
Insulin-dependent diabetes mellitus (IDDM) is the
result of a genetically associated autoimmune medi-
ated process in which the insulin-producing pan-
creatic beta cells are thought to be destroyed by

autoreactive T cells [1, 2]. The disease process is ac-
companied by autoreactive T cells and autoanti-
bodies to various islet antigens such as GAD (gluta-
mic acid decarboxylase) [3–5], insulin [6, 7], islet cells
[8], tyrosine phosphatase (ICA512, 37K) [9–11],
ICA69 [12–13] and 38k [14, 15].

Human GAD65 is mainly expressed in the central
nervous system where it functions as the biosynthe-
sizing enzyme of the inhibitory neurotransmitter
gamma-aminobutyric acid. It is expressed at lower
levels in alpha and beta cells in the islets of Langer-
hans of fetal and postnatal human pancreata, in islets
of infants and to a lesser extent in islets of adults [16].
GAD is a major autoantigen in human IDDM and in
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Summary GAD65 is one of the major autoantigens
associated with insulin-dependent diabetes mellitus
(IDDM). The two peptides p17 and p18 of GAD65
that share sequence similarity with coxsackie virus
(amino acid sequence identity: PEVKEK) appeared
to be the major determinants of GAD65 recognized
preferably by T cells from new-onset IDDM patients
and their first degree relatives. In contrast, in our
study unrelated control subjects frequently recog-
nized the two GAD peptides (55%, 16/29), similar
to first degree relatives (41%, 12/29) and IDDM pa-
tients post-onset (68%, 15/22). However, recent-on-
set IDDM patients, responded less frequently (25%,
4/16) compared with IDDM patients post-onset
(p < 0.03) or unrelated control subjects (borderline
significant) confirming previous observations in hu-
mans and NOD mice that T-cell reactivity to
GADp17/p18 at diabetes onset is decreased. More-
over, this study demonstrated a positive correlation
of T-cell proliferation to GAD p17 (amino acid 247–
266) and p18 (amino acid 260–279) with simultaneous

responses to both peptides in 13% of all subjects
tested (n = 97) (p < 0.001). T-cell proliferation to
GAD p17 was higher than to p18 in recent-onset dia-
betic patients, first degree relatives and unrelated
control subjects (p < 0.02, p < 0.004, p < 0.002, respec-
tively). However, in post-onset IDDM patients, the
two peptides were recognized equally well. Our re-
sults show that T-cell reactivity to GAD65 peptides
homologous with coxsackie protein is very frequently
observed, but not primarily associated with IDDM.
The temporary decline of T-cell proliferation is not
associated with the beta-cell destruction process, but
with clinical manifestation. The positive correlation
of reactivity to the two peptides in the viral motif im-
plicates that PEVKEK is an immunogenic epitope.
[Diabetologia (1997) 40: 332–338]
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non-obese diabetic (NOD) mice [17]. Autoreactive
T cells directed to GAD65 are detectable early in
the life of NOD mice and injection of GAD65 or
GAD65 peptides (i. v., intrathymic, intranasal) [18–
20] can delay or even prevent diabetes in NOD
mice. Furthermore, GADp17 specific T cells derived
from islet infiltrates of NOD mice are capable of
transferring diabetes into healthy recipients [21]. In
humans, autoantibodies to GAD65 precede diabetes
[3, 22, 23] and appear in 64–84% of newly diagnosed
patients [3, 24], whereas less than 4% of unrelated
healthy control subjects are GAD65 antibody posi-
tive [25]. Autoreactive peripheral blood mononuclear
cells (PBMC) of recent-onset diabetic patients and
first degree relatives recognize the two isoforms
GAD67 and GAD65 [26, 27]. T cell responses to
GAD67 have been shown to be inversely related to
GAD autoantibodies [28], whereas for GAD65 a pos-
itive relation between antibodies and T-cell recogni-
tion has been described [29]. The two GAD65 pep-
tides designated p17 and p18 with significant se-
quence homology to the P2-C protein of coxsackie
B virus appeared to be the major determinants of
GAD65 recognized by new-onset IDDM patients
and first degree relatives [30]. Although these pep-
tides overlap by the 6 amino acids “PEVKEK” which
are completely homologous in GAD65 and coxsackie
B4 protein (but not in GAD67), PBMC proliferation
was detected in either one of the peptides only. Re-
sponses to p18 appeared to be associated with HLA-
DR4. T cells of unrelated healthy control subjects
did not recognize GAD p17 or p18.

