A disease-associated cellular immune response in type 1
diabetics to an immunodominant epitope of insulin
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The 9-23 amino acid region of the insulin B chain (Bs.23) is a dominant epitope recognized by path-
ogenic T lymphocytes in nonobese diabetic mice, the animal model for type 1 diabetes. We describe
herein similar Bs.3-specific T-cell responses in peripheral lymphocytes obtained from patients with
recent-onset type 1 diabetes and from prediabetic subjects at high risk for disease. Short-term T-cell
lines generated from patient peripheral lymphocytes showed significant proliferative responses to
B(s-23), whereas lymphocytes isolated from HLA and/or age-matched nondiabetic normal controls
were unresponsive. Antibody-mediated blockade demonstrated that the response was HLA class 11
restricted. Use of the highly sensitive cytokine-detection ELISPOT assay revealed that these Bg.o3)-Spe-
cific cells were present in freshly isolated lymphocytes from only the type 1 diabetics and prediabet-
ics and produced the proinflammatory cytokine IFN-y. This study is, to our knowledge, the first
demonstration of a cellular response to the Byg.3 insulin epitope in human type 1 diabetes and sug-
gests that the mouse and human diseases have strikingly similar autoantigenic targets, a feature that

should facilitate development of antigen-based therapeutics.

J. Clin. Invest. 107:173-180 (2001).

Introduction

Genetic and environmental factors cooperate to precip-
itate type 1 diabetes, a spontaneous organ-specific
autoimmune disease in humans and in the nonobese
diabetic (NOD) mouse (reviewed in refs. 1, 2). The dis-
ease is characterized by an initial leukocyte infiltration
into the pancreas that eventually leads to inflammatory
lesions within islets, a process called “insulitis.” Overt
disease is characterized by the subsequent destruction of
insulin-producing 3 cells within the islets, leading to
impaired glucose metabolism and attendant complica-
tions that are hallmarks of type 1 diabetes.

Although the critical events that trigger the autoreac-
tive process in type 1 diabetes are unclear, destruction of
islet B cells in both diabetic patients and the NOD
mouse appears to be mediated by the activation of
autoreactive T cells that recognize several islet 3-cell anti-
gens (BCAs), including insulin, glutamic acid decar-
boxylase (GAD) 65 and 67 isotypes, heat shock protein
60, and some uncharacterized BCAs (reviewed in refs.
1-3). These antigen specificities have been defined in pri-
mary T-cell assays and by the generation of T-cell lines
and clones from type 1 diabetic patients and high-risk
first-degree relatives and from lymph nodes, spleens, and
pancreata of NOD mice. The majority of pathogenic
CD4* T-cell clones derived from pancreata of NOD mice

with insulitis or frank diabetes not only recognize
insulin, but react specifically with the 9-23 peptide
region of the B chain (4-6). Moreover, the 15-23 region
of the insulin B chain was identified as a major antigenic
epitope recognized by a pathogenic CD8* T-cell clone
after screening an NOD islet B-cell cDNA library
expressed in COS cells (expressing MHC class 1) as anti-
gen presenting cells (7). In addition, the use of fluores-
cent-labeled MHC class | tetrameric complexes bound to
the B chain 15-23 peptide demonstrated that as much
as 87% of CD8* T cells in the pancreata from young
NOD mice recognized this epitope (7). This finding is
consistent with the fact that insulin is the only type 1
diabetes-associated autoantigen that has an expression
limited to islet (3 cells and is the most abundantly pro-
duced protein by that tissue. Although cellular respons-
es to GAD appear to be required for the initial antipan-
creatic response in the NOD (8), anti-insulin cellular
responses occur shortly after the initial anti-GAD
response, presumably as a result of antigenic-spreading
within the pancreas (3), and correlate with most of the
islet B-cell destruction in the NOD mouse (5, 6, 8, 9).
The Bys.23) response is strongly associated with overt
disease in the NOD mouse; however, it is unknown
whether this response is observed in human type 1 dia-
betes. The insulin Bg.23) amino acid sequence is identical
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in mice and in humans, which suggests that this epitope
may play an immunodominant and perhaps a patho-
genic role in human disease as well. Indeed, a diagnostic
characteristic of human type 1 diabetes is the pro-
nounced humoral response to proinsulin and whole
insulin proteins, which is evident by elevated serum lev-
els of anti-insulin antibodies (1AAs) observed in predis-
ease (i.e., high-risk individuals) and patients with recent-
onset type 1 diabetes (1, 10). However, there is no
compelling evidence for a pathogenic role of autoanti-
bodies in either human or murine type 1 diabetes (11).
Rather, the disease is predominantly mediated by autore-
active cellular responses to fCAs (2). Unexpectedly, how-
ever, the T-cell proliferative responses to proinsulin or to
the whole insulin protein do not appear elevated in pre-
diabetic patients or in those with recent-onset type 1 dia-
betes compared with normal control subjects (12-18).
Although this observation appears inconsistent with the
predominant anti-insulin cellular responses found in the
NOD disease, it is the insulin B.23-specific response that
is characteristic of the murine disease (4-6), and not nec-
essarily the response to whole insulin protein. Therefore,
we addressed whether a more restricted-epitope response
to insulin is also characteristic of human type 1 diabetes
by determining whether elevated insulin Bg.23)-specific
cellular responses exist in prediabetic and recent-onset
type 1 diabetic patients.

