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ABSTRACT 

Coxsackievirus group B (CVB) is a common virus that usually causes only mild symptoms in 
humans. However, occasionally these infections result in severe diseases like meningitis, 
myocarditis and pancreatitis. In addition, CVB infections have been suggested to be involved in 
the etiology of chronic diseases such as dilated cardiomyopathy and type 1 diabetes (T1D). 
Why the outcome of a CVB infection can vary so greatly is not entirely clear. Besides virus-
intrinsic factors it has been hypothesized that the ability to mount an adequate immune response 
is important in regulating damage after CVB infection. The innate immune response is essential 
for the control of virus replication early after infection and for initiating the adaptive immune 
response, which is needed to clear the infection. If the host fails to initiate a suitable immune 
response, damage may arise as a result of uncontrolled virus replication or excessive 
inflammation. The aim of this thesis was to increase our understanding of how the innate 
immune response is initiated after CVB infections and how it may help to control the virus.  

In paper I, we showed that the intracellular virus sensor melanoma differentiation-
differentiation protein-5 (MDA-5) plays an important role in the immune response to CVB. 
Lack of MDA-5 weakened the host’s ability to limit virus replication during the first days after 
infection, which lead to increased tissue damage. In addition, we found that the genetic 
background determines how heavily the host relies on MDA-5 for survival. Mice lacking 
MDA-5 on a C57/BL6 background rapidly succumbed to CVB infection while 129/SvJ mice 
survived and eventually cleared the virus even in the absence of MDA-5. Surprisingly, 
production of type I interferons (IFNs) was not significantly compromised by a lack of MDA-5. 
Type I IFNs produced by infected cells can stimulate immune cells like natural killer (NK) cells 
that have been demonstrated to be important in the host response to CVB infections. In paper II, 
we established that CVB infection modulates the cell surface expression of NK cell receptor 
ligands. The downregulation of inhibitory class I HLA alleles and the activating NKG2D ligand 
MICA did not result in increased NK cell mediated killing of the infected cells. However, after 
encountering infected cells, NK cells responded with enhanced secretion of IFN-γ, a cytokine 
with well-described antiviral and immuno-modulatory properties. Type I and II IFNs secreted 
by infected cells and/or immune cells are an indispensable part of the immune response to virus 
infections. In paper III, it was demonstrated that human pancreatic islet cells respond to IFN 
stimulation by upregulating the expression of genes involved in virus recognition, limiting virus 
replication and shaping of the adaptive immune response. This so-called antiviral state reduced 
the permissiveness of human islet cells to CVB infection.  

Patients suffering from cystic fibrosis (CF) have a well-described defect in their 
antimicrobial immune response, leaving them especially vulnerable to respiratory tract 
infections. Using a mouse model for CF in paper IV, it was shown that a defective cystic 
fibrosis transmembrane conductance regulator (cftr) gene, the genetic cause for CF, renders 
mice susceptible to systemic CVB infection. Mice lacking CFTR succumbed to CVB at a dose 
that was not lethal for their wild type counterparts.  

In conclusion, the studies included in this thesis add to our understanding of how the innate 
immune response recognizes and responds to CVB infections. Interestingly, MDA-5, NK cells 
and IFNs, while important in the immune response to CVB, have also been implicated to play a 
role in the development of T1D. This supports the notion that the immune response mounted by 
the host may influence the outcome of an infection with CVB. Hopefully, a better 
understanding of the host immune response can help to prevent the severe outcomes sometimes 
associated with CVB infection.  
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1 INTRODUCTION 

1.1 THE INNATE IMMUNE SYSTEM 

All organisms need to protect themselves from the often hostile surrounding 
environment. The first line of protection is provided by a physical barrier that separates 
the host from the outside world. In the case of mammals, this function is carried out by 
the epithelial lining. If this mechanical barrier fails, the host possesses a wide array of 
specialized cells, small molecules and proteins, collectively referred to as the immune 
system, that prevents microorganisms from invading and causing damage to the host. 
The host response to infections can be divided into different stages. The innate arm of 
the immune system can respond quickly to a large variety of microorganisms in an 
unspecific manner, and is particular important during the early immune response. It is 
aimed at detecting invading microbes and limiting their replication and spread until the 
pathogen-specific adaptive immune response that helps to clear the infection is 
initiated. Moreover, activation of the adaptive arm of the immune system leads to long-
term memory, which helps the host to respond faster to a second infection with the 
same microorganism. Parts of the evolutionary older innate immune system can be 
found even in single-cell organisms, while only jawed vertebrates are capable of 
mounting an adaptive immune response [3].  

Most cells are equipped with proteins that enable the detection of intracellular 
pathogens (see section 1.1.1 of this thesis). This event is crucial for the induction of the 
immune response. After recognition of an invading pathogen, cells can respond by 
upregulating the expression of a number of proteins with immunological functions [1]. 
Cytokines such as interleukins (IL) stimulate and activate other cells [4], while 
chemokines can recruit immune cells by inducing chemotaxis [5]. Interferons (IFNs) 
can act in an auto- and paracrine manner to upregulate proteins that can reduce cells’ 
permissiveness to virus infections (see section 1.1.2 of this thesis). By the mechanisms 
described above, virtually every cell can contribute to the innate immune response. In 
addition, the host has a set of specialized innate immune cells such as dendritic cells 
(DCs), monocytes and natural killer (NK) cells. DCs are professional antigen 
presenting cells (APC). They constantly take up particles from the extracellular space 
and present peptides in the context of major histocompatibility complex (MHC) 
molecules to T-lymphocytes (hereafter denoted T-cells) [6], cell types belonging to the 
adaptive immune system. In addition, DCs are particularly well equipped to recognize 
intra- and extracellular microorganisms. Plasmacytoid DCs (pDCs) are a subtype of 
DCs that have the unique ability to rapidly secrete IFN-α upon detection of virus 
infection [7]. In contrast to most other cell types, even unactivated pDCs express the 
transcription factor IFN regulatory factor (IRF) 7 needed for the activation of IFN-α 
transcription [8]. Once DCs become activated, they express co-stimulatory molecules 
that activate adaptive immune cells that recognize the epitopes presented by DCs [6]. 
Like DCs, monocytes and macrophages can present antigens to T-cells. In addition, 
they are highly specialized in engulfing extracellular pathogens. After uptake, 
macrophages can kill bacteria or parasites by toxic molecules and proteins such as 
reactive oxygen species and degrading enzymes. Furthermore, monocytes produce 
cytokines that help to activate and shape the adaptive immune response [9]. NK cells 
are best known for their ability to recognize and kill malignant and infected cells 



 

 2 

without the need for prior sensitization (see section 1.1.3 of this thesis). They are also 
one of the main producers of IFN-γ, a cytokine with antiviral and immunomodulatory 
properties [2].  

The innate and the adaptive arms of the immune system are highly intertwined and 
by no means separated parts of the immune response. For example, the activation of the 
adaptive immune response is highly dependent on the innate response. Antigen 
presentation by DCs is crucial for its activation, while cytokine production by for 
example NK cells can determine the quality of a T-cell response [10]. Interestingly, 
recent studies suggest that NK cells are able to form an immunological memory [11], a 
function previously  attributed only to B- and T-cells, blurring the line between 
adaptive and innate immunity even more.  

1.1.1 Pattern recognition receptors 

Mammals possess an intricate system that allows the detection of invading 
microorganisms. This is facilitated by a set of intracellular and transmembrane proteins, 
collectively termed pattern recognition receptors (PRR). They are able to recognize 
conserved structures of bacteria and viruses being either a part of the genome or 
displayed on the surface, so called pathogen associated molecular-patterns (PAMPs) 
[1]. Since many microorganisms express the same PAMPs recognized by PRRs, the 
host can detect a multitude of pathogens with a relatively limited amount of proteins. 
After ligand binding, PRR initiate a signaling cascade that results in the expression of 
interferons and/or inflammatory cytokines [1]. This is crucial for the activation and 
shaping of the innate and adaptive immune responses of the host.  

1.1.1.1 Toll like receptors 

The toll like receptors (TLRs) were the first mammalian PRR to be discovered. They 
are homologous to the Toll receptors found in Drosophila [12]. All TLRs are 
transmembrane proteins, either located at the cell membrane or in the endosomes of the 
cell (Table 1).  
 

TLR Location Typical ligand Induction of IFN 
1 Cell membrane Triacyllipopeptide No 

2 Cell membrane Diacyllipopeptide1 
Triacyllipopeptide2 

No 

3 Endosome dsRNA Yes 
4 Cell membrane LPS Yes 
5 Cell membrane Flagellin No 
6 Cell membrane Diacyllipopeptide No 
7 Endosome ssRNA Yes 
8 Endosome ssRNA Yes 
9 Endosome CpG DNA motives Yes 
Table 1. TLR location and ligands. 1 as a homodimer with TLR6; 
2 as a heterodimer with TLR1; after [13]. 
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Known ligands can be divided into two categories. TLRs located at the cell membrane 
bind to structures on the outside of microorganisms, like LPS, flagellin or lipopeptides, 
while endosome-restricted TLRs bind to conserved structures of microbial DNA or 
RNA (Table 1). A subset of TLRs is constitutively expressed in most cell types and can 
be further upregulated after stimulation with IFNs and/or cytokines. What pathogens 
can be detected and how cell will respond is determined by the TLRs that the cell 
expresses.  For example, plasmacytoid dendritic cells (pDCs) express TLR7, 8 and 9, 
and are known to produce large amounts of IFNs after the recognition of viruses [14].  
 

What cytokines are expressed after TLR stimulation depends on the signaling cascade 
associated with a given TLR (Figure 1). Inflammatory cytokines are induced by all 
TLRs, while the ability to induce type I IFNs is restricted to TLR4 and the endosomal 
TLRs (Table 1). All TLRs except TLR3 interact with the adapter molecule myeloid 
differentiation factor 88 (MyD88) and activate the nuclear factor kappa-light-chain-
enhancer of activated B cells (NFκB) signaling pathway. Instead of MyD88, TLR3 
utilizes the adaptor TRIF, which can also bind to TLR4 [13]. 
 
 

Figure 1. TLR signaling. Adapted after [1]. 
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1.1.1.2 RIG-I like helicases  

Retinoic acid-inducible gene I (RIG-I also known as DDX5) and melanoma 
differentiation associated protein-5 (MDA-5, also known as Helicard or IFIH1) form a 
group of intracellular PRR called RIG-I like helicases (RLH). RIG-I and MDA-5 
consist of two N-terminal caspase recruitment domains (CARD), a helicase domain and 
a C-terminal repressor domain [15]. A third member of the RLH, LGP-2 lacks the 
CARD that is necessary for signaling, and has been suggested to be a negative regulator 
of RIG-I [16]. However, newer results indicate that LPG-2 may instead act as a positive 
regulator of RLH signaling [17]. Both RIG-I and MDA-5 can recognize viral RNA and 
the synthetic virus RNA analogue polyinosinic:polycytidylic acid (pIC) [18, 19].After 
binding of their ligand RIG-I and MDA-5 induce the production of type I IFNs via 
activation of the adaptor IPS-1 (also called VISA, CARDIF or MAVS) [20], which 
ultimately results in the activation of the IRF3 and 7 (Figure 2). 

 While RIG-I and MDA-5 have a similar protein structure and share a common 
signaling pathway, they do not recognize the same features of virus RNA or pIC. It has 
been demonstrated that pIC shorter than 1000 base paires (bp) is recognized solely by 
RIG-I, while pIC > 2 kbp is recognized by MDA-5 [21]. How the two proteins 
distinguish between pIC of different length is not known to date. In addition, it has 
been shown that RIG-I can be activated by single stranded RNA (ssRNA) carrying a 5´ 
triphosphate [22, 23] and a polyuridin motive similar to the 3´ UTR region of hepatitis 
C virus (HCV) [24]. The molecular structure of virus RNA that is recognized by MDA-
5 has not been defined. 

Figure 2. RLH signaling, Adapted after [1]. 
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As it is evident that RIG-I and MDA-5 recognize different patterns in pIC it may not be 
surprising that they also can distinguish between different viruses [18]. While some 
viruses can activate both, others are only recognized by RIG-I or MDA-5 (Table 2).  

 
Detected by 

Family Species 
RIG-I MDA-5 

Sendai virus X  
Paramyxoviridae 

Newcastle disease virus X  
Orthomyxoviridae Influenza virus X  

Rhabdoviridae Vesicular stomatitis virus X  
EMCV  X 
Theiler´s virus  X Picornaviridae 

Mengo virus  X 
Hepatitis C virus X  
Japanese Encephalitis virus X  
Dengue virus X X 

Flaviviridae 

West Nile virus X X 
Reoviridae Reovirus X X 

Table 2. Detection of selected viruses by RLH. Adapted after [1]. 
 
The preferential detection of certain viruses by one of the two viral sensors can 
sometimes be associated with a virus family. For example, all picornaviruses studied so 
far are recognized by MDA-5 but not RIG-I. However, the fact that HCV virus is only 
recognized by RIG-I [25] but Dengue virus, also belonging to the flaviviridae, can 
activate both RIG-I and MDA-5 [26] shows that this might be oversimplified. In 
addition some viruses have evolved mechanisms to impair recognition by RLH. The 
HCV protease NS3/4 can cleave IPS-1 and the V-proteins of paramyxoviruses can bind 
to MDA-5 and inhibit its function [27, 28]. This demonstrates that a lack of activation 
of MDA-5 or RIG-I can be the consequence of a viral immune evasion rather than 
inability of recognition by RLH.  

