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ABSTRACT 

Janus kinase (JAK) - signal transducer and activator of transcription (STAT) pathway 
is one of the key signaling pathways in our bodies. JAK-STAT pathway regulates 
numerous biological functions including the immune response, metabolism, 
hematopoiesis, and development. Mutations in JAKs, STATs, or their regulatory 
proteins can cause defective JAK-STAT signaling responses resulting in human 
diseases. In addition, the cytokine environment typically present in inflammatory 
diseases can cause overactivation of the JAK-STAT pathway. Consequently, Janus 
kinases were identified as potential drug targets shortly after their discovery. To date, 
several JAK inhibitors are in clinical use for the treatment of both inflammatory 
diseases and hematological malignancies. 

In this thesis project, a rare, previously uncharacterized, immunological disease 
was investigated focusing on the activation of JAK-STAT pathways, which was 
studied using flow cytometry. In the second study, we analyzed the in vivo effects of 
a JAK inhibitor, tofacitinib, on different JAK-STAT pathways in patients with 
rheumatoid arthritis using similar methodology. In addition, the selectivity of 20 
clinical JAK inhibitors was analyzed and compared by using in vitro methods that 
measure enzymatic activity and cytokine inhibition. 

The results presented in this thesis describe a new mutation in the IRF2BP2 gene 
found in two patients having both inflammatory symptoms and lymphopenia. We 
showed that IRF2BP2 protein is particularly important in the regulation of the JAK-
STAT-mediated interferon response. Studies done with JAK inhibitors showed that 
tofacitinib inhibits the activation of several JAK-STAT pathways, but the extent of 
inhibition depends on both the cytokine pathway and the cell population studied. 
On the other hand, the cytokine inhibition profile of tofacitinib also depends to 
some extent on the methodology, as differences were found between the in vivo and 
in vitro measurements. Comparison of 20 JAK inhibitors revealed inhibitors to 
possess distinct selectivity profiles and demonstrated that selectivity determination 
requires use of multiple measurement methods combined with pharmacokinetic 
variables. 

The results described above add to our understanding of the role of JAK-STAT 
pathway and its inhibition in immunological diseases. By characterizing 
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immunological diseases and JAK inhibitors, more targeted and thus more effective 
and safer treatments can be achieved in the future for patients with various diseases 
of the immune system. 
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TIIVISTELMÄ 

Janus kinaasi (JAK) – signaalinvälittäjä ja transkriptioaktivaattori (STAT) reitti on 
yksi keskeisimmistä signaalinvälitysreiteistä kehoissamme. JAK-STAT reitti säätelee 
lukuisia biologisia toimintoja, kuten immuunivastetta, aineenvaihduntaa, 
hematopoieesia sekä kehitystä. Mutaatiot JAKeissa, STATeissa tai niiden toimintaa 
säätelevissä proteiineissa voivat aiheuttaa virheellisen JAK-STAT signalointivasteen, 
joka voi johtaa vakaviin sairauksiin. Myös tulehduksellisissa sairauksissa tyypillisesti 
esiintyvä sytokiiniympäristö voi aiheuttaa JAK-STAT reitin yliaktivaation. Janus 
kinaasit nähtiinkin potentiaalisina lääkekehityskohteina jo pian niiden tunnistamisen 
jälkeen. Tällä hetkellä kliinisessä käytössä on jo useita hyväksyttyjä JAK-estäjiä 
tulehduksellisten sairauksien ja hematologisten syöpien hoitoon. 

Tässä väitöskirjassa tutkittiin JAK-STAT reittien aktivaatiota harvinaisessa ja 
aiemmin määrittelemättömässä, immunologisessa sairaudessa virtaussytometria-
menetelmää hyödyntäen. Toisessa osatyössä tutkittiin JAK-estäjä tofasitinibin in vivo 
vaikutusta eri JAK-STAT reitteihin lääkettä käyttävillä nivelreumapotilailla 
samankaltaisella metodologialla. Lisäksi analysoimme ja vertailimme keskenään 20 
kliinisissä tutkimuksissa arvioidun JAK-estäjän selektiivisyyttä in vitro käyttäen sekä 
entsyymiaktiivisuutta että sytokiini-inhibitiota mittaavia menetelmiä.  

Työssä kuvaillaan uusi mutaatio IRF2BP2 geenissä, joka löydettiin kahdelta 
potilaalta, joilla oli sekä tulehduksellisia oireita että lymfopeniaa. Osoitimme, että 
IRF2BP2 proteiini on tärkeä erityisesti JAK-STAT välitteisen interferonivasteen 
säätelyssä. JAK-estäjillä tehdyissä tutkimuksissa osoitettiin, että tofasitinibi estää 
useiden JAK-STAT reittien aktivaation, mutta estämisen voimakkuus riippuu sekä 
tutkittavasta sytokiinireitistä että solupopulaatiosta. Toisaalta tofasitinibin sytokiinien 
estoprofiili myös jossain määrin riippuu tutkimusmenetelmästä, sillä eroavaisuuksia 
löydettiin in vivo ja in vitro mittausten välillä. JAK-estäjien vertailututkimus osoitti, että 
kliinisten JAK-estäjien selektiivisyydessä on eroja. Selektiivisyyden määrittäminen 
vaatii kuitenkin useiden mittausmenetelmien käyttämistä yhdistettynä 
farmakokineettisiin muuttujiin.  

Edellä kuvatut tulokset lisäävät ymmärrystä JAK-STAT reitin ja sen estämisen 
merkityksestä immunologisissa sairauksissa. Immunologisia sairauksia ja JAK-estäjiä 
karakterisoimalla voidaan tulevaisuudessa saavuttaa entistä kohdennetumpia ja siten 
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tehokkaampia ja turvallisempia hoitoja erilaisista immuunijärjestelmän sairauksista 
kärsiville potilaille.  
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1 INTRODUCTION 

The immune system is essential for our survival, as it is responsible for defending 
the body against external pathogens, such as viruses, bacteria, and parasites. The 
immune system also protects us from dangers inside our bodies, as it can recognize 
and destroy transformed cells before they grow into tumors. Additionally, the 
immune system plays a significant role in tissue healing and regeneration. Thus, a 
malfunction of the immune system can have serious consequences, such as 
autoimmune diseases or cancer. 

Giant leaps in our understanding of the immune system and exploitation of this 
knowledge for therapeutic or preventive approaches have improved the lives of 
patients with immunological diseases and eradicated several infectious diseases. 
Additionally, treatments that reactivate immune responses against tumors are 
available treatment options for certain cancer patients. Still, the pathogenesis of 
many immunological diseases remains poorly understood and many immunological 
diseases and cancers are incurable. Also, infectious diseases are still serious threats 
to human health, as the world-wide Covid-19 pandemic has demonstrated.  

Molecular immunology investigates specific details of the immune system. A 
small, but rather significant component of our immune system is Janus kinase (JAK)-
signal transducer and activator of transcription (STAT) signaling pathway, which 
plays an indispensable role in development and function of immune cells as well as 
maintaining immune system homeostasis. Understanding the essential nature of 
JAK-STAT signaling in the immune system led soon to the idea that JAK inhibition 
could offer a therapeutic alternative in treating autoimmune diseases.  

 This thesis examines the function and inhibition of JAK-STAT pathway in a 
clinical perspective. The aim was to investigate JAK-STAT signaling in patients 
having immunological diseases, including a rare immunological disease caused by a 
novel mutation in IRF2BP2 gene and rheumatoid arthritis. This study also 
investigates the specific mechanisms behind JAK inhibitors. Better understanding of 
disease and drug mechanisms would allow more targeted therapies for patients being 
affected by immunological disorders.   
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2 REVIEW OF THE LITERATURE 

2.1 The immune response 

The immune response is typically divided into two branches: the innate and adaptive 
immune response. The innate immune response is the first line of defense against 
invading microbes and is essential for the first hours or days of infection. The 
receptors of innate immune system can recognize structures common to related 
microbe groups, but cannot distinguish fine differences, so they are not antigen 
specific (Abbas et al., 2018). The adaptive immune response occurs later during 
infection manifesting refined specificity toward its target antigens (Paul, 2013). 
Importantly, cells of the adaptive immune system can remember the microbes 
encountered before. Even though the innate and adaptive immune responses are 
addressed separately below, they act together and only their synergy results as fully 
effective immune response (Chaplin, 2010). 

2.1.1 Innate immune response 

The main components of innate immunity are physical (skin and epithelium) and 
chemical (mucus, antimicrobial peptides and proteins, lactoferrin and microbiota) 
barriers, innate immunity cells (phagocytic neutrophils and macrophages, mast cells, 
eosinophils, basophils, dendritic cells, natural killer) and blood proteins, such as 
components of the complement system, which mediate inflammation (Abbas et al., 
2018; Paul, 2013). 

The two main types of protective reactions of the innate immune response are 
inflammation and antiviral response (Abbas et al., 2018). Tissue damage, which can 
be either caused by physical agents or by pathogens, induces inflammation (Male, 
2013). Cells of the damaged tissue secrete cytokines, which act as drivers of 
inflammation. Key pro-inflammatory cytokines include tumor necrosis factors 
(TNFs), interleukin (IL)-1 and IL-6 (Abbas et al., 2018). The secretion of pro-
inflammatory cytokines results in increased 1) blood supply to the damaged area, 2) 
capillary permeability (permitting larger molecules, such as complement system 
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proteins, to enter the tissue) and 3) migration of leukocytes from venules into the 
damaged area (Abbas et al., 2018; Male, 2013). Neutrophils constitute the majority 
of blood leukocytes and are the first leukocytes recruited to the site of inflammation, 
followed by blood monocytes that become macrophages once they enter the tissue 
(Abbas et al., 2018).  

Inflammation can be divided into acute and chronic inflammation. Above-
described inflammation process refers to acute inflammation, which typically 
resolves within days. Chronic inflammation takes over from acute inflammation 
when the infection is not eliminated or the tissue injury is prolonged and can persist 
for weeks, months or even years (Abbas et al., 2018; Lawrence & Gilroy, 2007). 
Chronic inflammation is mediated partly by different cytokines than acute 
inflammation and involves also participation of the adaptive immune system cells 
(Abbas et al., 2018; Feghali & Wright, 1997). 

Recognition of viral molecular patterns that use host pattern recognition 
receptors (PRRs) triggers antiviral defense. Several different cell types express PRRs 
and their activation by viral molecular patterns induces the production of type I 
interferons (IFNs), which are the key mediators of antiviral defense (Male, 2013). 
Type I interferons (IFN-α and IFN-β) act by inducing interferon stimulated genes 
(ISGs) that enable the cells to enter antiviral state (Abbas et al., 2018; Male, 2013). 
Type I IFNs also activate natural killer cells and macrophages, which can then kill 
virus-infected cells (Male, 2013). Macrophages also phagocyte viruses and virus-
infected cells and produce IFN-α and other key cytokines for fighting virus infection, 
such as TNF-α and nitric oxide (Male, 2013). The molecules produced during the 
antiviral defense reaction of innate immunity also act as activators of adaptive 
immune response, which take over during later stage of viral infection (Abbas et al., 
2018).  

2.1.2 Adaptive immune response 

A specialized group of leukocytes called lymphocytes mediate the adaptive immune 
response. The two major types of lymphocytes are B and T cells. B cells are 
responsible for production of antibodies and mediate the humoral immune response, 
whereas T cells manage the cell-mediated immune response that eliminates 
intracellular pathogens. T cells also regulate responses of B cells and the overall 
immune response (Male, 2013). Both B and T cells represent enormous repertoire 
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of antigen-recognition receptors, which is achieved by rearrangement of antigen-
receptor genes during maturation (Kondo et al., 2001).   

 The activation of adaptive immune response requires capture of antigens and 
their display to specific lymphocytes, which usually occurs in peripheral lymphoid 
organs, such as in the lymph nodes. One of the most specialized cell types for antigen 
presentation is dendritic cells. Before encounter with antigen, lymphocytes are called 
naïve. Upon activation by an antigen, lymphocytes go through proliferation, which 
increases the number of the antigen-specific clones and is referred as clonal 
expansion (Abbas et al., 2018; Male, 2013). Clonal expansion leads to lymphocyte 
differentiation into effector cells that can eliminate the antigen. Also, innate immune 
response cells, such as macrophages and neutrophils participate in antigen 
elimination. After the antigen has been eliminated, most of the effector cells die 
declining the immune response, but memory cells remain ready to elicit a response 
if the same pathogen is re-encountered (Abbas et al., 2018; Male, 2013).  

Naïve B cells can recognize intact microbes, proteins, and other molecular 
structures through B cell receptors (BCR). Antibodies are soluble forms of BCRs, 
which can be secreted into extracellular space. Antibodies are multifunctional 
proteins that can fight pathogens through various mechanisms, including 
opsonization and toxin neutralization (Casadevall, 1998). During clonal expansion, 
BCRs are further modified through somatic hypermutation and antibody class switch 
recombination, to achieve maximum potential toward the antigen (Pieper et al., 
2013).  

T cells can be divided into several subgroups based on their T cell receptor (TCR) 
expression. Two major groups constitute cluster of differentiation (CD)4-positive T 
cells, called T helper cells, and CD8-positive T cells, called cytotoxic T cells. T cell 
receptors recognize infected cells, when antigen is bound to major histocompatibility 
complex (MHC) and antigen-presenting cells display the antigen-MHC 
complex  (Alcover et al., 2018). Cytotoxic T cells can lyse infected cells by releasing 
contents of cytotoxic granules toward target cells and by producing cytokines, such 
as IFN-γ, which contribute to the damage (de Saint Basile et al., 2010).  T helper cells 
in turn ‘help’ other immune cell types (e.g., activate macrophages to phagocyte 
infected cells) mainly by secreting different cytokines. Depending on the antigen-
type T helper cell encounters for the first time (called priming), T helper cell 
differentiates into a subtype that produces IFN-γ and lymphotoxin (TH1 cells); IL-4, 
IL-13, IL-5, and IL-6 (TH2 cells) or IL-17 and related cytokines (TH17) (Paul, 2013). 
TH1 cells are important components of antiviral and antibacterial immunity, TH2 cells 
are needed for fighting against extracellular pathogens, such as worms, and TH17 cells 
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play a critical role in anti-fungal responses and in host defense against bacterial 
infection (Saravia et al., 2019). Naïve T helper cells can also differentiate into 
regulatory T cells (Treg) that have immunosuppressive functions (Saravia et al., 2019). 
In addition, CD4 cells can differentiate into T follicular helper cells (TFH) that have 
the ability to enter B-cell follicles, where they help B cell develop into antibody-
producing cells and undergo immunoglobulin class switch and affinity maturation 
(Paul, 2013). The main immune cell types and their functions are summarized in 
Table 1. 
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Table 1. Summary of cell types in innate and adaptive immune responses and their main 
functions.  

 Immune cell type Main functions 
Innate immune 
response 

Monocytes/macrophages Cell recruitment to site of infection by cytokine 
secretion, phagocytosis (Abbas et al., 2018) 

Neutrophils Principal cell type at site of acute inflammation; 
phagocytosis, production of antimicrobial 
substances and extracellular traps (Mortaz et al., 
2018)   

Dendritic cells Recognition of microbial molecules, cell recruitment 
and activation to the site of infection by cytokine 
secretion, antigen presentation to T cells, 
production of type I interferons (Abbas et al., 2018; 
Chaplin, 2010) 

Mast cells Release of cytokines and other inflammatory 
mediators in response to parasite infections (Abbas 
et al., 2018; Chaplin, 2010) 

Basophils Release of cytokines and other inflammatory 
mediators (Abbas et al., 2018; Chaplin, 2010) 

Eosinophils Release of enzymes harmful for cell walls of 
parasites (Abbas et al., 2018; Chaplin, 2010) 

Natural Killer cells Immunoregulation by release of cytokines, killing 
virus-infected cells and tumor cells (Vivier et al., 
2008) 

Adaptive immune 
response 

Helper T cells (CD4+) B cell activation, macrophage activation, stimulation 
of inflammation by cytokine production (Abbas et 
al., 2018) 

Cytotoxic T cells (CD8+) Killing infected and tumor cells by release of 
cytotoxic granules and IFN-γ (de Saint Basile et al., 
2010) 

B cells Antibody production, immunoregulation by 
production of cytokines (Shen & Fillatreau, 2015) 
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2.1.3 Immunopathologies 

Defects or malfunction of innate or adaptive immune responses can lead to diseases. 
In general, these diseases are caused by overactive immune system (hypersensitivity 
reactions), inappropriate self-reaction (autoimmunity) and ineffective immune 
responses (immunodeficiency) (J. S. Marshall et al., 2018).  

The most classic examples of hypersensitivity reactions are allergic reactions. Re-
exposure to an allergen – such as pollen or pet epithelium – leads to secretion of 
histamine, leukotrienes and prostaglandins by mast cells and basophiles, which have 
been sensitized by IgE type antibodies before. The production of histamine and 
other active mediators result in typical allergic airway symptoms (Rajan, 2003). 
Allergic reactions represent type I hypersensitivity reactions, which are also referred 
to as immediate hypersensitivity. Further hypersensitivity reaction classes are 
cytotoxic or antibody-dependent hypersensitivity (type II), immune complex disease 
(type III) and delayed-type hypersensitivity (type IV) (Rajan, 2003). 

Autoimmunity develops, when the immune system recognizes self-antigens, 
despite several mechanisms maintaining immunotolerance. Main characteristics of 
autoimmune diseases include presence of autoantibodies, self-reactive T cells and 
inflammation (Castro & Gourley, 2010). Autoimmune diseases can be either 
systemic (such as systemic lupus erythematosus, SLE) or tissue-specific (such as type 
I diabetes mellitus, where immune cells attack the insulin-producing pancreatic cells). 
The development of an autoimmune disease is usually a result of complex mixture 
of genetic, hormonal and environmental factors (Khan & Wang, 2020). The region 
encoding MHC proteins seems to be the most important genetic factor in 
autoimmune susceptibility (Male, 2013). Autoimmune diseases typically affect more 
likely women than men with the exception of type I diabetes and small vessel 
vasculitis (Mouzaki et al., 2005). Even though the mechanisms how environmental 
factors contribute to development of autoimmune diseases are largely unknown, 
there is strong evidence that at least tobacco smoke, crystalline silica, solvents, 
pristine, mercury and pesticides are linked to pathogenesis of autoimmune diseases 
(Khan & Wang, 2020). Also, microbes seem to play a role in the development of 
autoimmune diseases. For example, infectious agents, such as Epstein-Barr virus, 
cytomegalovirus, proteus species, Escherichia coli and their products have been 
associated with the development of rheumatoid arthritis (McInnes & Schett, 2011). 
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In addition, dysbiosis of skin, gut and oral microbiome has been associated with 
auto-inflammation and tissue destruction in autoimmune diseases (Dehner et al., 
2019).  

Immunodeficiency is a state, where the immune system cannot fight infectious 
agents either with its full potency or at all. Immunodeficiency may arise from primary 
genetic defects or it may be acquired, and result e.g. from malnutrition, viral or 
bacterial infections, autoimmunity or use of immunosuppressants (J. S. Marshall et 
al., 2018). One example of primary immunodeficiency is severe combined 
immunodeficiency (SCID). The majority of the SCID cases are caused by mutations 
in common γ chain gene, which encodes a receptor component needed for IL-2, IL-
4, IL-7, IL-9, IL-15, and IL-21 mediated signaling (Notarangelo, 2010). Also, loss-
of-function mutations in JAK3 gene result in SCID, which is clinically inseparable 
from SCID caused by mutations in common-γ-chain gene (Notarangelo, 2010). The 
most known example of secondary immunodeficiency would probably be acquired 
immunodeficiency syndrome (AIDS), which is caused by the human 
immunodeficiency virus (HIV). HIV infects T helper cells and induces T cell 
lymphopenia through multiple mechanisms (Chinen & Shearer, 2010).        

2.1.3.1 Rheumatoid arthritis 

Rheumatoid arthritis (RA) is an autoimmune disease, where the immune system 
attacks synovial tissues as its primary targets. RA is a common autoimmune disease, 
affecting about 1% of adults world-wide, and is characterized by synovial 
inflammation and hyperplasia, autoantibody formation (rheumatoid factor and anti-
citrullinated protein antibody), cartilage and bone destruction as well as systemic 
features, which include pulmonary, cardiovascular, skeletal and psychological 
disorders (McInnes & Schett, 2011; Mouzaki et al., 2005).  

In synovial inflammation, leukocytes have infiltrated into the normally relatively 
acellular synovium. In synovium, CD4+ T cells secrete proinflammatory cytokines, 
such as IFN-γ, which recruit and activate monocytes and macrophages (Mouzaki et 
al., 2005). Activated monocytes and macrophages as well as fibroblasts, produce 
more proinflammatory cytokines, such as TNF-α and IL-1, -6, -12, -15, -18, and -23, 
which e.g. induce the production of matrix metalloproteinases and osteoclasts, 
resulting in soft tissue and bone damage (McInnes & Schett, 2011; Mouzaki et al., 
2005). As the presence of autoantibodies suggests, also B cells play a central role in 
RA pathogenesis. However, B cells remarkably add to pathogenesis of RA also by 
autoantigen presentation and cytokine secretion. This has been proven by the clinical 
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efficacy of rituximab, which targets CD20+ B cells but not the antibody-producing 
plasma cells (McInnes & Schett, 2011).    

Currently, there is no cure for RA. The first line pharmacological treatment 
option in Finland includes conventional systemic anti-rheumatic drugs 
(csDMARDs); methotrexate (MTX), hydroxychloroquine and sulfasalazine in 
combination with prednisolone (Rheumatoid arthritis: Current Care Guidelines 
Abstract, 2015). However, not all patients respond to csDMARD treatment. Other 
treatment options include biological treatments and JAK inhibitors. Biologics target 
a single cytokine or receptor and are administered subcutaneously or intravenously. 
To date, biologics for treating RA in Finland include suppressors of TNF-α, IL-1, 
IL-6, CD20, and CTLA4) (Rheumatoid arthritis: Current Care Guidelines Abstract, 
2015). JAK inhibitors on the other hand are small molecules, which are taken orally 
and function by inhibiting kinase activity of Janus kinases, suppressing multiple 
cytokine-signaling pathways simultaneously. JAK inhibitors are addressed more in 
detail in later chapters of this literature review.      

2.2 JAK-STAT pathway 

Janus kinase (JAK) – signal transducer and activator of transcription (STAT) 
pathway is one of the major signaling nodes of the immune system. The discovery 
of JAK-STAT pathway was preceded by groundbreaking work with a cytokine – 
namely IFN-α, which role in antiviral defense was described first in 1957 (Isaacs & 
Lindenmann, 1957).  

JAKs are intracellular non-receptor tyrosine kinases that transmit signaling of 
over 50 different molecules, including cytokines, hormones, and growth factors 
(Hammarén et al., 2019). The signaling cascade is initiated, when a signaling molecule 
binds to its receptor, which activates JAKs and allows them to trans-phosphorylate. 
Then, JAKs phosphorylate the receptor enabling recruitment and phosphorylation 
of STATs. STATs dimerize and enter the nucleus, where they act as transcription 
factors (O’Shea et al., 2015). Schematic figure of JAK-STAT signaling pathway is 
presented in Figure 1.    

The clinical significance of JAK-STAT pathway has become evident by the 
dramatic immunological phenotypes of animals and humans carrying loss- or gain-
of-function mutations in genes encoding JAK-STAT pathway components 
(Alexander et al., 2021; Villarino et al., 2017). In addition, JAK-STAT signaling route 
can be hyperactive also without gene mutations, namely through excess of stimuli. 



 

10 
 

For instance, several  cytokines that are implicated in the pathogenesis of 
rheumatological diseases employ JAK-STAT pathway (Banerjee et al., 2017).  

 

Figure 1. Schematic figure of JAK-STAT pathway. Cytokine binding to its receptor induces 
conformational changes in the receptor and brings JAKs close to each other, which enable 
trans-phosphorylation of the kinase domains. Then, receptor is phosphorylated, which 
enables STAT binding and phosphorylation. Phosphorylated STAT molecules dimerize 
and translocate to nucleus, where they act as transcription factors. Figure is based on 
following reviews (Dodington et al., 2018; Gadina et al., 2001; Spolski et al., 2018).  

2.2.1 Cytokines and receptors  
Cytokines are secreted proteins or peptides, which act as intercellular messengers. 

They mediate a plethora of functions, such as immune response, hematopoiesis and 
neural development (Deverman & Patterson, 2009; Kany et al., 2019; Metcalf, 2008). 
To forward the message, they bind to their specific receptors. Cytokine receptors are 
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usually produced by cells as transmembrane proteins that operate as oligomeric 
complexes, in most cases as dimers (Lokau & Garbers, 2020; R. Morris et al., 2018). 
However, most cytokine receptors exist also as soluble receptors that can either 
inactivate or activate the function of the cytokine (Lokau & Garbers, 2020).  

JAK-STAT cytokines can be divided into two main groups based on sequence 
motifs in cytokine-binding modules found in their receptors, namely class I and class 
II (Mohr et al., 2012). Class I and II receptors are structurally related, but class II 
receptors lack the so called WSXWS motif, that is present in the extracellular part of 
type I receptors (R. Morris et al., 2018). Cytokine receptors can be further divided 
into cytokine families based on receptor subunit sharing. JAK-STAT cytokine 
families, their members and the main functions are summarized in Table 2. 
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Table 2. Summary of JAK-STAT cytokine receptor families, cytokines, and their main biological 
functions.  

Receptor family Cytokines Main functions 

Class I 
IL-2 family/common-γ -
chain family 

IL-2, IL-4, IL-7, IL-9, IL-15, IL-
21 

T-, B- and NK-cell stimulation and homeostasis, 
T-cell differentiation, T and B cell growth factor 
(Lokau & Garbers, 2020) 

IL-3 family/common-β- 
chain family 

IL-3, IL-5, GM-CSF Hematopoietic growth factor, B-cell 
development, inflammation (Dougan et al., 
2019) 

IL-6 family/gp130 family IL-6, IL-11, IL-27, IL-31 LIF, 
CNTF, CT1, CLC, OSM, NP 

Hematopoiesis, acute phase response, cardiac 
myocyte and neuronal growth factor, 
inflammation, T cell differentiation (Lokau & 
Garbers, 2020; R. Morris et al., 2018) 

Homodimeric G-CSF, EPO, TPO, GH, PRL, 
LEP 
 

Blood cell differentiation, growth, mammary 
gland development, appetite regulation (Dwivedi 
& Greis, 2017; Mullen & Gonzalez-Perez, 2016; 
Nairz et al., 2012; Naylor et al., 2003; Smith & 
Murphy, 2014; Strous et al., 2020) 

IL-12 family 
 
 

IL-12, IL-23, IL-35 
 

T-, B- and NK-cell activation, inflammation, anti-
inflammatory (IL-35) (Jefremow & Neurath, 
2020) 

Others IL-13, TSLP Allergic response, inflammation (R. Morris et al., 
2018) 

Class II 
Type I interferon 
 

IFN-α, IFN-β, IFN-ε, IFN-κ, 
IFN-ω 
 

Anti-viral defense (Lin & Young, 2014) 

Type II interferon IFN-γ Inflammation, anti-microbial (De Benedetti et al., 
2021) 

Type III interferon IFN-λ1, IFN-λ2, IFNλ3 Anti-viral defense (Lin & Young, 2014) 

IL-10 family IL-10, IL-19, IL-20, IL-22, IL-
24, IL-26 

Anti-inflammatory (IL-10), inflammation, anti-
microbial (R. Morris et al., 2018) 

Abbreviations : CLC, cardiotrophin-like cytokine; CNTF, ciliary neurotrophic growth factor; CT1, 
cardiotrophin-1; EPO, erythropoietin; G-CSF, granulocyte colony-stimulating factor; GH, growth 
hormone; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, 
interleukin; NK, natural killer; NP, neuropoietin; LEP, leptin; OSM, onkostatin M; PRL, prolactin; 
TPO, thrombopoietin; TSLP, thymic stromal lymphopoietin.    

