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ABSTRACT

Background: Insulin (1) and glutamic acid decarboxyl-
ase (GAD) (2) are both autoantigens in insulin-depen-
dent diabetes mellitus (IDDM), but no molecular mech-
anism has been proposed for their association. We have
identified a 13 amino acid peptide of proinsulin (amino
acids 24-36) that bears marked similarity to a peptide of
GAD65 (amino acids 506-518) (G. Rudy, unpublished).
In order to test the hypothesis that this region of simi-
larity is implicated in the pathogenesis of IDDM, we
assayed T cell reactivity to these two peptides in subjects
at risk for IDDM.
Materials and Methods: Subjects at risk for IDDM
were islet cell antibody (ICA)-positive, first degree rela-
tives of people with insulin-dependent diabetes. Periph-
eral blood mononuclear cells from 10 pairs of at-risk and

HLA-DR matched control subjects were tested in an in
vitro proliferation assay.
Results: Reactivity to both proinsulin and GAD peptides
was significantly greater among at-risk subjects than
controls (proinsulin; p < 0.008; GAD: p < 0.018). In
contrast to reactivity to the GAD peptide, reactivity to the
proinsulin peptide was almost entirely confined to the
at-risk subjects.
Conclusions: This is the first demonstration of T cell
reactivity to a proinsulin-specific peptide. In addition, it is
the first example of reactivity to a minimal peptide re-
gion shared between two human autoimmune disease-
associated self antigens. Mimicry between these similar
peptides may provide a molecular basis for the conjoint
autoantigenicity of proinsulin and GAD in IDDM.

INTRODUCTION
The selective destruction of ,3 cells in the pancre-
atic islets leading to insulin deficiency and insu-
lin-dependent diabetes mellitus (IDDM) is con-
sidered to be an autoimmune process mediated
primarily by autoreactive T cells (reviewed in
Ref. 3). Thus, in rodent models of IDDM, the
"insulitis" lesion of the islets comprises a mixed
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mononuclear cell infiltrate, the disease can be
transferred by T cells to naive animals, and dis-
ease expression is prevented by a variety of an-
ti-T cell agents (reviewed in Ref. 3). In humans
with recently diagnosed IDDM, examination of
pancreas tissue obtained at postmortem (4-6) or
by needle biopsy (7,8) reveals a similar though
less florid insulitis lesion. Without immunosup-
pression, insulitis recurs in pancreas isografts be-
tween HLA-identical twins (9). The effect of the
immunosuppressive agents, cyclosporine and
azathioprine, to induce and/or prolong remis-
sions after diagnosis of IDDM (reviewed in Ref.
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Human proinsulin (24-36) F T K T R . E A

Mouse proinsulin I (24-36) s F T K R E V

Mouse proinsulin II (24-36) F e T M R| E V

Human GAD 65 (506-518) 'F W I P L T L
Mouse GAD 65 (506-518) ' W F V P L T L
Human GAD 67 (515-527) i W I Q L G
Mouse GAD 67 (514-526) I Q L G V

FIG. 1. Region of similarity between proinsu-
lin and GAD
Similarities are boxed; identities within boxes are

shaded. The C terminus of the insulin B chain and
the cleavage site of the proinsulin convertase are

indicated by the vertical line and arrow, respectively.

10) provides further, indirect, evidence of the
autoimmune nature of cell destruction. Fi-
nally, the presence of circulating IgG autoanti-
bodies and autoreactive T cells to islet antigens
reflects underlying cell autoimmunity (3).
However, the molecular events that trigger and
sustain (3 cell autoimmunity in humans have not
yet been defined.

A number of molecules present in the pan-

creatic islets might initiate and/or perpetuate
cell autoimmunity. Of these, only insulin and
glutamic acid decarboxylase (GAD) meet clinical
and, in the case of the nonobese diabetic (NOD)
mouse, direct experimental criteria for a patho-
genic role (11). Certainly, insulin is the only
known (3 cell-specific autoantigen in IDDM, and
mounting evidence suggests its involvement in
human diabetes. Autoantibodies to its parent,
proinsulin, have also been found in IDDM (12).
Prospective studies of the offspring of IDDM fam-
ilies, by our laboratory and elsewhere (13), sug-

gest that insulin autoantibodies (IAA) are the
earliest detectable marker of (3 cell autoimmu-
nity.

