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Introduction
Although nearly two decades have passed since the first de-
scription of autoantibodies in persons with insulin-dependent
diabetes (IDD),' the islet cell autoantigens that serve as targets
in this autoimmune disorder have only recently been identi-
fied. In fact, so many autoantigens have been described in this
disorder that it has become increasingly difficult to identify
those that are the most important for broad-based clinical in-
vestigations, and those (ifany) that are involved in the primary
immunological events of the autoimmune disease process.
Whereas the majority of these autoantigens have been identi-
fied by their reactivity with sera from IDD patients, studies of
the proliferative responses of peripheral blood monocytes ob-
tained from IDD patients have also been useful in this regard.
Table I lists a current compilation of the most widely recog-
nized islet cell autoantigens ofIDD. In this Perspectives review,
we have emphasized the biochemical and immunological char-
acterizations of the IDD-associated autoantigens but not the
frequency ofdetection of their respective autoantibodies, since
in many instances the latter information remains subject to
interlaboratory variation. The identification of islet cell au-
toantigens holds promise for improving our understanding of
the pathogenesis of IDD, the development of diagnostics for
predicting its clinical onset, and the design of specific therapies
for the prevention of the disease.

The pancreatic islet cell
The human pancreas is an organ with both exocrine and endo-
crine functions. This lobular gland has numerous acini and
ducts, held together by a network of connective tissue within a
discreet capsule. The exocrine pancreas function involves the
synthesis, storage, and secretion of digestive enzymes. Located
among the exocrine pancreas is a series of specialized endo-
crine cells that are organized into the islets of Langerhans. An
adult pancreas contains between 105 and 2 x 106 islets, with
individualized islets comprised of a few hundred to several
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1. Abbreviations used in this paper: GABA, gamma-aminobutryic acid;
GAD, glutamic acid decarboxylase; hsp, heat shock protein; IAA insu-
lin autoantibody; ICA, islet cell cytoplasmic autoantibody; ICSTA, is-
let cell stimulatory autoantibody; IDD, insulin-dependent diabetes;
PIAA, proinsulin autoantibody; SLMV, synaptic-like microvesicles.

thousand individual endocrine cells. Most islets have a diame-
ter of 100-200 ,tm, and collectively they constitute 1-2% ofthe
total volume of the pancreas. Each islet has a fine capillary
network, and is encapsulated by collagen.

An islet is composed of at least four endocrine cell types,
including: (a) beta cells: insulin (5,800 daltons, 51 amino
acids)-secreting cells constituting the core of the islet for
- 60% of the islet volume; (b) alpha cells: glucagon (3,485
daltons, 29 amino acids)-secreting cells distributed either in the
core or around the islet periphery and forming - 10-20% of
the islet volume; (c) delta cells: somatostatin (1,640 daltons, 14
amino acids)-secreting cells located variably within the islet
that comprise some 5-10% ofthe islet volume; and (d) pancre-
atic polypeptide (4,200 daltons, 36 amino acids)-secreting cells
that although normally are located within the islet periphery
(10-20%), can also be found scattered within the exocrine pa-
renchyma. The distribution of the endocrine cell types within
the islets and throughout the pancreas is not random but repre-
sents a precise organ topography. The posterior duodenal por-
tion ofthe gland contains islets with many pancreatic polypep-
tide cells and alpha cells, whereas islets within the head, tail,
and body of the pancreas contain proportionally more beta
cells.

Beta cells are similar to neurons in that these cells have little
reproductive ability and possess a mechanism for the release of
stored secretory products via exocytosis. The secretion ofthese
proteins represents the end point of a pathway involving pro-
duction, packaging, storage of hormones in granules proximal
to their release site, and their release by exocytosis after a spe-
cific tropic stimulus (Fig. 1). Beta cells have two types of vesi-
cles: secretory vesicles, which contain insulin, carboxy-
peptidase H, betagranin, pancreastatin, and cathepsin B; and
synaptic-like microvesicles (SLMVs), which contain gamma-
aminobutryic acid (GABA), glutamate decarboxylase (GAD),
and synaptophysin. These two vesicle systems have analogous
counterparts in neurons with respect to their neurotransmitter-
containing small synaptic vesicles (analogous to SLMVs) and
their large dense core-containing vesicles (analogous to insulin
secretory granules). The beta cell stores thousands of secretory
granules containing insulin-zinc hexamers. Beta cells secrete
insulin in response to an increase in capillary blood glucose
concentrations. Necessary prerequisites for this process include
glucose uptake via a glucose transporter as well as glucose me-
tabolism within beta cells. It is believed that after specific trans-
port of glucose, a stimulated glucokinase will express a specific
hexokinase activity resulting in a signal to the insulin secretory
granule to fuse with the plasma membrane, thus allowing the
release of insulin into the blood stream.

