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1  ABBREVIATIONS 

AA Aplastic anemia 
ACPA Anti-citrullinated protein antibody 
ACR American College of Rheumatology 
ALPS Autoimmune lymphoproliferative syndrome 
AML Acute myeloid leukemia 
APC Allophycocyanin 
ARCH Age-related clonal hematopoiesis 
ASXL1 ASXL transcriptional regulator 1 
BAFFR B cell-activating factor receptor ; TNF receptor superfamily member 13C 
BV Brialliant violet 
CBL Cbl proto-oncogene 
CCR7 C-C motif Chemokine Receptor 7 
CD Cluster of differentiation 
CDCP1 CUB domain-containing protein 1 
CHIP Clonal hematopoiesis of indeterminate potential 
CLEC C-type lectin domain containing 
CMV Cytomegalovirus 
COSMIC Catalogue of Somatic Mutations in Cancer 
CRP C-reactive protein 
CSF1 Colony-stimulating factor 1 
CTLA4 Cytotoxic t-lymphocyte associated protein 4 
CVID Common variable immunodeficiency 
CXCL10 C-X-C motif chemokine 10 
DAS28 Disease Activity Score 28 
DMARD Disease-modifying anti-rheumatic drug 
DMSO Dimethyl sulfdioxide 
DNA Deoxyribonucleic acid 
DNMT3A DNA methyltransferase 3 alpha 
DQB DQ beta [in the context of HLA II] 
DRB Antigen D-related beta [in the context of HLA II] 
EBV Epstein-Barr virus 
EDTA Ethylenediaminetetraacetic acid 
ESID European Society for Immnodeficiencies 
ESR Erythrocyte sedimentation rate 
EULAR European League Against Rheumatism 
FAS Fas cell surface death receptor 
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FDR False discovery rate 
FITC Fluorescein isothiocyanate 
FUS FUS RNA binding protein 
FW Forward 
GATK Genome Analysis Toolkit 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
GNAS GNAS complex locus 
GWAS Genome-wide association study 
HAQ Health-assessment questionnaire 
HGF Hepatocyte growth factor 
HLA Human leukocyte antigen 
hMDS Hypoplastic myelodysplastic syndrome 
HPRT hypoxanthine phosphoribosyltransferase 1 
ICON International consesus document 
ICOS Inducible T cell costimulator 
IGV Integratice Genomics Viewer 
IL Interleukin 
IL6R Interleukin 6 receptor 
IKZF1 Ikaros family zinc finger 1 
iNKT Invariant natural-killer T cell 
IQR Interquartile range 
ITGA Integrin alpha subunit 
JAK Janus kinase 
LDL Low-density lipoprotein 
LGL Large granular lymphocyte 
LRBA LPS responsive beige-like anchor protein 
MCV Mean corpuscular volume 
MIP-1alpha Macrophage inflammatory protein 1-alpha 
MSH5 MutS Homolog 5 
NFKB Nuclear Factor Kappa B 
NGS Next-generation sequencing 
NK Natural killer 
NPX Normalized protein expression unit 
OSM Oncostatin-M 
PADI Peptidyl arginine deiminase 
PAGID Pan-American Group for Immune Deficiencies 
PBMNC Peripheral-blood mononuclear cell 
PCR Polymerase chain reaction 
PD-L1 Programmed death 1 ligand 1 
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PE Phycoerythrin 
PE-Cy7 Phycoerythrin-Cyanine7 
PerCp Peridinin chlorphyll protein 
PIGA phosphatidylinositol glycan anchor biosynthesis class A 
PIK3CD Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Delta 
PPM1D protein phosphatase, Mg2+/Mn2+ dependent 1D 
PTPN Protein tyrosine phosphatase, non-receptor type 
RA Rheumatoid arthritis 
RDW Red-cell distribution width 
RF Rheumatoid factor 
RNA Ribonucleic acid 
RV Reverse 
SE Shared epitope 
SF3B1 Splicing factor 3b subunit 1 
SIR Standardized incidence ratio 
STAT Signal transducer and activator of transcription 
TACI Transmembrane activator and CAML interactor; TNFRSF13B 
TBS Tris-buffered saline 
TCR T-cell receptor 
TCRB T-cell receptor beta 
TET2 Tet methylcytosine dioxygenase 2 
TNF Tumor necrosis factor 
TNFRSF13B TNF receptor superfamily member 13B 
TP53 Tumor protein p53 
Treg Regulatory-T cell 
TRIM Tripartite motif containing 
Tris Trisaminomethane 
TWEAK TNF superfamily member 12 
VAF Variant allele frequency 
ZNF Zinc finger protein 
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3 ABSTRACT 

Autoimmune diseases are caused by a dysregulated immune response 
against self-antigens. They affect more than 5% of the population in the 
Western countries, but curative therapies do not exist. The complexity of 
autoimmune reactions is demonstrated in the context of 
immunodeficiency, in which patients have even higher rates of 
autoimmune disease than the general population, despite immune 
system defects. The molecular mechanisms that cause autoimmune 
diseases are mostly unknown.  

In this thesis, we focused on T cells with the aim of characterizing the 
landscape of somatic mutations in immune-associated genes. We used 
rheumatoid arthritis (RA) patients and patients suffering from 
immunodeficiency and autoimmunity as disease models. 

In study I, we collected a cohort of 82 newly diagnosed RA patients. 
We performed deep T-cell receptor (TCR) sequencing from 65 RA 
patients’ CD8+ cells to characterize the TCR repertoire. We also 
sequenced CD4+ and CD8+ cells of 25 RA patients and 20 healthy 
controls with a targeted deep sequencing panel covering 986 immune-
associated genes; results were complemented with exome sequencing in 3 
cases. We discovered 30 novel somatic mutations in the CD8+ cells of 5 
RA patients and one mutation in one of the healthy controls. Of the 
discovered mutations in RA, 30% affected cell proliferation and 20% 
were related to immune functions. Mutations were restricted to specific, 
expanded CD8+ memory T-cell populations.  

Felty’s syndrome (a rare form of RA) and large granular lymphocyte 
(LGL) leukemia often present with a similar patient phenotype. In study 
II, we showed that the diseases are unified by somatic, activating STAT3 
mutations in CD8+ cells. Felty’s syndrome patients harbor similar STAT3 
mutations, with a prevalence (43%) comparable to previously described 
LGL leukemia cohorts. In addition, these 2 diseases shared similar 
cytokine profiles. Since both diseases are treated similarly, we suggest 
that these entities could be considered parts of the same disease 
continuum. 

Study III investigated the prevalence of somatic mutations in 
hematopoietic stem cells (clonal hematopoiesis) in RA patients. Targeted 
deep sequencing from 59 RA patients’ whole blood samples revealed 
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clonal hematopoiesis in 17% of cases. However, clonal hematopoiesis did 
not associate with clinical parameters in our study setting. 

Study IV aimed to investigate whether somatic mutations associate 
with autoimmunity and lymphoproliferation in the context of 
immunodeficiency. We sequenced 2533 genes from CD4+ and CD8+ cells 
of 17 immunodeficiency patients. Immunodeficiency patients harbored 
45 somatic mutations in 65% of cases. Mutations in tumor suppressor 
and oncogenes occurred in 35%, but mutations in genes affecting 
lymphocyte functions, inflammation, and cell proliferation were also 
common. Clonal hematopoiesis variants also existed in 24% of patients.   

In summary, we have shown that somatic mutations in T cells and 
clonal hematopoiesis variants are common in RA and immunodeficiency 
patients. Our work provides a molecular link between autoimmune 
disease and cancerous processes, introducing a novel concept in the field 
of immunology. 

 
 



 

 13 

4 TIIVISTELMÄ 

Autoimmuunisairaudet ovat moninainen joukko sairaustiloja, joissa 
immuunijärjestelmä hyökkää omia kudoksia vastaan. Yli 5%:lla 
länsimaiden väestöstä on autoimmuunisairaus, mutta parantavia hoitoja 
näihin sairauksiin ei ole. Immuunijärjestelmän häiriöillä on monet 
kasvot: vaikka immuunijärjestelmä ei kykenisi torjumaan riittävän 
tehokkaasti taudinaiheuttajia, kuten immuunipuutostautien yhteydessä, 
se voi hyökätä omia kudoksia vastaan. Immuunipuutoksiin liittyykin 
korkeampi autoimmuunisairauksien esiintyvyys kuin väestössä 
keskimäärin. Autoimmuunisairauksia aiheuttavat molekyylitason 
mekanismit ovat useimmiten huonosti tunnettuja. 

Tässä väitöskirjatyössä pyrimme kuvaamaan somaattisten 
mutaatioiden kirjoa immuunivastegeeneissä T-soluihin keskittyen. 
Käytimme nivelreuma-, immuunipuutos- ja autoimmuniteettipotilaita 
tautimalleina. 

Ensimmäisessä osatyössä keräsimme 82 juuri nivelreumadiagnoosin 
saaneen potilaan kohortin. Sekvensoimme 65 potilaan CD8+ soluja 
selvittääksemme näiden solujen T-solureseptorien kirjoa. Sekvensoimme 
myös 25 nivelreumapotilaan ja 20 terveen yksilön CD4+ ja CD8+ -soluja 
986 immuunivastegeeniä kattavalla sekvensointipaneelilla. Lisäksi 
käytimme eksomisekvensointia täydentämään kohdennettua paneelia 
kolmen potilaan kohdalla. Löysimme yhteensä 30 somaattista mutaatiota 
viiden reumapotilaan CD8+ -soluista ja yhden mutaation yhdeltä 
terveeltä yksilöltä. Nivelreumapotilaiden mutaatioista 30% oli geeneissä, 
jotka vaikuttavat solujen proliferaatioon ja 20% olivat immuunivasteita 
säätelevissä geeneissä. Mutaatiot esiintyivät ainoastaan spesifisissä, 
suurissa CD8-positiivisissa muisti-T-soluklooneissa. 

Feltyn oireyhtymä on harvinainen nivelreuman alatyyppi, ja Feltyn 
oireyhtymäpotilaiden sekä suurten granulaaristen lymfosyyttien (LGL) 
leukemiapotilaiden ilmiasu on usein hyvin samankaltainen. Toisessa 
osatyössä osoitimme, että näissä molemmissa sairauksissa potilaita 
yhdistävä tekijä ovat somaattiset STAT3-mutaatiot CD8+ -soluissa. 
Feltyn oireyhtymäpotilailla oli samanlaisia STAT3-mutaatioita 
samantasoisella esiintyvyydellä (43%) kuin LGL-leukemiapotilailla 
aikaisempiin LGL-leukemiakohortteihin verrattuna. Lisäksi näillä 
kahdella taudilla oli samankaltaiset plasman sytokiiniprofiilit. Koska 
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näiden sairauksien hoitolinjatkin ovat samankaltaiset, ehdotamme, että 
nämä tautitilat ovat osa saman sairauden jatkumoa. 

Kolmas osatyö selvitti somaattisten mutaatioiden esiintyvyyttä veren 
kantasoluissa (klonaalinen hematopoieesi) nivelreumapotilailla. 
Kohdennettu syväsekvensointi 59 nivelreumapotilaan kokoverinäytteistä 
osoitti, että klonaalista hematopoieesia oli 17%:lla potilaista. Klonaalinen 
hematopoieesi ei kuitenkaan liittynyt kliinisiin muuttujiin tässä 
tutkimusasetelmassa. 

Neljäs osatyö tutki autoimmuniteetin, lymfoproliferaation ja 
somaattisten mutaatioiden yhteyksiä immuunipuutospotilailla. 
Sekvensoimme 17 immuunipuutospotilaan CD4+ ja CD8+ soluista 2533 
geeniä. Immuunipuutospotilailta löytyi yhteensä 45 somaattista 
mutaatiota, ja 65%:lla potilaista oli mutaatioita. Tunnetuissa 
kasvunrajoite- ja onkogeeneissa oli mutaatioita 35%:lla potilaista, mutta 
mutaatiot lymfosyyttien toimintaan, tulehdusreaktioon, sekä 
soluproliferaatioon liittyvissä geeneissä olivat myös yleisiä. Klonaaliseen 
hematopoieesiin liittyviä geenimuutoksia esiintyi 24%:lla potilaista. 

Tässä väitöskirjatyössä olemme osoittaneet, että sekä somaattiset 
mutaatiot T-soluissa että klonaalinen hematopoieesi ovat yleisiä 
nivelreuma- ja immuunipuutospotilailla. Autoimmuunisairauksissa ja 
syövässä on siis samankaltaisia molekyylitason löydöksiä. Tämä tuo esiin 
uuden näkökulman immuunisolujen toimintojen sekä immunologisten 
sairauksien tutkimukseen. 
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5 INTRODUCTION 

The mechanisms that cause autoimmune diseases are incompletely 
understood. Immune cells that target self-antigens contribute to 
autoimmune disease pathogenesis, but which factors break immune 
tolerance and allow for the function of these autoreactive cells? The 
adaptive immune system is critical for most immune responses. T cells 
are key players in the adaptive immune response and have well-
established roles in autoimmunity. 

Rheumatoid arthritis (RA) is a relatively common autoimmune 
disease that affects approximately 0.5–1% of the population.1 It is a 
chronic disease that confers increased mortality. In RA, the immune 
system attacks joint tissues, leading to joint pain and swelling.2 The 
pathogenic roles of B cells and CD4+ T cells are acknowledged in RA,2,3 
but CD8+ T cells are potential disease modulators.4  

Common variable immunodeficiency (CVID) is the most common 
immune deficiency disorder in the adult population. It is characterized by 
recurrent infections and insufficient levels of protective 
immunoglobulins,5 but T cells are also implicated in CVID pathogenesis.6 
Current estimates for monogenic germline causes range from 2% to 10% 
of adult-onset CVID patients,7,8 although monogenic causes are more 
common in pediatric patients.9,10 Despite insufficient infection control, 
autoimmunity occurs in 30% of patients, and lymphoproliferation is also 
common.5,11,12 

Somatic mutations are genomic alterations that are not passed to 
offspring. Somatic mutations in tumor suppressor genes and activating 
mutations in oncogenes contribute to tumorigenesis.13 However, somatic 
mutations accumulate in multiple tissue types of healthy individuals 
during the human lifetime.14 We hypothesized that somatic mutations 
may have a range of effects on immune cells: mutations in molecular 
signaling pathways may promote a proinflammatory cell phenotype 
and/or promote cell survival just enough to allow disruption of the 
immune balance. 

Thus, we aimed to study the landscape and effects of somatic 
mutations in immune cells in autoimmune disease, with a focus on T 
cells. We used RA and immunodeficiency patients as models for our 
investigations. Although recent research has shown that somatic 
mutations accumulate with age in several cell types, mutational 
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landscapes and effects in the T cells of autoimmune disease patients are 
not known. In studies I–IV, we present novel discoveries of somatic 
mutations in T cells in the contexts of RA and immunodeficiency. 
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6 REVIEW OF THE LITERATURE 

6.1 Rheumatoid arthritis 

6.1.1 Epidemiology 
Rheumatoid arthritis (RA) is a systemic autoimmune disease in which 
the immunity targets synovial joints. This results in joint inflammation, 
swelling, and pain.1 The disease was described in the medical literature as 
early as the 17th century,15 but the term “rheumatoid arthritis” was coined 
in 1876 by Sir Alfred Garrod.16 The current prevalence of RA is 0.5–1% in 
the general population in different countries, including the Finnish 
population.17 Incidence rates for RA range from 0.1 to 0.5 per 1,000 adult 
inhabitants17 and increase with age.18,19  RA affects women 3 times more 
often than it does men.1  

Genetic factors and the presence of RA-associated autoantibodies are 
risk factors for RA.1,2,20 Of environmental factors, smoking increases the 
risk for RA.21,22 Research has suggested that periodontitis,23,24 obesity,25,26 
and short education26 are also risk factors and that oral contraceptive 
use27 and breastfeeding26 may have protective effects. Although studies 
on dietary factors often yield controversial results, such studies suggest 
that alcohol consumption, antioxidant-containing foods, and oily fish 
may protect from RA, whereas high coffee consumption may be a risk 
factor.26 

 

6.1.2 Genetics and the shared epitope hypothesis 
RA shows a clear familial predisposition: twin studies have produced an 
estimate of 60–70% heritability.28,29 Of all genetic risks for RA, the 
human leukocyte antigen (HLA) loci account for 11–37%.29,30 The HLA-
DRB1 (human leukocyte antigen antigen-D related beta 1) locus harbors 
the most well-acknowledged risk alleles for RA. A subset of DRB1-01 and 
DRB1-04 alleles, but also DRB1*1001, and DRB1*1402, confer risk for 
RA.31–34 The RA risk HLAs accommodate a shared amino acid motif at 
positions 70–74 of the amino acid binding groove, which allows them to 
recognize similar peptides. These HLAs are termed shared epitope (SE) 
HLAs.35 More recently, Raychaudhuri et al showed that the amino acids 
at positions 11, 71, and 74 in DRB1 but also HLA-B position 9 and DPB1 
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position 9 amino acid polymorphisms account for most of the risk for RA 
explained by HLA.36 

A study combining data from 22 genome-wide association studies 
(GWAS) identified 100 non-HLA risk loci for RA, and these account for 
approximately 5% of RA heritability.37 Other than HLA, the most 
important risk gene for RA is PTPN22 (protein tyrosine phosphatase, 
nonreceptor-type, 22). Other risk genes include PADI4 (peptidyl arginine 
deiminase 4), CD40 (cluster of differentiation 40), IRF4 (interferon-
regulatory factor 4), IL6R (interleukin 6 receptor),  and more than 3oo 
other genes.37 

6.1.3 Pathogenesis of seropositive RA 
RA is characterized by inflammation in the synovial joints that eventually 
damages joint cartilage and the underlying bone.1,2 This inflammation is 
propagated by both innate and adaptive immune systems.  As a hallmark 
of the adaptive immune response, autoantibodies occur in 50–70% of RA 
patients at diagnosis.2 These include the relatively unspecific anti-
immunoglobulin Fc region antibodies (rheumatoid factor, RF)38 and anti-
citrullinated protein antibodies (ACPAs), which are highly specific for 
RA.38 The antibodies emerge at detectable levels up to 10 years before 
disease onset, thus demonstrating the long disease process in RA.39,40 
Recent work has also discovered anti-carbamylated peptide antibodies in 
over 45% of RA patients.41  