Several studies have also demonstrated spe-
cific T cell reactivity to islet antigens. Whole islets
stimulate the proliferation of T cells from subjects
at-risk for or with clinical IDDM significantly more
than autoimmune or HLA-matched healthy con-

trol subjects (14,15). GAD peptides or recombinant
GAD also stimulate T cells in these IDDM groups

(16-18). However, attempts to demonstrate T cell
reactivity to insulin have been largely unsuccessful
in humans (15), although insulin is a target for
islet-reactive T cells in mice (19). Similar studies
with proinsulin have not been published.

We have observed that a short region (13
amino acids) in the sequence of proinsulin bears
marked similarity (six identical, three conserved
residues) to a sequence from GAD (Fig. 1). This
similarity is found in both GAD isoforms (GAD65

and GAD67), as well as in the mouse GAD en-
zymes and proinsulins. It is notable that this
region lies within a portion of human GAD65
(amino acids 473-543) shown to be immuno-
dominant for T cells of IDDM patients (18). As
well, it is largely included in one of the two
mouse GAD65 peptides (amino acids 509-528)
that are the earliest to be recognized by T cells in
the NOD model of IDDM (20). Finally, the pro-
insulin sequence spans the cleavage site (Arg
32-Glu 33) of the PC 1/3 convertase (21), which
separates the C peptide from the insulin B chain.
This region is therefore absent from the mature
insulin molecule and would not have been pre-
viously tested in assays based on insulin or its
peptide fragments. The present study was de-
signed to address whether this region of similar-
ity might be a focus of T cell autoreactivity in
IDDM, thereby providing a molecular basis for
the observation of shared autoimmunity to GAD
and (pro)insulin.

MATERIALS AND METHODS
Subjects
Subjects at-risk for IDDM were from the Mel-
bourne Prediabetes Family Study. Each was en-
tered on the basis of having at least one first
degree relative with IDDM, and islet cell anti-
body (ICA) .20 JDF units and/or IAA 2 100
nU/ml (Table 1). All had normal fasting blood glu-
cose and glycated hemoglobin, and have had re-
peat antibody and metabolic tests at six monthly
intervals. Control subjects were HLA-DR matched,
asymptomatic, and without history of IDDM.

All subjects gave informed, signed consent,
and the study was approved by the Ethics Com-
mittees of the Royal Melbourne Hospital and the
Walter and Eliza Hall Institute of Medical Re-
search.

HLA Typing and Assays of ICA, IAA, GAD
Ab, and FPIR

HLA TYPING: HLA class I (A,B,C) and HLA class II
(DR,DQ) typing was performed using enriched
populations of T and B lymphocytes, respec-
tively. The cells were isolated from anticoagu-
lated blood using magnetic beads coated with
monoclonal antibodies to CD8 (class I) or a
monomorphic determinant on the class II (3
chain (class II) (Dynal). The enriched cell popu-
lations were typed by an internationally stan-
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dardized microlymphocytotoxicity assay using a
battery of 240 allosera for class I and 120 allosera
for class II.

ANTIBODY ASSAYS: ICA were assayed using indi-
rect immunofluorescence on blood group 0 do-
nor pancreas. Titres, in JDF units, were deter-
mined by doubling dilution of positive sera and
comparison with standard sera run in each assay.
The assay has been included in all International
Diabetes Workshops and proficiency programs.

IAA were assayed by a radiobinding method
which has been internationally standardized.
The upper limit for normal control sera is 40 nU
insulin bound/ml serum.

GAD antibodies were assayed by immuno-
precipitation of GAD enzymatic activity from
piglet brain extract (22). The mean plus 3 SD of
72 healthy subjects, 460nU/ml, was used to de-
fine the normal range.

FIRST PHASE INSULIN RELEASE (FPIR): FPIR was cal-
culated as the sum of serum insulin concentra-
tions at 1 and 3 min following the completion of
intravenous glucose (0.5g/kg body wt) injection
over 3 min.

