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Introduction

Autoimmune Disease
Oxford English Dictionary defines the term autoimmunity as “the occurrence
or development of an immune response against a normal constituent of the
body; the condition resulting from this” [1]. Considering that autoreactive
antibodies and T cells circulate naturally, constituting a significant proportion of all antibodies, autoimmunity is not limited to autoimmune disease
[2]. Autoantibodies and autoreactive T cells can be triggered by traumatic
injury or virus infection [3, 4], and even if a direct pathogenic effect has
been demonstrated in some diseases [5], they may in other cases be an epiphenomenon to the underlying pathogenic event. For an autoimmune disease
to appear, the regulatory mechanisms that control reactions against selfantigens must be dysfunctional.
Despite the fact that autoimmune diseases affect ~5% of the western
world population very little is known about the genetic and environmental
factors triggering these events [5]. The criteria for autoimmune disease were
defined in 1957 by Witebsky’s postulate [6, 7]:
1. A defined circulating antibody- or cell-mediated immunity to autoantigen(s).
2. Identification of the specific autoantigen(s).
3. The ability to produce the disease in an experimental animal by
passive transfer of the antibody or self-reactive cells.
4. The ability to induce an analogous autoimmune response in an
experimental animal by immunization with the self-antigen.
5. The ability to generate a similar disease in experimental animals
following immunization with the self-antigen.

Autoimmune Disease and Virus Infection
There is a strong association between viruses and autoimmune disease. Most
diseases with a proposed autoimmune etiology have been associated to one
or more viruses in at least one study (reviewed in [8, 9]). Onset of most autoimmune diseases is accompanied by virus-like ‘mild febrile illness’ and several different viruses have been detected in patients at onset. Three main
mechanisms are proposed in which a virus could induce or trigger autoimmune tissue destruction; molecular mimicry, bystander activation, and direct

11

infection [9]. The concept of molecular mimicry is based on sequence homologies between viral and cellular epitopes, which could lead to crossreaction between the immune response evoked by the viral infection and
endogenous cellular proteins. In bystander activation a virus infection of
cells in the target organ induces an inflammatory milieu that in turn may be
toxic to uninfected neighboring cells. The third possibility is that a direct
infection of the target cells attracts an immune response. These three different mechanisms will be discussed in more detail regarding their possible
contribution to the etiology of type 1 diabetes in a later section.

The Pancreas and the Islets of Langerhans
The pancreas is a combined exo- and endocrine gland, consisting of many
different cell types. The dominating part (~80%) of the gland is exocrine,
with acinar cells producing digestive enzymes that are secreted to the duodenum via the pancreatic duct where they digest lipids and proteins. Interspersed in the exocrine gland is an endocrine gland made up of around 1 000
000 islets of Langerhans representing only 1-2% of the total pancreas mass
[10]. These islets were first described in 1869 by Paul Langerhans as islands
of clear cells that stained differently from the rest of the pancreatic tissue
[11]. It is now known that the islets of Langerhans contain several thousand
endocrine cells of five different types that produce hormones involved in
metabolism regulation. Most abundant are the insulin-producing beta cells
and the glucagon-producing alpha cells, making up around 60% and 30% of
the islet mass respectively. Present, but less abundant are the somatostatinproducing delta cells, pancreatic polypeptide (PP)-producing cells, and epsilon cells producing ghrelin [12]. Also, the islets are highly vascularized and
endothelial cells make up a significant part of the islet volume [13]. In humans, the relative proportion of the different endocrine cell types varies between islets in different anatomical parts of the pancreas. For instance, in the
uncinate process in the posterior head of the pancreas PP-producing cells are
the dominating cell type [14].

Normal Regulation of Glucose Homeostasis
Twenty-five years after the discovery of the islets of Langerhans, Sir Edward
Albert Sharpey-Schäfer suggested them to play a role in controlling blood
glucose by secreting a substance that he later termed insuline [15]. Insulin is
a hormone produced by the beta cells in the islets of Langerhans and essential for intracellular uptake of glucose in most tissues. Insulin is encoded by
the pre-proinsulin gene on the short arm of chromosome 11 [16], by activation of several transcription factors, including PDX1 and MAFA [17]. Pre-
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proinsulin is processed in the endoplasmatic reticulum (ER) into proinsulin,
consisting of the A and B chains of insulin joined by the C peptide. The C
peptide is subsequently cleaved off from the proinsulin and packed together
with insulin in secretory granules eventually ready to be exocytosed [12].
The insulin secretory granules also contain high concentration of zinc, which
crystallizes the insulin within the granule [18].
In healthy individuals insulin is exocytosed from the beta cells in response to glucose. The process leading to insulin release is complex, starting
with intracellular uptake of glucose through glucose transporters (GLUTs) 1
and 3 on the beta cell surface. Glucose is metabolized in the beta cell, leading to ATP production and closure of ATP-dependent K+ channels, altered
electrical activity, influx of Ca2+ through voltage-gated calcium channels,
and exocytosis of insulin granules. The beta cell response to a sudden increase in extracellular glucose is biphasic, consisting of an initial rapid phase
where insulin granules that are already docked to the beta cell membrane are
released, followed by a sustained second phase where granules migrate from
the cytosol to the plasma membrane and insulin is released [12]. In mouse
and rat islets, beta cell sensing of high glucose also leads to up-regulated
transcription of the pre-proinsulin gene and production of new insulin granules, but this was recently shown not to be the case in human islets [17],
unless the exposure is prolonged [19].

Type 1 Diabetes
Type 1 diabetes (T1D) is characterized by lost insulin production and secretion due to destruction of the beta cells in the pancreas. The incidence ranges
from <1/100000 per year in Venezuela and China [20] to 64/100000 per year
in Finland [21]. The increase in incidence during the past decades has been
dramatic, especially in young children [22-25]. Despite the high numbers of
affected patients, and that the cause of the disease (loss of insulin) has been
known for more than a century, there is no preventive or curative therapy,
but patients with type 1 diabetes will require lifelong injections of recombinant insulin.

Beta Cell Loss in Type 1 Diabetes
The availability of human pancreatic samples from prediabetic subjects is
scarce and non-invasive imaging methods for monitoring beta cell mass are
not yet available. Thus, the ideas of pancreatic events leading to development of type 1 diabetes are mainly derived from animal models and speculations based on immunological markers in the circulation. The perhaps most
widespread view is that the total beta cell mass decreases gradually in a linear manner over several years and that symptoms (hyperglycemia) arise when
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only around 10% of the beta cells remain [26] (Fig. 1A). A refined model
(Fig. 1B) was recently proposed by von Herrath et al, suggesting that T1D is
a relapsing-remitting disease [27, 28], similar to what is seen in multiple
sclerosis, with repeated autoimmune events to an increased number of antigens, followed by a remitting phase with regulatory T cells and beta cell
regeneration.
The idea that the beta cell mass is decreasing for several years before onset of T1D is mainly based on the appearance of autoantibodies against islet
antigens several years before the onset of T1D in many subjects, and a few
reports of decreased glucose clearance in pre-diabetic subjects [29, 30].
However, the correlation of such metabolic tests with the actual beta cell
mass is only limited [31]. In fact, an immunohistochemical study of pancreas
from 62 organ donors with autoantibodies against islet antigens showed no
evidence of decreased beta cell mass, even in cases with at least three different autoantibodies [32]. Also, a meta-analysis of histopathological studies
has suggested that the reduction in beta cell mass required to initiate clinical
symptoms of T1D is highly variable and decreases with age; at 20 years of
age a 40% reduction in beta cell mass was sufficient to induce hyperglycemia and T1D [33, 34]. An alternative view would be that T1D is an acute
and rapid disease. The autoantibodies, often appearing years before T1D
onset, do not necessarily reflect what is going on in the pancreas and could
possibly reflect limited beta cell destruction in a small part of the pancreas
(Fig. 1C, arrows). The strong correlation of the appearance of autoantibodies
with a later development of T1D may be explained by an increased susceptibility to the agent(s) inducing this beta cell damage.