Methods

Subjects. Written and informed consent was obtained
from 12 patients with recent-onset type 1 diabetes
(P1-P12), five prediabetic first-degree relatives of type 1
diabetics who were at high risk for diabetes (H1-H5), 26
nondiabetic normal control subjects (C1-C26), and two
type 2 diabetic control subjects (C27 and C28) who have
received insulin therapy for 5 and 20 years, respectively,
before enrollment in this study (Tables 1 and 2).
Patients were considered to have a recent-onset status
within 3 months (i.e., 130 days) of diagnosis. Criteria for
patient diagnosis for type 1 diabetes were diabetic keto-
sis and ketoacidosis, polyuria, polydypsia, and weight
loss, followed by assessment of serum autoantibody lev-
els and human leukocyte antigen (HLA) typing.

Serum levels of anti-GADG65 and anti-1A-2 antibody
were measured by a liquid-phase competitive RIA as
described previously (19, 20) and IAA levels were meas-
ured by a protein A microassay (21). Positive and nega-
tive control sera were included that were used to calcu-
late an index for antibody levels as described by the
following equation: (unknown sample value — negative
control value)/(positive control value — negative control
value). The upper normal limits for each autoantibody
serum level were established as three times the 100th per-
centile in 241 healthy controls, using the Receiver Oper-
ator Curve analysis, which were greater than 0.071 (I1A-

were positive for anti-1A-2 antibody, and only two were
positive for anti-insulin antibody (Table 3). Interesting-
ly, Patient P8 was the only patient who demonstrated a
dramatic endogenous anti-insulin antibody response,
which was accompanied by substantial anti-GAD65 and
anti-1A-2 antibody responses. Criteria for assessing pre-
diabetics at high-risk of diabetes were the following: (a)
first-degree relative, (b) expression of disease-associated
HLA-haplotypes (i.e., HLA-DR3/4,-DQ2/8; Table 1), and
(c) positive for serum autoantibodies (Table 3). Autoan-
tibody levels were secondary to first-degree relative sta-
tus and HLA haplotype, as only three of four subjects
tested were positive for autoantibodies.

HLA typing was done by PCR amplification with
sequence-specific primers for DR and DQ alleles (23) at
the University of California, Los Angeles, Tissue Typing
Laboratory. The majority of type 1 diabetic patients
expressed high-risk DQ and DR alleles [i.e., HLA-DQ8
(DQB1*0302; 33%), -DQ2 (DQB1*0201; 58%), -DR3
(DRB1*0301; 58%) and -DR4 (DRB1*0401 to 0405;
42%)] (Table 1), which were also represented in 12 of the
first 14 nondiabetic control subjects [i.e., HLA-DQ8
(DQB1*0302; 64%), -DQ2 (DQB1*0201; 21%), -DR3
(DRB1*0301; 21%) and -DR4 (DRB1*0401 to 0405;
79%)] (Table 2). In fact, the high-risk DR4/DQ8 or
DR3/DQ2 combinations were present in ten of the 12
patients and in 14 of the 26 nondiabetic normal control
subjects. The average age of the type 1 diabetic patient
group was 11 * 3 years (range: 8-15 years), which was
represented in three nondiabetic, first-degree relative
normal control subjects (C11-C13; 11 £ 1 years) and in
four of five high-risk first-degree relative controls (i.e.,
12 + 0.3 years). Control-patient sibling matches includ-
ed C11 with P1, C12, C13, with P2 and H5 with P12,
whereas control patient HLA-haplotype matches were
C5 with P9, C11 with P2, and H5 with both P11 and

Table 1

Age, sex, and HLA haplotypes of type 1 diabetic patients and pre-

diabetic individuals at high risk for diabetes

Type 1 diabetic patients

Subject Age Sex HLA haplotypes

ID DR alleles DQ alleles

P1 12 M DRB1*0402/*0405 DQB1*0302

P2 14 M DRB1*0401/*0402 DQB1*0302

P3 10 F DRB1*0102/*0301 DQB1*0201/*0501
P4 8 F DRB1*0301/*1302 DQB1*0201/*0604
P5 10 F DRB1*0101/*0401 DQB1*0302/*0501
P6 15 M DRB1*0101/*0301 DQB1*0201/*0501
P7 12 F DRB1*1302/*1503 DQB1*0502/*0602
P8 9 M DRB1*0401 DQB1*0301

P9 14 M DRB1*0301/*0402 DQB1*0201/*0302
P10 9 M DRB1*0301 DQB1*0201

P11 12 M DRB1*0101/*0301 DQB1*0201/*0501
P12 1 M DRB1*0101/*0301 DQB1*0201/*0501

Prediabetic high-risk subjects (have not received insulin therapy)

H1 12 F DRB1*0301/*0401 DQB1*0201/*0302
2), greater than 0.032 (GADG65), and greater than 0.01  H2 12 M DRB1*0101/*0401 DQB1*0302/*0501
(insulin) (22). Measurement of serum levels of autoanti- :i ‘11% |\F/| ngijg‘llgi;:éggi ngijgggiﬁgggi
bodies from the 12 type 1 diabetic patients showed that ;5 13 M  DRB1*0101/*0301 DOB1*0201/*0501
ten patients were positive for anti-GADG65 antibody, five
The Journal of Clinical Investigation | January2001 | Volume107 | Number2



Table 2

Age, sex, and HLA haplotypes of normal nondiabetic and type 2

diabetic control subjects

Normal nondiabetic controls

tamicin, 126 pg/ml L-arginine, 20 pg/ml L-aspartic acid
(Life Technologies Inc., Grand Island, New York, USA),
50 uM 2-Mercaptoethanol (Sigma Chemical Co.), 5
pg/ml penicillin and 100 U/ml streptomycin (Life
Technologies Inc.), and 5% autologous human serum
or plasma. Azide-free preparations of murine anti-
human HLA-DQ (SPV-L3) and HLA-DR (LN3) mAb’s
(Neomarkers Inc., Fremont, California, USA) and iso-
type-matched control mAb’s were used at an optimal
concentration (20 pug/ml).