Citrulline is a key component of the antigens which RA patients form 
antibodies against.42,43 It is produced as a post-translational modification 
from the amino acid arginine by peptidylarginase deiminase (PADI) 
enzymes.42 RA synovial fluid contains elevated amounts of these 
enzymes, mostly produced by neutrophils, in addition to a range of 
citrullinated proteins, including citrullinated vimentin, fibrinogen, 
collagen II, and alpha-enolase.42,44 PADI enzymes and citrullinated 
proteins occur in larger quantities in the lungs of smokers than in those 
of non-smokers.45,46 Bacteria that cause periodontal inflammation also 
promote citrullination.42 

To elect an autoantibody response, CD4+ T cells have to recognize the 
target antigen in the context of HLA-II molecules.  Some of the HLA-
DRB1-04 SE alleles, which predispose to RA, bind citrullinated peptides 
(collagen II, vimentin, aggrecan, fibrinogen, and others) with higher 
affinities than native peptides, while others do not show preferential 
binding.47 Both RA patients and controls harbor T cells that recognize 
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citrullinated RA epitopes in peripheral blood in similar frequencies,48–51 
but RA synovial fluid samples show increased frequencies of citrullinated 
alpha-enolase(326-340)-specific T cells.48 In addition, the frequency of 
citrulline-specific T cells correlates with disease activity in RA,51 and the 
frequency of memory CD4+ T cells that recognize citrullinated peptides is 
increased in RA.52 

Animal models highlight the immunogenic properties of citrulline and 
the pathogenic role of autoantibodies: rats immunized with citrullinated 
collagen II present with arthritis earlier than animals immunized with 
the native protein,53 and antibodies against citrullinated type II collagen 
can mediate arthritis in mice.54 ACPAs also activate macrophages and 
osteoclasts, which promotes bone remodeling.1,2 

The citrullination processes described above are epidemiologically 
linked to RA: smoking is a well-acknowledged and periodontitis a 
possible risk factor.21–24 Moreover, smoking, silica, and textile dust are 
risk factors for ACPA-positive RA in the context of the shared 
epitope.45,55,56 Thus, the initial anti-citrulline immune response is 
triggered in the lungs, mouth, or gut, but additional stimuli are needed to 
precipitate the immune reaction into the joints.42,44,57 

In addition to evidence on the recognition of citrulline as an antigen 
and the discovery of the strong HLA association in RA, the important role 
of T cells in RA pathogenesis has been demonstrated by genetic studies. 
Genes conferring RA  susceptibility are enriched in B-cell, T-cell, and 
cytokine signaling pathways.37 Large datasets comprising 223 murine 
gene-expression profiles have shown that RA risk genes are enriched in 
genes expressed in CD4+ effector-memory cell subsets, as well as in 
specific CD8+ memory Tbet+ cells from the spleen and in one subset of 
invariant natural killer T (iNKT) cells.58 SNPs associated with RA overlap 
with markers of promoter activity (H3K4me3) in CD4+ memory and 
CD4+  T-regulatory cells.59 Thus, the genes with variants that confer risk 
for RA may mediate the risk by altering the function of specific immune 
cells. Although these “big” datasets do not elucidate the exact 
mechanisms that trigger RA, they can be used to prioritize variants with 
most likely biological impact,60,61 and these genes can be prioritized in 
functional studies. 

Most research in RA pathogenesis has focused on CD4+ and B cells 
because they are clearly implicated in RA pathogenesis via HLA-DRB1 
association and autoantibodies,1,2 but other immune cells also modulate 
inflammation in RA. CD8+ T cells may have both proinflammatory and 
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anti-inflammatory roles in arthritis,4 as is also suggested by HLA-I RA 
risk polymorphims.36,62 In addition to adaptive immune cells (B and T 
cells), other immune cell subsets—such as platelets and mast cells—may 
also play roles in RA pathogenesis.63,64 Macrophages are major mediators 
of tissue damage and inflammation, as they present antigens and secrete 
cytokines, chemokines, proteases, vasoactive peptides, and reactive 
intermediates.3,65,66 Also, stromal and synovial cells in joints are not 
bystanders in inflammatory processes. Proinflammatory synovial 
fibroblasts exist in RA,67 and fibroblast-like synovial cells remodel the 
synovium via protease excretion and contribute to the local adaptive 
immune response via antigen presentation.3 The immune pathogenesis of 
RA is extremely complex (Figure 1), and the exact pathogenic 
mechanisms and triggers are only partially known.  

 
 
 

 

Figure 1 A schematic of the current hypothesis on the pathogenesis of ACPA-
positive RA. 

6.1.4 Pathogenesis of seronegative RA 
Little is known of the pathogenesis of ACPA-negative RA. ACPA-negative 
disease may not always be autoantibody-negative, as approximately 16–
24% of RA patients without ACPA or RF and 45% of patients with ACPA 
have autoantibodies against carbamylated peptides.41,68 In addition, 
because many large genetic study cohorts contain either no or a minority 
of ACPA-negative subjects, the genetics of ACPA-negative RA is less well 
understood than that of ACPA-positive RA.69–71 Despite showing a 
familial predisposition,72 genetic studies in seronegative RA have yielded 
relatively few risk genes. Only the largest GWAS studies have discovered 
3 non-HLA risk variants at a genome-wide significance level.70,73 Fine-
mapping of the HLA region has revealed risk factors at the amino acid 
level in HLA-B (HLA-I) and DRB1 (HLA-II).62,74 Moreover, ACPA-
positive and -negative disease may share some risk genes, although the 
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effects sizes of these risk genes differ.75  Seronegative RA likely 
accommodates a heterogenous group of patients. 

6.1.5 Diagnosis 
RA diagnosis is aided by using the American College of Rheumatology 
(ACR) and European League Against Rheumatism (EULAR) 2010 
classification criteria (Table 1).76 The ACR/EULAR criteria emphasize 
inflammation in several small joints and high titers of ACPA or RF. RA 
should be suspected if other causes of joint swelling are not likely.76 Re-
evaluation is important if symptoms continue during follow-up, even if 
the criteria for RA were not fulfilled at first evaluation.76 Compared to the 
previous ACR1987 criteria,77 the new criteria are more sensitive in early 
RA and accommodate the usage of ACPA status in diagnostic decision-
making.78 Differential diagnostic options for RA include, but are not 
restricted to, reactive arthritis, psoriatic arthritis, gout, fibromyalgia, 
systemic lupus erythematosus, infectious arthritis, polymyalgia 
rheumatica and osteoarthritis.2,79 
 

Table 1. ACR/EULAR classification criteria for RA. Six or more points are 
required for RA diagnosis. Adapted from Aletaha et al.76 

  Score 
1. Joints 1 large joint 0 

 2–10 large joints 1 
 1–3 small joints 2 
 4–10 small joints 3 
 >10 joints (at least one small 

joint) 5 
2. Serology Negative RF and negative ACPA 0 

 Low–positive RF or ACPA 2 
 High positive RF or ACPA 3 

3. Inflammation 
markers Normal CRP and ESR 0 

 Abnormal CRP or ESR 1 
4. Duration of 

symptoms Less than 6 weeks 0 
 More than 6 weeks 1 

Abbreviations:  CRP, c-reactive protein; ESR, erythrocyte sedimentation 
rate. 

6.1.6 Treatment 
Treatment of RA is based on immunosuppression by pharmaceutical 
agents. The mechanisms of action of synthetic disease-modifying anti-
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rheumatic drugs (DMARDs), such as methotrexate, hydroxychloroquine, 
sulfasalazine, leflunomide, and parenteral gold, are mostly poorly 
known.1,2 Methotrexate, the most commonly used DMARD, inhibits 
purine synthesis at high doses.  Its anti-rheumatic mechanisms are 
unknown, although it may exert effects on multiple immune-cell 
subtypes.80   

More novel drugs based on recombinant protein technology 
(“biologics”) were introduced in the 1990s.81 The largest group of 
biologics inhibit tumor necrosis factor (TNF) -alpha,3 a cytokine 
produced by T cells, monocytes, and macrophages and a key mediator of 
inflammation. TNF-alpha promotes proinflammatory cytokine 
production, upregulates cell adhesion molecules, and modulates cartilage 
damage and bone resorption.82 Other biologics target different cytokine 
pathways and/or immune-cell subsets: treatment strategies include IL-6 
blockade, B-cell depletion (anti-CD20), and inhibition of costimulation 
(CTLA-4 agonist).3 Novel synthetic DMARDs that inhibit Janus kinase 
(JAK) signaling have recently been introduced: as many proinflammatory 
cytokines signal via the JAK-STAT (signal transducer and activator of 
transcription) pathway, the inhibition of JAKs by tofacitinib (JAK1/3) 
and baricitinib (JAK1/2) has proven an efficient strategy.3,83 Tofacitinib 
and baricitinib, often combined with methotrexate, have shown promise 
in patients refractory to TNF-alpha inhibitors and even efficacy when 
compared to methotrexate+adalimumab (a TNF-alpha inhibitor) in 
clinical trials.84–87 

According to the current ACR and EULAR RA treatment guidelines, 
single-DMARD (preferably methotrexate) treatment is recommended as 
an initial strategy for RA.88,89 However, the Finnish Medical Society 
current care guidelines recommend triple combination treatment 
(methotrexate +sulphasalazine +hydroxychloroquine) for active RA, even 
as first-line therapy.90 Importantly, early remission of RA disease activity 
predicts future remission,89,91 and thus efficient treatment is critical even 
in early RA. 

6.1.7 Prognosis 
Despite the increase in treatment options for RA during the past decades, 
RA patients have an increased risk for disability and mortality.1,2 Other 
complications of RA include cardiovascular disease, vasculitis, interstitial 
lung disease, secondary amyloidosis and lymphoma.1,2 The lymphoma 
risk is related to disease activity,92 and the cardiovascular risk can be 
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attenuated by methotrexate and TNF-alpha inhibitors.93 The mortality in 
RA associates with high disease activity, and thus treatment results in 
mortality reduction.94,95  Early remission in RA activity predicts future 
remission,89,91 and aggressive treatment initiation in early RA prevents 
work disability.96 These facts underline the importance of efficient 
treatment to reduce RA-related complications. Indeed, mortality from RA 
has decreased during the last 50 years.97 

6.1.8 RA and the risk for hematological malignancy 
RA is associated with a 5-10% cancer risk increase when compared to 
controls.98 RA treatments may affect the cancer risk, but disease activity 
often confounds study results.98 RA confers risk for lymphoma, renal 
cancer and lung cancer.98 However, conflicting results on cancer risk 
exist for many cancer types.  

The risks for both non-Hodgkin lymphoma and Hodgkin lymphoma 
are increased in RA, with standardized incidence ratios (SIRs) ranging 
from 1.9 to 24.99 Of lymphoma subtypes, diffuse large B-cell lymphoma is 
overrepresented in RA.98,99 The pathogenesis of RA-associated 
lymphomas is not clear. Immunosuppressive treatment is not the most 
likely cause: despite the introduction of aggressive immunosuppressive 
treatment strategies,  lymphoma rates in RA have not increased during 
the recent decades,98 and DMARD usage does not increase lymphoma 
risk.99 Nor do inherited genetic factors account for the increased 
lymphoma risk.98,99 Although Epstein-Barr virus (EBV) can predispose to 
immunosuppression-associated lymphoproliferative disease, EBV-
positive lymphomas form only 12-17% of RA-associated lymphomas.92,100 
However, the lymphoma risk in RA is clearly associated with high disease 
activity,92,98,99 and immune stimulation by chronic inflammation in RA 
may be a key risk factor for lymphomagenesis in RA.99  

RA also predisposes patients to leukemias. The overall SIR for 
leukemias is 1.3-1.7 in RA, and the SIR for acute myeloid leukemia (AML) 
ranges from 2.4 to 4.3.101 Immune dysregulation in autoimmune disease 
may disrupt immune-surveillance, and the inflammatory environment in 
autoimmune disease can promote tumor growth.101 In addition, chronic 
inflammation can promote mutagenesis in genomic deoxyribonucleic 
acids (DNA).102 Some immunsuppressive treatments promote 
mutagenesis (mitoxantrone, cyclophosphamide, and azathioprine), but 
for most immunosuppressants, evidence of mutagenic potential or a 
predisposition for myeloid malignancy is lacking.101,103  
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6.1.9 RA as a co-manifestation of lymphoproliferative 
disease: the case of LGL leukemia 

Large granular lymphocyte (LGL) leukemia is a rare, chronic 
hematological disorder characterized by an indolent disease course, LGL 
lymphocytosis in peripheral blood, and autoimmune manifestations. RA 
is very common in LGL leukemia, occurring in 11-36% of patients.104,105 
Neutropenia, thrombocytopenia, anemia, splenomegaly, rheumatoid 
arthritis and monoclonal gammopathy of undetermined significance are 
the most common manifestations of LGL leukemia.104–107 A subset of 
patients are asymptomatic, and treatment indications are the alleviation 
of autoimmune manifestations and/or cytopenias, especially in the 
context of recurrent infections.108 If treatment is needed, the first-line 
treatment option is immunosuppression, usually with low-dose 
methotrexate.108 

The pathogenic cells in LGL leukemia are most commonly CD8+ T 
cells and, more rarely, CD4+ T cells; in approximately 10-20% of 
patients, the pathogenic cell clone consists of NK cells.105,107,108 
Interestingly, activating somatic STAT3 mutations occur in 30-75% of 
LGL leukemia patients.107,109–112 These mutations occur in the expanded 
lymphocyte clones, and patients can harbor multiple STAT3 mutations.113 
In addition to STAT3 mutations, STAT5B mutations occur in rare cases 
of LGL leukemia (2%)114 and are overrepresented in CD4+ T-cell LGL 
leukemia.115 

Autoimmune manifestations in LGL leukemia are linked to STAT3 
mutations: patients with STAT3 mutations have more frequently 
neutropenia, anemia, and RA than patients with wild-type STAT3.107,109 
Patients harboring multiple STAT3 mutations have even higher 
prevalence of RA (46%) than do patients without STAT3 mutations 
(6%).113 Although these associations suggest that STAT3 mutations may 
play causative roles in autoimmune manifestations in LGL leukemia, the 
exact pathogenetic mechanisms remain unknown. STAT3 is critical for 
lymphocyte proliferation116, it is constitutively activated in LGL 
leukemia,110 and STAT3 activation has shown oncogenic potential.112 
Lamy and colleagues suggested that autoimmune manifestations are 
results of proinflammatory cytokine production, which is mediated by 
STAT3. Also, pathogenic cells may target joint and marrow cells.108 

Large T-cell clones are not restricted to LGL leukemia. Healthy, 
elderly individuals harbor major T-cell clones that target 
cytomegalovirus,117 and lymphocytosis may occur in many settings, such 
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as viral infections, organ transplantations, and autoimmune 
diseases.106,108 Interestingly, persistent T-LGL expansions occur in 3.5% 
of RA patients. This occurrence is associated with TNF-alpha inhibitor 
usage.118 

 

6.1.10 Felty’s syndrome 
Felty’s syndrome, a rare form of RA, is defined by unexplained 
neutropenia, RA, and splenomegaly. Splenomegaly is not an essential 
criterion for diagnosis, as patients with the full Felty’s syndrome triad 
and patients with RA and unexplained neutropenia closely resemble each 
other clinically.119–121 Felty’s syndrome affects approximately 1% of RA 
patients.122 It usually develops in patients with longstanding RA, and 
patients often display severe joint destruction.119 In addition, Felty’s 
syndrome patients more often have extra-articular manifestations of 
rheumatoid disease than matched controls with RA, such as weight loss, 
pyrexia, and vasculitis.121,123 Interestingly, clinical synovitis may be low in 
Felty’s syndrome patients despite radiographic joint erosions.119,121  

The Felty’s syndrome triad overlaps with the clinical phenotype of 
many LGL leukemia patients,124 and thus the differential diagnosis of 
these 2 diseases may be impossible (Table 2). Moreover, Felty’s 
syndrome and LGL leukemia patients show similar histopathological 
findings and HLA-DR4 associations, and many Felty’s syndrome patients 
have clonal T-cell LGL populations.120,125,126 Some authors have suggested 
that LGL leukemia and Felty’s syndrome are actually part of the same 
disease spectrum.120,124,126 Indeed, it has been suggested that the first case 
of Felty’s syndrome, described in 1924 by A.R. Felty, actually suffered 
from LGL leukemia.104,127 

No standard treatment protocols exist for Felty’s syndrome, and most 
studies on treatment are case reports or small case series. However, 
splenectomy, parenteral gold, methotrexate, granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and biologics have been most 
commonly studied.128–131 Methotrexate and/or GM-CSF are commonly 
recommended as first-line therapies for Felty’s syndrome.119,128,132  

The outcomes of Felty’s syndrome patients may vary. Studies have 
reported both markedly high mortality rates (up to 36% in 5 years) as 
well as similar death rates with controls.121,133,134 The primary causes of 
death are sepsis121,134 and cardiovascular disease.133 Felty’s syndrome also 
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confers risk for cancers: non-Hodgkin lymphomas, leukemias, lung 
cancer, and melanoma  show increased SIRs.135 

Table 2. Comparison of Felty’s syndrome and LGL leukemia.108,119,136 

 LGL leukemia Felty’s syndrome 
Rheumatoid arthritis (RA) 11-36% Yes 
Neutropenia Up to d80% Yes 
Splenomegaly 20-50% Often 
Duration of RA Usually not so many years Usually many years 

LGL cells in peripheral blood 
Over 0.5*109/l, but not an 

essential criterion 
Not specified 

T-cell receptor 
rearrangement 

Yes (in T-cell LGL 
leukemia) 

Not specified 

Treatment 
Immunosuppression, 
usually methotrexate 

Immunosuppression, 
usually methotrexate 

 

6.2 Common variable immunodeficiency 

6.2.1 Etiology and genetics 
Common variable immune deficiency (CVID) is a disease with diverse 
manifestations and phenotypes.5,137 It is an umbrella diagnosis for 
antibody deficiencies with no other known cause, and thus patients 
diagnosed with CVID show diverse phenotypes.137 The prevalence of 
CVID in the Finnish population is 5.5/100,000 inhabitants,11 which is 
higher than in other national studies: CVID prevalences range from 0.6 
to 3.8 per 100 000 inhabitants in other European countries.138–144 The 
age at disease onset and diagnosis seems to have 2 peaks, one in 
childhood and one at 20-30 years of age,145–147 but all cohorts have not 
confirmed this finding.148 In adult patients, males and females are 
approximately equally affected,145,147–152 while children show a male 
predominance.145 Males also show an earlier median age at 
diagnosis.145,146,149,150 

The cause of CVID is ultimately unknown. Most cases are sporadic, 
but 5-25% have a positive family history.5 Estimated rates for monogenic 
forms of CVID  range from 2 to 10%.7,8 In pediatric patients, monogenic 
disease variants can be identified in 15-30% of cases.9,10 In addition to 
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monogenic, highly pathogenic variants, some genetic variants occur in 
healthy individuals and confer a smaller risk increase for CVID (Table 3). 
Currently, CVID is perceived to likely be a multifactorial and/or 
polygenic disease.5,7 

Table 3. Highly pathogenic genetic variants and genes with variants 
predisposing to CVID. In the “GWAS risk genes” column, variants at 
genome-wide significance level are shown. The list of monogenic 
forms of CVID includes only examples, as a myriad of rare variants 
have been discovered. 