Autoimmunity in Type 1 Diabetes
Inflammatory infiltrations of islet tissue in patients that died soon after the
onset of T1D were observed already in the early 20th century [35, 36], and
autoimmunity was put forward as an important contributor to beta cell destruction in the landmark paper by Gepts in 1965 [37]. The concept of autoimmunity in T1D development gained additional support in the 1970s by the
finding of circulating autoantibodies against islet antigens in patients with
T1D [38, 39] and by the discovery of a genetic association between T1D and
certain HLA genotypes [40-42]. Autoantibodies against several islet antigens
have been discovered (Table 1.) but also against antigens present only in the
exocrine pancreas [43-45]. It is not known whether autoantibodies contribute
to the pathogenesis of beta cell destruction or only is a consequence of it.
Nonetheless, circulating autoantibodies have a strong predictive value for
T1D development, especially when several autoantibodies are present [46,
47]. However, a case of development of T1D in a patient with severe inherited B cell (antibody) deficiency has been reported [48], indicating that autoantibodies are not a prerequisite for the development of the disease. In addi-
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tion to autoantibodies, autoreactive T cells directed against islet antigens
have been found in the circulation of diabetic and prediabetic subjects [4951].
Most knowledge of the autoimmune process in T1D is derived from findings in peripheral blood and murine models. Thus, the knowledge of what is
actually going on in the pancreas is weak. In the most widely studied mouse
model of autoimmune diabetes, the non-obese diabetic (NOD) mouse, the
insulitic lesion is dense with extreme numbers of T cells and B cells engulfing the islets [52, 53]. The presence of immune cells in human pancreata
from patients that died at onset of T1D has most extensively been studied in
a collection of samples obtained from hospitals in the UK between 1960 and
1985 by Foulis et al. [54-57], and in a few isolated case reports [58-65]. In
contrast to studies in the NOD mouse, in human T1D the insulitis is discrete
and less frequent. The presence of insulitis in humans is more common in
young children and decreases with time after onset [61]. Most studies describe an infiltrate dominated by cytotoxic CD8+ T cells and macrophages
[56, 62, 65], but in some cases significant numbers of NK cells [63], CD4+
T cells, and B cells have also been reported [56, 65]. The distribution of
immune cells throughout the pancreas is heterogeneous and three different
categories of islets have been described; islets with insulin without insulitis,
islets with insulin and with insulitis, and islets without insulin and without
insulitis [54]. A consensus for the definition of insulitis has yet to be defined.
Based on the lowest number of immune cells that was rarely exceeded in
control islets [56], Richardson et al. [66] suggested a threshold of five mononuclear cells per islet section for insulitis, but whether this is enough to
play a pathogenic role is not known. In pancreata collected in the recently
established Network for Pancreatic Organ donors with Diabetes (nPOD),
Coppieters et al. [67] have demonstrated the presence of T cells directed
against islet antigens in the islets of recently diagnosed T1D donors, but also
in this study the presence of immune cells was scarce.
Table 1. Autoantibodies against islet antigens

Antigen
Prevalence at T1D onset Discovery year References
GAD65
70-80%
1982
[68-70]
IA2
35-75%*
1990
[71-73]
Insulin
20-90%*
1963
[74-76]
ZnT8
60-80%
2007
[46, 77]
*Higher in young children; GAD65: glutamic acid decarboxylase 65;
IA2: tyrosine phosphatase-like insulinoma antigen 2; ZnT8: Zinc transporter
8
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Figure 1. Different theories on the time course of beta cell loss in T1D. In the
classical view (A) the beta cells are lost in a linear fashion after the appearance of
auto-antibodies. A relapsing-remitting autoimmune beta cell destruction (B) was
proposed by von Herrath et al. [27]. It is also possible that the majority of beta cells
are destroyed rapidly in the acute phase of the disease (C).

Enterovirus in Type 1 Diabetes
Although several genetic T1D susceptibility loci have been identified, there
is only a less than 40% concordance in monozygotic twins [78, 79], which
suggests environmental factors to be important contributors to the disease.
The first study to suggest a linkage between enterovirus (EV) infections and
T1D was published more than four decades ago [80]. Since then, numerous
epidemiological studies and case reports have been presented that support
this linkage and a number of recent publications have provided substantial
evidence for EV being a direct causative agent of T1D [63, 81-85]. There is
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clear evidence that EVs can infect human pancreatic islets [86-88]. EV has
been detected in human islets in vivo by virus isolation [89], in situ hybridization [90] and immunostaining [63, 91, 92]. Richardson et al recently
demonstrated immunopositivity for EV capsid protein 1 (EV-P1) in the islets
in 44 out of 72 recent-onset type 1 diabetic patients, and very rarely in islets
from control donors [91]. Also, inoculation of mice with EV isolated from
human pancreas induced beta cell destruction and hyperglycemia [89]. The
exact mechanisms of beta cell destruction in EV-induced T1D are however
not known. A most interesting recent study by Duenas-Cubas et al. showed
that that a significant fraction of first-degree relatives with islet autoantibodies had EV genome in their circulation [93]. Also, immunopositivity to EV
capsid protein has been demonstrated in the islets from an autoantibody positive organ donor [94]. These two studies together may suggest that EV infection of the islets is one of the events that can trigger the induction of these
autoantibodies.
The ability of EV to replicate in cultured pancreatic islets and also to
cause beta cell death has been shown to vary between different strains of a
serotype [86]. Most EV strains cause direct beta cell damage when human
islets are infected in culture [86], but productive non-lytic EV infection of
cultured islets has also been described [95]. Lytic as well as non-lytic EV
infection of pancreatic islets in vitro results in the induction of a number of
pro-inflammatory cytokines and chemokines, including IL-1β, IL-6, IL-8,
MCP-1, and IP-10 [96, 97]. These could either cause beta cell destruction
directly or by promoting insulitis. Interferon inducible peptide-10 (IP-10)
and monocyte chemotactic protein-1 (MCP-1) have chemoattractant effects
on specific immune cells and have been implicated in T1D development
[98]. It is also possible that the initial beta cell destruction caused by a direct
EV infection in vivo leads to the release of intracellular proteins that were
previously invisible to the humoral immune system. These proteins would be
recognized as foreign and could explain the appearance of auto-antibodies
associated with autoimmune disease (reviewed in [99]).
Recognition and induction of pro-inflammatory substances by members
of the picornavirus family have been shown to be mediated by the intracellular helicase MDA5 [100]. Most interestingly, recent genetic studies have
found four rare variants of MDA5 that confer protection against T1D [101,
102], suggesting a role for MDA5 in T1D development, and also providing a
possible link between T1D and EV infection. It is tempting to speculate that
certain variants of MDA5 either make the cells more susceptible to EV infection or alter the cytokine pattern induced by EV leading to a more diabetogenic immune reaction.
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Innate Immunity
The first line of host defense against invading pathogens is the innate immune system. It is non-specific by nature in the sense that it recognizes and
responds to pathogens in a generic fashion. The most basal function of innate
immunity is to provide a “barrier” against infection. This barrier can be directly mechanical, like the epithelia of the skin and other surface areas of the
body prohibiting foreign objects to enter, or more sophisticated recognizing
the existence of an invading foreign object, eliminate it or prohibit its spread.
In this way, the innate immune system may function to limit the infection,
but it also plays an important role in alerting and shaping the later, antigenspecific, adaptive immune response. In the perspective of auto-immune disease, local induction of innate immunity has been proposed to induce a socalled “fertile field” for pre-existing and latent adaptive auto-immunity
[103].

