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Summary

Historically, the development of type 2 diabetes has been considered not to
have an autoimmune component, in contrast to the autoimmune pathogen-

esis of type 1 diabetes. In this review we will discuss the accumulating data
supporting the concept that islet autoreactivity and inflammation is present
in type 2 diabetes pathogenesis, and the islet autoimmunity appears to be one
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The immune system is a collection of highly regulated pro-
cesses designed to promote protective immunity against
insults from pathogenic organisms and neoplasias. These
highly regulated processes (adaptive and innate immune
systems) encompass both stimulatory and regulatory path-
ways aimed at turning on and off appropriate responses
designed to rid the host of the assailant without producing
long-term damage to the host. To accomplish the eradication
of pathogenic organisms, the host mounts an inflammatory
insult. The developing inflammation serves to protect a
defined region of infected or damaged tissue by recruiting
cells necessary to resolve the insult while isolating the area to
prevent the spread of inflection. Regulatory mechanisms have
evolved in the host to down-regulate and control the immune
response and tissue inflammation [1]. However, inflamma-
tion sometimes fails to subside and this unresolved inflam-
mation may become chronic. Chronic inflammation has been
attributed to the development of inflammatory diseases such
as atherosclerosis [2]. Moreover, intriguing evidence is accu-
mulating which indicates that unresolved chronic inflamma-
tion may play a role in the initiation, promotion, malignant
conversion and metastasis of several human cancers [3,4].
Allowing inflammatory responses to assist in eradicating
pathogenic mechanisms while forbidding establishment of
chronic inflammatory conditions and subsequent develop-
ment of inflammatory disease is one of the multiple facets of
the normally functioning immune system.

disease process.

of the factors associated with the progressive nature of the type 2 diabetes
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Another facet of the normal immune system is the recog-
nition of self versus altered self. Cancer arises from the host’s
own tissues, thus immune recognition and eradication of
cancer from the host requires that the immune system must
recognize an altered version of self. In other words, the
immune system must allow generation of autoreactivity to
occur to eliminate the cancer cells. Results of studies in
cancer immunology are challenging the old concept that the
immune system is tightly regulated, not allowing for reactiv-
ity to self. Instead, new concepts illustrate that the immune
system is not so tightly regulated to prevent reactivity to self;
rather, the normal immune repertoire consists of both T cells
and B cells capable of recognizing self [5-9]. However, under
most normal circumstances the immune system’s regulatory
mechanisms are effective in maintaining control over the
autoreactive cells preventing the development of autoim-
mune disease while maintaining the immunosurveillance
necessary to avoid establishment of malignancies.

A delicate balance exists in the multi-faceted normal
immune system encompassing effector mechanisms designed
to initiate inflammatory and autoreactivity balanced against
regulatory mechanisms designed to control both inflamma-
tory and autoimmune responses and protect the host from
subsequent damage. Some of the challenges for medicine are
to induce potent tumour immunity (autoreactivity) balanced
against the risk of development of autoimmune disease and to
establish effective inflammatory responses to rid the host of
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assaulting pathogens without allowing for chronic inflamma-
tory conditions which may lead to subsequent inflammatory
disease. Another emerging area of intriguing data points to
the ageing immune system as a potential cause of chronic
inflammatory and/or autoimmune disease development. As
the host ages the immune system, like many organ systems,
experiences either diminished or loss of functional capacity.
This concept of autoimmunity proposes that the failure of
control mechanisms as the host ages may be a primary risk
factor for autoimmune disease development in older indi-
viduals [9]. Inflammatory and autoimmune responses are
therefore part of the normal and protective capabilities of the
host’s immune system. However, when does the inflamma-
tion become chronic, escalating from an inflammatory con-
dition to an inflammatory disease, or when does the
autoreactivity become autoimmune disease? In the remain-
der of this review, we will focus on the concepts of inflamma-
tory and autoimmune responses in association with the
development of type 2 diabetes.

Diabetes mellitus is a spectrum of diseases encompassing
type 1 (T1D) and type 2 (T2D) diabetes [10—12]. The diag-
nosis of T1D versus T2D is commonly made using criteria
such as age at onset, abruptness of hyperglycaemic symp-
toms, presence of ketosis, degree of obesity and the perceived
need for insulin replacement. The pathogenesis of T1D is
believed to be a cell-mediated autoimmune disease because
T cells, but not autoantibodies, are necessary to transfer
disease in animal models and human T1D [13-15]. T2D
accounts for approximately 90-95% of patients with diabe-
tes, with individuals having disease pathogenesis ranging
from predominantly insulin resistance with relative insulin
deficiency to primarily an insulin secretory defect with
accompanying insulin resistance. Historically, T2D has been
considered to be a metabolic disease of the ageing individual
and has not been considered to be autoimmune.

