterization of T-cell reactivity to the candidate environmental and self-antigen.
In a recent study, we showed that upregulation of the
CD69 activation marker on CD4 T-cells expressing particular variable T-cell receptor ␤-chains after culture with
crude CVB4 viral lysates was more prevalent in type 1
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TABLE 1
Characteristics of the study groups
Control subjects

Long-term type 1 diabetic subjects

Newly diagnosed type 1
diabetic subject

20
13/7
31.2 ⫾ 8.5
N/A
35
30
5
30

19
13/6
25.1 ⫾ 8.8
5 (7 months–30 years)
42.1
21
26.3
10.5

21
12/9
29.9 ⫾ 4
0.24 (2 weeks–5 months)
33.3
19.1
23.8
23.8

n
M/F (n)
Age (years)
Time since diagnosis (years)
HLA DR 04/X*
HLA DR 03/X
HLA DR 04/03
HLA DR X/X

*HLA DRB1 04/X includes 04/04 homozygotes; HLA DRB1 03/X includes 03/03 homozygotes. Data are means ⫾ SD, median (range), and %,
unless otherwise indicated.

diabetic patients than control subjects (22). We have
therefore taken a more systematic approach to examine
T-cell reactivity to CVB4 antigens in type 1 diabetes by
developing protocols for the generation of viral coat and
nonstructural proteins from E2, the diabetogenic strain of
CVB4 (29). Here, we report the analysis of T-cell proliferation and cytokine production to these antigens in patients
with type 1 diabetes and healthy nondiabetic control
subjects. Our results suggest that the viral coat proteins
are major targets of the antiviral T-cell responses to CVB4.
In addition, we show that the phenotype of responder
T-cells differs between patients and control subjects, with
a predominance of primed effector memory cells associated with type 1 diabetes.
RESEARCH DESIGN AND METHODS
Subjects. A total of 60 subjects were studied. There were 21 type 1 diabetic
patients, who were recruited as consecutive newly diagnosed cases during the
period between March 2000 and July 2001. An additional 19 long-standing type
1 diabetic patients were recruited during the same period from the King’s
College Hospital Diabetes Service (courtesy of Professor S.A. Amiel). Also, 20
healthy donors were recruited from laboratory and hospital staff during the
same period. Control subjects were matched for age and sex, had a distribution of HLA genotypes similar to that of the type 1 diabetic patients, and were
recruited during seasons similar to those of the patients to avoid possible
confounding effects of virus exposure. Characteristics of the subjects studied
are shown in Table 1. Blood was drawn with the consent of all subjects, and
appropriate permission was obtained from the institute’s ethical review board.
HLA genotyping was performed by PCR–single-strand conformation polymorphism (SSCP) analysis.
Antigens. The following antigens were used in the T-cell assays: tetanus
toxoid (TT; Pasteur Merieux MSD, Berkshire, U.K.); uninfected, CVB4-infected (JVB strain), or influenza A–infected cell lysates (Institute Virion,
Zürich, Switzerland); and individual recombinant CVB4 antigens (E2 diabetogenic strain) (30) comprising the VP1, VP2, VP3, and VP4 structural proteins
and the P2C nonstructural protein. cDNAs encoding these CVB4 proteins were
cloned, expressed, and purified as previously described (29). Briefly, the
sequences of the individual genes were amplified from cDNA encoding the
entire CVB4 E2 genome (kind gift of Prof. J.W. Yoon, University of Calgary,
Canada), using Pfu polymerase (Invitrogen, Groningen, the Netherlands), and
cloned into the pMAL-c2 vector (New England Biolabs, Hertford, U.K.) to
produce recombinant fusion proteins with the maltose binding protein (MBP)
at the NH2 terminus of the viral protein. After transformation of JM109 cells
and induction of protein synthesis by adding isopropyl ␤-D-thiogalactopyranoside, cells were harvested and the fusion protein purified using an amylose
