
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Autoimmune disease – phenotypic alterations of peripheral immune cells and clinical
correlates

Elmér, Evelina

2022

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Elmér, E. (2022). Autoimmune disease – phenotypic alterations of peripheral immune cells and clinical
correlates. [Doctoral Thesis (compilation), Department of Laboratory Medicine]. Lund University, Faculty of
Medicine.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/93dff657-c25e-45fc-8780-41666a849f5c


Autoimmune disease – phenotypic 
alterations of peripheral immune 
cells and clinical correlates
EVELINA ELMÉR  

DEPARTMENT OF LABORATORY MEDICINE | FACULTY OF MEDICINE | LUND UNIVERSITY





Autoimmune disease - phenotypic alterations of peripheral 
immune cells and clinical correlates 





Autoimmune disease - phenotypic 
alterations of peripheral immune cells 

and clinical correlates 

Evelina Elmér 

DOCTORAL DISSERTATION 

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty 
of Medicine at Lund University to be publicly defended on October 28, 2022, at 

09.00 in Lecture Hall 4, Blocket, Skåne University Hospital, Lund 

Faculty opponent 
Associate professor Mats Bemark 

Department of Microbiology and Immunology, University of Gothenburg, Sweden 



Organization 
LUND UNIVERSITY 

Document name  
DOCTORAL DISSERTATION 

Department of Laboratory Medicine, Division 
of Hematology and Transfusion Medicine 

Date of issue  
October 28, 2022 

Author Evelina Elmér Sponsoring organization 

Title  
Autoimmune disease - phenotypic alterations of peripheral immune cells and clinical correlates 
Abstract 

This thesis comprises research projects related to alterations of peripheral immune cells in patients with 
autoimmune disease, and sequence variants associated with immunoglobulin levels in the general population. 

In paper I, the genetic basis of variability in immunoglobulin levels in the general population was explored in a 
genome-wide association study of 19 219 individuals. Thirty-eight new and five known sequence variants 
associating with IgA, IgG or IgM levels or with composite immunoglobulin traits were found. The results provide 
new insight into the regulation of humoral immunity. 

In paper II, we showed that patients with anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) 
exhibit decreased frequencies of B cells and transitional B cells, as well as higher proportions of switched memory 
B cells, plasmablasts and activated B cells in peripheral blood. Further, there were differences in B cell subset 
frequencies between relapsing and nonrelapsing patients. These alterations could contribute to the autoantibody-
driven inflammatory process in AAV.  

In paper III, we investigated the role of granulocytes and monocytes in the faltering antibody response following 
immunization with pneumococcal conjugate vaccine in rheumatoid arthritis patients treated with methotrexate. 
Following methotrexate treatment, the frequency and concentration of monocytes were lower in future 
nonresponders to the vaccine, constituting a potential biomarker of the antibody response in this patient group. 

In paper IV, we demonstrated that AAV patients in active disease display increased concentration of mature 
neutrophils and decreased percentage of monocytes. Patients with a tendency to relapse presented increased 
frequencies of mature (CD16high) and CD177+ neutrophils. These changes may be used for relapse prediction in 
this patient group.  

Key words ANCA-associated vasculitis, immunization, relapse, rheumatoid arthritis, sequence variant 

Classification system and/or index terms 

Supplementary bibliographical information Language English 

ISSN and key title 1652-8220 ISBN 978-91-8021-299-1 

Recipient’s notes Number of pages 76 Price 

Security classification 

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all 
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation. 

Signature  Date 2022-09-22 



Autoimmune disease - phenotypic 
alterations of peripheral immune cells 

and clinical correlates 

Evelina Elmér 



Cover illustration by Kaitlin Walsh 

Copyright pp 1-76 Evelina Elmér 

Paper 1 © Springer Nature 

Paper 2 © Evelina Elmér et al. Published by Hindawi under CC-BY-4.0 

Paper 3 © Evelina Elmér et al. Published by Hindawi under CC-BY-4.0 

Paper 4 © by the authors (manuscript) 

Faculty of Medicine 
Department of Laboratory Medicine 

ISBN 978-91-8021-299-1 
ISSN 1652-8220 

Printed in Sweden by Media-Tryck, Lund University 
Lund 2022 



To my family 





Contents

List of papers ......................................................................................................... 11 
Abbreviations ........................................................................................................ 12 
Introduction ........................................................................................................... 13 

Innate and adaptive immunity ...................................................................... 13 
Innate immune cells ............................................................................. 15 
Cell-mediated immunity ...................................................................... 18 
Humoral immunity ............................................................................... 21 
Immunological tolerance ..................................................................... 25 

Autoimmune disease .................................................................................... 27 
ANCA-associated vasculitis ................................................................ 27 
Rheumatoid arthritis ............................................................................ 29 

Vaccine immunology .................................................................................... 30 
Immune response to pneumococcal conjugate vaccine ....................... 31 
Evaluating immune response to pneumococcal conjugate vaccine ..... 32 

Aims ........................................................................................................................ 35 
Methods .................................................................................................................. 37 

Genome-wide association study ................................................................... 37 
Flow cytometry ............................................................................................. 38 

Results and discussion .......................................................................................... 43 
Sequence variants influencing Ig levels (paper I) ........................................ 43 
B cell frequencies in ANCA-associated vasculitis (paper II) ....................... 47 
Methotrexate suppresses monocytes in RA (paper III) ................................ 51 
Granulocytes and monocytes in ANCA-associated vasculitis (paper IV) .... 54 

Conclusions ............................................................................................................ 57 
Future perspectives ............................................................................................... 59 
Summary in Swedish ............................................................................................ 61 
Acknowledgements ............................................................................................... 65 
References .............................................................................................................. 67 





11 

List of papers 

This thesis is based on the following papers, which are referred to in the text by their 
Roman numerals. 

I. Jonsson S, Sveinbjornsson G, de Lapuente Portilla AL, Swaminathan
B, Plomp R, Dekkers G, Ajore R, Ali M, Bentlage AEH, Elmér E,
Eyjolfsson GI, Gudjonsson SA, Gullberg U, Gylfason A, Halldorsson
BV, Hansson M, Holm H, Johansson Å, Johnsson E, Jonasdottir A,
Ludviksson BR, Oddsson A, Olafsson I, Olafsson S, Sigurdardottir O,
Sigurdsson A, Stefansdottir L, Masson G, Sulem P, Wuhrer M,
Wihlborg AK, Thorleifsson G, Gudbjartsson DF, Thorsteinsdottir U,
Vidarsson G, Jonsdottir I, Nilsson B, Stefansson K. Identification of
sequence variants influencing immunoglobulin levels. Nature Genetics
2017;49(8):1182-91

II. Elmér E, Smargianaki S, Pettersson Å, Skattum L, Ohlsson S,
Hellmark T, Johansson Å CM. Increased frequencies of switched
memory B cells and plasmablasts in peripheral blood from patients with
ANCA-associated vasculitis. Journal of Immunology Research
2020:8209737

III. Elmér E, Nived P, Pettersson Å, Skattum L, Hellmark T, Kapetanovic
MC, Johansson Å CM. Methotrexate treatment suppresses monocytes
in nonresponders to pneumococcal conjugate vaccine in rheumatoid
arthritis patients. Journal of Immunology Research 2022:7561661

IV. Smargianaki S, Elmér E, Lilliebladh S, Ohlsson S, Pettersson Å,
Hellmark T, Johansson Å CM. Disease activity and tendency to relapse
in ANCA-associated vasculitis are reflected in neutrophil and
intermediate monocyte frequencies. Manuscript



12 

Abbreviations 

AAV ANCA-associated vasculitis 
ANCA anti-neutrophil cytoplasmic antibody 
APC antigen presenting cell 
BCR B cell receptor 
CD cluster of differentiation 
CTLA-4 cytotoxic T lymphocyte-associated protein 4 
DC dendritic cell 
DMARD disease-modifying antirheumatic drug 
GC germinal center 
GWAS genome-wide association study 
HLA human leukocyte antigen 
IFN-γ interferon gamma 
Ig immunoglobulin 
IL interleukin 
MHC major histocompatibility complex 
MPO myeloperoxidase 
MTX methotrexate 
NET neutrophil extracellular trap 
NK natural killer 
PCV pneumococcal conjugate vaccine 
PD-1 programmed cell death protein 1 
PR3 proteinase 3 
RA rheumatoid arthritis 
ROS reactive oxygen species 
SHM somatic hypermutation 
Siglec sialic acid binding immunoglobulin-like lectin 
TCR T cell receptor 
Tfh cell follicular T helper cell 
TGF-β transforming growth factor beta 
Th cell T helper cell 
TNF-α tumour necrosis factor alpha 
Treg regulatory T cell 



13 

Introduction 

Innate and adaptive immunity 
In humans, a large number of immunological mechanisms are capable of destroying 
pathogenic organisms such as bacteria, fungi, viruses, and parasites. The immune 
system comprises two interrelated systems, the innate, present at birth, and the 
adaptive, which is acquired and continues to evolve throughout life. Defects in either 
can cause disorders such as autoimmune disease, immunodeficiency and 
hypersensitivity reactions. 

Innate immunity is the first line of defence against pathogens and possesses essential 
protective functions against microbes and tissue injuries. Innate immunity includes 
physical, chemical and biological barriers, the complement system and innate 
immune cells and their effector molecules. It is triggered immediately or within 
hours of antigen exposure. The innate immune response has no immunologic 
memory. There is no refinement of the response during the infection and no 
enhancement upon repeated exposure. Innate immune cells do not have the same 
antigen specificity as the adaptive immunity but do have defined selectivity against 
pathogens. By recognizing germline-encoded microbial structures known as 
pathogen-associated molecular patterns (PAMPs) and endogenous products of cell 
damage known as damage-associated molecular patterns (DAMPs), via pattern 
recognition receptors (PRRs), defence mechanisms are triggered regardless of the 
specific nature of the microbe. 

Invading pathogens, foreign molecules, damaged or dead cells unrelated to 
infection, activate the innate immune system. Importantly, activation of innate 
immunity triggers rapid recruitment of immune cells to the sites of infection, 
vascular permeability changes and release of inflammatory mediators, causing 
inflammation. The primary purpose of the inflammation is to contain the infection 
and promote healing once the pathogens have been cleared. In the affected tissue, 
inflammation is characterized by redness, swelling, heat, pain and loss of function. 
In addition to local cellular responses to infection or injury, cytokine release 
mobilizes different defence mechanisms throughout the body, including 
contributing to the development of fever. 

The effector responses of the innate immune system are numerous and include 
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), 
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release of proteolytic and bacteriostatic peptides, production of cytokines, clearance 
of immune complexes and cellular debris, direct cell killing via death receptors, and 
phagocytosis. 

Broadly, innate immune cells originate from myeloid progenitors and adaptive 
immune cells from lymphoid progenitors (Figure 1). Innate immune cells include 
granulocytes (polymorphonuclear cells), monocytes, macrophages, dendritic cells 
(DC), mast cells, natural killer (NK) cells and innate lymphoid cells (ILCs). 

Figure 1. Stem cell differentiation from bone marrow. Reprinted from BioRender.com (2022). 

The adaptive immune system displays receptor-mediated specificity for a particular 
pathogen, toxin or allergen - distinguishing them from “self” antigens. The 
responding cells must proliferate after encountering a foreign antigen in order to 
elicit an effective response. The response is therefore generally delayed relative to 
innate immunity but can, on the other hand, accelerate during an infection. A key 
feature of the adaptive response is the production of long-lived memory cells that 
can rekindle effector functions rapidly after another encounter with the specific 
antigen, even decades after the initial exposure. 

The key elements of the adaptive immune system are the lymphocytes, T and B 
cells, together with immunoglobulins. T and B cells were named after their initial 
characterization in the thymus and bursa of Fabricius, respectively1. The bursa of 
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Fabricius, where the B cells differentiate, is unique to birds. In humans, T and B 
cells are formed in the bone marrow, and mature in thymus and bone marrow, 
respectively. T cells have a central role in regulating the immune response and are 
responsible for the cell-mediated immunity, whilst B cells are crucial in the effector 
phase of humoral immunity by producing antibodies, but also have other functions. 

Innate immune cells 
Numerous cell types are involved in the innate immune response. Some of these 
cells and their main functions are as follows2, 3. 

Granulocytes 
Granulocytes encompass three cell types; neutrophils, eosinophils and basophils, 
differentiated by the contents of their granules. They are all relatively short-lived 
cells. 

Neutrophils 
Neutrophils play a major role in the resolution of infections caused by bacteria and 
fungi. They make up about half of the circulating white blood cells in humans and 
are typically the first cells to arrive at the site of infection. Neutrophils exert 
antimicrobial actions through three main mechanisms: phagocytosis, degranulation, 
and formation of neutrophil extracellular traps (NETs). In chronic inflammation the 
role of neutrophils is less well understood, and both beneficial and detrimental 
effects have been proposed. In line with this, patients with inflammation exhibit a 
heterogeneous population of neutrophils. The population includes low-density 
neutrophils consisting of e.g. granulocytic/polymorphonuclear-myeloid-derived 
suppressor cells (PMN-MDSCs) with immunosuppressive properties and 
proinflammatory low-density granulocytes (LDGs). Neutrophils migrate to the site 
of chronic inflammation, release serine proteases and NETs, as well as activate other 
immune cells4. The neutrophils are thought to play an important role in the 
pathogenesis of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis 
(AAV) and are found in and around inflamed vessel walls. ANCAs activate 
neutrophils leading to degranulation, production of ROS, complement activation 
and release of NETs5, 6. Mature neutrophils are CD10+CD16high, whereas increased 
CD10-CD16dim cells in peripheral blood are thought to reflect an augmented 
mobilization of neutrophils from the bone marrow. AAV patients have an increased 
frequency of CD10-CD16dim and mature neutrophils in peripheral blood, suggesting 
a combination of increased bone marrow release and prolonged survival7. 

