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Abstract

In type 1 diabetes the major loss of insulin producing beta-cells is caused by autoreactive T-cells specific for antigens expressed by the pan-
creatic islets. In this study we have analyzed the prevalence of glutamate decarboxylase 65 (GAD65)- and proinsulin-specific CD4C T-cells in
type 1 diabetes patients, at-risk subjects and in HLA-matched control children. Peripheral blood mononuclear cells were cultured in the presence
of two different GAD65 peptides (555e567, 557I and 274e286) or with a proinsulin (B24eC36) peptide for 10e11 days. The autoreactive T-
cells were detected using antigen specific-MHC class II tetramers by flow cytometry. Our results show that 11 of 18 (61%) type 1 diabetes pa-
tients and 7 of the 20 (35%) at-risk subjects were positive for one of the three GAD65 or proinsulin-containing tetramers, whereas only 2 of 21
(9.5%) controls had tetramer binding cells ( p Z 0.0007 type 1 diabetes vs. controls and p Z 0.0488 at-risk subjects vs. controls, Chi-square
test). Type 1 diabetes patients responded to all three peptides. At-risk subjects recognized also the GAD65 555e567 557I peptide, while
none of the controls responded to it. In conclusion, type 1 diabetes patients and at-risk subjects have a significantly higher prevalence of
GAD65- and proinsulin-specific CD4C T-cells than the control subjects.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease character-
ized by destruction of the beta-cells of the pancreas. It can take
years until most of the beta-cells have been damaged and in-
sulin secretion becomes insufficient to sustain normoglycemia.
Autoantibodies specific for insulin, glutamate decarboxylase
65 (GAD65) and protein-tyrosine phosphatase 2 (IA-2) appear
often during the preclinical phase of the disease and have
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become a useful predictive marker for the progression of
type 1 diabetes [1e3]. Less is known on the specificity of cel-
lular responsiveness although the major loss of beta-cells is
caused by autoreactive T-cells specific for antigens expressed
in the pancreatic islets [4,5]. The development of T1D is also
strongly associated with the major histocompatibility complex
(MHC) class II genes. The genetic susceptibility in Caucasians
correlates with the HLA-DR3-DQ201 and HLA-DR4-DQ302
haplotypes, where both HLA-DR and -DQ molecules affect
the disease risk. Both these molecules may play an essential
role in T1D through their presentation of islet cell specific-
peptides to autoreactive CD4C T-cells [6e8].
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The glutamic acid decarboxylase (GAD65) molecule is ex-
pressed in the beta-cells of the islets of Langerhans and in the
central nervous system in humans [9]. Several T-cell epitopes
of GAD65 have been described in type 1 diabetes [10]. A syn-
thetic peptide consisting of amino acids 274e286 has been
found to be recognized by DRB1*0401 transgenic mice [11]
and a largely overlapping peptide 270e283 has been shown
to stimulate T-cells isolated from a DR*0401 positive type 1
diabetes patient [12]. We have previously detected GAD65-
specific CD4C T-cells from peripheral blood of patients with
type 1 diabetes that bind HLA-DR4 tetramers containing
GAD65 555e567 peptide. This GAD65 555e567 peptide
has been shown to be an efficiently processed immunogenic
epitope in type 1 diabetes patients [13] and in DR*0401 trans-
genic mice [14].

Proinsulin is a precursor molecule that is processed into in-
sulin and C-peptide in the beta-cells and it is the only known
type 1 diabetes autoantigen expressed exclusively in the beta-
cells. Autoantibodies to insulin (IAA) are an early marker of
prediabetes which are frequently found especially in young
children with T1D [15,16]. Multiple T-cell epitopes of proin-
sulin have been described and the region spanning the BeC
junction has frequently been recognized in several studies.
Proinsulin regions B14eC37 and C56eA72 have been shown
to be recognized by diabetes patients [17] and a similar pep-
tide (B24eC33) of mouse proinsulin has been described to
stimulate T-cells from nonobese diabetic (NOD) mice [18].
Furthermore, peptide B24eC36 has been shown to stimulate
T-cell responses in DR3 or DR4 positive individuals at risk
for developing T1D [19]. Interestingly, this peptide has simi-
larities with the GAD65 region 506e518, which might en-
hance the antigenic spreading of the T-cell reactivity as
a result of cross-reactivity [19]. Martinez et al. have reported
that the same proinsulin B24eC36 peptide can also simulta-
neously trigger CD4C helper T-cell and CD8C cytotoxic T-
cell responses in NOD mice [20].