Innate Immunity to Virus
Viral particles, infecting their target cell, or being phagocytosed by polymorphonuclear leucocytes, are recognized by several receptors of the innate
immune system. These receptors are so-called pattern recognition receptors
(PRRs) that are activated through the recognition of pathogen-associated
molecular patterns (PAMPs) of, or produced by, the invading virus [104].
Two classes of PRRs are important for production of type I interferon (IFN)
and pro-inflammatory cytokines upon viral infection; Toll-like receptors
(TLRs) and RIG-I like helicases (RLHs) (Fig. 2). TLRs, involved in virus
detection, are transmembrane proteins present on the plasma membrane
(TLR2 and TLR4) or on cytoplasmic vesicles (TLR3, TLR7, and TLR9).
These are highly expressed in plasmacytoid dendritic cells (pDCs) specialized to produce extremely high levels of type I IFN in response to virus infection. RLHs consist of two pro-inflammatory members designated retinoic-acid gene I (RIG-I) [105] and melanoma differentiation-associated protein 5 (MDA-5) [100]. These are intracellular helicases detecting viral nucleic acid in the cytoplasm of any infected cell. Viral PAMPs detected by RLHs
may be dsRNA or ssRNA with 5’-triposphate ends. Long dsRNA is normally not found in uninfected cells, and most cellular mRNA is capped and never 5’-triphosphorylated. The relative importance of different components of
the innate immune system for virus recognition is not fully clarified yet and
varies among different viruses and cell types [100]. However, some studies
have indicated that RIG-I is essential for detection of 5’-triphosphorylated
ssRNA [106], whereas dsRNA is recognized mainly by MDA-5 [100].
Recognition of virus by TLRs or RLHs leads to transcription of type I interferon (IFN) and pro-inflammatory cytokines/chemokines (Fig. 2). Type I
IFNs induce the transcription of more than 300 IFN-stimulated genes, induc-
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ing an antiviral state in surrounding cells, and limiting viral spread [107].
The induced pattern of cytokines and chemokines is important in attracting,
activating, and shaping the later adaptive immune response [108].

Figure 2. Two classes of pattern-recognition receptors (PRRs) are important for
production of type I interferon and proinflammatory cytokines upon viral infection.
The illustration is modified from Takeuchi and Akira, J Immunol. Rev., 2009 [104].

Enterovirus
Taxonomy, Structure, and Life Cycle
Enterovirus (EV) is a genus in the family Picornaviridae and grouped into
10 EV species; Human EVs A-D, Simian EV A, Bovine EV, Porcine EV B,
and Human rhinoviruses A-C [109]. Each of these 10 species can be further
subdivided into different serotypes, which by definition are viruses that are
neutralized by treatment with a type-specific anti-serum. Also, the extremely
high mutation rate of picornaviruses results in the existence of several viral
strains, with different characteristics, within one single serotype, so-called
quasispecies [110].
All members of the EV genus are small (~30 nm in diameter), icosahedral
particles, containing a single-stranded RNA genome of positive sense. The
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genome of ~7500 nucleotides consists of one single open reading frame
(ORF), flanked by 5’ and 3’ un-translated regions (UTRs). The 3’UTR contains a poly(A)tail, but unlike most mammalian mRNA transcripts, the
5’UTR of EV is not capped. Instead, translation of the EV RNA is initiated
by ribosomal recognition of the internal ribosome entry site (IRES) located
in the 5’UTR, and primed by VPg, allowing cap-independent translation.
Upon entry to the host cell through the specific binding of EV structural
proteins to cellular surface receptors (DAF, CAR, PVR, and ICAM-1 being
some of the most well-studied), the EV genome is uncoated and can be
translated directly in the ribosomes. The EV ORF encodes one single polyprotein that is subsequently cleaved by virus-encoded protease in a series of
events, into four structural (VP1-VP4) and 7 nonstructural (2A-2C and 3A3D) proteins. Replication of the EV genome takes place at membranes of
virus-induced vesicles formed from the endoplasmatic reticulum and Golgi,
and is carried out by the viral RNA-dependent RNA polymerase through a
minus stranded RNA intermediate (the EV life cycle is reviewed in [111]).

Effects on Hosts and Host Cells
Enteroviruses, originally named because of their ability so survive the gastric
low pH and establish infection in the intestinal mucosa, are very common
and mostly cause mild or subclinical infection. However, EVs can sometimes spread from their primary site of infection in the gastrointestinal mucosa or upper respiratory tract, to secondary replication sites and cause more
severe disease; i.e. meningitis or encephalitis in the brain, paralysis in the
CNS, and myocarditis/pericarditis in some cases leading to chronic myocarditis or dilated cardiomyopathy of the heart [112]. EV has also been detected
in other organs, such as the pancreatic islets of Langerhans [63, 90-92, 94],
in which a clear causal relationship to disease remains to be proven.
EV has developed efficient ways to promote viral replication. Since its
translation is cap-independent, EV proteases cause shut-off of cellular translation by cleavage of components of the eIF4F complex, involved in capdependent translation [113]. It also reduces protein transport in the host cell
through the inhibition of ER-to-Golgi traffic by the viral non-structural proteins 2B and 3A [114, 115]. Numerous other virus-cell interactions that facilitate increased viral replication and reduce the host defense have been described, and are reviewed in [111]. Ultrastructurally, the most prominent
EV-induced change is the accumulation of membranous vesicles in the cytoplasm [116]. This is achieved by use of cellular COPII [117] and integration
of viral proteins 2B and 2BC into the membrane of the host Golgi and ER
complex, producing virus-induced vesicles [118]. In the light-microscope the
EV-induced cytopathic effect (CPE) is characterized by rounding of the
cells, making the infected cells refractory to light.
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Interfering with Antiviral Innate Immunity
The importance of innate immunity in controlling virus infection is emphasized by the fact that viruses have evolved mechanisms to interfere with
almost all aspects of activation of the innate immune system. During coevolution of viruses and their host cells, there has been a constant battle between immune mechanisms and viral countermeasures, and it is not always
obvious if a particular mechanism is in the interest of the host trying to protect itself or the virus trying to evade host protection in order to replicate and
spread. Numerous mechanisms for EV interference with host cell innate
immune responses have been described. Given the large number of different
EV serotypes, and almost unlimited number of strains and quasi-species, it is
for obvious reasons not possible to characterize what exact mechanisms each
specific virus utilizes. Also, it should be noted that the same virus might
have different effects in different cell types. However, many mechanisms
have been observed in several systems and can be expected to be more or
less consistent.
Sensing of EV in the cytoplasm of the host cell is interfered by cleavage
of the intracellular helicases RIG-I and MDA5 during EV replication, the
former directly by the viral protease 3C [119] and the latter by cellular
caspases activated during EV infection [120]. Downstream of these RLHs,
transcription of type 1 IFN is attenuated by viral proteases 2A and 3C
through degradation of IPS-1, which abolishes activation of IRF3, a transcription factor for type 1 IFN [121, 122]. Also, the inhibition of protein
secretion by EV 2B and 3A [114, 115], and shut-off of cap-dependent translation [113], discussed in a previous section, reduces the secretion of IFN
and pro-inflammatory cytokines and chemokines.
These mechanisms all reduce the ability of the infected cell to alert surrounding cells and induce an antiviral state preventing viral spread. In addition to this, EVs have evolved mechanisms to antagonize the effect of IFNstimulated genes, and some EVs can infect and replicate in cells pretreated
with type I IFN [123]. In conclusion, one can say that the result of this interaction between the host’s innate immune system and the virus’ ability to
avoid clearance may determine the outcome of infection by a particular EV
strain in a particular host/individual. For instance, the tropism and pathogenicity of poliovirus and CVB3 have been shown to be controlled partly by
the type I IFN response [124, 125].