If indeed PBMC responses to these two GAD pep-
tides are primarily measurable in prediabetic subjects
and to a lesser extent at clinical onset of IDDM, such
reactivity would be a useful predictive marker [17,
31]. To verify this predictive potential, we tested and
extended our study to IDDM patients after disease
onset to assess whether the decline in PBMC respon-
siveness was associated with beta-cell loss, or alterna-
tively, would present a temporary dip in reactivity.

Subjects and methods

Probands. Informed consent was obtained from all subjects af-
ter the nature of the procedure was explained. Peripheral
blood (35 ml) was drawn by venipuncture. Sixteen children
(mean age 12 ± 4, range 6–17 years) with newly diagnosed
IDDM from Denver, Colorado, USA were tested within
3 weeks after initiation of insulin therapy. Twenty-two age-
matched IDDM patients (12 ± 3, 5–20 years) were investi-
gated, who were treated with human insulin and had manifest
diabetes for 6–12 months. Additionally, 29 unrelated healthy
control subjects (22 ± 9, 5–42 years) and 13 first degree rela-
tives of IDDM patients (24 ± 12, 8–43 years) with at least two
islet antibodies (IAA, GAD65, ICA) considered to be
relatives at increased risk [23] and 19 first degree rela-
tives (22 ± 14, 7–49 years) with less than two antibodies (low-
risk relatives) were investigated. The blood was used for

investigation of lymphocyte autoreactivity, autoantibodies
and HLA typing.

Determination of GAD autoantibodies. GAD65 antibodies
were determined using a radiobinding assay as described pre-
viously [32]. The 99th percentile of normal range (index) was
0.032. In the Immunology of Diabetes Society Combinatorial
Autoantibody Workshop (held in Orvieto, Italy, 1995) the as-
say showed 99.0 % specificity and 83.7 % sensitivity [33, 34].

Determination of HLA. HLA-DQAl was determined by PCR
based techniques using the Ampli Type TM HLA DQalpha
Forensic DNA Analysis kit (Perkin, Elmer, Branchburg, NY,
USA) according to the manufacturer’s instructions. HLA-
DQBl was determined as described previously [35]. HLA-DR
was assigned by linkage disequilibrium.

Antigens. The GAD65 peptides (purchased from Molecular Re-
sources Center, National Jewish Hospital, Denver, Col., USA)
from no.17 (amino acid 247–266) and no.18 (amino acid 260–
279) derived from the human sequence of GAD65 [30] were
tested at 5, 15 and 50 mg/ml. Tetanus toxoid (Wyeth Labs, Pearl
River, NY, USA) was dialysed and tested at a concentration of
1 Limes Floculation/ml.

Lymphocyte stimulation assay. The T-cell proliferation assay
was performed as described previously, modified by using au-
tologous serum [36]. In brief, freshly isolated 150 000 PBMC
were cultured in round-bottomed 96-well plates for 6 days at
37 °C, 5 % CO2 in 150 ml Iscove’s modified Dulbecco’s medium
(Gibco BRL, cat. no.430-2200, Gaithersburg, M. D., USA)
containing 10 % autologous, normoglycaemic serum. Autolo-
gous serum was chosen to keep the in vitro experiments as close
as possible to the situation in vivo. The PBMC were incubated
in triplicate wells in the presence of either human GAD65 pep-
tides, tetanus toxoid, interleukin-2 (IL-2) (10% Lymphocult T;
Biotest, Dreieich, Germany) or in medium alone.

