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Abstract
Hjorton, K. 2020. The activation and regulation of plasmacytoid dendritic cells in SLE.
and possible therapeutic interventions. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine 1668. 74 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-0959-0.

Systemic Lupus Erythematosus (SLE) is an autoimmune disease, characterized by the presence
of anti-nuclear antibodies and the formation of nucleic acid containing immune complexes (ICs),
which can cause organ damage by deposition in tissues. ICs strongly trigger the plasmacytoid
dendritic cells (pDCs) to produce interferon (IFN)-α, which potently activates the immune
system. An activated type I IFN system is seen in a majority of SLE patients. Natural killer
(NK) cells enhance the IC triggered response of pDCs. Other NK cell alterations are described
in SLE. Standard SLE treatment, hydroxychloroquine (HCQ), reduces flare risks, and HCQ
concentration measurement can optimize its dosing. However, new treatments are needed.

In paper I, we screened for autoantibodies to lectin-like NK cell receptors. In 3.4% of SLE
patient sera, autoantibodies to CD94/NKG2A and CD94/NKG2C were found, which interfered
with HLA-E mediated regulation of NK cell cytotoxicity, and facilitated elimination of target
cells expressing expressing these receptors. Autoantibody levels correlated with SLE disease
activity and with a more severe disease phenotype.

In paper II, we found that RNA-IC triggered proinflammatory cytokine production in
immune cells from healthy blood donors and SLE patients. After RNA-IC stimulation of pDCs,
RNA sequencing detected 975 differentially expressed genes, connected to cytokine pathways,
cell regulation and apoptosis. An IRAK4i had a broader inhibitory effect on RNA-IC triggered
cytokine production and pro-inflammatory pathways than HCQ.

In paper III we showed that RNA-IC induced type III IFN production in a subset of pDCs
(3%) which also produced type I IFN. Type III IFN production by pDCs was enhanced by NK
and B cells, as well as by IFN-λ2, IFN-α2b, interleukin (IL)-3, IL-6 and GM-CSF. Type III IFN
production by RNA-IC stimulated immune cells of SLE patients was detected in a minority.
IFN-α2b and GM-CSF increased the proportion of responders to RNA-IC from 11 to 33%.

In paper IV a LC-HRMS method, was evaluated for HCQ concentration measurement
in whole blood (WB), serum and plasma from 26 SLE patients. The levels in WB were
approximately 2-fold compared to serum and plasma, and correlated with weekly HCQ-dose.
Large inter-individual variations were observed, despite equal doses. The WB matrix showed
superior reproducibility in patient samples (CV<5%).

These findings add to the knowledge of how cytokine production by pDCs in SLE is regulated,
and support a role for NK cells in the pathogenesis of SLE. Moreover WB was the superior
matrix for HCQ measurement in SLE patients.
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Ab Antibody 
ACR  American College of Rheumatology 
ADCC Antibody dependent cell mediated cytotoxicity 
Ag Antigen 
ANA Anti-nuclear antibody 
APC Antigen presenting cell 
C1q Complement factor 1q 
CD Cluster of differentiation 
CLE Cutaneous lupus erythematosus 
CR Complement receptor 
DAMP Damage associated pattern 
DEG Differentially expressed gene 
DELFIA Dissociation-lanthanide fluoroimmunoassay 
dsDNA Double stranded deoxyribonucleic acid  
FcγR Fcγ receptor  
GM-CSF Granulocyte-macrophage colony stimulating factor 
HCQ  Hydroxychloroquine  
HSV  Herpes Simplex Virus  
IC Immune complex 
IFI IFN gamma inducible protein  
IFN  Interferon 
IFNAR  IFN-α receptor 
IFNGR IFN-γ receptor 
IFNLR Interferon-λ receptor 
Ig Immunoglobulin  
iKIR Inhibitory killer immunoglobulin receptors 
IL Interleukin 
IRAK IL-1 receptor-associated kinase  
IRF Interferon regulatory factor 
JAK  Janus kinase 
KIR killer immunoglobulin receptors 
LN Lupus nephritis 
Mab Monoclonal antibody 
MHC Major histocompatibility complex 
MIP Macrophage inflammatory protein 
MyD88  Myeloid differentiation primary response protein 88  
NET Neutrophil extracellular trap 



 

NFκB  Nuclear factor kappa-light-chain-enhancer of activated B cells  
NK Natural killer 
PBMC  Peripheral blood mononuclear cells  
pDC  Plasmacytoid dendritic cell 
PRR Pathogen recognition receptors 
RNA-IC RNA containing immune complex 
RNASeq RNA sequencing 
SDI  SLICC/ACR Damage Index  
SLE  Systemic lupus erythematosus 
SLEDAI-2K SLE disease activity index -2000 
SLICC SLE International Collaborating Clinics 
Sm Smith antigen 
snRNP Small nuclear ribonucleic acid 
SSA Sjögrens Syndrome related antigen A/Ro protein 
SSB Sjögrens syndrome related antigen B/La protein 
STAT Signal transducer and activator of transcription  
TH T helper cell  
TFH T follicular helper cell 
TLR  Toll-like receptor 
TNF   Tumor necrosis factor  
TYK Tyrosine kinase 
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Systemic lupus erythematosus 

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune dis-
ease which develops as the result of the interaction between genetic and envi-
ronmental factors. The presence of anti-nuclear autoantibodies (ANA) is a 
hallmark of the disease, which precedes the clinical onset by years, and leads 
to the formation of immune complexes (ICs). ICs can cause organ inflamma-
tion and damage but also activate a systemic immune response, including the 
production of type I IFN.   

 

Clinical and Epidemiological features  
SLE affects predominantly women, with an up to 9:1 ratio in the young and 
middle-aged 1. The clinical phenotype ranges from milder forms, typically 
with skin rash and arthritis, to severe manifestations, such as lupus nephritis 
(LN) or neuropsychiatric SLE, with higher risks of permanent loss of organ 
function. Constitutional symptoms, such as fever, weight loss, lymphadenopa-
thy and fatigue are common. Organ manifestations can occur serially, and vary 
over time. This may delay a definite diagnosis, for which careful clinical in-
vestigation and review of medical history, as well as laboratory testing usually 
is required.  

The classification criteria used for scientific purposes, have evolved over 
time, and reflect the defining clinical and laboratory findings of SLE 2-5. A 
clinical SLE diagnosis relies on the presence of at least two typical clinical 
manifestations and one positive laboratory test finding 6. The SLE patients 
involved in this thesis, have been classified according to the 1982 revised 
American College of Rheumatology (ACR) criteria, which require fulfilment 
of minimum four out of eleven criteria (table 1)3 7, or the revised classification 
criteria by the Systemic Lupus International Collaborating Clinics (SLICC) of 
2012 (table 2). The SLICC criteria require the fulfilment of ≥ four of 17 crite-
ria (minimum one clinical and one immunological) or a biopsy-proven LN, 
and positive ANA or anti-double-stranded DNA (dsDNA) antibodies (Abs). 
The most recent set of classification criteria from 2019, includes a positive 
ANA titer ≥1:80 as an entry criterion, followed by weighted scores, amounting 
to minimum 10 points for an SLE diagnosis 5.  
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Table 1. The updated 1982 Revised ACR Classification Criteria for SLE 3 8.  

Criterion Definition 

1. Malar rash 
Fixed erythema over the malar eminences, sparing the nasola-
bial folds 

2. Discoid rash Erythematous raised patches with adherent keratotic scale 

3. Photosensitivity Skin rash as a result of unusual reaction to sunlight 

4. Oral ulcers Oral or nasopharyngeal ulceration, usually painless 

5. Arthritis Nonerosive arthritis involving ≥2 peripheral joints 

6. Serositis Pleuritis or pericarditis 

7. Renal disorder Persistent proteinuria, either >0.5 g/day or cellular casts 

8. Neurologic disorder Seizures or psychosis 

9. Hematologic disorder Hemolytic anemia, leukopenia, lymphopenia or thrombocyto-
penia 

10. Immunologic disorder* Anti-dsDNA antibody, or anti-Sm antibody, or phospholipid 
Abs ** 

11. Positive ANA Abnormal titer of ANA by immunofluorescence 
* Original 1982 ACR criteria included positive LE-cell preparation ** Based on IgG or IgM 
anticardiolipin Abs, positive standard test for lupus anticoagulant, or false positive serologic 
test for syphilis≥ 6 months 

 

Table 2. SLICC Classification Criteria for SLE 4 

Criterion Definition 

Clinical criteria  

1. Acute cutaneous lupus Incl malar rash, subacute cutaneous lupus and more 
2. Chronic cutaneous lupus Incl classic dicoid rash and more 
3. Oral ulcers Or nasal 
4. Nonscarring alopecia Diffuse thinning or hair fragility  
5. Synovitis Swelling/ tenderness in ≥ 2 joints 
6. Serositis Pleuritis or pericarditis 
7. Renal Proteinuria 0,5g/ day or red blood cell casts 
8. Neurologic Seizures, psychosis, mononeuritis multiplex, myelitis or 

cranial/peripheral neuropathy, acute confusional state 
9. Hemolytic anemia  
10. Leukopenia or lymphopenia <4,000cells/mm3  or <1,500cells/mm3  
11. Thrombocytopenia < 100,000 cells/ mm3 
Immunological Criteria  
1. ANA Above laboratory reference range 
2. Anti-dsDNA Above laboratory reference range, ELISA: twice above 
3. Anti-Sm  
4. Antiphospholipid antibody Lupus anticoagulant, false-positive syphilis test, anticar-

diolipin or anti-β2 glycoprotein I Abs 
5. Low complement Low C3 or low C4 or low CH50* 

6. Direct Coombs test  In the absence of hemolytic anemia 

*50% Haemolytic Complement (CH50) Activity of Serum9 
 



 13

Across the world, SLE incidence and prevalence rates vary widely, with the 
highest incidence rates found in North America (23/100,000 annual cases), 
and the lowest in Europe (0.3-4.9/100,000)10. Some ethnic groups, such as 
African Americans, native Americans and Aboriginal Australians are more 
frequently affected by SLE 11 12. In Sweden, the annual incidence is estimated 
to 3-5/100,000 and the prevalence 68/100,000 13 14. In the last 50 years survival 
rates have dramatically improved, from a 5 year survival below 50% in the 
1950-s 15, now approaching 95% 16, probably due to a combination of im-
proved treatment strategies and earlier diagnosis. Yet, SLE patients still face 
a lower life expectancy than the general population, with a standardized mor-
tality ratio of approximately 3, where the main causes of death are renal dis-
ease, infections, and cardiovascular disease 17 18.  

Disease activity and damage estimation 
The disease course of SLE is usually dynamic, with periods of flare, and peri-
ods of remission. As the disease is heterogeneous, many variables need to be 
considered for a balanced evaluation. There are several tools for global disease 
activity estimation, the most frequently used being the SLE disease activity 
index (SLEDAI), which includes 24 weighted variables, reflecting both clini-
cal and laboratory measures 19. Its modified version SLEDAI-2000 (2K), de-
veloped to better reflect persistent disease activity, was used in this thesis (ta-
ble 3) 20. Several other disease activity indices are in use, such as the British 
Isles Lupus assessment Group (BILAG) which provides separate organ /sys-
tems scores 21 22. Lately, composite activity indices have been utilized in order 
to capture clinically meaningful improvements in clinical trials, such as the 
SLE Responder Index (SRI) 23.  