Enterovirus Persistence
Most EVs rapidly lyse infected cells in vitro and in vivo, but EV persistence
has been shown or suggested to play a role in a number of different diseases
[126-128], including T1D [66, 129, 130]. Persistence of EV in the host has
been poorly understood, but shown to occur in both naturally infected hu-
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mans and in experimental systems by the evolution of attenuated phenotypes
that evade immune surveillance [131-134].
Some strains of EV have been reported to replicate without cell lysis in
certain cell types but not in others [81, 95, 134], indicating that the course of
EV infection is dependent on both viral and host cell properties. The high
mutation rate during EV replication leads to a constant generation of multiple quasi-species of which different variants may be favored in different cell
types. Replication of the EV genome is facilitated partly by host cell proteins
that are not available in the cytoplasm during cell cycle arrest in a nonreplicating state (G0) [135, 136]. EV infection of primary, rarely replicating,
terminally differentiated cells has been shown to generate EV genomes with
deletions of up to 49 nucleotides in the 5’ terminus. These terminally deleted
viruses replicated slowly but did not induce any visible cytopathic effect
[131, 132]. Persistence of such terminally deleted EV genomes was detected
for up to five months in mice cardiomyocytes [131], and in the heart of a
human with myocarditis [133]. Also, EVs with terminal deletions have been
shown to encapsidate the negative strand [131] and EV persistence has been
suggested to occur in the form of stable enteroviral dsRNA [137].
In the case of a possible link between T1D and EV, viral persistence is of
great interest since a persistent infection with a virus in vivo may lead to
inflammation, which can be difficult to distinguish from an autoimmune
attack. An obvious case of this scenario is chronic hepatitis, in which persistent Hepatitis C infection in the liver causes an immune-mediated destruction of the liver cells, also involving an autoimmune response against endogenous liver antigens [138]. Also, the presence of a very low amount of EV
RNA, due to the slow replication of EV with terminal deletions, may explain
difficulties in detection of virus in pancreatic samples.

Enterovirus in Myocarditis – Similarities with Type 1 Diabetes
Other EV-associated diseases that involve autoimmunity are chronic myocarditis and dilated cardiomyopathy. EV infection of the heart is present in a
significant proportion of cases of these diseases [139]. In animal models of
EV-induced myocarditis the virus has been shown to persist in the myocardium, causing impaired function of the infected cardiomyocytes [126, 131,
140, 141]. Chronic myocarditis is in many ways similar to T1D. In addition
to its association with EV, it is also characterized by the presence of inflammatory infiltrates (predominated by CD8+ T cells) in the heart tissue and
circulating autoantibodies to endogenous antigens [142, 143]. Flu-like symptoms with fever and gastrointestinal or respiratory symptoms are commonly
reported in close association to disease onset [142]. As in T1D, a slight male
predominance has been reported in the incidence of myocarditis and dilated
cardiomyopathy [144]. In contrast to T1D, the involvement of EV in the
pathogenesis of myocarditis is proven and generally accepted. However, as
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with T1D, most EV infections do not cause heart disease and a better understanding of the host and viral genetic determinants that lead to severe disease
is needed [145]. In heart tissue from patients with myocarditis or dilated
myocardiopathy, EV can frequently be detected both by IHC for EV P1 and
by PCR for EV genome. However, the detection of EV protein is more frequent than EV genome, suggesting that in tissue samples this method is more
sensitive [146]. This is in line with T1D, where immunopositivity to EV P1
is frequently found in the islets, but detection of EV genome has been reported less frequently.

Figure 3. Possible mechanisms of EV-induced beta cell destruction. Figure from
[147].

Possible Mechanisms of Enterovirus-Induced Beta Cell
Destruction
Three main pathways by which EV possibly could induce beta cell destruction have been proposed (Fig. 3); direct cytolysis of infected beta cells, local
virus-induced inflammation, and molecular mimicry.
A direct cytolytic effect is supported by the findings that EV can infect
human beta cells in vitro [86-88] and has been discovered in the islets at
onset of T1D [64, 90]. In addition to causing T1D by direct virus-mediated
beta cell destruction, this has been suggested to lead to release of intracellu-
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lar beta cell antigens that were previously hidden from the immune system
and induce autoimmunity [148]. Indeed, EV has been detected in the blood
of first-degree relatives with autoantibodies [93] and in the islets of an autoantibody positive organ donor [94].
Infection of beta cells, or other cells in close association to the islets, induces an inflammatory milieu [97, 149] that can be directly toxic to the islets
[150-152] or attract immune cells to the site of infection [92, 153]. It has
also been suggested that activation of innate immunity in the islets by an EV
infection could provide a so-called fertile field for self-directed T cells already present in the circulation [103].
Molecular mimicry is a hypothetical mechanism in which the immune response evoked by a virus cross-reacts with endogenous cells due to epitope
similarities. The infection can thus be in any cell type in the body and indirectly cause autoimmune beta cell destruction. This theory is mainly based
on a six amino acids long sequence homology between the EV protein 2C
and the islet autoantigen GAD65 [154].
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Aims

The studies included in this thesis aimed at elucidating mechanisms of EVinduced innate immune responses and islet destruction, both in vitro and in
vivo. We also had the opportunity to study ongoing pathogenic mechanisms
at onset of T1D and in pancreata from donors with autoantibodies against
islets antigens. The rationale behind studies of in vitro infected human islets
is based on the idea that a direct EV infection of islets in vivo initiates or
triggers T1D [66, 155]. However, since most knowledge of viral effects on
their host cells is based on studies in animals or in immortalized cell lines
and since innate immune signaling varies greatly between different primary
cell types [156], these studies are important also from a basic research perspective.
Specific aims of the four papers were:
•

To investigate the anti-inflammatory and islet-protective effects of nicotinamide (Paper I) and the female sex hormone 17β-estradiol (Paper II)
in EV-infected human islets.

•

To study if nicotinamide has an antiviral effect on EV replication Paper
I).

•

To study induction of innate immunity by EV and synthetic dsRNA in
human islets (Paper II).

•

To study the ability of pre-induction of innate immunity by dsRNA to
induce an antiviral state in human islets, reducing EV replication (Paper
II).

•

To characterize the morphology, mode of cell death, and induction of
innate immunity, at onset of T1D in the pancreata of two organ donors
(Paper III).

•

To study pancreatic immune infiltration and islet insulin content in organ
donors at onset of T1D, several years post diagnosis, and in islet autoantibody-positive subjects (Paper III).
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•

To search for the presence of viral proteins and/or viral nucleic acid in
the pancreas at onset of T1D (Paper III).

•

To test if, and at what stage of virus-induced islet destruction, EV infection affects the glucose-stimulated insulin secretion in human islets (Paper IV).

•

To test if dsRNA alone, without the presence of infectious virus, affects
beta cell function (Paper IV).

•

To investigate if EV infection of islets results in altered expression of
beta cell specific genes (Paper IV).
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Considerations on Research Design and
Methods

Here some considerations on a few important methods used in this thesis are
brought forward. For more detailed information regarding all the methods
used, please read the material and methods section in the respective papers
(I-IV).

Virus Strains (Paper I-II and IV)
Since there are more than 100 different serotypes of human EV [109, 110],
and numerous strains of each serotype, all with different properties, the
studies in this thesis had to be limited to a few particulary interesting viruses
from a T1D perspective. Even though it is not known whether some
genotypes or strains are more ‘diabetogenic’ than others, the EVs most
prominently linked to T1D are of the Coxsackievirus B type [28].
Four strains of CVB were used; VD2921 (Paper I and IV) and V89-4557
(Paper IV), isolated from patients suffering from aseptic meningitis [86, 95,
157, 158], and Adr (Paper I-II and IV) and E2-Yoon (Paper IV), isolated at
onset of T1D. Adr was isolated from stool [87], whereas E2-Yoon in the
1970s was the first virus to be isolated from the pancreas at onset of T1D
[89]. VD2921 and E2-Yoon have been genotyped as CVB4 whereas Adr and
V89-2921 are of the CVB5 genotype.
Adr and E2-Yoon were chosen because of their temporal relationship
with T1D onset in two clinical cases. V89-4557 is interesting since it, in
contrast to most other CVB can infect cells lacking both CAR and DAF
[157] and has been shown to replicate fast in islets causing pronounced islet
disintegration [87]. VD2921 has been shown to establish persistent non-lytic
infection in human islets in vitro [86, 95], and persistent infection in vivo has
been put forward as one of the main suspects for causing/triggering T1D [9,
155].
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Use of Primary Human Islets (Paper I-IV)
The pancreases were obtained from organ donors within the Nordic Network
after informed consent from the donor or close relatives. Islets of Langerhans were isolated in Uppsala, Sweden, using a protocol approved by the
Local Ethics Committee, as described previously [159]. Islet preparations
were available for research only because the total islet volume was too low
for clinical transplantation or a suitable recipient was not available.
Despite the good quality of the islets used in these studies, one must take
into account that the islets are affected by the isolation procedure and culture
and may not function exactly as they do in vivo [160]. Another challenge
when working with primary human cells is that the genetic background of
each donor may generate divergent results that are difficult to interpret. This,
however, is also a benefit of primary cells since each inbred animal model
and each cell line is to look at as an individual donor and studies on these
actually represents single case reports [161].

