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cal research (2–5), so the need for disease markers that
represent islet-damaging or islet-protective events, such
as numbers and phenotype of circulating islet autore-
active T cells, has become more urgent.

In terms of distinguishing pathological from protec-
tive responses, it has been proposed that proinflamma-
tory (type 1) T cell immunity is responsible for islet
damage, while humoral (type 2) immunity may be pro-
tective, or at least benign (6). These speculations are
largely based on studies in animal models, however, and
even then the findings have not always been consistent
with the hypothesis (7, 8). In addition, it is proposed
that naturally arising, regulatory T cell populations are
available to curb autoimmune potential (9), but as yet
there is no evidence for islet antigen-specific regulatory
cell populations existing in humans. Obtaining answers
to these key questions has been hampered by technical
difficulties, since the constraints on assay design for the
detection of islet autoreactive T cells are considerable.
Studies can only make use of peripheral blood, in which
islet autoreactive T cells are likely to be rare, so assays
must be highly sensitive. Ideally, in the context of ther-
apeutic intervention trials using immune modulators,
the readout for islet autoreactive T cells should repre-
sent a phenotype relevant to ongoing islet inflamma-
tion or the restoration of tolerance. Finally, to achieve
accurate enumeration of responder cells, assays should
avoid in vitro expansion steps.

The cytokine enzyme-linked immunosorbent spot
(ELISPOT) assay has many of the requisite qualities (10).

Introduction
Type 1 diabetes (T1DM) is the result of the immune-
mediated destruction of insulin-secreting pancreatic β
cells (1). It is widely assumed that this process is orches-
trated by autoreactive T cells, but to date these disease
effectors have been difficult to identify in humans and
therefore remain poorly characterized. Studying the
natural history of islet autoreactive T cells is an impor-
tant research goal for several reasons, not least of which
is because it represents our best chance of deciphering
the underlying disease process. In addition, however,
there is a further research impetus. Therapeutic inter-
vention trials in patients with T1DM and those at risk
of the disease are fast becoming a major focus for clini-
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According to the quality of response they mediate, autoreactive T cells recognizing islet β cell peptides
could represent both disease effectors in the development of type 1 diabetes (T1DM) and directors of
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demonstrate that rather than being unresponsive, the majority of nondiabetic, HLA-matched control
subjects also manifest a response against islet peptides, but one that shows extreme T regulatory cell
(Treg, IL-10–secreting) bias. We conclude that development of T1DM depends on the balance of autore-
active Th1 and Treg cells, which may be open to favorable manipulation by immune intervention.
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Detection sensitivities as low as one responder cell per
million have been claimed. Various different qualities of
the immune response can be analyzed, including types 1,
2, and regulatory responses, through the detection of
IFN-γ–, IL-4–, and IL-10–secreting cells, respectively, and
each of these cell types may be relevant to T1DM patho-
genesis and therapy. The choice of antigenic stimulus is

particularly important, however. Detection of rare T cell
events is particularly sensitive to nonspecific stimulatory
and inhibitory effects mediated by impurities present in
whole antigen preparations (11, 12). Synthetic peptides
are preferable since they can be obtained in highly puri-
fied form, and ideally only those peptides known to be
displayed by APCs after natural processing of intact
autoantigen should be used. To gather this level of infor-
mation in relation to islet autoantigens, we previously
developed an approach for the identification of natural-
ly processed epitopes in which they are eluted directly
from antigen-pulsed APCs (13). Initially, we focused on
identification of natural epitopes of a single islet
autoantigen, insulinoma associated-2 (IA-2), but in the
present study we reasoned that enhanced discrimination
between disease and tolerance in a T cell assay could be
achieved by the use of multiple peptides from multiple
islet autoantigens. In some senses this approach is the
natural extension of the well-established use of multiple
autoantibody specificities to identify individuals at-risk
for T1DM (14).

First, therefore, we extended our autoantigenic pep-
tide repertoire by identifying additional naturally
processed proinsulin (PI) peptides presented by HLA-
DR4, one of the class II HLA molecules associated with
T1DM development (15). These novel PI epitopes were
combined with IA-2 peptides identified previously to
create a multiepitope, multiantigen panel to study
proinflammatory (Th1), inflammatory (Th2), and anti-
inflammatory (T regulatory, or Treg) cytokine–secret-
ing T cells, to examine whether the Th1 paradigm of
T1DM pathogenesis is upheld, and to determine
whether there is evidence for a state of IL-10–mediated
tolerance in nondiabetic individuals.

Methods
Subjects. Fresh heparinized and clotted blood samples
were obtained from 36 Caucasian type 1 diabetes melli-
tus (DM) patients with acute onset of symptoms requir-
ing insulin from the time of diagnosis and 14 healthy
Caucasian nondiabetic control subjects without a his-
tory of first-degree relatives with type 1 DM matched for
age and HLA type (Table 1). Fresh PBMCs were isolated
on density gradients (Lymphoprep; Nycomed Pharma,
Oslo, Norway) and washed in RPMI-1640 (Life Tech-
nologies Ltd., Paisley, United Kingdom) twice before
use. Autoantibodies against IA-2 and insulin were
detected by immunoprecipitation as described (16).
These studies were carried out with the approval of the
Local Research Ethics Committee, and informed con-
sent was obtained from all participants.