2.2.2 Janus kinases (JAKs) 

The JAK family consists of four members, namely JAK1, JAK2, JAK3, and TYK2, 
which were discovered in the early 1990s. They were named after Janus, two-faced 
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roman god of gates, passages, and duality, because of their unusual structure of 
sequential kinase-like domains (Wilks, 2008). JAK1, JAK2, and TYK2 are 
ubiquitously expressed, whereas the expression of JAK3 is restricted mainly to cells 
of hematopoietic origin (Salas et al., 2020).  JAKs couple with their designed receptor 
and work in pairs. JAK1 can form heterodimers with other JAKs and JAK2 forms 
both homodimers and heterodimers with JAK1 and TYK2 (Winthrop, 2017). A 
summary of cytokine receptor families, JAK pairs and STATs that are activated by 
each receptor family is represented in Figure 2.  

All JAKs share a similar structure consisting of four distinct domains: An N-
terminal FERM (band 4.1 protein, ezrin, radixin and moesin) domain, followed by 
an SH2 (Src homology 2) domain, a pseudokinase domain (also known as JH2 
domain) and a C-terminal kinase domain (also known as JH1 domain). FERM and 
SH2 domains are responsible for JAK association with cytokine receptors (Ferrao & 
Lupardus, 2017). Pseudokinase domain is catalytically inactive but plays a critical role 
in the regulation of the kinase domain, which in turn is required for phosphorylation 
of its target proteins (R. Morris et al., 2018). Pseudokinase domain seems to act as 
both positive and negative regulator, but the exact mechanisms are not fully 
understood (Raivola et al., 2021). The positive regulatory role was originally 
identified by the discovery of loss-of-function mutation in JAK3 JH2 resulting in 
SCID (Candotti et al., 1997; M. Chen et al., 2000). Also, domain deletions and 
mutations in pseudokinase domain of JAK2 and TYK2 have demonstrated impaired 
cytokine signaling (Saharinen & Silvennoinen, 2002; Yeh et al., 2000). The 
importance of the negative regulator role of the pseudokinase domain has been 
highlighted by the discovery of V617F point mutation, located in pseudokinase 
domain, in human JAK2. V617F mutation results in hyperactivation of JAK2 and is 
the driver mutation in most polycythemia vera patients as well as in some other 
myeloproliferative neoplasms (James et al., 2005). 

JAK1 and JAK2 are indispensable during development. Homozygous JAK1 
knock-out mice die perinatally due to ill-defined neurological defects and mice 
lacking JAK2 during embryogenesis, because of the failure of definitive 
erythropoiesis in the fetal liver (Gadina et al., 2001). Unsurprisingly, JAK1 or JAK2 
deficient humans have not been reported. As mentioned earlier, the lack of JAK3 
function causes SCID, which leads to recurrent infections and death in infancy, 
unless patients receive stem cell transplantation or enzyme replacement therapy 
(Aluri et al., 2019). As JAK3 is needed for the signaling of IL-2 family cytokines, 
patients are missing nearly all T and NK cells, and B cell functions are impaired (Luo 
et al., 2021). Identification of JAK3-SCID and immunodeficient phenotypes of 
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various knock-out mice eventually led to the idea that JAK inhibitors could be used 
as immunomodulatory treatment (Changelian et al., 2003; Liu et al., 2021). TYK2 
deficiency has also been reported in humans, but with less serious and more 
heterogeneous symptoms, including susceptibility to intracellular pathogens and 
hyper-IgE syndrome (Karjalainen et al., 2020). The diversity of TYK2 deficiency 
symptoms has been speculated to relate to the type of loss-of-function mutation, as 
some mutations are probable to suppress all the signaling that goes through TYK2, 
whereas some mutations seem to suppress only IL-23 signaling (Luo et al., 2021).  
 

Figure 2. Schematic figure of cytokine receptor families, JAK pairs they use and STATs they 
activate. STATs can form homo- or heterodimers, depending on the stimulus. Specific 
cytokines typically have one major STAT they activate, but activation of additional STATs 
can fine-tune the response. Data presented in the Figure is composed from (Guschin et 
al., 1995; Kiu & Nicholson, 2012; Leonard et al., 2019; Luo et al., 2021; Nguyen et al., 
2002; Pope & Shahrara, 2012; Salas et al., 2020; I. Wang et al., 2004; Wehinger et al., 
1996; Zhong et al., 2014).   

2.2.3 Signal transducers and activators of transcription (STATs) 

Like JAKs, also STAT protein family was discovered somewhat thirty years ago. 
STAT family consists of seven proteins, STAT1, STAT2, STAT3, STAT4, STAT5A, 
STAT5B, and STAT6. Cytokine signaling and JAK-STAT pathway represent the 
classic mode of STAT activation, but STATs can also be activated by other proteins, 
such as pyruvate kinase and fms-related receptor tyrosine kinase 3 (Banerjee et al., 
2017). 
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STAT structure consists of several functional domains, including N-terminal 
STAT protein interaction domain, coiled-coil domain, DNA binding domain, linker 
domain, SH2 domain and transactivation domain (Kisseleva et al., 2002). STATs are 
recruited to the receptor via their SH2 domain. Then, JAKs phosphorylate a specific 
tyrosine residue on their cytoplasmic tail, which leads to dimerization of STATs (or 
in some cases, formation of higher-order complexes) through their phosphorylated 
tyrosine residues and SH2 domain and finally translocation to the nucleus, where 
STAT-dimers bind to their specific DNA binding elements and activate cytokine-
responsive genes (Lim & Cao, 2006). Phosphorylated STAT complexes are retained 
in the nucleus, until their dephosphorylation by nuclear phosphatases (Mitchell & 
John, 2005). 

STATs can regulate thousands of genes by directly engaging their DNA 
regulatory elements. The known STAT consensus motifs include gamma-activated 
sequence, GAS, which was first described in IFN-γ signaling, by the formation of 
STAT1 dimers (so called gamma-activated factors, GAFs). Later, GAS was noted to 
mediate also other responses. The other known consensus motif is called interferon-
stimulated response element, ISRE, which seems to be involved only in type I/III 
interferon signaling (Lim & Cao, 2006). However, STATs can also bind DNA 
sequences that do not contain GAS or ISRE motifs, which can result from 
degeneration of the recognition code or tethering of other transcription factors 
(Villarino et al., 2017).   

GAS element, TTCN2-4GAA (canonical GAS element having three nucleotides 
between palindromes), includes multiple GAS variants, such as prolactin response 
element (PRE), sis-inducible element (SIE) and acute phase response element 
(APRE) (Lim & Cao, 2006). Certain STATs bind certain GAS variants better than 
others, but all STATs are still capable of engaging GAS and can bind to each other’s 
preferred sites (Villarino et al., 2017). However, STAT2 and STAT6 have other 
preferences over conventional GAS sites: STAT2 participates to type I and III 
interferon signaling by forming a complex called interferon-stimulated gene factor 3 
(ISGF3) with STAT1 and IRF9 and by binding to ISRE, whereas STAT6 prefers to 
bind GAS element having four spacer nucleotides between palindromes (Platanitis 
& Decker, 2018; Villarino et al., 2017).  

Pictures of cytokine-induced JAK-STAT pathways in textbooks usually describe 
canonical pathways: certain cytokine activates designated JAK pair, which leads to 
the activation of specific STAT pair. However, many cytokines, if not all, can activate 
multiple STATs. For example, type I interferons are the typical activators of STAT1 
and STAT2, but can also activate STAT4 (Nguyen et al., 2002). The use of different 
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“assistant” STATs might partly explain the specificity of cytokine responses 
(Villarino et al., 2017). For instance, both pro-inflammatory IL-6 and anti-
inflammatory IL-10 use STAT3 as their principal signal transducer, having still 
clearly different downstream effects. In addition to STAT3 activation, IL-6 
stimulation leads to STAT1 activation and IL-10 stimulation to STAT1 and STAT5 
activation (Guschin et al., 1995; Wehinger et al., 1996).  

2.2.4 Interferon regulatory factors (IRFs)  

Interferons were the first cytokines that were molecularly characterized and have 
been thus extensively studied in the context of host defense against viral infection 
(Taniguchi et al., 2001). Along with STATs, interferon regulatory factors (IRFs) 
represent important group of transcription factors in the regulation of interferon 
responses (Platanitis & Decker, 2018). 

The IRF family consists of nine members (IRF1-9), which share similar domain 
structure of N-terminal DNA binding domain along with IRF-association domains 
(IAD) 1 and 2 in C-terminal region (Mogensen, 2019). IAD domains mediate 
homodimeric and heterodimeric interactions with other IRF family members, co-
regulators and transcription factors (Mogensen, 2019). In the IAD domain of IRF9, 
but not in other IRFs, there is a STAT-binding site, which allows the ISGF3 
formation upon type I/III IFN stimulation (Platanitis & Decker, 2018). The DNA 
binding domains recognize specific motifs called IRF elements (IRE), which are 
present within the promoters of IFN-α and IFN-β as well as in interferon-stimulated 
genes (ISGs). IREs are shorter versions of ISRE, but not recognized by ISGF3 
(Michalska et al., 2018).  

IRF1 and IRF2 were the first IRF family members to be recognized and along 
with IRF9, play a significant role in STAT mediated gene expression in response to 
interferon stimulation (Taniguchi et al., 2001). IRF1 is a target gene of STAT1, and 
its expression is mainly induced by IFN-γ stimulation. Then, IRF1 participates in 
secondary type I and type II IFN responses by activating the transcription of ISRE-
containing genes (Michalska et al., 2018). IRF1 target genes include known antiviral 
ISGs but also STAT1, STAT2, and IRF9 (Michalska et al., 2018). Besides inducing 
the expression of ISGs and ISGF3 components through binding to ISRE, IRF1 
seems to support also IFN-γ-induced function of STAT1, where ISRE is not 
employed. Even though no direct interaction has been detected between IRF1 and 
STAT1, IRF1 has been suggested to promote DNA binding of STAT1 dimers to 
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GAS (Zenke et al., 2018). Also, IFN-γ-induced gene expression of CIITA, GBP2 
and gp91phox has been shown to be both STAT1 and IRF1 dependent (Kumatori et 
al., 2002; A. C. Morris et al., 2002; Ramsauer et al., 2007). Taken together, STAT1-
IRF1-axis represents a positive feedback loop of interferon response.  

IRF2 too is an important transcriptional regulator of interferon response, but 
with an opposite function of IRF1. IRF2 was first described to be able to bind IFN-
β promoter region, and thereby outcompete IRF1 and suppress IRF1-mediated gene 
expression in multiple cell lines (Harada et al., 1989). IRF2 knock-out mice, which 
develop inflammatory skin disease and exhibit hyper-responsiveness to antigen 
stimulation and upregulation of type I induced genes, has further supported 
the suppressive role of IRF2 in interferon signaling (Hida et al., 2000).  

2.2.5 IRF2 binding protein 2 (IRF2BP2) 

The view of how IRF2 functions as repressor of interferon signaling has been further 
expanded by the discovery of IRF2 binding proteins, IRF2BP1 and IRF2BP2, which 
act as co-repressors of IRF2 (Childs & Goodbourn, 2003). However, IRF2BPs were 
also noted to be expressed in Caenorhabditis Elegans and Drosophila Melanogaster, which 
lack the IRF homologs, suggesting a wider role than just IRF2 co-repression (Childs 
& Goodbourn, 2003). Indeed, to date, especially IRF2BP2 has been shown to act as 
co-regulator with various other transcription factors as well, including VGLL4, 
NCOR1, ETO2, IRF2BPL, NFAT1, NRIF3, GR, and KLF2 (Carneiro et al., 2011; 
Jiang & Shen, 2021; Kim et al., 2019; Lempiäinen et al., 2017; Stadhouders et al., 
2015; Teng et al., 2010; Tinnikov et al., 2009; Yeung et al., 2011). In addition to the 
immune response, IRF2BP2 plays a role in regulating apoptosis, angiogenesis, cell 
cycle and cell differentiation (Kim et al., 2019; Koeppel et al., 2009; Stadhouders et 
al., 2015; Teng et al., 2010; Tinnikov et al., 2009; Yeung et al., 2011). The observation 
that IRF2BP2 knock-out mice are rarely obtained and die before four weeks of age 
due to severe growth retardation emphasizes the importance of IRF2BP2 
(Stadhouders et al., 2015).  

IRF2BP2 consist of two conserved regions, the N-terminal zinc finger, which 
typically bind to specific DNA sequences, and C-terminal RING-domain, which is 
needed for protein-protein interactions between IRF2BP2 and its co-regulated 
transcription factors  (Childs & Goodbourn, 2003; Laity et al., 2001; Stadhouders et 
al., 2015; Yeung et al., 2011). The clinical significance of IRF2BP2 in the regulation 
of immune response has become evident as heterozygous IRF2BP2 germline 
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mutations causing inborn errors of immunity have been reported (Article I, Baxter 
et al., 2021; Keller et al., 2016). In addition, the sequencing of a cohort of 103 patients 
with common variable immunodeficiency (CVID), found 17 patients to have 
IRF2BP2 mutations. However, most patients of these had also other rare mutations 
in CVID-related genes, so the role of these IRF2BP2  variants in CVID development 
remained elusive (Bisgin et al., 2021).  

2.2.6 Regulators of JAK-STAT pathway 

The activation of JAK-STAT signaling pathway induces rapid signal transduction 
from the cell membrane to the nucleus followed by highly organized response and 
then, controlled attenuation and downregulation of the initial signal (R. Morris et al., 
2018). Multiple proteins regulate the JAK-STAT pathway in every step of the 
signaling process. Central regulators include suppressors of cytokine signaling 
(SOCS) family, protein inhibitor of activated STAT (PIAS) family and protein 
phosphatases (Shuai & Liu, 2003). 

Expression of SOCSs is induced upon cytokine activation of JAK-STAT 
pathway, creating thus a classic negative feedback system. SOCS family consists of 
eight members: SOCS1-7 and cytokine-inducible SH2-containing protein (CIS1). Of 
these, SOCS1-3 and CIS1 are inhibitors of cytokine receptors that use JAK-STAT 
pathway, whereas SOCS4-7 predominantly inhibit growth factor receptor dependent 
signaling (Trengove & Ward, 2013). SOCS share a domain structure of a low-
conserved N-terminal domain, with varying lengths, a conserved central SH2 
domain and a C-terminal SOCS box. SH2 domain is needed for association with 
target phosphotyrosine residues, which are typically in receptors (R. Morris et al., 
2018). Once bound to their targets, SOCSs mediate protein degradation via SOCS 
box, which recruits elonging B and C along with components of E3 ligase 
ubiquitinoylation complex, leading eventually target ubiquitinoylation and 
proteasomal degradation (O’Sullivan et al., 2007). SOCSs can also use other methods 
to inhibit JAK-STAT signaling. SOCS1 and SOCS3 possess a unique motif in their 
N-terminal domain, called the kinase inhibitory region, which can directly bind to 
JAK kinase domain and inhibit its catalytic activity (R. Morris et al., 2018). In 
addition, SOCS1, SOCS2, and CIS1 can inhibit signaling by binding to 
phosphorylated tyrosine residues, typically on the receptor, and thereby block the 
association of STATs (Trengove & Ward, 2013).  
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PIAS family members are regulators of several different transcription factors, of 
which STATs happened to be the first to be discovered. PIAS can inhibit the 
function of transcription factors by multiple mechanisms, which include the 
induction of SUMOylation (SUMO: small ubiquitin-related modifiers), blocking the 
DNA-binding ability of transcription factors by binding them, recruiting histone 
deacetylase and sequestering of transcription factors to distinct subnuclear structures 
(Shuai & Liu, 2005). Protein phosphatases limit the signaling of JAK-STAT pathway 
by hydrolyzing phosphorylated tyrosine residues of JAKs, STATs and cytokine 
receptors. Protein phosphatases involved in JAK-STAT pathway regulation include 
e.g., two related cytoplasmic phosphatases PTP1b and TC-PTP, the receptor 
tyrosine phosphatases CD45, PTP-RT, and PTP-RD, the SH2 domain containing 
phosphatases SHP1 and SHP2 and dual specificity protein phosphatase DUSP2 (R. 
Morris et al., 2018; Villarino et al., 2017).  

2.2.7 JAK-STAT pathway activity in rheumatoid arthritis 

Cytokines are major drivers of rheumatoid arthritis and many of the key cytokines 
in RA, such as IL-6, interferons, and common-γ-chain cytokine family, signal 
through JAK-STAT pathway (Schwartz et al., 2016; Virtanen et al., 2019). Thus, not 
surprisingly, certain JAK-STAT pathways have been found to be constitutively active 
in immune cells isolated from patients with RA.  

IL-6 is the prototypic proinflammatory cytokine and several studies suggest that 
serum IL-6 levels of patients with RA are higher than those of healthy controls (Helal 
et al., 2012; Hirano et al., 1988; Isomäki et al., 2015; Madhok et al., 1993). However, 
serum IL-6 levels might depend on the characteristics of the patient cohort, as also 
comparable IL-6 serum levels to those of healthy controls have been reported 
(Anderson et al., 2016), and different cytokines are likely to drive different phases of 
the disease process (McInnes et al., 2016a). Interestingly, in both kinds of situation, 
patients with RA have been shown to have increased constitutive phosphorylated 
(p)STAT3 levels in circulating CD4+ T cells, which correlated with serum IL-6 levels, 
suggesting the hyperactivation of IL-6-STAT3 -axis (Anderson et al., 2016; Isomäki 
et al., 2015). The significance of constitutive STAT3 activation in RA has also been 
highlighted by the observation that constitutive pSTAT3 in CD4+ T cells associates 
with disease activity and good response to csDMARD treatment in recent onset RA 
(Kuuliala et al., 2015).  
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Other STATs also seem to be overactive in RA and associated with treatment 
response. Increased constitutive pSTAT1 and pSTAT5 levels compared to healthy 
subjects have been measured in circulating T cells of patients with active RA 
(Isomäki et al., 2015; Pertovaara et al., 2015). Moreover, high IL-4-stimulated STAT6 
phosphorylation in monocytes has been found to associate with good treatment 
response to csDMARDs in early RA, and decrease during successful treatment 
(Kuuliala et al., 2016). In the same paper, IFN-γ-stimulated pSTAT1 in lymphocytes 
was found to correlate positively with good treatment response to biological 
treatment in chronic RA (Kuuliala et al., 2016).    

2.3 JAK inhibitors  

Years of research that led to understanding of the significance of cytokine signaling 
in the pathogenesis of autoimmune diseases has revolutionized the treatment of 
many diseases. At first, cytokine signaling was targeted by biological treatments. 
Current biological treatments for autoimmune diseases include monoclonal 
antibodies, receptor antagonists and fusion receptor proteins (Moroncini et al., 
2017). Etanercept, soluble TNF receptor fusion protein, was the first biologic 
treatment approved for rheumatoid arthritis in 1998 (Curtis & Singh, 2011). Since 
then, several biologics have entered the clinics for various indications, such as for 
juvenile idiopathic arthritis, ulcerative colitis, psoriatic arthritis, and atopic dermatitis 
(Curtis & Singh, 2011; Fabbrocini et al., 2018; Moroncini et al., 2017; Puthenpurail 
et al., 2021).  

The potential of JAKs as drug development targets were recognized soon after 
their discovery. Conversely to biologics, JAK inhibition offers the possibility of 
targeting multiple cytokines simultaneously, inside the cell and by small molecules. 
First JAK inhibitor (also known as JAKinib), tofacitinib, which was originally 
screened against JAK3, but was found to inhibit also other JAKs with varying 
strenghts (Flanagan et al., 2010), was shown to prevent organ allograft rejection in 
animal models already about 10 years after JAK family discovery (Changelian et al., 
2003; Kudlacz et al., 2004). The fast development of JAK inhibitors is also 
impressive in that viewpoint that structures of JAK kinase domains, which are targets 
for most of the current JAK inhibitors, were solved afterward, in the 2000s (Boggon 
et al., 2005; Chrencik et al., 2010; Lucet et al., 2006; Williams et al., 2009). The 
discovery of  JAK2 V617F mutation as a driver of myeloproliferative conditions in 
2005 (James et al., 2005) widened the applications for JAK inhibitors from 



 

21 
 

immunomodulators to cancer medication. Even though tofacitinib was the first JAK 
inhibitor entering clinical trials, ruxolitinib, was the first approved JAK inhibitor 
(O’Shea et al., 2015). Ruxolitinib, JAK1/2 inhibitors, was approved for treatment of 
myelofibrosis in 2011, tofacitinib receiving approval for treatment of RA in 2012 
(Liu et al., 2021).   

2.3.1 Clinical JAK inhibitors and their selectivity 

Tofacitinib, ruxolitinib, baricitinib and peficitinib inhibit several JAKs 
simultaneously (Alexander et al., 2021) and are referred here as non-selective JAK 
inhibitors. Tofacitinib, baricitinib and peficitinib are approved for treatment of RA, 
tofacitinib having also approved indications for psoriatic arthritis (PsA), juvenile 
idiopathic arthritis (JIA), ankylosing spondylitis (AS) and ulcerative colitis (UC) and 
baricitinib for atopic dermatitis (AD) and emergency approval for treatment of 
Covid-19 (Liu et al., 2021). Ruxolitinib is approved for myelofibrosis, polycythemia 
vera, steroid refractory-graft-versus-host-disease and AD as topical cream 
(Alexander et al., 2021). They bind the adenosine triphosphate (ATP)-binding pocket 
of kinase domain of JAKs. ATP binding pocket of kinase domain between JAK 
family members is highly conserved and thus finding selective JAK inhibitors is 
challenging, however, JAK inhibitors in general show still reasonable kinome 
selectivity (Schwartz et al., 2016).  

Non-selective JAK inhibitors have proven to be efficient and to have acceptable 
safety profile in clinical trials, but adverse events (which will be discussed more in 
detail later) have fueled the development of more selective JAK inhibitors. Anemia, 
neutropenia and thrombocytopenia are adverse events that are likely to arise from 
inhibition of erythropoietin and thrombopoietin, that signal through JAK2-JAK2 
pairs (Virtanen et al., 2019). Thus, JAK1 targeted inhibitors have been developed for 
different inflammatory diseases in the hope of better safety profile. Filgotinib and 
upadacitinib are approved for treatment of RA, in addition upadacitinib has been 
approved for PsA, AS, and AD treatment and filgotinib for UC treatment (Alexander 
et al., 2021). Abrocitinib has been approved for the treatment of AD and itacitinib 
has been trialed for graft-versus-host disease (GHVD), asthma, bronchiolitis 
obliterans syndrome and MDS/MPN overlap syndrome (Alexander et al., 2021). 
Even though these inhibitors show relative selectivity toward JAK1 (Liu et al., 2021), 
like non-selective JAKinibs, these too target the ATP binding pocket of kinase 
domain, which means that they are not JAK1 specific.  
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As JAK3 functions are associated only with common-γ-chain cytokine family 
receptors and JAK3 is expressed mostly in cells of hematopoietic origin, inhibiting 
JAK3 offers significantly narrower cytokine inhibition spectrum compared to JAK1 
inhibition. In addition to sparing JAK2-JAK2 mediated cytokine signaling, selective 
JAK3 inhibition could allow also signaling of anti-inflammatory cytokines that use 
JAK1, such as IL-10 (Verma et al., 2016). Decernotinib and ritlecitinib represent 
JAK3 targeted inhibitors, both targeting the ATP binding pocket of kinase domain 
(Farmer et al., 2015; Telliez et al., 2016). Ritlecitinib shows a unique binding mode 
among current JAKinibs, as it is the first inhibitor that binds covalently to a cysteine 
residue in position 909, which is specific for JAK3 among JAKs, as other JAKs have 
a serine residue in this position (Telliez et al., 2016). However, this cysteine residue 
is not unique structure among the whole kinome and ritlecitinib inhibits kinase 
activity of five members of  the tyrosine kinase expressed in hepatocellular carcinoma 
(TEC) kinase family, with varying degrees (Telliez et al., 2016). Both decernotinib 
and ritlecitinib have been tested in clinical trials for the treatment of RA (Genovese 
et al., 2016; Robinson et al., 2020), but ritlecitinib is currently in phase III 
development for only alopecia areata (AA) (National library of Medicine (U.S.), 
https://clinicaltrials.gov). The development of decernotinib for the treatment of RA 
has been discontinued (Westhovens, 2019).    

TYK2 is used by a relatively small number of cytokines, including IL-12, IL-23, 
and type I and II interferons, which play a central role in development of several 
autoimmune diseases (Virtanen et al., 2019). In addition, genome-wide association 
studies have indicated that some loss-of-function TYK2 mutations protect against 
autoimmunity, making TYK2 a tempting drug target (Dendrou et al., 2016; Enerbäck 
et al., 2018). Brepocitinib binds both JAK1 and TYK2 and has shown efficacy in 
treating AA in phase II trials, but trials for treating other autoimmune conditions are 
ongoing as well (King et al., 2021; Nogueira et al., 2020). Cerdulatinib is a dual kinase 
inhibitor, targeting JAK family members, (showing some selectivity toward TYK2) 
and spleen tyrosine kinase SYK (Coffey et al., 2014). Cerdulatinib has shown efficacy 
in treating lymphomas in phase II trials (Horwitz et al., 2019). Deucravacitinib is a 
TYK2 targeted inhibitor having a distinct binding mode, as it binds the pseudokinase 
domain (Wrobleski et al., 2019). Deucravacitinib binds also pseudokinase domain of 
JAK1, but shows markedly lower inhibition of IL-2- and IL-6-induced signaling than 
IFN-α-induced signaling (Wrobleski et al., 2019). Deucravacitinib has shown efficacy 
in treating psoriasis in phase II trials (Papp et al., 2018) and is currently evaluated in 
clinical trials for treatment of  other inflammatory diseases as well (National library 
of Medicine (U.S.), https://clinicaltrials.gov).  
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JAK2 targeted inhibitors have been developed mainly for the treatment of MPN 
and other hematological malignancies. These inhibitors include fedratinib, pacritinib, 
momelotinib, lestaurtinib, ilginatinib, AT9283 and gandotinib, of which fedratinib 
has been approved for the treatment of myelofibrosis (Alexander et al., 2021; Berdeja 
et al., 2018; Bose & Verstovsek, 2017; Dawson et al., 2010; Mascarenhas et al., 2019). 
Of JAK2 targeted inhibitors, gandotinib has dose-dependent selectivity for the JAK2 
V617F mutation (Berdeja et al., 2018). Clinical JAK inhibitors that have been 
approved or proceeded to Phase III clinical development along with their targeted 
conditions are summarized in Table 3.    

2.3.2 Safety of JAK inhibitors 

Approved JAKinibs have acceptable safety profiles in their designated indications. 
However, given that knocking out JAK1 and JAK2 is lethal, JAK3 deficiency causes 
SCID and TYK2 deficiency serious infections, it was not at all obvious at first. 
Infections do belong to common side effects of JAK inhibitors, and also serious 
infections including tuberculosis and opportunistic infections occur (Hu et al., 2021). 
However, in general, the incidence rate of infections seems similar to patients using 
TNF blockers or other biologics (Gadina et al., 2020). Herpes zoster is an exception, 
as it is more common in patients using JAKinibs (Nash et al., 2021; Olivera et al., 
2020).   

Cytopenias, such as neutropenia and anemia belong to common adverse effects 
of JAKinibs, probably due to JAK2 inhibition (Virtanen et al., 2019). Interestingly, 
in patients with RA, upadacitinib, JAK1 selective inhibitor, shows a similar effect on 
anemia as do non-selective and JAK2 selective inhibitors (Liu et al., 2021; Patel & 
Odenike, 2020). Another JAK1 selective inhibitor for treatment of RA, filgotinib, 
seems to produce less anemia (Liu et al., 2021). Other changes include decreased 
numbers of neutrophils, lymphocytes, NK cells and platelets (Hu et al., 2021; Liu et 
al., 2021).  