Islet cell cytoplasmic autoantigens
The initial description of islet cell autoantibodies (ICA) pro-
vided strong evidence for an autoimmune etiology and patho-
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Target of ICA in humans, GM2-1,
non-beta cell specific

Target of 64-kD antigen/GAD antibody
in humans and animal models of
IDD, two forms (GAD 65 and 67),
cellular immune antigen, synaptic
like microvesicle protein, disease-
modifying antigen

Target of IAA in humans and non-obese
diabetic (NOD) mice, cellular
immune antigen, disease-modifying
antigen

Target of autoantibodies in humans,
determined by bioassay

Target of 38-kD antigen in humans,
induced by cytomegalo virus,
localized to insulin secretory granules,
cellular immune antigen, multiple
antigens of this molecular mass?

Target of BSA antibody, antigen in
humans and animal models of IDD,
contains ABBOS peptide, has
molecular mimic in beta cell p69
protein (PM- 1), disease-modifying
antigen

Target of autoantibodies in humans,
inhibit glucose stimulation, GLUT-2
directed?

Target of autoantibodies and cellular
immunity in NOD mice, disease-
modifying antigen, contains p277
peptide

Target of autoantibodies in humans,
identified by immunoscreening of
islet cDNA, insulin secretory granule
protein

Target of autoantibodies in humans and
NOD mice, molecular mimic with
Rubella virus

Target of autoantibodies in humans,
identified by immunoscreening of
islet cDNA, 512 homology to CD45

Target of autoantibodies in humans,
beta cell specific, membrane
associated

Target of autoantibodies in humans and
NOD mice present on insulinoma cells

genesis ofIDD (1). ICA were defined as "cytoplasmic" by their
ability to react to antigen(s) located within the cytoplasmic
compartment of all endocrine cells of the pancreatic islet. Al-
though the assay for ICA detection in human sera has been
modified through the years since its original description, the
procedure most often used today still involves the indirect im-
munofluorescence of cryosectioned human pancreas (Fig. 2).

Hundreds of studies describing ICA in various populations
have been reported that collectively suggest that at least 0.1-
0.3% of normal (healthy) controls and 70-80% of new onset
IDD patients are ICA positive (2-4). The frequency of ICA in
nondiabetic relatives of IDD probands is 2-5%, while their
presence indicates an age- and titer-dependent increase in risk
of IDD. Multiple studies of IDD patients suggest that the fre-
quency ofICA decreases with increasing duration of overt dis-
ease, consistent with an antigen-driven immunological process
underlying their genesis.

All of the autoantigens to which the ICA are reactive have
not yet been fully characterized. Initial studies suggested that
the target antigen ofICA was a sialic acid-containing glycolipid
(5). This claim was based on: (a) the removal of ICA antigenic
reactivity from tissue sections when processed by alcohol-based
fixatives; (b) a similarity in biochemical properties of antigens
recognized by antiganglioside monoclonal antibodies to those
of ICA; and (c) an observation that ICA binding could be
blocked by a glycolipid extract of human pancreas that mi-
grates as a monosialoganglioside (6). Whereas glycolipids ex-
tracted from whole pancreas are primarily composed ofGM3
and GD3 gangliosides, islet cells also are enriched in monosia-
logangliosides (including GM2), and the ICA antigen report-
edly migrated as a specific ganglioside on thin layer chromatog-
raphy between GM2 and GM 1 (7).