When SLE or its treatment causes irreversible organ damage, this can be 
assessed using the SLICC/ACR damage index (DI) 24. 
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Table 3. SLEDAI-2K 20 

Weight Descriptor Definition 

8 Seizure  

8 Psychosis 

Severe disturbance of reality. Incl hallucinations, inco-
herence, marked loose associations, bizarre, disor-
ganized or catatonic behavior and more 

8 Organic brain syndrome 

altered mental function, impaired orientation, memory 
or other intellectual function, rapid onset, fluctuating 
clinical features. Inability to sustain attention to envi-
ronment. Perceptual disturbance, incoherent speech, 
insomnia, daytime drowsiness, altered psychomotor 
activity 

8 Visual disturbance 
retinal or choroid changes incl hemorrhages, or optic 
neuritis 

8 Cranial nerve disorder new onset sensory or motor neuropathy 
8 Lupus headache severe, persistent, irresponsive to narcotic analgesia 
8 Cerebrovascular accident  

8 Vasculitis 
Ulceration, gangrene, splinter hemhorrages, periungual 
infarction, biopsy or angiogram proven 

4 Arthritis ≥ 2 joints inflamed 

4 Myositis 
Proximal muscle ache/weakness and elevated CK or 
EMG changes or biopsy proven 

4 Urinary casts Heme-granular or red blood cell (RBC) casts 
4 Hematuria >5 RBC/high power field 
4 Proteinuria >0.5g/day 
4 Pyuria >5 white blood cells (WBC)/high power field 
2 Rash Inflammatory type 
2 Alopecia Abnormal, patchy or diffuse hair loss 
2 Mucosal ulcers Oral or nasal 

2 Pleurisy 
Pleuritic chest pain with pleural rub or effusion or 
thickening 

2 Pericarsitis 
Pericardial pain with either rub, effusion, electrocardi-
ogram or echocardiogram confirmation 

2 Low complement CH50, C3 or C4 below lower limit of normal 
2 Increased DNA binding Above normal range 
2 Fever >38°C 
1 Thrombocytopenia < 100,000 platelets x 109/L 
1 Leukopenia >3000 WBC/mL 
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Etiopathogenesis of SLE  

Genetics and epigenetics 
SLE is 20-30 fold more common in first degree relatives of patients than in 
the general population, and twin studies show a 10-fold higher concordance 
rate in monozygotic (24%) than in dizygotic twins (2%), demonstrating a 
strong contribution of genetic factors to the development of SLE 25-28.  How-
ever, the impact of risk genes spans from small individual effects to almost 
complete disease penetrance in a few rare variants, causing SLE or SLE like 
disorders, with early childhood onset. These monogenic variants have  pin-
pointed central immune mechanisms in SLE pathogenesis, such as ICs and 
apoptotic waste clearance (hereditary complement deficiencies) nucleic acid 
sensing (RNA and DNA degrading enzymes, cytosolic nucleic acid sensing 
receptors), and lymphocyte signaling 29.  

The majority of risk genes are polygenic common variants (with a minor 
allele frequency in the population of >1%) with small individual risk incre-
ments. So far, around 100 risk loci in common single nucleotide polymor-
phisms (SNPs) have been discovered 30. A large proportion of these is detected 
within noncoding regions, and may affect gene expression rather than gene 
function, 31. The strongest genetic risk locus of common gene variants in SLE, 
is found in the human leukocyte antigen (HLA) regions, harboring genes en-
coding antigen (Ag) presenting molecules (major histocompatibility complex, 
MHC). Ag presentation to T cells helps determine the specificity of the adap-
tive immune response.  

Epigenetic mechanisms 
Epigenetic mechanisms affect the expression of genes, without altering the 
DNA sequence, in a reversible, cell and tissue specific manner. Increasing ev-
idence supports a role for epigenetic regulation in SLE, which may account 
for a large proportion of the gene risk variants with unknown function. The 
most central epigenetic mechanisms are DNA methylation, posttranslational 
histone modifications (PTM) and noncoding RNAs such as micro RNAs 
(miRNA) and long noncoding RNAs (lncRNA) 32-34.  

Hypomethylation may explain part of the elevated risk of SLE in women, 
as DNA methylation is one way of silencing the second X-chromosome, har-
boring several immune-related genes 35. DNA hypomethylation of IFN stim-
ulated genes (ISG) is a feature of several cell types in SLE 36-38.   
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Actions of miRNAs are enriched in immune genes, and a majority of SLE 
susceptibility genes can be targeted and cell-specifically modulated by miR-
NAs. One example, affecting the IFN pathway activation in SLE, is the re-
duced expression of miR-146 39. 

 
Figure 1. Selected susceptibility genes at genome-wide significance level (p<5x10-8) 
established in each immune pathway. Black; associated in multiple ancestries. Grey; 
selected genes with association to one unique ancestry. The picture is modified from 
Deng and Tsao, Updates in Lupus Genetics {Deng, 2017 #2914} 

Environmental factors 
Exposure to ultraviolet (UV) radiation is a risk factor for both cutaneous and 
systemic lupus flares 40 41 , and possibly for the induction of SLE 42. UV-radi-
ation causes increased keratinocyte cell death, leading to exposure of nucleic 
acid containing self-antigens (-Ags) well as enhanced hypomethylation 43.   

Viral infections are common in SLE and have been proposed in the patho-
genesis of SLE 44 One commonly proposed, is Epstein Barr virus (EBV). A 
recent meta-analysis concluded a higher sero-prevalence of antiviral Ags to 
EBV in SLE patients than in controls 45. Molecular mimicry the cross-reactiv-
ity of antiviral Abs with auto-Ags, is a central mechanism suggested in EBV 
infection, where Abs to viral Ags have been shown to cross-react with SSA/Ro 
60kDa, as well as Smith Ag (SmD) 46 47.  

More than 80 different drugs can cause drug-induced lupus erythematosus 
(DILE) The highest risks are reported for procainamide and hydralazine which 
can induce SLE or SLE flares through inhibition of DNA methylation 48, 
whereas other agents, such as anti-TNF-α treatment convey more moderate 
risks 49.  
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Gender 
The skewed female:male ratio peaks in the childbearing years, which strongly 
suggests an influence of sex hormones. In support of this, pregnancy 50, and 
postmenopausal hormonal replacement therapy increase the risk of SLE flares 
51. In mouse models, elevated estrogen and progesterone levels are associated 
with a more severe disease, in contrast to androgens which appear protective 
52. Estrogen increases survival of autoreactive B cells and T cells, and facili-
tates B cell maturation 53 54.  

However, the lifelong female predominance in SLE indicates the influence 
of additional factors, one being X-chromosome dosage 55. Men with Kline-
felter´s syndrome (47, XXY) possess an additional X-chromosome and bear a 
14-fold increased risk of SLE 56. Several immune-related genes are X-linked 
and expressed at higher levels in women (46,XX) possibly due to incomplete 
silencing of the second X-chromosome 35 57. Examples of such genes are 
CD40L in CD4+ T cells, which participates in the costimulation of B cells 58, 
and the single stranded (ss)RNA sensing Toll like receptor (TLR)7, which is 
important in IFN induction in SLE 59.  

Apoptosis, immune complexes and autoantibodies 
Apoptosis 
SLE is characterized by increased apoptosis and defective clearance of apop-
totic nucleic material. Flare triggering events, such as UV radiation or infec-
tions, may also increase the apoptotic load. Apoptosis is a regulated, ongoing 
form of cell death, important in embryonic development and in tissue home-
ostasis 60. In apoptotic cells, lupus auto-Ags such as U1-RNP, SSA/Ro and 
SSB/La are redistributed to so-called apoptotic blebs and microparticles 61. 
They are rapidly cleared by phagocytic cells, such as monocytes and macro-
phages, in a non-inflammatory process, facilitated by opsonizing comple-
ment factors, IgG and CRP. When this process is inefficient, cells may un-
dergo secondary necrosis, leading to loss of membrane integrity and expo-
sure of auto-Ags and other danger signals, i.e. damage associated molecular 
patterns (DAMPs) 62  

Accumulation of apoptotic cells has been observed in germinal centers of 
SLE patients 63. Moreover, SLE monocytes display impaired phagocytosis and 
decreased apoptotic clearance 64 65. Low levels of opsonizing molecules which 
facilitate clearance, such as CRP, as well as complement deficiencies, contrib-
ute to the reduced apoptotic clearance 66-68. NETosis is a special form of pro-
grammed cell death of neutrophils, and another possible source of Ags 69 70. 
Neutrophil extracellular traps (NETs) containing chromatin and antimicrobial 
proteins are extruded in response to microbes as well as ICs, and impaired 
NET degradation in SLE is reported 71.   
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Immune complexes 
IC tissue deposits are a leading mechanism for clinical SLE manifestations. 
They are formed by auto-Ags derived from dying cells, and specific ANAs. 
ICs are normally cleared by mononuclear phagocytes, through Fcγ receptor 
(FcγR) uptake. Extensive IC formation is counteracted by circulating comple-
ment (C3) factors, which during an SLE flare can be rapidly consumed. ICs 
are furthermore opsonized by complement factors. Subsequently, by binding 
to complement receptors (CR) on erythrocytes they are delivered to liver or 
spleen resident macrophages,  uptaken via FcγR binding and phagocytosed  72 

73. Low complement factor levels are common in SLE, due to consumption, 
genetic predispositions, as well as auto-Abs to complement factor C1q (the 
initiator of the classical pathway). This may reduce opsonization of ICs.  Re-
duced numbers of functional CRs on SLE erythrocytes can further impair their 
IC-binding 74 75. Finally, FcγR mediated IC clearance in SLE is reduced, and 
was shown to correlate with elevated levels of circulating ICs 76-78. 

ICs are powerful TLR agonists, and in the absence of C1q for clearing ICs, 
the uptake may shift from mononuclear cells to DCs or pDCs, thereby enhanc-
ing IFN activation, which stimulates further B cell autoantibody (auto-Ab) 
production 79.  

Autoantibodies  
More than 180 different auto-Abs are described in SLE 80. Preceding the onset 
of disease symptoms, there is an accumulation of auto-Abs, with evolving 
specificity and epitope spreading over time 81. This process is Ag-driven, as 
shown by somatic hypermutation and IgG class-switch, which requires T cell 
help 82 83. Anti-dsDNA auto-Abs are highly specific for SLE, and levels cor-
relate with disease activity as well as LN 84. They can be deposited in tissue 
by binding cross-reactive tissue Ags, or in the form of ICs85. Anti-C1q auto-
Abs are strongly correlated to proliferative LN 86.  