Generation of short-term insulin Bg.23)-specific T-cell lines from
peripheral blood. PBMCs from all subjects were isolated by
centrifugation through Ficoll-Hypaque density gradients
(Vacutainer CPT; Becton Dickinson Labware, Lincoln
Park, New Jersey, USA), and lymphocytes were washed
and either stimulated with Bys.23) peptide to generate T-
cell lines or stored frozen in aliquots for future evaluation
of cytokine production using the ELISPOT assay. Insulin
Bie-23-specific T-cell lines were generated by culturing 5 x
108 purified PBMCs per well of a 24-well culture plate

Subject Age Sex HLA haplotypes

ID DR alleles DQ alleles

C1 52 M DRB1*0404 DQB1*0302

c2 32 M DRB1*0401/*1101 DQB1*0301/*0302
C3 47 M DRB1*0404/*1501 DQB1*0302/*0602
C4 46 F DRB1*0401/*1101 DQB1*0301/*0302
C5 35 M DRB1*0301/*0404 DQB1*0201/*0302
C6é 35 M DRB1*0407/*1401 DQB1*0302/*0501
c7 51 M DRB1*0401/*0701 DQB1*0201/*0301
c8 48 M DRB1*0101/*0401 DQB1*0301/*0501
Cc9 33 M DRB1*0101/*0301 DQB1*0301/*0501
C10 36 M DRB1*1501 DQB1*0602

C11 10 F DRB1*0401/*0402 DQB1*0302

C12 14 F DRB1*0405/*1602 DQB1*0301/*0302
C13 11 F DRB1*0405/*1602 DQB1*0301/*0302
Ci4 27 F DRB1*0401/*0801 DQB1*0302/*0402
C15 59 M DR15 DQB1*0602

C16 19 F DR15/8 DQB1*0602

C17 33 M ND DQB1*0602

C18 39 F DR15/7 DQB1*0303/*0602
C19 72 M ND

C20 59 F DR15/16 DQB1*0502/*0602
Cc21 70 F DR6/11 DQ1/7

C22 29 F DR4/15 DQB1*0301/*0602
Cc23 34 F ND DQB1*0602

C24 26 F ND DQB1*0602

C25 33 M ND DQB1*0602

C26 30 F DR11/15 DQB1*0301/*0602
Type 2 diabetic controls

c27 84 M ND

C28 65 M ND

P12. All recent-onset diabetic patients received human
insulin therapy after diagnosis, which ranged from 2 to
127 days (mean = 64 days) before blood sampling. To
control for the possibility that B(go3)-specific immune
responses developed as a result of insulin therapy,
responsiveness to Bg.»3 was studied in two patients
(C27 and C28) that had type 2 diabetes (i.e., a
non-autoimmune-mediated disease) who received
insulin therapy because of their suppressed insulin pro-
duction. In addition, five high-risk first-degree relatives
of type 1 diabetics who had not received insulin thera-
py were also studied for responsiveness to Byg.23). This
study was approved by the Investigational Review
Boards of the University of California, San Diego, and
Children’s Hospital and Health Center.

Peptides, reagents, and tissue culture medium. The follow-
ing peptides were synthesized by a solid-phase method
as described elsewhere (24): human insulin B-chain (9-
23) amide (B9.23) [SHLVEALYLVCGERG], sperm
whale myoglobin 110-121 (SWM), and biotinylated
herpes simplex virus peptide-2 (HSV-2) VP16 430-444
(EEVDMTPADALDDFD). Medium used for all cell cul-
tures and assays was DMEM containing high glucose
(Cellgro, Herndon, Virginia, USA) supplemented with
2 mM L-glutamine, 10 mM HEPES (Cellgro), nonessen-
tial amino acids (Sigma Chemical Co., St Louis, Mis-
souri, USA), 1 mM sodium pyruvate, 50 pg/ml gen-

(Falcon; Becton Dickinson Labware) in the presence of 10
MM insulin Bg.23) for 7-10 days. After washing, 3 x 106 T
cells were restimulated in 25 cm? tissue culture flasks
with 6 x 105 irradiated (30 Gy) autologous PBMCs as
antigen presenting cells (1:5 ratio of antigen-presenting
cells/T cells) in the presence of B(9.23) peptide (10 uM)
and recombinant human IL-2 (5 U/ml; Boehringer
Mannheim, Germany) for another 7-10 days. After an
additional stimulation cycle, lymphocytes were used in
proliferation assays. Autologous PBMCs used for restim-
ulation of T-cell lines were stored frozen until use.

