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Abstract 

 

Neutrophils as the key mediators of antibody-mediated arthritis and edema:  

The central role of Syk 

By 

Emily R. Elliott 

 

The K/BxN serum transfer model of arthritis is critically dependent on FcγR 

signaling events mediated by the Syk tyrosine kinase.  However, the specific cell types in 

which this signaling is required are not known.  We report that deletion of Syk kinase in 

neutrophils, achieved using sykf/f MRP8-cre+ mice, blocks disease development in serum 

transfer arthritis.  Sykf/f MRP8-cre+ mice show no evidence of joint disease, characterized 

by joint swelling, immune cell infiltrate, pannus formation, and bone and cartilage 

erosion.  Using mixed chimeric mice, containing both wild type and sykf/f MRP8-cre+ 

neutrophils, we find no impairment in recruitment of Syk-deficient neutrophils to the 

inflamed joint, though they are less capable of producing cytokines.  They also display an 

increased apoptotic rate compared to wild type cells in the same joint.  To our surprise, 

the mast cell-deficient c-kitsh/sh mice developed robust arthritis following serum transfer 

while c-kitW/Wv mice did not, suggesting that previous conclusions concerning the central 

role of mast cells in this model may need to be revised.  Basophil-deficient mice also 

responded normally to K/BxN serum transfer.   

Sykf/f MRP8-cre+ mice also display reduced deposition of pathogenic anti-GPI Abs 

in the joint following K/BxN serum transfer.  Additionally, sykf/f MRP8-cre+ mice 
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manifest poor edema formation at three and eight hours following formation of cutaneous 

immune complexes (Arthus reaction).  This defect is most pronounced at the eight-hour 

timepoint, while mast cell deficient c-kitsh/sh animals show no defect in edema at any time 

point.  Histamine is a powerful vasoactive molecule, but the histamine receptor 1 (H1R) 

antagonist pyrilamine maleate only inhibits edema in c-kitsh/sh mice, and only at the three-

hour timepoint.  Thus, at early timepoints neutrophils are able to compensate for the lack 

of mast cells in a partially H1R-dependent mechanism.  Together, these data suggest that 

neutrophil-dependent recognition of immune complexes contributes significantly to 

changes in vascular permeability during the early phases of immune complex disease.  In 

contrast, very early joint-specific edema, induced by systemic immune complexes, is 

unaffected in sykf/f MRP8-cre+ mice, suggesting that the mechanism behind edema varies 

depending on the tissue site and/or the time point after induction.  
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Chapter 1: Introduction to neutrophil function and rheumatoid arthritis 
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The Neutrophil 

 Neutrophils are the most numerous leukocytes in the peripheral blood, comprising 

25 to 50 percent of the compartment.  They are also some of the first cells recruited at the 

initiation of inflammation, and make up the majority of inflammatory cells found at sites 

of infection and autoinflammation at early stages.  Neutrophils are able to respond 

quickly to a large variety of stimuli, including immune-complexes, complement, and 

pathogen associated molecular patterns (PAMPs), and release mediators such as 

proteases and cytokines2-7.  Neutrophils are therefore able to shape the immune response 

by affecting the inflammatory milieu early in the response2, 4.  Indeed, neutrophils are 

known to be critical for the effective response to multiple infectious organisms3, 8-10, and 

are also responsible for much of the damage to host tissues during autoinflammatory 

diseases, such as Familial Mediterranean Fever11, and some types of autoimmune 

disorders, including rheumatoid arthritis (RA)3, 12-15.  

 Neutrophils are short-lived effector cells and survive only 16-24 hours in the 

peripheral blood before undergoing apoptosis.  The growth factors abundant during acute 

inflammation can extend their lifespan, though only by several days.  This constricted 

lifespan aids in the resolution of acute inflammation by limiting their response.  Careful 

regulation of neutrophil activity is crucial to preventing extensive tissue damage; their 

great number combined with the wide variety of destructive inflammatory mediators that 

neutrophils contain makes them potent effector cells2, 6.  Neutrophils are primed in the 

peripheral blood either directly by pathogens, in response to cytokines produced in the 

infected tissue, or by integrins and selectins expressed by activated vascular endothelium.  

Once primed, neutrophils interact with the vascular endothelium and transmigrate out of 
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the blood and into the tissue3, 6.  Neutrophils can directly recognize pathogens as well as 

complement and antibody-opsonized particles, and respond via phagocytosis, 

degranulation and cytokine/chemokine release.  Though neutrophils are capable of 

inducing cytokine transcription, most of the effector molecules they release are pre-stored 

in granules3, 5, 6, 8, 9, 16.  These pre-packaged molecules allow for the extremely rapid 

response and step-wise activation of neutrophils15, 17. 

 

Neutrophils during infection  

 Neutrophils express numerous receptors that recognize pathogen associated 

molecular patterns (PAMPs), cytokines and chemokines, lipid mediators, complement, 

extra-cellular matrix proteins and antibodies.  In response to receptor ligation, neutrophils 

rapidly produce a variety of inflammatory and anti-inflammatory mediators and initiate 

phagocytosis (Figure 1.1).  They also express cell surface ligands that aid in cell-to-cell 

communication and migration.  Due to their numbers in the peripheral blood and their 

ability to quickly respond, neutrophils are efficient foot soldiers in the fight against 

infection3, 6.  Neutrophils were initially associated with Th1 type immune responses.  It is 

now clear that neutrophils are also key players in Th17 responses, which are thought to 

mediate the clearance of extracellular pathogens such as bacteria and certain fungi.  

Neutropenic patients are susceptible to infection by multiple organisms, many of which 

are not normally pathogenic, and in chronic cases experience on average a dozen severe 

infections per year2, 3. 

 Interaction with activated vascular endothelium expressing selectins and integrin 

ligands leads to neutrophil rolling and adhesion and induces the upregulation of 
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neutrophil integrins, selectins, and selectin ligands.  The increased density of these cell 

adhesion molecules allows for stronger interactions and the firm adhesion necessary to 

begin transmigration into the tissue.  The particular cell adhesion molecules required 

depends on the tissue, but neutrophil PSGL-1, ESL-1, CD44, Mac-1 and LFA-1, the 

latter two especially involved in firm adhesion, are generally required.  These interactions 

also generate a signaling cascade that induces conformational changes of integrins into a 

more activated state3, 6.   

 Neutrophils express a wide variety of pattern recognition receptors (PRRs), and 

can therefore recognize multiple pathogens.  For example, bacterial products are sensed 

by the n-formyl peptide receptor FPR1, toll-like receptors (TLRs), and intracellular NOD-

like receptors (NLRs), and neutrophil C-type lectin receptors, such as Dectin-1, recognize 

fungal carbohydrates. Lipid-binding scavenger receptors also contribute to pathogen 

recognition and clearance2.  The involvement of endogenous agonists, termed alarmins, 

in neutrophil function is not fully understood.  However, the putative alarmins HMGB1 

and heat shock proteins, released by injured tissue and necrotic cells, are strongly 

inflammatory, and may induce neutrophil response to sterile injury18.   

Opsonized pathogens represent a particularly potent pro-inflammatory signal to 

neutrophils.  Deposition of complement leads to the accumulation of C3b on the 

microbial surface, which binds to the integrin Mac-1 and induces phagocytosis.  

Similarly, IgG antibodies bound to pathogens cross-link the activating Fcγ Receptors 

(FcγRs)2, 3, 6, 7, 19.  Notably, integrins and the FcγRs signal through the same Syk-

dependent pathway and thus result in the same downstream effector functions.  Aside 

from phagocytosis, Syk-dependent signaling induces integrin activation, degranulation, 
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and superoxide production, as well as the release of lipid mediators and 

cytokines/chemokines1, 20-22 (Figure 1.2). 

Phagocytosis is often not sufficient for controlling infection, and neutrophils also 

have more wide-ranging mechanisms for destroying pathogens.  Neutrophil granules 

contain membrane-bound factors (receptors, integrins), antimicrobials (defensins), and 

enzymes (proteases, peroxidases, oxidases).  Upon exocytosis these products can kill 

large numbers of pathogens quickly, while also increasing the ability of neutrophils to 

bind to opsonized particles.  They also recruit inflammatory cells either directly or by 

protease processing/activation of chemokines, and thereby aid in pathogen clearance8, 15, 

17.  

 There are several classes of neutrophil granules that contain different types of 

effectors and are released sequentially depending on the strength of signal.  The secretory 

granules/vesicles are exocytosed first in response to mild stimuli such as selectin and 

interleukin-8 receptor (IL-8R) ligation, followed by the gelatinase granules, specific 

granules, and finally the azurophil or primary granules.  Granules can also fuse with 

endosomes and lysosomes and aid in the destruction of phagocytosed pathogens.  During 

neutrophil development and differentiation, these granules are generated in the reverse 

order, with the primary granules formed first.  By sequential expression and production 

of different products, the types of effectors within each granule are carefully controlled.  

In general, the secretory vesicles contain membrane-bound receptors and integrins, as 

well as some of their ligands.  Gelatinase and specific granules contain some proteases 

and antimicrobials and a wider variety of receptors.  Primary granules contain potent 

proteases and antimicrobials as well as myeloperoxidase (MPO) (Figure 1.3).  The 
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primary granules are rarely released; their exocytosis may actually represent aberrant 

behavior caused by an extremely inflammatory environment.  It is important to note that, 

despite the usefulness of such step-wise characterization, granules and their contents 

represent a continuum and thus are heterogeneous6-8, 15, 17, 19.   Finally, some stimuli induce 

the formation of neutrophil extracellular traps (NETs), a sticky aggregation of DNA, 

chromatin, and granule contents such as MPO.  NET formation is a distinct process from 

apoptosis or necrosis, during which the nuclear membrane degrades and granule contents 

bind to nuclear contents.  NETs are able to trap and kill bacteria while activating other 

inflammatory cells7, 19. 

 Some neutrophil products behave as soluble PRR-like molecules.  Pattern 

recognition molecules (PRMs) bind to conserved structures and increase opsonization 

and complement deposition, and some are directly bactericidal.  Of note is pentraxin 3 

(PTX3), which is stored in neutrophil granules and can bind to bacterial membranes.  

Once bound, PTX3 both activates complement and directly signals through FcγRs2. 

 One of the critical roles of neutrophils is the regulation of other immune cells, 

which can occur through cell-to-cell contact or soluble factors.  The interaction of 

neutrophils with the vascular endothelium affects vascular permeability and diapedesis, 

and will be discussed in more depth in later chapters.  Neutrophils can direct the 

activation of DCs through cell-to-cell contact, skewing the subsequent DC activation of T 

cells towards a Th1 phenotype.  Neutrophils have a complicated interaction with natural 

killer (NK) cells, and appear to be required for normal NK cell differentiation during 

homeostatic conditions.  Prostaglandins and reactive oxygen species, both neutrophil 

products, also influence NK cell activation and cytotoxic ability.  The influence of 
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neutrophils is not limited to innate immune cells.  Not only can neutrophils recruit B and 

T cells via cytokine production (BAFF and CCL2), they also promote lymphocyte 

survival and proliferation and in some cases may express MHC II for antigen 

presentation.  Reciprocally, T and B cells produce growth factors and cytokines that 

support neutrophil survival and activation.  IL-17 from T cells stimulates G-CSF release 

from stromal cells, which activates neutrophils and stimulates the proliferation of 

precursors and neutrophil differentiation in the bone marrow2, 3, 5, 7, 10. 

 Though neutrophils produce smaller quantities of cytokines on a per cell basis 

compared to macrophages and monocytes, they can account for the majority of cytokines 

produced due to their sheer number.  Cytokine production is controlled at multiple levels 

from transcription through secretion.  Similar to granule substances, BAFF, TRAIL and 

CXCL1 (IL-8) are pre-stored and thus can be rapidly released.  Other secreted products 

are either transcribed or translated following activation, and include a vast range of CXC- 

and CC-chemokines, cytokines and growth factors (Figure 1.4).  Some, such as IL-23 and 

IL-6 have the potential to shape the immune response by affecting T cell polarization.  

Others are chemoattractants for T cells and inflammatory monocytes (CCL2, MCP-1), as 

well as neutrophils (IL-8, MIP-2 in mouse).  Neutrophils also produce and respond to IL-

17A and F, which is perhaps not surprising considering their central role in Th17 

mediated immunity2, 3, 6, 7. 

 Finally, neutrophils are a source of reactive oxygen species (ROS) and oxidized 

halides.  ROS and oxidized halides may directly kill pathogens, but it more likely that 

this direct role occurs extracellularly rather than in the phagosome.  ROS is generally 

only found in the vacuoles, but may be released when vacuolar closure is prevented; one 
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such scenario is the frustrated phagocytosis of large clusters of immune complexes (IC: 

antibodies and antigen).  After phagocytosis and fusion with specific granules, NADPH 

oxidase pumps O2
- into the phagocytic endosome, which leads to the generation of H2O2. 

Oxidized halides are generated from H2O2 by myeloperoxidase (MPO), the most plentiful 

granule protein8.  The different neutrophil products, as determined by detection of 

message, protein, or synthesizing enzymes, are reviewed in Figure 1.4. 

 

Neutrophils in the resolution of inflammation 

 Acute inflammation is partially resolved by neutrophil apoptosis.  Apart from 

limiting the time that infiltrating neutrophils have in which to elaborate pro-inflammatory 

mediators, apoptotic cells have an anti-inflammatory effect on monocytes and 

macrophages.  “Find me” signals, such as sphingosine 1-phosphate and ATP, are released 

or presented by apoptotic cells, and preferentially recruit macrophages rather than 

neutrophils.  This change in recruitment is further enforced by neutrophil release of 

lactoferrin from specific granules, which inhibits neutrophil but not macrophage 

migration.  Apoptotic surface markers are recognized by macrophages via scavenger 

receptors and phosphatidyl serine receptors, and induce phagocytosis while inhibiting 

activation, leading to an IL-10hi M2 phenotype.  M2 macrophages aid in wound healing 

and help repair the collateral damage to tissues caused by pathogen clearance16, 23. 

 Neutrophils also play an active role in resolving inflammation.  Of the many 

cytokines neutrophils can produce are included the anti-inflammatory IL-1 Receptor 

antagonist (IL-1RA) IL-10 and TFGβ.  Towards the end of an inflammatory response 

neutrophils switch from the production of the chemoattractant LTB4 to that of lipoxin A4 
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(LXA4), which inhibits neutrophil recruitment.  Released resolvins and protectins 

interfere with chemokine receptors and thus further inhibit migration and activation.  

Decoy receptors are another potential mediator.  Neutrophils have been shown to express 

CC-chemokine receptor D6, a decoy/scavenger receptor for almost all of the CC 

chemokines, and CCR5 that functionally blocks CCL3 and CCL5.  Interestingly, 

neutrophil proteases can be degraded and deactivated by the ROS produced by these 

same neutrophils, which may be a method of temporally and spatially limiting the activity 

of these enzymes2. 

 

Neutrophils in inflammatory disease 

 In some cases erroneous or exacerbated inflammatory stimuli override the 

processes that induce resolution.  Instead of a natural progression to wound healing, 

immune cells continue to degranulate and produce cytokines and chemokines.  Chronic 

inflammation contributes to autoimmune diseases, where the adaptive immune system 

targets self-antigens, as well as to autoinflammatory diseases marked by an overzealous 

or misdirected attack on commensal microbes or healthy tissue24.  Activated stroma, such 

as synovial fibroblasts in joints, can produce G-CSF and GM-CSF, which extend the 

lifespan of neutrophils and allow them to undergo transcription and the production of 

cytokines and lipid mediators25.  Thus even though these cells undergo apoptosis within a 

few days, they produce large amounts of chemoattractants which can replenish the 

neutrophil pool.  Degranulation in particular causes a lot of collateral damage to tissues.  

Though most of the antimicrobials (e.g. defensins) are harmless to host cells, many of the 

proteolytic enzymes have more broad effects.  Neutrophil elastase efficiently digests 
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elastin as well as many other extra-cellular matrix (ECM) proteins.  Gelatinase and the 

matrix metalloproteinases (MMPs) have similar effects, and MMP9 in particular can 

erode cartilage.  Normally, these products aid in neutrophil infiltration through tissue or 

directly kill bacteria, but in excess the damage they cause to host tissue inhibits healing.  

In conjunction with their large numbers and ability to activate other immune cells, these 

noxious effectors make neutrophils particularly dangerous3, 12, 15, 19. 

One significant factor in chronic inflammation may be the mode of cell death.  

Under the hypoxic conditions that occur in the inflamed joint, cells may fail to initiate 

apoptosis and become necrotic instead26.  The degranulated proteases and peroxidases 

also induce necrosis in target cells and healthy bystanders.  Unlike apoptosis, necrosis is 

an extremely inflammatory process.  Phagocytosis of necrotic cells induces macrophage 

activation and differentiation into the inflammatory M1 form.  Necrosis also causes the 

release of normally intracellular antigens, which can act as danger associated molecular 

patterns (DAMPs) or induce the activation of self-reactive B and T cells16, 23.   
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Rheumatoid arthritis 

 Rheumatoid arthritis (RA) is one of the most common autoimmune diseases, 

affecting up to one percent of the United States population27.  Chronic inflammatory and 

autoimmune diseases are caused by a deregulation of the immune system, wherein 

immune cells directly attack or cause collateral damage to the host’s healthy tissues11, 28, 

29.  The most conspicuous effect of RA is inflammation of the articular joints leading to 

swelling, pain, stiffness, and eventually destruction of the joint.  Inflammation also 

occurs in other organs such as the lungs, kidneys, blood vessels, and heart.  The systemic 

symptoms of fatigue, muscle soreness, and general malaise further make daily tasks more 

difficult and painful for patients.  Overall, RA is associated with a life span reduction of 

between 5 and 10 years.  Though it is unclear whether treatment improves life 

expectancy, most of the systemic and extra-articular symptoms improve alongside the 

successful treatment of joint inflammation and damage27, 30.  For the purposes of this 

study, this review will focus on the causes of joint inflammation. 

RA is a lifelong condition that requires continuous treatment.  Symptoms wax and 

wane, and patients often experience symptom flares.  Flares include increased joint and 

systemic symptoms, and may also result in the sustained involvement of additional joints.  

In addition to the acute effects, long-term inflammation in the joints leads to permanent 

damage as immune cells degrade cartilage and bone.  Recent advancements in treatments 

have successfully dampened both acute and long-term symptoms and have greatly 

improved quality of life.  However, many patients still fail to respond to current 

therapies, suggesting that certain subsets of patients require intervention through other 

pathways27, 30, 31. 
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 RA patients are diagnosed by symmetric involvement of the articulated joints, 

serum autoantibodies, the particular constellation of extra-articular symptoms, and 

general progression.  However, RA presents as a continuum of symptoms and there are 

few hallmarks that are particular only to RA; other autoimmune diseases such as systemic 

lupus erythematosus (SLE) can also involve joint swelling.  Indeed, some patients may 

represent a conglomeration of more than one autoimmune disease30, 31. The disparate 

responses of RA to current therapies is perhaps not surprising given the wide range of 

symptoms and the uniqueness of presentation by each patient.  

 Autoimmune disorders result from loss of tolerance within the adaptive immune 

system, involving auto-reactive T cells and/or autoantibodies29.  RA induces an 

inflammatory environment that stimulates the synovial tissue to proliferate, though the 

synovial stroma itself is not the direct target of immune cells.  Most of the targeted self-

antigens appear to be extra-cellular matrix antigens or proteins associated with non-

cellular surfaces, and it is unclear whether the autoantibodies found in RA patients are in 

fact pathogenic.  This more indirect inflammation, coupled with the participation of target 

organ tissues, raises the question of whether RA is more accurately defined as an auto-

inflammatory, rather than an autoimmune, disease.  Autoinflammation is associated 

primary with hyperactivation of the innate, rather than adaptive, arm of the immune 

system11, 28.  Nonethless, the presence of autoantibodies is a hallmark of autoimmunity29, 

and regardless of the precise definition, lymphocytes do cooperate within the 

inflammatory loop32.   

 The etiology of the immune deregulation RA is likely multi-factorial and variable. 

Women are more likely to be affected and prevalence increases with age, reflecting the 
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effect of hormones and cell damage/ageing on the immune system27, 30, 31.  There are some 

genetic risk factors, the strongest being the MHC II locus HLA-DRB1, and the disease 

has a heritability around 50 percent33, 34.  The risk association between RA and antigen 

presentation, and thus T cells, is the most compelling argument for the classification of 

RA as an autoimmune disorder29.  RA has increased in prevalence over the last century, 

pointing to environmental factors.  There is generally an inverse correlation between RA 

and exposure to pathogens early in life, thus corroborating the hygiene hypothesis, which 

postulates that early infections shape the overall immune system by modulating the 

inflammatory milieu33, 35.  Tissue damage, and the resultant exposure of self-antigens, 

may also be a risk factor for RA.  Smoking, for example, is associated with increased 

severity and involvement of vasculitis33.  Understanding the complex causes may shed 

light on the driving forces in ongoing inflammation and aid in the development of new 

treatments. 

 Treatment success is determined through a variety of measurements.  Clinical 

trials generally report results based on the American College of Rheumatology (ACR) 

criteria, which include assessments of affected joint counts, and a health assessment 

questionnaire.  Results are reported as either a 20% (ACR20), 50% (ACR50), or 70% 

(ACR70) overall improvement.  Joint damage, measured radiologically, is recorded 

separately27, 30. 

 Though non-steroidal anti-inflammatory drugs can provide relief from pain and 

swelling, they fail to prevent continuing joint destruction. The disease-Modifying Anti-

Rheumatic Drugs (DMARDs) are a subclass of RA treatments that relieve both acute and 

chronic effects.  The most commonly used and first identified DMARD is methotrexate, 
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also a chemotherapeutic.  The newest DMARDs include the biologics, which are 

antibody-based proteins that target very specific molecules such as cytokines and cell 

surface proteins.  Though many patients are refractory to these treatments, patients that 

respond often do so extremely well, and such therapies are more effective at preventing 

joint damage than methotrexate alone27, 30, 36.  

RA involves the participation of multiple cell types and signaling pathways.  

Protein and gene expression arrays from patient serum, peripheral blood leukocytes, and 

synovial tissue show elevated activation markers, hyperactive signaling in leukocytes, 

and high levels of cytokines and lipid mediators37-39.  Signaling/network-based analyses 

have detected certain signatures that may highlight the more crucial pathways. For 

example, multiple IL-1β inducible genes are upregulated in the peripheral blood 

monocytes of juvenile RA patients, and IL-1β blockade is most effective in juvenile 

RA40-42. 