A number of SLE auto-Abs target RNA or RNA associated proteins, such 
as anti-Smith (Sm) and anti-U1 small nuclear ribonucleoprotein (RNP) -Abs, 
which are directed to components of the spliceosome, a posttranscriptional 
enzyme. Anti-Sm are highly SLE-specific, whereas anti-U1RNP are prevalent 
in certain other systemic autoimmune disease 87. In contrast to anti-dsDNA, 
anti-Sm and anti-U1RNP levels are considered less predictive of flare. Anti-
ribonucleoproteins SSA/Ro and SSB/La Abs are associated with cutaneous 
and sicca symptoms, as well as with the development of congenital heart block 
88. Together with Anti-Sm and anti-U1RNP, anti-SSA/SSB are associated 
with an activated type I IFN system 89. Finally, the occurrence of Abs to his-
tones (i.e. the packaging proteins of nucleosomes) is tightly connected to drug 
induced lupus erythematosus (DILE) 90. 
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Immune cells 
B cells 
B cells produce the auto-Abs (auto-Abs), which constitute one of the hall-
marks of SLE, and can form ICs, which, drive inflammation and organ dam-
age by activating FcγR and CR 91. In SLE, central and peripheral checkpoints 
are defective which reduces deletion of autoreactive B cells 92 93 and increases 
T cell help in germinal centers94. This results in larger proportions of autore-
active B cells 92 and auto-Ab producing plasma cells, which correlate with 
high disease activity and anti-dsDNA titers 93.  

Auto-Ab production can also be induced independently of T cell help, 
through TLR7/9 ligation in B cells, which in SLE may be triggered by ICs or 
NETs, and is enhanced by induced B cell activating factor (BAFF) 95. Addi-
tionally, lupus B cell receptors (BCR) are hyper-responsive 96. Several SLE 
susceptibility genes may play a role, such as gene variants of the FcγRIIb, 
which can suppress B cell activation and development in response to ICs 
through co-ligation with BCR and ICs 97.  

Moreover, B cells partake in Ag presentation and activation of T cells. 
Their cytokine production includes pro-inflammatory IL-6 and TNF-α, and 
immunoregulatory TGF-β and IL-10 98.   

T cells 
Several T cell features in SLE drive autoimmunity. The T cell receptor (TCR) 
in SLE is hyperactivated, due to down-regulation of the CD3ζ chain, in favor 
of signaling through an FcRγ chain. This eventually leads to the inhibition of 
IL-2, and enhancement of IL-17 transcription 99 100.  Normally, activated auto-
reactive T cells can be eliminated through activation-induced cell death 
(AICD), which is promoted by IL-2 and involves Fas/FasL interaction. This 
is reduced in lupus, and contributes to a constant TCR activation 101 102.  

 The production of high affinity auto-Abs by activated B cells depends on 
the interaction between B cells and CD4+ follicular T helper (TFH) cells 103. 
TFH numbers are increased in SLE and correlate with active disease 104 105. 
TH17 cells are another expanded T cell subset in SLE, and infiltrate inflamed 
tissue such as LN lesions, promoting inflammation by producing IL-17 and 
IL-22106 107. SLE T regulatory cells (Tregs) in contrast, which suppress auto-
reactive T- and B cells, are reduced in numbers, and impaired in function.  

The altered balance between Tregs, TFH and TH17 cells may be due to low 
levels of IL-2 in SLE patients, and low dose IL-2 can substantially increase 
the number of Tregs 108 109.  
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Innate immune cells 
In SLE, monocytes and macrophages display impaired phagocytosis 64 110. By 
virtue of their abundancy, monocytes and neutrophils may sometimes be a 
significant source of IFN-α 111-113. Monocyte differentiation into Ag presenting 
DCs is promoted by lupus serum. This favors activation of autoreactive B and 
T cells 114. Moreover, monocytes from SLE patients have a reduced capacity 
to ROS production 115.  

In SLE there is increased spontaneous apoptosis of neutrophils in the form 
of NETosis 116. NETosis can be triggered by ICs, and in turn, via cytosolic 
DNA sensors, induce type I IFN 117. Platelets, which normally help maintain 
vascular integrity, can be activated via FcγR or TLR binding 118. Activated 
platelets can enhance type I IFN production by pDCs by receptor interaction 
119, or indirectly, by increased NET formation 120 121.  

The roles of the innate cells pDCs and NK cells will be discussed sepa-
rately. 

Cytokines 
In SLE, a number of cytokines are dysregulated. Below follows a brief presen-
tation of selected cytokines with signs of dysregulation in SLE. The interfer-
ons, which are central cytokines in SLE, will be described in more detail in 
later sections. 

Tumor necrosis factor (TNF)-α is an important regulator of inflammation. 
Produced by e.g. activated monocytes and macrophages, it promotes the as-
sembly of inflammatory cells at sites of microbial invasion. The role of TNF-
α in SLE may be double-edged. Elevated serum and tissue levels correlate 
with disease activity in SLE and LN 122-125. Anti-TNF-α treatment may im-
prove certain manifestations such as LN, skin and arthritis 126 127, but can also 
induce the production of anti-dsDNA auto-Abs, and occasionally clinical SLE 
128 129. A cross-regulation between IFN-α and TNF-α has been suggested 130 131 

132.  
Interleukin (IL)-6 is a pleiotropic cytokine produced by several cell types, 

including lymphocytes and monocytes. It promotes activation and differenti-
ation of B cells, skewing of the T cell response from Tregs to pro-inflamma-
tory TH17 cells. In mouse models, it contributes to the formation of germinal 
centers and activation of TH cells 133-135. Moreover, IL-6 induces acute phase 
proteins, such as C reactive protein (CRP) 136. Ín SLE patients elevated IL-6 
levels in serum correlate with active disease 137-139. Clinical trials blocking IL-
6 in lupus have been disappointing 140 141. 

IL-2 is produced by activated T cells, and enhances lymphocyte expansion 
and differentiation. Due to relative IL-2 deficiency in SLE, the survival of 
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Tregs as well as activation induced cell death (AICD) of T cells, is reduced, 
compromising immune tolerance 109 142 143.  

IL-17 is a pro-inflammatory cytokine produced by TH cells, NK cells and 
neutrophils, which promotes the migration of e.g. monocytes and neutrophils 
into tissues. Elevated serum IL-17 levels correlate with SLE disease activity 
144 145. 

B cell activating factor (BAFF) is produced by myeloid cells. It promotes 
B cell isotype switching, plasma cell differentiation and B cell survival 146-148. 
BAFF is elevated in SLE, and correlates with disease activity and anti-dsDNA 
auto-Ab titers 149 150. The anti-BAFF monoclonal Ab (mAb) Belimumab, ap-
proved for the treatment of active SLE, reduces the number of activated B 
cells and plasma cells, as well as the auto-Ab titers 151.  

GM-CSF is excreted by many cell types in response to pathogens, of which 
e.g. NK cells and TH17 cells are major producers. The effects include mono-
cyte derived dendritic cell maturation, but also the activation, survival and 
mobilization from bone marrow of several myeloid cells 152 153. SLE patients 
with active disease have an increased frequency of GM-CSF secreting PBMCs 
154, and elevated levels have been observed in SLE plasma155. GM-CSF up-
regulates the IFN-λ receptor (IFNLR) on monocyte derived DC 156.  

Activated T cells are the major source of IL-3, which can stimulate the 
proliferation of hematopoietic stem cells and the development of megakaryo-
cytes. IL-3 contributes to pDC activation and survival during viral infections 
and TLR stimulation 157-159 

The interferons 
The IFNs are proteins which by definition possess antiviral properties 160. 
Three classes of IFNs have been defined, types I-III. The IFN system includes 
IFN genes, proteins, receptors as well as IFN producing cells. 

Type I IFN 
Signaling 
The type I IFNs include IFN-α (13 subtypes), -β, -ε, κ and -ϖ 161. IFN- ε is 
expressed in placental cells, IFN-κ in keratinocytes and IFN–ϖ by leukocytes. 
The main producers of IFN-α and –β are plasmacytoid dendritic cells and 
monocytes 162. Type I IFNs signal through the common IFN-α/β receptor (IF-
NAR), expressed in nearly all cell types 163. IFNAR binding activates the Ja-
nus kinase (JAK) 1/tyrosine kinase (TYK) 2 by phosphorylation, and subse-
quently the activation of signal transducers and activators of transcription 
(STATs) 1 and 2. These associate with interferon regulatory factor (IRF) 9, 
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and translocate into the nucleus, which eventually results in the transcription 
of IFN stimulated genes (ISG) 164.  

Immune effects 
Type I IFN restricts viral replication and spreading by several mechanisms, 
for instance by inducing apoptosis in infected cells. Its immunomodulatory 
actions affect innate immunity, by increasing the efficacy of macrophages, 
enhancing natural killer (NK) cell activation and cytolytic activity 165 166. Type 
I IFN promotes differentiation of monocytes into Ag presenting cells (APC) 
114 and  causes upregulation of MHC and co-stimulatory molecules on den-
dritic cells (DCs), enhancing their Ag presenting efficacy 161. Additional ef-
fects on the adaptive immunity of type I IFN include increased cytotoxicity of 
CD8+ T cells, suppressed Treg cells 167 and polarization into pro-inflammatory 
TH1 cells as well as development of TFH cells which facilitates B cell activation 
168. In B cells, type I IFN can increase TLR 7 and 9 expression in murine lupus 
169 Other effects are the  differentiation of B cells into plasma cells, enhancing 
Ab production 170 171. Type I IFN also upregulates the production of chemo-
kines, which attract inflammatory cells to the affected tissues 172. 

Type I IFN in SLE  
A majority of SLE patients have a continuous activation of the type I IFN 
system, as illustrated by elevated IFN-α levels in serum 173 174 and/or an IFN 
signature in blood or inflamed tissues, which correlates with disease activity 
and a more severe disease phenotype 175-178. Several SLE risk gene variants 
affect the type I IFN system 179 180. Monogenic lupus or lupus-like diseases are 
also termed interferonopathies, because their causing gene variants are found 
within IFN signaling pathways 181.The use of  IFN-α to treat chronic viral in-
fections and certain malignancies has sometimes led to the development of 
typical SLE auto-Abs as well as clinical SLE and other autoimmune manifes-
tations 182 183. 

Several cell types such as monocytes and neutrophils may contribute to 
type I IFN production in SLE 112 113. However , despite their scarcity in pe-
ripheral blood, pDCs are the principal IFN-α producing cells in SLE, and their 
depletion can ameliorate disease 184 185.The triggers of IFN-α production in 
SLE have stepwise been identified, initially by demonstrating IFN-α produc-
tion in peripheral blood mononuclear cells (PBMCs) treated with SLE-sera 186 

187. Subsequent studies indicated ICs as the IFN inducing factor 188. By com-
bining SLE-IgG with apoptotic or necrotic material 189 190, or with auto-Ags 
containing Agic nucleic acids 191 192, such ICs were created in vitro and utilized 
in experiments for IFN induction. In this thesis, the small nuclear ribonucleo-
protein U1 snRNP was used as the interferogenic Ag 193.  
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In SLE, nucleic acid containing microparticles and NETs can also serve as 
sources for IFN-α induction in pDC 194.  Moreover, chromatin stimulated neu-
trophils 195, and monocytes have been proposed to contribute to IFN-α pro-
duction in SLE 196. 

Type II IFN 
Signaling 
IFN-γ is the only type II IFN, and mainly produced by activated T and NK 
cells. The tetrameric IFN-γ receptor (IFNGR) is expressed by most cell types. 
IFN-γ binding is followed by activation of JAK1/2, dimerization and activa-
tion of STAT1, which translocates to the nucleus where gene transcription is 
induced 197. Approximately 70 % of type II induced genes are also induced by 
type I IFN 198. 

