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Islet autoimmunity has been identified as a component of both type 1 (T1D) and
type 2 (T2D) diabetes, but the pathway through which islet autoimmunity
develops in T1D and T2D may be different. Acknowledging the presence of islet
autoimmunity in the pathophysiology of T2D, a historically nonautoimmune
metabolic disease, would pave the way for important changes in classifications of
and therapeutic options for T2D. In order to fully appreciate the importance of islet
autoimmunity in T2D, the underlying mechanisms for immune system activation
need to be explored. In this review, we focus on the potential origin of immune
system activation (innate and adaptive) leading to the development of islet
autoimmunity in T2D.

Diabetes is classified into two major types: type 1 (T1D) and type 2 (T2D). Insulin
deficiency underlies both T1D and T2D; historically, however, the disease etiologies
have been considered to originate from different mechanisms, irrespective of the
patient’s age at onset of disease. T1D is considered to be of autoimmune etiology,
requiring immediate insulin replacement, whereas T2D is considered primarily to
result from insufficient insulin production and insulin resistance unrelated to islet
autoimmunity. However, discoveries highlighting similarities between the two
pathologies and the involvement of the immune system in the pathogenesis of
both T1D and T2D have challenged this simplistic categorization of diabetes (1). For
example, similar geneshavebeen implicated indisruptionsof glucosemetabolismand
uptake in both T1D and T2D (2,3). In addition, the more severe insulin deficiency
and the physiological need for immediate insulin replacement historically associated
with T1Dhave nowbeen identified in patientswith the T2Dphenotype (4).Moreover,
insulin resistance, which has been regarded as a pathology primarily associated with
T2D, has also been confirmed to be a component of T1D pathophysiology (5,6). These
similarities suggest that the pathogeneses of T1D and T2D may not be as distinct
as previously postulated.
Diabetes classification guidelines are established to promote the education of

health care professionals in order to assist them in caring for patients with diabetes,
prescribing therapies, and directing avenues for future research. Unfortunately,
outdated classification schemesmay ultimately create challenges to treating patients
with diabetes. The concept of immune system involvement in obesity, insulin
resistance, and T2D has recently highlighted the necessity for changes in the current
diabetes classification system to include the involvement of immune responses in T2D
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pathophysiology. If the current classifi-
cations for T1D and T2D were expanded
to include immune involvement in both
types, these changes may help physicians
embrace a broader range of therapeutic
options for treating patients with T2D.
In this review, we outline the immune
system’s involvement in the develop-
ment of obesity, metabolic syndrome,
insulin resistance, and T2D. We also
propose potential mechanisms leading
to the development of islet autoimmu-
nity in T2D and discuss how the patho-
physiologies of T1D and T2D may be
closer than previously appreciated.

ISLET AUTOIMMUNITY IN T2D

The development of T2D is associated
with b-cell dysfunction, islet inflamma-
tion, systemic inflammation, insulin re-
sistance, and often obesity. We and our
colleagues identified islet-reactive T cells
in patients with T2D with, and in those
without, islet antibodies, which are the
historical hallmark of autoimmune clas-
sification in patients with T1D (7). We
also demonstrated that cellular re-
sponses to islet proteins in the peripheral
blood of patients with the T2D pheno-
type can be used to identify patients
with a more severe b-cell lesion and a
larger decline in b-cell function than in
those with T2D without islet-specific
T-cell reactivity (8,9). Furthermore,
we observed that attenuation of islet-
specific T-cell responses in patients with
autoimmune T2D who were treated
with rosiglitazone, a thiazolidinedione,
resulted in C-peptide improvement. In
comparison, T2D patients treated with
glyburide experienced no change in their
islet-specific T cells and experienced
a progressive loss of b-cell function
throughout the study. (10). Our studies
support the concept that islet-specific
T cells are important contributors to
the progressive decline of b-cell function
associatedwith T2Dprogression. Sarikonda
et al. (11) also identified CD41 islet-
reactive T cells in patients with T2D.
They concluded that both patients with
T1D and patients with T2D have islet-
reactive autoimmune T cells and that
these cells are involved in the pathogen-
esis of b-cell destruction. Butcher et al.
(12) also described proinflammatory
cytokines in islets with dysfunctional b
cells in patients with T2D.
Further support for autoreactivity in

T2D comes from studies associated with

the Pima Indians. Pima Indians have been
historically the “gold standard”model of
nonautoimmune T2D. T2D is highly prev-
alent among this select group of Native
Americans and has been regarded as
“classic” T2D without immune system
involvement. However, Chang et al. (13),
using high-density protein microarrays,
identified novel autoantibodies associ-
ated with insulin secretion in Pima In-
dians with T2D. The association of
autoantibody differences between T1D
and T2D may indicate different immune-
stimulating antigens between the two
types. The antigenic differences may
reflect the different pathways activated
autoreactive cells journey from the in-
testine to the pancreas: directly to the
target organs in T1D versus indirectly
through magnification in adipose tissue
in T2D. These pathways are discussed
further in the sections below.