JAK inhibitors alter cholesterol metabolism and increase both low-density 
lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol. The mechanism 
has been studied in patients with RA using tofacitinib and suggest that JAK 
inhibition decreases cholesterol ester catabolism (Charles Schoeman et al., 2015). 
Cholesterol increment might even be beneficial, as despite the increased 
cardiovascular mortality and morbidity patients with RA have, decreased LDL and 
total cholesterol levels have been associated with active RA (Boers et al., 2003; 
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Maradit-Kremers et al., 2005). The use of tofacitinib increased cholesterol levels of 
patients with RA toward those of healthy controls and improved the markers of 
antiatherogenic HDL function (Charles Schoeman et al., 2015).  

Cardiovascular safety and malignancies have been major subjects of interest 
concerning the safety of JAKinibs. The United States Food and Drug Administration 
(FDA) requested a long-term safety study post-approval of tofacitinib in 2012, 
evaluating the safety of two doses of tofacitinib (5 and 10 mg) twice daily versus 
TNF inhibitors on patients with RA using methotrexate as a background medication, 
non-inferiority to TNF inhibitors regarding major adverse cardiovascular events 
(MACE) and malignancies being the co-primary endpoints (known as ORAL 
surveillance study). The study population consisted of patients of 50 years of age and 
older, who had at least one additional cardiovascular risk factor. Low incidence rates 
for MACE and malignancies were seen with both medications (Ytterberg et al., 
2022). However, the incidences for MACE and malignancies were higher with the 
combined tofacitinib doses than with a TNF inhibitor and non-inferiority was not 
met in either endpoint (Ytterberg et al., 2022). Whether TNF inhibitors have similar 
effect over other JAK inhibitors in these events remains to be elucidated. Increased 
risk for MACE or malignancies has not been found for tofacitinib, baricitinib, 
upadacitinib or filgotinib compared to placebo or active comparator in meta-analysis 
of 36 studies including RA, UC, Chron’s diseases, AS and psoriasis patients (Olivera 
et al., 2020). 

Another safety concern of special interest includes pulmonary embolism (PE) 
and venous and arterial thrombosis (VTE). These concerns were raised during the 
phase III development program of baricitinib for treatment of RA, as VTEs 
occurred in 4 mg group, but not in the 2 mg or placebo groups (Liu et al., 2021). In 
addition, preliminary results of ORAL surveillance showed 5-fold increased risk in 
patients in tofacitinib 10 mg group for developing PE compared to TNF inhibitor 
arm, resulting in a dose reduction to 5 mg (European Medicines Agency. Increased 
risk of blood clots in lungs and death with higher dose of Xeljanz (tofacitinib) for 
rheumatoid arthritis. 2019, Ytterberg et al., 2022).  However, later long-term studies 
with baricitinib have shown that the incidence rate of PE and VTE is similar among 
dose groups (Taylor et al., 2019). Other reports have suggested that there would not 
be evidence of short-term risk of VTEs in patients with RA starting JAKinibs (Liu 
et al., 2021). The mechanism that would explain increased risk of VTEs in patients 
using JAKinibs is currently unclear. One theory is, that JAK2 is needed for 
suppressing the actions of circulating TPO. JAK2 inhibition would result in the 



 

25 
 

expansion of megakaryocytes, which are responsible for platelet production, leading 
to thrombocytosis (Skoda, 2014). 
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Table 3. Summary of clinical JAK inhibitors that have been approved or proceeded to Phase III 
clinical development along with their targeted conditions. Letter A in brackets, (A), 
refers that inhibitor has been approved for specified indication. Data in the Table has 
been compiled from National library of Medicine (U.S.) (https://clinicaltrials.gov, 
accessed 1.4.2022), Food and Drug Administration 
(https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=overview.process&
ApplNo=213871, accessed 1.4.2022), European Medicines Agency 
(https://www.ema.europa.eu/en/medicines/human/EPAR/cibinqo, accessed 1.4.2022) 
and (Alexander et al., 2021).  

 
Condition Non-

selective 
JAK1 targeted JAK2 targeted JAK3 

targeted  
TYK2 targeted  

Inflammatory diseases  

Rheumatoid arthritis Tofacitinib 
(A), Baricitinib 
(A1), 
Peficitinib 
(A2), 
Ruxolitinib, 

Upadacitinib (A), 
Filgotinib (A) 

 Decernotinib  

Psoriatic arthritis Tofacitinib (A) Upadacitinib (A), 
Filgotinib 

  Deucravacitinib 

Juvenile idiopathic arthritis Tofacitinib 
(A), Baricitinib 

    

Uveitis Baricitinib     

Systemic lupus 
erythematosus 

Tofacitinib, 
Baricitinib 

Upadacitinib    

Ankylosing spondylitis Tofacitinib (A) Upadacitinib 
(A6), Filgotinib 

   

Axial Spondylarthritis Tofacitinib Upadacitinib    

Giant cell arteritis  Upadacitinib    

Psoriasis Tofacitinib, 
Baricitinib 

   Deucravacitinib 

Atopic dermatitis Baricitinib 
(A3), 
Ruxolitinib 
(A4) 

Upadacitinib (A), 
Abrocitinib (A) 
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Alopecia areata Baricitinib   Ritlecitinib  

Vitiligo Ruxolitinib    Cerdulatinib 

Hidradenitis suppurativa  Upadacitinib    

Dermatomyositis Baricitinib     

Hand Eczema Ruxolitinib     

Ulcerative colitis Tofacitinib (A) Filgotinib (A), 
Upadacitinib 

   

Crohn’s disease Tofacitinib Filgotinib, 
Upadacitinib 

   

Takayasu’s arteritis Tofacitinib Upadacitinib    

Nakajo-Nishimura 
Syndrome, Chronic 
atypical neutrophilic 
dermatosis with 
lipodystrophy and elevated 
temperature syndrome, 
STING-associated 
vasculopathy with onset in 
infancy, Aicardi Goutiers 
syndrome  

Baricitinib     

Graft-versus-host disease Ruxolitinib 
(A), Baricitinib 

Itacitinib    

Macrophage activation 
syndrome 

Ruxolitinib     

Hemophagocytic 
lymphohistiocytosis 

Ruxolitinib     

Cancers  

Myelofibrosis Ruxolitinib (A)  Fedratinib (A), 
Pacritinib, 
Momelotinib 

  

Polycythemia vera Ruxolitinib (A)     

Acute lymphoblastic 
leukemia 

Ruxolitinib  Lestaurtinib   
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Metastatic pancreatic 
ductal adenocarcinoma 

  Momelotinib   

Peripheral T-cell 
lymphoma 

    Cerdulatinib 

Pancreatic cancer Ruxolitinib     

Other diseases  

Covid-19 Baricitinib 
(A5), 
Ruxolitinib, 
Tofacitinib 

 Pacritinib   

12 mg and 4 mg doses approved by the European Medicines Agency (EMA) and 4 mg dose approved 
by the Food and Drug Administration (FDA). 2Approved in South Korea and Japan only. 3Approved 
by EMA, not FDA. 4Topical treatment approved by FDA. 5FDA emergency use authorization. 
6Approved by EMA, not FDA.  
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3 AIMS OF THE STUDY 

Abnormalities in JAK-STAT signaling can arise from the immune system failing in 
self-recognition leading to autoimmune diseases or germline mutations in JAKs, 
STATs or their regulatory proteins. Recognition of novel patient mutations can 
reveal unexamined regulatory mechanisms and perhaps offer clues of effective 
therapies for patients with rare conditions.  

JAKs have proven to be valid drug targets and clinical trials have demonstrated 
that JAK inhibition improves the symptoms of patients suffering from variety of 
inflammatory diseases and hematological cancers. JAK inhibitor research is fast-
developing and competitive field, but the in vivo mechanisms in patients are not well-
defined, even though they could add to our understanding about mechanisms behind 
efficacy and side-effects. Selectivity is one of the major subjects of interest in JAK 
inhibitor development. To understand the differences between ever-growing 
number of JAK inhibitors, they need to be examined together.    

 
Specific aims of the current study were 
1. Elucidation of the role of IRF2BP2 in JAK-STAT pathway regulation 

- Description of a novel IRF2BP2 variant found in two family 
members with inflammatory conditions and lymphopenia 

- Studying the regulatory role of IRF2BP2 in interferon-induced 
response  

2. Studying the in vivo mechanisms of JAK inhibitor tofacitinib in rheumatoid 
arthritis patients  

- Characterization of the effects of tofacitinib to various JAK-STAT 
signaling pathways in immune cell subtypes 

3. Comparison of the selectivity of 20 clinically tested JAK inhibitors 
- Head-to-head comparison of JAK inhibitor selectivity by using 

several assays in combination with pharmacological parameters 
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4 PATIENTS AND METHODS 

More detailed methodological information can be found in the online versions of 
the original publications, which are referred to by Roman numerals (I-III). 

4.1 Human subjects 

4.1.1 Patients carrying IRF2BP2 mutation (I) 

A family of two individuals (57 years old index male and his 72 years old sister) with 
inflammatory diseases and lymphopenia carrying a novel heterozygous mutation in 
IRF2BP2 gene were recruited to the study. In addition, three healthy male subjects 
(54, 56 and 58 years old) and one healthy female subject (72 years old) were recruited 
as controls. Blood samples were drawn from the patients and healthy controls. 

4.1.2 Rheumatoid arthritis patients starting tofacitinib treatment (II) 

Patients with active rheumatoid arthritis (according to the 2010 ACR/EULAR 
classification criteria), were recruited to the study. Patient recruitment was performed 
at two rheumatology outpatient clinics, Tampere, and Helsinki University Hospitals. 
Suitable patients had active disease at screening/baseline visit: Disease Activity Score 
for 28 joints based on the C-reactive protein level (DAS28-4[CRP]) was >3.2 despite 
treatment with methotrexate and/or other csDMARDs. Key exclusion criteria were 
current infection, severe hepatic impairment, malignancy, pregnancy or lactation, 
lymphocyte count <0.75 x 109/l, neutrophil count <1.0 × 109/l, hemoglobin <90 
mg/dl, or former treatment with biologics or JAK inhibitor.  

The study included 2-3 visits: screening visit (0-3 months before baseline visit; 
could be combined with baseline visit), baseline visit (0 month) and follow-up visit 
(3 months). Tofacitinib 5 mg twice a day, was started at the baseline visit and 
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continued throughout the study. Patients continued their background prednisolone 
and csDMARD therapy.  

The following clinical assessments and patient-reported outcomes were recorded 
at study visits: DAS28-4[CRP], physician’s assessment VAS (0-100 mm), the number 
of swollen and tender joints (46 joint count), disability index (0-3), health assessment 
questionnaire (HAQ), patient general health visual analogue scale (VAS) (0-100 mm) 
and pain VAS (0-100 mm).  

Blood samples were drawn at baseline and follow-up visits. At the follow-up visit, 
blood samples were taken 1-2 hours after the morning tofacitinib dose. Schematic 
overview of the study is presented in Figure 3.   

 

Figure 3. Schematic overview of the study. Blood samples were collected and clinical assessments 
and patient-reported outcomes were recorded at baseline visit and follow-up visit. Modified 
from Article II.   

4.1.3 Healthy volunteers (III) 

Blood samples for in vitro JAK inhibitor experiments were collected from three 
healthy volunteers.  
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4.1.4 Ethical considerations  

Informed consent was obtained from all subjects involved in this study and the study 
was conducted according to the guidelines of Good Clinical Practice and the 
Declaration of Helsinki. The studies done involving human participants in Article I 
were approved by the Coordinating Ethics Committee of Hospital District of 
Helsinki and Uusimaa. The studies involving human participants in Article II were 
reviewed and approved by National Committee on Medical Research Ethics 
(TUKIJA) and Finnish Medicines Agency Fimea. 

4.2 Whole blood cytokine signaling assay 

4.2.1 Cytokine stimulation and flow cytometry for patient samples (I, II) 

The activation of various JAK-STAT signaling pathways in circulating leukocytes of 
the patients was studied by measuring STAT phosphorylation in five-color flow 
cytometry. Also, the amount of total STAT1 and STAT3 was measured.   

First, 50 μl (I) or 100 μl (II) aliquots of fresh blood samples were either left 
unstimulated or stimulated by 100 ng/ml recombinant cytokines, namely IL-2, IL-4, 
IL-6, IL-7, IL-15, IL-21, IFN-β, IFN-γ (all from Peprotech Rocky Hill, NJ, USA), 
IL-10 (R&D Systems, Minneapolis, MN, USA) or IFN-α (Cell Signaling Technology, 
Danver, MA, USA) for 15 minutes at 37°C. The stimulations were ended by 
transferring the samples on ice. Then, leukocytes were fixed, and erythrocytes were 
lysed with BD Phosflow Lyse/Fix buffer (Becton, Dickinson and Company, 
Franklin Lakes, NJ, USA), according to manufacturer’s instructions. Cells were then 
washed with PBS and permeabilized in ice-cold methanol for 10 min on ice followed 
by 2-28 days preservation in methanol at -80°C. In preliminary experiments, STAT 
phosphorylation levels were determined to remain unchanged for at least four weeks 
at -80°C. 

After methanol permeabilization and preservation, cells were washed twice with 
FACS buffer (PBS supplemented with 0,1% bovine serum albumin and 0,01% 
sodium azide) and stained with fluorochrome-conjugated antibodies, namely 
phycoerythrin-cyanin 7 (PE-Cy7)-conjugated anti-CD20 (clone H1(FB1)), 
allophycocyanin (APC)-conjugated anti-CD33, (FITC)-conjugated anti-CD3 (clone 
SK7) (BD), (APC-eFluor 780-conjugated anti-CD4) (clone SK3) (eBioscience, Santa 
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Clara, CA, USA) and phycoerythrin (PE)-conjugated STAT1 (clone 1/Stat1) (BD), 
phospho-STAT1 (clone 4a), STAT3 (clone M59-50) (BD), phospho-STAT3 (clone 
4/P-STAT3) (BD), phospho-STAT4 (clone 38/p-Stat4) (BD), phospho-STAT5 
(clone 47) (BD) or phospho-STAT6 (18/P-Stat6) (BD), at room temperature for 30 
minutes, protected from light. After antibody staining, cells were washed twice with 
FACS buffer before fluorescence measurement. 

Data collection was performed using FACS Canto II (BD) and the analysis of 
flow cytometer data using FlowJo Single cell analysis software (BD). Monocytes were 
gated based on light scattering properties (SSC-A and FSC-A) and CD33+ positivity. 
Lymphocytes were gated first on light scattering properties (SSC-A and FSC-A) and 
among lymphocytes, CD20+ B cells were gated from the CD3- population and CD4+ 
and CD4- T cells from the CD3+ population. PE fluorescence histograms were 
created for each cell population, and the median fluorescence intensity (MFI, 
arithmetic median) was calculated. 

4.2.2 Cytokine stimulations, JAK inhibition and flow cytometry for in vitro 
selectivity experiments (III) 

JAK inhibitor potency in vitro on selected JAK-STAT pathways was studied using 
barcoded flow cytometry assay (Krutzik et al., 2011).  

20 μl of blood aliquots (from healthy volunteers) were incubated with JAK 
inhibitors (six concentrations ranging 0.1 nM-10 μM) in 96 deep well plates at 37° C 
for 60 min. Then, blood aliquots were stimulated with recombinant cytokines, 
namely IL-2 (100 ng/ml), IL-6 (100 ng/ml), GM-CSF (2 ng/ml), IFN-α (100 ng/ml) 
or IFN-γ (100 ng/ml) at 37° C for 15 min. Cytokine concentrations that elicit 
maximal pSTAT stimulation were used.  

Leukocytes were fixed and erythrocytes were lysed using BD Biosciences lyse/fix 
buffer, according to manufacturer’s instructions. After two washed with PBS, cells 
were permeabilized with cold methanol and stored at -80° C.   

Samples were fluorescent barcoded in set of 18 samples by using different 
combinations of amounts 0/0.15/0.45/1.35/3/7.5 μg/ml of Pacific Blue and Pacific 
Orange NHS esters. After barcoding, samples that were intended to be stained with 
the same surface and intracellular fluorochrome-conjugated antibodies, could be 
combined. Cells were stained with CD33 (PE-Cy7; BD 333952), CD4 (APC-
eFluor780 conjugate; eBioscience 47-0047-42), CD3 (PerCP-Cy5.5 conjugate; BD 
Cat# 332771), STAT1 pY701 (AlexaFluor488 conjugate, BD 612596), STAT3 
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pY705 (PE conjugate, BD 612569), and STAT5 pY694 (AlexaFluor647 conjugate, 
BD 612599) at room temperature for 30 min, protected from light. Next, cells were 
washed twice with FACS buffer and data were collected using FACS Aria Fusion 
flow cytometer (BD).  

PE or AlexaFluor488 (depending on pSTAT) fluorescence histograms were 
created for cell population studied in each signaling pathway, and the median 
fluorescence intensity (MFI, arithmetic median) was calculated. The inhibition was 
calculated if cytokines could induce 50% or higher signal increase in pSTAT. IC50 
values were calculated by fitting pSTAT-channel median fluorescence intensity 
against log inhibitor concentration. Plasma protein binding of the inhibitors were 
considered by calculating unbound IC50 values (IC50u), if unbound fraction (fu) data 
were available: 

 50 = 50 ∗  
 

Unbound fraction values were as follows: ruxolitinib 0.03 (EMA, 2011), tofacitinib 
0.61(EMA, 2017c), baricitinib 0.5 (EMA, 2017b), peficitinib 0.23 (Cao et al., 2016), 
filgotinib 0.45 (EMA, 2020a), upadacitinib 0.54 (EMA, 2020b), abrocitinib 0.36 (E. 
Q. Wang et al., 2021), itacitinib 0.26 (Barbour et al., 2021), fedratinib 0.09 (EMA, 
2021), pacritinib 0.03 (EMA, 2017a), momelotinib 0.19 (Zheng et al., 2018).  

The percent level of inhibition (ICxx) for JAKinibs at clinically relevant dose(s) 
in rheumatoid arthritis patients were calculated as follows:  

 = 100 ∗ /( 50 + ) 
 
where Cav is average plasma concentration of drug at selected dose in a steady state. 
Either the previously reported value for Cav was used or Cav was calculated by 
dividing reported area under curve (AUC) at steady state by dosing interval (Banfield 
et al., 2018; Center for drug evaluation and research, 2009; X. Chen et al., 2013; 
Chimalakonda et al., 2021; EMA, 2017c; Gerds et al., 2020; J. L. Marshall et al., 2005; 
Mohamed et al., 2019; Pardanani et al., 2013; Peeva et al., 2018; Robinson et al., 2020; 
Schroeder et al., 2020; Toyoshima et al., 2021; Vanhoutte et al., 2017; Verstovsek et 
al., 2017). All data presented are average of three individual experiments.  
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4.3 Genetic studies (I, II) 

4.3.1 Whole exome testing (I) 

Both family members in Article I were subjected to whole exome test targeting all 
protein coding exons, exon-intron boundaries (±20 base pairs) and selected clinically 
relevant non-coding variants. Blueprint Genetics executed the sequencing and data 
analysis using the Illumina sequencing system. Briefly, quality-controlled sequence 
reads of each sample were mapped to the human reference genome 
(GRCh37/hg19), following reads alignment using Burrows-Wheeler Aligner (BWA-
MEM). Alignment post-processing and variant calling was conducted using GATK 
algorithms (Sentieon).  

The pathogenic potential of variants was estimated by considering the 
biochemical properties of the codon change, predicted consequence, the degree of 
evolutionary conservation and allelic frequencies from large population studies (1000 
Genomes project, gnomAD) and mutation databases (HGMD, ClinVar) as well as 
an in-house variant database. 

4.3.2 mRNA expression analysis (I, II) 

4.3.2.1 Peripheral blood mononuclear cell isolation and RNA extraction (I, II) 

Peripheral blood mononuclear cells (PBMCs) were isolated from patients and 
healthy controls in Article I and rheumatoid arthritis patients in Article II. Isolation 
was performed either by using BD Vacutainer® CPT™ Mononuclear cell 
preparation tubes (I) or by using Histopaque 1077 medium (II) (Sigma Aldrich, St. 
Louis, MO, USA) and density gradient centrifugation. Then, cells were washed two 
times with PBS supplemented with 2 mM EDTA. Cell pellets were snap frozen and 
stored at -80°C until RNA was extracted. Total RNAs were isolated from PBMCs 
using the Rneasy Mini-Kit (Qiagen, Valencia, CA, USA), according to 
manufacturer’s instructions. 
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4.3.2.2 Direct digital detection of mRNA (I) 

Direct digital detection of mRNA by using NanoString technology was performed 
at the Molecular Systems Biology group, led by Professor Markku Varjosalo, 
Institute of Biotechnology, University of Helsinki. A custom gene panel (50 genes) 
including genes coding components of JAK-STAT and NFκB pathway, cytokines, 
interferon-inducible proteins, and inflammasome activation was studied.  

Shortly, 100 ng of total RNA per sample was incubated with 5’ reporter probes, 
tagged with fluorescent barcodes of targeted genes, and 3’ biotinylated capture 
probes. The samples were hybridized overnight at 65 °C according to the 
manufacturer’s protocol. Next, the reactions were purified and immobilized on the 
sample cartridge surface. The cartridge was scanned in triplicate using the nCounter 
Digital Analyzer (NanoString Technologies). Gene expression data were analyzed 
using nSolver™ 4.0 analysis software (Nanostring Technologies) and normalized 
gene counts from three replicates were used to calculate the fold changes between 
the patients and controls. Index patient data was compared to data from a 56-year-
old healthy male subject and sister data to data from a 72-year-old healthy female 
subject. Genes, which fold changes exceeded the limit of detection, are presented in 
Results. 

4.3.2.3 Quantitative PCR (II) 

Total RNA (0.5 μg) was reverse-transcribed into cDNA by using M-MLV reverse 
transcriptase (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s 
protocol. 10 μl quantitative PCR (qPCR) reactions were done using HOT FIREPol 
EvaGreen qPCR Mix Plus (Solis BioDyne, Tartu, Estonia), according to the 
manufacturer’s protocol. Primer sequences JAK-STAT pathway genes being studied 
(STAT1, STAT3, STAT4, STAT5A, STAT5B, STAT6, JAK1, JAK2, JAK3, TYK2, 
SOCS1, SOCS2, SOCS3, CIS1) and housekeeping gene (β-actin) are listed in Table 
4. Quantitative PCR analyses were conducted with CFX384 (Bio-Rad Laboratories, 
Hercules, CA, USA) and gene expression was quantified using the delta C(T) method 
by normalizing to the expression of β-actin. 
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Table 4. Primer sequences for JAK-STAT pathway genes and housekeeping gene studied.  

Gene Forward primer (5’–3’) Reverse primer (5’–3’) 
STAT1 TCACATTCACATGGGTGGAG CAAAGGCATGGTCTTTGTCA 
STAT3 TCACATGCCACTTTGGTGTT GCAATCTCCATTGGCTTCTC 
STAT4 GGCAATTGGAGAAACTAGAGG AGGGTGGGTTGGCATACAT 
STAT5A GCCAGATGCAGGTGCTGTA GGGATTGTCCAAGTCAATGG 
STAT5B GCGTTATATGGCCAGCATTT CTGGTGCTCTGCCTTCTTCT 
STAT6 GGAAGGGCACTGAGTCTGTC GGCTTTGGCATTGTTGTCTT 
JAK1 CATGGTGGAAGAGTTTGTGGA CAGCTGTTTGGCAACTTTGAATT 
JAK2 CCGCCGGGTTTCAGAAG GAAGAGGTGGATGTTCCCTCC 
JAK3 AGTGGGACTTTCCTCTCGC CTCTTCACTTGGAGGTGCCAT 
TYK2 CCCATGGCTTGGAAGATGGT ACTCAGCTTGATGAAGGGGC 
SOCS1 CTGGGATGCCGTGTTATTTT TAGGAGGTGCGAGTTCAGGT 
SOCS2 CAGGGAATGGCAGAGACACT TGGCAGAGAGAGAAGGGATG 
SOCS3 GCCACCTACTGAACCCTCCT ACGGTCTTCCGACAGAGATG 
CIS1 AGCCCAGACAGAGAGTGAGC TGACAGCGTGAACAGGTAGC 
β-actin TGGGACGACATGGAGAAAAT AGAGGCGTACAGGGATAGCA 

Abbreviations: CIS1, cytokine-inducible SH2-containing protein; JAK, Janus kinase; STAT, signal 
transducer and activator of transcription; SOCS, suppressor of cytokine signaling.  

4.4 Transcriptional activity measurements (I) 

4.4.1 Plasmid constructs and mutagenesis 

IRF2BP2 expression plasmid (IRF2BP2-pDEST-C1-FLAG-GFP11-GW), was a gift 
from Professor Jorma Palvimo from University of Eastern Finland (Manjur et al., 
2019). IRF2BP2 patient mutation plasmid (IRF2BP2 Δ625-665) was created using 
QuikChange (AgilentTechnologies, Santa Clara, CA, USA) site-directed 
mutagenesis, following the manufacturer’s protocol, and verified by Sanger 
sequencing. The backbone expression vector was used as a control in both reporter 
assay and immunoblotting experiments.  

For a reporter assay (for studying transcriptional activation of STAT1), 
interferon-stimulated response element-Luc plasmid (ISRE-Luc) (Bluyssen & Levy, 
1997) was used together with a constitutively expressing renilla luciferase plasmid. 
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4.4.2 Mammalian cell culture 

Human embryonic kidney cells (HEK293T) were cultured in Dulbecco modified 
Eagle medium (Lonza, Basel, Switzerland), which was supplemented with 10% FBS 
(Sigma, St Louis, MO, USA), 2 mmol/L L-glutamine (Lonza), and 0.5% 
penicillin/streptomycin (Lonza). For dual luciferase assay 120 000 cells/well and for 
immunoblotting experiments 100 000 cells/well, were seeded on 12-well plates. 
Transient transfections (24 to 48 hours) were done using FuGENE HD (Promega) 
following the manufacturer’s instructions.  

4.4.3 Dual luciferase assay 

Ten nanograms of IRF2BP2 wild-type, IRF2BP2 Δ625-665 or empty backbone 
plasmid was co-transfected with 220 ng of ISRE-Luc and 60 ng of renilla luciferase 
plasmids. After 24 hours of transfection, cells were detached using trypsin-EDTA 
mix and re-plated to a 96-well plate. After 3-4 hours, when the cells had attached to 
bottom, medium was changed to either starvation medium (culture medium without 
FBS) or stimulation medium (starvation medium supplemented either with 100 
ng/ml IFNα or 10 ng/ml IFNβ). Luciferase activity was measured using Dual-
Luciferase® Reporter Assay System (Promega) after 20 hours of 
starvation/stimulation using PerkinElmer Envision plate reader. Three independent 
experiments were performed, and each experiment included three technical 
replicates.  

4.4.4 Immunoblotting 
100 ng of IRF2BP2 wild-type, IRF2BP2 Δ625-665 or empty backbone plasmid was 
transfected to HEK293T cells. Following 48 hours of transfection, cell lysates were 
prepared for immunoblotting. First, cells were transferred on ice and washed with 
cold phosphate buffered saline (PBS). Triton X-100 lysis buffer supplemented with 
protease and phosphatase inhibitors (1 mM phenylmethanesulfonyl fluoride, 8.3 
μg/mL aprotinin, 2 mM vanadate, and 4.2 μg/mL pepstatin) was used to lyse the 
cells. Then, whole cell lysates were centrifuged for 20 min at 16,000 g and total 
protein amount was determined from the supernatants by using Bradford assay 
(Biorad). Equal amount of total protein (30 μg) of each sample was loaded on 4–
15% Mini-PROTEAN® TGX™ Precast Gels (BioRad, Irvine, CA, USA). Bovin 
serum albumin (BSA) was used for blocking of the immunoblots. Then, 
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immunoblots were incubated with primary antibodies for FLAG Tag (1:1000, F1804, 
clone M2, Merck, Kenilworth, NJ, USA) or actin (1:2000, MAB1501, Merc), which 
was used as a loading control, and with a mixture of goat anti-rabbit and goat anti-
mouse DyLight secondary antibodies (both from Thermo Fisher Scientific, 
Waltham, MA, USA). Blots were then scanned with an Odyssey CLx (LI-COR 
Biosciences, Lincoln, NE, USA). 