1.1.2 The interferon system 

IFNs were discovered more than 50 years ago by their ability to interfere with virus 
replication [29]. Today, IFNs are divided into three classes: type I with IFN-α and –β as 
prototypic members, type II with IFN-γ and type III IFN including IFN-λ 1-3 (also 
called IL28 a/b and IL29, respectively). The different types of IFNs bind to distinct 
receptors but all share a similar signaling pathway [30]. After receptor binding the 
signal is relayed into the cell via the Jak/Tyk and signal transducer and activator of 
transcription (STAT) pathway. After being phophorylated, STATs form dimers and 
translocate into the nucleus where they activate gene transcription [31]. Besides their 
direct antiviral effect, IFNs are also important for the activation and shaping of the 
immune system. However, an unrestricted IFN response can be detrimental for the host 
and contribute to immunopathology and autoimmunity [32].  
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1.1.2.1 Type I interferons 

The family of type I IFNs is made up of IFN-α, -β, ε, κ, ω and τ [32]. While IFN-α and 
-β have been extensively studied little is known about the functions of the other family 
members. Humans carry at least 13 different functional IFN-α genes and one gene for 
IFN-β [33]. Most cell types are able to respond to virus infections with the expression 
of IFN-β (see sections 1.1.1.1 and 1.1.1.2 of this thesis). Secreted IFN-α/β signal via the 
heterodimeric IFN-α receptor (IFNAR) that leads to the phophorylation of the 
associated janus kinases JAK1 and Tyk2. Subsequently, JAK1 and Tyk2 will 
phophorylate STAT-1, 2 and 4, which dimerize and together with IRF9 form the 
transcription factor ISGF3. ISGF3 induces the transcription of genes that carry the 
interferon stimulated response element (ISRE) in their promoter region [34]. Among 
the genes induced by IFN-β is IRF7. IRF7 is needed for the direct induction of IFN-α 
by PRR (Figure 3) [35]. Since most cell types do not express IRF7 in steady state they 
depend on IFN-β for the induction of IFN-α. One notable exception are pDCs. The 
expression of IRF7 by pDC facilitates a rapid production of IFN-α following encounter 
with virus. In fact, pDCs have been suggested to be the major source of IFN-α after 
virus infection [8]. Another gene upregulated by type I IFNs is the protein suppressor 
of cytokine signaling 1 (SOCS-1), a negative regulator of IFN signaling [36].  

Figure 3. Type I IFN signaling and induction of IFN-α. 1: IFN-β signaling leads to 
the induction of IRF7 and other ISGs. 2: IFN-α is induced after virus detection by for 
example MDA-5 via phosphorylation of IRF7. Adapted after [1].  
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Type I IFNs have the ability to induce an antiviral state (described in more detail in 
section 1.1.2.3) in host cells and thereby directly limit virus replication and spread [37]. 
In addition, it has been shown that type I IFNs can activate several immune cells. IFN-
α can activate NK cells by enhancing cytokine production and their cytotoxic function 
[38, 39]. Moreover, IFN-α can stimulate monocyte differentiation and activation [40], 
as well as induce proliferation of activated CD8+ T-cells. A more indirect way of 
enhancing the immune response and limiting virus spread is the induction of MHC 
expression by type I IFNs. This may help to overcome downregulation of MHC, 
induced by many viruses, and facilitate the efficient presentation of virus-derived 
peptides to cytotoxic T-cells [33].  

The action of type I IFNs can be detrimental to the host if the immune activation is 
not properly balanced. For example the transgenic expression of type I IFNs in the 
β-cells of the pancreas induces T1D in normally T1D resistant mice [41]. Furthermore, 
injections with pIC, a potent inducer of type I IFNs can also induce T1D in diabetes 
prone rats [42, 43]. Interestingly, the development of T1D has been recognized as a 
side effect of systemic IFN-α treatment in humans [44].  

1.1.2.2 Type II interferons 

IFN-γ is the only known type II IFN. In contrast to type I IFNs, it is only expressed by 
cells of hematopoietic origin, especially by NK and T-cells. IFN-γ is induced in NK 
cells after stimulation with IL12 and IL18 and/or after encounter with a NK cell 
susceptible target cell [45, 46]. T-cells can produce IFN-γ after stimulation of the T-cell 
receptor by its cognate antigen peptide [3]. Binding of IFN-γ to the IFN-γ receptor 
results in the activation of JAK1 and JAK2 followed by phophorylation of STAT1. 
STAT1 homodimers can bind to genes possessing the gamma-activated sequence in the 
promoter region and activate their transcription (Figure 4) [2].  

IFN-γ can, similarly to type I IFNs, induce an antiviral state in host cells, which can 
inhibit virus replication and spread [37]. In addition, IFN-γ has a profound effect on 

Figure 4. Type II IFN signaling. Adapted after [2]. 
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immune cells. One of the best-studied effects of IFN-γ is its ability to promote type 1 T 
helper cell (Th1) differentiation of T-cells, while inhibiting the development of Th2 and 
Th17 cells [2]. This is achieved by the opposite effect of IFN-γ on the expression of the 
key transcription factors involved in Th subset differentiation. IFN-γ induces the 
expression of T-bet [47], needed for Th1 differentiation, and inhibits the expression of 
GATA-3 [48] and probably RORγt [49], the transcription factors needed for Th2 and 
Th17 development, respectively.  

In addition to skewing the adaptive immune response, IFN-γ also enhances innate 
immunity. It has been shown that IFN-γ can enhance the TLR signaling in macrophages 
[50, 51]. The production of inflammatory cytokines is increased in IFN-γ activated 
macrophages after TLR stimulation. This effect is achieved, at least in part, by 
inhibition of the anti-inflammatory actions of IL10. 

The fact that a lack of SOCS-1, an inhibitor of IFN-γ signaling, is neonatal lethal in 
mice due to uncontrolled activity of IFN-γ, illustrates the severe effects of unrestricted 
IFN-γ signaling [36]. Many autoimmune diseases were thought to be exacerbated by 
IFN-γ. Recently, however, it became clear that in several mouse models of autoimmune 
diseases, IL17 expressing T-cells are actually responsible for inducing pathology [52, 
53]. In fact, IFN-γ seems to be protective in experimental autoimmune encephalitis 
(EAE), a mouse model of multiple sclerosis (MS) [54]. Still, it is clear that IFN-γ has a 
role in the development of some autoimmune conditions. The transfer of autoreactive 
IFN-γ producing Th1 T-cells can induce EAE in naïve mice [55] and treatment with 
IFN-γ has been implicated with the exacerbation of MS in humans [56]. Furthermore, it 
has been shown that IFN-γ can have cytotoxic effects. It is for example been well 
established that IFN-γ in combination with other inflammatory cytokines like IL1 or 
tumor necrosis factor (TNF)-α, can induce cell death in pancreatic β-cells. This may 
contribute to the destruction of insulin producing cells during the development of T1D 
[57].  

1.1.2.3 Interferon stimulated genes and the antiviral state 

The antiviral properties of IFNs can be attributed to at least two distinct effects. The 
immunomodulatory functions of IFNs help the host to clear infected cells and induce an 
adaptive immune response that confers long-term immunity [32]. Secondly, IFNs can 
induce an antiviral state in host cells, which can prevent cells from becoming infected 
and thereby limiting virus replication and spread [58]. The latter effect can be explained 
by the induction of a set of genes with direct antiviral properties. Genes upregulated by 
IFNs are collectively called interferon stimulated genes (ISGs). Both type I and type II 
IFNs induce an antiviral state via the stimulation of an overlapping but not identical set 
of ISGs [37]. The protective effect of IFNs is most likely due to the combination of 
genes upregulated and not the result of a single gene product. However, it has been 
demonstrated that expression of a single ISG or the lack thereof can have a profound 
effect on the outcome of a virus infection. The function of some ISGs is well 
established while the mode of action for others is still elusive.  

One of the ISGs upregulated following IFN stimulation is the protein kinase R 
(PKR). Activation by dsRNA results in dimerization of PKR. The eukaryotic initiation 
factor 2α (eIF2α) is a well-defined substrate for PKR. Phosporylation by PKR prevents 
the recycling of eIF2α thereby halting host protein synthesis [31]. A recently uncovered 
consequence of eIF2α phosphorylation is the induction of autophagy, which leads to 
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the degradation of the cell content [59]. Mice deficient in PKR are more susceptible to 
infections with coxsackievirus, exemplifying the antiviral activity of PKR [60].  

Another well-characterized ISG is the family of 2´-5´ oligoadenylate synthetases 
(OAS) [61]. After binding of dsRNA, OAS catalyzes the production of 2´-5´ 
oligoadenylates by cross linking ATP via an unusual 2´5´ phosphodiester binding. OAS 
or its products do not possess any antiviral activity themselves. Instead, oligoadenylates 
bind and activate RNase L. RNase L can degrade both cellular and virus RNA, which 
can prevent virus replication and protein synthesis. The OAS/RNase L pathway has 
been shown to be important for the induction of the antiviral state by IFNs. Mice 
lacking RNase L are highly susceptible to coxsackievirus infection [60]. In addition, 
mice expressing a truncated form of OAS1b are more susceptible to infections with 
West-Nile virus, a member of the falviviridae [62], and overexpression of RNase L in a 
human T-cell line reduces HIV replication [63].  

Other ISGs with proven antiviral effects include, among others, the myxovirus 
resistance (Mx) protein family of large GTPases, ISG15 and viperin, although their 
mode of action is not as well established as for RKR and OAS. ISG15 is an ubiquitin 
like molecule that can be attached covalently to host proteins [64]. Genetic deletion of 
ISG15 in mice results in an increased susceptibility to a variety of viruses including 
herpes and influenza virus [65]. Mx proteins can interact with viral nucleocapsid like 
proteins of influenza- and Thogotovirus and several members of the bunyaviridae 
family and thereby restrict their cellular location, which limits virus replication [66, 
67]. In addition, overexpression of MxA has also been shown to limit CVB replication 
[68]. An antiviral effect of viperin has been demonstrated for cytomegalovirus (CMV) 
and HCV, among others [69, 70]. How viperin limits virus replication is not entirely 
clear but it has been proposed that it can disrupt lipid rafts, which are important for the 
release of certain viruses from the host cell [71].  

1.1.3 Natural killer Cells 

NK cells are lymphocytes belonging to the innate arm of the immune system, originally 
discovered by their ability to lyse tumor cells without the need of prior sensitization. 
They develop in the bone marrow from the common lymphocyte progenitor and can be 
defined by their expression of CD56 in the absence of CD3 in humans and by 
expression of NK1.1 in the absence of CD3 in mice. NK cells make up around 15% of 
all lymphocytes in peripheral blood. In addition to tumor surveillance, NK cells play a 
vital role in protecting the host from pathogens by direct killing of microorganism or 
infected cells. They are also important for shaping the adaptive immune response 
through their capability to produce cytokines and chemokines, which places them at the 
intersection of the innate and adaptive immune system. Although NK cells do not 
rearrange their receptor repertoire like B- and T-cells, recent reports indicate that they 
may have the ability for memory-like responses [11].  

1.1.3.1 NK cell receptors and activation 

In contrast to B- and T-cells, NK cells do not rely on a single rearranged receptor for 
activation. Instead, the integrated signal of a set of activating and inhibitory receptors 
expressed on NK cells, determines if NK cells become activated (Table 3). Since NK 
cells do not undergo a selection process in order to delete autoreactive cells, an 
important question is how NK cells distinguish between self and non-self or normal and 
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aberrant cells. The observation that NK cells readily kill tumor cells devoid of MHC 
class I surface expression led to the formulation of the “missing-self”-hypothesis [72]. 
Normal cells express MHC class I molecules, while tumor cells often lack or 
downregulate the expression of these molecules. Similarly, many viruses down 
modulate MHC molecules in order to escape T-cell recognition, which will allows NK 
cells to recognize infected cells.  

The main NK cell receptors (NKR) for the classical human leukocyte antigen (HLA) 
-A, -B and -C molecules are the killer cell immunoglobulin-like receptors (KIRs). In 
addition, a family of NKG2/CD94 heterodimeric receptors recognizes the non-classical 
HLA-E, which presents signal peptides of classical HLA molecules. Interestingly, both 
the KIR and NKG2 receptor families contain NK cell activating and inhibitory 
receptors (Table 3). The inhibitory receptors carry an immunoreceptor tyrosine based 
inhibitory motif (ITIM) in their cytoplasmic tail, while activating receptors bind to 
adaptor molecules possessing a immunoreceptor tyrosine based activating motif 
(ITAM) [73].  

 
Function NK	
  cell	
  receptor Endogenous	
  ligand 

KIR HLA-­‐class	
  I 
NKp30 B7-­‐H6 
NKp44 ? 
NKp46 ? 