The putative sialoglycolipid nature of ICA has, however,
needed to be readdressed due to the findings that some ICA are
in fact reactive to GAD. The ICA associated with the rare neu-
rological disease Stiff-Man syndrome, which is itself associated
with IDD, have clearly been identified to predominantly repre-
sent an anti-GAD response (8), whereas the ICA in IDD pa-
tients represent a diverse subset of autoantibodies (9-1 1). Re-
combinant GAD can compete/interfere with the ICA reactivity
associated with IDD in the absence of Stiff-Man syndrome
(1 1), and these anti-GAD ICA, as compared with non-GAD
ICA actually identify a subpopulation of individuals with a
lower rate of progression to IDD than that expected in general
for ICA positive persons (10, 1 1), possibly because non-GAD
ICA occur secondarily to beta cell damage. Others have classi-
fied ICA according to their ability to react with antigens specifi-
cally within beta cells, or with antigens within all islet endo-
crine cells (9, 10). Further characterization of the ICA-reactive
antigens is necessary, and is the subject of current research
attention.

64-kD/GAD autoantigen
Immunoprecipitation of detergent lysates of metabolically la-
beled islet cells with sera from IDD patients resulted in the
identification of a 64-kD autoantigen (Fig. 3) (12). These 64-
kD-reactive autoantibodies normally occur before the onset of
IDD (13) and, among nondiabetic relatives of patients with
IDD, they have been suggested to be the best predictive autoan-
tibody marker for impending IDD (14). Nearly a decade after
its initial description, the 64-kD protein was biochemically
identified as GAD (15).

Two forms ofGAD with molecular masses of65 and 67 kD
(GAD 65 and GAD 67) exist (16). These two proteins are en-
coded by different genes located on different chromosomes
(human chromosome 2 for GAD 65, and 10 for GAD 67). The
amino acid sequences of the two GADs are - 70% homolo-
gous, and both proteins contain a binding site for pyridoxal
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Table I. Islet Cell Autoantigens
ofInsulin-dependent Diabetes

Autoantigen Characteristics

Sialoglycolipid

Glutamate decarboxylase

Insulin

Insulin receptor

38 kD

Bovine serum albumin

Glucose transporter

hsp 65

Carboxypeptidase H

52 kD

ICA 12/ICA5 12

150 kD

RIN polar



Regulated pathway

SLMV

0 64 kD' GAD
\ I synaptophysin

Constitutive pathway

phosphate, a cofactor necessary for the enzymatic activity of
GAD. GAD catalyses the formation of the inhibitory neuro-
transmitter GABA from glutamine. Within the neurological
system, GAD 65 predominates within the central nervous sys-
tem while GAD 67 predominates in peripheral nerves. Both
forms of GAD have been identified within the GABAnergic
neurons of the brain as well as in the pancreatic islet cells,
however, other reported locations (some controversial) include
the testes, ovary, oviduct, and adrenal medulla (17). BothGAD
65 and GAD 67 have been identified in the islet cells and brain
ofthe same species, and amino acid sequence analysis as well as
biochemical characterization ( 18) have so far revealed no dif-
ferences between the brain and the pancreatic islet forms of
these genes. Within the islet,GAD may have a role in the inhibi-
tion ofsomatostatin and glucagon secretions, as well as in regu-
lating insulin secretion and proinsulin synthesis. Initial reports
indicated that GAD was predominantly observed in beta cells
and primarily stored within the SMLVs (1.9). However, more
recent studies suggest a strong degree of species and islet endo-
crine cell variation in GAD expression (20, 21) Specifically, rat
islets were shown to contain both isoforms of GAD, whereas
human islets expressed only GAD 65, and GAD expression
within islets was not limited to the beta cells (20, 21).

Recombinant produced GADs have been used to detect

Secretory granules
1 38 kD T-cell antigen

0 carboxypeplidase H
S clathrin

Figure 1. (Left) Transmission electron micro-
scopical picture of a single pancreatic beta cell,
featuring granules with insulin crystals in the
secretory granules (courtesy of Dr. P. In't Veld,
Vrije Universiteit Brussels); (right) schematic
representation of secretory pathways of pan-
creatic beta cells.

GAD 65 and GAD 67 autoantibodies in persons with or at risk
for IDD (21, 22). One study (22) reported that the anti-64-kD
response was primarily composed of an anti-GAD 65 activity,
that multiple autoantibody epitopes were present within GAD
(although none were identified within the NH2-terminal 200
amino acids), that a region ofGAD has a homologous protein
sequence with the P2-C protein ofcoxsackie B4 virus, and that
some forms ofneuropathy in IDD may be associated with anti-
GAD immunity. Evidence of lymphocyte-directed immunity
toward GAD has also been shown (23) and was strongly asso-
ciated with IDD.