MHC class II tetramers are a useful tool for detection of au-
toreactive CD4C T-cells in the peripheral blood. Tetramer
MHC class II-peptide complexes bind antigen-specific
CD4C T-cells with a high degree of specificity and enable iso-
lation of the T-cells for further characterization [13,21]. In the
present study we have analyzed GAD65- and proinsulin-spe-
cific CD4C T-cells in type 1 diabetes patients, at-risk subjects
and HLA-genotype matched healthy controls using HLA-
DR*0401 and -DR*0404 tetramers loaded with specific
GAD65 peptides (epitope 555e567 557I or 274e286) and
HLA-DR*0301 tetramers containing proinsulin peptide (epi-
tope B24eC36). We also investigated whether GAD65- and
proinsulin specific CD4C T-cells in peripheral blood were de-
tectable with MHC class II tetramers during the preclinical
phase of the disease and whether these MHC class II tetramers
could be a useful tool in the prediction of type 1 diabetes.

2. Materials and methods

Blood samples were obtained from type 1 diabetes patients
(n Z 18, median age 11.3 years); the date of diagnosis ranged
from 1 day to 8.5 years (median 4.5 years). At-risk subjects
(n Z 20, median age 6.3 years) were positive for islet cell
autoantibodies (ICA) and one or more of biochemically
defined autoantibodies (GAD65, IA-2, and insulin autoanti-
bodies). The HLA-genotype matched healthy control subjects
(n Z 21, median age 5.5 years) were all autoantibody negative
(Table 1). Only subjects positive for HLA-DRB1*0301,
DR*0401 or DR*0404 were selected for this study. The at-
risk and control subjects were participants in the Type 1
Diabetes Prediction and Prevention project (DIPP) in Turku,
Finland. In the at-risk group 16 of the 20 subjects are
participants in a placebo-controlled, double-blind intervention
trial aimed at assessing whether it is possible to decrease the
risk of progression to clinical T1D by daily nasal administra-
tion of human short-acting insulin [22]. Two at-risk subjects
have developed diabetes since our study was completed
(subject 23 and 34).

Typing for HLA-DR-DQ haplotypes was carried out using
a lanthanide labeled oligonucleotide hybridization method as
described earlier [23]. Control children participating in the
DIPP study were originally selected based on the presence
of HLA-DQB1*0302 and/or HLA-DQA1*05-DQB1*02 al-
leles/haplotypes and lack of protective alleles [22]. The typing
was complemented with HLA-DR4 subtyping for those par-
ticipating in this study.

2.1. Preparation of HLA-DR401, -DR404 and -DR301
monomers and tetramers

The construction of the expression vectors for the generation
of the soluble DRB1*0401, DRB1*0404 and DRB1*0301 mol-
ecules have been described previously [24]. Briefly, a site-spe-
cific biotinylation sequence was added to the 3# end of the
DRB1*0401, DRB1*0404 or DRB1*0301 leucin zipper cas-
sette, and the chimeric cDNA was subcloned into a Cu-induc-
ible Drosophila expression vector. DR-A and DR-B
expression vectors were cotransfected into Schneider S-2 cells;
the class II monomers were then purified, concentrated, and bi-
otinylated. The desired peptide was loaded for 48e72 h, and
tetramers were formed by incubating class II molecules with
phycoerythrin (PE)-labeled streptavidin.