Pancreata from Recent Onset T1D Organ Donors (Paper
III)
In recent years, initiatives to collect and distribute tissue from human diabetic pancreata have gained increased interest. The Network for Pancreatic Organ donors with Diabetes (nPOD) funded by the JDRF (www.jdrfnpod.org)
collects and procures pancreata from centers in the US and around the world.
To a large extent inspired by this program, similar initiatives have been initiated in Europe. Tissue from pancreatic organ donors in the Nordic countries
is collected through the Nordic Network for Islet Transplantation, in Uppsala, Sweden. Some of these donors have been diagnosed with diabetes and all
are screened for autoantibodies against islet antigens.
In paper III we had the unique opportunity to study ongoing pathogenic
processes in the pancreas at onset of T1D in humans. Two patients, with no
previous history of T1D, presented with acute severe hyperglycemia and
diabetic ketoacidosis. Despite treatment at intensive care units at hospitals in
Finland and Sweden respectively, both developed cerebral edema and brain
death. They were selected as multi-organ donors, and their pancreata were
removed while heart beating and transported to Uppsala in proper preservation solution minimizing post-mortal changes. Islets were isolated from the
tail of both pancreases, and the remaining parts (body and head) were used
for biopsies. Also, pancreata from organ donors with antibodies against
GAD65 and/or IA2 were available, allowing the possibility to examine the
pancreatic tissue before clinical presentation of T1D. Since the material was
from diseased organ donors, one obvious limitation is that there is no possibility to follow up the patients for development of diabetes.
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Most previous case reports describing the pancreas at onset of T1D are
from autopsy samples, suffering to a large extent from tissue degeneration
and post mortem changes [54]. The pancreata used in our study are well
preserved for clinical transplantation, minimizing artifacts caused post mortem. However, the time and treatment in intensive care units before organ
procurement may influence, for instance, the presence of inflammatory
markers.

Detection of Enterovirus in Pancreatic Tissue (Paper III)
Detection of EV in pancreatic tissue has proven challenging. Five main detection methods have been applied; Immunohistochemistry (IHC), in-situ
hybridization (ISH), reverse transcription polymerase chain reaction (RTPCR), electron microscopy (EM), and virus isolation (VI). Each of these
methods has its limitations, and there has been a striking problem with inconsistent results generated by the different methods.
The most widely used method for detection of EV in pancreatic tissue has
been IHC with a monoclonal antibody against the EV-P1 (clone 5D8/1;
Dako, Glostrup, Denmark). This method is also applied in this thesis (Paper
III). This antibody seems to be the most reliable commercial antibody available, detecting most, but not all, serotypes of EV [162]. It has been suggested to cross-react with islet cell antigens (IA-2) [163] and HSP60 [164] under
certain conditions, but by careful optimization it does not generate positive
staining in pancreas tissue from the majority of non-diabetic organ donors
[91]. However, cross-reactivity to the altered protein expression in diabetic
islets has not been ruled out.
The limitations of IHC does definitely not rule out that the results obtained by this method indeed represent true virus positivity, but stresses the
importance of confirming positive findings by several methods. In this thesis, additional EV staining with a blend of antibodies against CVB1-6 was
applied in order to confirm the staining with the 5D8/1 clone if the present
virus was of the CVB type. Since the material in our study was fresh, and
preserved for organ transplantation, we also had the opportunity to screen for
EV with EM, VI, and RT-PCR, methods that are difficult or impossible to
apply on formalin fixed tissues [130]. Even if these methods also have their
limitations regarding sensitivity and specificity, confirmative results with
multiple methods dramatically reduce the risk for false positives as well as
negatives. In addition, detection of viral footprints, such as markers of innate
immunity activation, may argue for the presence of virus even if the virus
itself cannot be detected.
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Results and Discussion

Paper I - Antiviral Effect of Nicotinamide on
Enterovirus-Infected Human Islets in vitro: Effect on
Virus Replication and Chemokine Secretion
EV infection of pancreatic islets might promote insulitis by inducing local
expression of pro-inflammatory cytokines and chemokines, leading to leukocyte recruitment. In paper I, we demonstrate the induction of Interferoninducible peptide 10/CXCL10 (IP-10) and monocyte chemotactic protein
1/CCL2 (MCP-1), by a non-lytic CVB4 strain (VD2921) as well as by a lytic
CVB5 strain (Adr). These two chemokines are involved in the pathogenesis
of various autoimmune diseases such as multiple sclerosis and rheumatoid
arthritis [87]. In addition they have been shown to induce beta cell death
[165], and to be elevated in serum [166, 167], and in pancreatic islets [92]
from T1D patients at onset. We used ELISA to measure accumulation of IP10 and MCP-1 in the culture media of islets infected with VD2921 or Adr,
and compared it to media from mock-infected islets. IP-10 was secreted exclusively from EV-infected islets whereas mock-infected islets secreted basal levels of MCP-1, which was significantly increased by EV infection.
Expression of several pro-inflammatory genes, including mcp-1, has been
demonstrated in isolated human islets [168, 169] and is probably a result of
various stress factors, including the process of brain death and organ procurement.
Nicotinamide is used routinely during the isolation procedure of human
islets [159] because of its demonstrated protective [170] and antiinflammatory effects on islets in vitro [170, 171]. Based on these findings,
we were interested in evaluating the effect of nicotinamide on EV-infected
islets. Isolated human islets were cultured with or without addition of nicotinamide to the culture medium for 24 h prior to infection with VD2921 or
Adr. The secretion of IP-10 upon infection was blocked almost completely
(Adr) or reduced dramatically (VD2921) when the islets had been precultured with nicotinamide. The increased MCP-1 secretion induced by EV
infection was also reduced by nicotinamide, to a level comparable to that in
mock-infected islets. We also studied the effect of nicotinamide on virus
replication and virus-induced islet destruction/CPE. Most interestingly, nicotinamide reduced the replication of VD2921 as well as of Adr significantly.
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Also, the islet destruction induced by Adr infection was reduced by nicotinamide. The timing of nicotinamide exposure was not important, since its
effects on chemokine secretion, virus replication, and islet destruction, were
similar when nicotinamide was added to the islets simultaneously, or 24 h
post infection.
The mechanism of action of nicotinamide is not demonstrated in Paper I,
but the substance is known to interact with poly ADP-ribose polymerase 1
(PARP-1) [172]. PARP-1 is involved in many cellular processes, including
regulation of transcription of inflammatory mediators, and DNA repair. Inhibition of PARP-1 could lead to defect NFκB activation and reduced expression of inflammatory mediators [173]. Although nicotinamide has been
tested in a large scale human trial (ENDIT), in which it failed to prevent
T1D in patients at risk of developing the disease [174], the findings described in Paper I could have implications for the treatment/prevention of
virus- and/or immune-mediated disease. Also, this study highlights a possible mechanism of virus-induced T1D through the induction of MCP-1 and
IP-10 in pancreatic islets.