Recently, many notable discoveries have provided evi-
dence to support the concept of immune system involve-
ment in obesity and type 2 diabetes development [16-19].
Chronic inflammation of the visceral adipose tissue is
believed to be involved in the pathogenesis of insulin resis-
tance and subsequent development of T2D, with multiple
groups demonstrating an increase in visceral adipose T cell
subsets [20-23]. In fact, proinflammatory T cells present in
visceral fat are believed to be involved in the initial establish-
ment of adipose inflammation preceding the infiltration of
monocytes into the adipose tissue [20]. Regulatory T cells
have been shown to be highly enriched in the abdominal fat
of normal mice but reduced significantly in the abdominal
fat of insulin-resistant mouse models of obesity [24].
Deiuliis et al. [25] reported that obesity in mice and humans
actually results in adipose T regulatory cell depletion. In fact,
induction of regulatory T cells decreases adipose inflamma-
tion and alleviates insulin resistance in ob/ob mice [26].
Moreover, Meijer K et al. [27] reported that human adipo-
cytes express a number of cytokines and chemokines that are
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able to induce inflammation and activate CD4" cells inde-
pendent of macrophages. These results suggest that the
primary event in the sequence leading to chronic inflamma-
tion in adipose tissue is a metabolic change in adipocytes
inducing production of immunological mediators, and pre-
sentation of potential antigens by adipocytes leading to acti-
vation of adipose tissue macrophages and other immune
cells. Furthermore, many studies, both cross-sectional and
prospective, have demonstrated elevated levels of circulating
acute phase proteins as well as cytokines and chemokines in
patients with T2D, supporting the concept that T2D is an
inflammatory disease [28-31].

The diagnosis of T2D involves insulin resistance as one of
the components in the diabetes disease process. In recent
years, the contribution of several proinflammatory cytokines
such as interleukin (IL)-1B [32-34], IL-6 [35] and tumour
necrosis factor (TNF)-o [36,37] have been implicated in
disrupting insulin signalling, causing insulin resistance. In
fact, neutralizing TNF-o in rats provided an early suggestion
that inflammatory mediators were associated with the devel-
opment of insulin resistance [36]. Irrespective of the initia-
tion trigger for the chronic inflammation, the involvement of
chronic inflammation in the development of insulin resis-
tance and subsequent development of T2D is now widely
accepted.

One risk factor for development of autoimmune disease is
chronic inflammation [38,39]. Moreover, obesity, which is a
phenotypic risk factor for T2D development, has been dem-
onstrated to predispose patients to several autoimmune dis-
orders, including inflammatory bowel disease (IBD) and
psoriasis [40,41]. Proinflammatory CD4* T cells in adipose
tissue have been demonstrated to stimulate the development
of CD8* T cells [17,22]. These observations are important, as
the CD8" T cells are generally considered to be the cells
capable of lysing cells, both foreign and self, in the develop-
ment of inflammation and autoreactive responses [42—46].
Until recently, the development of autoinflammatory and
autoimmune diseases was believed to rely on the stimulation
of a subset of CD4* proinflammatory cells designated as T
helper type 1 (Th1). However, with the discovery of IL-23 it
has now become apparent that other immune system players
are implicated in autoimmune disease development. One of
the immune system culprits is the cytokine IL-17. IL-17 has
been demonstrated to be produced by a new T cell subset
designated Th17. The Th17 T cells have been implicated
directly in the pathogenesis of both inflammatory and
autoimmune diseases [47-49]. Moreover, obesity and
chronic inflammation have been demonstrated to promote
selectively an expansion of the Th17 T cell subset [50]. The
increased Th17 bias, the increases in CD8" T cell subsets and
establishment of an inflammatory milieu may represent the
link between inflammation, T2D and subsequent develop-
ment of islet autoimmune disease in T2D patients.

