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Abstract
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Cells. Effect of Genetic Factors and Interactions with NK Cells and B Cells. Digital
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The type I interferon (IFN) system plays a central role in the etiopathogenesis of many
autoimmune diseases, e.g. systemic lupus erythematosus (SLE). Activation of the type I IFN
system in SLE is promoted by endogenous nucleic acid-containing immune complexes (ICs)
which stimulate plasmacytoid dendritic cells (pDCs). This thesis focuses on the regulation of
IFN-α production in pDCs, by interactions with B cells and natural killer (NK) cells, and by
genetic factors.

In Study I, RNA-IC-stimulated CD56dim NK cells were found to be activated via FcγRIIIa and
enhanced the IFN-α production by pDCs. The enhancing effect of the NK cells was mediated
via both soluble factors, such as the cytokine MIP-1β, and in a cell-cell contact mediated manner
via the adhesion molecule LFA-1. In Study II, B cells enhanced the IFN-α production by pDCs
via cell-cell contact or soluble factors, depending on the stimuli. The cell-cell contact-mediated
enhancement, when the cells were stimulated with RNA-IC, was abolished by blocking the
cell adhesion molecule CD31. B cells stimulated with the oligonucleotide ODN2216 enhanced
the IFN-α production via soluble factors. In Study III, gene variants related to autoimmune or
inflammatory diseases were analyzed for the association to the IFN-α production by pDCs,
alone or in coculture with NK or B cells. Depending on cell combination, 18-86 SNPs (p
< 0.001) were associated with the IFN-α production. Several of the SNPs showed novel
associations to the type I IFN system, while some loci have been described earlier for their
association with SLE, e.g. IL10 and PXK. In Study IV, several B cell populations were affected
by cocultivation with pDCs and stimulation with RNA-IC. The frequency of CD24hiCD38hi B
cells of regulatory character was increased in the pDC-B cell cocultures. However, RNA-IC-
stimulation only induced modest levels of IL-10. A remarkably increased frequency of double
negative CD27-IgD- B cells was found in the RNA-IC-stimulated cocultures of pDCs and B cells.

In conclusion, the findings in the present thesis reveal novel mechanisms behind the
regulation of the type I IFN system which could be important targets in autoimmune diseases
with constantly activated pDCs.
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Abbreviations 

ADCC Antibody-dependent cellular cytotoxicity 
ANA Anti-nuclear antibodies 
APC Antigen presenting cell 
APRIL A proliferation induced ligand 
BAFF B-cell activating factor 
BCR B cell receptor 
BDCA Blood dendritic cell antigen 
BICC1 RNA binding protein, bicaudal C homolog 1 
BLyS B lymphocyte stimulator 
BTK Bruton’s tyrosine kinase 
CELSR1 Cadherin, EGF LAG seven-pass G-type receptor 1 
eQTL Expression quantitative trait loci 
ETS1 V-ets avian erythroblastosis virus E26 oncogene homolog 1 
GAS Interferon gamma-activated site 
GC Germinal center 
GM-CSF Granulocyte macrophage colony-stimulating factor 
GWAS Genome-wide association study 
HLA Human leukocyte antigen 
HSV Herpes simplex virus 
IC Immune complex 
IFN Interferon 
IFNAR Interferon alpha receptor 
Ig Immunoglobulin 
IL Interleukin 
ILT Immunoglobulin-like transcript 
indel Insertion/deletion 
IPA Ingenuity Pathway Analysis 
IRAK Interleukin-1 receptor-associated kinase 
IRF Interferon regulatory factor 
ISGF Interferon-stimulated gene factor 
ISRE Interferon-stimulated response element 
ITIM Immunoreceptor tyrosine-based inhibitory motif 
JAK Janus kinase 
LFA Leukocyte function-associated antigen 
lincRNA Long intergenic non-coding RNA 
mAb Monoclonal antibody 
MAPK Mitogen-activated protein kinases 



 

MHC Major histocompatibility complex 
MIP Macrophage inflammatory protein 
Mx-1 Myxovirus (influenza virus) resistance 1 
MyD88 Myeloid differentiation primary response gene 88 
NET Neutrophil extracellular trap 
NK Natural killer  
ODN Oligodeoxynucleotide 
PAMP Pathogen-associated molecular pattern 
PBMC Peripheral blood mononuclear cell 
PCA Principal component analysis 
PCR Polymerase chain reaction 
pDC Plasmacytoid dendritic cell 
PECAM Platelet endothelial cell adhesion molecule 
PKR Protein kinase R 
pSS Primary Sjögren’s syndrome 
PXK Phox (PX) domain containing serine/threonine kinase 
RASGRP3 RAS guanyl releasing protein 3 (calcium and DAG-regulated) 
SLE Systemic lupus erythematosus 
SNP Single nucleotide polymorphism 
snRNP Small nuclear ribonucleoprotein 
STAT Signal transducer and activator of transcription 
TGF Transforming growth factor 
Th T helper cell 
TNF Tumor necrosis factor 
TLR Toll-like receptor 
TRAF TNF receptor-associated factor 
TRAF3IP2 TRAF3 interacting protein 2 
TREX1 Three prime repair exonuclease 1 
TYK Tyrosine kinase 
UV Ultraviolet 
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Introduction 

To protect us against different pathogens in our environment, such as virus-
es, bacteria or parasites we have an intricate and versatile immune system. 
The immune system is schematically divided into the innate and the adaptive 
immune system. The innate immune system is based on cells and receptors 
recognizing conserved and often repetitive structures on pathogens, e.g. lip-
opolysaccharide or microbial nucleic acids. Such molecules contains patho-
gen-associated molecular patterns (PAMPs) and are recognized by Toll-like 
receptors (TLR) (1) and other pattern recognition receptors expressed by 
immune cells (2). The innate immune response is the first line defense with a 
rapid but fixed repertoire of effector mechanisms against many pathogens. 
Important components of the innate immunity are for example the antiviral 
proteins called interferons (IFNs), plasmacytoid dendritic cells (pDCs), 
monocytes and natural killer (NK) cells.  

On the other hand, the adaptive immune system consisting of T cells, B 
cells and antibodies is characterized by its broad specificity against different 
antigens and development of immunological memory with faster and more 
effective immune responses at repeated exposure to the same antigen. These 
two immune systems are not functionally separated but interact with each 
other, leading to an effective protection against the large number of microor-
ganisms in our surrounding. 

To prevent that the immune systems attacks self-components it is im-
portant to establish and maintain immunological tolerance. Failure to sustain 
tolerance may give rise to autoantibodies and self-reactive B and T cells 
leading to autoimmune diseases, e.g. systemic lupus erythematosus (SLE) 
and Sjögren’s syndrome (pSS). SLE is considered to be the prototypic auto-
immune disease with presence of autoreactive and dysregulated immune 
cells, such as B and T and NK cells, as well as an overactivated type I IFN 
system. This thesis focus on the regulation of the type I IFN system and the 
effect on the cell types involved. 

The interferon system 
The first IFNs were discovered already in the 1950s and are generally char-
acterized by its importance in viral resistance (3). The human IFN family 
consists of three members; type I (IFN-, -, -, - and -) (4), type II (IFN-
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) (5) and type III (IFN-; IL-28a/b and IL-29) (6). IFN- can be further 
divided into subtypes encoded by 13 separate genes clustered on chromo-
some 9 (7-8). All the different type I IFNs act via the same cell surface re-
ceptor, the IFN-/ receptor (IFNAR), a heterodimeric receptor expressed 
by most cell types (9). When ligated, the intracellular parts of IFNAR are 
associated with Janus kinases JAK1 and TYK2 in the cytosol. This results in 
tyrosine phosphorylation of STAT1 and STAT2 and the formation of 
STAT1–STAT2–IRF9 (IFN-regulatory factor 9) complex (ISGF3) which 
translocates to cell nucleus and binds to IFN-stimulated responsive elements 
(ISRE) on the IFN-stimulated genes (ISGs) (10). The ISG includes genes 
that mediate an antiviral response, e.g. protein kinase R (PKR) and 
myxovirus (influenza virus) resistance 1 (Mx-1) (11). Signaling via the 
IFNAR receptor also leads to phosphorylation of homodimers of STAT1 and 
STAT3. Theses homodimers translocate to the nucleus and bind to IFN--
activated sites (GAS) (12). The latest detected members of the IFN family 
are the type III IFNs, and albeit they signal via distinct receptors they acti-
vate the same signal transduction pathways as type I IFNs. 

 

 
Figure 1. Signaling via the type I IFN receptor. The figure is modified 

from Ivashkiv et al. Nature Reviews Immunology 2014 (12).  
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The type I IFNs play a crucial role in the innate defense against viruses and 
other microorganisms but also affect other functions of the immune system. 
It has been shown that type I IFN can regulate cell migration, enhance NK 
cell cytotoxicity and the antigen presentation by dendritic cells (13). Type 
IFN can also enhance the antibody production and survival of B cells (14) 
and aid the expansion of Th1 T cells (15).  

