
                 

SEMMELWEIS EGYETEM 

DOKTORI ISKOLA 

 

 

                                 Ph.D. értekezések 

 

 

 

3276. 

 

 

 

 

KÁLMÁN ESZTER GERTRÚD 

 

 

 

 

                                  Elméleti és klinikai immunológia és reumatológia 

című program 

 

 

 

 
Programvezető: Dr. Mócsai Attila, egyetemi tanár 

Témavezető: Dr. Németh Tamás, egyetemi docens 

                             



 

The role of the Syk tyrosine-kinase in immune 

complex-mediated autoimmune inflammation 
 

PhD thesis 

 
 Eszter Gertrúd Kálmán 

 
Semmelweis University Doctoral School 

Molecular Medicine Division 
 

 

Supervisor:       Tamás Németh, MD, PhD 

Official reviewers: Judit Tőke, MD, PhD 
    Tünde Minier, MD, PhD      
Head of the Complex Examination Committee:  

                Edit Buzás, MD, D.Sc.  
Members of the Complex Examination Committee:  

      Attila Balog, MD, D.Sc.  
      Norbert Gyöngyösi, PhD  
      Barbara Molnár-Érsek, PhD 

Budapest  
2025 



1 

Table of Contents 
 
List of Abbreviations ...................................................................................................... 4 

1. Introduction ............................................................................................................ 8 

1.1. Autoimmune diseases ..................................................................................... 8 

1.2. Rheumatoid arthritis ...................................................................................... 8 

1.2.1. Structure of a normal and inflamed joint ............................................ 8 

1.2.2. Therapeutic options .............................................................................. 10 

1.2.3. Genetic and environmental risk factors of rheumatoid arthritis ..... 11 

1.2.4. The pathogenesis of RA ........................................................................ 11 

1.2.5. The role of immune cells in the pathophysiology of RA ................... 12 

1.3. Neutrophils as important effector immune cells ........................................ 13 

1.3.1. About neutrophils in general ............................................................... 13 

1.3.2. Participation in inflammatory processes ............................................ 15 

1.3.3. The effector mechanisms of neutrophils ............................................. 16 

1.3.4. Neutrophil cell surface receptors ........................................................ 18 

1.4. Fc receptors in general ................................................................................. 19 

1.4.1. Fcγ receptors ......................................................................................... 20 

1.4.2. Signalling via Fcγ receptors ................................................................. 22 

1.5. Integrins ......................................................................................................... 22 

1.5.1. b2-integrins ........................................................................................... 23 

1.5.2. Signalling of b2-integrins ..................................................................... 24 

1.6. Tyrosine kinases ............................................................................................ 25 

1.6.1. Non-receptor tyrosine kinases ............................................................. 26 

1.6.2. The Syk tyrosine-kinase ....................................................................... 26 

1.7. The role of neutrophils, Fcg receptors, b2-integrins and Syk in 

autoimmune arthritis ............................................................................................... 28 



2 

1.7.1. Neutrophils in autoimmune arthritis .................................................. 28 

1.7.2. Fcg receptors in autoimmune arthritis ............................................... 28 

1.7.3. b2-integrins in autoimmune arthritis ................................................. 29 

1.7.4. Syk in autoimmune arthritis ................................................................ 30 

1.7.5. Selective Syk inhibition ........................................................................ 30 

2. Objectives .............................................................................................................. 31 

3. Methods ................................................................................................................. 32 

3.1. Experimental animals1 ................................................................................. 32 

3.2. K/BxN serum transfer arthritis ................................................................... 32 

3.3. Oral administration of the vehicle and the inhibitor ................................. 33 

3.4. Flow cytometry analysis ............................................................................... 33 

3.5. In vivo measurement of synovial fibroblast numbers and activation ...... 34 

3.6. In vitro analysis of neutrophil cell responses ............................................. 34 

3.7. Quantification of pro-inflammatory mediator levels in the joints ........... 35 

3.8. Statistical analysis ......................................................................................... 35 

4. Results .................................................................................................................... 36 

4.1. The Syk-selective inhibitor entospletinib decreased the macroscopic signs 

of autoantibody-induced experimental arthritis .................................................... 36 

4.2. The effect of entospletinib on the local cell numbers ................................ 38 

4.3. Pro-inflammatory cytokine levels in the synovial area ............................. 39 

4.4. Immune complex-mediated cell responses of neutrophils ........................ 40 

4.5. Integrin-dependent neutrophil cell responses in the presence of 

entospletinib .............................................................................................................. 42 

4.6.The effect of Syk-selective inhibitors on human neutrophil cell responses ... 44 

5. Discussion .............................................................................................................. 46 

6. Conclusions ............................................................................................................ 51 



3 

7. Summary ............................................................................................................... 52 

8. References .............................................................................................................. 53 

9. Bibliography of the candidate’s publications ..................................................... 65 

10. Acknowledgements ............................................................................................... 66 

 

 
  



4 
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1. Introduction 
 
1.1. Autoimmune diseases 

Autoimmune diseases affect around 5 % of the population and the patients are 

mostly women (1). Autoimmune disorders can be triggered by both genetic and 

environmental factors. Genetic risk factors can be gene mutations, which can modify the 

severity of the autoimmune disease, or gene polymorphisms. There are some HLA alleles, 

which are associated with autoimmune disorders, like rheumatoid arthritis (RA) or 

systemic lupus erythematosus (SLE) (2-4). Various epigenetic factors may also contribute 

to the autoimmune processes, such as DNA methylation, histone modifications or non-

coding RNAs (5). Most autoimmune disorders can be induced by environmental factors, 

like smoking or inorganic dust exposure, drugs or infectious microbial agents (2, 4, 6). 

As previously mentioned, women patients have a higher susceptibility to autoimmune 

disorders, which may be due to hormonal factors (1, 2). In the development and 

maintenance of an autoimmune disease, effector cells (like lymphocytes, macrophages, 

neutrophils, etc.) and their functions play an important role. The abnormal recognition of 

self-antigens by adaptive immune cells can trigger autoimmune processes, while during 

an inflammatory cascade, chemokines can attract innate immune cells (such as 

neutrophils or monocytes) from the circulation (7, 8).  

Under normal conditions, pathogens can be eliminated from the body during anti-

pathogen immune responses, but autoantigens cannot be removed, and the persistent 

presence contributes to the development and maintenance of chronic inflammatory 

processes (2). Autoimmune disorders can be divided into organ-specific (like 

epidermolysis bullosa acquisita (EBA)) or systemic disorders (like rheumatoid arthritis, 

systemic lupus erythematosus or systemic sclerosis, etc.) (9-13). Our experiments are 

prominently conducted in a mouse model of arthritis; therefore, we will focus on 

rheumatoid arthritis.  

1.2.  Rheumatoid arthritis 

1.2.1. Structure of a normal and inflamed joint  

Rheumatoid arthritis (RA) is a systemic and chronic autoimmune disease (14, 15). 

The global prevalence of RA is approximately 1 % (15). Under healthy conditions, a 
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peripheral diarthrodial joint is composed of articular cartilage and bones, which enclose 

the synovial cavity. Inside the synovial cavity we can find the synovial fluid, that is 

produced by the synovial membrane (Figure 1) (16). 

 
Figure 1: The healthy and the inflammatory milieu in a joint  

A healthy joint is made up of bones with smooth cartilage surfaces, connected by a joint 
capsule. Inside the capsule lies the synovial membrane (a thin layer of cells), which is 
responsible for providing nutrients and enclosing the synovial cavity. The joint cavity 
contains synovial fluid, which is essential for lubricating the joint and maintaining its 
internal homeostasis. Many cell types (like osteoclasts, T and B cells, neutrophils, 
macrophages, dendritic cells, synovial fibroblasts and mast cells) are involved in the 
pathogenesis of RA. Under inflammatory conditions, they can contribute to cartilage 
damage and bone erosions, synovial thickening and the increase of the synovial fluid 
(own figure based on reference (16)). 

The synovial membrane contains only a few layers of cells and it has an essential role, 

for example in the diffusion of nutrients. Under inflammatory conditions, this synovial 

membrane becomes thick and the level of the synovial fluid increase in the synovial cavity 

(15-17). Increased numbers of immune cells (like neutrophils, synovial fibroblasts, 

macrophages, osteoclasts) can be detected in an inflamed joint, with high levels of 

inflammatory cytokines and chemokines (e.g. TNF-α, IL-6, CXCL2, CCL3) (16, 18-21). 

The clinical manifestations in most patients start with pain and swelling of a few joints 

especially on the hands and feet. Later, RA develops into symmetric polyarthritis, which 

can also affect larger joints like the shoulders, the elbows, the ankles or the knees. 

Common features include morning joint stiffness (that last approximately half an hour or 

more), fatigue, weakness, weight loss or low-grade fever (Figure 2) (15).  

Healthy joint Inflamed joint

Bone
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(a) Long-standing rheumatoid arthritis with polyarticular synovitis and joint deformities. 
(b) The X-ray shows joint destruction with bone erosions and cartilage loss in 

metacarpophalangeal and proximal interphalangeal joint. Red circles show severe 
joint destructions (15).  

Extraarticular manifestations can increase the mortality and morbidity of the 

disorder. The cardiovascular, pulmonary, neurological and renal involvements are the 

most common extraarticular manifestations during RA (22-27).  

1.2.2. Therapeutic options  
 

The treatment should be started with the administration of conventional synthetic 

disease-modifying antirheumatic drugs, like methotrexate with short-term use of 

glucocorticoids (28-31). If there are contraindications for methotrexate, leflunomide or 

sulfasalazine can be combined with glucocorticoids. If the symptoms are improved by 3 

months and the remission is achieved by 6 months, the treatment can be continued (with 

dose reduction in sustained remission) (31). As long as the symptoms do not improve and 

poor prognostic factors are absent, the change to or the adding of a second conventional 

synthetic disease-modifying antirheumatic drug can be effective (31). If some poor 

prognostic factors (like high titers of Rheumatoid factor (RF) or Anti-citrullinated protein 

antibody (ACPA)) are present, biological disease-modifying antirheumatic drugs (like 

TNF-inhibitors, tocilizumab, etc.) or Janus kinase (JAK) inhibitors (like baricitinib, 

tofacitinib or upadacitinib) can be used after risk assessment (29-39). If the symptoms are 

improved by 3 months and the patient achieved the remission by 6 months, the treatment 

can be continued (with dose reduction in sustained remission). Assuming that the 

symptoms do not get better, the change to other biological disease-modifying 

antirheumatic drugs or JAK-inhibitors are proposed (31). In a significant proportion of 

Figure 2: Long-standing rheumatoid arthritis 
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patients (sustained) remission is not achievable, so there is a need to find new drug targets 

and to develop novel targeted therapies as well.  

1.2.3. Genetic and environmental risk factors of rheumatoid arthritis  
 

In the development of rheumatoid arthritis, both genetic and environmental factors 

take part. The risk factors can be genetic disorders (like HLA shared epitope alleles, 

epigenetics), hormonal changes (like in postmenopause or breastfeeding or due to 

hormone-replacement therapies), oral health (like chronic periodontitis), respiratory 

exposure (like smoking) or intestinal health issues (like western diet) (16, 40-42). 

Epigenetic factors also contribute to the pathogenesis, like DNA methylation or histone 

acetylation, while genetical risk factors are principal influencers of the development of 

RA (40, 41). It has been described, that mutations in the Human Leukocyte Antigen 

(HLA) genes, which encode MHC molecules, play essential roles in the pathogenesis of 

RA.  HLA-DRB1 is a high-risk allele, which can increase the development of early 

disease, bone erosions and anti-citrullinated protein antibodies during RA (40, 41, 43).  