Table 3
Serum autoantibody levels to islet autoantigens in type 1 diabetic
patients and prediabetic individuals at high risk for diabetes

Patient ID Serum levels of anti-B-islet cell antibodies”
Anti-l1A-2 Anti-GAD65 Anti-insulin

P1 -0.045 0.2958 0.0288
p2 -0.048 0.0868 -0.004
P3 -0.041 0.1658 0

P4 0.3648 0.098 0.006
P5 0.923 0.5818 0.003
P6 -0.045 -0.002 0

p7 -0.043 -0.019 0.003
P8 0.4778 1.0198 0.8378
P9 0.7848 0.0428 0.003
P10 -0.035 0.1288 0

P11 -0.005 0.278 -0.003
P12 0.1038 0.0838 -0.002
H1 0.044 1.0618 -0.007
H2 -0.009 -0.024 0.002
H3 0.009 0.8668 0.0128
H4 -0.003 -0.006 0.2818

ASerum levels of anti-GAD65 and anti-lIA-2 antibody from type 1 diabetic
patients (P#) and prediabetic individuals at high risk for diabetes who have not
received insulin therapy (H#) were measured by a liquid-phase competitive RIA
and anti-insulin levels were measured by a protein A microassay. Positive and
negative control sera were included that were used to calculate an index for anti-
body levels as described by the following equation: (unknown sample value -
negative control value)/(positive control value - negative control value). The
upper normal limit for each autoantibody was established as three times the
100th percentile in 241 healthy controls using the Receiver Operator Curve
analysis. BSera were considered positive for the respective antibodies at the fol-
lowing index values: >0.071 for IA-2, >0.032 for GAD65, and >0.01 for insulin.
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Figure 1

Type 1 diabetic patient response to insulin B.23) peptide. A total of
105 T lymphocytes from short-term cell lines of By.o3)-treated PBMCs
from type 1 diabetic patients (i.e., P1-P12) were seeded per well of
a 96-well round-bottom plate with 7 x 104 irradiated autologous
PBMCs in the presence or absence of different concentrations of
insulin B.23) peptide. Cells were cultured for 5 days in which each
well was pulsed with [3H]thymidine for the final 18-20 hours, and
the amount of incorporated radioactivity was counted. Values in all
panels are the mean cpm + SEM of triplicate cultures from one exper-
iment representative of at least two experiments for all patients.

T lymphocyte—proliferation assay. A total of 10° T lym-
phocytes from cell lines were cultured in 96-well round-
bottom plates (Costar; Corning Inc., Corning, New York,
USA) with 7 x 10* irradiated autologous PBMCs (opti-
mal cell number) in the presence or absence of different
concentrations of insulin B.»3) peptide or phytohemag-
glutinin (PHA-M; L8902; Sigma Chemical Co.). Cells
were cultured at 37°C, 7.5% CO2 atmosphere in a
humidified incubator for 5 days, and each well was
pulsed with 1 uCi tritiated thymidine ([*H]TdR; sp. act.
25 Ci/mmol; Amersham Life Science, Arlington Heights,
Illinois, USA) for the final 18-20 hours. Cells were har-
vested onto glass fiber-lined plates (Unifilter-96 GF/B;
Packard Instrument Co., Meriden, Connecticut, USA)
and the amount of radioactivity incorporated into de
novo synthesized DNA was measured in a scintillation
counter (Top Count NXT; Packard Instrument Co.).

ELISPOT assay. The number of cytokine-expressing
cells in PBMCs from control subjects and type 1 dia-
betic patients was quantified by the ELISPOT assay as
described elsewhere (25). Briefly, 3 x 105 PBMCs
obtained from frozen aliquots were seeded per well of
96-well plates coated with anti-human IFN-y mAb
(Endogen Inc., Cambridge, Massachusetts, USA) or
other anti-cytokine mAb (PharMingen Inc., San Diego,
California, USA) in the presence or absence of either
Be-23) peptide, tetanus toxoid (Accurate Chemical &
Scientific Corp., Westbury, New York, USA), or PHA
(Sigma Chemical Co.). After 24 to 48 hours of incuba-

tion at 37°C, 5% CO,, cells were washed away and
cytokines were detected with anti-human IFN-y (Endo-
gen Inc.) or anti-human IL-2, IL-4, IL-5, or IL-13
(PharMingen Inc.) secondary biotinylated-mAb plus
avidin-peroxidase. AEC substrate solution (3-amino-9-
ethyl carbazole; Pierce Chemical Co., Rockford, Illinois,
USA) was used to develop the reaction, which was
stopped by washing the plate with water. Spots derived
from cytokine-producing cells were quantified using
the Series-1 Immunospot and Satellite Analyzers
(Autoimmun Diagnostika Inc., Strassberg, Germany).

Purified HLA-DQ binding assay. Peptide binding to HLA-
DQA1*0301/DQB1*0302 (HLA-DQS8) was assessed
using a competitive inhibition Europium fluorometric
assay as described previously (26). The 50% inhibitory
concentrations (1Csp) were calculated from competitive
inhibition displacement curves for each peptide and
were used as estimates of the peptide-binding affinities
to the HLA-DQ8 molecules.