One of the earliest demonstrated biological functions of type I IFN was 
the anti-proliferative effect on tumor cells, which resulted in an introduction 
of IFN- as a drug against malignancies (16). However, IFN- did not fulfill 
the expectations as an effective cancer treatment in general, but revealed that 
IFN- had a large immunomodulatory impact and could often induce auto-
immune phenomena and even autoimmune disease in some treated patients 
(17-19). In summary, the type I IFN has pleiotropic effects in addition to its 
antiviral functions and is an important link between the innate and the adap-
tive immune functions.  

Plasmacytoid dendritic cells  
The plasmacytoid dendritic cell (pDC) is a rare cell, consisting of approxi-
mately 0.4-0.9% of peripheral blood mononuclear cells (PBMC) in healthy 
individuals. The pDC was early discovered as the natural IFN producing cell 
(NIPC) (20-21), and has the ability to produce 10-100 times more IFN- per 
cell than other cells upon stimulation (10, 22). Compared to monocytes, the 
pDCs are induced to IFN- production by a broader repertoire of stimula-
tors. Potent viral inducers of IFN- production by pDCs are herpes simplex 
virus (HSV) (23), human immunodeficiency virus type 1 (HIV-1) (24) and 
influenza virus (25). In addition, pDCs can produce IFN- in response para-
sites and bacteria containing unmethylated CpG-rich DNA (26-27).  

The pDCs are present in circulation and peripheral tissues and can be 
identified in blood by their cell specific expression of blood dendritic anti-
gens (BDCA)-2 or BDCA-4 (neuropilin-1) (28) and the immunoglobulin-
like transcript 7 (ILT7) (29). Also a combination of HLA-DR and IL-3 re-
ceptor (CD123) expression and the lack of common lineage markers such as 
CD3, CD14, CD16, CD19 and CD56 can be used for identification of pDCs 
(28). The pDCs, in common with B cells, express TLR7 and TLR9 in the 
endosomes but not on the cell surface. TLR7 is activated by guanosine- or 
uridine-rich single stranded RNA and TLR9 is activated by unmethylated 
CpG-containing single stranded DNA. These motifs are normally found in 
virus or bacteria but can also be detected in nucleic acid-containing cell ma-
terial released from apoptotic or necrotic cells. Binding of RNA and DNA to 
TLR7 and TLR9, respectively, leads to activation of the myeloid differentia-
tion factor 88 (MyD88) signaling pathway. MyD88 activates a multi-protein 
signal complex, containing IL-1 receptor-associated kinase 4 (IRAK4), 
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Bruton’s tyrosine kinase (BTK), IRF5, IRF7, and TNF receptor-associated 
factor 6 (TRAF6). Further activation of IRF5 or trough TRAF3, IRAK1, 
IKKa and osteopontin leads to phosphorylation and translocation of IRF5 
and IRF7 into the nucleus and subsequent expression of IFN- genes (30-
31). The pDC constitutively express low levels of IRFs which facilitates a 
rapid type I IFN production in response to TLR stimulation (32). In addition, 
translocation of nuclear factor-B (NF-B) and mitogen-activated protein 
kinases (MAPK) leads to expression of proinflammatory cytokines and 
costimulatory molecules, respectively (33). Lately it has been shown that 
pDCs also have the ability to sense nucleic acids trough cytoplasmic recep-
tors like the retinoic acid-inducible gene 1 (RIG-1) (34).  

The IFN- production by pDCs must be under tight control in order to 
prevent an aberrant immune response. Both BDCA2 and ILT7 are associated 
with the FcRI and can via immunoreceptor tyrosine-based activation motif 
(ITAM)-mediated signaling suppress the ability of pDCs to produce IFN- 
in response to TLR stimuli (29, 35). Other inhibitory receptors on the pDCs 
are NKp44 (36) and FcRI (37). Furthermore, our group has showed that 
monocytes via the production of reactive oxygen species (ROS) inhibit the 
IFN- production by pDCs (38). Eloranta et al. also showed that the IFN- 
production by pDCs was enhanced by NK cells (38), and the mechanisms for 
this enhancement was further investigated in Study I. Important cytokines for 
the survival and function of pDCs are IL-3 (39) and GM-CSF (40). Further-
more, GM-CSF and IFN- can increase the type I IFN production by pDCs 
(38). 

When pDCs are activated via TLR stimulation or by IL-3 they differenti-
ate into a mature DC phenotype with increased antigen presentation capacity 
and lose the ability to produce IFN- (23, 41).  

PDCs also affect other immune cells independently of the type I IFN pro-
duction. For example, the pDC express MHC class II molecules and thus 
function as an antigen presenting cell (APC) capable of priming both T and 
B cells functions (41-42). However, even though pDCs are not as potent as 
conventional DCs, pDCs have antigen presenting capacities distinct from 
that described for conventional DCs (41). Dependent on the stimuli, pDCs 
can induce either pro-inflammatory or regulatory T cells responses (43) and 
activate NK cells (44). Furthermore, pDCs have the capacity to regulate the 
IL-10 production, growth and differentiation of B cells independently of 
IFN- (45-46).  

Natural killer cells 
NK cells are important in the first line immune defense before the antigen 
specific cytotoxic T cells are sufficiently activated and expanded. NK cells 
have the ability to kill virally infected cells, and their cytolytic capacity is 



 15

further increased by IFN- that is produced rapidly upon virus infection 
(44). NK cells also have an important role as regulators of homeostasis and 
in the defense against tumors cells (47-48). The NK cells express both inhib-
itory and activating receptors which determine whether a cell will be killed 
or not (49). The inhibitory receptors, including the inhibitory killer cell im-
munoglobulin-receptors (iKIRs) and NKG2A receptor, recognize MHC class 
I molecules. The MHC class I is constitutively expressed on most cells but 
many viruses cause a downregulation of the MHC class I expression, result-
ing in recognition as a target by the NK cells, a process referred to as “miss-
ing self” (50). The activating receptors sense the expression of ligands typi-
cally induced on stressed, virally infected or malignant cells. This includes 
the ligands NKG2D, which recognize stress induced ligands, TLRs and 
FcRIIIa (CD16) (49). NK cells can via the Fc receptor CD16 detect anti-
body-coated target cells and exert antibody dependent cell cytotoxicity 
(ADCC).  

The NK cells constitute 2-18% of the total PBMC in peripheral blood 
(51), and can be divided into two subpopulations based on the expression of 
cell surface markers CD56 and CD16. In blood, 90% of the NK cells are 
CD56dimCD16+, express perforin, can produce IFN- and have cytotoxic 
capacity. The other population, CD56brightCD16- NK cells are the most fre-
quent NK cells in lymph nodes and tonsils. They lack perforin and have the 
ability to produce cytokines and chemokines after activation by IL-12, IL-15 
and IL-18 (52).  

Disturbances in NK cell functions are described in many diseases, includ-
ing immune deficiencies and autoimmune diseases (53). The overall fre-
quency of NK cells in the peripheral blood of SLE patients is decreased, 
while the proportion of CD56bright NK cells is increased and their cytotoxic 
capacity is impaired (54-57). 

B lymphocytes 
The main function of B cells is the production of antigen specific antibodies 
and the gain of a long term immunological memory. B cells can also func-
tion as antigen presenting cells and as regulatory cells (58). The B cells de-
velop and mature in the bone marrow (BM) and the process progress in pe-
ripheral lymphoid organs, where they differentiate into naïve, memory B 
cells or antibody producing plasma cells (59-60). The B cell differentiation 
goes through several development steps involving expression of specific cell 
surface receptors and rearrangement of Ig genes in order to become a func-
tional B cell able to recognize and react against specific antigens.  

B cells recognize the specific antigen with their B cell receptor (BCR), 
but the B cells need assistance from T helper cells to mount an effective 
antibody response against pathogens. The B-T cell interactions are localized 
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in germinal centers (GC) within the secondary lymphoid organs, e.g. lymph 
nodes. This help includes both cell-cell contacts (CD40-CD40L) and soluble 
cytokines produced by other immune cells, including pDCs. Within the GC-
reaction the B cells proliferate, differentiate, undergo affinity maturation 
through somatic hypermutation of the Ig-genes, and switch the isotype class 
of the antibodies (61). Recently, also GC-center independent maturation 
processes of B cells have been described (62-63). However, this pathway is 
less understood.  

B cells can produce five different classes of antibodies, as summarized in 
Table 1, which have different immunological functions. All these classes 
have the basic four chain antibody structure, with two light chains and two 
heavy chains, and the differences between the classes are most pronounced 
in the Fc part of the heavy chains (64). The production of IgM is the most 
pronounced in an early primary response whereas the IgG is the most effec-
tive in the secondary response and long term immunity. IgA is the most im-
portant antibody in the gut mucosa, saliva and breast milk (65).  
 