Williams et al. (14) identified an HLA
haplotype that is associated with in-
creased insulin secretion, indicating a
potential role for loss of self-tolerance
in the development of T2D in Pima In-
dians. Moreover, Frankl et al. (15), using
high-throughput sequencing of T-cell
receptor CDR3 regions, reported differ-
ences in T-cell receptor repertoires as-
sociated with and predictive of the
development of T2D. These results sug-
gest that islet autoimmunitydboth re-
lated to autoantibodies and mediated by
T cellsdmay be important components
of b-cell dysfunction in the historic “gold
standard” of nonautoimmune T2D. The
shift from anti-inflammatory (T helper
[TH]2 cells) to inflammatory (TH1, TH17
cells) and the presence of “new” adipose
tissue and endoplasmic reticulum (ER)
stress proteins available to the immune
system may pave the way for the de-
velopment of the metabolic syndrome,
autoimmune diseases, and cancer (de-
tailed in the following sections). The
increased availability of these “altered”
or “new” antigens in the intestine, ad-
ipose tissue, and other organs, which
are potentially undergoing ER stress,
along with increasing T-cell reactivity
to these “novel” proteins, may be the
underlying mechanism for the antigen-
spreading phenomenon identified in
patients who are developing autoim-
mune diseases (16,17). These observa-
tions support the concept that islet
autoimmune reactivity is involved with
b-cell dysfunction and destruction in

both T1D and T2D. In the following sec-
tions, we discuss the differential pathways
and potential mechanisms involved in
the development of islet autoimmune
reactivity in T1D and T2D.

Roles of Systemic Inflammation in
Obesity, Insulin Resistance,
Autoimmunity, and Cancer
Studies indicate that in diet-induced
obesity, antigen-stimulated, proinflam-
matory innate (macrophages, natural
killer cells) and adaptive immune cells
(TH1, TH17, CD4

1, and CD8 T lympho-
cytes) infiltrate visceral adipose tissue
(VAT) and replace the anti-inflammatory
environment dominated by anti-
inflammatory TH2 cells and T-regulatory
cells (Tregs), which are associated with
lean fat (18). McLaughlin et al. (19) demon-
strated that proinflammatory CD41 TH1,
TH17, and CD81 T cells populate human
adipose tissue and correlate with the
development of systemic inflammation
and insulin resistance. They also showed
that proinflammatory cells infiltrate VAT
significantly more frequently and at a
higher magnitude than in subcutaneous
adipose tissue (SAT). Theaccumulationof
more inflammatory cells in VAT than in
SAT, as described by McLaughlin et al.,
may also indicate an underlying mecha-
nism for the stronger association of
accumulation in VAT with metabolic
and autoimmune diseases, cancers,
and cardiovascular diseases. The T-cell
profiles these researchers observed in
SAT and VAT correlated significantly with
T-cell profiles in the peripheral blood of
patients in whom the proinflammatory
cells were able to migrate to various
tissues, creating a systemic inflammatory
state. These researchers also observed
that the presence of anti-inflammatory
TH2 cells in VAT, SAT, and peripheral
blood was inversely correlated with
systemic insulin resistance. It is impor-
tant to recognize the ability of antigen-
stimulated innate and adaptive immune
cells from adipose and other tissuesd
especially those cells that have been as-
sociated with autoreactivity, such as TH17
cellsdto circulate throughout the body
(20). In fact, Morton et al. (21) demon-
strated that bowel-derived TH17 cells,
effectors of autoimmune disease, migrate
from the gut to other organs and to joints
and contribute to the development of
autoreactive arthritis.
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Accumulation of TH17 cells has been
observed in VAT from insulin-resistant
patients, and their numbers in the periph-
ery positively correlate with insulin resis-
tance in both T1D and T2D (19,22,23).
These cells are also found in peripheral
blood from women and children who are
obese, are more abundant in VAT than
SAT, are present in islet inflammation in
patients with T1D and patients with T2D,
and are involved in b-cell destruction
in T1D (19,20,22–25). Mahmoud and
Al-Ozairi (26) also observed that patients
with T2D and coronary heart disease, a
common complication of T2D, demon-
strated significantly more CD41 T ef-
fector cells that produce interferon-g
(IFN-g), tumor necrosis factor-a (TNF-a),
and interleukin (IL)-17, and signifi-
cantly fewer Tregs than patients with
T2D but without coronary heart disease.
We observed similar findings in subjects
with T2D who developed cellular islet
autoimmunity and identified increases in
IL-17, IFN-g, IL-12, and proinflammatory
monocytes (B.M.B.-W, J.P.P., unpublished
data). The presence of the proinflamma-
tory cells, particularly TH17 cells, provides
the potential for destructive inflamma-
tion to be established in organs that are
remote from the intestine or fat, resulting
in metabolic complications or organ de-
struction and adding another commonality
between T1D and T2D pathogeneses.
A role is now widely accepted for