resin column (New England Biolabs). After purification, protein was dialysed
overnight against PBS, pH 7.5, filter-sterilized, and stored at ⫺20°C until use.
As a control in the assays, the MBP protein alone was also purified in the same
way as the MBP viral fusion proteins.
Proliferation assays. Peripheral blood mononuclear cells (PBMCs) were
obtained by Ficoll-Hypaque density gradient centrifugation of heparinized
blood, washed twice in Hank’s buffered saline, and resuspended at 1 ⫻ 106
cells/ml in RPMI 1640 medium (Life Technologies, Paisley, U.K.) supplemented with 10% AB⫹ human serum (PAA Laboratories, Linz, Austria), 50
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IU/ml penicillin, and 50 g/ml streptomycin (Life Technologies). PBMCs (105
cells/well) were cultured in triplicate in U-bottomed 96-well plates with
medium alone, 100 ng/ml TT, 5 l/ml (⬃0.2 g protein lysate/ml final
concentration) of either uninfected or virus-infected Vero cell lysates, or
purified viral antigens or MBP at 10 g/ml. These concentrations were shown
to give optimal proliferation in preliminary and previous studies (29). After 6
days at 37°C, 0.5 Ci/well [3H]thymidine was added, and the cultures were
harvested after a further 18 h of incubation onto glass fiber filters. Proliferation was measured as [3H]thymidine incorporation determined by direct
␤-plate counting in a Matrix 9600 counter (Packard Instruments, Pangbourne,
U.K.). Results are expressed as a stimulation index (SI), which calculated as
the mean counts with antigen divided by the mean counts with relevant
control preparation (i.e., uninfected Vero cell lysate or MBP protein). For TT
responses, the SI was calculated using the following formula: mean counts
with antigen/mean counts with medium alone. An SI ⬎3 is considered positive
by convention. Mean counts (means ⫾ SE) in healthy donors and newly
diagnosed and long-standing type 1 diabetic patients, respectively, were 535 ⫾
95, 711 ⫾ 45, and 560 ⫾ 131 cpm in the presence of medium alone; 802 ⫾ 178,
620 ⫾ 134, and 736 ⫾ 212 cpm with uninfected influenza lysate; 792 ⫾ 186,
973 ⫾ 248, and 632 ⫾ 174 cpm with uninfected CVB4 lysate; and 738 ⫾ 123,
986 ⫾ 120, and 765 ⫾ 172 cpm with MBP.
Cytokine production. IFN-␥ and interleukin (IL)-4 were measured by
enzyme-linked immunosorbent assay as previously described (29) in PBMC
culture supernatants harvested after 7 days in culture with the antigens. In
preliminary studies, no major differences were seen when collecting the
supernatants on days 3, 4, or 7. Briefly, 96-well plates were coated with
capture monoclonal antibodies (mAbs; BD Pharmingen, Oxford, U.K.). Plates
were washed and blocked with 0.1% BSA. After washing, standards (78 –20,000
pg/ml for IFN-␥ or 31– 8,000 pg/ml for IL-4, both from BD Pharmingen) and
samples were added to the wells and incubated at 4°C overnight. A second
biotin-labeled mAb (BD Pharmingen) specific for each cytokine was added
after washing the plates four times, and after a 90-min incubation at room
temperature and a further wash, streptavidin-alkaline phosphatase (Sigma
Chemical, Poole, U.K.) was added to the wells. For developing, P-nitrophenyl
phosphate (Sigma) was added to the wells and color development was
analyzed at 405 nm in a Microplate Reader (Molecular Devices, Wokingham,
U.K.). Typically, no IFN-␥ was seen in the presence of control antigens or
medium alone; when detected, these values were subtracted from those in the
presence of antigen.
Statistical analysis. Comparisons of the frequency of the different subject
groups responding (by either proliferation or cytokine production) to the
different antigens was made using Fisher’s exact test. The levels of cytokines
made by the different subject groups were compared using the Mann-Whitney
U test. Analyses were performed using the Prism statistical package.