Insulin
Insulin autoantibodies (IAA) have been second only to ICA in
terms ofresearch interest, most likely due to the ready availabil-
ity ofinsulin as a purified antigen. These spontaneously arising
endogenous autoantibodies were first described by Palmer et
al. (24) to be present in the sera of - 20% of newly diagnosed
IDD patients before they received any insulin therapy. Modifi-
cation of assay conditions led not only to an increase in their
frequency of identification (- 50% of new onset patients), but
also to a series of interesting observations. IAA are highly asso-
ciated with both ICA and reportedly the HLA-DR4 phenotype,
while their presence in ICA-positive nondiabetic persons re-

Figure 2. Islet cell cytoplasmic autoantibody
reactivity from human IDD sera with cryocut
human pancreas.
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Figure 3. Immunoprecipitation of 64K/GAD
autoantigen from human islet cells with sera
from IDD patient (lane A), and absence from
control immunoprecipitation (lane B).

sults in a significantly higher risk of beta cell insufficiency (25).
Other studies in high-risk groups have also identified that the
two autoantibodies (IAA and ICA) in a single person confer a
much greater risk for their subsequent IDD development than
does either marker alone (26). Insulin autoantibodies appear to
be strikingly and inversely correlated with age in both new-on-
set IDD patients and their high-risk nondiabetic relatives (27).
These data suggest that elevated IAA levels in younger patients
may reflect their generally faster rate of islet cell destruction
and more rapid progression to IDD than seen in adults. It
should, however, be acknowledged that IAA, when found in
the absence of ICA, has only low predictive value for progres-
sion to IDD.

There are several possible explanations as to why patients
generate autoantibodies to insulin before they develop IDD.
Islet cells undergoing autoimmune lysis may release immuno-
genic fragments and/or prepro- or proinsulins that could in-
duce a secondary immunization depending on differences in
the HLA class II phenotypes associated with IDD. Alterna-
tively, they may arise de novo as part of the autoimmune re-
sponse that initiates islet cell lysis. Whether IAA have any di-
rect role in the pathogenesis of IDD remains to be proven, but
their early appearance in the natural history of IDD and their
correlation with islet cell destruction certainly does not pre-
clude this possibility. Indeed, immunological tolerance to insu-
lin induced by oral feedings of porcine insulin to NOD mice
can significantly delay their onsets of diabetes (28).

Although IAA have been investigated extensively for their
predictive value, specificity for disease, and assay development,

only a few reports exist regarding epitope recognition of insulin
by IAA. The most extensive work examined IAA in terms of
their species specificity and fragment identity (29). Whereas
50% of IAA sera recognized whole human insulin, these same
sera failed to bind to porcine or bovine insulins, but also bind
human B chain but not porcine B chain or desalinated porcine
insulin, suggesting that position B30 was vital to epitopic recog-
nition. The remaining 50% of sera bound to all aforementioned
species of insulin. These authors further reported that unlike
IAA, antiinsulin antibodies induced by exogenous insulin ad-
ministration recognize epitopes involving either the A chain
exclusively or a conformational epitope involving both chains.
One human monoclonal antibody developed from an IDD pa-
tient receiving insulin therapy recognized intact native insulin
but not individual A or B chains (30). An analysis (31) of an-
other patient with the insulin autoimmune syndrome revealed
a monoclonal antibody response (IgG 1, lambda light chain)
with a single binding affinity for a determinant at the aspara-
gine at B chain (B3). Some insulin autoimmune patients, as
well as IDD patients, were also reported (32) to have islet cell
stimulatory autoantibodies (ICSTA). These ICSTA were re-
ported to stimulate the release of insulin both in vitro and in
vivo by some five- to eightfold stimulation from basal levels,
and to increase the level of preproinsulin mRNA (32). A series
of five monoclonal antibodies to human insulin were generated
(33) that showed multiple epitope specificities for both the A
chain (A4, A8-10) as well as the B chain (B30). The epitopic
specificities for two of these monoclonals were so sensitive that
substitutions of hydroxyl and methyl groups on B30 affected
binding of the antibodies.