Results

Insulin Bg.3)-proliferative response of PBMCs from patients with
recent-onset type 1 diabetes. The B.23) epitope of insulin
appears to be an immunodominant target antigen in
NOD mice (4-7). We investigated whether this epitope
also played a role in human type 1 diabetes by determin-
ing whether cellular responses to insulin B.23) had devel-
oped in peripheral blood lymphocytes from type 1 dia-
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Figure 2

Role of HLA-DQ8 in insulin B(g-23)-specific response in a type 1 dia-
betic patient. A total of 10° T lymphocytes from short-term cell lines of
B(9-23)-treated PBMCs from type 1 diabetic patient P2, homozygous
for HLA-DR4 (DRB1*0402/0405) and DQ8 (DQB1*0302), were treat-
ed in the presence or absence of 20 pg/ml anti-DQ or anti-DR blocking
antibody. These antibodies were added to stimulator autologous PBMCs
30 minutes before responder T cells were added. Cells were cultured for
5 days during which each well was pulsed with [3H]thymidine for the
final 18-20 hours and the amount of incorporated radioactivity was
counted. Isotype control antibody had no significant effect on prolifer-
ation. Values are the mean cpm = SEM of triplicate cultures from one
experiment representative of three experiments.

176 The Journal of Clinical Investigation |

January 2001

| Volume107 | Number2



betic patients. Short-term T-cell lines from 12 recent-
onset type 1 diabetic patients and from 13 nondiabetic
HLA- or age-matched normal control subjects (C1-C13)
and one high-risk first-degree relative (H5) were chal-
lenged with insulin Bys.23), and proliferation was assessed.
These short-term cell lines were generated to increase the
frequency of any Bg.o3)-specific T cells before proliferation
assays because frequencies of antigen-specific T cells in
freshly isolated PBMCs are usually low. Ten of 12 diabet-
ic patients responded to Byg.o3 in a dose-dependent man-
ner (Figure 1) and to different degrees (Table 4; mean =
SEM of stimulation index [SI, as described in legend to
Table 4] = 6.4 + 1.2), whereas the response was absent in
all nondiabetic control subjects (Table 4; mean £ SEM of
SI=11+0.1). An Sl greater than 2 was considered posi-
tive. Note that the comparison of control-patient sibling-
matches (i.e., C11and P1; C12, C13, and P2; and H5 and
P12) and HLA-matches (C5 and P9; C11 and P1, P2; and
H5and P11, P12) underscores the striking association of
this Bg.23)-response specifically with the type 1 diabetes

ly inhibited proliferation of the short-term cell line gen-
erated from this individual (Figure 2), demonstrating
that the disease-associated response to Byg.23) is HLA
class Il restricted and, in this patient, is restricted to the
HLA-DQ8, and not to the DR4, molecule. We also
determined the affinity of binding of the Bys.,3) peptide
to the DQ8 molecule in a competitive displacement
binding assay, in which the Byg.23) peptide was evaluated
for its ability to compete with the standard high-affini-
ty peptide, biotinyl-(HSV-2)-VP16, for binding to the
HLA-DQ8 molecule. B.23 efficiently competed for
binding to HLA-DQ8 with a binding affinity (ICso value
of 0.4 uM) very similar to the unlabeled (HSV-2)-VP16
peptide (ICso 0.37 uM). A noncompetitive control pep-
tide, SWM110-121), had an 1Csq of greater than 100 uM.

Cytokine response by B(s.3)-specific primary PBMCs. The
strong B(s-23)-specific proliferative response of T-cell lines
from type 1 diabetic patients suggests that a substantial
number of pathogenic (i.e., IFN-y producing) Byg.23)-Spe-
cific T cells exist in the circulation of these patients. We

group. In some cases with control subject cul-
tures, cell viability appeared to decrease dramati-
cally after the first restimulation cycle, in which
case assays were performed after the first stimu-
lation cycle. Lack of responsiveness by control
subjects or by the two patients (i.e., P8 and P10)
was not attributed to cell death because these
individuals responded to the T-cell mitogen, PHA
(Table 4). Additionally, B.23) responsiveness was
specific because these patients did not respond to
unrelated control peptides (data not shown).
These results demonstrate that the majority (83%)
of diabetic patients, but not HLA- or age-matched
control subjects, developed a proliferative
response to the insulin B.23) peptide.

Insulin B(g.23) peptide presentation by HLA class 11
molecules. Insulin B3 is an HLA class
IlI-restricted immunodominant epitope for
pathogenic CD4* T cells isolated from the pan-
creata of young NOD mice (4-6). To confirm
that the B.23-response in type 1 diabetic
patients is class Il restricted, T lymphocytes from
Byo-23)-reactive cell lines from patient P2, who is
homozygous for HLA-DR4 (DRB1*0402/0405)
and DQ8 (DQB1*0302) alleles, were challenged
with B(9-23) in the presence or absence of anti-
bodies to DR or DQ molecules, and prolifera-
tion was assessed (Figure 2). T lymphocytes from
patient P2 were used because the Bg.23) peptide
has been shown to bind HLA-DQS8
(DQB1*0302) molecules (26), a haplotype that
is among the most strongly associated with, and
predictive of, human disease (1, 27). The HLA-
DQB1*0302 allele also displays a nonaspartic
acid (i.e., alanine) residue in its (3 chain at posi-
tion 57, aresidue that is also characteristic of the
unique disease-associated I-As” MHC haplotype
in the NOD mouse (28). Only blockade of DQ
molecules during By.23) presentation complete-

Table 4
Proliferative response of type 1 diabetes patients and normal nondiabetic
control subjects to insulin Bg.23)*

Type 1 diabetic patients

Subject ID  Mediumalone  Insulin Bg.23) S8 PHA

[3H]thymidine incorporation

(mean cpm + SEM)