Identification of peptides of PI naturally processed and pre-
sented by HLA-DR4. The procedure for identification of
naturally processed and presented peptide epitopes
(NPPEs) was similar to that described previously (13).
The cDNA representing the entire sequence of pre-PI
(obtained from D.F. Steiner, University of Chicago,
Chicago, Illinois, USA) was cloned into a pET-12a vec-
tor (Novagen Inc., Madison, Wisconsin, USA) modified

Table 1
Clinical characteristics, HLA genotype, and IA-2 and insulin auto-
antibodies in patients with type 1 diabetes and nondiabetic con-
trol subjects

Case Age Sex Duration of DRB1 IA-2 AbA IAAB

no. (yr) T1DM (wk) genotype (AU) (AU)
Patients
1 25 M 10 0401, 1301 293 21
2 23 M 13 0401, 0101 3 4
3 42 M 10 0401, 0401 Neg 183
4 33 F 1.5 0401, 0701 241 17
5 36 M 5 0401, 0301 Neg 1
6 38 M 4 0401, 0101 1 Neg
7 29 M 1 0401, 0401 151 Neg
8 21 M 4 0401, 0401 361 11
9 30 F 1 0401, 0401 342 6
10 31 M 7 0404, 0301 6 3
11 30 F 3 0404, 0301 Neg Neg
12 38 M 15 0404, 0301 5 Neg
13 38 M 1 0404, 0301 Neg 1
14 40 M 3 0408, 0701 1 2
15 31 M 6 0401, 0401 168 3
16 32 M 2 0401, 1302 174 1
17 20 M 4 0401, 0301 858 Neg
18 24 M 2 0404, 0301 9 Neg
19 20 M 24 0401, 1401 465 14
20 26 M 3 0401, 0301 296 Neg
21 33 M 1 0401, 0301 – –
22 25 M 4 0401, 1302 186 1
23 15 M 5 0401, 0401 396 3
24 27 M 20 0401, 08 236 48
25 35 F 9 0408, 0301 Neg Neg
26 20 M 3 0301, 0103 Neg 1
27 38 M 2 0701, 1302 Neg Neg
28 22 M 2 0301, 1303 Neg Neg
29 20 F 3 0301, 1302 Neg Neg
30 26 F 3 0301, 06 1 8
31 27 M 8 0301, 1302 631 2
32 23 M 3 0301, 0101 5 Neg
33 34 M 0.3 0301, 0701 6 Neg
34 30 M 1 0301, 0301 9 Neg
35 38 F 4 0301, 0701 – –
36 32 M 7 0701, 12 Neg 13

Control subjects
C1 30 F – 0401, 15 Neg Neg
C2 26 M – 0401, 0701 Neg Neg
C3 30 F – 0401, 0101 Neg Neg
C4 21 F – 0401,0301 Neg Neg
C5 37 M – 0401, 0101 Neg Neg
C6 26 M – 0401, 0404 Neg Neg
C7 35 M – 0403, 0403 Neg Neg
C8 24 F – 0404, 0301 Neg Neg
C9 30 M – 0401, 0405 Neg Neg
C10 28 F – 0401, 0701 Neg Neg
C11 30 F – 0301, 1301 Neg Neg
C12 40 F – 0301, 15 Neg Neg
C13 24 M – 0301, 15 Neg Neg
C14 29 M – 0301, 15 Neg Neg

AIA-2 autoantibodies measured by radioligand-binding assay reported in
arbitrary units (AU). The 97.5th percentile value 0.9 AU was used as cut-off,
and 100 AU is equivalent to 357 WHO units/ml. BInsulin autoantibodies
measured by radioimmunoassay and reported in AU (97.5th percentile value,
0.2 AU). –, not done.
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to include a 6-histidine purification tag and biotinyla-
tion sequence at the 5′ end. It was then transformed
into BLR(DE3)pLysS–competent cells (Novagen Inc.)
for expression and purification under denaturing con-
ditions, followed by refolding using a glutathione
redox reaction (17) and confirmation of correct folding
by analysis of V8 protease-digestion products (18).
Recombinant PI was delivered to the surface of APCs
(Priess EBV-transformed B cells obtained from the UK
Transplant Service, Bristol, United Kingdom) and
homozygous for the type 1 DM-permissive DRB1*0401,
[DR4/DRw53], DQA1*0301/DQB1*0302 [DQ8] geno-
type) and HLA-DR4 purified (13). Naturally processed
peptide repertoires were acid eluted, separated by
reverse-phase HPLC, and mass spectra collected for
each 1-minute fraction at optimum laser intensities in
reflector mode using a time-of-flight mass spectrom-
eter (Voyager Elite; PerSeptive Biosystems, Framing-
ham, Massachusetts, USA) with both internal and
external calibration.

Synthetic peptides and peptide-binding assays. Peptides repre-
senting NPPEs of IA-2 and PI were synthesized by standard
Fmoc chemistry (Interactiva Biotechnologie GmbH, Ulm,
Germany) to more than 90% purity using reverse-phase
HPLC and mass spectrometry. The following IA-2 peptides
were used: 652-680 SRVSSVSSQFSDAAQASPSSHSSTPSWCE;
709-736 LAKEWQALCAYQAEPNTCATAQGEGNIK; 752-775
KLKVESSPSRSDYINASPIIEHDP; 793-817 DFWQMVWES-
GCTVIVMLTPLVEDGV; 853-872 SFYLKNVQTQETRTLTQF-
HF; 955-976 SKDQFEFALTAVAEEVNAILKA. Synthetic PI
peptides were assessed for their ability to bind soluble
HLA-DR4 in vitro in a direct competition binding assay
against a biotinylated indicator peptide (98-117 of the
MHC class II invariant chain) (19). Binding affinity was
expressed as IC50, determined as that required to inhibit
binding of 2.5 µM biotinylated indicator peptide 50%.

In addition, we used a set of seven peptides as controls
for the specificity of the T cell response. These peptides
included the promiscuous HLA-DR–binding MHC class
II invariant chain peptide, residues 98-117 PKPPKPVSKM-
RMATPLLMQA, and six non-autoantigenic peptides, of
which three are promiscuous HLA-DR–binding peptides
and common T cell epitopes from tetanus toxin,
NNFTVSWLRVPKVSASHLEQ, RDIIDDFTNESSQKTT, and
YIKANSKFIGITELK (20). Also included are peptides from
the Coxsackievirus B4 P2C protein 55-75 LLESQIATIEQS-
APSQSDQEQ, 133-154 AGKSVATNLIGRSLAEKLNSSV, and
191-213 CQMVSSVDFVPPMAALEEKGILF, identified as
having good binding properties for HLA-DR4 (IC50 val-
ues 8.2, 2.1, and 0.3 µM, respectively; R.J. Ellis and M.
Peakman, unpublished observations).