2.2. Peripheral blood mononuclear cell isolation
and stimulation

Peripheral blood mononuclear cells (PBMC) were isolated
from 5e30 ml of heparinized blood by gradient centrifugation
(Ficoll-Paque Plus, Amersham Biosciences, Uppsala, Sweden)
and the cells were resuspended in RPMI-1640 (Invitrogen
Corporation, Paisley, UK) supplemented with 3% glutamine
(10 ml/ml) (Fluka Chemie, Stockholm, Sweden), 1 M sodium
pyruvate (1 ml/ml) (Life Technologies, Paisley, UK), gentamy-
cin sulfate 10 mg/ml (Biological Industries, Beit Haemek,
Israel), 1 M HEPES-buffer (20 ml/ml) (Euroclone, West Yorks,
UK) and 10% human serum (SPR, Helsinki, Finland) at
a density of 5 ! 106/ml. The cells were cultured in the
presence of GAD65 555e567 (557I; NFIRMVISNPAAT),



Table 1

Type 1 diabetes patients (T1D), at-risk subjects (AABC) and HLA-genotype matched healthy controls in the study

Subject T1D, AABC, control HLA-DQA1* HLA-DQB1* HLA-DRB1* HLA-DR (deduced) Age (years) DM outbreak/prevention

1 T1D NT 0301, 0302 0401, 0404 DR4, DR4 11 9 months

2 T1D NT 0302, 0602 0401 DR4, DR15(2) 12 3 years, 9 months

3 T1D NT 0302, 0501 0401 DR1, DR4 16 4 years, 7 months

4 T1D 03, 05 02, 0302 0401 DR3, DR4 13 2 years, 4 months

5 T1D 03, 05 02, 0302 0401 DR3, DR4 14 2 years, 2 months

6 T1D 03, 05 02, 0302 0401 DR3, DR4 12 8 years, 6 months

7 T1D NT 0302, 0501 0401 DR1, DR4 3 10 months

8 T1D NT 0302, 0501 0401 DR1, DR4 13 8 years, 5 months

9 T1D NT 0302, 0604 0401 DR4, DR1302 11 7 years, 4 months

10 T1D 03, 05 02, 0302 0401 DR3, DR4 6 5 years

11 T1D 05 02, 0501 DR1, DR3 8 Less than a week

12 T1D NT 0302, 0502 0401 DR4, DR16(2) 11 4 years, 7 months

13 T1D NT 04, 0302 0401 DR4, DR8 11 4 years, 5 months

14 T1D 03, 05 02, 0303 DR3, DR3 11 5 years, 6 months

15 T1D 05 02, 02 DR3 11 5 years, 7 months

16 T1D NT 0302, 0302 0404 DR4 16 6 years, 1 month

17 T1D NT 02, 0302 0401 DR4 14 Less than a week

18 T1D 03, 05 02, 0302 0401 DR3, DR4 8 Less than a week

19 ICAC, GADAC NT 0302 0401, 0404 DR4, DR4 14 Prevention

20 ICAC, GADAC NT 02, 0302 0401 DR4 10 Prevention

21 ICAC, GADAC NT 02, 0302 0401 DR4 7

22A ICAC, GADAC 03, 05 02, 0302 0404 DR3, DR4 6 Prevention

22B ICAC, GADAC 03, 05 02, 0302 0404 DR3, DR4 7 Prevention

23* ICAC, GADAC NT 02, 0302 0401 DR4 5 Prevention

24 ICAC, GADAC, IA-2AC NT 02, 0302 0401 DR4 9 Prevention

25 ICAC, GADAC, IA-2AC 03, 05 02, 0302 0404 DR3, DR4 6 Prevention

26A ICAC, GADAC, IA-2AC NT 0302 0401 DR4 6

26B ICAC, GADAC, IA-2AC NT 0302 0401 DR4 6

27 ICAC, IA-2AC NT 02, 0302 0401 DR4 6 Prevention

28 ICAC, IA-2AC NT 0302 0401 DR4 3 Prevention

29 ICAC, IA-2AC NT 0302 0401 DR4 6

30 ICAC, IAAC NT 0302 0401 DR4 5 Prevention

31 ICAC, IAAC, GADAC NT 02, 0302 0404 DR4 4 Prevention

32A ICAC, IAAC, GADAC NT 0302 0401 DR4 6 Prevention

32B ICAC, IAAC, GADAC NT 0302 0401 DR4 7 Prevention

33 ICAC, IAAC, GADAC, IA-2AC NT 0302 0401 DR4 4 Prevention