systemic circulation of the proinflam-
matory cytokines IL-1b, IL-17, IL-6, and
TNF-a in mediating insulin resistance
(27). Studies suggest that systemic up-
regulation of proinflammatory cytokines,
resulting from the establishment of sys-
temic inflammation while obesity devel-
ops, may be the link between cancer,
obesity, autoimmunity, and chronic dis-
eases. Proinflammatory cytokines such
as IL-1b, IL-6, IFN-g, IL-17, IL-12, IL-22,
and TNF-a have enhanced tumor survival
and proliferation (28). TNF-a has been
shown to stimulate cancer development
by enhancing DNA damage, promoting
uncontrolled cellular proliferation and
metastasis (29). Other cytokines such
as IL-6 stimulate the expression of genes
that promote angiogenesis and tumor
cell proliferation, invasiveness, survival,
and metastasis (30). Moreover, the
downregulation of Tregs, specifically in
visceral obesity, may create conditions
that favor the establishment of tumors
and tumor survival.

The importance of systemic inflam-
mation and adipocyte changes in the
development of T2D was recently con-
firmed in a prospective study of 1,014
individuals participating in the Danish
arm of the Anglo-Danish-Dutch Study
of Intensive Treatment in People with
Screen-Detected Diabetes in Primary
Care (ADDITION-PRO) (31). In that study,
Deichgræber et al. (31) investigated the
association between the macrophage-
activation marker soluble CD163, adipo-
nectin, and C-reactive protein (CRP) and
changes in glycemia, insulin resistance,
and insulin secretion in individuals at high
risk of T2D. They observed that increases
in soluble CD163 and CRP serum con-
centrations were positively associated
with changes in HOMA-b. Changes in
serum adiponectin, however, were in-
versely associated with changes in 2-h
glucose and HOMA-b. Deichgræber et al.
concluded that systemic inflammatory
mechanisms and changes in adipose tis-
sue play a role in changing glucose ho-
meostasis in individuals at high risk of T2D.

The driving force establishing and
maintaining systemic inflammation and
insulin resistance may be immune system
recognition of ER stress proteins, ER
chaperones, neoantigens, or all three,
asa resultofERstress inorgansor tissues.
These neoantigens may be responsible
for upregulating innate and adaptive
immune responses capable of migrating
to other tissues/organs, creating inflam-
mation, recognizing similarly produced
antigens, and downregulating regulatory
responses (32). If migrating activated
immune cells encounter similar antigens
in other tissues such as the pancreas, to
which they were initially activated, tis-
sues/organs may be destroyed (auto-
reactivity). The importance of tissue
antigens has been shown by inhibiting
adipocyte death in VAT. If adipocyte
death is inhibited and adipocyte antigens
are not available to the immune system,
insulin resistance is prevented (33).

NEOANTIGEN AVAILABILITY:
CREATING SELF-REACTIVITY?