T cell proliferation assay:
Blood was drawn from paired at-risk and HLA-
DR-matched control subjects at the same time
(within 30 min) on the same day and processed
similarly to reduce the effects of diurnal variation
and handling artefacts. Peripheral blood mono-
nuclear cells were isolated from heparinized
whole blood by Ficoll-Paque (Pharmacia Bio-
tech, Uppsala, Sweden) density centrifugation,
washed and resuspended in RPMI 1640 medium
(Gibco, Grand Island, NY, USA) containing 20 mM
Hepes (CSL Ltd., Melbourne, Australia), 10-5 M
2-mercaptoethanol (BDH, Poole, England), pen-
icillin (100 U/ml), streptomycin (100 ,tg/ml) and
10% autologous plasma. Aliquots of 200 ,l (2 x
105 cells) were transferred into wells of a 96-
well, round-bottomed plate (Falcon, Lincoln
Park, NJ, USA) and incubated in replicates of six
with the following peptides at final concentra-
tions of 10, 2, and 0.4 ,tg/ml: human GAD65
(amino acids 506-518), human proinsulin (ami-
no acids 24-36) (synthesized using an Applied Bio-
systems Model 431A Synthesizer [ABI, Foster City,
CA, U.S.A.]), and an irrelevant control peptide
(CRFDPQFALTNIAVRK) (Macromolecular Re-
sources, Fort Collins, CO). Tetanus toxoid (CSL
Ltd.) at final concentrations of 1.8, 0.18, and 0.018

LfU/ml was used as a positive control. Twelve "au-
tologous only" wells containing cells but without
antigen were included as the background control.
Plates were incubated at 370C in a 5% CO2 humid-
ified incubator for 6 days; 0.25 ,uCi of [3H]-thymi-
dine (ICN) was added to each well for the last 6 hr.
The cells were then harvested onto glass fiber filters
and incorporated radioactivity measured by (3-par-
ticle counting (Packard Model 2000 Liquid Scintil-
lation Counter). The level of cellular proliferation
was expressed as the delta score (DS, mean counts
per minute [cpm] incorporated in the presence of
antigen, minus the mean cpm of the "autologous
only" wells).

RESULTS
The mean age of the at-risk subjects was 17 years
and mean period of follow-up was 3.8 years. All
subjects were either HLA-DR3 or -DR4 positive,
and five had the high-risk HLA-DR 3,4; DQ 2,8
type. All had ICA 2 20 JDF units on at least one
occasion and eight had two or more antibodies
positive. Two subjects had first phase insulin re-
lease <50 ml at first test; in three others, FPIR
has fallen by more than 50% during follow-up.
By accepted criteria, this group of relatives is at
very high risk for progression to IDDM.

T cell proliferative responses to the similar
1 3-mer peptides from proinsulin and GAD were
compared for 10 pairs of HLA-DR-matched at-
risk and control subjects. HLA-DR matching was
thought to be important not only because of the
specificity of peptide binding to MHC class II
alleles but also because of the known association
between MHC class II and IDDM. Therefore, T
cell responses would reflect IDDM rather than
MHC specificity. Responses to the highest con-
centration of either peptide were significantly
(proinsulin: p < 0.008; GAD: p < 0.018-Wil-
coxon one-tailed paired analysis) greater among
at-risk than control subjects (Table 2). Reactivity
to the proinsulin sequence was confined almost
entirely to at-risk subjects, whereas some con-
trols also responded to the GAD peptide (Table 2,
Fig. 2). Both groups responded similarly to teta-
nus, and no subject reacted to the unrelated
control peptide.

For six of these pairs (#1, 2, 3, 5, 6, and 7),
the assay was performed on a separate occasion,
but using twice as many cells (4 X 105 per well).
Exhaustion of the media resulted in unreliable
results in three cases. In two of the other three
(#5 and 6), the results were consistent with those
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FIG. 2. Proliferation of peripheral blood T cells, as measured by [3H]-thymidine incorporation, in re-

sponse to the antigens: proinsulin peptide 10 ,tg/ml, GAD peptide 10 ,ug/ml, control peptide 10 jig/ml,
and tetanus toxoid 1.8 LfU/ml
Error bars indicate mean and 95% confidence interval.

tabulated here, while in the third (#3) the at-risk
subject displayed greater reactivity to both anti-
gens at the higher cell number. These results indi-
cate that there is probable reproducibility between
tests, although a larger number of subjects using
similar cell numbers would be required to confirm
this. Similarly, a larger number of subjects is nec-

essary to determine whether there is an association
between the observed T cell reactivity and clinical
parameters. Long-term follow-up will be required
to determine whether this reactivity has predictive
value for development of IDDM.

DISCUSSION
This is the first published demonstration of T cell
reactivity to a proinsulin-specific peptide. The
absence of this sequence from the mature insulin
molecule, due to processing by the PC 1/3 con-

vertase enzyme, may account for the previously
encountered difficulty in finding insulin-reactive
T cells in at-risk or recently diagnosed subjects
(15). A number of papers not only have docu-
mented elevated proinsulin levels in early-onset
IDDM and at-risk subjects (23-27), but also have
reported proinsulin autoantibodies (12,28,29).