In RA, citrullination can be mediated by Peptidyl Arginine Deiminase (PAD) enzymes. 

Citrullinated proteins can be recognized as autoantigens, which can lead to the appearance 

of ACPAs (41). There are also so-called non-HLA associated genetic factors, such as the 

Protein tyrosine phosphatase, non-receptor 22 (PTPN22) gene modification, which can 

trigger enhanced immune responses, for example through protein citrullination (44). 

Besides genetic risk factors, hormonal changes are also important. RA is more prevalent 

in women than in men, which can be attributed to the effects of oestrogen. It is important 

to mention that the postpartum period can increase the risk of RA (41, 42).  

Oral health issues are also common risk factors in the pathogenesis of RA. Some oral 

microbes like Aggregatibacter actinomycetemcomitans or Porphyromonas gingivalis can 

stimulate ACPA production or some species of Streptococcaceae can contribute to oral 

dysbiosis (41).  

1.2.4. The pathogenesis of RA  

The pathophysiology of rheumatoid arthritis is heterogeneous. Immune complex 

formation can contribute to the development of joint inflammation and complement 

activation by anti-citrullinated protein antibodies that bind to citrulline-containing 

antigens (14). Under inflammatory conditions, the immune complex accumulation 
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corresponds to a form of type III hypersensitivity reaction, according to the Gell-Coombs 

classification (45). ACPAs can interact citrullinated antigens of many self-proteins, (such 

as fibronectin, fibrinogen or type II collagen) and the presence of ACPAs can be detected 

up to 10 years before the diagnosis. ACPAs have an important role in activating 

macrophages and osteoclasts. If they interact with vimentin, they can promote bone loss 

(15, 16, 41). During RA, it has been shown that Peptidyl Arginine Deiminase-4  (PAD4), 

which can be released during neutrophil NETosis can citrullinate certain structural 

proteins (like vimentin), which may trigger the production of ACPAs (46). Furthermore, 

ACPAs are capable of interacting with rheumatoid factor containing immune complexes, 

thereby enhancing and sustaining the inflammatory state (16). RF is an antibody, which 

is produce against the Fc part of immunglobulins and it can have elevated levels in several 

autoimmune diseases (e.g. in RA or in Sjögren’s syndrome) (15, 16, 41). In rheumatoid 

arthritis, three isotype rheumatoid factor were identified (IgM, IgA and IgG), which were 

typically found in 52% of RA patients (47). RF has a role in macrophage activation, and 

the inflammatory cytokine release can be also increased (15, 16, 41).  As we previously 

mentioned, several cell types are involved in the pathogenesis of rheumatoid arthritis, 

which will be discussed in the next chapter.   

1.2.5. The role of immune cells in the pathophysiology of RA 

Under inflammatory conditions, the number of infiltrated immune cells are 

increased. During the disease, the normal synovium is thickened and the inflamed 

membrane is infiltrated by immune cells (16, 19, 48). In the pathogenesis of RA, many 

cell types are involved, like lymphocytes, neutrophils, macrophages or synovial 

fibroblasts. Here, we provide a more detailed overview of the role of synovial fibroblasts 

and neutrophils.  

Synovial fibroblasts are located in the synovium in the lining and sublining layers 

and they are involved in the pathogenesis of RA (49). They can produce matrix 

metalloproteinases (e.g. MMP-3), which can damage the extracellular matrix and they 

can also release inflammatory cytokines (like IL-6, IL-1β, TNF-α) (17, 50, 51). 

Fibroblasts can interact with B cells in the synovium, and fibroblasts can trigger the 

differentiation and antibody isotype switch by the production of B cell activating factor 

(BAFF) or a proliferation-inducing ligand (APRIL). Fibroblasts are able to produce GM-
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CSF, which can trigger the infiltration of macrophages to the inflammatory sites (17). In 

addition, fibroblasts can stimulate osteoclastogenesis by the production of receptor-

activator of nuclear factor κB ligand (RANKL) that promote osteoclast differentiation 

and bone erosions (17, 51). When RANKL interacts with RANK, downstream signalling 

pathways (e.g. NF-κB) will be activated and the process results in osteoclast 

differentiation and activation (21, 52).  

In RA, the synovial fluid contains a high number of neutrophils and these infiltrated 

cells can mediate tissue damage. Under inflammatory conditions, increased immune 

complex deposition can be observed in the synovial area (53). In this milieu, neutrophils 

can bind to these immune complexes by their Fc receptors. Following this interaction, the 

neutrophils become activated and initiate various effector cell responses, such as the 

frustrated phagocytosis. This process may trigger the exocytosis of neutrophil granules, 

leading to the degradation of the extracellular matrix. Additionally, reactive oxygen 

species (ROS) released from the cells can trigger the oxidative processes (53). The 

production of ROS by neutrophils can activate some pathogenic signalling-pathways (like 

the MAPK or NF-κB), while the development of neutrophil extracellular traps (NETs) 

contributes to the joint destruction in RA (18). Neutrophil matrix metalloproteinase 

production (like MMP8 or MMP9) have an important role the cartilage degradation. In 

the inflammatory microenvironment, the neutrophil cytokine- and chemokine production 

increase the migratory capacity of the cells and enable them to infiltrate the joint cavity 

more easily (18, 20). Due to the highly diverse effector functions attributed to neutrophils 

in RA pathogenesis, their development, function, and involvement in the autoimmune 

process are discussed in a dedicated chapter.  

1.3. Neutrophils as important effector immune cells 

1.3.1. About neutrophils in general  

Neutrophils are generated by hematopoietic stem cells in the bone marrow that 

differentiate through myeloid progenitors, granulo-monocytic progenitors and unipotent 

neutrophil progenitors (Figure 3) (54, 55). The main regulator of neutrophil development 

and release from the bone marrow is the granulocyte colony-stimulating factor (G-CSF) 

(55-57). Mature neutrophils can be retained in the bone marrow by CXCR4 signalling, 

stimulated by CXCL12 on stromal cells, meanwhile release from the bone marrow is 
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stimulated by CXCR2 (55, 58). G-CSF can mediate the process by upregulating the 

CXCR2 on neutrophils, while downregulating CXCR4 (55). Human CXCR2 ligands (like 

CXCL1, CXCL2, CXCL5 or CXCL8, which are partially expressed by endothelial cells), 

can trigger the neutrophil release to the circulation (59, 60). Furthermore, some cytokines 

can also contribute to neutrophil release, like IL-17, which is partially produced by T 

cells. IL-17 is able to stimulate granulopoiesis by the activation of G-CSF. It can attract 

IL-17-producing T cells to the affected area and Th17 cells can recruit more neutrophils, 

as well (55). Neutrophil recruitment can be increased during inflammation due to high 

levels of IL-1, through the IL-17 and G-CSF axis by a positive feedback loop (59). 

Neutrophils are short-lived cells that spend only a few hours in the circulation. During 

their short lifespan, the phenotype of neutrophils is changing (55).   

 
Figure 3: Neutrophil development 

Neutrophils originate from granulo-monocytic progenitor cells. The cells develop 
through myeloblast, promyelocyte, myelocyte, metamyelocyte and band neutrophil 
phases. The nucleus and cell-specific intracellular granules can be characterized during 
the development. The main regulator of neutrophil development is G-CSF, which increase 
the expression of CXCR2 and reduce the expression of CXCR4. CXCL, chemokine ligand; 
CXCR, chemokine receptor; GMP, granulo-monocytic progenitor (own figure based on 
reference (55)). 

In a mature neutrophil, there are three different granules (the primary, the 

secondary and the tertiary granules), meanwhile the secretory vesicles of neutrophils have 

endocytic origin. In these compartments, there are antimicrobial agents (like elastase or 

myeloperoxidase) and tissue-destructive mediators (like matrix metalloproteinases) (55, 

59). Neutrophil effector functions are important in the innate immune system. In the 

Promyelocyte MyelocyteMyeloblastGMP Metamyelocyte
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circulation, neutrophils patrol for signs of microbial infections and if they find them, these 

cells can quickly respond by killing the invading pathogens (59, 61). They can eliminate 

the pathogens by phagocytosis, degranulation or the release of nuclear material (by 

neutrophil extracellular traps (NETs)) (46, 59). Neutrophils play a crucial role in 

inflammatory processes. Their various special functions may contribute to the 

pathogenesis of certain human diseases like infections, sepsis, cancer or chronic 

autoimmune diseases (55). 

If they do not participate in inflammatory processes, they can migrate to the liver, 

spleen or the bone marrow, where they undergo apoptosis and they can be eliminated by 

resident macrophages (62). Neutrophil ageing is mainly regulated by microbiome 

fluctuations. Aged neutrophils upregulate, which promote their clearance from the 

circulation (55). This process is essential in neutrophil homeostasis (62). 

1.3.2. Participation in inflammatory processes  

Neutrophils can participate in injuries and inflammatory processes, as well (61). 

Neutrophils can leave the circulating blood and they can reach the affected region or 

tissue due to stimuli like pro-inflammatory mediators (56). Neutrophils have many cell 

surface molecules, which can sense the inflammatory signals, such as Fc receptors, 

adhesion receptors like integrins or selectins, G-protein coupled chemokine receptors or 

cytokine receptors (55, 63). Numerous pathogen recognition receptors like Toll-like 

receptors, Nod-like receptors and C-type lectin receptors are also expressed (55). These 

receptors can activate various intracellular events and cellular responses to trigger the 

migration (and the activation) of neutrophils (Figure 4). Neutrophil migration is based on 

complex adhesion and migratory cascades. First of all, neutrophils make an interaction 

with the endothelial layer by selectins (this stage is called fast rolling). Later they slow 

down (slow rolling), which is mediated by the interaction between selectins or integrins 

(LFA-1) and their ligands (61, 64, 65). Next, neutrophils are able to adhere on the 

endothelial cells by the help of b2-integrins (firm arrest), which is followed by an 

intraluminal crawling by the help of Mac-1 (55, 64). In addition, neutrophils have to pass 

through the endothelial barrier. Chemotaxis is regulated by chemoattractants through 

complement receptors, leukotriene receptors and chemokine receptors (55). 
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Figure 4: Neutrophil extravasation 

Due to infectious or inflammatory stimuli, neutrophils can migrate into the tissues 
through the vessel wall (extravasation). Neutrophils can make reversible interactions 
with the endothelial cells by selectins and integrins. They slow down by sensing the 
inflammatory environment (slow rolling) and they spread over the endothelial cells. After 
crawling, they will search for the ideal region for trans-endothelial migration by Mac-1 
(diapedesis). When they get to the interstitium, they can exert their different effector 
functions. Neutrophils are able to translocate back to the intravascular space (reverse 
migration), that may have a role in remote organ damage (own figure based on reference 
(55)). 

Neutrophils can use transcellular and paracellular pathways to migrate through 

endothelial cells. If they passed the vascular barrier, they have to reach the interstitial 

space (55). After their successful extravasation, they are able to activate some of their 

effector functions, which are discussed in the next chapter. 

1.3.3. The effector mechanisms of neutrophils 

Neutrophils have a critical role in immunity and inflammation and they are able 

to respond to microbial or pro-inflammatory stimuli. If neutrophils migrate to tissues, 

they can perform specific effector functions (66). After pathogen recognition, neutrophils 

eliminate the invading microorganisms by phagocytosis and respiratory burst (55, 67). 

Respiratory burst is an enzymatic process, which is generated by the NADPH oxidase 

Nox2 (55). Neutrophil hydrolytic enzymes (like lysozyme, elastase, antimicrobial 

peptides or lactoferrin) belong to the neutrophil weaponry (Figure 5) (46, 55, 68).  

