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Islet Endothelium: Role in Type 1 Diabetes and
In Coxsackievirus Infections

Enrica Favaro, Ilaria Miceli, Elisa Camussi and Maria M. Zanone
Department of Internal Medicine, University of Turin,
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1. Introduction

The heterogeneity of microvascular endothelial cells derived from different organs,
suggests that these cells have specialised functions at different anatomical sites. The
microvasculature is, in fact, a key interface between blood and tissues and participates in
numerous pathophysiological processes. Pancreatic islet microcirculation exhibits
distinctive features, in an interdependent physical and functional relationship with 3
cells, from organogenesis to adult life. The islet microendothelium behaves as an active
“gatekeeper” in the control of leukocyte recruitment into the islets during autoimmune
insulitis in type 1 diabetes.

Furthermore, microvascular endothelial cells, forming the key lining between the vascular
space and organ parenchyma, have been shown to influence organ and tissue specific
susceptibility to viral infection, and to modulate the pathological expression of virus-
induced diseases, which potentially includes type 1 diabetes. Endothelial cells expressing
appropriate receptors would fail to act as effective barrier to infections, allowing viral
particles to pass through, and replicate in, the vascular endothelium. Human
Enteroviruses (EV), especially those of the Coxsackievirus B (CVB) group, are associated
with a wide variety of clinical syndromes and have long been considered possible culprits
of inflammatory conditions and immune-mediated pathological processes, such as chronic
dilated cardiomyopathy, chronic myositis and type 1 diabetes mellitus (Rose et al., 1993;
Luppi et al.,, 1998; Hyoty & Taylor, 2002). Several mechanisms, including molecular
mimicry, bystander activation of autoreactive T cells, superantigenic activity of viral
proteins, not mutually exclusive, have been proposed to explain the relationship between
EV infections and induction of autoimmune diseases (Varela-Calvino & Peakman, 2003;
Horwitz et al., 1998; Wucherpfennig, 2001). Evidences of a link between viral infections
and initiation or acceleration of pancreatic islet autoimmunity have been under
investigation for almost 30 years, and EVs, especially those of the Coxsackievirus B (CVB)
group, are historically the prime suspects as important aetiological determinants in type 1
diabetes (Hyoty & Taylor, 2002; Varela-Calvino & Peakman, 2003). Endothelial cells
derived from different organs show distinct susceptibility to CVB infections, and the
behaviour against a viral challenge of endothelial cells in large vessels and microvessels
may differ (Friedman et al. 1981; Huber et al., 1990; Conaldi et al. 1997; Zanone et al.,
2003; Saijets et al., 2003).
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56 Type 1 Diabetes Complications

2. Pancreatic islet microvasculature: Structure and specialised functions

It is widely accepted that remarkable heterogeneity of endothelial phenotype and
function exists amongst different vascular beds (Kubota et al., 1988; Charo etal., 1984;
Swerlick et al., 1991; Swerlick et al., 1992; Fujimoto & Singer, 1988; Lidington et al., 1999),
in particular between cells derived from large versus small vessels, supporting the
notion that tissue-specific vascular beds have specialised functions. These diversities
include morphology, growth requirement in vitro (Kubota et al., 1988; Charo et al., 1984;
Swerlick et al., 1991; Swerlick et al., 1992; Fujimoto & Singer, 1988; Lidington et al., 1999,
Folkman et al., 1979) prostaglandin secretory profile (Charo etal., 1984), immunologic
phenotype (Swerlick et al., 1992) and amounts and regulation of cell adhesion molecules
(Swerlick et al., 1992; Fujimoto & Singer, 1988; Petzelbauer et al., 1993; Swerlick A.R., et
al., 1992; Lee et al., 1992). At a functional level, differential and sequential expression of
adhesion molecules mediates trafficking of leukocytes to specific lymphoid and non-
lymphoid tissues.

Endothelium heterogeneity is the result of microenvironmental signals, in particular those
induced by the family of vascular endothelial growth factor (VEGF) proteins (D'Amore &
Ng, 2002). VEGF is a major stimulator of neovascularisation by inducing proliferation and
migration of endothelial cells and tube formation. Pancreatic islets are one of the most
vascularised organs, having a blood perfusion of about 10% of that of the whole pancreas,
despite representing only 1% of the gland; this reflects high exchange demand with the
endocrine cells and high metabolic supply (Figure 1). Deletion studies indicate that VEGF-A
is responsible for this dense islet vascularisation, being more expressed in the endocrine
than the exocrine pancreas (Lammert et al., 2003). Endothelial cells migrate to the source of
VEGF-A, the neighboring 3 cells, proliferate and form blood vessels, organised in a network
of sinusoidal capillaries reminiscent of those present in the renal glomerulus, with a five
times higher density and ten times more fenestrations than in the exocrine tissue.

Islets receive blood from 1 to 3 arterioles and drain into collecting venules forming a
network covering the islet surface, and an insulo-acinar portal system connects the islet
capillaries with capillaries of the exocrine pancreas. The pattern of blood flow within the
islet is still a matter of debate, with the B cell-rich islet core possibly perfused before the non-
B cells in the periphery of the islet (Brunicardi et al., 1996).

Specific markers of islet microvasculature have been identified. These include the a-1
proteinase inhibitor (Api, a-1 antitrypsin), a major proteinase inhibitor with immuno-
regulatory properties, and nephrin ( Favaro et al., 2005), a highly specific barrier protein,
known to be located in the renal glomerular ultrathin filter membrane “slit diaphragm”
(Ruotsalainen et al.,, 1999; Tryggvason & Wartiovaara, 2001) (Figure 2). The nephrin
expressed in islet microendothelial cells has functional characteristics that are highly
reminiscent of the same protein expressed by podocytes in the renal glomeruli, in that in
both cell types treatment with TNF-a acts on the cell cytoskeleton to induce a marked re-
distribution of nephrin expression. Nephrin is a cell adhesion transmembrane protein of the
immunoglobulin superfamily, which has a pivotal role in the regulation of renal glomerular
selective permeability (Henderson & Moss, 1985; Bonner-Weir, 1993; Konstantinova &
Lammert, 2004, Bonner-Weir & Orci, 1982). Islet endothelial expression of this protein is
consistent with the ultrastructural features of these cells in the islets, which form a
microvasculature that is characterized by a glomerulus-like network of fenestrated
capillaries.
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Fig. 1. Cultured islet endothelial cells.