4.5 JAK inhibitors (III) 

20 JAK inhibitors that have a clinical approval or have been studied in clinical trials 
Phase 2 or further were selected for the study. Inhibitors investigated in this study, 
their target JAKs and other targets are listed in Table 5. 
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Table 5. Clinical JAK inhibitors, their target JAKs and their other target proteins investigated in 
this study.  

Inhibitor Target JAKs Other targets 
Non-selective    
Ruxolitinib JAK1, JAK2  
Tofacitinib JAK1, JAK3, JAK2  
Baricitinib JAK1, JAK2  
Peficitinib pan-JAK  
JAK1 selective   
Filgotinib JAK1  
Upadacitinib JAK1  
Abrocitinib JAK1  
Itacitinib JAK1  
JAK2 selective   
Fedratinib JAK2 BRD4, FLT3 
Pacritinib JAK2 IRAK1 
Momelotinib JAK2  
Lestauritinib JAK2 ACVR1 
Ilgatinib JAK2  
AT9283 JAK2 AurA, AurB, FLT3, Abl 
Gandotinib JAK2 V617F  
JAK3 selective   
Ritlecitinib JAK3 TXK, TEC, BMX, BTK 
Decernotib JAK3  
TYK2 selective   
Cerdulatinib TYK2 SYK 
Deucravacitinib TYK2  
Brepocitinib TYK2, JAK1  

Abbreviations: Abl, tyrosine-protein kinase ABL1; ACVR1, activin A receptor type 1; Aur, aurora 
kinase; BMX, Cytoplasmic tyrosine-protein kinase BMX; BTK, Tyrosine-protein kinase BTK; BRD4, 
Bromodomain-containing protein 4; FLT3, Fms-like tyrosine kinase 3; IRAK1, interleukin-1 receptor 
associated kinase 1; SYK, Tyrosine-protein kinase SYK; TEC, Tyrosine-protein kinase Tec; TXK, 
Tyrosine-protein kinase TXK. 

4.6 Analysis of recombinant proteins (III) 

4.6.1 Protein production and purification 

Recombinant human proteins JAK1 JH1 (864-1155-His), JAK1 JH2 (553-836-His), 
JAK1 JH2-JH1 (553-1155-His), JAK2 JH1 (836-1132-His), JAK2 JH2 (503-827-
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His), JAK2 JH2-JH1 (513-1132-His), JAK3 JH1 (811-1124-His), JAK3 JH2 (511-
790-His), JAK3 JH2-JH1 (511-1124-His), TYK2 JH1 (886-1188-His), TYK2 JH2 
(564-876-His), and TYK2 JH2-JH1 (564-1188-His) were first cloned into 
pFASTBAC1 vector (Invitrogen) and then expressed in Spodoptera frugiperda (Sf9) or 
High FiveTM insect cells. Cells were infected with 5-10% P3 virus for 48-72 h and 
collected by centrifugation.  

For protein purification, cell pellets were first resuspended in lysis buffer (20 mM 
Tris-HCl (pH 8.0), 500 mM NaCl, 10% v/v glycerol and 20 mM imidazole). The 
lysis buffer was supplemented with protease inhibitors; sodium vanadate (10 μl/ml), 
phenylmethanesulfonyl fluoride (10 μl/ml), pepstatin A (1 μl/ml) and leupeptin (1 
μl/ml). Cell lysis was executed by freeze-thawing, cell lysates clarified by 
centrifugation and recombinant proteins purified using Ni-NTA agarose (Qiagen). 
Purification was continued using size exclusion chromatography in a HiLoad 16/600 
Superdex 75 pg column (GE Healthcare).    

4.6.2 Kinase activity assay 

JAK inhibitor potency to inhibit kinase activity of recombinant JAK JH2-JH1 
proteins was assessed using LANCE Ultra kinase assay (PerkinElmer) in 384-plate 
format at reaction volume of 10 μl. Reaction conditions were as recommended by 
the manufacturer and consisted of 50 nM ULight-JAK-1 tyrosine kinase substrate, 2 
nM Europium-labeled anti-phospho antibody, 1 mM ATP, JAK JH2-JH1 protein, 
and inhibitors at concentration range of 0.01 nM-100 μM in kinase buffer (50 mM 
Tris-HCl pH 8.0, 10 mM MgCl2, 0.5 mM TCEP, 0.01% Brij-35, 1 mM EGTA and 
0.05% BSA). JAK protein concentration was selected based on protein titration to 
yield linear signal over 30 min and consistent signal to background ratio (S/B=1.5 at 
30 min): 5 nM JAK1, 0.5 nM JAK2, 1 nM JAK3, or 5 nM TYK2. Phosphorylation 
of tyrosine kinase substrate was detected by measuring fluorescent resonance energy 
transfer (FRET; 320 nM excitation and 665 nM emission filters) in 5-minute interval 
for 30 minutes using EnVision Multilabel Plate Reader (PerkinElmer). IC50 values 
were obtained by fitting the slope of signal increase in function of time against the 
inhibitor concentration using GraphPad Prism. Fold-IC50 values were calculated for 
each inhibitor by dividing IC50 for each JAK by IC50 of the strongest inhibited JAK 
activity. Reactions were conducted in triplicate and data presented is a representative 
of 3 individual experiments. 
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4.7 Statistical analysis 

In Article I, Student’s two-tailed t-test was used to calculate significant differences 
between two groups in transcriptional activity experiments. Statistical analyses were 
performed using the measured values for unstimulated control plasmid as a 
normalizer for each independent experiment. Statistical analysis was performed 
using GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA). 

In Article II, Wilcoxon signed rank test was used to study the statistical difference 
between matched samples, namely values measured at study entry and after 3 
months. The correlation between variables was determined by Spearman rank 
correlation. No adjustment was made for multiple testing and p-values equal or less 
than 0.05 were considered statistically significant. Statistical analysis was carried out 
using SPSS version 25 (IBM, Armonk, NY, USA), Stata version 15 (StataCorp LLC, 
College Station, TX, USA) and GraphPad Prism version 5 (GraphPad Software). 

In Article III, one-way analysis of variance (ANOVA) with Tukey post hoc test 
was used for the assessment of statistically significant differences between multiple 
groups. Statistically significant differences in IC50 between 20 JAKinibs and in 
IC50u between 11 JAKinibs was investigated. Statistical analysis was performed 
using GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA). 
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5 SUMMARY OF THE RESULTS 

5.1 Patients carrying IRF2BP2 mutation show increased STAT1 
and STAT5 activation (I) 

5.1.1 Clinical description of patients 

The index patient was a 57-year-old male, who had been suffering from various 
inflammatory conditions throughout his life. During adolescence and adulthood, he 
had experienced severe acne and hidradenitis suppurativa, which required surgical 
revisions. At the age of 51, he had uncomplicated cholecystectomy and umbilical 
hernia repair, and shortly after started to have subfebrile fever, fatigue, extensive 
weight loss, mild lymphadenopathy, moderate splenomegaly and marked 
lymphopenia (650 cells/μl). Healing erosion in duodenum was found by gastroscopy. 
The index was subjected to profound examinations including colonoscopy, capsule 
endoscopy, high resolution computed tomography (CT), positron emission 
tomography-CT, and bone marrow biopsy, but no other findings were made. After 
the examinations, the symptoms and weight loss eventually ceased. Symptoms 
returned after three years and new symptom of extensive painful oral and genital 
ulcers appeared. The index developed a deep neck abscess that was surgically drained 
with extraction of a molar tooth and he continued to have ulcer problems and 
occasional stomachaches. A strictured small intestine, probably leading to partial 
occlusion of the bowel was revealed in re-endoscopy. A biopsy was taken from 
tongue and genital lesions and showed unspecific ulceration with neutrophilic 
inflammation. No antibody deficiency was found in immunological analyses. Oral 
ulcers partially responded to repeated corticosteroid injections into oral mucosa, but 
new lesions still appeared regularly. 

The index had 71-year-old sister, but no other close living relatives. The sister 
had also experienced inflammatory conditions for several years. She had had 
hidradenitis suppurativa for over ten years and she had significant lymphopenia (470 
cells/μl). However, she showed no ulcer problems or marked infection history. She 
also suffered from diabetes mellitus type 2, hyperthyroidism and hypertension. At 
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the age of 71 years, she started to have arm cramps and difficulties in keeping her 
head position. She was diagnosed with dystrofia myotonica type 2 with typical CCTG 
expansion of CNBP gene. 

As the index had unusual clinical features combined with lymphopenia, whole 
exome sequencing was performed. A novel heterozygous 41 base pair deletion in 
IRF2BP2 gene (c.625-665del, p. (Ala209Glnfs*31)) was found. No previously 
established disease variants were detected. The novel variant generates a frameshift 
leading to a premature stop codon at position 31 in the new reading frame.  Due to 
a novel finding, also sister was subjected to whole exome sequencing, which revealed 
that she also carried the same heterozygous 41-bp deletion in IRF2BP2. 

5.1.2 Phosphorylation of STAT1 and STAT5 is altered in circulating 
leukocytes  

To study the possible role of IRF2BP2 in JAK-STAT signaling, constitutive and in 
vitro cytokine-induced STAT phosphorylation was studied in circulating leukocytes 
of patients carrying IRF2BP2 mutation as well as healthy controls, by using multi-
color flow cytometry.  

The most prominent findings concerned STAT1 and interferon signaling. 
Constitutive phosphorylation of STAT1 was slightly higher in monocytes and CD4+ 
T cells of patients than in healthy controls (Figure 4). IFN-α-, IFN-β- and IFN-γ-
induced STAT1 phosphorylation was markedly higher in CD4+ T cells, monocytes, 
and B cells, when compared with healthy controls (Figure 4). The increased 
interferon-induced STAT1 phosphorylation was higher in index patient than in sister 
in all cell populations being studied and most notable in monocytes. IL-6-induced 
phosphorylation of STAT1 was higher in patients than in healthy controls in 
monocytes and CD4+ T cells. Also, total STAT1 protein level was measured. Total 
STAT1 level was clearly elevated in the index and slightly increased in the sister in 
all cell populations studied.   

In addition to STAT1, STAT5 phosphorylation differed between patients and 
healthy controls, namely constitutive STAT5 phosphorylation was increased in 
CD4+ T cells (Figure 4). However, constitutive STAT5 phosphorylation in 
monocytes and B cells (Figure 4) and cytokine-induced STAT5 phosphorylation in 
all cell-types studied (data not shown), was at the same level for patients and healthy 
controls. Also, constitutive and cytokine-induced STAT3, STAT4, and STAT6 
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phosphorylation was studied, but there were no differences between patients and 
healthy controls (data not shown).   

 

Figure 4. Median fluorescence intensities (MFI) measured in leukocytes from patients and controls. 
A) Constitutive pSTAT1 in CD4+ T cells, B cells and monocytes, B) Cytokine-induced 
pSTAT1 in CD4+ T cells, C) Cytokine-induced pSTAT1 in B cells, D) Cytokine-induced 
pSTAT1 in monocytes, E) Total STAT1 in CD4+ T cells, B cells and Monocytes, F) 
Constitutive pSTAT5 in CD4+ T cells, B cells and Monocytes. Modified from article I. 
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5.1.3 Expression of STAT1 and interferon-inducible genes is upregulated in 
patients 

The expression of inflammation-related genes in peripheral blood mononuclear cells 
(PBMCs) of patients and controls was studied by NanoString analysis (Figure 5). 
STAT1 was the only JAK-STAT pathway gene, which was upregulated (fold change 
≥ 1.5) both in index and sister. However, there were several interferon-inducible 
genes, namely IFIT1, IFIT3, IFI6, IFI27, IDO1, RSAD2, and ISG15, that were 
overexpressed in both index and sister. In addition, common overexpressed genes 
included cytokines CXCL9 and CXCL10 as well as inflammasome gene CASP5. 
Index and sister did not have common down-regulated genes (fold change ≤ 0.5).  

Figure 5. Fold changes of inflammation-related genes in peripheral blood mononuclear cells of index 
and sister. Average fold changes of three technical replicates are shown. Dashed line 
represents a fold change of 1.5, which was considered as a threshold for increased gene 
expression. Modified from Article I.  

5.1.4 IRF2BP2 protein attenuates transcriptional activation of STAT1 

As experiments performed with patient samples suggested IRF2BP2 to regulate 
interferon signaling, the role of IRF2BP2 in the type I IFN pathways was studied 
more directly using dual-luciferase assay in a cell model. Wild-type IRF2BP2 and 
Δ625-665 IRF2BP2 were co-transfected with reporter plasmid for STAT1 
transcriptional activation (ISRE-Luc).  

The reporter assay demonstrated that wild-type IRF2BP2 strongly attenuates 
unstimulated and IFN-α and IFN-β-induced STAT1 transcriptional activity (Figure 
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6). Interestingly, Δ625-665 IRF2BP2 failed to suppress both constitutive and IFN-
induced STAT1 transcriptional activity. The expression of wild-type and Δ625-665 
IRF2BP2 constructs was verified by immunoblotting. 

 

Figure 6. Transcriptional activity of STAT1 and expression of IRF2BP2 constructs. A) The effect of 
wild-type (WT) and Δ625-665 IRF2BP2 constructs on STAT1 transcriptional activity was 
assessed using ISRE-Luc reporter in HEK293T cells and presented as relative luciferase 
units. B) The expression of FLAG-tagged wild-type and Δ625-665 IRF2BP2 constructs 
was verified by immunoblotting. Actin was used as a loading control. p-values between 
control, wild-type IRF2BP2 and Δ625-665 IRF2BP2 are calculated by Student´s two-tailed 
T-test. Significant differences are marked with an asterisk: *p ≤ 0.05, ** p ≤ 0.01, p***≤ 
0.001. Adapted from Article II. 
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5.2 Tofacitinib suppresses several JAK-STAT pathways in 
rheumatoid arthritis patients (II) 

 

5.2.1 Clinical characteristics of patients and their response to tofacitinib 
treatment 

Altogether 18 patients, nine from each outpatient clinic, were recruited. However, 
the final study population, who continued tofacitinib treatment until follow-up visit, 
constituted 16 patients. One patient did not start tofacitinib treatment after all and 
for another patient, flow cytometry results from the baseline sample were not 
obtained due to a technical issue. Characteristics of the patients at baseline visit are 
described in Table 6. 

Table 6. Characteristics of patients with rheumatoid arthritis and their csDMARD regimen at 
baseline visit. Table adapted from Article II.  

Patient characteristics and csDMARD regimen 
 

Female sex, n (%) 11 (69%) 
Age, years, mean (range) 58.4 (36.6-72.9) 
Disease duration, years, mean (range) 9.6 (0.5-48.0) 
Rheumatoid factor positive, n (%) 11 (69%) 
CCP-antibody positive, n (%) 12 (75%) 
Erosive disease, n (%) 7 (44%) 
Disease activity (DAS28), n (%)  
  Moderate  13 (81%) 
  High  3 (19%) 
csDMARD regimen, n (%)  
  Triple 6 (37%) 
  Double 7 (44%) 
  Single 3 (19%) 
Low-dose prednisolone, n (%) 8 (50%) 

Abbreviations: CCP, cyclic citrullinated peptide; DAS28, composite Disease Activity Score for 28 
joints based on the C-reactive protein level (DAS28-4[CRP]); csDMARD, conventional systemic 
disease-modifying antirheumatic drug; n, number of patients. 
 

The disease activity of patients with RA decreased significantly during tofacitinib 
and background csDMARD treatment, according to both clinical measures of 
activity and patient-reported outcomes. The comparison of clinical and laboratory 
parameters at baseline and follow-up visits is presented in Table 7. Median DAS28-
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4[CRP] decreased from 4.4 to 2.6. Nine patients (56%) achieved DAS28 remission 
at the follow-up visit. The disease activity was low in four patients, moderate in two 
patients and high in one patient at the follow-up visit, as defined by DAS28. Patients 
did not experience any serious adverse events during the study and safety laboratory 
tests remained within acceptable range (Table 7).  

 

Table 7. Comparison of clinical and laboratory parameters pre-treatment (baseline visit) and 
post-treatment (follow-up visit). Table adapted from Article II.  

 Pre-treatment, 
median (IQR) 

Post-treatment, 
median (IQR) 

p 

Swollen joint count, 0-46 7 (6-9) 2 (0-3) <0.001 
Tender joint count, 0-46 11 (5-17) 1 (0-8) <0.001 
Swollen joint count, 0-28 5 (4-7) 1 (0-2) <0.001 
Tender joint count, 0-28 4 (2-10) 1 (0-3) <0.001 
General health, VAS, 0-100 mm 51 (37-65) 16 (7-29) 0.001 
Pain, VAS, 0-100 mm 43 (22-64) 12 (5-38) 0.002 
Physician’s assessment, VAS, 0-100 mm 35 (31-46) 13 (11-18) <0.001 
DAS28 4.4 (3.6-4.9) 2.6 (1.9-2.9) <0.001 

Plasma C-reactive protein, mg/l 5 (3-17) 3 (3-4) 0.042 
HAQ disability index, 0-3 0.813 (0.625-1.253) 0.130 (0-0.813) 0.011 
Blood haemoglobin, g/l 129 (126-140) 132 (126-145) 0.775 
Blood leukocyte count, ×109/l 8.3 (6.1-9.1) 5.3 (4.3-6.9) 0.003 
Blood neutrophil count, ×109/l 5.32 (4.02-6.34) 2.88 (2.32-3.91) 0.003 
Blood lymphocyte count, ×109/l 1.40 (1.07-1.94) 1.41 (1.20-1.83) 0.959 
Blood platelet count, ×109/l 297 (274-334) 281 (225-302) <0.001 
Plasma alanine aminotransferase, U/l 20 (15-26) 21 (19-28) 0.224 
Plasma creatinine, μmol/l 63 (56-83) 68 (56-86) 0.615 

Abbreviations: DAS28, Disease Activity Score for 28 joints based on the C-reactive protein level 
(DAS28-4[CRP]); HAQ, health assessment questionnaire; VAS, visual analogue score.  

5.2.2 Tofacitinib suppresses constitutive and cytokine-induced STAT 
phosphorylation in cytokine and cell type specific manner 

To investigate the in vivo effects of tofacitinib on JAK-STAT signaling pathways in 
patients with RA, STAT phosphorylation in monocytes, T cells and B cells was 
measured from samples collected at baseline and follow-up visits using multi-color 
flow cytometry.  
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Tofacitinib suppressed both constitutive and cytokine-induced STAT 
phosphorylation (Figure 7), but differences were seen between STAT molecules, cell 
types and cytokines.  

When considering constitutive STAT phosphorylation, tofacitinib had the most 
consistent inhibitory effect on STAT3 phosphorylation. Constitutive STAT3 
phosphorylation was significantly reduced after 3-month tofacitinib use in all four 
cell populations studied. pSTAT1 was downregulated in three cell types; monocytes 
and T cells, pSTAT4 in two cell types; CD4+ T and B cells, pSTAT5 only in CD4+ 
T cells and pSTAT6 was not significantly reduced in any cell type studied. Thus, 
these results suggest that CD4+ T cells are the most sensitive for the inhibitory effect 
of tofacitinib in vivo.  

Tofacitinib significantly suppressed cytokine-induced STAT phosphorylation, 
but the magnitude of inhibition varied depending on the cytokine and cell population 
(Figure 8). At least 50% inhibition was seen in IFN-γ-induced pSTAT1 in B cells, 
IFN-α-induced pSTAT1 in CD4+ T cells, IL-2-induced pSTAT5, IL-4-induced 
pSTAT6, and IL-21-induced pSTAT3 in both T cell types studied and IL-15-induced 
pSTAT5 in CD4+ T cells. Interestingly, 50% or higher inhibition was not achieved 
with any cytokine in monocytes. The lowest inhibition percentage was seen in IL-
10-induced pSTAT3 in monocytes, being 10%.  
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Figure 7. Means and 95% confidence intervals at baseline (filled symbols) and follow-up (open 
symbols) visits. A) Phosphorylated STAT1 (pSTAT1), B) pSTAT3, C) pSTAT5, D) pSTAT4 
and E) pSTAT6 median fluorescence intensities (MFI) in monocytes (Mo), CD4+ T cells 
(CD4+ T), CD4- T cells (CD4- T) and CD20+ B cells (B). p-values comparing baseline and 
follow-up values are calculated using Wilcoxon test. Significant differences are marked 
with an asterisk: *p ≤ 0.05, ** p ≤ 0.01, p***≤ 0.001. IFN, interferon; IL, interleukin. 
Modified from Article II.  
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Figure 8. The mean percentage inhibition in different cell types. Inhibition percentages are shown for 
cytokine-stimulated pSTATs in cell populations, where the cytokine-induced 
phosphorylation level differs from the constitutive level. IFN, interferon; IL, interleukin. 

5.2.2.1 Baseline pSTAT levels correlate with treatment response 

Correlation coefficients were calculated between baseline pSTATs and the changes 
in DAS28 after 3 months of tofacitinib use, to study whether baseline pSTAT levels 
associate with treatment response.  

Our data indicate that constitutive pSTAT1 and pSTAT3 levels positively 
correlated with treatment response in monocytes (pSTAT1: r=0.591, p=0.016; 
pSTAT3: r=0.635, p=0.008) and in CD4+ T cells (pSTAT1: r=0.603, p=0.013; 
pSTAT3: r=0.732, p=0.001). Also, constitutive pSTAT5 levels correlated with 
treatment response in CD4+ T cells (r=0.568, p=0.022). Interestingly, constitutive 
pSTAT4 correlated negatively with treatment response in monocytes (r=-0.506, 
p=0.046) and in CD4- T cells (r=-0.518, p=0.040).  

In addition, some of the cytokine-induced pSTATs correlated with treatment 
response. IL-6-induced pSTAT1 and pSTAT3 positively correlated with treatment 
response in monocytes and in CD4+ T cells, respectively (pSTAT1: r=0.556, 
p=0.025; pSTAT3: r=0.621, p=0.010). Also, IFN-γ-induced pSTAT1 in CD4+ T 
cells correlated positively with treatment response (r=0.532, p=0.034). IFN-α-
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stimulated pSTAT4 correlated negatively with treatment response in CD4+ T cells 
(r=-0.568, p=0.022) and in CD4- T cells (r=-0.638, p=0.008).  

5.2.3 Tofacitinib suppresses the expression of JAK-STAT pathway 
components and inhibitors 

The effect of tofacitinib in PBMCs to JAK-STAT pathway gene expression was 
studied by qPCR (Figure 8). JAK2, TYK2, STAT1, STAT5B, and STAT6 expression 
remained unchanged during tofacitinib treatment. However, JAK1, JAK3, STAT3, 
STAT4, STAT5A and SOCS2 expression slightly decreased during tofacitinib 
treatment. The most prominent decrease in gene expression was seen with SOCS1, 
SOCS3, and CIS1.  

 

Figure 9. Means and 95% confidence intervals of mRNA expression levels.  A) STAT, B) JAK and 
C) SOCS genes in peripheral blood mononuclear cells of rheumatoid arthritis patients 
pretreatment (baseline) and after 3-month tofacitinib use (follow-up). p-values comparing 
pretreatment and 3 months are calculated using Wilcoxon test. Significant differences are 
marked with an asterisk: *p ≤0.05, ** p ≤0.01, p***≤0.001. Modified from Article II.  
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5.2.3.1 Baseline SOCS3 expression correlates with treatment response 

Correlation coefficients were calculated also between baseline mRNA levels and 
treatment response. Baseline SOCS3 level was the only variable that correlated with 
treatment response (r=0.532, p=0.034).  

5.3 In vitro selectivity of JAK inhibitors (III) 

5.3.1 JAK selectivity  

JAK inhibitor selectivity between JAK isoforms was studied using enzymatic assay 
that measures the ability of kinase domain (JH1) to phosphorylate a tyrosine kinase 
substrate. Table 8 describes the obtained IC50 values for each inhibitor (left-hand 
side) and fold-IC50 values (right-hand side), where the IC50 values have been 
normalized to JAK, which activity is the most efficiently inhibited.  

The non-selective JAK inhibitors showed strong inhibition of JAK1 and JAK2 
activity. JAK3 was also inhibited effectively by tofacitinib and peficitinib, whereas 
inhibition of TYK2 was at low level for all non-selective JAKinibs. Ruxolitinib and 
baricitinib had selectivity for JAK1/2 over JAK3 (467- and 282-fold, respectively). 
Tofacitinib was observed to inhibit non-selectively JAK1/2/3 activity, whereas 
peficitinib possess slight selectivity for JAK1/3 over JAK2 (3.2-fold). All the non-
selective JAKinibs possessed higher-degree of selectivity over TYK2 (92-, 148-, 79- 
and 7-fold for ruxolitinib, baricitinib, tofacitinib and peficitinib, respectively).  

The JAK1-targeted JAKinibs filgotinib, upadacitinib, abrocitinib and itacitinib 
inhibited JAK1 activity most effectively, as expected, followed by inhibition of JAK2 
to varying degrees, and minor inhibition of JAK3 (IC50 ≥ 500 nM) and TYK2 
(IC50>650 nM) activity. The selectivity for JAK1 over JAK2 was highest for 
itacitinib (13-fold) and abrocitinib (12-fold), whereas filgotinib and upadacitinib 
possessed lower selectivity over JAK2 (2.4- and 1.8-fold, respectively). 

The JAK2-targeted inhibitors were low nanomolar inhibitors of JAK2 activity. 
JAK1 activity inhibition was strongest after JAK2 inhibition for the group of 
targeted JAKinibs with exception of pacritinib, which inhibited JAK3 activity 
stronger than JAK1, and lestaurtinib, which inhibited JAK1 activity to the same 
extent as JAK2. Selectivity of the JAK2-targeted JAKinibs for JAK2 over JAK1 was 
high for pacritinib (41-fold), ilginatinib (22-fold), AT-9283 (19-fold) and 
momelotinib (13-fold), and moderate for fedratinib (9-fold) and gandotinib (2.6-
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fold). All the JAK2-targeted inhibitors were > 10-fold selective for JAK2 inhibition 
over JAK3 and TYK2. 

The JAK3-targeted JAKinibs ritlecitinib and decernotinib inhibited JAK3 at low 
nanomolar IC50 and with selectivity over other JAKs. Ritlecitinib shows specific 
inhibition of JAK3, fold-IC50 values for other JAKs being over 900. Decernotinib 
shows JAK3-selectivity, fold-IC50 values being 8 over JAK1, 20 over JAK2, and 
1500 over TYK2. In the whole set of clinical JAKinibs, JAK3 activity inhibition was 
also potently inhibited by non-selective JAKinibs tofacitinib and peficitinib, JAK2-
targeted lestaurtinib and AT-9283, and TYK2-targeted cerdulatinib.   