Table 1. The five classes of antibodies produced by B cells. 
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B cell tolerance is essential for maintaining unresponsiveness to self-
antigens. B cell tolerance is controlled by both central and peripheral mech-
anisms. If an immature B cell in the bone BM recognize a self-antigen with 
high affinity it will be deleted or change its specificity by receptor editing. 
This is defined by the strength of BCR signaling, a strong BCR signal by 
binding with high affinity to an autoantigen will lead to deletion or receptor 
editing, while an intermediate binding will permit B cells to survive and 
continue to the periphery (66). However, 50-80% of immature B cells that 
newly have emerged from the BM may be autoreactive, which requires addi-
tional peripheral tolerance checkpoints (67). Critical peripheral tolerance 
checkpoints are in the transitional B cell compartment (68) and in the T cell-
dependent GC reaction (69-70).  

Multiple markers have been used to identify the diverse B cell subpopula-
tions in human peripheral blood, for example expression of IgD and CD38 to 
characterize naïve B cells, while CD27 have been associated with memory B 
cell phenotype. However, it has lately become evident that characterization 
of B cell subpopulations requires more fine tuned panel of biomarkers (60, 
71). For example, CD5 and CD24 in defining transitional and naïve mature 
B cells, and CD21, CD95, CD45/B220, Rhodamine 123, and 9G4 for ex-
panded memory B cell profiling (71-72).  

 

Figure 2. Differentiation of B cells in peripheral blood and lymphoid organs. 
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B cells express MHC class II molecules and can act as APCs and activate 
antigen-specific T cells and influence the development of T cell memory 
(73). Specific B cells bind and internalize antigen through the BCR with 
high affinity, and are efficient APCs when the antigen is present in low con-
centrations (74). In addition, B cells can via binding of antigen-bound IgE to 
the low affinity receptor for IgE, CD23, transport antigen to splenic follicles 
and enhance the antibody response (75-76).  In line with pDCs, B cells ex-
press TLR7 and 9, and can respond to both RNA- and DNA-containing 
pathogens. 

B cells also have function as cytokine producing cells with both inhibitory 
and stimulatory effects. Cytokines produced by B cells can be divided into 
proinflammatory (IL-1, IL-6, TNF- and LT-), immunosuppressive (IL-10, 
TGF- and IL-35), or as hematopoietic growth factors (GM-CSF and IL-17) 
(61). Besides the antibody producing B cells is the relatively recent finding 
of regulatory B cells (Bregs). Bregs are also described as B10 cells since 
they mainly play an inhibitory role of immune functions by the production of 
IL-10 (77). In addition, regulatory B cells that produce TGF- and IL-35 are 
described (78). The phenotype of the regulatory B cells is not completely 
unraveled. Bregs have been described both in the CD19+CD24hiCD27+ (79) 
and the CD19+CD24hiCD38hi B cell population (80). Furthermore, IL-10 
producing B cells are described in the large CD19+FSChi B cell population 
(81) and within the plasmablasts (82).  

Systemic lupus erythematosus  
Systemic lupus erythematosus (SLE) is a complex heterogeneous autoim-
mune disease characterized by autoantibodies to components in cell nucleus 
and the formation of immune complexes (ICs) that deposit in tissues and 
lead to inflammation. SLE can affect multiple organ systems and display 
diverse clinical phenotypes such as fatigue, skin rash, nephritis, and muscu-
loskeletal or even neuropsychiatric manifestations. The disease activity is 
often fluctuating with reoccurring flares of increased disease activity. SLE 
has an incidence of 5:100 000 in Sweden (83) and 90% of the affected are 
women (84). For research purposes the classification criteria published by 
American College of Rheumatology is used (85) and at least four out of 
eleven criteria should be fulfilled in a patient in order to be classified as 
SLE. These criteria includes e.g.: malar rash, photosensitivity, arthritis, renal 
disorder and antinuclear antibodies (86).  

Etiopathogenesis  
The etiopathogenesis of SLE is not fully understood but involves genetic 
(87), hormonal (88) and environmental factors (89-91). In SLE and several 
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other autoimmune diseases there is a constant activation of the type I IFN 
system with increased IFN- levels in serum (17) and even more often an 
increased expression of type I IFN regulated genes (”type I IFN signature”) 
(reviewed in (92)). The elevated IFN- serum levels in patients with SLE 
correlate with disease activity and severity (93) and the type I IFN signature 
is associated with a more severe disease (94).  

In individuals genetically prone to autoimmune disease, environmental 
factors can trigger the development of SLE. For example, extensively expo-
sure to sunlight can induce increased apoptosis and exposure of autoantigens 
(95). Several viruses have also been suggested to be involved in the etiology 
of SLE (96). The mechanisms involve cross reactivity of viral antigens and 
autoantigens (molecular mimicry), bystander activation of the immune sys-
tem and even support of the survival of autoreactive cells (97). One of the 
most studied viruses for its role in SLE is the Epstein-Barr virus (EBV). For 
example, adolescent SLE patients have a high prevalence of EBV and anti-
bodies to the EBV antigen EBNA-1 cross-reacts with the common 
autoantigen Sjögren’s syndrome A (Ro/SSA) (98).  

The reason behind the elevated risk for women to develop SLE is not ful-
ly understood, but probably both sex hormones and genetic factors are in-
volved. Women are at highest risk for SLE at their reproductive age and the 
disease tend flare during pregnancy and remit after menopause, further sup-
porting the role of sex hormones (99). The impact of the X chromosome is 
strengthened by the fact that the prevalence of males who carry an extra X 
chromosome (XXY, Klinefelter’s syndrome) is 14-fold higher in males who 
have SLE compared to men without SLE (100).  

Both an increased apoptosis (101-102) and a defect in clearance of apop-
totic material (103) is reported in SLE and may lead to an excessive expo-
sure of autoantigens. The apoptotic material contains known SLE 
autoantigens, such as U1 snRNP, Ro/SSA and La/SSB (104). In addition, 
microparticles from apoptotic material in SLE patients have an unique pro-
tein profile compared to other rheumatic diseases as well as healthy controls, 
and correlates with disease severity (105). A recently found source of 
autoantigen in SLE is NET (neutrophil extracellular traps) osis, which is a 
specialized form of neutrophil cell death (106-107). During NETosis neutro-
phils extrude NETs which are fibrillary networks composed DNA, histones 
and granule peptides (107). NETs serve to entrap and dismantle extracellular 
bacteria, viruses, fungi, and parasites (108-110). 

Cytokines in SLE 
Besides IFN-, patients with SLE display dysregulated or overactivated 
cytokine production. For example, the levels of B cell activation factor 
(BAFF), a proliferation induced ligand (APRIL), IL-6, IL10, IL-17, IL-18, 
IL-23, IFN- and TNF- are all increased in serum of patients with SLE 
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(111-115). Several of these cytokines has also been considered as therapeutic 
targets for SLE (116).  

IL-6 stimulates antibody production by B cells and the differentiation of 
Th17 cells (117). In addition, IL-6 can also inhibit the differentiation of reg-
ulatory T cells (117). Both regulatory T and B cells exert their regulatory 
function via IL-10 and it has been shown to reduce the proinflammatory 
cytokine production by several immune cells, including the IFN- produc-
tion by pDCs (118). However, the role of IL-10 in SLE is not clear. Serum 
levels of IL-10 are higher in SLE patients compared to healthy individuals 
and correlate with disease activity (112, 119). IL-10 has been proposed to 
have proinflammatory properties through the induction of hyperreactive B 
cells and anti-IL-10 therapy has shown preliminary beneficial results both in 
mouse models and in SLE patients (120-121). Furthermore, SLE patients 
have an impaired regulatory function of IL-10 producing Bregs (80-81). 
IFN-, or type II IFN, serum levels also correlate to disease activity in SLE 
patients (122), but IFN- contribute less to the IFN signature compared to 
IFN- (123). IFN- can be detected in inflamed tissues and is found to con-
tribute to disease progress in several mouse models of SLE (124-125). The 
role of TNF- in SLE is unclear. Both serum levels and TNF- production 
by PBMCs from SLE patients closely followed the disease activity (126-
127), but anti-TNF- therapy has not been efficient in SLE patients (128-
129). In fact, anti-TNF- therapy in RA patients can result in induction of an 
SLE syndrome (130). 

Immune cells in SLE 
pDC 
Despite the elevated levels of IFN- in serum, patients with SLE display a 
decreased frequency of circulating pDCs in the peripheral blood compared to 
healthy individuals (131). This is probably due to migration of pDCs into 
inflamed tissues, such as skin (132-133), lymph nodes (134) and kidneys 
(135). The pDCs from SLE patients produce normal levels of IFN- per cell 
in response to HSV compared to healthy individuals (131).  

In SLE and other IFN-driven diseases the pDCs are triggered by endoge-
nous IFN inducers which consist of DNA or RNA from cells dying by apop-
tosis or necrosis in combination with autoantibodies forming interferogenic 
immune complexes (ICs). The ICs are sensed by TLR7 or TLR9 after endo-
cytosis via Fc receptor IIa (FcRIIa) (136-138) and lead to induction of type 
I IFN via activation of MyD88 signaling pathway.  
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Figure 3. Type I IFN induction pathway in pDCs stimulated by virus or endogenous 
RNA/DNA-containing ICs. 