The first biologics target, TNFα, was identified at the intersection of data from 

human cells and mouse models.   This seminal work showed that entire inflammatory 

cascades can be blocked with the inhibition of a single key cytokine, opening the door for 

blocking monoclonal antibody therapies43, 44. The use of more specifically targeted 

therapies has exposed the more subtle differences between patients27.  Gene expression 

profiling of patients has more recently allowed the separation of patients by the relative 

amplification of particular pathways, and may aid clinicians in determining the best 

treatment36-39, 45, 46.  
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Rheumatoid arthritis: The key players 

Cell types in the rheumatic joint include neutrophils, monocytes, dendritic cells, 

tissue resident macrophages and mast cells, and B and T cells. However, it should be 

noted that here again there is great variation between patients regarding immune cell 

infiltration.  B and T cells can form tertiary lymphoid tissues with germinal center 

activity within the joint space in about 25 percent of patients, though in most cases the 

infiltrate is diffuse34, 39, 47.  These cell types contribute differentially to the inflammatory 

milieu by elaborating a variety of mediators, such as cytokines, lipid mediators, 

proteases, and antibodies.  Different cell populations thereby amplify the activation and 

recruitment other cell types.  Some of the mediators, such as proteases, can destroy 

healthy joint cells, cartilage, and bone12, 34, 47, 48.  Local cells such as synovial fibroblasts 

respond to the inflammation by further elaborating cytokines as they proliferate to form a 

thick pannus47, 49 (Figure 1.5).  Much effort has been made recently to determine the 

particular roles of each cell type within the joint, and how best to target them without 

overly dampening the immune response to pathogens. 

 

The adaptive immune system in RA 

T cells are present in the synovium in about 95 percent of RA patients, and many 

of the genetic risk factors affect T cell signaling.  The most robust risk factor is the MHC-

II gene HLA-DR4, specifically the HLA-DRB1 locus.  This locus is predictive for 

disease severity, and implicates the presentation of particular antigen(s) to T cells as an 

important disease factor34, 50.   RA patients also have a substantial reduction in their TCR 

repertoire, which increases with age and is due to enhanced clonal proliferation.  
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Similarly, rodent models frequently require a break in T cell tolerance through 

immunization, TCR transgenic alleles, or altered TCR signal strength.  The crucial role of 

T cells in human disease is most definitively shown by the effectiveness of abatacept in 

clinical trials.  Abatacept, a CTLA4-Ig fusion protein, prevents T cell activation by 

binding to B7, blocking the association between B7 on antigen presenting cells and the 

stimulatory CD28 receptor on T cells27, 34.   

For the most part, T cells in the rheumatic joint are CD4+ helper cells, and based 

on their expression of CD45RO and CD62L, these T cells have an effector memory 

phenotype. It is difficult to determine the specificities of human synovial T cells, but it is 

likely that some of these T cells recognize the same antigen as the autoantibodies 

present27.  There is even a correlation between the T cell behavior and antibodies, namely 

anti-citrullinated protein (Anti-CCP) antibodies. Anti-CCP+ patients are more likely to 

have germinal centers in the joints34, 51, and the HLA-DRB1 locus is a robust risk factor 

for the development of anti-citrulline immunity32, 34, 45.  

Once in the joint, what are these T cells doing that promotes inflammation?  The 

most obvious contestants are cytokines and chemokines, which shape the immune 

response.  In mouse models Th17 T cells are clearly the driving force52-54.  The story is 

more complicated in humans, as the Th17 subset is not fully defined and overlaps with 

the Th1 phenotype.  Regardless, IL-17 is greatly elevated in rheumatic synovium along 

with IL-6, which is required for Th17 differentiation, and TNFα, which Th17 T cells 

produce in large amounts34. 

T cells can also induce activation of the monocytes, osteoclasts, fibroblasts and B 

cells.  T cells induce monocytes to generate cytokines, chemokines, and proteases via 
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TNFα and integrin ligation, while osteoclasts can be stimulated through RANK.  Finally, 

activated T cells alter the behavior of fibroblasts, reducing the production of collagen 

while enhancing the production of IL-6 and chemokines32, 34.  

B cells are also a crucial source of cytokines and cell-to-cell activation.  Like T 

cells, B cells can produce large amounts of cytokines and chemokines (including TNFα), 

are present in the RA joint, and are required in most mouse models of RA.  The success 

of B cell depletion with rituximab (anti-CD20) in RA and SLE further supports their 

importance27, 32, 55.  CD20 is present only on pre-B and mature B cells, so in theory 

rituximab would not deplete antibody-producing cells.  However, there is some evidence 

that autoreactive cells are affected differently from normal plasma cells.  Autoreactive, 

antibody-producing, short-lived B cells that express CD20 can be found in some 

autoimmune mouse models in the secondary lymphoid tissues.  Whether this is true in 

humans is uncertain, but there are clinical hints that rituximab targets autoreactive cells.  

Therapy is most effective for patients positive for anti-CCP antibodies, and depletion is 

correlated with a drop in serum autoantibodies27, 38, 45, 55, 56.  

 

The innate immune system in RA 

 The adaptive and innate arms of the immune system communicate through a 

complex network of cytokines/chemokines, lipid mediators, reactive oxygen species 

(ROS), proteases, complement, pattern recognition receptors, modulation of adhesion 

molecules, cell-to-cell contact, and antibodies.  Many of these same players also mediate 

the interaction with tissue cells13, 32.   

Cytokines and chemokines are some of the primary effectors produced by innate 
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immune cells in response to pathogens and danger signals.  In the case of RA, innate 

leukocytes produce the key cytokines that drive Th17 differentiation, IL-6 and IL-23, and 

present antigens.  Other cytokines, TNFα and IL-1β, act on fibroblasts and vascular 

endothelium, skewing them towards proliferation and loss of cell-cell adhesion.  Finally, 

cytokines such as TNFα, GM-CSF, and IFNγ affect leukocyte activation, making them 

more sensitive to inflammatory stimuli13. 

 The cells of the innate immune system express a large variety of activating and 

inhibitory receptors that modulate inflammatory responses.  There is significant evidence 

that pattern recognition receptors, particularly toll like receptors (TLRs), affect the 

inflammatory milieu of the joint.  TLR4 antagonists inhibit the activation of ex vivo 

human RA synovial cells, and two TLR4 antagonists show some promise in current 

clinical trials.  It is likely that these antagonists offset immune cell activation by 

endogenous TLR ligands, the danger associated molecular patterns (DAMPs).  Putative 

endogenous ligands include fragments of the extracellular matrix protein hyaluronic acid, 

present in the joint due to protease activity57, 58.  The complementary effects of TLRs and 

IL-1βR, both signaling through MyD88, may partly explain the relative lack of efficacy 

of IL-1β antagonists in adult RA59.   

 The complement cascade is a system of innate immune defense that can 

contribute to inflammation by stimulating immune cells and causing cellular damage. 

Complement can also bind to and aid aggregation of immune complexes (IC).  Since the 

immunological targets in RA are generally a-cellular surfaces such as cartilage, cell death 

via complement membrane attack complex is not a huge factor.  However, the deposition 

of complement produces target-bound C3b, which ligates Mac-1 integrin, as well as the 
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potent anaphylotoxins C3a and especially C5a60.  In mice, genetic deletion of C5 or the 

C5a receptor yields the most complete resistance against inflammatory arthritis.  C5a not 

only recruits inflammatory cells, but also increases their activation state61-63.  

 Macrophages in particular have been recognized for their role in joint destruction.  

Osteoclasts, the cells that resorb bone during homeostatic maintenance, are of 

monocyte/macrophage origin.  Activated osteoclasts and macrophages produce proteases 

that eat away at bone, as well as the cytokines TNFα, IL-1β, and IL-6.  They are also 

efficient antigen presenting cells.  DMARDs inhibit these macrophage-derived cytokines, 

and therapeutic success is correlated with a decrease in these cytokines and the number of 

macrophages in the synovium.  In humans most of these macrophages are of the 

classically activated (M1) inflammatory CD14lo CD16+ population, as opposed to the 

CD14+ CD16- tissue resident sentinel macrophages13, 64, 65.  

Dendritic cells (DCs) can shape the adaptive immune response by influencing the 

differentiation of T cells into distinct T helper cell populations.  DCs are also important 

for the induction of T cell tolerance, and modulating their activity may restore the correct 

balance to T cell activation in RA patients13, 34.  In mice, the plasmacytoid DC (pDC) 

population actually slightly dampens arthritic inflammation66.  Interestingly, there are 

relatively few DCs in the peripheral blood of patients, and the number of pDCs tends to 

increase following successful DMARD treatment13, 34. 

 Of late there has been a renewed interest in the immunological function of 

platelets.  Activated platelets are involved in RA beyond enhanced thrombosis.  Platelet 

microparticles, small pieces of cargo-containing plasma membrane, are enriched in the 

RA synovium67, 68, and in mice microparticles can stimulate synovial fibroblasts and 



	  20	  

neutrophils69-71.   

 

Neutrophils in RA 

 It is becoming increasingly apparent that neutrophils drive and shape the immune 

response.  Though it has long been acknowledged that neutrophils are present in the 

inflamed joint and produce many mediators, neutrophils were generally considered to be 

end-stage effector cells2, 3.  Neutrophils express many of the receptors, and often their 

ligands, that have been implicated in RA through mouse or human studies12.  As 

mentioned in the previous section, neutrophils contain a wide variety of pre-formed 

mediators, and are also capable of inducing transcription of cytokines and chemokines2, 3, 

15.   

 The arthritic synovium contains neutrophil chemoattractants (e.g. LTB4, IL-8), 

and activating/anti-apoptotic cytokines (TNFα, G-CSF).  As a result neutrophils in the 

arthritic joint are quite different from their peripheral blood counterparts.  The expression 

of cell surface receptors is greatly altered, such that synovial neutrophils are less sensitive 

to chemokines, but more responsive to TLR ligands and immunoglobulin G (IgG) 

antibodies.  Some neutrophils can even express MHC-II and CD83 and are capable of 

presenting antigen12.   

 Of the array of pro-inflammatory mediators that neutrophils produce there are 

several of particular interest in RA.  First, proteases including MMP9 and elastase cause 

damage to the extra-cellular matrix and modulate the cytokine milieu by degrading or 

activating cytokines.  Elastase deficient mice develop less severe arthritis following 

collagen sensitization72.  Second, neutrophils are a source of cytokines; though 
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neutrophils produce smaller amounts than monocytes on a per cell basis, they are present 

in greater numbers.  Neutrophils can elaborate TNFα, IL-1β, IL-6, and IFNγ among 

others.  TNFα stimulation of neutrophils induces the elaboration of CCL18, a T cell 

chemoattractant, and Blys, which activates and recruits B cells.  TNFα also affects the 

vascular endothelium, thereby increasing vascular leak and increased leukocyte 

diapedesis.  All neutrophils express RANKL, which activates osteoclasts via the RANK 

receptor.  Interestingly, neutrophils from RA synovium can also express RANK, and can 

further take on some characteristics of bone-resorbing cells including cathepsin 

expression2, 3, 6, 12.  

 Neutrophils are also potent source of reactive oxygen species (ROS).  ROS can 

damage tissue and act as an extracellular or intracellular signaling molecule, but can also 

degrade cytokines3.  In mice, impaired respiratory burst is associated with exacerbated 

arthritis.  However, RA synovial neutrophils hyper-produce ROS.  ROS production may 

be an example of how neutrophils modulate and dampen certain inflammatory processes 

even as they enhance the overall inflammatory loop12, 13. 

Neutrophils are involved in the synergistic effect of complement and IC 

deposition.  Neutrophils produce properdin, a complement stabilizer, and also express the 

complement receptors C5aR, C3aR, and Mac160.  C5a primes neutrophils, inducing the 

upregulation of stimulatory Fc receptors, and Fc receptor cross-linking is one of the most 

potent stimulatory signals in neutrophils; the subsequent recruitment and activation of the 

tyrosine kinase Syk induces degranulation, transcription, increased survival, ROS 

production, and integrin activation1, 2, 61.   
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Finally, neutrophils express high amounts of PAD4, the enzyme that citrullinates 

proteins. PAD4 is required for citrullination of histone H3, which is associated with 

chromatin decondensation and NET formation.  Neutrophils may therefore inadvertently 

generate the citrullinated antigens that drive anti-CCP immunity12. 

 

Auto-antibodies in RA; A link between the adaptive and innate immune systems? 

The presence of auto-antibodies brings up a central, unanswered question; are the 

antibodies pathogenic, or are they simply biomarkers of deregulated B and T cells?  For 

many years, it appeared that autoantibodies were a symptom rather than a cause.  Though 

many of the autoantibodies have specificity to the connective tissues of the joint, others 

are ubiquitous, such as heat shock proteins.  If antibodies do contribute to the 

pathogenesis, one would expect the damage to extra-articular tissues to be more severe.  

Further, while the effectiveness of rituximab trends with loss of serum autoantibodies, it 

is still unclear whether the decrease is responsible for the improvement in symptoms38, 46, 

48.   

RA patients were traditionally identified based partially on the presence of 

systemic autoantibodies against the Fc portion of IgG antibodies, termed rheumatoid 

factor (RF).  However, not all RA patients are RF positive, and RF can be found in other 

autoimmune diseases as well as during some infections, such as Hepatitis C48.  Since 

then, several autoantibodies have been identified (Table 1. I).  Anti-collagen antibodies 

are relatively common, and provide a direct link to the joint-specificity of damage.  More 

rare are antibodies against glucose-6-phosphate isomerase (GPI), which is enriched on 

the cartilaginous surface.  It is difficult to ascertain the clinical relevance of these 
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antibodies as there is significant variation in the assays used in different studies.  

Autoantibodies against citrullinated proteins (anti-CCP) are the most specific RA 

autoantibody and are present in about 50% of patients38, 45, 46, 48. 

Anti-CCP positivity is correlated with greater disease severity, as well as a greater 

likelihood to respond to B cell depletion therapy.  Citrullination is a post-translational 

modification of arginine to citrulline and occurs normally on proteins such as filligrin and 

histones. What makes the involvement of citrullination in RA interesting is that certain 

extracellular matrix proteins, such vimentin, are only citrullinated following cell death38, 

73.  The HLA-DR4 risk locus is correlated with the generation of anti-CCP antibodies, 

and one could speculate that certain HLA-DRB1 alleles are more likely to present 

citrullinated proteins.  However, the shared epitope among high-risk HLA-DRB1 alleles 

can directly act as a ligand for calreticulin45, 74.  It is possible that it is this type of innate 

signaling that leads to inflammatory effectors that induce cell death and citrullination.  

Auto-antibodies accumulate in the synovium, and may thereby generate IC while 

also inducing complement deposition and stabilization.  IgG antibodies signal in innate 

immune cells through the Fcγ Receptors (FcγR), which bind to the constant Fc region of 

the antibody.  Cross-linking several FcγRs via IC is a potent activator of innate immune 

cells24.  Studies using mouse models as well as the data from RA treatment trials 

mentioned above suggest that autoantibody recognition by innate immune cells 

contributes greatly to the severity and progression of RA, at least in a subset of patients.  

Notably, injecting certain autoantibodies can induce inflammatory arthritis in wild type 

mice52, 75. 

Activating FcγRs are upregulated on the peripheral blood of RA patients, but it is 
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difficult to determine if this upregulation contributes to disease13.  More recently, it has 

been shown that the inhibitory Fcγ receptors can be specifically targeted by particular 

glycosylation patterns on IgG antibodies, and that these inhibitory IgGs can dampen the 

immune response to multiple stimuli, explaining the efficacy of iv administered 

immunoglobulins76.  Further, novel therapies that block the FcγR signaling pathway, 

notably Syk inhibitors, have been effective in clinical trials65, 77.   

The correlation between autoantibody levels and rituximab treatment efficacy, 

combined with the effectiveness of targeting FcγR signaling and the data available from 

mouse models, support the importance of the autoantibody/FcγR pathway in the 

pathogenesis of RA.  The recognition of autoantibody IC by the innate immune system is 

potentially a keystone in the inflammatory loop, since it coordinates the adaptive and 

innate arms of the immune system.   

 

Current treatments and new targets 

The oldest RA treatments include the chemotherapeutic methotrexate as well as 

sulfasalazine and the anti-malarial hydroxychloroquine27.  The mechanism of action of 

these drugs is not well understood, but these drugs may limit proliferation of immune 

cells.  Gold salt was one of the first treatments, but it has not been proven to prevent 

long-term joint damage.  Some broad-spectrum antibiotics, such as minocyclin, may also 

alleviate arthritis, though again the mechanism is unclear.  Many of these treatments can 

have severe side effects27, 78. 

In the RA joint, multiple different cell types communicate with each other in a 

complex interplay of soluble mediators and cell-to-cell communication, and the 
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interactions between these players comprise an inflammatory positive feedback loop.  

The success of biologics shows that targeting a very specific molecule can dampen the 

whole inflammatory cascade (Figure 1.5)27.  Thus it may be possible to find other 

singular targets for patients that do not respond to the current treatments.  However, the 

sheer number of different factors makes it difficult to determine which are the keystones.  

One must also account for the variability between patients.  Different flavors of 

inflammatory loops, perhaps some B cell centric while others more reliant upon innate 

cells, will have different central players, and thus targets. 

In addition to the approved DMARDs, there are several new treatments being 

developed or already in clinical trials (Table 1. II).  Biologics have a good safety record 

and often only need to be administered once a month.  Patients can begin to develop an 

immune response to the treatment, though this appears to be somewhat ameliorated by 

using humanized antibodies.  Risk of infection is a problem with any modulation of the 

immune system, but different targets affect infection risk with some pathogens more than 

others, so the risk-benefit balance will depend on what the patient has been or will likely 

be exposed to.  Finally, the manufacture of biologics is extremely expensive27, 36, 37. 

There are several new treatment concepts aimed at modulating the innate immune 

system.  Newer selective folate antagonists block only the folate receptor beta that is 

upregulated on activated macrophages, leaving the tissue resident macrophages intact to 

respond to pathogens.  For a more specific target, inhibiting the activity of osteoclasts by 

blocking RANKL could modulate bone erosion in the joint, and an anti-RANKL 

antibody is currently in clinical trials13, 79.  

One newer treatment is in fact a small molecule.  The Syk inhibitor R788 has 
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done well in clinical trials, and will likely be available to patients soon.  The tyrosine 

kinase Syk is required for signaling through the BCR as well as through Fc Receptors and 

integrins.  Reducing Syk activity in B cells may help prevent the activation of weak-

affinity self-reactive B cells, and reduce the amount of cytokines and antibodies produced 

by these cells as well as their ability to present antigen to T cells.  Innate immune cells 

would have a dampened response to IC in the joint.  Since Syk inhibitors could work at 

both the B cell and innate immune cell level, they may be effective for a larger number of 

patients65, 77.  

 The key cell types and cytokines in the pathogenesis of RA continue to be 

identified and refined.  Understanding how different immune and non-immune cells 

contribute to inflammation requires a knowledge of how cells are activated and in what 

order, and which signaling inputs and which downstream effector functions are most 

crucial for sustaining the inflammatory loop.  Patients are identified after established 

disease, and animal models have been extremely helpful in determining which types of 

immune disruptions can initiate arthritis and drive progression.  The availability of many 

different knock-out mice in conjunction with well-established models has provided 

direction for future human studies and trials52, 80.  
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Tables 

Auto-antibody 
specificity 

Antibody 
subclass 

Percent of 
patients Specificity Risk Correlation 

Rheumatoid 
Factor (RF); Fc 
portion of IgG 

IgM, IgA, 
IgG, IgE 75 60-80% More severe joint inflammation 

proportional to titer 

Citrullinated 
proteins (Anti-
CCP) 

IgG, IgM, 
IgA 

~50 
(depends 
on antigen 
panel) 

~95% 
(depends 
on antigen 
panel) 

More severe joint inflammation, 
associated with shared epitope 
HLA-DRB1 alleles 

Anti-nuclear 
(Anti-RA33) IgM, IgG ~35% ~30% None in RA 

Glucose-6-
phosphate 
Isomerase (GPI) 

IgG, IgG4 
15 – 64% 
depending 
on study 

Low Unknown 

Collagen-II (CII) IgG, IgM, 
IgA 

24 – 48% 
depending 
on study 

      ----- Unknown 

 

Table 1. I Auto-antibodies in RA.  Some auto-antibodies are highlighted, with the 

percentage of patients positive for each (percent of patients)38, 45, 46, 74, 81.  Specificity refers 

to how common the antibody is found in other diseases or in healthy controls; highly 

specific auto-antibodies are found mostly in RA.  IgM, IgA, IgE, IgG, IgG4: 

Immunoglobulin M, A, E, G, and G4 respectively.  Antibody subclass in bold represents 

the more common form, or form most likely to correlate with disease severity. 
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Target Name Function Contruction Clinical 
Efficacy 

Antimetabolite Methotrexate27 
Antifolate, 
inhibits 
proliferation 

Folic acid analog Subset, 
most 

T cell inhibitor27, 34, 82 Abatacept 
Blocks T cell 
costimulation 
through CD28 

Two CTLA-4 
extracellular regions, 
fused to IgG Fc 

Subset 

Rituximab B Cell deletion Mouse anti-CD20, 
human Fc portion Subset 

Ocrelizumab B cell deletion Humanized anti-CD20  
Phase III 

B cell inhibitors27, 83 

Belimumab Neutralizes Blys Human anti-Blys Phase II 

Etanercept Neutralizes TNF TNFa receptor dimer, 
fused to IgG 

Adalimumab Neutralizes TNFa Human anti-TNFa IgG1 

Infliximab Neutralizes TNFa 
Humanized anti-TNFa 
(mouse variable region, 
human Fc) 

Certolizumab Neutralizes TNFa Human anti-TNFa, Fab’ 
fragment only 

TNFa antagonists27, 

43 

Golimumab Neutralizes TNFa Human anti-TNFa 
IgG1, produced in mice 

Subset, 
most 

IL-1β antagonist27 Anakinra IL-1 Receptor 
antagonist 

Recombinant human IL-
1RA 

Juvenile 
RA  

IL-6 antagonist27 Tocilizumab Neutralizes IL-6 Humanized anti-IL-6R 
IgG1 Subset 

Osteoclast 
inhibitor79 Denosumab Neutralizes 

RANKL Human anti-RANKL Phase II 

Immunosuppresant79 Tacrolimus 
(Macrolide) Inhibits NF-AT Fungal toxin Phase IV 

Jak3 inhibitor79 tofacitinib Blocks Jak/STAT 
activity Small molecule Phase III 

 
Jak1/2 inhibitor79 INCB-28050 Blocks Jak/STAT 

activity Small molecule Phase II 

P38 MAPK 
inhibitor79 VX-702 Blocks p38 

activity Small molecule Phase II 

Syk inhibitor65 Fostamatinib 
(R788) 

Blocks Syk 
activity 

Small molecule, 
prodrug Phase III 

 
Table 1. II DMARDs in rheumatoid arthritis.  Widely used or promising new 

treatments are highlighted.  Though not an exhaustive list, most of the drug classes (e.g 

biologics, small molecules) are represented.  Biologics are in italics.  Subset: works very 

well for some patients, others do not respond.  Phase: drugs in Phase II, III, or IV clinical 



	  29	  

trials.  IgG; Immunoglobulin G.  Humanized: developed in mouse, key sequences 

replaced with human homologs to decrease antigenicity. 
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Figures 

 

Figure 1.1 Neutrophils recognize pathogens and sterile injury through pattern 

recognition receptors (PRRs), integrins, G protein coupled receptors (GPCRs) and Fc 

Receptors.  Depending on the type of signal and signal strength, neutrophils respond with 

a variety of effector functions2, 3. 
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Figure 1.2 Syk-dependent signaling.  Integrin and Fc Receptor ligation induces the 

phosphorylation of ITAM domains on the common FcRγ chain by Src family kinases.  