 
Monogenic forms of 
CVID/CVID-like 
disease5,7 

Predispose to 
CVID153–161 GWAS risk genes162–164 

PIK3CD TNFRSF13B (TACI) 
variants 

HLA (HLA-DQB1*02:01 
and *05:03) 

LRBA MSH5 CLEC16A 
ICOS BAFFR ITGAM 
CTLA4  FUS 
TWEAK  ITGAX 
NFKB1  TRIM72 
NFKB2  ZNF646 
IKZF1   
CD19   
CD20   
CD21   
IL21    
IL21R   

 

6.2.2 Comorbidities of CVID 
CVID is associated with various comorbidities, including recurrent 
infections, autoimmune disease, enteropathy, granulomatous disease, 
pulmonary disease, and lymphoproliferation.5,137 Table 4 shows the 
prevalences of many common CVID comorbidities. Of autoimmune 
diseases, immune-mediated thrombocytopenic purpura (ITP) and 
autoimmune haemolytic anemia (AIHA) are the most common,11,146,149 
but other autoimmune manifestations also occur: examples include RA 
(3.2%),149 vitiligo (5%),148 and hypothyroidism (4%).148 Pulmonary 
diseases are very common and include bronchiectasis, asthma, and 
interstitial lung disease.11,165,166 Bronchiectasis are often due to recurrent 
infections, and the interstitial lung disease is treated as an autoimmune 
manifestation with immunosuppression.5,12 Gastrointestinal 
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manifestations include entities such as chronic diarrhea,147,149,150 
pernicious anemia,148 and malabsorption.142,146,147 Lymphoproliferation is 
also a common co-morbidity of CVID. LGL lymphoproliferation or 
elevated LGL counts occurs in 3-41% of CVID patients.11,167 CVID also 
confers risk for lymphoma at a SIR of 12.168,169 The overall SIR for cancer 
in CVID is 1.8-1.9,168,169 but up to 20% of CVID patients develop cancer in 
follow-up.170 

 

Table 4. Prevalences of comorbidities in CVID patients.11,142,145–147,149,150,165 

 % of patients 

Autoimmune disease 22-30 

ITP (immune-mediated thrombocytopenic purpura) 6-20 

AIHA (autoimmune hemolytic anemia) 4-10 

Granulomatous disease 8-10 

Gastrointestinal disease 9-29 
Splenomegaly 26-39 
Lymphadenopathy 26-37 
Bronchiectasis 11-43 

Chronic pulmonary disease 27-46 

GLILD (granulomatous-lymphocytic interstitial lung 
disease) 

19-20 

Solid tumor 5-8 

 

6.2.3 Pathogenesis of CVID 
The pathogenesis of CVID is likely as heterogenous as are the patient 
phenotypes. The disease etiology is apparent in the rare cases of 
monogenic CVID or CVID-like disease, but the causative mechanisms are 
unknown in most cases. Hypogammaglobulinemia, caused by insufficient 
immunoglobulin production by B cells, is a key characteristic of CVID. 
Isotype-switched memory B cells and bone-marrow plasma cells are 
reduced in CVID,171–174 but B cells are absent in only  10% of patients.12,172  

In addition to B-cell defects, CVID is characterized by the abnormal 
function of T cells. Studies have demonstrated reduced numbers of naïve 
CD4+ and CD8+ T cells,175 regulatory-T cells,176,177 increased apoptosis,178 
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a decrease in thymic output,179 and abnormal cytokine production.5,178 
Deep T-cell receptor (TCR) sequencing studies have also demonstrated 
increased T-cell clonality in CVID,180 especially in patients with low 
frequencies of switched-memory B cells and high frequencies of CD21-
low cells.175 This is in line with studies showing that thymic output and 
naïve CD4+ T cells are decreased in this same subset of patients.181 

Autoimmune diseases are highly prevalent in CVID, occurring with a 
prevalence of 20-30%.5,137,182 Interestingly, although patients produce 
insufficient amounts of immunoglobulins against pathogens, they retain 
the ability to produce autoantibodies.183 Other immunologic defects, such 
as decreased regulatory-T cells (Tregs), associate with autoimmunity in 
CVID: Tregs are decreased in CVID patients with granulomas, 
autoimmunity, or splenomegaly.177,184 The frequency of Tregs also has an 
inverse correlation with CD21-low B cells,177 which may harbor 
autoreactive B-cell receptors.185 Constant exposure and ineffective 
pathogen clearance may promote autoimmune responses via molecular 
mimicry or bystander-activation.186,187 Increased survival factor levels in 
CVID may also disturb lymphocyte homeostasis.187 

6.2.4 Diagnosis, treatment, and prognosis 
Several diagnostic criteria have been proposed for CVID: European 
Society for Immunodeficiencies (ESID) and Pan American Group for 
Immune Deficiencies (PAGID) 1999 criteria,188 Ameratunga criteria,189 
International consensus document (ICON) criteria,5 and revised ESID 
registry 2014 criteria.190 Different criteria have distinct requirements for 
CVID, but they have common factors: disease onset should be later than 
2-4 years of age, immunoglobulin levels should be low, other causes for 
hypogammaglobulinemia should be ruled out, and patients should show 
poor response to vaccines. The effort to produce multiple diagnostic 
criteria reflects the challenge of defining CVID: the diagnosis 
accommodates heterogenous patient phenotypes, and CVID may actually 
comprise multiple disease entities. 

Treatment of CVID includes subcutaneous or intravenous 
immunoglobulin replacement therapy and the management and 
monitoring of comorbidities.5,137 Although placebo-controlled trials do 
not exist, historical comparisons have shown that immunoglobulin 
treatment decreases infections and pneumonias in CVID.191,192 In 
addition, monitoring comorbidities is crucial. Comparisons of historical 
cohorts with more recent data have shown that survival after CVID 
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diagnosis has improved from a 12-year survival rate of 30% to a 64-67% 
rate 20 years after diagnosis.5,146 The most common causes for death are 
infections, cancer, chronic lung disease, and liver disease.147–149 Patients 
with disease manifestations other than infection susceptibility have 
higher mortality than patients with infections only,148,149 although not all 
studies have confirmed this association.145 

6.3 Somatic mutations in health and disease 

6.3.1 Patterns of somatic mutations in healthy tissues 
Somatic mutations are well-acknowledged contributors to  cancer 
pathogenesis.13 However, increasing evidence indicates that healthy 
individuals’ cells acquire somatic mutations over time and that all 
somatic events do not lead to cancer. The “earliest” timepoint for somatic 
mutations occurs during embryogenesis: mutations occurring in dividing 
stem cells are passed to all daughter cells and multiple tissue types.193,194 

The first estimates of the rate of somatic mutation accumulation were 
based on studying only small genomic areas, such as the HPRT or PIGA 
genes.195,196 More recent studies using next-generation sequencing (NGS) 
have estimated that mutation rates differ between tissues, ranging from 
3.5*10-9 (small intestine) to 1.57*10-7  (skin) mutations per base-pair per 
cell division.197 The frequency of somatic mutations increases with age: 
human stem cells in the colon, small intestine, and liver acquire 
approximately 36 mutations per year.198 Blood cells also accumulate 
mutations during the human lifetime, with cord-blood samples having 
the smallest numbers of somatic mutations.199 In addition to these 
tissues, skin, pancreas, skeletal muscle satellite, brain, and kidney cells 
accommodate somatic mutations.200–202 

Somatic mutations are enriched in non-coding areas of the genome in 
most of the studied tissues: fibroblasts, liver, colon, small intestine, and 
skeletal muscle satellite cells.198,202,203 In contrast, one study sequenced 
single human neurons and reported the enrichment of somatic mutations 
in exonic areas.204 Variations in sequenced tissues, mutagenic exposures, 
and sequencing technologies may explain the differing results. 

The somatic mutational spectra and preferentially mutated 
nucleotides differ between tissue types. Approximately half of all single-
nucleotide mutations in blood and intestinal cells are C>T (G>A) 
alterations.198,199 Kidney, liver and brain tissue have smaller frequencies 
of C>T mutations than do blood and intestinal cells.198–200 C>T mutations 
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occur more commonly in methylated CpG sites, when a methylated 
cytosine deaminates into a thymine.205 As demonstrated by C>T 
mutations, different mutagenic processes cause distinct mutational 
profiles –mutational signatures– that depend on the nucleotide 
context.206 Aging-associated signatures in healthy tissues are the most 
prevalent signatures in skin fibroblasts, skeletal muscle satellite cells, 
liver and gut cells, but all mutations were not attributed to these 
signatures.198,202,207,208 Thus, even though aging is a major contributor to 
somatic mutations in healthy tissues, other mechanisms also likely 
modulate the process. 

Aging-related somatic mutations may have varying effects in different 
tissue types. In skeletal muscle satellite cells, the number of mutations 
correlated inversely with differentiation and proliferation capacity. Also, 
mutations in the elderly individuals were enriched in exons and had 
predictably more frequent deleterious consequences than in young 
individuals.  This suggests that mutations may affect aging-associated 
muscle impairment.202 In contrast, somatic mutations that provide a 
survival advantage are common in hematopoietic stem cells.209 Aged 
hematopoietic stem cells have decreased engraftment capacity, and thus 
cells with mutations that promote proliferation will be enriched and will 
produce a larger proportion of blood cells.210 Indeed, somatic mutations 
seem to be an inevitable consequence of aging, and they may have 
varying effects on tissue renewal. 

6.3.2 Somatic mutations in non-malignant disease 
Recent research has revealed some examples of how somatic mutations 
can modulate non-malignant disease. The first description of somatic 
mutations causing non-malignant disease occurred in 2004:  somatic 
FAS mutations in hematopoietic precursor cells in autoimmune 
lymphoproliferative syndrome (ALPS).211 ALPS patients present with 
lymphoproliferation, autoimmune blood cytopenias, 
hypergammaglobulinemia, and an accumulation of double-negative T 
cells.212  

Oncogenes and/or tumor suppressor genes seem to influence non-
malignant disease in several cases: activating KRAS mutations have been 
observed in arteriovenous malformations in the brain.213 Also, deeply 
infiltrating endometriotic lesions harbor exonic somatic mutations in 
approximately 80% of cases, with mutations in cancer driver genes (such 
as ARID1A, PIK3CA, and KRAS) in 26% of lesions.214 Somatic mutations 
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with unknown biological significance in autoimmune disease have been 
described in refractory celiac disease and multiple sclerosis patients: 
Ettersperger et al discovered STAT3 mutations in refractory celiac 
disease patients’ intraepithelial lymphocytes,215 and CD8+ cells from 
patients with multiple sclerosis are also shown to harbor somatic 
mutations.216 Some studies dating to the pre-NGS era attempted to 
examine somatic mutations in RA patients’ synovial cells and T cells, but 
due to technical issues and the lack of both germline controls and/or 
genomic DNA sequencing,217–221 the full extent and biological meaning of 
somatic mutations in RA remain to be explored. 

6.3.3 The origin and prevalence of clonal hematopoiesis 
If a somatic mutation that provides a survival advantage occurs in a 
hematopoietic stem cell, the cell progeny can be detected in a 
disproportionaly large frequency in whole blood (Figure 2).210 The first 
discoveries of this process, called clonal hematopoiesis, used 
chromosomal anomalies, copy number variations, and skewed X-
chromosome inactivation of genomic aberrations in healthy individuals. 
Skewed X-chromosome inactivation in blood cells was discovered in the 
1980s and 1990s in women with no blood cancer, and the prevalence of 
skewed X-chromosome inactivation increased with age in healthy female 
subjects.222 In addition, the prevalence of copy number variations and 
chromosome anomalies increases with age in blood cells.223,224 
Subsequent studies using NGS sequencing revealed that the number of 
somatic small nucleotide variants in blood cells increases with age,199 and 
somatic TET2 mutations were discovered in 5.6% of female subjects with 
skewed X-chromosome inctivation.225  
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Figure 2 Clonal hematopoiesis is detected in peripheral blood if somatic 
mutations in a hematopoietic stem cell are passed to an unusually 
large proportion of peripheral blood cells. 

 
Exome sequencing studies with large cohorts of hematologically 
unselected patients have reported a clonal hematopoiesis prevalence of 
approximately 10% in the elderly population (Table 5),226,227 and 
subsequent studies using more sensitive targeted deep sequencing panels 
and whole-genome sequencing have reported higher prevalences (Table 
5) that rise to more than 40% in >90-year-olds.209,228,229 The more 
sensitive the method, the higher the frequency of clonal hematopoiesis: 
extremely sensitive sequencing methods have identified mutations 
associated with clonal hematopoiesis in 95% of 50- to 60-year-old 
women.230 In all of these studies, the prevalence of clonal hematopoiesis 
increased with age. 

Most patients harbor only one mutation, but the proportion of 
patients with more than one mutation increases with age.209,229 The most 
common genes with mutations in unselected individuals include 
DNMT3A, TET2, ASXL1, TP53, PPM1D, CBL, JAK2, GNAS, and 
SF3B1,209,226–229,231,232 where DNMT3A and TET2 mutations are most 
common.209,227,229,231,232 These are all candidate cancer driver genes, as 
they are associated with hematological malignancies.210,233 The mutations 
in clonal hematopoiesis can be traced to hematopoietic stem cells, but 
mutations do not occur in similar frequencies in all consecutive 
progenitor cells or peripheral blood cells.209 As an example, TET2 
mutations occur in higher variant allele frequencies (VAFs) in myeloid 
and NK cells but are nearly absent in T cells.209,234 DNMT3A mutations 
also have lower VAFs in T cells than in other blood cells, but they occur in 
higher VAFs in T cells than do TET2 mutations.209 

Most studies on clonal hematopoiesis have employed targeted 
sequencing methods to discover mutations in established driver genes or 
have focused on candidate driver in exome sequencing data. Although 
mutations in cancer driver genes such as DNMT3A and TET2 are more 
likely to provide a proliferative advantage to cells, and are thus more 
likely to manifest as clonal hematopoiesis, mathematical modeling has 
suggested that even in the absence of driver mutations, stochastic 
processes can lead to clonal hematopoiesis.231 Therefore, clonal 
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hematopoiesis seems to be an extremely common phenomenon that 
shapes the aging hematopoietic tissue.210 

Table 5. The prevalence of clonal hematopoiesis in different studies. 
Abbreviations: WES, whole-exome sequencing; WGS, whole-
genome sequencing; Targeted, targeted sequencing panel. 

  
Cohort 
age 
range 

Overall 
prevalence 

Prevalence in 
>65-69 -year-
olds 

No. of 
individuals 

Genovese et al 
2014226 

WES 19-93  4% 10% 
>12000 

Jaiswal et al 
2014227 

WES 19-108 4% 10% 
>17000 

Zink et al 
2017231 

WGS 
All 
ages 

12.5% Over 20% 
>11000 

Arends et al 
2018209 

Targeted 55-98 28% Over 29% 
437 

Buscarlet et al 
2017229 

Targeted 55-101 14% 15% 
2530 

Acuna-Hidalgo 
et al 2017228 

Targeted 20-69 10% Over 20% 
2014 

 

6.3.4 Biological consequences of clonal hematopoiesis 
Clonal hematopoiesis predisposes for hematological malignancy, and this 
association has been replicated in multiple large studies.226,227,231 In 
addition, clonal hematopoiesis confers the risk for death and 
cardiovascular disease. 226,227,235 Other associations between clonal 
hematopoiesis and clinical parameters are listed in Table 6.  
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Table 6. Clonal hematopoiesis and its association with different clinical 
parameters. Abbreviations: WES, whole-exome sequencing; WGS, 
whole-genome sequencing; T2D, type 2 diabetes. Clonal 
hematopoiesis also uniformly associates with age in multiple 
studies. 

 Association Method No. of 
participants in 
the study 

Jaiswal et 
al 2014227 

Hematological malignancy; death; 
cardiovascular disease; increased RDW; 
no effect on blood-cell counts; T2D 

WES >17000 (3107 
with blood cell 
count data) 

Genovese 
et al 
2014226 

Hematological malignancy; death; 
smoking 

WES >12000 

Zink et al 
2017231 

Hematological malignancy; death; 
smoking; increased blood cell counts; 
treatment for addiction; psychiatric 
disease; smoking-related diseases; 
chronic pulmonary disease 

WGS >11000 

Arends et 
al 2018209 

High neutrophil counts; peripheral 
artery disease 

Targeted 
sequencing 

437 

Buscarlet 
et al 
2017229 

Chronic obstructive pulmonary disease – 
asthma (TET2 mutations) 

Targeted 
sequencing 

2530 

Abelson et 
al 2018236; 
Desai et al 
2018237 

AML (case-control study); no effect on 
blood cell counts; AML risk depends on 
the gene with the mutation and VAF. 
TP53 mutations confer the highest risk 
for AML 

Targeted 
sequencing 

95 cases + 414 
controls; 212 
cases + 212 
controls 

 
Many associations of clonal hematopoiesis and clinical parameters lack 
evidence for a causal relationship. However, the relationship between 
clonal hematopoiesis and cardiovascular disease risk is backed by 
mechanistic evidence: deficiency of Tet2, one of the most commonly 
mutated genes in clonal hematopoiesis, in myeloid cells alone promotes 
atherosclerosis and proinflammatory cytokine production in a mouse 
model of atherosclerosis.238 In humans, clonal hematopoiesis confers a 
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1.9 odds ratio for coronary heart disease and is associated with increased 
coronary artery calcification.235 

As clonal hematopoiesis is often detected with extremely low VAFs, it 
is not always clear which mutations are likely to have clinical 
significance. The issue complexity is increased by the fact that mutations 
in different genes confer differing effects, at least in AML risk.236,237 The 
definition of clonal hematopoiesis of indeterminate potential (CHIP) 
comprises cases in which mutations exist in a hematological malignancy-
associated gene with a VAF of more than 2%, but the patient does not 
fulfill criteria for a hematological disorder.233 Additional definitions such 
as age-related clonal hematopoiesis (ARCH) are also used. However, 
because mutations with even smaller VAFs are detectable by modern 
methods,228,230 and because clonal hematopoiesis with unknown drivers 
also confers risk for hematological malignancy,226,231 the definitions will 
likely continue to evolve. 