The importance of pDCs in the etiopathogenesis of SLE is further strength-
ened by recent studies showing a central role for the pDC in the development 
of SLE-like disease in mouse models (139-141).  

NK cells 
Several alterations in the function and composition of NK cells have been 
found in SLE. The overall frequency of NK cells in the peripheral blood is 
decreased in SLE patients (55, 57, 142), and especially in patients with ac-
tive disease or with renal involvement (55, 57, 143). However, SLE-patients 
have an increase proportion of CD56bright NK cells, irrespective of disease 
activity (56). Furthermore, the NK cells from SLE patients have a reduced 
cytotoxic capacity (54, 142), but the frequency of IFN- producing NK cells 
are increased in patient with active disease and correlate with serum levels of 
IFN- (57). Our group has previously described that NK cells has the ability 
to promote the IFN- production by pDCs (38), and we showed in Study I 
that this ability was impaired in NK cells from SLE patients. Moreover, our 
group has also found that SLE related ICs regulated the signaling lympho-
cyte activation molecule (SLAM) receptors CD319 and CD229 on both 
pDCs and NK cells and that the expression of these receptors was altered in 
SLE patients (144). These receptors could have a regulatory role in the NK-
pDC interaction and an alteration in SLE patients could lead to increased 
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activity. In a subgroup of SLE patients, Hagberg et al. also found presence of 
autoantibodies that interfere with the binding of HLA-E to CD94/NKG2A 
(145-146). These antibodies may have a role in the pathogenesis of SLE due 
to the capacity to deplete certain NK cell subsets and affect the NK cell 
function. However, it is still unclear if these changes in NK cell function 
reflect primary defects involved in disease pathogenesis or if they are a con-
sequence of the disease process or therapy.  

B lymphocytes 
The most prominent feature of SLE is the activation of autoreactive B cells 
and the production of autoantibodies. The presence of autoantibodies can 
often be detected years before onset of the disease (147).  

Patients with SLE have the most dramatic changes in B cell subsets com-
pared to any human autoimmune disease (148). The most pronounced altera-
tions are increased frequencies of transitional (149), CD27+ memory B cells 
(150), and plasmablasts (151). Furthermore, the frequencies of several B cell 
populations also differ in active and inactive disease (151-152). In addition, 
patients with SLE have an increased frequency of double negative CD27-

IgD- B cells (153). The function of the CD27-IgD- B cells in the pathogenesis 
of SLE is not fully clarified, but the presence of this population is associated 
with increased disease activity, autoantibody production and nephritis (154). 
This population contains a subpopulation of CD27- memory B cells, and 
show signs of somatic hypermutation (154-155). The CD27-IgD- B cells also 
have an autoreactive profile (9G4 idiotype), further supporting their role in 
the autoimmune process (154). 

Autoantibodies against over 100 different antigens are described in SLE 
patients (156). The most common are antibodies against nuclear compo-
nents, and antinuclear antibodies (ANA), anti-double-stranded (ds) DNA and 
anti-Sm can be found in up to 98% of the SLE patients (147, 157). Several 
autoantibodies are associated with nephritis in SLE patients, e.g. anti-
dsDNA and anti-C1q (158). Pathogenic autoantibodies are characterized by 
somatic hypermutation and class-switch, suggesting that they descend from 
GC dependent reactions (60), and it has been reported that patients with SLE 
have a defective GC censoring of autoreactive B cells (70). However, it has 
also been described in mouse models that high-affinity class-switched auto-
antibodies can be derived from GC-independent mechanisms (159).  

Autoantibodies against nuclear components that contain DNA or RNA 
can form ICs capable of inducing a type I IFN production. Since IFN- en-
hances the proliferation of autoreactive B cells, autoantibody production and 
in particular the response against RNA-associated antigens more 
interferogenic ICs can be formed (14, 160-161). In addition, type I IFN in-
creases the expression of TLR7 and several activation markers such as CD25 
on B cells (162-163). Taken together, a continuously activated type I IFN 
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system could assist in loss of tolerance and sustain the autoimmune process 
leading to autoimmune disease, e.g. SLE. 

BAFF, also known as B lymphocyte stimulator (BLyS), and APRIL play 
important roles in the proliferation and differentiation of B cells (164). The 
BAFF/APRIL system is shown to be important in the development of SLE-
like disease in mouse models (165-166) and in 2011 a therapeutic anti-BAFF 
mAb (belimumab) that neutralize soluble BAFF became the first targeted 
therapy for SLE to have efficacy in a randomized clinical trial (167). Several 
other B cell therapies have also been studied regarding SLE, e.g. anti-CD20 
(rituximab) (168-169) and anti-CD22 (epratuzimab) (170), but not with as 
satisfying results as anti-BAFF therapy (60). 

The function of regulatory B cells is implicated in SLE. The frequency of 
regulatory B cells found in the CD19+CD24hiCD38hi and in the CD19+FSChi 
B cell populations are increased in SLE patients, but their regulatory func-
tion is impaired (80-81). 

Genetics of SLE 
Most autoimmune diseases have a complex genetic background. The con-
cordance rate of SLE in monozygotic twins is 24-56% but only 2-5% for 
dizygotic twins (171-172). The family concordance has been estimated to 
10%. These data clearly indicate that there is a genetic component in SLE. 
Genome-wide association studies have, together with candidate gene studies, 
revealed over 50 SLE risk genes and over 50% of them are connected to the 
type I IFN system (87). A difficulty to find associations between autoim-
mune diseases and rare gene variants is the requirement of very large patient 
cohorts. The latest attempt to analyze genes associated with increased risk of 
SLE is whole genome sequencing. This approach may also pinpoint the 
functional variants (87).  

Over 90% of individuals with deficient complement component C1q de-
velop SLE, which reflects the importance of effective clearance of apoptotic 
material. Other described complement system deficiencies are C2- and C4-
defects where 20% and 75% of the affected individuals develop SLE, re-
spectively (173). Another risk gene connected to UV light induced apoptosis 
and with strong association with SLE is the three prime repair exonuclease 1 
gene (TREX1) (174-175). 

As for many autoimmune diseases, the strongest associations to SLE are 
located in the MHC region on chromosome 6 (176-177). Outside the MHC 
region, the majority of the associated loci are located in immune related 
pathways. Our group has, together with others, found a strong association 
with gene variants of the IRF5, tyrosine kinase 2 (TYK2) and signal and 
transducer of activation (STAT) 4 genes and SLE (178-183). The transcrip-
tion factor IRF5 is involved in the regulation of type I IFN genes and TYK2 
and STAT4 are involved in the signaling downstream of the IFNAR. Several 
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other genes connected to the type I IFN system has been reported to be asso-
ciated to SLE, including the IKBKE, IL8, IFIH1, IRAK1, IRF7, IRF8, TLR7, 
TNFAIP3, TNFSF4 and FcRIIB (184-186). Other identified genetic risk 
factors for SLE are genes important for B cell signaling such as BLK and 
BANK1 (182, 187-188). 

Since SLE displays a large heterogeneity there have been several associa-
tion studies regarding different clinical phenotypes. The STAT4 risk alleles 
are associated to a more severe SLE phenotype, including nephritis and 
presence of dsDNA-antibodies and a younger age at disease onset (180, 189-
190). A haplotype of four risk alleles in IRF5 has been associated with high-
er IFN- serum activity in SLE patients (191) and a risk allele in IRF8 has 
by our group been associated to increased risk of cardiac disease (192). 

The different genetic components associated with SLE are in line with the 
hypothesis that SLE is rather a collection of diseases with common manifes-
tations than one disease. Changes in function or regulation of genes in vari-
ous compartment of the immune system can have similar affect on final out-
come of the disease, but might require different approach regarding treat-
ment.  

Table 2. Pathway-associated SLE genes 

Pathway Gene 

DNA degradation, apoptosis and clearance of 
cellular debris 

FCRIIB, ACP5, TREX1, DNASE1, 
DNASE1L3, ATG5 

TLR and type I IFN signaling TLR7, IRF5, IRF7/PHRF1, IRF8, IRAK1, 
IFIH1, TYK2, PRDM1, STAT4, TREX1, 
ACP5

NFκB signaling IRAK1, TNFAIP3, TNIP1, UBE2L3, 
SLC15A4, PRKCB 

Immune complex processing and phagocyto-
sis 

C1Q, C1R/C1S, C2, C4A/B, FCRIIA/B, 
FCRIIIA/B 

B cell function and signaling FCRIIB, BLK, LYN, BANK1, PRDM1, ETS1, 
IKZF1, AFF1, RASGRP3, IL10, IL21, NCF2,  
PRKCB, HLA-DR2 & DR3, MSH5, IRF8 

T cell function and signaling PTPN22, TNFSF4, CD44, ETS1, IL10, IL21 
TYK2, STAT4, PRDM1, AFF1, IKZF1, HLA-
DR2 &  DR3 

Neutrophil and monocyte function and signal-
ing 

ITGAM, ICAMs, FCRIIB, FCRIIIA/B, IL10, 
IRF8 

The table is modified from Rullo OJ. et al., Ann Rheum Dis 2013 (87). 
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The present investigation 

Aims 
 
Study I - To investigate the mechanisms behind the ability of NK cells to 
enhance the IFN- production by pDCs. 