Phosphorylated ITAMs bind to the SH2 domains of the tyrosine kinase Syk, activating 

and recruiting Syk to the membrane.  Syk associates with and activates a variety of 

signaling molecules, including PI3K and PLCγ, which lead to the initiation of 

downstream effector functions20-22, 84, 85.   
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Figure 1.3 Neutrophil granules 
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A) Neutrophil granules contain a variety of inflammatory mediators.  In general, 

secretory vesicles contain receptors, specific granules contain proteases and 

antimicrobials, and primary granules contain potent proteases, antimicrobials, and 

myeloperoxidase (MPO).  B) Different granules are released depending on the activation 

of the neutrophil and the type and strength of signal.  Secretory vesicles are mobilized 

first, followed by gelatinase, specific, and primary granules sequentially.  The latter three 

granules generally fuse with phagosomes, although in some cases they are exocytosed.  

Granules and their contents are synthesized in the reverse order of their mobilization, 

with primary granules being the first formed as the neutrophil matures6, 15, 17. 
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Figure 1.4 Neutrophil products.  Neutrophils contain pre-stored molecules and are 

capable of transcribing a library of additional inflammatory mediators.  Chemokines are 

highlighted in red text, cytokines in purple, TNF family molecules in blue, lipid 

mediators in green, and proteases in orange.  Neutrophil chemoattractants preferentially 

recruit neutrophils, although they can also recruit monocytes.  Leukocyte 

chemoattractants can recruit monocytes and macrophages (mono), T cells (T), B cells 

(B), natural killer cells (NK), dendritic cells (DC), and/or memory T cells (Tmem).  

Modulatory factors highlight products that affect T cell helper cell responses (Th1, Th2, 

or Th17).  Growth factors influence either proliferation or survival.  Vasoactive products 

influence vascular permeability.  Some products may appear under more than one 

category2, 3, 6, 7, 12, 17. 
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Figure 1.5 Key cellular players in the rheumatic joint.  The healthy joint is 

surrounded by a thin synovial layer and is populated by sentinel macrophages (Mϕ), 

dendritic cells (DC), and mast cells (MC).  In the rheumatic joints, these cells are 

hyperactivated and, in the case of macrophages, more numerous and of an inflammatory 

origin.  Unlike a healthy joint, B and T cells are often present, sometimes in germinal 

centers, and neutrophils are recruited to the synovial fluid and surrounding tissue39.  All 

of these cell types communicate through cytokines, chemokines, and cell-to-cell contact, 

and elaborate a variety of effector mediators that can damage tissue and bone.  The 

synovial space becomes narrowed and filled with fibrotic pannus and immune cell 

infiltrates.  Current biologics target either particular cell types or cytokines (red boxes), in 

an attempt to disrupt the inflammatory positive feedback loop27. 
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Chapter 2: Deletion of Syk kinase in neutrophils prevents immune complex arthritis 
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Summary 

The K/BxN serum transfer model of arthritis is critically dependent on FcγR signaling 

events mediated by the Syk tyrosine kinase.  However, the specific cell types in which 

this signaling is required are not known.  We report that deletion of Syk kinase in 

neutrophils, achieved using sykf/f MRP8-cre+ mice, blocks disease development in serum 

transfer arthritis.  The sykf/f MRP8-cre+ mice display not only absent joint disease, but 

also a reduced deposition of pathogenic anti-GPI Abs in the joint (with a reciprocal 

accumulation of these Abs in the peripheral circulation).  Additionally, sykf/f MRP8-cre+ 

mice manifest poor edema formation within 3 hours following formation of cutaneous 

immune complexes (Arthus reaction).  Together, this suggests that neutrophil-dependent 

recognition of immune complexes contributes significantly to changes in vascular 

permeability during the early phases of immune complex disease.  Using mixed chimeric 

mice, containing both wild type and sykf/f MRP8-cre+ neutrophils, we find no impairment 

in recruitment of Syk-deficient neutrophils to the inflamed joint, but they fail to become 

primed, demonstrating lower cytokine production following removal from the joint.  

They also display an increased apoptotic rate compared to wild type cells in the same 

joint.  To our surprise, the mast cell-deficient c-kitsh/sh mice developed robust arthritis 

following serum transfer while c-kitW/Wv mice did not, suggesting that previous 

conclusions concerning the central role of mast cells in this model may need to be 

revised.  Basophil-deficient mice also responded normally to K/BxN serum transfer.  

These results demonstrate that Syk-dependent signaling in neutrophils alone is critically 

required for arthritis development in the serum transfer model. 
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Introduction 

 There are several rodent models that mimic many of the symptoms of RA.  

There is some debate as to whether RA is a true autoimmune disorder, with T and B cells 

that recognize and specifically react to self-antigen.  Such confusion carries over into 

studies with rodent models, particularly in respect to which, if any, are suitable models 

for the human disease.  Of course, there are no models that perfectly mimic human RA.  

Many models mimic a specific pathway or symptom, such as bone erosion, quite well, 

while failing to match up with human data in other respects52.  Therefore some caution is 

required during interpretation.  That said, rodent RA models have allowed researchers to 

isolate certain pathways and cell types, and have been integral to the discovery of new 

treatment targets.  Indeed, the discovery of TNFα as a lynch pin cytokine in arthritic 

development was partially dependent on data from the K/BxN model43, 52, 53, 80.  

Furthermore, that no models mimic the disease fully must be considered in light of the 

fact that RA is quite heterogeneous37.  With careful thought as to what process each 

approach is actually modeling, data from animal studies can be an efficient tool for 

understanding underlying causes, proposing new targets, and testing potential new 

treatments.    

 

Mouse models of RA: An overview 

 The most widely-used models are those that most closely resemble human RA, 

and are also fairly robust and genetically tractable52.  This section will focus on these 

most common and well-understood models.  
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 Arthritis in mouse models is either spontaneous or induced.  Spontaneous RA 

models are often caused by perturbations in the T cell compartment.  These include the 

SKG (ZAP-70skg/skg) mouse, which has a mutation in ZAP-70 that spontaneously arose.  

ZAP-70 is the tyrosine kinase required for T cell receptor (TCR) signaling and T cell 

selection.  The skg mutation is actually hypomorphic, resulting in skewed negative 

selection due to poor signaling, and as a result, auto-reactive T cells that would normally 

be deleted survive and drive arthritis52.     

In the K/BxN transgenic (K/BxNtg) mouse the TCR itself is altered.  When 

crossed onto the non-obese diabetic (NOD) background with a specific MHC II (Ag7), 

the KRN TCR recognizes the ubiquitous endogenous antigen gluclose-6-phosphate 

isomerase (GPI).  These auto-reactive T cells are not negatively selected, and go on to 

activate B cells.  The resulting antibodies induce a robust polyarthritis, the mechanism of 

which will be discussed in some detail later.  The anti-GPI antibodies alone cause the 

same arthritis when transferred to wild type mice52, 75. 

There are also inducible forms of T cell dependent arthritis, one of the earliest 

being antigen induced arthritis (AIA).  Here, joint specific inflammation is accomplished 

by seeding the antigen into the joint of an immunized mouse.   However, the collagen-

induced arthritis (CIA) model, in which animals are immunized with collagen II, is the 

most widely-used.  Since collagen II is prevalent in the joints, the immune response 

causes erosive arthritis that relies on collagen specific T cells, B cells, and antibodies.  As 

in the KRN model, the anti-collagen antibodies from these animals are sufficient to 

induce transient arthritis, termed the collagen antibody induced arthritis (CAIA) model52, 

53.   



	  40	  

Disruption of the cytokine milieu can also result in arthritis, and these models toe 

the line, as does human RA, between true autoimmunity and autoinflammation.  

Transgenic mice that overexpress either TNFα or IL-1β spontaneously develop arthritis;  

IL-1β transgenic arthritis critically depends T cells, while the TNFα model does not 

involve T cells or autoantibodies.  The difference in pathology may reflect the 

heterogeneity of human RA and thus the differential patient response to IL-1β and TNFα 

inhibitors52.   

Though not all models involve autoantibodies, some certainly do.  Immune 

complexes form during AIA, CIA, and K/BxNtg arthritis and correlate with severity52.  

The recent discovery of anti-citrullinated protein antibodies (anti-CCP) in CIA animals is 

particularly interesting, as anti-CCP antibodies are prevalent in RA patients and correlate 

with severity.  Though anti-CCP antibodies are not sufficient to induce arthritis, they 

exacerbate inflammation in the CIA model and mice tolerized to citrullinated proteins 

develop less aggressive disease86.  In the case of certain antigens, antibodies are sufficient 

for inflammatory arthritis.  K/BxN serum transfer and CAIA are two similar RA models 

that depend solely on autoantibody activation of innate immune cells.  In general, the 

same pathways and cellular effectors are at play in both, though the CAIA model also 

requires an adjuvant.  K/BxN serum induces arthritis in a variety of mouse backgrounds, 

including C57/B6.  Because of its versatility, the K/BxN model has been extensively 

studied and offers an efficient tool for studying the role of the innate immune system in 

the pathology of inflammatory arthritis52, 53, 75.    
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K/BxN arthritis: A closer look  

K/BxN arthritis relies upon the recognition of GPI by transgenic KRN T cells, and 

most critically upon their ability to activate auto-reactive B cells.  GPI specific B cells 

produce anti-GPI antibodies (Figure 2.1 A), and upon their depletion arthritis resolves.  

Once these B cells are activated KRN T cells become dispensable.  Most antibodies are 

IgG1, but the most inflammatory are the Th17 associated IgG2b antibodies, reflecting the 

fact that Th17 polarized KRN T cells are most pathogenic54, 75, 87. 

The immune response to GPI explains the autoimmunity, but not the joint 

specificity.  GPI is a ubiquitous antigen, and though it preferentially sticks to the 

chondroitin sulfate on cartilaginous surface of the joint, it can be found deposited in 

multiple tissues.  However, extra-articular disease is very limited in K/BxN serum 

transfer mice62.  The prevalence of arthritic symptoms due to immune deregulation (such 

as TNFα transgenics) suggests that there are particularities of the joint that predispose 

this tissue to inflammation.  There is evidence that the presence of antigen in the joint is 

indeed not the whole story in the K/BxN mouse.   

First, in K/BxNtg mice regulatory T cells (Tregs) do not only protect against joint 

inflammation.  In scurfy mice lacking Tregs, disease spreads to joints not normally 

affected88, 89, and Treg depletion leads to multi-organ involvement90.  Increased disease 

may be due to changes in B cell activation and proliferation91.  It may be that effector T 

cells (Teff) mediate extra-articular disease, and Tregs are able to inhibit their 

inflammatory effects.  In the K/BxN serum transfer model, the transfer of Th17 polarized 

KRN T cells does exacerbate disease, and IL-17 blocking antibodies prevent their 

effect92.  Alternatively, Tregs could dampen the overall response through cytokine 
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production and cell-to-cell contact with macrophages and DCs.  In this case, why do 

Tregs fail to protect the joint?   

There are a few characteristics of the articular joint that may influence an immune 

response.  First, much of the joint surface is a-cellular cartilage, with synoviocytes in 

healthy mice only forming a one-cell-thick layer.  Cartilage lacks membrane bound 

complement inhibitors and self-signals, and under inflammatory conditions, this may 

enhance complement deposition62, 93.  Complement component 5 (C5) is in fact required 

for arthritis, and its active component C5a recruits neutrophils63.  Genetic lack of 

properdin, a complement stabilizer, is protective in the serum transfer model and may be 

a potential treatment target94.  Immune complexes can also increase the stability of C3b 

complexes95, and the presence of autoantibodies in the joint may overwhelm the 

complement system in a way not possible in other organs.  Notably, although 

autoantibody deposition can be seen in other tissues such as the kidney, C3 deposition is 

only found along the cartilage surface62. 

Next, the vasculature that supplies the distal articular joints is unique.  Systemic 

immune complexes of any specificity induce a rapid (minutes) increase in vascular 

permeability in the distal joints, giving autoantibodies preferential access to the joint.  It 

is important to note that this initial burst of edema is not required for arthritis.  However, 

it does result in faster and slightly more aggressive inflammation96, 97.  During chronic 

inflammation, continuous vascular leak could provide a constant source of antibodies and 

immune cells97-99.  Though none of these peculiarities fully explain the joint specificity of 

K/BxN arthritis, in combination they may substantially influence the course of arthritis. 
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The K/BxN serum transfer and CAIA models show that innate immune responses 

to antibodies are capable of producing robust, erosive arthritis that displays many features 

of human RA52.  Recently, clinical data regarding the mechanism of efficacy of rituximab 

and the disease severity correlation with anti-CCP antibodies has renewed interest in 

autoantibodies as a pathogenic player38.  In patients in whom autoantibodies contribute to 

inflammation, therapies that do not target auto-antibody/Fc receptor pathway will not be 

sufficient.  It is therefore critical that we understand how different innate immune cells 

and effectors participate in arthritic inflammation. 

 

The K/BxN serum transfer model: A focus on the innate immune system 

 Transfer of disease to wild type mice requires a polyclonal mixture of anti-GPI 

antibodies.  Serum from K/BxNtg mice is injected systemically on days 0 and 2.  The 

resulting transient arthritis peaks between days 7 and 10, and resolves by day 30 (Figure 

2.1 B).  T and B cells are completely dispensable for a normal course of arthritis.  Rather, 

it is the innate immune cells responding to immune complexes that drive inflammation 

(Figure 2.1 C)75.  Bypassing B and T cells allows us to focus on the inflammatory 

processes that direct the innate immune system (Table 2. I). 

 

Antibodies and Fc Receptors: the driving force 

 Fcγ receptors (FcγRs) on non-lymphoid leukocytes signal in response to IgG, 

including immune complexes (IC).  Signaling through FcγRs induces phagocytosis, 

degranulation, and cytokine production, all of which can contribute to tissue damage102,85.  

As K/BxN serum-induced arthritis depends on antibody deposition, it is not surprising 
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that FcγRs are required for disease.  The common gamma chain, FcRγ, is necessary for 

FcγRI, FcγRIII, FcγRIV, and FcRn (the neonatal Fc receptor) expression and signaling, 

and FcRγ-/- mice are completely resistant to antibody-mediated arthritis.  FcγRIV and 

less so FcγRIII are the dominant receptors required, with a minor role for FcγRI.  

FcγRIV has a high affinity for IgG2b, the most pathogenic antibody subclass in K/BxN 

serum, and is restricted to myeloid cells.  However, a wide variety of leukocytes express 

other FcγRs, and until recently it was unknown whether FcγR signaling must be intact 

concurrently in all of these cell types for K/BxN serum-mediated arthritis to develop100, 101. 

 

Fcγ Receptors and Syk 

 Immunoreceptors, including Fcγ receptors, signal through Src family kinases 

(SFKs) and spleen tyrosine kinase (Syk).  Syk is required for signaling through FcγRs, 

integrins, and other scavenger receptors dependent on ITAM domains102.  Lack of Syk in 

the hematopoietic compartment affords complete protection from disease in the K/BxN 

serum transfer model, possibly reflecting the critical role of Fcγ receptors as well as 

impaired monocyte, macrophage, and mast cell migration103-107.  Neutrophil migration, 

however, is not affected by Syk deficiency in vivo22.  

 

The complement cascade 

 Mice deficient in C3 or C5 are completely resistant to K/BxN serum-induced 

arthritis.  However, the classical antibody-activated complement factors C1q, C2 and C4 

are not required.  It is in fact the alternative pathway that helps to drive inflammation in 

the joint.  Activated C3b comprises part of a C5 convertase, which generates the 
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anaphalotoxin C5a.  C5aR deficient mice are completely resistant to K/BxN arthritis, 

whereas C3a and C3b receptors are dispensable.  The most important function of C3 in 

the K/BxN model is therefore the production of C5a63, 108, 109. 

 The alternative complement pathway is constitutively activated at low levels.  The 

C3 convertase C3b,Bb produces C3a and C3b and is stabilized by immune complexes95 

and properdin.  Properdin is released by activated immune cells, and in the K/BxN model 

myeloid-specific deficiency is sufficient to ameliorate arthritis94.  In addition, membrane-

bound complement inhibitors prevent accumulation on host cells.  Decay accelerating 

factor (DAF) is one such inhibitor, but DAF deficient mice are actually resistant to 

K/BxN arthritis.  It turns out that this is due not to its effect on complement, but to its role 

as a ligand for CD97.  CD97 is an adhesion-class EGF family receptor expressed by 

leukocytes that appears to positively regulate migration and activation, and therefore its 

effect on inflammation could mask the role of CD55/DAF as a complement inhibitor110.  

However, complement receptor 1-related gene/protein y (Crry) is the dominant 

complement inhibitor in the mouse.  Targeted complement inhibition ameliorates 

experimental nephritis, and may have a similar role in K/BxN arthritis111. 

 

Cytokines, Chemokines and lipid mediators: cell-to-cell communication 

The Th1 cytokine IFNγ is partially protective in K/BxN arthritis66.  IFNβ and 

TGFβ are more strongly and consistently protective, and are associated with Th1 

responses and the Th17/Treg balance, respectively112-116.  IL-17 is another cytokine 

usually associated with the adaptive response that influences the effector stage of 

arthritis.  IL-17 receptor A knockouts develop less severe arthritis with less bone erosion 
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and lower chemokine levels, including CXCL1 (KC/IL-8) and CCL7 (MCP-3).  It 

appears that most of the chemokine loss can be traced to lack of synovial fibroblast 

activation, and at least in vitro IL-17 is a strong fibroblast stimulus92, 117.  The most critical 

cytokines for K/BxN arthritis are IL-1β59, 72, 118, 119 followed by TNFα.  IL-6, in contrast, is 

not required as it is in T cell mediated disease118.  In the CIA model, the importance of 

IL-6 may be for the differentiation of Th17 T cells53.  

Though a great variety of chemoattractants are present in the inflamed joint, only 

a few seem to be critical120.  The requirement for signaling molecules shared by many of 

the receptors for these cytokines, MKK3 and JNK1, hints that this is due to functional 

overlap121-123.   As exceptions, CXCR2, the IL-8/KC receptor120, and BLT1/LTB4124, 125 are 

necessary for arthritis induction and progression.  KC120 and LTB4 act primarily on 

neutrophils, and LTB4 is largely produced by neutrophils as well124. 

 LTB4 is a proinflammatory leukotriene and one of several lipid mediators that 

influence arthritis in the K/BxN model.  It can be processed by neutrophils and other 

immune cells into LTA4, which tends to be anti-inflammatory – loss of its synthesizing 

enzyme 12/15-lipoxygenase exacerbates arthritis49, 124-126.  The prostaglandins, produced 

by COX enzymes and prostaglandin synthases, have varying effects.  COX1 is generally 

associated with homeostatic prostaglandin production, but it is COX1 rather than COX2 

that is required for K/BxN arthritis69, 126.  Which particular prostaglandins account for the 

inflammatory effect of COX1 is still unclear.  However, PGE2 is not required, and at 

least in vitro has an anti-inflammatory effect on synovial cells, while PGI2 is 

inflammatory.  Finally, cortisol has a protective effect, in line with the therapeutic 

efficacy of steroids127, 128. 
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Pattern recognition receptors and sterile inflammation  

 Pattern recognition receptors shape the immune response through the recognition 

of pathogens, commensals, and damage associated molecular patterns (DAMPS) 

produced following tissue injury.  These inflammatory signals can tip the balance 

between T helper cell responses, and indeed reduced signaling from gut commensals129 as 

well as particular CpG sequences ameliorate K/BxN arthritis, perhaps by favoring Th1 

over Th17 features66.  The anti-inflammatory CpGs strongly induce IFNγ and IL-12, 

which according to some studies can inhibit K/BxN arthritis66.  TLR4 is pro-

inflammatory in K/BxN serum induced arthritis, and systemic administration of its ligand 

LPS can overcome the protective effect of IL-1β deficiency.  Both TLR4 and IL-1β 

signal through MyD8859, positioning the MyD88 signaling pathway as an inflammatory 

keystone in K/BxN arthritis.   

 

Downstream effectors: how tissue is degraded 

 The effectors that cause joint damage include the signaling molecules that activate 

joint stroma and induce proliferation, bone-resorption, and apoptosis and necrosis.  

Cytokines produced by innate immune cells can activate or induce apoptosis in the 

surrounding tissue, and thereby cause damage by affecting behavior of the tissue itself.  

Of course, not all tissue damage is self-inflicted.  Neutrophil elastase exacerbates arthritis 

in the CIA model.  Though elastase can erode cartilage, it can also act as an alternative to 

inflammasome-mediated activation of IL-1β.  Protease cleavage of extracellular matrix, 
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especially hyaluronic acid, yields DAMPs that activate and recruit leukocytes, and 

overall proteases contribute to tissue damage.   