With respect to proinsulin autoantibodies (PIAA), the im-
mediate precursor form of insulin, recent reports have claimed
that PIAA were more closely associated to IDD than IAA (34).
Specifically, new onset patients were observed to have PIAA
more often than IAA, however, every IAA was also PIAA posi-
tive. On the other hand some PIAA were not reactive to native
insulin, suggesting that PIAA may represent antibodies to A, B,
and C chain determinants and epitopes that have been lost
during the conversion of proinsulin to insulin. It was also inter-
esting that none of the IAA sera could be rendered antibody
negative by preclearance with proinsulin. This suggests that few
IAA are directed against determinants that were not accessible
in the precursor protein proinsulin. These results could be ex-
plained if proinsulin, rather than insulin, was the immunogen
that induced both PIAA and IAA. Indeed, some proinsulin is
secreted physiologically by beta cells (35), and elevated levels of
proinsulin have been reported in relatives of those with di-
sease (36).

At least two reports exist describing T lymphocyte re-
sponses to insulin as an autoantigen (37, 38). In one study,
cellular responses to human insulin were present in nearly all
(89%) ICA-positive first degree relatives ofIDD patients (37). A
second study (38) has shown that antiinsulin peripheral blood
mononuclear cell responses exist in both preonset and newly
diagnosed IDD patients. However, since the level of antiinsulin
activity (i.e., cellular proliferation) was lower than responses to
an undefined islet cell antigen preparation, the authors pro-
posed that insulin (soluble) is not the major islet cell antigen in
measurements of T lymphocyte proliferation. Finally, the au-
thors demonstrated that the cellular recognition of insulin
shows species specificity within these patients, a situation simi-
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lar to that observed with cellular responses from insulin-treated
diabetics (39). In fact, the latter studies claimed that cellular
recognition of insulin showed a fine specificity for one or two
amino acids (cell lines derived from patients treated with beef
insulin only responded to pork insulin peptides that shared
homology with beef sequences). Finally, autoantibodies to in-
sulin receptors have also been reported in sera from patients
with IDD, and were identified through their inhibitory effect of
insulin binding to its receptor (40) These insulin receptor auto-
antibodies were proposed to arise as antiidiotypes ofIAA, how-
ever, follow-up studies measuring direct serum binding to iso-
lated insulin receptors suggested that these autoantibodies are
infrequent findings in IDD (41).
38-kD autoantigen
The initial report of anti-38-kD immunity dates back to the
studies of the 64-kD autoantigen, which showed that some
IDD sera immunoprecipitated a 38-kD protein from human
islet cells (12). Because ofthe relative low frequency ofautoanti-
bodies to this protein in comparison with other autoantibodies
in new-onset IDD patients, it was the subject of only limited
research interest. However, several recent reports have rekin-
dled interest to resolve its identity. A series of islet cell-reactive
T cell clones from the peripheral blood mononuclear cells were
developed from two recent onset IDD patients, in order to
identify the biochemical nature of islet cell autoantigens in-
volved in islet cell autoimmunity (42). In those studies, insulin-
oma-derived antigens stimulated the proliferation ofCD4+ T
cell clones after interaction with autologous antigen-presenting
cells, a response that was inhibited by anti-HLA DR antibod-
ies. Using subcellular fractionation of insulinoma cells, these
same investigators suggested that the antigen inducing the pro-
liferative response was a 38-kD component of the insulinoma
secretory granule (43). The cellular distribution of the 38-kD
antigen recognized by the T cell clones showed a common ex-
pression limited to neuroendocrine tissues that share the prop-
erty of storage of bioactive polypeptides in intracellular vesi-
cles, and their secretion by an exocytotic mechanism (e.g., in-
sulinoma, neuroblastoma, pituitary, adrenal). Other tissues,
such as the thyroid, gastric fundus, fibroblasts, liver, lung, heart
muscle, skeletal muscle, and exocrine pancreas, provoked little
or no reactivity by 38-kD-reactive T cells. Follow-up studies
showed that peripheral blood mononuclear cells obtained from
a majority ofnew onset IDD patients proliferate in vitro when
appropriately presented with 38-kD secretory granule prepara-
tions (44).
Bovine serum albumin
Since genetic factors alone cannot explain the 50-75% discor-
dance rate of disease between affected probands and their non-
diabetic siblings and/or twins, environmental factors have
been proposed to be important to the etiopathogenesis of dis-
ease. Environmental influences could act through a number of
mechanisms (45). Insulitis could be triggered by molecular
mimicry between an environmental antigen and an islet cell
autoantigen. Dietary indiscretions could also lead to an in-
crease of insulin requirements provoking beta cell activity and
augmenting the antigenicity ofthese cells provoking or exacer-
bating beta cell autoimmunity. Finally, environmental viruses
or toxins could be directly harmful to beta cells and provoke
secondary immune responses.