Eosinophils 
Eosinophils play a significant role in the clearance of parasites and in inflammatory 
processes associated with allergy and asthma. At the inflammation site, eosinophils 
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can modify the immune response via secretion of proinflammatory mediators. 
Eosinophils can also act as effector cells and induce tissue damage by releasing the 
cytotoxic content of their granules. The granules contain mainly four proteins that 
are directly related to the eosinophil’s effector functions: major basic protein, 
eosinophil cationic protein, eosinophil peroxidase, and neurotoxin derived from 
eosinophils. In addition, eosinophils can initiate antigen-specific immune responses 
by acting as antigen presenting cells (APCs)8. 

Basophils 
Basophils are the least abundant leukocyte in blood (<1%). These cells are important 
in all allergic diseases and can induce and propagate Th2 immune responses. When 
activated by antigen cross-linking of FcεRI-bound IgE, basophils rapidly release 
histamine and synthesize leukotriene C4, followed by production of Th2 cytokines 
such as IL-4 and IL-13, causing allergic symptoms. Basophils can also be activated 
without IgE crosslinking e.g. by complement factors and chemokines, and are 
considered particularly important for the immune response against parasites. 

Mast cells 
Mast cells are long-lived cells with an important role in the immune response against 
parasites and in allergic reactions. Mast cells reside in tissues in contact with the 
external environment, e.g. at mucosal surfaces of the lungs and gut, in the skin and 
around blood vessels. Similar to circulating basophils, mast cells express FcεRI and 
promotes Th2 lymphocyte differentiation and IgE production. Cross-linking of the 
FcεRI by IgE-antigens induces mast cell activation and rapid release of 
proinflammatory mediators (e.g. histamine, TNF-α, IL-4, IL-13) via degranulation. 

Monocytes 
Monocytes are short-lived circulating mononuclear phagocytes, and precursors of 
tissue macrophages and monocyte-derived dendritic cells. They comprise 10-15% 
of human peripheral blood mononuclear cells (PBMCs) and react to infection with 
tissue migration and cytokine production, and can also act as APCs to T cells. 
Depending on the condition, monocytes can act either proinflammatory via cytokine 
release and antigen presentation, or anti-inflammatory via promotion of regulatory 
T cells and suppression of T cell proliferation9, 10. Monocytes are usually divided 
into three phenotypically and functionally distinct subgroups based on their 
expression of lipopolysaccharide (LPS) receptor, CD14, and FcγRIII, CD1611. 
Classical monocytes express high levels of CD14 but no CD16 and comprise 80-
95% of the monocyte pool. They display high phagocytic capacity, proinflammatory 
properties and antimicrobial effects. Intermediate monocytes show high levels of 
CD14 and low CD16, and comprise 2-8% of circulating monocytes. They 
participate in the proliferation and stimulation of T cells, antigen presentation, 
production of ROS and are also implicated in angiogenesis. Non-classical 



17 

monocytes express low levels of CD14 and high CD16, and comprise 2-11% of 
peripheral monocytes. They contribute to antiviral responses, patrol and maintain 
endothelial homeostasis and can act proinflammatory12, 13. Further, several 
inflammatory diseases such as rheumatoid arthritis and ANCA-associated vasculitis 
are associated with an increased population of intermediate monocytes in blood14, 

15. 

Dendritic cells 
Dendritic cells (DCs) are present in practically all tissues and encompass one-tenth 
of leukocytes in human blood. Human DCs can be identified by high expression of 
major histocompatibility complex (MHC) class II and CD11c, and have been 
classified into various subtypes including classical (cDC1/cDC2), monocyte-
derived, plasmacytoid DCs etc. based on phenotypic and functional attributes, 
which recently have been questioned16. DCs detect cell damage signals, microbial 
antigens and foreign molecules using surface receptors including TLRs, and capture 
antigens. Upon stimulation they become activated (mature), and quickly migrate to 
the draining lymph nodes to present antigens and convey signals, primarily to T 
cells but also to B cells17, and interact with other immune and non-immune cells18. 
Further, DCs play an important role by presenting self-antigens to CD4+ and CD8+ 
T cells, maintaining immune tolerance16. 

Macrophages 
Tissue-resident macrophages (TRM) originate either from embryonic progenitors 
or circulating monocytes, and have a wide distribution throughout the body, e.g. 
lung, liver (Kupffer cells), spleen and brain (microglia). Macrophages are 
heterogenous in their morphology and functional features (e.g. surface receptors, 
pathogen selectivity and cytokine release), largely depending on the tissue 
environment in which they reside. TRMs are classically polarized into 
proinflammatory macrophages (M1) by cytokines such as IFN-γ and TNF-α, alone 
or with lipopolysaccharide (LPS) from bacteria, alternatively activated into anti-
inflammatory macrophages (M2) by IL-4/IL-13. M1-related functions promote the 
Th1 immune response via cytokine release, phagocytosis and destruction of 
pathogens or damaged/tumorous cells19, and as well antigen presentation to 
stimulate adaptive immunity. M2-related macrophage functions promote the Th2 
immune response by antagonizing the inflammatory response. However, the M1/M2 
classification does not cover all states of macrophage activation20. 

Innate lymphoid cells 
Innate lymphoid cells (ILCs) are non-T, non-B lymphocytes that have recently been 
classified into five subsets based on various phenotypic and functional features: 
natural killer (NK) cells, ILC1, ILC2, ILC3, and lymphoid tissue-inducer cells 
(LTi). Their functions largely overlap with that of T cells and could be considered 
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their innate counterparts. Each subset releases a selection of cytokines and 
mediators, depending on their actions, e.g. NK cells can rapidly recognize the 
absence of cell surface MHC and kill cancerous or virally infected cells via release 
of lytic granules containing perforin and granzymes. In addition, NK cells (as well 
as ILC1 cells) produce IFN-γ and contribute to the adaptive immunity by triggering 
T cell–mediated responses. Most ILCs reside in mucosal tissues and display a large 
array of immune functions including regulation of inflammation and innate immune 
responses to different pathogens, such as intracellular microbes and cancer cells 
(NK cells and ILC1), large parasites and allergens (ILC2) and extracellular microbes 
(ILC3). LTi cells are important for embryonic lymph node formation21. 

Non-typical innate immune cells 
Natural killer T (NKT) cells are lymphocytes that express both T cell receptor 
(TCR) and NK surface receptors. They have the ability to respond to cells 
participating in innate as well as adaptive immunity. NKT cells participate in 
surveillance of tumours, maintenance of self-tolerance and have been implicated in 
the regulation of autoimmune diseases22. 

Gamma delta (γδ) T cells are a group of “unconventional” T cells. They only 
account for 1-5% of T cells in peripheral blood, with highest abundance in the gut 
mucosa23. γδ T cells are defined by TCRs composed of γ and δ chains 
(“conventional” T cells express αβ TCRs) and display both innate- and adaptive-
like properties. They may be considered innate immune cells in that their TCRs do 
not require MHC-mediated antigen presentation. Further, they have the ability to 
recognize antigens via germline-encoded regions of the receptor, reminiscent of 
PRR24. 

Cell-mediated immunity 
Cell-mediated immunity is a term that emerged, historically, due to the inability to 
transfer immunity between animals simply by administration of antibody-
containing plasma, suggesting a cellular base for immunity. 

T cells are formed in the bone marrow and mature in the thymus. Naive T cells 
recirculate between blood and peripheral lymphoid tissue until they encounter their 
specific antigen in the form of a peptide-MHC complex on the surface of activated 
professional APCs, such as cells of the innate immune system, but also B cells. To 
recognize antigens, the T cell holds antigen-receptor molecules on its surface, 
termed T cell receptor (TCR), which consists of one α and one β chain (each 
consisting of two extracellular domains, a variable and a constant region), linked by 
a disulfide bond. The TCR αβ heterodimer (responsible for antigen recognition) is 
associated to CD3 (composed of four distinct chains), required for intracellular 
signalling, forming the TRC-CD3 complex (Figure 3). There are also T cells with 
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alternative chains in their TCR designated γ and δ, resulting in different properties. 
The TCR structure is very similar to the immunoglobulin molecule but has only one 
antigen-binding site, and the receptors are never secreted. During development of 
the T cell, the genes for the TCR are rearranged by a process called V(D)J 
recombination, producing an enormous variation in antigen receptors. It is produced 
by double strand DNA breaks and subsequent repair25, 26. DNA cleavage is executed 
by a recombinase complex consisting of the proteins RAG1 and RAG2, while the 
repair is produced by classical non-homologous end joining proteins27. Additional 
genetic variability is conferred by random insertion of nucleotides between the gene 
segments (junctional diversity). V(D)J recombination is unique to lymphocytes. 

When T cells migrate to the thymus, they acquire the expression of both CD4 and 
CD8. Cells recognizing MHC class I lose CD4, and those recognizing MHC class 
II lose CD8. This results in two major subsets of T cells, CD4 T cells and CD8 T 
cells. Naive T cells transform to a variety of effector T cells when they come into 
contact with their specific antigen28. Effector T cells detect processed peptide 
antigens from different types of pathogens. Peptides from intracellular pathogens 
such as viruses and cancer cells, associate with MHC class I (expressed on nucleated 
cells) and are presented to CD8 T cells, which matures into cytotoxic T cells. The 
major function of these cells is destruction of infected cells through targeted release 
of granules containing perforin and granzymes, or by expression of CD154 (Fas 
ligand, FasL) on the T cell surface that engages CD95 (Fas) on the target cell, 
inducing apoptosis. Peptide antigens derived from ingested extracellular bacteria 
and toxins are transferred to the cell surface, associated with MHC class II 
(expressed on B cells, macrophages and DCs) and presented to CD4 T cells. T cell 
proliferation and cytokine release are directed by both TCR binding to the antigen 
peptide-MHC complex, and by interactions between cell-surface receptors on the T 
cells and their ligands on the APC. For example, CD28 on the T cell interacts with 
CD80 or CD86 on the APC, enhancing the activation of the T cell. While others, 
e.g. CTLA-4 and PD-1 on the T cell, and their ligands on APC inhibit T cell 
activation. Following antigen recognition, the responding T cells undergo clonal 
expansion, largely driven by IL-2 secreted by the T cells themselves. 

When stimulated, naive CD4 T cells differentiate towards a Th1, Th2, Th17, 
follicular T helper (Tfh), or regulatory T cell (Treg) phenotype29, 30 (Figure 2). New 
CD4 T cell subsets have been proposed, such as Th3, Tr1, Th9 and Th2231. The 
subsets express specific cytokines and transcription factors; Th1 (IFN-γ and T-bet), 
Th2 (IL-4, IL-5, IL-13 and GATA3), Th17 (IL-17, IL-22 and RORγt), Tfh (IL-21 
and Bcl6) and Treg (IL-10, TGF-β, IL-35 and Foxp3)31. Th1 cells participate in 
immune responses to intracellular pathogens such as viruses, Th2 cells to larger 
extracellular pathogens such as helminths, Th17 cells to extracellular pathogens 
including bacteria and fungi, and are also associated with autoimmunity, Tfh cells 
provide help to B cells, and Treg cells, regulate immune responses by e.g. 
maintaining tolerance to self-antigens. Cytotoxic CD4 T cells (CD4-CTL) constitute 
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a recently identified CD4 subset with cytotoxic function. Similar to CD8 T cells, 
they kill target cells via secretion of cytotoxic granules in an antigen-specific fashion 
upon direct contact32. 

Figure 2. T cell activation and differentiation. Signal 1 (binding of the T cell receptor (TCR) to the peptide-MHCII 
complex on the antigen-presenting cell (APC) surface) and signal 2 (binding of the T cell co-receptor CD28 to 
CD80/CD86 on the APC surface) are required for T cell activation. The binding of polarizing cytokines to their respective 
receptor on the T cell surface represents signal 3. Different combinations of these cytokines influence T cell 
differentiation into distinct effector T cell subtypes that produce signature cytokines. Reprinted from BioRender.com 
(2022). 