Another component of diabetes disease development is
the resulting pancreatic lesion. The pancreatic lesion in
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patients with diabetes encompasses a spectrum of dimin-
ished or destroyed capability of the pancreatic islets to
produce insulin. In the pancreas of T1D patients the 3 cells
are destroyed selectively by the immune system in an
autoimmune attack, whereas the pancreatic lesion of pheno-
typic T2D patients has been believed historically to be
a metabolic defect, resulting in diminished secretory
capability. However, recently the pancreas of T2D patients
have been demonstrated to be infiltrated by immune cells
[17-19]. These studies suggest that immune-mediated islet
damage may be a component of more than just classic T1D.
B cell destruction and damage caused by soluble immune
mediators occurs most probably in the pathogenesis of both
T1D and T2D. In T1D, the invading immune cells produce
cytokines such as IL-1B, TNF-o. and interferon (IFN)-y.
These cytokines have been demonstrated to directly induce 3
cell apoptosis [51]. In T2D, the circulating IL-6 and IL-1B
have also been associated with B cell apoptosis [52]. More-
over, elevated levels of IL-1PB, IL-6 and C-reactive protein
(CRP) are predictive of T2D development [28-31]. Treat-
ment of T2D patients with IL-1ra to block the effects of
IL-1B improves B cell function and diabetes control [32].
With the backdrop of obesity-associated chronic inflamma-
tion, enrichment of T cell populations indicated in autoim-
mune pathologies, an associated inflammatory pancreatic
islet lesion, circulating, and within the pancreatic lesion,
soluble B cell apoptotic mediators, and the infiltration of the
immune cells not only into the adipose tissue but also into
the pancreas, the stage is set for cell-mediated islet autoim-
mune development in T2D. When does islet autoreactivity
become autoimmune disease?

The levels of circulating soluble inflammatory mediators
have been shown to be similar among diabetic and non-
diabetic obese subjects [31], and cannot be used to predict
the efficacy of anti-inflammatory treatments directed at
stimulating insulin secretion, decreasing insulin resistance or
preventing development of T2D [30-33]. The decline in B
cell function observed over time in most T2D patients dem-
onstrates the progressive nature of the T2D disease process
[50]. This decline in B cell function during diabetes patho-
genesis has been demonstrated to be diminished or halted
with diabetes drugs with secondary anti-inflammatory prop-
erties [53; Reichow et al., unpublished data]. What is the
target of the anti-inflammatory actions of these drugs which
demonstrate efficacy in the treatment of T2D? Could one of
the mechanisms responsible for the subsequent drop in pan-
creatic insulin output over time observed in T2D patients be
cell-mediated islet autoimmune destruction? Could the
autoreactive T cells present in normal individuals become
autoreactive effector cells capable of initiating islet autoim-
mune disease in T2D patients within the chronic inflamma-
tory mileu associated with obesity and T2D?

In 1996 our laboratory developed a T cell assay, cellular
immunoblotting, with excellent sensitivity and specificity for
measuring islet-specific T cell responses in autoimmune dia-
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Fig. 1. Fasting and glucagon-stimulated C-peptide in phenotypic
type 2 diabetes patients separated by antibody-negative (n=17)
and antibody-positive (n = 19) independent of T cell reactivity

(a) or separated by T cell responses to islet proteins irrespective of
autoantibody responses (b). T cell” (n=13) and T cell* (n =23).
Horizontal bars represent means [53].

betes [54,55]. We have utilized cellular immunoblotting to
measure islet-reactive T cells in T1D patients [54-57], sub-
jects at risk of developing T1D and, more recently, pheno-
typic T2D patients [58-60]. We have also demonstrated that
T cell reactivity to islet proteins in phenotypic T2D patients
correlates more strongly with impaired B-cell function com-
pared to autoantibody positivity (Fig. 1), thus demonstrat-
ing not only the presence of islet autoimmune responses in
T2D patients but autoimmune disease [60]. More recently,
we have also observed that the diabetes drug (rosiglitazone),
which suppresses the islet reactive T cell responses (anti-
inflammatory) in phenotypic T2D patients, can improve 3
cell function (Reichow et al., unpublished data). Further-
more, rosiglitazone has also been shown to be able to reduce
both T cell and macrophage infiltration into the adipose
tissue, improving insulin resistance and glucose intolerance
[61]. These results support the concept that subsequent
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improvement in T2D disease can be accomplished by target-
ing immune responses and most importantly diminishing
tissue (islet)-specific T cell responses.