RESULTS

Production and purification of the CVB4 E2 proteins.
The cDNA sequences that encode the four structural
(VP1– 4) and the nonstructural protein P2C of the diabetogenic E2 strain of CVB4 were subcloned into the
pMAL-c2 vector. This strategy allows the production of
each protein as a soluble recombinant fusion protein with
the MBP and purification by affinity chromatography on an
amylose column as previously described (29). The five
DIABETES, VOL. 51, JUNE 2002
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FIG. 1. PAGE analysis and Coomassie staining showing the five viral CVB4 fusion proteins (VP4 to P2C lanes) and the control
antigen MBP (MBP lane). M, molecular
weight markers (in kDa).

viral recombinant proteins were more than 95% pure, as
assessed by PAGE electrophoresis and Coomassie staining
(Fig. 1).
Purified MBP protein alone was used as a control
antigen for the proliferation assays as previously published (29). In addition, we used the same expression
system to generate an MBP-VP2 fusion protein from the
reference JVB strain of CVB4 (30), with a similar level of
purity (data not shown).
Anti-CVB4 T-cell response: proliferation. A similar
prevalence and median level (SI) of T-cell proliferation to
the recall antigens TT and influenza A lysate was seen in
all of the study groups (Fig. 2A and B).
Significant proliferation (SI ⬎3.0) against CVB4-infected
lysate was observed in 7 of 20 (35%) healthy donors, 3 of
21 (14.3%) newly diagnosed type 1 diabetic patients, and 4
of 19 (21%) long-standing type 1 diabetic patients. These
prevalences were not statistically different, but newly
diagnosed type 1 diabetic patients tended to have a lower
frequency of significant proliferation compared with control subjects (P ⫽ 0.11).
To characterize the major T-cell targets in CVB4, we
examined T-cell proliferation to the four coat proteins and
the nonstructural protein P2C. For the five individual
CVB4 antigens, the frequency of positive proliferative
responses varied from moderate to low prevalence. The
most prevalent response was seen to VP2 (17 of 60
subjects, 28.3%), followed by VP1 (10 of 60, 16.7%), VP3 (7
of 60, 11.7%), P2C (6 of 60, 10%), and VP4 (3 of 60, 5%) (Fig.
2E– H). There was a marked difference in the response to
the dominant protein of those we examined, VP2, between
patients and control subjects. Of the 20 control subjects,
11 (55%) tested showed positive T-cell proliferation (SI
⬎3.0) against VP2 compared with 2 of 21 (9.5%) newly
diagnosed type 1 diabetic patients (P ⬍ 0.0001) and 4 of 19
(21.1%) long-standing type 1 diabetic patients (P ⫽ 0.007).
For the other coat proteins, there was no significant
difference in the frequency of positive T-cell proliferation
responses between the study groups.
Considering the responses to different CVB4 proteins
together, a significant proliferative response against one or
more of the five viral antigens was seen more frequently in
DIABETES, VOL. 51, JUNE 2002

healthy subjects (13 of 20, 65%) than in newly diagnosed
type 1 diabetic patients (7 of 21, 33.3%; P ⫽ 0.008), whereas
patients with long-standing type 1 diabetes had a prevalence of responses (42.1%) similar to control subjects.
To examine whether this difference in T-cell response
against VP2 could reflect exposure to different virus
strains, in a limited number of subjects (n ⫽ 19; 3 healthy
control subjects and 7 long-standing and 9 newly diagnosed type 1 diabetic subjects), we were also able to
measure T-cell proliferation against VP2 from the prototypic JBV strain (30). A good correlation was found
between T-cell proliferative responses against the E2 and
JBV VP2 antigens (r2 ⫽ 0.31, P ⫽ 0.013) (Fig. 3). This
suggests that the minor amino acid differences between
the proteins of different CVB4 strains do not influence
T-cell reactivity, although this preliminary finding will
need to be confirmed in larger studies.
Anti-CVB4 T-cell response: cytokine responses. To
further examine the T-cell response to CVB4 proteins, we
measured production of the cytokines IFN-␥ and IL-4 in
the supernatant of antigen-stimulated PBMCs. Responses
were considered positive when cytokines were detectable
above the limit of sensitivity of the assay (78 pg/ml for
IFN-␥ and 31 pg/ml for IL-4). In general, the response
against all of the viral antigens tested, including the
influenza A lysate, was dominated by IFN-␥, whereas IL-4
production was rarely observed, suggesting a T helper
1–type response (Fig. 4A and B). In support of this, we
detected IL-4 among the newly diagnosed type 1 diabetic
patients less frequently when compared with healthy
control subjects or long-term type 1 diabetic patients,
particularly in response to the VP3 and VP4 antigens (for
VP4, P ⫽ 0.004 for newly diagnosed patients compared
with healthy control subjects) (Fig. 4B).
Median levels of IFN-␥ production after stimulation with
the control recall antigens TT and influenza A were similar
in the study groups. However, we noted that IFN-␥ production in newly diagnosed type 1 diabetic patients and, to
a lesser extent, in long-standing type 1 diabetic patients
tended to be higher in the presence of the CVB4 antigens
compared with control subjects (Fig. 5).
Most notably, the median level of IFN-␥ production to
1747
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FIG. 2. Proliferation responses against the control and viral antigens in the different study groups. Controls, healthy nondiabetic donors; FLU,
influenza A virus; Long T1DM, long-standing type 1 diabetic patients; New T1DM, newly diagnosed type 1 diabetic patients. P values are indicated
in the corresponding figure when <0.05. Horizontal line represents the conventional cutoff of positivity for proliferation assays (SI ⴝ 3.0).