As an exception, MMP8 (collagenase 2) has a protective effect in K/BxN arthritis, 

likely by degrading cytokines.  Similarly, the role of reactive oxygen species (ROS) as an 

anti-inflammatory signaling molecule overshadows its directly inflammatory effects in 

arthritis.  ROS contribute to pathogen killing, but do not seem to damage the arthritic 

joint.  On the contrary, mice lacking components of the NADPH oxidase complex are 

more susceptible to CIA and respond normally to K/BxN serum130, 131.  Clearly some 

inflammatory mediators have paradoxical effects during auto-inflammation. 

 

The balance between apoptosis and growth 

 Many of the cytokines produced in the inflamed joint are growth factors and 

survival signals.  G-CSF and GM-CSF extend the lifespan of neutrophils to several days, 

and macrophages also become more resistant to apoptotic signals.  In K/BxNtg mice, 

inhibition of T and B cell survival and growth, by limiting IL-21 and IDO respectively, 

alleviates arthritis.   Though lymphocytes are not required in the serum transfer model, 

it’s important to keep in mind that T cells can exacerbate arthritis when properly 

stimulated.  

The synovial fibroblasts, osteoclasts, and vasculature also display disrupted 

apoptosis and proliferation in the arthritic joint13, 132, 133.  Administration of a Bim mimetic 

(a pro-apoptotic) relieves arthritis in the K/BxN model and greatly reduces the number of 

macrophages in the synovium134.  On the other hand, loss of the stress response protein 

GADD45b exacerbates serum-induced arthritis, but paradoxically improves T-cell 
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mediated CIA.  GADD45b deficiency enhances macrophage survival, but also that of 

Tregs135.  These contrasting effects make apoptosis a tricky target for therapies.  

Angiogenesis is an alternative target, and could be inhibited by blockade of VEGF or 

angiopoietin133, 136.  In the K/BxN model, targeting αVβ3 expressing cells (a marker of 

proliferating endothelium) for apoptosis greatly attenuates arthritis, and in combination 

with methotrexate is quite effective at halting inflammation137, 138.   

 

Mast cells and macrophages 

 Macrophages and osteoclasts have been recognized for their role in arthritis for 

decades.  Osteoclasts are responsible for resorbing bone during homeostatic bone 

turnover, but this process is accelerated under inflammatory conditions.  RANKL, 

expressed by many infiltrating immune cells, stimulates osteoclasts through the RANK 

receptor to release proteases such as cathepsin K, and this process is thought to be the 

leading cause of joint damage.  Macrophages may also take on bone-resorbing 

characteristics and damage the joint directly, but they also elaborate cytokines and 

chemoattractants.  The inflamed joint contains a large number of macrophages, most of 

which are derived from the inflammatory monocyte population13.  CSF-1 deficient op/op 

mice develop normal serum-induced arthritis, despite marked decreases in tissue resident 

macrophage numbers in the synovium139.  However, macrophage depletion with 

clondronate liposomes affords complete protection that can be reversed by intra-

peritoneal macrophage reconstitution immediately prior to serum injection140, and 

systemic M-CSF blockade is equally protective141.  Thus, the developmental origin of 

these macrophages affects how they contribute to inflammation. 
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 The mast cell deficient mouse strains KitW/W-v and KitlSl/Sld initially suggested that 

mast cells are essential for both the K/BxN model and CAIA142.  In the K/BxN model, the 

contribution of mast cells appeared to be dependent on FcRγ and IL-1β production143, 

determined by mast cell engraftment of deficient mice with different genetic knockouts.   

Mast cells are already present in the joint at the time of serum injection, and therefore 

seemed like good candidates for the initial recognition of immune complexes.  Histamine 

and serotonin, produced in large amounts by mast cells, are also important for the 

immediate vascular leak that leads to the first flood of antibodies into the joint.  However 

other cell types, neutrophils in particular, can collectively generate copious amounts of 

histamine as well144, 145.   

CAIA146 and K/BxN serum transfer arthritis1, 147 progress normally in a third mast 

cell deficient strain, KitSh/Sh.  This is even more surprising in light of the fact that arthritis 

can be restored in KitW/W-v animals by mast cell engraftment148.  The disparate results 

between the different mast cell deficient strains is likely due to the profound 

hematopoietic defects in KitW/W-v mice.  These mice are sterile, anemic, and prone to 

spontaneous pathologies.  KitW/W-v mice are also neutropenic and defective in neutrophil 

recruitment.  In contrast, KitSh/Sh mice appear grossly normal aside from a measurably 

complete mast cell defect.  The importance of mast cells during antibody-mediated 

arthritis may be elevated in the face of neutrophil defects, and in certain conditions mast 

cells may be able to compensate for slight neutropenia.   

 

NK cells, dendritic cells, platelets, and synovial fibroblasts 
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 Though DCs affect the initiating stage of arthritis they are not required for the 

effector stage of K/BxN serum induced arthritis.  CD8α+ DCs do, however, allow for the 

protective effect of certain CpG that signal through TLR9 via the production of IL-12.  

NK cells make IFNγ following systemic CpG, an effect that depends on DC IL-1266.  

NKT cells, on the other hand, are inflammatory in K/BxN arthritis, and their deficiency 

leads to high levels of TGFβ116.   

 Non-hematopoietic cells participate in the arthritis inflammatory loop through 

cross talk with activated leukocytes.  Synovial fibroblasts can be extremely pro-

inflammatory, and are more numerous in the arthritic joint due to hyperplasia132.  

Following IL-17 stimulation, synoviocytes elaborate KC, MIP-2, CXCL5 (LIX), MIP-1g, 

MCP-3, and MIL-3a, which may partially explain why IL-17R deficient mice are 

protected from K/BxN arthritis92.  During K/BxN arthritis, they are also capable of 

manufacturing LTB4, either directly or my modulating extracellular LTA4 produced by 

neutrophils49.  Osteoclasts have been discussed previously, but osteoblasts may be 

involved in joint destruction as well.  Osteoblasts can form of osteophytes, bony calcified 

protrusions on the joint caused by irregular bone growth127, 149. 

 Platelets and platelet microparticles enhance arthritis in the K/BxN model, and 

microparticles are numerous in the synovial fluid.  Microparticles contain, among other 

products, IL-1β, which stimulates fibroblasts.  Microparticles are produced following 

ligation of glycoprotein VI on platelets, a collagen receptor that notably signals via Syk71.  

Intact platelets also produce pro-inflammatory prostacyclin69, and thus the protective 

effect of platelet depletion in the K/BxN model71 could be due to the loss of platelets 

directly, or the loss of their derivative microparticles.   
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Neutrophils 

 Neutrophils are the predominant infiltrating cell in the arthritic joint, and are 

required for K/BxN serum-induced disease130.  Participating in the LTB4/BLT1 pathway 

is one of the crucial roles of neutrophils in this model – LTB4 is a powerful neutrophil 

chemoattractant that is also largely produced by neutrophils124, 125.  In addition to Fcγ 

receptors and BLT1, neutrophils express almost all of the other receptors known to be 

required for inflammation, including C5aR6, and thus are able to recognize disease-

causing immune-complexes directly as well as other inflammatory mediators in the 

peripheral blood and the joint.  These data suggest that neutrophils are key mediators of 

joint inflammation in the K/BxN serum transfer model.  Indeed, it has recently been 

shown that mice expressing Fcγ receptors only in neutrophils develop K/BxN arthritis, 

although in this case a transgenic ITAM-containing human receptor was used61, 101, 108.  

Since all other cell types lacked all Fcγ receptors, it’s possible that the role of neutrophils 

is exaggerated in these mice, much as the role of mast cells is exaggerated in the 

neutropenic c-kitW/W-v mice.   

Following stimulation neutrophils are capable of producing almost all of the 

factors known to lead to vascular leak, synovial hyperplasia, monocyte and neutrophil 

recruitment, and cartilage and bone damage in the K/BxN serum transfer model.  Among 

many others these include histamine and VEGF, MIP-2α, RANKL and elastase2.  

Myeloid derived properdin also exacerbates complement deposition and inflammation, 

and neutrophil granules contain properdin94.   
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Our and others’ recent data show that Fc Receptors in neutrophils are critical for 

the development of K/BxN serum induced arthritis1, 61, 147.  However, severely neutropenic 

mice (gfi1-/-) engrafted with FcγRIII, C5aR, or LFA-1 deficient bone marrow could 

develop normal K/BxN arthritis, while FcRγ deficient neutrophils could not108.  The 

phenotype of FcγRIII deficient neutrophils is explained by the predominant role of 

FcγRIV150.  That complete genetic knockouts for C5aR and LFA-1 are protected suggests 

that other cell types are cooperating with neutrophils, perhaps sometimes in overlapping 

ways63.  An important caveat to these experiments is the phenotype of gfi1-/- deficiency, 

which affects cells other than neutrophils108.  Neutrophils participate in joint 

inflammation during K/BxN arthritis in a variety of ways, and figuring out which 

pathways and crucial and targetable may give clues for how to dampen their response in 

RA patients. 

 

Adaptive versus innate K/BxN arthritis: The crucial differences 

 There is significant overlap regarding many of the factors that drive inflammation 

in the transgenic and serum transfer models.  The differences, however, may provide 

important clues about the heterogeneity in human RA patients.  The cytokines IL-4, IL-

17, and IL-21 have a much greater effect during the spontaneous K/BxNTg arthritis, and 

most of these effects can be attributed to dependency on T and B cells151, 152.  The most 

interesting factors are those that have opposite effects on innate-driven versus T and B-

cell driven models, such as deficiency in the stress response protein GADD45b135, which 

is inflammatory in CIA but protective in K/BxN serum induced arthritis.  One critical 

difference between K/BxNtg and serum transfer arthritis is the reliance on FcγRs; 
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although K/BxNtg associated endocarditis is absent in FcRγ-/- mice, arthritis still persists, 

though with a slight decrease in paw swelling153, 154.  Since auto-antibodies are also able to 

induce arthritis, the leukocyte response to auto-antibodies and T effector cell attack on 

the joints are two separate, but equally sufficient mechanisms.  If both of these 

inflammatory pathways are coincident in a subset of patients, therapy that targets only 

one of these mechanisms will likely not be effective. 

 

Neutrophil specific Syk deletion 

In order to determine the relative importance of FcγR mediated signaling in 

different cell types for the initiation and progression of K/BxN arthritis, we have 

generated strains of Syk conditional mutant mice, with a floxed allele of Syk, which lack 

Syk in specific myeloid cell lineages155,156. We report here for the first time that specific 

deletion of Syk in neutrophils is sufficient to block the initiation of arthritis in the K/BxN 

serum transfer model, which likely reflects the importance of FcγR-driven responses by 

neutrophils rather than the influence of other Syk-dependent receptors.  These results 

suggest that neutrophils alone are essential for establishment of immune complex-

mediated arthritis in this model.  Indeed, using mast cell and basophil-deficient animals, 

we find no requirement for these cells in the K/BxN model.  These observations suggest 

that models for the pathophysiologic processes in immune complex arthritis may need to 

be revised53,75. 

  

Materials and Methods 

Mice   
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Sykf/f mice155 were backcrossed to C57BL/6 (Charles River) for 8 generations, then 

crossed to MRP8-cre+156, Mx-1-cre+ 157, LysM-cre+ 158 or CD11c-cre+ 159 strains for 

conditional syk deletion.  Importantly, the MRP8-cre gene also contains an ires-GFP 

marker, allowing us to track cells expressing the Cre recombinase by flow cytometry.  

Induction of Mx-1 expression by injection of polyinosinic:polycytidylic acid (poly I:C) 

was performed as described 157.  Control mice for all experiments included either sykf/+ or 

syk+/+ with the relevant Cre, or sykf/- or sykf/f without Cre, to both control for Syk and Cre 

expression in the various cell lineages.  NOD/ShiLtJ, C57BL/6J-KitW-sh/BsmJ (c-kitsh/sh) 

160, C57BL/6J-KitW-v/J (c-kitW/+), WB/ReJ KitW/J (c-kit+/Wv) mice were purchased from 

Jackson Laboratories.  The c-kitW/+ and c-kit+/Wv were intercrossed to obtain c-kitW/Wv 

animals 142.  NOD/ShiLtJ mice were crossed to C57BL/6J carrying the KRN TCR 

transgene to obtain K/BxN mice 75.  B6.SJL mice carrying the Ly5.1 allele, used for 

generation of mixed chimeric mice, were purchased from Taconic Farms.  Basophil-

deficient mice were generated by interbreeding Basoph8 mice (containing a YFP-ires-Cre 

gene inserted into the mast cell protease 8 gene; a basophil specific marker) with Rosa-

flxDTα mice (containing a loxP-flanked diphtheria toxin α-chain gene inserted into the 

Rosa26 locus) as described 161.  Mixed chimeric mice were generated by injecting lethally 

irradiated B6 recipients with bone marrow cells, as described.  Briefly, male 8-12 week 

old B6.SJL CD45.1+ mice were lethally irradiated and injected i.v. with 5 X 106 mixed 

bone marrow cells.  Chimeric animals were used for experiments after 8-10 weeks.  The 

percentage of chimerism was determined by flow cytometry on peripheral blood or 

inflammatory joint neutrophils using CD45.1 versus CD45.2 mAbs as described 162.  Syk-/- 

chimeras were obtained by reconstituting lethally irradiated wile type mice with Syk-/- 
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fetal liver, as described 105.  All animals were kept in a specific pathogen-free facility at 

University of California-San Francisco (UCSF) and used according to protocols approved 

by the UCSF committee on animal research. 

 

K/BxN serum transfer and clinical scoring   

Arthritogenic serum was collected in Serum Gel Z/1.1 tubes (Seidstadt) and pooled from 

8 week old arthritic K/BxN mice.  Disease was induced by injecting 200µL of serum i.p. 

into 6-8 week old recipient mice on days 0 and 2.  Clinical scores were assessed on a 0-

12 scale (0-3 per paw) as follows: 0, no edema: 1, localized edema or erythema; 2, 

localized edema and erythema on 3 or more toes and at talocrural joint or over one entire 

surface of paw; 3, marked edema and erythema over entire paw surface.  Mice were 

scored daily125.  

 

Histology   

Paws were removed from euthanized mice above the tibiotalar and radiocarpal joints, 

fixed in 10% formalin for 38 hours, and decalcified with Cal-Ex II (Fisher Scientific) for 

48 hours prior to paraffin embedding.  Sections, stained with hematoxylin and eosin 

(H&E) by the UCSF Pathology core, were evaluated for neutrophil infiltration, synovial 

hyperplasia, and cartilage and bone erosion as previously described125.  Sections stained 

with toluidine blue were evaluated for the presence of blue-staining mast cells in the 

dermis as described61.  Images were taken on a Leica DMLB microscope at 50X or 200x 

magnification. 
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Immunofluorescent staining   

Frozen ankle sections were prepared as previously described.  Briefly, paws were 

removed from euthanized mice above the tibiotalar and radiocarpal joint and flash frozen 

in O.C.T (Tissue-Tek) prior to sectioning.  Frozen sections were obtained using the 

CryoJane Tape-Transfer System (Instrumedics).  Sections were fixed in cold acetone and 

stained with fluorescently labeled goat anti-mouse IgG F(ab’)2 (Jackson Immunoresearch 

Laboratories) 125. 

 

Arthus reaction 

The cutaneous Arthus reaction was performed as previously described163.  Briefly, 30µL 

of 1mg/mL rabbit anti-chicken ovalbumin IgG or control rabbit IgG was injected 

intradermally (i.d.) on the back of anaesthetized mice, followed by the administration of 

0.5% Evans Blue and 2.5mg/mL chicken ovalbumin (OVA, Sigma #5503) in PBS i.v. 

(200µL per mouse).  Skin from the i.d. injection site was collected 3 hours later and 

placed in N,N-dimethylformamide for 48 hours to extract the Evans Blue.  Evans Blue 

concentration was determined by absorbance at 650nm and edema was evaluated as the 

ratio of Evans Blue concentration in the tissue to that in the peripheral blood. 

 

Leukocyte isolation   

To isolate bone marrow neutrophils, femora, tibiae, and humeri were collected from 

euthanized 8-10 week old mice and flushed with saline.  Collected marrow was 

homogenized with a 19g needle and filtered through a 70µm filter, followed by hypotonic 

red blood cell (RBC) lysis.  Neutrophils were purified by isolating cells from the Percoll 
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layer of a 62% Percoll gradient, as previously described162.  The resulting neutrophils 

were at least 85% pure.  Splenocytes were isolated by mechanical homogenization of 

whole spleens through a 70µm filter, followed by hypertonic RBC lysis.  Cells sorted by 

F4/80 and Ly6G surface markers were cytospun and stained by Wright-Giemsa.  To 

obtain peritoneal cells, the peritonea of euthanized mice were lavaged with 5 ml of 

PBS/2mM EDTA to isolate resident cells.  Peripheral blood leukocytes were isolated by 

collecting 100µL of blood into heparinized saline, followed by hypertonic RBC lysis10.  

Synovial fluid leukocytes were isolated by ankle joint aspiration with a 26 gauge needle 

into PBS/2mM EDTA for staining, flow cytometry, and stimulation.  Anesthetized mice 

were exsanguinated to reduce peripheral blood contamination of joint aspirates.   

 

Leukocyte stimulation   

Synovial leukocytes or bone marrow neutrophils were isolated as above, suspended in 

RMPI + 10% FCS then stimulated for 6 hours at 37ºC under CO2 with 1 µg/ml of 

brefeldin-A (eBiosciences) at 4 X 105 cells/100µL.  Following stimulation, cells were 

placed on ice, surface stained for Ly6G and stained intracellularly for TNFα and IL-6 

using the eBiosciences IC fixation kit as described by the manufacturer.  Reagents for 

stimulation were as follows: 10 ng/mL LPS or rabbit IgG immune complexes at 

420µg/mL for cytokine stimulation and 10 µg/mL for superoxide production.  Immune 

complexes were generated by incubating rabbit anti-chicken ovalbumin (Cappel #55304) 

with OVA in saline, in a 10:1 ratio for 2 hours incubation at 37ºC, forming a visible 

insoluble immune complex precipitate164. 
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Flow cytometry   

For flow cytometry, isolated leukocytes were treated with 1 µg/ml of Fc block 

(eBioscience), then surface stained with the following anti-mouse fluorescein 

isothiocyanate (FITC)-, APC-, APC-Cy7-, PE-Cy7-, Biotin -, phycoerythrin (PE)-, 

PerCP-Cy5.5- or Alexa fluor 647-conjugated specific Abs: CD11b (M1/70), CD11c 

(HL3), CD62L (MLE-14), CD45.1 (A20), CD45.2 (104), Ly6G (1A8), Ly6C (AL-21), 

SiglecF (29A1.4), NKp46, DX5 (JORO50), CD131, FcεR1α (MAR1), c-Kit (2B8),  all 

from eBiosciences or BD Pharmingen; F4/80 (CI:A3-1; Serotec); 7/4 (Caltag); followed 

by Streptavidin-Pacific Orange.  After final wash, cells were resuspended in 

staining/wash buffer containing 1 µg/ml propidium iodide (PI, Sigma-Aldrich) and/or 

Annexin V (BD #555419) for viability staining according to manufacturer instructions.  

For intracellular Syk and cytokine staining, cells were fixed using the eBiosciences kit as 

described10 and stained for TNFα (MP6-XT22) or IL-6 (MP5-20F3) from eBiosciences, 

and/or Alexa Fluor 488-conugated mouse anti Syk (5F5).  Five-color flow cytometry was 

performed on a Becton Dickinson FACScan and data analyzed with FlowJo software 

(Tree Star, Inc.).  Peripheral blood and synovial neutrophils and monocytes/macrophages 

were defined as CD11b+ Ly6G+ and CD11b+ Ly6G- respectively10.  Macrophages were 

gated as CD11b+ and F4/80+ cells165.  Peritoneal mast cells were defined as c-Kit FcεR1 

double positive cells161.   

 

Cytokine assays   

Serum cytokine concentrations were determined using Cytokine Multiplex Kits for 

Luminex technology according to the manufacturer’s protocol (Invitrogen).   
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ELISA for serum anti-GPI   

Anti-GPI antibodies were identified by sandwich ELISA.  Briefly, serum was incubated 

on plates coated with rabbit GPI (Sigma), and detected with an HRP-conjugated anti-

mouse IgG-Fc antibody and TMB reagent (KPL 50-76-00).  The reaction was stopped 

with acid and read at 450nm on a SpectraMax M5 (Molecular Devices).  Results are 

displayed as arbitrary units and standardized between experiments by normalizing to 

K/BxN serum101.   

 

Analysis and statistics   

Graphs and statistical test were performed using Prism.  Statistical significance was 

determined by one-way ANOVA unless otherwise indicated, and error bars represent 

standard error of the mean.  *= p<0.05, ** = p< 0.01, and ***= p<.0001. 

 

Results 

Syk deletion in neutrophils protects against antibody-mediated arthritis 

To determine the requirement for Syk in antibody-mediated arthritis, mice with LoxP 

flanked Syk alleles (sykf/f) were crossed with cell-specific Cre recombinase (Cre)-

expressing strains.  Inducing Cre expression under the control of the human MRP8 

promoter (sykf/f MRP8-cre+) resulted in nearly complete Syk deletion in neutrophils as 

measured by intracellular flow cytometry (Figure 2.2 A-C, Supplemental figure 1).  

Intracellular Syk staining in neutrophils from sykf/f MRP8-cre+ mice overlapped staining 

in cells from syk-/- fetal liver chimeras, confirming loss of Syk expression.  In contrast, 
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peripheral blood 7/4+ Ly6G- monocytes as well as splenic F4/80+ macrophages and DX5+ 

basophils from sykf/f MRP8-cre+ mice exhibited similar Syk expression to sykf/f littermate 

controls (Figure 2.2 A, B).  The relative levels of Syk in monocytic cell types from Sykf/f 

MRP8-cre+ mice are similar to those seen in wild type C57BL/6 controls, in contrast to 

the Syk staining intensity in Sykf/f MRP8-cre+ neutrophils, which is similar to Syk-/- 

neutrophils (Figure 2.2 C).  Use of intracellular staining for Syk allowed us to confirm 

that every animal used in the following experiments demonstrated >90% reduction in Syk 

expression in peripheral blood neutrophils, as previously reported for sykf/- MRP8-

Cre+mice10.  