 

6.4 Next-generation sequencing 
 
Currently, DNA sequencing is based on so-called “next-generation 
sequencing” (NGS), also called massive parallel sequencing. The first 
NGS platform sequencer was introduced in 2005,239 and sequencing 
technologies have undergone rapid development since then. The first 
human genome sequence was completed in 2001-2004,240–242 but it was 
followed by human genome, exome, and tumor genome resequencing as 
soon as  in 2007-2009.239,243 

Several NGS platforms exist from different commercial providers, but 
this thesis comprises data that has been obtained with the Illumina 
sequencing-by-synthesis technology, sequenced during 2013-2017. 
Sequencing instrument and sequencing library preparation method 
development has continued during these years. However, high-resolution 
sequencing assays are still accompanied by increased costs, and thus 
these assays often target specific genomic areas of interest and not the 
entire genome.  

In this thesis, we have aimed to detect mutations that occur only in a 
small proportion of sequenced cells, and we have sequenced only selected 
genomic areas. Studies I and IV utilized targeted, hybridized capture 
methods, but the capture probes were updated in the years between these 
studies. Studies II and III targeted much smaller genomic areas than 
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studies I and IV, and thus PCR-based methods were used to enrich the 
genomic areas of interest.  

6.4.1 Exome sequencing 
The human genome nucleic acid sequence was resolved in 2001–
2004.240–242 Since then, sequencing technologies have evolved rapidly, 
and sequencing costs have decreased substantially: the cost to sequence 
an entire human genome  in 2017 was less than 1 500 US dollars, while 
the cost for the first human whole-genome sequence in the Human 
Genome Project was 500–1000 million US dollars.244,245 However, 
sequencing only protein-coding areas (exons) of the genome has been a 
cost-effective and popular strategy to identify variants that are relevant in 
disease.  Exons span more than 30 million base-pairs, which comprises 
only approximately 2% of the total genome.243,246 Exome sequencing 
applications include the discovery of rare monogenic disease variants and 
somatic variants in cancer cells,247 as variants that alter protein structure 
have more apparent consequences  for disease.248  

6.4.2 Somatic variant calling 
Raw sequencing data does not provide useful information on genomic 
variation. Sequencing data pre-processing includes steps to remove low-
quality data and non-genomic sequences, such as adapter sequences. To 
detect genomic variants, sequencing data is aligned to a reference 
genome, and variants that differ from the reference sequence are 
reported. The most commonly used tools for alignment include the 
Burrows-Wheeler Aligner249 and Bowtie2.250 In exome- and other probe-
capture technologies, duplicate reads produced by polymerase-chain 
reaction (PCR) are filtered based on genomic coordinates.251,252 

Multiple bioinformatic tools exist for somatic variant calling: Genome 
Analysis ToolKit (GATK)253 MuTect,254 MuTect2,254 VarScan2,255 
Strelka,256 and others.257 These tools use different statistical methods to 
detect somatic variants, and the GATK toolset also performs also local 
realignment in addition to mutation calling. Tool selection is based on 
the dataset composition: some tools, such as Seurat and SomaticSniper, 
are optimized for low-coverage samples, and some, such as VarScan2 and 
MuTect2, can detect VAFs with very low frequency.257 Also, although 
most tools use another sample from the same individual as a background 
control to filter non-somatic variants, some tools allow variant calling 
without a paired sample. 
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Several studies have compared different variant callers. Before major 
variant filtering steps, the majority of putative variants are detected by 
only one variant caller.258,259 However, variant caller parameters and 
customizable filtering steps significantly affect the rate of true mutation 
discovery.  Some callers, such as Mutect and Strelka, show a higher 
overlap in results (0.8) than others.259 Indeed, in a study comparing 4 
callers, Strelka and MuTect2 seem to have the highest rate of validated 
mutations (72-94%).258 Another study also suggested that MuTect and 
Strelka show good sensitivity with the smallest false positive rates.260 
Problems arise when aiming to detect mutations with low VAFs: in a 
study by Sandmann et al, when calling mutations with <5% VAF, the 
positive predictive value for almost all studied callers was nearly zero.261 
Many of these aforementioned comparative studies have yielded differing 
results because investigators have used differing variant calling 
parameters in the calling tools.257  

6.4.3 Sensitivity issues in somatic variant discovery 
Somatic variants may not occur in high frequencies, as all somatic 
variants do not occur in all sequenced cells. Sensitive sequencing 
methods are often required to detect a variant of interest, especially in 
the context of samples with polyclonal cells. One way to increase 
sensitivity in a sequencing experiment is to sequence higher numbers of 
unique DNA molecules in the initial sequencing assay, which can be 
called “increasing the sequencing depth.” Generally, a variant must be 
supported by multiple sequencing reads for a mutation call, and thus an 
increase in sequencing depth can identify variants that occur only in a 
small proportion of sequenced cells (Figure 3). 
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Figure 3 Sequencing depth affects the sensitivity of the sequencing assay. In 
both A and B, the variant occurs in 10% of sequenced reads. A. With a 
“depth” of 10, the variant is supported by only one read and thus 
cannot be called with high confidence. B. With a “depth” of 60, the 
variant is supported by 6 reads, which increases the confidence level 
for the variant. 

Sequencing costs increase rapidly with increasing depths if the assay 
targets large genomic areas. Therefore, sequencing approaches that 
target only specific genomic areas are common when studying variants 
with very low VAFs. Targeted approaches are often based either on (1) 
hybridized capture or (2) amplified capture (Figure 4).262 Hybridized 
capture methodology is essentially similar to exome capture, with the 
exception that instead of using exome-specific probes, customized probes 
that target only the genomic areas of interest are used. Amplified capture 
utilizes PCR primers to amplify genomic regions of interest. 

 

 

Figure 4 Simplified workflows of hybridized and amplified capture sequencing 
approaches. 

However, when aiming to detect very low-frequency variants, the 
difficulty of distinguishing true signal from noise in the sequence data 
exists and cannot be solved simply by increasing sequencing depth. 
Sequencing instruments are not error free, and they have their own error 
profiles: Illumina HiSeq 2000-2500 and Genome Analyzer IIx systems 
have an approximately 10-2 to 10-3 substitution rate, and a lower error 
rate for indels,263–265 but the error rate increases toward the 3’ end of 
reads.265 The GC content of the sequenced genomic area affects the error 
rate, with extreme GC contents in particular increasing the indel error 
rate.264 GC extremes (GC content <10% or over 75–85%) result in lower 
relative converage.264 Sequencing library preparation methods also 
introduce errors in the sample DNA, especially C>A and G>T alterations, 
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which may resemble “real” low-frequency variants.266,267 In addition to 
errors introduced in library preparation and sequencing, analyzing steps 
such as genome alignment, may introduce false positive results. 
Especially alignment of indel-containing sequences is challenging.262 

Specialized approaches exist to detect variants that occur in 
approximately 0.1–1% of sequenced cells. For example, unique molecular 
identifiers (UMIs) are nucleotide sequences that are attached to the 
sequenced DNA molecules, and each original DNA molecule is labeled 
with a different UMI. Thus, amplification errors and PCR duplicates can 
be filtered based on UMIs.268 A sensitivity of 0.1% may be achieved with 
UMI technology.269  

6.4.4 TCR sequencing 
T cells are key mediators and regulators of the adaptive immunity, and 
each T cell has a unique TCR on its cell membrane that recognizes 
antigens presented by HLA molecules. Most TCRs consist of an alpha and 
a beta chain, which are encoded by variable (V), diversity (D) and joining 
(J) gene segments in the TCR alpha or beta chain genomic loci.270 Each 
locus contains multiple gene segments of each category. 

The minimum number of unique alphabeta T cells in humans is 
estimated to be 25*106.271 This great diversity of T cells is not produced by 
germline-encoded DNA. During T cell maturation in thymus, cells 
undergo somatic recombination to ensure that they recognize a large 
spectrum of possible antigens. In the TCR beta locus (TCRB), one of the 
V-, D-, and J-gene segments are selected and combined by recombining 
enzymes. Non-templated nucleotides insertions or deletions may occur in 
gene-segment junctional regions (Figure 5).270 The TCR alpha locus 
undergoes a similar procedure, except the alpha locus does not contain D 
segments.270 
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Figure 5 Somatic recombination of the TCR. The TCR beta locus is shown as an 
example. 

Somatic recombination produces stable rearrangements in the genomic 
DNA, and thus these rearrangements can be detected by sequencing. Any 
sample that contains T cells also contains TCR rearrangements. However, 
due to the complexity and high variability in the TCR chain loci, 
characterizing TCR rearrangements in detail but with accuracy is not 
trivial. Determining the TCR sequence from sequencing libraries 
prepared from RNA samples is a common approach, as RNA is abundant 
and includes only functional rearrangements.272,273 Also due to RNA 
splicing, some techniques (5’ RACE with template-switch effect) require 
only one primer pair to amplify all rearrangements.272 However, this does 
not allow exact quantification of T cells in the sequenced sample, since 
different T cells can have differential TCR expression.273 Sequencing 
genomic DNA requires multiple primers to picture the TCR diversity, and 
this approach is prone to amplification biases.272 However, amplification 
bias in PCR can be minimized by primer optimization274 or by using 
unique molecular identifiers.275 
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7 AIMS OF THE STUDY 

The aim of this PhD thesis is to characterize the landscape of somatic 
mutations in immune-associted genes in autoimmune disease using NGS 
methods. We use RA and immunodeficiency patients as disease models 
for our study, and we have studied somatic mutations in mature T cells as 
well as mutations that originate in hematopoietic progenitor cells.  

 
This entailed 4 projects : 
1. Characterization of somatic mutations in mature T cells in newly 

diagnosed RA patients 
2. Elucidation of the common molecular pathogenesis of LGL 

leukemia and Felty’s syndrome by studying somatic STAT3 
mutations 

3. Identification and characterization of clonal hematopoiesis in RA 
patients and its associations with clinical parameters 

4. Identification of somatic mutations as possible contributors to 
immunodeficiency and/or immunodeficiency-related 
comorbidities 
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8 PATIENTS AND METHODS 

8.1 Patients and ethics 
All studies were reviewed and approved by the local institutional review 
boards. Patients gave written informed consent, and the principles of the 
Helsinki declaration were followed. 

8.1.1 Newly diagnosed RA patients (I) 
Newly diagnosed RA patients (n=82) were recruited from the Helsinki 
University Hospital (Helsinki, Finland) rheumatology outpatient clinic. 
All patients fulfilled ACR & EULAR 2010 classification criteria for RA, 
and blood samples were obtained before initiating disease-modifying 
treatment. In addition, synovial fluid samples were obtained at diagnosis 
from 2 patients. Laboratory and clinical information were obtained for all 
patients from their hospital records. 

8.1.2 Felty’s syndrome patients (II) 
We included patients with an established Felty’s syndrome diagnosis 
(n=14) that was stated in patient records. Samples from healthy controls 
(n=8), RA patients without Felty’s syndrome (n=20) and LGL leukemia 
patients (n=9) were used as controls. The patients had followed up for 
Felty’s syndrome in the Helsinki University Hospital rheumatology 
outpatient clinic, Päijät-Häme Central Hospital (Lahti, Finland), or in 
collaborating clinics in the USA. Patient information was extracted 
retrospectively from patient records. When possible, we collected new 
blood samples from patients, but we also obtained sample materials that 
had been collected for diagnostic purposes but were archived thereafter. 
Examples of these archived samples include whole blood DNA samples 
and bone marrow cells fixed with methanol and acetic acid. The samples 
are listed in Table 7. For 3 patients, only archived clinical samples were 
available. 
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Table 7. Sample types available from Felty’s syndrome patients. 

 BM MNC BM 
cells PB PBMNC PB 

CD8+ 
No. of patients 5 5 5 5 6 

CD8+ cells available 
from the same patient? 3 2 3 0 6 

Abbreviations: BM MNC, bone marrow mononuclear cells; BM cells, 
cultured bone marrow cells; PB, whole peripheral blood; PBMNC, 
peripheral blood mononuclear cells; PB CD8+, peripheral blood CD8+ 
cells. 

8.1.3 Follow-up samples from RA patients (III) 
We obtained follow-up whole blood samples from 59 RA patients, of 
which 53 were included in study I. The samples were obtained 2 to 13 
years after diagnosis. Blood cell counts from follow-up timepoints were 
obtained from the electronic patient record system. 

8.1.4 AA- and hMDS patients (III) 
Twelve patients diagnosed with acquired aplastic anemia (AA) or 
hypoplastic myelodysplastic syndrome (hMDS) were recruited from the 
Helsinki University Hospital hematology clinic for study III. We did not 
obtain fresh blood samples from these patients but used DNA samples 
that had been acquired previously for clinical purposes and archived 
thereafter. The sample types were bone-marrow mononuclear cell DNA 
for all but for one patient, whose sample type was peripheral blood DNA 
(MDS1). 

8.1.5 Healthy controls (I–IV) 
Studies I–IV included healthy controls. The numbers of controls and 
their characteristics are listed in Table 8. In TCRB sequencing and other 
DNA sequencing applications, buffy coat samples from Finnish Red Cross 
Blood Service blood donors were used. As for patient samples, cytokine 
profiling was performed from peripheral-blood 
ethylenediaminetetraacetic acid (EDTA) plasma samples.  
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Table 8. Information on healthy controls. Abbreviations: RNA, ribonucleic 
acid; DNA, deoxyribonucleic acid; TCRB, T-cell receptor beta 

 Study I Study II Study III Study IV 

TCRB sequencing 20 - - 27 

DNA sequencing 20 14 2 21 

Cytokine profiling - 8 - - 

RNA sequencing 3 - - 8 
 

8.2 Sample preparation 

8.2.1 Cell separations (I, II, IV) 
For all studies that investigated T cells, the cells of interest needed to be 
extracted from peripheral blood samples with cell separation and 
enrichment methods. Peripheral blood mononuclear cells (PBMNCs) 
were separated from EDTA blood using Ficoll gradient separation (Ficoll-
Paque PLUS, GE Healthcare) according to the manufacturer’s 
instructions. CD4+ and CD8+ cells were selected from PBMNCs using 
magnetic microbeads (Miltenyi Biotech) and were subjected thereafter to 
DNA extraction. PBMNCs were also frozen in aliquots suspended in fetal 
bovine serum with 10% dimethyl-sulfoxide (DMSO). 

8.2.2 Flow cytometry (I, II, IV) 
Information on the composition of the cell samples of interest is 
important for sequencing assays. Purities of sorted cell fractions were 
controlled with flow cytometry using either antibody mix 1 or 2 (Table 9; 
studies I, II, and IV).  Antibodies were incubated with cells in room 
temperature, in the dark, for 15 minutes, followed by washing. 

To screen samples for large T-cell clones, we used variable beta 
(Vbeta)-specific antibodies which detect TCR variable beta region usage. 
TCR Vbeta usage was screened using a panel of T-cell receptor β variable 
chain (TCR Vβ) antibodies (IOTest Beta Mark TCR V kit, Beckman 
Coulter Immunotech) supplemented with antibody mix 1 (Table 9). The 
initial antibody screen in study I was performed from whole blood 
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samples; after staining, erythrocytes were lysed with 1x Lysing solution 
(Beckton Dickinson). In cell sorting experiments, PBMNCs were used 
and no erythrocyte lysis was performed. Samples were analyzed with 
FACSAriaII (Beckton Dickinson) in study I and FACSVerse (Becktron 
Dickinson) in others. 
 

Table 9. Antibody mixes used in the studies. The antibody clone and 
fluorochrome are included in the table columns. 

 Mix 1 Mix 2 Mix 3 

Anti-CD45 - 2D1 PerCp - 

Anti-CD3 SK7 APC SK7 FITC SK7 APC 

Anti-CD4 SK3 PerCP SK3 APC SK3 PerCP 

Anti-CD8 SK–1 Pe-Cy7 SK1 PE SK–1 Pe-Cy7 

Anti-CCR7   150503 BV421 

Anti-CD45RA   HI100 Alexa700 

Abbreviations: APC, allophycocyanin; PerCp, Peridinin chlorophyll 
protein; Pe-Cy7, Phycoerythrin-Cyanine7; FITC Fluorescein 
isothiocyanate; PE Phycoerythrin; BV, brilliant violet. 

 
In studies I and II, CD8+ T-cell populations using the same Vbeta 

were sorted using these antibodies with FACSAriaII (Beckton Dickinson). 
FACS data were analyzed with FACSDiva (Beckton Dickinson) or FlowJo 
(FlowJo LLC) software. The gating strategy for expanded T-cell clones is 
shown in Figure 6. 

 



 

 47 

 

Figure 6 Gating strategy for Vbeta analyses. PE and FITC fluorochromes label 
the Vbeta-specific antibodies. 

For phenotyping analyses in study I, PBMNCs were stained with antibody 
mix 3 (Table 9) and the appropriate Vβ antibody.  Cytomegalovirus 
(CMV)-specific cells were studied by iTAg major histocompatibility 
complex pentamer (HLA-A-0201, NLVPMVATV, Proimmune, PE 
conjugate), and the cells were labeled with antibody mix 1.  

STAT3-pathway activation of immune cells was investigated with 
phosphospecific antibodies in study I. Phosphospecific flow cytometry 
was performed from whole blood samples stained with anti-CD4 (FITC, 
SK3) or anti-CD8 (FITC, SK1), incubated for 15 minutes at +37 degrees, 
and followed by erythrocyte lysis (1x Lyse/Fix Buffer, Becktron 
Dickinson) and cell permeabilization with 1x PhosFlow Perm/Wash 
Buffer I (Beckton Dickinson). After permeabilization, anti-pSTAT3 
(pTyr705)-PE, anti-pSTAT3(pSer727)-AlexaFluor647, polyclonal rabbit 
anti-pJAK1(pTyr1022/1023, 1:10 dilution in PBS, Merck), anti-
pJAK2(pTyr1007/1008, Santa Cruz Biotechnology), anti-
pJAK3(pTyr980, Santa Cruz Biotechnology), or anti-SHP1(pTyr536, 1:10 
dilution in PBS, Abcam), was introduced in addition to anti-CD3 (SK7). 
The phosphospecific conjugated antibodies were incubated for 30 
minutes and the unconjugated ones for 60 minutes, in the dark at room 
temperature. PE-conjugated F(ab’)2 donkey anti-rabbit IgG (Beckton 
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Dickinson) was used as a secondary fluorescent antibody (40-minute 
incubation) for pJAK1, pJAK2, and pSHP1. The same antibody was used 
as a PerCP-conjugate for pJAK3. Washing and resuspension in Stain 
Buffer (Beckton Dickinson) followed.  