After 5 days 10 ml Hank’s Balanced Salt Solution (Gibco
BRL) containing 0.5 mCi ( = 37 kBq) [3H]thymidine (NEN,
Dupont, Boston, Mass., USA) was added per well and the in-
cubation was continued for 18 h. Cultures were harvested and
[3H]thymidine incorporation was measured by liquid scintilla-
tion counting. The results of lymphocyte proliferation are ex-
pressed as Stimulation Indices (SIs) using the medians of a
triplicate (cpm in the presence of antigen divided by cpm in
the absence of stimulus [medium]). An SI of at least three was
considered positive.

Statistical analysis

The magnitude of T-cell proliferation of the different groups
was compared using Mann Whitney-U and Wilcoxon rank
sum test, the frequencies of positive T cell responses were
compared using Fisher’s exact test. The relation between age,
T cell proliferation and antibody responsiveness was deter-
mined by Rank Spearman correlation. Statistical analysis was
performed with GraphPad InStat using Graph Pad computer
software (Graph Pad Inc, San Diego, CA, USA).

Results

T-cell response to interleukin-2 and tetanus toxoid.
Only experiments with PBMC proliferating to IL-2
were included in the analyses. T-cell proliferation to
tetanus toxoid served as a diabetes unrelated control.
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The groups did not differ in PBMC responsiveness to
IL-2 or tetanus toxoid (Fig. 1). SIs obtained with teta-
nus toxoid were 10–15 times higher compared to re-
sponses to GAD65 peptides and reached similar lev-
els as in previous studies, in which pooled human se-
rum was used [36, 37].

T-cell recognition of GAD65 no. 17 and no.18. Freshly
isolated PBMC of IDDM patients, first degree rela-
tives and unrelated healthy control subjects were cul-
tured with GADp17 (247–266) and p18 (260–279) at
three different concentrations. No particular concen-
tration of p17 or p18 was preferentially recognized.
Therefore, optimal T-cell responses of individual sub-
jects to GADp17 and p18 were analysed further. T-
cell responses to GADp17 and p18 were not related
to age.

T-cell responses directed to p17 and p18 were
found in all groups (Fig. 2). Recent-onset IDDM pa-
tients (25%, 4/16) recognized the two peptides less
frequently than IDDM patients post onset (68%,
15/22) (p < 0.03) or unrelated control subjects
(55%, 16/29) (p = 0.05). First degree relatives at in-
creased risk responded (46%, 6/13), similar to 37%
of relatives at low risk who recognized the peptides
(6/16).

T-cell proliferation to p17 and p18 was positively
correlated (p < 0.001) (Fig. 2). A simultaneous T-cell
response (SIL 3) to p17 and p18 was detected in
13.4% (13/97) subjects of whom five were IDDM pa-
tients post-onset (n = 22) and five were unrelated
control subjects (n = 29). Only one recent-onset
IDDM patient (n = 16) and two first degree relatives
(n = 29) recognized p17 and p18 simultaneously
(Fig. 2). Of all subjects tested 33 % (32/97) recognized
exclusively one of the two GAD peptides.

T-cell proliferation to p17 was higher than to p18
in recent-onset IDDM patients (p < 0.02), first degree
relatives (p < 0.004) and unrelated healthy control
subjects (p < 0.002) (Fig. 2). In contrast, T-cells from
IDDM patients post-onset recognized the two pep-
tides equally well.

GAD65 autoantibodies. Recent-onst IDDM patients
were positive for GAD65 autoantibodies in 43.8%
(7/16), post-onset IDDM patients in 72.7% (16/22),
whereas all unrelated control subjects were GAD65
autoantibody negative (0%, 0/27, 2 not detected). In
the group of first degree relatives, 37.9 % (11/29)
were GAD65 autoantibody positive. Thirteen first
degree relatives were positive for at least two anti-
bodies (IAA, ICA, GAD) and therefore defined “at
high risk” [34]. GAD65 autoantibody titres were not
related to age (p = 0.626).