When effector T cells have reached the site of infection, they usually stop dividing. 
Since CD8 T cells can express both Fas and FasL molecules, the Fas/FasL 
interaction also leads to elimination of CD8 T cells at the end of an immune 
response. T cells can give rise to memory cells that have improved effectiveness 
upon re-exposure to the same antigen. Memory cells can persist for many years, 
although require cytokines, such as IL-5, to continue dividing every few months. 
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Humoral immunity 
The origin of humoral immunity can be traced to vertebrates more than 500 million 
years ago33. B cells, in addition to the complement system, are at the center of the 
adaptive humoral immune system by generating antibody responses34. As 
mentioned above, in the 1960s, Max Cooper demonstrated in animal experiments 
that antibody production was connected to the bursa of Fabricius (main organ of B 
cell development in birds) from which the term ‘B’ cell was hence derived. The 
main B cell populations detected in human peripheral blood include transitional B 
cells (T1/T2, T2-MZP, T3), naive B cells (resting, activated, anergic), memory B 
cells (unswitched, pre-switched, switched resting, switched activated, atypical 
tissue-based), double negative (DN1, DN2), regulatory B cells (Breg, several 
phenotypes are defined by surface markers and by specific interleukin production) 
and antibody secreting cells (early plasmablast, plasmablast, plasma cell), 
regulatory plasma cells (PCreg) and B1 cells35. Recently, Glass et al., by screening 
the expression of a very large number of surface molecules and functional readouts, 
proposed a new classification of twelve unique subsets of human B cells36. They 
further evaluated tissue B cell subset proportions and calculated dissimilarity of 
tissues. The lymphoid tissue was most similar to peripheral blood, and peripheral 
blood was most similar to bone marrow. Only two subsets were not detected in 
peripheral blood: germinal center (GC) B cells and a CD39+ tonsillar population. 

The B cell receptor (BCR) consists of a membrane-bound immunoglobulin (Ig) and 
two signal-transducing subunits, Igα and Igβ (Figure 3). The membrane bound Ig:s 
(A, D, E, G, and M) contain two identical heavy polypeptide chains and two 
identical light chains. The variations in the constant regions of the heavy chains 
classify Ig molecules into classes (isotypes) and subclasses with different biological 
effects, while the variable regions determine the antigen specificity. Naive B cells 
express IgD and IgM, whereas memory B cells express IgA, IgG, or IgE37. Upon 
antigen binding, signal transduction will be conveyed by the Igα/β heterodimer, 
through their Ig-like extracellular domains and intracellular immunoreceptor 
tyrosine-based activation motifs (ITAMs)38. Owing to the genetic somatic 
recombination, specifically named V(D)J recombination, the BCR (like the T cell 
receptor described above) can display an almost limitless variation of potential 
antigen binding specificities39. In V(D)J recombination, exons that encode the 
antigen binding domains are constructed from three gene segments: V (variable), D 
(diversity), and J (joining). Double-strand breaks are induced at selected segments 
followed by deletion or inversion of DNA, and then end ligation40. The order of 
rearrangements of segments is controlled with D to J being joined before the V 
segment, significantly contributing to the antigen receptor diversity in the BCR39. 
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Figure 3. B cell receptor (BCR) and T cell receptor (TCR) structure. Reprinted from by BioRender.com (2022). 

The initiation of the B cell derived humoral immune response requires that antigen 
comes in contact with the BCR. This occurs primarily in the peripheral lymphoid 
tissues. Here, B cells encounter complement-coated (opsonized) antigens displayed 
on follicular dendritic cells (FDC) which triggers BCR and complement receptor 2 
(CR2/CD21) signals. This stimulation results in upregulation of surface molecules, 
antigen internalization and processing. Depending on the strength of the signal 
(level of engagement of co-receptors and number of BCRs) the B cell response will 
be either T cell independent or dependent. A strong signal, such as induced by 
bacterial lipopolysaccharides will promote T cell independent routes, and protein-
based weaker signals drive T cell dependent proliferation. If the antigen is peptide-
containing it will be displayed with MHC class II to CD4 Tfh cells in the context of 
costimulatory signals (CD40/CD40L and ICOSL/ICOS interactions) and 
cytokines41 (Figure 4). The activation of B cells with T cell help will result in a long-
lasting response, class-switched, high affinity antibodies and immunologic memory, 
in contrast to the T cell independent route.  
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Figure 4. Steps in B cell differentiation. Reprinted from BioRender.com (2022). 

An important hallmark of the humoral response is the gradual increase in antibody 
affinity during an infection. This is made possible by somatic hypermutation (SHM) 
of variable regions of immunoglobulin genes and selection of mutated B cells based 
on their antigen affinity, so called affinity maturation (Figure 5). These processes 
occur in GCs within the secondary lymphoid organs upon exposure to an antigen. 
The GC is divided into two compartments, light zone (LZ) and dark zone (DZ). 
Affinity maturation is executed in cycles of proliferation and SHM in the DZ, 
followed by antigen-driven, affinity-dependent selection in the LZ. The result is 
plasma cells and memory cells with progressive increase in antibody affinity during 
the primary response and upon re-infection (or immunization) of the same antigen42. 
Short-lived plasma cells function and reside in the tissue where they are formed (e.g. 
lymph nodes and spleen), producing large amounts of antibodies over a limited time 
(days) and then undergo apoptosis (days). Most long-lived plasma cells migrate to 
the bone marrow where they continue to produce and secrete low levels of 
antibodies (for decades)43, 44. A large number of human memory B cells has been 
defined35 and can be categorized into GC dependent or independent memory B 
cells45. 
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Figure 5. Somatic hypermutation allows for generation of higher affinity BCRs. Reprinted from BioRender.com 
(2022). 

Cytokine signals and/or other extracellular influences transmitted to B cells during 
proliferation and maturation will determine if the produced immunoglobulin will be 
anchored in the cell membrane or secreted. These signals will also activate 
immunoglobulin class switching (class-switch recombination, CSR), leading to 
immunoglobulins with the same specificity but a different constant region46. By 
properties built into their structure, soluble secreted antibodies can execute several 
important functions. The fragment antigen binding (Fab) region of the antibody 
recognizes a specific antigen, and the fragment crystallizable (Fc) region recruits 
effector immune cells and can activate complement. There are several isotypes of 
secreted antibodies: IgM is the initial antibody produced in the immune response. 
Its pentameric structure allows ten antigen binding sites, but relatively low specific 
affinity, resulting in efficient binding of microorganisms. Due to the risk of 
formation of large immune complexes, its production is downregulated with 
increasing levels of IgG. Antibody-dependent cellular cytotoxicity (ADCC) is a 
lytic mechanism, similar to that of CD8 T cells, mediated by effector cells, e.g. NK 
cells, that carries receptors for the Fc portion of IgG. Interaction between Fc and Fc 
gamma receptors (FcγRs) connects the opsonized target cell and the immune 
effector cell. The specificity of the killing is determined by the specificity of the 
antibody and not the effector cells47, 48. The FcγRs are transmembrane receptors on 
primarily innate, but also some adaptive immune cells. The Fc portion of IgG and 
IgM can also bind the complement protein C1q, triggering complement-dependent 
cytotoxicity (CDC), resulting in formation of a membrane attack complex (MAC) 
and target cell lysis. IgG can be divided into four subclasses, IgG1, IgG2, IgG3, and 
IgG4, with different biological properties. Microbial protein antigens mainly evoke 
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IgG1 and IgG3 responses, whereas microbial polysaccharide antigens 
predominantly trigger an IgG2 response. The complement system is strongly 
activated by IgG1, IgG3 and IgM, weakly by IgG2 and not by IgG4. IgA is the major 
antibody of secretions, with capacity to form dimers, and has two subclasses, IgA1 
and IgA2. The main property of IgE is to bind to mast cells and promote their 
degranulation during allergic reactions and parasitic infections. IgD is primarily 
found as a receptor on the surface of mature B cells, where it may exert a regulatory 
function. 

Immunological tolerance 
The immune system evolved to recognize and efficiently combat foreign pathogens 
and endogenous transformed cells, and at the same time avoid harmful reactions 
towards self-tissues, so called immune tolerance49. Efficient mechanisms for 
tolerance are crucial for the adaptive immune system where the randomized somatic 
recombination of T and B cell receptors generate cell clones with high affinity 
towards self-tissues. A loss of tolerance will lead to autoimmune disorders50. The 
mechanisms generating immunological tolerance can be categorized into central or 
peripheral. 

Central T cell tolerance 
A key feature of the TCR maturation process in the thymus is the ability to bind the 
combination of antigen associated with self-peptides of the MHC molecules, so 
called positive selection51. Subsequently, T cells with too strong binding affinity to 
self-peptides (autoreactive) are removed. This process, termed negative selection, is 
conveyed by medullary thymic epithelial cells (mTECs) and bone marrow-derived 
dendritic cells52. The mTECs express a transcriptional activator called the 
autoimmune regulator (AIRE), leading to exposure of developing T cells to peptides 
derived from self-proteins. This results in efficient elimination of autoreactive CD4 
and CD8 T cells during the maturation process. Mutations in AIRE can cause 
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED)53, 
confirming its role in tolerance induction. 

Peripheral T cell tolerance 
Many self-reactive T cells escape the negative selection process of the central 
tolerance mechanism. Therefore, additional peripheral mechanisms are in place to 
maintain self-tolerance. These are conveyed by different cell types of the adaptive 
and innate immune system including APCs and adaptive signalling of the T cells 
themselves. As previously mentioned, T cell signalling requires costimulatory 
signals via e.g. the CD28 receptor in combination with TCR-stimulation to trigger 
proliferation, differentiation, and survival. Blockade of costimulation upon TCR-
activation leads to apoptotic cell death, inactivation of the antigen specific clone and 
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tolerance54. In addition to costimulatory pathways, there are negative regulators of 
T cell activation, so called check points. The T cell surface receptors CTLA-4 and 
programmed cell death protein 1 (PD-1) can induce tolerance when activated by 
their ligands. Activation or inhibition of these pathways have had a significant 
impact on cancer treatment55, autoimmune disease, and immunosuppression in 
organ transplantation. Autoreactive immune responses can also be targeted by 
specialized T cell types in the periphery such as Treg cells, type 1 regulatory T (Tr1) 
cells and type 3 helper T (Th3) cells56. tTregs, which display high self-reactivity, 
are formed during negative selection in the thymus under the influence of a genetic 
master transcriptional repressor, forkhead box P3 (FoxP3). Mutations in the FoxP3 
gene can cause the autoimmune IPEX syndrome (immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked)57. Peripheral T cells with low self-
reactivity can develop into pTregs (peripheral Treg). Tregs in the periphery counter 
autoreactivity and promote tissue repair58. In addition, APCs (including certain B 
cells) can via inhibition of costimulation and cytokine production, interact with 
Tregs to control tolerance, by affecting differentiation, trafficking and function59. 

Central B cell tolerance 
For B cells, central tolerance refers to regulation of autoreactivity during maturation 
in the bone marrow. Peripheral tolerance takes place at later development stages in 
secondary lymphoid organs. Of the two, central tolerance is the most important to 
decrease the amount of autoreactive B cells60. In the bone marrow, strong, 
multivalent, antigen stimulation (over-stimulation) of the pre-B cell BCR can induce 
apoptosis of self-reactive cells61. Further, the immature B cell can respond to 
receptor over-stimulation by upregulating genetic recombination and altering the 
affinity of the BCR to self-antigens (receptor editing). Receptor editing and clonal 
deletion reduces autoreactivity from 50–75% in the bone marrow to 20-40% in the 
transitional/immature and naive compartments62. 

Peripheral B cell tolerance 
A large amount of autoreactive B cells is present outside the bone marrow, escaping 
central tolerance mechanisms. Further, B cells can become autoreactive through 
GC-induced SHM. Functional inactivation (anergy) is one of the most important 
mechanisms controlling B cell tolerance. In secondary lymphoid organs, B cells can 
become anergic when they are stimulated with antigen without T cell help. Anergic 
B cells do not respond to BCR stimulation and are in a state of cellular arrest. These 
cells quickly die off unless the antigen signal is removed. BCR desensitization 
involves genetic modification of autoreactive BCRs in the form of light chain 
recombination, or downregulation of such receptors. Similar to central tolerance, 
clonal deletion of autoreactive B cells can occur in the T cell zones of the spleen or 
lymph nodes. In addition, CD22 and Siglec-G are receptors of the Siglec family that 
inhibit the BCR signal and can dampen B cell autoreactivity50, 62-64. The term 
regulatory B cell (Breg) has been defined as all B cells that supress immune 
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responses. In addition to limiting ongoing immune activity, Bregs participate in the 
maintenance of tolerance. Bregs comprise about 0.5% of the total population of B 
cells in humans. Initially, IL-10 was proposed as the defining interleukin, but other 
molecules have since been associated with Bregs such as e.g. IL-35 and TGF-β, as 
well as the cell surface proteins CD1d and PD-1L65-67. 

Autoimmune disease 
Autoimmune diseases are derived from genetic and environmental factors, 
characterized by loss of tolerance to self-tissues leading to chronic inflammation 
and local tissue destruction. The innate and adaptive immune systems are both 
proposed to be intimately involved in the pathogenesis where the presence of 
autoreactive T and B cells is an important hallmark68. Anti-neutrophil cytoplasmic 
antibody (ANCA)-associated vasculitis (AAV) and rheumatoid arthritis are 
considered autoimmune diseases. 

ANCA-associated vasculitis 
Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a 
group of rare autoimmune disorders characterized by necrotizing inflammation of 
predominantly small blood vessels and the presence of circulating ANCA69. Clinical 
disease phenotypes include granulomatosis with polyangiitis (GPA), microscopic 
polyangiitis (MPA) and eosinophilic granulomatosis with polyangiitis (EGPA)70. 
ANCAs are typically IgG autoantibodies directed against constituents of azurophilic 
neutrophil granules and monocyte lysosomes, primarily proteinase 3 (PR3) and 
myeloperoxidase (MPO)69. PR3-ANCA is associated with GPA (75%), whereas 
MPO-ANCA is more commonly associated with MPA (60%). ANCAs are present 
in approximately 50% of patients with EGPA, typically MPO-ANCA69, 71. As the 
main clinical phenotypes of AAV overlap considerably it has been proposed that 
the specific targets of ANCA might provide more homogeneous groups of patients 
than clinical diagnosis. This is of importance because ANCA specificity affects the 
disease progression, initial response to therapy, risk of disease relapse and long-term 
prognosis72, 73. 