Stained samples were held on ice and analyzed with FACSCantoII 
(Beckton Dickinson) within 4 hours of staining. FACSDiva software was 
used for data analyses. Each week, a healthy control sample was analyzed 
to determine gates for positive and negative populations (<5% of control 
cells were positive). 

8.2.3 Nucleic acid extraction (I–IV) 
DNA extractions for sequencing assays for studies I, II and IV were 
performed using Nucleospin Tissue DNA or Nucleospin Tissue DNA XS 
kits (Machery Nagel) according to the manufacturer’s instructions. The 
DNA samples of patient 15 in study IV were extracted using Qiagen 
DNEasy Blood & Tissue kit (Qiagen). DNA concentrations were measured 
using the Qubit 2.0 fluorometer (Life Technologies) and the Qubit HS or 
BR dsDNA Assay Kit (Life Technologies). In study I, RNA was extracted 
using the Qiagen miRNeasy micro kit (Qiagen). For study III, DNA 
extractions were performed from whole EDTA blood with a method 
based on magnetic beads using Chemagic MSM1 (PerkinElmer).  

8.3 Nucleic acid sequencing and data analyses 
Enriching smaller genomic areas of interest allows higher sequencing 
depths than traditional exome sequencing, and thus even small cell 
populations harboring mutations can be detected. The targeted 
hybridized captures used in studies I and IV represent similar 
technologies as exome sequencing, but these methods enrich smaller 
genomic areas than conventional exome sequencing kits (approximately 
<7 megabases compared to over 30-60 megabases of DNA). Amplified 
capture technologies and other multiplexed PCR applications are usually 
used to capture smaller genomic areas than hybridized capture 
approaches, and the sequencing depths can be even higher, as seen in 
studies II and III. 

8.3.1 Targeted hybridized captures (I, IV) 
We aimed to detect mutations with small variant-allele frequencies 
(VAFs), and as this strategy requires high sequencing depth, we designed 
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customized probes to enrich smaller genomic areas than the entire 
exome. Probes were designed for studies I and IV by the Nimblegen 
SeqCap EZ Developer system (“immunogene panel”). In study I, the 
panel covered the exons and surrounding untranslated regions of 986 
critical immune-related genes. These genes were annotated in the 
InnateDB database,276–278 but other targets, such as genes involved in 
JAK-STAT signaling, were also included. Both CD4+ and CD8+ cells were 
sequenced for all patients. 

In study I, sequencing libraries were prepared by either NEBNext 
(New England Biolabs) or ThruPLEX DNA-seq (Rubicon Genomics). The 
NEBNext kit required 1–3 ug fragmented genomic DNA to prepare 
libraries, and the libraries were prepared according to the manufacturer’s 
instructions (NEBNext DNA Sample Prep Master Mix Set 1 Manual, New 
England BioLabs) with minor modifications. Target regions were 
captured according to the NimbleGen SeqCap EZ Exome Library SR 
User’s Guide with minor modifications. 

ThruPLEX libraries were prepared from 100ng of genomic DNA 
fragmented with Episonic Multi-Functional Bioprocessor 1100 
(Epigenetik Group Inc) to the mean fragment size of 300 base-pairs, and 
50 ng fragmented DNA was processed according to ThruPLEX DNA-seq 
library preparation kit (Rubicon Genomics) instructions with minor 
modifications. Captures of genomic regions of interest were performed 
according to the “Exome Capture of ThruPLEX libraries with Roche 
NimbleGen SeqCap EZ library” (Rubicon Genomics) and the “NimbleGen 
SeqCap EZ Exome Library SR User’s guide” (Roche). Sequencing was 
performed using the HiSeq system (Illumina). 

In study IV, the custom capture probes covered the exons of 2533 
genes. The selected genes are critical for hematopoietic cells, adaptive 
immunity, and autoimmunity, but we also included genes in the 
InnateDB database.276–278 Sequencing libraries were prepared with the 
ThruPLEX DNA-seq kit or the Kapa Hyper library preparation kit 
(Roche). CD4+ and CD8+ cells of 9 healthy controls were prepared with 
ThruPLEX DNA-seq kit. Samples (100ng DNA) were fragmented with the 
Episonic Multi-Functional Bioprocessor 1100 (Epigenetik Group Inc.) to 
fragments with a mean length of 200 base-pairs. Sequencing libraries 
were prepared according to ThruPLEX DNA-seq library preparation kit 
protocol (Rubicon Genomics). Targets were captured according to the 
“Exome Capture of ThruPLEX Libraries with Roche NimbleGen SeqCap 
EZ Library” (Rubicon Genomics) and the “NimbleGen SeqCap EZ Exome 
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Library SR User’s Guide” (Roche). Eight samples (100ng DNA each) were 
pooled for hybridization and target capture, and post-capture 
amplification had 10 cycles.  

In the remaining of samples in study IV, library preparation was 
performed with the Kapa Hyper library preparation kit: 300–500ng DNA 
was fragmented using the Covaris E220 evolution instrument (Covaris) 
to a mean fragment length of 200 base-pairs. Sample libraries and 
enrichment were performed according to the “SeqCapEZ HyperCap 
Workflow User’s Guide version 1.0” (Roche Nimblegen). Four samples 
were multiplexed for capture (1 ug each), and post-capture amplification 
had 10 cycles. Sequencing of all samples in study IV was performed with 
the HiSeq2500 (Illumina) with HiSeq high output mode using v4 kits 
(Illumina)a and 101-length paired-end reads. 

8.3.2 Exome sequencing (I) 
Somatic mutations in highly clonal populations can be detected with low 
sequencing depth. We complemented the custom gene panel capture 
sequencing in study I with exome sequencing from highly clonal, CD8+ 
T-cell populations. CD8+ T-cell populations expressing the same Vbeta 
were sorted with FACSAria II from patients 1, 3 and 4 using antibody mix 
1 (Table 9) and the appropriate Vbeta antibody. Sequencing libraries 
were prepared from 50 ng sorted DNA with the Nextera Rapid Exome Kit 
(Illumina). In addition to the expanded Vbeta clone, CD4+ cells were 
sequenced to serve as a germline control. The data were analyzed 
similarly as immunogene gene panel data. 

8.3.3 Variant calling with VarSca2 (I) 
Somatic variant identification was performed with the VarScan2 
algorithm in study I. First, raw Illumina reads were merged with SeqPrep 
0.4.5 and paired reads were trimmed of B blocks in the quality scores 
from read ends. Trimmed reads shorter than 36 base-pairs were omitted. 
Reads were aligned with Burrows-Wheeler Aligner version 0.6.2 to the 
GRCh37 reference genome.249 Multimapping reads were removed. 
Alignment was refined with GATK Indel Realignment version 2.2-16.253 
PCR duplicates were removed with Picard MarkDuplicates version 
1.90.252 

VarScan2 version 2.3.251 was used to call high-confidence somatic 
mutations for each patient with the following parameters: strand-filter 1, 
min-coverage-normal 8, min-coverage-tumor 6, somatic-p-value 1, 
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normal-purity 1, and min-var-freq 0.05.255 Mutation annotations were 
performed using SnpEff version 4.052 with the EnsEMBL v68 annotation 
database53.279–281 Variants classified as common population variants in 
the Single Nucleotide Polymorphisms database (dbSNP, build ID 130) 
were discarded.282 VarScan2 analyses were performed in a pairwise 
manner so that the same patient’s CD4+ cells served as germline control 
for CD8+ cells but also vice versa. Variants with a somatic p-value <0.01 
were inspected more closely. 

8.3.4 Variant calling with MuTect2 (IV) 
In study IV, somatic variants were identified with MuTect2 toolset. Prior 
to variant calling, the Trimmomatic software was used to pre-process 
reads shorter than 36 base-pairs, adapter sequences and low-quality 
bases.283 Sequencing reads were aligned to the GRCh38 reference 
genome with BWA-MEM.284 Alignments were sorted with SortSAM, and 
PCR duplicate marking was performed with the Picard toolset.252 The 
Genome Analysis Toolkit (GATK) 3 was used for variant calling, with the 
exception that cross-sample contamination level estimation and 8-
oxoguanine and deamination artifact filtering were performed by GATK4 
CalculateContamination, CollectSequencingArtifactMetrics, and 
FilterByOrientationBias.253 ContEst was also used to estimate cross-
sample contaminations.285 CrossMap was used to convert GRCh37 to 
GRCh38.286   

Somatic variants were identified with GATK MuTect2 using a panel of 
21 healthy controls’ samples as a background reference. Variants were 
called in 2 ways. (1) Paired sample analysis included calling variants by 
comparing CD4+ to CD8+, and vice versa. This approach identifies 
variants in mature T cells. (2) To identify variants that originate in 
hematopoietic progenitor and stem cells, variants were also called from 
each sample in single-sample mode, as variants occurring in both CD4+ 
and CD8+ would be discarded in the paired-sample analyses. 

Annovar was used for variant annotation.287 Variants occurring with 
more than 1% minor allele frequency in established genomic variation 
databases (gnomAD_exome_ALL, gnomAD_exome_FIN, 
gnomAD_exome_NFE, esp6500siv2_all, 1000g2015aug_all) were 
excluded. Intronic, inframe, and synonymous mutations were excluded in 
all analyses except mutational signature analyses. Variants were required 
to pass all MuTect2 filters. Variants with <40 quality, as well as positions 
with coverage <10, were filtered. In addition, variants with >3 strand 
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orientation bias (SOR) for single-nucleotide alterations and >11 for indels 
were excluded. Variants with minimum 2% variant allele frequency 
(VAF) and 7 supporting reads, and with calls in both forward and reverse 
strands were included in further analyses. Variants with 1–2% VAF were 
incorporated if they occurred more than 5 times in the Catalogue of 
Somatic Mutations in Cancer (COSMIC) database in hematopoietic tissue 
samples, but these variants had to fulfill the other filtering criteria. Indels 
in repeat regions and at least 5 base-pair homopolymers were filtered. 
Finally, variants were inspected visually with Integrative Genomics 
Viewer (IGV). 

Paired-sample variant calling analysis eliminates variants that occur 
in both CD4+ and CD8+ cells. To complement the paired-sample variants 
with variants that have occurred in hematopoietic progenitors, we also 
performed variant calling in single-sample mode. The single-sample 
variants had to occur in both CD4+ and CD8+ cells, and the variant  had 
to occur in a known clonal hematopoiesis-associated gene.226,227,235 
However, the VAF was permitted to be less than 2% in either CD4+ or 
CD8+ cells. 

Mutations identified in paired-sample analyses were included in 
mutation signature analyses. Signatures were identified with default 
parameters with deconstructSigs; cancer profiles were downloaded from the 
COSMIC web site in September 2017.206,288 

 

8.3.5 Targeted amplicon sequencing (I, II) 
Targeted, deep amplicon sequencing was employed in studies I and II. 
Amplicon sequencing is a PCR-based method, in which short PCR 
products are sequenced, yielding sequencing coverage that can be over 
10 000–100 000 at the sequenced position and a sensitivity that can be 
as low as 0.5–1%.114 

The amplicon primers were designed to cover the genomic area of 
interest, and primer sequences are listed in Table 10. The sequenced 
amplicons were produced with either one-step or two-step PCR. In one-
step PCR, the locus-specific primers existed in limiting quantities, and 
the index adapter primers allowed the amplification to continue. In two-
step PCR, the first PCR contained locus-specific primers, and the second 
comprised index primers. The amplified samples were pooled, purified 
twice with Agencourt AMPure XP beads (Beckman Coulter), quantified 
with the Agilent 2100 Bioanalyzer (Agilent Genomics), and sequenced 
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with the Illumina MiSeq system (Illumina) using the Illumina MiSeq 
Reagent v2 500 cycles kit (Illumina). 

Sequencing reads were aligned to the human GRCh37 genome with 
Bowtie2 and GATK IndelRealigner.250,253 Both high- and low-quality 
reads were aligned to the genome, but quality scores were used to filter 
low-quality variants in further analyses. Variants with >5 supporting 
reads and VAF >0.5% were called. A frequency ratio for each variant was 
calculated by dividing the ratio of variant calls/number of all bases by the 
ratio of variant allele quality sum/quality sum of all bases. Control 
samples were included in all sequencing runs. 

For studies I–II, the frequency ratio was required to be >0.8 and VAF 
>1%, and the variant was required to be absent in control samples. Study 
I included validation experiments, and thus the variant was required to 
occur with a similar VAF as reported in exome- or immunogene panel 
sequencing. 

Table 10. Amplicon primers for studies I–II. Abbreviations: FW, forward; RV, 
reverse. 

Study Mutated 
gene 

FW primer RV primer 

I ADCY10 TTCAGTGGAAAGGGGTGCTG CCCTCTGGAATCTTGCCAGT 
I BST1 TGACCTGGTGATCAGAGCCA GGGTCCCCCAATTTCATGCA 
I C16orf89 CCTGGCCTCCTCTCTCCTTA TTACTGACAGCACTGCCACC 
I C5 TGGGCTCATGAGAAACCGT AGGGGATCACATGGAATGTTGT 
I CDK12 AAGGAGTCCAAGGGTTCACC TAGTTGGTAGAGGGGGTGGG 
I CDYL GGACCTCTCCCAACAATGCT GGTCCAGTTTCTCAGGGCTC 
I CLEC10A CCTGGCTTCCAGTTCCTGAG AAGTCACCACTGCCCTTCTG 
I CLIP2 ATGCAGTGGGGTATGTCACC CTCCTTCCGCAGCAGCTC 
I CLSPN TTCAGGCTGGTCCTGAACTC GATGAGGAACTGCAGAGTCAAA 
I CLU CGAGCTGTGTCATCCCTCTC TGGAGCCAGCACAGCTATTC 
I CNTN2 GGTTCCCATCTTACGGTGCT TGAGTCAGAGCTGTGCAGTG 
I CRYBB2 AATGGTTGGGAGGCTTCACC TCACTCTCTGGGAGGTCTGG 
I EPRS TCTGTTTCTTAGGCCCCTGC GTGTGCTTAGACAATGACTTGAG

T 
I GRM5 AACCAAGGGTTTCGGTGGTT GGCCCAAAATTTCCATGGTGT 
I IRF1 CGTGAATGTGGCACTTGTGG GAACTGGAACTGCAGGGTGA 
I KIF16B TTTTCCTTTTGGAGCTGGTC AAGGAGACAGAAATCGTGCAG 
I MAST1 GGTGCTATGGTGCATGTCCA TGGGGATCTCAGGGATGAGG 
I MREG TGACTGCTGAGTCCTCATGG GGGTGGGTTTTGTTGTTGTT 
I PADI4 GCAAGGGTGAGAGTGAGTGG GGCAGGCTAAAAGGAGGGAG 
I PLRG1 CCATGAGGATCAAAACTTCCA TTTCTACGTGAATGGGCAAA 
I PROM1 GGCAACCTTTCTCTAGAATTTCA TCATGAGGAATTGTTTTGAAGG 
I PTPRO TGGGATTTCATGCTCTGCTG ACAGACACACAATGCTGGCA 
I RP11-

766F14.2.1 
CCTGCTCTGGGGTAACACTG CAGCCGAGCTCAGACTTCAA 

I SCAF4 CAAGTCTCTGTGCCTGTCCC GGGGGTCCTGAAGACAGAGA 
I SEC14L3 AACATCTTAACCTAGGCCTGGAC TCCGCAAGGTGAGACCTATC 
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I SKP1 AGTTCAAAAAGTGTTCCTTGGTC
A 

TGGCTCAAGTCAACCTCTAGC 

I SLAMF6 CTCCCTCCTCCTGTCTTCCA CATAGGACTCCCACCCCAGA 
I SMARCAD1 GGAACCTACACATTGTGAGGC AGCAAGTCAGTGTGCCAGAA 
I STARD5 GTTTGGGGCTTCTCTCCCTC TGATTGATGCGTTGGGGTCA 
I TOPAZ1 AGAGGAACTGAGCAGAAGAGG TCAGCCGTCCTGTGTTCAAT 
I TPTE GGAACAATGGTGGTTCAAGG GGAACTTCAATTTCTTTGGAATG 
II STAT3-2 TCCCCATCACCTGTACCCAT TGACACCTGTGTTGGGCAAT 
II STAT3-3 ACACTAACACCCGACTCTGC TGTATGCGTCGGCTTCAGAG 
II STAT3-4 TCCATTCCTCCCAGACCAGG GCTCTGAAGCCTTTGTTCCG 
II STAT3-5 CCGAGGCTTGTAACTTGCAT TTCCCTTCCTCTTGTGATGG 
II STAT3-6 GACCAGGCTCCTTTGAGGAC CTCTTGGGGATACTGCCTGC 
II STAT3-7 CCGATCTAGGCAGATGTTGG TTCCCTCAGGTCAAGGAGTTT 
II STAT3-8 CTGTGGGCCTGCAGTTAAGA GTTCCTGCTCTGGAGTTGACT 
II STAT3-9 AAGAGAAGATGGGCTCACGC TCCCCTTCTCCATCTCACCT 
II STAT3-10 TGGAAAGAATGACCCTGGCC CACGTGGTAGAGTGAGAGGC 
II STAT3-11 AATGCACCCCAAGGCTTTTG CCTCCCACAGTGCTGAGATT 
II STAT3-12-14 CAAGGAAAACACCCCAGTTG AAATAACAGGTGGTCAAAGTAGG

C 
II STAT3-15 ATTGCCAGATGGGATGCCAA CCACACCTGGCCTAAGAGTG 
II STAT3-16 GAGGAGAACTGCCAGCTCAG CCTTTCATTCTGAGCCCCGT 
II STAT3-17 AGGGAGAAGGGGTGAAATGC TGCCCCCTCCTTTTAGTTGG 
II STAT3-18 CCTTGCCAGCCATGTTTTCC AACCTCTTGACCCCAAGCTG 
II STAT3-19 GTGCACACTCTGTCCAACCT GCTTGAAGGCCCTGAACTCT 
II STAT3-20 GGAGTCAAGGCCATCTCCAC TGGATGCCCTGTTAGCAATA 
II, I STAT3-21 CCCAAAAATTAAATGCCAGGA GGTTCCATGATCTTTCCTTCC 
II STAT3-22 CTCACCCAGTGTCCCATTCC GGCAGATGGAGCTTTCCAGA 
II STAT3-23 GACCAGCTCTCGGTGTGTAC TGGAGACCAGAGTTTGATGGC 
II STAT3-24 GGCACTTGTCTAAGAACAACAAC

A 
AGTTGCAGAGGGTGGACAAC 

II STAT5B-16 TGTTGGGGTTTTAAGATTTCC CAAATCAGAATGCGAACATTG 
II STAT5A-17 TCCTGCTGCTGGTGGATTAT AGCCCAAGGCTTTGTCTATG 

8.3.6 TCRB deep sequencing (I, IV) 
NGS has revolutionized the capacity to detect and characterize the T-cell 
repertoires in biological samples: sequencing and bioinformatics allow 
obtaining information not only on the receptor sequences but also the 
abundance of the identified receptor sequences. In study I, we performed 
deep TCR beta locus (TCRB) sequencing from 65 patients’ and 20 
controls’ CD8 cells.  We also sequenced synovial fluid cells from 2 
patients for whom synovial fluid samples were available. TCRB 
sequencing in study IV involved 15 patients and 27 healthy controls. The 
CD4+ and CD8+ TCRB repertoires of 7 CVID patients and 27 healthy 
controls were compared. Genomic DNA was used in all cases. Sequencing 
and data analysis were performed with the ImmunoSEQ human TCRB 
assay (Adaptive Biotechnologies Corp) at survey level. The methodology 
employs multiplex PCR in which primer optimization has been used to 
minimize amplification bias.274  
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ImmunoSEQ Analyzer (Adaptive Biotechnologies) tools were used for 
clonality metrics and differential abundance calculations. Only 
productive TCR sequences were included in the analyses. Sample 
clonality was calculated according to the formula (1), where pi is the 
proportional abundance of the rearrangement i and N is the total count of 
rearrangements. 