Granule-derived molecules are able to kill the pathogen directly (like by reactive oxygen 

species or matrix metalloproteinases) or they can generate a positive-feedback loop on 

neutrophils (e.g. with proteases) (55). Neutrophil extracellular trap formation (NETosis) 

is a unique neutrophil effector function (55, 66). During NETosis, neutrophils are able to 
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release their DNA into the extracellular space that form NETs (55, 66, 69). NET contains 

neutrophil-derived antimicrobial agents and neutrophil DNA. These traps are essential to 

kill pathogens, but they can participate in autoimmune processes. Activated neutrophils 

can release various chemokines, cytokines (like CXCL8, CCL3) and lipid mediators (like 

LTB4), therefore they can easily take part in immune responses and interact with other 

immune cells (55).  

 
Figure 5: Effector functions of neutrophils 

After neutrophils migrated to the inflamed tissue, they utilize their different effector 
functions (like cytokine or lipid mediator production, respiratory burst, NETosis and 
phagocytosis or they can take part in antigen presentation to T cells). Effector functions 
can lead to the elimination of pathogens or they can amplify the inflammatory responses. 
CXCL, chemokine-ligand; MPO, myeloperoxidase; NE, neutrophil elastase; NET, 
neutrophil extracellular trap; PAD4, peptidyl arginine deiminase-4; PR3, proteinase 3; 
ROS, reactive oxygen species; (own figure based on reference (55)). 

Phagocytosis is another antimicrobial mechanism, in which neutrophils recognize the 

pathogens, which are then enclosed within the phagosome (66, 70). These phagosomes 

can fuse with cytoplasmic vesicles (containing antimicrobial substances), resulting the 

formation of phagolysosomes. These structures degrade the invading microbes effectively 

due to their low pH and the presence of hydrolytic enzymes (59). Under homeostatic 

conditions, neutrophils do not express molecules on their surface, which are important in 

antigen presentation, while various pro-inflammatory mediators (e.g. IFN-g) can enhance 

this expression (71, 72). This is supported by a previous study, in which treatment of 

healthy human neutrophils with synovial fluid from rheumatoid arthritis patients 

enhanced the cell surface expression of HLA class II molecules (71). Antigens that are 

degraded by neutrophil proteases can associate with HLA molecules in the form of 
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peptides and with the help of costimulatory factors (like CD80 and CD86 in the presence 

of increased concentration of IFN-g), they can participate in antigen presentation (71, 72). 

In vivo experiments have shown, that the expression of these molecules is enhanced in 

the presence of memory T cells. This may be due to the fact that memory T cells are 

capable of producing a significant proportion of IFN-g (71). It is important to emphasize 

that although neutrophils are capable to activating T cells, this activation is not as strong 

as when the presentation is carried out by professional antigen-presenting cells (71). 

Nevertheless, it is important to highlight that antigen presentation by neutrophils is a 

relatively new and uncertain theory. 

In order to better understand the routes leading to the effector mechanisms of 

neutrophils, it is necessary to get familiar with the cell surface receptors of neutrophils.  

1.3.4. Neutrophil cell surface receptors 

Neutrophil functions are mediated by various activating and inhibitory receptors. 

Activating receptors are able to stimulate neutrophils or increase their affinity to 

stimulations.  Neutrophil G protein-coupled receptors (GPCRs) are activating receptors 

that play a prominent role in the recognition of bacterial and mitochondria-derived danger 

signals (like N-formylated peptides) (55, 63, 73). Chemokine receptors on neutrophils 

like CXCR1 or CXCR2 interact with their ligands, e.g. with CXCL1, CXCL2 or CXCL8, 

while C5a receptor sense the complement activation by neutrophils (55). GPCR-

dependent signalling takes part in cell polarization, and the activation of cell migration. 

These GPCRs activate phospholipase Cb-mediated Ca2+ signals and activate 

phosphoinositide 3-kinase isoforms (55). This intracellular signalling affects the NADPH 

oxidase activation, the release of anti-microbial components from vesicles, and the 

prolongation of neutrophil survival.  

b2-integrins (like LFA-1 or Mac-1) are indispensable in cell-cell interactions, in 

cell migration, in the induction of cell spreading or in the interaction between the cell and 

the extracellular matrix (46). Integrin signalling is divided into inside-out or outside-in 

signalling (64). Two signals are need during the adherent activation of neutrophils, one 

inflammatory stimulus for example by TNF-a and another by immobilized proteins (74). 

Pro-inflammatory mediators provide signals to trigger the transition of integrin activation 

status from inactive to active form and they can increase the ability and avidity of the 
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receptor toward their ligand (namely inside-out signalling) (74). Subsequently, a second 

signal is generated, which can lead to actin cytoskeleton rearrangement and effector cell 

responses (namely outside-in signalling) (74). In this context, TNF-a serves as an 

appropriate pro-inflammatory cytokine, while fibrinogen functioning as a b2-integrin 

ligand containing an Arg-Gly-Asp-(RGD) motif, can effectively model the integrin-

ligand-dependent cell responses of neutrophils under in vitro conditions.   Neutrophil 

activation by extracellular matrix proteins through integrins trigger complex intracellular 

tyrosine kinase signalling pathways with the participation of the Src-family kinases and 

Syk (55).  

Fcγ receptors are important cell surface immunoglobulin-family receptors on 

neutrophils. They are able to mediate effector mechanisms such as immune complex-

mediated cytokine or ROS production or the pathogen elimination by phagocytosis.  

On the surface of neutrophils, type I and II cytokine receptors (G-CSFR, GM-

CSFR), Toll-like receptors or C-type lectin receptors (e.g. Dectin-1) are also present (55, 

63). Besides the activating receptors, neutrophils express inhibitory receptors. Most of 

them signal through Immunoreceptor Tyrosine-based Inhibitory Motifs (ITIMs), which 

can inhibit the activation and fine tune the immune responses. FcγRIIb, SIRPa and 

Siglec9 are all inhibitory receptors on neutrophils (55). As Fc receptors and integrins play 

a crucial role in neutrophils under inflammatory conditions and as these receptors were 

in our focus during our experiments, we provide a detailed overview of these cell surface 

molecules.  

1.4. Fc receptors in general 

During adaptive immune responses, antibodies have an essential role in protective 

and in pathogenic processes. Antibodies contain Fc and Fab regions. With the Fab region, 

they are able to bind to the antigens and form immune complexes, while with their Fc 

region, they can connect to Fc receptors and can trigger effector cell responses (75).  

Fc receptors are immunoreceptors, which are expressed by myeloid cells and B cells. Fc 

receptors can mediate positive and negative signals. The FcRα subunit can bind to the 

antibody, so this region is responsible for the specificity. If the Fc receptor binds to IgA, 

it is called FcαR; if it binds to IgG, it is called FcγR; if it binds to IgE, it is called FcεR. 

If the receptor associate with IgM, it is called FcμR (75, 76). In the cytoplasmic region of 
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the receptor Immunoreceptor Tyrosine-based Activation Motifs (ITAMs) can be present, 

which can phosphorylate tyrosines and activate kinases or Immunoreceptor Tyrosine-

based Inhibitory Motifs (ITIMs) can be found, which can inhibit the activation signals. In 

some cases, the ITAM region is found on the Fc receptor γ-chain or associated the DAP12 

adaptor molecule. Phosphorylated ITAM tyrosines can induce effector functions like 

phagocytosis, degranulation, superoxide or cytokine release. The type of effector function 

depends on the cell type. Meanwhile, ITIMs can inhibit cell activation (76). 

Immune complexes play an important role in autoimmune arthritis, as they can 

trigger inflammatory signalling pathways by acting on Fcγ receptors. A more detailed 

understanding of these receptors is essential for elucidating the pathogenesis of 

autoimmune arthritis. 

1.4.1. Fcγ receptors 

Fcγ receptors (FcγRs) recognize IgG antibodies by the Fc region (77). FcγRs are 

structurally related and they belong to the Ig protein family. In humans there are three 

main FcγRs subtypes: FcγRI (CD64), FcγRII (CD32) and FcγRIII (CD16), which have 

different structural and functional properties. Some activating Fcγ receptors (such as 

human FcγRI, FcγRIIIa) can associate with the ITAM-bearing transmembrane adaptor 

molecule Fc receptor γ-chain.  

Human FcγRI is a high-affinity receptor to monomer IgGs. It has three 

extracellular immunoglobulin-like domains, which is expressed mainly by activated 

neutrophils (78). FcγRI associates with the Fc receptor γ-chain, which contains the ITAM 

region in the cytoplasmic part. FcγRII and FcγRIII can associate with IgG by low affinity 

(79). FcγRII has activating subtypes, like the FcγRIIa and the FcγRIIc, which contain 

ITAM motifs in the cytosol (79). FcγRIIa is expressed by myeloid cells (monocytes, 

macrophages, platelets etc.) and the receptor is important in the phagocytosis of IgG-

opsonized molecules, in superoxide release, cytokine production and in antibody-

dependent cellular toxicity (ADCC) (80). FcγRIIb is an inhibitory receptor, which have 

ITIM motifs and it can be found on B cells, monocytes, macrophages, dendritic cells, 

activated neutrophils, mast cells or basophils (79). FcγRIIb is able to crosslink with the 

B cell receptor, and can inhibit activating signals (80).While FcγRIIc expression is 

relatively low on the surface of natural killer cells, the activating receptor can trigger the 
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antibody-dependent cellular toxicity reaction (81).  Another type of Fcγ receptors is the 

low affinity activating FcγRIII (79). FcγRIIIb is subtype, which is expressed by human 

neutrophils. It is a glycosylphosphatidylinositol anchored protein without transmembrane 

and cytoplasmic domains (79).  

FcγRs (like FcγRIIb, FcγRIIIa, FcγRIV) can be expressed not only on human cells 

but also on the surface of mouse cells. The FcγRIIIa is a transmembrane protein that 

associate with the Fc receptor γ-chain and it is expressed by macrophages, natural killer 

cells, monocytes and T cells (79). It has a role in antiviral immunity and in antitumor 

responses (Figure 6) (82). 

 
Figure 6: Structure and expression pattern of IgG-specific Fcγ receptors 

Fcγ receptors differ in their structure and affinity for IgG antibodies. Activating receptors 
contain FcR γ-chain associated ITAM regions (like human FcγRI, FcγRIII or mouse, 
FcγRIV) or the receptor can carry ITAMs independently without the FcR γ-chain (e.g. 
FcγRIIa, FcγRIIc) in the cytoplasmic domain. Inhibitory receptors (like FcγRIIb) are 
associated with ITIM sequences. The expression of FcγR subtypes varies between cell 
types and also differs between species (own figure based on reference (80)). 

FcγRIV is a mouse-specific Fc receptor, which is expressed by myeloid cells (like 

neutrophils, monocytes, macrophages) and it has an important role in ADCC reaction. 

While the FcγRIV does not have an exact human ortholog, the human FcγRIIIa is 

functionally similar (83).   
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1.4.2. Signalling via Fcγ receptors 

In the case of receptor activation, the Src family kinases can phosphorylate the FcγR 

ITAM domain and the associated Syk tyrosine-kinase. Syk is able to activate the 

downstream signalling by phosphorylating Phosphoinositide 3-kinase or PLCg isoforms. 