 
Study II - To study the effect of B cells on the IFN- production by pDCs. 
 
Study III - To investigate whether gene variants associated with autoim-
mune diseases, e.g. SLE, have an influence on the IFN- production.  
 
Study IV - To explore whether pDCs and RNA-containing ICs affect the 
differentiation and function of B cell subpopulations.   
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Methods 
Methods that are frequently used in the studies in this thesis are briefly pre-
sented below. 

Isolation of cells from healthy blood donors 
Peripheral blood mononuclear cells (PBMC) were isolated from healthy 
blood donor buffy coats by Ficoll density gradient centrifugation. PDCs, NK 
and B cells were further isolated from PBMCs using magnetic bead-based 
isolation (MACS, Miltenyi, Bergisch Gladbach, Germany). PDCs and NK 
cells were isolated by negative selection, while B cells were isolated by ei-
ther positive selection or negative selection, as indicated in the manuscripts.  

Interferon inducers and cell culture conditions 
To generate IFN inducing ICs that mimic the ones present in SLE patients, 
total IgG was purified from SLE patient serum containing autoantibodies to 
SmB, SmD, RNP-A, RNP-C, ribosomal P antigen, histone and dsDNA, by 
protein G chromatography (193). The RNA containing U1 snRNP particles 
were purified from HeLa cells (194). The U1 snRNP and SLE-IgG were 
used in cell cultures at final concentrations of 2.5 µg/ml and 1 mg/ml, re-
spectively. The ODN2216, phosphorothioate-modified CpG A oligonucleo-
tide (CyberGene, Huddinge, Sweden), was used at a concentration of 3 
μg/ml. UV-inactivated HSV, prepared by propagation in WISH cells (195), 
were used at an optimal concentration of 10% (v/v). In Study IV, the cell 
cultures were supplemented with IL-3 and GM-CSF to increase the viability 
of the pDCs. 

Cells were cultured in 0.1 ml in 96-well plates (Nunc, Roskilde, Den-
mark). Cell concentrations were, if not stated otherwise, 0.25x106 pDC/ml, 
0.5x106 NK/ml and 1x106 B cells/ml. Cell cultures were set up in duplicates 
and incubated for 20 hours at 37°C with 5% CO2.  

Immunoassays 
The IFN- in the culture supernatants was measured by using a dissociation-
enhanced lanthanide fluoroimmunoassay (DELFIA). The anti-IFN- mAb 
LT27:273 was used as capture antibody and the anti-IFN- mAb LT27:297 
was used as detection antibody. This method detects all IFN- subtypes 
except for the IFN-2b. The detection limit for this assay is 2 IU IFN-/ml.  

Other cytokines and chemokines in the cell culture supernatants were 
measured by ELISA or by using magnetic bead-based multiplex assays (Bio-
Rad, Hercules, CA, USA (Study II) and BD Biosciences, San Jose, CA, 
USA, (Study IV)). 
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Flow cytometry 
Anti-BDCA2 (Miltenyi Biotec), anti-CD56 or anti-CD20/CD19 (BD Biosci-
ences) mAbs were used to analyze the purity of the isolated cell fractions. 
The viability of the isolated cells was determined after staining with 
Live/Dead Fixable Near Infrared Dead Cell Stain Kit (Invitrogen, Life Tech-
nologies, Grand Island, NY, USA). Intracellular staining of IFN- was per-
formed after 9 hours of culture, with the last 2 hours of culture in the pres-
ence of 10 μg/ml of brefeldin A, using a PE-conjugated anti-IFN- mono-
clonal antibody (clone LT27:295; Miltenyi Biotec). Intracellular staining of 
IL-10 was performed after 48h or 7 days of culture, with the last 5 hours in 
presence of 10 μg/ml of brefeldin A. Flow cytometric data were acquired by 
a FACSCantoII instrument and analyzed by Diva 8 (BD Biosciences) or 
FlowJo V.10 (Tree Star, Ashland, OR, USA) softwares.  

Immunofluorescence microscopy 
To visualize the cellular aggregates of pDCs and NK or B cells, the cells 
were stimulated and cultivated in 96-well plates (black/clear tissue culture-
treated imaging plate; BD Falcon, San Jose, CA, USA) for 20h. After wash-
ing, the cells were stained with FITC-conjugated anti-BDCA2, Alexa Fluor 
647–conjugated anti-CD56 or -CD20. The cultures were analyzed with a 
Zeiss LSM Meta 510 fluorescence microscope using Zen 2009 software 
(Carl Zeiss, Jena, Germany). 

The Uppsala Bioresource  
In this thesis, and especially in Study III, we have used fractionated blood 
cells from donors included in the Uppsala Bioresource. The Uppsala 
Bioresource consists of 2000 healthy blood donors from the Department of 
Transfusion Medicine, Uppsala University Hospital. Through ethical ap-
proval, we have the opportunity to obtain the fraction of white blood cells 
(buffy coat) each time a donor visit the blood central. All blood donors in the 
Uppsala Bioresource are genotyped with the 200K ImmunoChip (Illumina, 
San Diego, CA, USA). The ImmunoChip contains almost 200 000 selected 
single nucleotide polymorphisms (SNPs) chosen for their role in autoim-
mune and inflammatory diseases (196).  

Genotyping 
Genomic DNA was obtained from whole blood samples using QIAamp 
DNA Blood Midi Kit (Qiagen, Venlo, NL). The ImmunoChip genotyping 
was performed at the SNP&SEQ technology platform, Uppsala University. 
The genotype data had passed genotype quality control, including the re-
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moval of population outliers and SNPs with >5% missing data. For more 
detailed description of the quality control see Study III. The 5 bp IRF5 
CGGGG insertion/deletion (indel) was amplified as a 100/105-bp PCR 
fragment. The amplified fragments were separated on 4% MetaPhor high-
resolution agarose gels (Cambrex Bio Science Rockland Inc., Rockland, ME, 
USA) and visualized by ethidium bromide staining. 
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Results and Discussions 
Study I 
IFN- production by plasmacytoid dendritic cells stimulated with RNA-
containing immune complexes is promoted by NK cells via MIP-1 and 
LFA-1 

In this study we investigated the regulatory role of NK cells for the IFN- 
production by pDCs. Initially we found that NK cells enhanced the IFN- 
production by pDCs when stimulated with RNA-containing ICs and that the 
enhancing effect was dependent of CD16 (FcRIIIa). The enhancing effect 
of the CD56dimCD16+ NK cell population was equal to the total CD56+ NK 
population in their enhancing capacity, while the capacity of the 
CD56brightCD16- NK cells was very poor. However, when activating the 
CD56brightCD16- NK cell population with the cytokines IL-12 and IL-18, the 
enhancing capacity was equal to the CD56dimCD16+ population. 

Adding supernatants from stimulated NK cells to pDCs, revealed that NK 
cells could partly enhance the IFN- production via soluble factors. This 
was seen when activating NK cells via RNA-IC, but also with IL-12 and IL-
18 or via stimulation of FcRIIIa. One of these factors was found to be mac-
rophage inflammatory protein (MIP)-1. Furthermore, cell-cell contact was 
important for the NK cells to enhance the IFN- production by pDCs. This 
was found by blocking the leukocyte function antigen (LFA)-1 (CD11a) in 
the coculture of NK cells and pDCs stimulated by RNA-IC, which strongly 
decreased the IFN- production. Costimulation of LFA-1 and FcRIIIa has 
previously been reported to increase the cytokine production by NK cells 
(197), and FcRIIIa stimulation induces conformational changes of LFA-1 
on NK cells (198). There was no effect of blocking LFA-1 in cultures with 
stimulated pDCs alone or when stimulating pDCs and NK cells with 
ODN2216, the latter in line with previous findings (199).  

NK cells from patients with SLE were found to have a reduced capacity 
to enhance the IFN- production. However, adding IL-12 and IL-18 into the 
cocultures restored the enhancing capacity of the SLE-NK cells. One expla-
nation to this might be that the SLE patients had an increased proportion of 
CD56bright NK cells, which do not respond to RNA-IC, but can be activated 
via IL-12 and IL-18. This could be due to an increased activation of SLE-
NK cells in vivo resulting in exhaustion and reduced function in vitro, or an 
effect of the ongoing treatment of the SLE patients affecting the NK cell 
function.  