The establishment of antigen-specific
immune responses in obesity-related
systemic inflammation requires antigen.
The development of obesity has been
demonstrated to be associated with the
necrotic death of adipocytes and the
presentation of antigen to cells of
the adaptive immune system. Wensveen

et al. (34) proposed a model of obesity-
induced adipose tissue inflammation
suggesting that in response to a high-
fat diet, adipocytes initially become hy-
pertrophic and later hyperplastic, with an
associated shift in adipokine production.
The adipocytes undergo apoptosis as a
result of ER stress and release antigens
previously not available to the immune
system. The presence of necrotic adipo-
cytes and the upregulation of stress
markers on the surface of adipocytes
in obesity provide the components
necessary to stimulate adaptive immune
cells and further destroy adipocytes.
Adipocyte death in tissues of obese
mice and humans has been observed
and is assumed to be one of the driving
forces for recruiting antigen presenting
cells and stimulation of effector cells of
the adaptive immune system in obesity
(35). During adipocyte necrosis, release
of adipocyte self-proteins may stimulate
näıve antigen-specific T cells (CD41, CD81,
and TH17 cells) or stimulate antigen-
activated immune cells arriving from
the circulation. Immune cells, which may
have been activated in the intestine or
other inflamed tissues, may then contrib-
ute to further adipocyte destruction,
magnifying the responses occurring in the
fat and adding to the number of immune
cells circulating throughout the body.

Adipose tissue macrophages (ATMs)
and adipocytes have been shown to act
as antigen-presenting cells, promoting
the activation and proliferation of effec-
tor T cells (36). The establishment of
antigen-specific upregulation of the adap-
tive immune system in adipose tissue
is further supported by studies using
macrophage-specific MHCII knockout
mice (37). Thesemice havemacrophages
that are incapable of presenting antigens
to effector T cells. Therefore, the mice
are protected from developing insulin
resistance through inhibiting effector/
memory T-cell generation. T-cell receptor
repertoires seem to be very homoge-
nous within the inflammatory environ-
ment of VAT, further implying localized
antigen stimulation and expansion of
antigen-specific T cells (38). Thus, the
evidence exists for clonal expansion of
an adaptive immune response in the
tissues of obese mice and humans
though antigens presented by ATMs
are still unidentified. Interactions be-
tween the immune cells, both innate
and adaptive, within adipose tissue are
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believed to be an important component
of the development and magnification
of ongoing chronic systemic inflamma-
tion and subsequent development of
metabolic disturbances and disease.
Figure 1 illustrates the changes in ad-
ipose tissue during the transition from
lean to obese.

ER STRESS AND DIABETES

ER stress has been demonstrated to
supply proteins that were previously
unavailable to the immune system
(39,40). These ER stress proteins, along
with microbial antigens, play an impor-
tant role in upregulating the proinflam-
matory cells (adaptive and innate) and
proinflammatory cytokines in the intes-
tine, which circulate to other organs and
tissues, elevating or creating inflamma-
tory conditions. ER stress can occur in
multiple organs, such as adipose tissue
and the pancreas. The ER is important for
protein folding, protein maturation, and
protein movement throughout a cell.
When the ER becomes stressed, newly
synthesized unfolded proteins, improp-
erly folded proteins, or both accumulate.

Disruptions of the ER, causing “ER stress,”
result in the breakdown of and func-
tional changes in the protein-folding
machinery of the ER. The ER responds
by activating the altered protein re-
sponse, or “unfolded protein response”
(UPR). This response functions to restore
normal protein homeostasis (39,41).
Professional secretory cells, such as
the b-cells of the pancreas and adipo-
cytes in obesity, have an elaborate ER.
During the UPR, new chaperone and ER
stress proteins are synthesized in order to
aid in folding accumulated misfolded
proteins. Because of the secretory
functions of pancreatic b-cells, they
are significantly affected by the UPR
resulting from ER stress. Obesity-
induced insulin resistance also adds
to the ER stress applied specifically
on pancreatic b-cells (42). Figure 2
illustrates some of the components
associated with metabolic stress,
which can act directly on the cells
of the pancreas, leading to ER stress
in the pancreatic b-cells and shifting
the balance toward autoreactivity against
b-cells.

ER stress proteins havebeenproduced
in adipose tissue of obese insulin-resistant
individuals (43). ER stress may thus be
responsible for an increase in abnormal
posttranslational modifications or the
surface expression of endogenous
ER proteins to a level sufficient to gen-
erate autoreactive responses to these
“new” surface proteins, or neoproteins
(44–47). Major ER chaperones such as
glucose response proteins 78 (GRP78/
BiP) and 94 (GRP94), calreticulin, and
protein disulfide isomerase all exhibit
cell surface forms and secreted forms
that differ from the ER forms (that are
not present on the surface or secreted)
during ER stress. This supports the pos-
sibility that the immune system recog-
nizes these altered “self-proteins” as
autoantigens (44–47).