34* ICAC, IAAC, IA-2AC 03, 05 02, 0302 0401 DR3, DR4 3 Prevention

35 ICAC, GADAC, IA-2AC 05 02 DR3 5 Prevention

36 ICAC, IA-2AC NT 0302, 0501 0401 DR1, DR4 10 Prevention

37 ICAC, IAAC, IA-2AC NT 0302 0401 DR4 6 Prevention

38A ICAC, IA-2AC NT 02, 0302 0401 DR4 8

38B ICAC, IA-2AC NT 02, 0302 0401 DR4 8

39 Control NT 0302 0404 DR4 8

40 Control NT 0302 0404 DR4 4

41 Control 05 02 DR3 4

42 Control NT 0302 0401 DR4 4

43 Control NT 0302 0404 DR4 4

44 Control NT 0302 0404 DR4 6

45 Control 03, 05 02, 0302 0401 DR3, DR4 6

46 Control 05 02 DR3 6

47 Control NT 02, 0302 0404 DR4 5

48 Control 03, 05 02, 0302 0401 DR3, DR4 9

49 Control NT 0302 0401 DR4 4

50 Control 05 02 DR3 4

51 Control 03, 05 02, 0302 0401 DR3, DR4 8

52 Control NT 02, 0302 0401 DR4 6

53 Control 05 02, 0604 DR3, DR1302 5

54 Control NT 02, 0302 0404 DR4 8

55 Control NT 02, 0302 0404 DR4 10

56 Control NT 0302 0401 DR4 12

57 Control 05 02 DR3 7

58 Control NT 0302 0401 DR4 5

59 Control NT 02, 0302 0404 DR4 7

When two samples were subsequently tested from the same individual, the first sample is marked with an A and the follow up sample is marked with a B. At-risk

subjects marked with an asterisk (*) have developed diabetes after this study was completed. ICA, islet-cell autoantibody; GADA, glutamate decarboxylase 65

autoantibody; IA-2A, protein-tyrosine phosphatase-2 autoantibody; IAA, insulin autoantibody; NT, not tested.
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GAD65 274e286 (IAFTSEHSHFSLK) or proinsulin B24e
C36 (FFYTPKTRREAED) peptides at a concentration of
10 mg/ml on a 24-well plate. After 10e11 days, the cells
were transferred at a density of 1.5! 106/ml onto a 48-well
plate that had been absorbed with 10 mg/ml DR*0401,
DR*0404 or DR*0301 monomer in 1! PBS for 3 h at
37 �C. The monomers contained the same peptides used in
the primary stimulation. The cells were cultured in the pres-
ence of 1 mg/ml of anti-CD28 antibody (BD Pharmingen,
San Jose, CA, USA) during the secondary stimulation.

2.3. Tetramer binding and flow-cytometric analysis

On day 3 of the secondary stimulation one half of the cells
were stained by 15 mg/ml of PE-labeled HLA-DR*0401/*0404
GAD65 555e567 557I, HLA-DR*0401 GAD65 274e286 or
HLA-DR*0301 proinsulin B24e36 tetramers and the other
half of the cells were stained by 15 mg/ml of PE-labeled con-
trol tetramers (HLA-DR*0401/*0404 herpes simplex virus
(HSV) p61 465e484 (YGALDVDDFEFEQMFTDAMG) or
HLA-DR*0301 non-structural protein of influenza virus NSI
p32e45 (FLDRLRRDQRSLRG) for 2.5 h at 37 �C followed
by fluorochrome-labeled anti-CD4 and anti-CD25 (BD Phar-
mingen) for 20 min on ice. Cells were then washed in PBS
containing 2% FCS and 0.1% NaN3, and analyzed with
a Becton Dickinson FACSCalibur flow cytometer. Data were
analyzed with the CellQuest (Becton Dickinson) and WinMDI
(Stanford University) software programs.