The estimated prevalence of AAV is somewhat uncertain but ranges between 30–
218 per million around the world74. The incidence of AAV is about 20 per million 
per year in Europe and North America, with a slight male preponderance. Peak 
incidence occurs in the 60 to 70-year age range69. 

Constitutional symptoms are prominent in AAV and the majority of patients have 
renal involvement in terms of rapidly progressing glomerulonephritis. Extrarenal 
manifestations of AAV may be upper and lower respiratory tract involvement, 
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hearing loss, scleritis/uveitis, cutaneous lesions and rash, peripheral neuropathy, 
mesenteric vasculitis and cardiovascular involvement69. Birmingham Vasculitis 
Activity Score version 3 (BVAS3) can be used to estimate disease activity in 
AAV75. 

The pathogenesis is multifactorial and influenced by genetics, environmental factors 
and responses of the innate and adaptive immune system76. Center stage is loss of T 
and B cell tolerance to PR3 or MPO. Autoantigen-specific T cells become activated 
and differentiate into T helper cells, including Tfh cells that interact with B cells, 
Th1 and Th17 cells77. As precursors of antibody-secreting plasma cells, B cells have 
a central role in the pathogenesis of AAV78. In addition, B cells can act as antigen 
presenting cells and hence initiate T cell responses by providing costimulatory 
signals and secrete cytokines and growth factors79. B cells also regulate 
immunological functions by suppressing T cell proliferation and producing 
proinflammatory cytokines, such as IFN-γ, TNF-α, and IL-1780. Further, the 
efficacy of B cell depletion therapy in AAV, e.g. rituximab, a monoclonal antibody 
against CD20, supports the importance of B cells in the pathogenesis. 
 

 

Figure 6. Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis. A proinflammatory environment (1) 
initiates the production of ANCA by plasma cells (2) as well as priming of neutrophils through cytokines (3). ANCA bind 
to myeloperoxidase (MPO) and proteinase 3 (PR3) on the surface of primed neutrophils (4) causing the release of 
reactive oxygen species (ROS) and lytic enzymes and excessive activation (5). Subsequent release of neutrophil 
extracellular traps (NETs) (6) causes the development of ANCA vasculitis with vessel inflammation and hemorrhages 
(7). Adapted from BioRender.com (2022). 
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ANCAs have been proposed to cause vasculitis by activating primed neutrophils 
(and monocytes) resulting in proinflammatory responses, including production and 
release of ROS, lytic enzymes, matrix metalloproteinases, and NETs, which can 
damage small blood vessels72, 81 (Figure 6). 

As the glomerulonephritis seen in AAV displays little immunoglobulin and 
complement deposition in the capillary walls, the complement system was initially 
thought to be unrelated to the pathogenesis82, 83. However, the alternative pathway 
has emerged to be important for the development of the leukocytoclastic 
inflammation seen in acute AAV6. Further, antagonism of the complement peptide 
C5a, a powerful chemoattractant for neutrophils, ameliorated necrotizing 
glomerulonephritis in an animal model of AAV84. 

Treatment of AAV consists of induction of remission followed by maintenance 
treatment to prevent disease relapse. The aim of modern treatment regimens is to 
limit treatment toxicity by decreasing cumulative exposure to cyclophosphamide 
and glucocorticoids, increasing the use of rituximab, and introducing therapies with 
less toxicity e.g. methotrexate and mycophenolate mofetil85, 86. There is a number of 
emerging treatments for AAV directed towards the complement system (e.g. C5a 
receptor inhibitor), the autoantigen MPO, intracellular pathways triggered by 
ANCA, as well as strategies aiming to prevent the formation of NETs87, 88. 
Historically, the prognosis of AAV was poor, with a mean survival of 5 months for 
patients with GPA89. Modern treatment regimens have decreased the mortality rates, 
and the estimated 5-year survival is 74-91% and 45-76% for GPA and MPA, 
respectively90. 

Rheumatoid arthritis 
Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic 
inflammation of the synovium and erosions in peripheral joints91, and may involve 
extra-articular organs92. RA can lead to severe disability and reduced life span93. 
Several types of immune cells including B cells, T cells and macrophages have been 
suggested to contribute to the inflammation in RA. B cells activate T cells and 
secrete autoantibodies, such as rheumatoid factor (RF) and anti-citrullinated protein 
antibodies (ACPA), and proinflammatory cytokines. T cells promote inflammation 
by activating fibroblasts, and macrophages which release cytokines94. 

The clinical presentation is highly variable and some individuals are negative for 
autoantibodies (seronegative RA). Classification criteria for RA were updated by 
American College of Rheumatology and European League Against Rheumatism in 
201095. The categories of the criteria rely on scores for joint symptoms, serology 
(including RF and/or ACPA), symptom duration and acute-phase reactants (C-
reactive protein (CRP) and/or erythrocyte sedimentation rate (ESR)). Disease 
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activity score of 28 examined joints, DAS28, can be used to assess disease activity 
in RA96. 

The etiology is complex and involves a combination of environmental factors and 
genetic susceptibility97. More than 150 candidate loci with polymorphisms associate 
with RA, and several alleles of HLA-DRB1 that code a shared epitope (a five amino 
acid sequence) are associated with high risk for autoantibody-positive RA98, 99. 
Further, smoking is one of the most established risk factors of RA100. 

The prevalence of RA has recently been estimated in a meta-analysis and reached 
56 per 10.000 around the world101, and is higher than previous estimates102. RA is 
more common in females. The published incidence levels of RA vary but was 4.1 
per 10.000 in a US study103. 

Patients with RA, and other autoimmune diseases, exhibit an increased risk of 
infections. The cause is multifactorial and likely a combination of the autoimmune 
nature of the disease and current pharmacological treatment such as glucocorticoids 
and different types of disease-modifying antirheumatic drugs (DMARDs)104, 105. 
Therefore, immunization against vaccine-preventable diseases is important in 
RA105. 

Treatment of RA consists of agents to relieve pain and decrease inflammation, 
including NSAID and corticosteroids, in combination with strategies to promote 
remission by slowing or stopping the progression of joint destruction, including 
DMARDs106. Methotrexate (MTX) is the most commonly used DMARD, and first-
line treatment in RA. MTX was initially developed in the oncology field and is a 
folate antagonist inhibiting DNA and RNA synthesis. However, low dose MTX 
suppresses inflammation in RA by regulating many proinflammatory cell lineages, 
via mechanisms involving adenosine signalling, inhibition of nuclear factor-κB 
(NF-κB), inhibition of dihydrofolate reductase-related transmethylation reactions, 
and generation of ROS107. Other synthetic DMARDs include hydroxychloroquine, 
sulfasalazine and Janus kinase (JAK) inhibitors. Biological DMARDs bring rapid 
symptom relief and include B cell depletion and inhibition of TNF-α, IL-1, IL-6 and 
T cell activation106, 108. 

Vaccine immunology 
Edward Jenner’s contribution to immunization and the eradication of smallpox is 
regarded as the foundation of immunology. However, he was not the first to suggest 
that cowpox infection could result in immunity to smallpox nor the first to attempt 
inoculation of cowpox109. Several centuries earlier attempts were made to induce 
immunity to smallpox using dried crusts from smallpox lesions110. 
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Immunization can be passive or active, and both of these can be either natural or 
artificial. Passive immunization occurs when antibodies are transferred to an 
individual, generating a temporary immunity by neutralizing the pathogenicity of a 
specific microorganism or toxin. An example of natural passive immunization is the 
passage of maternal antibodies through the placenta to the fetus. Artificial passive 
immunization is e.g. administration of human immune (gamma) globulin. Unlike 
passive immunization, active immunization stimulates the host immune system to 
develop long-term immunity. Natural active immunization can be exemplified by 
societal exposure to common influenza virus. Artificial active immunization occurs 
following vaccine administration110. 

Both innate and adaptive immune responses are necessary for effective 
immunization, whether to an actual invading pathogen or to a vaccine. Ideally, a 
vaccine triggers both the humoral and cell-mediated parts of the adaptive immune 
system, producing effector cells to deal with the current antigen, and memory cells 
ready for future exposure to the same antigen. 

Immune response to pneumococcal conjugate vaccine 
Autoimmune inflammatory rheumatic diseases are accompanied by an increased 
risk of infections. Therefore, immunization is important in these diseases105. 

Streptococcus pneumoniae causes both mild infections and severe disease such as 
pneumonia and meningitis, and serotypes with high infectivity have been selected 
for vaccine development. Current vaccines consist of unconjugated purified 
polysaccharides (PPSV), which activate B cells without stimulating memory B cell 
production, and protein-conjugated formulations (PCV), which lead to more robust 
and prolonged immune response due to T cell activation (see below)111. For certain 
patient groups, the two vaccines are given in sequence (PCV first) to augment the 
immune response112. 

Following the injection of the conjugated vaccine (including its aluminium 
phosphate adjuvant), APCs of the innate immune system, such as DC and 
macrophages, will recognize, internalize and process the polysaccharide-protein 
conjugate to be presented with MHC class II, and migrate to the draining lymph 
node. Here, they will activate T cells via antigen presentation to the TCR, promoting 
formation of GCs. In the GC, polysaccharide-specific B cells extract and internalize 
vaccine particles (consisting of polysaccharides and the protein carrier covalently 
bound) from follicular dendritic cells (FDCs) and present them to Tfh cells. 
Activated Tfh cells provides help to the B cell by direct cell–cell interaction and by 
secreting cytokines driving SHM via a process called affinity maturation. This 
process leads to maturation of the B cell population into plasma cells secreting IgG 
antibodies with high affinity to the vaccine antigen, and into switched memory B 
cells113. 
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B cells can also recognize antigens that have not been processed by an APC and 
mount a T cell-independent immune response. The pneumococcal polysaccharide 
moiety in 13-valent pneumococcal conjugate vaccine (PCV13) will directly cross-
link the BCR, activate B cells to produce IgM and promote trafficking of the B cells 
towards the T cell zone of secondary lymphoid organs. 

Evaluating immune response to pneumococcal conjugate vaccine 
Immune responses following pneumococcal vaccination can be evaluated by 
quantification of serotype-specific IgG, functionality of antibodies and T cell 
responses. 

Quantifying antibody levels after PCV administration 
A common method to determine antibody concentration is the enzyme-linked 
immunosorbent assay (ELISA) where the antigen is immobilized on a solid surface 
(microplate) and then the serotype-specific IgG is complexed with an antibody 
linked to a reporter enzyme. It is specific, sensitive and well suited for testing many 
samples for a specific antibody. However, monitoring of the antibody response to 
currently available pneumococcal vaccines require detection of many different 
serotype-specific IgGs in the same sample. Microsphere-based flow cytometric 
assays permit simultaneous detection of many antibodies from a single sample 
which allows high sample throughput and use of very small sample volumes114. 

In paper III, pneumococcal serotype-specific IgG concentrations were measured for 
11 capsular serotypes included in PCV13 (1, 3, 4, 5, 6B, 7F, 9V, 18C, 19A, 19F and 
23F), using an in-house multiplex fluorescent microsphere immunoassay (MFMI, 
Luminex) based on the procedure described by Lal et al.114, with some 
modifications.  

Differences in interlaboratory variability of current methodologies can make it 
challenging to set precise criteria for defining an antibody response. There is some 
controversy about what constitutes a meaningful serotype-specific response 
following immunization. It has been suggested that the overall pattern in the 
antibody response is the most important factor. Therefore, adequate antibody 
response is usually defined by the percentage of serotypes showing a predefined 
fold-change relative to baseline, or by an absolute concentration which has been 
established to be protective against disease115, 116. In paper III, antibody response 
ratio (ARR, i.e. the ratio of post- to prevaccination serotype specific IgG 
concentration) was calculated117, and positive antibody response was defined as 
ARR ³2 in >50% of serotypes (at least 6 of 11 serotypes)118. 
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Opsonophagocytic activity against Streptococcus pneumoniae 
Opsonophagocytosis by antibodies and complement is a key mechanism for clearing 
Streptococcus pneumoniae from the host119. Therefore, in vitro opsonophagocytic 
activity (OPA) of serotype-specific antibodies is believed to correlate to their 
functional activity in vivo. OPA can be measured by several techniques e.g. the 
viable cell-assay, flow-cytometric assays and assays utilizing radiolabelled 
bacteria120. There is generally good correlation between the concentrations of 
specific IgG antibodies measured by ELISA and OPA assays121, 122. However, 
discrepancies have been found for certain serotypes, low antibody concentrations 
and as well for specific patient groups and immunosuppressive treatments. For 
example, in RA patients and elderly with B cell malignancies, OPAs are considered 
the best functional correlate of protection, i.e. the antibody functionality rather than 
antibody quantity is important123-125. 