TYK2-targeted inhibitor cerdulatinib and TYK2/JAK1-targeted brepocitinib are 
low nanomolar inhibitors of TYK2 recombinant protein activity but do not show 
selectivity for TYK2 over other JAKs. Cerdulatinib inhibited JAK2 and brepocitinib 
JAK1 more potently than TYK2. Inhibition of JAK3 and JAK1 was equal with 
TYK2 inhibition for cerdulatinib, and brepocitinib inhibits JAK2 and TYK2 with 
no statistically significant difference. Deucravacitinib, that targets the pseudokinase 
domain, was not observed to inhibit TYK2, JAK1, or JAK3 enzymatic activity, but 
showed low (micromolar) inhibition of JAK2 enzymatic activity. TYK2 activity was 
also potently inhibited by JAK2-targeted AT-928 and lestaurtinib and non-selective 
inhibitors peficitinib, ruxolitinib and baricitinib.   
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Table 8. IC50 concentrations (nM) and fold-IC50 values for JAK isoform inhibition. Fold IC50 
values are normalized to JAK, which activity is the most efficiently inhibited. Statistical 
significance of pIC50 value compared to target JAK (bolded; non-selective JAKinibs 
were compared to JAK1) is indicated with stars (*). *p ≤ 0.05, ** p ≤ 0.01, p***≤ 0.001. 
ND, not detected or IC50 > 50 μM. Adapted from Article III. 

5.3.2 Cytokine selectivity  

Barcoded whole blood flow cytometry assay was used to investigate cytokine 
inhibition of JAKinibs. Cytokine inhibition IC50 values are presented in Figure 10. 
Several inhibitors, e.g. ruxolitinib, filgotinib, itacitinib, fedratinib, pacritinib and 
momelotinib demonstrate comparably high IC50 values throughout the cytokines 
tested. A major effector in the whole blood assays is the tendency of inhibitors to 
bind to plasma proteins, which effects on the obtained IC50 values. Parameter IC50u 
(unbound IC50) takes the reported unbound fraction of JAKinib into account. 
IC50u values are presented in Figure 11. Statistical tests presented in Figures 10 and 

  Inhibitor 
JAK-activity IC50 JAK-selectivity (fold-IC50) 
JAK1 JAK2 JAK3 TYK2 JAK1 JAK2 JAK3 TYK2 

No
n-

se
l. 

Ruxolitinib 5.0 2.8 467*** 92** 1.8 1.0 170 33 
Tofacitinib 8.0 5.0 6.3 391*** 1.6 1.0 1.3 79 
Baricitinib 3.1 1.0 282*** 148*** 3.1 1.0 278 146 
Peficitinib 5.7 18* 6.6 42*** 1.0 3.2 1.1 7 

JA
K1

 

Filgotinib 36 87 ND 1210*** 1.0 2.4 399 34 
Upadacitinib 3.7 6.8* 541*** 685*** 1.0 1.8 145 184 
Abrocitinib 21 253*** 12329*** 3075*** 1.0 12 581 145 
Itacitinib 2.2 29*** 6385*** ND 1.0 13 2922 2885 

JA
K2

 

Fedratinib 75*** 8.6 1009*** 1591*** 9 1.0 118 186 
Pacritinib 597*** 15 296*** 1781*** 41 1.0 20 122 
Momelotinib 147*** 11 1265*** 940*** 13 1.0 114 84 
Lestaurtinib 1.3 2.0 14*** 31*** 1.0 1.5 11 25 
Ilginatinib 28*** 1.2 283*** 1041*** 22 1.0 227 835 
AT-9283 24*** 1.3 41*** 26*** 19 1.0 32 21 
Gandotinib 11* 4.3 279*** 157*** 2.6 1.0 64 36 

JA
K3

 Ritlecitinib 11447*** 6261*** 6.9 18185*** 1671 914 1.0 2654 
Decernotinib 110*** 295*** 13 21472*** 8.4 22 1.0 1634 

TY
K2

 

Cerdulatinib 71 7.6*** 41 42 9.3 1.0 5.4 5.6 
Deucravacitinib ND 24 417 ND ND 2 1 3 ND 
Brepocitinib 5.1*** 14 2566*** 32 1.0 2.7 505 6.3 

 
1 10 100 1000 
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11 compare inhibitors to the strongest inhibitor of each pathway (ergo, column-
wise).   

JAK1/JAK3-mediated IL-2 signaling was inhibited most potently (in terms of 
IC50u or IC50 when unbound data not available) by tofacitinib, baricitinib, 
peficitinib, upadacitinib, ruxolitinib, AT9283, and brepocitinib with no statistically 
significant differences in IC50u (or IC50). When considering canonical 
JAK1/JAK2/TYK2 mediated IL-6-pSTAT3 signaling in CD4+ T cells and in 
monocytes, non-selective ruxolitinib, tofacitinib, baricitinib and peficitinib along 
with JAK1 targeted upadacitinib and itacitinib, JAK2-targeted fedratinib and 
AT9283, as well as JAK1/TYK2-targeted brepocitinib were the most effective 
inhibitors. In addition, momelotinib inhibited IL-6 with no statistically significant 
differences in monocytes (IC50u). Deucravacitinib and baricitinib inhibited 
effectively JAK1/TYK2-mediated IFN-α signaling, followed by non-selective 
inhibitors ruxolitinib, tofacitinib and peficitinib as well as by AT9283 and 
brepocitinib without statistically significant differences in IC50u (or IC50). No 
remarkable differences in IC50u of IL-2, IL-6, IFN-α, or IFN-γ signaling were seen 
between the non-selective JAK inhibitors. Inhibition of JAK2-mediated GM-CSF 
signaling was more effective for baricitinib (IC50u 41 nM) and ruxolitinib (IC50u 85 
nM) compared to tofacitinib (IC50u 279 nM) and peficitinib (IC50u 424 nM). In 
addition, AT9283 showed efficient inhibition of GM-CSF and there was no 
statistical difference compared to baricitinib. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



58

Table 9. The heatmap of IC50 values (nM) for the cytokine receptor inhibition. Stars indicate 
the statistical difference in IC50 of JAKinibs compared to lowest IC50 among the 
JAKinibs (marked with bold and letter “a” in superscript) for each cytokine, pSTAT, and 
cell-type combination. Modified from Article III. Abbreviations: CD4+, CD4+ T cells; 
GM-CSF, granulocyte-macrophage colony-stimulating factor, IFN, interferon; IL, 
interleukin; Mo, monocytes.

readout: pSTAT5 pSTAT1 pSTAT3 pSTAT5 pSTAT1 pSTAT1 pSTAT3 pSTAT5 pSTAT5
cells: CD4+ CD4+ CD4+ Mo CD4+ Mo Mo Mo Mo Mo
Ruxolitinib 383*** 231** 2848 1275*** 190*** 171* 1398*** 92** 92** 2561***
Tofacitinib 9a 13a 372 74 12 13 62 7 5 457
Baricitinib 11 14 291a 47a 5a 5 17 3a 2a 83a

Peficitinib 35 75 526 141 23 35 241* 23 13 1842***
Filgotinib 206*** 602*** 3633 865*** 177*** 207** 2675*** 187*** 87*** 10546***
Upadacitinib 17 85 361 136 75 55 59 13 12 508*
Abrocitinib 87*** 182 3182 423** 38 273* 1125*** 46* 31 7030***
Itacitinib 93*** 136 1611 315 36 264** 205 22 4 4420***
Fedratinib 664*** 3983*** 4251* 1008*** 885*** 821*** 4212*** 597*** 368*** 4006***
Pacritinib 12572*** 3539*** 155460*** 23817*** 3726*** 1982*** 39727*** 6036*** 3524*** 194210***
Momelotinib 411*** 139* 13664** 457** 518 412** 379** 110** 125*** 22850***
Lestaurtinib 1171*** 3915*** 11215** 3625*** 1916*** 2802*** 5835*** 2557*** 2416*** 27666***
Ilginatinib 1964*** 1361*** 32667*** 3182*** 533*** 1128*** 696** 253*** 259*** 6536***
AT9283 18 73 447 104 13 13 11a 21 12 316
Gandotinib 1281*** 10913*** 194643*** 4715*** 1558*** 1175*** 2744*** 818*** 826*** 8842***
Ritlecitinib 124*** 24447*** ND 18092*** 400*** 7479*** ND 10286*** 6139*** ND
Decernotinib 318*** 1875*** 33587*** 3646*** 400*** 317** 7994*** 1879*** 456*** 21857***
Cerdulatinib 237*** 351*** 1912 377* 90*** 127* 2146*** 98** 212*** 21047***
Deucravacitinib 1539*** 801*** 1629 367* 269*** 4a 2726*** 328*** 377*** 22303***
Brepocitinib 24 57 597 133 22 13 109 26 13 550*

Scale [nM] <10 11-100 101-1000 1001-10 000 >10 000
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Table 10. The heatmap of IC50 unbound values (nM) for the cytokine receptor inhibition. Stars 
indicate the statistical difference in IC50 compared to lowest IC50 among the JAKinibs 
(marked with bold and letter “a” in superscript) for each cytokine, pSTAT, and cell-type 
combination. Modified from Article III. Abbreviations: CD4+, CD4+ T cells; GM-CSF, 
granulocyte-macrophage colony-stimulating factor, IFN, interferon; IL, interleukin; Mo, 
monocytes 

 
 
 
 

5.3.3 Daily average inhibition percentages of JAKinibs intended for the 
treatment of rheumatoid arthritis 

 Dosing of the JAKinibs directly affects the clinical selectivity for the JAK-isoform 
and cytokine responses in vivo. Therefore, percent level of inhibition based on 
measured cytokine IC50 for recommended doses in rheumatoid arthritis patients 
was calculated. The average inhibition percentages for JAKinibs intended for the 
treatment of rheumatoid arthritis (tofacitinib, baricitinib, peficitinib, upadacitinib 
and filgotinib) are presented as spider diagrams in Figure 10. All the inhibitors 
showed in general similar inhibition profiles, upadacitinib and filgotinib representing 
scarcer inhibition profiles, having broadly speaking lower efficacy toward IL-6- and 
IFN-induced pathways. The spider diagrams also illustrate the cytokine inhibition 
characteristics of individual JAKinibs. Upadacitinib, for example inhibits IL-2-

Cytokine: IL-2 IL-6 IFN-α IFN-γ GM-CSF 
readout: pSTAT5 pSTAT1 pSTAT3 pSTAT5 pSTAT1 pSTAT1 pSTAT3 pSTAT5 pSTAT5 
cells: CD4+ CD4+ CD4+ Mo CD4+ Mo Mo Mo Mo Mo 
Ruxolitinib 13 8 94a 42 6 6 46 3 3 85 
Tofacitinib 5a 8 227 45 7 8 38 4 3 279** 
Baricitinib 5 7a 145 24a 3a 2a 9a 1a 1a 41a 
Peficitinib 8 17 121 32 5 8 55 5 3 424*** 
Filgotinib 92*** 271*** 1635* 389*** 80*** 93*** 1204*** 84*** 39*** 4746*** 
Upadacitinib 8 41 173 65 36 26** 28 6 6 244** 
Abrocitinib 31** 66 1146* 152* 14 98*** 405*** 16*** 11* 2531*** 
Itacitinib 137* 35 412 81 9 68*** 52 6 1 1131*** 
Fedratinib 60*** 358*** 383 91 80** 74*** 379*** 54*** 33** 361*** 
Pacritinib 377*** 106** 4664** 715*** 112*** 59*** 1192*** 181*** 106*** 5826*** 
Momelotinib 79*** 32 2623* 88 99** 79*** 73* 21*** 24** 4387*** 

Scale [nM] <10 11-100 101-1000 1001-10 000 >10 000 
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pSTAT5 stronger than IL-6-pSTAT5, which for other JAKinibs for the treatment 
of RA was equal.  

Figure 10. Percent level of daily inhibition of tofacitinib, baricitinib, peficitinib, upadacitinib and 
filgotinib at recommended doses in patients with RA. Modified from Article III. BID, twice a 
day; QD, once a day.  
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6 DISCUSSION 

6.1 Characterization of mutations causing inborn errors of 
immunity could pave the way for targeted therapies 

During the last 20 years, availability of whole exome and whole genome sequencing 
analysis has enabled discovery of increasing number of genetic disorders of the 
immune system (Delmonte & Notarangelo, 2020). The characterization of the 
molecular details behind genetic immunological disorders could ultimately lead to 
use of targeted therapies, including biologic treatments and JAK inhibitors. In article 
I, we found a novel IRF2BP2 c.625_665del p.(Ala209Glnfs*31) variant from two 
family members with inflammatory conditions by whole exome sequencing and 
found out that IRF2BP2 protein is an important regulator of JAK-STAT pathway.  

6.1.1  IRF2BP2 is needed to attenuate interferon responses 

Even though IRF2BP2 was first discovered as transcriptional co-repressor of IRF2 
(Childs & Goodbourn, 2003), which has a well-defined role as a negative regulator 
in type I interferon response, the role of IRF2BP2 as a regulator of JAK-STAT 
signaling has not been studied extensively before. We found that patients carrying 
IRF2BP2 c.625_665del variant demonstrated increased constitutive STAT1 
phosphorylation in monocytes and T cells and increased STAT1 phosphorylation in 
response to interferon stimulation in all leukocyte subtypes studied. In addition, 
several interferon-induced genes, IFIT1, IFIT3, IFI6, IFI27, IDO1, CXCL9, and 
CXCL10 were overexpressed in PBMCs from patients. In addition, by using a cell 
model, we could show that overexpression of wild-type IRF2BP2 represses 
transcriptional activation of STAT1, whereas overexpression of Δ625-665 IRF2BP2 
failed in repression, supporting the observations done with clinical samples. 

Our results support the formerly proposed role of IRF2BP2 being a co-repressor 
of IRF2. Suggested role of wild-type IRF2BP2 and Δ625-665 IRF2BP2 in type I IFN 
response is represented in Figure 11. However, our results also raise questions of 
novel mechanisms in the regulation of interferon signaling. IRF2 is a transcription 
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factor that can bind ISREs in DNA – but not GAS elements, which are employed 
in type II interferon response.  

 

Figure 11. A schematic figure illustrating the suggested role of IRF2BP2 in type I interferon (IFN) 
signaling. IFN binding to their receptors activates JAKs, which phosphorylate STATs. 
Upon IFN-α or IFN-β stimulation, transcription factor complexes called interferon-
stimulated gene factor 3 (ISGF3) that consist of STAT1, STAT2, and interferon regulatory 
factor 9 (IRF9) are formed. These transcription factor complexes translocate to the 
nucleus and bind to interferon-stimulated response elements (ISRE). (A) IRF1 is a 
transcription factor that co-operates with ISGF3 to induce interferon-stimulated genes 
(ISGs). (B) IRF2 restricts the induction of ISGs by competing with IRF1 for the same 
binding site. IRF2BP2 acts as a co-repressor of IRF2 by binding to it through the C-
terminal RING domain and is essential for IRF2 ability to limit the expression of ISGs. (C) 
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Patient mutation IRF2BP2 c.625_665del generates a truncated IRF2BP2 protein (238 
amino acids of 587) that entirely lacks the RING domain. Truncated IRF2BP2 cannot bind 
to IRF2, which in turn is unable to bind DNA and suppress IRF1 function. IFN; interferon, 
IRF; interferon regulatory factor, IRF2BP2; interferon regulatory factor 2 binding protein 2, 
ISGF3; interferon-stimulated gene factor 3, ISRE; interferon-stimulated response element, 
JAK; Janus kinase, STAT; signal transducer and activator of transcription. Figure adapted 
from Article I.  

In this study, the patients showed increased pSTAT1 levels in response to both 
IFN-α/β and IFN-γ stimulus and there were both type I and type II interferon 
response genes among those that were overexpressed. IRF1 has been associated to 
positive regulation of IFN-γ-induced response before, even though direct 
interactions between GAS elements or STAT1 dimers have not been observed 
(Michalska et al., 2018; Zenke et al., 2018). More mechanistic data would be needed 
to determine if the regulation of STAT1 by IRF2BP2 occurs via IRF1/2.  

In addition to altered STAT1 phosphorylation, we found that constitutive STAT5 
phosphorylation was clearly increased in CD4+ T cells but was approximately at the 
same level in other leukocyte subtypes studied. Also, STAT5 phosphorylation upon 
IL-2, IL-7, and IL-15 stimulation was similar to that of healthy controls in CD4+ T 
cells. Interestingly, one previous study has found an association between IRF2BP2 
and STAT5. Sécca et al showed that IRF2BP2 transduced mouse CD4+ T cells had 
diminished STAT5 phosphorylation compared with empty vector transduced cells, 
which suggests a repressive role for IRF2BP2 in STAT5 regulation and is in 
accordance with our observations (Sécca et al., 2016). The mechanism how IRF2BP2 
regulates STAT5 activity requires further studies. Noteworthy is that IRF1/IRF2 has 
not been reported to regulate STAT5 activity. Interestingly, a recent study showed 
that STAT5 and NFAT1 (nuclear factor of activated T cell 1) can compete from the 
same binding sites on DNA in T cells (G. Wang et al., 2021). As IRF2BP2 has been 
demonstrated to act as a co-repressor of NFAT1 (Carneiro et al., 2011), the functions 
of IRF2BP2 and STAT5 might relate to each other through NFAT1. 

6.1.2 Could JAK inhibitors offer an effective treatment option for patients 
carrying IRF2BP2 mutations? 

As the family described in this study consisted of only two individuals, larger patient 
numbers would be needed to shed more light on the clinical phenotype and to 
confirm the statistical significance of the findings done from clinical samples. 
However, the current results still reveal novel insights on IRF2BP2 action and make 
one to consider, which would be suitable targeted therapy alternatives for these 
patients. Patients carrying IRF2BP2 mutation that were described in this study had 
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inflammatory conditions with no recurrent infections and had systematic 
hyperactivation of IFN-STAT1 – axis. Thus, they could benefit from treatment 
targeting interferon signaling. Also patients with SLE show increased circulating type 
I interferon levels as well as overexpression of IFN-induced genes (Paredes & 
Niewold, 2020). Anifrolumab, an antibody targeting IFNAR1, which is IFNα/β 
receptor, is the first approved IFN antagonist with approved indication to SLE 
(Mullard, 2021). Anifrolumab could be effective treatment option for patients 
described in this study.  

Also JAK inhibitors baricitinib, tofacitinib and ruxolitinib have been shown to 
decrease clinical manifestations of other diseases that are characterized by enhanced 
type I interferon signaling, such as CANDLE syndrome (chronic atypical 
neutrophilic dermatosis with lipodystrophy and elevated temperature) and STING-
associated vasculopathy (Delmonte & Notarangelo, 2020). As the patients in this 
study had also increased STAT1 phosphorylation due to type II interferon signaling 
and increased STAT5 phosphorylation, JAK inhibitors that offer a wider inhibitory 
spectrum could indeed be more effective alternative than targeting specifically 
IFNAR1. In Article III, we compared the selectivity of different JAK inhibitors in 
vitro, which could offer clues, which JAK inhibitor would be the most effective in 
this case. Our cytokine inhibition data show that non-selective inhibitors tofacitinib, 
baricitinib, ruxolitinib and peficitinib inhibit potently IL-2-induced pSTAT5 as well 
as IFN-γ- and IFN-α induced pSTAT1. Also, JAK2-targeted AT-9283 and 
TYK2/JAK1 targeted brepocitinib potently inhibit these pathways.  

Of tofacitinib, we have also in vivo data (Article II). These results confirm that 
tofacitinib efficiently inhibits cytokine-induced pSTAT5 and pSTAT1 also in vivo. In 
addition, in Article II we could study the effects of tofacitinib on constitutive STAT 
phosphorylation. Tofacitinib significantly decreased constitutive pSTAT1 levels in 
CD4+ T cells and monocytes of patients with RA, which could be beneficial for 
patients carrying IRF2BP2 mutations, as their pSTAT1 levels in these cell 
populations were slightly increased compared to healthy controls. Interestingly, 
tofacitinib decreased significantly constitutive pSTAT5 levels in CD4+ T cells, which 
was the only cell population where pSTAT5 was notably increased in patients 
carrying IRF2BP2 mutation, but did not alter pSTAT5 levels in other leukocyte 
populations studied. However, tofacitinib decreased significantly also constitutive 
pSTAT3 in the leukocyte populations being studied and constitutive pSTAT4 in 
CD4+ T and B cells, which were not increased in IRF2BP2 mutation carrying 
patients, which might result in adverse effects. In addition, results obtained in Article 
II describe the effects of tofacitinib in combination with csDMARDs in patient with 
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chronic rheumatoid arthritis and the in vivo effects of tofacitinib might of course 
differ in other patient groups.  

Functional characterization of mutations causing inborn errors of immunity 
along with the clinical phenotype is of great importance, when thinking of targeted 
therapies. IRF2BP2 variant described in Article I represents the third disease-causing 
IRF2BP2 variant reported. Keller et al describe heterozygous point mutation in 
IRF2BP2 (c.1652G > A: p. (S551N)) to be responsible for a familial form of CVID 
(Keller et al., 2016). The authors also showed in vitro that this variant decreased B 
cell maturation into plasmablasts. The second IRF2BP2 variant was found by 
sequencing 123 patients referred with childhood-onset immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked-like disease (Baxter et al., 2021). One 
patient was found to have a heterozygous mutation in IRF2BP2 (c.1606insTTT, 
p.Q536delinsX), producing a truncated protein at position 536 of 587 (Baxter et al., 
2021). All the three disease-causing IRF2BP2 variants effect on RING domain. 
Variant described in this study generates a truncated protein of only 238 amino acids 
of 587 and entirely lacks the C-terminal RING domain.  

Interestingly, both previously reported IRF2BP2 variants seem to cause 
immunodeficiency, as patients were described to have recurrent infections and 
hypogammaglobulinemia, which were not present in patients described in the 
current study (Baxter et al., 2021; Keller et al., 2016). However, patients in the current 
study still had decreased lymphocyte count. The patients described in the two 
previous studies also manifested inflammatory conditions, such as psoriasis, chronic 
diarrhea and/or severe eczema, suggesting wide defects in regulation of immune 
responses (Baxter et al., 2021; Keller et al., 2016). Given that IRF2BP2 seems to be 
a regulator of multiple transcription factors in various biological contexts, the 
polymorphous phenotype of the patients is not surprising. Even though JAK 
inhibitors could relief inflammatory conditions of these patients, infections belong 
to common side effects of these medications. Thus, risks might outweigh the 
possible benefits. However, except for increased risk of herpes varicella virus re-
activation, studies done with RA cohorts indicate the risk of other infections of JAK 
inhibitors to be comparable to many other immunosuppressants, including 
csDMARDs and TNF inhibitor adalimumab (Nash et al., 2021; Virtanen et al., 2019). 
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6.2 Selectivity of JAK inhibitors for the treatment of rheumatoid 
arthritis 

Five JAKinibs have obtained global approval for the treatment of RA, namely 
tofacitinib, baricitinib, peficitinib, filgotinib and upadacitinib (Alexander et al., 2021). 
As multiple cytokines contribute to RA pathogenesis (Schwartz et al., 2016), it is not 
surprising that these JAKinibs are not highly specific to any JAK isoform or 
cytokine. Tofacitinib, baricitinib and peficitinib are non-selective inhibitors, whereas 
filgotinib and upadacitinib show relative selectivity toward JAK1.    

6.2.1 Assays for selectivity measurements 
The selectivity of JAK inhibitors is usually determined by using recombinant 

protein and cell-based assays. Typically used recombinant protein assays include 
binding and enzymatic assays measuring kinase activity. Binding assays can measure 
for example the binding affinity of a compound, when it outcompetes ATP or some 
other binder, or compound’s effect on thermal stability of the target protein or 
protein domain. However, binding assays do not describe the actual inhibitory 
potency to kinase activity of compounds. Enzymatic assays that measure tyrosine 
phosphorylation allow the determination of IC50 values, which describe the 
concentration of the inhibitor, where half of the activity is inhibited. These kinds of 
assays have been widely used for JAKinib selectivity determination (Fensome et al., 
2018; Flanagan et al., 2010; Parmentier et al., 2018; Quintás-Cardama et al., 2010; 
Van Rompaey et al., 2013; Vazquez et al., 2018). However, the emergence of JAK 
inhibitors with distinct modes of action, such as deucravacitinib in our panel (Article 
III), highlights that selectivity assessment only with recombinant protein assays are 
not adequate.  

Deucravacitinib is referred as TYK2 selective inhibitor, as it has been shown to 
bind specifically to JH2 domains of TYK2 and JAK1 and, in cell-based assays, to 
effectively inhibit JAK2/TYK2-mediated IL-23 and JAK1/TYK2-mediated IFN-α 
signaling, whereas the inhibition for JAK1/JAK3-mediated IL-2 or JAK2-mediated 
thrombopoietin signaling is low (Wrobleski et al., 2019). However, despite the 
specific binding to JH2 domains of TYK2 and JAK1, we showed that 
deucravacitinib does not inhibit enzymatic activity of TYK2 or JAK1 (Article III). 
The inhibitory mechanism of deucravacitinib thus obviously differs that of other 
current clinical JAK inhibitors (Article III). Deucravacitinib seems to effect on other 
interactions that are essential for signaling that could be e.g. inhibition of 
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transphosphorylation or receptor dimerization. However, the exact inhibitory 
mechanism remains to be elucidated.  

Thus, assessment of cytokine inhibition profile of JAKinibs in patients is more 
relevant selectivity measure, especially in the case of JAKinibs developed for the 
treatment of inflammatory diseases. However, the availability of patient blood is 
often limited due to ethical and economic reasons. Thus, JAK inhibitor selectivity in 
respect to cytokine signaling inhibition has been in most cases determined using 
whole blood from healthy individuals (Fensome et al., 2018; Flanagan et al., 2010; 
Parmentier et al., 2018; Quintás-Cardama et al., 2010; Van Rompaey et al., 2013; 
Vazquez et al., 2018).  

Due to different experimental conditions, the comparison of JAK inhibitor 
selectivity between different studies is often challenging. The results obtained from 
recombinant protein assays might vary depending on e.g. the protein construct (only 
kinase domain, JH1-JH2 construct or full-length protein), ATP concentration and 
substrates/tracers used (Virtanen et al., 2019). In human whole blood assays, the 
selection of cytokine concentration and cell preparation for flow cytometry and 
selection of which cell population the results are presented complicate the 
comparison of different studies.  

As selectivity (or lack of it) is thought to stem many safety issues related to JAK 
inhibitors and more JAK inhibitors have been accepted to markets, papers 
comparing 3-4 JAK inhibitors for treatment of rheumatoid arthritis in respect to 
selectivity have been published in recent years by pharma companies (Dowty et al., 
2019; McInnes et al., 2019; Traves et al., 2021). The comparison of selectivity in 
these articles has been assessed mainly by determining cytokine inhibition in whole 
blood or PBMCs.  

6.2.2 Inhibition characteristics of tofacitinib in vivo versus in vitro  
 
Selectivity measurement assays described in the previous chapter are of great 
importance in pre-clinical development of JAK inhibitors and are probably the only 
way how the selectivity can be compared between inhibitors in the same study. 
Studying JAK inhibitor selectivity by adding the inhibitors on top of blood samples 
derived from healthy individuals (referred as in vitro in this thesis) obviously differs 
from setting where selectivity is measured from blood samples derived from patients 
using JAK inhibitors orally (referred as in vivo). Indeed, the results we obtained on 
the inhibitory potency of tofacitinib toward different cytokine pathways in Article II 
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suggest that the effects in vivo differ from results obtained in vitro (Article III, Dowty 
et al., 2019; McInnes et al., 2019; Traves et al., 2021). As blood samples were drawn 
from patients using tofacitinib approximately one hour after morning medication, 
the results in Article II reflect the maximal inhibitory potency of tofacitinib. In vitro 
articles describe the inhibitory potential of JAKinibs by daily average inhibitory 
percentages.   