This study revealed novel mechanisms whereby NK cells can promote the 
IFN- production by pDCs. This enhancement is supported by both cell-cell 
contact and soluble factors. Since the type I IFN system is of great im-
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portance in SLE, it is very interesting to further identify the factors involved, 
as it could provide new targets for modulate the IFN- production. 

Study II 
B lymphocytes enhance interferon- production by plasmacytoid dendritic 
cells 

Both B cells and pDCs have central roles in the etiopathogenesis of SLE. 
There have been several studies on how pDCs affect activation of B cells, 
both direct and via production of IFN- (46, 160, 163, 200), but few have 
focused on how B cells affect the IFN- production by pDCs. In this study 
we showed that B cells directly enhanced the IFN- production by pDCs. B 
cells enhanced the IFN- production by pDCs stimulated by RNA-IC, HSV 
or the synthetic oligonucleotide ODN2216. Both the CD27+ and CD38+ B 
cells were as potent enhancers as the total CD19+ B cell population. By in-
tracellular staining and flow cytometry we could show that only the pDCs 
produced IFN- in the cocultures. In addition, only a fraction of the pDCs 
produced IFN-, irrespectively of the inducer. 

When cocultured, pDCs and B cells formed cellular aggregates. By stain-
ing B cells and pDCs with antibodies to specific surface markers we showed 
with fluorescence microscopy that the cellular aggregates contained both cell 
types in a ratio of one pDC and eight B cells. We therefore asked if the cell-
cell contact was required for the enhancing effect of B cells and found that B 
cells stimulated with RNA-IC failed to enhance the IFN- production when 
pDCs and B cells were cultured in separated compartments while no effect 
was seen when ODN2216 was used as stimuli. Next, several cell adhesion or 
signaling molecules were investigated for their involvement in the pDC-B 
cell crosstalk. We found that when the cell adhesion molecule CD31 (plate-
let endothelial cell adhesion molecule-1, PECAM-1) was blocked by neutral-
izing mAb the enhancing capacity of B cells stimulated with RNA-IC was 
strongly diminished, but not when using the ODN2216 as stimulus. Blocking 
of CD31 on either B cells or pDCs had the same effect on the IFN- produc-
tion and CD31 was expressed on both cell types, suggesting a homophilic 
CD31-CD31 interaction. CD31 is important in the formation of the immuno-
logical synapse between T and B cells (201) and it has been shown that 
CD31-ligation inhibits TLR signaling in macrophages and the production of 
proinflammatory cytokines (202). In addition, gene variants of the CD31 
molecule have recently been associated with SLE and RA (203). The intra-
cellular domain of CD31 contains immunoreceptor tyrosine–based inhibition 
motifs (ITIMs) capable of sending inhibitory signals via Src homology re-
gion 2 domain-containing phosphatase 1 (SHP-1) and SHP-2 (204-205). 
Thus, it is possible that the anti-CD31 mAb induces an inhibitory signal on 
either B cells or pDCs. It has also been shown that cross linking of CD31 
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down-regulates the FcRIIa expression on the cell surface (206), and may 
therefore interfere with the uptake of RNA-ICs.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Structure of the cell adhesion molecule CD31 (PECAM-1).  

 
The extracellular domains of CD31 consist of six Ig-like structures, where 

the most distal domains are involved in homophilic binding and the domains 
closest to the cell membrane are postulated to be involved in heterophilic 
binding (207). The anti-CD31 mAb used in this manuscript (clone: WM59) 
binds to domain 2 (208) and thus likely interfere with homophilic binding. In 
a follow up study we obtained anti-CD31 mAbs mapped against specific 
CD31 epitopes (kindly provided by Dr. Peter Newman, BloodCenter of Wis-
consin). However, blocking CD31 with mAbs specific for domain 1 
(PECAM 1.3), 5 (PECAM 1.1) or 6 (PECAM 1.2) had no effect on the IFN-
 production in the RNA-IC-stimulated pDC and B cell cocultures (un-
published data). 

Since the enhancing capacity of B cells stimulated with ODN2216 was 
not affected by blocking of cell-cell contact or CD31, we examined if B cells 
could enhance the IFN- production via soluble factors. We found that su-
pernatants from ODN2216-stimulated B cells, but not RNA-IC-stimulated B 
cells, had an IFN- enhancing capacity. These supernatants contained sever-
al cytokines, including MIP-1, MIP-1, IL-6, TNF-, TNF-, and SDF-1, 
although which factors are responsible for the IFN- enhancing capacity 
remains to be clarified. 

In summary, we showed that B cells promoted the IFN- production, both 
via cell-cell contact and via soluble factors, depending on the stimuli. This 
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finding is important in the context of SLE, where autoreactive B cells pro-
duce autoantibodies that form interferogenic ICs. Consequently, B cells have 
dual roles in the type I IFN system, both by contributing IFN inducers and 
enhancing the function of pDCs. Our finding, that blocking of CD31 abol-
ished the enhancing capacity of RNA-IC-stimulated B cells, could offer a 
more specific therapeutic target for autoimmune diseases with an 
overactivated type I IFN system due to presence of interferogenic ICs. 

Study III 

IFN- production by plasmacytoid dendritic cell associations with polymor-
phisms in gene loci related to autoimmune and inflammatory diseases  

The type I IFN system is of importance in the etiopathogenesis of several 
autoimmune diseases, for example SLE. Patients with SLE have elevated 
levels of IFN- in serum and an overexpression of type I IFN inducible 
genes (IFN signature) rev. in (209). Several genes important in the type I 
IFN system have also been associated with SLE, for example IRF5, TYK2 
and STAT4 (178-181, 210), see also above.  

We showed in Study I and II that the IFN- production by pDCs was en-
hanced by crosstalk with NK or B cells. In this study we investigated if 
SNPs associated with autoimmune or inflammatory diseases could have an 
impact on the IFN- production by pDCs, alone or in coculture with NK or 
B cells. Cells were isolated from 168 healthy blood donors and stimulated 
with RNA-IC, HSV or ODN2216. All donors were genotyped with the 200K 
ImmunoChip and a 5bp CGGGG length polymorphism in the IRF5 gene by 
PCR. We found associations between IFN- production and 18-86 SNPs 
(p < 0.001) depending on the stimulated cell combination. Only 3 of these 
associated SNPs were shared between the different cell combinations, in-
cluding SNPs in the genes encoding: the long intergenic noncoding (linc) 
RNA (RP5-1043L13.1), IL-2 receptor  (IL2RB), and in a region containing 
pseudogenes on chromosome 5 (5:85468473). The different classes of 
noncoding RNAs, where microRNA is the best characterized, are emerging 
as new important factors that affect both the development and function of the 
immune system (211). The roles of lincRNAs are largely unknown, but func-
tions are found in cellular differentiation and in the maintenance of cell iden-
tity through both nuclear and cytoplasmic mechanisms (212-213). A role for 
lincRNAs in the regulation of MyD88-dependent TLR signaling has also 
been proposed in a mouse model (214). The IL-2R chain is shared by the 
receptors for IL-2 and IL-15, two cytokines with the ability to affect the 
function of pDCs (215-216). 

Several of the SNPs showed novel associations to the type I IFN system, 
while some loci have been described earlier for their association with SLE, 
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for example IL10, PXK and ETS1. Among the SNPs with novel associations 
with the type I IFN system, several were located in genes encoding cell ad-
hesion molecules, for example BICC1 (217) and CELSR1 (218). 

Furthermore, we found that the longer variant of the 5 bp IRF5 CGGGG-
indel, earlier described as a risk allele for SLE, was associated with a lower 
IFN- production and the finding was consistent for all three IFN-inducers 
in the cocultures of pDCs and B cells. A SLE risk haplotype consisting of 
four SNPs in IRF5 has previously been associated with higher serum IFN- 
activity among SLE patients compared to SLE patients with neutral or pro-
tective haplotypes (191). In contrast, we found that healthy individuals ho-
mozygous for the protective haplotype for SLE produced higher levels of 
IFN- compared to individuals with one or more neutral or risk haplotypes. 
This difference could reflect the fact that the SLE patients express a specific 
IRF5 transcript repertoire distinct from healthy individuals (219). IRF5 is 
important in the downstream signaling of TLR7 and 9 and for the IFN- 
production. However, IRF5 is also important for the differentiation of B 
cells. For example, IRF5 binds to BLIMP-1, a factor that is important for the 
differentiation of B cells into plasmablasts (220). One cannot rule out the 
possibility that alteration in the composition or function of the B cells due to 
altered function of IRF5 affects the IFN- enhancing capacity of the total B 
cell population. 

A set of 9 of the most associated SNPs in our study were also associated 
with SLE in a separate genome-wide association study performed in collabo-
ration with Prof. Timothy Vyse at King’s Collage in London, England. The 
latter finding supports both the results from the present study and the im-
portance of the type I IFN system in SLE. 