Representative micrograph of scanning electron microscopy of primary islet MECs. The
arrows show typical cellular fenestrations (original magnification 1500X). Inset: representative
magnification of a cellular fenestra (original magnification 15,000X). Bar: 0.1 pm.

Nephrin appears to be more than just a structural component, as it is an adhesion and
signalling molecule that can activate mitogen-activated protein kinase cascades, modulating
a variety of cellular programs, including proliferation, differentiation and apoptosis (Karin
et al., 1997; Flickinger & Olson, 1999). It has been shown that nephrin, once phosphorylated
associates with PI3K and itself stimulates the Akt-dependent signaling pathway (Huber et
al., 2003) that plays a pivotal role in preventing apoptosis in a variety of settings (Datta et al.,
1999). In particular, Akt activation is crucial for the ability of factors such as insulin, IGF-I
and VEGF to inhibit apoptosis in cultured endothelium (Jung et al., 2000). Recent data
highlight the Akt role also in insulin-mediated glucose transport and pancreatic {3 cell mass
and function (Bernal-Mizrachi et al., 2004; Elghazi et al., 2006).

Islet endothelium is crucially involved in fine-tuning blood glucose sensing and regulation
(Lammert et al., 2003). Besides providing oxygen and nutrients to the endocrine cells, islet
endothelium is in fact involved in the trans-endothelial rapid passage of secreted insulin
into the circulation. In perfusion experiments with horseradish peroxidase it has been
demonstrated that the endothelial fenestrae are sites through which proteins quickly
permeate (Takahashi et al., 2002). Thus the islet fenestrae allow the fastest way for insulin to
enter the circulation. Studies in mice with pancreatic VEGF-A deletion, showed that these
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58 Type 1 Diabetes Complications

mice not only displayed loss of endothelial fenestrations and thicker endothelial cell body
but also defective blood glucose levels on glucose tolerance test, pointing to a possible defect
in the release of insulin (Lammert et al., 2003). A more recent study indicated that mice with
B cell reduced VEGF-A expression show impaired glucose-stimulated insulin secretion,
related to vascular alterations of the islets (Brissova et al., 2006).

Fig. 2. Nephrin is expressed by islet endothelial cells.

Representative immunogold labelling micrograph of islet MECs stained with anti-nephrin
Abs. By immunogold staining, nephrin appears distributed on the surface of islet MECs,
without accumulation at cell-to-cell junctions (original magnification 1000X).

The microvasculature participates in sensing the environment of the islets and generates
signals to affect adult islet endocrine function, being accepted that post-natal p cell mass is
dynamic and can increase in function and mass to compensate for added demand (Bonner-
Weir & Sharma, 2006). In an in vitro system, purified islet endothelial cells have been shown
to stimulate B cell proliferation, through secretion of hepatocyte growth factor (HGF)
(Suschek et al., 1994). VEGF-A and insulin are the islet-derived factor that induce HGF
secretion. In vivo experiments, using pancreas of pregnant rats in which a high
physiological proliferation of P cell occurs, showed prominent expression of HGEF,
coinciding with the peak of B cell proliferation.

Islet endothelium exhibits a unique phenotype also in the activities of the constitutive and
cytokine-inducible endothelial nitric oxide (NO) synthases, forming the vasoactive mediator
NO, since these enzymes are specifically regulated by the glucose level (Kolb & Kolb-
Bachofen, 1992). This indicates an organ-specific control of NO production, whose role in
islet cytotoxicity is well established (Kroncke et al., 1993; Steiner et al., 1997; Southern et al.,
1990; Schmidt et al., 1992). The role of NO in the physiology of insulin release instead
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remains controversial (Welsh & Sandler, 1992; Corbett et al., 1993; Henningsson et al., 2002;
von Andrian & Mackay CR, 2000; Ostermann et al., 2002).

Immunohistochemical studies have shown that the expression of Platelet-activating factor
(PAF) receptor (PAF-r) within the islet, is restricted to endothelial cells, providing potential
target for therapeutic intervention (Biancone et al., 2006). PAF, is a phospholipid with
diverse physiological effects that mediates a host of biochemical activities, including
angiogenesis and inflammation. Islet endothelial cells have also been shown to rapidly
produce PAF under stimulation with trombin, and PAF accelerated angiogenesis (Mattsson
et al., 2006). These data suggest that intra-islet production of PAF, induced by inflammatory
mediators, may contribute to the neovascularisation of transplanted islets.

Lastly, islet endothelial cells express genes encoding for a number of other factors involved
in angiogenesis, including potent pro-angiogenic factors, such as VEGF, and angiostatic
factors, such as endostatin and pigment epithelial-derived factor (Lammert et al., 2001).

2.1 Endothelial signalling during development and interplay between endothelial and
B cells

Elegant experiments on early pancreatic development demonstrated that blood vessel
endothelium in the dorsal aorta provides inductive signals for the differentiation of the
primitive endoderm into islet cells (Lammert et al., 2001; Yoshitomi & Zaret, 2004). In vivo
embryonic manipulation of frog embryos to block the formation of the dorsal aorta
endothelium, leads to failure of pancreatic gene and insulin expression. To assay blood
vessel-pancreas interactions later in development, VEGF-A was overexpressed in transgenic
mice using the pancreatic promoter, Pdx1; this leads to hypervascularisation of the pancreas
and hyperplasia of the pancreatic islets (threefold increase in islet area), at the expense of
acinar cell types. Further, coculture experiments with endoderm and dorsal aortic
endothelium from early mouse embryos, result in pancreatic gene Pdx1 induction and
insulin expression, indicating that endothelial signals are sufficient for the pancreatic
organogenesis program. A successive study on pancreatic organogenesis, has shown that
aortal endothelial cells induce in the dorsal pancreatic endoderm the crucial pancreatic
transcription factor Ptfla, that has been shown to be necessary for the development of
endocrine and duct cell lineages.