2.4. Statistical analysis

Distributions were tested with the Chi-square test, unless
any expected value was less than five, when Fisher’s exact
test was used. The ManneWhitney U-test was used to com-
pare tetramer-binding levels between the groups.

3. Results

3.1. Detection of GAD65- and proinsulin-specific CD4C

T-cells in type 1 diabetes patients, at-risk and controls
subjects with MHC class II tetramers

Peripheral blood mononuclear cells (PBMC) from 18 type
1 diabetes patients, 20 at-risk subjects (positive for two or
more autoantibodies) and 21 HLA-matched healthy controls
(autoantibody negative) were stimulated with GAD65 555e
567 557I, GAD65 274e286 or proinsulin B24eC36 peptides
based on their HLA-type for 10e11 days. The GAD65 557I
peptide was used if the number of cells from a DR4C subject
was enough only for one culture. Additional stimulations with
GAD65 274e286 peptide or proinsulin B24eC36 peptide
were established from HLA-DR*0401 or -DR*0301 positive
subjects, respectively, if the number of cells was sufficient.

The GAD65 555e567 557I peptide, NFIRMVISNPAAT,
has a substitution at position 557 (F / I) at the P1 anchor res-
idue that has been shown to efficiently stimulate proliferation
and cytokine release from DR4-restricted T-cell clones [25].
GAD65 557I specific T-cell clones have also been shown to rec-
ognize both thewild type GAD65 555e567 peptide and the cor-
responding naturally processed epitope from GAD65 protein
[13]. Because of the low frequencies of autoantigen epitope
specific CD4C T-cells in the peripheral blood, in vitro expan-
sion with the peptides was necessary before the analysis by
flow cytometry. After the primary stimulation the cells were
stimulated with immobilized DR*0401, DR*0404 or
DR*0301 monomers containing the same specific peptides as
used in the primary stimulation and soluble anti-CD28 anti-
body. On day 3, the cells were stained by PE-labeled specific
and control tetramers and anti-CD4 and anti-CD25 antibodies
and analyzed by flow cytometry. Tetramer binding cells dis-
played a CD4high/CD25C profile and a representative staining
is shown in Fig. 1. The top 20% of the CD4high/CD25C T-cells
was gated and the frequency of tetramer binding cells was an-
alyzed in this population of activated cells. As shown in
Fig. 1A, 10% of the CD4high/CD25C cells from the type 1 dia-
betes patient 13 bind GAD65 557I tetramer. Staining with the
control tetramer containing herpes simplex virus (HSV) p61
peptide was 0.9%. Fig. 1B shows tetramer staining of the cells
from the at-risk subject 22A; 18.9% of the activated cells bound
to GAD65 557I tetramer and 1.0% to the control tetramer. In
Fig. 1C control subject 59 shows lack of tetramer binding cells.

3.2. Higher frequency of GAD65- and proinsulin-specific
CD4high/CD25C T-cells in type 1 diabetes patients and
in at-risk subjects than in control individuals

Fig. 2 shows the frequency of tetramer binding cells in type
1 diabetes patients (Fig. 2A), at-risk subjects (Fig. 2B) and in
HLA-DR matched healthy controls (Fig. 2C). The positive tet-
ramer staining value, R1.03%, was set on the 90th percentile
for the tetramer staining in the control group. Our results show
that 11 of 18 (61%) type 1 diabetes patients and 7 of the 20
(35%) at-risk subjects were positive for one of the GAD65
or proinsulin-containing tetramers, whereas only 2 of 21
(9.5%) controls had tetramer binding cells. The frequency of
tetramer positive subjects was higher among type 1 diabetes
patients and in at-risk subjects than in control subjects
( p Z 0.0007 and p Z 0.0488, respectively) (Table 2A).