T cell response following PCV immunization 
As previously detailed, T cells proliferate and differentiate to participate in the 
clearing of an infectious agent. Following the resolution of the infection the majority 
of adaptive cells, including T cells, die and leave behind memory cell subsets with 
different phenotypes and functions126. The memory T cells primed for subsequent 
activation via antigenic and costimulatory receptors, display an increased 
proliferative potential, and are much more rapid in their effector response as 
compared to their naive counterparts127. Importantly, memory T cells are very long-
lived, where some subsets can survive for decades128. It has been shown that changes 
within the CD4 T cell population at older age can compromise specific responses to 
Streptococcus pneumoniae129. Different methods can be employed to assess the T 
cell response following PCV vaccination, e.g. determination of CD4 T cell 
proliferation, CD4 T cell subsets and production and release of cytokines/effector 
molecules129-131. 
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Aims 

The overall aim of this thesis was to study phenotypic alterations of peripheral 
immune cells in autoimmune disease using flow cytometry. The specific aims were 
as follows: 
 
Paper I To search for genetic sequence variants in the general population 

influencing immunoglobulin (Ig) levels using a genome-wide 
association study of nine Ig traits, three individual (IgA, IgG, IgM) and 
six composite Ig traits 

Paper II To study frequencies of B cells and subsets in anti-neutrophil 
cytoplasmic antibody (ANCA)-associated vasculitis (AAV) patients, 
and to explore if activated B cells/subsets and immunoglobulin levels 
correlate with disease activity and/or tendency to relapse 

Paper III To investigate the potential role of the innate immune system in the 
faltering antibody response following pneumococcal vaccination in 
rheumatoid arthritis patients treated with methotrexate 

Paper IV To explore the relation between granulocyte/monocyte subsets and 
disease activity and tendency to relapse in AAV patients 
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Methods  

Concise accounts for two of the main methods used in this thesis are given below. 
For full description of the methods used, see the enclosed papers. 

Genome-wide association study 
Many common conditions and traits, including autoimmune disease, are influenced 
by a combination of genetic predisposition and environmental or lifestyle factors132. 
These complex disorders are polygenic, affected by a very large number of sequence 
variants, where each has a limited effect on the disease or trait133. Early efforts to 
characterize genome-wide variation have demonstrated that the genome is 
constructed in haplotype blocks, containing sets of linked sequence variants134. This 
understanding opened up for genome-wide association studies (GWAS). Genome-
wide data (from e.g. single nucleotide polymorphism arrays or whole genome 
sequencing) is collected to map the common variants in a large cohort, with and 
without a common trait (e.g. a disease). To cover the extent of the human genome, 
GWAS must obtain and test association for several hundred thousand independent 
linkage groups for polymorphisms. The results of associations with a particular trait 
generate a list of GWAS linkage regions in the genome to that particular trait, 
together with effect sizes with their directions, and probability estimates (p-values) 
of how likely a variant is to be associated with that trait. Importantly, the analysis 
does not generally identify variants with direct causal relationship with the trait or 
disease, but identifies an associated genetic region containing the causal variant(s). 
Additional studies are most often required to identify the disease-causal variants, 
the genes they regulate and the affected cell types driving the phenotype135. The 
growing availability of whole-genome sequence data and imputation strategies has 
extended the discovery to low-frequency and rare alleles, previously inaccessible to 
GWAS136. 
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Flow cytometry 
General principles 
Flow cytometry has proven to be a powerful technology that simultaneously 
measures light scattering and fluorescence characteristics of single particles, usually 
cells, as they flow in a fluid stream through a beam of light (laser). The main 
domains of light scatter are forward scatter (FSC) which is proportional to the 
diameter of the particle, and side scatter (SSC, detected at 90° angle from the light 
path), which is related to cell complexity of internal structures (i.e. granularity). 
Fluorescence probes emit light proportional to the amount of probe bound to the cell 
or cellular component137. The combination of light scattering and fluorescence 
allows for detection of multiple parameters of individual cells, and detailed 
phenotyping of many subsets of cells in a heterogeneous population, such as blood. 
Further, by using a technique called fluorescent activated cell sorting (FACS), cells 
can be sorted and collected for further study. 

A variety of fluorescent reagents are utilized in flow cytometry. Samples can be 
stained with fluorescent dyes, transfected to express fluorescent proteins, or labelled 
with antibodies conjugated to small organic molecules, also called fluorochromes 
(or fluorophores). The development of tandem dyes has expanded the number of 
fluorophores that are suitable for flow cytometry, by increasing the number of 
colours that can be detected in an experiment. A tandem fluorophore consists of two 
covalently attached molecules (a donor and an acceptor) that behave as a unique 
fluorophore with the excitation properties of the donor and the emission properties 
of the acceptor. This process is called fluorescence resonance energy transfer 
(FRET)138. The emission spectra of multiple fluorophores used in an experiment 
will partially overlap (spectral overlap), that can be corrected for by a process called 
compensation. Compensation is straight-forward in two or three colour flow 
cytometry but needs advanced software algorithms in multi-channel experiments. 

Fluidics, optics, and electronics are the main components of a flow cytometer. The 
fluidics system delivers and focuses the sample to the laser intercept. This allows 
controlled and uniform illumination of a particle or cell, called hydrodynamic 
focusing. The optical system consists of excitation optics (lasers) that generate the 
visible and fluorescent light signals, and the collection optics (photomultiplier tubes 
and photodiodes) that detect and collect the emitted light signals. The electronic 
system transfers and converts the signals from the detectors into digital signals that 
are processed by the instrument computer139. 

Applications of flow cytometry 
A common use of flow cytometry is immunophenotyping. Here, cells are stained by 
a cocktail of fluorochrome-conjugated antibodies targeting cellular surface antigens. 
A standardized nomenclature, cluster of differentiation (CD), for specific surface 
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antigens and the antibodies that target them has been established by the “Human 
Leukocyte Differentiation Antigens Workshops”140. Routine clinical phenotyping 
of blood samples can easily be achieved with eight to ten antibodies in a single tube. 
Blood and bone marrow are most commonly analysed but almost any cell 
suspension or body fluid can be stained and analysed. 

In addition to surface markers, flow cytometry can be used to detect e.g. cytoplasmic 
and nuclear antigens, organelles, nuclei, DNA, RNA, chromosomes, cytokines, and 
hormones. Complex applications such as e.g. detailed investigation of cell 
proliferation and cell cycle have been developed for apoptosis and cancer 
research141. 

Methods used to analyse and interpret data 
Conventional flow cytometry analysis starts with displaying the data in a dot plot 
followed by drawing a boundary (gate) around the dots (cells) of interest. This 
allows specific groups of cells to be isolated and selected for analysis or sorting for 
further analysis of other markers (Figure 7). 

 

Figure 7. Flow cytometry experiment. Sample preparation (1) from blood often involves separation of mononuclear 
cells, and sometimes cryopreservation, before staining (2) with fluorescent antibody conjugates. Data acquisition (3) 
involves passing the stained cells through a laser beam and recording the fluorescence emission from all of the bound 
antibody conjugates. This is followed by data analysis (4), in which cell populations of interest are defined and reported 
on. Adapted from “Flow Cytometry Experiment”, by BioRender.com (2022). 

Preanalytical and analytical issues 
There are a number of common flow cytometry preanalytical and analytical issues 
that could lead to incorrect interpretation of results. The quality of the samples used 
for flow cytometry is an important issue142. For example, clotted or hemolysed blood 
samples may not generate representative data. In addition, under certain conditions 
red blood cells might be difficult to lyse, which could affect the analysis143.  
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When aiming to detect surface immunoglobulins, samples should be carefully 
washed to remove cytophilic antibodies. Inadequate washing might cause unusual 
or unexpected staining patterns. 

A common strategy to get a rough estimate of viability of the sample and identify 
debris is to plot forward scatter (FSC) versus side scatter (SSC). Other methods 
include a viability dye in the analysis. 

Breakdown of the antibody-conjugated dye is also a concern, especially for tandem 
dyes. The antibody dyes should be protected against direct light and stored 
according to the manufacturer’s instructions to limit breakdown. 

Many samples contain cell doublets which are single events that actually consist of 
two independent particles. The frequency of doublets could increase if the sample 
comes from patients with certain diseases such as B cell malignancies, is derived 
from incompletely disaggregated tissue samples, or could be due to high flow rates. 
Two different ways to separate single events from multiple particles using FSC or 
SSC are plotting of width vs. area or plotting area vs. height. 

To be able to analyse samples with very few cells such as cerebrospinal fluid it is 
important that the instrument is clean and that there is no carryover from previous 
samples144. 

Standardization 
There is a large variety of analysers, reagents, applications and protocols employed 
for flow cytometry to monitor immune cells of humans. Many of these variables 
need to be standardized for correct acquisition, analysis and comparable 
interpretation of the generated data. In 2012, Maecker et al.145 outlined the current 
state of standardization of flow cytometry assays for immunophenotyping of 
peripheral blood mononuclear cells. The suggested B cell phenotyping is used in the 
attached Paper I-II. 

The flow cytometry technology was used in all four papers included in this thesis. 
For details about the monoclonal fluorescent-labelled antibodies used for 
immunophenotyping and gating strategies, see enclosed papers (B cell 
immunophenotyping Paper I-II, monocyte and granulocyte immunophenotyping 
Paper III-IV). The targeted cell surface molecules, their cellular expression and their 
most renowned functions are presented in the Table 1. 
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Table 1. Cell surface markers used for immunophenotyping in Paper I-IV 
 

Surface marker Cellular expression Functions 
CD10 B and T cell precursors, fibroblasts, 

mature neutrophils, bone marrow 
stromal cells 

Endopeptidase, involved in B cell development 

CD11b Granulocytes, monocytes, NK cells, 
subsets of T and B cells, DC 

Cell adhesion, apoptosis, chemotaxis, neutrophil 
activation 

CD14 Monocytes, macrophages, 
Langerhans cells, granulocytes 

Receptor of lipopolysaccharide (LPS), involved in 
clearance of gram-negative pathogens, in 
upregulation of adhesion molecules and cytokines 

CD16 Neutrophils, NK cells, macrophages, 
monocytes 

Low affinity IgG receptor III (FcγRIII), mediates NK 
cell activation, phagocytosis and antibody-
dependent cellular cytotoxicity (ADCC) 

CD19 B cells (not plasma cells), follicular 
DC 

Involved in B cell development, activation and 
differentiation. Forms a complex with CD21 and 
CD81, functions as a BCR co-receptor 

CD24 B cells (not plasma cells), 
granulocytes, epithelial cells, 
monocytes, follicular DC 

Regulation of B cell proliferation and differentiation 

CD27 T cells, medullary thymocytes, B cell 
subset, NK cells 

Costimulation of T cell activation, regulation of B cell 
differentiation and proliferation 

CD38 Variable on most hematopoietic cells 
and some non-hematopoietic cells. 
High on plasma cells, early T and B 
cells, activated T and B cells 

Regulates cell activation, proliferation, adhesion 

CD45 Hematopoietic cells (except 
erythrocytes and thrombocytes) 

Regulates cell growth, differentiation, cell cycle, 
oncogenic transformation. Critical for T and B cell 
receptor-mediated activation 

CD62L Most peripheral B cells, subsets of T 
and NK cells, monocytes, 
granulocytes 

(L-selectin)  
Leukocyte rolling and homing 

CD69 Inducible on activated leukocytes 
incl. T cells, immature thymocytes, B 
cells, NK cells, monocytes, 
neutrophils, eosinophils. Expressed 
by mature thymocytes, platelets 

Involved in lymphocyte, monocyte, platelet 
activation. Functional role in redirected lysis 
mediated by activated NK cells 

CD80 Activated B and T cells, 
macrophages, DC, monocytes 

Costimulation (with CD28) of T cell activation 
through the CD3 complex. Costimulation (with 
CTLA-4) of an inhibitory signal for T cell activation 

CD95 T and B lymphocytes, monocytes, 
neutrophils, fibroblasts 

Upregulated by activation. CD178 (Fas ligand) 
binding to CD95 (Fas) induces apoptosis. Role in 
maintenance of peripheral tolerance 

CD177 Granulocytes, bone marrow 
progenitors (early erythroblasts, 
megakaryocytes) 

(Neutrophil specific antigen 1)  
Involved in allogeneic and autoimmune responses 
to neutrophils 

CD193 High in eosinophils, basophils. 
Detected in Th1 and Th2 cells, 
airway epithelial cells 

(CCR3)  
Involved in allergic diseases (e.g. bronchial asthma 
and allergic rhinitis), entry co-receptor for HIV-1 

HLA-DR B cells, activated T cells, monocytes, 
macrophages, DC, non-professional 
APCs 

In conjunction with the CD3/TCR complex and CD4 
molecules, critical for efficient peptide presentation 
to CD4+ T cells 

IgA IgA+ cells were gated among 
switched memory B cells (Paper I) 

 

IgD Naive B cells (expression lost after Ig 
isotype switch) 

After antigen binding, IgD signals through 
CD79a/CD79b, resulting in activation of B cell 

Siglec-8 Eosinophils, mast cells, basophils 
(lower expression) 

Inhibits release of histamine and prostaglandin D2, 
involved in induction of apoptosis 

Adapted from https://docs.abcam.com/pdf/immunology/Guide-to-human-CD-antigens.pdf, https://www.biolegend.com 
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Results and discussion 

Selected main findings are included and discussed below. For complete account of 
the results, see the enclosed papers. 

Sequence variants influencing Ig levels (paper I) 
Here, the genetic basis of variability in immunoglobulin (Ig) levels in the general 
population was explored in an extensive genome-wide association study of nine Ig 
traits, three individual (IgA, IgG, IgM) and six composite Ig traits (Table 2). 