Paper II – Modulation of Innate Immunity in Human
Pancreatic Islets Infected with Enterovirus in vitro
There is a male predominance in the incidence of T1D after puberty [175],
and female sex hormones have been suggested to have a protective role. In
Paper II we demonstrate that the female sex hormone 17β-estradiol, like
nicotinamide in Paper I, reduces EV-induced secretion of IP-10 by human
islets. In contrast to nicotinamide, 17β-estradiol did not affect viral replication. One of the most interesting findings in this paper is that although IP-10
was induced in islets by synthetic dsRNA (poly[I:C]) to the same extent as
by EV infection, this secretion was not reduced by 17β-estradiol, indicating
that in primary human islets, poly(I:C) and EV induce innate immunity via
separate mechanisms. The paper further demonstrates for the first time that
EV infection induces the expression of IFNβ, MDA5, and TLR3 mRNA in
human islets, and that the virus continues to replicate even after the induction of these antiviral genes. However, when the islets are pre-exposed to
poly(I:C) for 24 h before EV-infection, the mean viral replication is reduced
significantly (n=9), indicating that poly(I:C) induces an antiviral state in the
islets that cannot be counteracted by the virus. The variations between individual islet donors were large, and poly(I:C) either blocked (5/9 donors),
reduced (3/9 donors), or did not affect (1/9 donors) EV replication. Like EV
infection, poly(I:C) exposure of islets led to induction of the innate immunity genes IFNβ, MDA5, and TLR3. The induction levels varied greatly between the nine tested donors, but did not correlate with the level of inhibition
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of viral replication. The data presented in this paper provide insight on the
innate immune responses induced by EV in human islets, and show that this
can be modulated by 17β-estradiol. It further demonstrates an important
difference between virus- and poly(I:C)-induced signaling.

Paper III – Ongoing Pathogenic Processes in the
Pancreas at Onset of Type 1 Diabetes in Humans
In Paper III we had the rare opportunity to study pancreatic tissue and isolated islets from two organ donors that died at onset of T1D and 15 organ
donors with circulating diabetes-associated autoantibodies (GADA and/or
IA2A). Isolated islets were used for functional analyses, gene and protein
expression studies, whereas pancreatic sections were used for IHC staining
and ultrastructural analysis.
No abnormalities were found in pancreas from autoantibody-positive donors. The insulin-positive area was not significantly different from control
pancreata and no proof of insulitis or EV infection was found. It should be
noted that only two of the fifteen studied donors were positive for both IA2A
and GADA (the rest were only positive for GADA), but even in these we
found no signs of ongoing pathogenesis. However, only a limited part of the
pancreases were available for IHC studies and it is fully possible that limited
beta cell destruction was ongoing in a different anatomical area.
IHC staining of the pancreatic tissue from the donors with recent onset
T1D revealed that insulin was reduced but still present in many or most islets. However, insulin secretion in response to a dynamic glucose challenge
was extremely low or missing. Lost beta cell function despite the presence of
a large number of intact insulin-containing cells at onset of T1D has been
described previously [63], and could indicate that a functional beta cell
block, in addition to cell destruction, is involved in T1D pathogenesis. A
finding that was striking, considering what has been reported in animal models and in a few cases of human T1D, was the lack of accumulation of inflammatory cells in or around the islets. Staining for cytotoxic CD8+ T lymphocytes (CTLs) and macrophages (CD68+) showed an increased presence
of these cells in the pancreatic sections from the two T1D donors compared
to controls, indicating an increased immunologic activity, but the pattern of
distribution was more or less even throughout the pancreas. T helper lymphocytes (CD4+) or B cells (CD20+) were not present. In one of the two T1D
donors, clusters of CTLs that grouped together could be found, a few times
in an islet, but more often localized to the exocrine pancreas. Most case reports describing islet infiltration do not report the frequency of immune cells
not associated to islets, but only count the number of islet-infiltrating mononuclear cells. The definition of insulitis is also very vague, with some case
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reports defining islets as insulitis-positive when containing “two or more
infiltrating mononuclear cells” [176]. Our results clearly show that to fully
understand the relevance of such a finding, the number of islet-infiltrating
immune cells must be compared to the number in the exocrine pancreas.
Most islets in one, and a few islets in the other, of the two T1D pancreases had a dramatic appearance with intra-islet bleedings (Fig 4A) and large
swollen cells (Fig 4C). Swollen islet cells and bleedings in human diabetes
were described already in the early 20th century by A. Weichselbaum (Fig
4B and 4D) [177, 178], and in the classic work from 1965 by W. Gepts [37].
The phenomenon has been termed hydropic degeneration and has also been
described in islets of rabbits treated with cortisone [179], and in bank-voles
infected with Ljungan virus [180].

Figure 4. The characteristic islet appearance in one of the two described cases of
recent onset T1D (A and C) were described more than 100 years ago by A. Weichselbaum (B and D) [177].

Consistent with a viral infection, staining of the pancreas from the two T1D
donors revealed prevalence of cells intensely immunopositive for EV-P1 in
multiple islets. No EV-P1 positive cells could be detected in any of the tested normal controls. In one of the two T1D donors, the suspected presence of
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EV could be strengthened by staining with a blend of antibodies against
Coxsackievirus B. However, despite several attempts to isolate virus from
pancreata from the T1D donors, and multiple PCRs against a wide variety of
picornavirus and other viruses, we failed to confirm the positive results from
the IHC analyses. Isolation of virus is not a sensitive method, and failure to
isolate virus can easily be explained by low concentration of virus in the
islets, or lack of permissiveness of the inoculated cells to the specific virus.
Even though the used PCRs were very sensitive at detecting virus in culture,
their sensitivity may decrease dramatically when trying to detect virus in
tissue due to the presence of inhibitors. Another explanation of the failure to
detect virus with PCR despite the positive EV stainings may be that these
infections were caused by a new picornavirus that is not detected with the
primers used here. Also, one obvious explanation could be that no virus is
present and that the antibody against EV cross-reacts with an endogenous
protein that is expressed in diabetic but not in healthy islets. However, since
the EV-P1 staining in one of the T1D cases co-localized with staining with
an antibody-blend against CVB, absence of virus is less likely. We also detected some signs of an activated innate immune response in the islets from
the T1D donors, consistent with a viral infection; expression levels of the
chemokines IP-10, MCP-1, and RANTES were up-regulated to some extent
in at least one of the T1D donors.
Ultrastructural analysis of islets from the two T1D cases revealed a high
degree of decomposed endocrine cytoplasm, mostly in beta cells. An interesting finding in affected cells was the presence of insulin granules containing more than one insulin crystal giving the impression of fused granules.
The islet septa and perivascular compartments were frequently filled with
fibrogenous material. Surprisingly few nuclei showed signs of apoptosis, and
the frequent formation of vacuoles and crinophagic bodies suggested a widespread ongoing autophagy in these cells. Absence of apoptosis was supported by negative IHC staining for cleaved caspase-3. These findings coincide
with a functional beta cell block, in which autophagy is increased to clear
old insulin granules and maintain the intracellular storage level [181]. Finally, the heavy cytoplasmic vacuolization that was found is consistent with a
viral remodeling of the cells.