The MRP8-cre allele contains an ires-GFP construct that allows us to detect cells 

expressing Cre10.  While 95- 98 % of Ly6G+ neutrophils expressed GFP, less than 20% of 

the various monocyte populations were GFP+, in general at a lower intensity, resembling 

a shoulder on the negative peak (Figure 2.2 A, D).  Since this level of GFP expression did 

not correlate with significant differences in Syk expression (Figure 2.2 A, C), it is unclear 

if this level of potential Cre expression is physiologically relevant.  Nevertheless, 

determining GFP levels allows us a potentially more sensitive approach to follow cellular 

expression of Cre in the MRP8-cre+ animals.  Resident macrophages, basophils, mast 

cells and some peripheral blood monocyte populations show low levels (5-20%) of GFP 

expression (Figure 2.2 B, D and Supplemental figure 1).  Though we cannot rule out the 

effects of this low level of non-neutrophil Cre expression, no other cell population 

besides neutrophils shows efficient GFP expression and Syk deletion.  We have also 

crossed the MRP8-cre+strain to the ROSA26-YFP reporter strain166 and have confirmed 

recombination predominantly in neutrophils, with less than 10% recombination in 
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monocytes/macrophages (C. Abram and C. Lowell, unpublished).  We also crossed sykf/f 

mice to the Mx-1-cre+, LysM-cre+, and CD11c-cre+ strains to afford inducible deletion of 

Syk in all hematopoietic cells, in myeloid leukocytes only or in CD11c+ dendritic cells, 

respectively.  The specificity and efficiency of Syk deletion in these strains was also 

monitored by intracellular flow cytometry and was previously described10. 

The multiple sykf/f Cre-expressing strains were treated with serum from K/BxN 

arthritic mice to determine the importance of Syk expression in various cell types for the 

initiation and progression of arthritis.  Syk deletion in all hematopoietic cells using 

polyinosinic:polycytidylic acid (poly I:C) treated sykf/f Mx1-Cre+ mice157 resulted in 

complete protection against antibody-mediated arthritis (Figure 2.3 A).  These results 

confirm previous findings using Syk-deficient fetal liver chimeras, which lack Syk in all 

hematopoietic lineages and were completely resistant to serum transfer arthritis167.  

Deletion of Syk in myeloid cells (sykf/- LysM-cre+) was also protective (Figure 2.3 B), 

reflecting the previously published importance of macrophages and granulocytes in the 

development of disease101.  However, deletion of Syk in dendritic cells (sykf/f CD11c-cre+) 

had no effect on the course arthritis (Figure 2.3 C).  This was expected, as dendritic cells 

have not been shown to contribute to inflammation during the effector phase of arthritis66, 

168. 

Syk deletion in neutrophils (sykf/f MRP8-cre+) completely protected mice from 

K/BxN serum induced arthritis as compared to control mice (either Sykf/f or Syk+/+ MRP8-

cre+) (Figure 2.3 D, Supplemental figure 2A).  Histological evaluation of ankle sections 

from sykf/f MRP8-cre+ mice following K/BxN serum transfer showed no evidence of 

cellular infiltration, pannus formation, or cartilage and bone erosion, while these features 
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were readily apparent in joints from control sykf/f mice (Figure 2.4 A, B).  Moreover, sykf/f 

mice developed robust synovial fluid accumulation containing neutrophils and 

macrophages (Figure 2.4 B, C) while sykf/f MRP8-cre+ mice showed no joint swelling and 

no synovial fluid could be collected from these animals.  Sykf/f MRP8-cre+ mice also 

displayed less evidence of systemic inflammation following serum transfer, as 

demonstrated by lower serum levels of KC, MCP-1and TNFα (Figure 2.4 D).  Thus, the 

lack of Syk in neutrophils greatly diminished both the systemic and local inflammatory 

response to articular immune-complexes.   

Deletion of Syk in the neutrophil lineage in sykf/f MRP8-cre+ mice did not alter 

myeloid cell development as determined by cell counts10 expression of myeloid cell 

markers, or morphologic examination (Figure 2.4 E).  Similarly, syk-/- fetal liver chimeric 

mice demonstrated no alteration in myeloid cell development or marker expression, but 

of course did have a block in B cell maturation10.  To further address the possibility that 

Syk deletion was occurring in monocyte/macrophage lineages, we examined GFP 

expression in the synovial leukocytes of syk+/+ MRP8-cre+ mice following K/BxN serum 

transfer.  As in resting animals, the peripheral blood and joint Ly6G+ neutrophils of 

arthritic mice showed 90 - 95% expression of GFP, while monocyte/macrophage types 

ranged from 5-20% (Figure 2.4 F).  This level of GFP expression was low and of unclear 

significance, especially since monocyte/macrophage cell types make up only 5% of the 

synovial leukocytes (Figure 2.4 C).  

To rule out the possibility that deletion of syk in non-hematopoietic cells may be 

contributing to the lack of response in the K/BxN arthritis model, we generated chimeric 

mice by transferring wild type bone marrow into lethally irradiated sykf/f MRP8-cre+ 
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recipients, then tested these animals for arthritis development.  The sykf/f MRP8-cre+ mice 

with wild type hematopoietic cells responded normally (Supplemental figure 2B).  These 

results suggest that Syk signaling in neutrophils is required during the initiation and 

progression of antibody-mediated arthritis, and that Syk-dependent signaling pathways in 

other cell types is not sufficient to induce arthritis.  As Syk is necessary for Fc receptor 

signaling in response to immune complexes, we expect that the requirement for Syk in 

K/BxN serum induced arthritis reflects a nonredundant role of neutrophils in responding 

to pathogenic immune complexes in both the joint and possibly in the serum.   

 

Loss of Syk affects the kinetics of antibody deposition 

The deposition of anti-GPI immune complexes in the joint following K/BxN serum 

injection is influenced both by rapid (minutes) changes in vascular permeability as well 

as more long term (hours to days) changes62, 169.  Though antibody accumulation is 

required for disease, it can occur despite the absence of clinical arthritis.  To explore 

whether neutrophil-specific Syk deficiency affected anti-GPI immune complex 

deposition, we examined both joints and serum for the presence of anti-GPI Abs.  To our 

surprise, the amount of IgG deposited along the cartilage at day 7 was greatly reduced in 

sykf/f MRP8-cre+ mice (Figure 2.5 A).  The reduced accumulation of anti-GPI antibodies 

in the joints of sykf/f MRP8-cre+ mice was not due to a reduced serum half-life of the 

antibodies, since the sykf/f MRP8-cre+ animals consistently had greater anti-GPI serum 

titers throughout the course of disease (Figure 2.5 B).  Sykf/f MRP8-cre+ chimeric mice 

with wild type bone marrow do not maintain this trend (Supplemental figure 2C), ruling 

out an effect from possible syk deletion in inflamed endothelial cells.  These results 
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suggested that loss of Syk-dependent signaling in neutrophils resulted in a failure of anti-

GPI Abs to exit the vasculature and deposit in joints, potentially due to a failure to induce 

vascular permeability.   

To evaluate whether neutrophil-specific Syk deficiency affected early events of 

immune complex-induced vascular permeability, we utilized the cutaneous reverse 

passive Arthus reaction.  Sykf/f MRP8-cre+ mice developed less severe edema at early 

time points, three hours after immune complex induced inflammation, compared to wild 

type animals (Figure 2.5 C).  The decrease in edema was not as complete as that seen in 

FcRγ-deficient mice, suggesting that Fc signaling in other cell types also contributes to 

increased vascular permeability.  A lack of induced vascular permeability in the Sykf/f 

MRP8-cre+ mice may contribute to the reduced joint deposition of anti-GPI antibodies, 

which would further protect these animals following K/BxN serum transfer. 

 

Syk-deficient neutrophils migrate to the inflamed joint 

The lack of clinical disease in sykf/f MRP8-cre+ mice may reflect both an inability of Syk-

deficient neutrophils to respond to joint immune complexes or a block in their ability to 

migrate into the inflamed joint.  To help distinguish these possibilities, we generated 

mixed chimeric mice to assess the behavior of Syk-deficient neutrophils in the presence 

of wild type neutrophils that could generate inflammatory arthritis.  Congenically marked 

mixed bone marrow chimeras were generated from various ratios of wild type (CD45.1) 

and sykf/f MRP8-cre+ (CD45.2) bone marrow.  The mixed chimeric mice were then 

treated with K/BxN serum.  The disease course in mixed bone marrow chimeras 

depended on the ratio of wild type to Syk-deficient neutrophils, as assessed by peripheral 
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blood examination.  Chimeras with a neutrophil compartment comprised of 75% or 

greater Syk-deficient neutrophils developed less severe arthritis, with decreased 

maximum clinical scores (Figure 2.6 A).  Animals with a lower percentage of Syk-

deficient cells were not significantly different than wild type (data not shown).  Syk-

deficient neutrophils were easily found in the synovial fluid of inflamed joints based on 

their congenic marker (CD45.2) and lack of Syk expression by intracellular staining 

(Figure 2.6 B).  Importantly, the ratio of wild type to Syk-deficient cells in the joint was a 

linear reflection of the extent of chimerism in the peripheral blood over multiple chimeric 

mice (Figure 2.6 C).  These results indicate that Syk-deficient neutrophils are able to 

migrate normally into the inflamed joint.  Hence, the lack of disease in sykf/f MRP8-cre 

mice must reflect an impaired ability of the neutrophils to become activated rather than a 

migratory defect.  Indeed, Syk-deficient neutrophils show a profound block in respiratory 

burst when stimulated with immune complexes in vitro (Supplemental figure 3)20. 

 

Syk deficiency affects specific effector functions in the inflamed joint 

To determine the particular functional defects of Syk-deficient neutrophils in the K/BxN 

model, we induced arthritis in mixed chimeras to compare expression activation markers, 

apoptosis, and cytokine production by the two neutrophil types present in the same 

inflammatory joint environment.  Syk-deficient neutrophils in the inflamed joint showed 

equivalent upregulation of CD11b and shedding of CD62L (Figure 2.7 A, B) compared to 

wild type cells in the same joint, indicating that Syk-deficiency did not reduce exocytosis 

of secretory granules6, 10.  Further, activation in the peripheral blood is unaffected by Syk 

deficiency, as wild type and Syk-deficient peripheral blood neutrophils from K/BxN 
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serum treated chimeras equivalently shed CD62L compared to wild type neutrophils from 

untreated mice.  However, a greater proportion of Syk-deficient neutrophils in the joint 

were undergoing cell death than wild type cells, as defined by being both Annexin V and 

propidium iodide (PI) positive (Figure 2.7 C).  No difference was seen in the proportion 

of neutrophils in earlier stages of apoptosis, defined as Annexin V positive but PI 

negative16, 134.   

Though early markers of neutrophil activation were intact, there was evidence that 

Syk-deficient neutrophils in the inflamed joint were less primed for late stage effector 

functions.  The Syk-deficient neutrophils were less competent to induce TNFα 

production, as determined by intracellular staining following stimulation, compared to 

wild type cells (Figure 2.7 D).  As expected, immune complex stimulation elicited TNFα 

production in wild type, but not Syk-deficient cells.  Similarly, bone marrow derived 

Syk-deficient neutrophils failed to produce TNFα when stimulated with immune 

complexes (Figure 2.7 E, F).  Surprisingly, Syk-deficient neutrophils from the inflamed 

joint did not respond to LPS as robustly as the wild type cells.  In contrast, the percentage 

of naïve Syk-deficient neutrophils from the bone marrow that induced TNFα expression 

was equivalent to wild type bone marrow neutrophils (Figure 2.7 E), and on a per cell 

basis, they produced more TNFα in total, consistent with the increased TLR responses 

reported in Syk-deficient macrophages (Figure 2.7 F)170.  This indicates that the reduced 

TNFα production in Syk-deficient synovial neutrophils is not due to a general defect in 

responsiveness, but instead suggests that these cells are poorly primed in the inflamed 

joint.  Since Syk is required for FcγR and integrin but not G-protein coupled receptor 

(GPCR) signaling171, which would be a major inducer of cell migration, these data 
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suggest that neutrophils are responding directly to immune complexes to mediate disease 

in this arthritis model.  

 

Mast cells and basophils are not required for antibody-mediated arthritis 

Previous research suggested that mast cells play a central role in the K/BxN disease 

process, since the c-kitW/Wv mast cell-deficient strain of mice are protected from disease143.  

A general model for the progression of arthritis in K/BxN serum transfer has been 

recognition of joint immune complexes by resident mast cells followed by production of 

chemokines that lead to neutrophil recruitment and disease75, 142, 168, 172.  Given that we 

observed disease protection in mice with a neutrophil-specific mutation, we sought to re-

evaluate the role of mast cells.  Indeed, we found that the c-kitSh/Sh strain of mast cell-

deficient mice responded normally to K/BxN serum challenge (Figure 2.8 A).  In 

contrast, the mast cell-deficient c-kitW/Wv strain showed only minimal response K/BxN 

serum challenge (Figure 2.8 B) as previously reported143.  We confirmed that both strains 

of mice lacked mast cells in the peritoneum (Figure 2.8 C), and joint (Figure 2.8 D).  

Mast cells were also readily detectable in the joints of Sykf/f MRP8-cre+ mice following 

K/BxN serum transfer (Figure 2.8 E), showing that this population was grossly 

unaffected by MRP8-cre-induced Syk deletion.  We conclude that the lack of arthritis in 

c-kitW/Wv mice reflects the relative neutropenia and poor neutrophil recruitment found in 

these animals146.  

Basophils have been recently shown to play a large role in immune complex-

mediated inflammation161, 173.  As some MRP8-cre expression, marked by GFP, was seen 

in splenic basophils (Supplemental figure 1), we sought to determine the effect of 



	  69	  

basophils on K/BxN serum-induced arthritis.  For this purpose, we induced arthritis in 

basophil deficient mice, generated using a basophil-specific Cre under the Mcpt8 

promoter (Basoph8+) crossed to mice containing the Rosa-flxDTα allele (Dtα+)161.  

Basophil-deficient mice develop a course of arthritis identical to control littermates 

(Figure 2.9 A).  Expression of Dtα in DX5+ basophils, which can be tracked by the ires-

YFP construct within the Basoph8 allele, leads to apoptosis and depletion (Figure 2.9 

B)161.  Combined with the results from the sykf/f MRP8-cre+ mice, we conclude that 

basophils are not required for the development of K/BxN serum-induced arthritis. 
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Table 

Known factors in K/BxN serum induced arthritis 

Early antibody 
deposition 

Initial antibody deposition requires neutrophils, mast cells, and FcRγ, but mostly on 
radioresistant cells. TNFα and IL-1β do not contribute97-99. 

Fcγ Receptors FcRγ deficiency completely protects against arthritis, but FcγRI, FcγRIII, and FcRn combined 
deficiency is only partially protective, suggesting a role for FcγRIV. FcγRIIb is protective, and 
required for the efficacy of intravenous immunoglobulin treatment100, 101 

Neutrophil 
FcγRs  

Mice with activating FcγR expression limited to neutrophils develop a normal course of 
arthritis, and FcRγ deficient neutrophils cannot mediate arthritis61, 101, 108  

Syk signaling Syk signaling components are essential for arthritis, including Syk, Vav, PLCg2, SLP-76, and 
PI3K103-107 

Integrins CD11a/CD18 (LFA-1) is absolutely required for arthritis.  LFA-1 specifically on neutrophils is 
required for arthritis, but only when all other hematopoietic cells are FcRγ deficient.  Other 
integrins, including CD11b/CD18 (Mac-1), are dispensable61, 108, 174, 175 

TLRs TLR4 is pro-inflammatory in arthritis, and systemic LPS can compensate for IL-1β deficiency.  
On the other hand, TLR9 ligation can be protective by inducing Th1 associated cytokines59, 66 

Complement 
pathway 

Factors C5, C3, B, and the receptor C5aR are required for arthritis.  C6, C4, C1q, and CR1, 
CR2, and CR3 (Mac-1) are dispensable. The role of neutrophil C5aR is controversial, but 
C5aR potently upregulates neutrophil FcRs.  In contrast, a myeloid source of properdin 
enhances inflammation63, 94, 108. 

Complement 
inhibitors 

Deficiency of the complement inhibitor DAF (CD55) actually ameliorates arthritis, by 
preventing its activation of the inflammatory CD95 receptor.  The role of Crry is unknown, but 
does ameliorate inflammation in nephritis models110, 111.   

Pro-
inflammatory 

cytokines 

IL-1β, TNFα, and the IL-17A receptor promote arthritis.  IL-1β is most critical.  IL-6 and IL-4 
are not required, while IL-12 has varying effects depending on the study66, 92, 114, 118, 176, 177 

Anti-
inflammatory 

cytokines 

Systemic IFNβ strongly inhibits arthritis, and IFNg, IL-10, and IL-1 receptor antagonist (IL-
1Ra) prevent uncontrolled inflammation.  IFNg and IL-12 (from NK cells and DCs) participate 
in the protective effect of certain TLR9 ligands, while NKT cells may inhibit IFNβ 
production66, 112, 113, 115, 116, 143 

IL-1β IL-1β deficient mice are completely resistant to arthritis, through LPS administration can 
rescue.  Myeloid-cell derived IL-1Ra controls inflammation44, 59, 72, 113, 119 

IL-17 IL-17 exacerbates arthritis, partially through stimulation of synovial fibroblasts.  Similarly, Th-
17 polarized anti-GPI T cells exacerbate arthritis when transferred.92, 117 

JNK signaling JNK1 but not JNK2 is required for arthrtis.  JNK signaling enhances macrophage and 
synoviocyte activation and the production of proteases121-123 

Chemokines MIF and CXCL1 (KC), but not CCL2 (MCP-1), blockade or deletion inhibits arthritis.  Only 
the KC receptor CXCR2 is absolutely required for arthritis. CCR1-7, CCR9, CXCR5, and 
CX3CR1 are dispensable120, 178 

Histamine Histadine decarboxylase knockouts show milder arthritis, but HR1-/- and HR2-/- mice are not 
protected179 

Oxygen ROS and NO do not contribute to arthritic inflammation, but CO can inhibit arthritis180.   
Glucocorticoids Endogenous cortisol controls arthritis, but can also enhance and disrupt osteoblast function127, 

128 
Leukotrienes LTB4 is required for arthritis, and although LTA4 generally ameliorates arthritis, is can also be 

a source of LTB4 by acting as a substrate for LTA4 hydrolase.  Arthritis does not develop 
unless neutrophils can both produce and respond to LTB4108, 124-126.  

Prostaglandins COX1, as opposed to the usually inflammatory COX2, is required for arthritis, partially via 
PGI2 production126 
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Apoptosis The pro-apoptotic Bim and Fas and the anti-proliferative p21 promote resolution of arthritis, 
along with reduced cellular infiltration134, 181, 182 

Angiogenesis Targeting activated vascular endothelium for cell death leads to attenuated arthritis137, 138. 
Mast cells Mast cell deficient W/Wv mice are resistant to arthritis, while mast cell deficient Sh/Sh mice 

are unaffected.  However, deficiency in heparin/tryptase, generally mast cell restricted in 
expression, is somewhat protective against arthritis101. 

Macrophage Clodronate liposome macrophage deletion or M-CSF blockade protects against arthritis.  
However, M-CSF deficient (op/op) mice develop normal arthritis, though the protective effect 
of IVIG/FcγRIIB is lost139-141.   

Synovial 
fibroblasts 

IL-17 and IL-1β induce cytokines and chemokines  (KC, MIP-2, LIX [CXCL5], MIP-1g, 
MCP-3, MIL-3a) from synovial fibroblasts49, 92. 

Platelets Platelets and platelet microparticles can enhance arthritis inflammation partially via PGI2 and 
IL-1β, respectively69, 71. 

Neutrophils Neutrophil depletion completely protects against arthritis and inhibits antibody deposition.  
Neutrophil LTB4/LTA4, BLT1, and FcRγ, are absolutely required for arthritis.  Neutrophil IL-
1β also contributes to inflammation61, 108, 124, 125, 130, 147. 

Neutrophil 
leukotrienes 

Neutrophils and synovial fibroblasts cooperate to produce LTB4, which is a critical neutrophil 
chemoattractant during arthritis49, 124, 125. 

Neutrophil 
proteases 

Neutrophil elastase and chymase can process IL-1β in the absence of caspase-1, and these 
proteases could act as an alternative to inflammasome activation.  Collagenase 2 is protective, 
while the S-100A8/9 are not required for inflammation72, 183, 184. 

 
Highlighted factors in K/BxNTg arthritis 

VEGF VEGF promotes arthritic inflammation and joint damage through VEGF-R1.  VEGF-R2 is not 
required136 

 

Cytokines IL-4 is required for complete arthritis, while IL-12 is not.  IL-21 promotes T effector cell 
proliferation, B cell class switching, and arthritis151, 152, 185.   

 

T cells K/BxNtg arthritis requires CD4 T cell activation and homeostatic proliferation, and is 
enhanced by Th17 polarity and CD8 T cells. Tregs protect against multi-organ involvement89, 

91, 151, 185-188 

 

B cells Anti-GPI B cells mature in the joint-associated lymph nodes.  Rituximab and IDO inhibitor 
combination therapy inhibits autoantibodies and arthritis189, 190. 

 

FcγRs vs 
complement 

In K/BxNtg animals, T cells and FcγRs appear to be most critical for endocarditis, while 
arthritic inflammation depends on C5 and not FcγRs153, 154.   

 

PAMPs Arthritis is attenuated in germ-free conditions, which is associated with reduced gut IL-17 
levels129.   

 

 
Highlighted factors in collagen induced arthritis (CIA) 

Neutrophil 
elastase 

The neutrophil elastase inhibitor MDL 101,146 inhibits arthritis in the CIA model191  

Mast cells W/Wv mast cell deficient mice are protected in the CIA model of arthritis, while Sh/Sh mast 
cell deficient mice are not.  W/Wv mice have other hematopoietic defects including 
neutropenia146 

 

p53 p53 deficiency enhances inflammation in CIA, but not in CAIA192  

GADD45b GADD45b deficiency exacerbates K/BxN arthritis, but ameliorates CIA, likely due to a greater 
number of Tregs135 
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Table 2. I  Literature review of K/BxN serum transfer arthritis.  Known factors that 

drive or inhibit inflammation during K/BxN serum transfer arthritis are summarized, 

along with a few studies of note that use the K/BxNtg and CIA models. 
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Figures 

 



	  74	  

 

 

Figure 2.1 K/BxN Arthritis.  A) Arthritis develops spontaneously in K/BxNtg mice, 

when KRN T cells prime autoreactive B cells to produce pathogenic anti-GPI antibodies.   

B) K/BxN serum transfer arthritis is transiently induced by the systemic injection of 

serum from K/BxNtg mice.  C) Joint inflammation occurs via roughly the same 

mechanism in both models.  Anti-GPI antibodies bind to the GPI lining the cartilage.  