P1 3,924 + 340 38,935 * 6,856~ 9.9 167,946 + 7,596
P2 5,739 £ 634 30,184 £ 1,776~ 5.3 ND
P3 1,588 + 230 3,742 + 4297 2.3 ND
P4 158 +12 1,230 +£ 1614 7.8 119,431 +£7,276
P5 867 29 1,815+ 1294 21 95,679 + 2,397
P6 1,636 £475 9,566 + 1,146~ 5.8 111,777 £ 7,368
P7 451 + 100 1,455 + 2194 3.2 127,905 £ 2,136
P8 199 + 46 133+11 0.6 171,143+ 8,571
P9 168 +18 1,510 £ 176~ 8.9 63,994 + 1,912
P10 286 +34 483+73 1.6 297,387 +9,820
P11 2,240 £ 200 8,357 + 716~ 3.7 151,851+ 1,673
P12 1,921 + 400 27,709 £ 4,326 14.4 78,385+ 4,169
Nondiabetic controls
C1 1,598 + 183 1,828 + 223 11 81,074 £ 1,743
c2 2,366 * 436 4,229 + 966 1.8 39,934 + 2,288
C3 431+31 645 + 106 15 6,456 + 222
C4 659 + 122 1,098 £ 161 1.7 8,869 + 537
C5 6,609 * 765 6,198 + 932 0.9 50,519 + 1,081
C6 1,161 £ 292 1,622 + 1287 14 12,154 + 540
c7 7,922 £ 381 8,780 + 681 11 19,603 £ 635
C8 2,690 £ 256 1,190+7 0.4 24,736 £ 2,635
Cc9 2,707 £758 2,036 + 355 0.8 18,058 + 796
C10 3,709 £ 344 3,861 £991 1 29,039+1,171
C11 287 £ 68 399 + 152 14 92,718 £2,729
C12 3,206 £ 413 2,248 £ 291 0.7 77,964 £ 3,014
C13 989 + 281 1,017 £57 1 54,057 +5,074
High-risk subject
H5 211+30 219+ 30 1 50,168 + 5,585

AA total of 10° lymphocytes from short-term Bg.»3)-derived PBMC lines from type 1 dia-
betic patients (P#), normal nondiabetic control subjects (C#), and individuals at high
risk for diabetes who have not received insulin therapy (H#) were cultured with 7 x 104
irradiated autologous PBMCs in the presence or absence of insulin Bg.23) peptide (50
UM) or the T-cell mitogen, PHA (10 uM). Cells were cultured for 5 days during which
each well was pulsed with [H]thymidine for the final 18-20 hours the amount of incor-
porated radioactivity was counted. Values are the mean cpm and SEM of triplicate cul-
tures from one experiment representative of at least three experiments per subject. ASig-
nificantly (P < 0.05) different from mean values of unstimulated cultures. BStimulation
Index (SI) = (Bs-23)-stimulated mean cpm)/(unstimulated mean cpm).
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Figure 3

Example of cytokine responses to insulin B.»3) by type 1 diabetic
patients and control subjects. 3 x 105 freshly isolated PBMCs from
two type 1 diabetic patients (P5 and P9) and two age-matched
control subjects (C12 and C13) were seeded per well of a 96-well
anti-IFN-y mAb-coated ELISPOT assay plate in the presence or
absence of insulin B.23y and incubated at 37°C for 24 hours.
Spots representing IFN-y-producing cells (denoted by the number
in parentheses) were developed using a biotinylated anti-IFN-y
secondary antibody and avidin-labeled peroxidase with AEC sub-
strate and quantified using the Series-1 Immunospot Analyzer.
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therefore estimated the frequency and assessed cytokine
production of these Bg.23)-specific cells in freshly isolat-
ed PBMCs using the ELISPOT assay. This technique has
unique advantages over other cytokine detection assays
in that it displays an extremely high degree of sensitivity
and can be used to quantify the number of antigen-spe-
cific cytokine-producing cells in a heterogeneous T-cell
receptor population (25). PBMCs were obtained from
diabetic patients and control subjects and presented with
Bye-23) Or the positive control mitogen, PHA, on ELISPOT
plates for assessment of cytokines. IL-2—, IL-4—, IL-5-, or
IL-13-producing cells were not detected in either untreat-
ed or B.-treated PBMC cultures from nondiabetic
(including high-risk) control or diabetic subjects (data
not shown); however, activation of cultures with PHA
demonstrated the appearance of these cytokine-produc-
ing cells (data not shown). In contrast, treatment with a
high dose (50 uM) of B(g.23) induced substantial numbers
of IFN-y-producing cells in PBMC cultures from all but
one diabetic patient tested (i.e., P8), whereas all of the
nondiabetic control subjects studied were nonresponsive
to Bg.23) treatment (Table 5; the mean and SEM of the
Be-23-induced change [i.e., SI] in the number of IFN-
y-producing cells in control cultures C1-C26 was 1.11 +
0.2). Samples from C12 and C13 were included in Table
5 as examples of nonresponders. Blood samples from dia-
betic patients P1, P3, P6, and P12 and control subjects C5,
C9, and C11 were not available for cytokine analysis. Type
1 diabetic patients responded in a dose-dependent man-
ner to B(g.23) because a significant number of cytokine-

positive cells were induced with a 10 UM Byg.»3) dose (see
Figure 3 for an example of 10 and 50 uM Bg.»3-induced
IFN-y=specific spots). Lack of response in nondiabetic
control samples (i.e., C#), and that of patient P8 and the
high-risk subjects, H3 and H4, was not attributed to a
general anergy of the cells because cells from these sub-
jects, in addition to those of all diabetic patients (Table
5), responded to treatment with PHA (the mean and
SEM of the PHA-induced change in the number of IFN-
y-producing cells in nondiabetic control cultures C1
through C26 was 17 + 8).