NKG2C/CD94 HLA-­‐E 
NKG2D MIC	
  A/B,	
  ULBP	
  1-­‐6 
DNAM-­‐1 PVR,	
  Nectin-­‐2 

Activating/ 
Co-­activating 

FcγRIIIa	
  (CD16) IgG 
KIR HLA-­‐class	
  I 

NKG2A/CD94 HLA-­‐E 
LIR-­‐1 HLA-­‐class	
  I 
KLRG1 E-­‐cadherin 
NKR-­‐P1 LLT1 
LAIR-­‐1 Collagen 
Siglec-­‐7 Sialic	
  acid 
Siglec-­‐9 Sialic	
  acid 

Inhibitory 

IRp60 ? 
Table 3. Selected NK cell receptors and their cellular ligands. 
Adapted after [74]. 
 

In addition to KIRs and NKG2/CD94 receptors, NK cell activation is governed by 
several activating NKRs. Maybe the best-studied is the activating receptor NKG2D. 
The endogenous proteins MHC class I chain related gene (MIC) A/B and UL 16 
binding proteins (ULBPs) 1-6 are known to bind NKG2D [75, 76]. NKG2D 
ligand-expression is induced in cells after DNA damage and/or virus infection. It has 
been demonstrated that MICA and ULBP 1-3 are upregulated in non-tumor cells after 
the induction of DNA brakes and DNA replication arrest [77].  
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Tumor cells are genetically instable and often display DNA aberrations that may 
trigger the expression of NKG2D ligands. Similarly viruses can cause cellular stress 
that induces MIC and/or ULBP protein expression. Both CMV and HIV have been 
demonstrated to induce the expression of NKG2D ligands [78, 79].  

CD16 (FcRγIIIa) is an activating NKR that can trigger antibody dependent 
cytotoxicity by binding of the Fc part of immunoglobulins present on opsonised 
pathogens or antibody coated host cells [80]. Other activating NKR include DNAM-1 
and NKp30, 44 and 46. PVR (CD155) and nectin-2 (CD112) have been demonstrated 
to bind DNAM-1 [81] but the ligands for the NKp receptors remain elusive.  

In addition to activation by direct interaction with tumor or infected host cells, NK 
cells can also be activated in an indirect fashion by cytokines. DCs and monocytes 
secrete a variety of cytokines like IL1, -12, -15 and -18 (hereafter collectively referred 
to as monokines) as well as type I IFN. In fact, these cytokines have the ability to 
induce the expression and secretion of cytokines by NK cells and increase NK cell 
cytotoxicity [45]. This suggests that for optimal activation NK cells need both indirect 
signals supplied by cytokines and direct interaction with the target cell.  

1.1.3.2 NK cell subsets and their immunomodulatory function  

In humans, NK cells can be divided into at least two distinct subsets based on their 
expression of CD56. In peripheral blood roughly 90% of the NK cells express low 
levels of CD56 (CD56dim) while the remaining 10% have high expression of CD56 
(CD56bright) [80]. The rational behind the division into two distinct subsets is derived 
from various studies providing evidence for differences in the phenotype and function 
of CD56dim and CD56bright NK cells. CD56dim NK cells express high levels of 
CD16 while CD56bright cells have no or only low levels of this activating NKR [82]. 
In addition, CD56bright cells have low or no expression of KIRs but a high expression 
of the inhibitory NKR CD94/NKG2A, while the opposite is the case for CD56dim NK 
cells [83, 84]. This phenotypical difference has implications for the functions of the two 
NK cell subsets. The almost exclusive expression of activating NKRs on CD56dim 
cells suggests a role for those cells in killing. This notion is substantiated by the fact 
that CD56dim NK cells are more granular and have a higher resting cytotoxicity than 
CD56bright cells [85]. On the other hand CD56bright cells have been suggested to be 
more potent in the production of cytokines and chemokines following cytokine 
stimulation [10, 45]. This might in part be attributed to the higher expression of some 
monokine receptors on CD56bright cells. Several hypotheses attempts to explain the 
developmental relationship between the two NK cell subsets (reviewed in [80]). It has 
been proposed that CD56bright cells represent a more immature NK cell that can 
develop into CD56dim NK cells in the periphery. Today, most data support the notion 
that CD56dim/bright NK cells might develop from a common NK cell precursor or 
develop from a NK cell progenitor via completely separate pathways.  

NK cells have a unique ability to shape the immune response. Although NK cells 
maybe best known for their ability to produce great amounts of the prototypical Th1 
cytokine IFN-γ they can produce several other cytokines including the Th2 priming 
cytokines IL10 and IL13. Interestingly, the induction of the different cytokines can be 
manipulated by monokines. The presence of IL15 seems to be required for optimal 
induction of Th2 cytokines, while a combination of IL12 and IL18 gives rise to high 
production of IFN-γ [45]. Lymph nodes are the major site for the activation of the 
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adaptive immune response. NK cells have been demonstrated to be present in relative 
large quantities in secondary lymphoid organs. At such sites, NK cell derived cytokines 
could efficiently influence T-cell activation. Interestingly, NK cells found in lymph 
nodes phenotypically and functionally resemble peripheral blood CD56bright NK cells 
[86]. Furthermore, NK cells can produce TNF-α and GM-CSF and thereby directly 
influence DC and macrophage maturation [45]. Another way of shaping the immune 
response is the direct killing of resting DCs and activated macrophages by NK cells 
[87, 88].  

1.1.3.3 NK cells in virus infection and virus evasion 

The importance of NK cells during virus infections has been demonstrated in mice for 
several viruses. Cell culture experiments with human NK cells have shown that they 
can recognize and respond to cells infected with different viruses. Moreover, specific 
HLA/KIR haplotype combinations seem to be beneficial during certain virus infections, 
suggesting that NK cells are involved in the immune response to these viruses. The fact 
that many viruses have evolved intricate mechanisms to evade NK cell recognition 
further strengthens the notion that NK cells are an important part of the immune 
response during virus infections.  

Maybe the most extensively studied virus with regards to NK cells is CMV. Studies 
in mice have shown that resistance to mouse CMV (MCMV) is conferred by NK cells. 
In C57/BL6 mice, binding of the virus protein m157 to the activating NKR Ly49H is 
important for MCVM clearance [89]. Viruses with a mutated m157 protein, unable to 
bind Ly49H, are more virulent then their wild type counterparts [90]. In humans, CMV 
infections drive the preferential expansion of NK cells expressing the activating NKR 
NKG2C/CD94 [91]. Importantly, humans specifically lacking functional NK cells can 
suffer from life threatening CMV infections [92]. Evidence point towards a role of NK 
cells in controlling other herpesviruses like Ebstein-Barr virus and herpes simplex virus 
(reviewed in [93]). In cell culture experiments it has been shown that human NK cells 
can recognize and kill cells infected with vaccinia virus, a member of the poxviridae 
family, in a NKp30, -40 and, -46 depended manner [94]. Since HLA-E is selectively 
downregulated after infection with vaccinia virus, NK cells expressing the inhibitory 
receptor NKG2A/CD94 can preferentially kill infected cells [95]. Moreover, influenza 
virus infected DCs can be lysed by autologous human NK cells. Inhibition of NKG2D 
and NKp46 signaling by neutralizing antibodies can block NK cell recognition in this 
system [96]. Epidemiological studies have shown that individuals carrying distinct 
HLA/KIR allele combinations have a higher likelihood of clearing infection with HCV 
or show a slower progression to AIDS after HIV infections, respectively [97, 98]. This 
suggests that NK cells may confer at least some protection from HIV and HCV 
infections. Several studies show that NK cells are important in the immune response to 
coxsackievirus infections (discussed in more detail in section 1.2.1.2.2 of this thesis). 

The fact that many viruses try to interfere with NK cell responses indicates that 
evasion of NK cell recognition is important for these viruses to successfully establish a 
productive infection and ensure virus spread. Viral evasion of NK cell recognition is 
again most carefully studied for CVM and MCMV. As many other viruses, CMV has 
the ability to downregulate MHC surface expression, probably as a mean to avoid 
recognition by T-cell. However, this should render cells susceptible to NK cell 
mediated lysis. To escape NK cell recognition, the virus has evolved mechanisms to 
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selectively downregulate certain HLA alleles but spare others [99]. The leader peptide 
of UL40 can bind to HLA-E and thereby retain HLA-E on the cell surface [100]. This 
could potentially protect infected cells from recognition by NK cells expressing the 
inhibitory receptor NKG2A/CD94. LIR-1 is an inhibitory NKR that binds a conserved 
structure on most HLA alleles. CMV expresses the LIR-1 binding protein UL18, which 
could potentially inhibit LIR-1 expressing NK cells [101].  

CMV also expresses several proteins that prevent infected host cells from displaying 
activating NK cell ligands. For example, the CMV encoded protein UL16 can down 
regulate the surface expression of MICB and ULBP 1 and 2 [102]. Infection of human 
fibroblasts with a strain of CVM lacking UL16 makes them more susceptible to NK 
cell mediated killing compared to cells infected with wild type CMV [78]. In addition, 
the CMV protein UL142 has been shown to interfere with the host cell expression of 
MICA [103]. Moreover, a novel way of downmodulating host protein expression has 
recently been demonstrated for CVM. Besides the interference with MICB expression 
by virus proteins, CMV expresses the miRNA UL112 that binds to the mRNA of 
MICB and thereby reduces expression of the protein [104].  

As CMV, HIV has evolved a mechanism to selectively downregulate HLA 
molecules. The HIV protein Nef can down regulate HLA-A and B while leaving 
HLA-C and HLA-E surface expression unaltered [105, 106]. This selective effect on 
HLA expression may represent the best compromise for HIV infected cells to avoid 
both T- and NK cell recognition. Recently, Nef has also been shown to interfere with 
the expression of MICA and ULBP1 and 2 [107]. 

1.2 THE MAJOR HISTOCOMPATIBILITY COMPLEX  

In order to determine if a cell has become aberrant or infected by microorganisms the 
immune system needs to be able to survey the content of any given cell. This is 
achieved by the presentation of the cell content to specialized immune cells. NKT cells 
can recognize lipid antigens presented by CD1 molecules, while T cells bind to MHC 
molecules presenting degraded protein antigens [3]. 

The MHC constitutes a family of highly polymorphic molecules, also termed HLA 
in humans. Based on their structure and function HLA molecules can be divided into 
two classes. All cell types can express class I HLA molecules. They are made up of a 
polymorphic 44 kDa α-chain that pairs with the constant 12 kDa β2-microglobulin 
(β2M) chain. The α−chain determines if a molecule belongs to the HLA-A, -B or -C 
family. The function of class I HLA molecules is to present peptides derived, mainly 
but not exclusively, from intracellular proteins. After protein degradation by the 
proteasome, peptides will be transported to the endoplasmic reticulum (ER) in a 
transporter associated with antigen presentation (TAP) dependent manner. With the 
help of tapasin and the calcium-binding chaperone protein calreticulin, peptides are 
loaded into the binding groove of class I HLA molecules. Finally, the HLA-peptide 
complex binds to β2M and is transported to the plasma membrane, were it can be 
recognized by cytolytic CD8+ T-cells. Besides the classical class I HLA molecules 
cells can also express the non-classical HLA class I molecules HLA-E and –G [108].  

Class II HLA molecules are expressed mainly by APCs like B-cells, DCs and 
macrophages. They are composed of two polymorphic α- and β-chains. Class II HLA 
molecules are divided into HLA-DQ, -DR and -DP molecules made up of different α- 
and β-chains. Peptides presented on these molecules are derived from proteins taken up 
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by APCs from the cell surrounding. Microbes or dying cells will be endocytosed by the 
cell, transported into the lysosome and than proteolytically degraded. Class II HLA 
molecules synthesized in the ER are transported to the lysosome where they are loaded 
with the exogenous peptides. After translocation to the plasma membrane CD4+ T-cells 
can bind to the class II HLA-peptide complex [109].  

Certain class I and II HLA alleles predispose for autoimmune diseases. For example 
30 – 50% of all children with T1D carry the HLA DR3/4 genotype [110].  

1.3 ENTEROVIRUSES 

Enteroviruses (EVs) are small non-enveloped positive single stranded RNA (+ssRNA) 
viruses belonging to the family of picornaviridae. So far over 60 serotypes have been 
isolated from man and grouped into the 5 species of Poliovirus and human 
enteroviruses A - D. EVs are spread by the fecal-oral route, however, transmission via 
the respiratory route has also been proposed. Their +ssRNA genome serves as mRNA 
and is translated into a single polyprotein, which is subsequently cleaved into the 
individual proteins by virus-encoded proteases. EVs have a small genome of 
approximately 7500 kb that encodes 4 structural and 7 non-structural proteins. 
Cleavage intermediates have been reported to carry out functions distinct from the 
mature proteins. The replication of the virus occurs in the cytoplasm of the host cell. In 
a first step the positive RNA strand is transcribed into a negative RNA strand. This 
serves as a template for the production of new positive RNA strands, which are 
incorporated into newly formed virus particles [111].  