A two sep-model for islet development has been proposed (Konstantinova & Lammert,
2004): the first step involves signals from the endothelium to the pancreatic epithelium,
the second involves signals in the opposite direction, with islets expressing VEGF-A at
later stages of their development to attract capillaries. As for the molecular basis for such
signals, recent studies indicate that B cells, by using VEGF-A attract endothelial cells,
which form capillaries with a vascular basement membrane next to the B cells. In turn,
laminins, amongst other vascular basement membrane proteins, regulate insulin gene
expression and P cell proliferation; these effects require p; integrin on f cells (Nikolova et
al., 2006).

Studies on B cell proliferation in humans are limited, but there is evidence that this process
occurs at relatively high levels in the first 2 years of life, declining thereafter, with the
possibility, at least in animals, of re-induction under conditions of insulin-resistance, such as
pregnancy or obesity (Meier et al., 2008; Cnop et al., 2010). This suggests that B cell may
retain an intrinsic capacity to replicate, and an increase of the islet vasculature has been
observed in association with conditions of expanded islet mass (Mizuno et al., 1999; Like
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1970; Predescu et al., 1998). Islet endothelium-derived hepatocyte growth factor (HGF) is
one of the factors potentially involved in the stimulation of 8 cell proliferation (Suschek et
al., 1994).

Also collagen IV and other basement membrane proteins, laminins, could potentiate insulin
secretion, promote insulin gene expression and proliferation in B cells, via interaction with
integrin a1 on B cell (Treutelaar et al., 2003; Kroncke et al., 1991).

These studies confirm the existence of an endothelial-endocrine axis within adult pancreatic
islets.

3. Islet endothelium and type 1 diabetes

Islet endothelium forms the barrier across which autoreactive T cells transmigrate during
the development of islet inflammation in autoimmune diabetes. Transendothelial migration
and recruitment of autoreactive T cells into the pancreatic islets is a critical event during the
development of chronic insulitis in type 1 diabetes. Transmigration is a complex, multistep
process involving first selectins and their counter ligands that induce rolling of cells along
the luminal surface of endothelial cells, followed by firm adhesion between cells and
endothelium, and diapedesis (von Andrian & Mackay, 2000).

Several human and murine studies indicate that during autoimmune insulitis, the
endothelial cells surrounding the inflamed islets adopt an activated phenotype, upregulate a
variety of adhesion molecules, and are likely to be involved in regulating mononuclear cell
accumulation (transmigration and homing) in the islets (Hanafusa et al., 1990; Hanninen et
al., 1992; Hanninen et al., 1993; Itoh et al., 1993; Somoza et al.,1994). Activation of the islet
endothelium may either initiate or enhance subsequent leukocyte infiltration of the islets.
The islet endothelium is able to hyperexpress adhesion molecules, to secrete numerous
cytochines and chemokines, and to hyperexpress class I and class II HLA molecules (Itoh et
al., 1993; Somoza et al., 1994; Alejandro et al.,, 1982). Endothelial cells participate also in
presentation of cognate antigens to T cells, which has potent effects on their migration in
vitro and in vivo (Epperson & Pober, 1994; Marelli-Berg et al., 1999; Marelli-Berg et al., 2004;
Pober et al., 2001) .

In particular, in humans, immunohistological studies of islets obtained near to the time of
type 1 diabetes diagnosis, show abundant adhesion molecule expression on vessel and
immune cells. In particular, bioptic studies showed that infiltrating mononuclear cells
consisted of CD4* T, predominant CD8* T and B lymphocytes and macrophages,
accompanied by increased expression class I and class II HLA antigens in endothelial cells
(Itoh et al.,1993; Greening et al., 2003; Lozanoska-Ochser & Peakman, 2005). Pancreatic islet
endothelial MHC class I hyperexpression has been observed also in NOD mice and the bio-
breeding rat model of autoimmune diabetes (Kay et al., 1991; Ono et al.,, 1988), and
represents a mechanism through which tissue-specific migration of T cells is refined and
promoted.

In support to this, human islet endothelial cells have been shown in vitro to be capable of
internalizing, processing and presenting to autoreactive CD4 T cell clones, disease-relevant
epitopes of the islet autoantigen GAD65 (Greening et al., 2003; Di Lorenzo et al., 2007). This
resulted in markedly enhanced transmigration.

Islet endothelial cells have also been shown to possess the necessary repertoire of the
costimulatory molecules for adequate T cell activation. In vitro studies on the molecular
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interactions between generated human islet endothelial cells and autoreactive T cells,
indicate that islet endothelial cells constitutively express the CD86 (B7-2) and ICOS-L, but
not CD80 (B7-1) and CD40 costimulatory molecules. Such co-stimulatory molecules are
capable of functionally co-stimulating CD4* T cell activation, and to help activated memory
(CD45R0*) CD4 T cells to migrate across the endothelial barrier (Lozanoska et al., 2008).
These studies provide strong indication that islet endothelium actively participates in the
recruitment of recently activated lymph node migrant autoreactive T cells. Blockade of the
costimulation may represent a mode of in vivo action of intervention therapies that interfere
with costimulation, such as CTLA-4 Ig (abatacept). Furthermore, analysis of the
immunophenotype of endothelial cells, focusing on endothelial MHC class I molecule
expression, in a range of different tissues and mouse strain, including the NOD mice, shows
that MHC levels have a profound effect on activation, adhesion and transmigration of
pathogenic, islet autoreactive CD8 T cells (Lozanoska-Ochser & Peakman, 2009). These
finding have a direct relevance to the pathogenesis of autoimmune diabetes in the MOD
mouse, and are in concert with those with Savinov et al. (Savinov et al.,, 2001) who
demonstrated that homing of a diabetogenic insulin-specific CD8+ T cell clone was severely
impaired when clone cells were infused in IFN-y knock-out mice, despite normal adhesion
to the microvasculature. More recently, the same authors showed that islet-specific homing
of the same diabetogenic clone depends in part upon recognition of the cognate
MHC/peptide complexes presented by pancreatic islet endothelial cells, which are
presumed to acquire insulin from adjacent f cells (Savinov et al., 2003).