As a result, the activated inositol trisphosphate stimulates the intracellular release of Ca2+ 

and the Diacylglycerol stimulates Protein kinase C. Activated Protein kinase C has an 

essential role in membrane rearrangements and actin filament reorganizations through 

small G-protein stimulation (84). The activating FcγR induced gene expression can also 

contribute the pro-inflammatory mediator production (TNF-a) (78). The inhibitory 

FcγRIIb can also be phosphorylated by Src family kinases. This leads to the activation of 

SHIP phosphatases, which can mediate the dephosphorylation steps, which inhibit the 

activating signalling pathways. As a results of this inhibition, FcγRIIb can moderate 

phagocytosis or the expression of pro-inflammatory mediator production. FcγRIIb is the 

only FcγR, which is expressed by B cells, and if it is cross-linked with the BCR, the 

antibody production decrease (80). Moreover, it is known that increased autoantibody 

production can significantly contribute to the formation of immune complexes, which 

may lead to the development and maintenance of autoimmune inflammatory processes. 

1.5. Integrins 

Integrins are heterodimer transmembrane glycoproteins, which have multiple 

conformations and can interact with several ligands. Integrins can be classified according 

to their a and b chains. They take part in cell-cell interactions (e.g. b1-integrins), in blood 

clotting mechanisms (e.g. b3-integrins), in cell and extracellular matrix connection (e.g. 

b4-integrins) or they have a role in the interaction between the mucous membrane and 

immune cells (e.g. b7-integrins) (85, 86). They can bind to the extracellular matrix 

through the Arg-Gly-Asp-(RGD) motif of fibronectin, collagen or laminin (87).  

b2 integrins have a crucial role in adhesion processes under homeostatic conditions, while 

increased expression can be detected in the inflamed RA tissue. It has been shown, that 

the expression of the b2-integrin LFA-1 is indispensable for the development of 

experimental joint inflammation (88).  
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Our experiments are prominently conducted in a mouse model of arthritis where 

integrin-dependent signalling has an important role. Therefore, we provide a detailed 

overview of b2-integrins.  

1.5.1. b2-integrins 

b2-integrins also contain a and b subunits. The a chain (CD11) has four subtypes: 

CD11a, CD11b, CD11c and CD11d. Meanwhile, the b chain (CD18) is a shared chain in 

b2-integrins. There are four main b2-integrins: LFA-1 (CD11a/CD18), Mac-1 

(CD11b/CD18), aXb2 (CD11c/CD18) and the aDb2 (CD11d/CD18). b2-integrins 

mainly participate in immunological processes, like in neutrophil phagocytosis, ROS 

production or T cell activation. Integrins can get involved in the formation of adhesion 

complexes or in the modulation of actin cytoskeleton dynamics, migration, proliferation 

or apoptosis (89). b2-integrins are expressed mainly by leukocytes. While LFA-1 shows 

a high expression on most immune cells, Mac-1 is rather found on myeloid cells such as 

neutrophils, monocytes, macrophages and dendritic cells (87). The CD11c/CD18 is 

expressed by dendritic cells in mice, while in humans, CD11c/CD18 can be found on 

natural killer cells and lymphocyte subtypes (87). Higher expression of CD11d/CD18 can 

be found on human natural killer cells or B cells in inflammatory tissues. b2-integrins 

have extracellular domains, which have role in ligand binding, while the short 

cytoplasmic region has regulatory functions (87). The affinity of the receptor depends on 

the receptor conformation and clustering. There are three main conformational status of 

integrins: the inactive (without the ligand), intermediate (where ligand-binding is possible 

with low-affinity) or active (where the integrin is able to bind ligands with high-affinity) 

(90). Integrins can be found in an inactive and closed conformational state in most of the 

time. The activation of integrins can be reached by the ligation of cell surface receptors 

like cytokine receptors. During inside-out signalling talin and kindlin with many other 

proteins (like a-actinin, filamin A or choronin 1A) can contribute to the functions of 

integrins through the interaction with the integrin b-chain, which can switch the integrin 

to active conformation (inside-out signalling, Figure 7). On the other hand, integrins can 

also trigger the activation of outside-in signalling pathways. The main ligand of LFA-1 

is ICAM-1, meanwhile Mac-1 is able to make interactions with ICAM, fibrinogen or the 

CD40-ligand and it can also recognize the complement C3b fragments (89).  
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The improper functioning of integrins may promote the onset of pathological 

processes, such as the Leukocyte adhesion deficiency (LAD) syndrome (63). LAD 

syndrome is an autosomal recessive disorder, which have three main subtypes. LAD-I is 

caused by the loss-of function mutation in the CD18 gene and the impaired b2-integrin 

function (90). The symptoms can be severe bacterial and fungal infections. LAD-I has a 

sub-variant, the LAD-III disorder, which is characterized by the dysfunction of the 

Ferritin Family Member 3/kindlin-3, which is important during b2-integrin inside-out 

signalling (87). In LAD-III, the leukocyte and platelet adhesion functions can be 

damaged. LAD-II syndrome is often a type IIc glycosylation congenital disorder and the 

symptoms can be similar as in LAD-I (87). The clinical features of LAD highlight the 

importance of b2-integrins in immune cell adhesion and migration. To better understand 

how b2-integrins mediate their functions, the following section focuses on the signalling 

pathways of b2-integrins. 

1.5.2. Signalling of b2-integrins 

Small intracellular proteins, like talin and kindlin-3 can mediate the inside-out 

activation. During the inside-out signalling, the stimulus can trigger conformational 

changes in the receptor (Figure 7) (90). Talin and kindlin are essential in the rolling of 

neutrophils on the endothelium (87).  

Outside-in signalling can happen after ligand (e.g. ICAM-1) binding (64). 

Conformational changes (with talin or kindlin-3) will modify the activation status of the 

integrin. During activation, integrin clustering is promoted by Ca2+ and it increases the 

avidity of the receptor for the ligand (64). Src-family kinases are able to phosphorylate 

the adapters (like DAP12 or FcRg chain) on the ITAM motifs that triggers the 

translocation of Syk. Syk activation can lead to different signalling pathways (like PI3K-

Akt or the MAPK cascade). The PI3K-Akt pathway is important for cell survival, 

migration and inhibition of apoptosis, while the MAPK cascade influences the activation 

and transcription of inflammatory genes and cell growth (64, 91). 
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Figure 7: Integrin signalling 

Integrins have different conformations, which determine the receptor affinity. Cell 
surface glycoproteins (like PSGL-1) can activate signalling cascades with the help of 
adaptors (e.g. SLP76) that can stimulate the switch to medium affinity of the receptor, 
while talin and kindlin mediate the slow rolling of neutrophils. Integrins can also make 
connections with ITAM-associated receptors, which are capable of inducing 
phosphorylation by Src kinases that causes the stimulation of the downstream positioned 
Syk. ADAP, Adhesion and degranulation promoting adapter protein; PI3Kg, 
Phosphoinositide 3-kinase g; PLCg2, Phospholipase Cg2; PSGL-2, P-selectin 
glycoprotein ligand-1; Rap1, Ras-related protein 1; SLP76, SH2 domain-containing 
leukocyte protein of 76 kDa; Vav, Vav guanine nucleotide exchange factor (own figure 
based on reference (63)). 

A shared point between Fcg receptor and b2-integrin is that both of them can use 

the Syk tyrosine-kinase for their signal transduction.  

1.6. Tyrosine kinases 

Tyrosine kinases can take part in cell processes like cell differentiation and 

metabolism, cell growth or apoptosis (92-94). The family of tyrosine kinases can catalyse 

the phosphorylation of tyrosine residues of target proteins by the help of ATP (95, 96). 

The target protein can be located in the cytoplasmic region or it can be associated with a 

receptor intracellular domain. Tyrosine kinases have two main subgroups: receptor 

tyrosine kinases and non-receptor tyrosine kinases (96). We will focus our attention to 

non-receptor tyrosine kinases, especially on the Syk tyrosine kinase. 

Low 
affinity

Medium
affinity

High
affinity

Lipid layerFcRγ

PLCγ2 SLP76

Vav

ITAM-
associated 

receptor (?)

P P

SYK

Src kinases

Inside-out signalling

Talin Kindlin

Rap1

Other 
stimuli

ITAM-
associated 

receptor (?)

P P

SYK

Src kinases

Cell surface 
glycoprotein

(e.g. PSGL-1)

SLP76 ADAP

PLCγ2

PI3Kγ

FcRγ

a ß

ERM family
protein

Outside-in signalling



26 

1.6.1. Non-receptor tyrosine kinases 

Non-receptor tyrosine kinases are mainly localized in the cytoplasm. Kinase 

domains are mainly conserved and the catalytic domains are similar to the catalytic 

domain of the Ser/Thr protein kinases (97, 98). The tyrosine kinase domain is composed 

of an N-terminal lobe including b sheets and an a-helix and a cytoplasmic C-terminal 

lobe (which contains α-helixes) (96). In these domains, we can find the ATP biding sites. 

The C-terminal end activation loop also contains Tyr, Ser or Thr residues. Besides the 

catalytic domains, the kinases contain non-catalytic domains, as well. The two most well-

known non-catalytic domains are the SH2 and the SH3 domains. Non-receptor tyrosine 

kinases have several groups like the Src-family, the Tec-family, the Abl-family, the Syk, 

the Csk or the JAK-family members (92, 98). In our experimental arthritis model, we 

investigated the effect of Syk-selective inhibition, so we give a more comprehensive 

overview of Syk in the next chapter.  

1.6.2. The Syk tyrosine-kinase 

Syk is a 72 kDa non-receptor kinase, which was isolated from porcine spleen cells 

and which has a high expression level in hematopoietic cells (99, 100). It has two SH2 

domains at the N-terminal region and one tyrosine kinase domain at the C-terminal end 

(100). Under homeostatic conditions, Syk has a so-called autoinhibited status. If the 

interdomains of Syk are phosphorylated or the SH2 domains bound to ITAM regions, it 

can trigger conformation changes, which can lead to kinase activation (Figure 8). C-type 

lectin receptors and integrins play a key role in the activation of Syk, which can lead to 

the activation of the CARD9-Bcl10-MALT1 (caspase-recruitment domain 9–B cell 

lymphoma 10–Mucosa-associated lymphoid tissue lymphoma translocation protein 

1 complex) pathway and the stimulation of the NLRP3 inflammasome. During the 

receptor activation, Syk is able to trigger the recruitment of molecular-partners, which 

can increase the downstream signalling pathways and the ITAM phosphorylation by Syk, 

which can provide a positive feedback loop to the whole signalling procedure (84). Syk 

has an essential role in the signalling through Fc receptors (like in Fcγ-receptor signalling 

of neutrophils and macrophages) and b2-integrins. 
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Figure 8: Schematic figure of Syk-associated signal transduction 

The tyrosine residues of ITAM can be activated by the Src-family kinases, which promote 
the recruitment of Syk to the ITAMs that further enhances the activation loop. Syk 
interacts with several molecules, like Vav, phospholipase-Cγ (PLCγ), the p85α subunit of 
phosphoinositide 3-kinase (PI3K) and the SH2 domain-containing leukocyte protein 76 
(SLP76) or SLP65. These interactions are able to stimulate downstream molecules, while 
other signalling intermediates (like LAT, p38, NFAT, TEC family members, etc.) can 
regulate activation of further signalling components. In the end, receptor signalling can 
trigger cellular responses (own figure based on reference (84)). 

Under normal conditions, Syk has an important role in cellular adhesion, osteoclast 

maturation, platelet activation, B-cell maturation, antifungal processes and in the 

development of lymph vessels (84, 99).  