1.3.1 Coxsackievirus group B 

Coxsackieviruses of the group B (CVB) belong to the species human enterovirus B and 
comprise 6 different serotypes [112]. Infections with CVB are often subclinical or 
present with only mild, common cold-like symptoms [111]. In rare cases CVB 
infections cause more severe manifestations. In addition to respiratory symptoms, CVB 
is a major cause of aseptic meningitis, myocarditis and pancreatitis. CVB has also been 
associated with chronic conditions such as dilated cardiomyopathy (DCM) and type 1 
diabetes (T1D). This is supported by studies detecting Enterovirus RNA and/or protein 
in the heart muscle of patients with DCM [68, 113] and in the pancreatic β-cells of T1D 
patients [114, 115], respectively. The broad spectrum of diseases associated with CVB 
reflects their wide tissue tropism. After infection of mice, CVB can be recovered from 
most organs including pancreas, heart, lung and small intestine [116]. In humans CVB 
and/or EV RNA or protein has been detected among others in the pancreas, heart 
muscle, duodenum and periferal blood mononuclear cells [113, 115, 117, 118]. 

1.3.1.1 Interaction of coxsackievirus group B with the host cell 

The main receptor for CVB entry into the host cell is the coxsackievirus and adenovirus 
receptor (CAR) [119]. CAR is a member of the immunoglobulin superfamily 
implicated in cell-cell adhesion and is expressed for example by epithelial cells of the 
intestine, pancreas, and heart as well as cardiomyocytes [120]. Many CVB serotypes 
can also utilize decay accelerating factor (DAF) as a co-receptor [121]. Even though 
CAR is used for cell entry by most CVB strains, it has also be shown that CVB can 
adapt to infect cells deficient in CAR [122].  
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After the initial infection of the cell, CVB has to manipulate the host cell machinery in 
order to initiate protein translation, RNA replication and to release virus progeny from 
the cell. Major alterations of host proteins have been described after CVB infection 
(reviewed in [123]). Viral proteases have been reported to cleave host proteins such as 
the eukaryotic initiation factor 4G and the inhibitor of κBα [124, 125], which could 
result in the shut-off of host protein synthesis and an impairment of cytokine 
production, respectively. The non-structural proteins 2B, its precursor 2BC and 3A 
have been shown to interfere with the host secretory pathways by disrupting protein 
transport trough the ER and Golgi network [126, 127]. This may profoundly impede 
the cell’s ability to initiate a proper immune response due to diminished cytokine 
secretion and decreased upregulation of membrane proteins such as MHC molecules. In 
addition, CVB can manipulate the induction of apoptosis and necrosis in the host cell 
by several mechanisms [124, 128, 129]. Ultimately, most CVB infections result in the 
lysis of the host cell, which facilitates the release of newly formed virus particles. 
However, it is becoming increasingly clear that CVB can establish a persistent or latent 
infection under certain conditions. Exactly how and when CVB may establish 
persistent/latent infections is not well understood. It has been suggested that the cell 
cycle state of the host cell can influence the outcome of a CVB infection. In actively 
dividing cells infection will progress to cell lysis, while infection of resting or quiescent 
cells may result in persistency/latency of CVB [130]. However, it is not clear how CVB 
particles are released from cells persistently infected with CVB without an obvious 
deleterious effect.  

1.3.1.2 The host immune response to coxsackievirus infection 

Many studies using mouse models have addressed the immune response to CVB. Only 
few attempts have been made to address the human immune response elicited by these 
viruses. Some studies have been performed using cell culture systems, while additional 
information has been provided from epidemiological studies and the examination of 
biopsies from CVB infected tissues. Together with the studies in mouse models, this 
information clearly indicates that both the innate and the adaptive immune response are 
indispensable for the control of CVB. However, increasing evidence suggest that the 
immune system also contributes to the pathology seen after CVB infection [131].  

1.3.1.2.1 Detection of coxsackievirus and the interferon response 

The host possesses several receptors that facilitate the detection of invading viruses as 
described in section 1.1.1 of this thesis. All RNA sensing TLRs have been implicated in 
the detection of CVB. TLR7 and 8 have been shown to recognize CVB in human 
cardiac cells and pDCs [132, 133]. In monocytes, TLR3 has been suggested to be 
important for CVB detection [134, 135]. Maybe somewhat surprising, TLR4 has been 
shown to detect a structural motif of CVB [136]. The role of intracellular RNA sensors 
has not been extensively studied. However, the 5´ end of the CVB RNA is covalently 
linked to the virus protein VPg [137], suggesting that RIG-I cannot recognize CVB 
because of its requirement for a 5´ phosphate in the 5´ end [23].  

One of the most immediate host cell responses to virus infection is the production of 
type I IFNs. Several cell types have been shown to produce type I IFNs after CVB 
infection, including pancreatic islets, cardiac cells and hematopoietic cells [132, 138, 
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139]. The host’s ability to mount an IFN response is crucial, since a lack of IFN-β or 
the type I IFN receptor results in rampant virus replication and early mortality [140, 
141] in mice. The presence of IFN-α and type I IFN signaling is also important for the 
protection of host cells from CVB induced cell death [138, 142]. The protective effect 
of type I IFNs is probably mediated by the upregulation of antiviral proteins. In fact, 
mice lacking the known ISGs PKR or inducible nitrix oxide synthase (iNOS) succumb 
to an infection with CVB at a dose that is not lethal for wild type mice [60, 143].  

In the context of CVB infection, IFN-γ has been shown to protect the host from 
lethal infection, virus induced tissue damage and myocarditis [144, 145].  

1.3.1.2.2 The role of NK cells in coxsackievirus infection 

Given their central role at the intersection between the innate and adaptive immunity, 
surprisingly little is known about the contribution of NK cells to the human immune 
response to CVB infection. In mouse models of CVB-induced pancreatitis and 
myocarditis, it has been shown that NK cells are important in limiting virus replication 
and thus tissue damage [146, 147]. In addition, the susceptibility of different mouse 
strains to CVB-induced pancreatitis is inversely correlated with their endogenous NK 
cell activity [148]. The protective effect of NK cells might be independent of their 
ability to kill infected cells since mice deficient in perforin do not show increased virus 
replication [149].  

In humans only indirect evidence for a contribution of NK cells in the host response 
to CVB is available. In seven patients with acute myocarditis, NK cells were found in 
the lesions of the heart [150]. However, since a viral cause for the myocarditis was not 
confirmed, one can only speculate that at least in some of the 7 cases myocarditis might 
have been caused by a CVB infection. The presence of NK cells in the heart after CVB 
infection has also been observed in mice [151, 152]. More conclusive results came 
from a study of six patients with recent onset T1D. In three patients, which all showed 
signs of enterovirus infection of the β-cells, the lymphocyte infiltration around the 
pancreatic islets consisted mainly of NK cells. Interestingly, no NK cells could be 
detected in the pancreas of the remaining patients having no detectable signs of virus 
infections [153]. However, the presence of NK cells around the islets could not be 
confirmed by another study investigating 29 pancreata from recent onset T1D patients 
[154]. 

1.3.1.2.3 Adaptive immune response to coxsackievirus infection  

During the early phase of infection the innate arm of the immune system limits virus 
replication and spread, thereby preventing excessive tissue damage. In order to achieve 
clearance of the infecting agent and long-term immunity, the host has to mount a strong 
adaptive immune response to the invading pathogen. The importance of neutralizing 
antibodies for the control of CVB is supported by the observation that patients with 
agammaglobulinaemia are highly susceptible to enterovirus infection [155]. Likewise, 
mice lacking B-cells are unable to clear CVB and show persistent CVB infection [156].  

The contribution of T-cells in CVB infections is not as clear as for B-cells. On one 
hand it has been demonstrated that T-cells are part of the infiltrating lymphocytes in 
virus-induced pancreatitis and myocarditis, and are able to limit virus replication [157, 
158]. On the other hand several studies failed to isolate virus-specific T-cells from mice 
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after infection. In fact, CVB seems to be able to suppress T-cell activation, since mice 
infected with a recombinant virus carrying known immunodominant CD4+ and CD8+ 
T-cell epitopes, fail to mount a T-cell response towards these epitopes [159, 160]. 

1.3.1.2.4 Pathology caused by the immune system after Coxsackievirus infection 

As described above the ability to mount an immune response is important for the host 
in order to limit virus replication and eventually clear CVB. However, under certain 
conditions immune cells may also help in spreading the virus. In addition, the immune 
response, if not balanced properly, can also be detrimental and contribute to CVB 
associated disease.  

Several studies have suggested that T-cells can exacerbate CVB-induced pathology. 
In a mouse model for pancreatitis caused by CVB, CD8+ T-cells were important in the 
early phase of the infection but contributed to tissue damage at later time points. Mice 
lacking CD4+ T-cells had lower virus titers and presented with milder pathology [158]. 
In an experimental model for CVB-induced myocarditis the antiviral function of CD8+ 
T-cells could be uncoupled from their pathological effect by genetic deletion of 
perforin [149]. Mice lacking perforin cleared CVB with similar efficacy as wild type 
mice, but suffered less damage to their heart muscle. Similarly, B-cells are needed to 
clear CVB but at the same time help to spread the virus at the early phase of infection 
[156]. B-cell may also facilitate increased virus infectivity by a more indirect 
mechanism. It has been shown that CVB specific antibodies, especially non-
neutralizing antibodies, can enhance virus infection of cells previously not permissive 
to CVB [161]. As for B- and T-cells, NK cells are important for controlling CVB 
infection but have also been shown to contribute to CVB induced disease. In a mouse 
model for virus-induced diabetes, the depletion of NK cells almost completely 
prevented diabetes development [142].  

The pathological effect of immune cells after virus infection can be mediated by 
several mechanisms. In CVB-induced myocarditis and possibly diabetes, the attempt to 
clear virus infected cells through direct killing by T- or NK cells may result in 
extensive irreversible tissue damage. A more indirect mechanism for immunopathology 
could be the inflammation caused by the virus. In contrast to the immune response 
directed against infected cells, inflammation may also damage surrounding cells and 
tissues. This mechanism has been proposed to be important in CVB-induced 
pancreatitis [162]. Interestingly, mice lacking MyD88, the adaptor protein utilized by 
most TLRs, show increased survival and less tissue damage after CVB infection [163].  

Taken together, it is becoming increasingly evident that the immune response, while 
being important in controlling CVB infections, also contributes to the pathology 
associated with these infections. In fact, it may be hard to delineate to what extent 
damage is induced directly by the virus and how much is caused by either an 
imbalanced, misdirected and/or excessive immune response.  

1.4 TYPE 1 DIABETES 

Type 1 diabetes (T1D) is an autoimmune disease caused by the destruction of the 
insulin producing β-cells within the pancreatic islets of Langerhans. This results in 
insulin deficiency, which requires life long treatment [164]. The early events causing 
the initiation of the autoimmune process remain mostly elusive, however, over the last 
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decades many studies have added to our understanding of the pathogenesis of T1D. It 
has been demonstrated that most patients develop both autoreactive T- and B-cells 
recognizing β-cell antigens [165, 166]. Studies in mouse models have clearly shown 
that T-cells are involved in the destruction of the beta cells, while the role of B-cells is 
more controversial and has been mostly linked to their function as APCs [167, 168]. A 
phase II clinical trial with a B-cell depleting anti-CD20 antibody showed promising 
results in preserving residual β-cells functions in recent onset T1D patients [169], 
indicating a pathogenic role for B-cells in human T1D. Differences in the function 
and/or activation in other immune cells such as NKT-cells [170, 171], macrophages 
[172] and DCs [173] have been described in patients and mouse models of T1D. The 
role of NK cells in the development of T1D is discussed in more detail in section 1.4.3 
of this thesis. 

Advances in technology have made it possible to define gene variants that 
predispose individuals to T1D. Most of the genes found are involved in regulating 
immune functions. The major genetic risk factors for T1D are HLA class II genes, with 
HLA DR3 and DR4 conferring the highest risk. Other gene variants that increase the 
likelihood of T1D development have been mapped to genes encoding insulin, PTPN22, 
IL-2, IL-2Ra and CTLA-4 among others [174]. Interestingly, recently polymorphisms 
in the gene for the intracellular virus sensor MDA-5 has been linked to T1D [175, 176].  

The discordance for the disease in monozygotic twins and the increase in T1D 
incidence in many countries [177, 178], show that disease development can only 
partially be explained by genetic factors. Several environmental factors have been 
studied for their potential involvement in the etiology of T1D. Breast-feeding has been 
shown to be protective, while exposure to cow milk proteins early in life is suggested to 
be a risk factor for the development of the disease [179]. Vitamin D has been proposed 
to protect from T1D [180], which could potentially explain the lower T1D incidence in 
countries closer to the equator.  

1.4.1 The islet of Langerhans in health and type 1 diabetes 

Pancreatic cell types responsible for the production of endocrine hormones are 
clustered in the islet of Langerhans (called islets hereafter). Islets contain four different 
cell types each specialized in the production of one hormone. β-cells make up most of 
the cells within the islets [181] and secrete insulin after stimulation with for example 
glucose. Insulin induces the translocation of glucose transporter 4 (Glut4) to the plasma 
membrane of muscle and adipose cells, enabling the up take of glucose from the blood 
stream [182]. Low blood glucose levels trigger the release of glucagon from α-cells, 
which stimulates gluconeogenesis in the liver and glucose release. Somatostatin and 
pancreatic polypeptide, two hormones with a broad regulatory function of the 
endocrine system, are produced by the δ- and PP-cells, respectively [183]. The pancreas 
of a healthy individual contains approximately 1 million islets that constitute around 1 
to 1.5% of the total pancreas mass [184].  