Based on these observations, it is proposed the model in which, during islet inflammation
due to as-yet non-defined environmental insult (possibly a viral infection), cytokines and
other inflammatory mediators, such as IFN-y, are released and elicit activation of vascular
endothelium. Endothelial activation leads to increased adhesion and extravasation of
leukocytes. Further, insulin, to high level of which endothelial cells are chronically exposed,
and islet antigens released by damaged B cells, may be taken up by activated endothelial
cells, processed and presented to autoreactive T cells.

Furthermore, sustained and intermitted hyperglycemia has been shown to affect
endothelial cellular survival and proliferation, including islet microendothelium (Favaro
et al., 2008). Several metabolic mechanisms are involved, including oxidative stress,
increased intracellular Ca**, mitochondrial dysfunction, changes in intracellular fatty-acid
metabolism, impaired tyrosine phosphorylation and activation of PI3K/ Akt and ERK1/2
pathways and reduced intracellular cAMP and its target, the cAMP-dependent PKA
pathways (Datta et al., 1999; Favaro et al., 2010). These multifunctional pathways transmit
signals that result in prevention of apoptosis or induction of cell cycle progression,
depending on the cell type and can cross-regulate one another (Stork & Schmitt, 2002).
Akt signaling cascade has also a role in insulin-mediated glucose transport and pancreatic
B-cell mass and function (Bernal-Mizrachi et al., 2004; Elghazi et al., 2006 ). Pro-survival
Bcl-2 protein, which stabilizes the mitochondrial membrane and prevents the release of
cytocrome c from the mitochondria and the activation of caspases (Choy et al., 2001), is
also found to be down-regulated by high glucose in human islet microendothelial cells. In
contrast, the pro-apoptotic member Bax, which antagonizes Bcl-2, is up-regulated (Favaro
et al., 2010). It is noteworthy that over-expression of Bcl-2 in endothelial cells has been
described to decrease T cell cytotoxicity, suggesting that this protein may also protect
endothelial cells from apoptosis resulting from an immunological insult (Zheng et al.,
2000).
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Due to the established interdependent physical and functional relationship between islet
endothelium and p cells, from pancreatic organogenesis to adult life (Zanone et al., 2008), and
the notion that post-natal 3 -cell mass is dynamic and can increase in function and mass for
added demand by replication or neogenesis, possibly through endothelial inductive signals
(Nikolova et al., 2006; Johansson et al., 2006, Bonner-Weir & Sharma, 2002; Dor et al., 2004),
these high glucose-induced changes in islet endothelium carry relevant consequences on 3
cells. In fact, production of the vasoactive mediator NO (Meier, 2008; Favaro et al., 2008) to
upregulate CD40L expression in human islet microendetelial cells in vitro (Favaro et al., 2010).
Functional CD40L is expressed on vascular endothelium (Mach et al., 1997) and contributes to
B cell activation, isotype switching, costimulation in T cell mediated immunity, activation of
extravasating monocytes (Yang & Wilson, 1996, Wagner et al,, 2004), with an impact in
atherosclerosis and in chronic inflammatory and autoimmune diseases. Blockers of the CD40L
have been strikingly effective in animal models of autoimmune diseases, such as systemic
lupus erythematosus and type 1 diabetes (Homann et al., 2002). Therefore, high glucose-
induced overexpression of CD40L on islet endothelial cells might accelerate the targeting and
loss of the remaining p-cell capacity during ongoing autoimmune insulitis.

In fact, production of the vasoactive mediator NO by islet endothelium (Meier, 2008; Favaro
et al, 2008) is increased in hyperglycaemic conditions and has an established direct
cytotoxicity on islets and potentially impairs insulin release (Corbett JA et al., 1993). Islet
microendothelial cells also are source of the proinflammatory cytokine IL-1B under
hyperglycaemic conditions, independently of any viral or immune-mediated process. IL-1[3
impairs insulin release in human islet, induces Fas expression enabling Fas-mediated
apoptosis and it is implicated as a mediator of glucotoxicity (Maedler K, et al. 2002). The
high glucose condition is also reported to upregulate CD40L expression in human islet
microendothelial cells in vitro (Favaro E et al., 2010).

4. Enteroviruses and type 1 diabetes

Viral infection has been long implicated in the development of type 1 diabetes and
evidences of a link between viral infections and initiation or acceleration of pancreatic islet
autoimmunity have been under investigation for more than 30 years. Rubella virus
(Karvonen et al., 1993), mumps virus (Hyoty et al.,, 1988), cytomegalovirus (Ward et a.,
1979), rotavirus (Honeyman et al., 2000) and enteroviruses (EV) (Lonnrot et al., 2000; Stene
et al., 2010) have all been suggested as environmental factors contributing to type 1 diabetes.
EV, especially those of the Coxsackievirus B (CVB) group (Hyoty et al., 1988; Varela-Calvino
& Peakman , 2003; Green et al., 2004), are historically the prime suspects as important
aetiological determinants and seroepidemiological, histopathological, animal studies, and in
vitro experiments have provided the strongest overall evidence for these viruses. The EV
genus of the Picornaviridae family is a large group of human pathogens traditionally
divided into polioviruses, coxsackieviruses, echoviruses and the new EV, and each group
contains a range of serotypes (King et al., 2000; Roivainen, 2006). Human EV are the most
common cause of viral infection in humans, are associated with a wide variety of clinical
syndromes and have long been considered possible culprits of inflammatory conditions and
immune-mediated pathological processes, such as chronic myocarditis, dilated
cardiomyopathy and chronic myositis (Tam, 2006; Luppi et al., 2000). In the cardiac context,
injury is caused by a direct cytopathic effect of the virus, an immune response to viral
infection or autoimmunity triggered by the viral infection (Huber, 2006).
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Several mechanisms, including molecular mimicry, bystander activation of autoreactive T
cells, superantigenic activity of viral proteins, viral infection and persistence, not mutually
exclusive, have been proposed to explain the relationship between EV infections and
induction of autoimmune diseases (extensively reviewed in Varela-Calvino & Peakman,
2003; Ercolini & Miller, 2009).