We addressed the possibility that insulin therapy
could be responsible for the B(g.3)-specific responses
observed. Note that all type 1 diabetics received insulin
therapy during a brief period before blood sampling
(i.e., 2-127 days), in which P9 and P10 were sampled
only 2 days after insulin therapy. This brief 2-day peri-
od is not likely to be sufficient for an immune response
to develop against exogenous insulin. In addition, the
two type 2 diabetics, C27 and C28, who had received
insulin therapy for 5 and 20 years, respectively, did not
respond to By.23 at 50 UM (the mean and SE of Byg.o3)-
induced change in IFN-y-producing cells was 0.65 +
0.22 and 1.02 £ 0.11, respectively, and that for PHA was
179 £17 and 49 + 1, respectively). However, the most
compelling evidence that insulin therapy did not play
arole in the development of Byg.23) responses in diabet-
ics was demonstrated by the reactivity to Byg.o3 by three
of five prediabetic high-risk first-degree relatives who
never received insulin therapy (Table 5).

Interestingly, one (i.e., P10) of the two patients that did
not display a proliferative response to Byg.»3 (See Table 4
and Figure 1) showed a strong IFN-y—production
response to the antigen (Table 5), suggesting that antigen-
specific responses in cytokine production are not neces-
sarily accompanied by proliferative responses. According-
ly, B23-induced IFN-y production by the high-risk
first-degree relative, H5 (Table 5), also was not accompa-
nied by a proliferative response (see Table 4 and Figure 1).
Consistent with results of T-cell line proliferation, these
results demonstrate that the Byo.o3)-specific IFN-y response
is limited to type 1 diabetic patients and to high-risk pre-
diabetic individuals. In addition, Bg.,3-specific T cells were
of the pathogenic phenotype, as was previously defined in
the NOD mouse and, most importantly, can be detected
directly in the circulation using the ELISPOT assay.

Discussion

Consistent with the nature of autoantigenic epitopes in
the pancreas of NOD mice (4-7), we found substantial
T-cell responses to the Bys.23 immunodominant epitope
of insulin in peripheral blood of 92% (11 of 12; i.e., pro-
liferative and cytokine responses) of the recent-onset
type 1 diabetic patients examined, but such responses
were absent in age- or HLA-matched nondiabetic nor-
mal control subjects. These anti-insulin B.23 T cell
responses are not likely to be a result of immunoreac-
tivity to insulin therapy because we did not detect T-cell
responses to Bys.23) in the type 2 diabetic control group
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that received insulin therapy. In addition, these Byg.»3) T-
cell responses were present in samples from patients P9
and P10 only 2 days after the start of insulin therapy (all
other patient samples were obtained 2 to 10 weeks after
insulin therapy). Most importantly, three of five predi-
abetic high-risk individuals who never received insulin
therapy responded to B(g.z3) in the ELISPOT assay.

It has been previously reported that despite statistical-
ly significant differences between control subjects and
recent-onset type 1 diabetic patients in cellular respon-
siveness to BCAs, such as GAD, most control subjects, in
fact, respond to the autoantigens, albeit to a lesser degree
than do patients with type 1 diabetes (12-16, 29). Inter-
estingly, these studies also demonstrated that the degree
and frequency of responses to the whole-insulin or proin-
sulin proteins were comparable among controls, recent-
onset diabetic patients, and their relatives, arguing
against the existence of pronounced cellular responses to
insulinin type 1 diabetes. However, by analyzing respons-
es to a single insulin epitope [i.e., Be.23)] that appears to
play a strong pathogenic role in the NOD mouse disease,
we demonstrate here, for the first time to our knowledge,
that control subjects were clearly unresponsive to the Bs.
23), Which is contrasted with an almost complete respon-
siveness by the type 1 diabetic patient group and with a
responsiveness in over half of the high-risk first-degree
relative subjects studied. In fact, the frequency of the cel-
lular response to B(g.23 in these groups was greater than
that of the antibody response to any single pancreatic
antigen. Our findings with the high-risk first-degree rel-
ative group are consistent with another study that shows
reactivity to another insulin epitope, amino acid 24-36 of
proinsulin, which is confined to first-degree relatives of
type 1 diabetics (29). Indeed, the presence of circulating
Be-23-responsive T cells in recent-onset diabetics was con-
firmed using the ELISPOT assay in which IFN-y-pro-
ducing B.23-responsive peripheral blood cells were
detected after 12 days of in vitro culturing in the presence
of antigen. These results demonstrate that there is not
only a strong specific response to an insulin epitope in
human type 1 diabetes, but that this response is confined
to the prediabetic and new-onset diabetic groups and,
therefore, may be characteristic of the human disease.