T-cell proliferation to GADp18 but not to p17 was
positively correlated with GAD65 autoantibodies in-
vestigating IDDM patients and first degree relatives
(p < 0.03) or IDDM patients only (p < 0.04) (Fig. 3).
Of all subjects tested, simultaneous T-cell responses
and GAD65 autoantibodies were measured in
12.0% (9/75) for p17 and in 10.7% (8/75) for p18.
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Fig. 1. T-cell proliferation (Stimulation index) to interleukin-2
(closed symbols) and tetanus toxoid (open symbols)

Table 1. Frequency of HLA-DQBl in IDDM patients, first degree relatives and unrelated control subjects. X is not HLA-DQB1
*0201, y is not HLA-DQB1 *0302

HLA DQB1 Group Risk alleles
DQB1 *0201, *0302

Protective alleles
DQB1 *0602, *0603, *0301

0201/0302 0302/x 0201/y 2 protective alleles at least 1 protective allele

IDDM patients 9/31
29%

6/31
19%

6/31
19%

0/31
0%

9/31
29%

First degree relatives 3/27
11%

5/27
19%

8/27
30%

1/27
4%

6/27
22%

Unrelated control subjects 1/27
4%

2/27
7%

5/27
19%

6/27
22%

17/27
63%



HLA determination. HLA-DQAl and Bl were deter-
mined and HLA-DR was assigned by linkage dise-
quilibrium. As expected, recent-onset IDDM pa-
tients, patients with IDDM for 6–12 months and first
degree relatives more often possessed the high-risk
HLA-DQBl alleles (*0302 or *0201) and less fre-
quently the protective alleles (DQBl*0602,
DQBl*0602, DQBl*0301) than healthy unrelated
control subjects (Table 1).

T-cell recognition of GAD65 p17 or p18 was not
associated with a particular DQ haplotype. Of those
subjects where T cells recognized p18 (n = 23)
47.8% were negative for HLA-DR4 which is

different from the previously described HLA-DR4
association of T-cell responses to p18 [30].

Discussion

It has been hypothesized that the pathogenesis of
IDDM may involve molecular mimicry of GAD65
and a coxsackie B protein [30, 38, 39]. The GAD65
amino acid region 247–279 and the P2-C protein of
coxsackie virus B are 79% conserved and share
42% amino acid identity [30]. Peptides p17 and p18
span this region of sequence similarity and overlap
in the PEVKEK region, which is 100% identical in
GAD65 and P2-C-protein [30]. We analysed T-cell
proliferation to GAD65 peptides p17 (amino acid
247–266) and p18 (amino acid 260–279) in recent-on-
set IDDM patients, IDDM patients post-onset, first
degree relatives and control subjects.

Our study confirms the previous finding that T-cell
reactivity is measurable in prediabetic subjects and
to a lesser extent at clinical onset of IDDM, with virtu-
ally identical fractions [30]. However, we additionally
found frequent T-cell recognition to p17/18 in unre-
lated control subjects (55% responders) which dem-
onstrates that the two peptides are very immunogenic,
but that PBMC proliferating to p17 or p18 are not as-
sociated with autoimmune diabetes and cannot be
used as predictive markers. Although molecular mi-
micry to coxsackie B virus cannot be excluded by our
observations, the link to the pathogenesis of IDDM
at the T-cell level is unclear. It seems unlikely that dif-
ferences between Atkinson et al. [30] and our assay
conditions are responsible for the discrepant results
in unrelated control subjects, since the frequency of
T-cell responses of recent-onset IDDM patients and
relatives was very similar in both assays. One likely
explanation would be differences in the control
groups tested. However, the different ages of the con-
trol groups (29 years [30] compared to 22 years (our
study)), are unlikely to explain the different results,
because T-cell responses to GAD p17/p18 tested by
us were not related with age. Our observation that T-
cell proliferation to islet antigen is not exclusive to
IDDM patients is in concordance with investigations
of other antigens such as insulin secretory granules
[36], ICA69, lactoglobulin [40] and insulin [41, 42].