For years, researchers have pointed toward immunity
against albumin as a potential environmental link to IDD, with

bovine milk proteins in particular suggested to be diabetogenic
triggers based upon epidemiological and serological studies in
humans and serological/dietary studies of animal models of
IDD. Many ofthese models propose that the diabetogenic trig-
gering event occurs early in life. Specifically, a recent study
suggested that prolonged breast feeding ofinfants together with
a corresponding delay in their exposure to cow's milk-based
formulas significantly reduced the diabetes frequency in Fin-
nish families at increased genetic risk for IDD (46). These
breast feeding studies remain controversial as both supportive
and nonsupportive claims have been reported (47). However,
on a worldwide basis, there appears to be concordance (R
= 0.96) between the milk consumption of the population and
the incidence rates for IDD (48). However, studies of immu-
nity to BSA in humans have been quite controversial. Indeed,
problems in immunoassays of islet cell autoantigens can occur
due to ready adherence ofBSA to islet cells in vitro (49).

Recent work has sought to identify both the antigenic prop-
erties ofBSA and to determine its role, ifany, in the pathogene-
sis of IDD. Anti-BSA antibodies that bind to a 69-kD beta cell
surface protein have been reported (50-52). Since, this 69-kD
protein was inducible by gamma interferon, it has been pro-
posed that it might be the "environmental link" between anti-
BSA immunity and the beta cell destruction associated with
IDD (Fig. 4). Further studies (52) by that same group identified
a small peptide region termed "ABBOS" (pre-BSA amino acids
152-168) that was in major variance to other species of albu-
min (including human, rat, and mouse serum albumins). Re-
markably, immunization with this peptide resulted in anti-69-
kD beta cell antibodies. The most recent studies by this group
suggested that all IDD patients have increased levels of BSA
antibodies, and that most ofthese can be explained by anti-AB-
BOS activity (52). This area of antigenicity is under active in-
vestigation because ofthe strong hypothetical link between en-
vironmental agents and immunological formation of disease.

Glucose transporter/inhibitory antibodies
Because glucose-stimulated insulin secretion is selectively im-
paired in humans with IDD, the role ofthe glucose transporter
of islet cells as a target autoantigen of IDD has been investi-
gated (53). In one study, some 96% of purified IgG from new-
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Figure 4. Western blot analysis of p69 expression in various rat tis-
sues. Reprinted, by permission of The New England Journal ofMed-
icine (327:306).
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onset patient sera inhibited 3-0-methyl-beta-D-glucose uptake
by islets, whereas control and non-IDD patient sera did not.
The inhibitory effect ofIDD sera on islet cell secretion ofinsu-
lin was abolished by preincubation of sera with hepatocyte
membranes (which like beta cells have type 2 glucose trans-
porter, [GLUT-2]) before the addition ofsera to islet cells. How-
ever, erythrocyte membranes (containing GLUT- 1 but devoid
of GLUT-2) could not remove the inhibitory activity of IDD
sera. However, whether these autoantibodies are directed
against GLUT-2 directly or a second protein involved in the
glucose transport in beta cells remains to be elucidated.

Heat shock protein 65 (hsp 65)
Two reports from one group provided evidence that a key anti-
genic epitope critical to the pathogenesis ofIDD in NOD mice
may be contained within the hsp 65 molecule (54, 55). In those
studies, T lymphocytes specific for hsp 65 and to a contiguous
24-amino acid peptide (termed p277) transferred acute dia-
betes to young prediabetic NOD mice; the insulitis lesions that
precede IDD in the animals contained T lymphocytes reactive
to hsp 65 and p277; and active immunization to whole hsp 65
provoked acute diabetes. Moreover, vaccination with anti-
p277 T lymphocytes or with p277 peptide led to decreased
immunity to hsp 65 as well as prevention of insulitis and
IDD (55).