The importance of quantitating islet autoimmunity
though the measurement of the islet-reactive T cells is
emphasized by the reports estimating that up to 15-20%
of newly diagnosed autoimmune T1D patients are
autoantibody-negative [62]. Furthermore, approximately
9% of autoantibody-negative T1D patients carry the
highest-risk human leucocyte antigen (HLA) genotype
DR3-DQ2/DR4-DQ8, suggesting strongly that these
patients had autoimmune diabetes but were undetected with
autoantibody testing alone [62]. Similarly, a subgroup of
Japanese autoimmune diabetes patients, known as fulminant
type 1 diabetes, have been reported to be autoantibody-
negative but demonstrate islet-specific T cell responses [63].
In phenotypic T2D patients, we identified the presence
of a subgroup of phenotypic T2D patients who are
autoantibody-negative, but demonstrate islet-specific
autoimmunity with islet-reactive T cells similar to classic
T1D patients [60]. These T cell islet-reactive positive pheno-
typic T2D patients also demonstrated a more severe B cell
lesion than the patients who had not yet developed islet-
reactive T cell responses [60], thus implicating the islet-
reactive T cells in T2D patients in the B cell functional
demise associated with T2D pathogenesis. Moreover, these
studies demonstrate further the importance of assaying for
islet autoimmune T cell responses when determining the
presence of islet autoimmunity in T2D patients.

Therefore, it appears that islet autoimmune disease may
be involved in the continued B cell functional demise asso-
ciated with the progressive nature of T2D disease. However,
is the islet autoimmunity that develops in T2D the same as
the islet autoimmunity which develops in T1D? Comparing
islet autoantibodies associated with T1D and T2D patients
suggests potential differences. The most common islet
autoantibodies found in childhood T1D patients are islet cell
autoantibodies (ICA), glutamate decarboxylase autoanti-
bodies (GADADb), insulinoma-associated antigen-2 autoan-
tibodies (IA-2), zinc transporter autoantibodies (ZnT8) and
insulin autoantibodies (IAA), with many patients demon-
strating positivity for multiple islet autoantibodies. In fact,
positivity for an increasing number of islet autoantibodies is
associated with a progressively greater risk of developing
T1D [64-67]. In contrast, for phenotypic T2D patients,
GADAD and ICA are much more common than IAA, TA-2
and ZnT8 autoantibodies and singular positivity for either
ICA or GADAD is more characteristic of autoimmune phe-
notypic T2D patients [68—73]. One important issue to stress
is the islet autoantibodies used to categorize and identify
autoimmune T2D patients are islet autoantibodies identified
originally in T1D patients. Therefore, there may be other
islet autoantibodies specific to autoimmunity in phenotypic
T2 diabetes that have not yet been identified which would
classify them more accurately. In support of this concept,
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Fig. 2. Similarities and differences identified in islet proteins
recognized by peripheral blood mononuclear cells from type 1
diabetes and autoantibody-positive phenotypic type 2 diabetes
patients. Asterisks identify significant (P < 0-05) differences in
percentage of patients responding to a particular molecular weight
region containing islet proteins [66].

Seissler et al. [74] demonstrated that GAD and IA-2 could
block ICA staining in approximately 60% of sera from T1D
patients, but in a much lower percentage of sera from
autoimmune T2D patients.

When T cell recognition of islet proteins is compared
between T1D and T2D patients (Fig. 2), islet proteins that T
cells from both groups of patients recognize are identified,
but differences in the islet proteins recognized by the T cells
from T1D and T2D patients are also observed [75]. These
results demonstrate that the development of islet autoimmu-
nity in T1D and T2D patients appears to follow a slightly
different roadmap to islet autoimmune disease. This is not
totally surprising, as the autoimmune development in T2D
patients appears to arise as a sequela of the chronic inflam-
matory responses associated with obesity, whereas the
autoimmune responses in T1D may have a more specific
environmental trigger. Recently, obesity has also been dem-
onstrated to be a potential accelerant of the diabetes disease
processes and subsequent complications in classic TID
patients [76-79]. These studies suggest further that islet
autoimmune development in both T1D and T2D may be
more similar than appreciated previously.

Accumulating data support the concept that not only are
islet autoreactivity and inflammation present in T2D, but
also islet autoimmune disease. Moreover, the development
of islet autoimmune disease appears to be one of the
factors associated with the progressive nature of the T2D
disease process. Understanding the islet autoimmune cell-
mediated pathogenesis in phenotypic T2D patients may
lead to the development of new, more efficacious and
safer antigen-based intervention strategies directed at the
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developing cell-mediated islet autoimmunity both in T1D
and T2D.
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