We used the ELISPOT assay to analyze the quality
and quantity of the B.23 response in freshly isolated
PBMCs (25), in contrast to enriching for Bys.23) speci-
ficity in cell lines for proliferation assays. The high sen-
sitivity of the ELISPOT assay for detection of cytokine-
producing cells enabled the quantification of the
low-frequency of Byg.o3-reactive cells in freshly isolated
PBMCs from type 1 diabetic patients, especially in cases
in which Bs.p3 failed to generate T-cell lines (i.e., H5
and P10). Indeed, ELISPOT detection of a cytokine
response to Bys.23) by some of the subjects in the predi-
abetic first-degree relative group has implications for a
novel diagnostic approach.

Similar to the association of some HLA alleles with type
1 diabetes (27), humoral responses to BCAs, which are
usually elevated in prediabetic and recent-onset type 1 dia-

Table 5

ELISPOT analysis of IFN-y production response to insulin Bg.»3) in
type 1 diabetic patients, prediabetic individuals at high risk, and nor-

mal nondiabetic control subjects

Subject ID Antigen addition to freshly isolated PBMCs”

None insulin Bg.23) PHA
(IFN-y-producing cells per well; mean + SEM)

p2 05+0.5 227 + 348 240 + 258

P4 1+1 302 + 968 706 + 208

P5 31 33+38 TNTC®

p7 47+35 217 £ 48 TNTC®

P8 22+10 11+2 610 + 168

P9 10+£0.5 123 +18 TNTC®

P10 41+40 683 + 2218 655 + 708

P11 65+ 20 844 + 1998 TNTC®

H1 7+3 59 + 268 509 + 598

H2 16+2 81+128 1002 + 238

H3 72 12+4 291 + 358

H4 21+7 43+10 672+ 478

H5 5+2.6 162 + 658 450 + 108

C12 1.3+0.3 17+£1.2 1,780 + 608

C13 31 1.3+0.9 810 + 208

A3 x 10° freshly isolated PBMC from eight type 1 diabetic patients (P#), five

pre-

diabetic individuals at high risk for diabetes who have not received insulin ther-
apy (H#), and three normal nondiabetic control subjects (C#) were seeded per
well in triplicate or quadruplicate in 96-well anti-IFN-y mAb-coated ELISPOT
assay plates in the presence or absence of insulin Bg.23) (50 pM) or PHA (10 pM)

and incubated at 37°C for 24 hours. Spots representing IFN-y-producing

cells

were developed using a biotinylated anti-IFN-y secondary antibody and avidin-

labeled peroxidase with AEC substrate and quantified using the Seri

es-1

Immunospot Analyzer. Results are from one experiment representative of at least

two experiments per subject. BSignificantly different (P < 0.05) from mean
ues of unstimulated control cultures. TNTC, too numerous to count.

betes individuals (1, 10), are also predictive of disease.
Although it might be expected that both cellular and
humoral responses to a particular BCA would be elevated
during diabetes, several groups have reported an inverse
relationship between cellular and humoral responses to
BCAs (15, 30), including those to the whole-insulin pro-
tein (12). Interestingly, patient P8, who did not show a cel-
lular (i.e., proliferative or cytokine-production) response
to Be.23) (see Tables 4 and 5; Figure 1), was the only patient
that demonstrated a dramatic endogenous anti-insulin
antibody response in addition to showing substantial anti-
GADG65 and anti-1A-2 antibody responses (see Table 3).
Conversely, all other patients demonstrated strong cellu-
lar responses to Byg.,3), With little or no humoral response
to insulin. To date, the mechanism underlying this inverse
relationship remains elusive; however, this dichotomy is
consistent with the nature of normal immune responses
to antigen, which tend to be skewed toward either cellular-
promoting (IFN-y-producing) or humoral-promoting
(non-IFN-y-producing) immune responses (31).
Because type 1 diabetes is primarily mediated by
destructive cellular immune responses to BCAs, the lack
of a cellular Bg.23) response by patient P8 suggests that
responses to other BCAs or other epitopes of insulin play
a dominant pathogenic role in this patient. Indeed, the
MHC haplotype of patient P8, who lacks HLA-
DQB1*0302 expression, may not be able to present the
Bio-23) peptide to autoreactive T cells. Alternatively, this
unresponsiveness may be a result of reduced antigen [i.e.,
insulin B(g23] concentration in this patient that arose as
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a consequence of substantial islet B-cell damage, as has
been observed in the NOD mouse (4, 6, 7).

Given the nature of this disease, direct evidence for
the role of Byg.23 responsive cells in the pathogenesis
of diabetes can only be addressed using animal mod-
els. Using the NOD mouse model, Wegmann and his
colleagues have convincingly demonstrated that
Bo-23-reactive CD4* T helper cells are involved in the
destruction of the B-islet cells (4-6). In addition,
Wong et al. (7), using a fluorescent-labeled MHC class
I tetrameric complex bound to the Bs.23 peptide,
demonstrated that greater than 80% of CD8* T cells
infiltrating islets of 4-week-old NOD mice (well
before any clinical evidence of disease) recognized the
B(1s.23) epitope. Moreover, disease is prevented when
thymic deletion of anti-insulin T cells is induced in
transgenic NOD mice with targeted expression of the
proinsulin gene in antigen-presenting cells under the
control of the MHC class Il promoter (32). These data
and our human subject studies reported herein
strongly suggest that this region of the B chain of
insulin is a target of the immune system in this
autoimmune disease. Thus, therapies that are direct-
ed at this autoantigenic response might be of benefit
in controlling type 1 diabetes, which is supported by
studies that show administration of the B chain or
B(10-24y peptide of insulin induce a protective Th2
immune response in NOD mice (6, 33, 34).
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