As for a role in type 1 diabetes, results have been somewhat conflicting and not conclusive
(von Herrath, 2009; Tauriainen et al., 2010). Autoantibodies to islet autoantigens are detected
years prior to diagnosis of type 1 diabetes and prospective studies evaluating whether EV
could predict islet autoimmunity have yielded conflicting results, with positive associations in
the Finnish studies (Lonnrot et al., 2000; Salminen et al., 2003; Sadeharju et al., 2003), and no
association in other reports (Graves et al., 2003; Fiichtenbusch et al., 2001). Discrepancies could
be related to the fact that in most studies the determination of EV infection was carried out
indirectly through the determination of IgM and IgG anti-EV antibodies, while studies using
multiple approaches to identify EV infection (serology, RT-PCR, faeces analysis) appear more
likely to report an association with type 1 diabetes or islet autoimmunity. A higher frequency
of EV RNA has been consistently shown in the serum of patients with diabetes compared to
healthy control subjects, demonstrating a recent or a persistent infection (Lonnrot, M.,
Salminen, K., et al., 2000; Lonnrot, M., Korpela, K., et al., 2000), and in some of the cases the
detection of EV RNA preceded the synthesis of islet cell autoantibodies. In most studies
viruses of the CVB group, usually CVB3 and CVB4 were identified (Clements et al., 1995;
Andréoletti et al., 1997; Chehadeh et al., 2000), in agreement with serological studies.

As for T cell responses to EV, studies are inconclusive. However, it has been shown that CD4 T
cells from newly diagnosed patients up-regulate CD69 early activation marker after exposure
to CVB4-infected lysates (Varela-Calvino et al., 2001) and produce more IFN-y a pro-
inflammatory cytokine generated by effector memory CD4 T cells, but show less T cell
proliferation (Varela-Calvino & Peakman, 2003). Proliferation is dependent upon IL-2 secretion
associated with central memory T cells. This implies that anti-CVB4 effector cells are mobilized
from the central memory pool, which may be depleted. Response to CVB4 antigens at diabetes
diagnosis appears thus to be active, indicating recent or prolonged exposure.

Results from animal models indicate that viral infections per se usually cannot initiate the
autoimmune disease process leading to diabetes, but may accelerate an already ongoing
disease process. Studies in various NOD mice strains show that EV infections may accelerate
the progression to diabetes only if they occur after autoreactive T cells have been
accumulated in the islets (Hiltunen et al.,1997; Lonnrot et al.,, 1998; Lonnrot et al., 2000;
Otonkoski et al., 2000). CVB infection appears to accelerate the development of the disease
via bystander activation of autoreactive T cells, due to inflammation of the pancreas, tissue
damage, release of sequestered autoantigens in concert with production of pro-
inflammatory cytokines, all leading to activation of autoreactive T cells, but apparently only
when a certain threshold of these autoreactive T cells have already accumulated in the
pancreas. Timing of a CVB infection, rather than its simple presence or absence, may thus
have etiological implications for the development of type 1 diabetes.

A recent report evaluating whether such a general model of disease progression rather than
initiation by EV applies to human type 1 diabetes (Stene et al., 2010), suggests that
progression from islet autoimmunity to type 1 diabetes in high-risk individuals may
increase after an EV infection characterised by the presence of viral RNA in blood. Indeed,
most EV are avid triggers of production of pro-inflammatory cytokines by human
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leukocytes (Vreugdenhil et al., 2000), notably type I interferons, and it is noteworthy that
increased levels of IFN-y have been detected in the blood of newly diagnosed patients
(Chehadeh et al., 2000), and EV RNA was detected in half of the IFN-a positive patients.
These data are consistent with a recent EV infection.

4.1 Enteroviruses and pancreatic islets

Major determinants of the different clinicopathological manifestations of EV infections,
ranging from silent infections to autoimmune diseases, are represented by the viral variants,
the nature of the infection, acute, chronic or re-infection, and the distinct tissue tropism of the
viral strain, modulated by the local expression of appropriate cellular receptors and
coreceptors. The first step in viral infection is the attachment of the virus to its receptor, a cell
surface molecule which viruses have adapted to use for their entry into the cells. These include
the Coxsackie-Adenovirus receptor (CAR), integrin VLA-2, o,f3, o5, ICAM-1 and decay-
accelerating factor (DAF) (Bergelson et al, 1997; Noutsias et al., 2001; Shafren, 1998). In
cultured cells, CVB have been found to interact with at least three receptors. CAR is a 46kD
adhesion molecule and all tested clinical and laboratory isolates bind to this receptor
(Bergelson, 2002; Kallewaard et al., 2009). A large subset of CVB isolates also binds to DAF, a
complement regulatory protein (Coyne & Bergelson, 2006) which appears to act as a receptor
for cell attachment (Shafren et al., 1995), and some CVB3 isolates have been shown to use a
third receptor, heparan sulfate, to infect CAR-deficient cells in vitro (Zautner et al., 2003).

These receptor molecules do not simply bind viruses, but may activate a series of events
influencing the organ-specific outcome of disease (Ito et al., 2000; Selinka et al., 2004 ). CAR
expression, for instance, is positively related to the extent of inflammation in the cardiac
myosin-induced myocarditis model (Ito et al., 2000), and knockout of MyD88, an adaptor
involved in toll-like receptor signaling, causes reduced cardiac expression of CAR and pro-
inflammatory cytokines (Fuse et al., 2005) or TGF-B reduced CAR levels inhibit CVB3
infection of cardiac myocytes (Shi et al., 2010). CAR appears as the major receptor mediating
CVB infection also in the pancreas in vitro and in vivo, since tissue-specific CAR gene
deletion generated a 1000-fold reduction in virus titres within the pancreas during infection,
and a significant reduction in virus-induced pancreatic tissue damage and inflammation
(Kallewaard et al., 2009).