The nature of the immune-mediated destruction of β-cells has been studied 
extensively in the non-obese diabetic (NOD) mouse model of T1D. Like humans, NOD 
mice develop autoreactive T-cells specific for β-cell antigens. Such T-cells can migrate 
to the pancreas after the autoimmune process is initiated. In the beginning, T-cells are 
localized around the islets and at later stages of disease development they invade the 
islets. Besides T-cells other cell types such as B-cells, macrophages and NK cells, are 
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found in the immune cell infiltrate around and within the islets. The cellular 
composition of the islet infiltrating cells is less well studied for humans. A recent study 
by Willcox et al. attempted to address this question by identifying the infiltrating cells 
around the islets in a set of pancreata from recent onset patients. They found that at 
early time points CD8+ T-cells and macrophages dominated the infiltrate, while the 
percentage of CD20+ B-cells increased with progressing β-cell destruction. CD4+ T-
cells were found at all stages but less frequently than CD8+ T-cells and macrophages 
[154]. Although NK cells were only rarely detected in this study, another report 
suggested that, at least in a group of patients, NK cells may represent the main cell type 
found around the islets after T1D onset [153]. Interestingly, the islet architecture was 
different in the patients of the latter study compared to the classical pathological picture 
normally seen in T1D. Within the islets a large amount of insulin producing cells were 
still present. In addition, β-cells were positive for staining with an antibody detecting 
EVs. Intriguingly, it has been shown that infection of human islet cells with some CVB 
strains impairs insulin secretion [185].  

It was long believed, that at the time of overt T1D onset, almost all β-cells are 
destroyed, a notion that was supported by immunohistological studies of pancreata 
from patients. However, it has now been reported by several studies that a considerable 
percentage of patients still have a significant number of insulin positive cells within the 
islets at the time of onset [153, 186]. These results are puzzling because patients still 
have no or very low serum insulin levels and require treatment with insulin. This 
suggests that the cause of insulin deficiency, at least in a group of patients, cannot 
entirely by explained by β−cell destruction and that our current hypothesis of the 
etiology of T1D needs to be revised.  

1.4.2 Virus infection as environmental factor in development of type 1 
diabetes 

Virus infections have for a long time been suggested to be important environmental 
factors in the etiology of T1D. Several viruses have been studied for their possible 
association with T1D, with the most convincing evidences pointing towards congenital 
rubella infections and enteroviruses [187]. The viruses most often implicated in the 
development of T1D are group B coxsackieviruses. Already 50 years ago it was shown 
that antibodies against CV were more prevalent in T1D patients than in control 
individuals [188]. A strain of CVB serotype 4, isolated from a recent onset T1D patient 
in 1979 by Yoon et al., could also induce the disease in mice [189]. Since then, many 
studies have addressed the potential role of CVB or enterovirus infections in T1D. In a 
prospective study, EV infections were associated with the appearance of autoantibodies 
[190]. Furthermore, several studies confirmed the initial findings that recent onset T1D 
patients more often than healthy conrols show signs of CVB or enterovirus infections 
[191, 192].  

Several mechanisms have been proposed by which CVB infections could induce 
T1D. It has been demonstrated both in vivo and in vitro that CVB can directly infect 
mouse and human beta cells [60, 138, 193, 194]. The presence of EVs and/or CVB in 
the islets of T1D patients, but rarely in controls has been confirmed by several studies 
[114, 115, 153]. An inability of the host to control virus replication in the beta cells, for 
example due to a lack of type 1 IFN production or signaling, can result in direct virus 
induced lysis of the β-cells [138, 142]. In addition, cytokines that are produced by 
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immune cells after CVB infection may contribute to β-cell death. It has been shown 
that treatment of isolated human and rodent islets cells with either TNF-α and IFN-γ or 
IL1β and IFN-γ can have a deleterious effect on β-cells by the induction of apoptosis 
[57].  

Another possible process that could give rise to CVB-induced T1D is the so-called 
bystander activation of autoreactive T-cells. The inflammatory milieu created after 
infection can result in the migration of potentially β-cell specific T-cells to the 
pancreas. In addition, previously sequestered autoantigens may be released by virus 
and/or cytokine induced damage to the β-cells [195]. In combination this may lead to 
the recruitment and priming of autoreactive T-cells.  

A third proposed mechanism is a cross-reactivity between CVB and endogenous 
antigens, a mechanism termed molecular mimicry. It has been demonstrated that some 
autoantigens have a sequence homology to CVB peptides [196, 197]. In fact, cross 
reactivity of antibodies raised against CVB peptides with autoantigens has been 
reported [197].  

The time point at which the host encounters a virus infection might be important in 
determining its effect on the autoimmune process. Studies in diabetes prone mice 
suggest that infections are protective before the autoimmune response is established, 
while they exacerbate the disease at a later stage [198].  

1.4.3 NK cells in type 1 diabetes 

NK cells have not been studied as extensively for their involvement in the development 
of T1D as other cell types. However, their ability to directly kill for example infected 
cells and to produce cytokines that can shape the adaptive immune response could 
make them potential players in the autoimmune process. The finding that a HLA KIR 
haplotype favoring the activation of NK cells is found more often in patients with T1D 
than in healthy individuals could suggest a scenario in which NK cells contribute to the 
development of T1D [199]. Reduced numbers of peripheral NK cells with an increased 
activation state have been reported for recent onset T1D patients [200]. A study by 
Dotta et al. further supports an involvement of NK cells in the diabetes process [153]. 
Of note, recently it has been shown that NK cells are present in the pancreas of several 
mouse strains and are part of the infiltrating lymphocytes around the islet of pre-
diabetic NOD mice [201]. In several mouse models for T1D the depletion of NK cells 
results in an attenuation or prevention of disease development [202-204]. In a mouse 
model of virus induced T1D the ability of CVB4 to induce the disease was shown to 
depend on the presence of NK cells [142].  

Taken together, a growing body of evidence suggests that NK cells could contribute 
to the development of T1D. However, the exact mechanism by which NK cells might 
promote the development and/or progression of the disease, and at what stage of the 
autoimmune process is still not delineated. In addition several factors have to be 
considered when interpreting available studies; 1) Both in humans and mice the 
identification of NK cells relies mostly on a combination of surface markers, which 
makes it difficult to identify NK cells in vivo. 2) Functional surface receptors such as 
NKG2D are also expressed on a subset of T- and/or NKT-cells. 3) The function and/or 
phenotype of NK cells in the blood might not reflect their state at the site of 
inflammation.  
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1.5 CYSTIC FIBROSIS  

Cystic fibrosis (CF) is an inherited autosomal recessive disease caused by a defect in 
the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) 
protein [205]. The prevalence of CF varies greatly between different populations 
ranging from 1:1350 in Ireland to 1:25000 in Finland [206]. Several hundred cftr 
mutations have been described but a deletion of the phenylalanine residue at position 
508 (F508del) is by far the most common. This mutation is found in approximately 
70% of all defective cftr alleles in the Caucasian population [207].  

CFTR is expressed by many cell types and functions as a cAMP-regulated chloride 
channel [208, 209]. The absence or a reduced function of CFTR results in an imbalance 
of ion transport across epithelial membrans that causes the production of a thick 
viscous mucus and disruption of proper secretion in organs such as the lung, intestine 
and pancreas. As a consequence of this, patients suffer from many different symptoms. 
Common problems include intestinal obstruction, meconium ileus, pancreas 
insufficiency and chronic infections of the lungs, with the latter being the greatest 
contributing factor for morbidity and mortality [207]. Improved clinical care and 
treatment of patients has resulted in a dramatic increase in life expectancy over the last 
decades. This has led to the appearance of other clinical manifestations presenting later 
in life. In patients above 20 years of age, up to 40-50% suffer from impaired glucose 
tolerance or overt diabetes. Cystic fibrosis related diabetes (CFRD) is now recognized 
as a major co-morbidity factor in CF [210].  

1.5.1 Immuno-dysregulation in cystic fibrosis 

CF patients often fail to clear bacterial infections resulting in chronic bacterial 
colonization of the lungs. Recent research also suggests an increased susceptibility to 
respiratory virus infections in both patients and mouse models for CF [211-213]. This 
indicates that an impaired anti-microbial defense may be a direct consequence of CF. In 
fact, several defects in the innate immune response have been found. CF patients show 
lower levels of exhaled nitric oxide (NO), a second messenger molecule with well-
described immune function [214]. The enzyme inducible NO synthase (iNOS), which 
catalyzes the production of NO, is decreased in airway epithelial cells of CF patients 
and a mouse model for CF [215, 216]. This has been attributed to an increased 
expression of the protein inhibitor of activated Stat1 (PIAS) leading to a reduction of 
the IFN regulating factor 1 (IRF1) [217]. Another study found a decrease in the basal 
expression level of the anti-viral protein OAS1 in CF lung epithelial cells compared to 
normal cells [215].  

Given that CF patients are more susceptible to infections with bacteria and viruses, 
the finding that CF is associated with a proinflammatory phenotype, might be 
counterintuitive. However, several studies have confirmed that CF patients show 
increased expression of proinflammatory cytokines [218-220]. This phenotype is, at 
least partially, a consequence of the defect in CFTR and not only due to chronic 
infections, as the same phenotypes have been observed in mouse models of CF and in 
cell cultures of CF lung epithelial cells [215, 221]. The underlying mechanism that link 
cftr mutations to the increased expression of proinflammatory cytokines has not been 
delineated, however recently a defect in the acid sphingomyelinase pathway has been 
suggested to be a contributing factor [221].  
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It is of interest to note that most studies addressing the immune functions in CF have 
been focused on the airways. Since other organs are also affected by a defective CFTR, 
it can be assumed that similar defects are present outside the lung. Indeed, for both the 
pancreas and intestine a proinflammatory phenotype has been reported [220, 222, 223]. 

1.5.2 Mouse models for cystic fibrosis 

Mouse models are helpful tools for studies on human diseases. Several murine models 
for CF are available today [224]. The first CF mice were created by disruption of the 
cftr gene, resulting in complete absence of cftr mRNA and protein [225]. Most of those 
mice displayed a very severe phenotype, often with high mortality early after birth or 
weaning. Providing mice with a liquid high nutrient diet increased survival [226]. Later 
on, mouse models carrying specific human cftr mutations were created. Three mouse 
strains harboring the F508del mutation and one carrying the G551D and G480C 
mutations, respectively are available today. Because in these mice CFTR mRNA is 
produced, which allows the expression of the aberrant protein and mirroring the 
situation in human CF, they show milder symptoms and improved viability [227-231].  

Even though none of the CF mice resemble human CF in every aspect, many of the 
phenotypes seen in patients are also found in the CF mouse models. Intestinal 
pathology is apparent at varying degrees in all CF mice [232]. Interestingly, this seems 
to correlate with the remaining expression of CFTR with milder pathology in mice that 
do express at least some protein. When challenged with bacteria or bacterial 
lipopolysaccharide all mouse strains tested respond with hyperinflammation and show 
impaired bacterial clearance. Defects in the antiviral response have also been 
demonstrated for some CF mice [211, 233]. Pancreatic abnormalities are absent or only 
very mild in all mouse models available [232].  

Interestingly, while the proinflammatory phenotype, seen in CF patients, is also 
present in the lung, pancreas and intestine of CF mice, more severe pathology is often 
only seen after challenging the mice with microorganisms or after other manipulations 
[211, 223]. This, together with the observation that housing conditions influence the 
phenotype and viability of CF mice [231], suggest that environmental factors, 
especially infections, influence CF pathology.  
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2 AIMS OF THIS THESIS  

 
Coxsackievirus group B (CVB), a member of the picornaviridae family, is a common 
virus that in most instances only causes mild symptoms. However, under certain 
conditions it can cause severe disease such as myocarditis or pancreatitis. How 
infections with CVB can result in such different outcomes is puzzling. One possible 
explanation is that more pathogenic virus variants cause the more severe diseases. 
However, it is very likely that the host itself plays an important role in determining the 
outcome of an infection with CVB. In particular the immune response mounted by the 
host after infection may influence the severity of a CVB infection.  

 
The overall aim of this thesis was to extend our knowledge on the contribution of 
the innate immune system in the response to CVB infection, in the hope that a better 
understanding for the virus-host interactions can help to determine the underlining 
mechanisms that lead to severe CVB induced pathology.  

 
 

Specific aims 
 
To determine if the intracellular virus sensor MDA-5 is important for the recognition of 
CVB by studying the consequences of a CVB infection in the absence of MDA-5. 
(paper I) 

 
To evaluate how CVB influences the expression of ligands for NK cell receptors on the 
surface of infected cells. (paper II) 
 
To study if CVB infection alters susceptibility to NK cell mediated killing and if NK 
cells become activated after encountering CVB infected cells. (paper II) 

 
To analyze the expression of antiviral proteins in human islets of Langerhans after IFN 
stimulation. (paper III) 
 
To investigate if the expression of IFN stimulated genes prevent CVB replication in 
human islets of Langerhans. (paper III) 
 
To study the antiviral response towards CVB in a mouse model for cystic fibrosis. 
(paper IV) 
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3 RESULTS AND DISCUSSION 

3.1 RECOGNITION OF CVB INFECTION BY THE HOST  

3.1.1 Intracellular recognition of CVB by MDA-5 

In order to initiate an immune response to an infection it is crucial for the host to 
recognize the invading pathogen. As described in section 1.1.1 of this thesis, PRR 
receptors are one of the major means by which the host detects potentially dangerous 
microorganisms and induces the production of inflammatory cytokines and IFNs. Type 
I IFNs are particularly important in the defense against CVB infection [140, 141]. 
Interestingly, polymorphisms in the gene for the intracellular virus sensor MDA-5 have 
been linked to an increased risk for the development of T1D [175, 176], offering a 
potential explanation to how genetic variations could influence susceptibility to virus-
induced diabetes.  