With one exception, evidence to support hsp 65 as an anti-
gen in human IDD is lacking. One study suggested that hsp 65
was the beta cell autoantigen involved in human IDD reactiv-
ity ascribed to the 64-kD autoantigen (56). Follow-up studies
failed to confirm this hypothesis (57, 58) and showed that the
64-kD autoantigen was not cross-reactive with hsp 65. The hsp
65 protein is 60 kD in human islet cells, and neither this nor
any other identified islet cell hsp is the specific target ofautoan-
tibodies in sera from IDD patients as detected by immunopre-
cipitation reactions (59). Since all of these human studies were
performed with autoantibodies, and are not analogous to the
reported cellular studies ofNOD mice, the possible pathogenic
role of cellular immunity to hsp in IDD has not yet been com-
pletely resolved. Further, it still remains to be settled whether
hsp 65 is an islet cell autoantigen, or whether hsp 65 (specifi-
cally p277) shares a T cell epitope with any islet cell autoanti-
gen. It may also be important to resolve ifhsp 65 is a polyclonal
activator of autoreactive T cells associated with IDD, or if hsp
65 represents a superantigen unique to the murine model ofthe
disease.

Carboxypeptidase H
A novel technique to identify putative islet cell autoantigens
involves the immunoscreening of islet cell cDNA expression
libraries with sera from IDD or pre-IDD patients. Using this
technique, an autoantigen-producing clone was found to en-
code a fragment of carboxypeptidase H (enkephalin conver-
tase) (60). Sera from 25% of ICA-positive relatives are reactive
to carboxypeptidase H, whereas controls are nonreactive to this
antigen. The mRNA for this gene is also located in insulinoma
lines, however, it also has been observed in human kidney,
adrenal, and testes, thereby questioning its role in disease, as
there is a lack of disease-restricted organ specificity to these
locations of the enzyme (61). Carboxypeptidase H is a mole-
cule found within islet secretory granules and neuroendocrine
cells (62). It is a glycoprotein associated with the production of
peptide hormones and neurotransmitters (63). This enzyme,

which can be observed in both membrane-bound (majority;
52-53 kD) and soluble (minority; 50 kD) forms, facilitates the
conversion of proinsulin to insulin. Carboxypeptidase H is a
major protein of insulin secretory granules and is one of the
most abundant islet cell granule proteins after proinsulin/insu-
lin (64).

Other islet cell autoantigens
An islet cell autoantigen of 52 kD has been identified through
Western blotting analysis using rat insulinoma and human islet
cell preparations (65, 66). The expression of this antigen is
reportedly restricted to cellular membranes, and is not detect-
able in other endocrine/nonendocrine tissues, including adipo-
cytes, adrenal, kidney, liver, pituitary, salivary, and testes (66).
A detailed two-dimensional analysis of the 52-kD protein re-
vealed multiple isoforms of this antigen. Although this protein
remains to be identified biochemically, an antigenic determi-
nant ofthe Rubella virus capsid protein P2C is reportly shared
with the 52-kD antigen, thereby forming the basis ofan induc-
tive event in the pathogenesis based on molecular mim-
icry (65).

Two putative islet cell antigens, termed ICA 12 and
ICA512, have been identified through immunoscreening of a
lambda gt 11 library containing human islet cell cDNA with
IDD sera (67). Both antigens are reportedly reactive only with
IDD sera, and the ICA512 antigen showed significant sequence
homology with the lymphocyte common antigen CD45 (68),
creating the possibility that both islet cells and CD45-positive T
cells could be involved in a common autoimmune process in
patients with IDD.

Another novel method to detect beta cell surface antigens
involved the development ofa panel ofmouse anti-rat insulin-
oma monoclonal antibodies whose binding was specific to in-
sulinoma cells (i.e., no reactivity to rat adrenal, brain, cardiac
muscle, exocrine pancreas, fibroblast [mouse], intestine, kid-
ney, liver, ovary, pheochromocytoma, pituitary, spleen, sub-
mandibular glands, testes, thymus, and thyroid cells) (69). The
ability of IDD sera to displace insulinoma reactivity by the
specific monoclonal antibody was then tested. One IgM mono-
clonal antibody, termed 1A2, was specifically displaced by
prior incubation with IDD sera but not by control sera. Al-
though the function of the reactive antigen remains unclear,
further biochemical analysis has defined the antigen to be a
membrane-bound protein of 150 kD (70). Finally, an antibody
has been described that reacts with a protein antigen located at
the secretory pole of transplantable rat insulinoma (RINm38)
cells, and has thus been termed a "polar antigen" (71). How-
ever, its biochemical and functional description is very limited.