1. 𝐶𝑙𝑜𝑛𝑎𝑙𝑖𝑡𝑦 = 1 −	-∑ /01234(/0)7
089
1234(:)

 

Physico-chemical TCR similarity was investigated with a string kernel 
algorithm that has been designed for small peptides.289 Unsupervised 
clustering was performed on the results with Phenograph.290 

8.3.7 Myeloid panel sequencing (III) 
In study III, we aimed to study clonal hematopoiesis in RA patients and 
compare the results with patients with aplastic anemia (AA) and 
hypoplastic myelodysplastic syndrome (hMDS). We aimed to detect 
mutations with low VAF (down to 2%) in coding exons of 34 genes that 
frequently harbor mutations in clonal hematopoiesis in healthy and 
AA/hMDS patients (Table 11). Thus, we designed a custom sequencing 
panel based on the Illumina TruSeq Custom Amplicon platform with 
Illumina Design Studio software (Illumina). The panel consisted of 583 
multiplexed amplicons of approximately 250 base-pairs. Sequencing 
libraries were prepared from 250ng genomic DNA according to the 
manufacturer’s instructions (Illumina TruSeq Custom Amplicon v1.5 
reference guide), except that the last normalization step was omitted to 
allow for accurate library quantification. The samples were sequenced 
with the Illumina HiSeq2500 with rapid 150 paired-end reads (Rapid 
PE150). 

Sequencing data were pre-processed similarly to the targeted 
amplicon sequencing data (described above in Section 7.3.5). However, 
only high quality bases (Phred >20) were included in analyses, and the 
frequency ratio was required to be over 0.9. All called variants were 
required to pass a binomial test threshold p-value <10-5, have less than 
2% noise, have coverage >500, and have a variant call count >20. The 
variant also was required to compose more than 80% of all variant bases 
in the genomic position. Variant calls derived from only one strand were 
omitted if the genomic area was covered by both forward and reverse 
strands.  
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To filter out germline variants, all variants with VAF>35%, variants 
that had a population frequency >1% in 1000Genomes data,291 and 
variants that occurred in >10 individuals were omitted. Variants 
occurring within 5 base-pairs of a 5 base-pair-long homopolymer were 
also omitted. 

Variants were annotated with the Ensembl Variant Effect Predictor.292 
Because we defined clonal hematopoiesis as mutations that offer likely 
survival advantage to cells, we discarded non-coding and synonymous 
mutations, as well as mutations with <2% VAF. The VAF 2% cutoff is also 
used in the definition of CHIP.233   

Table 11. Genomic areas covered by the sequencing panel. The areas 
included 10 gaps (range: 1–872 base-pairs), which are described in 
more detail in study III.  

Gene 
Sequenced 

exons 

Coding exons 
in canonical 

transcript Gene 
Sequenced 

exons 

Coding exons 
in canonical 

transcript 
DNMT3A 2–23 2–23 CSMD1 1–70 1–70 

ASXL1 1–13 1–13 LAMB4 2–34 2–34 
PPM1D 1–2, 4–6 1–6 WT1 1–5, 7–10 1–10 
SRSF2 1–2 1–2 CEBPA 1 1 
TET2 3–11 3–11 JAK2 12 and 14 3–25 
TP53 2–11 2–11 SF3B1 8–16 1–25 
BCOR 2–15 2–15 CBL 8–9, 11 1–16 

BCORL1 1–12 1–12 GNAS 1* 1–13 
RUNX1 1–8 1–8 IDH2 4 –5 1–11 
PIGA 1–6 2–6 IDH1 4–5 3–10 
EZH2 2–20 2–20 NRAS 2–3 2–5 
ETV6 1–8 1–8 KRAS 2–3 2–5 
PHF6 2–10 2–10 U2AF1 2, 5–6, 8 1–8 

ZRSR2 1–11 1–11 SETBP1 4** 2–6 
STAG2 3–5, 7–35 3–35 MPL 1–12 1–12 
GATA2 2–6 2–6 STAT3 12–13, 21 2–24 
NPM1 1–11 1–11 STAT5B 16 2–19 

* chr20: 57429568–57428846 (722 base-pairs) 
** chr 18: 42531686–42532297 (611 base-pairs) 
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8.3.8 RNA sequencing and data analysis (I, IV) 
To characterize the expanded CD8+ T-cell clones that harbored somatic 
mutations in study I, we utilized RNA sequencing from cell samples 
sorted by flow cytometry. The SMART-Seq v4 Ultra Low Input RNA Kit 
was used to synthesize complementary DNA libraries from sample RNA. 
Sequencing libraries were prepared with the Illumina Nextera XT kit. 
Sequencing was performed as 100 base-pair paired-end reads with 
HiSeq2000 (Illumina). Sequence data were corrected, trimmed, and 
filtered for read lengths with Trimmomatics using the following settings: 
leading 3, trailing 3, sliding window 4:15, and minlen 36.283 STAR aligner 
was used to align the final and cleaned paired-end reads to the GRCh38 
human reference genome with guidance of EnsEMBL v80 reference gene 
models.281,293 Default 2-pass per-sample alignment and indexing settings 
were used, except that the overhang on each side of a splice junction was 
set to 99. Picard tools were used to sort and mark duplicates, and 
genomic features were assigned with SubRead.252,294 Default parameters 
were used in the feature summations, with the exception that reads could 
be assigned to overlapping genome features. RNA-SeQC and FASTQC 
with default settings were used for quality control analyses. Genome 
annotation information downloaded from EnsEMBL (v80) was used.281 
Binary Alignment Map files were normalized, and the data were analyzed 
with the Qlucore Omics Explorer 3.2 (Qlucore AB). 

In study IV, RNA sequencing was used to document the expression of 
genes that harboured mutations in healthy CD8+ and CD4+ cells. RNA 
was extracted with RNA was extracted with miRNeasy kit including 
DNAse I digestion (Qiagen) or NucloSpin RNA II kit (Machery-Nagel) 
according to manufacturer’s instructions. After depletion of ribosomal 
RNA (Ribo-Zero, Epicentre) and RNA purification, RNA was transcribed 
to double-stranded cDNA (SuperScript Double-Stranded cDNA Synthesis 
Kit, Life Technologies or NEBNext mRNA Library Prep Master Mix Set 
for Illumina). Random hexamers were used to prime the first strand 
synthesis (New England Biolabs). cDNA was purified with SPRI beads 
(Agencourt AMPure XP, Beckman Coulter). Illumina Nextera technology 
with 60ng of double-stranded cDNA was used to prepare RNA 
sequencing libraries. The tagmentation reaction was followed with SPRI 
bead purification. Illumina-specific bridge-PCR sites and library 
enrichment were performed via limited-cycle (5 cycles) PCR according to 
the Nextera system instructions. However, 50 X Nextera Adaptor 2 was 
replaced with Nextera Bar Codes kit adapters (Illumina). PCR products 
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were purified with SPRI beads, and the sequencing library qualities were 
evaluated with Agilent Bioanalyzer (Agilent Technologies). Samples were 
sequenced with Illumina HiSeq2000 or Illumina Genome Analyzer II 
with 100 base-pair long paired-end reads. 
In study IV, sequencing reads were trimmed with Trimmomtics283 and 

mapped to the GRCh38 reference genome using STAR65 aligner with the 
default 2-pass per-sample mapping settings.293 The Picard toolset was 
used to sort reads and mark duplicates.252 Sequencing quality was 
evaluated with FASTQC and RNA-SeQC. FeatureCounts was used to 
assign the mapped reads to gene features.294 Multimapping and 
assignment to more than one overlapping feature were allowed. Read 
count normalization with the Trimmed Mean of M-values (TMM) method 
was performed with edgeR with default parameters,295 and results were 
transformed to log2 values for statistical analyses. 

8.3.9 HLA typing (I) 
All HLA typing was performed by the histocompatibility-testing 
laboratory of the Finnish Red Cross Blood Service, which has been 
accredited by the European Federation for Immunogenetics. Results are 
reported based on the World Health Organization (WHO) HLA 
nomenclature. HLA alleles were determined by using Luminex bead-
array technology with sequence-specific oligonucleotide probes 
(Commercial LabType kits RSSO1A, RSSO1B, RSSO1C, RSSO2B1, One 
Lambda). The results were analyzed with HLA Fusion v3.2 software (One 
Lambda) according to the manufacturer’s instructions. A subset of 
samples was typed with Sanger sequencing for higher resolution 
(Commercial AlleleSEQR kits 08K60-06, 08K61-06, 08K62-06, 08K63-
06, GenDx), and sequencing data were analyzed using the SBTengine 
software 3.9.0.2563  (GenDx). 

8.4 Biomarker panel analysis (II) 
Cytokine profiling of 92 cytokines was performed in study II using the 
Proseek Multiplex Inflammation I (Olink Biosciences) to compare plasma 
cytokine profiles of healthy controls (n=8), RA patients (n=9), Felty’s 
syndrome patients (n=7), and LGL leukemia patients (n=8). The assay is 
based on oligonucleotide-labeled antibodies, and the target-antibody 
complexes are detected with real-time PCR. The PCR was performed with 
a 96.96 dynamic array on the  HD (Fluidigm) system.   
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The assay results are reported as normalized protein-expression units 
(NPX), and the levels of the same biomarker are comparable with 
different patients. NPX values were obtained from Cq values after 
normalizing for extension and interplate controls and correction factors.  

 
(1) 𝑑𝐶𝑞=>=1?@A = 𝐶𝑞=>=1?@A − 𝐶𝑞BC@	D@E1 

(2) 𝑑𝑑𝐶𝑞=>=1?@A = 𝑑𝐶𝑞=>=1?@A − 𝑑𝐶𝑞F>@AE/1=@A	D@E1 

(3) 𝑁𝑃𝑋 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟 − 𝑑𝑑𝐶𝑞=>=1?@A 

NPX values were reported in log2 scale and were analyzed with Qlucore 
Omics Explorer (Qlucore). Biomarkers with a false discovery rate (FDR) 
<0.1 (Benjamini-Hochberg method) were reported and Dunn’s multiple 
comparison tests were used in post-hoc testing. 

8.5 Immunohistochemistry (II) 
Phosphorylation of STAT3 was investigated in study II in formalin-fixed, 
paraffin-embedded bone marrow samples of 7 patients and 14 control 
subjects. All samples had been obtained for clinical purposes and were 
archived afterwards. Sections (3.5um) were cut on Superfrost objective 
slides (Kindler O Gmbh) with a Microm 355S microtome (Thermo 
Scientific). Glass slides were dried overnight at +37°C and maintained in 
+4C for short-term storage. 

Slides were deparaffinized in xylene and rehydrated in graded ethanol 
series and H2O. Heat-induced epitope retrieval was performed in 10 mM 
trisaminomethane (Tris)-hydrochloride 1 mM EDTA buffer (pH 9) at 
+99°C for 20 minutes (PT Module, Thermo Fisher Scientific). Peroxide 
activity was blocked in a 0.9% hydrogen peroxide solution for 15 minutes, 
followed by 15 minutes of 10% normal goat serum (in Tris-buffered 
saline, pH 7.4, TBS) application. For washing, 0.1% Tween-20 (Thermo 
Scientific) diluted in 10 mM trisaminomethane hydrochloride (pH 7.4, 
TBS) was used. Washing was performed 3 times after peroxide blocking, 
antibody incubations, and chromogen reactions. A humid chamber was 
used for protein blocking and antibody incubations. 

Antibodies (CD57, clone VC1.1, Sigma-Aldrich and STAT3 Tyr705, 
Cell Signaling) were diluted 1:100 and 1:250, respectively, in protein 
block solution and were incubated for 90 minutes. Secondary antibodies 
(1:1 mix) were incubated for 45 minutes. Secondary antibodies comprised 
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horseradish peroxidase (HRP)-conjugated anti-mouse and alkaline 
phosphatase (AP)-conjugated anti-rabbit (Immunologic).  

Antibody complexes were detected with Liquid Permanent Red 
(Dako) and VinaGreen (Biocare Medical) chromogens and washed with 
H2O 30 seconds after each reaction. Counterstaining was performed 
using Mayer´s hematoxylin diluted 1:10 in H2O for 1 minute and 30 
seconds. Digitalization of stained tissue slides was performed with 0.33 
µm/pixel resolution using a Pannoramic P250 Flash II tissue slide 
scanner (3DHistech, Hungary) with a Zeiss Plan-Apochromat 20x 
objective (NA 0.8). 
 

8.6 Statistical methods (I-IV) 
In all studies, p-values <0.05 (corrected for multiple comparisons if 
necessary) were considered as statistically significant. Statistical software 
used in the studies are shown in Table 12. Normality of the data was 
inspected graphically and tested with the Shapiro-Wilk test. 
Nonparametric tests were used if the sample groups were small or if 
studied groups did not follow normal distribution.  

Table 12. Statistical software used in studies I-IV 

Software Study Provider 
GraphPad Prism version 6 I–IV GraphPad Software 
SPSS Statistics version 23 III IBM 
R version 3.3.1 I R project, www.r-project.org 
R version 3.4.2 IV R project, www.r-project.org 
Qlucore Omics Explorer II Qlucore 
immunoSEQ Analyzer I, IV Adaptive Biotechnologies 

 
 
Statistical tests included the T-test, the Mann Whitney test, Fisher’s exact 
test, linear regression, the Kruskall-Wallis test, Dunn’s multiple 
comparison tests, and Spearman rank correlation. Study II used Qlucore 
Omics Explorer to produce heatmaps and calculate FDRs. Study III 
analyzed longitudinal data in a natural logarithm-transformed format 
with a linear mixed model using unstructured covariance. Also, in study 
III, multiple comparisons were corrected with the Sidak method. In study 
IV, Benjamini-Hochberg corrections for multiple testing were used in V-
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family and J-gene usage analyses. TCRB sequencing result analyses also 
employed the immunoSEQ Analyzer platform (Adaptive Biotechnologies) 
to calculate TCR clonality indices and to perform public TCR queries. 
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9 RESULTS 

9.1 Major T-cell clones in health and disease (I 
and IV) 

9.1.1 Flow cytometry versus TCRB sequencing in RA (I) 
We screened 82 newly diagnosed RA patients’ blood samples with a flow 
cytometry-based method based on a commercial panel of monoclonal 
antibodies that recognize specific V-beta families. We used this method 
to study whether large T-cell expansions exist in either CD8+ or CD4+ 
cells. The flow-cytometric method showed that CD8+ T cells were more 
clonal than CD4+ T cells (Figure 7): a larger percentage of patients had 
major (> 10%) Vbeta-family restricted expansions in CD8+ than in CD4+ 
T cells. 

  

Figure 7 The percentages of patients with a T-cell clone forming more of the 
TCR repertoire than the denoted thresholds (10%, 15%, 20%), as 
measured with flow-cytometric Vbeta-specific antibodies.  

Because CD8+ cells were more clonal than CD4+ cells, we performed 
deep TCRB sequencing to confirm the flow-cytometric results and further 
characterize the identified clones. The V-gene usage identified with flow 
cytometry and sequencing correlated well (Spearman p<0.0001, Figure 
8A). T-cell clonality calculated from the TCRB sequencing results showed 
that CD8 clonality increases with age in RA patients (p<0.0001, Figure 
8B). However, when clonality scores were compared between patients 
and controls, the clonality scores did not differ significantly (Figure 8C). 
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Figure 8 Clonality analysis in RA patients. In A and B, correlation was calculated 
with Spearman correlation.  

TCRB sequencing identified 8 (of 65) patients in whom the largest CD8 
clone composed more than 20% of the total CD8+ cells. In the age-
matched healthy controls, 2 of 20 patients had clones that made up more 
than 20% of the CD8+ repertoire by TCRB sequencing. 

9.1.2 Clinical associations with T-cell clonality (I) 
CD8+ clonality scores were correlated with different clinical parameters 
in newly diagnosed RA patients: different blood cell counts, disease 
activity measures, age, and CD4/CD8 ratio. Only age (Figure 8B), 
CD4/CD8-ratio and hemoglobin level correlated significantly with CD8 
clonality. No differences were detected in clonality in patients when they 
were grouped according to radiographic erosions, seropositivity, and 
“shared epitope” HLA usage.  