 
Since it was not known if MDA-5 is important for the recognition of CVB we wished 
to address the role of MDA-5 in CVB infection (paper I).  

 
We infected mice deficient in MDA-5 and wild type (wt) controls with CVB serotype 3 
(CVB3) and studied virus replication, the induction of IFNs and ISGs and the 
consequences of CVB3 infection for the host with regards to tissue damage and host 
survival. We found that mice lacking MDA-5 on a C57/BL6 background (hereafter 
denoted mda-5-/- (B6)) were strikingly more susceptible to CVB3 infections that their 
wt counter parts (paper I, Figure 1A). Surprisingly, mice deficient in MDA-5 on a 
SvJ/129 background (denoted mda-5-/- (129)) did not succumb to the infection and 
showed no difference in survival compared to wt (129) mice (paper I, Figure 1B). 
Even though mda-5-/- (129) mice did not show increased mortality after infection with 
CVB3, the lack of MDA-5 clearly impaired their ability to control virus replication 
(paper I, Figure 2C). Three days after infection CVB titers in pancreata were several 
orders of magnitude higher in mda-5-/- (129) mice compared to wt (129) mice. The 
difference was even more pronounced in mda-5-/- (B6) animals, which exhibited higher 
virus titers in most organs compared to wt (B6) mice three days after infection. (paper 
I, Figure 2A). Unexpectedly, virus titers did not differ between mda-5-/- (B6) and wt 
(B6) mice at day 4 after infection (paper I, Figure 2B). MDA-5 is important for the 
induction of type I IFNs after infection with different viruses [18], therefore we wanted 
to study the increased susceptibility of mda-5-/- mice to CVB3 infection could be 
explained by a lack of type I IFN production. This however, did not turn out to be the 
case. We observed a partial but not significant decrease of serum IFN-α levels 48 hours 
after infection in C57/BL6 animals lacking MDA-5 (paper I, Figure 3A). On the 
tissue level we observed a robust induction of IFN-β and the two ISGs OAS1a and 
CXCL10 even in the absence of MDA-5 (paper I, Figure 3B-C). The induction of 
IFN-β in the liver and pancreas appeared to correlate well with virus titers, as mice with 
low or undetectable levels of CVB3 did not upregulate IFN-β mRNA (paper I, 
Supplementary Figure 3). The increased virus replication early after infection had 
severe ramifications for the host. Tissue damage in the liver and pancreas was 
dramatically increased in mda-5-/- (B6) mice three days after infection (paper I, Figure 
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4A and C). Moreover, as all mice on the SvJ/129 background survived infection, we 
could show that damage to the exocrine pancreas had long-term consequences. Even 28 
days after infection immune cell infiltration was more pronounced in mice lacking 
mda-5 and the tissue damage appeared to be irreversible (paper I, Figure 4D).  
 
In summary, we showed that mice deficient in MDA-5 cannot control CVB3 
replication early after infection, and that this had profound effects for the host. 
Increased virus replication lead to exacerbated tissue damage, and increased mortality 
of mda-5-/- mice on a C57/BL6 background.  

 
These results are, at least in parts, in line with a recent study by Wang et al. [234] that 
also demonstrated increased susceptibility to CVB3 infection in mda-5 knock-out mice. 
However, our results add to the understanding of the role of MDA-5 during CVB 
infection in several ways. Firstly, we report increased virus replication three days after 
infection in the pancreas of mda-5-/- mice, while this was not seen in the other study. A 
possible explanation for this obvious discrepancy could be a difference in the infectious 
dose used in the two studies. In fact, in our hands the majority of C57/BL6 mice 
survived an infection with 103 plaque forming units (PFU) of CVB3, while in the study 
by Wang et al. [234] all mice succumbed to the infection with the higher dose. This 
difference is also reflected by the amount of virus recovered from wt animals three days 
after infection. It is feasible that at a higher dose of virus the host is overwhelmed and 
the innate immune system is simply unable to control virus replication regardless of the 
presence or absence of MDA-5. Secondly, we showed that the increase in tissue 
damage early after infection, also seen by Wang et al., had long-term consequences. 
Inflammation of the exocrine pancreas was still present 28 days after infection 
indicating that the tissue damage was irreversible. Finally, our study suggests that other 
factors besides MDA-5 determine the severity of CVB3 infection, as mice on a SvJ/129 
background eventually clear CVB, while mice on a B57/BL6 background succumb in 
the absence of MDA-5.  

Our finding that mice lacking MDA-5 are still able to induce IFNs implies that other 
PRR can detect CVB in vivo and induce robust IFN production. In fact, studies have 
suggested that TLR3, -4, -7 and -8 can recognize CVB [132, 134, 135]. It is possible 
that one of these PRR is responsible for IFN induction in mda-5-/- mice. If RIG-I can 
also respond to CVB has not been studied. The fact that recognition by RIG-I depends 
on uncapped RNA carrying 5´ phosphates [23], a structure that CVB RNA lacks, 
makes it at least questionable. In addition, it is possible that CVB has mechanisms that 
could interfere with RIG-I detection. It has been shown that a protease of poliovirus, a 
virus closely related to CVB, can cleave RIG-I [235].  

The result that mda-5-/- mice are unable to restrict early virus replication although 
they can mount an IFN response raises the question on how MDA-5 may help the host 
to control virus replication. It could in fact be that mda-5-/- mice do have a reduced IFN 
response. We did see a reduction in serum IFN-α levels 48 hours after infection but this 
difference failed to reach statistical significance. Considering the importance of IFNs 
for the host during CVB infection, this slight reduction might be enough to impair the 
host’s ability to restrict CVB replication. Another possibility is that the lack of MDA-5 
has a larger impact on the IFN production at even earlier time points at the local site of 
infection. As we have not addressed this we cannot rule out this scenario. A different 
way by which MDA-5 could help to restrict virus replication is by its often overlooked 
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ability to induce apoptosis. It has been shown that, after treatment with the viral RNA 
analogue pIC, MDA-5 can induce apoptosis in melanoma and non-malignant cells by 
upregulating pro-apoptotic proteins and the activation of caspases [236]. It is possible 
that MDA-5 helps the host to restrict virus spread by inducing apoptosis in infected 
cells.  

In the light of the recently established link between MDA-5 and T1D [175, 176] it is 
tempting to speculate on the role of MDA-5 in virus-induced diabetes. Even though our 
results indicate that absence of MDA-5 per se does not predispose mice to virus-
induced diabetes, our results might still have implications for how MDA-5 could 
contribute or protect the host from virus-induced diabetes. However, as the impact of 
the mda-5 SNPs associated with T1D on the function of the protein is not firmly 
established, one can envision two rather different scenarios. One is based on the 
observation that two rare SNPs associated with protection from T1D abolish the ability 
of MDA-5 to induce IFN after stimulation with pIC [237]. This would favor the 
hypothesis that production of IFN after CVB infection can be detrimental and 
contribute to the development of T1D. However, the facts that the two SNPs of mda-5 
are very rare, with allele frequencies of around 2% and 0,5%, respectively, and that the 
much more common protective SNP A964T displayed no defect in pIC-induced IFN 
production, suggests that results linking protective mda-5 variants to reduced IFN 
production, cannot be generalized. Our results cannot confirm or disproof the 
hypothesis that a defect in MDA-5 function may protect from CVB induced diabetes.  

As we studied the outcome of CVB3 infection in the absence of MDA-5, it is easier 
to address the hypothesis that a reduced function of MDA-5 may contribute to CVB 
induced diabetes. The observation that mice deficient in MDA-5 do not develop 
diabetes after CVB3 infection might speak against this hypothesis. However, this result 
is not surprising. Pancreatic β-cells seem to be specifically well equipped to handle 
CVB infection. Unless IFN signaling is abrogated specifically in the β-cells [142], β-
cells are spared by CVB even if the exocrine pancreas is completely destroyed by the 
virus [116]. Our finding that mda-5-/- mice are unable to control early virus replication 
could suggest that individuals having a less functional MDA-5 may suffer more often 
and/or from more severe CVB infections. This could increase the likelihood that the 
virus reaches the pancreas and infects the β-cells. This could have detrimental effects in 
persons that are genetically predisposed to developing T1D. The infection of the 
pancreas itself could lead to an inflammatory milieu that can attract potentially 
autoreactive T-cells [238]. This would fit with our observations that mice lacking 
MDA-5 suffer from more severe infection and show increased lymphocyte infiltration 
in infected organs. In addition, damage to the β-cell by CVB infection could increase 
the release of sequestered autoantigens and prime autoreactive T-cells, previously 
attracted to the side of infection [195]. Interestingly, prospective studies have suggested 
that individuals later progressing to T1D suffer more often from enterovirus infection 
[190]. The same study suggests that enterovirus infections are associated with the 
induction of autoimmunity as assessed by the appearance of autoantibodies shortly after 
infection. In this context, it should be note that mice used in our study are non-
autoimmune prone mouse strains. It would be interesting to study the effect of MDA-5 
deficiency in mice genetically susceptible to autoimmune diseases, such as the non-
obese diabetes mouse strain.  
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In conclusion, the results presented in paper I show that MDA-5 plays an important 
role in the host immune defense against CVB infection by limiting early virus 
replication and preventing CVB induced tissue damage. These results warrant further 
studies about the link of MDA-5 with virus-induced diabetes.  

3.1.2 NK cell recognition of CVB infected host cells 

NK cells play an important role in the innate immune response to virus infection. They 
can limit virus replication by direct killing of infected cells, through the production of 
IFN-γ, a cytokine with known antiviral effects, and by activating the adaptive immune 
response [93]. Studies in mice suggest that NK cells are important for the host immune 
response after infection with CVB [147, 152]. However, NK cells have also been 
reported to exacerbate virus-induced pathology. In a mouse model for virus-induced 
T1D, NK cells were essential for the induction of disease [142].  

 
Since little was known about the role of NK cells in the human immune response to 
CVB infections, we wanted to investigate if CVB has the ability to alter the expression 
of NK cell receptor ligands and how NK cells respond to cells infected with CVB 
(paper II).  

 
First, we studied the direct effect of CVB infection on the expression of NK 
cell-ligands. Therefore, we established a flow cytometry based method that enabled us 
to discriminate infected from uninfected cells by staining with an antibody specific for 
the enterovirus coat protein VP1 (paper II, Figure I). The balance of activating and 
inhibitory signals presented on a cell determines if a NK cell will become activated 
[73]. The main inhibitory ligands for NK cells are HLA class I molecules [239]. 
Infection of the two tumor cell lines HeLa and HepG2, and primary human umbilical 
vein endothelia cells (HUVECs) with CVB3 resulted in a approximately 40% reduction 
of cell surface HLA class expression (paper II, Figure 2A), as assessed by staining 
with a pan-HLA antibody. Several viruses have evolved mechanisms to selectively 
downregulate specific HLA alleles while leaving others unaltered. To see if this was the 
reason for the incomplete downregulation of HLA molecules, we stained with 
antibodies specific for HLA-A, -B or -C (paper II, Figure 2B). All HLA alleles were 
affected equally by CVB3 infection, suggesting that a selective downregulation of HLA 
molecules cannot explain the partial reduction of HLA surface expression. The non-
classical HLA class I protein HLA-E presents leader peptides from other HLA class I 
proteins and plays a dual role during NK cell activation. Binding of HLA-E to 
NKG2A/CD94 or NKG2C/CD94 inhibits or activates NK cells, respectively. 
Surprisingly, CVB3 infection had a much stronger effect on HLA-E surface expression 
compared to the classical HLA alleles. Only 15% of HLA-E remained on the cell 
surface after CVB3 infection (paper II, Figure 2B).  

It has been shown that cellular stress (e.g. virus infection) may induce the expression 
of MICA/B and/or ULBPs, which can engage the activating NK cell receptor NKG2D. 
However, after infection of HeLa cells with CVB3 we did not detect an upregulation of 
either protein. Instead we saw a downregulation of MICA surface expression (paper II, 
Figure 2B).  

As both activating and inhibitory NK cell ligands were downregulated after CVB3 
infection the effect on NK cell activation was unpredictable. After becoming activated, 
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NK cells can respond in different ways. They can actively kill aberrant cells in a 
perforin/granzyme-, TRAIL- or FAS-L-dependent manner and/or by the production of 
cytokines such as IFN-γ [240, 241]. To study if NK cells were able to kill CVB3 
infected HeLa cells, we co-cultured infected or control cells with either resting or 
activated peripheral blood mononuclear cells (PBMCs). Three complementary methods 
were used to assess killing: 1) mobilization of CD107a on the cell surface of 
CD56+/CD3- PBMCs, 2) the activation of caspase 3 in HeLa cells, and 3) uptake of 
propidium iodide by HeLa cells (paper II, Figure 3). All experiments indicated that 
NK cells are unable to kill HeLa cells infected with CVB3. As mentioned above, in 
addition to killing of infected cells, NK cells can also respond with the production of 
cytokines [46]. To investigate if NK cells become activated after encountering 
CVB-infected HeLa cells we measured the intracellular production of IFN-γ in 
CD56+/CD3- PBMCs. We observed some IFN-γ production by NK cells after co-
culture with uninfected HeLa cells. However, this was dramatically increased after co-
culture of PBMC with CVB3 infected HeLa cells (paper II, Figure 4A and B). In 
addition, we measured IFN-γ in the culture supernatants. Again infection of HeLa cells 
with CVB3 increased the amount of IFN-γ released by PBMC, which was primarily 
depended on NK cells (paper II, Figure 4C).  