VP3 antigen was highest in the new-onset type 1 diabetic
patients (P ⫽ 0.012 vs. control subjects and P ⫽ 0.008 vs.
long-standing patients) (Fig. 5F). In addition, the median
1748

level of IFN-␥ production to VP2 was highest in the
new-onset type 1 diabetic patients (P ⫽ 0.027 vs. longstanding patients) (Fig. 5E), and similar results were seen
DIABETES, VOL. 51, JUNE 2002
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FIG. 3. Correlation between T-cell proliferation responses against the
VP2 coat proteins from the E2 (y-axis) and JVB (x-axis) strains of
CVB4 in 19 individuals. Values are expressed as stimulation indexes
(SI). A good correlation is seen between T-cell proliferative responses
to E2 and JBV VP2 antigens (r2 ⴝ 0.31; P ⴝ 0.013). F, healthy control
subjects; ⴛ, newly diagnosed type 1 diabetic patients; E, long-standing
type 1 diabetic patients.

with IFN-␥ production to P2C (P ⫽ 0.003 vs. healthy
control subjects) (Fig. 5H).
In general, the pattern of T-cell responsiveness to CVB4
antigens in patients with type 1 diabetes, especially those
that were newly diagnosed, indicated low levels of T-cell
proliferation, but raised levels of IFN-␥ production. This
pattern is most clearly seen when proliferation and IFN-␥
values for individual antigens in individual subjects are
plotted against each other (Fig. 6). This analysis for the
viral proteins that elicit the greatest IFN-␥ production,
namely VP2 (Fig. 6A), VP3 (Fig. 6B), and P2C (Fig. 6C), are
shown. This analysis shows that those subjects that produce higher amounts of IFN-␥ show low proliferative
responses, and vice versa, independently of the antigen
tested.
HLA genotype and CVB4 T-cell response. Because HLA
genotype is potentially important in determining immune
responsiveness to CVB4 antigens and is unequivocally
linked to type 1 diabetes susceptibility, we determined the
HLA DRB1 genotypes of all subjects tested (Table 1). The
frequencies of subjects carrying the HLA DR4/X (X being
non-DR3), the HLA DR3/X (X being non-DR4), or the
DRX/X (X being haplotypes other than DR4 or DR3)
genotypes were similar among all subject groups (Table
1).
Correlations between HLA genotype and the presence of
a detectable T-cell response (proliferation or cytokine
production), were only found among healthy control subjects. Of the 11 control subjects proliferating against VP2,
7 were HLA-DR4/X, compared with 1 of 9 nonresponders
having HLA-DR4/X (P ⫽ 0.028). Similarly, all 3 control
subjects proliferating against VP3 and all 3 of those
proliferating against VP4 were HLA-DR4/X, compared with
5 of 17 nonresponders (P ⫽ 0.049). Only 3 of 15 control
subjects producing IFN-␥ in response to VP2 were HLADR3/X, compared with 4 of 5 nonresponders (P ⫽ 0.031).
DIABETES, VOL. 51, JUNE 2002

FIG. 4. Frequency of IFN-␥ (A) and IL-4 (B) producers against the
different antigens tested. f, healthy donors; 䡺, newly diagnosed type 1
diabetic patients; u, long-standing type 1 diabetic patients. The x-axis
shows the antigens tested, and the y-axis shows the percentage of
subjects producing the cytokine. *P ⴝ 0.004 for IL-4 production by
newly diagnosed versus healthy control subjects. Flu, influenza A virus.

DISCUSSION

In the present study, we have focused on examining the
T-cell response to CVB4, a candidate viral trigger and/or
disease accelerant in type 1 diabetes. Using a novel
approach to obtain soluble, purified viral components (29),
we have shown that both structural (VP1-VP4) and nonstructural (P2C) proteins can be targeted. In addition, we
demonstrate that the quality of the T-cell response to
CVB4 differs in key respects between healthy individuals
and type 1 diabetic patients near to diagnosis. These data
add weight to the view that EVs may play a role in type 1
diabetes pathogenesis.
In the present study, we demonstrate that type 1 diabetic patients show a different quality of T-cell response to
CVB4 when compared with healthy nondiabetic control
subjects. This was seen most clearly in the lower frequency of T-cell proliferation to CVB4 antigens in patients,
with responses to VP2 being significantly reduced, contrasted with the markedly enhanced production of the
1749
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FIG. 5. IFN-␥ production (pg/ml) against the different control and viral antigens in the different subject groups. Controls: healthy nondiabetic
donors; Long T1DM: long-standing type 1 diabetic patients; New T1DM: newly diagnosed type 1 diabetic patients. P values are indicated in the
corresponding figure when <0.05.