Immune effects 
Antiviral actions of type II IFN include induction of antiviral proteins as well 
as immunomodulation. The main effects are recruitment of immune cells, such 
as monocytes, to sites of infection through cytokine and chemokine induction, 
and activation of the adaptive immune response through increased TH cell ac-
tivation and development and augment T cell cytotoxicity 199. These effects 
are partly mediated by IFN-γ induced IL-12, which also activates NK cells. 

Type II IFN in SLE 
The occasional development of SLE like disease following IFN-γ treatment 
has been reported 200. Type II IFN production precedes the occurrence of lupus 
auto-Abs in SLE patients 201. Elevated type II IFN levels correlating with dis-
ease activity are observed in SLE PBMCs 202, and IFN-γ polymorphisms are 
connected to SLE susceptibility, as well as to LN histological phenotype 203.  

Type III IFN 
Signaling 
The type III IFNs consist of IFN-λ1-3, or interleukin (IL)-29, IL-28A, IL-28B, 
respectively, and IFN-λ4. IFN-λ is predominantly produced by pDCs, Ag pre-
senting cells (APCs) and epithelial cells. The heterodimeric IFN-λ receptor 
(IFNLR) consisting of IL-10 receptor 2 (IL-10R2) and IFN-λ receptor 1 
(IFNLR1)204, is primarily expressed by epithelial cells, but also in pDCs, B 
cells, monocytes and hepatocytes 205 206. IFNLR signaling leads to activation 
of STAT1-3 and recruitment of IRF9, similar to type I IFN signaling, render-
ing IFN stimulated gene expression. The gene expression induced by type III 
IFN is more limited than, but completely overlapping with, the type I IFN 
stimulated genes 198 207.  
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Figure 2. The three IFN receptors and their signaling pathways. The picture is 
slightly modified from Hagberg & Rönnblom, Scandinavian journal of Immunology, 
2015.  

Immune effects 
Type III IFNs are probably the most important IFNs in the first line antiviral 
defense at mucosal sites such as the gut, liver, respiratory tract and skin. Here, 
the epithelial cells are the main targets and producers of type III IFN 205 208-210. 
Their effects include inhibition of local virus replication, and strengthening of 
epithelial barriers 211 212. Apart from enhancing pDC survival 206 213, type III 
IFN can directly inhibit neutrophil recruitment and cytokine release in syno-
vial tissue 214. NK cells might be induced indirectly to IFN-γ production by 
type III IFN, possibly via IL-12 from macrophages, but contradictory results 
exist 215-217. Type III IFN increases TLR7/9 induced B cell activation and Ig 
production 218. Under the influence of type III IFN, DCs are matured into an 
immunosuppressive phenotype, promoting Treg cells rather than TH1 cells 156 

219 220.Type I and III IFNs can reciprocally downregulate the effects of each 
other, via induction of ubiquitin specific peptidase (USP) 18, which affects 
type I IFN mediated activity stronger 221. Thus, type III IFNs may sometimes 
counteract the pro-inflammatory effects of type I IFNs. 

Type III IFN in SLE 
In patients with SLE, IFN-λ has been detected in serum 222, as well as cutane-
ous LE lesions 223 and kidney 224. IFN-λ1 levels correlate with disease activity 
and anti-dsDNA Abs 222 225, whereas serum IFN-λ3 levels have been associ-
ated with active mucocutaneous lupus disease and with the presence of anti-
Ro/SSA auto-Abs 226. Genetic IFN-λ3/4 polymorphisms are associated with 
LN disease susceptibility 225.  
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However, the exact role of type III IFNs in SLE remains uncertain. Studies 
in experimental arthritis and asthma have demonstrated disease ameliorating 
effects by type III IFN 214 227 and serum-IFN-λ1 was associated with milder 
SLE in a recent study 228. In contrast, in a study in TLR7 induced murine SLE, 
IFNLR deficiency ameliorated skin and kidney inflammation. Furthermore, 
indirect effects of IFN-λ, on keratinocytes and mesangial cells, mediated tis-
sue inflammation 229.   

 
Figure 3. The effects of IFN-α and IFN-λ on different cell types. Modified from 
Leonard & Rönnblom, Lupus Science and Medicine (2019). 

Plasmacytoid dendritic cells 
The pDCs are rare in peripheral blood (< 1% of PBMCs) 230-232 but in response 
to a wide range of pathogens they have an exceptional IFN-α producing ca-
pacity of 1-2 IU (3-10pg/ml)/cell, by far exceeding that of other cell types such 
as monocytes 233. A contributing factor is the constitutive expression by pDCs 
of the transcription factor IRF7 234. The surface markers blood dendritic cell 
Ag (BDCA) 2 and 4 distinguish the pDCs 235 236. By maturing into Ag present-
ing cells, pDCs lose their IFN-α producing capacity. Instead they can serve as 
a link between innate and adaptive immunity by regulating the T cell response 
237. 
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PDCs internalize RNA or DNA via C-type lectin receptors, or when com-
plexed with immunoglobulins (Ig), via FcγRIIA (CD32) 234 238.  

In SLE, the pDCs are diminished in peripheral blood, presumably because 
activated pDCs migrate into tissues of inflamed organs 239-241. Moreover, SLE 
pDCs affect the balance of T cell subsets in a pro-inflammatory direction 242.   

Regulation of IFN-α production by pDCs 
Several different immune cells, cytokines and receptors are involved in the 
regulation of the IFN-α production by pDCs. Upon IC-stimulation, platelets 
enhance IFN-α production by pDCs, through CD40-CD40L receptor interac-
tion 119. B cells and T cells also increase the IFN-α producing capacity of pDCs 
through CD31 mediated cell-cell contact, or GM-CSF and IL-3, respectively 
243 244. NK cells have a strong potentiating effect on the cytokine production 
of pDCs 245 246 via lymphocyte function associated Ag (LFA)-1 mediated cell-
cell contact and MIP-1β 247. Monocytes from healthy individuals can suppress 
this potentiation, by the release of reactive oxygen species (ROS), TNF-α and 
prostaglandin E2. In SLE however, the suppressive effect of monocytes is di-
minished 246.  

The complement system, exemplified by C1q, can negatively regulate IC-
stimulated cytokine production by binding to pDC via the leukocyte-associ-
ated Ig-like receptor (LAIR-1) 248 249. Several additional surface receptors, 
such as BDCA2, inhibit IFN-α production by pDCs 250.  

The female sex hormone, estrogen, can increase IFN-α production by IC 
stimulated pDCs 251. Exposure to IFN-α can increase its production, an effect 
termed priming. This is mediated by upregulation of TLR7 and IFN regulatory 
factor (IRF) 7 252. As mentioned, GM-CSF and IL-3 exert a priming effect on 
IFN-α production 157 188, whereas IL-10 and TNF-α, in contrast, downregulate 
its production 189.  

Regulation of IFN-λ production by pDCs 
The regulation of IFN-λ production by pDCs in the context of IC stimulation, 
has not previously been studied. Studies on pDCs have demonstrated the in-
duction of IFN-λ expression by HSV and various viruses, mediated by TLR9 
stimulation 253 254. In HSV stimulated pDCs, the TH2 cytokine IL-4 enhanced 
IFN-λ secretion, via increased monocyte IL-1Ra release 220. 

 



 27

 
Figure 4. Inducers and regulators of IFN-α production by pDCs. Modified from 
Leonard & Rönnblom, Lupus Science and Medicine (2019). 

Natural Killer cells  
NK cells are innate immune cells specialized for the elimination of virally 
infected, malignantly transformed or abnormal cells 255. In addition to this, 
they participate in the killing of activated immune cells 256 257 258  259. In viral 
infections their cytolytic capacity is improved by IFN-α, which is rapidly pro-
duced 245. NK cells can kill target cells by the release of lytic granules con-
taining perforin and granzyme or by inducing apoptosis via FasL and TRAIL 
receptors. In addition, if NK cells encounter Ab coated cells, they can employ 
Ab-dependent cellular cytotoxicity (ADCC)260.   

A balance between inhibitory and activating NK cell receptors determines 
the NK cell response 261. Cells that do not express MHC class I on the cell 
surface, such as infected cells, will be recognized as target cells. Activating 
NK receptors, such as NKG2D, TLRs and FcγRIIIA (CD16), can recognize 
stress induced surface molecules upregulated by abnormal or infected cells 262. 
Cytolytic killing is restrained by inhibitory receptors, such as inhibitory killer 
cell immunoglobulin receptors (KIRs) and CD94/NKG2A, which recognize 
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MHC class I 263, as well as receptors recognizing non-MHC ligands, e.g. 
LAIR-1. Inhibitory signals trump the activating signals 264. A few NK cells by 
chance completely lack inhibitory receptors to recognize MHC class I.  Such 
NK cells will be hypo-responsive, in order to maintain tolerance to self, by 
means of so called NK cell education 265.  

There are two major human NK cell subpopulations, which together ac-
count for 5-20% of the lymphocytes in peripheral blood 266. The perforin and 
IFN-γ producing cytotoxic CD56dimCD16+ NK cells constitute 90% of the NK 
cells in peripheral blood. In the lymph nodes and tonsils, on the other hand, 
the CD56brightCD16- NK cells dominate, which produce cytokines and chem-
okines such as IFN-γ, TNF-β and GM-CSF in response to monocyte stimula-
tion 266. 

Figure 5. Selected activating, co-activating and inhibitory receptors expressed by 
NK cells, and their ligands. 

 

NK cells in SLE  
In SLE peripheral blood NK cells are reduced and less cytotoxic 267 268. Re-
duced NK cell frequencies correlate with SLE disease activity as well as with 
LN.  Furthermore the proportion of CD56bright NK cells is increased. IFN-α has 
been shown to in vitro increase the proportion of CD56bright NK cells 269, sug-
gesting a possible connection to the altered NK cell function in SLE.  
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Interestingly, auto-Abs to NK cells in SLE have been described, altering 
NK cell activity and antibody dependent cell mediated cytotoxicity (ADCC) 
270 271. Consequently, such auto-Abs may have a great impact on the inflam-
matory process and disease activity.  

 

IFN signaling pathways 
IFNs are secreted in response to stimulation of pathogen recognition receptors 
(PRRs) such as TLRs and cytosolic sensors. PRRs recognize conserved mo-
lecular patterns, typically containing nucleic acids, expressed by microbes. 
IFN production is also triggered by detection and internalization of self-nu-
cleic acids, which can trigger the endosomal TLRs 272 273.  

Toll like receptors  
TLRs are transmembrane receptors with an extracellular and a cytosolic do-
main. In humans, ten TLRs are identified, TLRs 1, 2, 4, 6 and 10 on the cell 
surface. The nucleic acid binding TLRs 3, 7, 8 and 9, are located intracellu-
larly in endosomal compartments, which minimizes the risk of unwanted 
recognition of extracellular self-nucleic acids. TLRs signal through Toll–in-
terleukin 1 receptor (TIR) domain-containing adaptors, most commonly the 
myeloid differentiation primary response protein 88 (MyD88). MyD88 sig-
naling involves assembly and phosphorylation of IL-1 receptor-associated ki-
nase (IRAK) 1 and IRAK4, via engagement of TNF receptor associated factor 
(TRAF), STAT1 and IFN regulatory factors (IRF) leading to transcription of 
type I IFN and IFN stimulated genes (ISGs).  