 
Taken together the results presented in paper II indicate that infection with CVB3 
leads to the downregulation of classical and non-classical HLA molecules. 
Stress-inducible ligands of the activating NK cell receptor NKG2D are not induced by 
CVB3. In fact, infection resulted in a downregulation of MICA. The alteration of NK 
cell ligands did not induce NK cell mediated killing of infected HeLa cells, but 
stimulated the production of IFN-γ.  

 
These results raise some interesting questions. One is how CVB can interfere with the 
surface expression of HLA molecules. Several not mutual exclusive mechanisms could 
play a role. A general host protein shut off could be responsible for the observed 
effects. However, prevention of protein synthesis by treatment of cells with 
cyclohexamide could not induce HLA downregulation to the same degree as CVB 
infection (paper II, Figure 2C). This suggests that additional factors are involved in 
the downregulation of HLA. It has been shown that CVB expresses several proteins 
that interfere with intracellular protein transport, thereby impairing protein 
translocation to the cell surface [126]. Another possibility is that CVB actively 
increases the removal of HLA from the cell surface. A study published by Cornell el al. 
offers some insight into this question and complements our results [242]. In this study it 
was confirmed that CVB is able to reduce the surface expression of HLA molecules. In 
addition, the authors addressed the mechanisms behind this phenomenon. It was shown 
that three different proteins encoded by CVB, namely 2B and its precursor 2BC as well 
as 3A, have the ability to interfere with the surface transport of HLA. In addition, 2B 
and 2BC can increase endocytosis, which may further decrease HLA surface 
expression. Interestingly, both the study by Cornell et al. and our study (paper II) 
suggest that CVB only inhibits HLA expression to a certain degree, leaving around 40-
60% of the HLA molecules on the surface. It might be that evolutionary pressure to 
avoid detection by both T-cells and NK cells has resulted in this “compromise”. Partial 
downregulation might be enough to impair T-cell responses without leaving cells 
vulnerable to NK cell mediated killing. The observation that HLA downregulation by 
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CVB seems insufficient to induce NK cell mediated killing of infected HeLa cell, 
together with poor T-cell responses to CVB infection demonstrated by others [159], 
might be interpreted in support of this notion. Other viruses achieve similar results by 
selectively downregulating HLA-A and –B, but not HLA-C [243]. The limited number 
of proteins expressed by CVB could be the explanation for the different approach taken 
by CVB. However, it has to be mentioned that the system employed in our study may 
not resemble the in vivo situation in all aspects. HeLa cells are tumor cells with high 
surface levels of HLA. Other cell types with lower HLA expression might well become 
susceptible to NK cell mediated killing after CVB infection. Moreover, a study with 
fetal thymocyte cultures has shown that CVB leads to the upregulation rather than 
downregulation of HLA on immature T-cells [244]. Collectively, these observations 
suggest that the effect of CVB infection might be cell type dependent. However, the 
study on fetal thymocyte cultures did not discriminate between infected and uninfected 
cells, which make it hard to establish if HLA upregulation was caused directly by the 
virus in infected cells. To confirm our results that NK cells respond with the production 
of IFN-γ to CVB infected cells rather than with direct killing, further studies with 
preferably primary cells should be conducted. Analysis of NK cell responses to CVB 
infected pancreatic islet cells are of particular interest. Results from several mouse 
models suggest that NK cell might be involved in the development of T1D after virus 
infection or other interventions [142, 202, 203, 245]. In addition, it has been 
demonstrated in a subset of recent onset T1D patients that NK cells are present in the 
vicinity of enterovirus-infected islets [153], but it is not clear if NK cells were involved 
in the development of the disease.  

Another question is what the consequence the NK cell produced IFN-γ might have. 
Like type I IFNs, IFN-γ is able to stimulate the expression of ISGs and thereby induce 
an antiviral state in host cells [37]. This would help to limit virus replication and 
spread. For example, the transgenic expression of IFN-γ limits virus replication and 
protects mice from CVB-induced myocarditis and ameliorates pancreatitis [144, 145].  

 On the other hand, NK cell activation during CVB infection could potentially be 
detrimental for the host, as they have been implicated in diabetes exacerbation [142, 
202, 203, 245]. For example, blocking of the activating receptor NKG2D prevents 
diabetes development in NOD mice [204]. However, NKG2D is also expressed on 
some effector T-cells, which makes it difficult to attribute the effect solely on NK cells. 
Interestingly, IFN-γ in combination with other inflammatory cytokines has been shown 
to induce cell death in pancreatic β-cells and impair their function, which could explain 
how NK cells can contribute to diabetes development [57, 246, 247]. Direct killing of 
infected cells could also induce immunopathology after CVB infection. In fact, it has 
been demonstrated that CVB-induced myocarditis is at least in part due to tissue 
destruction by immune cells [149]. Mice lacking perforin show no impairment of virus 
clearance in the heart but have considerably less tissue damage. Similarly, the same 
mice do not show increased CVB replication in the pancreas [116]. These results 
suggest that direct killing of infected cells by NK cells is not important for control of 
the virus and can in fact be detrimental to the host.  

 
In conclusion in paper II we showed that CVB can downregulate surface expression of 
several NK cell ligands and that human NK cells respond with the production of IFN-γ 
rather than direct killing of infected cells.  
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3.2 THE ANTIVIRAL EFFECT OF TYPE I AND II INTERFERONS IN 
HUMAN β-CELLS  

Recognition of virus infections by PRR receptors results in the rapid production of type 
I IFNs. Furthermore, activation of NK and/or T-cells by virus-infected cells can induce 
the production of IFN-γ. Both type I and II IFNs upregulate the expression of proteins 
that induce an antiviral state in host cells [37]. The production of IFN is crucial for the 
host immune response to virus infections. In the absence of IFN or IFN signaling mice 
are exceptionally susceptible to CVB infections [140, 141]. Specific abrogation of IFN 
signaling in β-cells results in the rapid induction of T1D after CVB infection in mice 
[142]. In human islets the neutralization of IFN-α after CVB infection in vitro leads to 
complete cell destruction [138]. This illustrates that pancreatic β-cells relay heavily on 
IFNs in order to prevent virus replication and cell death. However, how human islets 
respond to IFN stimulation and if IFNs can induce an antiviral state in human islets had 
not been investigated.  

 
In paper III we studied how human pancreatic islet cells respond to stimulation with 
IFN-α or IFN-γ. Specifically, we wanted to know if IFNs upregulate the expression of 
proteins with antiviral properties, and if this results in the induction of an antiviral state 
that prevents CVB replication. In addition, we examined the induction of PRR, 
suggested to be important for CVB recognition.  

 
To gain insight into what genes are upregulated after IFN stimulation, we stimulated 
islets from four donors with either IFN-α or IFN-γ. Six hours after stimulation we 
isolated RNA and evaluated gene expression using a custom-made microarray 
comprising 2178 probes for genes known to be stimulated by IFNs and/or involved in 
the immune response. We found that 23 and 6 genes were consistently upregulated in 
islets from all four donors after IFN-α and IFN-γ treatment, respectively (paper III, 
Table 1 and 2). For example, CXCL10, viperin and IFIT1 were upregulated by both 
IFNs, while OAS was only stimulated by IFN-α. To confirm the results obtained by the 
microarray we studied the gene expression of selected genes by Western blot and/or 
Real-Time (RT) PCR analysis. We observed a robust induction of CXCL10, viperin 
and OAS mRNA after IFN-α treatment. As seen in the microarray experiments, IFN-γ 
was less potent in inducing those genes (paper III, Figure 1). Western blot analysis of 
Viperin protein expression verified results obtained by other methods (paper III, 
Figure 3).  

The production of IFNs can be induced after recognition of virus RNA by PRR. In 
fact, it has been shown that human islets express IFN-α after CVB infection [138]. 
However, the expression of PRR by human islets that could induce IFN production 
after CVB infection had not been studied. Therefore we decided to investigate the 
expression of TLR3, MDA-5 and RIG-I. Treatment with IFN-α led to a substantial 
upregulation of mRNA expression of all three PRR. Again, IFN-γ had only a minor 
effect on the gene expression of all PRR studied (paper III, Figure 2). Analysis of 
RIG-I and MDA-5 protein expression confirmed the results obtained by the RT-PCR 
analysis (paper III, Figure 3).  

As we observed a robust upregulation of proteins known to be involved in the host 
antiviral defense, we asked if IFN treatment could prevent CVB replication in human 
islets. Treatment with IFN-α resulted in powerful protection from CVB infection of 
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human islets. Mirroring the reduced effect on gene expression, pre-treatment with IFN-
γ showed only an intermediated effect but could still reduce CVB replication by around 
90% (paper III, Figure 4).  

 
Taken together, the results from paper III showed that human islets respond to IFN 
treatment with a robust upregulation of proteins associated with the host antiviral 
response. This induced an antiviral state, which potently suppressed CVB replication. 
The effect of IFN-α was more powerful than IFN-γ.  

 
Several genes were induced in the IFN-treated human islets. We can only speculate 
which proteins are responsible for the protection from CVB infection. It has been 
shown that the OAS/RNase L pathway is important for the host immune response to 
CVB infection in mice [60]. As the production of oligoadenylates by OAS is the rate-
limiting step in the activation of RNase L, it is feasible to assume that an upregulation 
of OAS after IFN treatment has the potential to inhibit CVB replication in human islets. 
Interestingly, in vitro infection of mouse islets has confirmed that the protective effect 
of IFN-α is considerably dependent on an intact RNase L pathway [60]. The effect of 
Viperin on CVB replication has not been addressed. However it has been shown that 
Viperin has a protective role in CMV and HCV infection [69, 70]. How Viperin can 
support the host antiviral response is not entirely clear. For Influenza A, it has been 
suggested that Viperin prevent virus budding from the cell membrane by disrupting 
lipid raft formation [71]. As CVB is normally released after the infected cells are 
destroyed by the cytopathic effect induced by the virus, it seems unlikely that Viperin 
can inhibit CVB release by the same mechanism. However, it has been shown that 
human islets can be infected persistently with CVB [138]. It is not evident how virus is 
released during persistent infection without an obvious deleterious effect on beta cells, 
therefore a role for Viperin during CVB infection cannot been ruled out.  

A protein upregulated by both IFN-α and IFN-γ was the chemokine CXCL10. The 
role for CXCL10 is to attract NK and T-cells expressing the chemokine receptor 
CXCR3 to the site of infection, rather than contributing directly to the induction of an 
antiviral state. The upregulation of CXCL10 is important in the host immune response 
to CVB infection, as illustrated by the fact that mice lacking CXCL10 are more 
susceptible to CVB-induced myocarditis, while overexpression of CXCL10 leads to a 
reduction of virus titers and tissue damage in the heart [152]. In contrast to the 
protective effect on virus replication and virus induced tissue damage, CXCL10 can 
also attract potentially autoreactive T-cells and thereby exacerbate autoimmune 
diseases. It has been shown that transgenic expression of CXCL10 in β-cells accelerates 
T1D development in mice [248]. This suggests an interesting link between CVB 
infections and the development of T1D, a notion that is supported by two recently 
published studies that investigated CXCL10 expression in the islets of patients with 
recent onset diabetes. It was shown that CXCR3 expressing T-cells infiltrated the islets 
of those patients [238, 249]. Of note, enterovirus proteins were detected in many of the 
islets studied.  

After detection of a virus by PRR, infected cells can respond themselves by the 
production of type I IFNs. This has also been shown for human pancreatic islets [138]. 
We demonstrated that human islets express several PRR receptors potentially able to 
detect RNA viruses such as CVB. Interestingly, MDA-5 was also expressed and 
upregulated after IFN treatment by human islets. Several polymorphisms in MDA-5 
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have recently been suggested to predispose to T1D [175, 176]. As MDA-5 is expressed 
by human β-cells one could speculate that the β-cells themselves can determine the 
response to CVB infection and the immune response initiated. As a consequence, β-
cells may play an active role in the initiation or exacerbation of T1D. In this regard it is 
interesting to note that we did observe a considerable variation in the response to IFN 
treatment in islets from different donors. One reason for the relative low numbers of 
genes found to be upregulated after IFN stimulation, were the stringent criteria we used 
to define altered gene expression with only genes upregulated ≥ 1,5 fold in all four 
donors included. For example IL-15 was not studied further as it was only upregulated 
≥ 1,5 fold in tree out of the four donors. Similarly IRF1 was upregulated in some but 
not all islet preparations (paper III, Supplementary Table 1). Even genes 
significantly upregulated in the islet from all donors showed variation. This illustrates 
that the IFN response can differ substantially between individuals. Hence, the ability to 
control virus infection and the immune response initiated may vary accordingly. It 
would be interesting to correlate the antiviral response of β-cells with the presence or 
absence of gene polymorphisms implicated in T1D development.  