inflammatory cytokine IFN-␥ in response to most CVB4
antigens tested, and especially VP3. These differences
were most pronounced near to diagnosis, and a trend
remained in patients with long-standing disease, suggesting that the bias toward IFN-␥ production and away from
1750

proliferation in response to CVB4 is established in the preor peridiabetic period. The low proliferative response
against CVB4 antigens at disease onset is in agreement
with recent studies showing reduced T-cell proliferation
against EV-infected cell lysates or selected EV peptides at
DIABETES, VOL. 51, JUNE 2002
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FIG. 6. Scatter plot of proliferation versus IFN-␥ production among the
healthy donors and newly diagnosed type 1 diabetic subjects against
the CVB4 VP2 (A), VP3 (B), and P2C (C) antigens. F, healthy donors;
E, newly diagnosed type 1 diabetic patients. Responses to these CVB4
antigens are seen as IFN-␥ production or proliferation, but rarely both.

the time of diagnosis (25,31). These studies were interpreted as indicating that CVB4-reactive T-cells are absent
from the circulation because of redistribution into the
inflamed pancreas (31). Our results indicate that this is not
the case. On the contrary, there is an abundance of
circulating primed CVB4-specific responder T-cells in patients with type 1 diabetes. The ability to distinguish
between proliferating and cytokine-producing T-cells is of
importance, therefore, in investigating T-cell responses to
candidate viruses involved in the pathogenesis of type 1
diabetes.
The relative lack of proliferation, but enhanced IFN-␥
production by anti-CVB4 memory T-cells, in type 1 diabetic patients is attributable to a different balance of
phenotypically distinct populations of memory cells, when
DIABETES, VOL. 51, JUNE 2002

compared with control subjects. Two broadly defined
phenotypes of memory T-cells have been characterized
extensively in the recent studies of Lanzavecchia, Sallusto,
and colleagues (32,33). Primed (memory) T-cells with the
capacity to proliferate have been termed “central memory,” or TCM cells. These cells lack immediate effector
function and predominantly produce IL-2, the major T-cell
growth factor to support proliferation, as well as express
CCR7, a chemokine receptor that directs homing to lymph
nodes. In contrast, the primed memory cell subset that
produces the proinflammatory cytokine IFN-␥ during an
immune response has been termed the “effector memory”
subset, or TEM. TEM cells do not express CCR7 and are
therefore present in the circulation and available to make
antigen-specific responses at sites of infection or tissue
inflammation.
Recent studies have focused on defining the relationship
between TCM and TEM cell subsets specific for the same
antigen (33). TCM cells in lymph nodes have a lower
activation threshold and faster kinetics compared with
naive T-cells. After activation, TCM cells proliferate and
acquire effector function, in effect becoming TEM cells. It
appears that the major stimuli promoting differentiation to
IFN-␥–secreting TEM cells are antigen presentation by
dendritic cells plus the dendritic cell– derived cytokine
IL-12. It is apparent that prolonged antigen-specific stimulation through the T-cell receptor promotes TEM development (34). In combination with our own findings, these
data suggest that the explanation for the relative predominance of CVB4-specific TEM cells at diagnosis of diabetes
lies in either a recent or persistent exposure to CVB4
infection.
Among the coat proteins, we found that responses are
typically made against VP2⬎VP3⬎VP1, with VP4 rarely
recognized by T-cells. VP1–3 antigens demonstrate the
most amino acid sequence variability across the Enterovirus genus, whereas VP4 is highly conserved (35). Similar
findings have been reported in relation to the immune
response to the influenza A virus, in which the two main
targets of the T-cell response, the hemagglutinin and
neuraminidase glycoproteins, are also the most variable
structural proteins of the virus (36). VP1–3 proteins delimit a narrow depression, called the “canyon,” which has
been demonstrated to be the receptor binding site of the
Coxsackie-adenovirus receptor (CAR) used for viral entry
(37), and CD4 T helper responses against these proteins
may be important in generating protective levels of antibodies that inhibit infectivity. Our results also confirm
previous observations (29,31) showing that the nonstructural P2C protein is targeted by T-cells during an antiCVB4 immune response.
Interest in analyzing the immune response to EVs stems
from the need to examine the numerous proposed mechanisms through which these micro-organisms could initiate (e.g., by molecular mimicry) or accelerate (e.g., by
bystander activation) progression to type 1 diabetes. The
results from our work highlight some of the problems
previously encountered in trying to identify T-cell targets
in the CVB4 virus (23–26,38 – 45). First, the predominant
use of proliferation to assess T-cell reactivity will fail to
detect most circulating cells with the capacity to respond,
as we have highlighted in the present study. In other
1751
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reports, either whole virus–infected cell lysates (45) or
poliovirus instead of Coxsackievirus have been used as a
source of antigen (38 – 42), despite the fact that these
viruses have major differences at the protein level (35).
Studies have also been carried out using animal models
without genetic susceptibility to autoimmune diabetes
(38 – 40), in which the T-cell epitopes identified are of
doubtful relevance to human type 1 diabetes.
Much previous work has focused on immune responses
against the region of sequence similarity between GAD65
and P2C, the so-called PEVKEK region (23–26,43,44). At
present, there are no definitive data to support a role for
this region in initiating islet autoimmunity through molecular mimicry, but our results indicate that enhanced
TEM-cell reactivity to P2C is significantly associated with
diabetes diagnosis. However, it is possible that other CVB4
antigens may also harbor cross-reactive epitopes. T-cell
cross-reactivity is dependent on shared structural features
of peptide epitopes. These may not require amino acid
sequence identity and are therefore difficult to identify by
database searches (46). Such structural homologies require characterization of the T-cell response to the candidate environmental and self-antigen in order to be
elucidated, and our approach therefore represents an
important step in this direction.
In summary, the present work highlights the importance
of a comprehensive analysis of T-cell reactivity in relation
to potentially diabetogenic viruses. In addition, we reveal
a diabetes-related phenotype of CVB4-reactive T-cells,
which adds weight to the notion that EVs play a role in the
development of the disease.
ACKNOWLEDGMENTS