While acute infection in the pancreas has been clearly detected among the cells of the
exocrine tissue, B cell infection by EV has been extensively studied and the issue of whether
microvariants of EV can directly infect, replicate and persist in, and cause damage of B3 cells
remains controversial (Flodstrom et al., 2002). More than three decade ago Yoon et al.
showed that CVB4 is capable of replicating in cultured human islets (Yoon et al., 1978).
Other works suggested that the CVB group has variants that can replicate in islet cells
(Harting et al., 1983; Chatterjee et al., 1988), and by growing viruses on islets of Langerhans it
is possible to isolate strains that can induce insulitis experimentally in animals and replicate
in islet cells in vivo. Prototype CVB3, CVB4 and CVB5 as wells as CVA9 can replicate in vitro
in purified insulin-producing B cells, and infection may result in functional impairment or
cytolytic death of the f cells, but it may also have no apparent adverse effect (Roivainen et
al., 2000; Roivainen et al., 2002). It appears that the consequences of the virus replication on
B cell survival and function are not entirely dependent on the serotype but on a as-yet
unidentified characteristics of the virus strain. For instance, between the diabetogenic strain
E2 of CVB4 and the prototype CVB4, a 111 amino acid difference has been identified, and
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amino acids or nucleotides potentially most critical for the pathogenesis of type 1 diabetes
have to be identified amongst the microvariants of relevant virus strains.

Another work (Chehadeh et al., 2000) indicates that the CVB group is capable to replicate at
a low level in human islet cells in vitro, persisting without cytolytic effect. This replication is
associated with chronic synthesis of IFN-a by the islet cells. Neutralization of the IFN-a
leads to a rise in viral replication and rapid islet destruction.

Type I interferons induce an anti-viral state in infected cells, providing an early defense
against viral infections (Stark et al., 1998), and it appears that B cells may depend on
interferons to lower their permissiveness to CVB4 infection, thus regulating the
susceptibility to virus-induced diabetes (Flodstrom et a., 2002; Flodstrom et al., 2003). In this
model, NOD mice that expressed the suppressor of cytokine signalling 1 (SOCS-1) in B cells
developed diabetes, due to the replication of the virus in the B cells. A critical link between
the target B cell antiviral responses and susceptibility to disease is thus established.
Furthermore, due to its immunoregulatory properties, IFN-o represents a link between the
innate and the adaptive immunity: a pathological event may commence with activation of
the innate immune system in order to avoid cytolytic destruction, followed by T cell
activation and expansion, including autoreactive T cells. Viral expansion of non-specific T
cell responses has been shown to be mimicked by injection of IFN-a (Tough & Sprent, 1996),
or IFN-a expression by pancreatic 3 cells (Stewart et al., 1993; Chakrabarti et al., 1996). In
humans, IFN-a has been detected in 3 cells (Foulis et al., 1987; Huang et al., 1995) and in
blood of type 1 diabetic patients (Chehadeh et al., 2000).

A very recent report, indicates that rare genetic variations occurring in the gene IFIH1 and
affecting the expression and structure of its protein product IFIH, lower the risk of
developing type 1 diabetes (Nejentsev et al., 2009). IFIH1 triggers the secretion of
interferons. Another study showed that IFIH1 expression in peripheral blood cells is
associated with type 1 diabetes (Liu et al., 2009). These data allows to speculate that, on viral
infection, interferon-response genes are activated in insulin-producing cells, leading to
increased levels of interferons. Interferons inhibit viral replication, but also enhance the
expression of surface MHC-I molecules. Cytotoxic CD8 T cells recognize infected f cells,
through the MHC-I molecules, damaging and eventually killing them. Thus, viral infection
can contribute to the development of type 1 diabetes.

As for in vivo studies in humans, the isolation of an EV has been documented only few
times. Historically, CVB4 was successfully cultured from the pancreas of a diabetic child at
disease onset and it induced diabetes in susceptible animals, more than 30 years ago (Yoon
et al., 1979). The diabetogenic E2 strain was likewise obtained by plaque purification of the
human isolate Edwards of CVB4, that was isolated from a child with widespread CVB4
infection, presenting with acute myocarditis and pancreatitis (Chatterjee et al., 1988).

In contrast with the apparent success in the detection of EV mRNA from blood, no EV genome
could be detected when pancreas from cases of type 1 diabetes were analysed post-mortem
during the first year after diagnosis (Foulis et al., 1997). However, in the same study EV genome
could be detected in the pancreas of children who died of acute myocarditis in which the heart
was EV positive. These discrepancies may be explained with the argument that there is a critical
window for virus detection in the pancreas, and this is only potentially achieved when there is
an acute presentation of viral illness, as in the case of myocarditis. By in situ hybridisation
studies on post-mortem pancreatic tissues of several type 1 diabetic patients, EV RNA positive
cells were for the first time detected, and exclusively in islets (Ylipaasto et al., 2004).
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In recent years, other studies have eventually indicated the presence of EV in pancreatic
tissue in a sizable proportion of patients dying soon after diabetes onset (Tauriainen et al.,
2009; Dotta et al., 2007; Richardson et al., 2009; Ylipaasto et al., 2004). A B cell infectious
CVB4 was isolated in the pancreas of three patients at disease onset, by
immunohistochemical, electron microscopy, genome nucleotide sequencing, cell culture and
immunological studies (Dotta et al., 2007). Infection was specific to 8 cells, which showed
islet inflammation mediated mainly by natural killer cells, reduced insulin secretion. The
virus was also able to infect B cells from human islets of non diabetic donors.

A strain of echovirus 3 was isolated from an individual currently with appearance of islet cell
and IA-2 autoantibodies (Williams at al., 2006). Richardson et al (Richardson et al., 2009)
identified EV VP1 capsid protein in islets of 44 out of 72 recent-onset type 1 diabetic patients,
and the staining was restricted to  cells. A recent report suggests that the virus is present in
the intestinal mucosa of diabetic patients (Oikarinen et al., 2008).