Also, the number of tetramer binding cells in the GAD65 or
proinsulin activated CD4high/CD25C T-cells was higher in
type 1 diabetes patients and in at-risk subjects than in control
subjects. The tetramer staining in type 1 diabetes patients var-
ied from 0.00 to 9.19% (median 0.60%). In the at-risk group
the highest tetramer binding was as high as 53.60% (median
0.36%) and in the control group the tetramer positivity ranged
from 0.00 to 2.84% (median 0.03%). The difference between
type 1 diabetes patients and controls was statistically signifi-
cant ( p Z 0.02).

In some occasions when sufficient numbers of PBMCs were
available, the extra cells in the culture were analyzed at an ad-
ditional time point: in this case the length of the culture was
extended from standard 3 days to 6 days. Three type 1 diabetes
patients became positive for GAD65 557I or GAD65 274e286
containing tetramers during this extended culture (data not



239V. Öling et al. / Journal of Autoimmunity 25 (2005) 235e243
Fig. 1. GAD65 555e567 557I tetramer staining in T1D patient 13 (A), at-risk subject 22A (B) and control subject 59 (C). The cells were gated on live lymphocyte

cell population in forward and side scatter. The top 20% of the CD4high/CD25C T-cells (left) were gated, and the frequency of CD4high/CD25C cells is shown on

the upper right quadrant. The frequency of GAD65 555e567 557I (middle) and HSV p61 control (right) tetramer binding in the CD4high/CD25C population is

shown in the upper right quadrant. The cell number in the live populations was variable due to the amount of PBMCs available for the analysis.
shown). If we take into account tetramer positivity at any time
point, day 3 and/or day 6, the total number of tetramer positive
type 1 diabetes patients increases from 11 to 14 (78%).

3.3. GAD65 555e567 557I peptide activates CD4C

T-cells in type 1 diabetes patients and in at-risk
subjects but not in control individuals

Table 2B illustrates the distribution of GAD65 and proinsu-
lin positive and negative tetramer binding in the three study
groups. Four of the 18 tested T1D patients were positive for
the GAD65 557I tetramer and five were positive for the proin-
sulin B24eC36 tetramer. Three T1D patients had GAD65
274e286 tetramer binding cells. Only one patient (subject
12) was positive for both GAD65 tetramers. Five out of seven
type 1 diabetes patients who were diagnosed less than
2.5 years ago were positive either with proinsulin or GAD65
557I tetramers. Interestingly, the most frequent CD4C T-cell
activator in the at-risk group was the GAD65 557I peptide
(7 of 20 subjects), whereas none of the control subjects
showed a positive tetramer staining after stimulation with
this particular peptide. Four of these seven GAD65 557I
tetramer positive at-risk subjects (subjects 22, 25, 26 and 32)
had also GAD65 autoantibodies, while three others, 28, 37
and 38, did not. Only one control subject responded to the
GAD65 274e286 peptide and another showed a low positive
staining with the proinsulin B24eC36 tetramer.

3.4. Follow-up analysis in the at-risk subjects

Twenty at-risk subjects were tested and six of them had tet-
ramer binding CD4C T-cells in the first clinical sample. Three
of these six have been analyzed at two occasions. Subject 22
displayed a high GAD65 557I positive tetramer binding profile
at the first sampling, which was similar 10 months later (18%;
22A and 22B, respectively in Fig. 3A,B). Subject 26 showed
a decrease of the GAD65 557I specific T-cells from 9.04%
to 4.20% when analyzed 9 months later (26A, 26B in
Fig. 3C,D). Both subjects were positive for islet-cell (ICA)
and GAD65 autoantibodies at both time points and subject
26 had also IA-2 autoantibodies. No changes were seen in
the autoantibody levels between the two time points. Another
tetramer positive at-risk subject (subject 38) showed a very
high GAD65 557I tetramer staining profile at the first
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staining).
sampling (53.60%), but 3 months later no tetramer binding
cells were detected (Fig. 3E,F). This subject had ICA and
IA-2 autoantibodies, but no GAD65 autoantibodies. Once
again no changes in the levels of autoantibodies between the
two sampling dates were detected.