Cytokine ELISPOT analysis. Fresh PBMCs were dis-
pensed into 48-well plates at a density of 2 × 106 in 0.5
ml in RPMI-1640 supplemented with antibiotics (TC
medium; Life Technologies Ltd.) and 10% human AB
serum (Harlan Sera-Lab Ltd., Leicestershire, United
Kingdom) supplemented with peptide to a final con-
centration of 10 µM and incubated at 37°C, 5% CO2,
tilted by 5°. Control wells contained TC medium with

an equivalent concentration of peptide diluent alone
(DMSO), tetanus toxoid (final concentration, 100
ng/ml), or PMA/ionomycin (5 ng/ml and 745 ng/ml
final concentrations, respectively). In some assays, to
examine the nature of the responder cells, PBMCs
were cultured as above or depleted of CD4 T cells by
positive selection (Miltenyi Biotech, Surrey, United
Kingdom). CD4-depleted PBMCs were typically more
than 97% non-CD4 cells. On day +1, 0.5 ml pre-
warmed TC medium/10% AB serum was added, and
on day +2, nonadherent cells were resuspended using
prewarmed TC medium/2% AB serum, washed,
brought to a concentration of 106/300 µl, and 100 µl
dispensed in triplicate into wells of 96-well ELISA
plates (Nunc Maxisorp; Merck Ltd., Poole, United
Kingdom) preblocked with 1% BSA in PBS and pre-
coated with monoclonal anti–IFN-γ, anti–IL-10, or
anti–IL4 capture Ab (U-Cytech, Utrecht, The Nether-
lands). When sufficient cells were available, all three
cytokines were analyzed for each test peptide, other-
wise they were analyzed in the order of IFN-γ, IL-10,
IL-4. After capture at 37°C, 5% CO2 for 7 hours, cells
were lysed in ice-cold water, plates washed in
PBS/Tween 20, and spots developed according to the
manufacturer’s instructions. Plates were dried and
spots of 80–120 µm counted in a BioReader 3000
(BioSys, Karben, Germany).

This assay demonstrated good performance char-
acteristics in terms of sensitivity and reproducibility
in a recent workshop (21). Intra-assay and interassay
coefficients of variation for the cytokine ELISPOT
assays were evaluated by measuring spot numbers for
low-level recall responses using repeated measures
within the same assay and repeated measures
between assays, using the same donor over a period
of 1 year. Low-level tetanus (100 ng/ml) was used as
the stimulus. In addition, blood samples from con-
trol individuals testing positive for IFN-γ and IL-10
were subject to repeat testing to confirm positivity.
Triplicate values were pooled to provide mean (SEM)
spots per 300,000 cells, the approximate number of
PBMCs from the bulk starter culture for each
ELISPOT well. Mean values in test wells were com-
pared with means of the background (DMSO) wells
to derive a stimulation index (SI).

Statistical analysis. Since the cytokine ELISPOT for the
detection of autoreactive T cell responses to NPPEs rep-
resents a novel assay format, for which criteria for
determining positive and negative responses do not
exist, we used a conventional approach for identifying
appropriate cut-off values. The test’s diagnostic sensi-
tivity (true-positive rate) was plotted against one minus
specificity (false-positive rate) for all possible cut-off
values, generating a receiver-operator characteristic
(ROC) curve (22, 23). By convention, we selected the
cut-off value that provides an operating position near-
est that of the “perfect test” (i.e., closest approximation
to the operating position of 100% sensitivity and 100%
specificity in the top left corner of the plot).
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The frequency of responses in different clinical
groups was compared using Fisher’s exact tests and χ2

analysis. Analyses of the relationship of paired IFN-γ
and IL-10 responses and paired T cell and autoanti-
body responses were carried out using the Wilcoxon
signed rank test for pairing. Differences in age of dia-
betes onset according to the quality of the cytokine
response (e.g., IL-10) were compared using the Mann
Whitney U test. Correlations between T cell responses
and autoantibodies were analyzed using the Spearman
rank correlation test.

Results
Identification of PI peptides naturally processed and presented
by HLA-DR4. We previously developed a direct cellular
and biochemical approach to identify naturally
processed epitopes of IA-2 presented by HLA-DR4
(B1*0401), relying upon high-efficiency pulsing of
APCs with autoantigen using a lectin-based antigen-
delivery system (ADS) followed by purification of HLA-
DR4 and identification of eluted peptides by high-
accuracy mass matching (13). In the present study, 1010

Priess EBV B cells (homozygous HLA-DRB1*0401) were
pulsed with recombinant PI and the same number with
ADS alone (control preparation). HLA-DR4 was puri-
fied from each cell pellet, bound peptides eluted and
separated by reverse-phase HPLC, and each of 100 frac-
tions analyzed by matrix-assisted laser desorption time-
of-flight mass spectrometry. The mass spectra for the
HLA-DR4 peptide repertoire isolated from Priess cells
pulsed with PI and the control preparation were com-
pared to identify novel mass-to-charge ratio (m/z) val-
ues corresponding to peptides derived from PI.

Five masses were identified as being unique to the
PI-pulsed peptide preparation corresponding to seven
PI sequences (Table 2). All sequences span an extend-
ed region of PI from the end of the B chain to the mid-
dle of the A chain. The peptides circumscribed two
potential nested sets that are characteristic of class II
MHC processing (C3-C27 and C13-A5) and contain
clear amino acid–binding preferences for HLA-DR4

(B1*0401) (24), confirmed by in vitro binding studies
(Table 2). Our aim was to identify naturally processed
epitopes unique to the PI molecule for the study of
tolerance to β cell–restricted antigens (PI is almost
entirely confined in its distribution to the β cell, while
insulin and C peptide are more widely distributed
secretory products). Only one of the nested sets (C13-
A5) fulfills this criterion; its sequences are unique to
PI and none is present solely in the mature insulin or
C peptide molecules (Table 2). We therefore focused
our T cell studies on these three peptides.

Detection of proinflammatory IFN-γ–secreting T cells rec-
ognizing naturally processed IA-2 and PI peptides. Intra-
assay and interassay variability of the cytokine
ELISPOT assay on repeated measures is indicated in
Figure 1. Coefficients of intra-assay and interassay
variability ranged up to 12.3% and 10.7%, respective-
ly. In patients with T1DM and healthy control sub-
jects, spontaneous production of IFN-γ was present at
similar, very low levels (median number of spots 3.7,
range 0.3–37.3/300,000 cells in T1DM patients and
median number 4.7, range 1–14.7/300,000 cells in
nondiabetic control subjects, P = NS).