In addition to type I IFN production, MyD88 and IRAK4 signaling triggers 
the production of other pro-inflammatory cytokines, such as tumor necrosis 
factor (TNF) -α and IL-6, via activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NFκB) or IFN regulatory factor (IRF) 5 274. 
MyD88 is utilized by all human TLRs except TLR3 and the alternative TLR4 
pathway, which converge in IRF3 activation and IFN-β transcription 275.  

In pDCs, the endosomal TLR7 and TLR9 are activated by single stranded 
(ss) RNA and unmethylated CpG DNA, respectively. TLR7 polymorphisms 
have been associated with SLE susceptibility 276, and peripheral blood mono-
nuclear cells (PBMCs) from SLE patients express higher levels of TLR7 
mRNA than healthy controls, which is correlated with IFN-α gene expression 
277. In B cells and monocytes from SLE patients, TLR 9 expression is higher 
than in healthy individuals, and correlates with the presence of circulating 
anti-dsDNA Abs 278.  
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Cytosolic nucleic acid sensing receptors  
Underscoring the crucial importance of nucleic acid sensing in combatting vi-
ral infections, in addition to TLRs, several nucleic acid sensing receptors are 
situated in the cytosol. Retinoic acid-inducible gene (RIG) -like receptors, 
such as RIG-1 and Melanoma Differentiation-Associated protein (MDA5), 
recognize viral RNA 279. DNA sensing receptors include DNA-dependent ac-
tivator of IFN-regulatory factors (DAI), IFN gamma inducible protein (IFI) 
16 and absent in melanoma (AIM) 2, binding dsDNA, triggering IFN and IL-
1β/IL-18, respectively. In pDCs, aspartate-glutamate-any amino acid-aspar-
tate/histidine box helicase (DHX) 9 and DHX36 as well as cyclic GMP-AMP 
synthase (cGAS) are involved in cytosolic DNA sensing 280.  
 

 
Figure 6. The induction of IFN genes by nucleic acid containing ICs is mediated by 
ligation of endosomal TLRs and cytosolic nucleic acid sensing receptors. Down-
stream endosomal signaling includes assembly of MyD88-IRAK4. In red: targets of 
HCQ and IRAK4i. Modified from Leonard & Rönnblom, Lupus Science and Medi-
cine (2019). 
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SLE treatment by inhibition of IFN and other cytokines 
Hydroxychloroquine 
Antimalarials are weak bases believed to interfere with the acidification of 
lysosomes, which can impair internalization and processing of Ags by APCs 
281. This affects Ag presentation, and inhibits production of the pro-inflamma-
tory cytokines TNF-α, IL-1 and IL-6 281. Likewise importantly, antimalarials 
(by pH elevation and/ or competitive binding) interfere with endosomal TLR 
binding 282 as well as with cytosolic DNA sensor binding and STING signaling 
283. Their ability to reduce cytokine production in TLR9 stimulated pDCs has 
been demonstrated 284.  

Antimalarials are standard of care in SLE 285. They improve survival, re-
duce the risk of flare and organ damage, delay onset of disease and reduce the 
number of thrombotic events 286 287. Hydroxychloroquine (HCQ) is most com-
monly used than chloroquine phosphate in Sweden, due to a more favorable 
side effect profile, including a lower risk of retinopathy 288. The drug has a 
long terminal half-life (40-60 days) due to its wide distribution in tissues, and 
a steady state is reached after approximately 5-6 weeks 289 290. Drug concen-
trations vary considerably between individuals, and are influenced by factors 
such as glomerular filtration rate 291. There is little knowledge about the con-
centrations in bone marrow, lymphoid cells or synovial tissue, where the ef-
fects are exerted. However, in vivo accumulation of HCQ in monocytes and 
lymphocytes has been reported 292. 

Low HCQ blood concentrations correlate with increased disease activity, 
flare risk, and premature birth 293 294. Although optimal levels have not been 
determined, HCQ concentrations >1000 ng/ml in whole blood rendered a neg-
ative predictive value of 96% for flare in one study 293. Furthermore, the de-
velopment of retinopathy can be predicted by patients´ mean longitudinal 
HCQ concentrations 295.  Thus, HCQ concentration measurement can facilitate 
discrimination of non-adherence to therapy from refractory disease 296, and the 
optimization of dosage. 

IRAK4 inhibition   
In the current study, an Interleukin-1 receptor associated kinase (IRAK) 4 in-
hibitor (IRAK4i) from Nimbus Discovery (ND-2158) was used. The IRAK4 
belongs to the serine-threonine kinase family. Together with the adaptor pro-
tein MyD88, IRAK1 and IRAK2, IRAK4 forms the myddosome complex. 297 
IRAK 4 is crucial in the signaling pathway downstream of both TLRs and IL-
1R leading to pro-inflammatory cytokine production via transcription factors 
NF-κB, mitogen-activated protein kinase (MAPK) or IRF3 and 7 298. PBMCs 
from individuals with MyD88 deficiency have reduced TLR responses in 
PBMCs compared to healthy controls 299.  
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Children with genetic IRAK4 defects are susceptible to severe invasive 
bacterial infections 300. The fact that IRAK4 defects, in adulthood, can be com-
pensated by adaptive immunity has indicated IRAK4 as a potential new drug 
target in chronic inflammatory diseases as well as cancers and neurodegener-
ative disorders 301. IRAK4 inhibitor studies in murine lupus have shown ster-
oid sparing effects in skin and kidney disease 302. Recently, an IRAK4 inhibi-
tor (PF-06650833) was tested in rheumatoid arthritis (RA), results not yet pub-
lished 303. 

Anti-IFN treatment 
Considering the central role of IFN in SLE, attempting to antagonize IFN, in 
order to better control the disease, is logical. Several drugs have been devel-
oped to block IFN-signaling, IFN-α being the major target, in forms of mAbs 
directed against IFN-α or IFNAR as well as an IFN-α kinoid, inducing anti-
IFN-α neutralizing Abs. So far, results from studies of IFN-α/IFNAR mAbs 
have yielded mixed clinical results, but the anti-IFNAR mAb Anifrolumab, 
recently met primary endpoints in a phase III clinical trial 304-307. A possible 
reason for this could be that Anifrolumab, by blocking the receptor, antago-
nizes all of the type I IFN subtypes, in contrast to the anti-IFN-α mAbs, which 
target only a proportion of the IFN-α subtypes.  

An anti-IFN-γ mAb was found to transiently reduce mRNA levels of IFN-
γ in patients with LN, but did not improve disease activity 308.   

IFNLR signaling is unaffected by the anti-IFN-α/IFNAR Abs. Thus, one 
proposed explanation for the insufficient clinical effect could be that type I 
and III IFN common down-stream pathways could remain activated, by con-
tinued signaling through the IFNLR 309.  

JAK/TYK inhibitors 
The JAK/STAT pathway is employed by many pro-inflammatory cytokines, 
including the IFNs. Janus kinases JAK1/TYK2 are activated by both IFNAR 
and IFNLR, whereas IFNGR signals through JAK1/2. Over-expression of the 
JAK-STAT pathway in SLE immune cells and skin indicate a role for the JAK 
inhibition in SLE treatment 310 311. Currently three JAK inhibitors with differ-
ent JAK selectivity are approved in treatment of RA and myeloproliferative 
disorders 312. 

A JAK1/2 inhibitor (Baricitinib), approved for RA, improved disease ac-
tivity and joint symtoms, but had no effect on lupus skin disease in a phase II 
clinical trial 313. Phase III trials for SLE are ongoing. In case reports, a 
JAK1/2/TYK2 inhibitor (Ruxolitinib) and a JAK1/2 inhibitor were effective 
against chillblain lupus in patients with cutaneous lupus erythematosus (CLE), 
and the interferonopathy Aicardi-Gouitiéres syndrome, respectively 314 315.  
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Present investigations 

Aims of the thesis 
The general aim of the thesis was to further study the role of pDCs and NK 
cells in SLE and how their pro-inflammatory response to ICs can be regulated. 
Furthermore, to enable optimization of clinical use of antimalarials, by vali-
dating a method for the measurement of [HCQ].    
 
The specific aims were:  
 
 Paper I. To investigate the occurrence and function of auto-Abs targeting 

lectin-like NK cell receptors in SLE. 
 

 Paper II. To compare the effect of HCQ and an IRAK4i on the cytokine 
production by pDCs and NK cells in response to RNA containing IC 
(RNA-IC). 

 
 Paper III. To investigate if type III IFN can be induced in pDCs in re-

sponse to RNA-IC, and how this is regulated and pharmacologically mod-
ulated. 

 
 Paper IV. To establish and validate a method using liquid chromatography 

- high-resolution mass spectrometry (LC-HRMS) for the measurement of 
HCQ concentrations in Plaquenil® treated SLE patients. To compare the 
performance of the method in whole blood, serum and plasma. 

Patients and methods 
Patients 
Blood samples were collected from patients with SLE visiting the Rheumatol-
ogy Unit, Uppsala Akademiska Sjukhus (UAS). All patients fulfilled ≥4 of the 
classification criteria for SLE according to the 1982 American College of 
Rheumatology (ACR) or the 2012 Systemic Lupus International Collaborat-
ing Clinics (SLICC) 3 4. Disease activity at the time of blood sampling was 
assessed using the SLE disease activity index 2000 (SLEDAI-2K) score 20. 
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Healthy donors and controls 
Buffy coats from healthy blood donors were obtained from the Department of 
Transfusion medicine, UAS. Blood samples were received from voluntary 
healthy controls from the staff at the Rudbeck laboratory, Uppsala University 
(UU), and the Rheumatology Unit, UAS.  

Cell isolation, cultivation and stimulation 
Using Ficoll density gradient centrifugation, peripheral blood mononuclear 
cells (PBMCs) were isolated from buffy coats or fresh blood. Through mag-
netic bead-based negative selection (MACS, Miltenyi) 316 PBMCs were de-
pleted of (CD14+) monocytes, and pDCs, B cells and NK cells were isolated.  

For induction of IFN-α and other cytokines, cells were stimulated with 
RNA-IC consisting of SLE-IgG and RNA-containing U1 snRNP particles pu-
rified from HeLa cells 193. SLE-IgG was obtained by protein G chromatog-
raphy of two patient sera with auto-Abs against RNP and Sm 317. Herpes sim-
plex virus (HSV) was prepared by propagation in WISH cells and UV-inacti-
vated 318. 

Immunoassays 
IFN-α levels in supernatants were determined by a dissociation-lanthanide 
fluoroimmunoassay (DELFIA) with anti-IFN-α mAb LT27:293 as capture Ab 
and europium labelled LT:297 as detection Ab. The DELFIA has a detection 
limit of 2U/ml ( ̴ 5-10 pg/ml) and detects all IFN-α subtypes, besides IFN-α2b 
186.  