Table 2. Definition of individual and composite Ig traits used for association analysis 
 

Ig trait Definition Phenotype 
IgA Log-standardized IgA IgA level 
IgG Log-standardized IgG IgG level 
IgM Log-standardized IgM IgM level 
AGM Log-standardized IgA x IgG x IgM  total Ig production 
AG Log-standardized IgA x IgG  total class-switched Ig production 
AG/M Log-standardized IgA x IgG / IgM  ratio of class-switched to non-class-switched 

immunoglobulins 
A/M Log-standardized IgA / IgM  IgA-specific class switching 
G/M Log-standardized IgG / IgM  IgG-specific class switching 
A/G Log-standardized IgA / IgG  ratio of IgA to IgG production (to capture effects acting in 

opposite directions on the two isotypes) 
Adapted from paper I, supplementary table 1. 

A discovery data set of Icelandic subjects and a follow-up data set of Swedish 
subjects were generated. For the Icelandic data set, extensive whole-genome 
sequencing and single nucleotide polymorphism (SNP) microarray data were used, 
as well as available IgA, IgG and IgM values (>14.000-16.000 values/isotype) from 
clinical laboratories. Based on association results, selected genetic sequence 
variants were followed-up in a cohort of Swedish blood donors (~2000 subjects). 

Thirty-eight of the independent sequence variants (in combined analysis of the 
Icelandic and Swedish data) reached significant association with one or more Ig 
traits (paper I, table 1). Additionally, five previously reported associations were 
replicated. Taken together, these 43 lead variants were accounted for by 32 genetic 
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loci. The associations with IgA, IgG and IgM were isotype specific. The composite 
traits showed considerable cross-trait association likely related to their construction 
(Table 2). 

Identification of candidate genes and associations with human diseases 
To identify possible genes underlying the immunoglobulin associations, 33 genes 
that overlapped extended regions defined by the variants were selected as probable 
candidate genes based on different criteria (details in paper I and its online methods). 
To these, 11 genes with immune-related functions contained in the 
immunoglobulin-associated loci were added bringing the number of probable 
candidate genes to 44. Pathway analysis showed that the defined set of candidate 
genes was enriched for genes involved in cellular growth and proliferation, cell-to-
cell signalling as well as infectious and inflammatory diseases. 

Using the GWAS catalogue146 associations with relevant diseases were probed for 
the 43 lead sequence variants. Considerable overlap was found with variants related 
to e.g. lymphoid malignancies, the human leukocyte antigen (HLA) region and 
autoimmune diseases, indicating that genetic alterations affecting Ig levels may be 
involved in immune-related diseases. Some of the genes identified underlie heritable 
immunodeficiencies, sensitivity to mycobacterial infections, RIDDLE syndrome 
and as well hematologic malignancies. 

Gene expression in human hematopoiesis and effects of sequence variants on 
blood cell development 
Using gene expression profiles of different sets of hematopoietic cell types, 
expression profiles of most of the candidate genes were investigated. The candidate 
genes displayed their highest expression in lymphoid cell types with enrichment in 
the B cell lineage, supporting the relevance of identified candidate genes to 
immunoglobulin biology.  

One mechanism by which sequence variants could influence Ig levels is by 
interfering with development of blood cells, particularly B lymphocytes. To probe 
this, frequencies of eight B cell subsets in 2,207 genotyped Swedish blood donors 
were determined with flow cytometry. Two variants showed significant association: 
an A/M variant upstream of the gene for HLA-B associated with increased 
frequency of switch memory B cells, and an IgA variant upstream of activating 
signal cointegrator 1 complex subunit 2 (ASCC2), associated with lower frequency 
of transitional naive B cells. ASCC2 is implicated in DNA repair mechanisms. 
These variants (and seven more) also associated with lymphocyte or total white 
blood cell levels in the Icelandic cohort. If confirmed in larger studies, these results 
indicate that some of the identified variants that associate with Ig traits may also 
influence blood and immune cell frequencies. 
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Associations with individual immunoglobulin traits – IgA, IgG and IgM 
The strongest association with IgA was represented by a rare variant in the RUNX3 
P1 promoter with a large negative effect. Runx is an evolutionary conserved family 
of transcription factors regulating genes involved in embryonic development and 
cell differentiation147. In mammals, three isoforms (runx1, runx2, and runx3) have 
been described. Runx1 is implicated in hematopoiesis and angiogenesis; runx2 in 
bone formation and runx3 in differentiation/homeostasis of several cell types - CD8 
T cells, DCs, Langerhans cells, dorsal root ganglion neurons, and gastrointestinal 
epithelial cells. Runx proteins have been shown to play an essential role in IgA class 
switching acting downstream of retinoic acid and TGF-β1 signalling148. The RUNX 
genes have alternative promoters, proximal (P2) and distal (P1), and the transcripts 
also undergo alternative splicing, resulting in multiple isoforms. 

In paper I experimental data suggest that the variant rs188468174[C>T] in the 
RUNX3 P1 promoter lowers IgA levels by shifting RUNX3 isoform proportions 
toward the long isoform. IgA also associated with more common sequence variants 
(paper I, table 1) related to e.g. metabolism of retinoic acid, autoimmune diseases, 
myocardial infarction, and the synthesis of proinflammatory eicosanoids. 

The strongest IgG associations mapped to the Fcγ receptor locus including a rare in-
frame deletion in FCGR2B (coding for the Fc fragment of IgG receptor IIb) with a 
large positive effect. The FcγRIIb receptor normally suppresses IgG production 
upon IgG binding which suggests loss of function caused by the in-frame deletion. 
Validating experiments demonstrated that in-frame deletion in FCGR2B abolishes 
IgG binding to the encoded receptor (paper I, figure 4a, b). 

Nine independent associations were found with IgM. The strongest association was 
linked to KLF10 (Krüppel-like factor 10) as the likely candidate gene. The Krüppel-
like factor (KLF) family of transcription factors regulates many physiological 
systems including the hematological and immune systems and is involved in diverse 
disorders such as obesity, cardiovascular disease, cancer, and inflammatory 
conditions149. Of relevance to the association found with IgM, KLF10 has been 
proposed to potentiate the TGF-β signalling pathway by altering expression and 
activity of intracellular effector proteins150. TGF-β has been reported to inhibit 
release and production of immunoglobulins, including IgM151. Other IgM 
associations mapped to loci containing genes previously implicated in the regulation 
of IgM levels, where two of the signals correlate with reported autoimmune disease 
associations and two correlate with reported lymphoid malignancy associations. 

Associations with composite traits 
Analysis of the composite Ig traits proved informative, contributing new 
associations to genes in the biological processes that the constructed traits were 
designed to capture. Importantly, a majority of the associations to the composite Ig 
traits were not detected by analysis of IgA, IgG or IgM individually, showing that 
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these constructed traits also captured unique information. For example, a variant 
upstream of the gene for a proliferation-inducing ligand (APRIL, also known as 
tumour necrosis factor ligand superfamily member 13), a key factor for B cell 
response and plasma cell development, associated with the proxy for total 
immunoglobulin, AGM. Further, a variant related to TNF receptor-associated factor 
3 (TRAF3) associated with the proxies for general class switching, AG/M and AG. 
TRAF3 is a negative regulator in multiple aspects of B cell biology and regulates 
CD40-driven class switch recombination152, 153. 

Several variants in the immunoglobulin heavy chain locus (IGH) associated with 
the isotype-specific class switching proxy traits A/G or A/M, possibly through direct 
effects on the class-switching process. 

Two loci may point to novel mechanisms in immunoglobulin regulation. First, a 
missense mutation in the adenine DNA glycosylase gene MUTYH associated with 
A/M. MUTYH is a DNA glycosylase involved in the restoration of post-replicative 
mispairs in double-stranded DNA, catalysing the base excision DNA repair 
mechanism (BER)154, 155. BER is involved in immunoglobulin somatic 
hypermutation and class switching156. The results suggest that MUTYH may have a 
role in immunoglobulin class switching which has not previously been described. 
Second, a missense mutation in killer cell lectin like receptor C2 (KLRC2) 
associated with A/G. While KLRC2 is known to mediate recognition of HLA-E 
molecules by NK cells157, it has not previously been associated with humoral 
immunity. 

Many genes with well-established roles in class switching were absent from the 
composite-trait-associated loci, suggesting that the proxy traits may not capture all 
genetic variability in the mechanisms that can affect Ig levels. 

Associations of markers within the HLA region 
Eight immunoglobulin association signals clustered to four loci in the HLA region 
(paper I, table 1). To search for associations with classical HLA alleles that are not 
captured by SNPs, association of all nine Ig traits were tested with classical HLA 
alleles (paper I, online methods). In total, 13 HLA alleles associated with an Ig trait. 
Some of the signals link effects on Ig levels to known strong genetic risk factors for 
immunological disease. For example, an association was found between HLA-B27 
and IgA. Despite its central role in predisposition to autoimmune disease such as 
spondyloarthropathies, the underlying mechanism is not understood. Here, HLA-
B27 was connected to IgA levels, which is consistent with the theory that IgA has a 
major role in mucosal defence, and gut mucosal immunity is involved in the 
development of ankylosing spondylitis158, 159. 
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In summary 
The genetic basis of variability in Ig levels in the general population was explored 
in an extensive genome-wide association study of nine Ig traits. Thirty-eight new 
variants and five known variants associated with IgA, IgG or IgM levels or with 
composite Ig traits, accounted for by 32 genetic loci. These sequence variants 
explained 4.3-8.7% of the variance in the nine Ig traits. Variants at these loci have 
been shown to affect the risk of autoimmune diseases, blood malignancies and 
influence blood cell development. Notable associations include a rare variant at 
RUNX3 decreasing IgA levels by shifting isoform proportions, a rare in-frame 
deletion in FCGR2B abolishing IgG binding to the encoded receptor, four IGH locus 
variants influencing class switching, and ten new associations with the HLA region. 

B cell frequencies in ANCA-associated vasculitis 
(paper II) 
B cells are thought to play a central role in the pathogenesis of ANCA-associated 
vasculitis (AAV) and this autoimmune disease is effectively treated by B cell 
depletion. 

Here, we studied if AAV patients have altered frequencies of B cells and subsets in 
peripheral blood. Using flow cytometry, the frequencies of CD19+ B cells and 
subsets were assessed in peripheral blood from 106 patients with AAV and 134 
healthy controls. In addition, serum concentrations of immunoglobulin A, G, and M 
were measured, and clinical data retrieved. 

Specific changes in frequencies of CD19+ B cells and their subsets in AAV patients 
AAV patients displayed, in relation to healthy controls, a decreased frequency of B 
cells of lymphocytes (5.1% vs. 8.3%) and total B cell number (paper II, figure 1, 
and Figure 8 below). 
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Figure 8. Comparisons of B cells and subsets between vasculitis patients and healthy blood donors. Percentage 
of (a) CD19+ B cells of lymphocytes, (b) transitional B cells of CD19+ B cells, (c) switched memory B cells of CD19+ B 
cells, and (d) plasmablasts of CD19+ B cells, in peripheral blood from patients with anti-neutrophil cytoplasmic 
autoantibody (ANCA)-associated vasculitis (AAV, n=106) and healthy blood donors (HBD, n=134). Mann-Whitney U 
test was used to calculate the level of significance. Data are presented with medians and interquartile ranges. Reprinted 
from paper II, figure 1. 

Other studies investigating GPA patients in remission have demonstrated lower 
absolute numbers of circulating CD19+ B cells160 and lower B cell frequency161, but 
another study by Lepse et al. found no difference in B cell frequency between AAV 
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patients and healthy controls162. Transitional B cells can produce IL-10 and regulate 
CD4 T cell proliferation and differentiation toward T helper effector cells163. Here 
we detected a decrease in percentage of transitional B cells (0.7% vs. 4.4%) in 
patients (paper II, figure 1, and Figure 8 above). In a study by von Borstel et al. 
comparing GPA patients with future relapse, nonrelapsing patients, and healthy 
controls, no differences in transitional B cell frequencies were found161. In support 
of our findings, low frequencies of transitional B cells have been noted in 
neuroimmunological diseases, including multiple sclerosis164 and neuromyelitis 
optica165. However, the frequency of CD24highCD38high transitional B cells is 
elevated in patients with systemic lupus erythematosus (SLE) and Sjögren’s 
syndrome166. 

Memory B cells are optimized to interact with T cells and to yield strong antibody 
responses. High frequencies of memory B cells are associated with poor clinical 
response to rituximab (anti-CD20) treatment167. We found an expansion of switched 
memory B cells (22.3% vs. 16.5%) in AAV patients (paper II, figure 1, and Figure 
8 above), and patients with medication had a higher percentage compared to the 
nonmedication group and healthy controls. Decreased proportion of circulating 
CD27+ memory B cells in AAV patients has previously been reported160-162, 168. The 
discrepancy between the studies could possibly be related to differences in 
medication or disease activity between the cohorts. 