In the presence of test peptides representing six NPPE
regions of IA-2 (13) and the three NPPEs from PI (C13-
C32, C19-A3, and C22-A5), however, there were major
differences in responsiveness between patients and con-
trol subjects. To evaluate these differences formally, we
first established criteria for determining positive and
negative responses in the cytokine ELISPOT assay
using the ROC curve approach widely used in the per-
formance of diagnostic tests, including islet cell
autoantibodies (22, 23, 25). We used an SI (ratio of
mean spot number in the presence of test peptide to
mean spot number in the presence of peptide diluent)
to enable comparison between patients and control
subjects while taking account of background, sponta-
neous responsiveness. A cut-off of SI ≥ 3.0 provided the
greatest sensitivity and specificity in the discrimination
of patients from controls, as shown by the ROC plot
analysis (Figure 2a).

Table 2
Experimentally observed and calculated masses of PI-derived peptides eluted from HLA-DR4 and their matching sequences

Observed Calculated Mass accuracy Residues Sequence IC50 for binding 
m/z m/z (ppm) in PI to HLA-DR4 (µm)
2336.970 2337.216 85.8 B27-C15 TPKTRREAEDLQVGQVELGGGP 50
2305.312 2305.203 77.9 C3-C26 EDLQVGQVELGGGPGAGSLQPLAL 3
2305.312 2305.203 77.9 C4-C27 DLQVGQVELGGGPGAGSLQPLALE 3
1836.922 1836.981 32.3 C13-C32 GGGPGAGSLQPLALEGSLQK 5
1865.546 1866.081 286.5 C19-A3 GSLQPLALEGSLQKRGIV 0.5
1865.546 1866.044 267.0 C22-A5 QPLALEGSLQKRGIVEQ 0.4
2224.543 2225.072 250.0 C25-A12 ALEGSLQKRGIVEQCCTSICS 10

PI sequence
B chain C peptide A chain

FVNQHLCGSHLVEALYLVCGERGFFYTPKT R-R EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ K-R GIVEQCCTSICSLYQLENYCN

Sequences in lines 2 and 3 and in lines 4 through 6 represent potential nested sets in which the amino acid in bold represents the most likely P1 residue; in the
PI sequence, the dibasic motifs R-R and K-R represent the cleavage sites for removal of C peptide, and these residues are subsequently removed by peptidases.
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Using this cut-off, IFN-γ responses to IA-2 and PI
peptides were seen in the majority of patients with
newly diagnosed type 1 DM (Table 3, Figures 2, b–g,
and 3). Nineteen of 36 (53%) patients with type 1 DM
showed a response to at least one IA-2 peptide, com-
pared with 1 of 14 (7%) HLA-matched nondiabetic con-
trol subjects (P = 0.0035). Positivity in the nondiabetic
control subject was confirmed on repeat testing after 1
month. In addition, 14 of 25 patients (56%) with type 1
DM tested against PI peptides demonstrated a positive
response to one or more peptides, compared with none
of 14 nondiabetic control subjects tested (P = 0.0004).

By far the greatest discrimination between patients
and control subjects, however, was seen when the analy-
ses of responses to IA-2 and PI were combined, since no

single epitope of either autoantigen stood out as being
clearly discriminatory. Among the 25 patients tested
against both IA-2 and PI peptide panels, an IFN-γ
response to at least one peptide was seen in 18 of 25
(72%) T1DM patients, compared with 1 of 14 (7%) non-
diabetic control subjects (P = 0.0001). This increase in
diagnostic sensitivity was not achieved at the loss of
specificity, since none of the nondiabetic control sub-
jects made IFN-γ responses to any of the PI peptides.

Overall, responses to the IA-2 and PI peptides, which
had been identified by elution from HLA-DR4, tended
to be higher in patients with at least one HLA-
DR4–encoding allele. Thus, 15 of 25 (60%) and 10 of 17
(59%) patients with at least one HLA-DR4 molecule
responded to at least one IA-2 or PI peptide, respec-
tively, compared with 4 of 11 (36%) and 4 of 8 (50%)
patients with non-DR4 alleles. Similarly, the prevalence
of responses to either peptide panel was greater among
those patients with at least one HLA-DR4 allele (13 of

Figure 1 
Reproducibility of cytokine ELISPOT analyses. (a) Intra-assay vari-
ability. The same PBMC preparation has been analyzed 12 times on
the same sample plate. IFN-γ spot number per well (300,000 cells) is
shown for medium and in the presence of 100 ng/ml tetanus toxoid.
The intra-assay coefficient of variation for the 12 repeated analyses
is 12.3%. (b) Inter-assay variability. The same donor has been vene-
sected on seven separate occasions. IFN-γ spot number per well
(300,000 cells) is shown for medium (black bars) and in the pres-
ence of 100 ng/ml tetanus toxoid (white bars) for each time point
1–7, representing (time point 1) November 2002, (time points 2–4)
three occasions in August 2003, and (time points 5–7) three occa-
sions in September 2003. The interassay coefficient of variation for
the seven repeated analyses is 10.2%.

Figure 2
(a) Determining a cut-off value for assigning positive and negative
ELISPOT responses. Graph represents a ROC plot showing assay
diagnostic sensitivity (proportion of true positive tests) against speci-
ficity (one minus proportion of false positives) following detection
of IFN-γ ELISPOT responses to IA-2 and PI peptides in 36 patients
with T1DM and 14 nondiabetic control subjects. For each of various
possible cut-off values, the sensitivity (proportion of T1DM cases
positive) is plotted against one minus specificity representing the pro-
portion of controls that are positive. SIs were calculated as the ratio
of the mean response in the presence of peptide to the mean
response in the presence of diluent alone. By convention, we select-
ed the cut-off value that provides an operating position nearest to
that of the “perfect test” (i.e., closest approximation to 100% sensi-
tivity and 100% specificity), which was SI ≥ 3.0. (b–g) Representative
cytokine ELISPOT responses. (b) Representative strong IFN-γ
response to IA-2 peptide compared with background response to (c)
diluent alone in a patient with T1DM; (d) representative moderate
IFN-γ response to PI peptide compared with background response
to (e) diluent alone in a patient with T1DM; (f) representative IL-10
response to IA-2 peptide compared with background response to (g)
diluent alone in a non-diabetic control subject.
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17, 76%) compared with those with non-DR4 alleles (5
of 8, 63%), although none of these trends were signifi-
cant with the numbers of cases tested in this study.