This work was supported by Action Research and Diabetes UK. M.P. is a Diabetes UK Senior Clinical Research
Fellow. R.V.-C. received a European Union Training Fellowship.
We are grateful to Amanda Bishop and Andrew Pernet
for help in recruitment of subjects.
REFERENCES
1. Hyoty H, Hiltunen M, Knip M, Laakkonen M, Vahasalo P, Karjalainen J,
Koskela P, Roivainen M, Leinikki P, Hovi T, et al.: A prospective study of
the role of coxsackie B and other enterovirus infections in the pathogenesis of IDDM: Childhood Diabetes in Finland (DiMe) Study Group.
Diabetes 44:652– 657, 1995
2. Dahlquist GG, Ivarsson S, Lindberg B, Forsgren M: Maternal enteroviral
infection during pregnancy as a risk factor for childhood IDDM: a
population-based case-control study. Diabetes 44:408 – 413, 1995
3. Hiltunen M, Hyoty H, Knip M, Ilonen J, Reijonen H, Vahasalo P, Roivainen
M, Lonnrot M, Leinikki P, Hovi T, Akerblom HK: Islet cell antibody
seroconversion in children is temporally associated with enterovirus
infections: Childhood Diabetes in Finland (DiMe) Study Group. J Infect
Dis 175: 554 –560, 1997
4. Lonnrot M, Korpela K, Knip M, Ilonen J, Simell O, Korhonen S, Savola K,
Muona P, Simell T, Koskela P, Hyoty H: Enterovirus infection as a risk
factor for beta-cell autoimmunity in a prospectively observed birth cohort:
the Finnish Diabetes Prediction and Prevention Study. Diabetes 49:1314 –
1318, 2000
5. Redondo MJ, Yu L, Hawa M, Mackenzie T, Pyke DA, Eisenbarth GS, Leslie
RD: Heterogeneity of type I diabetes: analysis of monozygotic twins in
Great Britain and the United States. Diabetologia 44:354 –362, 2001
6. Yoon JW, Austin M, Onodera T, Notkins AL: Isolation of a virus from the
pancreas of a child with diabetic ketoacidosis. N Engl J Med 300:1173–
1179, 1979
7. King ML, Shaikh A, Bidwell D, Voller A, Banatvala JE: Coxsackie-B-virus1752