The percentage of circulating plasmablasts and plasma cells (CD27+CD38++ B cells) 
has been shown to be increased in GPA patients with future relapse161. Increased 
frequency of circulating CD27+CD38++ B cells during remission could therefore be 
a potential marker to identify patients at risk of relapse. Also, in other autoimmune 
diseases such as SLE169, 170 and IgG4-related disease171, the plasmablast frequency 
has been reported to be related to disease activity. Here, we report that AAV patients 
displayed expansion of plasmablasts compared to healthy controls (0.9% vs. 0.3%) 
(paper II, figure 1, and Figure 8 above), but there were no differences between 
patients in active versus inactive disease, or between the relapse versus no relapse 
group. 

Decreased frequencies of B cells and transitional B cells in patients with a 
tendency to relapse 
Patients in remission with a tendency to relapse had, compared to nonrelapsing 
patients, decreased frequencies of B cells (3.5% vs. 6.5%) and transitional B cells 
(0.1% vs. 1.1%) (paper II, figure 3, and Figure 9 below). This may be a result of 
immunosuppressive treatment as a higher proportion of patients in the relapse group 
had medication. In line with this, we show that patients with immunosuppressants 
had lower percentage and lower B cell count compared to the nonmedication group, 
whereas there was no difference between patients without immunosuppressants and 
healthy controls. In agreement with our findings, Appelgren et al. found that the 
prednisolone dose correlated negatively with the absolute number of B cells and the 
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number of naive and memory B cells (but not exhausted memory B cells)168. 
Treatment with cyclophosphamide has been shown to reduce B cell counts, albeit 
the rate and magnitude of the decrease are less than with rituximab172. 
 

 

Figure 9. Comparisons of B cells and subsets between AAV patients in remission with and without a tendency 
to relapse. (a) Concentration of CD19+ B cells. Percentage of (b) transitional B cells (of CD19+ B cells), (c) CD95+ 
exhausted memory B cells (of exhausted memory B cells), in peripheral blood from patients with anti-neutrophil 
cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) in remission, with and without tendency to relapse. Mann-
Whitney U test was used to calculate the level of significance. Data are presented with medians and interquartile ranges. 
Reprinted from paper II, figure 3. 

Patients in the relapse group also had increased frequency of activated exhausted 
memory B cells (30.8% vs. 22.3%). In SLE, a specific population of exhausted 
memory B cells has been demonstrated to be highly enriched, which implicates 
these autoreactive cells in autoimmune disease173. 

B cells can exert both regulatory and effector functions. Alterations in B cell subsets 
could translate to changes in the balance of these functions and may contribute to 
the autoantibody-driven inflammatory process, influence disease activity, and risk 
of relapse. However, the relative influence of disease activity and effect of 
medication on the B cell phenotype is difficult to separate in a complex autoimmune 
disease such as vasculitis. 
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Methotrexate suppresses monocytes in RA (paper III) 
Patients with rheumatoid arthritis (RA) exhibit an increased risk of infections. The 
cause is likely a combination of the autoimmune nature of the disease and available 
pharmacological treatments104, 105. Therefore, immunization against vaccine-
preventable diseases is important105. Methotrexate (MTX) impairs the antibody 
response to pneumococcal conjugate vaccine (PCV) in patients with arthritis, and 
the underlying mechanism is largely unknown. Here, we investigate the potential 
role of the innate immune system in the faltering antibody response following PCV 
immunization in RA patients treated with MTX. Phenotypes of circulating 
granulocytes and monocytes were analysed in 11 RA patients treated with MTX, 13 
RA patients without disease modifying antirheumatic drug treatment (0DMARD), 
and 13 healthy controls. Peripheral blood samples were collected before and 7 days 
after vaccination. In addition, the MTX group was sampled before initiating 
treatment. Frequencies of granulocyte and monocyte subsets were determined using 
flow cytometry. Pneumococcal serotype-specific IgG concentrations of 11 
serotypes included in 13-valent pneumococcal conjugate vaccine (PCV13) were 
analysed, right before and 4–6 weeks after vaccination. 

MTX attenuates antibody response following pneumococcal vaccination 
A positive antibody response (≥ twofold increase in ≥ 6 serotypes pre- to 
postvaccination) was seen in 90% of healthy controls, 87.5% of the 0DMARD 
group, and 56% of the MTX group. The composite antibody response, i.e. the sum 
of change in pneumococcal serotype-specific IgG concentrations (μg/mL), for the 
11 capsular serotypes included in PCV13, pre- to postvaccination, is depicted in 
Figure 10 below (and paper III, figure 1). The composite antibody response was 
lower in the MTX group compared to healthy controls. 

Two different but partially overlapping meta-analyses based on twelve and nine 
studies, respectively, concluded that MTX exposure diminishes the antibody 
response to pneumococcal vaccination174, 175. Park et al. demonstrated that holding 
MTX for four weeks (two weeks before and two weeks after vaccination or four 
weeks postvaccination) increased the response to quadrivalent seasonal influenza 
vaccination176, 177. This data further supports the direct role of MTX in decreased 
immune responsiveness in RA. 

 



52 

 

Figure 10. Composite antibody response in HC, RA 0DMARD, and RA MTX groups, after immunization with 
PCV13. Composite antibody response represents the sum of change in pneumococcal serotype-specific IgG 
concentrations (μg/mL), for 11 capsular serotypes included in PCV13, pre- to postvaccination. Nonresponders are 
depicted in grey and the remaining are responders (defined as ≥ twofold increase in antibody titers in ≥ 6 serotypes pre- 
to postvaccination). Kruskal-Wallis with Dunn’s multiple comparisons test was used to calculate level of significance. 
Data are presented with medians. ** indicates p-value <0.01. ab: antibody; HC: healthy control; 0DMARD: without 
disease-modifying antirheumatic drug treatment; MTX: methotrexate; RA: rheumatoid arthritis; PCV13: 13-valent 
pneumococcal conjugate vaccine. Antibody titers were measured in 10 HC, 8 0DMARD and 9 MTX patients. Reprinted 
from paper III, figure 1. 

Lower percentage of monocytes in nonresponders to pneumococcal conjugate 
vaccine in RA patients with MTX treatment 
Antibody titers pre- and postvaccination were available for nine out of eleven 
patients with MTX treatment. Five patients displayed a positive antibody-response 
according to the definition (≥ twofold increase in antibody titers in ≥ 6 serotypes 
pre- to postvaccination) and four were nonresponders. There were no statistical 
differences between the groups regarding age, disease duration, disease activity, or 
MTX dose. After 6-12 weeks of MTX treatment (prevaccination), the percentage 
and concentration of monocytes were lower in nonresponders. The lower percentage 
of monocytes in nonresponders remained after vaccination (paper III, figure 3 and 
Figure 11 below). 
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Figure 11. Comparison of monocytes (% of leukocytes), before initiation of methotrexate (MTX) treatment (Pre-MTX), 
with MTX treatment for 6-12 weeks and before vaccination (Pre-vacc.), and 6-7 days after administration of 13-valent 
pneumococcal conjugate vaccine (Post-vacc.), in peripheral blood from rheumatoid arthritis patients, sorted in 
responders and nonresponders to the vaccine. Positive antibody response was defined as an antibody response ratio 
(ARR, i.e., the ratio of post- to prevaccination antibody levels) ≥2, in >50% of serotypes. Flow cytometry data was not 
available for one patient (responder) Pre-MTX. Reprinted from paper III, figure 3. 

Monocytes, macrophages, and granulocytes are important to the innate response to 
vaccine antigens and adjuvant, and are necessary to provide an effective adaptive 
immune response110, 178, 179. We noticed a lower frequency of classical monocytes 
and a higher frequency of inflammatory monocytes in nonresponders following 
MTX treatment; however, these changes were not significant. Several studies 
indicate an inverse correlation between frequency of inflammatory monocytes and 
antibody response, possibly via a defect of T cell help to B cells180. Further, Mitchell 
et al. have shown in murine models and in vitro that interrupting inflammatory 
monocyte recruitment to lymph nodes leads to enhanced cellular and humoral 
immune responses to vaccination181. 

Moreover, prior to start of MTX treatment there were tendencies of higher C-
reactive protein (CRP) and erythrocyte sedimentation rate (ESR) in nonresponders 
compared to responders, and following MTX treatment (at the time of vaccination), 
ESR was higher in nonresponders (paper III, table S6). Possibly, the higher level of 
inflammation could contribute to the decreased antibody response in nonresponders. 
In support of this, Nakaya et al. have in an extensive study of gene signatures related 
to immunogenicity of influenza vaccination showed that baseline genetic signatures 
of monocyte inflammation were negatively correlated to antibody responses at one 
month. They reason that inflammation prevaccination might be unfavourable to the 
vaccine-induced antibody response182. 
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Granulocytes and monocytes in ANCA-associated 
vasculitis (paper IV) 
Here, we explored the relation between granulocyte/monocyte subsets and disease 
activity and tendency to relapse in AAV patients. A cohort of 105 patients with 
granulomatosis with polyangiitis (GPA) or microscopic polyangiitis (MPA) and 126 
healthy controls were included. Clinical and laboratory data were collected, 
including disease activity, tendency to relapse and pharmacological treatment. 

Using flow cytometry, circulating eosinophils, basophils, neutrophils, and 
monocytes were assessed. The monocytes were subdivided into classical 
(CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14-CD16+) 
monocytes. Mature (CD16high) or newly released (CD16dim) neutrophils were 
defined, as well as the frequency of CD177+ neutrophils. 

Increased frequency of neutrophils and intermediate monocytes in AAV 
Neutrophils are generally the first recruited cells to an inflammatory site183, 
followed by monocytes. In AAV patients, there were increased frequencies of early 
released CD16+ neutrophils, mature CD16high neutrophils and as well CD177+ 
neutrophils compared to healthy controls (paper IV, table 2). These results are in 
line with a previous study, indicating that AAV patients have skewed neutrophil and 
monocyte profiles7. 

Granulocytes and monocytes in active disease and remission 
The association between monocytes and disease activity has been debated. To 
determine frequencies of granulocytes in relation to disease activity, 23 patients who 
had been sampled repeatedly, with a least one blood sample during the active disease 
period and one during remission, were selected. The analysis included the last 
collected sample, and the one prior to that from either remission or active disease 
depending on the disease activity of the last sample. No specific time interval 
between the two samples was considered. We found that the frequency of mature 
CD16high neutrophils increased, and the frequencies of total and intermediate 
monocytes decreased in active disease (paper IV, figure 3 and Figure 12 below). 
This could be related to recruitment of monocytes to the site of inflammation. A 
similar phenomenon was observed in MPA patients with a tendency to relapse, 
indicating that they have an ongoing low-grade inflammation. 
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Figure 12. Concentration of (a) mature (CD16high) neutrophils and frequencies of (b) total monocytes and (c) 
intermediate (CD14++CD16+) monocytes, in 23 patients with anti-neutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) in active disease and remission. Wilcoxon matched-pairs signed rank test was used to calculate level 
of significance. * and *** indicate p-value <0.05 and <0.001, respectively. WBC: white blood cell. Adapted from paper 
IV, figure 3. 

Neutrophils have been extensively studied in AAV and here we could confirm 
previous results showing that AAV patients have increased frequency of CD177+ 
neutrophils7 and that the neutrophil counts are increased during active disease. 
CD177 is co-expressed with PR3 on the surface of neutrophils184 and have been 
associated with increased disease activity in AAV and poor clinical outcome185-187. 

 

Granulocytes and monocytes in relation to relapse tendency 

Tendency to relapse (Ttr) was defined by the recurrence of disease after complete 
remission, when the patient had received standard of care and at least one year of 
follow-up was completed. Patients in need of increased dose of immunosuppressive 
treatment and Birmingham Vasculitis Activity Score version 3 (BVAS3) >1 were 
included in the Ttr group. AAV patients who fulfilled the criteria for evaluation of 
tendency to relapse (Ttr) were divided in two groups, the Ttr group (n=47) and the 
No Ttr group (n=34). Ttr patients had decreased percentage of eosinophils and 
increased frequencies of CD16high and CD177+ neutrophils (paper IV, figure 4 a-c 
and Figure 13 below). 
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Figure 13. Frequencies of (a) eosinophils, (b) mature (CD16high) neutrophils and (c) CD177+ neutrophils, in anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) patients with or without tendency to relapse (Ttr). 
Mann-Whitney U test was used to calculate level of significance. Data are presented with medians. * indicates p-value 
<0.05. Ttr: tendency to relapse; No Ttr: no tendency to relapse; WBC: white blood cell. Adapted from paper IV, figure 
4. 

When dividing the patients based on disease phenotype, GPA patients with Ttr 
displayed higher frequencies of mature and CD177+ neutrophils, whilst MPA 
patients with Ttr had decreased frequency of intermediate monocytes, as compared 
to the GPA and MPA No Ttr group, respectively (paper IV, figure 4 d-h). 
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Conclusions 

The main conclusions of this thesis are: 
 
Paper I Thirty-eight new and five known sequence variants associated with 

IgA, IgG or IgM levels or with composite immunoglobulin traits. 
These associations were related to 32 genomic loci and included rare 
variants with strong effects. The results present new insights into 
sequence variants that influence immunoglobulin levels in humans 
and may provide deeper knowledge of the mechanisms involved in 
the regulation of the humoral immune system. 

Paper II Patients with ANCA-associated vasculitis (AAV) exhibited 
decreased frequencies of B cells and transitional B cells, and 
increased frequencies of switched memory B cells, plasmablasts and 
activated B cells in peripheral blood. Further, patients with a 
tendency to relapse had decreased frequencies of B cells and 
transitional B cells, as well as a higher proportion of activated 
exhausted memory B cells, compared to patients without tendency to 
relapse. These alterations could contribute to the autoantibody-driven 
inflammatory process in AAV. 