Results obtained in Article II showed some inhibitory characteristics of 
tofacitinib action in vivo that differed from the results obtained in vitro. First, in vitro 
results might overestimate the inhibitory potential of tofacitinib. This was seen both 
with monocytes and CD4+ T cells. The average inhibition percentage of IL-6-
induced pSTAT3 in monocytes in Article III was approximately 50 %, 46% reported 
by McInnes et al and 10 % reported by Traves et al, whereas in vivo results presented 
in Article II suggest the maximal inhibitory percentage to be only 12 %  (McInnes et 
al., 2019; Traves et al., 2021). A similar tendency was seen also with IL-4-induced 
pSTAT6 inhibition (Article II: 25% versus Traves et al 34% and McInnes et al 51%) 
and IL-10-induced pSTAT3 inhibition (Article II: 10% versus McInnes et al 25%) 
(McInnes et al., 2019; Traves et al., 2021). The maximal inhibitory percentage in 
Article II was the lowest for IL-10-induced pSTAT3 in monocytes throughout the 
cytokine panel in Article II. These results indicate that tofacitinib did not efficiently 
inhibit the anti-inflammatory effects IL-10 has on macrophages and monocytes 
(Sabat et al., 2010). In CD4+ T cells, possible overestimation of inhibition capability 
in vitro was seen especially with common-γ-chain cytokines. For instance, maximal 
inhibitory percentage for IL-2 induced pSTAT5 in CD4+ T cells in Article II was 
60%, whereas in vitro studies report the daily average inhibition percentage in this cell 
type or lymphocytes between 53 and 90 % (Article III, Dowty et al., 2019; McInnes 
et al., 2019; Traves et al., 2021). Another interesting difference between in vitro and 
in vivo studies was that in vitro studies suggest systematically lower inhibitory potency 
of tofacitinib to IL-6 induced pSTAT3 than to pSTAT1 in T cells (Article III, 18% 
vs 85%; Traves et al, 53% vs 33%; Dowty et al approximately 74% vs 20%), whereas 
in Article II the maximal inhibition percentages of these two pSTATs were 
comparable (41% vs 42%) (Dowty et al., 2019; Traves et al., 2021). STAT3 represents 
the canonical downstream effector of IL-6/JAK1-JAK2/TYK2 pathway, however 
activation of STAT1 has been shown to be weaker in response to IL-6 stimulation 
than that of STAT3 (Haan et al., 2005). Thus, the obtained in vitro results would seem 
logical – lower phosphorylation level of IL-6-induced pSTAT1 could be inhibited 
with lower inhibitor concentration than higher phosphorylation level of IL-6-
induced pSTAT3. However, it is important to note that patients with RA have been 
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shown to have altered STAT phosphorylation status compared to healthy controls, 
constitutive pSTAT1 showing increased levels in T cells (Isomäki et al., 2015; 
Pertovaara et al., 2015). In addition, in vivo setting obviously include more variables 
than in vitro settings. For example, in Article II, in addition to tofacitinib, the patients 
received also csDMARDs.  

6.2.3 Several data points need to be assessed to determine selectivity  
  

Studying JAK inhibitors in the same study and combining different selectivity 
measures to pharmacological data is essential for understanding the selectivity of one 
JAKinib in respect to another and for thinking the significance of the results from 
in vivo aspect. For instance, upadacitinib and filgotinib are both largely referred as 
JAK1 selective inhibitors in literature. Measured by kinase assay, both did show the 
strongest inhibition toward JAK1, followed by JAK2 with 1.8 (upadacitinib) and 2.4 
(filgotinib) fold values in respect to JAK1 inhibition (Article III). Based on these 
results, they both are JAK1 selective inhibitors. However, when the results are 
examined together, upadacitinib inhibited JAK1 activity 10-times more potently than 
filgotinib and upadacitinib also inhibited JAK2 activity ~5-times more potently than 
filgotinib inhibited JAK1 (Article III). Thus, in respect to filgotinib, upadacitinib 
could also be referred to as JAK1/2 selective inhibitor.  

IC50 values measuring the inhibition potency of RA JAKinibs to cytokine 
signaling showed that upadacitinib has similar inhibition profile as non-selective 
inhibitors, except for IFN-α- and IFN-γ-induced pSTATs in monocytes (Article III). 
Filgotinib on the other hand showed overall weaker inhibition potency toward 
cytokine signaling compared with other RA JAKinibs (Article III). However, the 
dosing between inhibitors varies. The recommended dose for patients with RA of 
filgotinib is about 13 times higher than that of upadacitib (recommended doses of 
JAKinibs intended for treatment of RA: tofacitinib, 5 mg twice daily; baricitinib 4 
mg once a day; peficitinib 150 mg once a day; filgotinib 200 mg once a day and 
upadacitinib 15 mg once a day) (EMA Xeljanz product information, EMA Rinvoq 
product information, EMA Olumiant product information, EMA Jyseleca product 
information, Markham & Keam, 2019). Thus, dosing needs to be considered in 
selectivity estimations as well. Spider diagrams that estimate the daily average 
inhibition percentages in this study have been calculated using cytokine inhibition 
IC50 values and average plasma concentration of JAKinibs at selected dose in a 
steady state. These results indicated that tofacitinib, baricitinib and peficitinib show 
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similar cytokine inhibition profiles, whereas filgotinib and upadacitinib seem to have 
in general less inhibitory effect on interferon signaling than non-selective inhibitors 
(Article III). The inhibitory effect of upadacitinib seems also be lower toward IL-6 
signaling than that of filgotinib and non-selective inhibitors.  

As was discussed in the previous section, studying JAK inhibitors in vivo can reveal 
novel aspects of selectivity. It would be interesting to see, if the other RA JAKinibs 
would present similar in vivo actions and differences to in vitro data as did tofacitinib 
and if there would be analogous correlations between pSTATs and treatment 
response as was seen with tofacitinib. For instance, the lower inhibitory potency of 
upadacitinib and filgotinib toward interferon signaling that was seen from IC50 
values/daily average inhibition percentages in Article III is interesting. Tofacitinib 
did inhibit quite efficiently interferon-induced pSTATs also in vivo (Article II), but 
the maximum inhibitory percentages calculated remained lower than those presented 
as average inhibitory percentages in vitro (Article III). Thus, it is possible that 
upadacitinib and filgotinib would show low interferon inhibition in vivo. Given the 
central role of interferon signaling in inhibiting varicella zoster replication (Ku et al., 
2016; Shakya et al., 2019), lower inhibition of interferons might be beneficial in safety 
perspective. However, only filgotinib seems to cause less herpes zoster, whereas 
safety profile of upadacitinib resembles those of tofacitinib and baricitinib (Liu et al., 
2021). On the other hand, interferons do belong to pathogenesis mediating cytokines 
in RA (Schwartz et al., 2016), so lower inhibitory potential toward interferons could 
in theory result in lower efficacy.  

Even though selectivity of JAKinibs for treatment of RA (as well as of JAKinibs 
for treatment of other indications) is a subject of major interest, paradoxically, it is 
not known yet which selectivity profile would offer the best efficacy and safety 
combination for patients. In rheumatoid arthritis, distinct cytokine profiles dominate 
the different phases of the disease, such as early and established RA (McInnes et al., 
2016b). Currently, biomarker profiles that would predict the optimal JAKinib or 
other treatment for each patient group have not been established. Thus, more 
research is needed that selectivity data of JAKinibs could be effectively used also in 
clinical contexts.        
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7 SUMMARY AND CONCLUSIONS  

Genetic diagnoses of complex immunological conditions and functional 
characterization of novel disease-causing mutations can help us to understand more 
about immunoregulation and disease pathogenesis as well as guide clinical 
management decisions. Perhaps, targeted therapies for the treatment of 
immunological diseases will become reality in the future, as has happened in 
oncology during the past 20 years (Bedard et al., 2020). In this study, we found a 
novel mutation in IRF2BP2 gene from two family members with inflammatory 
conditions and lymphopenia. IRF2BP2 variant described in this study represents the 
third disease-causing mutation in this gene reported, emphasizing the central role of 
IRF2BP2 in regulation of immune responses. Our results indicate that IRF2BP2 is 
an essential regulator of JAK-STAT pathways. 

The future of targeted therapies in immunology would require not only a better 
understanding of the diseases but also a better understanding of the medicines 
themselves. The selectivity of JAK inhibitors is currently a subject of great interest, 
as it impacts the efficacy and safety characteristics of this class of medicines. The 
work shown in this thesis presents the first comprehensive analysis and direct 
comparison of 20 clinical stage JAKinibs in terms of in vitro and cellular effects on 
JAK kinases and signaling. Additionally, this thesis provides novel information on 
the in vivo selectivity profile of one JAK inhibitor, tofacitinib, in patients with 
rheumatoid arthritis using tofacitinib orally. Our results indicated that certain 
immunological markers at baseline are associated with treatment response to 
tofacitinib. This preliminary result suggests that measuring certain signaling 
molecules pre-treatment could be used to predict the treatment response to 
advanced therapies, which would be of great value for clinics. 

The main limitations of the study relate to low patient numbers. Novel IRF2BP2 
variant was found from only two family members, so the findings done should be 
considered preliminary. More patients would have been needed to demonstrate 
statistical significance of the difference in phosphorylated STATs and gene 
expression between patients and healthy controls. The in vivo effects of tofacitinib 
were studied with 16 patients with RA, which enabled only predictive conclusions 
on the clinical significance of the observed association between baseline 
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immunological parameters and treatment response. Article III was designed to 
provide a comprehensive analysis and comparison of current clinical JAK inhibitors. 
However, the analysis focused only to JAK kinases and JAK-STAT signaling, so the 
off-target effects of JAK inhibitors were not analyzed.    

The optimal use of JAK inhibitor selectivity profiles in clinics still needs basic 
research as well as clinical data. For instance, different JAK isoforms seem to have 
dominance over another in certain receptor complexes (Raivola et al., 2019). 
Understanding the exact role of JAKs in each cytokine receptor would allow the 
development of even more selective inhibitors. On the other hand, more 
information on what kind of cytokine inhibition profile would be the most efficient 
and safest option in each disease and disease state is also required. In addition, 
patients who would benefit certain inhibition profile need to be recognized. This 
requires finding biomarkers that describe treatment responses for JAK inhibitors of 
different selectivity profiles.  

The opportunity for attenuating undesired immune responses by JAK inhibition 
was recognized soon after the discovery of JAK-STAT pathway. To date, several 
JAK inhibitors have entered the clinics for treating inflammatory diseases, such as 
rheumatoid arthritis, ulcerative colitis, and dermatological conditions, and many are 
on their way. In addition, the characterization of rare immunological diseases can 
reveal new conditions that could be effectively treated with JAK inhibitors. 
However, better overall understanding of immunological diseases is still needed so 
that the full potential of JAK inhibitors can be unleashed.  
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Abstract: Interferon regulatory factor 2 binding protein 2 (IRF2BP2) is a transcriptional coregulator
that has an important role in the regulation of the immune response. IRF2BP2 has been associated
with the Janus kinase (JAK)—signal transducers and activators of transcription (STAT) pathway, but
its exact role remains elusive. Here, we identified a novel clinical variant, IRF2BP2 c.625_665del, from
two members of a family with inflammatory conditions and investigated the function of IRF2BP2
and c.625_665del mutation in JAK–STAT pathway activation and inflammatory signaling. The levels
of constitutive and cytokine-induced phosphorylation of STATs and total STAT1 in peripheral blood
monocytes, T cells, and B cells from the patients and four healthy controls were measured by flow
cytometry. Inflammation-related gene expression was studied in peripheral blood mononuclear
cells using direct digital detection of mRNA (NanoString). Finally, we studied the relationship
between IRF2BP2 and STAT1 activation using a luciferase reporter system in a cell model. Our results
show that patients having the IRF2BP2 c.625_665del mutation presented overexpression of STAT1
protein and increased constitutive activation of STAT1. In addition, interferon-induced JAK–STAT
signaling was upregulated, and several interferon-inducible genes were overexpressed. Constitutive
phosphorylation of STAT5 was also found to be upregulated in CD4+ T cells from the patients. Using
a cell model, we show that IRF2BP2 was needed to attenuate STAT1 transcriptional activity and that
IRF2BP2 c.625_665del mutation failed in this. We conclude that IRF2BP2 has an important role in
suppressing immune responses elicited by STAT1 and STAT5 and suggest that aberrations in IRF2BP2
can lead to abnormal function of intrinsic immunity.

Keywords: interferon regulatory factor-2 binding protein-2 (IRF2BP2); JAK–STAT pathway;
interferons; inflammation

1. Introduction

Interferon regulatory factor 2 binding protein 2 (IRF2BP2) is a transcriptional coreg-
ulator having an important role in the regulation of immune response [1]. IRF2BP2 was
originally identified as a co-repressor of IRF2 [2], which counteracts IRF1 and thereby
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suppresses interferon signaling [3]. However, IRF2BP2 is also expressed in organisms
lacking IRF2 [2], and subsequent studies have identified IRF2BP2 as a coregulator of vari-
ous other transcription factors, such as VGLL4, NCOR1, ETO2, IRF2BPL, NFAT1, NRIF3,
GR, and KLF2 [4–11]. In addition to the immune response, IRF2BP2 is involved in a
variety of biological processes, such as apoptosis, angiogenesis, cell cycle, and cell differ-
entiation [4–6,8,11,12]. The importance of IRF2BP2 is highlighted by the observation that
IRF2BP2-deficient mice are rarely obtained and do not survive past 4 weeks due to severe
growth retardation [5].

The Janus kinase (JAK)—signal transducers and activators of transcription (STAT)
pathway constitutes a major signaling module in the immune system. JAKs are intracellular
non-receptor tyrosine kinases that mediate signaling of about 60 different cytokines, hor-
mones, and growth factors, including, but not limited to, interferons (IFN) and interleukins
(IL) [13]. The JAK family consists of four members (JAK1–3 and TYK2), which transmit the
cytokine-induced signal by phosphorylating the receptor and cellular signaling proteins
such as STATs that act as transcription factors. Mammals encode seven STATs, namely,
STAT1–4, STAT5a, STAT5b, and STAT6, which are major determinants of cytokine-specific
gene responses [14]. The JAK–STAT signaling pathway is under tight regulation and is
modulated by multiple regulatory proteins [15].

The clinical significance of IRF2BP2 has become evident in recent years, as familial
IRF2BP2 germline mutations causing inborn errors of immunity have been reported [16,17].
Defects in IRF2BP2 are also associated with cancer, as an IRF2BP2–retinoic acid receptor alpha
(RARA) fusion gene and transcript has been detected in acute promyelocytic leukemia
patients [18–23]. The association between IRF2BP2 and JAK–STAT signaling has been
suggested previously. IRF2BP2 was shown to decrease IL-2-induced JAK–STAT5 signaling
in mouse CD4+ T cells [24]. In addition, since IRF2 has been shown to repress IFNα and
IFNβ-induced gene expression in mice [3], IRF2BP2 as a co-repressor of IRF2, could be
expected to have similar role in IFNα/β signaling.

In the current study, we identified the novel variant IRF2BP2 c.625_665del from a
family of two individuals with inflammatory conditions. We examined the connection
between IRF2BP2 and JAK–STAT signaling in vivo using patient samples and studied the
potential effects of the clinical variant on JAK–STAT signaling pathways in a cell model.

2. Results
2.1. Clinical History

Our index patient was a 57-year-old HIV-negative male who had had severe acne and
hidradenitis suppurativa requiring surgical revisions during adolescence and adulthood.
At the age of 51, he underwent uncomplicated cholecystectomy and umbilical hernia
repair. Soon after, he started to have subfebrile fever and fatigue, and lost up to 24 kg of
weight (starting weight, 103 kg). He presented with mild lymphadenopathy, moderate
splenomegaly (15 cm), and marked lymphopenia (400–650 cells/uL). Gastroscopy revealed
a healing erosion in the duodenum. After thorough examinations with no other finding
(colonoscopy, capsule endoscopy, bone marrow biopsy, PET-CT, HRCT) the symptoms
and weight loss ceased. Three years later, the symptoms returned, and a new symptom of
extensive painful oral and genital ulcers presented. He developed a deep neck abscess that
was surgically drained with the extraction of a molar tooth. Ulcer problems with occasional
stomachache continued. A strictured small intestine, probably leading to partial occlusion
of the bowel, was noted in re-endoscopy. Biopsies from tongue and genital lesions showed
unspecific ulceration with neutrophilic inflammation. Immunological analyses did not
reveal antibody deficiency (Supplementary Table S1). Oral ulcers have partially responded
to repeated corticosteroid injections into oral mucosa, but new lesions appear regularly.

Besides his 71-year-old sister, the index had no close living relatives. His sister had
also been suffering from hidradenitis suppurativa for over 10 years and showed significant
lymphopenia but no ulcer problems or a marked infection history. In addition, she has
diabetes mellitus type 2, hypertension, and hyperthyroidism. At the age of 71 years, she
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developed difficulties keeping her head position and cramping of the arms. She was
diagnosed with dystrofia myotonica type 2 with typical CCTG expansion in CNBP gene.

2.2. Family Members Possess a Heterozygous IRF2BP2 Variant

Due to unique clinical features combined with lymphopenia, the index patient was
subjected to whole-exome sequencing. A novel heterozygous 41-bp deletion variant in
IRF2BP2, c.625–665del, p. (Ala209Glnfs*31) was noted. This 41-bp deletion generates a
frameshift leading to a premature stop codon at position 31 in the new reading frame.
No previously established disease genes were detected for the index patient. The index
patient’s sister also carried the heterozygous 41-bp deletion in IRF2BP2.

2.3. Phosphorylation of STAT1 and STAT5 Are Altered in Circulating Leukocytes of the
Family Members

Since IRF2BP2 is suggested to regulate cytokine-induced JAK–STAT pathways, we stud-
ied constitutive and cytokine-induced STAT phosphorylation in circulating immune cells
from the index patient and his sister using a multicolor flow cytometric assay. As the
staining procedures were performed without cell purification or manipulation using fresh
blood, the results are likely to reflect the phosphorylation status of STAT proteins in vivo.

Constitutive phosphorylation of STAT1 in CD4+ T cells and monocytes was slightly
increased in the patients when compared with healthy controls (Figure 1A). Type I and
type II interferon-induced phosphorylation of STAT1 was markedly higher in the patients
than in the controls in all investigated cell populations (Figure 1B–D). This difference was
more prominent in the index patient than in his sister in all cell populations, and the most
notable differences were seen in monocytes. IL-6-induced STAT1 phosphorylation in CD4+

T cells and monocytes was modestly increased in both patients.
Flow cytometric analysis showed also differences in the phosphorylation of STAT5.

Constitutive STAT5 phosphorylation was significantly higher in CD4+ T cells from the
patients compared to the controls (Figure 1E). In contrast, cytokine-stimulated STAT5
phosphorylation in CD4+ T cells did not generally differ between patients and controls,
except for increased IL-7-induced STAT5 phosphorylation in the index patient (Figure 1F).

Constitutive as well as IFNα- and IFNβ-induced phosphorylation of STAT4 were also
studied. STAT4 phosphorylation was induced by interferons only in CD4+ T cells, and this
induction was slightly higher in the index patient than in the controls. (Supplementary
Figure S1). Constitutive or cytokine-induced phosphorylation levels of STAT3 and STAT6
did not differ between family members and controls in any leukocyte population studied
(Supplementary Figure S1).

2.4. STAT1- and IFN-Regulated Genes Are Upregulated in the Family Members

Next, NanoString analysis was used for direct detection of mRNA levels of JAK–STAT
pathway genes, genes involved in IFN response, and other inflammation-related genes
in peripheral blood mononuclear cells (PBMCs) from patients and controls. Regarding
the JAK–STAT pathway, increased mRNA levels of STAT1, but no other JAK or STAT
genes, were demonstrated in both family members (Figure 2A). Upregulation of STAT1
was also shown at protein level, as STAT1 expression was strongly upregulated in the
index patient and slightly increased in his sister in all studied cell populations, using flow
cytometry (Figure 2B).
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Figure 1. Median fluorescence intensities (MFI) measured in cells from patients and control subjects by flow cytometry for
(A) Constitutive pSTAT1 in CD4+ T cells, B cells, and monocytes, (B) Stimulated pSTAT1 in CD4+ T cells, (C) Stimulated
pSTAT1 in B cells, (D) Stimulated pSTAT1 in monocytes, (E) Constitutive pSTAT5 in CD4+ T cells, B cells, and monocytes
(F) Stimulated pSTAT5 in CD4+ T cells. IFN; interferon, IL; interleukin, MFI; median fluorescence intensity, STAT; signal
transducer and activator of transcription.
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Figure 2. (A) Fold changes of inflammation-related genes in PBMCs from patients compared to those
from control subjects. Inflammation-related custom gene set of the JAK–STAT pathway, interferon-
inducible proteins, cytokines, NFκB pathway, and inflammasome activation were measured using
the NanoString technology. Average fold changes of three technical replicates are presented. Dashed
line represents a fold change of 1.5 that was considered as a threshold for increased gene expression,
(B) STAT1 protein level in CD4+ T cells, B cells, and monocytes measured in cells from patients and
control subjects by flow cytometry. IFN; interferon, JAK; Janus kinase, MFI; median fluorescence in-
tensity, NFκB; nuclear factor kappa-light-chain-enhancer of activated B cells, STAT; signal transducer
and activator of transcription, PBMC; peripheral blood mononuclear cell.

In addition to STAT1, both family members had increased mRNA levels of interferon-
inducible proteins IFIT1, IFIT3, IFI6, IFI27, IDO1, and RSAD2, cytokines CXCL9 and
CXCL10, and CASP5 (10 common upregulated genes; fold change ≥1.5). In addition, the
index patient, but not his sister, showed strong upregulation of IL-1B, IL-6, and NFκBIA.
Altogether, the index patient had 12 upregulated genes that showed either normal or
downregulated expression in the sister. The index patient and sister had no common
downregulated genes (fold change ≤0.5).

2.5. IRF2BP2 Is Needed to Attenuate Constitutive and Cytokine-Induced STAT1
Transcriptional Activity

To study the relationship between IRF2BP2 and JAK–STAT pathway activation more
directly, we used a dual-luciferase assay and analyzed the effects of wild-type IRF2BP2 and
IRB2BP2 Δ625–665 on STAT1-mediated transcription. For this purpose, a reporter construct
including an interferon-stimulated response element (ISRE-Luc) was used.

The reporter assay showed that wild-type IRF2BP2 significantly suppressed consti-
tutive and cytokine-stimulated STAT1 transcriptional activity in HEK293T cells, when
compared to control (Figure 3A). Importantly, IRF2BP2 Δ625–665 was not able to suppress
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the transcriptional activity. The expression of wild-type and Δ625–665 IRF2BP2 in HEK293T
cells was shown by immunoblotting (Figure 3B).

Figure 3. (A) The effect of wild-type IRF2BP2 and IRF2BP2 Δ625-665 on STAT1 transcriptional activity was studied using
the ISRE-Luc reporter in HEK293T cells. (B) Detection of wild-type IRF2BP2 and IRF2BP2 Δ625-665 expression in HEK293T
cells by immunoblotting. Statistical analyses were performed on three independent experiments, and Student’s two-tailed
T-test was used to calculate significant differences. Significant differences are marked with an asterisk: * p ≤ 0.05, ** p ≤ 0.01,
p *** ≤ 0.001. IFN; interferon, IRF2BP2; interferon regulatory factor 2 binding protein 2, RLU; relative luciferase unit, STAT;
signal transducer and activator of transcription.

3. Discussion

In this study, we describe a novel variant of IRF2BP2, c.625_665del p.(Ala209Glnfs*31),
which was present in two members of a family with inflammatory conditions and lym-
phopenia. The patients demonstrated increased levels of STAT1 at both mRNA and protein
levels, as well as increased constitutive and cytokine-induced STAT1 phosphorylation in
circulating leukocytes. In addition, constitutive STAT5 phosphorylation was increased in
CD4+ T cells. We also demonstrate that wild-type IRF2BP2, but not IRF2BP2 Δ625–665,
attenuated STAT1 transcriptional activity in a cell model.

The IRF2BP2 protein is an 87 kDa protein consisting of 587 amino acids. It contains
two conserved regions: an N-terminal zinc finger and a C-terminal RING domain [2]. The
zinc finger typically binds to specific DNA sequences [25], while the RING domain has been
shown to be essential in protein–protein interactions formed by IRF2BP2 in transcriptional
repressor complexes [2,5,6]. In addition, RING domain-containing proteins play a crucial
role in transferring ubiquitin to substrate proteins or other RING domain-containing
proteins [26].

Until now, germline IRF2BP2 mutations have been reported in two families [16,17],
this study reporting the third family and mutation described. Keller et al. identified a
heterozygous point mutation in IRF2BP2 (c.1652G > A: p. (S551N)) from three members of
a family diagnosed with common variable immunodeficiency disorder (CVID) and showed
in vitro that this variant decreased B cell maturation into plasmablasts [16]. Baxter et al.,
in turn, discovered a heterozygous IRF2BP2 variant (c.1606insTTT, p.Q536delinsX) that
produces a truncated protein at position 536 of 587. This variant was suggested as one of
the candidate mutations in childhood-onset immune dysregulation, the patient having a
similar phenotype as patients reported by Keller et al. [17]. The clinical variant described
in the current study generates a truncated protein of only 238 amino acids of 587 and
entirely lacks the C-terminal RING domain. Thus, all three described clinical IRF2BP2
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variants affect the RING domain. Despite the low patient numbers, interestingly, the
patient phenotype in the current study is more inflammatory than immunodeficient, as the
patients did not present recurrent infections, in contrast to patients in earlier studies [16,17].
Mucosal ulcers in the index patient together with increased CASP5 transcription resemble
both the first described systemic non-canonical inflammasomopathy due to a neomorphic
CEBPE mutation and Behçet disease [27] and require further study in a larger cohort.

IRF2BP2 was first described as a co-repressor of IRF2 [2]. IRF1 and IRF2 are tran-
scription factors that have been shown to compete in binding to the same DNA-binding
elements, interferon-stimulated response elements (ISRE), and are activated in response
to type I interferons (IFNs). However, they have opposite functions: IRF1 activates IFN-
induced gene expression, while IRF2 represses it [28,29]. IRF1 has also been shown to be as
essential as STAT1 in activating IFNγ-induced gene expression [30], suggesting a role for
IRF2 also in type II IFN signaling.

Our data showed a systematic hyperactivation of the IFN–JAK–STAT1 axis, as the
patients had increased constitutive STAT1 phosphorylation in T cells and monocytes as
well as increased IFN-induced STAT1 phosphorylation in all leukocyte subtypes studied.
In addition, several type I IFN inducible genes, such as IFIT1, IFIT3, IFI6, and IFI27, as well
as the type II IFN-induced genes IDO1, CXCL9, and CXCL10, were overexpressed in PBMC
from the patients. Finally, a reporter assay including the ISRE binding site showed that
IRF2BP2 has a repressive role in STAT1 transcriptional activity. Taken together, our data
regarding type I IFN signaling are consistent with the prevailing hypothesis of IRF2BP2
being a co-repressor of IRF2 and suggest that the increased STAT1 activation observed in
the patients could be explained by the lack of suppressive effects on IRF1 function. The
suggested roles of wild-type and Δ625–665 variants of IRF2BP2 in the type I IFN signaling
pathway are illustrated in Figure 4.

Since gamma-activated sequences (GAS) recognized by IFNγ-induced STAT1 dimers
do not contain binding sites for IRF1 [31], the mechanism how IRF2BP2 regulates type II
IFN signaling probably differs from that involved in type I IFN signaling. IRF1 has been
shown to form heterodimers with STAT1 and regulate the expression of LMP2, whose
promoter includes a GAS binding site [32], but also to promote STAT1 binding to GAS
without direct interaction [33]. Thus, IRF2BP2 function in type II IFN signaling might also
include IRF1/2. However, more mechanistic data are still needed to confirm whether the
repressive function of IRF2BP2 on STAT1 activation and IFN-induced gene expression
occurs via IRF1/2.