Complement and immune complex deposition activates multiple cell types in the joint, 

which produce a variety of factors.  This schematic highlights a few molecules known to 

be important in the progression of K/BxN arthritis, by acting as chemoattactants (blue 

arrows), vasoactive molecules (red) or proteases (black).  The cell types primarily 

responsible for generating each product are generally not known.  1.  Macrophages 

recruit monocytes and neutrophils.  Osteoclasts produce enzymes such as cathepsin K 

that degrade bone.  2.  Neutrophils recruit neutrophils and monocytes and activate the 

vascular endothelium, and can produce proteases that may degrade cartilage.  3.  Mast 

cells produce neutrophil chemoattractants and vasoactive histamine.  Synovial fibroblasts 

and vascular endothelium can also elaborate cytokines, and in K/BxNtg mice T cells may 

also be present in the joint (not depicted).   
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Figure 2.2 Neutrophil-specific deletion of Syk in sykf/f MRP8-cre+ mice.  Peripheral 

blood and splenic leukocytes from mice of the indicated genotypes were stained for 

surface markers and Syk for analysis by flow cytometry, as described in the Materials 
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and Methods.  Cell populations were either analyzed for Syk or GFP expression. 

Leukocytes from syk-/- fetal liver chimeras served as a negative control for Syk staining.  

GFP positivity indicates the current expression of the MRP8-cre+-ires-GFP construct. A, 

B) Syk and GFP expression in peripheral blood and splenic leukocytes.  Histograms are 

representative of at least 3 separate experiments, with at least 3 mice per genotype per 

experiment.  C) Mean fluorescence intensity of Syk staining in peripheral blood 

populations in sykf/f MRP8-cre+ mice (n= 8) as compared to C57BL/6 wild type mice and 

sykf/f cells (n= 2-3).  Only the significant differences by one-way ANOVA for Ly6G+ and 

7/4hiLy6G- cells are shown.  Only staining in Ly6G+ cells was significantly different 

between sykf/f MRP8-cre+ and wild type controls.  D) Percent GFP positive of peripheral 

blood leukocytes from syk+/+MRP8-cre+ and sykf/f MRP8-cre+ mice (n= 6).  Only the 

significant differences, by one-way ANOVA, between Ly6G+ and 7/4hiLy6G- cells in 

sykf/f MRP8-cre+mice are shown.  GFP positivity in Ly6G+ cells was significantly higher 

than in all other cell populations analyzed. *=p<0.05, **=p<0.01, *** = p<0.001
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Figure 2.3 Conditional deletion of Syk in myeloid cells or neutrophils specifically 

protects mice from K/BxN serum-induced arthritis.  Clinical score was recorded daily 

following serum transfer in mice of the indicated genotypes, as described in 

Materials/Methods.  Solid squares represent littermate controls; hollow squares Syk 

conditional knockouts.  A) Sykf/f Mx-1-cre mice with Syk deficiency in all hematopoietic 

cells (n = 3).  B) Sykf/-LysM-cre mice with Syk deficiency in myeloid cells (n=4).  C) sykf/f 

CD11c-cre mice with Syk deficiency in dendritic cells (n=2).  D) sykf/f MRP8-cre mice 

with Syk deficiency in neutrophils (n=4).  Representative plots from 2 - 6 independent 

experiments.  Time points after day five were significant (p > 0.01, two-way ANOVA) 

between the conditional knockouts and wild type controls in panels A, B, and D. 

  



	  78	  

Figure 2.4.  Joint inflammation, synovial neutrophil recruitment and serum cytokine 
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levels are elevated in sykf/f but not sykf/f MRP8-cre+ mice following K/BxN serum 

injection.  A) Representative H&E-stained sections of sykf/f and sykf/f MRP8-cre+ 

forepaws 7 days after K/BxN serum transfer.  Joints from sykf/f animals exhibit pannus 

formation and leukocyte infiltration (arrowhead), bone erosion (open arrowhead), and 

narrowing of the synovial space (arrow). B) Higher magnification view of sykf/f hindpaw 

(left) and Wright-Giemsa stain of isolated synovial fluid leukocytes (right).  C) Synovial 

fluid leukocytes from sykf/f mice at Day 7 were stained with anti-Ly6G and F4/80 to 

enumerate neutrophils monocytes/macrophages, and analyzed by flow cytometry.  D) 

The levels of the indicated cytokines in the serum of sykf/f and sykf/f MRP8-cre+ mice at 7 

days following K/BxN serum transfer or untreated C57BL/6 mice was determined by 

luminex bead array as described in Materials and Methods.  Data are from 4-10 mice per 

group and representative of two independent experiments.  E) Splenocytes from sykf/f and 

sykf/f MRP8-cre+ mice were stained for F4/80 and Ly6G for sorting by flow cytometry to 

isolate monocytes/macrophages and neutrophils, respectively.  Cytospun cells were then 

stained by Wright-Giemsa.  F) Peripheral blood was collected from syk+/+MRP8-cre+ 

mice prior to K/BxN serum transfer (day 0, n=12) and day 7 following serum transfer 

(day 7, n=6).  Synovial fluid was aspirated from the fore and hind-paws on day 7 (n=5).  

Peripheral and synovial leukocytes were stained as indicated and analyzed for GFP 

expression by flow cytometry.  Ly6G+ cells were significantly more GFP positive than 

all other cell types (p > 0.01).  Statistics analyzed by two-way ANOVA. **=p<0.01, *** 

= p<0.001 
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Figure 2.5 Neutrophil-specific deletion of Syk results in decreased joint antibody 

deposition following K/BxN serum transfer.  A) Cryosections from the forepaws of syk+/+ 

MRP8-cre+ and sykf/f MRP8-cre+ mice 7 days following K/BxN serum transfer were 

stained for the Fc portion of IgG.  Deposition of IgG lining the cartilage surface is shown 

by the arrow.  B) Serum anti-GPI titers on days 2, 4, and 6 following K/BxN serum 

transfer in sykf/f and sykf/f MRP8-cre+ mice were determined by ELISA as described in 

Materials/Methods and analyzed by two-way ANOVA.  C) Immune complex induced 

cutaneous edema was evaluated in syk+/+ MRP8-cre+, wild type, and FcγR-/- mice by 

Evans Blue extraction three hours following i.v. injection of antigen, as described in 

Materials and Methods.  Results are shown as the ratio of Evans Blue concentration in the 
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tissue to concentration in the peripheral blood (Statistics shown compared to C56BL/6 

mice, by one-way ANOVA).  **=p<0.01, *** = p<0.001 
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Figure 2.6 Syk-deficient neutrophils migrate equivalently to the inflamed joint.  A) 

Mixed bone marrow chimeras were generated from sykf-f MRP8-cre+ (CD45.2+) and 

congenically marked wild type mice (C56BL/6; CD45.1+) in a ratios varying from 75% 

sykf/+MRP8-cre+ with 25% wild type, to 25% sykf/+MRP8-cre+.  Control chimeras were 

also made with 100% wild type or sykf/f MRP8-cre+ bone marrow.  Eight weeks following 

bone marrow transfer, chimeras were injected with K/BxN serum and clinical score was 

recorded as described in Material and Methods. Data shown are for control chimeras and 

the 75% sykf/fMRP8-cre+ mix only (n=5 mice per group).   B) Synovial fluid neutrophils 

were isolated at day 7 following serum transfer from a mixed chimeric mouse (containing 

roughly 50% sykf/-MRP8-cre+ and 50% wild type cells) then stained for CD45.1, CD45.2 
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(top panel) and Syk protein (bottom panel).  Peripheral blood neutrophils from a syk-/- 

chimeric mouse were used to define Syk negative cells (data not shown).  C) Peripheral 

blood and synovial neutrophils from mixed chimeric mice were stained for Ly5.1 versus 

Ly5.2 to determine the percentage of sykf/-MRP8-cre+ versus wild type cells in each 

compartment as shown in B.  The percentage of sykf/-MRP8-cre+ (designated % Syk-) in 

peripheral blood versus synovial fluid is shown for each individual mouse (R2 = 0.96).  
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Figure 2.7 Altered cytokine production, but not activation marker expression, by 

Syk-deficient neutrophils in the arthritic joint.  A, B) Ly6G+ Neutrophils were isolated 

from the peripheral blood and synovial fluid of arthritic mixed bone marrow chimeras on 

day 7 following K/BxN serum transfer and stained for CD11b and CD62L (L-selectin).  

Mean fluorescence intensity of CD11b and CD62L for Syk-deficient (CD45.2+, white 
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bars) or wild type (CD45.1+ gray bars) neutrophils are shown compared to peripheral 

blood neutrophils from a control B6 mouse not treated with serum (black bars).  C) Day 7 

synovial fluid neutrophils from mixed chimeric mice were stained with Ly6G, annexin V 

and propidium iodide (PI) and the percentage of positive cells for each marker are shown.  

A-C, n=7.  D) Day 7 synovial fluid neutrophils were pooled from 8 mixed chimeric mice 

and stained for intracellular TNFα as described in Materials and Methods following 6 

hours of incubation with media or media plus immune complexes (indicated as IC) or 

media plus 10 ng/ml LPS.  Wild type versus sykf/f MRP8-cre+ cells were distinguished by 

CD45.1 versus CD45.2 staining.  E, F) Naïve bone marrow neutrophils were isolated 

from either wild type or syk-/- fetal liver chimeric mice and stimulated in vitro with the 

indicated agonists for 6 hours, then E)  stained for intracellular TNFα or F) culture 

supernatant was collected for TNFα ELISA as described in Materials and Methods (n = 

3).  Statistics analyzed by two-way ANOVA.  IC = insoluble immune complex.  

*=p<0.05, **=p<0.01, *** = p<0.001 
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Figure 2.8 Mast cell deficiency does not affect the development or persistence of 

antibody-mediated arthritis.  A, B) K/BxN serum was administered to c-kit+/Sh versus c-

kitSh/Sh mice or wild-type versus c-kitW/W-v mice and disease was followed as described in 

Materials and Methods.  C) Flow cytometric staining of resting peritoneal cells, stained 

for the mast cell markers C-kit and FcεR1 from c-kitSh/Sh, c-kitW/W-v and control c-kit+/+ or c-

kit+/Sh mice.  D, E) Toluidine blue staining as described in the Materials and Methods on 
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D) forepaws from serum untreated c-kitSh/Sh, c-kitW/W-v and control mice, and E) hindpaws 

from sykf/f and sykf/f MRP8-cre+ mice 7 days after serum transfer.  Magnified views of the 

regions highlighted by the squares are shown to the lower right of each panel.  Dotted 

lines approximate the epidermis, arrows indicate mast cells, white arrowheads indicate 

cartilage, and black arrowheads indicate the epiphysial plate.  Data shown are averaged 

from 3-5 mice per cohort.   
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Figure 2.9 Basophil deficiency does not affect the development or persistence of 

antibody-mediated arthritis.  A) Clinical score was recorded following K/BxN serum 

injection in mice expressing a basophil-specific YFP-ires-cre (Basoph8+) either with or 

without the floxed Rosa-flxDTα (Dtα+) gene.  B) Representative dot plots from Cre-

expressing mice.  Peripheral blood basophils were identified as CD4- autofluorescentlo 

YFP+ by flow cytometry. 
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Discussion 

We have utilized the sykf/f MRP8-cre+ mice, which lack Syk in neutrophils, to examine 

the role of these cells in the innate immune-mediated effector stage of inflammatory 

arthritis.  Since Syk kinase is required for FcγR-induced signaling, the neutrophils in 

these mice fail to respond to immune complexes.  Loss of Syk signaling in neutrophils is 

sufficient to protect mice from K/BxN serum induced arthritis.  Clinical swelling is 

greatly reduced or absent in the sykf/f MRP8-cre+ mice; the synovium of these animals is 

undisturbed, with no evidence of bone and cartilage damage.  Sykf/f MRP8-cre+ mice also 

demonstrate decreased antibody accumulation along the cartilage and lower serum 

cytokine levels.  Further, Syk signaling pathways in neutrophils are required at several 

stages of immune response, including early induction of vascular permeability.  However, 

using mixed chimeras, it is clear that Syk is not required for neutrophil migration into the 

joint if inflammation is already established.  Neither mast cells nor basophils are required 

for arthritis development following K/BxN serum challenge.  These observations help re-

define the pathogenesis of inflammatory arthritis in this model and emphasize the 

neutrophil dependence of this disease.  

These conclusions are based on the neutrophil specificity of the MRP8-cre gene.  

Although monocytes/macrophages may express MRP8156, we found no significant 

deletion of Syk or upregulation of Cre expression in these cell types.  Therefore, while 

we cannot completely rule out a contribution from syk deletion in 

monocytes/macrophages, it would be minor compared to neutrophil deletion. 

The original model of disease progression in K/BxN arthritis postulates that tissue 

resident mast cells are required for the initial recognition of anti-GPI immune complexes, 
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promoting vascular permeability and antibody deposition, and elaborating 

proinflammatory mediators leading to neutrophil recruitment, activation and tissue 

injury75, 168.  Indeed, mast cell-deficient c-kitW/Wv mice are protected from K/BxN serum 

induced arthritis, and disease can be restored by engraftment of wild type mast cells.  

However, we and others have found that the mast cell-deficient strain c-kitSh/Sh is 

susceptible to K/BxN serum induced arthritis and the similar anti-collagen mAb/LPS 

injection model101, 146.  The difference between the c-kitSh/Sh and c-kitW/Wv strains likely 

reflects the hematopoietic defect in the W/Wv mouse, which includes neutropenia146.  

Together, these results show that mast cell Fc/Syk signaling is not required for the 

disease process as previously thought.  In contrast, recent studies suggest a critical role 

for neutrophil FcγRs.  Arthritis progresses normally in human-FcγRIIA transgenic mice 

that express FcγRs only on neutrophils61, and in FcγRI/IIB/IIIA/ FcεRI/II deficient mice 

that express FcγRIV only on macrophages and neutrophils101.  In both these models FcγR 

expression is absent in all other cell lineages, and it is not known whether forcing Fc 

receptor expression in other cell types would have a compensatory effect on disease 

development.  In contrast, FcγR signaling is intact in all cells except neutrophils in sykf/f 

MRP8-cre mice.  In concert with the above studies, one can generally conclude that 

neutrophil recognition of immune complexes is the major driver of K/BxN serum induced 

arthritis.    

By generating mixed bone marrow chimeras, we were able to directly compare 

the behavior of Syk-deficient and wild type neutrophils during inflammation.  Combined 

with data from Sykf/f MRP8-cre+ mice, our results show that Syk deficiency has effects on 

specific pathways and mechanisms.  Despite their expected inability to respond to 
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immune complexes in vitro, in an in vivo inflammatory setting Syk-deficient neutrophils 

mobilize secretory granules normally, possibly in response to factors produced by wild 

type neutrophils16, and migrate normally.  Syk deficiency does impede the ability of 

neutrophils to promote vascular permeability and produce cytokines at the inflammatory 

site.  Syk-deficient neutrophils also show enhanced/accelerated cell death.   

Systemic immune complexes induce both acute (5-10 minutes after 

administration) and long term (hours to days) changes to the vascular endothelium that 

increase permeability and extravasation96, 97.  Arthritis can occur in the absence of acute 

vascular leak in the joint, though disease is slightly attenuated97, 169.  Notably, Fc receptor 

expression by neutrophils can rescue arthritis on an FcRγ-/- background, but does not 

rescue the vascular leak defect observable at 45 minutes post serum injection61.  This 

observation appears to be at odds with our finding that deletion of Syk in neutrophils 

causes a decrease in antibody deposition in the joint.  However, our results in the 

cutaneous Arthus reaction show that edema in response to immune complexes is reduced 

in sykf/f MRP8-cre+ mice after several hours.  We suggest that very early acute vascular 

changes occur through a separate mechanism than the more long-term process of edema, 

where the latter at least partially depends on IgG recognition by neutrophils.  

Syk is also responsible for signaling through other neutrophil receptors that utilize 

ITAM-dependent signaling pathways, such as integrins, some C-type lectin receptors and 

cytokine receptors102.  Reduced integrin signaling may contribute to impaired neutrophil 

migration, as Syk-deficient neutrophils do show reduced recruitment in the cremaster 

muscle model following superfusion with chemoattractant peptides193.  However, we have 

found no defect in Syk-deficient neutrophil recruitment in thioglycollate induced sterile 
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peritonitis22, hemorrhagic vasculitis in the skin194 or as shown here in the K/BxN model of 

arthritis.  We conclude that the loss of integrin signaling in Syk-deficient neutrophils has 

variable effects on cellular migration dependent on the inflammation model.  Whether 

Syk deficiency would alter cellular recruitment in other tissue sites remains to be tested.  

Since sykf/f MRP8-cre+ mice are protected from arthritis despite normal migration 

in Syk-deficient neutrophils, the block in inflammation likely occurs upstream of 

substantial neutrophil recruitment.  Similar findings were reported with mice lacking 

BLT1, the LTB4 receptor, in which reconstitution with wild type neutrophils induced 

arthritis and the recruitment of BLT1-/- neutrophils to the joint125.  We propose that Syk-

dependent signaling in neutrophils is required for the elaboration of chemokines and 

cytokines, such as TNFα and LTB4, which induce further recruitment of additional 

monocytes and neutrophils, leading to more cytokine production and tissue damage, in 

the fashion of a self-amplifying loop.  Activation of tissue resident cells alone is not 

sufficient to induce significant neutrophil recruitment in sykf/f MRP8-cre+ mice, even 

though Syk-deficient neutrophils could otherwise migrate into the joint if a sufficient 

inflammatory signal was present.  Undoubtedly, the majority of neutrophil activation 

occurs in response to tissue-deposited immune complexes.  However, the decreased 

antibody deposition in joints of sykf/f MRP8-cre+ mice suggests that at least part of the 

neutrophil activation occurs in the peripheral blood.    

The role of Fc receptors in human autoimmune disease is complex, since these 

molecules mediate both activating and inhibitory signaling.  Hypomorphic alleles of the 

human FcγRIIA, RIIIA, and RIIIB are associated with increased disease severity and 

nephritis in patients with SLE195, 196.   These hypoactive FcγRs could result in decreased 
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immune complex clearance, paradoxically leading to accumulation of IgGs in tissues that 

would mediate chronic immune cell activation197.  Syk is therefore at attractive 

therapeutic target, as it is required for signaling through all FcγRs.  Indeed, Syk inhibitors 

are efficacious in multiple animal models of autoimmune arthritis and SLE; phase III 

clinical trials with rheumatoid arthritis patients show promise198.  Our data suggests that 

part of the efficacy of Syk inhibitors could stem from the inhibition of immune-complex 

induced activating signals in innate immune cells61, 167, 199.  

Overall, these results suggest that signaling through Syk in neutrophils is the 

major mediator of arthritis in the K/BxN model, while immune complex recognition by 

other cells, in particular mast cells and basophils, plays a less important role in disease 

development.  In combination with similar findings in immune complex nephritis199, this 

suggests that neutrophils are the dominant pathogenic cell in most immune complex-

mediated diseases.  Obviously, this hypothesis will require further testing, but it does 

significantly alter the pathogenic models of immune complex inflammation, particularly 

diminishing the role of mast cells.  This would have direct implications in the 

development of cell-targeted therapeutics for treatment of immune complex disease. 
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Chapter 3: The role of neutrophil Syk in vascular leak and edema 
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Summary 

Sykf/f MRP8-cre+ mice manifest poor edema formation at three and eight hours 

following formation of cutaneous immune complexes (Arthus reaction).  This defect is 

most pronounced at the eight-hour timepoint, while mast cell deficient c-kitsh/sh animals 

show no defect in edema at any time point.  Histamine is a powerful vasoactive molecule, 

but the histamine receptor 1 (H1R) antagonist pyrilamine maleate only inhibits edema in 

c-kitsh/sh mice, and only at the three-hour timepoint.  Thus, at early timepoints neutrophils 

are able to compensate for the lack of mast cells in a partially H1R-dependent 

mechanism.  Together, these data suggest that neutrophil-dependent recognition of 

immune complexes contributes significantly to changes in vascular permeability during 

the early phases of immune complex disease.  In contrast, very early joint-specific edema, 

induced by systemic immune complexes, is unaffected in sykf/f MRP8-cre+ mice, 

suggesting that the mechanism behind edema varies depending on the tissue site and/or 

the time point after induction. 

Introduction 

Increased vascular permeability is one of the hallmarks of inflammation, leading 

to increased plasma proteins in the inflamed tissue as well as edema.  Vascular 

permeability allows for an influx of complement factors, antibodies, cytokines and 

chemokines, and nutrients that can help activate leukocytes and clear infections and cell 

debris200-203.  Though in some cases gaps between cells allow red blood cells, platelets, 

and microparticles to pass through, increased vascular permeability does not directly 

increase leukocyte diapedesis.  Endothelial disruption due to injury is associated with 

deregulated extravasation, but inflammation-induced vascular permeability is not simply 
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a loss of endothelial organization.  Rather, it involves an orchestrated change in cell 

adhesion and activation that is regulated through different pathways than leukocyte 

migration204-208.   

Vascular permeability results from cell contraction and the dismantling of specific 

tight junctions.  Most of the factors that induce permeability signal through G-protein 

coupled receptors (GPCRs)200, 203, 204.  Downstream, Ca2+ flux activates PKCα and Src 

family kinases, which can activate myosin light chain kinase to cause myosin-induced 

cell contraction.  The formation of stress fibers similarly encourages contraction, and is 

the result of RhoA/Rho kinase-induced actin polymerization203, 204, 206, 209.  Cell contraction 

is accompanied by rearrangement of cell-cell adhesion molecules203, 204, 210, 211.  Although 

endothelial cells bind to each other through a variety of adherens and tight junctions209, 

most vascular permeability changes involve modulation of homotypic VE-cadherins204.  

Phosphorylation of VE-cadherin reduces its adhesiveness, but it can also be directly 

degraded by neutrophil proteases204, 206. 

 Vascular permeability can be increased through multiple soluble and membrane-

bound mediators200, 209.  Tissue resident mast cells are well-known for their ability to 

induce vascular permeability, and are partially responsible for the resulting edema and 

low blood pressure seen during acute hypersensitivity and shock.  More recently the 

contribution of other cells types has been appreciated200, 201, 212.  This section will focus on 

how neutrophils interact with the endothelium to induce changes. 

 Neutrophils interact frequently with the vascular endothelium during steady state 

conditions, rolling along the surface via weak successive selectin and integrin ligations.  