specific IgM responses in children with insulin-dependent (juvenile-onset;
type I) diabetes mellitus. Lancet 1:1397–1399, 1983
8. Banatvala JE, Bryant J, Schernthaner G, Borkenstein M, Schober E, Brown
D, De Silva LM, Menser MA, Silink M: Coxsackie B, mumps, rubella, and
cytomegalovirus specific IgM responses in patients with juvenile-onset
insulin-dependent diabetes mellitus in Britain, Austria, and Australia.
Lancet 1:1409 –1412, 1985
9. Helfand RF, Gary HE Jr, Freeman CY, Anderson LJ, Pallansch MA:
Serologic evidence of an association between enteroviruses and the onset
of type 1 diabetes mellitus: Pittsburgh Diabetes Research Group. J Infect
Dis 172:1206 –1211, 1995
10. Otonkoski T, Roivainen M, Vaarala O, Dinesen B, Leipala JA, Hovi T, Knip
M: Neonatal type I diabetes associated with maternal echovirus 6 infection:
a case report. Diabetologia 43:1235–1238, 2000
11. Vreugdenhil GR, Schloot NC, Hoorens A, Rongen C, Pipeleers DG,
Melchers WJ, Roep BO, Galama JM: Acute onset of type I diabetes mellitus
after severe echovirus 9 infection: putative pathogenic pathways. Clin
Infect Dis 31:1025–1031, 2000
12. Smith CP, Clements GB, Riding MH, Collins P, Bottazzo GF, Taylor KW:
Simultaneous onset of type 1 diabetes mellitus in identical infant twins
with enterovirus infection. Diabet Med 15:515–517, 1998
13. Lonnrot M, Knip M, Roivainen M, Koskela P, Akerblom HK, Hyoty H: Onset
of type 1 diabetes mellitus in infancy after enterovirus infections. Diabet
Med 15:431– 434, 1998
14. Clements GB, Galbraith DN, Taylor KW: Coxsackie B virus infection and
onset of childhood diabetes. Lancet 346:221–223, 1995
15. Lonnrot M, Salminen K, Knip M, Savola K, Kulmala P, Leinikki P, Hyypia T,
Akerblom HK, Hyoty H: Enterovirus RNA in serum is a risk factor for
beta-cell autoimmunity and clinical type 1 diabetes: a prospective study:
Childhood Diabetes in Finland (DiMe) Study Group. J Med Virol 61:214 –
220, 2000
16. Nairn C, Galbraith DN, Taylor KW, Clements GB: Enterovirus variants in
the serum of children at the onset of type 1 diabetes mellitus. Diabet Med
16:509 –513, 1999
17. Andreoletti L, Hober D, Hober-Vandenberghe C, Belaich S, Vantyghem MC,
Lefebvre J, Wattre P: Detection of coxsackie B virus RNA sequences in
whole blood samples from adult patients at the onset of type I diabetes
mellitus. J Med Virol 52:121–127, 1997
18. Oldstone MB: Molecular mimicry and autoimmune disease. Cell 50:819 –
820, 1987
19. Albert LJ, Inman RD: Molecular mimicry and autoimmunity. N Engl J Med
341:2068 –2074, 1999
20. Horwitz MS, Bradley LM, Harbertson J, Krahl T, Lee J, Sarvetnick N:
Diabetes induced by Coxsackie virus: initiation by bystander damage and
not molecular mimicry. Nat Med 4:781–785, 1998
21. Conrad B, Weidmann E, Trucco G, Rudert WA, Behboo R, Ricordi C,
Rodriquez-Rilo H, Finegold D, Trucco M: Evidence for superantigen
involvement in insulin-dependent diabetes mellitus aetiology. Nature
371:351–355, 1994
22. Varela-Calvino R, Sgarbi G, Wedderburn LR, Dayan CM, Tremble J,
Peakman M: T-cell activation by coxsackievirus b4 antigens in type 1
diabetes mellitus: evidence for selective TCR Vbeta usage without superantigenic activity. J Immunol 167:3513–3520, 2001
23. Schloot NC, Willemen SJ, Duinkerken G, Drijfhout JW, de Vries RR, Roep
BO: Molecular mimicry in type 1 diabetes mellitus revisited: T-cell clones
to GAD65 peptides with sequence homology to Coxsackie or proinsulin
peptides do not crossreact with homologous counterpart. Hum Immunol
62:299 –309, 2001
24. Atkinson MA, Bowman MA, Campbell L, Darrow BL, Kaufman DL,
Maclaren NK: Cellular immunity to a determinant common to glutamate
decarboxylase and coxsackie virus in insulin-dependent diabetes. J Clin
Invest 94:2125–2129, 1994
25. Schloot NC, Roep BO, Wegmann DR, Yu L, Wang TB, Eisenbarth GS: T-cell
reactivity to GAD65 peptide sequences shared with coxsackie virus protein
in recent-onset IDDM, post-onset IDDM patients and control subjects.
Diabetologia 40:332–338, 1997
26. Ou D, Mitchell LA, Metzger DL, Gillam S, Tingle AJ: Cross-reactive rubella
virus and glutamic acid decarboxylase (65 and 67) protein determinants
recognised by T cells of patients with type I diabetes mellitus. Diabetologia
43:750 –762, 2000
27. Marttila J, Juhela S, Vaarala O, Hyoty H, Roivainen M, Hinkkanen A, Vilja
P, Simell O, Ilonen J: Responses of coxsackievirus B4-specific T-cell lines
to 2C protein-characterization of epitopes with special reference to the
GAD65 homology region. Virology 284:131–141, 2001
28. Wucherpfennig KW, Strominger JL: Molecular mimicry in T cell-mediated
DIABETES, VOL. 51, JUNE 2002