To our knowledge, T cell reactivity to similar

sequences from two major autoantigens has not
been previously reported. This finding suggests
that molecular mimicry between these peptides
could be responsible for the conjoint immunoge-
nicity of their parent molecules. If so, this may be
the first example of molecular mimicry at the T
cell level in human disease. "Antigen mimicry"
via a short sequence of shared residues can cause

organ-specific autoimmune disease in an animal
model (30). In that case, immunization with a

peptide from the murine nicotinic acetylcholine
receptor chain (ACR 6), which shares four
amino acids with a peptide from murine ovarian
zona pellucida glycoprotein ZP3, resulted in mu-
rine oophoritis and IgG autoantibodies to the
zona pellucida. It is remarkable that polyalanine
peptides containing only the four shared residues
were similarly able to induce disease. The peptide
sequences examined in the present study have
even greater similarity. T cell reactivity to similar
sequences in proinsulin and GAD provides a po-

tential means for immunoreactivity (both hu-
moral and cellular) to spread from one of these
autoantigens to the other, assuming that process-

ing of the parent protein generates the mimic
peptide which can then be bound and presented
by an appropriate HLA molecule.

The MHC association with IDDM is well es-
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tablished (reviewed in Ref. 31). In humans, al-
though certain alleles are known to impart
higher risk than others, no single allele is essen-
tial to disease development. In the NOD mouse,
both the MHC class II I-Ag7 (32) and the class I
H-2 Kd (33) have been independently impli-
cated. The observed region of similarity of these
peptides extends to both mouse GADs and pro-
insulins (Fig. 1), and contains both a XYX-
XXXXXX(L/V) motif for binding to Kd (34) as
well as the ( +)XXX( -) motif present in most of the
peptides so far reported to bind I-Ag7 (32,35,36).
Both the proinsulin and GAD peptides bind with
moderate to high affinity to I-Ag7 and to the high-
risk allele HLA-DR(a,41*0401) (L. C. Harrison and
M. C. Honeyman, unpublished).

Others have found the T cell response to
GAD65 in IDDM to be largely directed to the
COOH-terminal region (18,17), which includes
the peptide we have studied here, although they
neither examined it specifically nor employed
HLA-matched controls. This region also appears
to be a focus of humoral immunity to GAD in
IDDM (37,38). The phenomenon of B and T cell
epitope concordance has been noted in several
other instances, and may be indicative of a role
for antibody in amplifying or focusing the im-
mune response. Examples include epitopes from
the inner lipoyl domain of PDC-E2 in primary
biliary cirrhosis (39) and from poliovirus (40). It
is interesting to speculate on the potential signif-
icance of this overlap at a molecular level of
cellular and humoral responses. While initial
breaking of T cell tolerance, due to aberrant pro-
cessing and presentation of self antigens or mim-
icry with foreign pathogen, might seem a likely
route to autoimmunity, the alternative direction
of spread from activated B to T cell has also been
described (41). In either case, careful analysis of
linear sequence similarity between known au-
toantigens may provide clues to the genesis of T
cell immunity underlying disease.

That the proinsulin epitope spans the natural
convertase cleavage site may be significant in the
pathogenesis of IDDM. Perhaps an early event in
this pathogenesis involves abnormal processing
of proinsulin, resulting in an unusual intermedi-
ate or an unusual amount of an intermediate. In
individuals with a permissive MHC, this interme-
diate might subsequently be processed and pre-
sented by APCs resident in the islets to T cells not
tolerant of this normally "cryptic" epitope. An
alternative scenario is direct presentation by the
,B cell itself. Class II MHC and accessory mole-
cules like ICAM-I can be induced in human islet

cells exposed to immuno-inflammatory cyto-
kines (42,43), but it is arguable whether the ,B
cell thereby acquires the functionality of an APC.
There is some evidence that autoimmunity to
GAD precedes that to insulin in NOD mice
(20,44). We and others have found that normal
individuals can have T cell reactivity to GAD (cf.
proinsulin). One could speculate that while
many individuals have T cells reactive to GAD,
these are initially nonpathogenic. Subsequent
expansion of some of these T cell clones that are
cross-reactive with proinsulin may produce acti-
vated clones with increased pathogenicity (e.g.,
due to increased adhesion molecules, costimulator
molecules, cytokine production, etc.) and might
provide the trigger for insulitis. This hypothesis
predicts that tolerization regimens with either GAD
or proinsulin should prevent disease onset.
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