Metabolic activity and beta cell antigenicity
There is an increasing body of evidence derived through both
in vitro and in vivo studies that suggests that the functional
state (i.e., metabolic activity) of the beta cell may play a role in
the pathogenesis of IDD. Prophylactic insulin administration
in both humans and animal models ofIDD have shown this as
a potentially important method for the prevention ofIDD (72-
74). Similarly, intensive insulin therapy in newly diagnosed
IDD patients has been shown to improve subsequent beta cell
function for > 1 yr (75). Whether these beneficial effects are the
result of alterations in metabolic or immunologic (or both)
mechanisms is unclear. Multiple mechanisms could explain
the link between beta cell destruction and functional activity,
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including increased expression of autoantigens involved in
beta cell destruction, increased susceptibility to the toxic effects
of mediators of beta cell destruction (e.g., IL- 1, nitric oxide),
and decreased ability for islet cell regeneration. In vitro evi-
dence has supported a relationship between metabolic activity
and autoantigenic expression. The cellular location of the au-
toantigen in question is also of interest with respect to IDD
pathogenesis since granular membrane proteins are only tran-
siently exposed on the cell surface during insulin release by
exocytosis. Therefore, the accessibility of such autoantigens
(e.g., 38 kD) to immune system components may be height-
ened as a result of functional hyperactivity of beta cells, while
their intermittent exposure might be one means of provoking
an autoimmune response.

Potentialfor antigen-driven therapy
The role of insulin as an agent to modify the autoimmunity
observed in IDD has been explored in both humans with dis-
ease and rodent models of IDD. Most encouraging have been
recent studies monitoring prophylactic injection or oral inges-
tion of antigens, a process that is thought to inhibit (over time)
the degree of immunological responsiveness to that antigen
and the organ from which that antigen derives. In non-obese
diabetic mice, oral doses of insulin given intermittently from
early life delays the onset of diabetes and may have inhibitory
effects on the degree of insulitis (28). This beneficial effect ap-
pears to be due to an active immunoregulatory response since
the preventative effect can be transferred through spenocytes in
adoptive disease transfer experiments. Such effects may in turn
result from the invasion of antigen-specific (e.g., insulin) T
lymphocytes to the pancreatic islet along with the release of
transforming growth factor : or interleukin- 10. Based on these
results, human trials using insulin (i.e., both prophylactic injec-
tion and oral injection) and other islet cell antigens (e.g., GAD
65) will soon begin.

Alternatively, the prophylactic administration of autoanti-
gens through various immunization regimens has proven bene-
ficial in preventing disease in rodent models ofIDD. For exam-
ple, immunization with insulin alone or in combination with
adjuvants not only prevents disease, but spenocytes from these
animals are capable ofpreventing diabetes in adoptive transfer
of disease studies (our unpublished results).

Summary
A burgeoning number of antigenic targets ofthe islet cell auto-
immunity in IDD have been identified, and more can be antici-
pated through improved methods for their identification. The
challenge for those investigating the pathogenesis of IDD will
be to assign the relative importance of these antigens to the
development of the disease, and to resolve whether there is a
dominant primary immunologic event that is followed by a
series of secondary immunizations to a variety of normally
sequestered islet cell antigens in the sequence of pathogenic
events that culminate in IDD. One interesting observation that
may have potential pathogenic implications is the observation
that of all islet cell autoantigens described, only two (i.e., 64
kD/GAD, 38 kD) are reactive in their native configurations,
implying that recognition of conformational epitopes is most
important. This property argues for primary immunizing
agents rather than secondary ones after release of denatured
antigens and antigenic recognition through their epitopes.

Given the complex and multiple physiological functions of is-
let cells and the continuous variation in their activity, it is rea-
sonable to speculate that the speed of the progression to IDD
could vary between individuals with respect to their insulin
needs and the relative activities of their islets. Activated islets
may express autoantigens that have only limited expression in
quiescent islets. The oftentimes striking variation in the sever-
ity ofinsulitis seen in different islets ofa single pancreas may be
explained by the level of activity of individual islets. Further-
more, disparity in HLA-DR/DQ associations with disease may
involve differences in the immunological recognition of au-
toantigens. Whereas there is still much to learn, it is clear that
disease predictability and disease intervention studies have
been enhanced through the identification of the islet cell au-
toantigens in IDD.
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