Recent-onset IDDM patients responded less fre-
quently to GAD p17/p18 than IDDM patients post-
onset (p < 0.03) and unrelated control subjects (bor-
derline significant, p < 0.06), supporting the notion
that T-cell reactivity to GAD p17/p18 is decreased
at diabetes onset [18, 30]. This temporary decline in
responsiveness at diabetes onset is distinct from T-
cell responses to other antigens. T-cell proliferation
to insulin secretory granules [36], ICA69 and insulin
(N.C. Schloot, unpublished data) were found to be
increased in recent-onset IDDM patients and
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decreased in IDDM patients post-onset and healthy
control subjects. However, only longitudinal investi-
gations of subjects in the prediabetic period, at the
time of diabetes onset and after disease manifesta-
tion can validate these observations for GAD p17/
p18.

Furthermore, T-cell responses to p17 and p18 were
positively rather than inversely correlated (p < 0.01).
Since the viral epitope is the only shared region be-
tween the two peptides, this positive correlation em-
phasizes PEVKEK as an immunogenic T-cell epi-
tope. In addition to the simultaneous responses to
p17 and p18, single peptide responses in our subjects
were observed in 33.0% (22/97 for p17, 10/97 for
p18) suggestive of the involvement of several epi-
topes. Proliferative responses to p17 or p18 in our ex-
periments were not associated with HLA, in contrast
to the previously described association of HLA-DR4
with T-cell proliferation to p18 [30]. T-cell responses

to p17 were higher than to p18 in recent-onset
IDDM patients, first degree relatives and unrelated
control subjects (p < 0.02, p < 0.004, p < 0.002, respec-
tively). Interestingly, investigations in NOD mice and
humans have indicated likewise that GAD p17 is bet-
ter recognized by T cells than p18 [18, 30]. IDDM pa-
tients post-onset however, recognized both GAD
peptides equally well.

T-cell proliferation to GAD p17 was not corre-
lated with GAD65 autoantibodies whereas
GAD p18 did show a positive correlation with
GAD65 autoantibodies (p < 0.04). Simultaneous ap-
pearance of T-cell proliferation to the GAD pep-
tides p17/p18 and GAD65 autoantibodies was ob-
served in 12% of all subjects tested (primarily con-
sisting of IDDM patients post-onset), similar to stud-
ies investigating T-cell responses to whole GAD and
GAD autoantibodies [29]. However, the two (linear)
peptides tested with T cells represent only a short
portion of GAD65 and a relation with GAD65 auto-
antibodies which are directed to several confirmatio-
nal epitopes [38, 43] should be interpreted with cau-
tion.

The PEVKEK region of P2-C of coxsackie shar-
ing homology with GAD65 is also present to a simi-
lar degree in a number of other species of animal
and human picornaviruses [44]. Therefore, it will be
important to test the viral equivalent of PEVKEK
in similar studies to evaluate whether T cells can dis-
tinguish between the various viral proteins. Clearly,
the NOD mouse model illustrates that IDDM can
develop in the absence of coxsackie virus infection,
which leaves endogenous as well as other unknown
environmental factors as candidates for the initia-
tion or prolongation of the beta-cell destruction pro-
cess.

Our results demonstrate that T-cell reactivity to
GAD65 peptides homologous with coxsackie protein
is frequently found in IDDM patients, relatives and
healthy unrelated control subjects. These observa-
tions together with the positive correlation of T-cell
reactivity to GAD p17 and p18 emphasize that the vi-
ral motif PEVKEK is an immunogenic epitope, but
that T-cell responses directed to this region are not
necessarily indicative of IDDM. Similar to studies in
NOD mice, T-cell responses to GAD p17 and p18
are decreased at diabetes onset with better recogni-
tion of GAD p17 than p18. The temporary decline of
T-cell proliferation is not associated with the beta-
cell destruction process, but with clinical manifesta-
tion, since after diabetes manifestation T-cell re-
sponses are increased and furthermore appear quali-
tatively altered. Further longitudinal characterization
of GAD- and GAD peptide-reactive lymphocytes re-
garding epitope recognition, cytokine production and
T-cell receptor utilization are warranted to character-
ize T-cell autoimmunity to GAD with regard to
IDDM in more detail.
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