These detection reports strengthen the case for a viral role in the pathogenesis of type 1
diabetes.

Fig. 3. Representative confocal immunofluorescence micrographs of islet MECs, stained
with polyclonal anti-HCAR Ab, showing a diffuse expression in a fine punctate pattern in
islet MECs (original magnification 630X, nuclei stained in blue with DAPI).
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4.2 Coxsackievirus infection and endothelial cells

The host factors modulating viral infections include not only the host immune response, but
also types and characteristics of cells that become infected in different tissues. Parenchymal
cells of an organ are rarely in direct contact with the circulatory system, and viruses in the
circulation must either circumvent or infect vascular endothelial cells to reach secondary
organs. Vascular endothelial cells act in fact as important interface between the vascular
space and the organ parenchyma, and, as previously stated, endothelial cells in different
organs exhibit diverse structural and functional characteristics that can influence biological
and pathological functions. Amongst these, vascular endothelial cells have an established
role as mediators of tissue tropism and access for virus, influencing organ and tissue specific
susceptibility to viral infection. Therefore, they can modulate the pathological expression of
virus-induced diseases (Friedman et al., 1981; Huber et al., 1990; Conaldi et al., 1997; Zanone
et al., 2003). For instance, in murine studies on CVB infectivity of different organs, CVB3
isolates from the heart showed greater infectivity and replication in heart endothelial cells
than endothelial cells derived from liver or lung (Huber et al., 1990), thus confirming the
essential role of host factors in developing specific diseases.

In line with this scenario, it is essential that, to gain access to secondary organs, viruses pass
through the vascular endothelium by transcytosis or infection, or via infected circulating
cells migrating into the target tissues. Endothelial cells derived from different organs show
distinct susceptibility to CVB infections, and the behaviour against a viral challenge of
endothelial cells in large vessels and microvessels may differ (Friedman et al., 1981; Huber et
al., 1990; Conaldi et al., 1997; Zanone et al., 2003; Saijets et al., 2003). Endothelial cells
expressing appropriate receptors would fail to act as effective barrier to infections, allowing
viral particles to pass through, and replicate in, the vascular endothelium.

Human umbilical vein-derived endothelial cells have been shown to be persistently infected
by different CVB strains (Flodstrom et al., 2000; Huber et al., 1990; Conaldi et al., 1997).
However, physiological and pathological events take place mainly at the level of the
microvasculature. Using a dermal microvascular endothelial cell line, we have provided
evidence that small vessel endothelial cells can harbour a persistent CVB viral infection
(Zanone et al., 2003). All 3 CVB tested productively infected microvascular endothelial cells
for up to 3 months without obvious cytolysis. A small proportion of the cells, approximately
10%, appeared to be involved in viral replication during chronic infection, suggesting that
persistence is probably established through a mechanism of carrier-state culture, as
proposed to explain CVB persistence in other cell types (Flodstrom et al., 2002; Greening et
al., 2003). In addition, the infection increased production of proinflammatory cytokines IL-6
and IL-8, indicating endothelial cell activation by virus, and induced quantitative
modification of adhesion molecule expression (ICAM-1, VCAM-1). These upregulation may
influence the pattern of migration and extravasation of leucocytes in inflammation and
immunity. These data add weight to the view that common CV infections are able to trigger
complex pathophysiological processes, rather than simple cell lysis, as is becoming
increasingly evident in clinical and experimental settings. These viruses can in fact persist
for a considerable time in infected patients and cause chronic pathology or trigger
immunopathological damage to infected and uninfected tissues (Muir et al., 1989; Stone,
1994). Furthermore, chronic infection of endothelial cells in vivo could provide better viral
access to tissues underlying the endothelial layer and subsequent parenchymal cell
infection.
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The mechanisms of CVB persistence is not clear. It is possible that the infected cells undergo
cytolysis and release virions to infect more cells, thus maintaining a chronic infection of the
culture without massive cell destruction. Alternatively, it could be hypothesized that the
cells can cure themselves of viruses, e.g. by limiting production of cell host products
required for viral replication, or by production of anti-viral mediators. Stability of the cell
membrane could also be another important factor in the ability of infected cells to survive
infection, without lysis. In previous studies, the distinct susceptibility of different cell types
to long-term infection has been related to the production of interferons (Conaldi et al., 1997;
Heim et al., 1992).

It has also been suggested that the persistent infection of cultured HUVEC may be due to
down-regulation of viral receptors in infected cells. However, a study indicates that the
expression of the specific CVB receptor, CAR, in these cells was not quantitatively altered by
infection with CVB but rather by culture confluence (Huber et al., 1990).

Human islet endothelial cells have been more recently shown to express the specific human
Coxsackievirus and Adenovirus receptor (HCAR) (Figure 3) and CVB co-receptors, such as
DAF, integrins and ICAM-1, that have differentiated functions on virus attachment and
entry into target cells (Zanone et al., 2007). Islet endothelial cells can harbour a persistent,
low level infection by CVB, assessed as detection of VP1 capsid protein and release of
infectious particles. The infection has no obvious effects on cell morphology or viability and
can provide better viral access to the underlying islet tissue. Under experimental conditions
to avoid massive cytolysis and possibly to mimic silent in vivo infection, as EV infections can
cause little or no clinical symptoms, only a proportion of cells appeared to be involved in
viral replication, suggesting a mechanism of carrier-state culture (Conaldi et al., 1997;
Zanone et al., 2003).

Notably, the infection of islet enodothelial cells upregulates the expression of DAF, HCAR
and integrin ayfB3, in contrast to the behaviour of other macro- and microvascular
endothelial cells lines, i.e. HUVEC, HMEC-1 and human aortic ECs. In fact, it has been
shown that CVB infection downregulates DAF on HUVEC and HMEC-1 (Zanone et al.,
2003), leaves HCAR expression unchanged on HUVEC (Carson et al., 1999), and
downregulates HCAR expression and upregulates DAF expression on human aortic
endothelial cells (Zanone et al., 2007).