Flow cytometry 
After gating live cells, singlets, and lymphocytes, pDCs, NK cells and NK cell 
subsets were identified with mAbs against cell surface markers. Before intra-
cellular staining, Brefeldin A was added 319. NK cell receptor transfected 
Ba/F3 cells (a mouse pro-B cell line) were fluorescence barcoded and pooled. 
For the NK cell degranulation assay anti-CD107a monoclonal Abs (mAbs) 
were used, following pre-incubation of NK cells with K562-E cells from an 
immortalized chronic myelogenous leukemia cell line, lacking the MHC com-
plex, thus easily targeted by NK cells 320. Mabs were used to detect intracel-
lular cytokines, NK cell receptors and IgG subclasses. Live/dead Fixable 
Near-InfraRed Dead Cell Stain (Invitrogen) was used to distinguish live cells. 
Data were acquired on FACS Canto II or LSR Fortessa (BD Biosciences) and 
analyzed using Diva (BD Biosciences) or FlowJo (Tree Star). 
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Liquid Chromatography-Mass Spectrometry 
Liquid Chromatography (LC) allows for physical separation of molecules in 
a mixture by transfer of a sample, through a polar mobile phase, and a non-
polar stable phase. The transfer time of each molecule depends on its affinity 
for the stable and the mobile phase. High performance (HP) - LC uses high 
pressure for reduced separation time. Mass spectrometry (MS) facilitates sep-
aration further, by, after converting samples to gas, ionizing the molecules, 
followed by separation of ions in an electric field. By calculating the fre-
quency of every mass-resolved ion, a mass/charge ratio (m/z) is provided.  

After protein precipitation, diluted samples from patient WB, serum or 
plasma or quality control standards, were injected onto a reverse phase high 
performance liquid chromatography (HPLC) system coupled to a high-reso-
lution mass spectrometer operating in the electrospray ionization (ESI), posi-
tive polarity mode. Chromatographic separation of HCQ was achieved with a 
reverse phase analytical column. The linear range of the assay was 8.3 to 6075 
ng/mL. 

Microarray and Next generation RNA sequencing (NGS) 
In this thesis, three different methods were utilized which detect mRNA to 
measure gene expression. In the microarray, fluorescently labeled mRNA 
hybridized with cDNA probes with known sequences. Expression levels of 
previously identified genes were assessed by fluorescent imaging after nor-
malization of data. In the next generation RNA sequencing (RNASeq), 
mRNA was fragmented into short reads, which were aligned to a reference 
genome. This technique enables a more complete transcript sequencing, with 
the possibility of also detecting novel transcripts. After statistical analysis, dif-
ferentially expressed genes (DEGs) were identified and subjected to further 
functional or pathway analyses. Single-cell RNASeq (scRNAseq) relies on 
NGS but detects individual expression differences within a cell population, in 
contrast to RNASeq, analyzing results on group level.  

In paper II, to provide an overview of the pathways affected by RNA-IC 
activation as well as by IRAK4i and HCQ, an RNASeq was performed, ana-
lyzing isolated pDCs from four healthy blood donors. The mRNA expression 
levels of RNA-IC stimulated pDCs were compared to unstimulated (RNAIC 
DEGs), or to RNA-IC and either HCQ or IRAK4i treated, pDCs.  

In paper III a gene expression microarray was performed to investigate the 
RNA-IC effects in different cell types on pre-defined cytokine genes, and used 
as a basis for selecting further cellular experiments. The relative mRNA ex-
pression in RNA-IC stimulated, compared to unstimulated cells, was meas-
ured in pDCs, NK and B cells or co-cultures of pDC/NK or pDC-B cells. 



 36 

Lastly, a scRNAseq was performed to identify possible subsets within the 
pDC population responsible for the type III IFN production, using purified, 
RNA-IC stimulated pDCs from two healthy blood donors.   

Results and discussion 
Study I 
Functional anti-CD94/NKG2A and anti-CD94/NKG2C autoantibodies 
in patients with systemic lupus erythematosus. 
Previously, Hagberg et al described a case of auto-Abs to anti-
CD94/NKG2A in serum from an SLE patient. The CD94/NKG2 heterodi-
mers are c-type lectin receptors found on NK cells and subsets of CD8+ T 
cells, which bind the non-classical MHC class I molecule HLA-E. The re-
ceptor of CD94/NKG2A inhibits, whereas CD94/NKG2C activates, the NK 
cell cytotoxic response. The previously identified Ab selectively bound 
CD94/ NKG2A, and was found to thereby increase NK cell cytotoxicity to-
ward HLA-E expressing target cells. Ab titers correlated with disease activ-
ity 321, which could indicate a possible pathogenic role in subgroups of SLE 
patients.   

To further investigate the occurrence and specificity of Abs to 
CD94/NKG2A, CD94/NKG2C and the activating NK cell receptor NKG2D, 
sera from 203 SLE patients and 90 healthy controls (HC) were analyzed for 
Ig binding to cell lines transfected with these receptors. Seven SLE patients 
with anti-CD94/NKG2A IgG auto-Abs were identified, two with concomitant 
anti-CD94/NKG2C auto-Abs. No auto-Abs to NKG2D were detected in pa-
tient sera, and no receptor auto-Abs were found in sera from HC.    

The binding specificity of the identified auto-Abs was investigated for their 
ability to interfere with the binding of fluorescence labeled NKG2A or 
NKG2C mAbs, or HLA-E pentamers. Serum from one patient blocked 
NKG2A mAb binding, and sera from two patients blocked both NKG2A and 
NKG2C mAb binding. Furthermore, two patient sera blocked the binding of 
mAb to CD94.  Six patient sera blocked, whereas one strongly increased, the 
binding of immunofluorescence labeled HLA-E to CD94/NKG2A receptors 
on healthy PBMCs. The two patient sera containing Abs to both 
CD94/NKG2A and CD94/NKG2C, in one case completely blocked, in the 
other increased, HLA-E binding to these receptors.  

In functional studies, auto-Abs to CD94/NKG2A and CD94/NKG2C were 
shown to impair the HLA-E mediated regulation of NK cell function. When 
exposed to HLA-E expressing target cells, anti-CD94/NKG2A IgG increased 
degranulation of NKG2A+ NK cells, whereas anti-CD94/NKG2C IgG inhib-
ited CD94/NKG2C+ NK cell degranulation. Thus, it is possible that these auto-
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Abs may lead to inappropriate killing of cells, as well as to an increased sur-
vival of cells which normally should be killed, such as infected cells, but also 
autoreactive clones.  

The frequency of NK cells in PBMCs was very low in two of the patients, 
and having functional anti-CD94/NKG2A auto-Abs corresponded with low 
frequencies of peripheral blood CD94/NKG2A+ cells. However, IL-2 acti-
vated PBMCs specifically killed NKG2A or NKG2C transfected cells, which 
were pre-incubated with patient auto-Abs to NKG2A or NKG2C. This could 
support that the low frequencies of NKG2A+ or CD94/NKG2C+ NK cells were 
due to Ab-dependent cellular cytotoxicity (ADCC). 

In longitudinally sampled sera high auto-Ab levels were most frequently 
found at the time of the first serum sample, declining over time. In a majority 
of patients, auto-Ab levels correlated positively with SLE disease activity 
(SLEDAI-2K). Patients with anti-NKG2A auto-Abs were younger, with more 
acquired organ damage. 

In conclusion, 3.4% of the SLE patients had functional auto-Abs to 
CD94/NKG2A or CD94/NKG2C, with the ability to affect the NK cell func-
tion, as well as selectively deplete NK cell subsets. A thereby increased expo-
sure of nucleic cell material from inappropriately killed cells, serving as auto-
Ags, could enhance the production of IFN, a driver of SLE pathogenesis. Re-
duced NK cell numbers and cytotoxicity may on the other hand lead to reduced 
killing of e.g. autoreactive T cells, in turn worsening the autoimmune response 
by promoting autoreactive B cells, as shown in an experimental arthritis 
mouse model322.  

Study II    
Cytokine production by activated plasmacytoid dendritic cells and 
natural killer cells is suppressed by an IRAK4 inhibitor.  
Many patients with SLE flare despite ongoing therapy 323 324 and there is a 
need for improved treatment options. Besides a central role of IFN-producing 
pDCs, inflammation is sustained by collaboration between different cell types 
and by other pro-inflammatory cytokines and pathways 325 326. In this study, 
we compared the effects of the SLE standard treatment HCQ, which blocks 
endosomal TLR activation 283 290, with an IRAK4i (IRAK4i) acting down-
stream in the TLR-MyD88 signaling cascade 327. Based on previous results on 
cell cooperation and potentiation of IFN production, we used pDCs and NK 
cells from healthy blood donor buffy coats, or monocyte depleted PBMCs 
from SLE patients 246 247 317. Cells were stimulated with RNA containing IC 
(RNA-IC), in an attempt to mimic the in vivo situation in SLE, where IC for-
mation takes place.  

 By flow cytometric intracellular staining, we showed that, in pDC and NK 
cell co-cultures, only pDC responded with IFN-α production in response to 
RNA-IC, whereas subsets of both cell types produced TNF-α.  Nearly all IFN-
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α producing pDCs expressed TNF-α, whereas a fraction only produced TNF-
α. The TNF-α response in NK cells was more rapid than in pDCs. HCQ com-
pletely blocked TNF-α and IFN-α production in pDCs but had no effect on 
NK cell TNF-α production.  

Additional pro-inflammatory cytokines were assessed in supernatants of 
RNA-IC stimulated pDCs, pDC/NK and NK cells.  Their production by pDCs 
was blocked by both HCQ and IRAK4i, but IRAK4i blocked a larger number 
of cytokines than HCQ in the pDC/NK co-cultures. Moreover, only IRAK4i 
blocked all NK cell production, with the exception of IL-8. The difference in 
effects between HCQ and the IRAK4i in NK cells suggests separate pathways 
for RNA-IC cytokine induction for pDCs and NK cells. Supporting this, ad-
ditional experiments point to that the RNA-IC induction in NK cells is TLR7 
independent, and probably involves the activation of FcγRIII (CD16).  

In monocyte depleted PBMCs from SLE patients, HCQ interfered only 
with IFN-α, IL-6 and MIP1-β, whereas IRAK4i, in addition, inhibited TNF-
α, IFN-γ, MIP1-α.  

To investigate the effects of the HCQ and the IRAK4i on the RNA-IC ac-
tivated pathways in pDCs, an RNA-Seq was performed. An RNA-IC activa-
tion signature of 975 differentially expressed genes (DEGs) was identified 
(RNA-IC-DEGs), of which 670 were up-regulated. Among the top up-regu-
lated RNA-IC-DEGs were genes mapping to the type I IFN signaling pathway, 
clearance of apoptotic material and chemokine genes, demonstrating that 
RNA-IC triggers other cellular processes, besides a strong inflammatory re-
sponse.  Several regulators of inflammation and activation, such as IRF1, 
IRF3, STAT1, STAT3 and NFκB, were predicted to drive the RNA-IC-DEGs. 
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Figure 7. Venn diagram with differentially expressed genes (DEGs) in pDCs stimu-
lated with RNA-IC (compared to medium stimulated), RNA-IC+ HCQ and RNA-
IC+ IRAK4 (both compared to RNA-IC treatment).  