Paper IV – Enterovirus-Induced Disintegration of
Human Pancreatic Islets, but not Viral Replication per
se, Reduces the Beta Cell Function Selectively
Based on the finding in Paper III and in the work by Dotta et al. [63], that
islets from cases of recent onset T1D have lost their ability of glucosestimulated insulin secretion (GSIS) despite a large fraction of cells being
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immunopositive for insulin, we in Paper IV wanted to examine whether such
a functional beta cell block could be caused by EV infection. EV had been
shown previously to reduce insulin secretion by cell lysis [63, 88, 95], but it
was not known whether viral replication itself could cause a functional block
in the beta cells.
When isolated human islets were infected in this study, the degree and
rapidness of virus-induced islet disintegration varied between the different
strains of CVB, but also between different donors (Paper IV, Table 1). Previous studies of virus-induced effects on beta cell function had looked at one
or more predetermined time point(s)[86-88]. In this study instead, the degree
of islet disintegration, not the specific time point or strain of virus, was compared with the islet GSIS, revealing that the GSIS is greatly affected when
the islets are markedly disintegrated but not when the virus has replicated
without observable islet destruction. This may not be surprising, but suggests
that a persistent and/or non-lytic infection do not cause T1D by itself. However, in the presence of immune cells and a possible pre-existing latent autoimmunity in vivo, such an infection could be a triggering event.
We also found that the expression of insulin but not glucagon mRNA was
lower in islets infected with E2 or VD2921, than in mock-infected control
islets. An obvious interpretation of this finding is that these viruses destroy
beta cell function selectively. This supports the previous studies arguing for
a selective tropism of many EV for beta cells [63, 90, 91]. In islets infected
with V89-4557, both glucagon and insulin transcription was downregulated.
This virus has been shown previously to, in contrast to most other CVB,
infect cells lacking both CAR and DAF [157], giving it a broader tropism
possibly also infecting alpha cells.
An important finding in Paper III and previously by Dotta et al [63] was
that, in cases of recent onset T1D, a significant number of islet cells stain
positive for insulin with IHC despite a completely lost GSIS. In line with
this, in paper IV, islets with a very low GSIS and greatly reduced insulin
mRNA levels still stained positive for insulin. This is likely due to insulin
remaining in beta cells that are about to die, but could also be explained by a
functional block. EV infection leads to shut-off of cap dependent translation,
and even though insulin can partly be translated via a cap-independent
mechanism, most of the insulin synthesis is blocked by eIF4A cleavage
[182]. Thus, when beta cells are infected it is likely that if infected, but not
disintegrated, islets would be challenged with high glucose for a longer duration than in this present study, the insulin stores would be emptied and the
beta cells made unresponsive to high glucose.
A surprising finding in Paper IV was that synthetic double-stranded RNA
(Poly[I:C]) potentiated the GSIS in human islets. This is directly contradictory to several reports from poly(I:C) exposure of murine islets, where it has
been shown to induce apoptosis and reduce the GSIS [183-187]. The data
presented in this paper gives no clues to the mechanism of this potentiating
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effect in human islets, but one can speculate that the molecular pathways
induced by poly(I:C) in human islets in some way interacts with the pathways involved in insulin secretion and/or glucose sensing.
In summary, the data in paper IV support that EV can destroy beta cell
function selectively, but also show that viral replication alone does not negatively affect insulin secretion. Rather, the presence of dsRNA during viral
replication or persistence may potentiate the GSIS, contradictory to results in
murine models.
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Conclusions

Paper I
1. Nicotinamide reduces EV replication and EV-induced islet destruction/CPE in human islets.
2. Nicotinamide inhibits or reduces EV-induced secretion of IP-10 and
MCP-1 from human islets.

Paper II
1. 17β-estradiol reduces EV- but not poly(I:C)-induced secretion of IP-10
from human islets.
2. EV replication in human islets induces the expression of IFNβ, MDA5,
and TLR3 mRNA.
3. Poly(I:C) exposure of human islets induces an antiviral state which cannot be counteracted by the virus.

Paper III
Two cases of recent onset T1D revealed:
1. Lost beta cell function despite the presence of a relatively large number
of intact insulin-containing cells, suggesting a functional beta cell block.
2. Intra-islet bleedings and large swollen cells.
3. Infiltrating immune cells, dominated by CTLs and macrophages, evenly
distributed in the pancreas without obvious accumulation in or around
the islets.
4. Multiple islets immunopositive for EV-P1 which in one case was confirmed with an antibody blend against Coxsackievirus B.
5. Signs of an activated innate immune response in the islets; up-regulation
of TLR3, and several chemokines
6. Decomposed endocrine cytoplasm, fused insulin granulae, cytoplasmic
vacuolization, dilated ER, few apoptotic cells, and signs of extensive autophagy.
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Paper IV
1. Infection of human islets with the CVB strains E2-Yoon or Adr, isolated
from T1D patients, reduces the expression of beta but not alpha cell specific genes.
2. EV-induced islet disintegration, affects the ability of the beta cells to
secrete insulin in response to high glucose. EV replication without observable induction of islet disintegration has no effect on the glucosestimulated insulin secretion in vitro.
3. Synthetic dsRNA (polyI:C) has a potentiating effect on glucosestimulated insulin secretion in human islets.
4. Human islets infected with EV are positively stained with IHC for insulin despite extensive islet disintegration and lost ability to secrete insulin
in response to high glucose.
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General Discussion

The data presented in this thesis focus on enteroviral effects on human pancreatic islets. Most knowledge on viral effects on host cells relies on studies
of immortalized cell lines or animal models. The islets, and more specifically
the beta cells, represent a fundamentally different and less well studied cellular host from a viral perspective. First, the beta cells can be considered terminally differentiated, meaning that some nuclear factors shown to participate in EV replication may not be present in the cytoplasm [135, 136], which
may lead to selection of different quasi-species than when the virus replicates in a transformed cell line. Also, it has been shown that the innate immune signaling varies heavily between different cell lines and between different primary human cells [156]. Given the suspected involvement of beta
cell infection in T1D pathogenesis, increasing our knowledge of EV effects
on primary human pancreatic islets is obviously of great importance.
Since the most important property of any virus is the ability to replicate
and spread efficiently between hosts, it is not likely that infecting the islets
of Langerhans, “trapped” in the pancreas far from the surrounding environment, is in the interest of the virus. Rather, the beta cell tropism of EV is
more likely a “side-effect” of adaptation to replication in other tissues. Understanding how such “accidental” infection, by EV and other viruses, affects the infected cells may have implications for our understanding of many
different diseases of so far unknown etiology.
In this thesis it is shown that EV that replicates in human islets activates
innate immunity genes and induces secretion of the chemokines MCP-1 and
IP-10. An important difference in activation of innate immunity by replicating EV and synthetic dsRNA is suggested, since the chemokine secretion
induced by EV infection but not by dsRNA is reduced by addition of the
female sex hormone 17beta-estradiol to the culture medium. We also, for the
first time, demonstrate a direct antiviral effect of nicotinamide, and even
though this substance failed to prevent T1D in a large scale study [174], this
finding could have implications for the treatment/prevention of virus- and/or
immune-mediated disease.
The rare access to well preserved human pancreata from two organ donors with recent onset T1D and several donors with T1D-related autoantibodies described in Paper III gave us a great opportunity to study ongoing
pathogenic processes at and before the onset of T1D. Despite this, we could
neither confirm nor reject the hypothesis that EV is involved in T1D devel-
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opment. Several signs, such as the ultrastructural remodeling of the beta cell
cytoplasm, activation of innate immunity, and immunopositivity to EV capsid protein 1, are supportive of an ongoing virus infection at onset of T1D,
but direct evidence is still lacking. Detection of virus with other methods
will be essential to provide evidence for EV infection of the islets at onset of
T1D, but it is also possible that the virus is present in an earlier stage of disease development, or that T1D is caused by another mechanism.
In conclusion I would like to state that these studies of EV in isolated
human islets in vitro support the idea that these viruses can cause T1D in
vivo, but future studies will have to show if and how frequently this happens.
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Future Perspectives

In this section I will present my personal view of where the field stands today and where I think the next years of research should focus.