9.1.3 TCRB repertoire convergence in CVID (IV) 
We compared the TCRB repertoires of CD8+ and CD4+ cells in 7 CVID 
patients and 27 healthy controls. Both groups showed higher clonality in 
CD8+ cells than in CD4+ cells, and both also harbored individuals with 
extremely large CD8+ clones, similar to the RA cohort in study I. As in 
study I, median clonality scores between CVID and healthy controls did 
not differ. CD4+ clonality showed an inversed correlation with the 
frequency of switched-memory B cells, and a positive correlation with 
CD8+ clonality. 

In addition, no preferential V family usage was observed when CD4+ 
and CD8+ repertoires of CVID patients were compared to controls. Nor 
did differences exist between controls and CVID patients in the frequency 
or abundance of public, pathogen-specific TCRs documented in the 
McPas database.296 However, CVID patients’ CD4+ and CD8+ repertoires 
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harbored higher frequencies of TCRs that shared an identical amino-acid 
sequence, but had distinct nucleotide sequences (TCR convergence). 
These convergent TCRs accounted for a median 7.0% of the CVID CD8+ 
repertoire and 3.2% of the healthy controls’ CD8+ cells (Mann-Whitney 
test p=0.0215). In CD4+ cells, convergent TCRs accounted for 4.5% of the 
CVID CD4+ repertoire and 3.5% of the healthy controls’ repertoires 
(p=0.0123). 

9.2 STAT3 mutation screening in RA (I–II) 

9.2.1 STAT3-mutation screening in newly diagnosed RA 
patients (I) 

Because of the close link of STAT3 mutations and RA in LGL leukemia, 
we investigated whether RA patients harbored small cell clones with 
STAT3 mutations. Newly diagnosed RA patients’ CD4, CD8, or MNC 
samples were sequenced for the STAT3 exon 21 mutational hotpot with 
deep amplicon sequencing. Despite a median sequencing depth 0f 
20000, no mutations were detected. 

9.2.2 STAT3 mutations in Felty’s syndrome (II) 
Felty’s syndrome is a subtype of RA in which patients present with RA, 
neutropenia, and often splenomegaly. Because the clinical presentation 
resembles closely LGL leukemia, we collected cell samples and clinical 
information from these patients and sequenced all coding exons of 
STAT3 and STAT5A/B exon 17/16 with amplicon sequencing. STAT3 
mutations occurred in 43% (6/14) of patients. All of the mutations 
occurred in the mutational hotspot in exon 21 of STAT3, and all 
mutations have been previously described in LGL leukemia (Table 13). 
One patient had 2 mutations (N647I and Y64oF). 

Table 13. Mutations discovered in 6 Felty’s syndrome patients. One patient 
harbored 2 different STAT3 mutations (N647I and Y640F), others 
only 1. 

STAT3 mutation No. of mutations VAF in sequenced cells 
Y640F 3 1.1–8.8% 
N647I 1 1.6–2.4% 
D661Y 1 2.9–8.9% 
D661V 2 1–2% 
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We had access to CD8+ cell samples for 6 patients, and STAT3 mutations 
occurred in 4 of them (Figure 9). In most cases, STAT3 mutations 
persisted in follow-up: of the 5 STAT3-mutated patients with sequential 
samples, 3 cases harbored mutations in both timepoints (Figure 9). Also, 
flow cytometry-mediated sorting and sequencing experiments from 2 
patient samples showed that STAT3 mutations do not occur polyclonally 
in all CD8+ T cells but exist in more specific cell subsets. In the case of 
patient 6, the major CD8+ T-cell clone was the only cell population to 
harbor the Y640F mutation, while patient 4 did not harbor the Y640F 
mutation in the largest clone but did in other CD8+ T cells. Moreover, 
Felty’s syndrome patients showed increased STAT3 phosphorylation in 
bone marrow biopsy samples, regardless of STAT3 mutation status or 
mutation VAF. 

 

Figure 9 STAT3 mutations in Felty’s syndrome patients. Abbreviations: BM cells, 
cultured bone marrow cells; BM MNC, bone marrow mononuclear cells; 
PB, peripheral blood; PB CD8+, peripheral blood CD8+ cells. 

We also compared the plasma cytokine profiles of Felty’s syndrome 
with  those of LGL leukemia patients, RA patients, and healthy controls. 
Of the 92 assayed cytokines, 10 were increased in both Felty’s syndrome 
and LGL leukemia when compared to healthy controls. All 3 immune-
mediated diseases showed elevated CDCP1, IL-6, and HGF when 
compared to healthy controls. CSF1, CXCL10, IL-15RA, MIP-1alpha, 
OSM, TNFRSF9, and PD-L1 were elevated in both Felty’s syndrome and 
LGL leukemia patients, but not in RA patients.
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To identify somatic mutations in mature T cells in RA patients, we used 
hybridized target enrichment technologies to capture coding exons and 
related untranslated regions of 986 immune-related genes. This 
“immunogene panel” sequencing was performed from rhe CD4+ and 
CD8+ cells of 25 newly diagnosed RA patients’ and 20 healthy controls. 
Exome sequencing was performed for 3 patients: these patients harbored 
CD8+ T-cell clones that comprised approximately 50% of all CD8+ T cells 
in flow cytometry, thus allowing sufficient sample material collection for 
exome sequencing. A schematic of the study design is shown in Figure 10. 
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In variant calling, we compared CD4+ and CD8+ cells from each patient 
to discard germline variants. Variant calling with VarScan2 was 
performed in 2 ways: using CD4+ as a germline control and CD8+ cells as 
a “tumor” sample, and vice versa. The average sequencing coverage 
median was 397 (interquartile range, IQR 223-435) in RA patients’ CD4+ 
cells and 386 (IQR 284-441) in CD8+ cells. In healthy controls, the 
median coverage was 465 (IQR 322-1293) for CD4+ amnd 437 (IQR 254-
1329) for CD8+. 
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To confirm that mutations reported by VarScan2 were true somatic 
mutations, variants were inspected visually with IGV and confirmed with 
another sequencing method, amplicon sequencing, to occur in the 
patient’s cells. With this stringent approach, immunogene panel 
sequencing identified 10 mutations that occurred in CD8+ cells but not in 
CD4+ cells. One of the identified mutations occurred in one of the 
healthy controls. Exome sequencing detected 21 additional mutations in 
flow-sorted CD8+ T-cell clones. All mutations identified by immunogene 
panel and exome sequencing are shown in Figure 11. 
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Figure 11 Somatic mutations identified in the study. Abbreviations: VAF, variant 
allele frequency; Immunopanel, immunogene panel. 

Missense mutations comprised 81%, frameshift mutations 10%, nonsense 
mutations 6%, and splice-site mutations 3%. Of the mutations identified 
by immunogene panel sequencing, 8/10 were in genes associated with 
either immune functions or cell proliferation. Exome sequencing 
identified a larger proportion of mutations that were not associated with 
cell proliferation or immune functions (14/24). PolyPhen2297 and SIFT298 
prediction algorithms predicted 32% (8/25) of missense mutations to be 
damaging. 

9.3.2 Somatic mutations are restricted to specific CD8+ 
memory T cells in RA (I) 

 
The mutations that occurred in RA patients 1–3 in study I were screened 
with amplicon sequencing from different cell fractions: CD4+ cells, the 
expanded CD8+ population, and other CD8+ cells. The mutations were 
absent in CD4+ cells and in other CD8+ cells than the expanded 
population (Figure 12). 
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Figure 12 Somatic mutations occur only in the expanded CD8+ T cells, not in 
other cells. Abbreviations: mut, mutations. 

Flow cyometry revealed that the mutation-harboring CD8+ T-cell clones 
(as determined by flow cytometry antibody staining) had a memory 
phenotype. Expanded clones of patients 1 and 3 had an effector-memory 
phenotype with decreased C-C chemokine receptor type 7 (CCR7) and 
CD45 expression, but the mutation-harboring clone in patient 2 
comprised terminal effector-memory cells. The CD8+ TCRB repertoires 
of these 3 patients were also followed with TCRB sequencing, and the 
largest clone sizes (as % of all CD8) remained relatively stable during 
0.6–3 years of follow-up (Figure 13). RNA sequencing results suggested 
that the expanded, mutation-harboring cell clones had a survival-
associated gene expression signature. 

 

 

Figure 13 T-cell clones persist in follow-up.  
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Healthy controls harbor large T-cell clones that target CMV,117 and thus 
we investigated the possibility that the major, mutation-harboring CD8+ 
clones in RA were CMV-specific. However, only a minority of CD8+ T 
cells in patients 1 and 2 were specific for the CMV NLV-pentamer. Also, 
previously published CMV-specific TCR sequences were queried against 
TCRB sequences in 65 RA patients, but major clones were not included in 
the public CMV-specific CMV-specific TCR sequences. 

9.3.3 Immunogene panel sequencing in immunodeficiency 
patients (IV) 

The more comprehensive sequencing panel covering 2533 genes 
identified 45 somatic mutations in 11 of 17 (65%) immunodeficiency 
patients. CVID patients harbored somatic mutations in 6 of 8 (75%) of 
cases. Figure 14A shows the proportion and numbers of patients and 
healthy controls with mutations in CD4+ and CD8+ cells. Most 
mutations occurred in CD8+ cells, as shown in Figure 14B. The identified 
mutations comprised of 38 missense, 5 nonsense, and 2 frameshift 
mutations. Of the 38 missense mutations, 47% were predicted to be 
damaging by both PolyPhen2 and SIFT algorithms.  

Mutations in genes associated with hematological malignancies 
comprised 20% of mutations in immunodeficiency, with 9 mutations in 6 
of 17 (35%) patients. Gene Ontology Consortium annotations revealed 
that mutations in genes affecting lymphocyte functions, inflammation, or 
cell proliferation were also common (Figure 14C). RNA sequencing 
showed that most mutated genes were expressed in CD4+ and CD8+ cells 
of healthy controls. Interesting highlights of the data included 2 patients 
with STAT5B mutations, 2 with C5AR1 mutations, and one with a KRAS 
mutation. 
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Figure 14 A. The proportion of immunodeficiency patients and healthy controls 
harboring mutations in CD4+ or CD8+ cells. The absolute numbers of 
individuals with mutations are also shown. B. The absolute numbers 
and proportions of mutations occurring in either CD4+ or CD8+ cells. C. 
The proportion of mutations occurring in tumor suppressors/oncogenes 
or affecting different cell functions. Abbreviations: HC, healthy control. 

However, healthy controls also harboured mutations in 10 of 21 
(48%) cases, with no statistically significant difference when compared to 
immunodeficiency patients. Altogether, 28 mutations existed in healthy 
control samples, and 89% of them occurred in CD8+ cells (Figure 14B).  
Healthy controls harbored 3 splicing and 25 missense mutations, and 
25% of the missense mutations were predicted to be damaging by both 
PolyPhen2 and SIFT, which occurred in lower proportion than in 
immunodeficiency patients (Fisher’s exact test p=0.034). Of note, one 
healthy control harbored a NRAS hotspot G13D mutation.  
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9.4 Somatic mutations in hematopoietic 
progenitor cells (III) 

9.4.1 Clonal hematopoiesis in RA and bone marrow failure 
(III) 

We utilized a targeted amplicon-based deep sequencing panel to identify 
clonal hematopoiesis in RA patients and used AA/hMDS patients as 
comparators for the mutational spectrum. Somatic mutations occurred in 
17% (10/59) of studied RA patients, where 14% (8/59) had only one 
mutation and 3% (2/59) had 2 mutations. Because these mutations had a 
VAF of more than 2% and occurred in genes that have been previously 
associated with hematological malignancies, they fulfilled the criteria for 
CHIP.  DNMT3A mutations were the most common, occurring in 6.8% of 
patients (Figure 15). TET2 mutations were the second most common, 
occurring in 5.1%. None of the DNMT3A mutations occurred in the R882 
hotspot that is commonly mutated in AML. 

 

Figure 15 Frequencies of mutations in different genes in RA and AA/hMDS 
patients. 

Nonsense and frameshift mutations were the most common mutation 
types, as these mutations composed 67% of all observed mutations in RA 
(Figure 16A). These mutations truncate the affected protein and are thus 
clearly damaging. C>T transitions comprised 50% of single-base 
alterations. In RA and AA/hMDS patients, the truncating mutations had 
higher median VAFs than missense mutations (Figure 16B, Mann-
Whitney test p-value 0.019).   
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Figure 16 A. Most mutations were frameshift or nonsense mutations in RA and 
AA/hMDS. B. The median VAFs and interquartile ranges of mutations 
with frameshift/nonsense or missense consequences are shown. 
Statistical significance was determined by the Mann-Whitney test. 
Abbreviations: Splice, splice-site mutations with harmful prediction; Fs, 
frameshift. 

Although the prevalence of clonal hematopoiesis seems to increase with 
age in the RA patient cohort, reaching 25% in 70-79-year-olds, patients 
with clonal hematopoiesis were not statistically significantly older than 
patients without clonal hematopoiesis (Mann-Whitney test p-value 0.31). 

Acquired bone marrow failure patients (AA and hMDS) showed a 
slightly different mutational landscape. The prevalence of clonal 
hematopoiesis was 33%, and 8% (1/12) of patients had only one 
mutation. AA and hMDS patients were characterized by TET2, ASXL1, 
LAMB4, PIGA and STAG2 mutations (Figure 15). 

9.4.2 Clonal hematopoiesis and its association with clinical 
parameters in RA (III) 

We explored whether clonal hematopoiesis was associated with disease 
activity or other clinical parameters in the 59 RA patients included in 
study III. However, clonal hematopoiesis did not associate with studied 
clinical parameters (Table 14; Fisher’s exact test for categorical and 
Mann-Whitney test for numerical variables).  

We obtained follow-up data up to 4 years after diagnosis on blood cell 
counts and indices of the RA patients (Table 14). Differences between 
patients with/without CH were analyzed on natural-logarithm-
transformed data with a linear mixed model, with multiple comparison 
adjustments in post-hoc testing. The model included time, smoking 
status with two options (never-smoked or ex-smokers+smokers), and 
clonal hematopoiesis status (yes/no). In this model, only mean 
corpuscular volume (MCV) and lymphocyte count showed statistically 
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significant changes during follow-up. Time, clonal hematopoiesis, and 
smoking also had a statistically significant interaction effect on 
lymphocyte counts. However, when the patients were split into groups 
according to clonal hematopoiesis and smoking status, no statistically 
significant differences were observed. 

Table 14. Clinical parameters included in study III. 

Numerical parameters at diagnosis Categorical parameters Follow-up data 
DAS28 Sex MCV 
ESR Smoking status Leukocyte count 
CRP Serostatus Lymphocyte count 
Duration of symptoms Autoimmune disease Neutrophil count 
No. of swollen joints Previous cancer Monocyte count 
No. of tender joints Diabetes Thrombocyte count 
HAQ score Astma Hemoglobin level 
Leukocyte count Allergy RDW 
Hemoglobin level COPD  
Lymphocyte count Hypertension  
Monocyte count Elevated LDL  
Thrombocyte count Atherosclerotic disease  
Neutrophil count   
MCV   
RDW   
Abbreviations: DAS28, disease activity score 28; HAQ, health assessment 
questionnaire; MCV, mean corpuscular volume; RDW, red cell 
distribution width; LDL, low-density lipoprotein. 
 

9.4.3 Clonal hematopoiesis variants in immunodeficiency 
patients (IV) 

Our paired-sample variant calling strategy that uses CD4+ and CD8+ 
cells excludes somatic variants that occur in both CD4+ and CD8+ cells. 
Variants originating with hematopoietic progenitors may be left 
undetected if they occur in both CD4+ and CD8+ lineages. Thus, we 
aimed to identify variants associated with clonal hematopoiesis in 
immunodeficiency patients’ CD4+ and CD8+ samples with a single-
sample variant calling strategy. 
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Variants in genes associated with clonal hematopoiesis and occurring 
in both CD4+ and CD8+ cells in the same individual were identified in 4 
of 17 immunodeficiency patients (23.5%) and in none of the healthy 
controls. Of the 7 discovered variants, 3 occurred in DNMT3A, one in 
PRPF8, and 3 in TET2. Curiously, all of the TET2 mutations occurred in 
the same patient, and 3 were truncating mutations (frameshift or 
nonsense). 
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10 DISCUSSION 

10.1 Discovery of novel and recurrent somatic 
mutations in T cells (I, IV) 

In this study, we showed that somatic mutations in T cells are common 
findings in RA patients (study I) and immunodeficiency patients with 
lymphoproliferation and autoimmunity (study IV), but also in healthy 
controls (studies I and IV).  Recent research has revealed a landscape of 
somatic mutations in other non-malignant tissues.14 For example, 
somatic mutations accumulate in skeletal muscle satellite cells, stem cells 
in the gut, and liver, fibroblasts, and hematopoietic stem cells with 
age.198,199,202,203  

Using a custom capture panel covering 986 immune-related genes, 
combined with exome sequencing in selected cases, study I identified 
somatic mutations in mature CD8+ cells in 20% of studied RA patients. 
In the variant calling procedure, CD8+ cells were compared to CD4+ 
cells, and vice versa. Thus, germline variants and somatic variants 
occurring in both cell fractions were excluded. Mutations were discovered 
only in CD8+ cells, and sorting experiments confirmed that these 
mutations existed exclusively in specific, expanded CD8+ T cell 
populations. Only one mutation was discovered in one of the 20 healthy 
controls. 

Study I discovered that 32% of genes with mutations were associated 
with cell proliferation, and 19% of mutations were in immunogenes. Due 
to lacking functional assays, we do not know the exact effects of these 
mutations on the cell phenotype or disease activity. However, some of the 
mutations could contribute to altered immune cell functions. For 
example, IRF1 regulates the type 1 interferon response, which promotes 
activation of adaptive immune cells.299 An interferon signature can also 
be detected in RA patients.299 Another example highlights PTPRO, a 
protein phosphatase, tumor suppressor, and a negative regulator of 
STAT3,300 which is also an anti-apoptotic signal tranductor.112   

Study IV employed a custom capture panel that targeted 2,533 genes. 
The panel covered mostly the same genes as in study I, but it was 
appended with additional genes associated with autoimmune disease, 
adaptive immunity, and hematopoietic malignancies. We applied this 
panel to sequence CD4+ and CD8+ cells of 21 healthy controls and 17 
patients with immunodeficiency. Of the immunodeficiency patients, 8 
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had CVID, 3 had germline STAT3 gain-of-function mutations, one had 
germline ADA2 deficiency, one had Jacobsen syndrome, and 4 had some 
other immune deficiency and/or severe autoimmunity. 
Lymphoproliferation occurred in 65% and autoimmunity in 94% of cases. 