Meanwhile, Syk can contribute to malignant transformation, or it can participate in 

some autoimmune processes. Next, we will focus our attention to the role of neutrophils, 

Fcg receptors, b2-integrins and Syk in autoimmune arthritis.  
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1.7. The role of neutrophils, Fcg receptors, b2-integrins and Syk in 
autoimmune arthritis 

1.7.1. Neutrophils in autoimmune arthritis 
 

Neutrophils have an essential role in anti-microbial immunity, tissue regeneration 

and repair mechanisms and it has been shown that these cells play a critical role in the 

pathology of several autoimmune diseases (like rheumatoid arthritis) (101, 102). Their 

diverse effector mechanisms empower and maintain the inflammation. Neutrophil-

derived cytokines, chemokines, respiratory burst, neutrophil extracellular trap formation 

and antimicrobial peptides can contribute to the autoimmune process (102). They can take 

part in the initiation and also in the effector phase of autoimmune disease (102). In the 

synovial area, increased neutrophil accumulation can be detected like in the synovial fluid 

of the affected joints (55). The increased release of neutrophil ROS in the circulation or 

in the tissues have been reported in patient with RA (46). The NET formation of 

neutrophils and NET components (like myeloperoxidase or neutrophil elastase) can 

directly damage the endothelium and some NET components can also be recognized as 

autoantigens, which can stimulate the autoantibody production (46). In the inflamed 

joints, the immune complexes, which are composed by ACPAs or RF, can stimulate 

neutrophil degranulation through their FcgRs (103). Under inflammatory conditions, 

neutrophils can produce cytokines and chemokines (e.g. interleukine-8 or TNF), which 

mediate inflammation and some of them (e.g. IL-1b, TNF-a or IFN-g) can delay 

neutrophil apoptosis in vivo (103, 104). Neutrophil-derived interleukin-8 (IL-8) can lead 

to neutrophil migration from the peripheral blood by a positive feedback loop (105).  As 

the expression of Fcg receptors and integrins by neutrophils plays a crucial role in 

arthritis, the following sections will explore the role of these receptors in experimental 

arthritis.   

1.7.2. Fcg receptors in autoimmune arthritis 

In some autoimmune diseases, the deposition of immune complexes (ICs) has a 

crucial role. The Fc receptor-immune complex interaction can trigger and maintain the 

pathological inflammatory responses (106). Immune complexes can bind to neutrophils, 

macrophages or monocytes and can increase some effector cell responses like pro-

inflammatory mediator production (62, 106). In autoantibody-induced experimental 
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models, the activating FcRs (like FcgRI, FcgRIII or FcgRIV) have critical roles, which 

are associated with the ITAM-bearing transmembrane adaptor molecule Fc receptor g-

chain (102).  It has been shown that the lack of FcRg, led to a total protection from the 

K/BxN serum transfer arthritis in mice (102, 106, 107). During RA, increased FcγR 

expression can be measured on circulating monocytes and in the inflamed synovium 

(108). Moreover, the absence of FcγRIII in mice moderately decreased the severity of 

joint inflammation (suggesting the contribution of FcγRIV in arthritis), while the lack of 

FcγRI did not play a critical role in the disease (107). In a previous experiment, it has 

been shown that the lack of FcγRIV showed a protection from the development of K/BxN 

serum transfer arthritis (109). In line with this, the local immune cell recruitment was also 

lower absence of the receptor (109). It has been shown, that when FcRg was absent only 

from neutrophils, the mice were completely protected from the development of K/BxN 

serum transfer arthritis (110). These results suggest an important role for FcRg-associated 

Fc receptors on the surface of neutrophils in the development of autoantibody-induced 

experimental arthritis. As we mentioned earlier, in addition to FcγRs, integrins on the 

surface of neutrophils also play a prominent role in autoimmune arthritis (110). 

1.7.3. b2-integrins in autoimmune arthritis 

b2-integrins (like LFA-1 and Mac-1) are also expressed by neutrophils and these 

receptors can also take part in autoimmune processes (like in autoimmune arthritis) (63, 

102). During RA, the increased level of IL-1b in the synovial area can trigger the LFA-1 

ligand ICAM1 expression on synovial endothelial cells and the process can increase the 

influx of immune cells to the synovial tissue (111). b2-integrins have a critical role in 

experimental autoimmune arthritis. It has been described that the b2-integrin subunit 

CD18-deficient mice are protected from the development of experimental arthritis (112). 

Moreover, in mice with CD11a-deficiency, the development of arthritis was not observed, 

which means that LFA-1 is essential in the onset of autoimmune arthritis (112). It has 

been shown, that LFA-1 on neutrophils is an important mediator of arthritis development 

(107). These results with the previously discussed observations indicate an important role 

for neutrophils and their cell surface receptors (like FcRs and b2-integrins) in 

autoantibody-induced experimental arthritis.  
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1.7.4. Syk in autoimmune arthritis 

A shared point between Fc receptors and b2-integrins is that both of them use the 

Syk tyrosine kinase for their signal transduction. Syk can participate in some autoimmune 

processes like in autoimmune arthritis (100). Syk deficiency results in perinatal lethality 

due to an impairment in the lymphatic vascular development (113). This problem, can be 

solved by the creation of bone marrow chimeras with a Syk-deficient (Syk–/–) 

hematopoietic system (113). It has been shown, that in Syk-deficient bone marrow 

chimeras, the absence of Syk resulted in a total protection from the development of 

autoantibody-induced arthritis (113). Syk is an important signalling component of 

neutrophils, platelets or mast cells, so it is an interesting question how cell-specific 

deletion of Syk affect the development of autoantibody-induced experimental arthritis 

(102). The neutrophil-specific deletion of Syk nearly totally protected mice from arthritis, 

suggesting the importance of Syk expression in neutrophils in autoimmune inflammation 

(99). The mentioned studies indicate that neutrophils, their certain cell surface molecules 

and the Syk tyrosine kinase play a critical role in the development of autoimmune 

arthritis. Based on these findings, it would be interesting to test the effect of Syk-selective 

inhibition on the development of experimental joint inflammation. 

1.7.5. Selective Syk inhibition 

Over the years, the inhibition of tyrosine kinases became a possibility in the 

treatment of autoimmune arthritis. Entospletinib is a second generation, Syk-selective 

blocker (114). Based on the kinase profile of entospletinib, the inhibitor interacts with 

only one other kinase, namely the tyrosine kinase non receptor 1 at a low concentration 

(114). Tyrosine kinase non receptor 1 mainly takes part in foetal development, so we can 

assume that entospletinib exerts its inhibitory effect mainly through inhibiting the activity 

of the Syk tyrosine kinase (114). Entospletinib has a tolerable safety profile according to 

hematological clinical trials in patients with chronic lymphoid leukemia and an important 

advantage of the inhibitor that it can be administered orally (114).  

Consequently, it is worth to test the effect of entospletinib in a Syk-dependent 

experimental autoimmune arthritis.   
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2. Objectives 

During our experiments, we were interested in the following questions: 

 

1) How pharmacological inhibition of Syk influences the development of autoantibody-

induced experimental arthritis? 

 

2) How entospletinib affects the leukocyte infiltration to the joints and the in vivo pro-

inflammatory mediator production? 

 

3) What is the effect of Syk inhibition on Fcg receptor- and b2-integrin-mediated effector 

cell responses of mouse neutrophils? 

 

4) How Syk-selective inhibitors act on the immune complex-triggered cell functions of 

human neutrophils? 
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3. Methods 

3.1. Experimental animals1 
 

KRN T cell-receptor heterozygous transgene animals were mated with wild type 

C57BL/6 mice, NOD mice were purchased from the Jackson Laboratory (106). Wild type 

C57BL/6 mice were purchased from the Hungarian National Institute of Oncology or 

received as a kind gift from the Institute of Translational Medicine, Semmelweis 

University (Ref. I.). The animals were kept in individually ventilated cages in a 

conventional animal facility, while the food and water were supplied ad libitum (115). 

All animal experiments were approved by the Animal Experimentation Review Board of 

Semmelweis University (99).  

3.2. K/BxN serum transfer arthritis 
 

KRN T cell receptor transgene mice were mated with NOD mice to it achieve 

transgene-positive (arthritic) K/BxN and transgene-negative (non-arthritic) BxN mice 

(116-118). To check the presence of the transgene, we carried out allele-specific PCR 

(Ref. I.). The arthritic and non-arthritic sera were taken by retroorbital bleeding (Figure 

9) (99). 

Figure 9: The K/BxN arthritis model 
KRN mice carry a transgenic T cell 
receptor recognizing glucose-6-
phosphate isomerase, while non obese 
diabetic (NOD) mice express 
autoimmune prone MHC Class II 
molecules. In the first generation, a 
subset of the animals, namely K/BxN 
mice spontaneously develop arthritis. 
K/BxN arthritic and BxN non-
arthritic serum was prepared via 
retro-orbital blood collection. G6PI, 
glucose-6-phosphate isomerase; 
TCR, T cell-specific receptor (own 
figure based on reference:(119)). 

Arthritis was induced by an intraperitoneal injection of 300 μl K/BxN (arthritic) serum. 

Mice receiving BxN serum served as controls (Ref. I.). The severity of joint inflammation 

KRN mice NOD mice

Transgenic TCR, 
which recognizes G6PI

MHC-II can interact 
with the transgenic TCR

Offsprings

BxN 
(non-arthritic) 

mice

K/BxN 
(arthritic) 

mice

1The labels Ref. I. or Ref. II. in the “Methods and Results” chapters refer to the 
Candidates publications (see Chapter 9.). 
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was detected by ankle thickness measurement with a spring-loaded caliper, while as 

relative measurement, the clinical scores was determined by two investigators on every 

day on a 0-10 scale (117, 120). Clinical scoring was based on subjective observations and 

on the classical signs of inflammations (e.g. oedema, redness). The maximum score was 

given for the most severe joint inflammation. 

3.3. Oral administration of the vehicle and the inhibitor 
 

Entospletinib (GS-9973, from Selleckchem) was diluted in water and mucilage, 

while vehicle treatment contained only water and mucilage. Mice were treated twice a 

day by gavage, and the treatment begun one day before the induction of K/BxN serum 

transfer arthritis (Ref. I.).  

3.4. Flow cytometry analysis 
 

Neutrophil and monocyte numbers were detected in the peripheral blood of 

vehicle- or entospletinib-treated mice by the labelling with anti-Ly-6G and anti-CD11b 

antibodies (PE-conjugated, clone 1A8 and biotin-conjugated2, clone M1/70, from BD 

Biosciences). The cells were identified on the basis of forward and side scatter 

characteristics by flow cytometry. Ly-6G- and CD11b-positive cells, were determined as 

neutrophils, while the Ly-6G-negative and CD11b-positive cells were identified as 

monocytes (Ref. I.).  

We also measured the number of local infiltrated immune cells in the joints. 

Arthritic and non-arthritic (control) mice were sacrificed and the hind and fore paws were 

digested by liberase (from Sigma) (121). The local numbers of neutrophils and 

macrophages were determined by their Ly-6G- and CD11b-expression pattern (121).  

The expression of isolated mouse neutrophil cell surface markers was followed by 

anti-Ly-6G (PE-conjugated, clone 1A8), anti-FcgRII/III (clone 2.4G2)3, anti-FcgRIV 

(APC conjugated, clone 9E9), anti-CD11a (biotin-conjugated, clone M17/4)2, anti-

CD11b (biotin-conjugated, clone M1/70)2 or anti-CD18 (biotin-conjugated, clone 

C71/16)2 antibodies (all from BD Biosciences) Cell surface expression levels were 

measured by flow cytometry (Ref. I.). 