Under inflammatory conditions, the vascular endothelium and neutrophils upregulate 
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these surface ligands and receptors, allowing for firmer adhesion but also for increased 

stimulatory signaling213, 214.  Integrin and selectin signaling in neutrophils leads to the 

release of secretory granules and elaboration of TNFα, LTB4, LTA4, CXC chemokines, 

VEGF, histamine, PGE2, ROS, and ATP, all of which can stimulate permeability 

increases in the endothelium3, 6, 200, 204.  Neutrophils also produce precursors that 

endothelial cells process into LTC4 and thromboxane A2, which feed back onto 

endothelial cells in an autocrine pro-inflammatory loop200, 205, 214.  Many of these factors 

act on neutrophils themselves. TNFα primes neutrophils and induces secretory granule 

release, and LTB4 causes neutrophils to release HBP, which causes cadherin dismantling 

and reorganization in endothelial cells.  Finally, neutrophil integrins and selectin ligands 

signal through ICAM-1/2 ligands and P-selectin, respectively, on endothelial cells200, 203, 

205, 206.  

 Neutrophils can initiate vascular changes in response to the cytokines and 

complement generated by inflamed tissue or the inflamed endothelium.  In this fashion 

neutrophils act as secondary or tertiary responders to infection or injury, subsequently 

altering the vascular endothelium205, 206, 214.  Alternatively, systemic bacterial infection 

could activate neutrophils directly.  As bacterial ligands, antibodies, and deposited 

complement are more potent stimuli, these neutrophils would generate a greater variety 

of inflammatory mediators and undergo phagocytosis, degranulation, and NET formation 

in addition to affecting the vascular endothelium3, 6.  Bacterial ligands, including LPS, 

also activate endothelial cells directly202, 204. 

 The deposition of immune complexes (IC) causes a rapid increase in vascular 

permeability that relies on neutrophils, complement deposition (in the skin and 
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peritoneum but not in the lung), and platelets96, 97, 169, 215.  Previous studies suggested that 

mast cells are also key regulators of IC vascular permeability, perhaps via histamine 

release.  C5a, C3 and C1q are all required for vascular leak in the reverse passive Arthus 

(RPA) reaction in the cremaster muscle, a model of immune complex induced 

inflammation169, 216.  Lack of complement is associated with decreased leukocyte rolling, 

perhaps reflecting the ability of neutrophils to induce endothelial changes through cell-

cell adhesion.  However, mast cell stabilization does reduce leukocyte rolling without any 

defect in vascular permeability169. 

 Short-term vascular permeability (arising over several hours) occurs during acute 

injury and damage217, 218, including transfusion related acute lung injury (TRALI)212, 219, 220.  

Neutrophil-platelet interactions induce activation of the vascular endothelium in the lung, 

leading to microvascular damage and edema205.  The damage is induced by donor blood 

factors, the most robust of which being antibodies against major histocompatibility 

complex II (MHC II) or anti-neutrophil antibodies. Though injury is caused by the 

immune response to auto-antibodies, clearly these antibodies are not sufficient to cause 

damage, as the donors that carry these antibodies are healthy.  Risk of TRALI is 

increased by inflammatory events such as surgery and infections, and some type of 

priming event must occur to allow the immune system to react219-221.  Interestingly, the 

constitutive expression of MHC-II on lung endothelium could explain the lung-specific 

damage due to anti-MHC II, but not to that of anti-neutrophil antibodies.  The extensive 

lung damage may be due to unique aspects of the lung vascular endothelium201, 221-223. 

Similarly, there is a unique type of vascular permeability that seems to occur only 

in the distal joints in response to systemic ICs.  Within minutes of systemic IC 
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administration, regardless of antibody specificity, there is a flood of edema in the distal 

joints that can accelerate inflammation in mouse models of arthritis.  Though this process 

seems to require many of the same players, including neutrophils, it may be more 

dependent upon mast cells and does not rely upon the complement cascade69,96.  

Specifically, transfer of wild type neutrophils to C-kitW/W-v mice cannot rescue the defect 

in joint-specific vascular leak, though it can rescue the defect in arthritic inflammation199.  

How the two processes of immediate joint edema and short-term complement-dependent 

edema contribute to the overall accumulation of antibodies in the arthritic joint is unclear.  

The short-term edema that occurs over several hours may more closely mimic the type of 

vascular phenotype that occurs during chronic inflammation.  However, immediate joint 

edema may exacerbate auto-inflammatory damage within the joint compared to other 

tissues. 

Neutrophils are required for both immediate joint permeability as well as short-

term edema induced by IC, and likely contribute to long-term endothelial changes such as 

angiogenesis200, 206, 218, 223.   In addition to the recognition of factors produced downstream 

of IC deposition (TNFα, C5a, LTB4, endothelial ICAM upregulation), neutrophils 

directly recognize IC in the peripheral blood and in the tissue6.  The reverse passive 

arthus (RPA) reaction is a model of IC mediated edema and leukocyte infiltration.  IC 

deposition is accomplished by systemic administration of antigen and local injection of 

polyclonal antibodies, which causes edema and neutrophil infiltration within several 

hours, and an influx of monocytes/macrophages between 24 and 48 hours163. 

IgG IC are recognized by the Fcγ receptors (FcγR).  In mice, the activating 

receptors are FcγI, FcγIII, and FcγIV.  All signal through the intracellular FcRγ chain, 
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which contains the ITAM sites required for the recruitment and activation of the tyrosine 

kinase Syk85, 102.  By utilizing a neutrophil specific Cre recombinase and a flox site-

flanked allele of Syk (sykf/f MRP8-cre+)155, 156, we have investigated the effect of 

neutrophil-specific Syk deficiency during RPA in mice.  In contrast with earlier studies, 

we have found that mast cells are not required for IC recognition during cutaneous RPA, 

while Syk-dependent neutrophil effector functions are critical169.  Syk is also required for 

integrin signaling in neutrophils, so it is unclear whether the defect in edema seen in sykf/f 

MRP8-cre+ mice is due to lack of FcγR recognition of IC, or the lack of integrin-

mediated cross talk between neutrophils and the endothelium21.  However, reduced 

neutrophil rolling and adhesion is not always associated with reduced vascular leak205, 

indicating that other neutrophil signaling pathways can be sufficient.  Notably, neutrophil 

migration is unaffected by Syk deficiency1, 22.   

 

Materials and Methods 

Mice   

Sykf/f mice155 were backcrossed to C57BL/6 (Charles River) for 8 generations, then 

crossed to the MRP8-cre+ strain156 for conditional syk deletion.  Control mice for all 

experiments included either syk+/+ MRP8-cre+ or sykf/f MRP8-cre-, to both control for Syk 

and Cre expression.  NOD/ShiLtJ, C57BL/6J-KitW-sh/BsmJ (c-kitsh/sh) 160, C57BL/6J-

KitW-v/J (c-kitW/+), WB/ReJ KitW/J (c-kit+/Wv) mice were purchased from Jackson 

Laboratories.  The c-kitW/+ and c-kit+/Wv were intercrossed to obtain c-kitW/Wv animals146.  

 

Cutaneous reverse passive Arthus reaction (RPA) 
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The cutaneous Arthus reaction was performed as previously described.  Briefly, 30µL of 

1mg/mL rabbit anti-chicken ovalbumin IgG or control rabbit IgG was injected 

intradermally (i.d.) on the back of anaesthetized mice, followed by the administration of 

0.5% Evans Blue and 2.5mg/mL chicken ovalbumin (OVA, Sigma #5503) in PBS i.v. 

(200µL per mouse).  Skin from the i.d. injection site was collected 3 hours later and 

placed in N,N-dimethylformamide for 48 hours to extract the Evans Blue.  Evans Blue 

concentration was determined by absorbance at 650nm163, 215 and edema was evaluated as 

the ratio of Evans Blue concentration in the tissue to that in the peripheral blood.   

30mg/kg bodyweight of the histamine 1 receptor antagonist pyrilamine maleate224 

(Sigma) was administered in 200µL of PBS i.p., 30 minutes prior to induction of the 

Arthus reaction. 

 

Joint-specific vascular leak following systemic immune complex (IC) 

Immune complexes were generated by incubating rabbit anti-chicken ovalbumin (Cappel 

#55304) with OVA in saline, in a 10:1 ratio for 2 hours incubation at 37ºC, forming a 

visible insoluble immune complex precipitate164.  50µL of IC or PBS as a control was 

administered i.v. along with 150µL PBS and Evans Blue at a final concentration of 0.5%.  

After 45 minutes, mice were euthanized and the paws were removed above the tibiotalar 

and radiocarpal joints and placed in 600µL of N,N-demethylformamide for 48 hours to 

extract the Evans Blue61.  Evans Blue concentration was determined by absorbance at 

650nm and edema was evaluated as the ratio of Evans Blue concentration in the tissue to 

that in the peripheral blood. 
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Leukocyte isolation and stimulation 

To isolate bone marrow neutrophils, femora, tibiae, and humeri were collected from 

euthanized 8-10 week old mice and flushed with saline.  Collected marrow was 

homogenized with a 19g needle and filtered through a 70µm filter, followed by hypotonic 

red blood cell (RBC) lysis.  Neutrophils were purified by isolating cells from the Percoll 

layer of a 62% Percoll gradient, as previously described.  The resulting neutrophils were 

at least 85% pure.  Neutrophils were suspended in RMPI + 10% FCS, then stimulated for 

6 hours at 37ºC under CO2 4 X 105 cells/100µL with rabbit IgG immune complexes at 

420µg/mL or PMA.  Supernant was then collected and stored at -20ºC until use10.  VEGF 

was detected by ELISA (Invitrogen) according to manufacturer instructions. The reaction 

was stopped with acid and read at 450nm on a SpectraMax M5 (Molecular Devices).  

Results are displayed as arbitrary units and standardized between experiments by 

normalizing to K/BxN serum.  

 

Analysis and statistics   

Graphs and statistical test were performed using Prism.  Statistical significance was 

determined by one-way ANOVA unless otherwise indicated, and error bars represent 

standard error of the mean.  *= p<0.05, ** = p< 0.01, and ***= p<.0001. 
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Results 

 K/BxN serum transfer leads to deposition of anti-GPI antibodies along the 

cartilaginous surfaces of the distal joints, which accumulates over time and peaks around 

day 7.  Though systemic immune complex and K/BxN serum have been shown to induce 

immediate joint-specific vascular leak that results in joint antibody deposition96, very 

little IgG is detectable at day 3 (data not shown).  Serum anti-GPI levels are inversely 

proportional to antibody deposition, and start to fall after day 3.  To our surprise, sykf/f 

MRP8-cre+ mice show less antibody desposition in the joint at day 7 (Figure 2.5 A).  

Though we cannot rule out increased antibody clearance from the joint as a mechanism, 

higher serum anti-GPI levels in sykf/f MRP8-cre+ mice suggest a defect in transport of 

antibody into the tissue (Figure 2.5 B). Since Syk-dependent neutrophil functions affect 

long-term antibody deposition, we sought to investigate the role of neutrophil Syk in 

vascular leak and edema. 

 In order to more directly assess edema, we turned to the cutaneous reverse passive 

Arthus (RPA) reaction163, 215 and the immediate joint-specific leak induced by systemic 

immune complex (IC)96.  In the RPA reaction, immune complex formation in the skin 

leads to robust local plasma protein leak over 3 to 24 hours, following systemic 

administration of an antigen such as Ovalbumin (OVA), and local (intradermal) injection 

of anti-Ova antibody163, 215.  For comparison, treating mice iv with immune complexes, 

regardless of specificity, causes vascular leak in the distal joints within minutes, and does 

not require the presence of antigen either systemically or in the joint96.  Both processes 

are measureable by systemic administration of the dye Evans Blue.   
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 Though the bulk of antibody deposition occurs over several days, the early small 

levels of antibody in the joint have been shown to accelerate arthritis.  Neutrophils are 

required, but earlier studies suggested that they participated in a non-FcγR dependent 

manner96, 97, 99.  We also found that joint vascular permeability was unchanged in sykf/f 

MRP8-cre+ mice after 45 minutes (Figure 3.1 A).  Therefore, any early changes to the 

vascular endothelium do not require neutrophil recognition of IC, and they also do not 

require intact integrin signaling in neutrophils.   

 Neutrophil Syk does, however, appear to be required for later and non-joint 

specific endothelial changes caused by the Arthus reaction.  Sykf/f MRP8-cre+ mice do 

show less evidence of edema at 3 hours, though the defect is not as complete as that seen 

in total FcRγ-/- animals (Figure 3.1 B), which do not express any activating Fcγ receptors.  

The defect is more pronounced at 8 hours, at which time there is no evidence of edema at 

the antibody injection site in sykf/f MRP8-cre+ mice (Figure 3.1 B).   

 Some of the earliest studies utilizing the RPA reaction highlighted the role of 

mast cells in edema216.  Mast cells produce large amounts of vasoactive products such as 

histamine, serotonin, and TNFα.  In particular, mast cells are thought to be responsible 

for the bulk of the histamine produced during acute inflammation224.  C-kitW/W-v and c-

kitSh/Sh mice responded normally to the Arthus reaction at 3 hours (Figure 3.1 C).  We saw 

a slight decrease in edema at 8 hours, but only in c-kitW/W-v mice, and not in c-kitSh/Sh mice 

(Figure 3.1 D).  As mentioned previously, c-kitW/W-v animals have several other 

hematopoietic defects that could affect acute inflammation146.  Due to the discrepancy 

between the c-kitW/W-v and c-kitWh/Wh strains, we suggest that immune complex induced 
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edema is in fact not dependent upon mast cells, and that neutrophils are the primary 

mediators of vascular leak in the RPA model. 

 We therefore sought to determine which factors were responsible for the 

neutrophil-dependent edema.  Histamine is a potent vasoactive mediator144, 224, and i.d. 

injection of histamine can recapitulate the edema caused by immune complexes (Figure 

3.2 A), though the inflammation is less localized (data not shown).  However, there are 

multiple different histamine receptors expressed in varying amounts in different tissues.  

The H1 receptor antagonist pyrilamine maleate224 has no effect on RPA edema in wild 

type mice at 8 hours (Figure 3.2.B), or at 3 hours (data not shown).  Similarly, inhibiting 

the H1 receptor did not affect edema in c-kitSh/Sh mice at 8 hours (Figure 3.2 C).  At the 

three hour time point, however, pyrilamine maleate inhibits edema in c-kitSh/Sh mice 

despite having no effect on wild type animals (Figure 3.2 D).  Mast cell deficiency 

therefore exaggerates the role of the H1 receptor.  It is possible that mast cells can 

normally compensate for the loss of the H1 receptor through the expression of other 

receptors, or the elaboration of other vasoactive factors. It is still unclear how, if at all, 

the H2, H3, or H4 receptors224 participate in short-term vascular leak.  Further studies 

with specific inhibitors could shed light on the kinetics of histamine signaling in response 

to IC.  It is interesting that the H1 receptor and neutrophils seem to be involved at 

different time points.   

 Neutrophils can also elaborate VEGF, which aside from its activity as an 

angiogenesis-promoting growth factor can cause vascular endothelial cell contraction and 

permeability225-227.  IC stimulation of bone marrow neutrophils leads to the secretion of 
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VEGF in a Syk-dependent manner (Figure 3.3).  Whether neutrophils are a significant 

source of VEGF during RPA is unknown.  
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Figures 

 

Figure 3.1 Immune complex induced cutaneous edema is reduced in sykf/f MRP8-cre+ 

mice but not in mast cell deficient mice.  Vascular leak as measured by local tissue 

concentrations of Evans Blue in B6, FcRγ-/-, sykf/f MRP8-cre+, and mast cell deficient c-

kitW/W-v  and c-kitSh/Sh mice at 3 hours (filled circles) and 8 hours (hollow circles).  A) 

Vascular leak in the tibiotalar and radiocarpal joints 45 minutes after systemic IC.  B) 

Cutaneous edema at three and eight hours following RPA in sykf/f MRP8-cre+mice. C, D) 

Cutaneous edema in mast cell deficient c-kitW/W-v  and c-kitSh/Sh mice at 3 hours (C) and 8 

hours (D).  Results from wild type mice are significantly different than results from  

FcRγ-/- mice in all panels (not depicted).  * =  p < .05 ** = p < .01 
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Figure 3.2 H1 receptors are dispensable for cutaneous edema formation in wild type 

mice, but may contribute to edema in c-kitSh/Sh mice.  Vascular leak as measured by local 

tissue concentrations of Evans Blue in B6, FcRγ-/-, and mast cell deficient c-kitW/W-v and c-

kitSh/Sh mice at 3 hours (filled circles) and 8 hours (hollow circles).  A) Cutaneous 

administration of histamine alone, compared to RPA induction in wild type mice.  B) 

Cutaneous edema in wild type mice 8 hours after RPA, with and without pyrilamine 

maleate.   Cutaneous edema three (C) and eight hours (D) after RPA in wild type, fcRγ-/- 

and c-kitSh/Sh mice treated with pyrilamine maleate. Results from wild type mice are 

significantly different than results from FcRγ-/- mice in all panels (not depicted). * = p < 

.05; ** = p < .01; *** = p < .001 
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Figure 3.3 VEGF production by neutrophils. 

 Wild type and Syk deficient (Syk KO) bone marrow neutrophils were stimulated 

with insoluble immune complex (IC), LPS, or PMA for 6 hours.  Supernatants were 

tested for VEGF by ELISA as described in the materials and methods.   
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Discussion 

 We have found that neutrophil-specific Syk deletion inhibits cutaneous edema 

resulting from RPA, especially at later time points, whereas mast cells are dispensable.  

In contrast, the joint-specific vascular leak downstream of systemic IC is intact in sykf/f 

MPR8-cre+ animals.  The early and late stages of vascular permeability therefore proceed 

via different mechanisms, and whether this difference is tissue or time specific will 

require a closer examination of earlier time points during cutaneous RPA, IC-induced 

edema in the lung and peritoneum, and longer time points after IC-induced joint edema.   

 Intradermal histamine can induce similar levels of edema compared to immune 

complex deposition, but the inflammation is more disperse and lacks the influx of red 

blood cells seen during later time points.  This rapid and robust edema complicates 

histamine-reconstitution experiments during RPA in sykf/f MPR8-cre+ mice, making it 

difficult to determine if histamine is truly one of the crucial missing factors.  Selective 

histamine receptor antagonists could be of use224.  The H1 receptor antagonist pyrilamine 

maleate has no effect on edema in wild type animals, even at repeated high doses (data 

not shown).  However, the mast cell deficiency of c-kitSh/Sh mice makes these animals 

responsive to pyrilamine treatment. Pyrilamine most effectively dampens edema at the 

three-hour time point in c-kitSh/Sh mice, and its effect may be more apparent at even earlier 

times.  It is notable that H1 receptor inhibition becomes less effective as neutrophil Syk-

dependent pathways become more so.  The change in mechanism over time may reflect 

varying dependency on histamine, the involvement of different histamine receptors, or 

changes in the primary cell type that drives inflammation.  It will be important to repeat 

these experiments with other histamine receptor antagonists, specific for H2 and 
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H3/H4224, to determine the overall role of histamine and whether neutrophils are a critical 

source of histamine during the initiation of progression of edema.  

The contribution of both soluble and membrane bound factors could be 

determined through a series of compensation experiments in sykf/f MPR8-cre+ mice, by 

combining Syk deficient neutrophils with various other knockouts.  If, for example, loss 

of neutrophil histamine production is one of the mechanisms behind the protective effect 

of Syk deficiency, histidine decarboxylate deficient neutrophils will be unable to 

compensate and restore edema.  The complementation could be accomplished either 

through mixed bone marrow chimeras or intravenous bone marrow neutrophil transfers.  

Transferring bone marrow neutrophils would avoid the effects of radiation on the 

vascular endothelium, and would eliminate the contribution of other cell types.  However, 

since neutrophils are so numerous in the peripheral blood3 it is difficult to transfer a large 

enough number of donor neutrophils without overloading the vasculature.  Further, 

though bone marrow neutrophils appear mostly mature they may behave differently from 

their peripheral blood counterparts.  A combination of both approaches will likely be 

required. 

Though Evans Blue dye provides a fairly robust measurement of edema, more 

subtle differences in vascular leak as well as the area affected are difficult to discern.  

There is also considerable variation between experiments, making it difficult to pool data.  

Further, evaluation of vascular permeability requires extraction of Evans Blue from the 

tissue, and thus can only be analyzed at one time point.  A more sensitive assay would 

give more precise data over multiple time points.  The IVIS Spectrum imaging system 

allows from whole body fluorescent and luminescent imaging in mice228.  Since vascular 
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leak in the joint and cutaneous RPA occurs fairly close to the surface, it should be 

detectable with a far-red fluorescent probe conjugated to a plasma dye, such as Texas-red 

conjugated Dextran229, 230.  We plan to use this system for future vascular leak 

experiments. 

Clearly histamine is only one of many molecules at play, and analysis of systemic 

and local cytokine and chemokine production could expose some of the differences 

between wild type and sykf/f MPR8-cre+mice, and perhaps provide additional candidates.  

The soluble factors LTB4, VEGF, prostaglandin E2 (PGE2), ATP, HBP, and CXCL 1, 

2,3, and 8 are some known vasoactive factors200, 206, 209, and Syk signaling has been linked 

to the production of most of them77, 102, 231.  VEGF is released following IC stimulation, 

and is also implicated in the progression of several inflammatory diseases, including RA.  