We discovered 45 somatic mutations in mature CD4+ and CD8+ cells 
in 65% of immunodeficiency patients, of which many occurred in genes 
that regulate cell proliferation, inflammation, and lymphocyte functions 
or are known tumor suppressors or oncogenes. Interesting highlights of 
discovered mutations are 2 patients with STAT5B mutations, one with a 
KRAS mutation, and 2 with C5AR1 mutations. Overactive STAT5B and 
KRAS associate with both autoimmunity and malignancies,115,212,301–304 
whereas C5AR1 promotes inflammatory responses in CD4+ cells.305 We 
hypothesize that mutations in mature T cells can operate together or with 
clonal hematopoiesis variants to provide a slight survival advantage or 
proinflammatory properties for T cells, which can contribute to 
autoimmunity and/or lymphoproliferation. 

Somatic mutations are not restricted to diseases such as 
immunodeficiency or RA. Studies I and IV revealed somatic mutations in 
healthy controls: study I identified only one mutation in one of 20 
healthy controls, whereas study IV identified 28 mutations in 10 of 21 of 
individuals. This is likely due to a broader panel of sequenced genes in 
study IV and a lower VAF threshold in study IV: study I had a VAF cutoff 
at 5% and study IV at 2%. However, it is not unexpected that healthy 
individuals harbor some somatic mutations, even if they occurred in 
genes implicated for malignancy, such as DNMT3A and NRAS, because 
apparently healthy individuals can have somatic variants in 
hematopoietic cells that predispose to hematological malignancies.226,227  

All mutations in RA patients and nearly all mutations in healthy 
controls occurred in CD8+ cells in studies I and IV, which is in line with 
findings in a study reporting somatic mutations in multiple sclerosis 
patients’ samples.216 The majority of mutations in immunodeficiency 
patients also occurred in CD8+ cells, but they harbored a slightly larger 
proportion of mutations in CD4+ cells than in healthy controls. The 
higher frequency of mutations in CD8+ cells than in CD4+ cells is likely 
due to at least 2 reasons. First, CD8+ cells form larger T-cell clones than 
CD4+ cells, which makes the detection of mutations easier with 
sequencing methods. Second, CD8+ proliferate highly to eliminate 
threats such as virus-infected or cancerous cells, and numerous cell 
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divisions may result in DNA replication error accumulation in highly 
expanding CD8+ T-cell clones. 

Due to the targeted approaches used in studies I and IV, the total 
mutational spectrum and mutation burden in RA and immunodeficiency 
patients cannot be determined. However, we demonstrated that somatic 
mutations are a common phenomenon in newly diagnosed RA, 
immunodeficiency (especially late-onset CVID), and healthy controls. We 
also highlight mutations in genes that are implicated in autoimmunity 
and malignancies. Although healthy controls had some mutations with 
pathogenic implications, we suggest that some of the mutations in RA 
and immunodeficiency (such as STAT5B and KRAS mutations) could 
play modulative roles in disease pathology, although they are not likely to 
be the only causative factors for disease. 

 

10.2 STAT3 mutations, RA, and autoimmunity (II) 
The clinical presentation of Felty’ syndrome is often nearly 
indistinguishable from T-LGL leukemia with RA as a comanifestation. 
Due to the similar clinical presentations, HLA-DR4 prevalences, similar 
treatment choices, histopathological splenectomy findings, and LGL 
expansions in both diseases, many authors have suggested that these 
diseases are part of the same disease spectrum.120,124,306 Study II provided 
molecular evidence for this hypothesis: a reclassification of Felty’s 
syndrome and LGL leukemia would be needed, as both conditions are 
characterized by similar somatic STAT3 mutations. 

Activating somatic STAT3 mutations occur in 30–75% of LGL 
leukemia patients’ lymphocytes.112 Study II comprised 14 patients with 
clinical Felty’s syndrome and showed that 43% of these patients harbored 
somatic STAT3 mutations. The mutations occurred in Y640F, D661, and 
N647I mutational hotspots in the STAT3 SH2 domain. Although the 
VAFs of the observed mutations were low in T cells (1–8.8%), they were 
comparable with results in LGL leukemia patients: some LGL leukemia 
patients have also STAT3 mutations with very small (0.8%) VAFs.113 

Do the activating STAT3 mutations cause the autoimmune 
manifestations in Felty’s syndrome? Evidence for causative mechanisms 
on the subject is scarce, but STAT3 activation does link with autoimmune 
manifestations. In LGL leukemia, patients with multiple STAT3 
mutations have RA (43%) more often than do patients with no STAT3 
mutations (6%).113 Neutropenia and anemia in LGL leukemia are also 
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associated with STAT3 mutations.107,109,110 In addition, activating 
germline STAT3 mutations associate with multi-organ autoimmunity and 
cytopenias.307–309 Lamy, Moignet, and Loughran proposed a mechanism 
for disease manifestations: STAT3 activation causes proinflammatory 
cytokine production, but LGLs may also target bone marrow progenitor 
and joint cells.108 The exact mechanism remains unknown, however. 
Several possible explanations for the link between STAT3 mutations and 
autoimmunity exist. Chronic inflammation may predispose patients for 
mutagenesis (in STAT3 or other genes). Alternatively, patients with 
detectable STAT3 mutations may be prone to develop autoimmune 
manifestations. Selective pressure –mediated by inflammatory factors or 
antigen stimulation– on immune cells may enrich STAT3-mutated 
clones. 

By determining 92 biomarkers in patients’ plasma samples, study II 
showed that LGL leukemia patients and Felty’s syndrome patients share 
similar cytokine profiles, although the inflammatory cytokine profile in 
Felty’s syndrome and LGL leukemia was not entirely specific to these 
diseases. RA patients shared some similarities with both diseases, but 
since Felty’s syndrome patients always have RA and LGL leukemia 
patients often have RA, the finding is not surprising. 

However, STAT3 mutations seem to distinguish the 
lymphoproliferative syndrome of LGL leukemia from “conventional” RA. 
In study I, we screened 82 newly diagnosed RA patients for STAT3 
hotspot mutations with sensitive methods but did not detect any 
mutations. STAT3 mutations occur in multiple diseases, such as 
inflammatory hepatocellular adenomas and T-cell lymphomas.112 A few 
reports of somatic STAT3 mutations exist in the context of autoimmune 
disease. Aplastic anemia patients harbor STAT3 mutations.310,311 
Refractory celiac disease patients’ gut intraepithelial lymphocytes harbor 
STAT3 D661 mutations,215 and one multiple sclerosis patient (of 16) 
harbored a STAT3 D661Y mutation.216 Thus, activating STAT3 mutations 
may exist in multiple autoimmune disease individuals, but the VAF and 
immune homeostasis may modulate the pathogenic potential of the 
mutations. 

10.3 Clonal hematopoiesis as a possible regulator 
of immune-mediated disease (III, IV) 

In addition to existing in mature T cells, somatic mutations are common 
in RA patients’ hematopoietic stem cells. This was highlighted in study 
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III, in which we showed that clonal hematopoiesis occurred in 17% of RA 
patients. This is similar to frequencies in studies using sensitive, targeted 
sequencing assays in unselected individuals.228,229 The most commonly 
mutated genes in RA patients were DNTM3A and TET2, and this is 
concordant with previous publications.226–229 All of the mutations 
discovered in our study fulfilled the criteria for clonal hematopoiesis of 
indeterminate potential (CHIP).233 

We hypothesized that clonal hematopoiesis could be linked with 
disease activity in RA. RA is a disease with longstanding and chronic 
inflammation,2 and chronic inflammation may predispose to DNA 
damage and mutagenesis.102 However, we did not observe any 
associations between inflammatory markers or disease activity and clonal 
hematopoiesis, which is likely due to lacking statistical power. Previous 
studies have not investigated clonal hematopoiesis specifically in the 
context of autoimmune disease. One previous study  included data on the 
self-reported history of arthritis,229 and a study with 361 participants with 
data on autoimmune disease did not identify increased rates of 
autoimmune disease in patients with CHIP.209 

Data on larger patient cohorts could address the issue, as published 
data suggest that inflammation and clonal hematopoiesis are linked: loss 
of function of Tet2 in myeloid cells led to increased atherosclerosis and 
proinflammatory cytokine production by macrophages in mice.238  
Intriguingly, similar to clonal hematopoiesis, RA itself predisposes to 
both cardiovascular disease and AML.2,101 Also, both clonal hematopoiesis 
and RA are associated with shortened telomeres.231,312  

Study IV addressed clonal hematopoiesis variants in CD4+ and CD8+ 
cells. In immunodeficiency patients, clonal hematopoiesis variants 
occurred in CD4+ and CD8+ cells in 4/17 (24%). No clonal hematopoiesis 
variants that were shared between CD4+ and CD8+ cells were discovered 
in healthy controls. Although clonal hematopoiesis variants are often 
enriched in myeloid cells, clonal hematopoiesis occurs in several cell 
lineages. Whereas DNMT3A mutations occur in both myeloid and T 
cells,209,234 TET2 mutations seem to exert a myeloid proliferation bias: 
they are almost nonexistent in T cells, but they occur in higher 
frequencies in myeloid cells, B cells, and NK cells.209,234 TET2 mutations 
do occur in T-cell malignancies,313–315 and Tet2 deficiency affects T- and 
B-cell differentiation in mice.316 Moreover, a hypomorphic TET2 
mutation in therapeutic CAR-T cells caused major clonal expansion and 
persistence of the mutation-harboring cell clone.317 We hypothesize that 
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clonal hematopoiesis in T cells, in combination with the other mutations, 
could contribute to immune dysfunction and lymphoproliferation in 
immunodeficiency. 
 

10.4 T-cell clonality and somatic mutations (I, II, 
IV) 

The human TCR repertoires are extremely complex, harboring more than 
2.5*107 different alphabeta TCRs.271 High-throughput methods to 
characterize the TCR repertoire are relatively novel, and previously used 
methods include flow cytometry and spectratyping. Flow-cytometric 
methods in study I indicated that although flow cytometry does not 
distinguish unique TCR clones, it yields a relatively robust estimate of the 
V-gene usage of the TCR repertoire. Flow cytometry-mediated cell sorting 
with Vbeta-specific antibodies allows enrichment of the clone of interest. 
Sequencing these specific cell populations yields information on 
mutations in T-cell clones: in studies I and II, sorting experiments 
showed that the mutations occur in a “clone” as defined by flow 
cytometry, and not in other T cells. This finding raises questions about 
the origin of the identified mutations: have the mutations occurred at a 
late stage of T-cell development, or are they derived from progenitor cells 
despite being nonexistent in other cell types (Figure 17)? 
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Figure 17 Different scenarios for the origin of somatic mutations in mature T cells. 
A. A mutation occurs in a mature T cell during clonal expansion, and 
another mutation occurs in the same cell clone later during the 
expansion. Thus, the 2 mutations have different VAFs in the same 
clone. B. Two distinct clones acquire two different somatic mutations 
during the clonal expansion process, but they harbor homologous 
TCRs and are thus detected as one by flow cytometry. Single-cell 
sequencing technologies could help to differentiate scenarios A and B. 
C. A mutation occurs already in a progenitor cell and is passed on to all 
daughter T cells. This scenario can mimic scenario A or B, because if 
only one T-cell clone with the mutation expands and the others do not, 
sequencing assays will not detect the other mutation-harboring clones. 

In studies I and IV, with TCRB sequencing data, no differences in median 
TCRB repertoire clonalities were observed between patients and controls. 
Since the median ages of patients and controls were similar, and since 
elderly individuals harbor large T-cell clones and decreased TCR receptor 
repertoire diversity,318,319 the finding is not surprising. Consistent with 
these observations, we identified a correlation between CD8+ clonality 
and increasing age in newly diagnosed RA patients. Although we 
described highly expanded major CD8+ clones in peripheral blood, 
synovial tissue in early RA is more enriched with expanded T-cell clones 
when compared to peripheral blood.320 

A previous study in CVID patients by Ramesh et al described 
increased TCR clonality in CVID patients,180 but the age of healthy 
controls and the heterogenous nature of CVID patients may explain the 
conflicting results with study IV. Taken together, the aging TCR 
repertoire in RA, CVID, and healthy individuals is relatively clonal, which 
is likely due to the physiological clonal expansions and decreased 
diversity in both naïve and memory T cells.318 Greater differences in TCR 
clonality between diseased and healthy individuals would be observed in 
lymphoproliferative clonal disorders, such as LGL leukemia. 

Although very large (20–50% of all CD8+) T-cell clones occur in some 
RA patients, immunodeficiency patients, and healthy controls, the target 
antigen of these T cells is unknown. Public, previously reported TCR 
sequences that target pathogens such as CMV and EBV were not 
presented in these major clones. Studying the TCR target antigen ex vivo 
is not trivial, and with no prior knowledge on the potential antigen target, 
high-throughput screening methods are needed to recognize potential 
targets.321 Moreover, TCRs show significant plasticity, and because a 
single TCR can recognize multiple different peptides,322 discovering one 
target does not exclude others. 
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 Although no clear target antigen for the major T-cell clones was 
identified, the TCRB repertoires of CVID patients showed an 
overrepresentation of TCRs that had identical amino acid sequences but 
distinct nucleotide sequences (=convergent TCRs). Convergent TCRs are 
more often shared between individuals in mice experiments,323,324 and 
they often have larger clone sizes.325 An excess of TCR convergence may 
be a marker for selective pressure: either convergent TCRs harbor a 
structure that provides stronger survival signals during thymic 
development, or a post-thymic antigen exposure propagates the 
expansion of multiple, similar clones. Regardless of cause, convergence 
seems to be a more common phenomenon in CVID than in healthy 
controls. 
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11 CONCLUSIONS 

Our aim was to characterize biologically relevant somatic mutations in 
the leukocytes of autoimmune disease patients using NGS and focusing 
on T cells. As disease models, we used RA, Felty’s syndrome, and 
immunodeficiency co-manifested with autoimmunity.   

Study I made the novel discovery of somatic mutations in immune-
related genes in mature T cells in newly diagnosed RA patients. The 
mutations occurred exclusively in specific, expanded CD8+ T-cell 
populations, and many mutated genes were associated with 
autoimmunity or cell survival. Study III identified clonal hematopoiesis 
in RA patients’ whole blood samples at a prevalence similar to previously 
published rates, although this was not associated with inflammatory 
markers or disease activity in this cohort.  

Study II discovered somatic STAT3 mutations in Felty’s syndrome. 
The mutations showed that Felty’s syndrome shares molecular markers 
with LGL leukemia: in Felty’s syndrome, the mutations were located in 
the STAT3 mutational hotspot, occurred at a similar prevalence as in LGL 
leukemia, and existed in CD8+ cells. Thus, study II provided molecular 
evidence for the hypothesis that Felty’s syndrome and LGL leukemia are 
actually the same disease. 

Study IV discovered clonal hematopoiesis variants and other somatic 
mutations in immunodeficiency patients’ CD4+ and CD8+ cells. A 
significant proportion of the discovered mutations associate with 
malignancies, inflammation, lymphocyte functions, and cell proliferation. 
Some of the mutations had implications for lymphoproliferation and 
autoimmunity. Also, the TCR repertoires of CVID patients showed slight 
selective pressure. 

These discoveries are just the beginning of our understanding of the 
roles somatic mutations play in autoimmune disease and 
immunodeficiencies. The stage is set: the knowledge of somatic 
mutations in non-malignant cells is growing, but the physiological effects 
of these mutations require more study. Future studies, with access to 
deep full exome and genome sequencing, will probably assess the full 
mutational landscape, signature, and functional effects of somatic 
mutations in autoimmune disease. 
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12 FUTURE PROSPECTS 

The research community has gained small glimpses of the spectrum of 
somatic mutations in non-malignant cell types. Previously published 
works have assessed the accumulation of somatic mutations in 
hematopoietic, gut, liver, fibroblast, skin, and muscle cells.  Although a 
few examples exist of somatic mutations altering non-malignant cell 
function and modulating non-malignant disease, the full effect of somatic 
mutations in human disease is far from resolved.  

Autoimmune diseases and immunodeficiencies are mostly incurable 
with current treatment options. RA and CVID, for example, represent 
heterogenous groups of patients, and similar treatments may not be 
beneficial for all. Personalized treatment for autoimmune manifestations 
may be facilitated by methods such as biomarker analysis, RNA 
expression analysis, and identification of somatic mutations. As in 
cancer, targeted drugs could be used to target disease-specific processes, 
although more research evidence on the subject is needed. 

Large-scale, collaborative efforts will be needed to elucidate the roles 
somatic mutations play in health and disease. Leukocytes are key 
mediators of autoimmune disease, and they are relatively easily 
accessible. Thus, they could be some of the first cells to be investigated in 
detail. Some possible experimental setups are listed below. 

  
• Knowledge on the full landscape of somatic mutations in healthy 

individuals’ cells is critical for understanding the effects of 
somatic mutations in disease. To catalog somatic mutations in 
healthy cells, exome and genome sequencing of different cell 
types from healthy individuals of varying ages is crucial. This 
approach can assess whether specific mutations enrich into 
different genomic areas in different cell types. Some of these data 
already exist, but data re-analysis is likely needed for future 
experimental designs. 

• Cataloging somatic mutations in healthy individuals and patients 
with disease will allow comparisons between healthy and diseased 
cells’ mutational burdens in different genomic areas and the 
assessment of possible enrichment or depletion of somatic 
alterations in immune-mediated diseases. 
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• Functional studies are needed to fully understand the impact of 
selected, specific mutations associated with disease. Genes may 
have different functions in different tissues, and even different 
mutations within the same gene may not have similar effects. The 
number of cells harboring a mutation can also affect the disease 
phenotype. Thus, functional experiments will need to account for 
huge complexity, which will likely require high-throughput 
experimental setups. 

• Nucleic acid transitions, transversions, indels, and structural 
variations in DNA are not the only genetic modifications that 
affect cell functions. Epigenetic modifications should eventually 
be characterized in addition to somatic mutations. 

 
These are merely examples of research issues to address, and when more 
data accumulate, experimental setups will change accordingly. Novel 
technologies, such as single-cell sequencing techniques, will provide 
many opportunities to gain insights on the effects of somatic mutations 
on disease pathogenesis. Although seeking answers gives rise to even 
more questions, as a research community, we can learn more than we can 
imagine in the process. 
 
 

 

Figure 18 Some hypothetical causes and consequences of somatic mutations in 
immune cells. 
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