The expression of several top upregulated RNA-IC-DEGs was reversed by 
both IRAK4i and HCQ. The expression of a larger number of RNA-IC-DEGs 
was altered by IRAK4i (n=492) than by HCQ (n=65), including the expression 
of cytokine genes. Several STAT-related signaling pathways were more sup-
pressed by IRAK4i than by HCQ. The expression of 125 genes differed sig-
nificantly between HCQ and IRAK4i treatment. This included genes contrib-
uting to the regulation of autophagy, autophagosomal maturation, endocytosis 
and apoptosis. The net effect of these differences is not clear. Suppression of 
autophagy in B and T cells has been beneficial in lupus prone mouse models. 
However, there are conflicting results, and cell-specific differences are re-
ported 328 329.  

In conclusion, RNA-IC induced a strong pro-inflammatory cytokine 
response in pDCs, including TNF-α. This may be clinically relevant, and is in 
line with previously shown associations between TNF-α and SLE manifesta-
tions characterized by IC deposition in tissues, such as LN 330 331.  The cytokine 
production in pDCs is blocked by both an IRAK4i and HCQ, whereas NK cell 
cytokine production is blocked exclusively by the IRAK4i. The broader effect 
of the IRAK4i partly reflects the engagement of different signaling pathways, 
depending on cell type. The mechanisms regulating the NK cell response 
could be further studied by transcriptome sequencing of RNA-IC stimulated 
NK cells. The development of future SLE drugs may require targeting other 
pathways than endosomal TLR activation, which is effectively blocked by 
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HCQ. As IRAK4 inhibition affects even pDC gene expression and cellular 
pathways more extensively than HCQ, it should warrant further investigation.  

Study III 
The regulation and pharmacological modulation of immune complex 
induced production of type III IFN by plasmacytoid dendritic cells   
Type III IFN (IFN-λ) is the most recently discovered IFN, and several obser-
vations suggest a role in SLE. Previous studies have demonstrated that CpG-
DNA and many viruses trigger the type III IFN production by pDCs 206 332. We 
asked if, and under which conditions, RNA-IC could induce type III IFN in 
healthy and SLE immune cells.   

We initially investigated the mRNA expression of type III IFN in response 
to RNA-IC in healthy donor immune cells.  There was a distinct upregulation 
of type III IFN in the co-cultures of pDC/NK cells and pDC/B cells in contrast 
to pure pDC, NK or B cell cultures. This was confirmed on protein level, 
showing higher type III IFN levels in the supernatants of pDC/NK cell co-
cultures than pDCs, and none in NK cells.  
Type I IFN can enhance its own and other cytokine production by stimulated 
pDCs 234, amplifying a pro-inflammatory response. In RNA-IC stimulated 
healthy pDC cultures, we demonstrated that IFN-λ1/3 production was en-
hanced by IFN-λ2 and IFN-α2b, as well as IL-3, granulocyte-macrophage col-
ony stimulating factor (GM-CSF) and IL-6.  

To determine whether the RNA-IC induced production of type III and type 
I IFN occurs in distinct pDC populations, a single-cell RNA Seq, using healthy 
RNA-IC stimulated pDCs, was performed. By unsupervised clustering of the 
2000 most variable genes, two pDC clusters were identified, of which the mi-
nor subset, cluster 1 (3.2%), was distinguished by a prominent IFN gene acti-
vation. Type III IFN was exclusively expressed in this cluster, where the ma-
jority also expressed type I IFN. In cluster 0, a minority of pDCs expressed 
type I IFN at low levels. Thus a small pDC population accounts for the upreg-
ulated IFN gene expression response to RNA-IC. Besides IFN gene signaling, 
no other major phenotypical differences were detected between the two clus-
ters.  

The effect of HCQ and an IRAK4i (IRAK4I) was investigated in healthy 
RNA-IC stimulated pDCs and NK cells. Both HCQ and the IRAK4i effec-
tively blocked the IFN-λ1/3 production.  

Finally, cells from SLE patients were investigated for their ability to re-
spond to RNA-IC stimulation. IFN-λ1/3 levels were measured in pDC/NK cell 
co-cultures or monocyte depleted PBMCs. Type III IFN production was ob-
served in a minority (11% and 15% respectively) of SLE patients. In healthy 
controls, higher IFN-λ1/3 levels and larger proportions of individuals produc-
ing IFNλ-1/3 in response to RNA-IC was observed. In pDC/NK cells, IFN-
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α2b and GM-CSF priming increased the proportion of IFN-λ1/3 producing 
individuals. IFN-α was detected in a larger proportion of both patients and 
controls.  

In summary, our findings provide a mechanism for the induction of type III 
IFN in the serum and tissues of SLE patients.  The fact that type III IFN is 
induced only within the small subset of I IFN producing pDCs supports simi-
lar pathways of induction for type I and III IFN, which can be inhibited by 
targeting the TLR-MyD88 pathway. The weaker type III than type I IFN re-
sponse to RNA-IC in SLE patient cells, may be due fewer pDCs responding 
with type III IFN than type I IFN, as suggested by our results from the 
ssRNAseq. Concordant immunosuppressant treatment, or exhaustion follow-
ing in vivo activation may also affect the type III IFN response. However, we 
could not find a correlation between the individual IFN response and HCQ 
treatment. The enhancement of RNA-IC induced type III IFN by SLE-relevant 
pro-inflammatory cytokines, as well as the enhancement of type I IFN by type 
III IFN, could promote a sustained IC-driven immune activation in SLE. IFN-
λ has been detected in serum and tissues of SLE patients. Thus, type III IFN 
may warrant consideration when IFN targeting drugs for SLE are developed, 
and our results support the usefulness of HCQ in this respect, as well as 
IRAK4 inhibition.  

Study IV 
Measurement of hydroxychloroquine in blood from SLE patients using 
LC-HRMS – Evaluation of whole blood, plasma and serum as sample 
matrices 
HCQ concentration measurement allows for distinguishing non-adherence to 
therapy from refractory disease, and optimization of dosage. Consequently, 
measurement of HCQ in clinical practice is routinely employed in some Eu-
ropean and American rheumatology centers 295 333. Determination of HCQ and 
its metabolites can be performed in whole blood (WB), serum and plasma. 
Traditionally, HCQ levels have been determined in WB 334, where levels have 
been reported to be 5-7 fold higher than in plasma 335. For storage and sample 
handling, serum is generally preferred when possible, and recently, studies 
measuring HCQ in serum have been published 336 337 Direct comparisons of 
WB, serum and plasma levels of HCQ in patients with SLE have not been 
reported.  

The purpose of this study was to develop and validate a method using liquid 
chromatography - high-resolution mass spectrometry (LC-HRMS) for HCQ 
determination in clinical and research settings, and to evaluate and compare 
its performance in WB, serum and plasma. Blood samples from 26 SLE pa-
tients with a stable HCQ prescription were collected and frozen (-80°C) for 
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≥24h. Patient samples were analyzed, alongside quality control (QC) blood 
samples. 

The relation between HCQ levels in the different matrices was, for WB: 
serum: plasma 1: 0.54: 0.44. The correlation between patients´ HCQ levels in 
WB and serum was acceptable (R2 =0.82) but due to the variability in plasma 
measurements, correlations involving plasma were weak (R2 =0.46, and 
R2=0.52, with WB and serum, respectively). The accuracy, precision and re-
producibility of QC samples was high in all three matrices (variation coeffi-
cient (CV) and bias <5%). In contrast, reproducibility (repeated analyzes of 
the same samples) in patient samples was clearly superior in the WB matrix 
(CV<5%) compared to serum (CV 15%), and plasma (CV 32%). Modification 
of the protocol 336 338 did not improve reproducibility.  

A statistical association (p<0.05) was found between weekly HCQ dose 
and levels in WB, but not in serum or plasma. High inter-individual concen-
tration differences were observed in all matrices between patients with the 
same dosing regimen (up to 16-fold in WB), and between different sampling 
occasions of the same patients (up to 2-fold in WB). This underlines the diffi-
culty of predicting individual HCQ concentrations based on the prescribed 
dose.   

In conclusion, for HCQ determination in patient samples, WB was more 
robust than serum or plasma. In this study, the concentration ratio of 2:1 be-
tween WB and serum or plasma, is smaller than previously reported 335. HCQ 
accumulates intracellularly, and one reason for the observed superiority of 
WB to serum and plasma could be the technical challenges in completely sep-
arating blood cells and platelets from plasma 289 335. As plasma protein binding 
accounts for up to 50% of HCQ binding 290 a slightly different blood cell count 
and plasma composition in SLE patient samples, may influence the results in 
the matrices differently compared to QC samples 339.  

General discussion 
This thesis has focused mainly on NK cells, pDCs, cytokine production and 
their regulation in the context of SLE. In the first paper, auto-Abs to NK cell 
receptors CD94/NKG2A and CD94/NKG2C were found in a small subset of 
SLE patients. Functional studies demonstrated their capacity to alter the cyto-
toxicity of NK cells in vitro. Although their effect in vivo has not been demon-
strated, both increased and decreased NK cell cytotoxicity represents patho-
genic mechanisms of action for NK cell receptor auto-Abs in SLE. The corre-
lation of auto-Ab titers with disease activity, and a severe disease phenotype 
with LN in anti-CD94/NKG2A auto-Ab positive patients, suggests a possible 
future use as activity or prognostic markers in a subset of SLE patients.   

Segerberg et al. recently identified auto-Abs to killer cell Ig-like receptors 
(KIR), another family of NK cell receptors regulating NK cell cytotoxicity, in 
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23% of SLE patient sera.  Presence of multiple (>3) anti-KIR auto-Abauto-
Abs was associated with high disease activity, increased s-IFN-α levels, and 
LN. By masking the KIR molecules, which participate in the continuous NK 
cell education, the anti-KIR auto-Abs induced a reversible hypo-responsive-
ness, and decreased cytotoxicity, in NK cells 340. This further supports the im-
portance of NK cells in SLE pathogenesis and demonstrates additional mech-
anisms of action of auto-Abs to NK cell receptors.  

In the second study, the role of NK cells, both in potentiating cytokine pro-
duction by pDCs, but also as cytokine producers in response to RNA-IC, was 
shown. The IRAK4i had a superior inhibitory effect in NK cells compared to 
HCQ. This suggests that one possible reason for flaring on HCQ treatment, 
despite its efficacy in pDCs, is insufficient inhibition of other immune cells, 
interacting with pDCs. IRAK4 inhibition has been shown to ameliorate mu-
rine lupus 302 and is being explored for rheumatoid arthritis (RA), as well as 
cancer treatment. Although the IRAK4 signaling mechanism may differ be-
tween cell types 341, our results motivate further investigation of targeting the 
MyD88 pathway in SLE patients with an insufficient response to HCQ. As 
several signaling receptors, including the IL-1R family, converge in the 
MyD88 pathway, the potent inhibition of pathogenic responses by IRAK4i 
may convey increased risk of serious infections, which is seen especially in 
IRAK4 deficient children 300 342.  

Type III IFN has emerged as a possible contributor to SLE pathogenesis by 
the detection in serum and inflamed tissues, and by contributing to the IFN 
signature in SLE. In study III, we showed that RNA-IC can trigger the pro-
duction of type III IFN in a small subset of pDCs, and that NK cells and sev-
eral cytokines have a potentiating effect. This was also seen in immune cells 
from a subset of SLE patients. Whether the small fraction of responding SLE 
patients reflects a likewise small role for type III IFN in vivo is uncertain. 
Possibly, the importance of type III IFN varies depending on SLE phenotype, 
as suggested by a few studies. In one study, detectable IFN-λ correlated with 
mucocutaneous lesions and SSA/Ro auto-Abs 226, and in another, with a 
milder disease phenotype 228. 