A floxed allele of VEGF has already been developed, and in conjunction with the 

neutrophil specific MRP8-cre could be used to probe the role of VEGF during edema as 

well as RA133.  Neutrophils can also indirectly lead to the production of LTB4, LTC4, and 

TXA2 by producing the precursors LTA4 and arachidonic acid206.  It will also be 

interesting to see whether neutrophils are involved in the complement-mediated aspects 

of vascular permeability. Immune complexes can fix complement via the classical 

pathway (binding and activation of C1q)60, but immune complexes also stabilize the 

C3b,C3b C5 convertase that drives the alternative pathway95.  Though Syk is not required 

for C5aR signaling, FcγR and integrin signaling can lead to the elaboration of properdin, 

which stabilizes the alternative complement pathway, thereby leading to more C5a 

production94, 95.  
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Syk is also required for signaling downstream of integrin ligation102, which is 

known to be part of the neutrophil-endothelium crosstalk that encourages vascular 

permeability206.  That vascular leak can be decoupled from neutrophil rolling and 

adhesion suggests that other pathways can compensate for loss of integrin signaling205, 

but we cannot rule out the role of other Syk-dependent receptors.  β2 Integrin or Syk 

deficiency inhibits macrophage adhesion and migration in vitro, and Syk deficient 

macrophages show impaired migration in vivo as well.  However, neutrophil migration is 

only partially impaired in vitro.  Syk deficient neutrophils migrate normally during 

thioglycollate peritonitis, skin pouch infection, and arthritis, but are impaired in 

trafficking to the cremaster muscle in the presence of chemoattractants21, 22, 102, 171.  In any 

inflammatory model, decreased inflammation can result in reduced leukocyte migration, 

even though the defect does not influence migration directly.   In the K/BxN model of 

RA, a number of genetic knockouts leads to complete protection from arthritis and a 

corresponding loss of neutrophil trafficking to the joint, the sykf/f MRP8-cre+ mice in 

particular1, 63, 125.  Mixed bone marrow chimeras showed that Syk deficient neutrophils 

could migrate normally given sufficient inflammation.  However, the converse could be 

true in the RPA model.  Defective neutrophil recruitment, rolling, or adhesion could 

cause reduced edema, and thus direct recognition of IC by neutrophils may not be 

required at all.  Therefore, compensation experiments with FcγR and β2 integrin 

knockouts will be vital. 

In the RPA model, neutrophils first encounter immune complexes in the 

vasculature at the local intradermal site of antibody injection215.  However, there is also 

immune complex deposition in the tissue, and tissue resident cells may be important for 
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neutrophil recruitment.  Since mast cells are not required, it will be interesting to 

determine if tissue resident macrophages are crucial for immune complex recognition, by 

comparing the LysM-cre and MRP8-cre strains.  It is important to note that immediate 

joint vascular leak due to immune complex does not require complement or antigen in the 

tissue97, so cannot be directly compared to the vascular leak that occurs during the Arthus 

reaction.  We plan to examine the factors involved in both types of vascular leak, as well 

as the leak that occurs during peritonitis and lung damage, to elucidate the tissue-specific 

differences and their causes. 
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Chapter 4: Future directions 
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 In the previous chapters I have shown that Syk-dependent functions in neutrophils 

are the key mediators of autoantibody induced arthritis and vascular leak, through the use 

of neutrophil-specific Syk deletion in mice.  Sykf/f MRP8-cre+ animals lack Syk only in 

neutrophils, and are completely resistant to K/BxN arthritis and partially resistant to 

cutaneous edema that occurs following immune complex (IC) deposition.  Although 

some of the potential mechanisms for neutrophil involvement have already been 

discussed, there are several studies that could further describe how neutrophils contribute 

to IC mediated inflammation.  

 

Future directions for the role of neutrophils in arthritis 

 The failure of sykf/f MRP8-cre+ mice to develop arthritis in response to K/BxN 

serum is likely due to the lack of FcγR signaling in neutrophils, since Syk deficient 

neutrophils are able to migrate during inflammation.  Sykf/f MRP8-cre+ mice have grossly 

normal populations of mast cells, dendritic cells, macrophages, and monocytes, which 

show no evidence of Syk deletion.  These cells are known to respond to IC and can 

activate and recruit neutrophils, yet their presence is not sufficient to induce immune-

complex arthritis.  This suggests that antibody-mediated arthritis depends critically on 

neutrophils recognition of immune complexes.  However, as of yet we cannot rule out the 

effect of other Syk-dependent receptors on the phenotype of sykf/f MRP8-cre+ mice.  

Determining the contribution of integrin signaling via arthritis induction in integrin 

knockout and mixed chimeric mice is a crucial next step.  

Neutrophil migration is intact in Sykf/f MRP8-cre+ mice given the correct 

inflammatory signals, as has been shown in other models10, and thus integrin signaling is 
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not crucial for neutrophil extravasation into the tissue.  Once in the inflamed tissue, Syk-

deficient neutrophils express early activation markers associated with secretory vesicle 

exocytosis (CD62L shedding and CD11b upregulation)15 and show only a slight increase 

in apoptosis.  Syk-deficient neutrophils did display impaired TNFα production, measured 

after ex vivo restimulation, which may be due to defective priming.  However it is unclear 

if these cells actually produce less cytokine while in the joint.  In conjunction with the 

apoptosis data, it’s possible that Syk deficient cells simply die off more quickly and thus 

are not around long enough to become completely activated.  A more careful analysis of 

cell death would be useful, perhaps via ex vivo survival assays. 

 The present study provides some hints as to the mechanism of neutrophil 

mediated inflammation, but the precise effectors downstream of Syk that are required are 

still unknown.  One candidate is LTB4, already known to be required during arthritis for 

neutrophil function124.  Neutrophils also release IL-1β, TNFα, KC, VEGF, and 

histamine2, 3, 144, 145 following FcγR ligation24, 102.  Future studies could include the systemic 

or joint-specific administration of some of the cytokines and chemokines to see if they 

can compensate for the lack of Syk signaling in neutrophils.  In general, few differences 

were found in serum cytokine levels between Sykf/f MRP8-cre+ mice and wild type 

controls at the peak of inflammation.  An assay of synovial cytokine and chemokine 

levels would perhaps be more informative, but the lack of inflamed synovial fluid in Sykf/f 

MRP8-cre+ mice would restrict these studies to mRNA arrays.  However, neutrophils pre-

form many of their products3, 6, 15, 162, and will not be present in the uninflamed joint of 

Syk deficient mice, making a direct mRNA comparison difficult.   
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 Granule contents likely also contribute to inflammation, especially the proteases.  

Neutrophil elastase may degrade cartilage12, but it also processes pro-IL-1β into its active 

form, even in the absence of the caspase-1 inflammasome72.  Gelatinase and collagenase 

also degrade tissue12, and may regulate cytokine activation3.  It is unclear whether the 

oxygen halides produced by MPO would be inflammatory in the joint, but it may 

contribute to vascular inflammation232, and MPO release could serve as a measure of 

primary granule exocytosis15, 17. 

Using mixed chimeras, it will be possible to compare wild type and Syk deficient 

neutrophils in the joint and in the peripheral blood, by isolating neutrophils based on the 

congenic CD45 marker.  Mice could be treated systemically with brefeldin-A before 

synovial fluid harvest to assay cytokine production and release.  Though synovial fluid 

levels of granule proteins such as lactoferrin would not be interpretable in a mixed 

chimera, intracellular levels of granule proteins could be used to estimate the amount 

already released from the cells15, 17.  Chimeras could also be generated from a mix of sykf/f 

MRP8-cre+ bone marrow and various knockouts to determine if particular deficient 

neutrophils can compensate for those that lack Syk; e.g., can IL-1β, FcRγ, or CD18 

deficient neutrophils rescue arthritic inflammation as well as wild type cells? 

Though mixed bone marrow chimeras have been informative, there are some 

concerns about the effect of radiation and reconstitution on the new hematopoietic system 

as well as on the recipient tissues.  Supplemental figure A2 shows a slight, and not 

statistically significant, acceleration in arthritis development in wild type mice that have 

been irradiated, which disappears in sykf/f MRP8-cre+ recipients.  I never found any 

evidence of MRP8-cre expression in the vascular endothelium of sykf/f MRP8-cre+ mice.  
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However, irradiation induces massive cell death, and the expanding new hematopoietic 

cells are not experiencing a normal homeostatic state162.  Even given two months to 

reconstitute and stabilize, the vascular endothelium may remain in a more activated state 

and perhaps more prone to vascular permeability.  This will be an important caveat to 

keep in mind when examining how different neutrophil genetic deficiencies interact with 

genetic deficiencies in the recipient tissue.  Similarly, I found that MRP8-cre expression 

expanded in mixed bone marrow chimeras.  MRP8-cre GFP was detected in most donor 

sykf/f MRP8-cre+ peripheral blood monocytes, despite the fact that unirradiated sykf/f 

MRP8-cre+ monocytes show no evidence of cre expression or Syk deletion.  MRP8 is a 

calcium binding protein associated with inflammation, and thus cre expression may 

change in the abnormal environment184.  By taking care in interpretation and focusing on 

neutrophil-intrinsic differences, these caveats can be somewhat overcome. 

A more definitive compensation experiment would be transfer of neutrophils into 

non-irradiated hosts.  For example, transfer of wild type cells in sufficient numbers into 

sykf/f MRP8-cre+ mice should restore disease susceptibility.  Although this approach has 

worked for others, notably in BLT1 knockout mice125, I was unable to restore arthritis 

with multiple neutrophil transfers.  However, in these experiments I injected neutrophils 

via the retro-orbital vein.  This approach works well for generating bone marrow 

chimeras, but in discussion with colleagues I have found that sticky, activated cells tend 

to get stuck in the retro-orbital vein or lungs and do not get disseminated.  This could 

explain why my transferred neutrophil numbers were rather low, which at the time I 

attributed to the short life span of neutrophils.  There would be value in repeating these 

experiments utilizing tail vein injection.  If successful with wild type cells, this approach 
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opens up many opportunities for compensation experiments with a variety of knockouts 

(without also needing to account for other cell types), and transfer of activated and 

stimulated neutrophils. 

The irradiation phenotype in interesting in itself, especially in regard to the slight 

irradiation-induced acceleration of arthritic progression, which is lost in sykf/f MRP8-cre+ 

recipients (Supplemental figure 2).  This may be an example of vascular endothelial 

priming202, that manifests as a Syk-dependent increase in vascular permeability. If 

irradiation induces MRP8-cre expression, it may counteract that Syk-dependent priming.  

However, in un-irradiated sykf/f MRP8-cre+ mice Syk should still be intact.  Even if 

inflammation would cause Syk deletion in these cells, these mice do not undergo any 

inflammation, and again I never saw any evidence of MRP8-cre expression.  This strange 

finding provides an opportunity to examine irradiation-induced vascular changes. 

Our results and several recent studies show that neutrophil FcγRs are required and 

sufficient for the development of K/BxN arthritis61, 101, 108.  However, this brings up a more 

general question; how do neutrophils in the periphery initiate tissue localized 

inflammation?  I propose the following general model.  First, GPI/anti-GPI immune 

complexes are present in the peripheral blood at onset.  Neutrophils may therefore first 

recognize immune complexes in the serum, perhaps increasing vascular permeability 

systemically and allowing the further deposition of antibody into the joint.  This process 

would be separate from the immediate early vascular leak in the joint, which requires 

FcRγ only on radioresistant cells96, and could be detectable by examination of neutrophil 

and vascular endothelial activation markers very early after K/BxN serum transfer.   
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Once immune complexes form in the joint, how are neutrophils initially recruited?  

This likely occurs through complement activation, which is required for K/BxN arthritis.  

The classical antibody activated complement cascade is not the principal driving force63, 

but immune complexes can stabilize alternative complement activation as well.  IgG has 

been shown to bind to and stabilize the association between C3b molecules, enhancing 

the formation of the C5 convertase C3bBbC3b.  How often this occurs physiologically is 

unclear, but the fact that antibodies can enhance alternative complement deposition in the 

joint suggests that these molecules do interact in vivo.  Complement activation leads to 

the formation of C5a, which activates the local vascular endothelium, making it more 

sticky, and generates a chemoattractant gradient from the joint tissue to the peripheral 

blood95. Inflammatory arthritis can occur in mice that lack activating Fc receptors in all 

cells except neutrophils61, 101, so it’s unlikely that macrophages need to see immune 

complex.   However, tissue resident macrophages elaborate KC in response to 

complement, further enhancing neutrophil recruitment13.  These initiating events could 

occur very early following serum transfer, and may be detectable by staining the joint for 

C3b deposition, evaluating chemokine message levels in the synovium, and looking for 

very early neutrophil infiltrates.  If neutrophils are not required for this first step, there 

will be no difference between wild type and sykf/f MRP8-cre+ mice. 

The initial activation of complement would not necessarily cause frank joint 

inflammation.  However, it would be required for the activation and recruitment of some 

neutrophils.  At this stage neutrophil Syk and FcγR signaling become crucial for the 

propagation of inflammation.  Syk deficient neutrophils recruited to the joint would be 

unable to respond to immune complexes, and thus would fail to elaborate the cytokines 
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and chemoattractants that recruit and activate monocytes and macrophages and, most 

critically, recruit more neutrophils to the site.  Since Mac-1 is not required for arthritis175, 

it is unlikely neutrophil C3b recognition plays much of a role.   

In this model, neutrophil Syk is the lynch pin of the inflammatory loop, which 

allows for neutrophil recruitment by other neutrophils, both directly and indirectly.  Even 

with immune complex and complement deposition and the presence of FcγR expressing 

macrophages, without Syk neutrophils cannot provide the needed inflammatory cues.  

This model would also suggest that targeting neutrophils and Syk at any point would 

ameliorate arthritis, and indeed neutrophil depletion after onset of K/BxN arthritis causes 

rapid resolution.  However, since the immune complexes are still present, disease returns 

with neutrophil reconstitution130.  This makes Syk a particularly attractive target.  A Syk 

inhibitor could block neutrophil activation by IgGs, while leaving other receptors crucial 

for pathogen recognition intact.  Syk inhibition my also dampen autoreactive B cells by 

inhibiting BCR signaling1, 24, 65, 77, 231.  It will be interesting to see if, in current clinical 

trials, Syk inhibitors affect B cell numbers or autoantibody levels, or if autoantibody 

positive (anti-CCP+) patients are more likely to respond favorably.  T cell activation may 

also be indirectly affected by reduced B cell derived cytokines and antigen presentation.  

Finally, Syk inhibitors may work for patients who found no relief from current biologics 

because of its ability to target both the adaptive and innate arms of the immune system1, 24, 

65, 77, 231. 

 

Future directions regarding the role of neutrophil Syk in vascular permeability. 
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 The defect in immune-complex induced vascular leak in sykf/f MRP8-cre+ mice 

varies over time.  It is not surprising that the immediate joint vascular leak that occurs 

within minutes is unchanged, as previous studies have suggested that other cell types are 

responsible for recognizing IgGs at this stage96, 97.  The defect in the Arthus reaction in 

sykf/f MRP8-cre+ mice increases at later time points, while mast cell deficient mice are 

normal at all time points.  It would be interesting to look at earlier time points to 

determine if there is a transition to neutrophil-dependency prior to three hours.  If mast 

cell deficient mice have an earlier defect, it’s possible that by three hours other cells have 

taken over and compensated.   

The results with the histamine receptor 1 antagonist pyrilamine maleate224 are 

surprising.  Though it has no effect on wild type mice, it may inhibit edema in mast cell 

deficient c-kitW/Wv mice at early time points.  Perhaps mast cells can compensate for loss 

of the H1 receptor functionality through the expression of other histamine receptors224 or 

vasoactive factors, and this functional overlap is lost in c-kitW/Wv mice206.  Since there is 

also a less robust defect in sykf/f MRP8-cre+ animals at three hours, this time point may 

represent a transitional stage.  The kinetics of cell types and mediators involved has 

implications in treatment of acute edema, such as the lung damage that occurs during 

TRALI219.  If no particular cell type or vasoactive mediator controls vascular leak over all 

time points, it will be important to know what factors to target at what time.  I therefore 

plan to investigate the effects at different time points and with inhibitors for different 

histamine receptors, as well as in different tissues such as the peritoneum233.   

There are a variety of potential vasoactive mediators that could control 

permeability, which I have discussed in chapter 3.  It is also still unclear which neutrophil 
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receptors are required for their effect on the endothelium.  Neutrophils first encounter 

immune complexes in the vasculature during the Arthus reaction, and thus Syk-

dependency may reflect the need for direct immune complex recognition.  However, 

integrin ligation and signaling enhances neutrophil interactions with the endothelium206, 

and part of the defect in sykf/f MRP8-cre+ mice could be due to integrin involvement. 

The question of the role of different soluble factors and receptors could be 

approached using bone marrow chimeras or, preferentially, with neutrophil transfers as 

discussed in the previous section.  I plan to first investigate the importance of neutrophil 

integrins through a series of neutrophil transfer experiments, using the IVIS spectrum 

fluorescent imager228.  As this is a more sensitive system that allows me to follow edema 

over time in the same mice, I plan to use this same imaging system to investigate the 

importance of different histamine receptors and VEGF. 

There is an important caveat to all of the experiments discussed.  The lack of 

edema at later time points may be an indirect reflection of decreased inflammation.  Less 

inflammatory response by neutrophils will lead to less neutrophil recruitment, and thus 

less edema due to fewer cells interacting with the endothelium.  Thus it would be helpful 

to directly compare wild type and Syk deficient neutrophils.  Here again neutrophil 

transfer would be helpful.  Wild type and Syk deficient neutrophils could be stained ex 

vivo with different fluorophores, transferred into a wild type mouse prior to initiation of 

the Arthus reaction, and imaged using two-photon microscopy.  The addition of a plasma 

dye, such as texas-red dextran, would allow simultaneous imaging of vascular leak to 

analyze the effect of Syk deficiency on rolling, adhesion, and immediate changes in 

vascular permeability234.   
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Future directions regarding the mechanism of neutrophil migration 

 Syk is required for signaling downstream of integrins, and Syk deficient 

neutrophils do show impaired adhesion in vitro22.  However, in multiple in vivo models 

neutrophil migration occurs normally despite the absence of Syk1, 10.  This is in stark 

contrast to Syk deficiency in other cell types such as macrophages, which results in loss 

of migration102.  Since integrins are still expressed in Syk deficient neutrophils, they can 

still bind to ICAMs on the endothelial surface and aid in adhesion and rolling.  Other cell 

adhesion molecule such as selectins and selectin ligands could provide sufficient input to 

cause cytoskeletal rearrangement and provide cross-talk to the vascular endothelium206.  

Alternatively, migration in neutrophils may rely on Syk-independent paths of integrin 

signaling.   

 Recently, Lynn Kamen et al discovered that the focal adhesion kinase proline rich 

kinase 2 (Pyk2) was required for proper neutrophil integrin-mediated migration, 

degranulation, and bacterial clearance.  However, adhesion induced spreading, 

complement mediated phagocytosis, and ROS production was unaffected235.  This 

phenotype is distinct from that seen in Syk deficient neutrophils, in which migration is 

unimpaired but adhesion and ROS in response to integrin ligation is defective22.  Syk and 

Pyk2 are both phosphorylated by Src family kinases following integrin ligation.  Syk and 

Pyk2 may represent two cooperative but separate pathways downsteam of integrin 

ligation that mediate discrete behaviors.  However, Pyk2 phosphorylation appears to be 

blocked in Syk deficient cells235.  Since Pyk2 deficiency leads to loss of migration while 
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Syk deficiency doesn’t, Pyk2 may also be recruited and activated through another 

mechanism. 

Since Pyk2 deficient neutrophils are still capable of normal non-integrin mediated 

migration in vitro, the cooperative nature of Syk and Pyk2 signaling does not necessarily 

explain the normal migration of Syk deficient cells.  It may be that Syk and Pyk2 also 

have some overlapping functions and can compensate for loss of one.  It would be 

interesting to see if neutrophil migration is inhibited in vivo in double knockouts.  Since 

lack of Syk also results in decreased inflammation overall, this may best be accomplished 

using mixed chimeras, with 50% wild type neutrophils which can drive the inflammatory 

response and allow migration.   

Since Pyk2 deficiency results in reduced pathogen clearance235, it would be 

interesting to determine if deficiency also leads to reduced arthritic inflammation or 

vascular leak.  Since Pyk2 deficiency generally has a milder phenotype, one would 

speculate that differences in auto-inflammation would be attenuated as well, but may also 

be associated with loss of different neutrophil effector functions compared to Syk 

deficiency. The differences between Pyk2 and Syk mediated signaling could be probed in 

the K/BxN model utilizing the same experiments discussed previously.  Finally, if Pyk2 

is involved in integrin mediated but not FcγR mediated signaling, this system could be 

used to decouple the effects of lost integrin signaling versus recognition of immune 

complexes. 

An alternative model for Syk deficient migration is that no integrin signaling is 

required at all, only the expression of integrins on the cell surface.  One way to probe this 

question is to directly image neutrophil rolling, adhesion, and extravasation following 
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immune complex deposition via two-photon microscopy in the cutaneous vasculature.  

Direct imaging may show adhesion and migration defects that are masked during the 

overall inflammatory process.  Changes in neutrophil behavior in the vasculature could 

be compared with the effects of integrin and selectin knockouts, and may allow us to 

determine the compensatory mechanisms in Syk deficient neutrophils234. 

 

Thoughts on targeting neutrophils during uncontrolled inflammation 

 Neutrophils can drive inflammation downstream of FcγRs, integrins, PRRs, and 

cytokine and chemokine receptors, resulting in the elaboration of multiple pro-

inflammatory mediators, as summarized in chapter 12, 3.  They are required in 

autoinflammatory mouse models such as nephritis, RA, and vasculitis, and are associated 

with human disease3, 12.  As a result they are promising targets for treatment of 

uncontrolled inflammation.  However, they’re also critical for clearance of pathogens, 

and neutropenia carries a high risk of severe infection.  Depleting neutrophils is likely not 

an option in patients due to this risk.  Selectively inhibiting particular receptors or 

products is a better option24, 77. 

 The same plasticity that allows neutrophils to participate under so many different 

inflammatory conditions also makes it difficult to determine which pathways to target.  

Which of the many cytokines and granule proteins released following FcγR ligation are 

actually contributing the inflammation?  Which of the different receptors are actually 

recruiting and activating neutrophils?  Mouse models of inflammation are excellent tools 

for determining how the different cellular players interact during inflammation, and at 

what times.  
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 Syk is already a therapeutic target in RA, and has shown promise in clinical 

trials65, 79.  The results I have described from sykf/f MRP8-cre+ mice suggests that part of 

the efficacy of Syk inhibitors in RA may be due to their action upon neutrophils 

responding to immune complexes.  Further studies with these animals may more 

specifically pinpoint neutrophil factors that drive inflammation and edema.  By 

identifying the pathways that lead to distinct inflammatory effects, such as vascular leak 

versus tissue degradation, it may be possible to prevent these damaging effects, while 

leaving other inflammatory pathways involved in pathogen clearance intact.  On the other 

hand, more general dampening of innate immune cell function, such as with a Syk 

inhibitor, is likely to be therapeutic in a larger number of patients79.  When up against a 

disease such as RA with heterogeneous etiologies, it is best to have an expanded arsenal 

of treatments ranging in targets and specificity, combined with comprehensive 

understanding of biomarkers and risk factors.  The process of describing patient subsets is 

well underway, and eventually treatments will be designed based not only upon the 

diagnosis of RA, but also upon the specific key players in each individual patient37. 
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