The associated loci identified in the present study highlight the intricate 
regulation of the type I IFN production. We found that the SLE risk gene 
variants can give rise to either decreased or increased IFN- production by 
healthy donor pDCs, but the magnitude of the final cytokine level is defined 
by several combined factors in each individual. In summary, this study pro-
vides information of gene loci that could be important in the regulation of 
the IFN- production, both in healthy individuals and in patients with auto-
immune diseases.  

Study IV 

Activated plasmacytoid dendritic cells alter the composition of peripheral 
blood B cell subsets 

Several aberrations in the B cell population and a continuous IFN- produc-
tion by pDCs is present in SLE and other autoimmune diseases. In this study 
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we determined the effect of interactions between activated B cells and pDCs 
on different B cell subsets. 

B cells and pDCs were isolated from peripheral blood of healthy individ-
uals. The B cells and pDCs were stimulated with SLE-related RNA-
containing ICs, alone or in cocultures for 6 days. To sustain the viability of 
pDCs in the 6 day culture the culture medium was additionally supplemented 
with the cytokines IL-3 and GM-CSF. Expression of surface molecules and 
the cytokine production were analyzed by using flow cytometry and immu-
noassays.  

Both B cells and pDCs showed signs of activation in all stimulated cul-
tures compared to fresh cells. Furthermore, the expression of the 
costimulatory molecule CD86 was further increased on the B cells when in 
cocultures with pDCs. The production of both IL-6 and IFN- were in-
creased in the RNA-IC-stimulated pDC and B cell cocultures, compared to 
pDCs or B cells alone. However, we could not detect measurable levels of 
BAFF in the stimulated cultures. Cocultivation with pDCs resulted in a 7-
fold increased frequency of CD24hiCD38hi B cells, reported to be of regula-
tor character (80). The expression of CD24hiCD38hi on B cells is also con-
sidered to be the phenotype of transitional B cells (221). It is, however un-
likely that the increased frequency of the CD24hiCD38hi B cells in our stimu-
lated cultures is a result of an increased frequency of transitional B cells 
since we lack a reservoir of pre-B cells as in the bone marrow in vivo. The 
main function of regulatory B cells is the production of IL-10 (77), but the 
IL-10 production was only moderate in the RNA-IC-stimulated cocultures of 
pDCs and B cells.  

Interestingly, we found a decreased frequency of memory and naïve B 
cells and a remarkable increase of double negative CD27-IgD- B cells, from 
7% in fresh B cells to 37% in the RNA-IC-stimulated cocultures of pDCs 
and B cells. The frequency of CD27-IgD- B cells in healthy individuals is 
around 5% of the total B cell population (154), but the functional role of this 
population is not completely understood. The frequency of the CD27-IgD- B 
cells is increased in patients with SLE and correlates with disease activity 
and with the presence of autoantibodies and nephritis (154). Furthermore, 
the increased CD27-IgD- B cell population in the SLE patients contains a 
large proportion of CD27- memory B cells. The CD27-IgD- B cell population 
is also found in an increased frequency in individuals infected with respirato-
ry syncytial virus (RSV) (222). This is interesting, because patients with 
SLE have circulating RNA-containing ICs and the RSV is a single stranded 
RNA virus capable of a TLR7 activation and IFN- production by pDCs 
(223). Thus, TLR activated pDCs present in patients with SLE, in RSV in-
fection, and in our in vitro system, may play a key role in the mechanism 
behind the increase of the double negative B cells. 

Activated pDCs may contribute to the regulation of B cells in healthy in-
dividuals. In patients with circulating interferogenic ICs the pDCs could 
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actuate the expansion of potentially pathogenic B cell subpopulations and 
the skewed B cell repertoire. Thus, the impact of the expanded B cell popu-
lations in the present study, such as the CD27-IgD- B cells, requires further 
exploration. 
 

Figure 5. Summary of the most important findings of this thesis in a model of IC-
driven IFN- production in autoimmune diseases with constantly activated type I 
IFN system. Exposure to UV-light or a virus infection can lead to an increased re-
lease of apoptotic or necrotic cell material. Deficient clearance of cellular debris 
may lead to autoantibody production and formation of interferogenic immune com-
plexes that activate the type I IFN system.  
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General Discussion 
The presence of autoantibodies and formation of ICs that stimulate type I 
IFN production by pDCs is central in the pathogenesis of several autoim-
mune diseases (224). Studying how different immune cells are involved in 
the regulation of the type I IFN system is very important for the understand-
ing of the immunological mechanisms behind autoimmune diseases and can 
aim the search for new therapeutic targets. By using SLE patient derived 
autoantibodies and U1 snRNP particles we created a RNA-containing IC that 
resembles the ICs present in vivo in SLE patients. This thesis has showed 
that it is very important to use relevant stimuli when studying the type I IFN 
system, because the RNA-IC-stimulated immune cells interact via different 
pathways compared to cells stimulated by viruses or synthetic oligonucleo-
tides. This difference can also be interpreted from Figure 1B in Study III, 
which shows results from a principal component analysis (PCA) of the IFN-
 production by pDCs alone or in coculture with NK or B cells, stimulated 
with RNA-IC, ODN2216 or HSV. The figure illustrates how the IFN- lev-
els in the different cell cultures correlate and that the different IFN-inducers 
are clustered separately. Interestingly, the different RNA-IC-stimulated cell 
cultures are separated in the PCA plot. We know from Study I that the RNA-
IC-stimulated NK cells enhanced the IFN- production both via soluble 
factors and cell-cell contact, whereas RNA-IC-stimulated B cells in Study II 
required cell-cell contact for their IFN- enhancing capacity.  

We have shown an important role of adhesion molecules in the regulation 
of IFN- production by pDCs, both for LFA-1 in the interaction with NK 
cells in Study I, and for CD31 in the interaction with B cells in Study II. The 
role of cell-cell contact was further emphasized in Study III, where several 
adhesion molecules showed possible association with the IFN- production, 
e.g. BICC1. Furthermore, the pathway analysis (IPA) showed that cell-cell 
interaction pathways were important for the IFN- production especially in 
the pDC-NK and pDC-B cocultures. In addition, the SNP with the strongest 
association to SLE was located in the gene encoding the cell adhesion mole-
cule CELSR1, which further indicates that cell adhesion molecules are im-
portant for the type I IFN system in vivo. Moreover, it is likely that cell-cell 
contact is important for the expansion of the double negative CD27-IgD- B 
cell population demonstrated in Study IV. The latter finding is supported by 
that neither addition of IFN- or RNA-IC could substitute the presence of 
pDCs in the B cell cultures regarding the expansion of the CD27-IgD- B cell 
population.  
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Figure 6. Principal component analysis (PCA) of the IFN- production by pDCs, 
alone or in coculture with NK or B cells stimulated with RNA-IC, ODN2216 or 
HSV. The figure shows the first three principal components that best explain the 
variation of the IFN- production. 

In Study III the minor allele of the IL10 SNP rs1800890 was associated 
with lower IFN- production when stimulating pDCs and NK cells with 
RNA-IC. The IL10 SNP rs1800890 is in relatively high linkage disequilibri-
um (LD) with an SLE associated SNP in IL10 (rs1800896) (225), and 
thereby supporting the role of IL-10 as a negative regulator of the IFN- 
production in SLE. Furthermore, we could show in Study IV that 
cocultivation with pDCs increased the frequency of B cells with regulatory 
character but that stimulation with RNA-IC only induced a modest IL-10 
production in these cultures. However, as described earlier, the role of IL-10 
in the regulation of the type I IFN system in vivo and in the pathogenesis of 
SLE is still unclear (226).  

The large interindividual variation of the IFN- production in the healthy 
population might have an evolutionary benefit. Strong immune responses 
lead to an enhanced survival upon infections but could also result in an in-
creased risk for development of autoimmune disease. Diversity in the im-
mune response in a population can also be beneficial during an epidemic 
outbreak, where at least some individuals have an immune response suitable 
for clearing of the disease. 
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For future studies, it is important to clarify the functional role of cell ad-
hesion molecules in the immunological synapse between pDCs and other 
immune cells. So far, we have not investigated the intracellular mechanisms 
and consequences of blocking LFA-1 and CD31. The results from Study III 
have also provided us with several candidate molecules that would be highly 
interesting to functionally characterize regarding the importance for IFN- 
production by pDCs. From an SLE point of view, this is especially interest-
ing for the gene variants associated with both SLE and IFN- production. 
For example, the intriguing effects of the IRF5 gene variants that seem to 
function differently in healthy individuals compared to patients with SLE. It 
could be that other gene variants, epigenetic changes or the cellular micro-
environment in SLE patients may interact with the IRF5 expression, and 
affect the final function of IRF5 in the IFN- response. The gene set en-
richment analysis of SLE associated SNPs in loci related to IFN- produc-
tion, further indicates that signaling downstream of the IFN receptor 
(IFNAR) might be implicated in the in the type I IFN driven pathogenesis of 
SLE. There are currently several ongoing studies directly targeting IFN- in 
SLE (227-228). However, it might be beneficial to be able to specifically 
target and fine tune the IC driven pathogenic type I IFN production com-
pared to a broader anti-IFN- treatment. 