Additional studies were carried out
using samples from four T1DM sub-
jects with islet peptide-reactive T cells
to examine the nature of the respond-
ing cells. Positive responses (SI ≥ 3.0)
were entirely abolished when PBMCs
were depleted of CD4 T cells, indicat-
ing that the autoreactive T cells
detected are CD4+ (Figure 4). In addi-
tion, we were able to examine the per-
sistence of IFN-γ T cell responses in
an additional four T1DM patients
(all DRB1*0401) from whom a second
blood sample was available 15–23
weeks after the first was taken (Figure
5). In three patients there was a posi-
tive IFN-γ T cell response (SI ≥ 3.0) to
at least one IA-2 peptide in the first
sample. In two of these patients, the
positive responses remained, while in
the third the response to one peptide
persisted and the response to the
other declined. The fourth patient
showed no response in either sample.
These results indicate that, when
present, proinflammatory autoreac-
tive T cell responses have a tendency
to persist during the first months
after diagnosis.

All cases and control subjects
showed a detectable and significant
IFN-γ response to stimulation with
the polyclonal T cell stimulus PMA/
ionomycin (data not shown), and the
frequency and magnitude of these
responses were similar in all groups.
Similarly, a majority of patients (25 of
36, 69%) and control subjects (10 of
14, 71%) showed positive responses to
a single, fixed concentration of
tetanus toxoid (Figure 3). IFN-γ
responses, in terms of spot number
and SI, against a panel of seven con-
trol peptides from MHC class II
invariant chain, tetanus toxin, and
Coxsackievirus B4 P2C protein were
similar in patients (n = 20) and control
subjects (n = 14) (data not shown).

Detection of regulatory IL-10–secreting
T cells recognizing naturally processed 
IA-2 and PI peptides. Spontaneous pro-
duction of IL-10 was similar in
patients with T1DM (median number
of spots 5 and range 0.3–102/300,000
cells) and nondiabetic control sub-
jects (median number of spots5.7 and

range 0.3–136/300,000 cells, P = NS).
A striking finding was that more than half of the

nondiabetic control subjects (9 of 14, 64%) made IL-10

Table 3
Prevalence of IFN-γ responses to IA-2 and PI peptides in T1DM patients and nondiabetic
control subjects

Responses to IA-2 peptide sequences (SI) Responses to PI peptide
sequences (SI)

652-80 709-35 752-75 793-817 853-72 955-76 C13-32 C19-A3 C22-A5
T1DM patients with HLA-DR4 alleles
1 10.0
2 3.1
3 3.0 4.3 9.7 10 4.7 10.7
4 3.5 3.0 3.5
5 6.2 3.8 3.7
6 23.2 9.2 6.6 11.2 8.6 63.6 22.0
7 6.4
8 3.0
9 5.2 4.6
10 12.3 5.0
11 3.3
12 3.3 10.7
13 3.4 4.1 3.6 3.3
14
15
16
17
18 – – –
19 5.0 7.0 19.0 3.0 – – –
20 3.9 – – –
21 – – –
22 – – –
23 3.6 – – –
24 36.0 10.5 48.3 38.0 – – –
25 – – –
Totals 6/25 3/25 8/25 3/25 7/25 4/25 2/17 8/17 3/17 
(%) (24) (12) (32) (12) (28) (16) (12) (47) (18)
T1DM patients with non-DR4 alleles
26 3.0 5.0 3.3
27 16.7 3.1
28 11.5 5.0 5.8
29 4.7 4.0
30 4.7 5.7
31
32
33
34 3.7 – – –
35 – – –
36 – – –
Totals 1/11 0/11 1/11 0/11 2/11 2/11 2/8 3/8 2/8 
(%) (9) (0) (9) (0) (18) (18) (25) (38) (25)
Nondiabetic control subjects
C1
C2
C3
C4
C5
C6
C7
C8
C9 3.8 4.7
C10
C11
C12
C13
C14
Totals 1/14 0/14 0/14 0/14 1/14 0/14 0/14 0/14 0/14 
(%) (7) (0) (0) (0) (7) (0) (0) (0) (0)

For details of subjects and HLA genotypes see Table 1. Numbers indicate SI if ≥ 3. (See Methods for
details.) –, not done.
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Figure 3
IFN-γ ELISPOT analyses in response to medium alone, six IA-2 peptides, three PI peptides, and tetanus toxoid (TT) for each patient
with T1DM and each nondiabetic control subject. Each graph shows mean (SEM) of triplicate wells for each analysis on each subject
(nos. 1–36 and C1–C14). Horizontal dashed line represents cut-off of positivity (SI ≥ 3.0 when compared with diluent alone). (a) T1DM
patients with at least one HLA-DR4 allele. (b) T1DM patients with non-DR4 alleles. (c) Nondiabetic control subjects. See Table 1 for
case identifiers, HLA types, and clinical characteristics of the subjects. ND, not done.
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responses to IA-2 peptides, compared with a minority
of patients with newly diagnosed T1DM (7 of 24, 29%,
P < 0.05; Figure 6, Table 4). These responses were fre-
quently directed against multiple epitopes and were of
considerable magnitude. Repeated testing 1 month
later in four of the nondiabetic control subjects showed
that the IL-10 response was reproducible over time (i.e.,
four of four subjects showed responses classed as posi-
tive, SI ≥ 3.0, to the same peptides as in the original
assay). Extending this comparison, we noted that the
majority of patients with T1DM making IL-10 respons-
es to IA-2 peptides also made IFN-γ responses to the
same or another peptide, whereas nondiabetic control
subjects making IL-10 responses did so almost entire-
ly in the absence of IFN-γ production. Only two
patients with T1DM (no. 33 and no. 35) out of a total
of 24 tested (8%) made an isolated IL-10 response to 
IA-2 peptides, compared with 8 of 14 (57%) of nondia-
betic control subjects (P = 0.0019).