Immune response genes may also be
potentially important for determining
which cellular populations are activated
or which neoproteins are presented, thus
determining which autoimmune disease
develops. The robustness of the immune
system (much more robust in younger
individuals than in older individuals) may
also play a role in determining when
autoimmune disease develops. Younger
patients with diabetes may develop islet
autoimmunity with activated immune
cells coming from the intestines (see
the section POTENTIAL SITES OF INITIATION: INTESTINAL

IMMUNE SYSTEM AND GUT MICROBIOME) directly to
the target organ, whereas the less ro-
bust responses in older patients with
diabetes may need to be magnified by
systemic inflammation and the involve-
ment of multiple tissues (adipose). It
may also explain the grouping of auto-
immune diseases: The diseases group
together on the basis of similar antigens
being presented in multiple tissues or
organs.

ISLET INFLAMMATION AND
DIABETES

In addition to systemic inflammation
and ER stress, inflammation has been
observed within the pancreatic islets.
Increased numbers of immune cells
and cytokines within the islets, charac-
teristic of islet inflammation, have been
reported to be an important contributor
to b-cell dysfunction and apoptosis in
both T1D and T2D (48–50). Islet-reactive
T cells have been identified in both T1D
and T2D (7–11), though the cells involved
in islet inflammation may differ between

Figure 1—Obesity-induced changes in adipocytes. In an obese state, the immune composition of
the adipose tissue shifts and takes on a proinflammatory (PI) phenotype, whereas in a lean state,
the immune system of the adipose tissue primarily has an anti-inflammatory (AI) composition.
These changes incorporate cytokines, adipokines, newly expressed proteins on the surface of the
adipocytes, and ER stress proteins; apoptosis of adipocytes; and changes toward a PI immune
composition. The PI immune cells may recognize the “novel” adipocyte proteins or proteins
resulting from adipocyte apoptosis or ER stress. They may include immune cells that were
stimulated in the intestine or other tissues and are migrating to the adipose tissue or cells that
were stimulated within the adipose tissue. The antigen (Ag)-stimulated PI cells and cytokines
may then enter the bloodstream and migrate to other tissues and organs.
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T1D and T2D. Adaptive immune cells
have been identified in patients with
T1D, whereas cells in the islets of patients
with T2D at this time seem to be primarily
from the innate immune system (48).
However, further studies are needed
to investigate the cells involved in islet
inflammation in T2D. Interestingly, in T2D,
IL-22 administration, which suppresses
ER stress and inflammation, has been
shown to restore glucose homeostasis
and insulin sensitivity (51). It would have
been of interest to determine the effect
of IL-22 on inflammatory cells, but un-
fortunately, these studies did not inves-
tigate the cellular immune responses to
the novel islet proteins following IL-22
administration. The presence of islet in-
flammation, ER stress, and “novel” pro-
teins in both T1D and T2D demonstrates
another similarity in immune pathology
between T1D and T2D.

POTENTIAL SITES OF INITIATION:
INTESTINAL IMMUNE SYSTEM AND
GUT MICROBIOME

The cells of the intestinal tract and the gut
microbiome, with its resident bacterial
populations, are important primary sites
in the body where environmental and
potentially altered antigens are encountered.

When certain classes of dietary antigens
are consumed, such as fatty acids,
the intestinal barrier may break down.
Changes in intestinal tract permeability
and the gut’s microbial constitution are
emerging as important components
in the development of ER stress, obesity,
insulin resistance, systemic inflamma-
tion, and autoimmune responses (52).
Fatty acids and other components of
high-fat diets lead to increases in proin-
flammatory cytokines such as IL-1b,
IFN-g, and IL-6, increases in intestinal
proinflammatory immune cells (innate
and adaptive), increases in systemic
endotoxemia, changes in gut bacterial
populations, migration of proinflamma-
tory cells from the gut to other tissues,
and decreases in proportions of Tregs
(40,52,53). ER stress in intestinal cells
also seems to be an important contrib-
utor to establishing and maintaining
intestinal inflammation (40,52). The in-
crease in intestinal permeability further
allows bacteria and bacterial products,
such as lipopolysaccharide, to cross the
intestinal barrier into the systemic cir-
culation and into the visceral adipose
tissue, enhancing the antigenic stimula-
tion of immune cells outside of the in-
testinal environment. In fact, systemic

endotoxemia has been proposed as a
major component of the upregulation of
systemic inflammation and the develop-
ment of insulin resistance (54). Figure 3
illustrates some of the changes that occur
in the intestinal system, which may be
important for establishing innate and
adaptive immune responses and for
the subsequent migration of these cells
and cytokines to other tissues. However,
these changes in tissue barriers may
not be solely a dysfunction associated
with the intestinal tract. Other tissue
barrier dysfunctions may occur, leading
to the upregulation of proinflammatory
environments, tissue inflammation, and
tissue destruction.