Concluding remarks 
In the present thesis I have demonstrated new cellular mechanisms whereby 
NK and B cells contribute to the regulation of IFN- production by pDCs. 
Furthermore, I have revealed gene variants in loci potentially important for 
the regulation of the type I IFN production by pDCs. Finally I have showed 
that activated pDCs can modulate the composition of the peripheral B cell 
population, and might also contribute to the skewed B cell populations found 
in SLE and other autoimmune diseases. Increased understanding how the 
type I IFN system is regulated, in both healthy individuals and patients, is 
important in the aim to find better therapeutic tools for autoimmune diseases 
with an overactivated type I IFN system. 
 



 39

Acknowledgments  

This thesis was performed at the Department of Medical Sciences, Faculty of 
Medicine, Uppsala University.  This thesis could not have been made with-
out the contribution from so many people, which I would like to sincerely 
thank. Some of you I like to thank especially here. 
  
Maija-Leena Eloranta, my main supervisor and guide through these years. 
For believing in me from the start and teaching me everything about science, 
from lab techniques to scientific writing.  

 
Lars Rönnblom, my co-supervisor and the head of the Rheumatology group. 
For your excellence in the field of SLE and the type I IFN system. 

 
Gunnar Alm, for introducing me to the Rheumatology group and for always 
having time to share your knowledge and to discuss details. 

 
Niklas Hagberg, for great company and sharing both room and knowledge 
with me. Andrei Alexsson, for the invaluable help with Study III. Dag Leon-
ard, for great company and introducing me to the world of Lupus in Van-
couver. 

 
Anne Trönnberg, for excellent technical assistance and for forcing me to 
learn how a lawn mower functions. Lisbeth Fuxler and Charlotta Jakobsson 
for excellent technical assistance and always supporting a good atmosphere. 
Karolina Tandre for critically reading of manuscripts and botanic advises. 
Rezvan Kiani for the help with the sampling of blood from both patients and 
controls. 

 
Former and present members of the Rheumatology group, Gunnel 
Nordmark, Johanna Sandling, Karin Hjorton, Karin Bolin, Martin Joelsson, 
Linnea Signér, Katharina Horn, Doreen Finke.  
 
The Molecular Medicine group, Ann-Christine Syvänen, Chuang Wang, 
Jonas Carlsson, Jessica Nordlund, Juliana Imgenberg-Kreuz, for sharing 
your knowledge about genetics.  
 



 40 

Timothy Vyse and David Morris at King’s Collage, London, for their valua-
ble contribution to Study III. 

 
All the nice people and researchers at the FoA3, Hans Törmä (good game!), 
Brittmarie Andersson, Inger Pihl-Lundin, Anna-Lena Johansson, Eva 
Hagforsen, Carin Bäcklin, Hanna Norsted. Gry Hulsart-Billström and Elin 
Carlsson for the great company both in and outside the lab. 

 
All patients and all the blood donors. Karin Lejskog and all staff at the Blood 
central 

 
And of course my friends and family. My parents Hans and Erna-Britt for 
always encouraging me. Most of all Mia, Algot and Vilmer.  

 
The studies included in this thesis were supported by grants from the follow-
ing foundations: King Gustav V’s 80-year Foundation, COMBINE, Knut 
and Alice Wallenberg Foundation, Swedish Research Council for Medicine 
and Health, Swedish Rheumatism Foundation, Agnes and Mac Rudberg 
Foundation, and the Swedish Society of Medicine. 



 41

Sammanfattning på svenska 

För att immunsystemet ska kunna skydda oss mot skadliga mikroorganismer 
i vår omgivning måste det kunna generera ett mångsidigt och ändamålsenligt 
immunförsvar. Ett alltför kraftigt eller otillräckligt reglerat immunsvar kan 
leda till att immunsystemet angriper den egna vävnaden och ge upphov till 
autoimmun sjukdom. Systemisk lupus erythematosus (SLE) kan betraktas 
som en prototyp för systemisk autoimmun sjukdom och karaktäriseras av 
autoreaktiva B-celler, bildandet av immunkomplex samt överaktiverat typ I 
interferonsystem. Flera genvarianter involverade i typ I interferonsystemet 
har visat sig vara associerade med en ökad risk för SLE. Typ I interferon, 
och framförallt IFN-, är en del av immunförsvaret mot virusinfektioner 
men har även andra immunreglerande egenskaper. Den plasmacytoida dend-
ritiska cellen (pDC) utgör endast ca 0.4-0.9% av cellerna i blodet, men är i 
gengäld den mest potenta producenten av IFN-. 

Syftet med denna avhandling var att studera hur naturliga mördar (NK)-
celler och B-celler deltar i regleringen av IFN- produktionen hos pDC samt 
effekten av genetiska faktorer. Vi har studerat celler isolerade från både fris-
ka blodgivare och patienter med SLE. För att stimulera produktion av IFN- 
användes ett RNA-innehållande proteinkomplex, U1snRNP, som tillsam-
mans med autoantikroppar från en SLE-patient bildar immunkomplex 
(RNA-IC). Även herpes simplex virus (HSV) och en syntetisk oligonukleo-
tid (ODN2216) användes som stimulerare. IFN- och andra cytokiner mättes 
i cellkulturerna med immunoassayer och uttrycket av ytmolekyler på celler-
na undersöktes med flödescytometri. 

I Studie I undersöktes hur NK-celler förstärker den RNA-IC-inducerade 
IFN- produktionen hos pDC. Vi fann att CD56dim NK-celler aktiverades via 
antikroppsreceptorn FcRIIIa och att dessa NK-celler förstärkte produktio-
nen av IFN- genom lösliga faktorer, såsom MIP-1. Förutom lösliga fakto-
rer fann vi att även celladhesionsmolekylen LFA-1 var viktig för NK-
cellernas förstärkande effekt. Slutligen fann vi i Studie I att NK-celler från 
patienter med SLE hade en sämre förmåga att förstärka IFN- produktionen 
jämfört med NK-celler från friska individer. 

I Studie II fann vi att även B-celler kunde förstärka produktionen av IFN-
 hos pDC. Vi visade att det krävdes cell-cell kontakt mellan pDC och B-
celler för att RNA-IC-stimulerade B-celler skulle kunna förstärka IFN- 
produktionen. Genom att blockera celladhesionsmolekylen CD31 (PECAM-
1) neutraliserades den förstärkande effekten av RNA-IC-stimulerade B-
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celler. Vidare fann vi att B-celler stimulerade med ODN2216 förstärkte IFN-
 produktionen via lösliga faktorer och var oberoende av cell-cell kontakt. 

I både Studie I och Studie II observerades stor variation i IFN- produk-
tionen bland de friska individerna. Syftet med Studie III var att undersöka 
om genvarianter associerade med autoimmuna eller inflammatoriska sjuk-
domar har en påverkan på IFN- produktionen. Vi isolerade pDC, NK- och 
B-celler från 168 blodgivare och stimulerade cellerna med RNA-IC, HSV 
eller ODN2216. Alla individerna genotypades med avseende på ca 200 000 
genvarianter (ImmunoChip) utvalda för möjlig inblandning i olika autoim-
muna och inflammatoriska sjukdomar. Vi hittade flera intressanta genvarian-
ter som var kopplade till IFN- produktionen. Vissa av dessa var sedan tidi-
gare kända för att vara associerade med t.ex. SLE, medan andra var nya med 
avseende på kopplingen till typ I interferonsystemet.  

I Studie IV undersöktes hur interaktionen mellan RNA-IC-aktiverade pDC 
och B-celler påverkade olika populationer av B-celler. Vi fann att samkulti-
vering av pDC och B-celler ökade frekvensen av CD24hiCD38hi B-celler av 
regulatorisk karaktär. Dock stimulerade RNA-IC bara låga nivåer av det 
immunregulatoriska cytokinet IL-10 i dessa kulturer. Vidare fann vi en ökad 
frekvens av CD27-IgD- B-celler i cellkulturer med pDC och B-celler stimule-
rade med RNA-IC. Dessa B-cellers funktion är inte kartlagd men de finns i 
ökad frekvens hos patienter med SLE och är kopplad till ökad sjukdomsakti-
vitet, nefrit och autoantikroppar mot dsDNA. 

I den här avhandlingen har jag beskrivit flera nya mekanismer som har 
betydelse för regleringen av IFN- produktionen hos pDC via interaktioner 
med NK- och B-celler. Vidare har jag funnit flera genvarianter som är poten-
tiellt viktiga för produktionen av IFN-, både hos friska individer och pati-
enter med autoimmun sjukdom. Slutligen har jag visat att aktiverade pDC 
skulle kunna medverka till den skeva repertoaren av B-celler som finns hos 
patienter med SLE. Resultaten av dessa studier kan bidra till ökad förståelse 
för regleringen av typ I interferonsystemet och hur brister i detta kan bidra 
till utvecklingen av autoimmun sjukdom.  
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