This differential behaviour underlines the widely accepted heterogeneity of phenotype and
function amongst endothelial cells derived from different vascular beds (Swerlick et al.,
1992; Lidington et al., 1999), and may be relevant for the pathological sequelae of the
infection. Despite detailed knowledge of the molecular structure and virus interaction of
HCAR, its biological and possible pathogenic relevance are uncertain. HCAR belongs to the
immunoglobulin superfamily and appears to have signalling functions (Bergelson et al.,
1997; Noutsias et al., 2001; Fechner et al., 2003). Remarkably, CAR has been shown to be
upregulated on affected cardiomyocytes in a rat model of experimental autoimmune
myocarditis (Ito et al., 2000) and in human idiopatic dilated cardiomyopathy (Noutsias et al.,
2001), for which EVs are the most frequently implicated pathogens (Feldman, 2000). CAR
expression could therefore represent a key determinant of cardiac susceptibility to viral
infections and have a pathogenic relevance in chronic cardiomyopathies. It has also been
suggested that cell-to-cell contact modulates CAR-to-CAR interaction-based signals (Carson
et al., 1999; Fechner et al., 2003).
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The CVB infection upregulates in islet endothelial cells the expression of adhesion molecules
and increases the production of proinflammatory cytokines and chemokines such as IL-1p,
IL-6, IL-8 as well as IFN-a, once again pointing to endothelial cell activation (Zanone et al.,
2007), in line with studies that suggest that a low-grade inflammation may cause profound
impairments of endothelial function (Hingonari et al., 2000; Charakida et al., 2005).

In time course analyses, infected cells transiently upregulated expression of two major
adhesion molecules, which may have in vivo functional consequences, enhancing cellular
recruitment and leading to persistent tissue inflammation.
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Fig. 4. Schematic representation of the relationship between Coxsackievirus infection, islet
endothelial cells and 3 cells.

The highly fenestrated endothelial cells exhibit expression of classical endothelial markers,
adhesion and co-stimulatory molecules, with the potential of being involved in autoreactive T
cell adhesion, activation and transmigration in type 1 diabetes. They express specific markers,
such as nephrin, whose functions at this site remain to be unravelled. Human islet endothelial
cells express receptors and coreceptors for Coxsackievirus (such as HCAR, DAF, integrin and
ICAM-1). These cells are potential target of an acute or persistent CVB infection, that activates
the endothelium, upregulates expression of adhesion molecules, increases the production of
proinflammatory cytokines and chemokines, and provides better viral access to tissues
underlying the endothelial layer. Moreover, the increased production of IFN-a may enhance
the expression of surface class I and II HLA molecules involved in viral and self antigen
presentation, with selective recruitment and expansion of cytotoxic CD8+ T cells, which
recognize infected endothelial and {3 cells, eventually damaging and killing them.
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Infection also increased the production of pro-inflammatory cytokines, IL-1f, IL-6 and IL-8,
further contributing to viral pathogenetic sequelae and to an indirect amplification of virus
specific and non-specific responses. In this scenario, an exacerbated local inflammatory
response secondary to viral infection represents an attempt to restrict virus replication, but it
could promote chemoattraction and homing of circulating viral or, in susceptible
individuals, islet antigen-specific T cells, in a bystander activation model (Horwitz et al.,
1998). Cytokines may also be directly toxic to B cells, leading to release of sequestered
antigens, presentation by professional dendritic cells, and activation of autoantigen-specific
T cells. Endothelial cells themselves may serve as antigen-presenting cells (Greening et al.,
2003; Savinov et al., 2003).

The infection was also accompanied by increased production of IFN-a, that has a role in
initiation and maintenance of chronic CVB infection, as shown for other infected cell lines
including islet  cells, and in line with the extensive studies documenting abnormal
localization of IFN-a in the pancreas of type 1 diabetic patients (Chehadeh et al., 2000, Huber
et al., 1990, Conaldi et al., 1997; Heim et al., 1992). As stated above, IFN-o may be responsible
for a viral expansion of non-specific T cell responses, including autoreactive T cells.

Again, in dilated cardiomyopathy inflammatory endothelial activation is present, and
endothelial CAM expression correlates with the intramyocardial counterreceptor-bearing
lymphocyte infiltrates (Noutsias et al., 1999; Seko et al., 1993). In this model, it is likely that
endothelial cells are infected before cardiotropic viruses invade the myocardium (Klingel et
al., 1992).

An increased production of lymphotactin RNA by the infected cells is also reported.
Lymphotactin is a chemokine with the ability to chemoattract highly specifically CD4* and
CD8* T cells and NK cells (Kennedy et al., 1995; Hedrick et al., 1997), with possible anti-viral
and anti-tumor effects. An inappropriate T cell infiltration, drawn by lymphotactin, is
present in other inflammatory conditions (Middel et al., 2001; Blaschke et al., 2003), and
lymphotactin exposed on infected islet endothelial cells could, therefore, play a role in islet
infiltration by T cells.

The endothelium infection may thus contribute to selective recruitment and expansion of
subsets of leukocytes during inflammatory immune responses in type 1 diabetes. These
findings add to a body of work that highlights the possible role of human EVs as
environmental triggers that are capable of influencing the incidence of type 1 diabetes, the
susceptibility of which to environmental influences is well established.

5. Conclusion

There is a body of work that highlights the possible role of human EVs as environmental
triggers that are capable of influencing the incidence of type 1 diabetes, the susceptibility of
which to environmental influences is well established (Hyoty & Taylor, 2002; Varela-
Calvino & Peakman, 2003). Vascular endothelial cells have a major role in viral tropism and
disease pathogenesis. Islet endothelium appears to be endowed of distinctive structural and
functional features, and is acquiring a role in type 1 and type 2 diabetes (Figure 4). An
interaction between islet endothelium and an EV, CVB in particular, infection might trigger
a series of pro-inflammatory events that could be important in islet inflammation and
possibly influence the development of autoimmune diabetes, through the initiation or
acceleration of islet autoimmunity in susceptible individuals.
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