What Causes Type 1 Diabetes?
From the low concordance rate in monozygotic twins, the uneven geographic
distribution, the seasonal pattern of onset, and the dramatic increase in incidence of T1D, we can draw the conclusion that environmental factors play
an important role in the development of the disease.
The basic hypothesis behind this thesis is that EV is involved in the etiologic mechanisms behind T1D. Although it is almost 50 years old, this hypothesis still can be neither confirmed nor rejected. The examination of pancreata from recent onset T1D patients in this (Paper III) and earlier studies
provides no conclusive evidence of virus infection. Most studies are based
on IHC with an antibody only (see page 29), and in cases where viral genome has been detected the method used has in most cases been ISH, which
does not allow confirmation of specificity by sequencing. The paper by Dotta et al [63], isolating an EV from the islets from a case of recent onset of
T1D has been questioned since, when sequenced, the virus showed a 99.6%
nucleotide identity with JVB, an EV strain isolated during the 1970s and in
many labs used as a reference strain. It is quite clear however, that ongoing
(detection of EV in blood) and/or recent (EV-IgM in serum) EV infection is
temporally associated with the onset of T1D [188-190]. The common presence of EV viremia at T1D onset, together with the susceptibility of human
islets to most EV infections in vitro, to me suggests that EV could also
commonly be present in the islets at onset of the disease. This is supported
by simultaneous detection of EV in cardiac myocytes and in islet cells in
children that died of acute EV myocarditis [191] but has yet to be proven.
Even if it can be established that EV (or any other virus) is present in the
islets at or before the onset of T1D, in all or most cases, its pathogenic role
still needs to be elucidated. The interplay between viral and host genetic
variants must be examined. Final proof of EV as a direct cause of T1D is
probably not established until vaccination, and/or antiviral therapy, in highrisk individuals have proven to prevent the disease in some or all subjects.
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The relative lack of pancreatic tissue and islets from humans with and
without T1D has lead many researchers to focus on animal models of the
disease, especially the NOD mouse. This has to a large extent taken the focus of the research community from what has actually been described in
human pancreata already in the early half of the 20th century. In contrast to
studies in the NOD mouse, in human T1D the insulitis is discrete and less
frequent. The establishment of more and more centers for islet isolation and
transplantation in the last decade has given the scientific community access
to human islet tissue, which has proven to be a valuable resource. Also, initiatives to build up biobanks of human pancreatic tissue has led the field to
now shift its focus back to human T1D. In the NOD mice there is no doubt
that beta cells are destroyed by an aggressive autoimmune attack directed
against the beta cells. However, in humans there is little or no evidence that
an autoimmune attack is the major cause of the disease. Immune cells are
sometimes present at onset and most likely contribute to the beta cell destruction, but it may not be the initial or main destructive factor. This is supported by the fact that all attempts to prevent the disease by regulating the
immune response have been unsuccessful. Even one-year treatment of newly
onset T1D patients with full dose cyclosporine, a very strong inhibitor of T
cell function, failed to improve the metabolic control compared to the placebo group [192].
It is quiet possible that an unknown pathogen or toxin causes the initial
beta cell destruction, leading to a subsequent activation of the immune response, the latter being interpreted as autoimmunity. Also, it is highly possible that T1D is not one or two diseases, but rather a state occurring as a result of lack of insulin that may have several different etiologies. The key to
success of future research to identify these mechanisms is most likely to
keep research broad and continue to test new hypotheses, and perhaps even
more importantly, to reject any hypothesis that is proven false.

Can it be Prevented?
Most therapeutic approach to prevent T1D has aimed at regulating the immune response, either in general or specifically against islet antigens [28].
But the question needs to be asked; what can we expect from immunomodulating therapy if the major and initial cause of beta cell destruction is not the
insulitis? So far, no clinical trial has made it past phase III [28], and even
heavy immune suppression has failed to effectively prevent T1D [192].
Common for many tested compounds are that they show promising results in
NOD mice and in small early studies, with few patients and only limited
follow-up time, but fail to efficiently prevent T1D in large clinical studies.
Perhaps this can be explained by a scenario where immune mediated destruction enhances and contributes to the islet destruction, but if the underly-
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ing cause is something else the islets will be destroyed anyway, even if the
progression may be slightly delayed. Novel tools for earlier prediction and
identification of patients at risk for developing T1D may increase the efficacy of treatment, but identification of one or a few causative factor(s), of viral
or other origin, may be necessary to completely prevent T1D.
If EV can be identified as a direct cause of beta cell destruction in T1D, it
is possible that vaccination could more or less eradicate T1D. However,
vaccination conferring protection against all available EV serotypes is likely
not achievable, and identification of one or a few “diabetogenic” serotypes
would be necessary. An approach that possibly can have effect against a
broader spectrum of EV is antiviral drugs. Three capsid-binding antiviral
drugs are in clinical trials for treatment of EV infection today [193], and one
of these has been shown to prevent replication of EV in human islets in vitro
[194]. Unfortunately, this approach struggles with the rapid emergence of
drug resistance [193, 194] and may have only limited effect on persistent EV
infection. Development of new anti-EV drugs targeting non-structural proteins may be needed. Another strategy could be preventing EV spread from
its primary replication site to sites where it may cause severe disease, i.e. the
islets of Langerhans. Understanding innate immunity to EV in the islets may
aid in development of new drugs. For instance, tissue tropism and pathogenicity of poliovirus can be controlled by the type I IFN response [124].
Also, if the virus is already present in the islets at start of treatment, controlling the activation of innate immunity (e.g. secretion of chemokines and upregulation of MHC class I) may be the best way to prevent immune mediated
destruction of the beta cells.
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Populärvetenskaplig sammanfattning på
svenska

Diabetes typ 1 är en sjukdom som beror på att betacellerna i de Langerhanska öarna i bukspottskörteln inte längre producerar insulin, ett hormon som
behövs för att kroppen ska kunna tillgodogöra sig socker som vi får i oss
genom födan. När inte detta fungerar blir blodsockerkoncentrationen hög
och utan behandling leder det till döden. Sedan 1920-talet har dock diabetiker kunnat behandlas med konstgjort insulin.
Trots att man i över 100 år har känt till att sjukdomen beror på att betacellerna förstörs vet man än idag inte vad som orsakar den här förstörelsen.
Man tror att den delvis beror på att immunförsvaret av någon anledning attackerar och förstör betacellerna (s.k. autoimmunitet) men vad som orsakar
detta är inte känt. En av de starkaste teorierna är att ett virus bidrar till sjukdomsförloppet. Redan på 1960-talet kopplades s.k. enterovirus ihop med
diabetes typ 1 då man upptäckte att patienter som nyss insjuknat i sjukdomen
hade en typ av antikroppar mot enterovirus, som tyder på att de hade en
pågående infektion. Enterovirus är en virusgrupp där också Polioviruset
ingår, men orsakar normalt endast förkylning eller mycket vaga symptom.
Det kan dock i vissa fall även orsaka allvarlig sjukdom såsom hjärtmuskelinflammation och kanske alltså diabetes. Virus till skillnad från bakterier
behöver hjälp av en värdcell för att kunna föröka sig och finns därför alltid
inne i cellen. När en cell är infekterad drar den till sig uppmärksamhet från
immunförsvaret som kommer och förstör cellen för att på så sätt göra sig av
med viruset. En sådan reaktion kan vara mycket svår att skilja från en autoimmun attack.
I den här avhandlingen ingår tre arbeten i vilka vi har renat fram Langerhanska öar från bukspottskörteln från avlidna donatorer och infekterat dessa
med Enterovirus i cellodlingsskålar för att studera olika effekter som en
sådan virusinfektion har på cellerna. I ett fjärde arbete hade vi en unik
möjlighet att studera bukspottskörtlar från två organdonatorer som avled
precis vid insjuknandet i diabetes typ 1, något som är väldigt ovanligt. När
vi infekterade de Langerhanska öarna på vårt laboratorium upptäckte vi att
dessa då utsöndrar flera substanser som lockar till sig celler från immunförsvaret, så kallade kemokiner. Vi kunde även minska eller förhindra
utsöndringen av dessa substanser genom att tillsätta vitamin B3 (nicotina-
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mid) eller kvinnligt könshormon (estradiol). Dessa upptäckter kan bidra till
vår förståelse för hur Enterovirus kan orsaka att vårt immunförsvar attackerar betacellerna och möjligen hur detta i så fall kan förhindras kliniskt.
Vi såg även att viruset i sig förstörde betacellernas förmåga att producera
och utsöndra insulin. I arbetet där vi beskriver två patienter som dog vid
insjuknandet i diabetes typ 1 försökte vi hitta virus eller spår av virusinfektion i öarna, med flera olika metoder. Tyvärr gav detta inte något fullständigt
säkert svar. Flera saker tydde på att Enterovirus var närvarande i öarna,
bland annat färgades de positivt med en metod för att märka in Enterovirus
med hjälp av en konstgjord antikropp, men vi kunde inte påvisa virusförekomst med andra metoder. Ett annat intressant fynd i dessa två bukspottskörtlar var att inflammationen var mindre än man tidigare trott. Detta
har nu även visats i andra studier, och det är tydligt att immunförsvaret inte
lika aktivt bidrar till förstörelsen av betaceller som det gör i flera frekvent
använda musmodeller av sjukdomen. Efter att har studerat dessa två pankreasar är det svårt att tro att diabetes typ 1 är en autoimmun sjukdom, iallafall i det akuta stadiet. Snarare kan man tänka sig att något, t ex en virusinfektion, inleder förstörelsen men att immunförsvaret bidrar i ett senare
skede.
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