 2Biotin-conjugated antibodies were visualized by PerCP-Streptavidin (from BD 
Biosciences). 
3It was visualized by a polyclonal Goat-anti mouse-FITC antibody (from Nordic MuBio). 
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3.5. In vivo measurement of synovial fibroblast numbers and activation 
 

After liberase (from Sigma) digestion of the limbs, we detected the number of 

local synovial fibroblasts by the help of a specific cell surface marker (by an anti-CD90.2-

PE antibody, clone 30-H12, from BD Biosciences). We also measured the activation 

status of these cells by an anti-MHC Class II-FITC antibody (clone M5/114.15.2, from 

Millipore), meanwhile the intracellular tyrosine-phosphorylation was detected by an anti-

phosphotyrosine antibody (clone PY20, from Southern Biotech) (Ref. I.). For the 

intracellular staining of fibroblasts, we had to fix and permeabilize the cells with fixation 

and permeabilization buffers (all from Invitrogen by Thermo Fisher) and we measured 

the samples by flow cytometry (Ref. I.).  

3.6. In vitro analysis of neutrophil cell responses 
 

In our in vitro experiments, mouse neutrophils were isolated from the femurs and 

tibias (Ref. I. and Ref. II.). We washed out bone marrow from the bones by Hanks’ 

Balanced Salt Solution (without Ca, Mg and Phenol Red, from Capricorn) supplemented 

with 20 mM HEPES (from Sigma), and the bone marrow red blood cells were lysed by a 

hypotonic buffer. Neutrophils were separated by Percoll (from GE Healthcare) gradient 

centrifugation (117, 121, 122). Human neutrophils were isolated (after the volunteers 

provided written and informed agreement, the Human ethics approval number was 31937-

7/2020EÜIG) from the peripheral blood from healthy volunteers (Ref. II.). After the 

blood collection (in the presence of heparin), plasma was separated and human 

neutrophils were isolated by Ficoll (from GE Healthcare) centrifugation (Ref. II.). The 

red blood cells were lysed with a hypotonic NaCl solution (123).  

Nunc MaxiSorp F96 plates (from Thermo Fisher) were coated with immobilized 

immune complexes or integrin ligands, while the functionality of neutrophils was tested 

by the protein kinase C activator Phorbol 12-myristate 13-acetate (PMA) (from Sigma) 

(Ref. I.). Immobilized immune complexes were generated by coating the plate with 

human serum albumin (from Sigma) in a 20 µg/ml concentration for one hour, after that, 

the wells were blocked with PBS 10% FCS and then were treated with anti-human serum 

albumin antibody (from Sigma) (in a 1:400 dilution) (124, 125). In some cases, we coated 

the plate with His-tagged murine Type-VII collagen, at a 2 µg/ml concentration for one 

hour, after that, the wells were blocked with PBS 10% FCS and then were treated with 
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rabbit anti-CVII polyclonal (IgG) antibody (at a 1:2000 dilution) (115). To measure the 

integrin-mediated cell responses, we coated the plate with fibrinogen (from Sigma) in a 

150 µg/ml concentration as a ligand of b2-integrins and we used mouse TNF-a (from 

Peprotech) as a pro-inflammatory stimulus (125). To detect the effect of the inhibitors, 

we incubated the cells in the presence of entospletinib (GS-9973, from Selleckchem) or 

vehicle (dimethyl-sulfoxide in 0.01 % concentration), while human neutrophils were 

preincubated with vehicle (dimethyl-sulfoxide in 0.01 % concentration), entospletinib 

(GS-9973, from Selleckchem) or lanraplenib (GS-9876, from Selleckchem) for 10 

minutes in 37°C (Ref. I. and Ref. II.). After the incubation step, we stimulated the cells 

and measured the superoxide release by a cytochrome c-reduction assay and during the 

cell spreading we took photos of the cells by phase contrast microscopy (at 20x times 

magnification). On immune complex or integrin-ligand surface, neutrophils underwent 

morphological changes and became darker and the number of the spread cells were 

measured by ImageJ programme. Cytokine production was measured by the help of 

commercial ELISA kits (from R&D Systems) after a 6 hour incubation (117, 121). IC50 

values were calculated by a non-linear regression analysis of dose-response curves or 

diagrams (Ref. I. and Ref. II.).  

3.7. Quantification of pro-inflammatory mediator levels in the joints 
 

To quantify the inflammatory mediator production in the joints, we washed out 

the joints with PBS supplemented with 10 mM EDTA (pH 7.5) and 20 mM HEPES (from 

Sigma) (Ref. I.). The levels of pro-inflammatory mediators in the supernatants were 

measured by commercial ELISA kits (from R&D Systems) (117, 121).  

3.8. Statistical analysis  
 

The experiments were repeated for the indicated number of times. For statistical 

analysis, we used the STATISTICA program (Ref. I. and Ref. II.). Two- or three-way 

ANOVA was carried out (where inhibitor-, arthritic serum-treatment or in vitro 

stimulation ± time were the independent variables). The diagrams and curves show mean 

and SEM from all independent in vitro experiments or from individual mice of different 

in vivo experiments. Area under the curve (AUC) was used for kinetic measurements. P-

values below 0.05 were considered as statistically significant (Ref. I. and Ref. II.).   
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4. Results 

4.1. The Syk-selective inhibitor entospletinib decreased the macroscopic 
signs of autoantibody-induced experimental arthritis  

In the pathogenesis of RA many cell types are involved like neutrophils, 

monocytes, macrophages or synovial fibroblasts. First, we wanted to test how 

entospletinib effects the peripheral and synovial cell numbers under non-arthritic 

conditions. We saw that entospletinib-treatment did not decrease the bone marrow and 

the peripheral number of neutrophils (Fig. 10a-b; p=0.88 and p=0.89, respectively) in 

control serum-treated animals (Ref. I.). In agreement with these observations, the number 

of monocytes in the peripheral blood and the synovial macrophage and fibroblast numbers 

did not decrease in the presence of the inhibitor, compared to the vehicle-treated groups 

(Fig. 10c-e; p=0.99, p=0.84 and p=0.45, respectively) under non-inflammatory conditions 

(Ref. I.).  

 

 

 

 

 

 

 

Figure 10: The effect of entospletinib on bone marrow, peripheral and  
synovial cell numbers (under non-inflammatory conditions) 

The Syk-selective inhibitor entospletinib did not decrease the neutrophil numbers in the 
bone marrow (a) and in the peripheral blood (b). The number of peripheral monocyte (c), 
synovial macrophage (d) and fibroblast (e) numbers also did not decrease in the 
entospletinib-treated mice compared to vehicle-treated animals. (a) Cell/mouse 
dimension refers to bone marrow, which was isolated from two femurs and two tibias. 
Diagrams show mean and SEM from 3 independent experiments. FLS, synovial 
fibroblast; n.s. statistically not significant (Ref. I.). 

Bone marrow Peripheral blood 

a b 

c d e Peripheral blood Synovium Synovium 
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Next, we wanted to test how entospletinib effects the progression of mouse joint 

inflammation. During our in vivo studies, we administered entospletinib or vehicle orally 

twice a day (Fig. 11a-c and Fig. 12a-c) (Ref. I.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In a 50 mg/kg dose, entospletinib moderately reduced the severity of joint inflammation, 

(Fig. 11 a-c).  

a 
b c 

Figure 11: The lower entospletinib dose moderately reduced the severity of joint 
inflammation 

The oral administration of 50 mg/kg entospletinib moderately decreased the severity of joint 
inflammation (a-c). Representative images (a) or mean and SEM (b-c) are shown   from 11 
control and 13-14 entospletinib-treated animals from 5 independent experiments. *p<0.05. 
(Ref. I.) 

Figure 12: The higher entospletinib dose massively reduced 
 the severity of joint inflammation 

The higher (100 mg/kg) dose of entospletinib significantly 
decreased the macroscopic signs of experimental arthritis, as 
shown by clinical scoring and ankle thickness changes (a-c). 
Furthermore, the treatment by entospletinib did not reduce the 
weight of control serum-treated animals during the experiment 
(d). Representative images (a) or mean and SEM (b-d) are shown 
from 3 control and 5-6 entospletinib-treated animals from 3 
independent experiments. *p<0.05. (Ref. I.) 
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vehicle control 
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Figure 13: The effect of entospletinib on cell numbers after arthritis induction 

The lower and the higher doses of entospletinib significantly reduced the local neutrophil 
numbers in the joint (a), while entospletinib did not decrease the presence of synovial 
macrophages (b) or fibroblasts (c). Diagrams show mean and SEM from 3-5 independent 
experiments. FLS; synovial fibroblast; n.s. statistically not significant. *p<0.05. (Ref. I.). 

a 

c 

b 

When we administered a higher entospletinib dose twice a day, the inhibitor massively 

reduced the severity of joint inflammation (Fig. 12a-c) (Ref. I.). To check the tolerability 

of entospletinib, we looked for the visible health problems, and also measured the weight 

of the mice, which did not decrease in the vehicle and in the entospletinib-treated groups 

in the control serum-treated animals (Fig. 12d, p=0.99).  

To sum it up, the Syk-selective inhibitor entospletinib could dose-dependently 

decrease the severity of autoantibody-induced experimental arthritis (without affecting 

the number of peripheral or synovial cells under non-inflammatory conditions) (Ref. I.).  

4.2. The effect of entospletinib on the local cell numbers 

In the following experiments, we tested how entospletinib-treatment affected the 

numbers of local cells after arthritis induction (Fig. 13a-c). As our results show, 

entospletinib significantly reduced the number of local neutrophil numbers at both 

concentrations, compared to the vehicle-treated samples (Fig. 13a, p=0.048 for the 50 

mg/kg and p=1.9x10-4 for the 100 mg/kg dose, respectively) (Ref. I.). Meanwhile, 

entospletinib did not reduce the recruitment of macrophages (Fig. 13b, p=0.07 for the 50 

mg/kg and p=0.065 for 100 mg/kg dose) or the number of synovial fibroblasts (Fig.  13c, 

p=0.45 for the 50 mg/kg and p=0.42 for the 100 mg/kg dose) (Ref. I.). 
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Figure 14: The effect of entospletinib on synovial fibroblast activation  

While the inhibitor did not decrease the intracellular tyrosine phosphorylation of synovial 
fibroblasts (a), 100 mg/kg entospletinib-treatment significantly decreased the cell surface 
MHC Class II expression (b). Diagrams show mean and SEM from 3-5 independent 
experiments; n.s. statistically not significant. *p<0.05. (Ref. I.). 

 

 

 

    

 
 
 

 

We also checked the activation status of synovial fibroblasts. After the 

identification of the synovial fibroblasts by their specific CD90.2 cell surface marker, we 

labelled them by anti-MHC Class II antibodies and after permeabilization and fixation 

steps, we measured the intracellular tyrosine phosphorylation of the cells (by an anti-

phosphotyrosine antibody). The intracellular tyrosine phosphorylation of fibroblasts did 

not decrease significantly in the entospletinib-treated samples (Fig. 14a, p=0.57 for the 

50 mg/kg and p=0.084 for the 100 mg/kg dose) (Ref. I.). Synovial fibroblasts can 

participate in antigen presentation by their MHC Class II molecules. Under inflammatory 

conditions, the expression level of MHC Class II can be increased.  We found that the 

expression of MHC Class II significantly decreased in mice treated with a higher dose of 

entospletinib (Fig. 14b, p=0.99 for the 50 mg/kg and p=0.034 for the 100 mg/kg dose) 

(Ref. I.).  

Taken together, we saw that entospletinib did not affect significantly the number 

of local macrophages and synovial fibroblasts, while the inhibitor significantly reduced 

the recruitment of neutrophils after arthritis induction (Ref. I.). This proposes that 

neutrophil-dependent mechanisms can stand behind the macroscopic phenotype.  