The patients in the current study had increased levels of STAT1, both at mRNA and at
protein level. Interestingly, IRF1 has been shown to induce the expression of STAT1 and
pSTAT1 during viral infection [34]. The expression of both STAT1 and IRF1 is induced
upon IFN stimulation [30]. This suggests that the described IRF2BP2 variant indirectly
upregulates pSTAT levels: the increased constitutive and IFN-stimulated pSTAT1 levels
in the patients were likely to result from overexpression of STAT1, as the induction of
IFN-stimulated genes is not limited by the IRF2–IRF2BP2 complex.

IRF2BP2 has been associated with STAT5 function in a previous study concerning the
role of IRF2BP2 in CD4+ T cell activation [24]. Sécca et al. demonstrated that overexpression
of IRF2BP2 in mouse CD4+ T cells impaired IL-2-induced STAT5 activation and thereby
restricted IL-2 high-affinity receptor α-chain expression and CD4+ T cell proliferation [24].
Interestingly, our data showed that both patients had increased constitutive STAT5 phos-
phorylation levels in CD4+ T cells compared to healthy controls, but not in other cell types
studied. This finding supports the hypothesis of IRF2BP2 being a repressor of CD4+ T cell
activation. However, the mechanism by which IRF2BP2 mutation affects STAT5 activation
remains elusive and requires further studies.
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Figure 4. A schematic picture illustrating the suggested role of IRF2BP2 in type I interferon (IFN)
signaling. IFN binding to their receptors activates JAKs, which phosphorylate STATs. Upon IFNα or
IFNβ stimulation, the transcription factor complexes called interferon-stimulated gene factor 3 (ISGF3)
that consist of STAT1, STAT2, and interferon regulatory factor 9 (IRF9) are formed. These transcription
factor complexes translocate to the nucleus and bind to interferon-stimulated response elements
(ISRE). (A) IRF1 is a transcription factor that co-operates with ISGF3 to induce interferon-stimulated
genes (ISGs). (B) IRF2 restricts the induction of ISGs by competing with IRF1 for the same binding
site. IRF2BP2 acts as a co-repressor of IRF2 by binding to it through the C-terminal RING domain and
is essential for IRF2 ability to limit the expression of ISGs. (C) Patient mutation IRF2BP2 c.625_665del
generates a truncated IRF2BP2 protein (238 amino acids of 587) that entirely lacks the RING domain.
Truncated IRF2BP2 cannot bind to IRF2, which in turn is unable to bind DNA and suppress IRF1
function. IFN; interferon, IRF; interferon regulatory factor, IRF2BP2; interferon regulatory factor
2 binding protein 2, ISGF3; interferon-stimulated gene factor 3, ISRE; interferon-stimulated response
element, JAK; Janus kinase, STAT; signal transducer and activator of transcription.
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Besides widening our knowledge on the mechanisms behind immunological diseases,
studying immune responses in patients with novel genetic variants may provide clues
to possible effective therapies. Our current results suggest that patients with loss-of-
function IRF2BP2 mutations might benefit from treatments that inhibit interferon signaling.
Finding an effective type I interferon antagonist therapy for systemic lupus erythmatosus
(SLE) patients has been a major area of interest in recent years, as SLE patients show
increased circulating type I interferon levels as well as overexpression of IFN-induced
genes [35]. Anifrolumab, an antibody which blocks IFNAR1 receptor, is the first approved
IFN antagonist therapy and received FDA approval in July 2021 [36]. Another alternative
for inhibiting interferon signaling would be to block the signaling cascade one step further
by using JAK inhibitor treatment. JAK inhibitors are small molecular kinase inhibitors that
already include several approved inhibitors for rheumatologic, dermatologic, hematologic,
and gastrointestinal indications, as well as emergency authentication for COVID-19 [37].
Given that also STAT5 was activated in T cells from patients in the current study, JAK
inhibitors, that have the potential to inhibit multiple JAK–STAT pathways simultaneously,
might provide a more potent therapeutic alternative than IFN antagonists for patients with
loss-of-function IRF2BP2 mutations.

The studied family had only two patients with IRF2BP2, c.625_665del, and the results
should be considered preliminary. However, since similar effects of the IRF2BP2 variant on
STAT activation were demonstrated both with patient samples and using a cell model, the
repressive role of IRF2BP2 on JAK–STAT signaling pathways seems credible. Therefore, the
current study significantly adds to our knowledge of the regulatory function of IRF2BP2 in
cytokine signaling.

4. Materials and Methods
4.1. Patient Samples

A family of two individuals (57-year-old index male and his 71-year-old sister) with
inflammatory conditions were enrolled in the present study. Further, 3 healthy male
subjects (54, 56, and 58 years of age) and 1 healthy female subject (72-year-old) were
enrolled as controls. Blood samples were drawn at the same time for all the analyses,
except for genetic studies that were performed separately.

4.2. Genetic Studies

Whole-exome test targeting all protein-coding exons, exon–intron boundaries (±20 bps),
and selected clinically relevant non-coding variants was performed for both index pa-
tient and his sister. The analysis was performed using the Illumina sequencing system.
Quality controlled sequence reads of each sample were mapped to the human reference
genome (GRCh37/hg19), and reads were aligned using the Burrows–Wheeler Aligner
(BWA-MEM). Alignment post-processing and variant calling were performed using GATK
algorithms (Sentieon).

The pathogenic potential of variants was predicted by taking into account the pre-
dicted consequence, biochemical properties of the codon change, degree of evolutionary
conservation, as well as allelic frequencies from large population studies (1000 Genomes
project, gnomAD) and mutation databases (HGMD, ClinVar), as well as an in-house
variant database.

4.3. Flow Cytometry

Constitutive and cytokine-induced STAT phosphorylation and level of total STAT1
were studied with multicolor flow cytometric analysis in circulating immune cells. First,
50 μL aliquots of fresh blood samples were either left unstimulated or stimulated with
100 ng/mL recombinant IFN-β, IFN-γ, IL-2, IL-4, IL-6, IL-7, IL-15, IL-21 (all from Peprotech,
Rocky Hill, NJ, USA), IFN-α (Cell Signaling Technology, Danver, MA, USA), or IL-10 (R&D
Systems, Minneapolis, MN, USA) for 15 min at 37 ◦C. The stimulation was terminated
by transferring the samples on ice. Leukocytes were then fixed, and red blood cells lysed
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using BD Phosflow Lyse/Fix buffer (Becton, Dickinson and Company (BD), Franklin Lakes,
NJ, USA) for 10 min at 37 ◦C, washed with PBS, and permeabilized in ice-cold methanol
for 10 min on ice followed by 2–3 days at −80 ◦C. Following two washes with PBS,
samples were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (clone
SK7), allophycocyanin (APC)-conjugated anti-CD33, phycoerythrin-cyanin 7 (PE-Cy7)-
conjugated anti-CD20 (clone H1(FB1)) (all from BD), APC-eFluor 780-conjugated anti-CD4
(clone SK3) (eBioscience, Santa Clara, CA, USA), phycoerythrin (PE)-conjugated STAT1
(clone 1/Stat1), phospho-STAT1 (clone 4a), phospho-STAT3 (clone 4/P-STAT3), phospho-
STAT4 (clone 38/p-Stat4), phospho-STAT5 (clone 47), or phospho-STAT6 (18/P-Stat6) (all
from BD) for 30 min at room temperature.

Data acquisition was performed using FACS Canto II (BD), and the analysis of flow
cytometer data using Flowjo Single cell analysis software (BD). Monocytes were gated based
on CD33 positivity and light scattering characteristics (SSC-A) (Figure 5A). Lymphocytes
were gated based on light scattering characteristics (SSC-A and FSC-A) (Figure 5B). Among
lymphocytes, CD4+ T cells were gated from the CD3+ lymphocyte population, and CD20+

B cells from the CD3- lymphocyte population (Figure 5C,D). A PE fluorescence histogram
was created for each cell population, and the median fluorescence intensity (MFI, arithmetic
median) was calculated. Examples of cytokine-induced pSTATs in different cell populations
are presented in Figure 5E–G.

Figure 5. Flow cytometry gating strategy and examples of cytokine-induced phosphorylated STAT
(pSTAT) in each cell population in one sample. (A) Monocyte gate was set based on CD33 positivity
and light scattering characteristics (SSC-A). (B) Lymphocytes were gated based on light scattering
characteristics (FSC-A and SSC-A). (C) Among lymphocytes, the CD4+ T cell gate was set to comprise
CD3+ and CD4+ populations. (D) Among lymphocytes, the B cell gate was set to comprise CD3−

and CD20+ populations. (E) pSTAT1 histograms in unstimulated (open peak) and IFN-γ-stimulated
(grey peak) monocytes. (F) pSTAT5 histograms in unstimulated (open peak) and IL-2-stimulated
(grey peak) CD4+ T cells. (G) pSTAT3 histograms in unstimulated (open peak) and IL-21-stimulated
(grey peak) B cells.

4.4. Peripheral Blood Mononuclear Cell Isolation and RNA Extraction

PBMCs were isolated by BD Vacutainer® CPT™ Mononuclear cell preparation tubes
by density-gradient centrifugation and washed twice with PBS. Cells were snap-frozen
without media and stored at −80 ◦C until RNA extraction. Total RNAs were isolated
from PBMCs using the Rneasy Mini-Kit (Qiagen, Valencia, CA, USA), according to the
manufacturer’s instructions.
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4.5. Nanostring Analysis

A custom gene panel (50 genes) containing genes involved in JAK–STAT pathway,
interferon-inducible proteins, cytokines, NFκB pathway, and inflammasome activation was
studied using NanoString analysis. In this analysis, patient data were compared to one
gender- and age-matched control (for the index patient, a 56-year-old healthy male subject,
and for his sister, a 72-year-old healthy female subject).

NanoString has been described in detail earlier [27]. Shortly, 100 ng of total RNA per
sample were mixed with 5′ reporter probes, tagged with fluorescent barcodes of targeted
genes, and 3′ biotinylated capture probes. The samples were hybridized overnight at 65 ◦C
following the manufacturer’s protocol. Then, the reactions were purified and immobilized
on the sample cartridge surface. The cartridge was scanned in triplicate using the nCounter
Digital Analyzer (NanoString Technologies, Seattle, WA, USA). Gene expression data were
analyzed using nSolver™ 4.0 analysis software (NanoString Technologies). Normalized
gene counts from three replicates were further used to calculate the fold changes between
the patients and the controls. Genes, whose fold changes exceeded the limit of detection
are presented in the manuscript.

4.6. Plasmid Constructs and Mutagenesis

The full-length IRF2BP2 expression plasmid (IRF2BP2-pDEST-C1-FLAG-GFP11-GW)
was a kind gift from Professor Jorma Palvimo from the University of Eastern Finland [38].
The IRF2BP2 Δ625–665 plasmid construct possessing the patient’s mutation was created
by QuikChange (AgilentTechnologies, Santa Clara, CA, USA) site-directed mutagenesis,
according to the manufacturer’s instructions and verified by Sanger sequencing. An empty
backbone expression vector was used as a control plasmid.

For luciferase reporter assays, firefly luciferase reporter constructs for STAT1 (interferon-
stimulated response element-Luc (ISRE-Luc)) [39] were used together with a plasmid
constitutively expressing renilla luciferase.

4.7. Mammalian Cell Culture

Human embryonic kidney cells (HEK293T) were cultured in Dulbecco modified
Eagle medium (Lonza, Basel, Switzerland) supplemented with 10% FBS (Sigma, St Louis,
MO, USA), 2 mmol/L L-glutamine (Lonza), and antibiotics (0.5% penicillin/streptomycin;
Lonza). For dual luciferase assay and immunoblotting experiments, 120,000 or 100,000 cells
were seeded on 12-well plates, respectively. Transient transfections were done using
FuGENE HD (Promega, Madison, WI, USA) according to the manufacturer’s instructions.

4.8. Dual Luciferase Assay

In total, 10 ng of control plasmid, IRF2BP2 wild-type plasmid, or IRF2BP2 Δ625–665
plasmid was co-transfected with 220 ng ISRE-Luc and 60 ng renilla luciferase plasmids.
Then, after 24 h of transfection, cells were transferred to a 96-well plate. After 3–4 h, when
the cells had attached to the bottom, the medium was changed to starvation medium (cul-
ture medium without FBS) or stimulation medium (starvation medium supplemented with
100 ng/mL IFNα or 10 ng/mL IFNβ). Luciferase activity was measured after 20 h of starva-
tion/stimulation. Each experiment involved three technical replicates per sample, and three
independent experiments were performed. Statistical analyses were performed using the
measured values for unstimulated control plasmid as a normalizer for each independent
experiment. Student’s two-tailed T-test was used to calculate significant differences.

4.9. Immunoblotting

HEK293T cells were transfected with 100 ng of control plasmid, IRF2BP2 wild-type
plasmid, or IRF2BP2 Δ625–665 plasmid. After 48 h of transfection, cell lysates were
prepared for immunoblotting: cells were transferred on ice and washed with cold phos-
phate buffered saline (PBS). Triton X-100 lysis buffer with protease and phosphatase
inhibitors (2 mM vanadate, 1 mM phenylmethanesulfonyl fluoride, 8.3 μg/mL aprotinin,
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and 4.2 μg/mL pepstatin) was used to lyse the cells. Then, whole cell lysates were spun for
20 min at 16,000 g, and total protein amount in the cell lysates was determined from the
supernatants by the Bradford assay (BioRad). Equal amounts of total protein (30 μg) were
loaded on 4–15% Mini-PROTEAN® TGX™ Precast Gels (BioRad, Irvine, CA, USA).

Immunoblots were blocked with bovine serum albumin (BSA) and incubated with
primary antibody for FLAG Tag (1:1,000, F1804, clone M2, Merck, Kenilworth, NJ, USA) or
actin (1:2,000, MAB1501, Merc), which was used as a loading control, and with a mixture
of goat anti-rabbit and goat anti-mouse DyLight secondary antibodies (both from Thermo
Fisher Scientific, Waltham, MA, USA). Blots were scanned with an Odyssey CLx (LI-COR
Biosciences, Lincoln, NE, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14080797/s1, Supplementary Table S1: Clinical parameters of index patient and his sister,
Supplementary Figure S1: Constitutive and cytokine-induced STAT3, 4, and 6 phosphorylation in
CD4+ T cells, B cells, and monocytes.
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Tofacitinib Suppresses Several
JAK-STAT Pathways in Rheumatoid
Arthritis In Vivo and Baseline
Signaling Profile Associates With
Treatment Response
Maaria Palmroth1, Krista Kuuliala2, Ritva Peltomaa3, Anniina Virtanen1, Antti Kuuliala2,
Antti Kurttila1, Anna Kinnunen4, Marjatta Leirisalo-Repo3, Olli Silvennoinen1,5,6

and Pia Isomäki1,4*

1 Molecular Immunology Group, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland,
2 Department of Bacteriology and Immunology, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 3 Department of
Rheumatology, University of Helsinki and Helsinki University Hospital, Helsinki, Finland, 4 Centre for Rheumatic Diseases,
Tampere University Hospital, Tampere, Finland, 5 Fimlab Laboratories, Pirkanmaa Hospital District, Tampere, Tampere,
Finland, 6 Institute of Biotechnology, HiLIFE Helsinki Institute of Life Sciences, University of Helsinki, Helsinki, Finland

Objective: Current knowledge on the actions of tofacitinib on cytokine signaling
pathways in rheumatoid arthritis (RA) is based on in vitro studies. Our study is the first
to examine the effects of tofacitinib treatment on Janus kinase (JAK) - signal transducer
and activator of transcription (STAT) pathways in vivo in patients with RA.

Methods: Sixteen patients with active RA, despite treatment with conventional synthetic
disease-modifying antirheumatic drugs (csDMARDs), received tofacitinib 5 mg twice daily
for three months. Levels of constitutive and cytokine-induced phosphorylated STATs in
peripheral blood monocytes, T cells and B cells were measured by flow cytometry at
baseline and three-month visits. mRNA expression of JAKs, STATs and suppressors of
cytokine signaling (SOCS) were measured from peripheral blood mononuclear cells
(PBMCs) by quantitative PCR. Association of baseline signaling profile with treatment
response was also investigated.

Results: Tofacitinib, in csDMARDs background, decreased median disease activity score
(DAS28) from 4.4 to 2.6 (p < 0.001). Tofacitinib treatment significantly decreased
cytokine-induced phosphorylation of all JAK-STAT pathways studied. However, the
magnitude of the inhibitory effect depended on the cytokine and cell type studied,
varying from 10% to 73% inhibition following 3-month treatment with tofacitinib. In
general, strongest inhibition by tofacitinib was observed with STAT phosphorylations
induced by cytokines signaling through the common-g-chain cytokine receptor in T cells,
while lowest inhibition was demonstrated for IL-10 -induced STAT3 phosphorylation in
monocytes. Constitutive STAT1, STAT3, STAT4 and STAT5 phosphorylation in
monocytes and/or T cells was also downregulated by tofacitinib. Tofacitinib treatment
downregulated the expression of several JAK-STAT pathway components in PBMCs,
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SOCSs showing the strongest downregulation. Baseline STAT phosphorylation levels in T
cells and monocytes and SOCS3 expression in PBMCs correlated with treatment response.

Conclusions: Tofacitinib suppresses multiple JAK-STAT pathways in cytokine and cell
population specific manner in RA patients in vivo. Besides directly inhibiting JAK
activation, tofacitinib downregulates the expression of JAK-STAT pathway
components. This may modulate the effects of tofacitinib on JAK-STAT pathway
activation in vivo and explain some of the differential findings between the current study
and previous in vitro studies. Finally, baseline immunological markers associate with the
treatment response to tofacitinib.

Keywords: rheumatoid arthritis, cytokines, JAK inhibitor, monocytes, T cells, B cells

INTRODUCTION

Cytokines are important mediators of inflammation and tissue
destruction in rheumatoid arthritis (RA) (1, 2). Several cytokines
involved in the pathogenesis of RA, such as interleukin-6 (IL-6),
interferons (IFNs), granulocyte-macrophage colony-stimulating
factor (GM-CSF) and common gamma chain cytokine family, act
through Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) pathway (3, 4). JAK-STAT pathways consist
offour JAKkinases [JAK1-3 and tyrosine kinase2 (TYK2)] and seven
signal transducers and activators of transcription (STAT1-6,
including the homologs STAT5A and STAT5B). The signaling
cascade is initiated by a cytokine binding to its receptor, which
enables JAK activation by trans-phosphorylation. Subsequently,
JAKs phosphorylate the receptor and STATs that dimerize, and
translocate to the nucleus to regulate the expression of their target
genes. Each cytokine receptor employs a specific combination of JAK
kinases, e.g. IL-6 signals through JAK1 and JAK2/TYK2 and
common gamma chain cytokines through JAK1 and JAK3 (5).
JAK-STAT signaling pathway is under tight regulation, which
involves e.g. proteins of suppressors of cytokine signaling (SOCS)
family SOCS1-3 and cytokine-inducible SH2-containing protein
(CIS1) (6).

We and others have demonstrated that certain JAK-STAT
pathways are constitutively active in rheumatic diseases (7–10). In
RA, STAT3 is constitutively phosphorylated in circulating T cells
and monocytes, and this correlates with serum IL-6 levels,
suggesting hyperactivation of the IL-6 –STAT3 axis (7, 9). In
addition to STAT3, constitutive phosphorylation of STAT1 and
STAT5 is increased in peripheral blood T cells from patients with
active RA (7, 10). Constitutive STAT3 phosphorylation in
circulating T cells of patients with recent-onset RA associates
with disease activity and good treatment response to conventional
syntheticdisease-modifyingantirheumaticdrugs (csDMARDs) (8).
In addition, we have demonstrated that cytokine-induced STAT1
and STAT6 phosphorylation in circulating leukocytes associates
with treatment response tobiological drugs in establishedRAand to
csDMARDs in recent-onset RA, respectively (11).

Tofacitinib, which inhibits JAK1, JAK3, and to a slightly lesser
extent JAK2, was the first JAK inhibitor developed for treatment
of RA (12, 13) and its efficacy is comparable to that of TNF-
inhibitor adalimumab (14). Tofacitinib has been shown to inhibit

cytokine signaling and the effector functions of different immune
cells and synovial fibroblasts in vitro (15–26) and in animal
models of arthritis (15, 27, 28). However, information of the
in vivo effects of tofacitinib on the activity of JAK-STAT
pathways in RA patients is currently lacking and may differ
from the results based on in vitro studies.

Gaining knowledge on how medicines, such as tofacitinib,
function in patients with RA could help us to understand disease
mechanisms, as well as both desired and undesired effects of JAK
inhibitors. The current study is the first to investigate the JAK-
STAT signaling profile by flow cytometry, and the expression of
the signaling pathway components, in peripheral blood
leukocytes of tofacitinib-treated RA patients. In addition, we
examined associations between baseline immunological findings
and the treatment response to tofacitinib.

MATERIALS AND METHODS

Patients
Patients fulfilling the 2010 ACR/EULAR classification criteria for
RA were recruited for this clinical study in two rheumatology
outpatient clinics (Tampere and Helsinki University Hospitals)
between June 2018 and January 2020. Eligible patients had active
disease at baseline visit: DiseaseActivity Score for 28 joints basedon
the C-reactive protein level (DAS28-4[CRP]) was >3.2 despite
treatment with methotrexate and/or other csDMARDs. Key
exclusion criteria were prior treatment with biologic therapies or
JAK inhibitors, current infection, malignancy, severe hepatic
impairment, pregnancy or lactation, hemoglobin <90 mg/dl,
neutrophil count <1.0 × 109/l or lymphocyte count <0.75 x 109/l.

This study was approved by the National Committee on
Medical Research Ethics (TUKIJA) and Finnish Medicines
Agency Fimea and was conducted according to the principles
of the Declaration of Helsinki and Good Clinical Practice
Guidelines. All patients gave their written informed consent.

Study Design
Graphical overview of the study is presented in Figure 1A.
The study included a screening visit (0-3 months before
baseline visit), a baseline visit (0 month) and a follow-up visit
(3 months). Screening visit and baseline visit could be combined.
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Tofacitinib 5 mg twice daily was started at baseline visit and
continued through the study. Patients continued their
csDMARD therapy and prednisolone (0-10 mg/day) at a stable
dose during the study.

The following patient-reported outcomes and clinical
assessments were recorded at study visits: patient general

health visual analogue scale (VAS) (0-100 mm), pain VAS
(0-100 mm), health assessment questionnaire (HAQ) disability
index (0-3), number of swollen and tender joints (46 joint
count), physician’s assessment VAS (0-100 mm) and DAS28.
Tofacitinib treatment response was determined by the change
from baseline DAS28-4[CRP].

FIGURE 1 | (A) Graphical overview of the study and (B–I). Flow cytometry gating strategy and examples of cytokine-induced phosphorylated STAT (pSTAT) in each
cell population in one patient sample. (B) Monocyte gate was set based on CD33 positivity and light scattering characteristics (SSC-A). (C) Lymphocytes were gated
based on light scattering characteristics (FSC-A and SSC-A). (D) Among lymphocytes, T cell gates were set to comprise CD3+CD4+ or CD3+CD4- populations.
(E) Among lymphocytes, B cell gate was set to comprise CD3- and CD20+ population. (F) pSTAT1 histograms in unstimulated (open peak) and IFN-g-stimulated
(grey peak) monocytes. (G) pSTAT3 histograms in unstimulated (open peak) and IL-10-stimulated (grey peak) CD4+ T cells. (H) pSTAT5 histograms in unstimulated
(open peak) and IL-15-stimulated (grey peak) CD4- T cells. (I) pSTAT6 histograms in unstimulated (open peak) and IL-4 stimulated (grey peak) B cells. IFN,
interferon; IL, interleukin, (p)STAT, (phosphorylated) signal transducer and activator of transcription.
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Study-related blood samples were drawn at baseline and
follow-up visits. Blood samples at the follow-up visit were
taken 1-2 hours after the morning tofacitinib dose.

Cytokine-Stimulations and Flow Cytometry
Phosphorylation of STAT proteins, and levels of total STAT1 and
STAT3 were studied using five-color flow cytometry. First, 100-μl
aliquots offresh blood sampleswere either left unstimulatedorwere
stimulated by 100 ng/ml recombinant IL-2, IL-4, IL-6, IL-7, IL-10,
IL-15, IL-21, IFN-a or IFN-g (listed in detail in Supplementary
Table 1) for 15 minutes at +37°C. The stimulation was terminated
by transferring the samples on ice. Leukocytes were then
immediately fixed and red blood cells lysed using BD Phosflow
Lyse/Fix buffer (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA) for 10min at +37°C, washedwith PBS and permeabilized
in ice-cold methanol for 10 min on ice followed by 1-4 weeks
preservation inmethanolat -80°C. Inorder toensure the integrityof
the results the samples that were collected in Helsinki were
transferred in methanol on dry ice to Tampere, where sample
preparationwas continued and all stainingswere performed. STAT
phosphorylation levels were determined to be preserved for at least
4 weeks in methanol at -80°C in preliminary experiments
(unpublished data).

Following two washes with FACS buffer (PBS supplemented
with 0,1% bovine serum albumin and 0,01% sodium azide),
samples were stained with fluorochrome-conjugated antibodies
against CD33, CD3, CD4, CD20, STAT1, STAT3, phospho-
STAT1 (pSTAT1), pSTAT3, pSTAT4, pSTAT5 and pSTAT6
(listed in detail in Supplementary Table 2) for 30 minutes at
room temperature, protected from light. CD33 marker was
selected to represent monocytes and CD20 to represent B cells,
as the epitopes of more conventionally used markers CD14 and
CD19, respectively, do not survive coldmethanol permeabilization
(29). Following antibody stainings the samples were washed twice
with FACS buffer and fluorescence was measured with FACS
Canto II (BD). To ensure consistent performance of the method
throughout the study, 8-peak Rainbow calibration particles (BD)
were used before every run.

Data acquisition was performed using FACSCanto II (BD)
and the analysis of flow cytometer data using FlowJo Single cell
analysis software (BD). CD4+ and CD4- T cells were gated from
the CD3+ lymphocyte population, CD20+ B cells from the CD3-

lymphocyte population and CD33+ cells represent monocytes
(Figures 1B–E). A phycoerythrin (PE) fluorescence histogram
was created for each cell population, and the median
fluorescence intensity (MFI, arithmetic median) was calculated.
Examples of cytokine-induced pSTATs are presented in
Figures 1F–I. The change in STAT phosphorylation during
the study was calculated by dividing the difference of
fluorescence intensities at entry and after 3 months and
dividing that by the fluorescence intensity at entry.

Peripheral Blood Mononuclear
Cell Isolation, RNA Extraction,
and qPCR Analysis
Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using Histopaque 1077 medium

(Sigma Aldrich, St. Louis, MO, USA), washed twice with PBS
containing 2 mM EDTA and snap frozen. Samples were collected
at both locations but transferred from Helsinki to Tampere on
dry ice for further preparations and analysis. Total RNA was
extracted from PBMCs using the RNeasy Mini-Kit (Qiagen,
Valencia, CA, USA). Total RNA (0.5 μg) was reverse-
transcribed using M-MLV reverse transcriptase (Thermo
Sc ient ific , Wal tham, MA, USA) accord ing to the
manufacturer’s instructions. Quantitative PCR (qPCR)
reactions were performed by using HOT FIREPol EvaGreen
qPCR Mix Plus (Solis BioDyne, Tartu, Estonia). Primer
sequences for STAT1, STAT3, STAT4, STAT5A, STAT5B,
STAT6, JAK1, JAK2, JAK3, TYK2, SOCS1, SOCS2, SOCS3, CIS1
and b-actin are listed in Supplementary Table 3. The 10-μl real-
time PCR reactions were performed with CFX384 (Bio-Rad
Laboratories, Hercules, CA, USA) and gene expression was
quantified by using the delta C(T) method by normalizing to
the expression of b-actin.