Fewer patients and control subjects were tested for
IL-10 responses to PI peptides, but among patients, 4
of 17 (24%) responded to PI peptides by IL-10 pro-
duction, compared with 3 of 13 (25%) nondiabetic
control subjects. Of 17 patients tested for IL-10
responses to both peptide panels, 6 (35%) responded
to at least one peptide, compared with 8 of 13 nondi-
abetic control subjects (62%).

Summarizing these data on IL-10 responses, there is
a clear trend for an IL-10 response against IA-2 peptides
to discriminate between patients and control subjects
(P < 0.05). This trend remains for combined anti–IA-2
and anti–PI responses (P = 0.08) when only the HLA-
DR4 cases and controls are considered (consistent with
DR4-eluted peptides being more discriminatory
among DR4 subjects). IL-10 responses to PI appear
nondiscriminatory, although fewer cases were studied.

To examine the nature of the relationship between 
IL-10 and IFN-γ responses to IA-2 and PI peptides in
patients and control subjects further, we plotted the SI
for each cytokine when a positive peptide response was
observed (SI ≥ 3.0 for IFN-γ or IL-10). These results
demonstrated a highly significant inverse correlation
between responses represented by each of these cytokines
(Figure 7a; P = 0.000004), indicating that in the context
of an autoreactive T cell response there is extreme polar-
ization of proinflammatory versus regulatory autoreac-
tivity. Moreover, while patients with T1DM were clus-
tered close to the y axis, nondiabetic control subjects were
distributed along the x axis, highlighting the association
of the disease and tolerant states with proinflammatory
and potentially anti-inflammatory or regulatory respons-
es, respectively. In contrast, there was no inverse correla-
tion between IFN-γ and IL-10 responses to tetanus tox-
oid (P = 0.64). This tendency to make either polarized
Th1 or regulatory T cell responses to naturally processed
and presented IA-2 and PI epitopes provides a clear dis-
tinction in the quality of autoreactivity between T1DM
patients and nondiabetic subjects (Table 5; P < 0.0001).

Figure 4
Cytokine ELISPOT responses to islet peptides are mediated by CD4
T cells. (a and b) Representative analyses from two T1DM patients
positive (SI > 3.0) for IFN-γ responses to the IA-2 peptides 709–735
(triangles), 752–775 (squares), and PI peptide C19-A3 (circles), in
which peptides were cultured with entire PBMCs or PBMCs
immunomagnetically depleted of CD4 T cells before the ELISPOT
analysis. (a) Background (medium alone) responses for the patients
were 5.3 ± 1.9 spots per well (mean ± SEM) and (b) 1.3 ± 0.6 spots
per well. In both subjects positive responses are reduced to back-
ground levels by CD4 depletion.

Figure 5
Persistence of T cell responses. (a–d) Blood samples were available
from four patients on two occasions 15–23 weeks apart for detec-
tion of IFN-γ T cell response using ELISPOT analysis. Shown are
mean (± SEM) spots per well for the first and second samples. (a–c)
Second samples were tested only against selected peptides positive
in the first sample. (d) Two peptides for retesting were selected at
random. Background (peptide diluent plus media alone) is repre-
sented by the open squares, and the dashed horizontal line repre-
sents the cut-off for positivity in each assay (SI ≥ 3). (a) The patient
responds to IA-2752–775 (triangles) on both occasions. (b) The
patient responds to IA-2709–735 (inverted triangles) in both samples,
but the response to IA-2853–872 (circles) declines. (c) The patient
responds to IA-2752–775, IA-2709–735, and IA-2793–817 (diamonds) on
both occasions. (d) The patient shows no response to IA-2709–735 or
IA-2752–775 in either sample.
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Figure 6
IL-10 ELISPOT analyses in response to medium alone, six IA-2 peptides, three PI peptides, and tetanus toxoid (TT) for patients with T1DM
and each nondiabetic control subject. Each graph shows mean (SEM) of triplicate wells for each analysis on each subject (no. 1–36 and
C1–C14). Horizontal dashed line represents cut-off of positivity (SI ≥ 3.0 when compared with diluent alone). (a) T1DM patients with at
least one HLA-DR4 allele. (b) T1DM patients with non-DR4 alleles. (c) Nondiabetic control subjects. See Table 1 for case identifiers, HLA
types, and clinical characteristics of the subjects.
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All cases and control subjects showed a detectable
and significant IL-10 response to stimulation with the
polyclonal T cell stimulus PMA/ionomycin (data not
shown), and the frequency and magnitude of these
responses were similar in both groups. Similarly, a
minority of patients (5 of 24, 21%) and control subjects
(3 of 14, 21%) showed positive responses to a single
fixed concentration of tetanus toxoid (data not shown).
IL-10 responses, in terms of spot number and SI,
against a panel of seven control peptides from MHC
class II invariant chain, tetanus toxin, and Coxsack-
ievirus B4 P2C protein were similar in patients (n = 20)
and control subjects (n = 14) (data not shown).

Relationship between autoreactive T
cells, age at onset, and autoantibodies.
We made the intriguing finding
that patients with T1DM who
made IL-10 responses to either IA-2
or PI tended to be significantly
older at diagnosis of disease than
those who did not (P = 0.01; Figure
7b), suggesting that this quality of
response is associated with a later
disease onset.

Perhaps not surprisingly, given the
high prevalence of both islet cell
autoantibodies and T cell autoreac-
tivity in the patient cohort, we did not
see any clear correlation, inverse or
otherwise, between levels of auto-
antibodies and T cell reactivity (IFN-γ
or IL-10) to NPPEs of IA-2 and PI.

Detection of IL-4–secreting T cells rec-
ognizing naturally processed IA-2 and PI
peptides. Despite the fact that IL-4–
secreting cells were clearly detectable
by ELISPOT in response to the poly-
clonal stimulus PMA/ionomycin
and tetanus toxoid, spots in the pres-
ence of NPPE peptides were rare, and
no increased responses were detected
in patients or control subjects.