4.3. Pro-inflammatory cytokine levels in the synovial area  

In the pathogenesis of RA, several pro-inflammatory cytokines are important. 

Here, we tested the local levels of MIP-1α (CCL3), MIP-2 (CXCL2, which is an analogue 

of human IL-8) and IL-1β (Fig. 15a-c) (Ref. I.).  

a b 
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We found that in vehicle-treated arthritic samples, the levels of inflammatory cytokines 

and chemokines were dramatically increased, while entospletinib-treatment significantly 

decreased the concentrations of local MIP-1α (Fig.15a, p=1.6 x 10-4), MIP-2 (Fig 15b, 

p=1.6 x 10-4) and IL-1β (Fig. 15c, p=1.6 x 10-4) at the site of inflammation (Ref. I.).  

 

 

 

 

4.4. Immune complex-mediated cell responses of neutrophils 

Next, we tested if entospletinib had any effects on the in vitro neutrophil cell 

responses. First, we investigated the impact of entospletinib on mouse neutrophil 

maturation and Fcγ receptor expression (Fig. 16). We found that, entospletinib did not 

reduce the expression of the maturation marker Ly-6G or FcγRII/III and FcγIV, meaning 

that the used bone marrow mouse neutrophils were mature and their Fcγ receptor 

expression were intact (Ref. I.).  

 

 

 

 

a b c 

Figure 15: Entospletinib-treatment reduced the inflammatory mediator production 
under in vivo conditions 

Entospletinib-treatment significantly decreased the local cytokine production compared 
to vehicle-treated groups (a-c). Diagrams show mean and SEM from 3-4 independent 
experiments.  *p < 0.05. (Ref. I.). 

Figure 16: The effect of entospletinib on mouse neutrophil maturation and FcgR cell 
surface expression 

Entospletinib did not affect neutrophil maturation and FcgR expression. Representative 
histograms from 3 independent experiments are shown. (Ref. I.). 
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In order to validate our in vivo observations, we carried out in vitro experiments. 

We generated immobilized immune complex surfaces and we checked some effector cell 

responses, like superoxide release, cell spreading and cytokine production (Ref. I.).  

Vehicle-treated neutrophils released high amounts of superoxide on immune complex 

surface, while entospletinib-treatment dose-dependently decreased the production of 

toxic oxygen intermediates (Fig. 17a, p=0.017 for veh. vs. 1 µm ento.) (Ref. I.). To 

validate that neutrophil functionality was not influenced by the inhibitor, we stimulated 

neutrophils by the protein kinase C activator PMA and we observed that entospletinib did 

not decrease the superoxide release of the cells at any used concentrations (Fig. 17b, 

p=0.99 for veh. vs. 10 µm ento.). We also investigated neutrophil cell spreading and we 

found that entospletinib-treatment dose-dependently decreased the number of activated 

cells (Fig. 17c-d, p=2.3 x 10-4 for veh. vs. 1 µm ento., and p=0.047 veh. vs. 0.1 µm ento.) 

(Ref. I.).  

 

 

  

Figure 17: Entospletinib dose-dependently decreased the cell responses of immune complex 
activated neutrophils  

Entospletinib dose-dependently decreased the immune complex-triggered superoxide 
production (a), cell spreading (c-d) and cytokine release (e-f). Entospletinib did not decrease 
the PMA triggered superoxide release of neutrophils (b). Representative pictures (c) from 3 
independent experiments are shown. Diagrams (a-b, d-f) show mean and SEM from 3 
independent experiments. IC, immune complex; PMA, Phorbol 12-myristate 13-acetate; n.s., 
statistically not significant; Stim., stimulated; veh., vehicle; *p<0.05; scale bar: 50 μm. (Ref. 
I.). 
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When we checked the inflammatory cytokine and chemokine production, we saw that on 

immune complex surfaces, vehicle-treated neutrophils released high amounts of 

inflammatory mediators, while inhibitor-treatment effectively decreased this immune 

complex-mediated effector cell response (Fig. 17e-f, p=8.6 x 10-3 veh. vs. 0.1 µm ento., 

p=1.1 x 10-3 veh. vs. 0.1 µm ento.) (Ref. I.).  

Next, we wanted to validate the effect of entospletinib on another immune 

complex surface. In contrast to the vehicle-treated samples, the second generation Syk-

selective inhibitor entospletinib dose-dependently reduced the Type-VII Collagen (CVII) 

- anti Type-VII Collagen (anti-CVII) antibody immune complex-stimulated neutrophil 

superoxide release (Fig. 18a, p=1.7 x 10-4 veh. vs. 1 µm ento.) and cell spreading (Fig. 

18b, p=0.016 veh. vs. 0.1 µm ento.) (Ref. II.).  

  

 

 

 

 

 

Overall, we found that entospletinib effectively decreased the Fcγ receptor-

mediated cell responses, while maturation and FcgR expression was unaffected. 

4.5. Integrin-dependent neutrophil cell responses in the presence of 
entospletinib 

Integrins have a critical role in the development of autoimmune arthritis. First, we 

checked how entospletinib influenced the cell surface expression of integrin a and b 

chains on isolated neutrophils. Our histograms show that entospletinib-treatment did not 

decrease the expression levels of β2-integrin components like CD11a, CD11b or CD18, 

compared to vehicle-treated samples (Fig. 19) (Ref. I.). 

Figure 18: The Syk-selective entospletinib also reduced the effector cell responses on 
CVII-anti-CVII immune complex surface 

The pharmacological inhibition of Syk dose-dependently reduced the superoxide release 
(a) and cell spreading of granulocytes (b). Curves (a) and the diagram (b) show mean 
and SEM from 3 or 6 independent experiments (control datas were subtracted on panel 
18a), IC, immune complex; veh., vehicle. *p<0.05. (Ref. II.)  

a b 
* 

* 
* 

n.s. 
* * 
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Next, we tested how entospletinib affected the effector cell responses on integrin 

ligand surfaces, so we plated the freshly isolated neutrophils on fibrinogen surface in the 

presence of TNF-α (Fig. 20 a-f) (Ref. I.).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Entospletinib decreased the integrin-mediated neutrophil cell responses 
Entospletinib dose-dependently decreased the fibrinogen activated neutrophil superoxide 
release (a), cell spreading (b-c) and cytokine production (d-f) in the presence of TNF-α. 
Phase contrast microscopic images (b) from 3 independent experiments are shown. Panels 
(a,c-f) show mean and SEM from 3-5 independent experiments. Fbg, fibrinogen; n.s. 
statistically not significant; veh., vehicle; *p<0.05; scale bar: 50 μm. (Ref. I.). 

Figure 19: The effect of entospletinib on neutrophil b2-integrin a and b chain 
expression patterns 

Entospletinib-treatment did not decrease the expression levels of integrin a and b chains. 
Representative histograms from 3 independent experiments are shown (Ref. I.). 
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Integrin ligand-stimulated, vehicle-treated neutrophils produced high amounts of 

superoxide and nicely spread over the surface, which was dose-dependently decreased in 

the presence of the inhibitor (Fig. 20a and Fig. 20b-c, p= 3.5 x 10-3 veh. vs. 0.1 µm ento., 

and p= 0.004 veh. vs. 0.1 µm ento., respectively) (Ref. I.). Next, we checked how 

entospletinib influenced the inflammatory mediator production of the cells. While in the 

supernatant of immune complex-stimulated, vehicle-treated neutrophils, the level of 

CCL3, CXCL2 and IL-1β robustly increased, entospletinib reduced the production in a 

dose-dependent manner (Fig. 20d-e, p=0.013 and p=6.6 x 10-4 veh. vs. 1 µm ento. and 

Fig. 20f, p=0.029 veh. vs. 10 µm ento., respectively) (Ref. I.).  

To summarize this part, we can say that entospletinib decreased the integrin-

mediated neutrophil cell responses, which supports the theory that entospletinib may also 

have the ability to reduce the neutrophil β2-integrin-mediated effector functions under in 

vivo conditions. 

4.6. The effect of Syk-selective inhibitors on human neutrophil cell responses      

To strengthen the translational aspects of our experiments, we tested how 

entospletinib affects human neutrophil activation (Fig. 21a-c). We isolated granulocytes 

from human peripheral blood and we tested the superoxide production and cell spreading 

on an immobilized immune complex surface. While vehicle-treated human neutrophils 

had increased CVII-anti-CVII immune complex activated neutrophil superoxide 

production and cell spreading, the inhibitor reduced it in a dose-dependent manner (Fig. 

21a, p=2.9 x 10-3 veh. vs. 1 µm ento., Fig. 21b-c, p=2.2 x 10-3 veh. vs. 10 µm ento.) (Ref. 

II.).  

During our in vitro experiments, we also tested the effects of another Syk-selective 

inhibitor, lanraplenib on human granulocytes. Lanraplenib dose-dependently reduced the 

superoxide release and cell spreading of neutrophils (Fig. 21d-e, p=0.019 veh. vs. 10 µm 

lanra., p=0.024 veh. vs. 0.1 µm lanra., respectively) (Ref. II.).  

Taken together, selective Syk-inhibition decreased the effector cell responses of 

immune complex-activated human neutrophils (Ref. II.). These results with the in vivo 

observations can indicate that Syk could be a potential therapeutic target in the treatment 

of autoimmune inflammation in the future, and the Syk-selective entospletinib or 

lanraplenib could be potential therapeutic options (Ref. I. and Ref. II.).  
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Figure 21: The Syk-selective inhibition effectively decreased the cell responses of 
human neutrophils 

The selective Syk-inhibitor entospletinib and lanraplenib nicely decreased the superoxide 
release (a,d) and cell spreading (b-c, e) of human neutrophils. Curves (a,c-d) and 
diagrams (c-e) show mean and SEM from 3-6 independent experiments (control data were 
subtracted on panel a-d). Representative pictures (b) from three independent experiments 
are shown. IC, immune complex; veh., vehicle; *p<0.05, Scale bar: 50 µm. (Ref. II.). 
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5. Discussion 

Autoimmune diseases affect approximately 5 % of the population (126). Rheumatoid 

arthritis is a systemic autoimmune disorder, which is associated with joint inflammation, 

pain and in some cases, it can cause mobility impairment (14, 127-129). In a proportion 

(up to 5-20 %) of RA patients, remission cannot be reached by the available therapies, so 

there is a need to understand the pathogenesis in more details and to find new therapeutic 

targets and drug candidates in the treatment of the disease.  

In seropositive rheumatoid arthritis, immune complexes are formed by autoantigens 

and autoantibodies (130, 131). Immune complexes are thought to play a significant role 

in certain autoantibody-mediated inflammatory processes, such as in K/BxN serum 

transfer arthritis, which partially models rheumatoid arthritis. In the experimental 

autoantibody-mediated K/BxN serum transfer arthritis model, the accumulation of 

glucose-6-phosphate isomerase and its specific anti-G6PI antibodies are typically 

observed in the joint cartilage area (132). In line with this phenomenon, in the 

pathogenesis of another immune complex-mediated autoimmune disease, in 

epidermolysis bullosa acquisita, immune complexes are formed by type VII collagen and 

anti-type VII collagen antibodies in the dermal-epidermal junction of the skin (133). 

Immune complexes are able to bind to Fcg receptors and they can activate the downstream 

signalling pathways (84, 115). It has been shown that deficiency of Fc receptors g-chain 

resulted in a protection from K/BxN serum transfer arthritis (102, 106, 107). The lack of 

FcgRIII partially protected mice from experimental joint inflammation, while FcgRI did 

not play an important role in the disease (102).  

b2-integrins are important compartment of the autoimmune processes (134). It has 

been shown that the absence of CD18 resulted in a protection from the development of 

K/BxN serum transfer arthritis (135). In this process the expression of LFA-1 was crucial. 