Only one originally negative subject was retested. In this
case (subject 32) we saw a change from negative tetramer
binding profile to a low positive one (1.06%) during
a 12 month period (Fig. 3G,H). This particular subject ex-
pressed autoantibodies against ICA, GAD65 and insulin.

4. Discussion

Our study demonstrates that GAD65 and proinsulin tetra-
mer binding CD4C T-cells are detectable more often in pe-
ripheral blood of type 1 diabetes patients and at-risk subjects
than healthy individuals. HLA-DR4C type 1 diabetes patients
and at-risk subjects had T-cells specific for both GAD65 pep-
tides tested (GAD65 555e567 557I and GAD65 274e286),
Table 2

Distribution of the prevalence of GAD65- and proinsulin tetramer binding

in the three study groups

Positive Negative % p-value

(chi-square)

A. Any tetramer

T1D 11 7 61 0.0007

At-risk 7 13 35 0.0488

Controls 2 19 9.5

B. Individual peptides Positive Positive Positive

T1D 4/15 3/8 5/8

At-risk 7/19 0/1 0/2

Controls 0/16 1/1 1/6

The number of subjects with tetramer positive cells after stimulation with any

peptide (A) and number of subjects with tetramer positive cells after stimula-

tion with individual peptides (B). Definition of positive staining (R1.03%)

was set on the 90th percentile of tetramer staining (with any tetramer) in

the control group.
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Fig. 3. Repeated tetramer analysis in at-risk subjects. Subject 22 at the first sampling (A), and 10 months later (B). Subject 26 at the first sampling (C), and

9 months later (D). Subject 38 at the first sampling (E), and 3 months later (F). Subject 32 at the first sampling (G), and 12 months later (H). The cells were gated

on live lymphocyte cell population in forward and side scatter, and then on the top 20% of the CD4high/CD25C T-cells. The frequency of GAD65 555e567 557I

(left) and HSV p61 control (right) tetramer binding in the CD4high/CD25C population is shown in the upper right quadrant. The cell number in the live populations

was variable due to the amount of PBMCs available for the analysis.
while the majority of the DR3C type 1 diabetes patients dis-
played response to a proinsulin peptide, B24eC36. Autoanti-
body positive children responded frequently to the GAD65
555e567 557I peptide, while none of the control subjects rec-
ognized it.

Autoantibodies specific for different islet cell proteins such
as insulin, GAD65 and IA-2, are the most informative biolog-
ical markers for the prediction of type 1 diabetes. In contrast,
T-cell profiling in type 1 diabetes, and in human autoimmunity
in general, is in its early stages. The development of new
techniques such as MHC class II tetramers now makes it pos-
sible to probe T-cell compartments for analysis of specificity
for several autoantigens and epitopes. Precise definition of
the MHC/peptide specificity and functional properties of
CD4C T-cell populations is required for mechanistic under-
standing of the disease process of type 1 diabetes. In order
to design prevention therapies and for proper immunomonitor-
ing we need to learn the specificity and phenotype of the
T-cells that are prerequisite for the disease outcome and suffi-
cient for the clinical disease.
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In both human and NOD mice a small number of autoanti-
gens including insulin (or proinsulin), GAD65 and IA-2, have
been shown to be targets of the autoimmune attack [10,26]. In-
sulin is the only beta-cell specific autoantigen. In humans the
strongest susceptibility conferred by a loci outside of MHC
class II region is the insulin gene (Ins) variable number of tan-
dem repeats (VNTR) regulatory region [27]. The disease asso-
ciated polymorphism (class I repeats) correlates with reduced
thymic expression of the Ins gene, which has been suggested
to lead to defective negative selection and impaired induction
of central tolerance to insulin and proinsulin [28,29]. In our
study less than half of the type 1 diabetes patients were
DR3C but five out of eight of this group displayed T-cell re-
sponse to the proinsulin epitope. Two very recent studies
have highlighted the key role of proinsulin in NOD and human
diabetes [30,31]. However, the role of GAD65 as a primary an-
tigen cannot be excluded, at least in human type 1 diabetes.
Even if insulin turns out to be a primary autoantigen involved
in the early events of beta-cell destruction, GAD65 or another
autoantigen could still play a crucial role in the amplification
of the autoimmune process and the intermolecular epitope
spreading. It is likely that several autoantigens and epitopes
contribute to the disease process although the hierarchy of
epitopes may vary along the progression of autoimmunity.
The highest risk to progress to the clinical disease might cor-
relate with the number of the T-cell epitopes recognized,
which would be similar to the predictive value of having mul-
tiple autoantibodies. In this study type 1 diabetes patients dis-
played T-cell response to both GAD65 and proinsulin, but only
one patient had reactivity to both autoantigens. However, only
11 patients were analyzed with multiple tetramers due to the
limited sample size. T-cell response to the multiple autoanti-
gens and potential epitope spreading during the preclinical
phase of the disease process needs to be investigated in an ex-
tended study in a larger cohort of type 1 diabetes patients and
at-risk subjects.