Discussion
In the present study we report that
in the context of the prototypic
organ-specific autoimmune disease,
type 1 diabetes, a clear distinction
can be made between the tolerant
and disease states and that these dif-
ferences can be directly observed
using peripheral blood. Autoreac-
tive T cells in T1DM patients show
a polarization toward IFN-γ pro-
duction, whereas in the nondiabet-
ic state autoreactive T cells are pres-
ent, but polarized to make IL-10, a
cytokine recognized for its immune-
suppressive qualities (26). This level

of discrimination was achieved by the complementary
use of a sensitive cytokine ELISPOT and multiple pep-
tides representing NPPEs of multiple islet autoanti-
gens. Since these assays appear capable of distinguish-
ing the tolerant from the autoimmune state, they will
be of potential use in the monitoring of immune inter-
vention trials in diabetes.

Our data indicate a different quality of immune
response to islet autoantigens in patients with T1DM
and in those who share some of the HLA-encoded risk
but who are not diabetic. Using multiple epitopes, an
assay that indicates the functional phenotype of the
autoreactive response, and a relatively large study pop-

Table 4
Prevalence of IL-10 responses to IA-2 and PI peptides in T1DM patients and nondiabetic
control subjects

Responses to IA-2 peptide sequences (SI) Responses to PI peptide
sequences (SI)

652-80 709-35 752-75 793-817 853-72 955-76 C13-32 C19-A3 C22-A5
T1DM patients with HLA-DR4 alleles
2
3 4.8 16.0 3.0 3.0 7.0 16.21 7.36
4
5 3.5
6 4.3
7
11
12 3.79
13
15
18
19
20 – – –
21 – – –
23 – – –
24 4.5 9.0 15.0 9.0 29.5 – – –
25 - – –
Totals 2/17 2/17 3/17 1/17 2/17 2/17 1/12 1/12 1/12
(%) (12) (12) (18) (6) (18) (6) (8) (8) (8)
T1DM patients with non-DR4 alleles
26
27 7.0 33.0 34.0 20.0 4.0 7.0 3.0
28 3.2
29
33 3.1
35 8.0 4.0 9.6 – – –
36 – – –
Totals 1/7 1/7 2/7 1/7 2/7 1/7 1/5 2/5 1/5 
(%) (14) (14) (29) (14) (29) (14) (20) (40) (20)
Nondiabetic control subjects
C1
C2
C3 8.7
C4 5.3 3.6 3.4 5.6 - - -
C5 4.7 10.3
C6 3.2
C7
C8 4.0 16.0 66.0 15.0 29.0
C9 3.5
C10 8.4
C11 5.2
C12
C13 3.8 3.5 19.2 5.0 4.3
C14
Totals 4/14 3/14 2/14 2/14 2/14 3/14 1/13 3/13 1/13
(%) (29) (21) (14) (14) (14) (21) (8) (23) (8)

For details of subjects and HLA genotypes, see Table 1. Numbers indicate SI if ≥ 3.0. See Methods for details.

 



The Journal of Clinical Investigation | February 2004 | Volume 113 | Number 3 461

ulation, has enabled us to perform a systematic explo-
ration of the T cell paradigm of T1DM. The response
of patients with T1DM is dominated by the production
of IFN-γ, the prototypic Th1 cytokine, and we believe
that this provides the first clear evidence that islet
autoreactive T cells circulating in patients near a T1DM
diagnosis have a proinflammatory phenotype. It is also
noteworthy that some patients responding to peptides
by secretion of IFN-γ also responded by secretion of 
IL-10. IL-10 has a range of potent activities that can be
summarized as mediating systemic immune suppres-
sion (26). It is therefore possible that its production in
T1DM patients with Th1-mediated autoreactivity
reflects efforts by the immune system to control islet
inflammation. This proposal receives support from our
observation that patients making IL-10 responses tend-
ed to be significantly older at the onset of disease,
implying that in these patients disease is slowly pro-
gressive and that the IL-10 response may contribute to
the latency of autoimmune diabetes in adults. A fur-
ther possibility, which cannot be addressed in our cur-
rent ELISPOT format, is that the same CD4 T cell pro-
duces both IFN-γ and IL-10. Such cells have been
described, most notably in the context of persistent
infections (27), and it is an intriguing possibility that
their presence reflects an infectious etiology in T1DM.
Further studies will be required to clarify this issue. It
should be noted that cytokine ELISPOTs do not meas-
ure the quantity of IFN-γ or IL-10 produced. This may
be of relevance, since studies in animal models suggest
that low levels of IFN-γ may protect them from autoim-
mune diabetes (28, 29).

Rather than being nonresponsive, nondiabetic con-
trol subjects frequently reacted to islet autoantigens by
the production of IL-10 alone, and it is tempting to
speculate that these cells may have a regulatory role. 
IL-10 suppresses T cell proliferation and Th1/Th2
effector functions (26), and this finding is therefore
consistent with our previous observation that T cells
from nondiabetic control subjects do not proliferate in
response to IA-2 peptides (13). Our data support the
view that central thymic tolerance to autoantigens
through deletion and anergy is incomplete and that
active peripheral tolerance mechanisms, such as the
recruitment of Treg’s, are a physiological requirement
(30). Further characterization of these cells will estab-
lish whether they are capable of regulating potentially
pathogenic islet-autoreactive Th1 cells and whether
immunotherapeutic interventions in T1DM can
induce their differentiation and expansion.

Our study was underpinned by the development of T
cell assay technology capable of detection of autoreactive
T cells in diseases such as T1DM, a major research goal
in recent years (11, 12, 31, 32). In combination, the pep-
tide epitopes that we have identified and sensitive
cytokine ELISPOTs we used offer a degree of analytical
sensitivity that allows rare responder cells to be detected.
Positive responses were detected when as few as five
spots per well were detected in the presence of islet pep-
tide. This equates to a frequency of one epitope-specific
CD4 T cell per 60,000 PBMCs and is consistent with
recent estimates for peptide-specific CD4 T cells using
MHC class II tetramer technology (33, 34). The assay for-
mat in which there is a period of initial bulk culture in
the absence of cytokine capture Ab’s allows cell-cell inter-
action and the potential for signal amplification, con-
trasting with the conventional direct approach in which
cytokines secreted by responder cells are immediately
sequestered by capture Ab’s and are therefore unavail-

Table 5
Comparison of prevalence of polarized autoreactive T cell responses to
islet autoantigen epitopes in T1DM patients and nondiabetic subjects

Quality of Patients Nondiabetic control 
response to IA-2 with T1DM subjects
or PI epitope No. of responses (%) No. of responses (%)
IFN-γ alone 34 (57) 1 (5)
IFN-γ and IL-10 12 (20) 1 (5)
IL-10 alone 14 (23) 20 (90)
Totals 60 22

P < 0.0001

Quality of response 
to tetanus toxoid
IFN-γ alone 12 (71) 5 (63)
IFN-γ and IL-10 4 (24) 3 (37)
IL-10 alone 1 (5) 0 (0)
Totals 17 8

P = 0.64

A response represents an SI ≥ 3.0 for either cytokine in the presence of a single
test peptide. The distribution of autoreactive T cell responses is significantly
different between patients and control subjects by χ2 analysis (P < 0.0001).