The treatment with anti-CD11a (anti-LFA-1) antibodies inhibited the development of 

arthritis in mice (135). In an additional experiment, Gfi-1–/– mice were irradiated and then 

transplanted with LFA-1-deficient bone marrow cells (110). After repopulation, the LFA-

1-deficient mice became protected against the development of arthritis compared to the 

wild type animals, further strengthening the fact that LFA-1 expression on the surface of 

neutrophils is essential for the development of autoimmune arthritis (110). However, the 
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absence of Mac-1 on neutrophils did not reduce the severity of K/BxN serum transfer 

arthritis, but it was proved to be important in collagen-induced arthritis (102).  

A shared point between the FcgR and b2-integrin is that both of them can use the Syk 

tyrosine-kinase for their signalling cascade. It has been shown that Syk has a crucial role 

in the development of autoantibody-induced experimental arthritis (Ref. I.). The absence 

of Syk from the hematopoietic compartment resulted in a total protection from 

experimental K/BxN serum transfer arthritis, in a model, where the neutrophils, platelets 

and mast cells have critical roles (113). A common element in the signalling of these cells 

is the Syk tyrosine-kinase, therefore it was an interesting question how Syk in these cells 

contributed to the progression of autoimmune arthritis. Our workgroup and others have 

shown that the cell-specific deletion of Syk from neutrophils resulted in a protection from 

the development of autoantibody-induced arthritis, while the absence of Syk in platelets 

and mast cells did not reduce the severity of joint inflammation (99, 134). This 

phenomenon may highlight that the expression of Syk in neutrophils is important in the 

development of autoantibody-induced arthritis (134).  

These data with further observations raised the possibility that Syk could be an 

important component of autoimmune arthritis and it can be a potential promising drug 

target in the treatment of human autoimmune diseases. During the past decades, 

fostamatinib has been tested as a Syk inhibitor in experimental arthritis (136). 

Fostamatinib seemed to be effective in arthritic mice, and also in phase 2 clinical trials in 

patients with RA (136, 137). However, fostamatinib failed in phase 3 clinical studies as 

it showed only a moderate effect. Further experiments showed that fostamatinib is not a 

Syk-selective inhibitor, but rather a non-selective (general) tyrosine-kinase blocker (114). 

Entospletinib is a second generation, Syk-selective inhibitor and it has a tolerable safety 

profile according to haematological clinical trials in patients with chronic lymphoid 

leukaemia (114, 138). During our study, our first aim was to test how pharmacological 

inhibition of Syk affects the development of autoantibody-induced experimental arthritis 

(Ref. I.).  

In our experiments, the Syk-selective entospletinib or vehicle was administered 

orally twice a day. The severity of joint inflammation was followed by clinical scoring 

and ankle thickness measurements (Ref. I.). The lower dose of entospletinib could 

moderately decrease the severity of joint inflammation as shown on the clinical score and 
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ankle thickness measurement curves (Figure 11), while entospletinib-treatment did not 

decrease the cell numbers in the bone marrow, in the peripheral blood or in the synovial 

area under non-inflammatory conditions (Figure 10). When we administered a higher-

dose of entospletinib, it massively reduced the severity of joint inflammation (Figure 12) 

(Ref. I.). We observed that entospletinib-treatment did not cause visible health problems 

and did not decrease the weight of mice compared to the vehicle-treated group (Figure 

12). We can conclude that the Syk-selective entospletinib could dose-dependently reduce 

the severity of autoantibody-induced experimental arthritis without decreasing the bone 

marrow, peripheral and synovial cell numbers under non-inflammatory conditions (Ref. 

I.).  

As we have previously mentioned, in the pathogenesis of RA, many cell types are 

involved (like neutrophils, macrophages, synovial fibroblasts etc.) (17, 139). In our 

experiments, we tested how entospletinib affected leukocyte infiltration to the joints. 

During our flow cytometric analysis, we saw that entospletinib-treatment reduced the 

local neutrophil numbers at both doses of the inhibitor upon arthritis induction, while the 

local macrophage and synovial fibroblast numbers did not decrease (Figure 13) (Ref. I.). 

Synovial fibroblasts can take part in antigen presentation by the expression of MHC Class 

II. Under inflammatory conditions, the MHC Class II expression can be increased. In our 

experiments, we followed the activation status of synovial fibroblasts by labelling with 

anti-MHC Class II antibodies. We saw that entospletinib-treatment significantly 

decreased the MHC Class II expression in mice treated with a higher dose of entospletinib 

(Figure 14) (Ref. I.). Next, we wanted to test the intracellular tyrosine phosphorylation of 

synovial fibroblasts. After permeabilization and fixation steps, we measured it by flow 

cytometry. The selective Syk inhibition by entospletinib did not reduce the intracellular 

tyrosine phosphorylation of the synovial fibroblasts compared to the vehicle-treated 

group (Figure 14) (Ref. I.). To sum it up, entospletinib did not decrease the numbers of 

macrophage and synovial fibroblasts, while the local neutrophil numbers were 

significantly reduced after arthritis induction. These results suggest that mainly the 

neutrophil-dependent mechanisms could stand behind the macroscopic phenotype. 

Entospletinib is unlikely to affect neutrophil cell migration, as it has been shown that the 

absence of Syk from neutrophils did not influence the migratory capacity under in vivo 

and in vitro conditions (74, 115). We think that entospletinib exerts its inhibitory effect, 
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when neutrophils arrive to the site of inflammation, and are activated by immune 

complexes or through integrins. We believe that tissue inflammation is amplified through 

Fc receptor and integrin signalling cascades by a positive feedback loop, which are 

generated by neutrophils (Ref. I.). 

Another effector cell type in the pathogenesis of rheumatoid arthritis is the B cell, 

and it can be interesting how entospletinib affects these lymphocytes (Ref. I.). In our 

studies, we used a passive immunization mouse model where B cells are dispensable. We 

isolated B cells from the bone marrow and we measured the basal intracellular tyrosine 

phosphorylation in the presence of entospletinib. We saw that the basal intracellular 

tyrosine phosphorylation was reduced in the entospletinib-treated samples (data not 

shown, Ref. I.). This observation supports that B cells can be inhibited by entospletinib 

and it will be interesting to test it in another, active immunization-based arthritis model. 

In the pathogenesis of autoimmune arthritis, several cytokines and chemokines have a 

critical role (Ref. I.). MIP1-a is an important pro-inflammatory mediator, which can 

increase the accumulation of effector cells under inflammatory conditions (140). 

Furthermore, MIP-2 can be a crucial player in early inflammatory responses, while IL-1b 

can amplify the inflammation (141, 142). In our study, we measured the local MIP1-a 

(CCL3), MIP-2 (CXCL2) and IL-1b levels by ELISA. We saw that entospletinib-

treatment significantly decreased the levels of pro-inflammatory mediators compared to 

the vehicle-treated animals (Figure 15) (Ref. I.).  

Next, we in vitro validated our in vivo observations, so we followed the FcgR- and 

b2-integrin-mediated neutrophil cell responses in the presence of entospletinib. We found 

that entospletinib did not reduce the expression of the maturation marker Ly-6G, 

FcgRII/III and FcgRIV or integrin a and b chains (Figure 16 and Figure 19) (Ref. I.). 

Meanwhile, immune complex (Figure 17 and Figure 18) or integrin-triggered (Figure 20) 

neutrophil superoxide release, cell spreading and cytokine production were dose-

dependently reduced by entospletinib (Ref. I. and Ref. II.). We think that entospletinib 

achieves the inhibitory effect when neutrophils are activated through their FcgRs or b2-

integrins at the site of inflammation and the initiate of a positive feedback loop. We have 

to mention that during our study, the mouse half-maximal serum (IC50) levels of 

entospletinib were lower, than the maximum serum level in entospletinib-treated human 

individuals (114, 138). That means that clinically relevant entospletinib doses were used 
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in our experiments (143, 144). In the experiment of Poe and colleagues, where the mice 

were administered 80 and 240 mg entospletinib per day, the plasma concentrations 

reached 1.33 μM and 3.48 μM, which are above our in vitro entospletinib IC50 values 

(144).  

To strengthen the translational aspects of our study, we tested the effect of 

entospletinib and lanraplenib on human granulocytes (Ref. II.). We found that 

entospletinib and lanraplenib were able to decrease the superoxide production and cell 

spreading of human neutrophils in a dose-dependent manner (Figure 21) (Ref. II.). These 

results with our in vivo observations indicate that Syk could be a therapeutic target in the 

treatment of autoimmune inflammation and both Syk-selective inhibitors (entospletinib 

and lanraplenib) could be potential therapeutic options.  
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6. Conclusions 

Our new findings are the followings:  

 

1) The oral administration of the Syk-selective inhibitor entospletinib effectively 

reduced the severity of a neutrophil-, Fc receptor- and integrin-dependent 

autoantibody-mediated experimental arthritis. 

 

2) We also noted that entospletinib effectively reduced the recruitment of neutrophils to 

the joints and also lowered the levels of pro-inflammatory mediators at the site of 

inflammation upon arthritis induction. 

 

3) We also found that under in vitro conditions, the selective Syk inhibition dose-

dependently decreased the investigated cell responses of isolated mouse neutrophils, 

while the maturation, the Fcg receptor and the b2-integrin expression was not altered.  

 
 

4) Selective Syk-inhibition by entospletinib and lanraplenib decreased the immune 

complex-mediated human neutrophil superoxide release and cell spreading.  
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7. Summary 

Syk is a non-receptor tyrosine-kinase, which is an important component of Fcg 

receptor or b2-integrin signalling. It has been shown that the absence of Syk from the 

hematopoietic compartment resulted in a total protection from the development of 

experimental arthritis. This result with further observations raised the possibility to test 

the effect of Syk-selective inhibition in autoantibody-induced experimental arthritis.  

In our experiments, we investigated the effect of a Syk-selective inhibitor (namely 

entospletinib) in autoantibody-induced experimental arthritis and in in vitro immune-

complex and integrin-mediated cell responses of mouse and human neutrophils.   

Experimental arthritis was induced by intraperitoneal injection of K/BxN serum. 

Entospletinib or vehicle were administered orally twice a day. Arthritis was followed by 

clinical scoring and ankle thickness measurements. The local cytokine levels were 

detected by ELISA, while the local cell recruitment, synovial fibroblast numbers and the 

activation status were detected by flow cytometry. In our in vitro experiments, immune-

complex-or integrin-triggered neutrophil superoxide release was measured by a 

cytochrome c-reduction assay, cell spreading was detected by phase contrast microscopy 

and cytokine production was followed by ELISA. 

The oral administration of entospletinib decreased the severity of experimental 

arthritis. In line with this, the number of synovial neutrophils, the MHC II expression of 

synovial fibroblasts and the synovial cytokine levels were decreased in the entospletinib-

treated group. In line with these findings, entospletinib reduced the immune complex- 

and integrin-triggered mouse neutrophil cell responses in a dose-dependent manner. 

Furthermore, entospletinib and lanraplenib dose-dependently decreased the investigated 

human neutrophil effector responses.   

The Syk-selective inhibitor entospletinib could reduce joint inflammation in 

experimental arthritis, while the tested inhibitors effectively reduced the in vitro 

investigated neutrophil effector cell responses. Our data raise the possibility that 

entospletinib (or lanraplenib) could be good drug candidates in the treatment of human 

autoimmune arthritis.   
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