An important issue to consider is that
ER stress changes occur in the intestinal
tract as a result of a high-fat diet (55). It
is therefore conceivable that the neo-
antigens produced by the UPR stimulate
activated immune systems (innate and
adaptive) in the gut. The sameERantigens
would then be available in other tissues,
such as adipose tissue and pancreas, for
the migrating activated intestinal im-
mune cells to recognize. This autoreac-
tivity could lead to further activation and
destruction of tissues and organs, advanc-
ing the progression of autoimmune dis-
eases. The generation of neoantigens may
also lend insight into the link between
obesity, autoimmune disease, and can-
cer. In fact, calreticulin, an ER chaperone,
has been used as a component in cancer
chemotherapy, with encouraging results
(49).Moreover, immune recognition of
neoepitopes has recently been recog-
nized as a key component of the de-
velopment of islet autoimmunity in T1D
(44,56,57). Hypothesizing that the de-
velopment of autoimmune disease orig-
inates in the gut may also explain the
“environmental” factors associated with
autoimmune disease development.

DYSBIOSIS, CHANGES IN GUT
MICROBIAL POPULATIONS, AND
INSULIN RESISTANCE

Another key component in the pathophys-
iology of insulin resistance is changes
in the bacterial composition of the gut
microbiome, known as dysbiosis (52). Vrieze
et al. (58) conducted a small study in which
they transferred intestinal fecal bacterial
populations from lean human donors
to insulin-resistant obese subjects. The
fecal transplants improved insulin sensi-
tivity in the obese recipients. These results

Figure2—ERstress inpancreaticb-cells.Numerous factors suchas insulin resistance, highglucose,
free fatty acids, cytokines, and incoming inflammationmay be responsible for the development of
ER stress in pancreatic cells. ER stress may then be responsible for an increase in the number of
abnormal posttranslational modifications or in the expression of endogenous ER proteins on the
surface of pancreatic cells. This may occur to a level that is sufficient to generate autoimmune
responses to these “new” surface proteins, or neoproteins. The “pro-inflammatory” antigen-
stimulated immune cells arriving in the pancreas may recognize the “novel” islet proteins or the
proteins resulting from b-cell apoptosis or ER stress. Antigen may activate other immune cells
within the pancreas, leading to further b-cell destruction or dysfunction.
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suggest that the microbial populations
present in the lean donors may be one
mode of protection against insulin re-
sistance. Current research points to
important roles for gut dysbiosis, dam-
age of intestinal barriers, and systemic
inflammation in the development of
insulin resistance in both T1D and
T2D (52,58,59). Wilkin (60) (who pro-
posed the accelerator hypothesis, which
states that the etiology of T1D is driven by
insulin resistance and not islet autoim-
munity) suggested that islet autoim-
munity is a response to, rather than the
cause of, b-cell stress (ER stress and
b-cell apoptosis). This systemic inflam-
matory response may be triggered in
the intestinal tract by changes in microbial
populations, gut barrier permeability,
environmental antigens, or ER stress
proteins, and it may be magnified in
the adipose or other tissues before an
autoimmune attack in other organs.
Therefore, the underlying mechanism
responsible for insulin resistance, chronic
disease, autoreactivity, and cancers ap-
pears to be the change in the balance
from an anti-inflammatory to a proin-
flammatory systemic immune state.

CLINICAL RELEVANCE ANDWHERE
WE GO FROM HERE

Innate and adaptive immune responses
are involved in obesity-associated sys-
temic inflammation, insulin resistance,
autoimmune diseases, cancers, and
ultimately b-cell dysfunction/destruction
in T1D and T2D. Acknowledgment of the
important role the immune system plays
in the development and progression of
both T1D and T2D opens the door for the
inclusion of immunotherapy in the treat-
ment of T2D. Unfortunately, which ad-
ipose tissue antigens, ER antigens, or
b-cell antigens the immune system rec-
ognizes, and which thus result in b-cell
attack, are not known. In fact, T cells from
both patients with T1D and patients with
T2D recognize multiple islet proteins,
likely reflecting antigen spreading within
the autoimmune response (16,17). There-
fore, until the autoantigens are defined,
targeted antigen-based therapy is not
possible. Based on the aforementioned
studies, it is likely that the antigens in-
volved in an autoimmune attack may
not be specific to b-cells but may
come from ER stress or from proteins
that are upregulated in many tissues

under conditions of stress. However,
our studies suggest that the T-cell re-
sponses to b-cell proteins are specific in
patients with diabetes. Thus, continued
research toward identifying the “initiating”
antigen(s) is important in order to develop
future antigen-based therapies. It is also
becoming apparent that therapy will
most likely come from a combination
of treatments addressing the overall
inflammatory condition, ER stress, and
the intestinal microbiome.