Paper III Methotrexate-treated nonresponders to pneumococcal conjugate 
vaccine displayed lower frequency and concentration of monocytes 
compared to responders. Monocyte frequency in peripheral blood 
could have the potential to act as a biomarker to identify future 
nonresponders to pneumococcal vaccination in methotrexate-treated 
RA patients. 

Paper IV AAV patients displayed a skewing of different neutrophil and 
monocyte subpopulations that associated with disease activity and 
tendency to relapse. These changes may contribute to the 
inflammatory process and might be used as biomarkers for relapse 
prediction. 
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Future perspectives 

Identification of sequence variants influencing immunoglobulin levels (paper I) 
The discovered GWAS associations explained 4.3-8.7% of the variance in the nine 
Ig traits, which means that a large majority of the variance is dependent on other 
genetic associations or factors. In support of that, many genes with clear roles in 
class switching (such as CD40, IRF4, AICDA, XBP1, BATF3 and NFIL3) were 
absent from associated loci, even though several proxy traits were designed to 
capture these aspects. This suggests that these composite immunoglobulin proxy 
traits do not capture all the genetic variability that can affect class switching of 
immunoglobulins. In the study, candidate genes and mechanisms underlying the 
identified associations were identified using bioinformatic and functional studies. 
However, as pointed out in paper I, further experimental validation work and 
analyses are needed to identify the disease-causal variants, the genes they regulate 
and the affected cell types driving the phenotype for most of the loci. 

Increased frequencies of switched memory B cells and plasmablasts in peripheral 
blood from patients with ANCA-associated vasculitis (paper II) 
An important limitation for this study was the possible influence of medication on 
the immune cells, and we did demonstrate that patients with pharmacological 
treatment had a lower percentage of B cells compared to patients without 
medications. In a future study, age- and gender-matched therapy controls would be 
required to elucidate whether the alterations in B cell subsets are specifically related 
to the immunosuppressive treatment or the autoimmune disease (or both). In 
addition to the decrease in B cell concentration and frequency, the most interesting 
and clear finding was the lower frequency of transitional B cells. Relapsing AAV 
patients displayed a ten-fold lower frequency of this subset as compared to 
nonrelapsing patients. This could potentially affect the balance of anti- and 
proinflammatory cytokines as transitional B cells can produce the anti-inflammatory 
cytokine IL-10. Measurement of circulating cytokine levels could be included in 
future studies. 

Methotrexate treatment suppresses monocytes in nonresponders to pneumococcal 
conjugate vaccine in rheumatoid arthritis patients (paper III) 
The timing of sampling following vaccination is very important for analyses of the 
rapidly reacting innate immune system. In the study, the sampling time following 
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vaccination was not optimal. Preferably, several sampling times should be included 
during the first days following vaccination to follow the response of the different 
immune cells involved. This could be combined with a broad analysis of circulating 
cytokines at these early timepoints. In addition, we used serotype-specific 
pneumococcal antibody response ratio (post- to prevaccination) to determine 
vaccine responsiveness. Analysis of the T cell response to the vaccine, as well as 
opsonophagocytosis, would have added information complementing the serotype-
specific antibody response. The most interesting finding of the study was the 
suppressive effect of MTX on monocytes in future nonresponders to PCV 
immunization. This should clearly be reproduced in a larger cohort. In such study, 
the next step would be to explore the underlying mechanisms. Such study could 
include earlier sampling timepoints, extensive coverage of circulating innate 
immune cells, as well as relevant signalling molecules. In addition, knowledge 
about MTX-induced tissue alterations of cell populations of the innate and adaptive 
immune system could contribute to the understanding of changes found in 
circulating immune cells. This could potentially be explored in animal experiments. 

Disease activity and tendency to relapse in ANCA-associated vasculitis are 
reflected in neutrophil and intermediate monocyte frequencies (paper IV) 
Similar to the study of AAV patients in paper II, the possible influence of 
medication on the immune cell distribution was a possible confounder, especially in 
comparisons between patients and healthy controls. In a future study, sampling at 
diagnosis, prior to start of medication could help validate the noted alterations in 
intermediate monocytes and neutrophils, also in the paired within-patient 
comparison of active disease vs. remission. In addition, determination of key 
circulating signalling molecules, biomarkers, and potentially functional assays 
could help unravel the underlying mechanisms for the alterations in the specific cell 
populations. We demonstrated that rituximab treatment was associated with changes 
in the monocyte population and further investigations will be needed to evaluate the 
correlation to treatment response. Moreover, the increased frequencies of mature 
and CD177+ neutrophils in GPA patients with a tendency to relapse can potentially 
be used as biomarkers for relapse prediction in this patient group. 
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Summary in Swedish 

Immunsystemet har till uppgift att skydda oss mot patogener som till exempel 
bakterier, virus, giftiga ämnen och annat kroppsfrämmande. Det kan grovt delas in 
i det medfödda och det förvärvade immunförsvaret. Det medfödda kallas även det 
ospecifika immunförsvaret och inbegriper förutom celler och signalämnen i blod 
och vävnader, andra skyddsmekanismer såsom hud, slemhinnor och magsyra. Det 
medfödda immunförsvaret är den första linjens försvar och agerar snabbt men inte 
lika kraftfullt och specifikt som det förvärvade immunförsvaret. Det förvärvade 
immunförsvaret kallas även det adaptiva (föränderliga) immunförsvaret och 
fortsätter att utvecklas hela livet. Första gången det adaptiva immunförsvaret möter 
en ny patogen behöver det tid för att nå full potential. Däremot utvecklar det ett 
immunologiskt minne som gör att om vi åter utsätts för samma patogen slår det till 
mycket snabbare och med full kraft direkt. Celler inom det adaptiva immunförsvaret 
utgörs av vita blodkroppar som kallas T- och B-celler. B-cellerna är viktiga för 
produktionen av så kallade antikroppar. De är proteiner som hjälper till att bekämpa 
kroppsfrämmande ämnen. Antikroppar kallas även immunglobuliner (Ig) och finns 
i fem olika klasser. I blod och slemhinnor finns framför allt klasserna IgG, IgM och 
IgA. 

I den här avhandlingen ingår fyra projekt. I det första projektet undersökte vi 
sambandet mellan olika genvarianter i arvsmassan och nivån av immunglobuliner i 
blodet. Över 19 000 individer från den allmänna befolkningen ingick i studien. Vi 
fann 38 nya och fem kända varianter med association till IgG, IgM eller IgA 
nivåerna eller kombinationer av dessa. Dessa genvarianter är kopplade till platser i 
arvsmassan där det också finns varianter som har koppling till autoimmuna 
sjukdomar, blodcancer och blodcellers utveckling. Resultaten ger nya insikter om 
gener som påverkar antikroppsnivåerna i blodet. Det kan också leda till mer kunskap 
om de mekanismer i det adaptiva immunsystemet som alstrar antikroppar. 

De båda delarna av immunsystemet är nära sammanflätade och samarbetar 
kontinuerligt. Det finns inbyggda mekanismer som gör att kroppen inte angriper 
egen vävnad, men trots det kan felaktigheter uppstå som gör att vårt immunförsvar 
angriper kroppens egna celler, vilket kan leda till så kallad autoimmun sjukdom. 

I det andra projektet undersökte vi andelen B-celler i blod från patienter med den 
ovanliga men allvarliga sjukdomen ANCA-associerad vaskulit (blodkärls-
inflammation). ANCA-associerad vaskulit (AAV) drabbar framför allt små blodkärl 
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och många patienter får uttalade njurskador, men även andra organ kan drabbas. 
Förr var det en dödlig sjukdom, men med dagens behandlingar har det blivit en 
kronisk sjukdom som går i skov med begränsad sjuklighet. Att vissa drabbas av 
AAV beror sannolikt på flera faktorer, t.ex. arv, miljöfaktorer och immunförsvaret. 
Vid AAV bildas autoantikroppar som angriper kroppsegna ämnen. De kallas ANCA 
(Anti-Neutrophil Cytoplasmic Antibody) och binder till två typer av vita 
blodkroppar (neutrofiler och monocyter). Vi fann att patienter med AAV har lägre 
andel B-celler jämfört med friska individer (blodgivare), men att de har en högre 
andel aktiva B-celler än friska. Patienter med skovbenägenhet hade lägre andel B-
celler och skillnader i undergrupper av B-celler jämfört med de som inte hade 
skovbenägenhet. Möjligen kan förändringarna i B-cellerna vara en bidragande orsak 
till den autoantikropps-drivna inflammationen i AAV. 

I det fjärde projektet studerade vi om det finns en koppling mellan skovbenägenhet 
i AAV och de vita blodkropparna granulocyter och monocyter, som är celler inom 
det medfödda immunförsvaret. Granulocyter utgörs av tre celltyper; neutrofiler, 
eosinofiler och basofiler. Neutrofilerna utgör mer än hälften av alla vita blodkroppar 
i blodet. Deras främsta uppgift är att fagocytera (äta upp) och eliminera patogener 
såsom bakterier och svampar. De tros också ha en viktig roll i AAV. Neutrofilerna 
finns i och runt de inflammerade kärlväggarna. Autoantikropparna vid AAV 
aktiverar neutrofilerna vilket i sin tur leder till ökad inflammation. Monocyternas 
roll i AAV är inte lika känd, men de har påvisats i kärl i påverkade organ såsom 
njurar och lungor. När skador uppstår vid AAV kommer monocyter att rekryteras 
och mogna till så kallade makrofager i vävnaden. Vi fann att patienter i aktiv 
sjukdom har högre koncentration av mogna neutrofiler och minskad andel 
monocyter i blodet jämfört med de som är i remission (tillstånd utan 
sjukdomssymtom). Patienter med skovbenägenhet hade ökad andel mogna 
neutrofiler. Dessa förändringar skulle kunna bidra till inflammationen och möjligen 
kunna användas för att förutspå ett skov. 

I det tredje projektet studerade vi andelen granulocyter och monocyter i blod från 
patienter med en annan autoimmun sjukdom, ledgångsreumatism. Tidigare studier 
har visat att patienter med ledgångsreumatism (reumatisk artrit, RA) som behandlas 
med läkemedlet metotrexat får ett dåligt antikroppssvar efter vaccination mot bland 
annat pneumokocker. Orsaken till detta är inte känd. RA är en kronisk autoimmun 
sjukdom med ledinflammation som ofta börjar i små leder i händer och fötter. 
Obehandlad RA leder i de allra flesta fall till destruktion av ben och brosk, som i 
sin tur ger uttalade funktionsnedsättningar, smärta och stelhet. Orsaken till RA är 
inte känd. Arv och miljöfaktorer som t.ex. rökning har betydelse för 
sjukdomsutvecklingen. Tidig diagnos och tidigt påbörjad antireumatisk behandling 
med långverkande sjukdomsmodifierande anti-reumatiska läkemedel (Disease-
Modifying AntiRheumatic Drugs, DMARDs) är avgörande för prognosen. 
Metotrexat är ett sådant läkemedel. Metotrexat i hög dos ges vid cancer för att 
bromsa cancercellernas tillväxt medan låg dos metotrexat dämpar ledinflammation 
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och är förstahandsbehandling vid RA. Det är viktigt att RA patienter vaccineras 
eftersom de har en ökad risk för infektioner, delvis beroende på den autoimmuna 
sjukdomen men även som en konsekvens av läkemedelsbehandlingen. 
Pneumokocker är den vanligaste orsaken till bakteriella luftvägsinfektioner såsom 
lunginflammation, öroninflammation och bihåleinflammation, men kan även orsaka 
hjärnhinneinflammation och blodförgiftning. 

I vaccin är patogenen som orsakar sjukdom försvagad för att inte orsaka sjukdom, 
men tillräcklig reaktion för att stimulera immunförsvaret att bl.a. bilda ett så kallat 
immunologiskt minne. Vaccinet får immunförsvaret att tillverka de celler och 
antikroppar som behövs för att motverka just den sjukdomen. Både det medfödda 
och adaptiva immunförsvaret är involverat i vaccinationssvaret. Monocyter och 
granulocyter är viktiga för det medfödda immunförsvarets svar på vaccin och 
nödvändiga för ett effektivt adaptivt immunförsvar. Det adaptiva immunförsvaret i 
sin tur bildar antikroppar och vita blodkroppar som har ett minne. Det är 
minnescellerna och kvarvarande antikroppar som gör att vi inte blir sjuka eller 
enbart får milda symtom vid nästa exponering för samma patogen. I vår studie med 
nio patienter som behandlades med metotrexat, fick fem ett bra antikroppssvar 
medan fyra patienter fick ett dåligt antikroppsvar mot pneumokocker. Före 
behandling med metotrexat hade alla nio patienter lika stor andel monocyter i 
blodet. Under behandlingen med metotrexat fick de som senare inte svarade på 
vaccinet lägre koncentration och andel monocyter jämfört med de som svarade på 
vaccinet. Möjligen skulle andelen och/eller koncentrationen monocyter kunna vara 
vägledande för att identifiera vilka som kommer att få ett skyddande antikroppsvar 
efter vaccination i denna patientgrupp. Fyndet behöver bekräftas i studier med fler 
patienter, och mekanismen bakom undersökas. 
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