Statistical Methods
Continuous variables are summarized as means with ranges or
bootstrapped 95% confidence intervals (CI), or medians with
interquartile ranges (IQR). Values measured at study entry and
after 3 months were compared using Wilcoxon signed rank test.
Correlation between variables was assessed by Spearman rank
correlation. No adjustment was made for multiple testing and p-
values equal or less than 0.05 were considered statistically
significant. Statistical analysis was carried out using SPSS
version 25 (IBM, Armonk, NY, USA) and Stata version 15
(StataCorp LLC, College Station, TX, USA).

RESULTS

Patients
Eighteen patients, 9 from each outpatient clinic, were recruited to
the study. Of these, one patient did not start tofacitinib treatment
and for another patient flow cytometry results could not be
obtained at baseline visit due to a technical problem with the flow
cytometer. The final study population therefore consisted of 16
patients, who continued tofacitinib treatment until follow-up
visit and had complete data sets from both visits.

Characteristics of the patient cohort at baseline visit are
presented in Table 1. The background csDMARD therapy of
each patient is described in detail in Supplementary Table 4. A
total of 12 patients (75%) received methotrexate as part of their
csDMARD regimen (6 with triple, 4 with double, and 2 with
single csDMARD therapy).

Clinical Response to Tofacitinib
Tofacitinib with background csDMARD treatment significantly
decreased the activity of RA during 3-month treatment, as defined
both by clinical measures of activity, as well as by patient-reported
outcomes (Table 2).MedianDAS28 scoredecreased from4.4 to2.6.
Nine patients (56%) were in DAS28 remission at the 3-month visit.
Four patients had low, two patients moderate and one patient high
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disease activity according to DAS28 following the treatment with
tofacitinib and csDMARDs.

Safety laboratory tests remained within acceptable range
(Table 2) and there were no serious adverse events during
the study.

Tofacitinib Suppresses Both Constitutive
and Cytokine-Induced STAT
Phosphorylation In Vivo in Cytokine and
Cell Type Specific Matter
Constitutive and in vitro cytokine-induced STAT phosphorylation
in monocytes, T cells and B cells was measured using multi-color
flow cytometry at baseline and three-month visits. Based on the
pharmacokinetic profile of tofacitinib (29), our results describe the
maximal in vivo effect of tofacitinib, as the blood samples at three-
month visit were collected shortly after morning tofacitinib dose.
Theflowcytometric assaywas performedusing fresh bloodwithout
cell isolation, and thus is likely to reflect STAT phosphorylation

in vivo. Cytokine-induced STAT phosphorylation was studied
using selected cytokine or cytokines for each pSTAT (Figure 2).

Tofacitinib, in csDMARD background, decreased significantly
constitutive phosphorylation of STATs (Figure 2). The decrease in
constitutive phosphorylationwasmost consistent for STAT3 (shown
in all cell types studied). In addition, constitutive phosphorylation of
STAT1, STAT4 and STAT5was also downregulated by tofacitinib in
a cell type specific manner. Using similar methodology as in the
current study, we have previously shown that constitutive pSTAT1,
pSTAT3 and pSTAT5 are increased in circulating T cells and
pSTAT3 in monocytes of RA patients compared to healthy
volunteers (7, 10). In order to gain some insight into what extent
these leukocyte signaling aberrations are normalized by tofacitinib
treatment, we compared the differences in constitutive STAT
phosphorylation between controls and RA patients (historical data)
to those between tofacitinib-treated and untreated RA patients
derived from the current study (Supplementary Table 5). This
comparison suggests that the elevated pSTAT1, pSTAT3 and
pSTAT5 levels in patients with RA are reversed to a significant
degree by treatment with tofacitinib.

Cytokine-induced STAT phosphorylations were significantly
decreased by tofacitinib in all studied leukocyte subtypes
(Figure 2). In order to investigate the inhibitory potency of
tofacitinib on STAT activation induced by different cytokines more
closely, mean inhibition percentages between 3-month and baseline
visits were calculated (Table 3). Depending on the cytokine and cell
population, the mean percentage inhibition of STAT
phosphorylation by tofacitinib treatment ranged from 10% to 73%.
At least 50% inhibition was observed with STAT phosphorylations
induced by IFN-a and common-g-chain cytokines IL-2, IL-4, IL-15
and IL-21 inCD4+T cells, by IL-2, IL-4 and IL-21 inCD4-T cells and
by IFN-g in B cells. Lowest inhibition was demonstrated for IL-10
-induced STAT3 phosphorylation in monocytes. In general,
monocyte responses were less sensitive to suppression by
tofacitinib than those in CD4+ T cells.

TABLE 2 | Comparison of clinical and laboratory parameters at baseline and after 3-month treatment with tofacitinib and csDMARDs.

Before, median (IQR) After 3 months, median (IQR) p

Swollen joint count, 0-46 7 (6-9) 2 (0-3) <0.001
Tender joint count, 0-46 11 (5-17) 1 (0-8) <0.001
Swollen joint count, 0-28 5 (4-7) 1 (0-2) <0.001
Tender joint count, 0-28 4 (2-10) 1 (0-3) <0.001
General health, VAS, 0-100 mm 51 (37-65) 16 (7-29) 0.001
Pain, VAS, 0-100 mm 43 (22-64) 12 (5-38) 0.002
Physician’s assessment, VAS, 0-100 mm 35 (31-46) 13 (11-18) <0.001
HAQ disability index, 0-3 0.813 (0.625-1.253) 0.130 (0-0.813) 0.011
DAS28 4.4 (3.6-4.9) 2.6 (1.9-2.9) <0.001
Plasma C-reactive protein, mg/l 5 (3-17) 3 (3-4) 0.042
Blood hemoglobin, g/l 129 (126-140) 132 (126-145) 0.775
Blood leukocyte count, ×109/l 8.3 (6.1-9.1) 5.3 (4.3-6.9) 0.003
Blood neutrophil count, ×109/l 5.32 (4.02-6.34) 2.88 (2.32-3.91) 0.003
Blood lymphocyte count, ×109/l 1.40 (1.07-1.94) 1.41 (1.20-1.83) 0.959
Blood platelet count, ×109/l 297 (274-334) 281 (225-302) <0.001
Plasma alanine aminotransferase, U/l 20 (15-26) 21 (19-28) 0.224
Plasma creatinine, μmol/l 63 (56-83) 68 (56-86) 0.615

p-values are calculated using Wilcoxon test and shown in bold when p ≤ 0.05.
DAS28, composite Disease Activity Score for 28 joints based on the C-reactive protein level (DAS28-4[CRP]); csDMARD, conventional systemic disease-modifying antirheumatic drug;
HAQ, Health Assessment Questionnaire; IQR, interquartile range; VAS, visual analogue scale.

TABLE 1 | Characteristics of the patients (n=16).

Female sex, n (%) 11 (69%)
Age, years, mean (range) 58.4 (36.6-72.9)
Disease duration, years, mean (range) 9.6 (0.5-48.0)
Rheumatoid factor positive, n (%) 11 (69%)
CCP-antibody positive, n (%) 12 (75%)
Erosive disease, n (%) 7 (44%)
Disease activity (DAS28), n (%)
Moderate 13 (81%)
High 3 (19%)
csDMARD regimen, n (%)
Triple 6 (37%)
Double 7 (44%)
Single 3 (19%)
Low-dose prednisolone, n (%) 8 (50%)

CCP, cyclic citrullinated peptide; DAS28, composite Disease Activity Score for 28 joints
based on the C-reactive protein level (DAS28-4[CRP]); csDMARD, conventional systemic
disease-modifying antirheumatic drug; n, number of patients.
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Tofacitinib Downregulates the mRNA
Expression of JAK-STAT Signaling
Pathway Components
We also measured the total amount of STAT1 and STAT3
proteins in monocytes, T cells and B cells by flow cytometry.
Tofacitinib did not cause significant changes in total STAT1 and
STAT3 protein levels (Figures 3A, B).

The effect of tofacitinib on the mRNA levels of JAK-STAT
pathway components and inhibitors in PBMCs was studied using
qPCR. Significant, but rather modest, decreases were observed in
the expression of STAT3, STAT4, STAT5A, JAK1, JAK3 by
tofacitinib, whereas there was no effect on STAT1, STAT5B,
STAT6, JAK2 and TYK2 expression (Figures 3C, D). In contrast,
the expression of all SOCSs studied was significantly

FIGURE 2 | Means and 95% confidence intervals of (A) phosphorylated STAT1 (pSTAT1), (B) pSTAT3, (C) pSTAT5, (D) pSTAT4 and (E) pSTAT6 median
fluorescence intensities (MFI) in monocytes (Mo), CD4+ T cells (CD4+ T), CD4- T cells (CD4- T) and CD20+ B cells (B) at baseline (filled symbols) and after 3-month
treatment with tofacitinib and csDMARDs (open symbols). Note the logarithmic scale of the Y-axis. p-values comparing 0 and 3 months are calculated by Wilcoxon
test. Significant differences are marked with an asterisk: *p ≤ 0.05, ** p ≤ 0.01, p***≤ 0.001. csDMARD, conventional systemic disease-modifying antirheumatic drug;
(p)STAT, (phosphorylated) signal transducer and activator of transcription.
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downregulated during treatment with tofacitinib and
csDMARDS (Figure 3E).

Baseline STAT Phosphorylation in
Monocytes and T Cells and Expression
of SOCS3 in PBMCs Correlate With
Treatment Response
To study whether baseline signaling profile is associated with
treatment response to tofacitinib, correlation coefficients were

calculated between baseline pSTATs, total STAT1 and STAT3
and the change from baseline in DAS28 after 3 months of
treatment with tofacitinib and csDMARDs (Table 4).

Constitutive pSTAT1 and pSTAT3 in monocytes and
constitutive pSTAT1, pSTAT3 and pSTAT5 in CD4+ T cells
correlated positively with treatment response (Supplementary
Figures 1A–D, G), while constitutive STAT4 phosphorylation in
monocytes or in CD4- T cells correlated negatively with treatment
response (Supplementary Figures 1E, F). In addition, IL-6-

TABLE 3 | Mean (95% confidence interval) percentage inhibition of cytokine-induced STAT phosphorylation by tofacitinib in different cell populations at three months
compared to baseline.

Cytokine JAKs STAT Percentage inhibition in different cell types

Monocytes CD4+ T cells CD4- T cells B cells

IFN-g JAK1/2 pSTAT1 34 (22;45) 49 (40;58) 58 (45;68)
IFN-a JAK1/TYK2 pSTAT1 34 (7;54) 50 (35;63) 43 (31;56) 30 (0.4;52)
IFN-a JAK1/TYK2 pSTAT4 45 (34;56) 45 (34;56)
IL-2 JAK1/3 pSTAT5 60 (50;69) 54 (44;64)
IL-4 JAK1/3 pSTAT6 25 (14;36) 53 (44;61) 73 (65;80) 25 (3;52)
IL-7 JAK1/3 pSTAT5 47 (37;57) 47 (25;63)
IL-15 JAK1/3 pSTAT5 55 (43;62) 40 (29;50)
IL-21 JAK1/3 pSTAT3 55 (47;62) 60 (53;67) 42 (33;53)
IL-6 JAK1/2/TYK2 pSTAT1 29 (18;39) 41 (31;51)
IL-6 JAK1/2/TYK2 pSTAT3 12 (-30;45) 42 (27;57) 22 (9;35)
IL-10 JAK1/TYK2 pSTAT3 10 (-1;21) 19 (12;26) 19(10;27) 43 (28;56)

Results with percentages ≥ 50 are shown in bold. Spaces left empty denote the cases in which the stimulated phosphorylation level does not differ from the constitutive level. JAK proteins
involved in each cytokine signaling pathway studied are presented in the Table.
IFN, interferon; IL, interleukin; JAK, Janus kinase; (p)STAT, (phosphorylated) signal transducer and activator of transcription; TYK2, tyrosine kinase 2.

FIGURE 3 | Means and 95% confidence intervals of total (A) STAT1 and (B) STAT3 protein expression level in monocytes (Mo), CD4+ T cells (CD4+ T), CD4- T cells
(CD4- T) and B cells and mRNA expression levels of (C) STAT, (D) JAK and (E) SOCS genes in PBMCs at baseline (filled symbols) and after 3-month treatment with
tofacitinib and csDMARDs (open symbols). p-values comparing 0 and 3 months are calculated by Wilcoxon test. Significant differences are marked with an asterisk:
*p ≤ 0.05, ** p ≤ 0.01, p***≤ 0.001. CIS1, cytokine-inducible SH2 domain-containing protein; csDMARD, conventional systemic disease-modifying antirheumatic
drug; PBMC, peripheral blood mononuclear cell; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcription.
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stimulatedpSTAT1 levels inmonocytes, IFN-g-stimulatedpSTAT1
levels in CD4+ T cells and IL-6-stimulated pSTAT3 in CD4+ T cells
correlated positively with treatment response. IFN-a-stimulated
pSTAT4 in T cells correlated negatively with treatment response.

In addition, we studied the correlations between baseline
demographic, clinical or laboratory variables and response to
treatment with tofacitinib and csDMARDs. DAS28 (r=0.549;
p=0.028) and CRP level (r=0.554; p=0.026) significantly
associated with treatment response while the other parameters
showed no correlation (Supplementary Table 6).

The association between the decrease in pSTAT or STAT levels
during treatment and tofacitinib treatment response was also
investigated. Decrease in constitutive STAT3 phosphorylation in
monocytes (r =0.600, p=0.014) and in CD4+ T cells (r=0.682,
p=0.004) correlated positively with treatment response
(Supplementary Table 7).

Finally, correlation coefficientswere calculated between baseline
STAT, JAK and SOCS mRNA levels in PBMC, or the change in
mRNA expression levels, and the tofacitinib treatment response
(Supplementary Table 8). Baseline SOCS3 levels correlated
positively with treatment response (r = 0.532; p = 0.034).

DISCUSSION

In this study we show that in patients with chronic csDMARD-
unresponsive rheumatoid arthritis, tofacitinib suppresses multiple
JAK-STAT pathways in vivo by decreasing both constitutive and
cytokine-induced STAT phosphorylation in circulating leukocytes.

However, the level of suppression by tofacitinib depends on the
cytokine and cell type studied and is somewhat different from that
reported in previous in vitro studies. Moreover, tofacitinib inhibits
mRNA expression of several JAK-STAT pathway components and
inhibitory proteins. We also show that baseline pSTAT levels in
monocytes and T cells and SOCS3 level in PBMCs correlate with
treatment response.

The selectivity of JAK inhibitors is currently a major subject
of interest. Recently, three in vitro articles comparing the
potencies of several JAK inhibitors towards different cytokine
signaling pathways in PBMC or blood of healthy donors have
been published (17, 18, 26). Even though in vitro cellular
modelling is a useful tool and allows direct comparison
between different JAK inhibitors, the in vitro results do not
necessarily demonstrate the actual effects of JAK inhibitors
in vivo. Indeed, our current results reveal novel information on
the effects of tofacitinib on different JAK-STAT pathways in vivo.

Regarding the cytokine pathways that are preferentially
suppressed by tofacitinib, both in vitro studies (17, 18, 26) and
our current study show that tofacitinib potently suppresses JAK1/
JAK3 -mediated signaling induced by the common-g-chain
cytokines IL-2, IL-4, IL-15 and IL-21. Our results also indicate
that both IFN-a and IFN-g responses were suppressed by tofacitinib
to almost the same extent as responses induced by the common-g-
chain cytokines, while in vitro studies have demonstrated variable
effects of tofacitinib on IFN signaling. Regarding that interferons are
crucial mediators of antiviral responses, and that the risk of herpes
zoster infection is significantly increased upon JAK inhibitor use
(30), the significant inhibitory effect of tofacitinib on interferon-

TABLE 4 | Correlation of baseline pSTAT levels and total STAT1 and STAT3 expression levels with improvement in DAS28 during 3-month treatment with tofacitinib
and csDMARDs.

Molecule Stim. Cell type

Monocytes CD4+ T cells CD4- T cells B cells

r p r p r p r p

pSTAT1 None 0.591 0.016 0.603 0.013 0.391 0.134 0.280 0.294
pSTAT1 IFN-g 0.379 0.147 0.532 0.034 0.062 0.820
pSTAT1 IFN-a -0.079 0.770 -0.150 0.579 -0.088 0.745 0.038 0.888
pSTAT1 IL-6 0.556 0.025 0.282 0.289
pSTAT3 None 0.635 0.008 0.732 0.001 0.424 0.102 0.426 0.099
pSTAT3 IL-6 0.385 0.141 0.621 0.010 0.126 0.641
pSTAT3 IL-10 0.253 0.345 0.224 0.405 0.185 0.492 0.224 0.405
pSTAT3 IL-21 0.115 0.672 -0.009 0.974 0.085 0.753
pSTAT4 None -0.506 0.046 -0.491 0.053 -0.518 0.040 -0.344 0.192
pSTAT4 IFN-a -0.568 0.022 -0.638 0.008
pSTAT5 None 0.350 0.184 0.568 0.022 0.271 0.311 0.276 0.300
pSTAT5 IL-2 0.147 0.587 0.159 0.557
pSTAT5 IL-7 0.026 0.922 -0.147 0.587
pSTAT5 IL-15 0.162 0.549 0.147 0.587
pSTAT6 None -0.175 0.517 -0.130 0.633 -0.219 0.414 0.218 0.418
pSTAT6 IL-4 -0.082 0.762 -0.300 0.259 -0.412 0.113 -0.279 0.295
STAT1 None -0.291 0.274 -0.356 0.176 -0.488 0.055 -0.212 0.431
STAT3 None -0.307 0.265 -0.354 0.196 -0.479 0.071 -0.432 0.108

Spearman correlation coefficients (r) are used. Results with p-values ≤0.05 are shown in bold. Spaces left empty denote the cases in which the stimulated phosphorylation level does not
differ from the constitutive level.
DAS28, composite Disease Activity Score for 28 joints based on the C-reactive protein level (DAS28-4[CRP]); csDMARD, conventional systemic disease-modifying antirheumatic drug;
IFN, interferon; IL, interleukin; (p)STAT, (phosphorylated) signal transducer and activator of transcription; stim., stimulation.
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induced STAT1 signaling we revealed in vivo provides one possible
mechanism for the herpes zoster infection susceptibility among
tofacitinib users.

Our current in vivo results showed at least three inhibitory
characteristics of tofacitinib that differed from the results obtained
in vitro. First difference relates to the magnitude of inhibition of
cytokine-induced STAT phosphorylation by tofacitinib. For
example, the estimated daily average inhibition percentages of
common-g-chain cytokine (IL-2, IL-4, IL-15 and IL-21) responses
inCD4+Tcells (18, 26) or lymphocytes (17)were comparable to the
maximal inhibition percentages that we demonstrate in CD4+ T
cells for these pathways in vivo (between 47 to 60%). Although the
average and maximal inhibition percentages are not directly
comparable, the current data nevertheless suggest that the in vitro
studies may overestimate the inhibitory potential of tofacitinib on
JAK-STAT pathway activation in RA patients in vivo. Our results
also show that even after three months of tofacitinib treatment,
cytokines can still induce STAT phosphorylation that exceeds the
constitutive phosphorylation level. Therefore, the current results,
although demonstrating a significant inhibitory effect of tofacitinib
on constitutive and cytokine-induced STAT phosphorylation,
further support the prevailing idea that oral dosing of JAK
inhibitors, such as tofacitinib, allows only partial and reversible
inhibition of JAK-STAT pathways (26, 31).

Second, the inhibitory effects of tofacitinib on IL-4, IL-6 and IL-
10 -induced STAT phosphorylations in monocytes were lower in
vivo than those described in vitro (17, 18, 26). IL-10 induced STAT3
phosphorylation demonstrated the lowest (10%) inhibition by
tofacitinib in the current study. This indicates that the potent
anti-inflammatory actions that IL-10 has on monocytes and
macrophages (32) may not be efficiently suppressed by tofacitinib
in vivo. In addition, regarding the potent anti-inflammatory and
anti-arthritic effects of the IL-4/STAT6 pathway (33), the only
modest in vivo potency of tofacitinib on IL-4-stimulated STAT6
phosphorylation, together with its weak effect on IL-10-stimulated
STAT3 phosphorylation, may be advantageous features for the
clinical efficacy of tofacitinib. It is also of note that in the present
study, constitutive phosphorylation of STAT6, unlike that of the
other STATs, was not decreased in any leukocyte subtype studied
during 3-month tofacitinib treatment.

Third, in vitro data suggest that IL-6-induced STAT1
phosphorylation is more strongly inhibited by tofacitinib than IL-
6-induced STAT3 phosphorylation in T cells (17, 18), whereas we
demonstrate comparable inhibition of both IL-6-induced STAT
pathways inCD4+T cells of RApatients in vivo. Actually, regarding
our previous finding that constitutive STAT3 phosphorylation is
common in circulating CD4+ T cells in RA and associates with
disease activity (8), one mechanism implementing the efficacy of
tofacitinib in treating RA might be the relatively good inhibitory
effect on CD4+ T cell STAT3 phosphorylation in vivo.

There are several possible explanations for the above-mentioned
differences.We used cytokine concentrations that are likely to induce
maximal STAT phosphorylation, whereas lower cytokine
concentrations were generally used in in vitro studies. In vivo
conditions also include more variables than in vitro studies; for
example, in our study RA patients were also treated with

csDMARDs, which may influence the magnitude of the inhibitory
responses seen with tofacitinib, and furthermore, the conditions in
which circulating leukocytes sense tofacitinib after oral
administration are surely different from those in in vitro
incubations. Finally, during three-month treatment, tofacitinib is
likely to cause long-term effects that influence the inhibitory
potential of tofacitinib and its selectivity towards different cytokine
pathways and thus, results obtained by studying samples of healthy
volunteers in in vitro studies may in principle be somewhat different
from ours. In fact, we demonstrate that tofacitinib treatment
suppresses the mRNA expression of certain components of the
JAK-STAT pathway. In particular, the expression of inhibitory
molecules SOCSs were downregulated, which may affect the
overall inhibitory state of JAK-STAT pathways and that way also
influence tofacitinib’s inhibitory potential in vivo.

The effect of tofacitinib onmRNAexpression of JAKs, STATs and
SOCSs has not been extensively studied before. As cytokines are well-
characterized inducers of SOCS1-3 and CIS1 expression (34), the
observed decrease in their mRNA expression in the current study
seems rational upon JAK inhibition. Decrease in SOCS3 expression
was the most prominent finding, and baseline SOCS3 levels also
correlated with the treatment response. This is an interesting
observation regarding that STAT3-regulated SOCS3 expression in
CD4+ T cells has been shown to be elevated in a cohort of 161
treatment-naïve early arthritis patients (35) and in PBMCs from
patients with active RA (36). Our data suggests that tofacitinib
treatment also slightly but significantly decreases STAT3, STAT4,
STAT5A, JAK1 and JAK3 expression. However, as STAT3 protein
levels were not repressed after the 3-month tofacitinib treatment, the
mechanistic significance of the changes in STAT mRNA expression
remains elusive.As tofacitinib has been shown todecrease expression
of extracellular proteases, such as matrix metalloprotease 1 in
rheumatoid arthritis synovial fibroblasts (37), it is possible that the
inhibitory effect of tofacitinib extends also to intracellular protein
degradation, such as the ubiquitin-proteasome system. This could
explain the unchanged STAT3 protein level.

Inorder to estimatehow tofacitinib-specific theobserveddecrease
in constitutive and cytokine-induced phosphorylation of STATs is,
we compared the current results to our previous results on
csDMARD-unresponsive RA patients treated with biologic
DMARD (11). During biological DMARD treatment, IL-4
-induced pSTAT6 was downregulated. Interestingly, the effect was
clearly weaker than that shown with tofacitinib in the current study.
Strikingly, neither constitutive nor IFN-g-stimulated pSTAT1
showed significant changes during biological DMARD treatment,
while the correspondentpSTAT1 levels fell significantlyby tofacitinib
use. For example, tofacitinib downregulated IFN-g-stimulated
pSTAT1 in monocytes by 34% and in CD4+ T cells by 49%.
Although results from different studies are not directly comparable,
thedata so far suggest that decrease in STATphosphorylation is not a
general effect achieved by any RAmedication.

The association between baseline STAT phosphorylations
and treatment response to tofacitinib was also examined.
Baseline constitutive pSTAT1 and pSTAT3 levels in monocytes
and CD4+ T cells, and pSTAT5 levels in CD4+ T cells correlated
positively with the response. The strongest correlation was seen

Palmroth et al. Tofacitinib Suppresses Several JAK-STAT Pathways

Frontiers in Immunology | www.frontiersin.org September 2021 | Volume 12 | Article 7384819



with pSTAT3. The magnitude of decrease in pSTAT3 levels
following tofacitinib treatment also correlated positively with
treatment response. As we and others have previously shown
that constitutive pSTAT1, pSTAT3 and pSTAT5 levels in T cells
and pSTAT3 levels in monocytes are elevated in RA patients (7,
9, 10), tofacitinib obviously targets several RA-associated
leukocyte signaling aberrations successfully. The comparison of
STAT phosphorylation levels between controls and RA patients
(historical data) to those between tofacitinib-treated and
untreated RA patients derived from the current study suggests
that the increased constitutive phosphorylation of STATs in
patients with RA is reversed to a significant degree in vivo by
tofacitinib. However, as healthy controls were not included in the
current study, it remains unresolved whether the patients’ STAT
phosphorylation levels reached those of healthy individuals.

The only inverse correlation we found between baseline
pSTAT levels and treatment response concerned STAT4. In
this context it may be noteworthy that STAT4 is able to cause
sustained expression of genes that increase sensitivity to IL-18
(38). IL-18 signaling does not take place via JAK-STAT pathways
and hence, is not directly affected by tofacitinib. Both IL-18
receptor and STAT4 deficiency have suppressed the severity of
arthritis in a murine model of RA (39, 40). Furthermore, STAT4
represses the genes of the Th2 cytokines IL-5 and IL-13 (41),
both of which have been associated with arthritis-limiting
capacity and decreased progression to fully established RA
(33). Hence, STAT4 phosphorylation measured in the patients’
leukocytes at baseline may be associated with immunological
features that are not so easily amended by tofacitinib. It is also
notable that genetic variation of STAT4 has been associated with
the risk of autoimmune diseases like systemic lupus
erythematosus and rheumatoid arthritis (42). It remains to be
elucidated whether STAT4 variants are associated with STAT4
phosphorylation levels and RA patients’ response to tofacitinib.

The effect of tofacitinib treatment on the pathobiology of
rheumatoid synovium has been studied by Boyle et al. using
immunohistochemistry (43). Their results showed a positive
correlation between 4-month clinical improvement and
reductions in STAT1 and STAT3 phosphorylation at day 28
(43). However, unlike ours, their results did not show
associations between baseline STAT phosphorylation levels and
the clinical response. This discrepancy might be due to
methodological differences between the two studies, but it is
also possible that constitutive and cytokine-stimulated pSTAT
levels in circulating leukocytes, rather than in synovial cells,
represent a more sensitive sensor of the overall immunological
state. Nevertheless, further studies are needed to show whether
STAT phosphorylation or SOCS3 expression could be used as a
biomarker to predict clinical response to tofacitinib treatment.

The strengths of the current study are: 1) prospective study on
well-characterized RA patients in whom multiple JAK-STAT
signaling pathways were analyzed close to in vivo conditions
before and three months after starting tofacitinib therapy; 2) the
use of whole blood flow cytometric assay, which minimizes
inappropriate cell signaling pathway activation due to sample
handling. The limitation of the study is that the relatively small

patient cohort enables only predictive conclusions on the clinical
significance of the observed association between baseline
immunological parameters and treatment response. Even
though it needs to be confirmed in further studies if the
baseline JAK-STAT signaling profile has prognostic value for
tofacitinib treatment responses, this study significantly adds to
our understanding about the mechanisms of tofacitinib function
in RA patients receiving this treatment.
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