In a previous study (10), we were able
to attenuate islet-specific T-cell re-
sponses and improve b-cell function
withaperoxisomeproliferator–activated
receptor-g antagonist (rosiglitazone).
Prieur et al. (61) also demonstrated
that treating ATMs from obese mice
with rosiglitazone prevents ATM polar-
ization toward the proinflammatory
state, suggesting that rosiglitazone sup-
presses the establishment of obesity-
associated inflammation. Both of these
studies suggest that attenuating the
autoreactive or inflammatory T-cell re-
sponse would be beneficial to patients.
At this time, rosiglitazone is no longer
used for treating patients with T2D, so
new anti-inflammatory therapies are
needed for use in such patients.

Tauroursodeoxycholic acid (TUDCA), a
taurine conjugate of ursodeoycholic acid
that interferes with the mitochondrial
cell death pathway, reducing ER stress
and stabilizing the UPR, significantly de-
creased pancreatic lymphocytic infiltra-
tion, b-cell death, and development of
T1D in NOD mice (62). TUDCA also in-
creased insulin sensitivity in the liver
and muscle of insulin-resistant obese
subjects. TUDCA did not, however, have
an effect on insulin sensitivity or ER stress
in adipose tissue (63). Two current ther-
apies used clinically in order to treat T2D,
pioglitazone and metformin, improved
ER stress and have been investigated in
cardiovascular diseases. Unfortunately,
these two drugs did not have a significant
effect on the inflammatory component
(64). Many T2D therapies may lack long-
term efficacy because of their inability
to suppress systemic inflammation, au-
toreactive responses, and ER stress.

Another potential therapy might be
to stabilize or reconstitute the gut
microbiome. The impact of a number
of antidiabetes therapies on the gut
microbiome is currently being investi-
gated (65). Again, the limiting issue is

Figure3—Intestinal assault and resultingchanges.An intestinal assault compromises the intestinal
integrity or alters the bacterialmicrobiome, allowing for external environmental antigens to enter
the environment. These changes shift the immune composition of the intestine from an anti-
inflammatory phenotype to a proinflammatory phenotype. These changes incorporate novel
expression of proteins on the surface of the intestinal epithelial cells (ER stress), apoptosis of
intestinal cells, and upregulation of proinflammatory cells (innate and adaptive) and cytokines (IL-
6, IL-1b, TNF-a, IFN-g, CRP). The immune cells and cytokines are released into the bloodstream.
The antigen-stimulated proinflammatory immune cells and cytokines arriving in the pancreas or
other organs may recognize the “novel” proteins resulting from ER stress to which they were
initially stimulated.
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the potential necessity to include ther-
apies aimed at the gut microbiome, the
resulting inflammation, and ER stress.
Because ER stress may be involved in
the initial events that lead to the de-
velopment of metabolic syndrome and
diabetes, it may be crucial to identify
proteins involved in the initial stimula-
tion of immune responses. Identifying
ER stress or adipose tissue proteins
that stimulate immune cells and inflam-
matory cytokines (IL-1b, INF-g, IL-6)
may be important to target for future
therapies. Importantly, because of the
concurrent appearance of multiple eti-
ologies, combination therapies will likely
be most beneficial for patients.

SUMMARY AND CONCLUSIONS

Althoughdiabetes includes a spectrumof
disease manifestations, the loss of b-cell
function is central to all typesof diabetes.
What has recently become clearer, how-
ever, is the involvement of the immune
system, both innate and adaptive, in the
development of metabolic syndromes
and b-cell dysfunction/destruction in
T2D. Under lean conditions, the immune
system downregulates inflammatory re-
actions andupregulates Tregs. In obesity,
however, the continual upregulation of
proinflammatory innate and adaptive
immune reactivity establishes a systemic
inflammatory state that seems to be
driven by antigens, but the specific
ones have not yet been identified. The
establishment of a systemic inflamma-
tory state can be regarded as a “mal-
function” of immune regulation and is
often highlighted by autoimmune disor-
ders and cancers. The significance of islet
inflammation and islet autoimmunity in
T2D has yet to be fully appreciated, but
islet-specific T-cell autoimmunity seems
to increase the loss of b-cell function.
The important role of the intestinal