 
In summary, in paper III we showed that human islets respond to IFN treatment by 
entering an antiviral state that can inhibit CVB replication. This supports the notion that 
islets cells can regulate their own permissiveness to CVB infection. In the light of the 
suggested link between CVB infections and T1D development [250], studies 
addressing the differences of the antiviral response between individuals are clearly 
needed.  

3.3 ANTIVIRAL RESPONSE AGAINST COXSACKIEVIRUS IN A MOUSE 
MODEL FOR CYSTIC FIBROSIS 

Cystic fibrosis (CF), the most common monogenetic recessive disease in the Caucasian 
population, presents with a well-established defect in antimicrobial defense (see section 
1.5.1 of this thesis). Chronic bacterial infections of the airways represent the major 
determinant of morbidity and mortality in CF patients [251]. It has also been shown 
that respiratory virus infections cause more severe disease in CF patients compared 
with healthy controls and that this can exacerbate lower respiratory tract symptoms 
[212]. Enteroviruses have been found among the viruses shown to infect the airways of 
CF patients [212]. In addition, infection with respiratory syncytial virus can increase 
the susceptibility for bacterial infection in a mouse model of CF [211]. Even though an 
increased vulnerability to virus infection in the lungs has been demonstrated both for 
CF patients and in mouse models of CF, the general effect of a defective cftr on 
antiviral immunity had not been studied.  

 
In paper IV we utilized a mouse model of CF, harboring the most common human cftr 
mutation F508del (CFTRtm1EUR [230]). We investigated the effect of an aberrant CFTR 
protein on the systemic antiviral defense against coxsackievirus infection, a virus with 
broad tissue tropism (see section 1.3.1). We studied if the F508del cftr alters general 
susceptibility to infections with CVB3 “Nancy” by measuring survival, virus titers 
found in several organs after infection and tissue damage induced by CVB. In addition, 
as CVB infection have been linked to the development of T1D, and cystic fibrosis 
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related diabetes (CFRD) is often observed in patients with CF, we wanted to know if 
the F508del mutation of cftr predispose mice to CVB induced diabetes.  

 
To establish if a defective CFTR leads to an increased susceptibility to CVB infection, 
we infected CFTRtm1EUR and wild type littermate controls mice (hereafter denoted as 
ΔF508 and wt, respectively) with either 102 or 104 PFU CVB3. All wt mice survived 
infection with the lower dose of CVB3, while approximately half of the ΔF508 
succumbed to infection with this virus dose (paper IV, Figure 1A). Even though most 
of the wt and ΔF508 animals died after an infection with the higher infectious dose, 
transgenic mice showed a significant decrease in median survival compared to wt 
controls (paper IV, Figure 1B). To establish if the decreased survival of ΔF508 mice 
was due to uncontrolled virus replication, virus titers were measured in different organs 
three days after infection. Only few animals showed detectable virus in the lung, 
intestine and pancreas after infection with a low dose of CVB (1/5 and 2/5 for ΔF508 
and wt mice respectively; paper IV, Figure 2A). Infection with 104 PFU/mouse 
resulted in vigorous viral replication in all organs tested, with no significant difference 
between ΔF508 and wt mice (paper IV, Figure 2B). However, for some organs we 
observed a trend towards higher virus replication in ΔF508 mice compared to littermate 
controls. Despite the similarity in virus replication we wanted to compare tissue 
damage three days after low dose CVB infection. Histological evaluation of liver 
section did not reveal any abnormalities. Mild lymphocyte infiltration and exocrine 
tissue damage was apparent in most pancreas sections with no difference between 
ΔF508 and wt control mice (data not shown). A wt animal with high virus replication in 
the pancreas (paper IV, Figure 2A) exhibited extensive tissue damage and lymphocyte 
infiltration (data not shown). 

In order to evaluate if ΔF508 mice are prone to CVB induced diabetes, we measured 
blood glucose levels after infection. None of the animals developed hyperglycemia at 
any time point. In contrast, most animals infected with a high dose of CVB3 showed a 
decrease in blood glucose levels early after infection (paper IV, Supplementary 
Figure 1A). Even after infection with 102 PFU CVB3 some ΔF508 mice became 
hypoglycemic, while most wt controls remained normoglycemic (paper IV, 
Supplementary Figure 1B). Almost all animals that showed severe hypoglycemia 
eventually succumbed to the infection.  

 
In conclusion, the results presented in paper IV suggest that mice carrying the cftr 
F508del mutation have an increased susceptibility to CVB3 infections but can control 
early virus replication comparable to wt littermates. We did not observe any difference 
in virus-induced tissue damage between ΔF508 and wt mice early after infection. In 
addition, the lack of a functional CFTR did not render mice susceptible to CVB3 
induced diabetes.  

 
It has been shown that CF patients and mouse models for CF have an impaired defense 
against different viruses in their airways [212, 215, 233]. However, to our knowledge 
our study is the first attempt to address the impact of a defective CFTR on antiviral 
immune response to a virus with a broad tissue tropism. We demonstrated that ΔF508 
mice have a dramatically increased susceptibility to CVB3 infection. Infections with 
CVB, and enteroviruses in general, are common and have been identified in the 
respiratory tract of CF patients [212]. This is of special interest as it has been suggested 
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that virus infections can exacerbate lung pathology in patients, and increase bacterial 
colonization in mouse models for CF [211]. It would therefore be interesting to study if 
enterovirus infections are common in CF patients around the time point when initial 
bacterial colonization of the lung is established or at times of exacerbated respiratory 
tract symptoms. One study showed that enterovirus infections are not more common in 
CF patients following lung transplantation compared to individuals without CF [213]. 
However, our results show that ΔF508 mice are more susceptible to CVB3. Therefore it 
would be of interest to evaluate the prevalence of CVB infections in a larger group of 
CF patients to see if infections are more common alternatively, more severe than in 
healthy individuals.  

Surprisingly, despite the striking increase in CVB susceptibility we did not observe 
an increase in virus replication in ΔF508 mice three days after infection. This suggests 
that ΔF508 mice do not have a defect in their initial ability to control virus replication. 
A similar phenotype has been observed in mice lacking expression of iNOS. Mice 
deficient in iNOS show an increased susceptibility to CVB infection but have no 
alteration in early virus replication [252]. However, absence of iNOS leads to impaired 
virus clearance. By measuring virus replication at later time points we will be able to 
establish if this is also the case in ΔF508 mice. Of note, it has been shown that CF 
patients and mouse models for CF display an impaired iNOS expression in lung 
epithelial cells with a lower production of NO [215, 253]. As we did not observe an 
increased virus replication it might not be surprising that we did not see more tissue 
damage in ΔF508 mice after infection.  

The heightened susceptibility to CVB3 infections in ΔF508 mice may have 
additional implications for CF associated pathology. It is evident that environmental 
factors, especially bacterial infections, contribute to the development of severe 
respiratory symptoms in CF patients [207]. However, if and how virus infections may 
affect other CF related complications has not been studied. Pancreatitis and/or pancreas 
insufficiency are often observed in CF patients [207]. It has been suggested that due to 
the aberrant composition of secretory contents, digestive enzymes secreted by the 
exocrine pancreas may precipitate and lead to obstruction and tissue damage. Most 
mouse models for CF show no or only mild pancreas abnormalities [232]. This 
discrepancy has been attributed to a complementary Cl- channel in the mouse pancreas 
and/or residual CFTR activity. However, it is possible that environmental factors, 
which CF mice are not exposed to, may contribute to the development of pancreas 
abnormalities. Interestingly, CVB is known to cause acute pancreatitis in humans 
[111]. One could speculate that an increased susceptibility to CVB infections may 
result in an increase of CVB-induced exocrine pancreas tissue damage and thereby 
exacerbate the development of pancreas insufficiency. We did not observe more 
pancreas damage or pancreatitis in ΔF508 mice after infection compared to wt controls. 
However, it is possible that such an effect will only be apparent at later time points 
and/or after repeated insults to the exocrine pancreas. Interestingly, mutations in cftr 
have also been linked to chronic idiopathic pancreatitis [254, 255]. If enterovirus 
infections are involved in the etiology of idiopathic pancreatitis has not been studied.  

CFRD is another common complication of CF, often observed only later in life 
[210]. As CVB infections have been implicated with the development of T1D it is 
tempting to speculate on a role of CVB infection in the CFRD. Our observations that 
ΔF508 mice do not develop diabetes after infection might speak against this notion. 
However, this does not rule out the possibility that β-cells of ΔF508 mice have an 
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impaired antiviral response to CVB infections. In fact, mice lacking RNase L or PKR 
are highly susceptible to CVB infections but do not develop hyperglycemia after 
infection. Still, treatment with IFN-α or IFN-γ fails to protect islets of those mice from 
infection with CVB in vitro [60]. Interestingly, it has been shown that IFN-γ failed to 
upregulate iNOS and OAS, two proteins known to be important in the antiviral defense 
against CVB, in human alveolar epithelial cells derived from CF patients [215]. This 
lead to an increased replication of parainfluenza virus in cells from CF patients 
compared to control cells. Moreover, a recent study found enterovirus protein in 
pancreatic islets of 2 out of 11 CF patients [114]. The fact that the two patients with 
positive enterovirus staining had CFRD, while the remaining patients did not, may 
support the hypothesis that CVB could be involved in the development of CFRD.  

 
In summary in paper IV we demonstrated that the F508del mutation of cftr results in 
an increased susceptibility to CVB3 infections in a mouse model of CF. This may have 
implications for the development of several CF associated complications, as CVB 
infections can cause pathology in many organs also affected by CF.  
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4 CONCLUDING REMARKS 

The aim of this thesis was to gain new insight into the contribution of the innate 
immune response during CVB infection. We focused on different stages either 
important for the initiation of the immune response and/or control of virus replication. 
Moreover, we used a mouse model of CF to evaluate the outcome of CVB infection in 
a disease with an underlying defect in innate immune functions.  

We showed that several mechanisms of the innate immune response are important 
for detecting and limiting CVB. The first event, that has to occur during every 
infection, is the recognition of the invading pathogen. Results from paper I clearly 
demonstrated that MDA-5 is an important component in the initial host response to 
CVB. After the virus has been detected, it is crucial for the host to rapidly suppress 
virus replication in order to limit damage caused directly by the virus. We demonstrated 
in paper II that NK cells might be important effector cells during CVB infection, 
especially due to their ability to produce IFN-γ after encountering CVB infected cells. 
The immune response is aimed at restricting the production of new virus progeny and 
ultimately clearing the virus infection. For this to happen, it is pivotal to prevent 
infection of virus permissive cells. Our experiments presented in paper III assign an 
important role to the target cell itself in successfully preventing virus spread. The 
response of CVB-permissive human islets to IFNs, produced by different cells during 
the infections, is critical for a successful immune response. Taken together, these 
results indicate that the host relies on a complex chain of events in order to mount a 
favorable immune response towards CVB. How fragile the highly coordinated immune 
response to CVB infection might be, is illustrated by the results presented in paper IV. 
Mice having a single mutation in the chloride channel CFTR, which has no known 
direct immunological functions, have an impaired antimicrobial defense and are highly 
susceptible to CVB infections.  

Most infections with CVB are asymptomatic or present with only mild symptoms. 
This suggests that in most cases the immune system can fend of CVB infections 
successfully. However, why CVB infections occasionally cause severe diseases and 
how the immune response differs in such instances is not clear. Furthermore, CVB has 
been detected in and isolated from the pancreas of T1D patients, and thereby linked to 
the development of the disease. So far it has been impossible to define a specific 
structure that would make a certain CVB isolate more diabetogenic than others. This 
fact could be used to argue against a causative link between CVB infections and the 
development of T1D, with the reasoning being that CVB is a common virus and that 
most infections obviously do not result in T1D. However, this assumes that only virus 
intrinsic factors determine the outcome of an infection. Given the dynamic interaction 
between the host immune system and the virus, this is a gross oversimplification. A 
more likely scenario would be that a combination of virus- and host factors determines 
the outcome of a CVB infection. This is especially likely for a complex disease as T1D. 
The recent observation that some mda-5 alleles increase the risk for T1D development 
has put the spotlight on the innate immune response and could offer some insight into 
how virus infections could cause T1D in genetically predisposed individuals. We 
showed that MDA-5 is indeed important for the host immune response to CVB 
infections. However, until the functional consequences of predisposing mda-5 alleles 
for the immune response against CVB have been clarified, one can only speculate 
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about the events that might lead to CVB-induced T1D. One scenario could be an 
unbalanced IFN production. On one hand it has been shown that β-cells rely on IFNs 
for protection from CVB-induced damage, on the other hand overexpression of IFN-β, 
specifically in the β-cells, can break the immunological tolerance and induce T1D in 
non-diabetes prone mice. This highlights the delicate balance that the immune response 
has to achieve in order to prevent damage to the host. 

By further increasing our knowledge about how CVB and the immune system 
interact, we will be able to delineate the events that lead to severe infections with CVB. 
This will hopefully help to prevent some of the serious diseases and late sequels 
associated with CVB infections.  
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