R. VARELA-CALVINO AND ASSOCIATES

autoimmunity: viral peptides activate human T cell clones specific for
myelin basic protein. Cell 80:695–705, 1995
29. Varela-Calvino R, Sgarbi G, Arif S, Peakman M: T-Cell reactivity to the P2C
nonstructural protein of a diabetogenic strain of coxsackievirus B4.
Virology 274:56 – 64, 2000
30. Kang Y, Chatterjee NK, Nodwell MJ, Yoon JW: Complete nucleotide
sequence of a strain of coxsackie B4 virus of human origin that induces
diabetes in mice and its comparison with nondiabetogenic coxsackie B4
JBV strain. J Med Virol 44:353–361, 1994
31. Juhela S, Hyoty H, Roivainen M, Harkonen T, Putto-Laurila A, Simell O,
Ilonen J: T-cell responses to enterovirus antigens in children with type 1
diabetes. Diabetes 49:1308 –1313, 2000
32. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A: Two subsets of
memory T lymphocytes with distinct homing potentials and effector
functions. Nature 401:708 –712, 1999
33. Sallusto F, Lanzavecchia A: Exploring pathways for memory T cell
generation. J Clin Invest 108:805– 806, 2001
34. Lanzavecchia A, Sallusto F: Dynamics of T lymphocyte responses: intermediates, effectors, and memory cells. Science 290:92–97, 2000
35. Hyypia T, Hovi T, Knowles NJ, Stanway G: Classification of enteroviruses
based on molecular and biological properties. J Gen Virol 78:1–11, 1997
36. Wright PF, Webster RG: Orthomyxoviruses. In Fields Virology. 4th ed.
Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B,
Straus SE, Eds. Philadelphia, Lippincott Williams & Wilkins, 2001, p.
1533–1579
37. He Y, Chipman PR, Howitt J, Bator CM, Whitt MA, Baker TS, Kuhn RJ,
Anderson CW, Freimuth P, Rossmann MG: Interaction of coxsackievirus

DIABETES, VOL. 51, JUNE 2002

B3 with the full length coxsackievirus-adenovirus receptor. Nat Struct Biol
8:874 – 878, 2001
38. Kutubuddin M, Simons J, Chow M: Identification of T-helper epitopes in
the VP1 capsid protein of poliovirus. J Virol 66:3042–3047, 1992
39. Mahon BP, Katrak K, Mills KH: Antigenic sequences of poliovirus recognized by T cells: serotype-specific epitopes on VP1 and VP3 and crossreactive epitopes on VP4 defined by using CD4⫹ T-cell clones. J Virol
66:7012–7020, 1992
40. Graham S, Wang EC, Jenkins O, Borysiewicz LK: Analysis of the human
T-cell response to picornaviruses: identification of T-cell epitopes close to
B-cell epitopes in poliovirus. J Virol 67:1627–1637, 1993
41. Auvinen P, Makela MJ, Roivainen M, Kallajoki M, Vainionpaa R, Hyypia T:
Mapping of antigenic sites of coxsackievirus B3 by synthetic peptides.
Apmis 101:517–528, 1993
42. Pulli T, Lankinen H, Roivainen M, Hyypia T: Antigenic sites of coxsackievirus A9. Virology 240:202–212, 1998
43. Lonnrot M, Hyoty H, Knip M, Roivainen M, Kulmala P, Leinikki P,
Akerblom HK: Antibody cross-reactivity induced by the homologous
regions in glutamic acid decarboxylase (GAD65) and 2C protein of
coxsackievirus B4: Childhood Diabetes in Finland Study Group. Clin Exp
Immunol 104:398 – 405, 1996
44. Hou J, Said C, Franchi D, Dockstader P, Chatterjee NK: Antibodies to
glutamic acid decarboxylase and P2-C peptides in sera from coxsackie
virus B4-infected mice and IDDM patients. Diabetes 43:1260 –1266, 1994
45. Jones DB, Crosby I: Proliferative lymphocyte responses to virus antigens
homologous to GAD65 in IDDM. Diabetologia 39:1318 –1324, 1996
46. Wucherpfennig KW: Structural basis of molecular mimicry. J Autoimmun
16:293–302, 2001

1753