There are several technical constraints in the development
of T-cell assays to identify autoreactive T-cells in the periph-
eral blood of type 1 diabetes patients. The difficulty to dis-
criminate patients from normal subjects has been addressed
in several individual studies and T-cell workshops [32,33]. Re-
liable detection of rare autoantigen specific T-cells in the pe-
ripheral blood has been challenging. We have estimated that
only one in 30,000 or less CD4C T-cells in peripheral blood
are GAD65 reactive [24]. This low number of cells cannot
be readily detected by flow cytometry and therefore our assay
relies on in vitro expansion of antigen specific T-cells prior to
the tetramer staining. Disadvantages of in vitro expansion in-
clude potential activation-induced apoptosis of the high avid-
ity cells during the culture. The fact that T-cells with the
highest avidity have been shown to be most readily detectable
by tetramers suggests that the frequencies of T-cells deter-
mined in this study are conservative estimates [34,35]. It is
also technically challenging to design the optimal culture con-
ditions to facilitate the detection of antigen specific cells with-
out confounding parameters such as unspecific by-stander
proliferation and activation of regulatory cells.
In this study the presence of GAD65 specific T-cells were
followed on two occasions in four at-risk subjects. Two sub-
jects (subjects 22 and 26) displayed a consistent pattern of
strong staining with a tetramer, and one individual (subject
32) became tetramer positive in the second sampling. How-
ever, in one at-risk child (subject 38) who had displayed the
highest number of GAD65 557I tetramer binding cells in the
study (53.60% of the CD4high/CD25C activated cells), disap-
pearance of these GAD65 557I specific T-cells in the sample
drawn 3 months later was observed. This kind of fluctuation
in the level of circulating islet antigen specific T-cells is rem-
iniscent of observations by Trudeau and colleagues [36] who
demonstrated in NOD mice that murine CD8C tetramer bind-
ing T-cells specific for the mimetic NRP epitope appear in the
peripheral blood in cycles prior to the onset of hyperglycemia.
Even mice that developed diabetes had undetectable levels of
autoreactive T-cells in some blood samples. The authors sug-
gest that these cycles possibly reflect clonal proliferation of
antigen specific T-cells and target organ homing during the in-
flammatory process. This possibility is much more difficult to
test in humans, but we can speculate that active beta-cell tar-
geted immunity possibly leads to fluctuation and even periodic
disappearance of circulating autoantigen specific T-cells in
peripheral blood. Whether these kind of changes in the detect-
able levels of tetramer binding T-cells are a general phenome-
non preceding the clinical onset of the disease remains to be
investigated in a longitudinal study of a larger cohort of at-
risk subjects with frequent sampling intervals.

Autoreactive T-cell responses in type 1 diabetes are very
complex and much is still unclear about the target of the auto-
immune attack. Epitope spreading may occur and there may
be individual differences in the processing of these epitopes
[37] that contribute to the progression of the type 1 diabetes.
This study demonstrates that MHC class II tetramers are
a promising tool for monitoring disease progression in the in-
dividuals at risk to develop type 1 diabetes and in the identifi-
cation of autoreactive T-cells in type 1 diabetes patients.
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