Figure 7
(a) Polarization of autoreactive T cell responses to IA-2 and PI pep-
tides in patients with T1DM (open circles) and nondiabetic control
subjects (closed triangles). For any given positive peptide response
(SI ≥ 3.0 for IFN-γ or IL-10), the SI for each cytokine has been plot-
ted. There is a highly significant inverse correlation between respons-
es represented by each of these cytokines (P = 0.000004), indicating
extreme polarization of proinflammatory and regulatory autoreac-
tivity. Patients with T1DM are clustered close to the y axis, and non-
diabetic control subjects are distributed along the x axis, indicating
the association of disease and tolerant states with proinflammatory
and regulatory responses, respectively. (b) Relationship between age
at onset of T1DM and production of IL-10 in response to peptides
of IA-2 and PI. Of 24 patients tested, those making IL-10 responses
are significantly older (P = 0.01).
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able to influence bystander cells (10). After bulk culture,
only nonadherent cells are transferred for a brief
cytokine-capture period, limiting the potential for back-
ground and non–T cell cytokine detection. As shown
recently in a workshop format (21) and confirmed in the
present study by repeated measures, this assay format
shows excellent reproducibility characteristics.

The development of cellular and biochemical tech-
niques to identify NPPEs of islet autoantigens present-
ed by selected HLA class II molecules (13) is a further
important refinement of the autoreactive T cell assay,
since it avoids use of whole antigens and the inherent
problems of contamination with xeno-proteins (12).
Synthetic peptides, representing key epitopes of the
major islet autoantigens, offer a considerable potential
advantage in this respect, since they can be generated in
a highly pure form. Moreover, high concentrations of
pure peptides with high affinity for HLA class II mole-
cules achieves high levels of peptide-HLA density with
minimal toxicity. Peptides bind surface HLA class II
molecules directly, minimizing the requirement for
antigen processing and thus recruiting additional APCs
such as B cells, a manipulation known to enhance the
detection of rare T cell populations (35). We hypothe-
size that the high level of peptide-HLA density achieved
drives autoreactive effector T cells, which are presumed
to have low affinity for the peptide-HLA complex, to
respond in the environment of PBMC culture in which
provision of costimulatory signals is relatively poor.

The fact that greater discrimination between T1DM
and nondiabetic subjects is achieved with multiple
autoantigens closely mirrors studies on the use of mul-
tiple islet autoantibody specificities to screen for predi-
abetes, in which diagnostic sensitivity, specificity, and
predictive power increase as the number of autoanti-
gens used in the detection assays are increased (14). Fur-
thermore, no single epitope distinguishes itself as being
highly discriminatory; rather, the power of the study lies
in the use of multiple epitopes. In our study the addi-
tion of PI epitopes to the IA-2 epitopes already identi-
fied increases diagnostic sensitivity, such that over 70%
of T1DM patients are positive, a figure approaching
that seen for autoantibody positivity in the same cohort
(82% positive for IA-2 and/or glutamic acid decarboxy-
lase-65 autoantibodies). It is probable that the size of
the panel of peptides used can be reduced and refined
as the more dominant epitope responses are deciphered.
The PI peptides demonstrate a hierarchy of responsive-
ness in which the sequence C19-A3 appears dominant.
This closely reflects findings in HLA-DR4 (B1*0401)
transgenic mice (36) immunized with pre-PI and other
studies identifying C19-A3 as a target in patients with
T1DM (37, 38). Although a higher prevalence of
responses to the natural peptides was seen in patients
with at least one HLA-DR4 allele, this difference did not
reach statistical significance with the number of cases
studied, and responses are seen in non-DR4 individuals.
We selected long consensus sequences spanning the
regions we identify after elution from HLA-DR4, and

presumably some of these regions represent “hot-spots”
of antigen processing also processed and presented by
other class II HLA molecules.

The present study can be considered as a pilot for
future analyses in which peptides are tested in blinded
fashion on comparable study populations. It will be
important to establish that similar reactivity is seen in
younger patients and children, who comprise the major-
ity of T1DM subjects; in our study the requirement for
sufficient blood volumes to explore a large peptide
panel with multiple cytokines dictated that it be per-
formed using adults. It will also be important to estab-
lish the most robust method for reporting ELISPOT
data. There is no standard or accepted approach; in our
study we used a ROC plot to direct the optimal cut-off
for positivity, which gave the highest combination of
diagnostic sensitivity and specificity in our populations.
The use of a SI, although widely accepted in T cell pro-
liferation assays, is dependent upon the background
response, which varies widely among individuals. An
alternative, the subtraction of background counts, was
not favored because it masks the extent of the back-
ground response (for example, results for medium ver-
sus stimulus of zero and five spots, respectively, clearly
represents a different result from 100 and 105 spots).

In summary, we have developed an assay format that
detects autoreactive T cells in T1DM with a high diag-
nostic sensitivity and specificity, due at least in part to
the adoption of a multiantigen approach pioneered in
islet autoantibody studies. Such T cell assays will be
required for monitoring treatment efficacy in the bur-
geoning arena of immune intervention trials in T1DM.
Our data indicate that islet destruction is characterized
by proinflammatory autoreactive T cells, while the tol-
erant, nondiabetic state is characterized by autoreactive
T cells that secrete the immune suppressive cytokine,
IL-10. When and how the latter is acquired will be of
particular interest for future research.
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