Type III IFN plays a pivotal role in the mucosal viral defense, with minimal 
local inflammation is low as long as the infection is kept within the mucosal 
barrier. If the infection reaches past mucosal layers, pDCs, by type I IFN pro-
duction, can activate a systemic immune response 210. Type III IFN may in 
certain situations ameliorate the type I IFN driven inflammation. Considering 
this, it remains an open question whether extensive inhibition of type III IFN 
would be necessary or desirable in SLE. However, continued undisturbed 
IFN-λ signaling has been proposed as one reason for the limited success of 
clinical SLE trials targeting IFN-α and IFNAR, 309. Specifically inhibiting the 
production by pDCs may be more attractive, and in this study, this was ac-
complished by HCQ. Anti-BDCA2 mAbs should also be interesting in this 
respect 185 343. 
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The current approach in SLE treatment is to reduce the risk of flares and 
organ damage with minimal immunosuppression. The benefits of HCQ are 
many, and its optimized use should therefore be a priority. Therefore the LC-
HRMS method for HCQ quantification validated in study IV is a valuable tool. 
Regular HCQ measurements may facilitate the dialogue with non-adherent 
patients, prevent the uncalled-for addition of more toxic immunosuppressant 
drugs, and allow for dose reduction in the patients with very high HCQ con-
centrations, at increased risk of retinal damage. Future trials will indicate if 
HCQ blood levels in Swedish SLE patients are adequate. If there are genetic 
variants affecting HCQ treatment response, which could be identified, it 
would enable further improvement of HCQ use.    

When remission cannot be maintained with HCQ treatment, the treatment 
options for SLE are shared with other rheumatic diseases. They comprise syn-
thetic disease modifying drugs, corticosteroids, cytotoxic drugs and biologics, 
of which only anti-BAFF therapy is specifically developed for the treatment 
of SLE 344. Finding new treatments for SLE has proven difficult due to its 
heterogeneity in clinical manifestations, serological features and cellular dis-
ease mechanisms. Targeting type I IFN-signaling with anti-IFNAR mAb 
Anifrolumab, and depleting pDCs with anti-BDCA2 mAb, has recently shown 
promising clinical results 185 304. By affecting several pro-inflammatory path-
ways, in several cell types, the JAK inhibitors, well as possibly IRAK4i may 
be a supplement.  

Meanwhile, in many patients, the immunomodulatory effects of HCQ (of 
which some have been demonstrated here) in an adequate dose, will mostly 
suffice to maintain a low disease activity, and avoid organ damage. 

Concluding remarks 
SLE is a heterogeneous disease where auto-Ab production, IC formation and 
the IFN signature are central features of immunological dysregulation. I have 
addressed some different cellular aspects in connection to this. The findings 
add to the knowledge of how cytokine production by pDCs in SLE is regu-
lated, and support a role for NK cells in the pathogenesis of SLE. In order to 
improve and personalize future SLE therapy, it will be necessary to continue 
linking clinical features and phenotypes (from well characterized patient co-
horts) with genetic variants, and functional cellular and molecular mecha-
nisms. This may enable a more targeted and diversified therapy based on in-
dividual dominant cellular pathways, and patient risk estimations.  
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Sammanfattning på svenska 

Systemisk lupus erythematosus (SLE) är en autoimmun systemsjukdom som 
främst drabbar yngre kvinnor. Årligen insjuknar ca 450 personer i Sverige. 
Sjukdomsbilden spänner över allt ifrån ”mild” sjukdom med hudutslag och 
ledinflammation, till svår, med organhotande engagemang av exempelvis nju-
rar eller nervsystem. Förutom att inflammationen kan leda till organskada, kan 
skador också uppstå till följd av långvarig läkemedelsbehandling och särskilt 
kortison. En viktig grundbehandling vid SLE är antimalarialäkemedlet hyd-
roxiklorokin (HCQ), eller Plaquenil®. 

Vid SLE har kroppen en nedsatt förmåga att göra sig av med döda celler 
vilket leder till onormal exponering av kroppseget cellkärnmaterial. RNA eller 
DNA kan därmed uppfattas som kroppsfrämmande och bli s.k. autoantigen, 
mot vilka antinukleära antikroppar (ANA) bildas, en form av autoantikroppar 
riktade mot strukturer i cellkärnan. När dessa binder varandra uppstår immun-
komplex (IC), som deponeras i vävnader och orsakar inflammation och organ-
skada. IC kan därefter binda till intracellulära, Toll-lika, receptorer (TLR) och 
stimulera snabb frisättning av interferon (IFN)-α, som är ett centralt cytokin 
(signalämne) i den inflammatoriska processen vid SLE. IFN-α frisätts annars 
tidigt under virus- eller bakterieangrepp, av de plasmacytoida dendritiska cel-
lerna (pDC) och bidrar till att öka immunsvarets aktivering. Flera immunceller 
hjälper till att reglera IFN-α produktionen, exempelvis monocyter, B-, T celler 
och de ”naturliga mördarcellerna” (NK-celler). NK-celler ingår i kroppens ti-
diga immunsvar och har som en huvuduppgift att avdöda infekterade eller 
cancerangripna celler, vilket sker via en mångfaldig receptorinteraktion, i 
syfte att även skona egna friska celler. NK-celler är även kraftfulla förstärkare 
av pDCs IFN-α-frisättning.  

Det övergripande syftet med denna avhandling var att studera hur det proin-
flammatoriska svaret hos stimulerade pDC kan regleras. För detta har ett mo-
dellsystem använts, där immunceller från friska blodgivare eller SLE patienter 
isolerats och stimulerats med immunkomplex bestående av SLE-autoantikrop-
par och ett RNA-innehållande autoantigen (RNA-IC). Vi har även utvärderat 
och validerat en metod för koncentrationsbestämning av HCQ.    

I studie I undersöktes förekomsten hos SLE-patienter av autoantikroppar 
mot NK-cellsreceptorerna CD94/NKG2A, CD94/NKG2C och NKG2D, efter 
att Hagberg etal beskrivit funktionella CD94/NKG2A-antikroppar hos en pa-
tient med svår SLE. Bland sera från 203 patienter och 90 friska befanns 7 
patienter ha autoantikroppar riktade mot CD94/NKG2A receptorn, varav två 
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även hade autoantikroppar mot CD94/NKG2C. Autoantikropparna påverkade 
receptorernas bindning till HLA-E på målcellerna och därigenom deras regle-
ring av NK-cellers dödande. Autoantikropparna medförde också ett ökat av-
dödande av celler som på sin yta uttryckte CD94/NKG2A och CD94/NKG2C. 
Vilken av dessa effekter som är mest betydelsefull hos SLE-patienterna är 
osäkert, men nivåerna av autoantikroppar i blod samvarierade med sjukdoms-
aktivitet och deras förekomst var förknippad med en svårare sjukdomsbild.   

I studie II jämfördes en IL-1 receptor-associerat kinas 4 inhibitor (IRAK4i) 
med HCQ avseende effekten på RNA-IC-stimulerad cytokinproduktion. En 
rad proinflammatoriska cytokiner producerades efter stimulering av friska 
pDC och NK-celler, och högst nivåer sågs genomgående i samodlade (co-kul-
tiverade) pDC/NK-cellkulturer. RNA-sekvensering av friska pDC visade att 
RNA-IC-stimuleringen förändrade uttrycket av 975 gener, varav många kopp-
lade till cellsignalering, cellreglering och programmerad celldöd. HCQ häm-
made enbart pDCs cytokinproduktion till skillnad från IRAK4i som även häm-
made cytokinproduktion i NK-cellerna. Sannolikt kan detta förklaras av att 
stimuleringen av NK-celler sker via en annan, TLR-oberoende signalväg. 
IRAK4i hämmade cytokinproduktionen i stimulerade immunceller från SLE-
patienter effektivare än HCQ samt reverserade ett större antal av de RNA-IC-
inducerade generna än HCQ.  

I studie III undersöktes om RNA-IC kan stimulera frisättning av typ III 
IFN (IFN-λ) från pDC, och dess reglering. Efter stimulering med RNA-IC 
uppreglerades uttrycket av typ III IFN mRNA kraftigt, liksom cytokinpro-
duktionen i pDC som stimulerats och odlats ihop med NK- eller B celler, med 
störst ökning i PDC/NK-kulturerna. IFN-α, IFN-λ2 liksom de pro-inflamma-
toriska cytokinerna IL-3, IL-6 och GM-CSF ökade RNA-IC-stimulerade 
pDCs IFN-λ1/3 produktion. Både HCQ och en inhibitor av ett enzym kallat 
IRAK4 minskade IFN-λ1/3-produktionen i stimulerade pDC och pDC/NK-
kulturer. När immunceller från SLE-patienter stimulerades med RNA-IC, pro-
ducerade en liten minoritet av individerna typ III IFN. Med tillsats av IFN-α 
och GM-CSF ökade andelen något. Således kan IC-stimulerad typ III IFN-
produktion av pDC ökas genom interaktion med NK- och B celler och flera 
proinflammatoriska cytokiner samt hämmas av en IRAK4inhibitor och HCQ.  

I studie IV användes en masspektrometrisk metod (LC-HRMS) för mät-
ning av HCQ-koncentrationer. Matriserna för mätning i helblod, serum och 
plasma jämfördes i blodprover från 26 Plaquenilbehandlade patienter med 
SLE, samt blod från friska blodgivare, som tillsatts en given mängd HCQ. 
Alla matriser uppvisade en god tillförlitlighet och reproducerbarhet vid mät-
ning i blod från friska kontroller, men i patientprover uppvisade mätning i 
helblod överlägset mindre variation än serum och blodplasma. Koncentration-
erna i helblod var ca dubbelt så höga som i serum och plasma. En stor sprid-
ning av koncentrationerna sågs hos patienter med samma behandlingsdos, vil-
ket stärker argumenten för att koncentrationsbestämma HCQ-nivåer hos SLE-
patienter med otillräcklig behandlingseffekt.   
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Sammantaget visar denna avhandling på att NK-celler kan bidra till sjuk-
domsprocessen vid SLE och bidrar till kunskapen om hur pDCs cytokinpro-
duktion, inklusive typ III IFN, regleras vid IC-stimulering. Vidare har HCQ, 
standardbehandlingen vid SLE, trots mycket god effekt på själva pDCs signa-
lering, ingen inverkan på NK-cellers cytokinproduktion, vilket däremot åstad-
koms med hjälp av en IRAK4i. Detta kan vara värdefullt vid framtida läke-
medelsutveckling med tanke på att det vid SLE sker en omfattande interaktion 
mellan olika immunceller. Slutligen fann vi att mätning av HCQ-koncentrat-
ioner med LC-HRMS var mest tillförlitlig och reproducerbar i helblod. Med 
tanke på att koncentrationerna varierar kraftigt trots samma dos kan HCQ-
bestämning vid otillräcklig behandlingseffekt hos SLE-patienter vara värde-
full för att optimera behandlingsdosen innan tillägg eller ökning av mer tox-
iska läkemedel sker.  
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