microbial composition, tissuebarrierdys-
function, and the immune system in the
pathogenesis of both T1D and T2D is also
becoming increasingly appreciated. Re-
searchers may eventually understand the
development of islet autoimmunity in
T1D and T2D and be able to target their
pathogeneses. We hope future studies
will help to elucidate the triggers that
initiate islet autoimmunity in both T1D
and T2D and to develop or identify
therapeutic interventions capable of in-
hibiting autoimmune reactivity and pre-
serving b-cell function in patients with

diabetes. Studies demonstrating a link
between antigen recognition of ER pro-
teins by inflammatory immune cells in
the intestine, adipose tissue, pancreas,
and other tissues/organs may hold the
key to the underlying associations be-
tween obesity, cancer, and the develop-
ment of autoimmune diseases. Figure 4
summarizes the potential pathways (di-
rect vs. indirect) by which islet autoim-
munity develops in T1D and T2D and the
potential links between islet autoimmu-
nity, insulin resistance, and cancer.

Some questions will need to be ad-
dressed in the future:

1. What specific antigens (ER stress
proteins, microbial antigens, environ-
mental antigens, or others?) drive

the changes in T-cell populations in
adipose, intestinal, and other tissues
from an anti-inflammatory state to
a proinflammatory state as individ-
uals progress toward obesity-related
disorders and diabetes?

2. Are T-cell stimulatory antigens wide-
spread among various tissues?

3. Are different antigens recognized as
a result of the different antigen-
presentation capabilities of vari-
ous immune system genes?

4. Does the difference in the ability to
recognize antigens or the antigens
recognized lead to the development
of different autoimmune diseases?

5. Do different therapy combinations
targeting the intestinal tract or other
barrier dysfunctions, organ damage

Figure 4—ER stress in T1D and T2D pathogenesis. In patients with T1D or T2D, ER stress, tissue
barrier dysfunction, or a breakdown in the integrity of the intestines or other organs may be
responsible for generating “new” surfaceproteins, orneo-proteins, leading toantigenactivationof
innate and adaptive proinflammatory (PI) immune cells and cytokines. These antigen-activated PI
immune cells and cytokinesmay then circulate in the periphery, setting up systemic inflammation.
The resulting systemic inflammation creates insulin resistance and allows for the PI cells and
cytokines to target other tissues and organs. The arrival of antigen-activated immune cells and
circulating PI cytokines may create ER stress in susceptible b-cells of the pancreas and other organs
and tissues (e.g., adipose). The development of ER stress in islet b-cells and other tissues may
produce altered self-proteins, contributing to the initiation of an autoimmune response. The PI
immune cells in the pancreas may recognize the “novel” islet proteins or the proteins resulting
from b-cell apoptosis or ER stress. These ER proteins may be the same proteins that are released
during ER stress in the intestines or other tissues (adipose tissue), adding to the potential cross-
reactivity between various tissues. Alternatively, the ER stress in the b-cell may develop novel
proteins that stimulate autoreactive immune cells that are specific to the ER proteins of the
pancreas. Differences in genetics, the robustness of the immune responses, antigen presentation,
environmental antigens, or microbial antigens may underlie the differences in autoimmune
reactivity between T1Dand T2D. Immune responses in older individualsmay need to bemagnified
as a result of a less robust immune system by adding inflammation in other tissues/organs in
order to shift the immune balance toward autoimmunity. Autoreactive cells and PI cytokines
may also migrate to other organs, establishing autoimmunity or cancer.
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or changes, ER stress, or systemic in-
flammation protect against autoim-
mune disease development? What
are these therapies?

6. What changes or differences in im-
mune cells, cytokines, intestinal barrier
integrity, or intestinal microbial popu-
lations determine protection from or
activation of autoimmune disease?

The increasing importance of T-cell
recognition of autoantigens in the his-
torically nonautoimmune T2D and the
increasing number of similarities be-
tween T1D and T2D with regard to im-
mune system involvement underlie the
need for a new look at diabetes classi-
fications. Changes in how researchers
and physicians perceive T1D and T2D
may help them pursue more immune-
regulating therapies for treating histor-
ically “nonautoimmune” T2D.
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